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ABSTRACT: Metal−organic frameworks (MOFs), a class of porous materials, are of
particular interest in gas storage and separation applications due largely to their high internal
surface areas and tunable structures. MOF-5 is perhaps the archetypal MOF; in particular,
many isoreticular analogues of MOF-5 have been synthesized, comprising alternative
dicarboxylic acid ligands. In this contribution we introduce a new set of hypothesized MOF5 analogues, constructed from commercially available organic molecules. We describe our
automated procedure for hypothetical MOF design, comprising selection of appropriate
ligands, construction of 3D structure models, and structure relaxation methods. 116 MOF-5
analogues were designed and characterized in terms of geometric properties and simulated
methane uptake at conditions relevant to vehicular storage applications. A strength of the
presented approach is that all of the hypothesized MOFs are designed to be synthesizable
utilizing ligands purchasable online.

■

INTRODUCTION
Metal−organic frameworks1 (MOFs) are a class of porous
materials comprised of metal or metal oxide vertices
interconnected by organic bridging ligands. MOFs have enjoyed
considerable research interest due largely to their open pore
structures and very high internal surface areas.2,3 Accordingly,
MOFs are regarded as promising candidates for a number of
critical energy-related applications, such as gas separations4
including carbon capture,5 hydrogen and natural gas storage,6
and catalysis.7 In a paradigm known as reticular chemistry,8 the
constituent metal or organic components of a MOF can be
substituted for alternative chemical species. The properties of
MOF materials can therefore be controlled by the selection of
building blocks with the appropriate chemistry. The reticular
approach illustrates that a signiﬁcantly vast number of MOF
materials are possible; however, this combinatorial complexity
makes the discovery of MOFs with targeted properties a serious
challenge.
The chemical space of possible MOFs is typically explored
through the enumeration of building blocks and the exhaustive
design of possible structures with a speciﬁc topology prescribed
by the connectivity of the components. The archetypal MOF,
and one of the most studied,9 is isoreticular (IR) MOF-1, or
MOF-5.10 Isoreticular structural analogues of MOF-5 have been
explored both experimentally11 and computationally.12 The
simple, three-dimensional lattice structure of MOF-5 (pcu net13)
permits a high degree of structural variance through substitution
© XXXX American Chemical Society

of the constituent benzene-1,4-dicarboxylic acid for various
alternative dicarboxylic acids. Typically, a single, symmetric acid
molecule is used, to avoid disorder; however, recent work has
explored the possibility of MOF-5 analogues comprising multiple
distinct ligands.14
In enumerating possible MOF materials, an important
question is how to select an appropriate database of ligands. In
the highlight study in this area, Wilmer et al. analyzed a space of
possible MOF crystal structures achievable by combining metal
and organic components previously utilized in the literature and
permitting additional ligand functionalization;15 their approach
has enumerated approximately 137 000 hypothetical MOF
structures.
In the current contribution, we present an alternative approach
to MOF design, emphasizing the selection of appropriate ligands
to achieve a database of readily synthesizable structures. By
designing MOFs that incorporate commercially available
molecules, we aim to achieve a select set of materials that can
be realized without the need for synthesis of organic ligands.
Focusing on isoreticular analogues of MOF-5, our approach has
four main steps. (1) We explore databases of commercially
available molecules16 to identify those that fulﬁll the most basic
requirements of MOF building blocks. (2) We then select only
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candidates for rigid MOF construction. In particular, commercially available dicarboxylic acids are in general not linear in their
lowest energy conformation and are often quite ﬂexible.
Therefore, a critical step in our process is to select ligands that
are appropriate for rigid MOF construction. Accordingly, we
removed highly ﬂexible and nonlinear molecules according to the
following multistep procedure.
The Merck Molecular Force Field 9419 was utilized in the
KNIME software package20 to generate ten distinct conformers
for each ligand (with the conformer diversity parameter in
KNIME set to 0.5, allowing a high degree of conformational
variance). The distance between the carbon atoms of the two
carboxylic acid functional groups in each conformer was
calculated, as an approximated index of conformational
ﬂexibility; any ligand exhibiting a greater than 0.65 Å deviation
in observed carbon−carbon distance between conformers was
rejected as being too ﬂexible. This selection criterion accepts only
ligands with a rigid backbone between carboxylic acid functional
groups but permits the existence of ﬂexible side chains. 1183
ligands remained after this ﬂexibility cutoﬀ was imposed, and
their minimum energy conformations were selected.
The remaining ligands were subsequently modiﬁed from their
lowest energy conformer to impose a linear arrangement;
carboxylic acid functional groups were rotated about the adjacent
carbon atom of the molecule to face in an opposite direction to
one another (Figure 2). 345 ligands were successfully modiﬁed in

