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Understanding Adsorption and Interactions of Alkane Isomer Mixtures in
Isoreticular Metal-Organic Frameworks

Li Zhang, Qi Wang,* Tao Wu, and Ying-Chun Liu"

Abstract: Novel metal-organic frame-
works (MOFs) may lead to advances in
adsorption and catalysis owing to their
superior properties compared to tradi-
tional nanoporous materials. A combi-
nation of the grand canonical Monte
Carlo method and configurational-bias
Monte Carlo simulation was used to
evaluate the adsorption isotherms of
C,~C; alkane isomer mixtures in
IRMOF-1 and IRMOF-6. The amounts
of adsorbed linear and branched alka-
nes increase with increasing pressure,
and the amount of branched alkanes is

locations of the alkane isomer reveal
that the Zn,O clusters of the IRMOFs
are the preferential adsorption sites for
the adsorbate molecules. The interac-
tion energy between the Zn,O cluster
and the adsorbate is larger than that
between the organic linker and the ad-
sorbate. It was further confirmed that
the Zn,O cluster plays a much more
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important role in adsorption by push-
ing a probe molecule into the pore at
positions closer to the Zn,O cluster. It
is difficult for branched alkane mole-
cules to approach the Zn,O cluster of
IRMOF-6 closely owing to strong spa-
tial hindrance. In addition, the adsorp-
tion selectivity is discussed from the
viewpoints of thermodynamics and ki-
netics, and the diffusion behavior of n-
butane and 2-methylpropane were in-
vestigated to illustrate the relationship
between diffusion and adsorption.

larger than that of the linear ones. The

Introduction

In recent years, metal-organic framework (MOF) materials
have been considered as promising alternatives to zeolites
and other nanoporous materials for adsorption,? separa-
tion,** and catalysis.”) Compared with zeolites and activat-
ed carbons, MOFs can be designed to produce various mate-
rials with different pore sizes and functionalities,?! due to
the variety of possible linker molecules and metal-organic
complexes. An outstanding property of MOFs is their gas
storage, especially for fuel gases such as hydrogen, methane,
and carbon monoxide. Owing to their high storage capacity,
much research has been devoted to synthesizing novel
MOFs and studying their adsorption behavior.*'! On the
other hand, the adsorption and separation behaviors of
alkane isomers in microporous materials are of great impor-
tance to industrial applications. However, it is time-consum-
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ing to obtain adsorption data by experiments alone, espe-
cially for mixtures. Molecular simulation provides an attrac-
tive way to acquire adsorption data, but most of these works
focused on the adsorption and diffusion of hydrogen and
some other light gases in MOFs and isoreticular MOFs
(IRMOFs). For example, Vishnyakov et al.'!! simulated the
adsorption isotherm of Ar in Cu-BTC MOF, and Skouli-
das!'? computed the self- and transport diffusion coefficients
for Ar in Cu-BTC MOF. Similarly, Skoulidas et al.'¥! studied
the diffusion behavior of Ar, H,, CH,, CO,, and N, in MOF-
5 (also known as IRMOF-1), and the diffusion of Ar in
MOF-2, MOF-3, and Cu-BTC MOF was assessed. Garbero-
glio et al." investigated the adsorption of hydrogen at 77
and 298 K in IRMOF-1, -6, -8, and -14; MOF-2; and MOF-
3. Yang and Zhong!" calculated the hydrogen adsorption
and diffusion behavior in IRMOF-1, -8, and -18, and further
discussed the adsorption sites for hydrogen. However, only
a few studies on adsorption and diffusion behaviors of alka-
nes in MOFs have been made, and most of them were cen-
tered on pure short-chain alkanes. Diiren et al.'® computed
the adsorption isotherm for CH, in IRMOF-1 and IRMOF-
6 with UFF and Dreiding force fields, and the results were
in good agreement with experiment. They also investigated
the adsorption behavior and selectivity of CH,/n-C,H;, mix-
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tures in different IRMOFs, and proposed some newly de-
signed materials that show higher selectivity. It was suggest-
ed that MOFs are potential materials for separation of hy-
drocarbons.”! Furthermore, they calculated the self-diffusion
coefficients of several alkanes in IRMOF-1 by molecular dy-
namics (MD) simulation, albeit at low loadings.'"” Although
the adsorption behavior of alkanes such as methane and
propane has been discussed, knowledge on the adsorption
of alkane mixtures, especially of the longer chain alkanes
and their isomers, is still lacking. In this work, the adsorp-
tion isotherms of binary mixtures of C,~Cg alkane isomers in
IRMOF-1 and IRMOF-6 were investigated, and the loca-
tions of alkanes in these IRMOFs explored.

