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ABSTRACT: MOFs can separate O2/N2 mixtures via various mechanisms, making them a great candidate for many air
separation applications. We show that the adsorptive behavior of MOFs can be classified based on whether they contain open
metal sites (OMSs) and if those sites form a coordination bond with oxygen molecules. Existing data suggests that OMS MOFs
that can bind O2 have high O2/N2 selectivity, while OMS MOFs that cannot form such a bond have increased selectivity toward
N2. Monte Carlo simulations show that saturated metal site (SMS) MOFs selectively adsorb O2 based on dispersion forces.
Inaccuracies in simulations on nonbinding OMS MOFs are suggested as evidence that there are other nonbinding interactions
impacting O2/N2 adsorption in OMS MOFs. Monte Carlo simulations on SMS MOFs are used to define a volume-weighted
average pore diameter to establish clear correlations between complex pore size distributions and adsorptive properties.

1. INTRODUCTION

Metal−organic frameworks (MOFs) have been studied
extensively for various applications, including separation,1−7

gas storage,8,9 catalysis,10,11 molecular sensing,12,13 and drug
delivery.14,15 Due to the tunability of the pore structure and
chemical properties, as well as high surface area of MOFs,
adsorptive separation processes are one of the most exciting
potential applications of the materials. However, only a limited
number of air separation studies have been performed on
MOFs. Here, we show that MOFs exhibit three potential
mechanism that can be exploited for equilibrium O2/N2
separation: O2-binding at the metal sites of open metal site
(OMS) MOFs, weak O2-selective van der Waals interactions in
saturated metal site (SMS) MOFs, and a third, less-
acknowledged, mechanism that results in higher N2 selectivity
in some OMS MOFs.
Air separation has many industrial applications which use

purified O2 and N2,
16 as well as lower purity applications such

as spacecraft cabin oxygen control systems,17,18 medical oxygen
concentrators for life support systems,19 and tank blanketing in
military aircrafts.16 Oxy-fuel combustion processes utilize
purified oxygen rather than air in coal-fired power plants to
obtain sequestration-ready CO2 concentrations in the flue gas

and to minimize the formation of NOx gases.
20 Additionally,

purified oxygen is used for steel and paper production,
wastewater treatment, and lead and glass production.16 Purified
nitrogen is used in industry for tank blanketing and purging,
among other applications.16 Currently, most high purity O2
and N2 are separated via the energy-intensive cryogenic
distillation process, although adsorption makes up about 20%
of O2/N2 production.

16

O2-selective carbon molecular sieves (CMSs) are widely
used in kinetic adsorption processes for nitrogen generation.16

The larger diffusivity of O2 and the difference in equilibrium
van der Waals interactions both result in O2 selectivity in CMS.
The larger diffusivity results from the smaller diameter of O2
allowing it to access adsorption sites more quickly since smaller
pores block N2 from adsorption sites in bigger pores. In
principle, a similar mechanism can be exploited in SMS MOFs.
We investigate van der Waals interactions in MOFs and offer
methods of correlating pore size distributions to equilibrium
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adsorption properties to compare adsorbents based on this
mechanism. 4A zeolite is used in fast PSA processes for
nitrogen enrichment (O2-selective) for tank blanketing, in
which a solely kinetic mechanism is used since it is well-
established that zeolites are N2-selective from quadrupole-
electric field interactions in equilibrium adsorption processes.16

This is an important consideration in MOF design for air
separation because they can be O2-selective or N2-selective
based on equilibrium adsorption.
N2-selective zeolite LiLSX is accepted as the best

commercial adsorbent in industrial processes, despite the
substantial amount of work needed to separate N2 from a
mixture of ∼79% N2 and ∼21% O2. Adsorption mechanisms
that result in O2 selectivity in MOFs are worth investigating for
industrial applications due to the improved efficiency. Johnson
Space Center and others have investigated MOFs to reduce the
oxygen concentration in air back to ambient levels if
therapeutic oxygen supplies must be used within confined
spacecrafts.17,18 O2-selective MOFs are appropriate for this
application because it specifically requires the removal of O2
from an O2/N2 stream. The Air Force currently uses zeolites in
their on-board oxygen generating systems.19 To the knowledge
of our research group, there have been no studies focused on
the rational design of N2-selective MOFs for air separation,
even though there is evidence for exploitable mechanisms that
can achieve this. Some of the previous work on O2/N2
adsorption in MOFs is outlined in Table 1.21−34

MOFs that contain OMSs after activation interact with O2
differently than those with coordinatively saturated metal sites.
In most cases, OMSs have been shown to have O2 adsorption
properties characteristic of chemisorption (termed “binding”
metal sites): strong adsorbent−adsorbate interactions, high
initial uptake rate, and large heat of adsorption at low pressure.

In chemisorption, the formation of a chemical bond between
adsorbate and host material is generally an overwhelmingly
stronger interaction than the van der Waals and electrostatic
physical interactions. Some MOFs have been shown to have
OMSs that are not strong O2-binding sites (termed “non-
binding” metal sites); based on the previous data, it seems that
these materials all have increased selectivity toward N2 over O2
under ambient conditions.24,26,27,34 With the definitions of
nonbinding vs binding metal site MOFs being used, it can be
assumed that both contain OMSs, but only binding metal site
MOFs can chemisorb oxygen. SMS MOFs are the counterpart
to OMS MOFs in which the metal atoms of a nondefective
sample are coordinatively saturated with ligands. SMS MOFs
cannot bind with O2 because the adsorbates cannot access the
metal sites. So far, only two MOFs with SMSs have been
studied for air separation under the conditions of interest, but
each of them selectively adsorbs O2 over N2, a property that
eluded most zeolites analyzed to date.16

