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Introduction

Over the past twenty years, remarkable progress has been
achieved in the synthesis and characterization of metal–or-
ganic frameworks (MOFs).[1,2] Because of their high specific
surface areas, large pore volumes, and ease of modulating
functionalities in the pore walls, a large number of studies

have been conducted to explore the performance of these
materials as energy carriers for H2

[3] and containers for CH4

storage.[4] Furthermore, the urgent environmental and eco-
nomical problems have galvanized researchers to seek novel
competitive MOF materials able to efficiently capture CO2.
Interestingly, in 2005 very high CO2 uptake was reported for
MOF-177 solid,[5a] exceeding the capacity of any available
commercial porous adsorbents including activated carbon
and zeolites. Later, the performance of this material was sur-
passed by those of the MOF-type solid MIL-101 (MIL: Ma-
terials of Institute Lavoisier) under similar conditions.[5b]

More recently, two novel crystal sponges MOF-200 and
MOF-210 were found to be able to capture 1.6 times more
CO2 than MOF-177, and their ultrahigh surface areas were
claimed to be near the ultimate adsorption limit for porous
materials.[5c] All of these breakthrough studies greatly stimu-
late the MOF community to directly probe the performance
of hybrid porous materials for selectively adsorbing CO2

from mixtures with CH4, both experimentally[6] and theoreti-
cally.[7] Such CO2/CH4 separation is of great interest in pres-
sure swing adsorption (PSA) applications, where conven-
tional zeolites such as the NaX-type faujasites are usually
considered,[8] although these materials have the disadvant-
age of requiring high-temperature treatment for their regen-
eration.

Among this class of MOF materials, the zirconium tereph-
thalate solid denoted as UiO-66(Zr) (UiO: University of
Oslo)[9] was selected in this study. Its hydroxylated structure
(see Figure 1) is built up from inorganic nodes Zr6O4(OH)4-ACHTUNGTRENNUNG(CO2)12 linked with terephthalate ligands in a such a way to
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form an eight-coordinate environment around the Zr4+ cen-
ters. This leads to a 3D porous solid in which each centric
octahedral cage is surrounded by eight corner tetrahedral
cages (free diameters of ca. 11 and 8 � for the two types of
cages, respectively) connected through narrow windows (ca.
6 �). This material shows very high thermal stability and re-
mains unaltered on water adsorption/desorption cycles.[10a]

Furthermore, we have evidenced from a thermodynamic
point of view[10b] that this MOF-type material exhibits very
encouraging properties for CO2/CH4 gas separation by com-
bining good selectivity, very high working capacity, and po-
tential regenerability under mild conditions, which make it
an alternative to the conventional faujasite adsorbents used
in PSA applications.

However, besides thermodynamics, the kinetic factor is a
further basic property that can significantly affect the sepa-
ration performance of an adsorbent. Hence, it is essential to
gain insight into the dynamics of CO2 and CH4 within the
UiO-66(Zr) MOF type structure. Up to now, compared to
the adsorption investigations, only a few studies have been
devoted to the diffusion of CO2 and CH4 in humidity-resist-
ant MOF materials. Rankin et al.[11a] employed molecular
dynamics (MD) simulations to predict the self- and trans-
port diffusivities of several light gases including CO2 and
CH4 in zeolitic imidazolate framework (ZIF) materials ZIF-
68 and ZIF-70. Liu et al.[11b] and Sirjoosingh et al.[11c] studied
the self-diffusivity of CO2 in ZIF-68 and ZIF-69.[11c] More
recently, Krishna et al.[11d] investigated the concentration de-
pendence of the self- and Maxwell–Stefan diffusivities for
CO2 and CH4 in MIL-47(V) and large-pore version of MIL-
53(Cr), with emphasis on molecular clustering phenomena.
In complement to these purely theoretical studies, we previ-
ously combined quasi-elastic neutron scattering (QENS)
measurements with MD simulations to successfully address
the loading dependence of the self- and transport diffusivi-
ties for CO2 and CH4 in MIL-47(V) and MIL-53(Cr) and
further elucidate the diffusion mechanism within the pores
of these materials.[12] In MIL-47(V), we evidenced that the
CO2 molecules do not behave like an ideal gas, and this
leads to a thermodynamic correction factor of less than
unity at low loading. By using this dual strategy, the work

here aims at: 1) determining the loading dependence of the
self- and transport diffusivities for CH4 and CO2, respective-
ly, in the promising UiO-66(Zr) solid, 2) comparing profiles
and absolute diffusivity values with those observed in the
conventional faujasites (NaX) usually involved in PSA ap-
plications as well as in zeolites with narrow-window struc-
ture, 3) probing the impact of the framework flexibility on
the diffusivity, and 4) further addressing the microscopic dif-
fusion mechanism for both diffusive species through a de-
tailed analysis of QENS spectra and MD runs.