The diffusion behavior is of importance to assess the po-
tential of the nanoporous materials over the full range of
separation process. However, information on transport in
MOFs is extremely rare; hence, it is necessary to evaluate
diffusion coefficients inside MOFs and to further understand
the relationship between diffusion and adsorption. Owing to
experimental limitations, MD simulations were employed to
obtain diffusion properties in MOFs,'*">"l but most of
these studies focused on pure gases such as hydrogen, meth-
ane, and n-pentane, only a few studies were concerned with
the diffusion of alkane isomer mixtures in MOFs, and the
relationship between diffusion and adsorption is still poorly
understood. In this work, self-diffusion coefficients in mix-
tures for n-butane and 2-methylpropane in IRMOF-6 and
IRMOF-1 were evaluated, and the number density profiles
and the residence times for n-butane and 2-methyl propane
molecules around the Zn,O cluster of IRMOF-6 were also
calculated to investigate the relationship between diffusion
and adsorption.

Model and Simulation Details

In our previous works,"*”) we used the grand canonical Monte Carlo
(GCMC) method in combination with the configurational-bias Monte
Carlo (CBMC) technique to compute adsorption isotherms for pure com-
ponents and mixtures of linear alkanes and their isomers in different zeo-
lites. In this work, we used GCMC/CBMC to investigate the adsorption
behavior and interactions of C,—Cg¢ alkane isomers in IRMOF-1 and
IRMOF-6.

The interactions between the adsorbate molecules and between the MOF
frameworks and the adsorbate molecules were described with Lennard—
Jones potentials. The atomistic model was employed for MOF frame-
works, but the adsorbate molecules were described with a united atom
(UA) force field. The potential parameters for alkane molecules were
taken from Vlugt et al.,” while for the MOF frameworks the Dreiding
force field®'! was employed. The cutoff radius was taken to be 13.8 A,
and the cross-interaction parameters between different units were calcu-

lated from Jorgensen’s mixing rules [Egs. (1) and (2)]:*

& = \/Eiigj 1)
0ij = /0ii0jj ()

The CBMC algorithm proposed by Smit et al.”® combined with GCMC
could be applied well to calculate the adsorption isotherm of alkanes and
their mixtures. In the simulation scheme, five types of trial moves were
included: moving a molecule, rotating a molecule, partly regrowing a
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molecule, inserting/removing a molecule, and changing the molecule
identity. The details of these moves were described in ref. [18]. The
GCMC simulations were carried out at 298 K, and around 2x10° MC
cycles were performed for alkane isomer mixtures. 1x10° simulation
steps were performed for equilibration, and another 1x10° steps to
sample the data. The result of the simulation is the absolute amount of
adsorbed molecules, while the experimentally measured value is the
excess amount of adsorbed molecules. The amount of excess molecules
n™ is related to that of the absolute adsorbed molecules n™™, the pore
volume of adsorbent V%, and the bulk gas density of adsorbed molecules

p* [Eq. 3)]:
nex — nabsivgpg (3)

where V* is obtained from ref. [16] and p* is calculated with the Peng—
Robinson equation of state.

