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Physical adsorption at cryogenic temperature (cryoadsorption) is a reversible mechanism that can
reduce the pressure of conventional compressed gas storage systems. Metal-organic framework (MOF)
materials are remarkable candidates due to the combination of high specific surface area and density
which, in some cases, provide a high volumetric storage capacity. However, such extensive use of MOFs
for this application requires the selection of affordable structures, easy to produce and made from feasi-
ble metallic and organic components. Herein, we introduce a MOF database detailing the crystallo-
graphic and porous properties of 3600 existing MOFs made from industrially relevant metals and their
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face, available online, facilitates the selection of MOFs based on the properties or names of structures
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such as the low energy storage density, which requires com-
pressing the gas up to 1000 bar or cooling it down for its

Introduction

Generating green hydrogen as an energy carrier is a versatile
solution to store electricity derived from unsteady renewable
sources, contributing to decarbonising activity in sectors like
industry and transport." However, despite the advantages of
hydrogen as an energy carrier, its deployment has limitations,

“ Hydrogen and Power-to-x, Iberian Energy Storage Research Centre (CIIAE),
Poligono 13, Parcela 31, “El Cuartillo”, Cdceres, Spain.
E-mail: jose.villajos@ciiae.org
b Materials Chemistry, Bundesanstalt fiir Materialforschung und -priifung (BAM),
Richard-Willstatter Str. 11, Berlin, Germany. E-mail: Martin.bienert@bam.de
¢ Analytical Chemistry, Reference Materials, Bundesanstalt fiir Materialforschung
und -priifung (BAM), Richard-Willstatter Str. 11, Berlin, Germany.
E-mail: Nikita.gugin@bam.de
 Materials Chemistry, Bundesanstalt fiir Materialforschung und -priifung (BAM),
Richard-Willstatter Str. 11, Berlin, Germany.
E-mail: Franziska.emmerling@bam.de
¢ Analytical Chemistry, Reference Materials, Bundesanstalt fiir Materialforschung
und -priifung (BAM), Richard-Willstatter Str. 11, Berlin, Germany.
E-mail: Michael. maiwald@bam.de
+ It is with great sorrow that we dedicate this manuscript to the memory of Dr.
Michael Maiwald. As a highly regarded physical chemist, he led the Division of
Process Analytics at the Federal Institute for Materials Research and Testing
(BAM). His kind-heartedness, integrity, and exceptional leadership have made a
lasting and positive impact on us all.
i Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3ma00315a

4226 | Mater. Adv., 2023, 4, 4226-4237

liquefaction at —253 °C.>?

Physical adsorption (physisorption) is an alternative storage
mechanism in which hydrogen molecules cover solid surfaces
due to van der Waals, electrostatic, or orbital interactions
without forming new chemical bonds." Physisorption allows
fast and reversible gas loading compared to chemical storage
methods like using metal hydrides or liquid carriers since the
interaction energies between the hydrogen molecules and the
adsorbents are comparably low.? For this reason, this mecha-
nism requires cryogenic temperatures of ca. —196 °C to
increase the volumetric density of the compressed gas at the
same pressure and temperature.® However, the necessary liquid
nitrogen is also used during the hydrogen liquefaction process,
which is considered a viable option for large-scale storage or
transportation.®

Porous materials such as zeolites and carbons have been
intensively investigated for the cryoadsorption of hydrogen as a
storage solution.” Ultraporous materials like COFs (covalent
organic frameworks) and MOFs (metal-organic frameworks)
provide a higher storage uptake because of their large surface
area, high void fraction, and comparably lower density. MOFs
used for hydrogen adsorption are crystalline coordination
polymers with three-dimensional porosity where organic mole-
cules link metal atoms or clusters by electron-donor groups.®

© 2023 The Author(s). Published by the Royal Society of Chemistry
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The great variability of metals and organic linkers and their
possible geometries and topologies resulted in more than
70000 MOF structures that have been experimentally
synthesised.’