Results and Discussion

Since scattering from CO2 is weak, a deuterated analogue of
UiO-66(Zr) was prepared to reduce scattering from the
MOF framework. The synthesis was performed according to
our previous procedure[10a] with deuterated instead of hydro-
genated terephthalic acid as reactant.[13] To completely ex-
clude the effect of residual water inside the pores on the dy-
namics of the guest molecules, the MOF material was initial-
ly fully activated in its dehydroxylated form prior to the
QENS measurements by out-gassing the sample at 473 K. It
was previously shown that the overall framework structure
of the dehydroxylated version is indeed very similar to the
hydroxylated structure shown in Figure 1, and both of them
have the same arrangement of the two types of cages.[9] The
only difference comes from the variation of the coordination
number of the Zr center between the hydroxylated (8) and
dehydroxylated forms (7). The QENS measurements were
then carried out at 230 K on the time-of-flight spectrometer
IN6 at the Institut Laue-Langevin, Grenoble, France, by
using the procedure described in the Experimental Section
to probe the self- and transport diffusivities of CH4 and
CO2, respectively, as a function of the loading. These experi-
mental findings were then complemented by MD simula-
tions for exploring the microscopic diffusion mechanism.

Self-diffusivity of CH4 in UiO-66(Zr): For methane, one fol-
lows the mobility of individual CH4 molecules, since the
scattering is dominated by the large incoherent cross section
of hydrogen. Subtraction of the signal of empty UiO-66(Zr)
does not modify the shape of the spectra, as the scattering
from methane is large compared to that of the solid. The
QENS spectra obtained for different loadings at 0.29 ��1

are shown in Figure 2. The broadening, and hence the diffu-
sivity, increases up to a loading of 10.5 CH4 per unit cell
(u.c.) and then decreases (a plot of the width versus meth-
ane loading is presented in Figure S1 of the Supporting In-
formation). Spectra obtained at different Q values could be
fitted with a model consisting of isotropic diffusion, convo-
luted with isotropic rotation and with the instrumental reso-
lution.

The self-diffusion coefficient Ds for methane was thus ob-
tained,[14] and the resulting values are reported in Figure 3.
As expected from the above QENS spectra, the Ds profile
shows a nonmonotonic evolution, with the presence of a

Figure 1. Schematic illustration of the UiO-66(Zr) structure. Left: octahe-
dral cage; right: tetrahedral cages. Hydrogen atoms on the organic link-
ers were omitted for clarity. The large green spheres represent the void
regions inside the cages (Zr polyhedra: yellow for octahedral cages, blue
for tetrahedral cages; C, gray; O, red).
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maximum. Such concentration-dependent behavior was ob-
served previously for CH4 diffusing in various zeolites with
narrow-window structure, including DDR, CHA, LTA, and

ITQ-3,[15] which have similar topologies to UiO-66(Zr). Re-
cently, this peculiar profile was also experimentally found
for diffusion of CH4 in faujasite NaY with large windows.[16a]

The Ds value for CH4 at the lowest loading of 4.4 CH4/u.c. is
about 2.0 �10�9 m2 s�1 (Figure 3). As shown in Table 1, this
value is comparable to the QENS data reported for CH4 in
NaY[16a] under similar experimental conditions, and remains
within the same order of magnitude as those measured by
the pulsed-field gradient (PFG) NMR technique in NaX.[16b]

Moreover, the thus-obtained Ds value is much higher than
those for CH4 in high-silica DDR, CHA, and LTA which
were measured by the PFG NMR method.[16c]

