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Methane is the second most important greenhouse gas with a
global-warming impact higher than that of carbon dioxide.!!
Although the level of methane emission is currently stable,
after increasing by a factor of two in the last century, its effect
on atmosphere pollution is still important. Much effort is
concentrated on reducing emissions of this gas in accordance
with the Kyoto agreement.”) On the other hand, methane is
the main component of natural gas and an important, clean,
and renewable energy source that has significant advantages
over gasoline, that is, clean burning, low cost, higher energy
per unit mass, and profuse world reserves. However, appli-
cations of natural gas have been impeded by its low energy
density under economic and safe storage pressures.!
Advances in preventing or exploiting methane emissions
can provide environmental benefits. Developing new porous
materials that can adsorb and store methane is of great
current economic interest.”! Tn 2006, the U.S. Department of
Energy (DOE) set the target for methane storage at
180 v(STP)/v (equivalent volume of methane at standard
temperature and pressure per volume of adsorbent material)
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under 35bar at room temperature.! With this in mind,
several porous materials have been evaluated as potential
storage media for methane, such as single-walled carbon
nanotubes, zeolites, clathrate hydrates, and activated
carbon.’*! Metal organic framework (MOF) materials,
which combine inorganic nodes containing metal centers
and organic linker moieties (e.g., carboxylates, phosphonates,
imidazolates), are potentially interesting for this purpose, as
they combine low framework density and high adsorption
capacity.”'? Furthermore, the presence of organic moieties
within their pore walls can give rise to additional interactions
(van der Waals or m—m interactions) with organic probe
molecules such as hydrocarbons and aromatics which can
enhance the storage capability. Several experimental and
theoretical investigations have shown that some MOFs
exhibit high CH, uptake.’'¥ Significant illustrative examples
are the materials MIL-100 and MIL-101, synthesized by Férey
et al., which can store much larger amounts of CH, than the
industrially most widely used NaX zeolite under the same
experimental conditions (10 mmolg™ vs. 3.5 mmolg™' at
35 bar).['>¥ Furthermore, in applications involving gas stor-
age, besides high adsorption capacity, a high diffusion rate is
also required to avoid a penalizing limitation on the charging/
discharging time. In the same way, this kinetic factor is
essential for the development of transport-based devices.

Although many studies have been dedicated to the
adsorption equilibrium in MOFs, only few computational
and experimental studies have been reported on the diffusion
of CH, in these systems. Sarkisov et al.' were the first to
report a theoretical investigation of the self-diffusion coef-
ficient D, of CH, in MOF-5. They were followed by Skoulidas
and Sholl,"®! who predicted the self-diffusivity behavior of
CH, for a wide range of loadings in various MOFs including
MOF-2, MOF-3, and HKUST-1. More recently, Amirjalayer
et al.l'”! calculated D, values of benzene and methane for a
given loading in MOF-5 taking into account the flexibility of
the framework. Following a similar approach, the self-
diffusion coefficient of benzene was also simulated by Great-
house and Allendorf."™

From an experimental standpoint, only pulsed field
gradient (PFG) NMR diffusion measurements have been
reported on various hydrocarbons in MOF-5, including
methane at high loading."”! Quasi-elastic neutron scattering
(QENS) measurements have given detailed molecular-level
information on the diffusion of various adsorbates in nano-
porous materials.”” More specifically, this experimental tool
has proved to be very powerful in investigating the depend-
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ence on loading of the self- and transport diffusivities for
various hydrocarbons in zeolites.?! Molecular simulations are
usually valuable in interpreting QENS experiments and
elucidating the diffusion mechanism at the microscopic
scale. We have thus combined QENS measurements with
molecular dynamics (MD) simulations to investigate the self-
diffusivity of CH, in MOF-type systems for a wide range of
loadings.