The primary motivation of this study was to clarify the
dominant interactions that come into play when considering
O2/N2 equilibrium adsorption in MOFs. We offer insights into
the nonbinding interactions between O2/N2 and MOFs, so the
work is primarily focused on SMS MOFs and nonbinding
metal site MOFs. We follow up the work of Sava Gallis et al.,27

which showed that the OMSs of MOFs are not always strong
O2-binding sites. We begin with a brief literature review to
clarify the expected chemisorptive interactions and compare
their work to groups who obtained similar results. GCMC
adsorption simulations are compared to experiments to show
the accuracy for predicting van der Waals interactions in O2/
N2 adsorption in MOFs. The simulations also show that there
is another interaction which was not predicted using generic
force field that comes into play for nonbinding metal site

Table 1. Previously Reported O2/N2 Adsorption Data in MOFsa

aUptakes reported at 1 bar, heats of adsorption reported at infinite dilution, highlighted rows are N2-selective.
bThis study. cActivated sample after

being exposed to oxygen environment. dActivated sample protected in oxygen-free environment.
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MOFs when the experimentally observed interactions are too
weak to be attributed to chemisorption. We compare this
finding to similar issues when using GCMC simulations to
predict adsorption in OMS MOFs. Finally, we restrict the
simulation study to SMS MOFs to analyze the correlation
between O2/N2 selectivity and pore diameter based on
dispersion forces. We define a term called the volume-weighted
average accessible (VWAA) pore diameter to clearly show this
correlation, and, ultimately, relate the work of Greathouse et al.
on adsorption in idealized carbon nanotubes35 (CNTs) to
more complex pore size distributions.
1.1. O2/N2 Separation Studies on MOFs with Open

Metal Sites. First, we will present a discussion about MOFs
with OMSs, in which guest molecules have been removed after
activation. This includes MOFs with binding metal sites and
MOFs with nonbinding metal sites.
The M2(dobdc) structure (usually with M = Fe), otherwise

denoted as MOF-74, has been shown to selectively coordinate
O2 at the metal sites, but the strong side-on binding results in
the irreversible formation of a peroxo species at room
temperature.36−40 Cr3(BTC)2, commonly referred to as
HKUST-1(Cr), is a MOF which chemically binds O2 with a
30% loss in capacity after 15 temperature swing cycles at room
temperature.31 The use of early transition metals was shown to
enhance oxygen binding at the OMSs of mesoporous MIL-100,
where the use of Fe ions led to the formation of superoxo-type
bonds and Sc led to stronger peroxo bonds.28 The O2/N2
selectivity of MIL-100(Sc) was low compared to other
reported chemisorptive MOFs, but the adsorption was fully
reversible over 10 cycles.28 Recent advances in the selection of
the electron-donating ligands in Co-MOFs have led to a highly
O2-selective MOF that showed full reversibility in a
preliminary cycling experiment up to five temperature swing
cycles.32 Another approach that has been pursued is the
encapsulation of O2-scavenging ferrocene molecules within the
large pores of MIL-101 (denoted MOF-101@Fc) to enhance
cyclability, but this still led to about a 33% loss in capacity after
15 temperature swing cycles at room temperature.33 Thus far,
no MOFs or related composites have been demonstrated to
match the long-term cyclability of previously studied
mononuclear cobalt complexes at room temperature.41

Even though MOFs with binding metal sites show high
oxygen loading capacity, uptake rate, and selectivity, the
enhanced interactions often result in cyclability barriers that
must be overcome for practical applications. Recent concerns
over the inability of life support systems in aircrafts to provide
the expected levels of oxygen to pilots are evidence of the need
for reliably cyclable sorbents for certain applications.42

Additionally, the ability of MOFs to bind oxygen in air can
make them difficult to implement. The O2-binding activity of
an activated MIL-100(V) sample can decrease substantially
when unprotected from an oxygen environment.43

The OMSs of MOFs are not always O2-binding sites. It has
been suggested that N2-selective adsorption in some MOFs
under ambient conditions is caused by the presence of
OMSs;21 this is likely similar to the electrostatic interactions
that cause nitrogen selectivity of many zeolites in air separation
processes.16 Sava Gallis et al. expected to observe binding of
O2 in the HKUST-1 variants but instead showed weak
adsorption energies for O2 ranging from 10 to 16 kJ/mol and a
high value of 30 kJ/mol for N2 on the Fe-substituted sample.27

Similarly, the replacement of the Fe ions with Co in the MOF-
74 structure led to nonbinding metal sites and a N2-selective

structure.27 The N2 selectivity of the highly stable Zr-based
MOF, UiO-66,24 can be explained by the modulated synthesis
approach they used resulting in dehydroxylation of the metal
clusters and missing-ligand defects.24 This is an established
method of generating OMSs in UiO-66.44

We show that there are under-acknowledged physisorptive
interactions occurring in OMS MOFs even when they are
inactive to oxygen chemisorption, and we relate this interaction
to similar results from other groups. Although our results are
not enough to give a complete description, the interaction
could be an important area of research for future work.

1.2. O2/N2 Separation Studies on MOFs with
Saturated Metal Sites. Very few SMS MOFs have been
analyzed for air separation. Zn4O(BTB)2, otherwise denoted as
MOF-177, was shown to selectively physisorb O2 over N2 at
room temperature and atmospheric pressure. UMCM-1,
another Zn-MOF, contains both BTB and BDC ligands that
coordinatively saturate the metal sites; this structure also
preferentially physisorbs O2 over N2. The reversibility and
stability that result from the weak interactions in SMS MOFs
motivates a detailed investigation of these novel sorbents for
the large number of O2-selective air separation applications.
The physical adsorption between O2 and MOFs with SMSs

can generally be assumed to be reversible in swing processes at
the expense of lower selectivity. The parameters which may
affect physisorption of an O2/N2 mixture are outlined in Table
2.45 In the low-pressure regime, dispersion forces are the main

