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ABSTRACT: Grand canonical Monte Carlo (GCMC) simulations of
CO2 and CH4 sorption and separation were performed in dia-7i-1-Co,
a metal−organic material (MOM) consisting of a 7-fold interpenetrated net of Co2+ ions coordinated to 4-(2-(4-pyridyl)ethenyl)benzoate linkers. This MOM shows high aﬃnity toward CH4 at low
loading due to the presence of narrow, close ﬁtting, one-dimensional
hydrophobic channelsthis makes the MOM relevant for applications
in low-pressure methane storage. The calculated CO2 and CH4
sorption isotherms and isosteric heat of adsorption, Qst, values in
dia-7i-1-Co are in good agreement with the corresponding
experimental results for all state points considered. The experimental
initial Qst value for CH4 in dia-7i-1-Co is currently the highest of
reported MOM materials, and this was further validated by the simulations performed herein. The simulations predict relatively
constant Qst values for CO2 and CH4 sorption across all loadings in dia-7i-1-Co, consistent with the one type of binding site
identiﬁed for the respective sorbate molecules in this MOM. Examination of the three-dimensional histogram showing the sites
of CO2 and CH4 sorption in dia-7i-1-Co conﬁrmed this ﬁnding. Inspection of the modeled structure revealed that the sorbate
molecules form a strong interaction with the organic linkers within the constricted hydrophobic channels. Ideal adsorbed solution
theory (IAST) calculations and GCMC binary mixture simulations predict that the selectivity of CO2 over CH4 in dia-7i-1-Co is
quite low, which is a direct consequence of the MOM’s high aﬃnity toward both CO2 and CH4 as well as the nonspeciﬁc
mechanism shown here. This study provides theoretical insights into the eﬀects of pore size on CO2 and CH4 sorption in porous
MOMs and its eﬀect upon selectivity, including postulating design strategies to distinguish between sorbates of similar size and
hydrophobicity.

I. INTRODUCTION

organic materials (MOMs), which have been demonstrated to
be strong candidates for applications in gas storage and
separation.3−6 MOMs are solid crystalline compounds that are
synthesized from metal ions (or metal-ion clusters) and
molecular bridging ligands. The building block approach allows
for the possibility to create a large number of MOM
structures.7,8 As a result, a variety of MOMs with diﬀerent
pore sizes, dimensions, chemical functionalities, and topologies
have been synthesized.8,9 Most MOMs of interest contain
three-dimensional structures that include uniform pores and
channels that can be used to sorb guest molecules, such as H2,
CO2, and CH4.1,4,10 A subset of MOMs have been shown to
display remarkable potential for industrial applications in CO2
capture/storage and separations.11−14 In addition, a number of