The self-diffusion coefficients of adsorbed molecules were calculated
using MD. The force fields employed in the GCMC simulations were
also used in the MD simulations for consistency. Periodic boundary con-
ditions were applied in all three dimensions, and the Beeman algorithm
for integration of the equations of motion was employed. The initial con-
figuration for MD simulation was taken from the last configuration of
the previous GCMC simulation. The MD simulation was performed in
the NVT ensemble, and the temperature was set to 298 K. The time step
was set to 1 fs, and runs of 10° time steps were used for statistics of the
properties. The self-diffusion coefficient D, was calculated by means of
the MSD of the molecules of species A [Eq. (4)]:
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Results and Discussion

Comparison with experiment: The adsorption isotherms of
pure components in zeolites and in some MOFs have al-
ready been simulated."*1>2*2 To further verify the model
and the programs used in this work, the adsorption data for
pure methane in IRMOF-6 were calculated at 298 K and
compared with experimental data of Yaghi et al.l'l As shown
in Figure 1, the simulated data agree well with experiment,
that is, the simulation model is able to describe the adsorp-
tion behavior of alkanes adsorbed in MOFs.
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Figure 1. Comparison of the simulated adsorption isotherm for methane
with experiment in IRMOF-6 at 298 K.
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Adsorption and selectivity: The adsorption data of mixtures
at a series of pressures are of great importance to applica-
tions in industry. However, experimental measurement of
adsorption isotherms is more time-consuming for mixtures
than for a pure component. In this work, the model and sim-
ulation algorithms were verified by the experimental data of
methane and employed to simulate isomer mixtures. The
GCMC simulations were performed on IRMOF-1 and
IRMOF-6 at 298 K, and the composition of the gas mixtures
was set to be 0.5 (mole fraction) for all the mixtures. Eight
unit cells (2x2x2) of IRMOF-1 (-6) were used to construct
the simulation box. The adsorption isotherms of C,—Cs
alkane isomer mixtures in IRMOF-1 are plotted in Figure 2.
The adsorbed amounts of branched alkanes are similar to
those of linear alkanes for all the mixtures at low pressures,
which is similar to the adsorption behavior in the zeolites
discussed in our previous work.'” The adsorption of both
linear and branched alkanes increases to saturation with in-
creasing pressure, and the adsorbed amounts of the linear
alkanes and their isomers start to increase at almost the
same pressure, which is a little different from that in MFI
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Figure 2. Adsorption isotherms of 0.5/0.5 mixtures of a) n-butane/2-meth-
ylpropane, b) n-pentane/2-methylbutane, and c) n-hexane/2-methylpen-
tane at 298 K in IRMOF-1.
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zeolites. Owing to the small pore size of MFI and stronger
repulsive interaction, the branched alkanes seem to be
squeezed out by the linear alkanes at higher pressures. How-
ever, since the pore size is as large as 9.4 A for IRMOF-1,
both the linear and branched alkanes could coexist even at
very high pressure. The adsorption isotherms of C,—Cg
alkane isomer mixtures in IRMOF-6 are presented in
Figure 3. The adsorbed amounts of branched alkanes are
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Figure 3. Adsorption isotherms of 0.5/0.5 mixtures of a) n-butane/2-meth-

ylpropane, b) n-pentane/2-methylbutane, and c) n-hexane/2-methylpen-
tane at 298 K in IRMOF-6.

larger than those of the linear alkanes, as can be seen in Fig-
ures 2 and 3. Owing to hindrance by the organic linker of
IRMOF-6, the adsorbed amount of alkane isomer mixtures
in IRMOF-1 is a little larger than that in IRMOF-6. The dif-
ference in adsorbed amount between branched and linear
alkanes in IRMOF-6 is larger than in IRMOF-1; in other
words, the separation capability of IRMOF-6 may be some-
what better than that of IRMOF-1.