reason for O2-selective equilibrium adsorption of the relatively
nonpolar gases of interest in SMS MOFs. This is the same
behavior as adsorption in nonpolar materials such as CMS and
carbon nanotubes. The similarity of the interactions can be
rationalized by the fact that adsorbates come in contact with
the organic ligands on the surface of SMS MOFs. The work of
Greathouse et al.35 is significant in this discussion because it
shows the enhanced adsorption of O2/N2 from van der Waals
interactions in simple CNT systems with pore sizes near the
diameter of these diatomic species. However, the complex pore
size distributions of real adsorbent materials and the additional
interactions that may come into play in MOFs make it difficult
to correlate the impact of pore size on adsorption properties of
these materials.
We show that van der Waals interactions are the prominent

mechanism for selective adsorption in SMS MOFs and connect
the idealized CNT results to more complex pore size
distributions by defining the VWAA pore diameter. Specifi-
cally, O2/N2 selectivity and adsorbent−adsorbate interactions
are investigated as a function of VWAA pore diameter to show
a clear correlation. We also give recommendations and set
goals for the design of MOFs for air separation applications in
terms of pore diameter based on these results.

1.3. GCMC Simulations to Predict Adsorption in
MOFs. Grand Canonical Monte Carlo (GCMC) simulations
can accurately predict equilibrium adsorption in materials by
creating an atomic simulation box and holding the chemical
potential, volume, and temperature constant, while the number

Table 2. Equilibrium Adsorption Properties of O2 and N2
33

atomic
diameter (Å)

dipole
moment (D)

quadrupole
moment (cm2)

polarizability
(Å3)

O2 3.01 0 1.3 1.60 × 10−40

N2 3.31 0 4.7 1.76 × 10−40
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of molecules in the adsorbed phase fluctuates based on a
Boltzmann-type probability distribution.46 Numerous cycles
are performed, where each cycle consists of the acceptance or
rejection of a translation, rotation, deletion, or insertion move
by an adsorbate molecule. The acceptance criterion is a lower

energy state in the new configuration. After a number of
initialization cycles, the average of the calculated amount of gas
adsorbed is computed, representing the equilibrium adsorption
capacity under the conditions of interest. The force fields
conventionally take into account van der Waals and electro-

Figure 1. Framework structure of IRMOF-1 (left) and MOF-177 (right) from the a-axis.

Table 3. Framework information
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static interactions. A variety of electrostatic charge equilibra-
tion methods exist that vary substantially in computational
complexity; the computation time of these techniques range
from seconds to days.47 Periodic boundary conditions are
applied in each direction, which implies the assumption of
perfect crystallinity.
Various GCMC simulations have been executed to screen

for gas storage and gas separation applications, as well as to
offer insights into details of the adsorption mechanism.48−51

Air separation studies have utilized GCMC simulations in
some instances,27,28,40 yet they are only briefly referenced and
included in the Supporting Information; this is likely because
many groups are interested in MOFs with OMSs, and the
generic force fields used are unable to describe interactions at
these sites. The interaction of adsorbates with OMSs has been
noted to cause inaccuracies in GCMC simulations.52,53 The
commonly used generic force fields only take into account
nonbonding interactions. Also, an in situ neutron diffraction
study showed that generic force fields may not properly
describe short-range physical interactions at the OMSs.54 The
interactions that have been noted between O2 and OMSs
require reparameterization via a trial-and-error or ab initio
calculations to produce accurate results.39,55 The trial-and-
error approach may not accurately represent the adsorption
process, whereas ab initio calculations are very computationally
expensive.
In this work, we show the accuracy of GCMC simulations

for predicting van der Waals interactions from O2/N2
adsorption in MOFs and to use the simulation results to
better understand the nonbinding interactions that take place
between these adsorbates and OMS MOFs. Additional
considerations are given to boosting the computational
efficiency of Monte Carlo simulations for ambient O2/N2
separation screening purposes. The presence of partial charges
is shown to have a negligible impact on adsorption at low
pressure. Selectivity is calculated using the O2/N2 ratio of
Henry’s constants (referred to as “simple selectivity”), Ideal
Adsorbed Solution Theory (IAST), and binary O2/N2
adsorption simulations in order to make suggestions for
large-scale screening purposes.

2. METHODS
2.1. Selected MOF Structures. Simulations were executed

on a variety of Zn-MOFs to assess the role of pore features
such as pore diameter and surface area on adsorption
properties. The isoreticular MOF series was chosen to
systematically observe how interpenetration and the choice
of ligand can be used to optimize equilibrium effects of the
adsorptive separation of O2/N2 mixtures. IRMOF-1 (also
called MOF-5) is the prototype for the IRMOF series. Its
structure with Zn metal clusters connected by 6 BDC linkers
which connect 2 clusters per linker results in a cubic crystal
system as displayed in Figure 1 (left). The IRMOFs contain
oxide-centered tetrahedral Zn4O clusters with octahedral
secondary building units (SBUs). Each MOF in this series
has identical framework topology, making it possible to analyze
how structure interpenetration and ligand modifications can be
used to optimize selectivity toward O2. Detailed structural
information on the IRMOFs explored in this work are
provided in Table 3. IRMOF-3, -4, -5, -6, and -7 contain
amine, propoxy, and pentoxy; fused cyclobutyl; and fused
benzene groups attached to the carboxylate ligands,
respectively, wherein the groups point into the voids of the

MOF. IRMOF-9 through -16 contain longer ligand lengths to
produce expanded pores, where the odd numbered IRMOFs
(i.e., IRMOF-9, -11, -13, and -15) are interpenetrated analogs
of the even numbered IRMOFs. Additional simulations were
performed on MOF-177 to verify consistency with experi-
ments. MOF-177 also contains 6-coordinated Zn4O metal
clusters which form octahedral SBUs, but each BTB ligand is
attached to three metal clusters resulting in a trigonal structure,
as shown in Figure 1 (right). The MOFs with SMSs under
investigation have a similar synthesis routes as described by
Koh et al.56

These MOFs were chosen in order to avoid computational
inaccuracies caused by the presence of OMSs. A brief
comparison of experimental/simulation data for HKUST-
1(Cu) and UiO-66 is used to justify the decision. MOF-177
simulations are compared to experimental results to show the
accuracy of the generic force fields in describing the O2/N2
equilibrium adsorption from dispersion forces in MOFs.