The initially promising hydrogen uptake of the crystalline
Zn-terephthalate MOF-5 of up to 7.1 wt% at —196 °C and 40
bar'® has been surpassed by materials such as NU-100 and
MOF-210, reaching nearly 15 wt% at —196 °C and 80 bar.""
However, a high gravimetric hydrogen uptake in ultra-porous
materials is not necessarily related to a high volumetric uptake
due to their extremely low density. These two properties (spe-
cific surface area and density) must be balanced to show both
high gravimetric and volumetric storage densities.">"* Accord-
ing to experimental measurements, some MOF structures like
MOF-5, MOF-177, MOF-205, MOF-210, IRMOF-20, Mn-BTT,
SNU-5, UMCM-150, some NOTT-X materials (X: 101-103 and
110-115), PCN-11, PCN-46, PCN-51, and JUC-62 could simulta-
neously fulfil the gravimetric and volumetric DOE goals for
2025 of 5.5 wt% and 40 g L' operating at —196 °C."*™*¢ In
addition, hypothetical MOF structures also show potential to
overcome the storage capacity goals as storage and usable
gravimetric and volumetric capacities and indicate the direc-
tion to follow concerning composition and structure for the
synthesis of new materials."’

MOFs have theoretically and experimentally outperformed
some state-of-the-art materials for many applications. However,
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they are currently expensive to produce, limiting their large-
scale use.'® Besides solvents, catalysts, structuring agents,
obtention pathways, and the reaction yield to the final product,
the organic and metallic compositions of MOFs influence their
final cost and industrial feasibility, especially for bulky applica-
tions like hydrogen storage.'®”° Reagents’ availability, cost,
ease of procurement, handling and even strategic or environ-
mental constraints vary amongst metallic and organic starting
materials. Moreover, some organic linkers are not commer-
cially available and require specific multi-step chemical synth-
esis pathways.

Since the cost of the MOFs needs to be calculated specifically
for each case, by evaluating the specific synthesis conditions,
the use of solvents, or the price of the specific metal source, the
organic and metallic composition could be used to compare the
feasibility of structures fulfilling an operation requirement like,
for example, hydrogen uptake, considering this selection as a
general guide. The actual chemical composition of experimen-
tally synthesised MOF materials is available in the Cambridge
structural database (CSD) and can be extracted using provided
algorithms.>'

In this work, we collect the chemical composition of ca. 3500
MOF structures from the 2019 CoRE MOF database*>** with
higher volumetric hydrogen storage capacity than 40 g L™" at
—196 °C and 100 bar, made from abundant and industrially
relevant metals (see Fig. 1). The cost of the metallic precursors

"'Ijatabase of 3,500 MOF
CoRE MOF DB i o * = CSD
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Fig. 1 Development of the database of feasible MOFs.
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was not compared, since they are specific for each material and,
in some cases, for the used synthetic conditions. The organic
composition was collected and normalised by combining the
reported procedures and an own algorithm, generating a list of
potentially feasible linkers to produce MOFs on a large scale.
Finally, we selected potential MOF structures for hydrogen
storage by cryoadsorption involving up to two metals and two
linkers. In addition, we made available a user interface that
allows for creating customised selections of MOFs, having the
properties of structures or linkers. Although this database was
developed with hydrogen adsorption properties in mind, it could
also be applied for selecting materials potentially useful for other
applications where a combination of porosity, crystalline proper-
ties, and chemical composition is targeted, bearing in mind the
nature of used metals and cost of the organic linkers.