Methane (CH4) is considered a desirable alternative for energyrelated applications because it burns cleaner than gasoline and
diesel fuels, and it is widely available in many countries in the
form of natural gas.1 Currently, methane-containing natural gas
is mainly stored as compressed natural gas (CNG) at pressures
greater than 200 atm within tanks that require an expensive
multistage compression.2 Although CNG vehicles already exist
in some countries, it is notable that these current CNG tanks
are heavy, expensive, and potentially combustible.1 A possible
alternative to CNG is adsorbed natural gas (ANG) where the
gas is stored as an adsorbed phase in a porous solid at lower
pressures.2,3 However, porous materials that are commerically
available today (e.g., activated carbons) do not have suﬃciently
high storage capacities for CH4 at low pressures.3
In response to these environmental issues and technological
challenges, the scientiﬁc and engineering communities have
reported a number of novel porous materials, called metal−
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MOMs have the capability to store large amounts of CH4 at
near-ambient temperatures and high pressures. Indeed, some
MOMs have already been demonstrated to surpass the old U.S.
Department of Energy (DOE) target for on-board methane
storage,3,15−21 which is 180 v(STP)/v under 35 bar and nearambient temperature.22 Note, this target was recently modiﬁed
to 263 v(STP)/v under the same conditions,23 and currently,
no MOM surpasses this value for methane storage.24
Recent studies have shown that there are several factors that
inﬂuence gas uptakes in MOMs. For instance, MOMs that
contain open-metal sites or amine functional groups were
shown to exhibit high uptakes and initial isosteric heats of
adsorption, Qst, for various gas molecules.11,20,25−27 However,
some of the disadvantages of MOMs that have these chemical
functionalities are that they can interact with water, which
hinder these materials for industrial applications in gas
separations, and there can be high energy costs associated
with activating and regenerating the material.13,28 Porous
MOMs that contain saturated metal centers (SMCs) are a
promising alternative to the aforementioned MOMs. These
materials rely on strong physisorption interactions between the
sorbate molecules and the framework rather than, e.g., metal−
sorbate coordination. In addition, these MOMs are beneﬁcial in
the context of activation and regeneration as well as displaying
remarkable water stability. Pillared square grids that contain
primitive cubic (pcu) topology12,13,29 and MOMs with mmo
topology14,30 are examples of porous MOMs that contain
SMCs.
Diamondoid (dia) networks are one of the earliest examples
of MOMs that are designed via a crystal engineering
approach31,32 that do not contain open-metal sites or amine
functional groups but have controllable pore sizes. They are
based upon 4-connected tetrahedral nodes and linear linkers
that form a three-dimensional net.33,34 Diamondoid networks
are amenable to ﬁne-tuning with regards to both pore size and
chemical functionality. The pore size of these MOMs can be
tuned through linker length and/or interpenetration, while the
functionality can be adjusted by introducing functional groups
on the linker. It is noteworthy that MOMs within this platform
have the tendency to interpenetrate, which results in a 3D
framework with one-dimensional pores.35−38 The degree of
interpenetration can often be controlled through the choice of
solvent used to synthesize the MOM. The more highly
interpenetrated structure results in a framework with smaller
pore sizes.
dia-7i-1-Co is a recently synthesized MOM that exhibits the
aforementioned diamondoid topology.39 It consists of a 7-fold
interpenetrated net of Co2+ ions coordinated to 4-(2-(4pyridyl)ethenyl)benzoate ligands (Figure 1). The highly
interpenetrated network of this MOM as well as the nonpolar
nature of the linker contributes to narrow one-dimensional
hydrophobic pores. Indeed, the pore limiting diameter (PLD)
of this MOM was measured to be 5.28 Å. The PLD embodies
the accessible pore size of the material and it is obtained by
measuring the longest diagonal of the channel and subtracting
3.5 Å corresponding to van der Waals distances. Although there
are other synthesized diamondoid MOMs that contain smaller
PLDs (e.g., dia-8i-1 and dia-5i-3), dia-7i-1-Co is the smallest
member that is porous and can be used to sorb guest species.
Thus, dia-7i-1-Co is a MOM that is of interest to
experimentalists for its gas sorption and separation properties.
This MOM is also of interest to theoretical chemists to study
the eﬀects of pore size on gas sorption through subsequent

Figure 1. (a) Scheme showing the assembly of the tetrahedral node in
dia-7i-1-Co. (b) Shifted c-axis view of the 2 × 2 × 2 unit cell system of
dia-7i-1-Co. Atom colors: C = cyan, H = white, N = blue, O = red, Co
= silver.

