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Large-scale screening of hypothetical
metal-organic frameworks

Christopher E. Wilmer', Michael Leaf', Chang Yeon Lee?, Omar K. Farha?, Brad G. Hauser?,
Joseph T. Hupp? and Randall Q. Snurr™

Metal-organic frameworks (MOFs) are porous materials constructed from modular molecular building blocks, typically
metal clusters and organic linkers. These can, in principle, be assembled to form an almost unlimited number of MOFs, yet
materials reported to date represent only a tiny fraction of the possible combinations. Here, we demonstrate a
computational approach to generate all conceivable MOFs from a given chemical library of building blocks (based on the
structures of known MOFs) and rapidly screen them to find the best candidates for a specific application. From a library of
102 building blocks we generated 137,953 hypothetical MOFs and for each one calculated the pore-size distribution,
surface area and methane-storage capacity. We identified over 300 MOFs with a predicted methane-storage capacity
better than that of any known material, and this approach also revealed structure-property relationships. Methyl-
functionalized MOFs were frequently top performers, so we selected one such promising MOF and experimentally

confirmed its predicted capacity.

manipulation of small molecules for gas storage'™, separ-
13,14

I_I ighly porous materials have widespread applications in the
ating mixtures’~!2, catalysis'>!*, analysis and detection!®17.
Among the many types of porous materials'®!®, metal-organic
frameworks!'®-2! (MOFs) have attracted particular interest because
of their high surface area, porosity and stability**=%%, as well as the
ease with which they can be synthesized based on designs conceived
a priori. This advantage stems from the use of modular molecular
building blocks that self-assemble into predictable crystal struc-
tures?®?’. As a result of this predictability and the abundance of
known modular building blocks?®*-*2, thousands of reports of
novel MOFs have appeared over the past few years®®, along with
many in-depth investigations of their properties and functionality®*.
Although these numerous reports showcase the success of
the modular building block approach, they also belie the under-
lying combinatorial difficulty of finding the MOF with the best
material properties for a given application. Rather than mere
thousands, there are millions of possible MOFs, even when
libraries of fewer than 100 building blocks are considered (see
Supplementary Information).

We leveraged the predictable assembly of building blocks into
MOFs by systematically generating every possible structure within
constraints (for example, no more than four unique building
blocks per MOF) given an input library of building blocks, and
for each structure we used rapid computational simulations to
predict the material properties. Thus, for each hypothetical MOF
we obtained a range of material properties (surface area, pore
volume, pore-size distribution, powder X-ray diffraction pattern
and methane-adsorption capability), and in doing so revealed
unidentified structure-property relationships®* that could be
recognized only from a global view of MOF structures.

Our work shares much in spirit with the database of hypothetical
zeolites created by Earl and Deem®, recently screened rapidly by
Haldoupis et al.’® for gas-adsorption properties. However, synthesis
of novel zeolites is significantly more difficult than that of novel
MOFs; less than 200 different zeolite structures have been

synthesized to date’’, compared to thousands of MOFs over a
much shorter time period?®. The number of MOFs is so large that
there is considerable merit in also developing methods to screen
rapidly the known experimental structures for desired properties,
as has been done by Haldoupis ef al. to identify candidates for
kinetic separations®®.

In addition to identifying structure-property relationships, we
used this systematic approach to identify the best MOFs, from the
vast sea of possibilities, for a representative, specific application:
high-pressure methane storage. Based on structure-property
insights from the database, we identified and synthesized the
NOTT-107 MOF (ref. 39), which we predicted to have better
methane-storage capacity at 35 bar than that of PCN-14 (ref. 40),
the current world-record holding material for methane-storage
capacity (computer simulations of the former showed higher
methane storage than simulations of the latter). The experimental
adsorption isotherm for methane in NOTT-107 agrees well with
our predictions, which demonstrates the accuracy and utility of
the systematic approach we describe.

