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ABSTRACT: The breathing of the flexible metal organic framework MIL-53(Cr) has been widely explored by both
experimental and modeling approaches upon the inclusion of different guest molecules within its porosity. This spectacular
phenomenon has been only partially tackled by force field based simulations mainly due to the complexity of deriving a set of
accurate potential parameters able to capture the associated structural transition implying a unit cell volume change up to 40%.
Here, a new parametrization of a flexible force field for the MIL-53(Cr) framework is realized from an iterative procedure starting
with the experimental structural data collected in the presence of CO2 as the guest molecule. Hybrid osmotic Monte Carlo
simulations based on this refined force field are then successfully conducted to reproduce for the first time the complex shape of
the CO2 adsorption isotherm in the whole range of pressures. The structural behavior of the MIL-53(Cr) under a wide range of
applied temperature and pressure is then followed by molecular dynamics simulations. It is established that these two stimuli also
induce a similar reversible structural transition toward a contracted phase, with the presence of a hysteresis. Each of these
predictions is confirmed by experimental evidence issued from either the literature for the impact of the temperature or from our
own high pressure neutron diffraction measurements. This permanent experimental/modeling interplay allows a full validation of
the derived flexible force field, a prerequisite for further understanding the microscopic key features that govern the spectacular
breathing of such a material.

■ INTRODUCTION
Over the last two decades, crystalline hybrid metal organic
frameworks (MOFs), built up from inorganic subunits and
organic polycomplexing linkers, have emerged as a new class of
porous hybrid solids with an unprecedented diversity of
architectures and chemical functionalities.1−3 These materials
are promising for several societally relevant applications in

energy (storage/conversion),4,5 environment (capture of

greenhouse gases and volatile organic compounds),6−8 and

biomedicine (encapsulation/release of drugs).9 Beyond this
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plausible industrial interest, several MOFs have attracted a
tremendous curiosity from a fundamental standpoint arising
from their highly flexible character upon the action of various
external stimuli, including the temperature and the adsorption
of guest molecules. This so-called breathing behavior, which is
unprecedented in the family of conventional porous solids such
as the inorganic zeolites or metalophosphates, has been
associated to a structural transition between two states
separated by energy barriers higher than the thermal vibration
energy.10 Such a structural transformation for the MOF
framework was revealed to be mostly reversible although it
implies an expansion or a contraction of the unit cell volume
corresponding to atomic displacements sometimes larger than
10 Å. Among this class of flexible materials, the metal M3+

terephthalate MIL-53 (M = Al, Cr) solid (MIL stands for
Materials of Institute Lavoisier)11 is one of the most fascinating
breathing MOFs with a reversible structural switching between
a large pore (LP) and a narrow pore (NP) form implying a unit
cell volume change up to 40% first evidenced upon the
inclusion of various types of guest molecules (Figure 1).7 This

spectacular behavior has been pointed out in particular upon
CO2 adsorption with a resulting stepwise shape of the
experimental adsorption isotherm.7 Multidisciplinary computa-
tional approaches, including quantum (density functional
theory)12,13 and force field based simulations (Monte Carlo/
molecular dynamics)14−19 or macroscopic thermodynamic
models20,21 have been further conducted to get insight into
this guest assisted breathing phenomena. The conclusions
drawn from this modeling effort were supported by a series of
experimental measurements (manometry, microcalorimetry, in
situ infrared spectroscopy, X-ray diffraction, etc.) realized on
the MIL-53(Cr, Al)/CO2 system.7,22 Later, Liu et al. using
neutron powder diffraction and inelastic neutron scattering
techniques established that the MIL-53 solid in its Al form
shows a similar temperature driven reversible structural
transformation, the transition from a large (LP) to a closed
pore (CP) form and from the CP to LP occurring at ∼125 K
and ∼325 K, respectively.23 This finding was further confirmed
by another complementary experimental exploration based on
electron spin resonance measurements.24 More recently, a
mercury porosimetry experiment has evidenced an apparent
volume of intruded Hg in the MIL-53 solid in its Cr version for
a moderate pressure range (∼50 MPa) that was assigned to a
structural change of the framework, while it was not confirmed
by further structural analysis.25 Indeed, such a finding suspects