Methods and calculations

To elaborate this database, 3786 MOF structures with the
potential to store a total volumetric uptake of at least 40 g L™*
from the CoRE MOF ASR 2019 (computational-ready experi-
mental MOFs, all solvents removed) were selected. The calcu-
lated values of gravimetric and volumetric accessible areas, pore
volume, void fraction, and density are collected in this database,
along with the metallic composition and the potential presence
of open metallic sites (OMS).>* For this selection, only affordable
and abundant metals in the Earth’s crust were considered, like
Al, Ca, Cd, Cr, Cu, Fe, Li, Mg, Mn, Mo, Na, Ni, Si, Sn, Sr, Ti, V, Zn,
and Zr. The estimation of the storage capacity of each material is
described in Section S1.2 of the ESL} and is based on a previously
reported procedure not involving simulation.>*

The organic composition of MOFs is neither defined in the
CoRE MOF database®® nor in the CSD MOF subset.” The
chemical composition of the MOF structures in this database
was directly obtained from the Cambridge Structure Database
(CSD)® by using the software ConQuest (under the license of
CCDC) (see details in Section S1.1 of the ESIf). Finally, the
names of the identified organic compounds were normalised,
and unique names and CAS numbers were assigned.

In order to find the price of the organic linkers and
secure that the price applies to the same substance even
appearing with different names (e.g., terephthalic or 1,4-
benzenedicarboxylic acid), the organic components were iden-
tified using SMILES strings, CAS numbers, and using a normal-
ised name (see details in Section S1.3 of the ESI}). In total, 1868
of the chemicals’ names were converted into their corres-
ponding SMILES strings. From this, 747 compounds were
identified with their CAS numbers and finally classified
as linkers or non-linkers. 598 substances were defined as
linkers, and the prices of 510 substances were found online,
finally selecting the minimum available price-per-gram for
comparison.

A Python-based user interface was created to select MOF
structures according to their crystalline or porous properties,
hydrogen uptake, metallic and organic composition, number of
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components, or specific chemical groups in their linkers (see
Section S2 of the ESIi for more details). A version of this tool is
available free of cost at https://mofdb-bam.de.

Results and discussion

The selection of the materials focused on the volumetric
hydrogen uptake of the MOF structures at —196 °C and 100
bar, which was estimated by our previously reported straight-
forward tool predicting the hydrogen uptake with 8% of average
relative standard deviation with respect to calculated values by
molecular simulation.>* This tool is only valid for estimations
at —196 °C and higher pressure values than that required for
the saturation of the materials’ surface with adsorbate mole-
cules. The usable uptake, which consists of the difference
between the stored amount at high pressure and the remaining
adsorbed gas at low pressure (typically 5 bar), is more relevant
for operation than the uptake itself of the adsorption system.
However, calculating the remaining amount of gas at such a
low-pressure value needs molecular simulation of the hydrogen
uptake. This is out of the possibilities of the estimation
procedure and the scope of this work. Therefore, we assumed
a temperature-pressure swing operation, e.g., from —196 °C and
100 bar to —113 °C and 5 bar, for which 95-99% of the stored
amount is reversibly recovered.”® Besides, the calculation of the
hydrogen uptake is based on a specific estimation of the porous
properties, as well as density values considering the complete
removal of extra-framework molecules as well as coordinated
non-linker species for the creation of open metallic sites, both
performed during the creation of the CoRE MOF database.
However, a different degree of removal of these molecules may
vary the porous properties of MOFs since it affects the free
volume within the material. Besides, removing these species
could vary their structures by inducing phase transformations
that modify the porous properties and hence hydrogen uptakes.
For these reasons, and similar to the calculations using any
computational estimation, e.g., machine-learning, or molecular
simulation, the predicted values herein must be experimentally
validated.

The information in the database compared the composition
of the selected MOFs and identified the most common building
blocks. Zn is the most frequently used metal in these 3536
MOFs, with 1195 derived deposited MOF structures (see the
ESI# for details about the selection procedure). 744 of these
structures potentially exhibit open metallic sites (OMS), pre-
ferential adsorption sites for gases like hydrogen.*®*” The
second most-used metal is Cu with 940 structures. This noble
metal is included in the database due to its industrial impor-
tance. From this selection, 845 materials show potential OMS.
MOFs made from toxic metals like Be or Hg are not considered,
except the 453 MOFs from Cd, a toxic metal cheaper than Cu.
Cd can be obtained from Ni-MH batteries wastewater and solar
cells recycling, so these MOFs could potentially help to reuse
this metal’s waste. Other attractive options are Fe, a cheap
metal that can be reused from recycling scraps, and Mg, Mn,

