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In this work, molecular dynamics simulations were performed to investigate the gas diffusion mechanism in catenated
metal—organic frameworks (MOFs), for which methane was adopted as a probe and two catenated IRMOFs with interwoven
structure, IRMOF-11 and IRMOF-13, were considered. This work reveals that the diffusion pathways of methane molecules
in catenated MOFs are mainly governed by the strong confinement in catenation regions, leading to a 3D diffusion along the
sheets formed by the A-regions (xy-direction) as well as from one A-region to another by crossing a B-region (z-direction).
In addition, the present work shows that the effect of catenation on methane diffusivity is very large, much larger than that on
hydrogen diffusivity at room temperature, and that both adsorption selectivity and dynamic selectivity of gas mixtures may
be enhanced largely in catenated MOFs, indicating that catenation is a good strategy to improve the overall performance of a

material as a membrane in separation applications.
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1. Introduction

Metal—organic frameworks (MOFs) are a class of new
nanoporous materials that have emerged as promising for
gas storage, separation and catalysis, etc. [1-3]. In many
potential applications, knowledge of both gas adsorption
and diffusion is important. Although extensive studies
have been carried out on the adsorption behaviour of gases
and gas mixtures in MOFs both experimentally [4—12] and
theoretically [13-22], those on molecular diffusion in
MOFs are far less since it is much more difficult to
measure accurately the diffusivity of gas inside nano-
porous materials by experiment. Thus, molecular simu-
lation plays an important role in understanding molecular
diffusion in this kind of material. To the best of our
knowledge, there are only a couple of experimental studies
to date on gas diffusion in MOFs [23-25], and most
knowledge on this topic was obtained by molecular
simulations [26—35]. For example, Skoulidas [26] and
Skoulidas and Sholl [27] investigated the self- and
transport diffusivity of several light gases in MOFs using
the molecular dynamics (MD) method, Yang and Zhong
[28] performed a molecular simulation study on the
diffusion of hydrogen in several MOFs, while Keskin et al.
[33] used molecular simulations to study diffusion of
CH4/H; mixtures in Cu-BTC and they also presented the
information about the performance of MOF-5 as a
membrane for separation of CO,/CH,4 mixtures [34].

It is well known that additional pores with various
sizes are generated by the catenation of frameworks,
leading to catenated MOFs that exhibit enhanced gas

adsorption [36—38] and separation performance [39-41].
However, little is known about the gas diffusion
characteristics in such catenated MOFs. In our previous
work [31], we showed that catenation can reduce hydrogen
diffusivity by a factor of 2-3 at room temperature.
However, in the case of hydrogen at room temperature, the
effect of catenation on diffusion is mainly attributed to the
steric hindrance since H, molecules are hardly adsorbed
on MOFs at room temperature. Thus, in this work, we
further studied the diffusion of methane in these materials,
which allows us to investigate the effect of catenation on
gas diffusion, where both adsorbate/adsorbent interactions
and steric hindrance work. In addition, in our previous
work, only the effect of catenation on the value of gas
diffusivity was studied [31], while in this work we focused
on the diffusion mechanism.

2. Models and computational method
2.1 MOF structures

Catenated MOFs have a somewhat more complicated
structure, which has been found to show enhanced gas
adsorption and separation performance. Therefore, this
work focuses on the gas diffusion mechanism in this kind of
MOFs. For this purpose, we adopted two interwoven
IRMOFs, IRMOF-11 and IRMOF-13, as the representatives
of catenated MOFs. To make a comparison, their
corresponding non-interwoven counterparts, IRMOF-12
and IRMOF-14, were also considered. IRMOF-12 and
IRMOF-14 have the same cubic topology with the
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octahedral Zn,O(CO,) clusters linked by different organic
dicarboxylate linkers, while IRMOF-11 and IRMOF-13 are
their corresponding interwoven counterparts. Details of
their structures and properties can be found elsewhere [12].

2.2 Force fields

In the present work, methane molecules were modelled as
a single Lennard-Jones (LJ) interaction site using
the parameters obtained by Goodbody et al. [42]. For the
atoms in the framework of MOF materials, the universal
force field of Rappé et al. [43] was adopted. The potential
parameters used in this work were listed in Table 1. All the
LJ cross-interaction parameters were determined by
the Lorentz—Berthelot mixing rules.