Results

Generation procedure. The generation procedure creates
hypothetical MOFs by recombining building blocks derived from
crystallographic data of already synthesized MOFs (see Fig. 1a).
Atoms are grouped into building blocks based on the reagents
used in the actual synthesis. Any building block can combine with
any other building block provided that the geometry and chemical
composition local to the point of connection (marked by a purple
X in Fig. 1b) is the same as that in crystallographically determined
structures. Building blocks are combined stepwise, and when an
atomic overlap occurs at a particular step a different building
block or a different connection site is chosen, until all the
possibilities are exhausted. Although the total number of steps in
each generation process can vary, there are always three steps
when, instead of adding a building block, a periodic boundary is
imposed by connecting two building blocks (steps ii and iv in
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Figure 1| Visual summary of the hypothetical MOF-generation strategy. a, Crystal structures of existing MOFs were obtained from X-ray diffraction data
(a, left) and subsequently divided into building blocks (a, middle) that then could be recombined to form new, hypothetical MOFs (a, right). b, The
recombination process occurs by stepwise addition of building blocks (i), which are attached at their connection sites (purple Xs). Building blocks are also
connected across periodic boundaries (i, hashed circles indicate mirror images). The process repeats (iii to iv) until all connection sites are utilized. An
interpenetrated MOF may be generated if enough space exists (v, black circles indicate atoms belonging to one of two interpenetrated frameworks). Grey,
red, blue and turquoise spheres represent carbon, oxygen, nitrogen and zinc atoms, respectively. Hydrogen atoms are omitted for clarity.

Fig. 1b). When no more building blocks can be added, the crystal
generation procedure is complete (for more details, see the
Supplementary Information). No force field (or quantum
mechanical) energy minimizations are involved; the pieces are
connected according to the geometric rules that govern how the
building blocks are connected in existing MOFs. The approach is
very much like snapping Tinkertoys or Lego bricks together.

Structure validation. Broadly, there are three primary concerns
when generating hypothetical crystal structures. Are the structures in
an energetic minimum? Do generated hypothetical structures agree
with experimentally measured structures? How sensitive are
predicted physical properties to structural inaccuracies? To address
these concerns, we compared a set of generated structures with their
energetically relaxed counterparts by force-field minimizations
and also with their experimentally measured structures. We
considered the influence of these structural differences on predicted
properties by investigating a specific application, in this case
methane adsorption.

By choosing the appropriate building blocks, we generated crystal
structures that resembled the MOFs HKUST-1 (ref. 41), IRMOF-1
(ref. 20), PCN-14 (ref. 40) and MIL-47 (ref. 42). These
MOFs differ significantly in their pore topology and chemical com-
position. We refer to the generated structures as pseudo-HKUST-1,
pseudo-IRMOF-1, pseudo-PCN-14 and pseudo-MIL-47 to indicate
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that, albeit not hypothetical, they are nonetheless not identical to
empirical structures. As a test of the generation procedure, we
allowed these pseudo-MOFs to relax their structures energetically
by the Universal Force Field® implemented in the Forcite
module in Materials Studio*’. For both the relaxed and non-
relaxed versions, superimposing the experimental and generated
structures shows that the atoms match very closely, with every
atom in the pseudo-MOFs shifted from its measured position
typically by an average of less than ~0.1 A (see Supplementary
Information for the details).

Ultimately, systematic screening of hypothetical MOFs depends
directly on the accuracy of the predicted properties rather than on
the accuracy of the crystal structures. Hence, for each MOF structure
(experimental, pseudo and pseudo after relaxation/optimization) we
predicted computationally the methane adsorption isotherms at
298 K using grand canonical Monte Carlo (GCMC) simulations, as
described previously>®* (full details provided in the Supplementary
Information). The three methane-adsorption isotherms predicted
computationally from the experimental, pseudo and pseudo after
relaxation /optimization MOFs closely matched each other, in particu-
lar those of the experimental structures and the pseudo-MOFs. (No
comparison is made in Fig. 2 with any isotherms obtained experimen-
tally.) Diiren and Snurr®, Diiren ef al.>* and Supplementary Fig. S9
show good agreement between simulation and experiment using the
same GCMC methods.
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Figure 2 | Influence of structural variations on predicted methane adsorption. a-d, Comparisons of simulated methane adsorption isotherms at 298 K for
the experimental (black lines), pseudo (red crosses) and pseudo-optimized (empty circles) structures of HKUST-1 (a), IRMOF-1 (b), PCN-14 (¢) and MIL-47

(d) show good agreement.

Systematic screening. Having validated our capability to generate
MOFs, we performed a systematic screening on a very large scale
to identify promising MOFs for high-pressure, room-temperature
methane storage. Vehicles that can be powered by natural gas,
which is mostly methane, emit less greenhouse gas per mile
travelled than gasoline vehicles, but it is a challenge to store
sufficient quantities to cover typical driving distances*®. Materials
that meet the US Department of Energy target of 180 cm’ of
stored methane at standard temperature and pressure (cm”’ ¢;p) per
cubic centimetre at 35 bar and 298 K (cm’gppcm >, more
generally volg;, vol ') could potentially lead to cost-effective high-
density storage tanks for vehicles powered by natural gas. In
particular, recently it was demonstrated that MOFs have promise
in this area>!%4748 but a material suitable for mass production is
yet to be discovered.