modeling studies and to assess the selectivity achievable
through such a platform.
Experimental studies have shown that the initial (zerocoverage) Qst for CO2 for dia-7i-1-Co is approximately 30 kJ
mol−1.39 This CO2 Qst value is greater than most MOMs that
contain open-metal sites, such as HKUST-140 and various rhtmetal−organic frameworks,41 as well as pillared square grids
that contain inorganic ﬂuoroanions.12,29 It is notable that the
aforementioned MOMs rely on metal−sorbate interactions and
physisorption with inorganic ﬂuoroanions, respectively, for CO2
sorption. In dia-7i-1-Co, only narrow hydrophobic channels
exist within the MOM, so the high Qst for CO2 in this
compound must be attributed to a strong physisorptive
interaction with the constricted pores.
Experimental studies have also demonstrated that dia-7i-1Co has a high uptake capacity for CH4 at low loading.39
Moreover, the initial Qst value for CH4 was shown to be very
high through experimental measurements. Indeed, depending
on the empirical ﬁtting method used, the initial CH4 Qst value
was found to be in the range 22.5−28.0 kJ mol−1 for dia-7i-1Co. Applying the virial method42 on the experimental CH4
sorption isotherms yielded an initial Qst value of 24.0 kJ
mol−1.39 This value is considerably higher than those found for
CH4 sorption in covalent−organic frameworks (COFs) and
MOMs with open-metal sites. In addition, a literature survey of
MOMs with high Qst values for CH4 reveals that the
aforementioned value for dia-7i-1-Co is currently the highest
of all MOMs synthesized thus far.6,24,39 Note, although the
MOM PCN-14 was originally shown to exhibit a CH4 Qst value
of approximately 30 kJ mol−1 at initial loading,15 recent studies
have demonstrated that this MOM exhibited an initial value of
18.7 kJ mol−1.24
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In this work, we use grand canonical Monte Carlo (GCMC)
methods to investigate CO2 and CH4 sorption and separation
in dia-7i-1-Co. Simulated sorption isotherms and Qst values for
both sorbate molecules are presented and compared to the
corresponding experimental results. It will be shown that good
agreement with experiment for CO2 and CH4 sorption is
obtained for dia-7i-1-Co. Further, insights into the reason for
high uptake capacity for CH4 in this compound at low loading
will be obtained. It will be demonstrated from a theoretical
point of view that MOMs with narrow pore sizes are beneﬁcial
for gas sorption at low loading. Although without further
considerations, e.g., chemical modiﬁcations/decorations,
MOMs may only exhibit selectivity based on size and
hydrophobicity.
The hydrophobic character of dia-7i-1-Co contributes to the
MOM’s stability in moisture as well as its remarkable stability
under practical conditions. The fact that this MOM is stable in
humid environments makes it advantageous over MOMs with
open-metal sites or amine functional groups for industrial
applications in gas separations where the presence of water
vapor must be dealt with. However, because dia-7i-1-Co has
high aﬃnity toward both CO2 and CH4, the capability of this
MOM to separate CO2 from CH4 in gas mixtures, such as
biogas or natural gas, will be rather limited. Indeed, it will be
shown through ideal adsorbed solution theory (IAST)43 and
GCMC calculations that dia-7i-1-Co has a low selectivity for
CO2 over CH4.

The MOM force ﬁeld for dia-7i-1-Co consists of Lennard-Jones
parameters and atomic point partial charges on all atoms of the
framework. The Lennard-Jones parameters for all C, H, and N atoms
were taken from the optimized potentials for liquid simulations−all
atom (OPLS-AA) force ﬁeld.52 This force ﬁeld contains parameters
that are speciﬁc for atoms in aromatic systems, which this MOM
contains. For Co and O, the Lennard-Jones parameters were taken
from the universal force ﬁeld (UFF).53 The partial charges for the
atoms in dia-7i-1-Co were obtained from quantum mechanical
calculations on several fragments that were taken from the crystal
structure of the MOM. A comprehensive detail of this procedure can
be found in the Supporting Information. Nonpolar potentials of CO2
and CH4 were used for the simulations in this work; they are denoted
CO2-PHAST54 and Me-PHAST,55 respectively. These potentials were
developed in our group using a standard sorbate ﬁtting procedure.
More details of the sorbate models used in this work can be found in
the Supporting Information.
Note, preliminary simulation results were also performed using the
TraPPE potentials56,57 for the respective sorbates in dia-7i-1-Co. While
the TraPPE CH4 model gave similar isotherms and Qst values to the
Me-PHAST model, the isotherms for the TraPPE CO2 model are
qualitatively diﬀerent than experiment and the CO2-PHAST model.
Only the results for the CO2-PHAST and Me-PHAST models are
shown in this paper; the reference to the TraPPE potentials was made
to report the aforementioned observation.
In GCMC, the Qst values are calculated based on the ﬂuctuations of
the particle number, N, and total potential energy, U, in the MOM−
sorbate system through the expression58