The selected MOFs are the MIL-53(Cr**)?? and MIL-
47(V*+)#l systems, which belong to the MIL (Materials of the
Institut Lavoisier) series of hybrid porous materials. Isostruc-
tural MIL-53(Cr) and MIL-47(V) are built up from infinite
chains of corner-sharing Cr’**O,(OH), or V*" Oy octahedra,
interconnected by terephthalate groups to create a 3D
framework containing 1D diamond-shaped channels with
pores of free diameter close to 8.5 A (Figure 1). In MIL-
53(Cr), the hydroxyl groups located at the M-O-M links (-
OH groups) are potential attractive sites for the probe
molecules and/or can hinder their mobility. The resulting
adsorption/diffusion mechanisms are thus different to those
of MIL-47(V), in which these groups are replaced by w,-O
bridges.

Figure 1. View of the MIL-53(Cr) structure along the chain (z axis),
highlighting the 1D pore system. The MIL-47(V) structure is obtained
by replacing the p,-OH groups with p,-O groups.

The QENS measurements were performed on the time-
of-flight spectrometer IN6 at the Institut Laue-Langevin. The
QENS method is mainly used to study hydrogen-containing
compounds, because of the large cross section of hydrogen.?"!
Since this cross section is essentially incoherent, self-diffusion
of the adsorbate is probed. To reduce scattering from the
MOFs relative to the adsorbate in the QENS experiments,
fully deuterated analogues of MIL-53(Cr) and MIL-47(V)
were prepared. Synthesis and activation were performed by
using the published procedures®2* except that deuterated
terephthalic acid was used as a reactant. The hydrogen atoms
of the n,-OH bridges in MIL-53(Cr) were exchanged with
deuterium by stirring in boiling D,O after activation. On IN6,
the incident neutron energy was taken as 3.12 meV, corre-
sponding to a wavelength of 5.1 A. After scattering by the
sample, the neutrons are analyzed as a function of flight time
and angle. The wave-vector transfer Q varies with scattering
angle and ranged from 0.24 to 1.5 AL Spectra from different
detectors were grouped in order to obtain reasonable count-
ing statistics and to avoid the Bragg peaks of the MIL
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frameworks. Time-of-flight spectra were then converted to
energy spectra. The line shape of the elastic-energy resolution
could be fitted by a Gaussian function, the half-width at half-
maximum (HWHM) of which varied from 40 peV at small Q
to 50 peV at large Q. Four different CH, loadings, determined
by volumetry during the QENS experiments, were inves-
tigated for both MIL-47(V) and MIL-53(Cr).

The QENS spectra recorded at 230 K for the second
loading are reported in Figure 2 for one selected Q value. The
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Figure 2. Comparison between experimental (+++++) and fitted (—)

QENS spectra obtained for CH, in a,b) MIL-53(Cr) for 1.1 molecules
per u.c., ¢,d) MIL-47(V) for 1.6 molecules per u.c. The solid lines
correspond to a, c) 3D diffusion and b, d) 1D diffusion (T=230K,
©=0.35A", u.c.=unit cell).

measured intensities are presented in terms of the dynamical
structure factor S(Q,w), where 7Q and fiw are the momentum
and energy transfers, respectively. The spectra were first fitted
individually with three- or one-dimensional diffusion, and
then convoluted with isotropic rotation and instrumental
resolution. The dynamical structure factor must be powder-
averaged for 1D diffusion, which results in a shape different
from a typical Lorentzian function for 3D diffusion.”
Comparison between experimental and calculated profiles
(Figure 2) shows that 1D diffusion fits better the experimental
data in both MIL systems. The same observation was made
for the whole range of investigated CH, loadings. It shows
that the CH, displacements along the x and y directions in a
given tunnel are negligible. This implies that no CH, motion
occurs between two neighboring channels through the phenyl
rings, which might be suspected if these rings reorientate
perpendicular to the Cr(OH),0, moiety. Furthermore, the
spectra shown in Figure 3 indicate that unidirectional diffu-
sion is also valid at all temperatures, and that the influence of
temperature is larger in MIL-53(Cr) than in MIL-47(V). Since
the quasi-elastic broadening is related to the diffusivity, a
simple visual inspection of the spectra shows that D, varies
more with temperature in MIL-53(Cr), so the activation
energy for CH, diffusion will be higher in that structure.
One-dimensional self-diffusion coefficients were derived
from the low-QO range; the lowest O value of 0.27 A
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Figure 3. QENS spectra obtained for CH, in MIL-53(Cr) at a) 230,