The above set of force fields has been successfully
employed to depict alkane adsorption [19,22], separation
[39,44,45] and diffusion [30] in MOFs by several groups.
To further confirm the reliability of the above set of force
fields adopted in this work, the adsorption isotherms of
CH,; in IRMOF-1 and IRMOF-6 were simulated and
compared with the experimental data [12], as shown in
Figure 1. The results show that the simulations give good
agreement with experimental adsorption isotherms, and
similar conclusion has also been obtained by Diiren et al.
[19]. This demonstrates that the set of force fields adopted
in this work can give a reliable estimation of the methane
adsorption in IRMOFs, and thus can be used to study
methane diffusion in IRMOFs.

2.3 Molecular dynamics simulation

In this work, equilibrium MD simulation was used to
investigate the effects of catenation on methane diffusion

Table 1. LJ potential parameters for CH4 and the IRMOFs used
in this work.

LJ parameters CH, MOF_O MOF_C MOF_H MOF_Zn
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as well as the diffusion mechanism of methane in catenated
IRMOFs. All the MD simulations were performed under
room temperature, which was held constant with a Nose—
Hoover chain thermostat as formulated by Martyna et al.
[46]. Similar to previous works [26—34], all the IRMOFs
were treated as rigid with atoms frozen at their crystal-
lographic positions during simulations. The simulation cell
consists of 2 X 2 X 2to4 X 4 X 4 elementary cells of the
IRMOF crystal lattice to ensure at least 50 CH4 molecules
are accommodated in the cell. The velocity Verlet algorithm
was used to integrate Newton’s equations of motion.
The time step used in the MD simulations was taken as
1.0fs. All the LJ interactions were calculated using the cut
and shifted potential with a 15 0A cut-off radius, and
periodic boundary conditions were applied in all three
dimensions. Each MD simulation started with the random
insertion of the molecules into the IRMOF lattices, and then
relaxed using approximately 100,000 NVT Monte Carlo
moves followed by 500,000 MD steps. After equilibration,
the simulations were run for 2,500,000 MD steps to sample
the diffusion properties of interest. At least 10 independent
simulations were performed for each loading to estimate the
statistical error. During each simulation, the trajectory of the
system was saved every 100 steps to calculate subsequently
the self-diffusion coefficient Dy by mean-square displace-
ments method. It was checked that MD simulations
conducted in microcanonical (NVE) ensemble gave the
equivalent results.

3. Results and discussion

3.1 Effect of catenation on methane diffusivity
in IRMOFs

To understand the effect of catenation on methane
diffusivity in IRMOFs, MD simulations were performed
to calculate the self-diffusivities of CH, in the two pairs of
IRMOFs at room temperature. The simulation results are
shown in Figure 2(a), as a function of methane loading.
The methane self-diffusivities in the IRMOFs without
catenation (IRMOF-12 and IRMOF-14) are about three to
five times higher than that in their corresponding catenated
counterparts (IRMOF-11 and IRMOF-13), indicating that

(b) 14
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2 10f
g
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2 or
S
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2t —o— IRMOF-6 (Sim)
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0 1 2 3 4
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Figure 1. Experimental [12] and simulated methane adsorption isotherms at 298 K: (a) IRMOF-1 and (b) IRMOF-6.
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Figure 2. (a) Self-diffusivity of methane in the two pairs of
IRMOFs at room temperature and (b,c) Arrhenius plots of Ds for
methane in the IRMOFs at infinite dilution at 200, 298 and 400 K.

the motion of methane molecules in catenated IRMOFs is
restricted largely by their catenated structures. This
phenomenon is consistent with the H, diffusion in these
IRMOFs [31]; however, the effect of catenation on
methane diffusivity is much larger than that on H, [31].
This observation may be explained as follows: the motion
of both CH, and H; is restricted by the catenated structure,
while the stronger interactions between CH,; and the
catenated framework lead to stronger confinement effects
than that of H, in these catenated IRMOFs.

