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Abstract A Grand Canonical Monte Carlo study has been
performed in order to compare the different CO2 adsorp-
tion mechanisms between two members of the MIL-n family
of hybrid metal-organic framework materials. The MIL-53
(Al) and MIL-47 (V) systems were considered. The results
obtained confirm that there is a structural interchange be-
tween a large pore and narrow pore forms of MIL-53 (Al),
not seen with the MIL-47 (V) material, which is a conse-
quence of the presence of μ2-OH groups. The interactions
between the CO2 molecules and these μ2 OH groups mainly
govern the adsorption mechanism in this MIL-53 (Al) mate-
rial. The subsequent breaking of these adsorption geome-
tries after the adsorbate loading increases past the point
where no more preferred adsorption sites are available, are
proposed as key features of the breathing phenomenon. Af-
ter this, any new adsorbates introduced into the MIL-53 (Al)
large pore structure experience a homogeneous adsorption
environment with no preferential adsorption sites in a simi-
lar way to what occurs in MIL-47 (V).
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1 Introduction

Carbon dioxide is a necessary intermediate in existing hy-
drogen production processes, and a greenhouse gas impli-
cated in the current opinion of global warming (Kikkinides
et al. 1993). In addition, recent commitments to the Ky-
oto Agreement means that efforts must be concentrated
to reduce CO2 emissions, opening up the need for ma-
terials to efficiently capture and store this gas. Promis-
ing candidates for this application include the nanoporous
“Metal-Organic Framework” materials (Férey et al. 2005;
Yaghi et al. 2003), which are built up from metal-oxygen
polyhedra containing either divalent (Zn2+, Cu2+) or triva-
lent (Al3+, Cr3+) cations interconnected by variable organic
groups such as carboxylates or phosphonates. The num-
ber of different structures of these materials is large and
some of these new organic-inorganic hybrid porous solids
show the unusual feature of being selectively flexible via a
breathing (Bourrelly et al. 2005) or a gate opening process
(Zhao et al. 2004), during the adsorption of different gases.
Some experimental data previously published have revealed
this class of materials as possible hosts for CH4 (Sudik et
al. 2005), and CO2 (Sudik et al. 2005) storage. The MIL
(Materials of the Institut Lavoisier) series of hybrid porous
materials synthesised by the group of Férey, are promis-
ing candidates, for the purpose of H2 (Férey et al. 2003;
Latroche et al. 2006; Surble et al. 2006), CH4 and CO2

adsorption (Bourrelly et al. 2005). The structure of the
MIL-53 material, is made up of chains of corner-sharing
MO4(OH)2 octahedra (M = Cr3+, Al3+, Ga3+, Fe3+) in-
terconnected by dicarboxylate groups (Serre et al. 2002;
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Fig. 1 Views of the 3-D structure of the narrow and large pore
MIL-53np (Al) (a) and MIL-53lp (Al) (b) structures, contrasting the
small pores of the MIL-53np (Al) form, and the more open channel of
the MIL-53lp (Al) version. The MIL-47 (V) material is isostructural to
the large pore form of MIL-53 (Al)

Loiseau et al. 2004). This 3D metal-organic framework con-
tains 1D diamond-shaped channels with pores of nanome-
tre dimensions. The chemical formula of the MIL-53 ma-
terial is M(OH)(O2C–C6H4−CO2) where M denotes the
trivalent chromium or aluminium. One notes that this struc-
ture contains hydroxyl groups located at the metal-oxygen-
metal links (μ2-OH groups). This opens up the possibility
of additional preferential adsorption sites and consequently
a different adsorption mechanism to that of other members
of the MIL family, such as its vanadium analogue MIL-
47 (V) (Barthelet et al. 2002), in which the μ2-OH groups
are absent. It has been previously reported that the MIL-53
(Al) solids exhibit a breathing phenomenon upon H2O ad-
sorption, with hydrogen bonding between the water mole-
cules and the framework being responsible for the switch-
ing between the MIL-53np (Al) (narrow pore) version, in
which the pores are slightly deformed due to the hydrogen
bonding, and the MIL-53lp (Al) (large pore) form, charac-
terised by a more open porosity. The MIL-47 (V) material is
isostructural to the MIL-53lp (Al) framework (Barthelet et
al. 2002). The MIL-53 (Al) narrow and large pore structures
are shown in Figs. 1a and 1b respectively.