b) 200, and c) 170 K for a concentration of 1.1 molecule per u.c.; the
spectra were fitted to 1D diffusion. Corresponding spectra for MIL-
47(V) are reported in d)—f) for 1.6 molecules per u.c. (=027 A™").

corresponds to a length scale of 23.3 A in real space. This
distance is much larger than the unit-cell parameter along the
direction of the tunnel (6.8 A), so that Fickian behavior can
be observed. Figure 4 shows the orientationally averaged self-
diffusion coefficients (D= D,p/3) for both MIL-47(V) and
MIL-53(Cr) at 230 K, defined within an error bar of 20 % over
the whole range of loading. Self-diffusion coefficients were
also extracted by using a 1D jump-diffusion model with a
Gaussian distribution of jump lengths along the channels. The
resulting diffusivities were systematically larger, but the
number of spectra was too limited to determine the param-
eters of the model with reasonable accuracy (depending on
the loading, the mean jump lengths obtained with this model
range between 5 and 10 A).

5
Dg(CHy)/
108 m2s! 41

3

n(CHy)/u.c.

Figure 4. Self-diffusion coefficients D, for MIL-47(V) (squares) and
MIL-53(Cr) (circles) as a function of loading: QENS at 230 K (full
symbols and solid lines), MD at 250 K (empty symbols and dashed
lines). The error bars are reported for both simulations and QENS
experiments.
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It appears from Figure 4 that methane diffusivities are
significantly higher in MIL-47(V) than in MIL-53(Cr) over
the whole range of investigated loadings. This observation is
consistent with the trend observed for the activation energy
E, measured for similar loadings: 3.0 and 8.0 kJmol™" for
MIL-47(V) and MIL-53(Cr), respectively. One can thus
assume that the p,-OH groups in MIL-53(Cr) act as attractive
sites and steric barriers, and both effects contribute to
perturbing the trajectory and thus decreasing the mobility
of CH,. Comparable values of E, were reported for methane
in ZSM-5 and NaY zeolites: 4.7 and 6.3 kJ mol '.*! Further-
more, in both MILs, CH, exhibits very high mobility, as
highlighted by the large D, value observed at low loading
(Figure 4). Such a phenomenon has never been observed for
methane in other MOFs, in which only a monotonous
decrease of D, was found,"” while a similar sudden increase
in Dy at low loading for H, and CH, was previously predicted
by Skoulidas et al. in single-walled carbon nanotubes.”” By
using an arbitrary analytical expression to fit the experimental
data of MIL-47(V) reported in Figure 4, it is possible to
estimate the D value at infinite dilution to be at least (3.0 =
0.6) x 107" m?s ™! at 230 K. From the experimental activation
energy, one can thus obtain a D, value of about (4.2 4 0.8) x
107" m?s™" at room temperature, which is more than one order
of magnitude higher than that observed in AIPO-5! and
NaY zeolite of similar pore size.”! Compared with MOF-5,
this self-diffusion coefficient is about one order of magnitude
higher than those predicted at low loading,™>!°! while it is only
slightly larger than that extracted by PFG NMR measure-
ments (1.7x 1077 m?s*).') On the timescale of the QENS
experiments, the molecules remain inside the crystals, so a
single methane species is observed with this technique,
whereas they diffuse within and between the crystals on the
PFG NMR timescale.