In separation processes, the most important factor is the
relative selectivity of the adsorbent for the different compo-
nents, which is defined as the ratio product of molar frac-
tions of components A to B in the adsorption phase and in
the gas phase. In this work, the relative selectivities of two
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IRMOFs for 0.5 (mole fraction) mixtures were calculated
(Figure 4). The result reveals that IRMOF-1 and IRMOF-6
have similar selectivities for mixtures of C,—C, alkane iso-
mers. Due to the large pore size of IRMOFs, linear and
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Figure 4. Relative selectivity of IRMOF-1 and IRMOF-6 for C,~C, linear
alkanes and their isomers (0.5/0.5 gas phase) at 298 K and 100 kPa.

branched alkanes can coexist in the pore space even at high
pressure, so the selectivity of IRMOF-1 and IRMOF-6 is
not as high as expected, and it is lower than that of some
narrow-pore zeolites with appropriate pore sizes matching
the alkane molecular sizes.'®?2! Figure 4 shows that the se-
lectivity of IRMOF-6 is slightly better than that of IRMOF-
1, which may be attributed to larger 3D spatial hindrance
between IRMOF-6 and alkane isomers. It implies that the
separation capability of IRMOFs could be improved by in-
troducing organic linkers with greater hindrance or by ad-
justing the pore size to match the alkane isomer molecules
by making use of framework interpenetration and/or inter-
weaving. For example, Chen et al. showed that MOF-508
with 1D pores of 4.0 x4.0 A can be used to sieve alkane mix-
tures.””! They also suggested that the specific interaction be-
tween the analytes and the organic moieties of MOFs might
further enhance their separation capabilities. The interaction
between alkane isomers and MOFs is discussed further
below.

Location: It is of great importance to understand the ad-
sorption sites and the locations of the molecules adsorbed in
MOFs to design new MOF materials with higher storage ca-
pacity or good selectivity. As an example, the probability
distribution of n-butane and 2-methylpropane at different
pressures in IRMOF-1 are plotted in Figure 5. The center of
mass of a molecule was calculated every 100 MC steps, and
the position was plotted as a dot in the figure. This proce-
dure was repeated until 10000 dots had been plotted. The
framework structure of IRMOF-1 was superimposed in
Figure 5. The adsorption mechanism for alkanes in IRMOFs
is as follows: the n-butane and 2-methylpropane molecules
are first adsorbed in the inorganic corners of the MOFs at
low pressures, then the organic linkers begin to adsorb mol-
ecules as the pressure increases. This is in good agreement
with the results of inelastic neutron scattering (INS) and dif-
fuse-reflectance IR spectroscopy.”* It suggests that the pre-
dominant binding site is near the inorganic secondary build-
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Figure 5. Probability distribution of 0.5/0.5 mixtures of n-butane (red)/2-
methylpropane (white) at 298 K in IRMOF-1. a) 0.5x 107" kPa, b) 0.5x
10° kPa.

ing units (SBUs). Owing to the large pore size, the n-butane
and 2-methylpropane molecules are located around both the
inorganic corners and the organic linkers. However, the
amount adsorbed around the inorganic corners is slightly
larger than that around the organic linkers in Figure S5b.
This can be attributed to the stronger interaction between
the metal/oxygen clusters and the alkane molecules. The
probability distributions of n-butane and 2-methylpropane
in IRMOF-6 at different pressures (Figure 6) are similar to
those in IRMOF-1.

Interaction with the MOF framework: As discussed above,
the interactions between the inorganic SBUs and the mole-
cules must be stronger than that between the organic linkers
and the molecules. To confirm this conclusion, a test alkane
molecule (probe) was pushed through the center of the pore
channel, and the averaged interaction energy between the
alkane molecule and the IRMOF frameworks were calculat-
ed. A schematic view of the center-of-mass locus of the
probe alkane molecule is shown in Figure 7. A series of
points were equally partitioned along the y direction (L,).
The alkane molecule was put into the channel of the

Chem. Eur. J. 2007, 13, 6387 -6396
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Figure 6. Probability distribution of 0.5/0.5 mixtures of n-butane (red)/2-
methylpropane (white) at 298 K in IRMO-6. a) 0.5x107"' kPa, b) 0.5x
10° kPa.

IRMOFs, and the configuration of the molecule was opti-
mized with 10° MC steps at each point. Then a lowest
energy configuration was achieved. In this way, a series of
configurations could be obtained. Finally, an optimal config-
uration was selected from these configurations by comparing
the interaction energy. The configuration of the molecule
was then fixed, and 10> MC cycles of rotation perturbation
were performed for the alkane molecule at each point. In
every cycle, the interaction energy was recorded to calculate
the averaged interaction energy at the end.