To interpret the Ds profile at the microscopic level, com-
plementary MD simulations were performed to investigate
the dynamics of CH4 in UiO-66(Zr). Briefly, these simula-
tions were conducted at 230 K based on a model that only
includes Lennard–Jones (LJ) interactions. CH4 was repre-
sented by a neutral united atom model,[17a] while an atomis-
tic representation was used to describe the dehydroxylated
UiO-66(Zr) framework, by considering the crystalline struc-
ture previously solved by DFT calculations.[10a] The LJ po-
tential parameters for the framework atoms were taken
from the DREIDING forcefield.[17b] This whole forcefield
was previously validated on the thermodynamic properties
of UiO-66(Zr),[10b] and the whole set of potential parameters
is summarized in the Supporting Information. The MD sim-
ulations were realized in the NVT ensemble by using the
Nos�–Hoover thermostat, with a simulation box consisting

Figure 3. Evolution of self-diffusion coefficients as a function of the CH4

loading in UiO-66(Zr) at 230 K: QENS (empty circles), simulations with
rigid (filled squares) and flexible (filled triangles) framework.

Table 1. Comparison of the self diffusivities of CH4 and CO2 in various
nanoporous materials (here, the QENS and PFG NMR data are related
to intracrystalline and to both intra- and intercrystalline diffusion pro-
cesses respectively). The structural characteristics of these materials are
given in Table S6.

Material T [K] Ds ACHTUNGTRENNUNG(CH4) [m2 s�1] Data type Ref.

NaX 223 ACHTUNGTRENNUNG(3.0–10.0) � 10�9 PFG NMR –[16b]

NaY 200 ACHTUNGTRENNUNG(5.3–7.9) � 10�9 QENS –[16a]

DDR[a] 301 1.6 � 10�12 PFG NMR –[16c]

CHA[a] 301 1.1 � 10�11 PFG NMR –[16c]

LTA[a] 301 1.4 � 10�10 PFG NMR –[16c]

UiO-66(Zr) 230 ACHTUNGTRENNUNG(2.0–2.8) � 10�9 QENS this work

Material T [K] Ds ACHTUNGTRENNUNG(CO2) [m2 s�1] Data type Ref.

NaX 300 ACHTUNGTRENNUNG(0.7–9.0) � 10�10 simulation –[8b]

DDR 300 ACHTUNGTRENNUNG(0.1–1.0) � 10�9 simulation –[15b]

MIL-47(V) 230 ACHTUNGTRENNUNG(1.5–2.0) � 10�9 simulation –[12b]

ZIF-68 300 ACHTUNGTRENNUNG(1.5–8.0) � 10�10 simulation –[11a]

ZIF-70 300 ACHTUNGTRENNUNG(1.8–5.5) � 10�9 simulation –[11a]

UiO-66(Zr) 230 ACHTUNGTRENNUNG(2.4–6.7) � 10�10 simulation this work

Material T [K] D0 ACHTUNGTRENNUNG(CO2) [m2 s�1] Data type Ref.

NaX 300 ACHTUNGTRENNUNG(0.2–10.0) � 10�9 QENS –[8b]

MIL-47(V) 230 ACHTUNGTRENNUNG(1.0–3.0) � 10�9 simulation –[12b]

UiO-66(Zr) 230 ACHTUNGTRENNUNG(2.2–5.6) � 10�10 simulation this work

Materials T [K] DtACHTUNGTRENNUNG(CO2) [m2 s�1] Data type Ref.

NaX 300 ACHTUNGTRENNUNG(0.6–12.0) � 10�9 QENS –[8b]

MIL-47(V) 230 ACHTUNGTRENNUNG(0.8–2.8) � 10�8 QENS –[12b]

MIL-53(Cr) 230 ACHTUNGTRENNUNG(1.5–3.8) � 10�8 QENS –[12c]

ZIF-68 300 ACHTUNGTRENNUNG(0.12–4.0) � 10�9 simulation –[11a]

ZIF-70 300 ACHTUNGTRENNUNG(1.7–15.0) � 10�9 simulation –[11a]

UiO-66(Zr) 230 ACHTUNGTRENNUNG(0.8–9.5) � 10�9 QENS this work

[a] Measured at 101.3 kPa.