those ligands that are suﬃciently rigid and linear and construct
three-dimensional models of isoreticular MOF crystal structures.
(3) We optimize the materials and remove highly distorted,
unrealistic structures. (4) Finally, we characterize the resulting
structures in terms of their geometric properties and simulated
methane uptake at conditions relevant to vehicular methane
storage applications. In the following, we elaborate on these steps
and describe our database of hypothetical MOF materials that are
ready to be assembled from organic components purchasable
online.

■

METHODS
Our workﬂow for enumerating and characterizing hypothetical
MOF-5 analogues comprises several reﬁning steps, as follows:
1. Identify commercial dicarboxylic acids as potential linker
molecules;
2. Remove molecules that exhibit salts, too many atoms, etc.;
3. Remove molecules exhibiting a ﬂexible backbone between
carboxylic acid functional groups and impose linear ligand
conformations;
4. Assemble all possible MOFs from rigid building units in
the MOF-5 topology (pcu net), removing MOFs which
exhibit collisions between building units;
5. For each ligand, keep only the MOF structures exhibiting
suﬃciently dissimilar pore geometries, to prevent
redundant calculations;
6. Optimize MOF structures and remove those exhibiting
infeasible geometry or nonporous structures;
7. Characterize and simulate methane uptake in the resulting
materials.
Steps 1−3 are described in Ligand Selection; Steps 4−6 are
described in MOF Construction and Selection; and Step 7 is
described in Structure Characterization.
Ligand Selection. MOF-5 analogues were systematically
enumerated by substituting the constituent linear benzene-1,4dicarboxylic acid ligands (Figure 1) for various commercially

Figure 2. (a) Dicarboxylate ligand in minimum energy conformation.
(b) The same ligand after modiﬁcation to align carboxylate groups to
face in opposing directions to one another.

this manner, the remainder being rejected due to collisions
arising between constituent atoms. Having identiﬁed the most
likely candidate ligands for rigid MOFs, we proceeded to
construct three-dimensional models of MOF crystal structures
incorporating these molecules.
MOF Construction and Selection. The enforced ligand
linearity allows MOFs to be automatically constructed by simply
assembling the rigid metal and ligand building blocks in the pcu
net conformation. MOFs were constructed from each of these
345 ligands, and their structures were then analyzed for atomic
collisions. For example, the use of ligands with long side chains
can cause overlap between atoms of the ligand and other
components. 234 ligands resulted in MOFs with acceptable
geometries.
MOF structures with distinct geometry are obtained depending on the orientation and direction in which the rigid building
blocks are used to computationally generate the crystal structure.
Accordingly, many distinct crystal structures can be obtained for

Figure 1. Benzene-1,4-dicarboxylic acid, the linear ligand utilized in
MOF-5.