that the MIL-53 system can be also flexible under an applied
external pressure.
In this context, our previous contribution consisted of

deriving a specific flexible force field for the MIL-53(Cr)
framework14 that, combined with a hybrid osmotic Monte
Carlo (HOMC) scheme, successfully captured the low pressure
domain of the CO2 adsorption isotherm; however, it failed to
reproduce the reopening of the structure at intermediate
pressure, leading to an incomplete description of the
experimental adsorption isotherm.18 From the knowledge
gained on the key structural parameters of the MOF framework
that govern the guest assisted structural transition, here, as a
preliminary step, a revisited parametrization of our previous
flexible force field is conducted with the aim to fully describe
the experimental CO2 adsorption isotherms in the whole range
of pressure using HOMC simulations. The transferability of this
refined force field is further tested by conducting molecular
dynamics (MD) simulations in order to predict the structural
behavior of this solid upon thermal and applied pressure
stimuli. While the structural behavior simulated for this solid in
a wide range of temperature is compared to those
experimentally obtained by Liu et al.,23 its predicted structural
transformation under applied external pressures up to 360 MPa
is confirmed/infirmed by our own experimental data collected
by neutron diffraction experiments in the same range of
pressure. Beyond the comparison with the prediction, this
experimental structural characterization provides a definite
interpretation of the apparent volume of mercury that can be
intruded in the MIL-53(Cr) as reported by Beurroies et al.25

Finally, from the full validation of the so-derived flexible force
field by a permanent comparison with experimental data issued
from either the literature or our own complementary
measurements when necessary, we further emphasize how the
softness of the MIL-53(Cr) framework drives its breathing
behavior upon such a large variety of stimuli.

■ COMPUTATIONAL METHOD
The molecular dynamics (MD) simulations were performed in
the NσT ensemble26 to allow the change of both size and shape
of the CP, NP, and LP forms of the MIL-53(Cr) framework, for
(i) the empty case and in presence of selected CO2 loading at
300 K, (ii) a wide range of temperatures comprised between 10
and 350 K, and (iii) a variety of applied pressures up to 360
MPa at 300 K. The thermostat and anisotropic barostat of
Hoover were employed (with τT = 1.0 ps and τP = 5.0 ps as
relaxation times) to maintain constant the pressure and the
temperature. The simulation box consisted of 32 unit cells of
the MIL-53(Cr) built from the crystallographic coordinates
previously reported by X-ray powder diffraction (XRPD)11

study and each run was realized for 3. 107 steps with a time step
of 1 fs (i.e., 30 ns), following 1 ns of equilibration. The
equation of motions was integrated using the velocity Verlet
scheme coupled with the QUATERNION and SHAKE-
RATTLE algorithms.27 The Ewald summation was used for
calculating the electrostatic interactions, and the short-range
interactions were computed with a cutoff distance of 12 Å.26

The MIL-53(Cr) framework was described by the refined force
field mentioned below,14 while the CO2 molecule was treated
as flexible using the EPM2 model developed by Harris and
Yung.28 This strategy allowed us to follow the evolution of the
unit cell parameters of the MIL-53(Cr) upon the guest
inclusion and both the applied temperature and external
pressure. The starting configurations of the MIL-53(Cr) in the

Figure 1. Illustration of the breathing behavior of the MIL-53(Al,Cr)
solid under chemical, thermal, and mechanical stimuli, corresponding
to a structural switching between a large pore (LP) and a narrow pore
(NP) form. Chromium atoms are represented in yellow, oxygen in red,
carbon in gray, and hydrogen in white.
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presence of different concentrations of CO2 were preliminary
generated by means of canonical Monte Carlo simulations. On
the basis of the refined force field, the CO2 adsorption isotherm
for the MIL-53(Cr) was simulated at 300 K by combining MD
and grand canonical Monte Carlo (GCMC) techniques in a
HOMC scheme,29 which is crucial to be able to capture the
structural changes upon the CO2 adsorption process. The
details of this methodology and the conditions employed are
fully documented in our previous article.18