© 2023 The Author(s). Published by the Royal Society of Chemistry


https://mofdb-bam.de
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ma00315a

Open Access Article. Published on 22 August 2023. Downloaded on 7/15/2025 1:43:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

Cr, and Zr. This last metal (Zr) is present in some materials with
the highest structural stability among MOFs, like UIO-66.%°
The costs of ca. 500 identified linkers in this database were
found on the websites of the chemical suppliers. Among the
different available prices for each substance from the different
suppliers, we selected the lowest price-per-gram for this com-
parison, usually reached by the largest packed amount. The
cost of the identified linkers varies in a 10” order of magnitude,
from 0.01 € g~ for fumaric acid (H,FA), which can be pur-
chased on a kg-scale, to 162540 € g~ ' for 2-pyridin-4-yl-1H-
imidazole-4,5-dicarboxylic acid, only available for shipping on a
mg-scale. Examples of cheap linkers for the current production
of commercially available MOFs are 1,4-benzenedicarboxylic
acid (H,BDC) in MOF-5, 2-aminobenzene-1,4-dicarboxylic acid
(Ho,NBDC) in MIL-53, 1,3,5-benzenetricarboxylic acid (H;BTC)
in HKUST-1, H,FA in Al-fumarate, and 2-methylimidazole
(HMeIm) in ZIF-8. More expensive substances like 1,3,5-tris(4-
carboxyphenyl)benzene (H;BTB) and 3,3’,5,5'-azobenzene-
tetracarboxylic acid (H4AzBTC) can be found in commercially
available materials MOF-177 and PCN-250(Fe), respectively.
Fig. 2 compares the corresponding minimum hydrogen
storage density for MOFs made from these linkers, considering
structures with only one linker and one metal without non-
linker organic molecules (e.g., ammonium derivatives, mono-
carboxylic acids like benzoic acid, naphthalene, phenol. . .) that
can act as SDAs, template molecules, charge-compensating
ions, or capping agents. This comparison shows that higher
minimum volumetric storage density values are generally
reached in MOFs constructed from more expensive linkers. In
general, cheap linkers are more frequently used in synthesising
MOFs, often resulting in materials with lower surface area,
finally reducing the average storage uptake as shown in Fig. 2.
On the other hand, more expensive linkers are often used to
synthesise targeted MOFs with enlarged surfaces by following
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the principles of reticular chemistry.>* However, the volumetric
area of MOFs, which is related to volumetric hydrogen
uptake,™® depends on the specific combination of surface area
and density of materials. Therefore, it is possible to achieve a
high volumetric storage density in materials with relatively low
surface area and high density by using the cheapest linkers. In
our selections, we assumed the upper limit for likers’ cost by
referencing the most expensive substance used in commercially
available MOFs, the linker H,AzBTC. However, further optimi-
sation of the linkers’ syntheses is necessary for their industrial
production. For instance, linkers cheaper than 10 $ kg™ ' are
necessary to limit the MOF cost below 70 $ kg™ " for methane
storage."®