As an example, the n-butane and 2-methylpropane probe
molecules were pushed into the pore channel of IRMOF-6
(-1) at the center (about 25.8 A in the x and z directions),
respectively, as shown in Figure 7. The location in IRMOF-1
is similar to that in IRMOF-6. The calculated averaged
energy between the probe molecule and the frameworks of
IRMOF-1 (-6) are plotted in Figure 8. It was observed that
the energy curve changes periodically with y, and no re-
markable difference was found between Figure 8a and b.
Thus the interactions between the adsorbate molecules at
the center of the channel and the organic linker are not sig-
nificant, and the organic linker influences the molecules ad-
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a) } vy -

Figure 7. Skeletal drawings of the framework structure of IRMOF-6 with
the center of mass of alkane molecules located at the center of the pore
channel. Schematic views of the xz plane (a) and yz plane (b). The blue
points represent the center of mass of the probe molecule.

sorbed at the pore center weakly. The differences between
peak and vale of the energy curves for both n-butane and 2-
methylpropane are much larger than those in zeolites, that
is, there are some preferred adsorption sites for adsorbate
molecules. The vale of the energy curve indicates that the
lowest energy for n-butane and 2-methylpropane is about
—18 kImol ™!, located at 6.7 and 19.6 A along the y axis.
These positions are much closer to the two oxygen atoms of
the Zn,O cluster than the other positions. In other words,
the closer to the Zn,O cluster, the stronger the interaction
between the frameworks and the adsorbed molecules, which
agrees well with the probability distribution of n-butane and
2-methylpropane discussed above.

To further explore the role of the Zn,O cluster during ad-
sorption, n-butane and 2-methylpropane were pushed into
IRMOF-6 (-1) at the position of about 1/4 of the pore chan-
nel (Figure 9, closer to the inorganic corner of the Zn,O
cluster, about 23.8 A on the x and z axes). The averaged
energy between probe alkane molecules and the frameworks
is presented in Figure 10. The shapes of the energy curves
for n-butane and 2-methylpropane in IRMOFs is different
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Figure 8. Averaged interaction energy between the IRMOFs and the ad-
sorbate, calculated by using probe molecules of n-butane and 2-methyl-
propane at the center of the pore channel. a) IRMOF-1, b) IRMOF-6.

from those in Figure 8. The lowest energy for n-butane and
2-methylpropane in IRMOF-1 and IRMOF-6 is about
—23 kImol ™, that is, 5 kJmol ' lower than that in Figure 8,
which suggests that the attractive interactions between the
frameworks and the adsorbate molecules become stronger
as the probe molecule approaches the Zn,O cluster. As
shown in Figure 10a and b, there are two peaks at 7.8 A and
18.6 A for 2-methylpropane and two relatively lower peaks
at the same position for n-butane. The energy peak of 2-
methylpropane is much higher than that of n-butane, which
is attributed to the presence of the methyl group. When the
methyl group of 2-methylpropane is close to the Zn,O clus-
ter, the repulsive interaction caused by spatial hindrance
would become more significant. Owing to the strong hin-
drance between the methyl group and the Zn,O cluster, as
well as the hindrance of the organic linker in IRMOF-6, the
highest energy for 2-methylpropane in IRMOF-6 is as high
as 110 kJmol™' (Figure 10b), which is positive and much
higher than that in IRMOF-1. It suggests that the repulsive
force becomes the dominant interaction between the frame-
works and the adsorbate molecules, while the predominant
interaction in Figure 8 is attractive. For n-butane, the peak
energy in IRMOF-6 is positive (16 kJmol™), while the
energy at the same position in IRMOF-1 is negative
(=18 kJmol™). This change is caused by the hindrance of
the organic linker of IRMOF-6. Due to the larger repulsive
interaction between the branched-isomer molecules and the
IRMOF-6 framework, it is difficult for the 2-methylpropane
molecules to approach the Zn,O cluster of IRMOF-6 close-

ly.
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Figure 9. Skeletal drawings of the framework structure of IRMOF-6 with
the center of mass of alkane molecules located at the position of about 1/
4 of the pore channel. Schematic views of the xz plane (a) and yz plane
(b). The blue points represent the center of mass of the probe molecule.