II. METHODS

where k is the Boltzmann constant and T is the temperature. This is in
contrast to the Qst values that are derived experimentally, as these
values are typically determined through a ﬁnite diﬀerence approximation to the Clausius−Clapeyron equation.59
For GCMC simulation of binary mixtures of CO2 and CH4 in dia7i-1-Co, the simulations were performed in the ideal gas limit where
the fugacities were equal to the partial pressures. Further, the
selectivity of one sorbate molecule relative to another was calculated
by the expression
x yj
S= i
yi xj
(2)

Q st = −

Simulations of CO2 and CH4 sorption in dia-7i-1-Co were performed
using GCMC methods. This method entails constraining the chemical
potential, volume, and temperature to be constant while allowing the
particle number and other statistical mechanical quantities to
ﬂuctuate.44 The simulation involves the random insertion, deletion,
and movement of sorbate molecules with acceptance or rejection
based on a random number generator scaled by the energetic
favorability of the move. The average particle number was calculated
numerically by a statistical mechanical expression based on the grand
canonical ensemble.45 The chemical potential for both CO2 and CH4
was determined for a range of temperatures through the Peng−
Robinson equation of state.46 All simulations were performed in a rigid
2 × 2 × 2 unit cell system of the MOM as shown in Figure 1b. A
spherical cutoﬀ distance corresponding to half the shortest system cell
dimension length was used for the simulations.
The total potential energy of the MOM−sorbate system was
calculated as the sum of the repulsion/dispersion and electrostatic
energies through the use of the Lennard-Jones 12−6 potential and
Ewald summation,47 respectively. Note, in previous work, our group
focused on the importance of explicit many-body polarization
interactions for simulations in MOMs.10,48,49 However, dia-7i-1-Co
is a MOM that contains constricted hydrophobic channels, which
causes van der Waals interactions to dominate as the sorbate molecules
interact with the framework in a conﬁned space. Thus, induced dipole
eﬀects were negligible for gas sorption in this compound. Similar
ﬁndings were observed for simulations in other MOMs that have
narrow pore sizes.9,50 Control simulations in dia-7i-1-Co revealed that,
when included, polarization contributes to less than 7% and 4% of the
total energy for CO2 and CH4 sorption, respectively, and does not
signiﬁcantly alter the sorption isotherms and associated Qst values.
Thus, only van der Waals and electrostatic interactions were
considered for the simulations in this work. Further, long-range
corrections were applied to all terms of the potential due to the ﬁnite
size of the simulation box. The long-range contribution to the
Lennard-Jones potential was implemented using a previously reported
procedure,51 while long-range electrostatic interactions was handled by
performing full Ewald summation.

⟨NU ⟩ − ⟨N ⟩⟨U ⟩
+ kT
⟨N 2⟩ − ⟨N ⟩2

(1)

where xi and xj are the mole fractions of components i and j,
respectively, in the adsorbed phase and yi and yj are the mole fractions
of components i and j, respectively, in the bulk phase.
For all state points considered, the simulations consisted of 5 × 106
Monte Carlo steps to guarantee equilibration, followed by an
additional 5 × 106 steps to sample the desired thermodynamic
properties. All simulations of CO2 and CH4 in dia-7i-1-Co were
performed using the Massively Parallel Monte Carlo (MPMC) code,60
which is currently available for download on Google Code.

III. RESULTS AND DISCUSSION
Figure 2 shows the CO2 and CH4 sorption isotherms for
experiment and simulation in dia-7i-1-Co at 298 and 273 K. It
can be observed that good agreement with experiment was
achieved for simulations of CO2 and CH4 sorption at both
temperatures for the entire low-pressure range considered. The
maximum calculated error is ±0.05 mmol g−1 for the modeling
studies. Note, it can be seen that, for both sorbate molecules,
the simulation slightly oversorbs the experimental results in the
very low-pressure region (below 0.20 atm) at both temperatures. This could be due to the fact that it takes some time for
the CO2 and CH4 molecules to diﬀuse into the onedimensional channels in this MOM in experiment at low
loading. In GCMC, only the random insertion, deletion, and
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Figure 2. Low-pressure CO2 and CH4 sorption isotherms in dia-7i-1Co for experiment (circle)39 and simulation (square) at 298 K (CO2 =
cyan; CH4 = red) and 273 K (CO2 = green; CH4 = blue).