available dicarboxylic acids. As such, the pcu net of MOF-5 and
the Zn4O secondary building units are preserved. However, to
achieve this, only suﬃciently linear and rigid ligands can be used
in the substitution. Here we describe our automated process for
selecting appropriate linkers for rigid MOF construction.
We identiﬁed dicarboxylic acid molecules in the eMolecules
database16 by applying the textual SMARTS17 ﬁlter [CX3] (=O)
[OX2H1] in the Open Babel software package.18 Molecules
consisting of salts, solvents, charged atoms, greater than 100 total
atoms, or disconnected chemical fragments were rejected in this
search. Overall, 2914 ligands satisfying these preliminary criteria
were identiﬁed. However, although all ligands exhibit a structure
of the form HOOC−R−COOH, many are not acceptable
B
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consists of 86 structures in which the R group contained
heteroatoms and is named Ha. In the following discussion,
structures are referenced by an X−Y naming convention, where
X is either Hc or Ha, reﬂecting which set the material belongs to,
and Y is the identiﬁcation number of the ligand, with respect to
the original set of 2914 molecules. We note that within this data
set of 116 commercially available ligands there is a degree of
overlap with ligands examined by Wilmer et al.;15 12 Hc ligands
occur in the set from reference 15, while a further three (one Hc
and two Ha) may be present, depending on the speciﬁc positions
of chemical functionalization.
Structure Characterization. The generated structures were
characterized in terms of geometrical parameters describing their
pores. Pore descriptors such as the largest diameter of included
(Di) and free (Df) spheres, methane accessible volume (AV), and
methane accessible surface area (ASA) were calculated using our
Zeo++ code.24 In these calculations, atomic radii from the
Cambridge Crystallographic Data Centre25 were utilized, and the
probe radius was set to 1.625 Å, representing methane. The
Monte Carlo sampling of AV (ASA) comprised 100 000 (3000)
random samples per unit cell (per atom). Of the 116 structures,
ﬁve were found to be nonporous with respect to methane, and
the remainder of the discussion concerns the remaining 111
material structures.
As our protocol for generation of structures involves the
semiempirical PM6-DH2 method, which to the best of our
knowledge has not previously been used in the context of
modeling of MOFs, we decided to further validate structures
relaxed with PM6-DH2 by comparison to those relaxed with
higher level electronic structure calculations. We have compared
selected structures with ones optimized by DFT calculations,
which were performed in the QuantumEspresso26 implementation. In this study, the PBE gradient-correlated exchangecorrelation functional and norm-conserving Trouller−Martins
pseudopotentials were adopted. The kinetic energy cutoﬀ of
wave functions and charge density were set to be 120 Ry and 480
Ry, respectively, and the integration over the irreducible Brillouin
zone was carried out over 2 × 2 × 2 Monkhorst−Pack grids. The
structure optimizations were considered as converged until all
components of force on each atom were smaller than 10−3 Ry/
Bohr.
For each of the 111 methane-accessible MOFs successfully
constructed according to the previously described procedures,
we performed grand canonical Monte Carlo (GCMC)
simulation to determine their potential for methane storage
applications.27 The US Department of Energy targets a
volumetric methane uptake of 180 cm3STP/cm3 (i.e., VSTP/V)
at T = 298 K and P = 35 bar, which was the condition we used in
the calculations. In the GCMC simulations, the framework was
regarded as rigid, and periodic boundary conditions were applied.
The simulation box was composed of multiple unit cells with the
distance in each perpendicular direction at least twice the cutoﬀ
radius (Rcut = 12 Å). The 12-6 Lennard-Jones potential model
was adopted to describe the intermolecular interaction energies,
in which we used the universal force ﬁeld28 for the framework
atoms and the TraPPE model29 for the methane molecule with
the Lorentz−Berthelot mixing rule to predict all the pairwise
parameters. For each simulation, several million conﬁgurations
through random translation, deletion, insertion, and regrow
moves were sampled to obtain statistically accurate ensemble
averages.

a single ligand; this eﬀect is most pronounced for asymmetrical
molecules, and in practice such structures may prove disordered.
However, the eﬀect of disorder can be considered by comparing
the distinct structures of MOFs constructed from a single ligand.
For each ligand, we used an automated procedure to compare the
pore geometry of each MOF achieved. By abstracting structural
geometry using Voronoi holograms,21 the similarity between
overall shapes of pore networks can be automatically quantiﬁed
by comparing these descriptors. Following the method described
in reference 21, methane-accessible pore networks were
determined for each MOF, and structures exhibiting a pore
shape similarity score greater than 0.5 were rejected. By rejecting
structures in this way, we avoid the inclusion of multiple
structures based on the same ligand if they exhibit very similar
pores. In all cases, it was determined that the various crystal
structures obtained for each ligand were very similar.
Accordingly, all but a single MOF per ligand were removed;
the ﬁrst MOF structure achieved with each ligand was selected
arbitrarily. We note that although this pore shape similarity step
removed all but one structure for each ligand it is a critical step in
our workﬂow because (a) removing redundant material
conformers avoids unnecessary further computational analysis
of these materials and (b) suﬃciently shape distinct conformers
may in general occur within material data sets.
After eliminating geometrically redundant structures in this
way, 234 MOF-5 analogues (i.e., arising from 234 distinct
ligands) were achieved. However, since the constituent ligands
had been forced into a linear conformation prior to framework
assembly, it was necessary to relax the structures to achieve
realistic framework geometry. All MOFs were relaxed using the
semiempirical PM6-DH2 approach,22 and unit cell parameters
were also permitted to relax. The PM6-DH2 method has been
parametrized to minimize error with respect to density functional
theory (DFT) calculations (average error in selected heat of
formation calculations is 4.4 kcal mol−1) and includes empirical
corrections for dispersion interaction. The resulting crystal
structures preserve the topology of MOF-5 while allowing for
ligands that are not perfectly linear; hence, the crystallographic
symmetry of MOF-5 is not preserved.
In certain cases, the imposition of linearity on the ligands
results in MOFs with high enough strain that structural relaxation
heavily distorts the structure. This distortion is typically
manifested in a nontetrahedral Zn4O building unit. Accordingly,
a geometrical ﬁlter was imposed such that MOFs containing
Zn4O clusters with a higher than 0.07 tetrahedrality index23 were
rejected. Tetrahedrality index T
5