To elucidate this phenomenon, the 2-methylpropane mol-
ecule was also pushed into another pore channel (denoted
as channel B) at the position of about 1/4 channel
(Figure 11, 238 A on the x axis and 10.9 A at the z axis),
and the pore channel that the probe molecule was pushed
into in Figures 7 and 9 was denoted as channel A. The aver-
aged interaction energies between the IRMOF-6 frame-
works and the 2-methylpropane molecules pushed into pore
channels A and B are plotted in Figure 12. There are two
peaks at 5.7 and 20.7 A along the y axis when 2-methylpro-
pane is pushed through channel B, but at the same positions
in channel A they have a minimum interaction energy, that
is, they are at the vale of the energy curve. This interesting
phenomenon can be attributed to the structure of the Zn,O
cluster. Two adsorption sites are located on one diagonal of
the Zn,O cluster, while another two equivalent adsorption
sites are located on the other, and they lie in different
planes. So when the probe molecule is pushed into channe-
1A at the 5.7 and 20.7 A on the y axis, it can interact with
four adsorption sites, and the attractive interactions of the
Zn,O cluster to the adsorbate molecules become dominant.
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sorbate calculated by using probe molecules of n-butane and 2-methyl-

propane at the position of about 1/4 of the pore channel. a) IRMOF-1,
b) IRMOF-6.

In contrast, at the same positions in channel B, no adsorp-
tion sites interact with the probe molecule, and the repulsive
force caused by the spatial hindrance between the methyl
group and the Zn,O cluster, as well as the four side groups
of the organic linker of IRMOF-6, become dominant. The
stronger repulsive interaction between 2-methylpropane and
IRMOF-6 is mainly caused by the hindrance between the
methyl group and the side groups of the organic linker. The
strong spatial hindrance is presumably the major reason
why it is difficult for branched alkane molecules to closely
approach the inorganic corners of IRMOF-6. In addition,
the interaction energy curves also suggest that the larger the
side groups, or the stronger the spatial hindrance, the more
difficult it is for the branched alkane molecules approaching
the Zn,O cluster closely.

Adsorption behavior is determined by the Gibbs free
energy of adsorption (AG=AH—-TAS), and the adsorption
selectivity is dependent on the difference of AG between n-
butane and 2-methylpropane, which is related to the adsorp-
tion enthalpy AH and adsorption entropy AS [Eq. (5)].

A(AG) = (AG4n_AG4i) = (AH4n_AH4i)_T(AS4n_AS4i)
(5)

The interaction energy indicated that the adsorption en-
thalpy of branched alkanes is slightly larger than that of
linear ones, which is in agreement with the studies of Mart-
ens et al.’'3? They reported that methyl-branched isomers
have lower adsorption enthalpy than linear molecules in the
Henry regime or at low coverage when mixtures of alkane
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Figure 11. Skeletal drawings of the framework structure of IRMOF-6
with the center of mass of alkane molecules located at the position of
about 1/4 of pore channel B. Schematic view of the xz plane (a) and yz
plane (b). The blue points represent the center of mass of the probe mol-
ecule.
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Figure 12. Averaged interaction energy between the adsorbate molecules

and IRMOF-6 calculated by using a probe molecule of 2-methylpropane
in channels A and B.