movement of sorbate molecules are performed, so the eﬀects of
transport and associated kinetic phenomena are not an issue.
The diﬀerence between experiment and simulation at low
pressures could also be attributed to the choice of van der
Waals parameters that were used for the MOM. As explained in
the Methods section, the Lennard-Jones parameters for all
MOM atoms were taken directly from known general purpose
force ﬁelds. The small pore sizes aﬀorded by dia-7i-1-Co cause
van der Waals interactions to dominate for gas sorption in this
MOM. Thus, the type of repulsion/dispersion parameters used
for the MOM will aﬀect the overall potential energy of the
MOM−sorbate system. It might be possible to obtain better
agreement with experiment at low pressures by using LennardJones parameters that are acquired through electronic structure
methods. Such eﬀorts are ongoing in our group.
It is important to emphasize that the CH4 uptakes in dia-7i-1Co are rather high at low pressures. At 1.0 atm, the
experimental CH4 uptakes in dia-7i-1-Co are approximately
1.07 mmol g−1 (23.97 cm3 g−1, 33.08 cm3 cm−3) and 1.58 mmol
g−1 (35.39 cm3 g−1, 48.84 cm3 cm−3) at 298 and 273 K,
respectively. Note, cm3 cm−3 refers to cm3 of sorbate uptake per
cm3 of MOM. These uptakes are comparable to the
corresponding values that were calculated through simulation.
Further, these values are among the highest of reported MOM
materials for CH4 sorption under these conditions.6 Though
dia-7i-1-Co has high uptake for CH4 at low pressures, the low
surface area of the MOM limits CH4 sorption at higher
pressures. As such, dia-7i-1-Co does not surpass the U.S.
Department of Energy (DOE) target for on-board methane
storage (263 v(STP)/v under 35 bar and near-ambient
temperature).23,24 However, dia-7i-1-Co could still be useful
for CH4 storage applications at low pressures (under 5.0 atm).
Figure 3a shows the GCMC-calculated Qst values for the
CO2-PHAST potential compared to the experimental Qst values
for CO2 in dia-7i-1-Co. The former was determined using eq 1,
while the latter was determined by applying the virial method42
to the experimental CO2 sorption isotherms at 298 and 273 K.
It can be seen that the experimental Qst values for CO2 in dia7i-1-Co are relatively constant at about 30 kJ mol−1 as the
loading increases. The theoretical Qst values show a similar
trend, with values of approximately 31 kJ mol−1 across all
loadings. Thus, there is very good agreement between the
experimental and simulated Qst values for CO2. The fact that

Figure 3. Isosteric heats of adsorption, Qst, for (a) CO2 and (b) CH4
plotted against uptakes in dia-7i-1-Co for experiment (black line) and
simulation (red circles). The experimental Qst values (taken from ref
39) shown here for both sorbates were calculated using the virial
method.

the Qst values for CO2 are nearly constant for all loadings
indicates that there is only one type of binding site for CO2 in
this MOM. The constant Qst values also indicate that sorbate−
sorbate interactions do not play a signiﬁcant role in the
energetics for sorption in this MOM. This is in contrast to
some other existing MOMs that exhibit increasing Qst behavior
with increasing loading for a particular sorbate, thus indicating
favorable sorbate−sorbate interactions within the material.3,9
The experimental and GCMC-calculated Qst values for CH4
in dia-7i-1-Co are shown in Figure 3b. The experimental CH4
Qst values shown herein were calculated using the virial
method.42 These values are nearly constant at approximately 24
kJ mol−1 for all loadings. Further, these values are in good
agreement with those calculated from GCMC simulation, as the
simulated Qst values for CH4 are roughly constant at
approximately 26 kJ mol−1 for virtually all loadings considered.
Thus, both the virial method Qst values and simulated results
predict the presence of only one type of binding site for CH4 in
this compound. Note, the experimental Qst values for CH4 in
dia-7i-1-Co have also been calculated using diﬀerent methods,
including the Langmuir−Freundlich equation and the Clausius−Clapeyron equation59 (see ref 39). In addition, in this
6457