For the generation procedure we chose 102 building blocks that
varied significantly in their geometries, number of connection sites
and chemical composition (see Fig. 3 for a partial list and
Supplementary Information for the complete list). The building
blocks fall conceptually into three groups: inorganic, organic and
functional groups. Although the generation algorithm is normally
blind to these distinctions, it was constrained in this case to
produce crystals with at most one kind of inorganic building block,
two kinds of organic building blocks and one kind of functional
group. This constraint resulted in MOFs that were reasonable synthetic
targets, with similar complexity to those reported commonly in the
literature. This constraint could be lifted easily to investigate, for
example, the ‘multivariate’ MOFs reported by Deng et al.® that
contain up to nine unique building blocks within one crystal.

By attempting every combination of building blocks, subject to
the above constraints, 137,953 hypothetical MOF structures were
generated in total. We screened each MOF for methane storage at
35 bar and 298 K, but also calculated other properties such as
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surface area, void fraction, pore-size distribution and powder
X-ray diffraction pattern (structures and properties are accessible
online at hmofs.northwestern.edu). Screening occurred in three
stages: every MOF was subject to short 500-cycle GCMC simu-
lations, then the top 7,000 MOFs were subjected to 2,500 cycle
simulations and finally the top 350 from the second stage were
subjected to 12,500 cycle simulations (Fig. 4; a cycle consists of N
Monte Carlo steps, where N is the number of methane molecules
present at any given point). The third stage (highest quality)
GCMC predictions indicate that ~300 MOFs have higher
methane-storage capacity at 35 bar than the current world record
(230 volgyp vol '). For example, the best hypothetical MOF
(shown in Fig. 4f) is predicted to store ~267 volgpvol
methane at 298 K.

In addition to identifying promising candidates for methane
storage, we can also learn from trends shown by this type of
‘global view” of possible MOFs. For example, a clear linear relation-
ship exists between volumetric methane adsorption and volumetric
surface area (Fig. 5a), but not between volumetric methane adsorp-
tion and gravimetric surface area (Fig. 5b). Maximizing gravimetric
surface area is a common strategy in MOF design, but going past
the optimal point (~2,500-3,000 m>g~ ') only worsens the
methane-storage capability. Despite diverse topological and chemi-
cal differences, all of the best hypothetical MOFs share a remarkably
narrow cusp of optimal void fractions around ~0.8 (Fig. 5¢). Similar
to gravimetric surface area, a pore volume that is larger than optimal
has a steeply negative effect on methane storage. MOFs with methyl,
ethyl and propyl functional groups dominate the best performers;
over 75% of MOFs with adsorption over 205 volgyp vol ' contain
methyl, ethyl or propyl functional groups, as shown in Fig. 5d.e.
Previous isolated reports found that the optimal pore size for
methane storage is either large enough for a single methane mol-
ecule®® or large enough for two. In fact, the answer is both: the
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Figure 3 | Partial list of building blocks used in the large-scale screening process. The purple, red, green and blue groupings show examples of one-, two-,
three- and four-connected building blocks, respectively. The one-connected building blocks are functional groups and the others (that do not contain metals)
are organic building blocks. The orange grouping shows three inorganic buildings blocks that are four-, six- and 12-connected. (See Supplementary
Information for the complete list.)
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adsorption initially increases with gravimetric surface area, but then begins to decrease when it has reached the optimal gravimetric surface area of
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functional groups are suboptimal for methane storage; they are weakly represented among the best MOFs for volumetric storage and completely absent from
the top MOFs by gravimetric adsorption. f, MOFs in the database have a range of dominant pore sizes. The inset shows that pore sizes of 4 A and 8 A are
most common in the best MOFs (CH, adsorption >220 volp vol ™), and the worst MOFs (CH, adsorption <120 vols;p vol ") specifically exclude pore

sizes in the range 4-8 A.

relation between methane storage and pore size (Fig. 5f) shows
that among the best MOFs (storage greater than 220 volgyp vol ')
the most frequent pore sizes are 4 and 8 A, exactly big enough for
one or two methane molecules.