isomers are adsorbed in ZSM-22. They also suggested that
the ability of a molecule to rotate in a cage can be estimated
by the ratio R/R." where R, is the radius of gyration of its
van der Waals volume, and R, the radius of the largest
sphere that fits into the van der Waals contour of the cage
or pore. Owing to the shorter carbon backbone of the
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branched alkane, its radius of gyration is smaller than that
of the corresponding linear alkane and it has a more spheri-
cal shape, so the branched alkane molecules can rotate
more easily, which lead to their preferential adsorption in
the pores.’¥l However, due to the smaller alkane molecules
and the larger pore sizes of IRMOFs, the rotation of n-
butane is barely constrained, and thus the difference in rota-
tional freedom between isomers is minor. Thus, when the
alkane isomer mixtures are adsorbed in the pore channel,
the value of AS,,—AS,; is nearly zero, and the adsorption se-
lectivity is mainly controlled by the adsorption enthalpy
AH,,—AH,. Therefore, the branched alkane molecules are
preferentially adsorbed in the pore channel owing to its
slightly larger adsorption enthalpy. However, as the alkane
molecules approach the Zn,O cluster of IRMOF-6 more
closely (as shown in Figures 9 and 11), the rotational free-
dom of 2-methylpropane is hampered much more than that
of n-butane owing to the spatial hindrance between the
methyl group and the Zn,O cluster and the side groups of
the organic linker. Therefore, the adsorption entropy of 2-
methylpropane AS,; is larger than that of n-butane (AS,,),
and the value of (AS,,—AS,) becomes notable, then the
value of —T(AS,,—AS,) would be more significant than the
small value of (AH,,—AH,). At this time, the straight chain
alkanes are preferentially adsorbed at the Zn,O cluster of
IRMOF-6; in other words, the adsorption selectivity is
mainly controlled by the adsorption entropy when the
alkane molecules are close to the Zn,O cluster.

In summary, the interactions between the Zn,O cluster
and the adsorbate are larger than that between the organic
linker and the adsorbate, and the Zn,O cluster plays the
most important role during adsorption. Due to the spatial
hindrance between the methyl group and side groups of the
linker of IRMOF-6, it is difficult for branched alkane mole-
cules to approach the Zn,O clusters closely. When the mix-
tures of alkane isomer are adsorbed in the pore channels of
IRMOF-6, the adsorption selectivity is mainly controlled by
the adsorption enthalpy, but it is determined by the adsorp-
tion entropy when the alkane molecules are close to the
Zn,0 cluster.

Dynamics: The dynamic behavior of adsorbate molecules in
microporous materials is of great importance for under-
standing the adsorption mechanism. Adsorption is influ-
enced by the dynamic behavior of the molecules, while the
diffusion coefficients are also influenced by the adsorbed
amount and the distribution of adsorbed molecules. To in-
vestigate the relationships between adsorption and dynam-
ics, and to further explore the interesting phenomenon dis-
cussed above, in which it is difficult for branched alkanes to
approach the Zn,O cluster closely in IRMOF-6 compared
with straight-chain alkanes, from the kinetic point of view,
the diffusion coefficients of alkane isomer molecules were
calculated by means of MD simulations. The configurations
obtained from GCMC simulation were taken as the starting
point. The self-diffusion coefficients of n-butane and 2-
methylpropane with a loading of 20 molecules per unit cell
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in IRMOF-6 are 6.39x107° and 4.60x 10~ m*s™", respective-
ly, and they are smaller than those in IRMOF-1 with the
same loading (D,,=9.34x107°, D,=5.62x10"" m?s™"),
which is attributed to the spatial hindrance of IRMOF-6.
Owing to the presence of side groups in the organic linker
of IRMOF-6, the rotational and translational degrees of
freedom are reduced.” The number density profiles for n-
butane and 2-methylpropane with a loading of 20 molecules
per unit cell in IRMOF-6 were also investigated. Firstly, all
the configurations of the simulation system were collected,
and the profiles of n-butane and 2-methylpropane molecules
in 3D space were statistically calculated. Then, by using an
imaginary plane (about 10 A thick) around the Zn,O clus-
ter, that is, at the positions 2-12 A along the z axis, to cut
the box, a tomographic image could be obtained by comput-
er imaging. Finally, the image of the number density profile
was obtained based on the statistically averaged result. The
images here were averaged over all instantaneous configura-
tions of 0.2x10° time steps (0.2 ns) after discarding 0.4 x 10°
steps (0.4 ns). The images of the number density profiles for
n-butane and 2-methylpropane around the Zn,O cluster in
IRMOF-6 are shown in Figure 13. The number density of n-

