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Metal organic frameworks (MOFs) have emerged as great alternatives to traditional
nanoporous materials for CO, separation applications. MOFs are porous materials
that are formed by self-assembly of transition metals and organic ligands. The most
important advantage of MOFs over well-known porous materials is the possibility to
generate multiple materials with varying structural properties and chemical functionalities
by changing the combination of metal centers and organic linkers during the synthesis.
This leads to a large diversity of materials with various pore sizes and shapes that can be
efficiently used for CO, separations. Since the number of synthesized MOFs has already
reached to several thousand, experimental investigation of each MOF at the lab-scale is
not practical. High-throughput computational screening of MOFs is a great opportunity
to identify the best materials for CO. separation and to gain molecular-level insights into
the structure—performance relationships. This type of knowledge can be used to design
new materials with the desired structural features that can lead to extraordinarily high
CO; selectivities. In this mini-review, we focused on developments in high-throughput
molecular simulations of MOFs for CO, separations. After reviewing the current studies
on this topic, we discussed the opportunities and challenges in the field and addressed
the potential future developments.
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INTRODUCTION

We have witnessed the very quick growth of metal organic frameworks (MOFs) in the last two
decades. MOFs are crystalline materials composed of metal nodes connected with organic linkers
to create highly porous structures. They have exceptional physical properties such as very large
surface areas [the highest reported one with 6,411 m?/g (Grunker et al., 2014)], high pore volumes
(1-4 cm®/g), a large variety of pore sizes, and good stabilities. MOFs have been used in a wide
range of chemical applications (Mueller et al., 2006) including gas storage and gas separation (Sun
etal., 2013; Zornoza et al., 2013; Adatoz et al., 2015; Basdogan and Keskin, 2015), catalysis (Gascon
et al., 2014), sensing (Zhu et al., 2013; Muller-Buschbaum et al., 2015), drug storage, and delivery
(Della Rocca et al., 2011; Keskin and Kizilel, 2011; Bag et al., 2016). Gas separation has been the
most widely examined application since MOFs offer a large variety in their pore sizes, shapes and
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chemistries. The number of synthesized MOFs has been rapidly
increasing and already reached to several thousand as shown in
Figure 1A. Existence of large numbers of MOFs generates both
an opportunity and a challenge: There are thousands of candidate
materials to achieve the target gas separations. On the other hand,
it is challenging to identify the best performing MOFs because
experimental synthesis, characterization, and testing of a new
material for a gas separation application generally take several
months.

Computational methods play a critical role in screening large
number of MOFs in a time-effective manner to identify the
most promising materials (Colon and Snurr, 2014). Predicting
gas separation potential of a MOF using computer simulations
is significantly faster and cheaper than doing the corresponding
experiments. Once the best candidates are identified by simula-
tions, experimental efforts can be directed to these materials.
Molecular simulations have been successful in providing infor-
mation about gas adsorption, diffusion, and separation in MOFs
(Jiang et al, 2011). Grand canonical Monte Carlo (GCMC)
simulations accurately predict adsorption of various gases in
MOFs and molecular dynamics (MD) simulations are used to
compute gas diffusion in MOFs (Keskin et al., 2009). Readers are
directed to several excellent book chapters and review articles for
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FIGURE 1 | Schematic diagram of (A) the rapid increase in the number of
synthesized metal organic frameworks, (B) high-throughput computational
screening methodology.

discussion of computer simulations of MOFs (Jiang et al., 2011;
Jiang, 2012a,b, 2014). Once the correct computational models
are chosen to represent MOF-gas interactions, molecular-level
insights that cannot be obtained via experiments can be gained
from simulations. Molecular simulation studies recently focused
on CO, separation given the importance of research for clean
energy technologies, and examined several types of MOFs to
report their CO; selectivities (Nalaparaju et al., 2015; Zhang et al.,
2015).

Due to the rapid increase in the number of synthesized MOFs,
improved molecular simulations techniques and increased
computational powers, recent studies have focused on “high-
throughput” simulations of MOFs where thousands of different
structures are screened to identify the top materials for CO;
separations. In this mini-review, we first summarized the recent
literature on high-throughput molecular simulations of MOFs
for CO, separations. We then focused on structure-performance
relations that can be produced from computer simulations of
MOFs which can lead to design and development of new MOFs
having extraordinarily good CO, separation performances. We
finally discussed the opportunities and challenges of using high-
throughput molecular simulations for MOFs, addressed the open
gaps and suggested possible future directions in this research field.