2.2. Computational Details. RASPA molecular software
was used to execute Monte Carlo simulations to probe the
structure and adsorption properties of the frameworks.57,58

The Lennard-Jones 6-12 (LJ) force field was used to model the
van der Waals interaction of the atoms, as shown in eq 2.
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The Lorentz−Berthelot mixing rule was used for these
interactions, hence the IJ subscript represents the arithmetic
mean between a set of parameters. εIJ [K] is the potential well
depth, σIJ [Å] is the minimum bond length, and r [Å] is the
distance between the two atoms. The MOF structures were
treated as rigid by fixing their crystallographic coordinates. The
crystal structures of selected MOFs were obtained from
previous reported structural studies. The crystallographic
coordinates for the IRMOF series were obtained from
Eddaoudi et al.59 MOF-177 coordinates were included in the
RASPA software by Dubbeldam et al.57 UiO-66 and HKUST-
1(Cu) coordinates were taken from the literature, as well.60,61

Lennard-Jones parameters from the Universal Force Field were
applied to the metal ions,62 whereas values were taken from the
DREIDING force field for other frameworks atoms.63 Solvent
molecules were not included in the crystallographic informa-
tion in order to represent the activated samples. O2 and N2
were modeled as rigid bodies using the three-site model from
the TraPPE force field.64 A table of the Lennard-Jones
parameters used are summarized in Table S1. To avoid the
double-counting problem, cubic simulation boxes with
dimensions equal to their respective unit cell were used for
all MOFs except UiO-66 and IRMOF-9; for these, simulation
box dimensions were 41.4 × 41.4 × 41.4 Å3 and 34.3 × 46.6 ×
25.3 Å3, respectively, to ensure that the simulation boxes were
twice the cutoff distance of 12 Å. Coulombic interactions were
modeled by the Ewald summation of point charges. Partial
charges were obtained via the extended ChargeEQ equilibra-
tion method47 and are listed in Table S2. The Ewald precision
was set to 10−6. Insertion, deletion, translation, and rotation
moves were performed with equal probability for 106 cycles.
Equilibrium was determined to have been reached by verifying
that the acceptance ratio of swap addition and swap deletion
were nearly equal. Heats of adsorption were calculated by the
GCMC method proposed by Vuong and Monson.65 The focus
of this study is MOFs for ambient O2/N2 separation, so the
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simulations were executed at 298 K for five pressure values up
to 1 bar.
Monte Carlo simulations offer a fast method of screening for

desirable pore structures and adsorption properties with a
minimal amount of resources. Gas separation studies generally
report the adsorption uptake as the excess adsorption, which is
defined as the amount of gas present beyond the bulk fluid
phase under the experimental conditions. Excess adsorption is
expressed as

n n Vex abs g gρ= − (2)

where nabs is the absolute amount adsorbed (mol/kg), Vg is the
pore volume of the framework (cm3/kg), and ρg (mol/cm3) is
the bulk density of the gas phase. In order to compare
simulation and experimental results, pore volumes were
determined from a computational technique that was
developed to mimic the experimental method using helium
probe molecules.66 Accessible surface areas were determined
using the methods proposed by Duren et al.67 In this
technique, the surface area of the input structure is measured
using a probe molecule rolling over the entire surface of the
pore walls.57 N2 was used as the probe molecule for
determining the accessible surface area in this study because
it has the larger diameter of the two gases under investigation.
Pore size distributions were determined using the method
proposed by Gelb and Gubbins.68 The pore size distribution is
determined by finding the largest sphere that can be generated
without overlapping with framework atoms at each point in the
void space. The coverable volume for a particular sphere
radius, denoted as Vpore(r), can then be determined and
compared to cumulative pore volume curves from experiments.

3. RESULTS

3.1. Simulation/Experimental Comparison of Iso-
therms for MOFs with Exposed, Nonbinding Metal
Sites. N2-selective samples of HKUST-1(Cu) have been
produced by multiple groups,26,27,37 but GCMC simulations
using generic force fields did not predict the selectivity toward
N2, as shown in Figure 2. The N2 isotherm was predicted
accurately, but the O2 isotherm was highly overestimated,
leading to the inability of the simulations to predict nitrogen
selectivity.

GCMC simulations using generic force fields also signifi-
cantly overpredicted the O2 isotherm of UiO-66 (Figure 2),
which is attributed their synthesis procedure generating OMSs.
Scaling the O2 uptake by 47.7% leads to highly accurate
prediction in both cases, indicating the existence of an
interaction that is not captured by generic force fields. Due
to the inability of generic force fields to describe O2 adsorption
at OMSs, MOFs with saturate metal sites were the focus of the
remainder of the study.

3.2. Model Verification and Simplification. 3.2.1. Struc-
tural Model Verification for IRMOF Series. Simulations were
executed on a variety of Zn-MOFs to assess the effects of pore
features on adsorption properties. These MOFs include
IRMOF-1, IRMOF-3, IRMOF-4, IRMOF-5, IRMOF-6,
IRMOF-7, IRMOF-9, IRMOF-10, IRMOF-11, IRMOF-12,
IRMOF-13, IRMOF-14, IRMOF-15, IRMOF-16, and MOF-
177. The first phase of simulations was performed to determine
the surface area, pore volumes, and pore size distribution of a
large number frameworks to ensure that the conclusions drawn
from this study are generalizable. At the low pressures of
interest, the adsorption is expected to be impacted mainly by
pore size because surface saturation and pore filling effects do
not come into play. The calculated accessible surface areas and
distinct pores are displayed and compared to reported values in
Table 4.
As shown in Table 4, the selected structures have surface

areas ranging from less than 1000 to over 6000 m2/g, pore
volumes from 0.375 to 2.24 cm3/g, and distinct pore from 3.50
to 24.2 Å. IRMOF structures have been studied extensively,
and the calculated pore features are in good agreement with
literature.59,67

3.2.2. Force Field Verification by Comparison of MOF-177
Simulation Results with Experiments. Simulations were
performed on MOF-177 to verify that the simulation results
match with experiments. First, experimentally determined pore
features are compared against the simulated data in Table 5 to
verify the structural model for MOF-177. In the low-pressure
regime, adsorption is expected to be impacted primarily by the
pore size. Because the pore sizes match perfectly, the GCMC
adsorption results can be compared to the experiments to show
the accuracy of predicting van der Waals interactions. From
Figure 3, it is clear the van der Waals interactions are properly
represented by the generic force fields.