■ FORCE FIELD REFINEMENT
The parameters of the force field employed for describing the
flexibility of the MIL-53(Cr) structure are issued from a
refinement of our previous version that was able to reproduce
the structural transition from the LP to the NP form in the
presence of a low CO2 concentration but not the reopening of
the NP form at higher CO2 loading. The force field
parametrization has been carried out from an iterative
procedure based on the reproduction of the reversible nature
of the structural transition. First, we refined the soft terms of
the force field. It has already been shown that these
contributions come from the cg1-cc-o_c-Cr and cg1-cg2-cc-
o_c dihedral angles14,18,19 (see labels in the Supporting
Information). Further, we sequentially tested the impact of all
the others terms on the structural transitions (bending, bonds,
and LJs parameters). This stage was made automatically by
carrying out two simulations starting with the LP form loaded
with 3 CO2/u.c. and the empty NP version. It was thus stated
that the o_c-c_c-o_c bending angle and the C(CO2)-oc(MIL-
53(Cr)) intermolecular terms play also a key role in the
reversibility of the transition. Indeed, the parameters of the four
mentioned potential terms have been revised (the constants of
force of cg1-cc-o_c-Cr and cg1-cg2-cc-o_c dihedral angles, the
constants of force of o_c-c_c-o_c bending angle, and LJs
energetic parameters of the C(CO2)-oc(MIL-53(Cr)) inter-
action). To that purpose, we opted for an energetic refinement
as the structural parameters such that the equilibrium values are
weakly tunable. The refinement of these parameters has been
realized from an iterative procedure described in ref 30 and is
based on the minimization of eq 1.

= −
F

V V
s

simexp

2 (1)

In eq 1, s is the estimated statistical uncertainty on Vsim with V
the volume of the MIL-53(Cr) framework. Vexp is the
experimental volume. The minimization is fully detailed in ref
30 and proceeds in two stages: (i) determination of the soft key
parameters from a sequential analysis → {Pi} and (ii)
refinement of {Pi} from an iterative optimization method.
The resulting parameters are reported in the Supporting
Information, and the charges carried by all the atoms of the
framework are also given.

■ NEUTRON DIFFRACTION EXPERIMENTS
Neutron diffraction was used to study the pressure induced
phase transition at 300 K of the deuterated MIL-53(Cr) form
that was synthesized following the protocol previously
reported.31 These experiments were performed using the high
flux powder diffractometer D1B at the Institut Laue-Langevin
(Grenoble, France). The MIL-53(Cr) powder was preliminary
activated under secondary vacuum at 520 K to ensure that the
material is present in its LP form. The sample was loaded into a

6 mm diameter aluminum container cell placed into a
homemade TiZr alloyed clamped cell allowing to impose
pressures up to 1 GPa. The temperature was controlled using
an orange cryostat and fixed at 300 K during all the
compression experiments. The patterns were recorded for
various times (1−2 h) in the 2θ angular domain 0−128° using
the new D1B position sensitive detector coupled with the radial
oscillating collimator. The exact values of the wavelength (λ =
2.5233 Å) and the zero-angle correction were determined by
means of an independent measurement of Si and Na2Ca3Al2F14
standard reference samples.

■ RESULTS AND DISCUSSION
Validation of the Force Field on the Structural

Behavior upon CO2 Adsorption. As mentioned above, the
first step consisted of considering the structural evolution of the
MIL-53(Cr) loaded at 300 K with 3 CO2 molecules per unit
cell, corresponding to the adsorbed amount on the first plateau
of the CO2 adsorption isotherm where the structure has been
identified in a NP version by in situ X-ray powder diffraction
(XRPD).22 Figure 2a reports the evolution of the simulated

Figure 2. Evolution of the unit cell volume (Vu.c.) of the MIL-53(Cr)
solid as a function of the MD time for the LP→ NP transition starting
with 3 CO2/u.c. loaded in the LP form (a), for the NP → LP starting
with the empty NP form (b), and for the NP → LP transition starting
with 4 CO2/u.c. loaded in the NP form (c). The red dashed line is the
experimental unit cell volume of LP and NP forms.
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unit cell volume of the structure in such a condition using the
refined set of force field parameters. One observes that the LP
form switches after 40 ps of MD simulations toward a NP
version corresponding to a unit cell volume of 1133 Å3 (see
Table 1 for the unit cell parameters) that remains constant

within the whole duration of the MD run, this value being in
good agreement with those previously obtained by in situ
XRPD (1072.5 Å3) for the same CO2 loading.