Fig. 3 shows a comparison of the hydrogen uptake calcu-
lated for the MOFs built from individual linkers cheaper than
10 € g, considering MOFs identified with a common name
(different to the CSD reference). The majority of these have
proven their permanent porosity. The highest uptake using the
cheapest linker is the material MIL-88A, or Fe-FA, for which
higher volumetric uptake was calculated compared to its iso-
structural material MIL-88B (Fe-BDC) due to the smaller pore
size and higher density.>® Lower predicted uptake with a
similar cost of the linker was calculated for material CAU-10
or Al-IA, an ultramicroporous material from trivalent Al and
isophthalic acid with high stability and permanent porosity.
However, the measured hydrogen uptake was lower for this
material, considering the actual density of the powders.>" The
material CPM-201 or Mg-BDC shows permanent porosity and
could store up to 53 g L™ of hydrogen after the removal of the
dimethylacetamide molecules coordinated to Mg atoms in the
cluster.?” In the same cost-range, the materials MOF-5 and MIL-
88B are found, whose permanent porosity has also been
corroborated. With a higher linker cost, material polyMOP-
NH, or Cu,-NIA¢ is a metal-organic polyhedral which could
store 54 g L', showing OMS on their paddle-wheel metallic
clusters. Materials JUC-133 (Cds-BTC,) and FJI-3 (Zns-BTCj3)
store comparable amounts of hydrogen but are made from
comparably more expensive linkers.

There are several additional structures in the database for
which only the CSD reference code is available, with potential
hydrogen uptake higher than 40 g L™ . Fig. S3 in the ESI; shows
the hydrogen uptake of the deposited MOFs from individual
linkers cheaper than H,AzBTC, the most expensive linker used
among commercially available MOFs. The material Cd,-BTC
(CSD code QISNIR) shows the highest volumetric uptake among
the selection with 65.1 g L™, In the dimeric metallic cluster of
this compound, three of the eight coordination positions of
each octahedron are occupied by dimethylacetamide mole-
cules, which are completely removed to calculate the porous
properties of the structure. However, this removal could indeed
drive a crystal-phase transition, potentially resulting in the
collapse of its pore structure.*® Therefore, the actual hydrogen
uptake of this MOF may be completely different.

Tables from S2 to S15 in the ESI# display the porous proper-
ties, composition and hydrogen uptake of MOFs constructed
from one linker and a hydrogen uptake higher than 40 g L™

Mater. Adv., 2023, 4, 4226-4237 | 4229
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performance.

The most common linker-metal combination is H,BDC and Zn,
yielding 32 different entries in the database (Table S1 in the
ESIf) and constituting one of the cheapest combinations of
metal-linkers to synthesise MOFs. This combination is used in
the archetypal MOF-5 (CSD code MIQBAR), one of the porous
materials with the highest measured volumetric hydrogen
uptake by cryoadsorption.'*'* The material Zn;-BDC, (UFE-
NAW) is an interpenetrated network which could store the
highest amount of hydrogen per volume (62 g L™ ') among
terephthalate-based MOFs according to our estimation.

Many Zn-carboxylate MOFs, e.g., MOF-5, show stability pro-
blems in contact with ambient moisture because of the weak-
ness of the coordination bond between soft Lewis bases, like
divalent metals, with hard Lewis acids, like carboxylates.**
Stronger bonds are supposed to be formed when high-valence
transition metal cations (like AI**, Cr**, Fe**, Ti*" or zr"") are
coordinated with carboxylate linkers, or when N-donor linkers
like azolates and pyridines (hard Lewis bases) coordinate
divalent metal cations like Co*", Ni**, Cu** and Zn**. For this

reason, combinations of terephthalic acid with V, Mn, and Zr,
with higher oxidation numbers than Zn**, might yield more
robust structures in contact with water, for example, as a
pollutant in hydrogen from electrolysis. Potentially stable
structures with remarkable storage capacities in this database
are MIL-88 and -88B (Fig. 4a), showing OMS of Fe, and UIO-66
(Fig. S4b in the ESI}) is a Zr-MOF known for its exceptional
mechanical and hydrothermal stability.>® Besides, materials
MIL-53 and -101 are made of trivalent metals Cr and Al,
showing improved stability,® and could store between 42 and
45 g 1" of hydrogen according to our estimation.