Some of us (Bourrelly et al. 2005) recently reported an
unusual microscopic type of behaviour of CO2 in the MIL-
53 (Al, Cr) structures, concluded from our Microcalorimetry
data. The adsorption isotherm obtained from this data con-
tains steps, that were attributed to a “breathing” mechanism
of the framework, whereby the structure interchanges be-
tween the narrow (MIL-53np (Al)) and the large (MIL-53lp
(Al)) pore forms, in a similar way to that already observed
upon water adsorption (Loiseau et al. 2004). This phenom-
enon is not featured in the isotherm reported for adsorption
of CO2 on MIL-47 (V) (Bourrelly et al. 2005).

The resulting questions on the adsorption mechanism at
the molecular level, and the arrangement of the adsorbates

within the porosity are still to be answered. Computational
methods can thus play a useful role in order to deepen our
understanding of the whole CO2 adsorption mechanism at
the atomic level, consistent with available experimental data
(Maurin et al. 2005). Several molecular simulation studies
on H2 and CH4 adsorption in MOFs, using mainly quan-
tum and Monte Carlo calculations (Roswell and Yaghi 2006;
Frost et al. 2006; Yang and Zhong 2006a; Duren et al.
2004) are available in the literature. However, few stud-
ies report the simulation of CO2 adsorption in such mate-
rials (Yang and Zhong 2006b). This paper reports a compre-
hensive theoretical study comparing the CO2 adsorption in
the MIL-53 (Al) and MIL-47 (V) hybrid porous materials,
using Grand Canonical Monte Carlo (GCMC) simulations
based on atomistic potential parameters and a partial charge
model. The calculated adsorption isotherms and enthalpies
are then compared to microcalorimetry data. Finally the ad-
sorption mechanism is provided in both systems, consistent
with the evolution of the differential adsorption enthalpy as
a function of loading.

2 Computational details

2.1 Atomic partial charges calculations

The CO2 molecule was modelled by an atomic point charge
model in which the charges (in electron units) assigned to
the carbon C (+0.72) and the oxygen O (−0.36) atoms
were previously derived by ab initio calculations (Maurin
et al. 2005). A periodic model of both the MIL-53lp (Al),
MIL-53np (Al) and the MIL-47 (V) materials were first
geometry optimised, using the crystallographic coordinates
of the atoms as starting configurations (Loiseau et al. 2004;
Barthelet et al. 2002). The partial charges for the hybrid
porous MIL-53 (Al) and MIL-47 (V) materials were then ex-
tracted using Density Functional Theory (DFT) calculations.
The Accelrys DMol3 code (DMol3 2005) was used for these
calculations, which were performed using the PW91 GGA
density functional (Perdew and Wang 1992), and the double
numerical basis set containing polarisation functions on hy-
drogen atoms (DNP) (Hehre et al. 1972). The partial charges
for the atoms in both models were first extracted using the
Mulliken charge partitioning method (Mulliken 1955) as
previously reported in our recent article (Ramsahye et al.
2007a). These calculated results are reported in Table 1, and
the location of each atom type on the hybrid framework is
described in Fig. 2.

2.2 Interatomic potentials

The interaction between the adsorbate and the organic lig-
and of both the MIL-53 (Al) and MIL-47 (V) frameworks
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Table 1 Partial charges (in electron units) extracted for the atoms constituting the MIL-n frameworks of both MIL-53(Al) and MIL-47(V), using
the Mulliken charge partitioning scheme. The labels of the atoms are detailed in Fig. 2