LARGE-SCALE SCREENING OF MOFs

High-throughput computational screening studies identify the
best MOF candidates for a target application in a reasonable time
in addition to describing the characteristic features of the best
materials using quantitative structure—property relationships
(QSPR). The schematic diagram for the large-scale computational
screening of MOFs is given in Figure 1B. First a database is
constructed to screen MOFs and their structural properties such
as pore size, surface area are calculated using computational tech-
niques (Willems et al., 2012). GCMC and MD simulations are
performed to obtain adsorption and diffusion of CO, in MOFs,
respectively. Data obtained from molecular simulations are used
to calculate several performance evaluation metrics of MOFs. For
example, GCMC output is used to compute adsorption selectiv-
ity, working capacity, regenerability, which are critical metrics in
describing the potential of a MOF adsorbent for CO, separations
(Bae and Snurr, 2011). MOFs are finally ranked based on these
metrics and the most promising materials are identified for fur-
ther experimental testing. The QSPR analysis is performed either
for all MOFs or only for the promising ones to get insights into
design of new materials with predetermined structural properties
that can give better CO, separation performance.

Table 1 summarizes the large-scale computational screening
studies of MOFs, in which at least hundreds of materials are
examined, for CO, separations. Removing CO, from natural gas
(CO,/CH,), from power plant flue gas (CO,/N,), from petroleum
refineries (CO,/H.), and from water (CO,/H,O) were investigated
in these studies. There are two MOF databases, synthesized MOFs
(real) taken from the Cambridge Structural Database (Allen,
2002) and hypothetical MOFs (hMOFs) which are computation-
ally generated from the libraries of metals and organic linkers
(Wilmer et al.,, 2012a,b,c). For example, Watanabe and Sholl
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TABLE 1 | Large-scale screening of MOFs for CO, separations.

MOFs System  Separation Conditions Reference
type
105 real CO./N, Adsorption Mixture, 1 bar Wu et al. (2012)
359 real CO./N, Adsorption Single gas, infinite Watanabe and
Membrane dilution Sholl (2012)
489 real CO./N; Adsorption Single gas, infinite Haldoupis et al.
dilution (2012a,b)
4,764 real CO./N; Adsorption Mixture, 0.01-5 bar  Qiao et al.
CO,/CH,4 (20164a)
5,109 real CO2/H.O  Adsorption Single gas, infinite Li et al. (2016)
dilution
55,163 CO./H, Adsorption Mixture, 20 bar Chung et al.
hypothetical (2016)
130,000 CO./N; Adsorption  Single gas, 1 and Wilmer et al.
hypothetical ~ CO./CH. 5 bar (2012a,b,c)
137,953 CO2/CHs  Membrane Single gas, infinite Qiao et al.
hypothetical dilution (2016b)
Mixture, 10 bar (for
24 MOFs)

(2012) initially screened >30,000 synthesized MOFs from the
CSD and finally studied 359 MOFs that have appropriate pore
sizes for CO,/N, separations. Snurr’s group (Chung et al., 2014)
started with 20,000 MOFs, excluded highly disordered materials
and ended up with having 4,764 MOFs. In this way, they con-
structed a very useful database CoRE MOF (computation-ready
experimental MOFs), to be used in molecular simulations. MOFs
with zero accessible surface areas were discarded from the CoRE
MOF and remaining 2,054 MOFs were used in simulations for
CO,/H,0 separation (Li et al., 2016). Most of the studies have
focused on adsorption-based CO, separations using GCMC. In
order to understand membrane-based gas separation potential
of MOFs, MD simulations should be performed to compute
CO; permeabilities through the MOF membranes. In contrast to
GCMC simulations, MD simulations are computationally expen-
sive, therefore they are rare. Jiang’s group (Qiao et al., 2016a)
used the CoRE MOF database to study both adsorption-based
and membrane-based CO,/N, and CO,/CH, separations using
molecular simulations. The same group also screened the hAMOF
database using combination of GCMC and MD simulations for
membrane-based CO, separation (Qiao et al., 2016b).
Adsorption and diffusion data of gas mixtures are required
to assess potential of the MOFs because gases naturally exist as
mixtures in separation processes. Molecular simulations of gas
mixtures are time-consuming especially if the number of materi-
als to be studied is high. Therefore, several simulations listed in
Table 1 used “single gas” adsorption data to evaluate the mixture
separation potential of MOFs. However, assessing mixture
separation performance of MOFs using pure gas adsorption data
can be misleading because materials suggested to be promising
based on pure gas data are likely to underperform in real appli-
cations under the presence of gas mixtures since interactions
between multiple gases strongly change the adsorbent’s behavior
(Basdogan et al.,, 2015). Another assumption of several simula-
tion studies is “infinite dilution” condition in which molecular

simulations were performed at very low pressures to significantly
reduce the computational time. However, the operating condition
pressure of CO, separation applications in industry are generally
well above 1 bar.