T=

6

∑∑
i

j>i

(di − dj)
15d ̅

2

(1)

measures distortion from a regular tetrahedron, where di and dj
are the lengths of edges i and j of the tetrahedron and d̅ is the
mean edge length. Higher T values indicate greater deviation in
edge length from the mean, i.e., greater tetrahedral distortion. An
example of a highly distorted Zn4O building unit exhibiting T =
0.18 (i.e., rejected by this criterion since T > 0.07) and a low
distortion Zn4O unit (T = 0.01) are provided in the Supporting
Information (Figure S1). With this ﬁnal quality control step, a
total of 116 distinct MOF-5 analogue structures were achieved.
These structures were organized into two sets based on the R
group in their constituent −OOC−R−COO− dicarboxylate
ligand. The ﬁrst set, Hc set, consists of 30 structures based on
ligands in which the R group is a hydrocarbon. The second set
C
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Figure 3. Comparison of the methane adsorption isotherms at 298 K between unrelaxed and relaxed structures composed from the linker (a) Hc16 and
(b) Ha469. The illustration of the selected linker is presented in the inset.

Table 1. Geometric Properties of Structures Hc16 and Ha469, before and after Each Relaxation Technique
structure

relaxation method

void fraction

Di (Å)

Df (Å)

absolute ASA (Å2)

gravimetric ASA (m2 g−1)

Hc16

unrelaxed
PM6-DH2
DFT
unrelaxed
PM6-DH2
DFT

0.421
0.442
0.444
0.342
0.350
0.363

12.01
12.13
12.57
13.54
12.95
12.75

7.57
8.08
7.97
5.74
6.56
6.14

605.9
657.5
659.2
802.0
863.0
887.5

2972.8
3225.9
3234.2
2473.0
2661.3
2736.6

Ha469

■

RESULTS
Structural Properties. Our study has resulted in 111
methane-accessible isoreticular MOF-5 structures, available in
the Supporting Information as well as deposited at www.
carboncapturematerials.org database. Our study commenced
with a validation of the approach used to generate and predict 3D
structures of materials. In particular, we investigated the quality
of MOF geometries predicted by the semiempirical PM6-DH2
approach, by comparison to geometries predicted by DFT. We
selected the two structures, one from each set, which exhibited
the largest accepted distortion measured by the tetrahedrality
index (eq 1). The structure based on linker Hc16 has T = 0.064,
and the structure based on linker Ha469 has T = 0.065 (insets of
Figure 3). PM6-DH2-relaxed and DFT-relaxed structures were
achieved by applying each method to the initial structures,
constructed based on the rigid geometrical approximation
described above.
Parameters describing pore geometries of Hc16 and Ha469
before and after relaxation are provided in Table 1. Although the
geometrical parameters describing pores in PM6-DH2-relaxed,
DFT-relaxed, and initial structures are quite similar, we observed
that both relaxed structures have lower CH4 uptake in the entire
range of the investigated pressures (Figure 3). This eﬀect can be
attributed to the small increase in volume exhibited in the relaxed
unit cells with respect to the initial unit cells for these structures,
leading to a reduction in framework density. This justiﬁes the
need for a relaxation step during our structure generation
procedure. Remarkably, CH4 adsorption isotherms for both
PM6-DH2 and DFT-relaxed structures present a nearly perfect
agreement. This agreement, achieved for structures exhibiting
the highest permitted tetrahedral distortion in Zn4O units
following PM6-DH2 relaxation, supports the choice of the
computationally less expensive PM6-DH2 method. The
computational time required for PM6-DH2 relaxation of Hc16
and Ha469 was, respectively, 2 and 8 min using a single CPU,
whereas approximately total 20 h and 24 CPUs were required to
relax these two structures using DFT.