Figure 2. QENS spectra obtained at 230 K for methane in UiO-66(Zr),
for increasing concentrations of CH4 per u.c. a) 4.4, b) 8.4, c) 10.5,
d) 16.5. The crosses correspond to the experimental points, and the solid
lines to the calculated spectra (Q =0.29 ��1).
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of 18 unit cells of UiO-66(Zr) loaded with 72, 144, 180, and
288 CH4 molecules to be consistent with the experimentally
investigated loadings. In addition, five more CH4 concentra-
tions, corresponding to 360, 450, 540, 630, and 720 mole-
cules, were also explored to span a wider range of loading.
The MD runs were realized at each loading for 2 � 107 steps
(i.e., 20 ns) with a time step of 1 fs. As a first step, the
framework of the solid was kept fixed during the simulation,
which has been commonly done in many theoretical studies
for zeolites[15] and MOFs.[7] From the mean-square displace-
ment (MSD) curves of the targeted molecules averaged
over multiple time origins and five independent MD trajec-
tories, it was then possible to extract Ds by using the Ein-
stein relation. As shown in Figure 3, the simulated profile
also shows a maximum at a CH4 loading only slightly shifted
compared to experiment (ca. 15 CH4/u.c. versus 10.5 CH4/
u.c.). However, it is also observed that the simulations based
on a rigid framework lead to a significant underestimation
of the self-diffusion coefficients obtained from QENS meas-
urements, especially at low loading.

Some recent MD simulations highlighted that the flexibili-
ty of the framework has a significant influence on the diffu-
sion of guest species in MOFs[12, 18] and zeolites,[19] particular-
ly when the pore size of these solids is similar to the kinetic
diameter of the diffusive species. Furthermore, as mentioned
elsewhere,[20] the flexibility of the framework is known to
have a profound effect on the intercage hopping process
across the narrow windows when the guest molecules are
strongly confined, for example, CH4 in LTA,[19a] propane/
propylene in CHA,[19b] and C2H6 in the MOF material Zn-ACHTUNGTRENNUNG(tbip)[18b] with one-dimensional (1D) channel/window struc-
ture. For these reasons, MD simulations were also carried
out with a flexible UiO-66(Zr) framework. To that end, the
flexibility of this material was modeled by a fully bonded
forcefield in which the metal–oxygen interactions were
treated as covalent bonds. Preliminary MD simulations con-
ducted in the NsT ensemble, where the shape and dimen-
sions of the unit cell can vary, were carried out to derive
this forcefield by closely matching 1) the unit cell parame-
ters and 2) the equilibrium distances of various bond types
of the dehydroxylated framework. The resulting force field
and the set of parameters are described in the Supporting
Information. Based on this derived flexible force field, the
loading dependence of the self-diffusivity of CH4 at 230 K in
UiO-66(Zr) was then again simulated. As can be seen in
Figure 3, while the Ds profile remains the same as those ob-
tained with a rigid framework, and the maximum is reached
for a similar CH4 loading, the thus-simulated Ds values re-
produce much better the QENS data. As a typical illustra-
tion, at the lowest loading (ca. 4 CH4/u.c.), the simulated Ds

values are 2.8 �10�10 and 1.0 � 10�9 m2 s�1 for a rigid and a
flexible framework, respectively, while the experimental
value is 2.0 � 10�9 m2 s�1 Such observations demonstrate that
considering a flexible UiO-66(Zr) framework leads to more
realistic diffusivity values for CH4, especially at lower load-
ing, while it is not expected to modify the global diffusion
mechanism as the trend for Ds is unchanged. In addition, we

also ran the MD simulations at several temperatures for a
loading of 4 CH4/u.c., from which the activation energies can
be calculated by using an Arrhenius equation. The calculat-
ed activation energies are 9.0 and 6.0 kJ mol�1 for the rigid
and flexible cases, respectively. Indeed, a rigid lattice leads
to more restriction on the motion of CH4 molecules, consis-
tent with slower diffusivity, as shown in Figure 3. This obser-
vation differs from our previous findings that show that the
flexibility of the framework has only a negligible effect on
the thermodynamic properties of this material.[10b] Indeed, it
can be concluded that the UiO-66(Zr) behaves more like a
“dynamic” framework when one probes the diffusion of the
species trapped within its porosity.