22 Starting with
this final configuration, the CO2 was fully removed, and a MD
run was conducted to check the reversibility of the structural
transition. Figure 2b thus emphasizes that, above 10 ps of
simulations, the structure reopens and returns to a LP form
with an associated unit cell volume (1455 Å3) (see Table 1),
which is again in very good accordance with the experimental
one (1486.2 Å3).11 This result emphasizes that, in contrast to
the initial force field,14 here, the simulations based on the
refined parameters lead to reproduce that the most stable
structure at 300 K corresponds to the LP form as
experimentally observed.11

As a further validation step, the NP structure obtained above
with a unit cell volume of 1133 Å3 was further loaded by 4 CO2
molecules per unit cell, corresponding to the adsorbed amount
that was experimentally found to induce the reopening of the
structure.22 Figure 2c shows that, after 5 ps of MD simulations,
there is a sudden expansion of the unit cell volume, attaining a
value of 1420 Å3 (see Table 1) similar to the simulated LP form
in this condition (1485.7 Å3).22 This result clearly shows that
the refined force field is able to capture the reopening of the
NP structure for a critical concentration of CO2.
CO2 Adsorption Properties. Figure 3 reports the HOMC

simulated CO2 adsorption isotherm based on the refined force
field at 300 K, which is compared to the experimental one. In
contrast to what has been observed with the initial version of
the force field, here, we successfully reproduce the reopening of
the structure associated to a sudden increase of the adsorbed
amount at ∼0.6 MPa that matches very well the pressure range
where the step is observed in the experimental isotherm.22 Such

an observation clearly states that the LP−NP transition failure
we previously faced was not due to difficulties for efficiently
exploring the full phase space using such HOMC approach as
envisaged at that time but rather to the force field employed.
We further observe that the experimental adsorption isotherm
both in shape and in the CO2 adsorbed amount is very well
reproduced in the whole range of pressure. However, while the
HOMC simulated isotherm shows a sharp increase in the
region where the structural transition occurs, there is a more
continuous increase of the adsorbed amount in the
experimental one. This discrepancy can be attributed to the
existence of a (NP, LP) phase mixture in this pressure range
due to the presence of a broad distribution of crystallite sizes in
the sample, as already evidenced by in situ XRPD,19,22 that
explains why the transition zone spans in a relatively wide range
of pressure from 0.5 to 0.8 MPa.
The so-obtained set of potential parameters was also

validated from an energetic standpoint, the simulated
adsorption enthalpies of −39.0 kJ·mol−1 and −19.6 kJ·mol−1

in the NP and LP forms, respectively, being in very good
agreement with the experimental values (−37 kJ·mol−1 and
−20 kJ·mol−1, respectively).32,33

External Pressure Stimulus. Figure 4 reports the
simulated evolution of the unit cell volume of the MIL-

53(Cr) framework for a range of applied pressure up to 360
MPa. It can be observed that, below 30 MPa, the structure
remains in its initial LP form with a unit cell volume around
1450 Å3. Following this first region, a more significant
contraction of the structure is obtained up to 53.5 MPa.
Above this critical pressure, a drop in the unit cell volume thus
occurs, attaining a value of ∼1000 Å3 that corresponds to a

Table 1. Simulated Unit Cell Parameters of the CP, NP, and
LP Forms of the MIL-53(Cr) Present upon CO2 Adsorption,
and under Thermal and External Applied Pressure Stimulia

a (Å) b (Å) c (Å) β (deg) V (Å3)

MIL-53(Cr) at 0.47 MPa and T = 300 K with 3 CO2/u.c. (Figure 2a)
19.052 8.962 6.635 93.01 1132.8
19.713 8.310 6.806 105.85 1072.522

MIL-53(Cr) at 0.1 MPa and T = 300 K (Figure 2b)
17.495 12.592 6.679 90.00 1455.0
16.733 13.038 6.812 90.0 1486.211