3.2.3. Presence of Charge Does not Impact O2/N2
Adsorption at Low Pressure. As indicated by other
groups,27,55 there appears to be a negligible impact of
electrostatic interactions on uptake of O2 and N2 at low
pressures. A comparison of isotherms with and without charges
for IRMOF-1 and MOF-177 are shown to be virtually
indistinguishable in Figure S1. This implies that polarity does
not impact adsorption of these gases onto MOFs with SMSs
under ambient conditions. The lack of a need for an accurate
charge equilibration technique makes large scale screening of
MOFs for ambient air separation possible with a low
computational cost.

3.2.4. O2/N2 Mixed Gas Simulations, IAST Calculations,
and Simple Selectivity Calculations. Four methods of
determining mixed gas selectivity which vary in computational
complexity were used: the ratio of KH values from pure gas
isotherms (referred to as “simple” selectivity), IAST calcu-
lations from Henry’s law fitted isotherms, IAST calculations
from dual-site Langmuir−Freundlich fitted isotherms, and
binary O2/N2 adsorption simulations. Simple selectivity

Figure 2. Comparison of HKUST-1(Cu) (left) and UiO-66 (right)
simulated O2/N2 isotherms with experimental data and 47.7% scaled
O2 simulation isotherms. HKUST-1(Cu) experimental data are from
Wang et al.,57 and UiO-66 experimental data are from Piscopo et al.17
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calculations offer a fast method of estimating the mixed gas
selectivity, which are expected be accurate at low pressure.
IAST calculations have been widely used to describe mixed gas
interactions.3,7,69 It is common to fit the pure gas isotherms to
the dual-site Langmuir−Freundlich equation in IAST calcu-
lations;69 however, more accurate results have been achieved
using Henry’s law when the low loading (and low pressure)
region is being investigated.70 IAST selectivity was calculated
using both Henry’s law and the dual-site Langmuir−Freundlich
equation to compare results.
The binary gas isotherm for IRMOF-1 is compared to the

fitted isotherms in Figure 4 (left), where the fitted isotherms
are treated as individual pure gas terms for the binary system.
The pure isotherms and their fitted equations are in excellent
agreement with the binary gas simulation isotherms. The
binary gas selectivity is plotted with the simple selectivity and
IAST selectivity using both isotherm fits in Figure 4 (right).
The IAST calculations using the dual-site Langmuir−
Freundlich equation is not in good agreement with the binary
gas selectivity calculation at low pressure, which can be
attributed to lack of precision in describing the low-pressure
data caused by the need for the equation to describe the high-
pressure region. Since the dual-site Langmuir−Freundlich

fitted isotherm appears to match the binary adsorption data
well but there are errors in the IAST selectivity, it can be
concluded that the IAST selectivity is sensitive to small
differences in the isotherm fit. The IAST calculations using
Henry’s law, on the other hand, are in excellent agreement with
the binary gas selectivity data. The simple selectivity
calculations appear to accurately predict the adsorption of
mixed gas systems at the low pressures of interest, which
greatly reduces the computational cost of understanding the
adsorption of the O2/N2 binary system. Mixed gas adsorption
simulations are computationally expensive, but this shows that
the selectivity of the binary system could be determined in
other ways.

3.3. Influence of Pore Features on Ambient O2/N2
Adsorption. 3.3.1. Ligand Substituent Groups. Figures 5−9
show the adsorption isotherms, IAST selectivities, and pore
size distributions of the MOFs under investigation. The same
information was generated for MOF-177, but this is included
in Figure S2 because it has a relatively undesirable pore
diameter, making it relatively inert for air separation
applications. IRMOF-1 has two distinct pores at 11.1 and
14.6 Å. It has a relatively low Henry’s constant (KH) for both
O2 and N2 less than 0.15 mol/kg bar. The IAST selectivity is

Table 4. Pore Features of IRMOFs Compared to Duren et al.55

this work Duren et al. this work Duren et al.

IRMOF-1 3686 3580 11.1/14.6 10.9/14.3
IRMOF-3 3494 9.4/14.5
IRMOF-4 1647 4.1/4.4/7.3/9.1
IRMOF-5 956 6.8/8.1/9.6
IRMOF-6 3180 3050 9.4/14.5 9.1/14.3
IRMOF-7 3487 10.4
IRMOF-9 3592 4017 4.6/6.5/8.2/10.8 4.6/6.5/8.3/10.8
IRMOF-10 4693 16.9/20.2 16.7/20.2
IRMOF-11 2753 2702 3.5/4.0/4.6/6.1/6.7/11.8 3.5/3.8/4.7/6.1/7.0/11.1
IRMOF-12 5237 14.7/18.5
IRMOF-13 2835 2998 4.2/4.7/6.5/8.3/10.9 4.2/4.7/6.1/7.0/11.4
IRMOF-14 4844 4926 14.8/20.0 14.1/19.5
IRMOF-15 2498 7.3/9.5
IRMOF-16 6046 6166 24.2 23.3

