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Quantifying Large Effects of Framework Flexibility on Diffusion in MOFs:
CH4 and CO2 in ZIF-8
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Metal organic frameworks (MOFs) have recently emerged as
a new class of nanoporous materials, and have generated
great interest as adsorbents and membranes for gas separations and other applications.[1] To use MOFs for membrane separations, it is desirable to select materials that possess high selectivity based on strong molecular sieving behavior.[2] The
large (currently > 5000) and rapidly growing number of synthesized MOFs creates a challenge in efficiently finding highperformance materials. Computational methods that can be
applied to large libraries of materials have been developed to
predict molecular adsorption and diffusion in MOFs.[3] These
methods, like the great majority of atomistic models of MOFs,
approximate the MOF as a rigid structure.
A small number of computational studies have explored the
influence of framework flexibility on molecular diffusion in
MOFs.[4] In large-pore materials, the impact of flexibility on diffusion is relatively small. This has been shown, for example, for
benzene in IRMOF-1.[4a] Recent calculations for methane (CH4)
in ZIF-8 by Hertg et al.,[4d] however, suggest that framework
flexibility can significantly enhance molecular diffusion relative
to a rigid framework. In the latter case, diffusion of CH4 (kinetic
diameter 3.8 ) in rigid ZIF-8 is slow because the diameter of
the rigid ZIF-8 window (3.42 ) is too small to allow hopping
between the cages of ZIF-8.[3a]
An important drawback of the above calculations is that different force fields for the MOF atoms can lead to significantly
different calculated CH4 diffusivities, thereby requiring parameterization of force fields for each new material of interest. It is
highly desirable to have efficient and reliable methods that
can assess the role of MOF framework flexibility in molecular
diffusion without relying on time-consuming parameterization
of force fields. Herein, we introduce an approach that achieves
this goal by efficiently combining ab initio molecular dynamics
(AIMD) calculations of a MOF framework with classical atomistic modeling of adsorbate diffusion. AIMD does not require
specification of a force field for the MOF degrees of freedom.
As such, this approach is suitable for treating chemically diverse collections of nanoporous materials such as MOFs and
zeolites. We illustrate our approach by examining the diffusion
of spherical and nonspherical gas molecules in ZIF-8, an important and widely studied MOF material. This allows us to com-
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pare our results to a number of recent experiments on ZIF-8
membranes.[5]
The time scales that can be accessed by AIMD are short relative to the times needed to probe diffusion of adsorbed molecules. The framework vibrational modes resulting in framework
flexibility effects, however, are accessible by AIMD. The basis of
our approach, therefore, is to use AIMD to gather information
about the flexible framework in the absence of adsorbed molecules, and then to use this information to describe adsorbate
diffusion with a classical atomistic model.
To illustrate our approach, AIMD calculations for ZIF-8 at
300 K were performed using the Vienna ab initio simulation
package (VASP)[7] with the Perdew–Burke–Ernzerhof (PBE) functional. The electron kinetic energy cutoff was set to 400 eV,
and k-space was sampled at the G point. The initial structure
was obtained by geometry optimization of the unit cell. The
optimized geometry is a cubic unit cell with the lattice parameter of 17.137 . During AIMD, the lattice constant was kept
fixed at the DFT-optimized value (17.137 ), but atom positions
were unconstrained. A Nos thermostat with Nos mass of
1.28  10 28 a.u. was used to maintain the temperature at
300 K. ZIF-8 structural configurations were recorded at intervals
of 1 fs during a 1 ps trajectory. Each configuration includes
eight distinct windows separating two cages in ZIF-8. We
modified our earlier computational methods[3a] for pore-size
analysis to efficiently measure the pore-limiting diameter for
each of the 8000 window configurations generated by this calculation. The resulting distribution of window diameters is
shown in Figure 1, which also shows the window size for the
experimental crystal structure and a Gaussian fit of the distri-