The first QSPR model was established for adsorption-based
CO»/N; separation using 105 MOFs and results showed that
increasing the difference of isosteric heat of adsorption of gases
with decreasing porosity is a useful approach to improve CO,/N,
selectivities of MOFs (Wu et al., 2012). Structure—property rela-
tionships which include pore size, surface area, pore volume were
also studied for hMOFs considering separation of CO, from CHy4
and N, (Wilmer et al., 2012a,b,c). It was concluded that although
none of the evaluation metrics such as selectivity, working capac-
ity, are perfect predictors of CO, separation performance, the
analysis of relations between these metrics and structural proper-
ties provides several hints for future design of porous materials.
Molecular simulations were recently performed to screen 55,163
hMOFs for CO,/H, separation and a genetic algorithm including
optimization methods was used to identify the optimum physi-
cal properties of hMOFs which showed the highest separation
performance (Chung et al., 2016). The limiting pore diameter and
pore size distribution were reported as the key factors that affect
CO; permeation of hMOF membranes (Qiao et al., 2016b).

CONCLUSION AND FUTURE
PROSPECTIVE

MOF Databases

The hMOF library has been specifically useful in providing
structure-performance relations due the large structural
functionality of the materials but practical synthesizability of
hMOFs is still not fully confirmed. Using the real MOF and
hMOF databases to get a better understanding of synthesis of
new MOFs with desired properties is crucial. A pore recogni-
tion approach was recently developed to quantify similarity of
pore structures and materials were classified using topological
data analysis (Lee et al., 2017). With this approach, MOFs with
similar pore geometries were identified and materials that are
similar to top performing structures were screened for CH, stor-
age. Future studies focusing on CO, separation will be useful
since the shape of the pores plays an essential role in the CO;
separation. Computational crystal structure prediction is a new
research area for MOFs. A highly porous solid was recently
identified using energy-structure-function maps that describe
the possible structures that are available to a candidate molecule
and both CH, storage capacity and C;Hs/CHj selectivity were
predicted using the molecular structure as the only input (Pulido
et al,, 2017). Similar studies on accurate predictions of crystal
structures for efficient CO, separations will be very interesting.
The energy-structure—function maps could be even used to guide
the experimental discovery of MOFs with high CO, selectivity.

Force Fields

The main and perhaps the most important input of molecular
simulations of MOFs is the force field (FF) that describes physical
and chemical interactions between gases and MOFs. At the early
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stages of molecular simulation of MOFs, FFs specific to gas-MOF
interactions were developed using quantum-level calculations
(Sagara et al., 2004; Bordiga et al., 2005). These computationally
demanding calculations are not easily applicable to large num-
ber of materials. Therefore, generic FFs, Universal Force Field
(Rappe et al,, 1992), and Dreiding (Mayo et al., 1990) have been
used for simulation of gas adsorption and diffusion in MOFs
(Keskin et al., 2009; McDaniel et al., 2015). Molecular simula-
tions employing either UFF or Dreiding showed good agreement
with the experimentally measured gas uptake data of MOFs,
validating the usage of generic FFs for MOFs (Colon and Snurr,
2014). The CO; adsorption isotherms of hMOFs were recently
computed using both the UFF and an ab initio FF (McDaniel
etal,, 2015). Significant quantitative differences between the CO,
uptakes predicted by the generic FF and the ab initio FF were
reported. Studies examining the impact of using different types
of FFs on the predicted CO, separation performances of MOFs
are therefore strongly needed.

Charge Assignment Methods

In order to capture the electrostatic interactions between CO, and
MOFs, partial charges should be assigned to each atom in the
framework. There is a variety of methods for extracting atomic
charges from the results of quantum mechanical calculations but
performing these quantum-level calculations for thousands of
MOFs is not feasible. Several approximate methods which have
a compromise between time efficiency and the rigor have been
developed. The charge equilibration method (Ramachandran
etal.,, 1996) extended charge equilibration method (Wilmer et al.,
2012a,b,c) and periodic charge equilibration method (PQeq)
(Haldoupis et al., 2012a,b) were used for MOFs. Comparison
between PQeq and high quality point charges derived from
quantum chemistry for the top performing materials showed a
considerable disagreement in the calculated CO,/N; selectivities
although the PQeq charges were shown to give a quick estimate
about the potential of the material (Haldoupis et al., 2012a,b).
A recent study examined the impact of charge assignment
methods on the high-throughput computational screening of
MOFs for CO»/H,O separations and found that majority of the
top MOFs ranked based on CO; selectivities are identical regard-
less of the charge assignment method (Wei et al., 2017). These
initial results suggested that studies examining the impact of the
charge assignment method on the ranking of MOFs for other
CO; separations are needed.