dx.doi.org/10.1021/la500967w | Langmuir 2014, 30, 6454−6462

Langmuir

Article

work, the experimental CH4 Qst values were also calculated by
ﬁtting the experimental CH4 sorption isotherms at 298 and 273
K to the dual-site Langmuir−Freundlich equation (see
Supporting Information).
Implementing the other ﬁtting methods on the experimental
CH4 sorption isotherms resulted in higher initial Qst values,
with values of 27.3, 26.7, and 28.6 kJ mol−1 for the Langmuir−
Freundlich, Clausius−Clapeyron, and dual-site Langmuir−
Freundlich equations, respectively (see Supporting Information).39 However, it can be seen that the Qst values that were
calculated using these methods decrease sharply with increasing
loading. Nevertheless, both the experimental (considering all
ﬁtting methods) and simulated Qst values are within the vicinity
of each other across all loadings. In addition, both experiment
and simulation predict that the initial Qst value for CH4 is quite
high in this compound. Indeed, the initial Qst value for CH4 in
dia-7i-1-Co is currently the highest out of all MOMs
synthesized thus far.
Examination of the full three-dimensional histogram showing
the sites of CO2 and CH4 sorption in dia-7i-1-Co reveals that
there is indeed only one type of binding site for the respective
sorbate molecules. The sorbed gas molecules are essentially
localized within the center of the one-dimensional hydrophobic
channels in this MOM (Figure 4). Inspection of the modeled

Figure 5. Molecular illustration of the CO2 sorption site in dia-7i-1Co: (a) top view; (b) side view. Atom colors: C = cyan, H = white, N
= blue, O = red, and Co = silver.

Further, the combination of the narrow space and the
hydrophobic nature of the pores explains why the CH4 uptakes
and Qst values are so high in this compound at low loading.
Although there are other porous MOMs that contain even
smaller pore sizes, such as members of the “SIFSIX” series13
and the mmo net series,14,30 it is notable that these materials
are much less attractive toward CH4. This is because these
compounds contain polar moieties through the use of SiF62−
and MO42− (M = Cr, Mo, W) groups, respectively, which have
lower aﬃnity for CH4. Thus, a key discovery observed in this
study is that the decoration of the pore walls with nonpolar C−
H groups increases molecular recognition toward CH4. The
conﬁned region within the channels is the sorption site for all
CO2 and CH4 molecules in dia-7i-1-Co, which explains why the
GCMC-calculated Qst values are relatively constant across all
loadings for the respective sorbate molecules. Note, although
the sorbate molecules interact with this MOM primarily
through van der Waals interactions, the small contributions
from charge−quadrupole interactions were important for
enhancing MOM−sorbate interactions in the case of CO2
sorption. It would be expected that the introduction of polar
functional groups on the organic ligand would increase

Figure 4. Three-dimensional histogram showing the sites of CO2
sorption (blue) in dia-7i-1-Co: (a) a-axis view; (b) shifted c-axis view.
The sorption sites for CH4 are similar. Atom colors: C = cyan, H =
white, N = blue, O = red, Co = silver.

structure for CO2 and CH4 sorption in dia-7i-1-Co reveals that
the sorbate molecules can make a favorable interaction with the
organic linkers within the conﬁned space of the pores (Figures
5 and 6). This sorption site is clearly dominated by van der
Waals interactions, as the sorbate molecules can interact with
multiple portions of the framework simultaneously in this
region. Evaluation of the energetic contributions for CO2 and
CH4 sorption from simulation conﬁrmed these ﬁndings, as it
was found that van der Waals energetics contribute to over 85%
and 99% of the total energy for CO2 and CH4 sorption,
respectively.
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Figure 7. Calculated selectivities of CO2 over CH4 as determined
through ideal adsorbed solution theory (IAST) calculations on the
experimental and simulated single-component sorption isotherms in a
50:50 CO2/CH4 (experimental = black circles, simulated = blue
circles) and 5:95 CO2/CH4 mixture (experimental = red circles,
simulated = violet circles) in dia-7i-1-Co at 298 K and pressures up to
1.0 atm. The selectivities calculated from grand canonical Monte Carlo
(GCMC) binary mixture simulations (50:50 CO2/CH4 = cyan
squares, 5:95 CO2/CH4 = magenta squares) are also shown.