Figure 1. Distribution of the 8000 window sizes in ZIF-8 observed over
a 1 ps ab initio MD simulation, normalized to have an area of unity. The vertical line shows the window size of the ZIF-8 framework from the diffraction-based structure solution,[6] and the smooth line is a Gaussian fit of the
distribution.
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bution. It is clear that diffusion of molecules with sizes slightly
larger than the nominal diameter of the crystal structure will
be strongly affected by the tail of the distribution corresponding to wider windows.
We now consider the prediction of molecular diffusivity in
the infinite dilution limit in the ensemble of structures obtained from AIMD. The self, corrected and transport diffusivities
are all equal under infinite dilution conditions[8] and therefore
for simplicity we refer to it simply as diffusivity from now on.
We studied five gases approximated as spherical particles (CH4,
H2, He, Ar, and Xe) using the gas–gas Lennard-Jones potentials
listed in Table S1 (Supporting Information). Gas–MOF interactions were defined by pairwise Lennard-Jones potentials.[3a]
Our earlier methods efficiently determine the activation energy
for diffusion of spherical molecules once a force field defining
the molecule–MOF interactions is available.[3a] This approach is
used here to compute the activation energy for each molecule
through each of the 8000 ZIF-8 windows sampled by AIMD. To
connect this information with diffusion properties, we calculated the hopping rate of each species through each window
using transition state theory (TST) by means of methods described earlier.[3a] The net diffusivity of a species is then given
by[9] D = (1/6) kavga2, where kavg is the average hopping rate
with respect to the distribution of windows in the structure
and a is the cage-to-cage hopping distance. To obtain accurate
results using TST, we fit the pre-exponential factor in the TST
expression for the hopping rate to classical molecular dynamics (MD) data for the five gases in a rigid model of ZIF-8 (Supporting Information).
Figure 2 shows the calculated diffusivities at 300 K for CH4,
H2, He, Ar, and Xe in ZIF-8 using several representations of the
MOF structure. Three of these calculations used rigid approximations to ZIF-8 based on the experimental structure: 1) determined using neutron powder diffraction (NPD) measurements,[6] 2) the geometry-optimized DFT structure, and 3) a
structure defined by a time average of the atomic positions in
our AIMD data. The latter approximation was suggested recently by Krishna et al. as a possible means of examining the
role of framework vibrations on diffusion in nanopores.[10] For

Figure 2. Diffusivities in the infinite dilution limit for five gases with four representations of the ZIF-8 framework at 300 K.
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the rigid framework models, the diffusivities were calculated
applying TST using the eight windows present in the structure.
For molecules smaller than the crystallographic window size of
ZIF-8 (H2, He, and Ar), the differences between these three approximations have only a minor impact on diffusion. For larger
molecules, however, the small structural differences between
these rigid structures change the predicted diffusivity by
orders of magnitude. When the full distribution of window
sizes is used, the computed diffusivity of CH4 and Xe is orders
of magnitude larger than in any of the rigid approximations including the time-averaged structure. For CH4 (Xe), the predicted diffusivity at 300 K when flexibility is accounted for is 5 (13)
orders of magnitude higher than the result from the rigid material using the experimental crystal structure.
Apart from the quantification of the profound effect of
framework flexibility, another finding that emerges from
Figure 2 is that the window diameter does not give a complete
description of the hopping rate through a window. The rigid
NPD and DFT-optimized structures yield almost identical porelimiting diameters (3.242 and 3.248 , a difference of 0.19 %),
but the difference in diffusivity for CH4 (Xe) between these two
structures is ~ 50 (~ 5000). These large differences exist because
the transition-state energy defined by the windows differs by
considerably more than would be expected from the window
size alone. Because our calculations use the full potential
energy surface for the diffusing molecules, they correctly account for these important effects. We verified that these differences are associated with variation in the transition-state energies, and not the energy minimum associated with molecular
adsorption in ZIF-8 cages. An implication of this observation is
that the Henry’s constants for molecular adsorption are only
weakly affected by the inclusion of framework flexibility (Supporting Information).
The calculations described above only give results at 300 K.
It is obviously useful to probe the temperature dependence of
diffusion while incorporating framework flexibility. We tackled
this task without performing additional AIMD calculations as
follows. First, we assumed that the probability of observing
a window with diameter d is P(d) ~ exp( E(d)/kT), where E is
the energy associated with distorting the window to have diameter d relative to the minimum-energy state. Once this
probability distribution is known at one temperature (300 K),
we can readily predict the distribution at other temperatures.
For simplicity we used the Gaussian distribution fitted to our
300 K AIMD data (Figure 1), although the distribution from
AIMD can be directly used as well. Second, we developed
a mathematical function for each guest molecule that relates
the observed window size with the average diffusion activation
energy for windows of the specified size (Supporting Information). Once these activation energies are defined, we used TST
as described above to determine the net diffusivity of each
gas. There can be variation in the activation energies for windows with a fixed size, as already discussed. However, the diffusivity for CH4 at 300 K from our distribution-fitting approach
differs from the result of the full AIMD distribution by < 5 %.
The temperature dependence of the diffusivity of CH4, Ar,
and Xe in ZIF-8 obtained from our calculations is shown in