MIL-53(Cr) at 0.5 MPa and T = 300 K with 4 CO2/u.c. (Figure 2c)
17.651 12.193 6.662 90.00 1422.1
16.730 13.040 6.810 90.00 1485.722

MIL-53(Cr) under an Applied Pressure of 360 MPa and T = 300 K (Figure 4)
19.324 7.397 6.556 96.23 931.0
19.300(2) 7.404(2) 6.819(4) 96.75(3) 967.8

MIL-53(Cr) at Low Temperature and 0.1 MPa (Figure 6)
19.391 7.335 6.527 96.44 927.9 (10 K)
20.824 6.871 6.606 113.94* 863.9(77 K)*23

aThe α and γ angles of all the structures are 90.00°. These predictions
are compared with the experimental data available in the literature and
issued from this work (in italics). The asterisk means M = Al instead of
Cr.

Figure 3. HOMC simulated (dashed line) and experimental (solid
line) CO2 adsorption isotherms at 300 K for the MIL-53(Cr) solid.

Figure 4. Evolution of the unit cell volume of the MIL-53(Cr) as a
function of the applied pressure simulated at 300 K in semilog scale
(the solid and empty symbols correspond to the increasing and
decreasing pressure range).

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp303686m | J. Phys. Chem. C 2012, 116, 13289−1329513292



closed pore (CP) form of the MIL-53(Cr) structure, which is
significantly more closed than the NP version obtained in the
presence of CO2 (see the movie in the Supporting Information
issued from the MD trajectories). This prediction is consistent
with the previous interpretation of the mercury porisimetry
experiment performed on this material25 that assigned the
observed sudden increase of the volume of intruded Hg for a
very similar applied pressure (∼55 MPa), to a plausible
contraction of the structure. Another similitude relies on the
hysteresis observed when the calculations considered a gradual
decrease of the applied pressure starting with the structure
obtained at 360 MPa. Indeed, Figure 4 shows that the structural
transformation is predicted to be reversible with a hysteresis of
∼50 MPa that matches again very well those previously
reported in the intruded Hg curve.25 High pressure neutron
diffraction experiments were further carried out to unambigu-
ously validate the existence of this LP−CP structural transition.
The diffraction patterns reported in Figure 5 show that, when

starting with the purely LP form of the MIL-53(Cr), there is
the appearance of a second phase in mixture with the LP form
at 58 MPa that can be satisfactorily indexed in a monoclinic
phase, space group C2/c (no.15) with an estimated unit cell
volume of 980 Å3, thus supporting the structural transition from
LP to CP forms. One can also notice that the pressure
associated to this structural change matches very well those
simulated and experimentally observed in the mercury intrusion
curve. Beyond this confirmation, the experimental unit cell
volume for the CP form that was more accurately determined
at 360.9 MPa, based on a better quality of the neutron
diffraction patterns (∼967.9 Å3), is in very good agreement
with the predicted unit cell volume for the CP structure at the

same value of the applied pressure (∼931.0 Å3) (see Table 1).
One can notice that such a structural behavior of the MIL-
53(Cr) upon mechanical stimuli is similar to those of the
isostructural MIL-47(V) solid recently studied under the same
conditions.34 This excellent agreement between the exper-
imental and the simulated data for both the cell parameters of
the CP form and the pressure associated to this structural
switching unambiguously validates the robustness of the force
field able to describe the structural behavior of the MIL-53(Cr)
under applied pressure up to 360 MPa.

Thermal Stimulus. Figure 6 shows the simulated evolution
of the unit cell volume for the MIL-53(Cr) as a function of the

temperature. One first observes that this profile is very similar
to the structural diagram of the MIL-53(Al) previously
identified by Liu et al. using inelastic neutron scattering
measurements (see Figure 3 in ref 23). Such a comparison
between the Al- and Cr- forms is reasonable as it has been
revealed that their structures behave very similarly upon the
dehydration/hydration processes and the adsorption of various
guest molecules31 as well as under thermal treatment.35 Indeed,
the structure initially in the LP form remains unchanged when
decreasing the temperature down to 110 K. Below this
temperature, a structural switching occurs, leading to a CP
form corresponding to a unit cell volume of 927.9 Å3, very
similar to what has been observed above under an applied
external pressure. Both the unit cell volume of this CP structure
and the associated temperature at which the transition occurs
are in very good agreement with the experimental findings for
the Al analogue of 863.9 Å3 and 125 K, respectively.23