Flexible MOFs

Molecular simulations should be performed for multiple
materials on time scales shorter than the same materials can be
assessed experimentally. When thousands of MOFs are screened
in high-throughput molecular simulations, rigid framework
assumption is used because it saves a significant computational
time. Studies showed that including lattice flexibility does
not make any important change in the gas adsorption results
of MOFs that have pore sizes larger than the gas molecules
(Greathouse and Allendorf, 2008; Perez-Pellitero et al., 2010;
Haldoupis et al., 2012a,b). On the other hand, MOF flexibility
canbeimportant for diffusion oflarge gas molecules in the MOFs

having narrow windows (Chokbunpiam et al., 2013; Verploegh
etal., 2015). It was recently shown that flexibility has an impor-
tant role in MD simulations of MOF membranes (Erucar and
Keskin, 2016). Considering flexibility of the framework made
a negligible effect on the gas permeability and selectivity of the
MOFs having large pores but more pronounced changes were
seen in gas permeabilities of the materials having narrow pores.
Therefore, once the potential value of a MOF has been demon-
strated for CO, separations using high-throughput molecular
simulations, further studies such as flexible simulations should
be performed to increase the precision of initial assessment at
least for the promising materials and this is currently an open
research area.

Membrane Simulations

Several experiments showed that MOFs can be highly CO; selec-
tive membranes (Adatoz et al., 2015). Considering the experi-
mental challenges in fabricating thin-layer membranes from
new materials and long time requirements of membrane testing,
identification of promising MOF membranes using computer
simulations will greatly contribute in directing experimental
efforts. Recent molecular simulation studies indicated that sev-
eral MOFs outperform well-known polymer membranes in terms
of selectivity for CH./H, separations (Erucar and Keskin, 2016).
It is very possible that there are many more MOFs that can out-
perform current membrane-based CO, separation technologies.
Understanding diffusion mechanisms of gas mixtures in MOFs
using the MD simulations will be very useful not only to study
MOF membranes but also to provide the knowledge of molecular
transport of gases in MOFs which is strongly required for the
development of MOF devices in other chemical applications such
as catalysis and sensing.

Simulation Conditions

As discussed in Table 1, most of the high-throughput simula-
tions were performed at dilute conditions considering single
gases. Future studies should focus on molecular simulations of
CO, mixtures under practical operating conditions although this
requires significant computation power and time. Presence of
water vapor in the flue gas stream must be considered in studies
focusing of CO,/N; separation because water can adversely affect
the adsorption of CO, and N, by competing for adsorption sites
and even by affecting the MOF’s stability. Considering the role
of impurities such as water vapor and contaminants such as SOy
in CO, separations is a relatively new research area for MOFs
(Li et al., 2015) and more studies will be very useful. Finally, it
is important to mention that MOFs are generally simulated as
perfect, defect-free structures. However, point defects in MOF
structures play an important role in the gas storage and separa-
tion performances of MOFs. Sholl and Lively (2015) recently
discussed the challenges and opportunities of defects present
in MOFs. It was mentioned that increased CO, uptakes and
mesopore formation have been noted from linker vacancies.
These may have implications for adsorption and membrane-based
gas separation applications since the mesopores can provide low-
resistance diffusion pathways through MOF crystals (Choi et al.,
2011). Addressing the challenges and opportunities in the defect
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engineering of MOF using simulation is a challenging task and
more studies are required in this area.

Guiding Experiments

Current molecular simulations generally focused on the relations
between CO; selectivity and structural properties. Although this
information is useful, it is not straightforward for experimen-
talists to design new materials with predescribed pore sizes or
surface areas. It is much easier to design MOFs based on pre-
defined building blocks, metals, and organic linkers. A recent
work showed that MOFs containing lanthanides provide the
best performance for CO,/CH, separation whereas MOFs with
alkali metals have the worst separation performance (Qiao et al.,
2016a,b). Therefore, studies focusing on the relation between
CO; selectivity and the type of metal and/or organic linker of the
MOF will be very useful for guiding the experiments. Another
recent work (Zhang et al., 2017) suggested that molecular design
of new MOFs with better CO, capture properties by synergizing
multiscale modeling from molecular simulation to breakthrough
prediction is possible. This initial study will motivate the future
research on multiscale modeling of existing MOFs to accelerate
the development of more useful materials for CO, separation
applications.
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