 2012 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

ChemPhysChem 2012, 13, 3449 – 3452

Figure 3. Ratio of diffusivities in flexible ZIF-8 to rigid ZIF-8 for Ar, CH4 and
Xe as a function of temperature.

Figure 3. The effect of flexibility on H2 and He is negligible, so
these species are not shown. For the larger species, the effect
of flexibility becomes more pronounced at lower temperatures.
A useful way to quantify this effect is to determine the effective activation energy of Dflexible/Drigid, from Figure 3. This is the
reduction in the overall activation energy for diffusion due to
framework flexibility. For CH4 (Xe), this change in activation
energy was found to be 32 (82) kJ mol 1.
It is helpful to compare our predictions with experimental
measurements of molecular permeation through ZIF-8. Since
2009, there have been multiple reports of gas permeation
measurements in polycrystalline ZIF-8 membranes.[5] All these
reports have measured permeances for CH4 and H2 at room
temperature, except in the work by Venna et al.[5b] and Bux
et al.[5c] ( Yao et al.[5h]), which did not give results for H2 (CH4).
We used the reported permeances and membrane thicknesses
(Supporting Information) to obtain permeability values that
can be directly compared with our calculated results. At infinite dilution, the permeability is equal to the product of the diffusion coefficient and the Henry’s constant.[11]
Figure 4 compares the reported experimental values for permeability and ideal selectivity to our flexible-framework predictions. The ideal selectivity is the ratio of the single component
permeabilities. There is considerable variation among the experimental permeabilities, presumably due to differences in
the microstructure and defect density in the fabricated membranes. The four experiments with the lowest permeabilities
are in reasonable agreement with each other, and probably
represent the closest approximation to defect-free membranes
that can currently be achieved. For these cases, the agreement
between the experiments and our calculated values is quite
good. In all cases, our calculations underpredict (overpredict)
the CH4 (H2) permeance, and as a result the H2/CH4 ideal selectivity predicted by our calculations is larger than experiment
by roughly a factor of 10. The inevitable presence of even
a small number of defects in the experimental membranes will
reduce the H2/CH4 selectivity relative to defect-free ZIF-8, so it
is reasonable that the calculations give a larger selectivity than
experiments. To put this level of agreement into a more meanChemPhysChem 2012, 13, 3449 – 3452

Figure 4. Comparison of experimental measurements of CH4 and H2 permeability through ZIF-8 membranes at room temperature with our calculations
using the flexible model of ZIF-8 at 300 K.