To shed some light onto the microscopic diffusion mecha-
nism, the MD trajectory for each CH4 loading was carefully
analyzed. From a visual inspection of these trajectories, it
was observed that CH4 diffuses either by intracage motions
inside both types of cages or by jump sequences “tetrahedral
cages–octahedral cages–tetrahedral cages”, as illustrated in
Figure 4 a. Furthermore, the CH4 molecules obey a 3D-type
diffusion mechanism, consistent with the isotropic diffusion
behavior evidenced from the fit of the QENS spectra. More-
over, the CH4 molecules spend most of their time in the tet-
rahedral cages and quickly jump back or into another tetra-
hedral cage once they enter the octahedral cage. This dy-
namic behavior is mainly governed by energetic considera-

Figure 4. a) Typical illustration of the global diffusion mechanism in UiO-
66(Zr) by following one targeted methane molecule at a loading of
4CH4/u.c. Positions 1–6 correspond to jump sequences of CH4 observed
during the MD trajectories. b) Residence-time profiles for CH4 in the tet-
rahedral cages of UIO-66(Zr) at 230 K. Circles: rigid framework, dia-
monds: flexible framework, triangles: self-diffusivity simulated with a
flexible framework.
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tions. Indeed, the potential-energy surface experienced by a
probe CH4 molecule shows a deeper well consistent with the
presence of tetrahedral cages (see Figure S7, Supporting In-
formation).

Based on these observations, the microscopic picture of
the diffusion can be further rationalized by the plot of the
residence time for CH4 inside the tetrahedral cages as a
function of the loading. As can be observed in Figure 4 b,
the profile for the residence time obtained in both rigid and
flexible frameworks is consistent with the trend observed
for the self-diffusivity. At low loading, due to the confine-
ment and energetic effect in the tetrahedral cages, the CH4

molecules are preferentially adsorbed and mainly remain
trapped inside these cages, which is consistent with long resi-
dence time and medium-range values of the self-diffusivity.
As the loading increases, the additional CH4 molecules pres-
ent in the tetrahedral cages are involved in less favorable in-
teractions with the pore wall and thus increase the net driv-
ing force to promote hopping of CH4 towards the octahedral
cages, which leads to a decrease of the residence time in the
tetrahedral cages. When the CH4 molecules reach the octa-
hedral cages, they are subjected to less energetic interactions
with the pore wall, as previously evidenced.[10b] Both factors
lead to an increase of Ds in this range of loading, as shown
in Figure 3. With a further increase in loading, the effect of
steric hindrance becomes evident, and results in an increase
of the residence time in the tetrahedral cages and a decrease
in the self-diffusivity (see Figure 3). Figure 4 b also shows
that whatever the CH4 loading, the residence times in the
tetrahedral cages obtained when one uses a flexible frame-
work are smaller than those calculated for the rigid case.
This trend is consistent with the higher mobility of CH4 ob-
served in the flexible case, as already mentioned for other
porous materials.[18,19]

Self-diffusivity of CO2 in UiO-66(Zr): Due to the coherent
scattering cross section of C and O atoms in CO2 molecules,
the mobility of individual CO2 molecules cannot be extract-
ed from QENS measurements. Indeed, Figure 5 only shows
the predicted self-diffusion coefficient for CO2 as a function
of the loading at 230 K. As we have established above for
CH4 that the flexibility of the framework has a significant
impact on the diffusivity in this material, the results shown
in Figure 5 as well as the simulated corrected and transport
diffusivities in the next section are reported from the MD
runs with a flexible framework. Compared with the data re-
ported in Figure 3, one observes that CO2 diffuses more
slowly than CH4 over a broad range of loading, which is
consistent with a longer residence time for CO2 in the tetra-
hedral cages (see Figure 5) than those calculated for CH4. In
addition, the activation energy of 10.9 kJ mol�1 for CO2 at
the lowest loading of 7 CO2/u.c. is higher than that estimated
for CH4 (6.0 kJ mol�1), following the same trend than the ad-
sorption enthalpy at low coverage previously estimated for
both species (CO2: �25.3 kJ mol�1; CH4: �18.8 kJ mol�1).[10b]

This trend can be also related to the higher mobility of CH4.
This slower diffusivity of CO2 compared to CH4 differs from

the behavior usually observed in narrow-window zeolites
(LTA, DDR, and CHA),[15b] where the opposite trend has
been explained by the slender shape of CO2 compared to
CH4. Figure 5 also indicates that the self-diffusion coeffi-
cients of CO2 become larger than those of CH4 at high load-
ings, which is consistent with the smaller residence time for
CO2 in the tetrahedral cages in this range of loading, as
shown in Figures 4 and 5. This is caused by a more tight
packing effect of CH4 molecules at high loading compared
to CO2 and results in higher diffusivity of the latter.