Atoms h_c cg1 cg2 c_c o_c h_o M o_h

Charges (Al) 0.145 −0.082 −0.089 0.584 −0.564 0.301 1.420 −0.729

Charges (V) 0.146 −0.071 −0.068 0.604 −0.496 1.207 −0.596

Fig. 2 Labels of the atoms for the organic and inorganic sections of the
MIL-53 (Al) and MIL-47 (V) materials corresponding to the forcefield
atom types, to allow the easy reading of Table 1

was treated in a similar way, using 12-6 Lennard-Jones pa-
rameters derived by Shen et al. (1995). The interactions be-
tween the CO2 molecules and the inorganic part (Al(OH)
and V(O)) were modelled as follows; the polarisability of
the metal centers, which is much lower than those of the
oxygen atoms, suggests that the repulsion-dispersion con-
tribution of the inorganic part can be assigned only to the
oxygens as well as the protons of the μ2-OH groups in the
case of the MIL-53 (Al) material. The 12-6 Lennard-Jones
parameters for modelling the interactions between CO2 and
the oxygen atoms were extracted from our previous studies
where we successfully reproduced the CO2 adsorption prop-
erties in aluminosilicate materials (Maurin et al. 2005). In
addition, the interaction between the protons and the carbon
dioxide was represented by the sum of a Coulombic term
and a Buckingham dispersion-repulsion potential whose pa-
rameters were recently derived from ab initio calculations
(Déroche et al. 2007 submitted). All the potential parame-
ters have been already reported in our previous publication
(Ramsahye et al. 2007c).

2.3 Grand Canonical Monte Carlo (GCMC) simulations

Absolute adsorption isotherms were then computed using
a Grand Canonical Monte Carlo algorithm that allows dis-
placements (translations and rotations), creations and de-
structions of the CO2 molecules. These simulations con-
sisted of evaluating the average number of adsorbate mole-
cules whose chemical potential equals those of the bulk

phase for given pressure and temperature. All calculations
were performed at 303 K using simulation boxes composed
of 16 unit cells for both MIL-53lp (Al) and MIL-47 (V)
and 32 unit cells for MIL-53np (Al) with typically 3·106

Monte Carlo (MC) steps, the frameworks of both pore forms
of the hybrid structures being considered rigid, with atoms
at the positions derived by X-ray Diffraction (Serre et al.
2007). The Ewald summation was used for calculating the
long range electrostatic interactions and the short range non-
bonded contributions were calculated with a cut-off distance
of 12 Å (Frenkel and Smit 2002). The calculation of the
differential adsorption enthalpies at 303 K for both hybrid
structures was performed through the fluctuations over the
number of particles in the system and from fluctuations of
the internal energy U by considering very low pressure (1)
(Nicholson and Parsonage 1982).

�ads
•
h = RT − 〈U.N〉 − 〈U〉〈N〉

〈N2〉 − 〈N〉2
. (1)

3 Results and discussion

3.1 Adsorption in the MIL-47 material

Recent microcalorimetry measurements performed by some
of us (Bourrelly et al. 2005) for CO2 adsorption on the MIL-
47 material, yields a type I isotherm as shown in Fig. 3a.
This is as one would expect for molecular adsorption in a
nanoporous material, signifying steady, continuous adsorp-
tion. The shape of the experimental isoterm is reproduced
by our simulation, although we overestimate the adsorbed
amount most probably due to only a partial removal of or-
ganic molecules within the pores of the sample, during cal-
cination (Fig. 3a).

Furthermore, this system has a flat enthalpy profile at the
initial stage of loading with a significant increase at higher
pressures as shown in Fig. 3b. Similar profiles have already
been obtained for other systems such as siliceous zeolite
where no preferential adsorption sites exist (Maurin et al.
2005). Indeed, carbon dioxide probes MIL-47 (V) as a ho-
mogeneous energetic surface with no preferential adsorption
sites within the pore due to the absence of μ2-OH groups. It
gives rise to an almost constant CO2/adsorbent interaction
energy combined with a CO2/CO2 contribution increasing



464 Adsorption (2007) 13: 461–467

Fig. 3 (a) The absolute
adsorption isotherms and (b)
evolutions of the differential
adsorption enthalpy as a
function of the pressure for
carbon dioxide adsorbed in the
MIL-47 (V): simulation (O) and
experiment (�)

Fig. 4 A typical illustration of the CO2 arrangement in the MIL-47
(V) structure at high loading corresponding to 8 molecules per unit
cell. The reported distances are in Å. Although some molecules interact
with the framework, there are no preferential adsorption sites

at higher loading, thus leading to an increase of the differen-
tial adsorption enthalpy with coverage as reported in Fig. 3b.
Both simulated values and evolution of the enthalpies are in
agreement with the experimental data, although our simula-
tion does not reproduce the magnitude of the increase of the
adsorption enthalpy so well.