To more deeply understand the diffusion mechanism of
CH, on the microscopic scale, molecular dynamics (MD)
simulations were performed for both MILs. These calcula-
tions were based on atomistic interatomic potential param-
eters and DFT-derived partial charge models for the MIL
frameworks (Table S1, Supporting Information). CH, was
represented by an explicit model in which each constituting
atom is charged and considered as a Lennard-Jones center
with parameters taken from previous investigations.”®! While
the adsorbate was treated as fully flexible by means of two-
body bond stretches and three-body angle potentials by using
the parameters of Oie et al.””! (Table S2, Supporting Infor-
mation), the MIL frameworks were maintained rigid. This
latter approximation is supported by our previous in situ X-
ray diffraction study, which showed that the MIL structures
do not undergo any significant modification over the whole
range of investigated CH, loading.” For the interactions
between CH, and the organic moiety, the CH, parameters
were combined with those taken from the widely used
Dreiding force field,”" by using Lorentz-Berthelot mixing
rules, whereas the CH,/inorganic node interaction was treated
by our previous ab initio derived force field.” From a fair
agreement between the simulated thermodynamics data and
those collected by microcalorimetry on both MIL systems for
a wide range of pressure (see the Supporting Information), it
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was possible to validate these sets of potential parameters
(Table S2, Supporting Information).

The MD simulations were then performed at 250 K in the
NVT ensemble by using the Evans isokinetic ensemble. The
simulation box consisted of 16 unit cells (u.c.) containing 1152
and 1216 atoms for MIL-47(V) and MIL-53(Cr), respectively,
loaded with 8, 16, 32, 48 and 80 CH, molecules to be
consistent with the experimentally investigated loadings. The
calculations were then performed for these different loadings,
each for 2x10° steps (i.e., 2 ns) with a time step of 1 fs,
following 0.5 ns of equilibration. Details of the MD simu-
lations are provided in the Supporting Information. From the
mean-square displacement (MSD) curves averaged over
multiple time origins and five different MD trajectories
(Figure S4, Supporting Information), it was thus possible to
extract the self-diffusion coefficient Dg according to the
Einstein relation. An estimate of the statistical error on D,
was determined for each loading from the standard deviation
of the average value obtained from the five MD trajectories.
As shown in Figure 4, the simulated values of D, for both
MILs are in fair agreement with those measured by QENS for
intermediate and high CH, loadings. Moreover, in the domain
of low loading, our simulations reproduce very well the
enhanced mobility of MIL-47(V), while they fail to capture
the magnitude of the D, increase for MIL-53(Cr). Our
calculations confirm a slower diffusion process in MIL-
53(Cr), consistent with the calculated residence times for
CH,, which are longer around the p,-OH groups than near the
W,-O groups in MIL-47(V). As plotted in Figure S5 (Support-
ing Information), the mean values are 5.4 and 3.3 ps in MIL-
53(Cr) and MIL-47(V), respectively. This trend explains the
higher experimental activation energy measured for MIL-
53(Cr). Furthermore, the drop in D, when the loading
increases is due to an increased number of collisions between
CH, molecules.

To gain some insight into the microscopic diffusion
mechanism, the probability density of methane in the pore
of both MILs was calculated from the analysis of the
configurations stored during the MD runs at 250 K. The
resulting 2D density plots obtained at low loading are shown
in Figure 5. They clearly show that the positions of CH, with
the highest probability in the pore of MIL-53(Cr) (Figure 5a)