Molecular Simulation 375

The self-diffusivity of methane increases slightly at
first followed by a decrease with further increasing
methane loading. This behaviour has also been observed
elsewhere [26,28]. It can be explained as follows: at low
loadings, CH, can diffuse mainly through the favourable
adsorption sites leading to a high activation energy; at
higher loadings, the pathway through the favourable
adsorption sites is increasingly less favourable leading to a
lower activation energy for diffusion, thus an increase in
methane diffusivity; at even higher loadings, the
concentration dependence arises as a natural consequence
of steric hindrance between the diffusing molecules,
resulting in a lowering of methane self-diffusivity.

Diffusion of CH; in IRMOFs was found to be an
activated process, as in zeolites. The infinite-dilution
activation energies for methane diffusion in the two pairs
of IRMOFs shown in Figure 2(b) and (c) were calculated
by performing MD simulations at three temperatures:
T = 200, 300 and 400 K. The values obtained are 8.29 and
9.65 kJ/mol for IRMOF-11 and IRMOF-13, respectively,
which are much larger than that in their corresponding
non-catenated counterparts with the values of 4.89 and
4.90kJ/mol for IRMOF-12 and IRMOF-14, respectively.
The infinite-dilution activation energy of CH, in silicalite
is found experimentally to be 5.7kJ/mol [47] and the
simulated result is 4.4kJ/mol [48]. Therefore, the
activation energy in the non-catenated IRMOFs is similar
to that in silica zeolites, while it is greatly increased in its
corresponding catenated IRMOFs, causing a much lower
diffusivity in them.

3.2 Comparison of the effect of catenation on diffusivity
of methane and hydrogen in IRMOFs

In practical applications, such as membrane-based
separations, the relative diffusivity of molecules inside
the materials plays an important role in determining the
overall performance of a material. Figure 3 shows the
loading dependency of relative diffusivity D, of H, to CHy

22
20

—e—IRMOF-11 —o—IRMOF-12
—4—JRMOF-13 ——IRMOF-14

0 1 2 3 4 5 6

Loading(mmol/cm3 )

Figure 3. Comparison of the relative diffusivity of hydrogen
to methane in the IRMOFs at room temperature.
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at room temperature in the two pairs of IRMOFs, which is
defined as D; = Dy,/Dcn,. As can be seen from this
figure, the relative diffusivity in the catenated IRMOFs is
much higher than those in their corresponding non-
catenated counterparts, indicating that catenation can
significantly enhance the dynamic selectivity for CH4/H,
system, particularly at low loadings. This can be attributed
to the much larger effect of catenation on methane
diffusivity than that on hydrogen diffusivity.

Our previous work [39] has shown that the adsorption
selectivity of CH4/H, mixtures is greatly enhanced in
catenated IRMOFs compared with their non-catenated
counterparts. This work further demonstrated that the
dynamic selectivity of this mixture can also be greatly
enhanced in the catenated IRMOFs. Thus, catenation is a
good strategy to improve the overall performance of a
membrane material for separation applications. However,
in this work we simply compared the diffusivity of pure
components under same conditions, and a direct
calculation of mixture diffusivity can give more insights,
which is under studying in our group.

3.3 Diffusion mechanism

As the structures of catenated IRMOFs are somewhat more
complicated, the diffusion mechanism is not clear to date.

To understand more deeply the effect of catenation on
molecule diffusion at the microscopic level, the diffusion
mechanism at low loadings was further studied in detail.
Because the structure of IRMOF-11 is similar to that of
IRMOF-13, we only showed the diffusion mechanism of
methane in IRMOF-13 as an example. The structural
model was constructed from the XRD data given by
Eddaoudi et al. [12], as shown in Figure 4. IRMOF-13
consists of two kinds of regions: those (labelled as A)
formed by six pairs of metal clusters and face-to-face
organic linkers (Figure 4(a)) and those (labelled as B)
formed by six pairs of metal clusters and coplanar organic
linkers (Figure 4(b)). The A-regions connect to each other
(along the xy-direction) to form an A-sheet, which is
also the case for B-regions (Figure 4(c)). Furthermore, the
A- and B-sheets connect (along the z-direction) alternately
to form the 3D material of IRMOF-13 (Figure 4(d)).