Table 5. Comparison of Predicted MOF-177 Pore Features
with Experimental Values from Dipendu et al.15

surface area
[m2/g]

available pore volume
[cm3/g]

average pore
diameter [Å]

simulated 4850 1.97 10.6
experimental 3100 1.58 10.6

Figure 3. Comparison of MOF-177 simulated O2/N2 isotherms with
experimental data. O2 experimental data are from Li et al.,15 and N2
experimental data are from Dipendu et al.16

Figure 4. Left: comparison binary gas isotherms, Henry’s Law fitted
pure isotherms, and dual-site Langmuir−Freundlich fitted isotherms;
right: comparison of binary gas selectivity with simple selectivity
(ratio of KH values), IAST selectivity calculated from Henry’s law
fitted isotherms, and IAST selectivity calculated from dual-site
Langmuir−Freundlich fitted isotherms.
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essentially constant at 1.13 as the pressure increase from 0.05
to 1 bar.
Adding an amine group to the carboxylate ligand (IRMOF-

3) results in reduced pore sizes of 9.4 and 14.5 Å. The
adsorption isotherms and IAST selectivity are virtually
unaffected by the change. The addition of a propoxy group
(IRMOF-4) results in a broader distribution of pore sizes with
local maxima at 4.1 and 9.1 Å. This change results in a
noticeable increase in KH for O2 to 0.22 mol/kg bar and N2 to
0.17 mol/kg bar. The IAST selectivity was constant at 1.32
from 0.05 to 1 bar. If the functional group is extended to a
pentoxy group (IRMOF-5), there is a distribution of pores
from 0 to 10 Å with local maxima at 6.8, 8.1, and 9.7 Å. Both
KH values are reduced to below 0.13 mol/kg bar with IAST
selectivity relatively constant at 1.17 bar. The inclusion of a
fused cyclobutyl group in the ligand (IRMOF-6) results in a
pore size distribution almost identical to IRMOF-3, again with
a minimal effect on the adsorption capacity of N2 and O2 with
a constant IAST selectivity of 1.13. The addition of a fused
benzene group (IRMOF-7) results in a structure with one
distinct pore at 10.4 Å. Both N2 and O2 uptakes are larger than
that of IRMOF-1, and the selectivity is constant at 1.24 from
0.2 to 1 bar.
Ligand functionalization clearly can result in complex pore

size distributions. For IRMOF-3 and -6, the two pores of
IRMOF-1 were slightly reduced. In IRMOF-7, there was only
1 distinct pore smaller than either pore in IRMOF-1, resulting

in an increased O2/N2 selectivity. The addition of alkoxy
groups (IRMOF-4 and -5) results in a broad distribution of
pores from 0 to 10 Å. The pore sizes less than 3.46 Å can be
neglected because the gases of interest cannot diffuse through
these pores. The enhanced uptake and selectivity of IRMOF-4
can be attributed to the broad pore distribution that peaks at
4.1 Å. Although there appears to be pores from 3.46 to5.00 Å
in IRMOF-5, the major pores are all greater than 6.8 Å.

3.3.2. Ligand length. The O2/N2 adsorption isotherms and
IAST selectivities of IRMOF-9 through -16 are displayed in
Figures 7−9. The BPDC and TPDC ligand of IRMOF-10 and
-16, respectively, can be thought of as extended BDC ligands.
IRMOF-10 has two distinct pores at 14.8 and 20.2 Å, whereas
IRMOF-16 has one pore at 24.2 Å. IRMOF-10 and -16 both
have a slight increase in uptake of both gases but constant
selectivity of 1.13, similar to IRMOF-1. This shows that (1)
high pore volumes and surface areas have a minimal effect on
selectivity and (2) pore diameters larger than IRMOF-1 are
past the region in which selectivity is enhanced by small pore
size.

3.3.3. Interpenetrated Structures. There are four sets of
interpenetrated/noninterpenetrated structures to compare:
IRMOF-9 and -10; -11 and -12; -13 and -14; and -15 and
-16. IRMOF-9, the interpenetrated form of IRMOF-10, has a
relatively broad pore size distribution, with local maxima at 4.6,
6.5, 8.2, and 10.8 Å. The significant reduction in pore size
results in a substantial increase in uptake of both O2 and N2.

Figure 5. O2/N2 adsorption isotherms (left); simulated pore size
distribution (right).

Figure 6. O2/N2 adsorption isotherms (left); simulated pore size
distribution (right).
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The KH values increase from 0.159 to 0.268 mol/kg bar for O2
and from 0.140 to 0.224 mol/kg bar for N2. The IAST
selectivity of IRMOF-9 is constant at 1.20 from 0.05 to 1 bar, a
significant improvement from IRMOF-10. IRMOF-12 has
slightly smaller pore sizes compared to IRMOF-10 with
distinct pores at 14.7 and 18.5 Å. The interpenetrated IRMOF-
11 has broad distribution of pores similar to IRMOF-9, with
peaks at 3.5, 3.9, 4.6, 6.7, 7.8, and 11.8 Å. For IRMOF-11, the
KH values of O2 and N2 are 0.33 and 0.274 mol/kg bar,
respectively, resulting in a constant selectivity of 1.20 from 0.05
to 1 bar. The selectivity of its noninterpenetrated counterpart,
IRMOF-12, is constant at 1.13 from 0.05 to 1 bar. IRMOF-14
has larger pores than IRMOF-12 with distinct pores at 14.8
and 20.0 Å. The IAST selectivity is constant at 1.13 from 0.05
to 1 bar. The interpenetrated analog, IRMOF-13, has a broad
pore size distribution with a large peak at 11.4 Å and smaller
peaks at 4.2, 4.7, 6.1, and 7.0 Å. The KH value of O2 is
increased from 0.20 to 0.363 mol/kg bar and N2 from 0.175 to
0.311 mol/kg bar, resulting in a selectivity of 1.17 from 0.05 to
1 bar. IRMOF 15, the interpenetrated structure with the
longest ligand, has a distribution of pore from 7 to 10 Å with
peaks at 7.3 and 9.5 Å. The KH values are low compared to
other interpenetrated MOFs: KH = 0.186 mol/kg bar for O2
and KH = 0.169 mol/kg bar for N2. The selectivity of IRMOF-
15 is 1.11 from 0.05 to 1 bar.
Interpenetrated structures result in a large increase in uptake

and selectivity if pore diameters approaching the molecular

Figure 7. O2/N2 adsorption isotherms (left); simulated pore size
distribution (right).