Synthesis of high-performance MOFs. Even after computational
screening, the procedure can provide a fairly large number of
promising predicted structures (for example, ~300 here). Thus
chemical experience is still useful in choosing a smaller subset for
which experimental synthesis can be attempted, given constraints
of time, cost, available laboratory equipment and reagents, among
other criteria. Based on our own constraints, we found a predicted
MOF structure in the top 2% of the database that was a close
structural analogue to PCN-14 (Fig. 6ab), the MOF currently
reported to have the highest methane storage at 35 bar (ref. 40).
Unbeknown to us at the time of the synthesis, this methyl-
functionalized analogue of PCN-14 had been reported previously
as the MOF NOTT-107 (ref. 39), but with a significantly different
synthesis protocol. Although we found that MOFs with many
aromatic rings had a high methane uptake, methyl functional
groups had a greater effect. Indeed, GCMC simulations show
NOTT-107 (using the pseudo-NOTT-107 structure) to be a
slightly better methane-storage material than PCN-14 (simulations
using the experimental structure) at 298 K, as shown in Fig. 6c.
Absolute storage quantities for NOTT-107 and PCN-14 at 35 bar
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were calculated to be 213 volgpvol ' and 197 volgpp vol ',
respectively. Figure 6 displays the excess adsorption (the total
amount of gas within the MOF minus the gas that would be
present in the same volume without a porous material), which is
measured more directly in adsorption experiments.

We observed in experimental measurements at Northwestern
University that NOTT-107 had a methane storage capacity ~8%
lower at 35 bar than what had been predicted by our simulations.
This could be attributed partly to incomplete pore activation, which
is corroborated by a difference between the simulated Brunauer,
Emmet and Teller (BET) surface area® (2,207 m>g ') and the
measured BET surface area (1,770 m> g_l). The methane adsorption
for PCN-14 at 290 K, as measured experimentally by Ma et al.*’,
however, is significantly higher than our model predicts, which is sur-
prising given the similarity of the PCN-14 and NOTT-107 structures
(predicted adsorption isotherms of the two MOFs are rather similar,
see Fig. 6¢). Taking the 8 K lower temperature into account increases
the simulated absolute adsorption to 205 volgpp vol ' (from 197),
but this is still well below the reported value of 230 volgp vol "
(see Supplementary Information for simulation details).

Discussion

In its current form the method described herein applies only to rigid
frameworks. However, as we have demonstrated, the domain of
possible rigid frameworks is very large and the comprehensive
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Figure 6 | Comparison of experimental and simulated isotherms for
NOTT-107 and PCN 14. a,b, The organic ligand for NOTT-107 (a) is
structurally identical to that for PCN-14 (b) except that it bears four methyl
groups in the place of two fused aromatic rings. ¢, Comparison of excess
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are at 298 K except experimental data for PCN-14 taken from ref. 40, which
was at 290 K. The simulations used the NOTT-107 structure generated by
our method (not optimized) and the PCN-14 structure determined
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screening strategy greatly accelerates its exploration. Our method
also does not provide, nor guarantee, a synthesis protocol for the
generated MOFs. Chemical intuition and synthesis experience are
still required to capitalize on the output from the computational
generation and screening approach. In the future, it may be possible
to extend our method by adding information about the estimated
thermodynamics of structure formation to further refine the best
candidates. Creating a seamless interface with high-throughput
combinatorial experimental synthesis* is also an exciting possibility.

The systematic generation and screening procedure we have
developed can be tailored to any application for which computational
simulations are able to predict accurately a material property of
interest. A probable bottleneck is the time required to compute the
property of interest for each structure. This presents a new challenge
for areas such as catalysis. Even predicting the adsorption of
molecules more complicated than methane may require new tools.
For example, Monte Carlo simulations of CO, adsorption require
knowledge of the partial charges on the MOF framework atoms
to simulate accurately the adsorption of the quadrupolar CO,.
These partial charges are obtained typically from time-consuming
quantum mechanical calculations. However, much faster
methods for estimating such charges are being developed®>>* and
will enable the large-scale screening of hypothetical MOFs for
carbon capture in the near future.
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One can also imagine a more adaptive and creative structure-
generation process. For example, we added propyl building blocks
to our input library based on positive results using methyl and
ethyl functional groups; similar insights could lead to the design
of new building blocks, which could subsequently be fed back
into the generator as an iterative optimization strategy.

Conclusion

When our understanding of materials synthesis approaches the
point that we are able to synthesize any material, the new
problem becomes which materials should we synthesize? In this
report we show how a systematic approach to testing hypothetical
MOFs en masse can efficiently focus the attention of synthetic
chemists, chemical engineers and materials scientists on the most
promising and interesting targets. Although we found several
structure-property relationships, undoubtedly we have missed
many, and the reader is welcome to search the database online to
uncover other correlations. In the future, we envisage utilizing this
screening method for applications beyond methane storage, such
as carbon capture, hydrogen storage and chemical separations, and
subsequently synthesizing improved materials for these processes.
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