Having veriﬁed that the PM6-DH2-relaxed MOF structures
are reliable, we proceed with characterization of geometrical
parameters of all generated structures in the Hc and Ha sets. The
Hc set (30 MOF materials) and the Ha set (86) exhibit a wide
range of pore sizes. One structure in the Hc set and four in the Ha
set exhibit restricting pore apertures too small to permit the
diﬀusion of a CH4 molecule into the structure and therefore were
excluded from further study. The ranges of geometric properties
of the remaining Hc (29) and Ha (82) materials are summarized
in Table 2.
Table 2. Range of Geometric Properties in PM6-DH2Relaxed Structures
set

property

Di (Å)

Df (Å)

volumetric ASA
(m2 cm−3)

gravimetric ASA
(m2 g−1)

Hc

largest
smallest
largest
smallest

25.49
7.15
31.31
6.13

25.49
3.19
20.76
2.53

2931.06
1250.10
2652.59
916.81

5945.28
2110.63
6871.72
1469.58

Ha

Methane Adsorption. As an example of how our database
can be used for practical applications, we characterized the
resulting set of 29 Hc and 82 Ha methane-accessible MOFs to
indentify the best linkers for methane storage application. We
focused on predicting CH4 uptake at a pressure of 35 bar in the
search for structures meeting DOE target speciﬁcations. Data on
the highest volumetric and gravimetric uptake structures are
provided in Table 3.
We observe that several structures approach the 35 bar 180
VSTP/V target. CH4 adsorption isotherms for the three best
performing structures in each set are presented in Figure 4. We
observe that the best performing structures in each set are
comprised of very similar ligands (Figure 5), one benzene ring in
length but wide, due to additional benzene rings or
functionalization. These results indicate that the highest
volumetric uptake is likely to be achieved with similar linkers:
short, to allow for the smallest possible unit cells, and wide, to
D
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pressure: uptake at 1 bar (Figure S2a, Supporting Information),
Henry coeﬃcient (Figure S3a, Supporting Information), and
heat of adsorption (Figure S4a, Supporting Information); the
best performing structures in these criteria consistently exhibit
low void fraction. By contrast, at 35 bar a clear optimum void
fraction of approximately 0.3 is observed (Figure 7a). There is no
clear relationship between volumetric uptake and volumetric
ASA at high pressure (Figure 7c). At low pressure, high uptake
(Figure S2c, Supporting Information), Henry coeﬃcient (Figure
S3c, Supporting Information), and heat of adsorption (Figure
S4c, Supporting Information) are achieved with ASA in the
approximate range of 1500−2500 m2 cm−3. However, this is not a
strong correlation, as many structures within this property range
also exhibit small low-pressure uptake, and it appears that
volumetric ASA does not directly inﬂuence low-pressure uptake.
In terms of gravimetric methane adsorption performance, a
strong correlation indicates that the highest uptake at 35 bar is
achieved for structures exhibiting high gravimetric AV (Figure
7b) and ASA (Figure 7d). At 1 bar, a strong correlation with
geometric properties does not occur; however, we can observe
that structures with low gravimetric AV (Figure S2b, Supporting
Information) and ASA (Figure S2d, Supporting Information)
achieve the highest uptake; there is considerable agreement
between the plots of uptake at 1 bar (Figure S2b,d, Supporting
Information) and Henry coeﬃcient (Figure S3b,d, Supporting
Information). Heat of adsorption is observed to behave similarly;
however, there is a considerably stronger correlation between
low gravimetric AV (Figure S4b, Supporting Information) and
ASA (Figure S4d, Supporting Information) and high heat of
adsorption. We can rationalize these observations by noting that
since all structures exhibit the same topology. Low gravimetric
AV and ASA will occur in structures with small pores, which will
be favorable for methane adsorption at low pressures (i.e.,
uptake, Henry coeﬃcient, and heat of adsorption).
We note that certain trends observed herein for our
hypothetical MOF-5 analogues diﬀer from those presented in
ref 15. For example, we observe a peak of volumetric uptake
(Figure 7a) at a methane void fraction of about 0.3 (compared to
0.8 helium void fraction). Additionally, the largest volumetric
CH4 uptakes (Figure 7c) are observed across a range of
volumetric ASA from 1500 to 2500 m2 cm−3 (compared to
2000−3000 m2 cm−3). However, the hypothetical MOFs of ref
15 contain materials with a range of topologies and diverse
ligands. Therefore, observing deviation between these sets of
MOFs is not surprising.
We can also observe the relationship between gravimetric and
volumetric methane uptake in our data set. At 35 bar, these
objectives clearly compete, and no candidate material exhibits a