Figure 8. O2/N2 adsorption isotherms (left); simulated pore size
distribution (right).

Figure 9. O2/N2 adsorption isotherms (left); simulated pore size
distribution (right).
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diameter of the gases of interest are generated. The IAST
selectivity of each of the interpenetrated MOFs with
subnanopores converged to around 1.2. This is likely because
of the similar ligand length and pore size distributions of these
structures. The similar selectivities of IRMOF-12 and -14 to
IRMOF-1 is consistent with the notion that ligand lengths
larger than IRMOF-1 will not enhance selectivity toward
oxygen.

4. DISCUSSION
4.1. GCMC Model Inaccuracies for MOFs with Open

Metal Sites. The HKUST-1 and UiO-66 samples analyzed
both have N2/O2 selectivities of 1.7 based on previous
experiments, but GCMC simulations using generic force fields
did not predict the nitrogen selectivity. Attempts at increasing
the selectivity toward nitrogen could make MOFs competitive
with zeolites commonly used for medical oxygen concen-
trators. This is just one reason why it is important to
understand the mechanism that results in N2-selective
adsorption in MOFs.
As demonstrated, GCMC simulations significantly over-

predicted the O2 adsorption in HKUST-1(Cu) and UiO-66. In
both cases, scaling the O2 isotherm by 47.7% results in a very
accurate predicted isotherm as compared with experiments.
Inaccurate prediction of O2 isotherms in MOFs with
nonbinding metal sites implies that there is a nondispersion
interaction that comes into play in OMS MOFs, even when the
metal sites do not chemisorb oxygen. While we cannot give a
detailed explanation based on our results, it is a relevant topic
to this discussion that could lead to future work. As such, we
now would like to relate it to observations from previous
groups.
This finding is consistent with the work of Sava Gallis et al.,

who experimentally observed higher heats of adsorption for N2
compared to O2 in mixed metal variants of HKUST-1.27 Their
experimental heat of adsorption data for N2 on HKUST-1(Cu)
matches perfectly with our value of 14.7 kJ/mol from
simulations, whereas their value for O2 of 10.7 kJ/mol is
only a fraction of the simulation value of 15.0 kJ/mol. They
also reported a much higher heat of adsorption of N2 in the Fe-
substituted sample with a +3 oxidation state, which may
suggest that the unknown interaction is electrostatic in nature.
These interesting phenomena which are not predicted by
GCMC simulations may be related to the short-range physical
interactions previously observed between methane and
HKUST-1(Cu) in the neutron diffraction study from
Getzschmann et al.;54 importantly, they suggest this is caused
by the Lewis acidity of the OMS polarizing the otherwise
nonpolar CH4 molecule.54 To be clear, these interactions are
similar because they are not predicted by GCMC simulations,
they are too weak to be caused by chemisorption, they are
exclusive to OMS MOFs, and current data are consistent with
electrostatic interactions.
4.2. Suggested Multiphase Screening Method. In the

following sections we investigate adsorbate interactions as a
function of pore diameter and suggest future simulation work.
However, first, we find it important to summarize key findings
that minimize the computational cost of GCMC simulations
on this topic.
The simulated isotherms were shown to be unaffected by

partial charges at the low pressures under investigation. Mixed
gas adsorption simulations were demonstrated to be
unnecessary due to the accuracy of IAST selectivity

calculations. Simple selectivity calculations can even be used
to accurately estimate of selectivity up to 1 bar. With these
insights, screening for desirable van der Waals interactions in
MOFs for ambient O2/N2 can be accurately performed with
low computational cost.

4.3. Volume-Weighted Average Accessible Pore
Diameter Definition. IAST selectivity for each of the
materials do not correlate well with surface area or pore
volume because surface saturation and pore filling usually do
not come into play under the conditions of interest. On the
other hand, a clear relationship can be seen between the IAST
selectivity and pore size. Due to the complex pore size
distribution of many MOFs, it can be difficult to see how the
pore size affects the adsorption properties. The volume-
weighted average accessible (VWAA) pore diameter, as defined
below, can be used to capture the pore size distribution into a
single parameter by weighting the average diameter with the
fraction of coverable volume for a particular sphere radius.

d
V

V
d

i

i i

i
i i iav

1

pore

1 pore
∑=

∑= = (3)

where dav is the VWAA pore diameter and di is the pore
diameter associated with the coverable volume Vpore

i . The index
term, i, should start at the pore size of the smallest diameter gas
of interest because smaller pores are inaccessible to the gases.
The IAST selectivity is plotted as a function of VWAA pore
diameter and mode pore diameter in Figure S3 (top) to show
the substantially improved correlation. Our research group is
unaware of anyone using such a definition for the average pore
diameter to accurately represent broad pore size distributions.
The downfall of this method of representing the data is that
information about distinct pores is lost, making it difficult to
apply for characterization purposes. For example, the overlap
of the MOF-177 simulated and experimental O2 uptake vs
mode pore diameter data points in Figure S3 (bottom)
demonstrates the accuracy of Monte Carlo simulations in
predicting these properties, but the same graph as a function of
VWAA pore diameter could not be generated because most
groups only report the distinct pores.
This parameter could be useful for understanding the

correlation between pore diameter and adsorption properties
in real-world materials beyond the scope of this study. We
obtained much clearer correlations using this parameter
instead of the mode pore diameter to study equilibrium
adsorption.