The centre of mass (COM) probability distributions of
methane in the two kinds of sheets at two loadings were
shown in Figures 5 and 6, in which Figure 5 was drawn to
describe the COM probability distributions of methane in
the A-sheet, while Figure 6 in the B-sheet. As can be seen
from Figures 5 and 6, methane molecules mainly
accumulate in the A-sheet at very low loading, while more
molecules become to accumulate in the B-sheet at higher
loading. Careful examination of the COM probability

B-sheet B-sheet

Figure 4. The crystal structure of IRMOF-13. (a) A-region formed by six pairs of metal clusters and face-to-face organic linkers,
(b) B-region formed by six pairs of metal clusters and coplanar organic linkers, (c) super cell of IRMOF-13 consisting of 2 X 2 X 1 unit
cells viewed from [0,0,1] and (d) super cell of IRMOF-13 consisting of 2 X 2 X 1 unit cells viewed from [1,0,0] (Zn, blue; O, red; C, grey

and H, white).
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Figure 5. Contour plots of COM probability density of methane in the A-regions of IRMOF-13.

density led us to propose the following mechanism: methane
diffusion in the xy-direction mainly occurs in the A-sheets as
indicated in Figure 5(a) and (b), for which a methane
molecule hops from one region formed by the face-to-face
organic linkers to another across the top of the metal site
indicated in Figure 5(c). As for the B-sheets, the methane
diffusion is on the circled surface of B-regions (Figure 6),
and the diffusion pathways between the B-regions are
blocked in the xy-direction by the coplanar linkers. Thus,
the main role of B-regions is as the passages between the
A-sheets in the z-direction. Obviously, at very low loadings,
methane diffusion mainly occurs in the A-sheets, while with
increasing loading the diffusion passing B-regions becomes
more evident. To understand the diffusion pathways
between the A- and B-sheets, the COM probability density
along the z-direction at several loadings was further
examined, and the results at the loading of 1.65 mmol/cm®
are shown in Figure 7(a) as an example. The most probable
pathway in the z-direction is that a methane molecule
hops from one A-sheet to another through one B-region

(Figure 7(a)) by jumping through the surface of one linker
between the A- and B-regions (Figure 7(b)). Based on the
above discussions, it is clear that the diffusion of methane
was mainly governed by the strong confinement in
catenation regions, leading to a 3D diffusion along the
sheets formed by A-regions (xy-direction) as well as from
one A-region to another by crossing a B-region (z-direction).

Finally, it should be pointed out that in our simulations
the frameworks are treated as rigid, while MOFs are
vibrating at room temperature which might affect the
diffusivity of methane to some extent. However, since the
interactions between methane and the MOFs are not very
strong and the temperature is not high, it is expected that
the flexibility of the IRMOFs is not so serious to affect the
diffusion mechanism of methane, and thus the mechan-
isms obtained with rigid framework should be the same
with flexible framework. This can also be supported by the
investigation of Amirjalayer et al. [35]. In their work, they
studied the diffusivity and diffusion mechanism of several
hydrocarbons in IRMOF-1 based on flexible framework;
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Figure 6. Contour plots of COM probability density of methane in the B-regions of IRMOF-13.
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although the value of self-diffusion coefficient was
affected largely, the diffusion mechanism remained
unchanged for both flexible and rigid IRMOF-1.

4. Conclusion

This work shows that catenation can reduce diffusivity of
methane by a factor of 3—5 at room temperature, which is
much larger than that of hydrogen, attributed to the
stronger interactions between methane and the frame-
works of IRMOFs. A detail analysis of diffusion
mechanism indicates that the molecule diffusion is mainly
governed by the strong confinement in catenation regions,
leading to a 3D diffusion via a jump sequence along the
catenation regions in the catenated IRMOFs. Together,
with the observations in our previous work [39], it is clear
that both the adsorption selectivity and dynamic selectivity
are enhanced for CH4/H, mixtures in the catenated
IRMOFs. Thus, catenation may be a good strategy to
improve the overall performance of a material as a
membrane in separation applications.
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