This diﬀerence in the shape of the selectivity plot can be
attributed to the ﬁtting parameters that were used to calculate
the selectivities using IAST or that IAST is inadequate here due
to the disparate sorbate interactions and/or the sorption
mechanisms in the conﬁned space. IAST is a very useful
qualitative guide for MOF sorption studies, but it is diﬃcult to
predict a priori when it will be quantitatively eﬀective and what
exactly breaks down when it fails. Indeed, it was conceived as a
framework to calculate activity coeﬃcients that were subsequently found to be order unity.43
It can be observed that the experimental IAST selectivities
increase slightly with increasing loading until about 0.30 atm.
Afterward, the CO2/CH4 selectivity remains relatively constant
as the pressure continues to increase for both mixture
compositions. IAST calculations on the experimental isotherms
predict a CO2/CH4 selectivity of 4.1 and 4.0 at 1.0 atm for the
50:50 CO2/CH4 and 5:95 CO2/CH4 mixtures, respectively, in
dia-7i-1-Co. The simulated IAST selectivities for both mixtures
are higher than the corresponding experimental IAST
selectivities at all pressures, and the increase in the selectivities
within the low-pressure region is still noticeable. The
selectivities for the former are higher than those for the latter
at all pressures possibly because GCMC simulations of singlecomponent CO2 and CH4 sorption in dia-7i-1-Co predict
notably higher uptake than experiment for the respective
sorbate molecules in this loading range at all pressures
considered up to 1.0 atm. The simulated IAST selectivities
are relatively constant starting at approximately 0.30 atm, and a
value of 5.3 at 1.0 atm was obtained for both the 50:50 CO2/
CH4 and 5:95 CO2/CH4 mixtures. Note, the IAST selectivities
for both experiment and simulation at low loading were found
to be in good agreement with the selectivities that were
obtained based on the ratio of the Henry’s law constant for the
respective sorbates in the low-pressure region. Using Henry’s
law, the CO2/CH4 selectivities based on the experimental and
simulated isotherms are 3.7 and 4.2, respectively. For all
methods of the calculating the CO2/CH4 selectivities, it can be

Figure 6. Molecular illustration of the CH4 sorption site in dia-7i-1Co: (a) top view; (b) side view. Atom colors: C = cyan, H = white, N
= blue, O = red, and Co = silver.

electrostatic interactions even further during sorption. This
alteration would result in enhanced binding strength for CO2
molecules, but also decrease aﬃnity for CH4, thus increasing
separation capabilities.
Figure 7 shows the GCMC-calculated selectivities of CO2
over CH4 within a binary mixture of 50:50 CO2/CH4 and 5:95
CO2/CH4 in dia-7i-1-Co at 298 K and pressures up to 1.0 atm.
These mixtures mimic the composition of biogas and natural
gas, respectively. The calculated values are compared to the
corresponding selectivities that were determined by implementing IAST43 on the experimental and simulated CO2 and CH4
single-component sorption isotherms. More details of the IAST
calculations can be found in the Supporting Information. The
binary mixture simulations predict that the selectivity of CO2
over CH4 slightly decreases with increasing loading for both
mixture compositions in dia-7i-1-Co. A CO2/CH4 selectivity of
3.5 and 3.1 was calculated at 1.0 atm through the GCMC
simulations for the 50:50 CO2/CH4 and 5:95 CO2/CH4
mixtures, respectively. In contrast to the binary mixture
simulations, IAST calculations on the experimental and
simulated isotherms show slightly increasing selectivity with
increasing loading in dia-7i-1-Co for the pressure range shown.
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toward both of these gas molecules implies that this compound
has limitations for industrial applications in CO2 separations,
such as biogas treatment and natural gas cleanup. For example,
IAST and GCMC calculations predict that the selectivity of
CO2 over CH4 will be very low for dia-7i-1-Co. Fortunately,
this study has also provided insights into creating variant
structures for improving the selectivity of one gas relative to
another. For instance, it would be expected that the
replacement of the ethylene group (CC) in the organic
linker of dia-7i-1-Co with an azo group (NN) would increase
the binding strength and selectivity toward CO2 and also
decrease the aﬃnity toward CH4, as this alteration would
introduce polar functionality within the channels. This
phenomenon will be investigated in future experimental and
theoretical studies.