The predicted CO2 adsorption geometries relate well to
the general conclusions previously drawn from the differ-
ential enthalpy plots (Fig. 3b). The CO2 configurations cal-
culated by our GCMC simulations show that there are no
preferential adsorption sites within the pore although some
association with the framework may be seen at high load-
ings. For instance, the adsorbate molecules can be located
near the μ2 oxygen atoms and interact with the framework
by its C atom, although the interaction distances O μ2–CCO2

are generally over 3.5 Å. An OCarboxyl–CCO2 interaction is
also possible, with similar OCarboxyl–CCO2 distances to the
Oμ2–CCO2 ones being predicted by the simulations. This
observation is consistent with those previously obtained by
our DFT calculations (Ramsahye et al. 2007b). A typical
illustration of this CO2 arrangement observed at high load-
ing is provided in Fig. 4. These simulated findings are in
very good agreement with our recent in situ X-Ray Diffrac-

tion data collected upon CO2 adsorption (Ramsahye et al.
2007d).

3.2 Adsorption in the MIL-53 (Al) material

For each of the MIL-53 (Al) narrow and large pore struc-
tures, the simulated adsorption isotherms for CO2 shows a
similar shape to those obtained for MIL-47 (V), as shown
in Fig. 5a. These calculated isotherms are what one would
expect to obtain if the proposed interconversion between
the large and narrow pore structures did not occur during
the CO2 loading process, and thus if one could measure
the experimental isotherm for each structure type individ-
ually. The maximum amounts of CO2 measured are around
2 molecules/u.c. for the narrow pore structure and 9 mole-
cules/u.c. for the large pore form, which is slightly less than
the saturation capacity measured for the isostructural MIL-
47 (V) structure (Fig. 3a). This observation may be a result
of changing the nature of metal and the resulting distribu-
tion of charges within the framework as well as that the CO2

molecules can pack more efficiently in MIL-47 (V) because
they do not have the “imposed” orientation of some of them
given by the hydroxyl groups in MIL-53 (Al). As suggested
by previous experimental evidence in this material (Bour-
relly et al. 2005), one can assign the isotherm calculated for
the narrow pore material to the region of the experimental
isotherm between 1 and 6 bars, whereas that of the large
pore corresponds to the maximum amount as a whole, and
therefore could be assumed to be the resident structure for
the isotherm above 6 bars. Thus, the “absolute” calculated
isotherms from each version of MIL-53 (Al) may be com-
bined in order to obtain a “composite” isotherm, to repro-
duce that measured by microcalorimetry. The “composite”
adsorption isotherms for MIL-53 (Al) are shown in Fig. 6a.

For MIL-53np (Al), an almost smooth enthalpy pro-
file is obtained from our simulations, with an average ad-
sorption enthalpy of −37 kJ·mol−1, as shown in Fig. 5b,
which is in agreement with the range of experimental
values [−34 kJ·mol−1, −40 kJ·mol−1] measured by mi-
crocalorimetry for pressures between 0 and 6 bars (Fig. 6b).
Our calculation indicated one main adsorption configuration
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Fig. 5 Simulated absolute
adsorption isotherms (a) and
evolutions of the differential
adsorption enthalpy as a
function of the pressure (b) for
carbon dioxide in both
MIL-53np (Al) (�), MIL-53lp
(Al) (O) forms

Fig. 6 “Composite” absolute
isotherm (a) and differential
enthalpy of adsorption for
carbon dioxide in MIL-53 (Al)
at 303 K. The simulations (O,
�) are compared with the
experimental data (∇) collected
by microcalorimetry