Figure 5. 2D density plots of the distribution of methane in a) MIL-
53(Cr) and b) MIL-47(V) at 250 K obtained through the xy plane. White
regions have a higher probability of containing CH, molecules; black
regions correspond to unfavorable positions. These data were calcu-
lated for one CH, molecule per u.c.
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are centered around the ,-OH groups. In MIL-47(V)
(Figure 5b), a broader probability distribution within the
pore is obtained, but the regions around the p,-O groups
remain the most favorable. One observes the same behavior
in the whole range of investigated loadings. These spatial
arrangements are consistent with those obtained from our
grand canonical Monte Carlo simulations (Figure S3, Sup-
porting Information) which also provided the strength of the
interaction by means of the adsorption enthalpy of 15.6 and
17.9 kJmol™! for MIL-47(V) and MIL-53(Cr), respectively.
Two-dimensional free-energy maps through the xz plane
of a given tunnel were then calculated at high loading (5 CH,/
u.c.) for both MILs by the histogram sampling method®
(Figure 6). They show that in MIL-53(Cr) (Figure 6a), the

Figure 6. 2D free-energy maps of methane in a) MIL-53(Cr) and

b) MIL-47(V) at 250 K obtained through the xz plane of a given tunnel
for a loading of five CH, molecules per u.c. White corresponds to
regions of lower free energy, and black to regions of higher free energy.
The dashed lines are guides to the eye.

lower-energy regions are centered around the p,-OH groups
as well as in the middle of the pore. In MIL-47(V), this latter
region is much more favorable for the CH, molecules.
Furthermore, minimum-energy pathways of CH, in the
pores of both MILs can be approximately drawn by following
the lower parts of the 2D free-energy maps (Figure 6). They
are predominantly orientated along the direction of the
tunnel and thus confirm a 1D diffusion mechanism in both
cases. In MIL-53(Cr) (Figure 6 a), one can imagine a sequence
of jumps between two consecutive w,-OH groups. This
observation suggests that the diffusion of CH, is mainly
ruled by the presence of the u,-OH groups, which leads to 1D
diffusion along the tunnel of the pore, while the displacements
along the x and y directions are negligible. CH, can also
diffuse along the z axis by following a pathway centered

Angew. Chem. Int. Ed. 2008, 47, 6611-6615


http://www.angewandte.org

around the middle of the pore. As MIL-47(V) does not have
W-OH groups, one would imagine a 3D diffusion mechanism
with random motions within the pore of the material.
However, due to its large kinetic diameter and weak
interactions with both the p,-O groups and the organic
linkers, the displacements of CH, are mainly restricted to the
direction of the tunnel, as shown in Figure 6b, with motion
mainly centered in the middle of the pore. These constrained
motions thus lead to a global 1D diffusion mechanism.
Further, we have observed that this behavior is even more
valid at higher loading, where the interactions between the
probe molecules tends to enhance the predominance of the
unidirectional diffusion along the z axis by restricting the
motions in the x and y directions.

The microscopic mechanisms elucidated in both MILs
support the use of a 1D diffusion model to fit the QENS
spectra (Figure 2). Furthermore, at low loading it is possible
to estimate mean jump lengths of 5.6 and 8.1 A associated
with characteristic time intervals of 7.3 and 6.0 ps in MIL-
53(Cr) and MIL-47(V), respectively. These distances are
within the range of jump lengths extracted by QENS and are
similar to the distances separating two consecutive u,-O and
W-OH groups in MIL-47(V) and MIL-53(Cr), respectively.
Moreover, our simulations show a broad distribution of jump
lengths, which is consistent with the QENS observations.

In summary, our joint QENS experiment/MD simulation
approach has proved to be a valuable tool for elucidating the
diffusion mechanism of CH, in MOF-type materials. High
mobility was found at low loading with a self-diffusion
coefficient at infinite dilution much higher than those
observed in other MOFs and zeolites with large pores such
as NaY. Furthermore, it was possible to show that the global
diffusion mechanism of CH, does not strongly depend on the
chemical features of the MOF material. A 1D diffusion model
corresponding to motion of CH, along the tunnel was thus
observed in both MIL materials. This methodology, which is
able to probe the dynamics of a large number of gases,
including H,,® in MOF materials, is an essential comple-
mentary tool for the further development of MOFs in gas
storage, as these processes are generally governed not only by
thermodynamic criteria but also by transport-kinetic proper-
ties.
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