This nonmonotonic variation of Ds of CO2 presented in
Figure 5 is similar to those previously predicted in ZIF-68
and ZIF-70 with cagelike structures,[11a] but is different from
those in MIL-47(V),[12b] DDR,[15b] and NaX,[8b] which show a
decreasing trend with increasing CO2 loading. In addition,
as can be seen from Table 1, the predicted Ds of CO2 of
(2.4–6.7) �10�10 m2 s�1 in UiO-66(Zr) at 230 K is comparable
to those simulated in ZIF-68[12b] and NaX[8b] at 300 K, but
almost one order of magnitude smaller than those in ZIF-
70[11a] at 300 K and MIL-47(V)[12b] at 230 K and similar load-
ings as well as in DDR at 300 K.[15b] Here, such a Ds profile
is explained by a microscopic diffusion mechanism similar to
that detailed above for CH4. Indeed, CO2 also combines
both intra- and intercage motions, whereby the tetrahedral–
octahedral–tetrahedral cage-jump sequence is affected by
the loading in the same way as for CH4. This microscopic
mechanism, which was also previously proposed to explain
the same monotonic Ds profile for CO2 in ZIF-68 and ZIF-
70,[11a] differs from those invoked for DDR,[21] MIL-
47(V),[12b] and NaX,[8b] wherein the steric effect causes a de-
creasing evolution of Ds as a function of loading.

Transport diffusivity of CO2 in UiO-66(Zr): In contrast with
CH4, CO2 is a totally coherent scatterer, so that the collec-
tive mobility is extracted from the QENS data. Subtraction
of the contribution of empty UiO-66(Zr) creates negative
peaks, as the Bragg intensity due to the solid is modified on
adsorption. Spectra obtained at different CO2 loadings are
shown in Figure 6 for a Q value of 0.4 ��1. Since the signal
from the solid is totally elastic, one can still measure the
broadening due to CO2, because it is larger than the instru-
mental resolution. The spectra could be fitted by an isotrop-

Figure 5. Simulated self-diffusivity (triangles) of CO2 in UiO-66(Zr) at
230 K as a function of loading. The residence times (squares) for CO2

molecules in the tetrahedral cages of UIO-66(Zr) are also shown.
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ic translational motion alone, since rotation of this coherent
scatterer is negligible at small Q values.[14] The broadening
in Figure 6 increases continuously with increasing concentra-
tion, and no maximum is observed within the investigated
loading range. It is the transport diffusivity of CO2 which is
obtained, as one probes the time evolution of the density
fluctuations which occur at equilibrium.[14] The resulting ex-
perimental Dt values are reported in Figure 7.

One observes from Figure 7 a continuous increasing evo-
lution of Dt with pore loading, consistent with the trends
previously reported for CO2 in zeolite-type materials such as
NaY or NaX,[8b] as well as in MOF-type materials such as
ZIF-68 and ZIF-70.[11a] The Dt values vary by almost one
order of magnitude over the whole range of loading exam-
ined experimentally, in the range (0.8–9.5) � 10�9 m2 s�1.
These diffusion coefficients are smaller than those in MIL-
47(V)[12b] and in MIL-53(Cr)[12c] for the same species at the
same temperature and similar range of loading, while they

remain within the same range of those obtained in NaX at
300 K[8b] and predicted in both ZIF-68 and ZIF-70 at 300 K
and similar loadings[11a] (see Table 1).