Fig. 7 (a) The double interaction, the most prevalent for the Al-containing structure, and (b) two examples of the interaction of one CO2 molecule
with a μ2-OH group in MIL-53lp (Al). The characteristic distances are also reported. These snapshots have been obtained for a loading of 2 and 7
CO2 molecules per unit cell for Figs. 7a and 7b respectively

of the CO2 molecule inside this structure, involving the μ2

OH group. This geometry is predicted to be a double inter-
action, where two μ2-OH groups situated on opposing sides
of the pore wall are involved, with a CO2 molecule ‘bridg-
ing’ between them. An illustration of this is shown in Fig. 7a
with typical OCO2–Hμ2-OH distances of 1.98 Å and 1.76 Å.
This pore-bridging double interaction is only possible in this
MIL-53np (Al) material, because of (a) the presence of the
μ2-OH group, and (b) the fact that the pore width is only
8.30 Å. As one increases the CO2 loading, the preferential
adsorption sites (i.e. the μ2-OH groups) that could allow this
most stable (favourable) geometry are more and more “sol-

vated” by the adsorbate molecules. Indeed, the CO2/MIL-
53np (Al) interaction energy slightly decreases due to the
solvation process whereas the energy part of the CO2/CO2

interactions increases. The combination of these two contri-
butions leads to the relative constant value of the differential
adsorption enthalpy when the loading increases. This simu-
lated behaviour is consistent with what can be observed by
microcalorimetry below 6 bars (Fig. 6b).

As shown by further GCMC simulations, when one
reaches the saturation capacity of this MIL-53np (Al) form,
the increase of the intermolecular interactions between CO2

molecules, tends to break these favourable interactions lead-



466 Adsorption (2007) 13: 461–467

ing to geometries with weaker adsorbate-adsorbent interac-
tions. This is likely to ultimately be responsible for a transi-
tion from the narrow pore structure to the large pore version,
occurring at around 6 bars.

For the MIL-53lp (Al) material, the experimental en-
thalpy profile features a steady increase in enthalpy with
increasing pressure, above 6 bars. In this domain of pres-
sure, all of the preferred μ2-OH adsorption sites are al-
ready saturated by the adsorbate molecules as depicted by
our simulated arrangement of CO2 in this material, reported
in Fig. 7b. It has to be noticed that in this large form, the pore
width of 13.8 Å prohibits the double interaction seen in the
narrow pore version. Therefore any adsorbates introduced
after this stage of adsorption would experience a relatively
homogeneous adsorption environment and the evolution of
the adsorption enthalpy would be thus mainly governed by
the increase of the intermolecular interactions between the
CO2 molecules. This behaviour is consistent with what we
found by our simulations as reported in Fig. 6b, the increase
of the enthalpy values being less pronounced than those ob-
served by experiments.

Finally, in a similar fashion to the adsorption isotherms,
the composite adsorption enthalpy can then be deduced from
the plots of the data calculated for MIL-53np (Al) and MIL-
53lp (Al) in the range of loading [0,6] bars and above 6
bars respectively (Fig. 6b). We observe a good agreement
between this simulation and the experiments. The result of
this exercise then provides further evidence for the structural
switching around 6 bars of pressure. Since this phenomenon
is not observed for the MIL-47 (V) material, one can in-
fer that the presence of the μ2-OH groups in the MIL-53
(Al) structure plays a major role in the structural switching
process.

4 Conclusions

Using Grand Canonical Monte Carlo simulations, combined
with our calculated partial charges and interatomic poten-
tials, we have reproduced the experimental isotherms for
CO2 adsorption in MIL-47 (V) and MIL-53 (Al) hybrid
metal-organic framework materials. We have also shown
that the experimental isotherm of MIL-53 (Al) is made up
of contributions from the large pore and narrow pore forms.
Further, we proposed a microscopic mechanism for CO2 ad-
sorption for each system investigated, which is consistent
with the evolution of the differential adsorption enthalpy as a
function of the coverage. In both narrow and large pore ver-
sions of MIL-53 (Al), the adsorption mechanism is mainly
governed by the interactions between CO2 and the μ2-OH
groups. These preferential interactions in the narrow pore
framework are broken as the loading increases past the point
where no more preferred adsorption sites are available, and

the structure switches to the large pore form. Since most of
the favourable interactions in this pore also involve the μ2-
OH group, these sites are already occupied with interactions
with adsorbates at this point, and so any new molecules in-
troduced into the pore experience a homogeneous adsorp-
tion environment. In MIL-47 (V), there are no preferential
adsorption sites, although some weak interactions between
the CCO2 and the Oμ2 atoms are possible.
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