Table 3. Highest Volumetric and Gravimetric Methane
Uptake Structures in Each Set (Simulated at 35 bar)
volumetric
set
Hc

Ha

highest uptake
(VSTP/V)
178.87
163.78
162.05
157.06
153.73
153.48

gravimetric
structure

highest uptake
(mol kg−1)

structure

Hc2075
Hc1821
Hc145
Ha64
Ha1426
Ha712

16.14
14.18
14.15
18.83
17.63
14.95

Hc2558
Hc2368
Hc646
Ha779
Ha1589
Ha1239

increase surface area. Exploration of diﬀerent MOF topologies
with similar linkers may provide structures that exceed this target.
The best uptake structures are found in the Hc set; we postulate
that is simply because the fused benzene ring shapes present in
this set of commercially available molecules most closely match
the simplistic, optimum ligand shape.
Signiﬁcantly diﬀerent optimum ligand shapes are observed
with respect to 35 bar gravimetric uptake (Figure 6). Since all
structures are of the same topology, the highest gravimetric
uptake is achieved with structures that maximize the surface area
contribution from lightweight components, i.e., structures
comprised of long ligands. Also in contrast to the volumetric
measure, the best gravimetric uptake structures are found in the
Ha set. As illustrated in Figure 6, long molecules can be achieved
by incorporating nitrogen atoms and will be of lower mass than
molecules in the Hc set that are extended through addition of
benzene rings. Although high gravimetric surface area structures
may be achievable with hypothetical Hc molecules comprising
arbitrarily long acetylene fragments (including branches),30
molecules containing multiple acetylenes are not present in the
set of commercially available molecules. Indeed, the presence of
commercially available molecules extended through addition of
heteroatoms such as nitrogen indicates that this may be an easier
synthetic route to achieving high gravimetric surface area
frameworks than acetylene extension.
Completion of characterization of our database of MOF-5
analogues gives an opportunity to investigate structure−property
relationships. The relationships between CH4 adsorption
properties (volumetric and gravimetric uptake at 1 bar, 35 bar,
and Henry coeﬃcients, as well as heats of adsorption) and
geometrical descriptors (void fraction, gravimetric AV, and
volumetric and gravimetric ASA) are illustrated in Figure 7 and
the Supporting Information. In terms of volumetric methane
adsorption performance, we observe that void fraction exhibits a
striking negative correlation with adsorption properties at low

Figure 4. Methane adsorption isotherms for the three highest volumetric uptake structures: (a) Hc set and (b) Ha set.
E
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Figure 5. Ligands from the three highest 35 bar volumetric uptake structures: (a) Hc2075; (b) Hc1821; (c) Hc145; (d) Ha64; (e) Ha1426; and (f)
Ha712.

Figure 6. Ligands from the three highest 35 bar gravimetric uptake structures: (a) Hc2558; (b) Hc2368; (c) Hc646; (d) Ha779; (e) Ha1589; (f)
Ha1239.

clear compromise between gravimetric and volumetric uptake.
The maximum volumetric uptake occurs within the range of 8−
12 mol/kg, an intermediate range of the gravimetric uptake
(Figure 8b). We note the intuitive similarity between this result
and the relationship between volumetric uptake and the methane

void fraction (Figure 7a); highly porous materials (i.e., lower
density and higher void fraction) generally exhibit higher
gravimetric uptake at high pressure, resulting in a lower
volumetric uptake since the void space inside the structure per
unit volume cannot be eﬃciently packed with methane
F
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Figure 7. Correlations between methane uptake at 35 bar and 298 K and geometric properties of structures in the Hc (comprising ligands whose R
groups contain only hydrogen and carbon atoms) and Ha (R groups contain other elements) set: (a) volumetric uptake and methane void fraction; (b)
gravimetric uptake and AV; (c) volumetric uptake and ASA; (d) gravimetric uptake and ASA.