ingful perspective, the same predictions made with a rigid approximation for the ZIF-8 framework lead to a CH4 permeability (H2/CH4 selectivity) that is 3.3 million (7.4 million) times
greater than the average experimental values. It is also worth
noting that we underpredict the CH4 diffusivity measured by
infrared microscopy (IRM) by Bux et al.[5c] by a factor of 21.
Clearly, including the effects of framework flexibility is critical
to quantitatively predicting the properties of CH4 in this material, and allows a drastic improvement in the capability to predict diffusion in MOFs.
We also examined CO2 diffusion in ZIF-8 to examine the applicability of our approach to non-spherical adsorbates. Similar
to the situation in small-pore zeolites,[12] the transition state
(TS) for cage-to-cage hopping of CO2 in ZIF-8 is not the narrowest region of the pore. A TST-based calculation for CO2
would therefore require accurately locating the TS for each
AIMD snapshot. Fortunately, this complication can be avoided
by directly observing cage-to-cage hopping rates with classical
MD because CO2 diffuses sufficiently rapidly in ZIF-8. We performed classical MD of CO2 diffusing in the infinite dilution
limit in a large number of ZIF-8 structures taken from our
AIMD calculations and used these results to determine the CO2
hopping rate averaged over all snapshots and cages. Details of
these simulations are listed in the Supporting Information.
We calculated the CO2 diffusivity at 300 K for the NPD, DFT
optimized and flexible model for ZIF-8 and compared it with
the experimentally measured diffusivity using infrared microscopy by Bux et al.[5c] We also compared our results from three
recent classical simulation studies using different flexible force
fields for ZIF-8.[4c,e,f] Figure 5 shows the ratio of the calculated
diffusivities to the experimental value. The diffusivities used for
this comparison are listed in Table S2. Most of the results are in
reasonable agreement with the experimental value, although
one is ~ 25 times larger. Our treatment of flexibility gives a diffusivity ~ 8.3 times larger than using the rigid DFT optimized
structure. Unlike the spherical adsorbates we considered
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experiments. Our results also show that there are cases in
which framework flexibility is unimportant, namely for molecules smaller than the pore-limiting diameter, as well as cases
where framework flexibility plays a critical role. The latter class
includes all cases in which a separation is achieved by a strong
“molecular sieving” effect. As a result, the ability to include
framework flexibility in assessing the performance of MOFs will
be vital in developing these materials for separations and
other applications in which diffusion plays an important role.
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Figure 5. Comparison between calculated CO2 diffusivities using different
framework models and forcefields and the experimentally measured value
using infrared microscopy by Bux et al.[5c]Filled (open) symbols are from our
calculations (classical calculations from earlier work).

above, the rigid DFT structure shows slightly slower diffusion
than the rigid NPD structure, supporting the claim above that
the TS for diffusion for non-spherical adsorbates is not simply
located at the narrowest portion of the pore.
When Zheng et al. included framework flexibility in their
classical simulations, the diffusivity of CO2 was reduced by
a small amount compared to calculations with a rigid structure.[4f] It is unclear, however, if their force field reliably reproduces the degrees of freedom in the vibrating framework that
have the greatest effect on the TS for CO2 diffusion. Overall,
the variability in the diffusivities obtained from flexible framework simulations with differing force fields means that we can
conclude that our AIMD-based results are in reasonable agreement with the fully classical methods, but a more precise conclusion about which result among the methods in Figure 5 is
more reliable is difficult to justify.
There are several assumptions and limitations in the method
as presently demonstrated that would be useful to address in
future work. For example, it would be useful to extend our approach to finite adsorbate loadings. This should be possible
using relatively well-developed molecular simulation methods.
It will also be useful to perform calculations to probe our assumption that the dynamics of the framework in the vicinity of
the adsorbate TS are approximately decoupled from the adsorbate.
In summary, we have introduced a new approach to calculating the diffusivity of molecules in nanoporous materials that
accounts for framework flexibility but does not require a force
field for the motion of the nanoporous framework. This approach, which combines ab initio and classical simulations, is
well-suited to examining a wide range of materials, including
MOFs and zeolites. We have illustrated this approach by describing the diffusion of six gases through ZIF-8. Our calculations show that accounting for framework flexibility leads to
orders-of-magnitude improvements in accuracy of the predictions for CH4 as well as reasonable agreement with membrane
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