Molecular dynamics simulations were further performed
at 230 K to help interpret the increasing profile for Dt ob-
tained from QENS data and further elucidate the transport
diffusion mechanism on the microscopic scale. The simula-
tion box was again composed of 18 unit cells loaded with
126, 252, 378, 504, 648, and 720 CO2, molecules, covering
the experimentally explored loadings. The corrected diffu-
sion coefficient D0 was then calculated for each CO2 loading
by using the method previously reported.[15c] This approach
is based on an Einstein relation that considers the MSD of
the center of mass of the diffuse species (see Supporting In-
formation for further details). One observes that D0 does
not remain constant in the explored concentration range,
but shows an increasing profile with values varying by a
factor of about 2.5 over the range of loading. This observa-
tion indicates that the profile for D0 cannot be described by
the so-called Darken approximation,[15c] which identifies the
corrected diffusivity as a constant independent of loading.
Such a simulated D0 profile is similar to those previously re-
ported in NaX[8b] and various MOFs,[11a,d] while it deviates
from the decreasing trend observed in DDR and LTA.[15b]

The resulting absolute values ranging from 2.2 � 10�10 m2 s�1

to 5.6 � 10�10 m2 s�1 are at least one order of magnitude
lower than the data previously reported in NaX at 300 K[8b]

while they are comparable with those previously predicted
in MIL-47(V)[12b] (see Table 1).

The transport diffusivity was then calculated from D0 by
using Equation (1),

DtðcÞ ¼ D0ðcÞ
@ ln f
@ ln c

� �
ð1Þ

in which the partial derivative involving the adsorbate con-
centration c and the bulk-phase fugacity f is known as the
thermodynamic correction factor G. This derivative is fully
defined once the adsorption isotherm is available. Thus, the
flexible force field was first used to calculate the adsorption
isotherm of CO2 in UiO-66(Zr) at 230 K by means of grand

Figure 6. Comparison between experimental (crosses) and fitted (solid
lines) QENS spectra obtained for CO2 in UiO-66(Zr); the dotted lines in-
dicate the negative elastic intensity due to UiO-66(Zr). The concentra-
tions of CO2 per u.c. are a) 6.9, b) 21.4, c) 35.7, and d) 38 (Q =0.4 ��1).

Figure 7. Evolution of the experimental transport diffusivity (Dt, circles)
and the simulated corrected (D0, diamonds) and transport (Dt, squares)
diffusivities in UiO-66(Zr) at 230 K.
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canonical Monte Carlo (GCMC) simulations (Figure S4 in
Supporting Information), which was further fitted by using a
dual-site Langmuir model. From the excellent agreement
between the fitted and simulated isotherms, G values were
then extracted as reported in Figure S5 of the Supporting In-
formation. The Dt values calculated by using Equation (1)
are reported as a function of CO2 loading in Figure 7. The
increasing profile of Dt is in good accordance with the ex-
perimental data. Furthermore, the experimental absolute
values are only slightly underestimated. Finally, at the limit
of zero concentration of the adsorbate, the three quantities
Ds, Dt, and D0 become almost equal, converging around
1.8 � 10�10 m2 s�1, very similar to the experimental value for
Dt (2.1 � 10�10 m2 s�1).

To clarify the microscopic mechanism for the corrected
diffusivity, the probability density distributions of CO2

within the pores of UiO-66(Zr) were calculated from the
analysis of the configurations generated by MD runs at
230 K. The corresponding density plots of the center of mass
(COM) of the adsorbed molecules at two loadings (7CO2/
u.c. and 36 CO2/u.c.) shown in Figure 8 were selected as typi-
cal cases. These snapshots first show that the CO2 molecules
remain preferentially located in the tetrahedral cages. Visual
inspections of the trajectories generated from the MD simu-

lations show for all loadings that the CO2 molecules also
obey a 3D-type diffusion mechanism in the same way as
mentioned above for the self-diffusion behavior of CH4. At
low loading, the net motions of the COM of the CO2 mole-
cules mainly occur inside the tetrahedral cages, consistent
with Figure 8 a, which shows that the probability of finding
the COM of the CO2 molecules in the octahedral cages is
low. When the loading increases, the displacements of the
COM of the CO2 molecules also involve jumps towards the
octahedral cages, and thus higher diffusivity is favored. This
behavior is again consistent with the 2D density plot in Fig-
ure 8 b, which emphasizes a higher probability density in the
octahedral cages compared to the low-loading situation.
Indeed, the global dynamics is thus a combination of intra-
cage motions and intercage jumps.