Furthermore, starting with this CP form and increasing the
temperature, our MD simulations predict a reopening of the
MIL-53(Cr) at 260 K consistent again with the previous
experimental finding for the MIL-53(Al) (T ≈ 325 K),
indicating that the structural transition upon thermal stimuli
is characterized by a significant hysteresis (∼150 K) in the same
way than under applied pressure.
This favorable comparison obtained again between exper-

imental and simulated data collected on the MIL-53 solid
definitively confirms the excellent transferability of the refined
force field able to treat the structural evolution of the MIL-
53(Cr) upon a wide variety of conditions also including the
inclusion of other polar (H2O) and apolar (CH4) guest
molecules (see Supporting Information).

Microscopic Analysis of the Structural Transition. The
so-obtained breathing phenomenon of the MIL-53(Cr) frame-
work is mainly driven by the rotation of the C−C bond
between the carboxylate groups and the phenyl ring whatever

Figure 5. Neutron diffraction patterns of the MIL-53(Cr) at 300 K as
a function of the applied pressure at the compression. The asterisks
correspond to the peaks assigned to the CP form (the theoretical
diffraction patterns for the LP and CP forms are reported in the
Supporting Information).

Figure 6. Simulated unit cell volume of the empty MIL-53(Cr) as a
function of the temperature at 0.1 MPa.
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the considered stimuli (see Supporting Information), this
rotation being controlled by the two dihedral terms cg1-cc-o_c-
Cr and cg1-cg2-cc-o_c present in the derived force field. We
have previously suggested that such a large magnitude of
structural transformation is most probably governed by the
occurrence of a soft mode in the host framework induced by
the interactions with the confined CO2 molecules.19 To
confirm such an assumption, the fluctuations of the intra-
molecular energy were computed during the structural
evolution of the MIL-53(Cr) loaded at 300 K with 3 CO2
molecules per unit cell as investigated above. We have further
defined χUV as the susceptibility measuring the degree of
fluctuations of the intramolecular energy (Uintra) and the unit
cell volume with the following expression, χUV = β(⟨Vu.c.Uintra⟩0
− ⟨Vu.c.⟩0⟨Uintra⟩0), that is detailed in the Supporting
Information. According to the linear response theory, the
appearance of a soft mode is associated to a drastic change of
the intramolecular energy that is followed by a structural
transition toward the steadiest state. Figure S4, Supporting
Information, which reports the evolution of the susceptibility as
a function of the MD time for the MIL-53(Cr) structure upon
adsorption of 3 molecules/u.c. evidence a sudden increase of
χUV nearly at the same time than when the structural transition
occurs from the LP to the NP form, supporting the creation of
a soft mode in the MIL-53(Cr) framework prior to initiate the
switching toward the NP version. We have checked that this
drastic change of χUV also occurs for the structural transition LP
to CP induced by the mechanical and thermal stimuli that
suggests the appearance of this soft mode is a crucial
prerequirement for provoking the breathing phenomenon
whatever the type of stimuli. Indeed, one can assume that,
when the external perturbation (chemical, thermal, or
mechanical) reaches a critical value to trigger off a soft mode,
the structural transition occurs.
We have further plotted the evolutions of the unit cell

volume Vu.c., the b cell parameter corresponding to the
direction perpendicular to the channel, and the β angle along
the MD simulations (Figure 7) again for the case of MIL-

53(Cr) upon adsorption of 3 CO2/u.c. One can distinguish two
different regimes. The first one up to 36 ps labeled as region I,
is associated to a drastic contraction of Vu.c. associated to a
volume change of about 32%. As illustrated in Figure 8, this
compression-type structural transformation proceeds along the
y direction (decrease of the b cell parameter with the same
magnitude as Vu.c.), while the framework keeps the same

orthorhombic symmetry as the β angle remains 90°. Above 36
ps, Figure 7 shows that the β angle significantly varies
emphasizing a structural transition from an orthorhombic to
a monoclinic system. This region II corresponds to a sliding of
the atoms along the x axis in opposite directions as illustrated in
Figure 8, suggesting a shear type mechanism as recently
proposed by a theoretical study based on a multiscale physical
approach.36 This shear process is required to get a ground
structure after compression as, at the end of this latter step, the
repulsive interactions are relatively strong given the shortening
of the interatomic distances. These two stages, the compression
and the shear processes, are correlated to the degree of freedom
of the material and the magnitude of the repulsive interactions,
respectively.