Figure 13. Images of number density distribution for alkane molecules
adsorbed around the Zn,O cluster: a) n-butane molecule, b) 2-methylpro-
pane molecule.
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butane around the Zn,O cluster is slightly higher than that
of 2-methylpropane, which illustrates that is hard for the 2-
methylpropane molecules to approach the zinc sites owing
to the spatial hindrance between 2-methylpropane and the
side groups of the organic linker of IRMOF-6, as discussed
above. However, this phenomenon was not observed in
IRMOF-1. The number density profiles of n-butane around
the Zn,O cluster in IRMOF-1 are nearly the same as those
of 2-methylpropane, and the density of the latter is even
slightly larger than that of the former. In other words, the
separation capability of IRMOF-6 is higher than that of
IRMOF-1. This is consistent with the conclusion on selectiv-
ity discussed above. In addition, during the MD simulations,
when the adsorbed molecules move close to one of the
Zn,O clusters of IRMOF-6, as shown in Figures 9 and 11,
we calculated the residence time for one n-butane and one
2-methylpropane molecule, respectively. The residenc time
for one n-butane molecule is about 0.356 ps within a simula-
tion time of 0.6 ns. It is slightly longer than that of one 2-
methylpropane molecule, which is about 0.292 ps. Although
this only reflects the occupancy for alkane molecules around
one Zn,O cluster of IRMOF-6, due to the Fm3m symmetry
of IRMOF-6, a similar residence time would be observed
for an alkane molecule around another Zn,O cluster. It fur-
ther confirms that it is harder for long branched molecules
to approach the Zn,O cluster closely than for straight-chain
alkane molecules.

Conclusion

A combination of the grand canonical Monte Carlo method
and the configurational-bias Monte Carlo simulation tech-
nique was employed to study the adsorption behavior of
mixtures of longer alkane isomers in IRMOFs. It was found
that the adsorbed amounts of linear and branched alkanes
increase with increasing pressure in IRMOF-1 and IRMOF-
6, and the adsorbed amount of branched alkanes is larger
than that of linear alkanes at higher pressures. Due to the
larger pore size of IRMOFs, the storage capacities for
alkane isomers are larger than those of most silicate zeolites.
However, IRMOF-1 and IRMOF-6 have similar relative se-
lectivities, and both of them are close to unity. The probabil-
ity distribution of alkane molecules illustrates that they are
first adsorbed at the Zn,O clusters of the IRMOFs. Calcula-
tions of the interaction energy by means of molecular
probes further confirmed that the Zn,O cluster plays a
much more important role than the organic linker during
adsorption, and closer to the Zn,O cluster the interaction
between the frameworks and the adsorbed molecules is
stronger. It was observed that it is difficult for branched
alkane molecules to approach the inorganic corner of
IRMOF-6 owing to the stronger repulsive interaction
caused by spatial hindrance between the methyl group and
the side groups of the linker. In addition, the absorption se-
lectivity was investigated from the viewpoints of thermody-
namics and kinetics. It is mainly controlled by the adsorp-
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tion enthalpy when the alkane mixtures are adsorbed in the
pore channels, but by the adsorption entropy when the
alkane molecules are close to the Zn,O cluster.

During MD simulation, the number density for n-butane
around the Zn,O cluster of IRMOF-6 is larger than that for
2-methylpropane, and the residence time for one n-butane
molecule around the Zn,O cluster is also slightly longer
than that for 2-methylpropane. This is further indication
that it is harder for branched alkane molecules to closely ap-
proach the Zn,O cluster than for straight-chain molecules,
from the kinetic viewpoint. In conclusion, this study demon-
strates that GCMC and MD simulations are effective tools
for seeking new candidates for hydrocarbon storage, and are
helpful in locating the adsorption sites and understanding
the adsorption mechanism in microporous materials.
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