Conclusion

A combination of QENS measurements and MD simula-
tions was successfully employed to probe the dynamics of
CH4 and CO2 in MOF-type material UiO-66(Zr). The exper-
imental self-diffusivity of CH4 shows a maximum with in-
creasing loading, while the measured transport diffusivity of
CO2 shows a monotonously increasing trend within the ex-
perimental concentration domain. The MD simulations
based on a flexible force field for describing the framework
capture very well the magnitude and profile for both Ds-ACHTUNGTRENNUNG(CH4) and Dt ACHTUNGTRENNUNG(CO2). They further show that these diffusion
profiles observed for CH4 and CO2 can be well correlated
with the residence time spent by the diffusive species in the
tetrahedral cages. The unusual higher diffusivity of CH4

compared to CO2 is opposite to the trend previously ob-
served in narrow-window zeolites. A global diffusion mecha-
nism disclosed by MD simulations shows that both diffusive
species show 3D-type diffusion behavior, in agreement with
experiment, and involve a combination of intracage diffu-
sion and jumps form tetrahedral to octahedral to tetrahedral
cages.

Experimental Section

Synthesis : UiO-66(Zr) was prepared from a large-scale mixture of ZrCl4,
terephthalic acid, hydrochloric acid, and dimethylformamide in the ratio
25 mmol:50 mmol:50 mmol:150 mL. The slurry was then introduced into
a 750 mL Teflon liner, which was inserted into a metal Paar bomb. The
system was then heated for 16 h at 220 8C. The resulting white product
was filtered off, washed with DMF to remove the excess of unconverted
terephthalic acid, washed with acetone, and dried at room temperature.
The sample was finally calcined at 250 8C under vacuum (5 mbar) to
remove DMF from the framework.

QENS measurements : Since scattering from CO2 is weak, a deuterated
analogue of UiO-66(Zr) was prepared to reduce the scattering from the
MOF framework. The synthesis was performed according to our previous
procedure[11] with deuterated instead of hydrogenated terephthalic acid
as reactant.[14] The UiO-66(Zr) sample was activated by pumping at
473 K, and final pressure was better than 10�3 Pa after cooling. The de-
gassed MOF was transferred in a glovebox into a slab-shaped aluminum

Figure 8. a) 2D probability density plots of the COM of CO2 in UiO-
66(Zr) at 230 K from MD simulations at different loadings. a) Low
(7 CO2/u.c.) and b) high loading (36 CO2/u.c.). (Yellow and blue circles
denote the tetrahedral and octahedral cages, respectively)
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container, which was connected to a gas-inlet system allowing in situ ad-
sorption. After recording the scattering of the empty material, different
loadings of CO2 were investigated at 230 K, and the adsorbed amounts
were determined by volumetry. After these runs, CO2 was evacuated by
pumping the cell at 370 K. After desorption, it was checked that the
signal of the degassed MOF was identical to that of the original UiO-
66(Zr) solid. Methane was then measured at various concentrations at
230 K. On IN6, the incident neutron energy was set to 3.12 meV, corre-
sponding to a wavelength of 5.12 �. 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 0.25 to
1.2 ��1. Different spectra were grouped to obtain satisfactory counting
statistics. Detectors corresponding to the Bragg peaks of UiO-66(Zr)
were avoided as much as possible, but dehydroxylation of this MOF
lowers the space group, so that elastic intensity was found at low Q.
Time-of-flight spectra were converted to energy spectra. The elastic
energy resolution was measured with a vanadium standard, and it could
be fitted by a Gaussian function with a half-width at half-maximum vary-
ing from 40 meV at small Q to 50 meV at large Q.

Molecular dynamics simulations : Molecular dynamics simulations were
performed by using DL POLY 2.20 in the NVT ensemble with time step
of 1 fs. The Nos�–Hoover thermostat was used to maintain the system
temperature. For the current studies, the intermolecular interactions be-
tween adsorbates as well as adsorbate–adsorbents were represented by a
combination of short-range van der Waals (LJ) and long-range Coulom-
bic interactions. The former were estimated by using a cutoff radius of
14 �, and the latter were calculated by the Ewald summation methodolo-
gy. The simulation box consisting of 18 unit cells of UiO-66(Zr) and peri-
odic boundary conditions were applied in all three dimensions. The ad-
sorbate molecules were first loaded into the UiO-66(Zr) structure by
means of Monte Carlo simulations, and the resulting configurations were
equilibrated with 1� 106 MD steps, followed by the production run of 2�
107 MD steps (i.e., 20 ns). Further information on the force fields, partial
charges of the framework atoms in MOFs, and more details of the MD
simulations can be found in the Supporting Information.
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