■ CONCLUSIONS
The breathing behavior of the MIL-53(Cr) was for the first
time fully captured under a wide range of external stimuli
including chemical, thermal, and applied pressure through
molecular dynamics simulations coupled with a fully flexible
force field whose parameters were refined from our previous
study on the CO2/MIL-53(Cr) system. It was evidenced that
this reparameterized force field was able to reproduce the
consecutive structural transition from LP to NP and from NP
to LP occurring along the CO2 adsorption process, allowing the
experimental adsorption isotherm to be matched in the whole
range of pressure. Moreover, the transferability of this force
field was revealed to be extremely successful for the simulation
of the structural behavior of the MIL-53(Cr) under thermal and
mechanical stimuli. The predicted reversible nature of the
structural switching in both cases with the presence of a
hysteresis (∼150 K in temperature and ∼50 MPa in applied
pressure) was in very good agreement with the experimental
measurements realized in the same conditions. Such a
computational effort supported by complementary neutron
diffraction measurements was also able to unambiguously
assign the apparent volume of intruded Hg previously observed
in the MIL-53(Cr) to a contraction of the framework leading to
a CP form very similar to the structure previously reported
under thermal stimuli. This fully flexible force field accurately
constructed by a permanent comparison with experimental
data, opens a new horizon to further explore the role of the
functionalization on the breathing behavior of the MIL-53 solid
that is of potential interest for gas capture/separation purposes
as recently evidenced for the MIL-53(Al) grafted with amino

Figure 7. Evolution of the unit cell parameter b, the unit cell volume,
and the β angle of the MIL-53(Cr) structure as a function of the MD
time from 0.0 to 60 ps: case of the structural switching from LP to NP
upon adsorption of 3 CO2/u.c.

Figure 8. Illustration of the compression (domain I) and the shear
(domain II) regimes involved during the structural switching from the
LP to the NP forms upon adsorption of 3 CO2/u.c.
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functions37 and for the MIL-53(Fe) solid functionalized by a
variety of polar/unpolar groups.38
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(19) Ghoufi, A.; Maurin, G.; Feŕey, G. J. Phys. Chem. Lett. 2010, 1,
2810−2815.
(20) Coudert, F. X.; Jeffroy, M.; Fuchs, A. H.; Boutin, A.; Mellot-
Draznieks, C. J. Am. Chem. Soc. 2008, 130, 14294−14302.
(21) Coudert, F. X.; Boutin, A.; Jeffroy, M.; Mellot-Draznieks, C.;
Fuchs, A. H. ChemPhysChem 2011, 12, 247−258.

(22) Serre, C.; Bourrelly, S.; Vimont, A.; Ramsahye, N. A.; Maurin,
G.; Llewellyn, P. L.; Daturi, M.; Filinchuk, Y.; Leynaud, O.; Barnes, P.;
Feŕey, G. Adv. Mater. 2007, 19, 2246−2251.
(23) Liu, Y.; Her, J. H.; Dailly, A.; Ramirez-Cuesta, A. J.; Neumann,
D. A.; Brown, C. M. J. Am. Chem. Soc. 2008, 130, 11813−11832.
(24) Mendt, M.; Jee, B.; Stock, N.; Ahnfeldt, T.; Hartmann, M.;
Himsl, D.; Poppl, A. J. Phys. Chem. C 2010, 114, 19443−19451.
(25) Beurroies, I.; Boulhout, M.; Llewellyn, P. L.; Kuchta, B.; Feŕey,
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514−520.
(34) Yot, P.; Ma, Q.; Haines, J.; Yang, Q.; Ghoufi, A.; Devic, T.;
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