Figure 8. Correlations between gravimetric and volumetric methane uptake at 298 K in the Hc (ligands with only hydrogen and carbon atoms, other
than carboxylate groups) and Ha (ligands containing other elements) sets at a pressure of: (a) 1 bar and (b) 35 bar.

However, we note that the highest performing materials with
respect to gravimetric methane uptake comprise ligands of
intermediate cost and that high volumetric methane uptake can
be achieved with MOFs comprising inexpensive ligands.

molecules. At 1 bar, however, we observe that it is possible to
achieve both high gravimetric and volumetric uptake (Figure 8a)
since the adsorbed amount is dominated by the local geometry
features. We note that for practical methane storage applications
a high uptake at low pressure is detrimental to the working
capacity of a device.
Finally, we also compared the present commercial prices of
each ligand considered in this work with the geometric and
methane adsorption properties of the resulting isoreticular
frameworks (see Supporting Information, Figures S5 and S6).
We normalized the prices listed in the eMolecules database31 to
achieve the minimum price per gram of each ligand. We
emphasize that these prices will not reﬂect the actual cost of
purchases nor reﬂect the cost of large-scale, commercial-scale, or
other high-volume purchase or production. A remarkably broad
range of prices are observed, from approximately 0.01USD to
over 170 000USD per gram. It is apparent that there is no bias in
the observed price of ligands with respect to either geometric or
methane adsorption properties of the resulting isoreticular MOF.

■

CONCLUSIONS
We have presented a procedure by which a series of isoreticular
MOF-5 analogues can be constructed from a database of
commercially available dicarboxylic acid ligands. This procedure
consists of the following steps: (i) potential ligands are
investigated by means of conformational analysis to remove
ﬂexible molecules; (ii) rigid ligands are modiﬁed to achieve linear
alignment of COOH groups, as observed in MOF-5; (iii) 3D
structures of MOFs are built from these ligands using geometry
transformations; (iv) these structures are relaxed using the
semiempirical PM6-DH2 method; (v) the set is pruned to
remove heavily distorted MOFs.
Following this procedure, the most likely candidate ligands for
MOF synthesis were selected from a set of 2914 commercially
G
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resources of the National Energy Research Scientiﬁc Computing
Center, which is supported by the Oﬃce of Science of the U.S.
Department of Energy under Contract No. DEAC0205CH11231.

available dicarboxylic acids, and a database of the 116 most
feasible MOF-5 analogues was constructed. By selectively
constructing frameworks in this manner, our set comprises all
MOF-5 analogues that can be theoretically assembled from
ligands currently purchasable online and hence represents
frameworks that can be constructed without the requirement
for identifying synthetic routes for achieving ligands.
We have illustrated the bounds of methane storage performance achievable through the use of such readily available organic
components by characterization of their pore geometry as well as
methane uptake at conditions relevant to vehicular storage.
Comparing adsorption performance to the approximate present
commercial prices of ligands revealed that high uptake materials
can be achieved without the most expensive ligands. One
material in our set approached the DOE target of volumetric
methane uptake at 35 bar of 180 VSTP/V, illustrating that highperformance materials can be realized with existing organic
components. Identiﬁcation of the optimum commercially
available ligands, in terms of both volumetric and gravimetric
uptake, led to observation of design considerations for achieving
high uptake materials. High volumetric uptake can be achieved
with short, wide ligands (the best examples of which in this set
were fused benzene rings); in turn, we observe a maximum of
volumetric CH4 uptake for structures of methane void fraction of
approximately 0.3. High gravimetric uptake can be achieved with
very long molecules (the best examples of which comprised
nitrogen-extended ligands), and moreover, there is a strong
correlation between gravimetric CH 4 uptake and both
gravimetric ASA and AV.
The approach presented here for enumeration and characterization of isoreticular analogues of MOF-5 is generally applicable
to MOFs of diﬀerent topologies, and we envision extending this
work to include analysis of MOFs comprising alternative
secondary building units. We anticipate that a much broader
space of MOF structures utilizing commercially available
chemical species is achievable.
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