4.4. Adsorbent−Adsorbate Interactions as a Function
of VWAA Pore Diameter. The adsorbate−adsorbate
interactions are negligible for all simulations executed in this
study, which makes the adsorbent−adsorbate interaction equal
in magnitude to the heats of adsorption for each simulation.
The adsorbent−adsorbate interactions are essentially constant
from 0.2 to 1 bar for all MOFs. As shown in Figure 10 (top)
the adsorbent−adsorbate interactions for both O2 and N2 are
enhanced by lower pore diameters. As the pore diameter
approaches the molecular diameter of oxygen, surfaces are
interacting with the molecules from multiple directions,
causing a substantially higher affinity of the adsorbate to the
material. Enhanced pore wall interactions have been described
elsewhere at low pressure for CO2/CH4 separation.48 The
enhanced selectivities result from a slightly larger increase in
adsorbent−adsorbate interaction for O2.
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A direct comparison of our results to those of Greathouse et
al.35 in terms of heat of adsorption shows that the MOFs
studied here are still well outside the range in which
substantially improved selectivity would be expected. The
heat of adsorption of both gases in their largest diameter
nanotube (5.07 Å) is 15−16 kJ/mol, slightly larger than the
range of 14−15 kJ/mol observed in our simulations with
VWAA pore diameters near 5.97 Å. This is promising for
future work on this topic because it allows us to set goals for
understanding the selectivity that can be achieved for O2/N2
separation via this mechanism. Because it is already known that
the maximum heats of adsorption can be achieved near 4.5 Å,
this should be the target for VWAA pore diameter of materials
to achieve the maximum equilibrium adsorption or the two
adsorbates. The biggest difference in heats of adsorption
between O2 and N2 occurs around 3.38 Å, so this should be the
target to achieve the highest selectivity.
4.5. IAST Selectivity as a Function of VWAA Pore

Diameter. Figure 10 (bottom) shows a summary of the data
generated in this study. There is a clear correlation between
IAST selectivity at 1 bar and VWAA pore diameter. As shown,
the enhanced selectivity that results from smaller pore sizes
applies to pores less than about 8 Å. When pore diameters are
larger than this, the selectivity converges to about 1.1 at 1 bar.
The success of establishing a correlation between the
selectivity and this parameter suggests that the adsorption is
not affected by the existence of broad vs distinct pores, as long
as pores less than 8 Å make up a large portion of the free
volume. The smallest VWAA pore diameter of the samples
investigated is 5.97 Å. Although this is only about a 20%
increase compared to unenhanced MOFs, the principle can be
exploited to further improve the selectivity. The selectivity
toward oxygen is expected to improve even more dramatically
with pore sizes ranging from 3.38 to 4.50 Å based on the heat
of adsorption results from Greathouse et al.,35 so this should be
the target for future work in developing O2-selective materials
based on this mechanism.
The addition of substituent groups can be used as a tool to

reduce the pore size and enhance O2/N2 selectivity, but it is
difficult to predict how the pore size distribution will be
changed. Interpenetration, on the other hand, seems to
generate small pores in a more consistent manner if nanopores
already exist within the framework. The combination of these
two techniques may be a promising way of further improving
the selectivity toward oxygen.

5. CONCLUSIONS

There are multiple mechanisms to achieve separation of O2/N2
mixtures in MOFs, which introduces opportunities for
exploiting these mechanisms and challenges to the rational
design for specific applications. MOFs previously studied for
ambient air separation were categorized based on the presence
of OMSs and the oxygen-binding activity of the metal sites to
better understand the dominant interactions that come into
play in various MOF structures. It is clear that SMS MOFs
selectively physisorb oxygen based on dispersion forces and
MOFs with binding metal sites selectively chemisorb oxygen.
We showed that the exposed, nonbinding metal sites of
HKUST-1(Cu) and UiO-66 result in a substantial decrease in
O2 uptake that cannot be predicted by GCMC simulations,
which suggests that there is another nonbinding interaction
occurring at the metal sites. This finding was compared to
similar results in literature on adsorption at OMS and conclude
that it is likely an electrostatic interaction caused by the
presence of OMS. Future work on this topic should be aimed
at characterizing these interactions and understanding how
they can be exploited in MOFs for air separation, as well as for
other applications.
The accuracy of Monte Carlo simulations for predicting

pore features and equilibrium adsorption from van der Waals
interactions in MOFs was demonstrated by comparison of
experiments with MOF-177. Consideration was given to ways
of improving the efficiency of the simulations for large-scale
screening purposes. The low-pressure adsorption results
appear to be unaffected by the presence of electrostatic
charges, making concerns over charge equilibration irrelevant.
IAST selectivities and simple selectivities were shown to match
well with binary O2/N2 mixed gas GCMC adsorption
simulations. A multiphase screening technique specific to
ambient O2/N2 separation was suggested to simplify future
simulation work in this area.
The VWAA pore diameter, as defined in this paper, was

suggested to represent the pore size distribution in a single
parameter to establish a clear correlation with adsorptive
properties and to relate the work of Greathouse et al. on
idealized CNTs35 to more complex pore size distributions. We
showed improved selectivity in MOFs with VWAA pore
diameters less than 8 Å going from 1.1 to 1.3 at a diameter of
5.97 Å. While this is still larger than the pore diameters
investigated in the nanotube study (the highest being 5.07 Å),
our closest data points are in good agreement (14−15 and 15−
16 kJ/mol, respectively). It is promising that increased
selectivity was observed at pore diameters significantly greater
than those that can be attributed to the highest adsorbent−
adsorbate interactions and selectivity in CNT systems. Future
work should use the suggested screening method to identify or
design MOFs with VWAA pore diameters at target values of
4.50 and 3.38 Å in which the maximum heats of adsorption
and maximum difference in heats of adsorption are achieved
for an O2/N2 system, respectively. Similar correlations using
other materials and gases will also likely give fruitful results in
comparing different porous adsorbents and the impact of pore
heterogeneity on equilibrium adsorption.
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