seen that the selectivities are slightly higher for the 50:50
mixture compared to the 5:95 mixture, especially at low
loadings. These results suggest that the material can separate
CO2 more eﬃciently if a greater concentration of CO2 is
present.
It can be observed that the simulated IAST selectivities and
the binary mixture selectivities are in good agreement with each
other at very low loadings for both mixture compositions.
However, the selectivities that were calculated by applying
IAST on the simulated sorption isotherms are notably higher
than those that were calculated through the binary mixture
simulations across most of the considered pressure range. Thus,
even though both methods involve simulations of CO2 and
CH4 in the MOM, the fact that the IAST-calculated selectivities
are diﬀerent from the binary mixture selectivities suggests that
the former may be a consequence of the dependence of the
ﬁtting parameters/models that are used. It also is true that
IAST, while often a reasonable guide, can fail quantitatively,
especially in some of the most interesting systems that involve
strong, heterogeneous interactions. Nevertheless, the IASTand GCMC-calculated selectivities are within the vicinity of
each other for all pressures considered to within joint
uncertainties. Overall, the results from the binary mixture
simulations and the IAST calculations predict that the
selectivity of CO2 to CH4 in dia-7i-1-Co at 298 K and 1.0
atm ranges from 3.0 to 5.5, which is quite low compared to
most other MOM materials under this condition. Indeed, this
can be attributed to the fact that dia-7i-1-Co has high aﬃnity
toward both CO2 and CH4.
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IV. CONCLUSION
In conclusion, a computational study of CO2 and CH4 sorption
in the 7-fold interpenetrated diamondoid MOM, dia-7i-1-Co,
was presented. The simulated sorption isotherms and Qst values
reported herein for this MOM were in very good agreement
with the experimental measurements for the respective sorbate
molecules. The presence of narrow channels in dia-7i-1-Co
results in a strong interaction between the CO2 molecules and
the framework. Indeed, the Qst for CO2 is approximately 30 kJ
mol−1 for dia-7i-1-Co, which is comparable to most MOMs that
contain open-metal sites or inorganic anions. Further, the
hydrophobic nature of these narrow channels corresponds to a
high aﬃnity for CH4. GCMC simulation predicts that dia-7i-1Co has an initial CH4 Qst value of approximately 26 kJ mol−1,
which is comparable to the values that were derived
experimentally. The initial Qst value for CH4 is currently the
highest out of all MOM materials reported thus far. Moreover,
the CH4 uptake in dia-7i-1-Co at 298 K and 1.0 atm is one of
the highest among reported MOM materials. Thus, dia-7i-1-Co
seems to be a good prototype compound for low-pressure CH4
storage applications. The three-dimensional histograms showing the sites of occupancy in dia-7i-1-Co reveal that there is
only one type of binding site for CO2 and CH4, which is
essentially localization within the hydrophobic channels.
Overall, this study provided theoretical insights into how
MOMs with extremely narrow pore sizes have enhanced
binding strength for certain gas molecules. In the case of dia-7i1-Co, the presence of constricted hydrophobic channels within
the MOM is responsible for the increased uptakes at low
loading and initial Qst values for CO2 and CH4 and for a
relatively constant high sorption aﬃnity at all pressures
considered. Although dia-7i-1-Co has high sorption capacity
for CO2 and CH4, the fact that the MOM has high aﬃnity
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