However, even unstable MOFs (i.e., MOF-5, MOF-177, etc.)
can be interesting for hydrogen storage because the mechanical
robustness of the structure is the only relevant parameter
affecting the pressure cycling operation of the MOF, whether
the material is not affected by its chemical instability during its
handling.’” In this sense, Moghadam and co-workers devel-
oped a machine-learning-based algorithm to predict the
mechanical properties from topologies and structural

Fig. 4 (a) MIL-88B (Fe-BDC, CSD code KUXRECQ). (b) Fes-BTCs (NINVAI). (c) Cd-Melm, (GUPCAW). Created with iRASPA >
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properties.*® Generally speaking, the bulk modulus diminishes
for a specific topology of a MOF when the sizes of the cavities
increase, therefore, materials with large volumetric areas but
reduced specific areas are more desirable.

The second most common linker is H;BTC, most frequently
linked to Cu in up to 25 structures of this database. Many
entries correspond to the material HKUST-1 or Cu-BTC (DIH-
VIB), one of the first MOFs tested for hydrogen adsorption.*’
Structures Zn,-BTC (RIZXUT) and Cd,-BTC (QISNAJ) show the
highest estimated volumetric uptake. The structure Fes-BTCj
(Fig. 4b) is similar to that in HKUST-1 and exhibits OMS. This
structure could show higher stability, as well as structures like
Mn,-BTC (FUTCAZ), Mn;-BTC, (DEPXOM), and Cr;-BTC, (ZIG-
FIG), with higher storage density than 50 g L™".

The third most frequent linker is 2,5-dihydroxybenzene-1,4-
dicarboxylic acid (H,DOTP), used to synthesise materials M-
MOF-74/M-CPO-27/M-DOTP, where metals connected by oxy-
gen atoms from the linker form rod-like metallic clusters and
one-dimensional hexagonal channels.*® These OMS-rich mate-
rials involve a high interaction with hydrogen molecules, reach-
ing 13.5-15 kJ mol ',>”*' the highest measured enthalpy of
adsorption among physisorbents. The hydrogen uptake of
material with Zn in this database is 47 g L™, but it could be
underestimated because of the actual higher superficial pack-
ing density of the adsorbed hydrogen over this surface with a
high concentration of OMS.**

Four structures have a potential storage capacity higher than
50 g L' when using 2,6-naphthalenedicarboxylic acid (H,NDC)
coordinated with Zn nodes. The 3D connected pores of the
aluminium-based material CAU-3-NDC (Fig. S5a in the ESI%)
could potentially store almost 50 g L™ " but with higher physi-
cochemical stability due to the higher hydrophobicity of the
NDC linker and the presence of Al** cations.*?

All MOFs from H;BTB contain divalent metals, then struc-
tures with low stability are expected. However, this expansion of
the linker BTC generates ultraporous structures like MOF-177
(Zn,-BTB or VOLRAQ) or MOF-14 (Cuz-BTB, or QOWQUO),
which could ideally store 50 ¢ L™" of hydrogen and has been
synthesised by a solvent-free ball-milling approach,** poten-
tially reducing its production cost.

Thiophene-2,5-dicarboxylic acid (H,TDC) is the linker of
material CPM-202 or Mg-TDC (TAGTED), which has been tested
for CO, and CH, adsorption.>” Using this linker, Zr-based
materials DUT-69 (Fig. S5b in the ESI#) and DUT-67 (Fig. S5¢
in the ESIf) could store more than 50 g L™ " within their probed
permanent porosity.*®

The linker 3,3',5,5'-azobenzenetetracarboxylic acid (H,AzBTC) is
the most expensive one considered herein. This compound
yields seven MOFs overpassing 50 g L' of potential hydrogen
capacity by coordinating divalent Cu, Cd, and Zn. The Cu-
derivative JUC-62 (Cu,-AzBTC,, OFOCUI) meets both gravi-
metric and volumetric DOE goals according to experimental
measurements.’® However, the moisture stability could be
higher for Fe-based MOFs PCN-250" (Fig. 5), whose volumetric
hydrogen uptake was measured as 53 g L' considering
the measured density of the crystals.>* Similar structures like

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 PCN-250" or Fe,-AzBTC (CSD code TOWPEC). Created with
iRASPA.%°

Fee-AzTBC; and Alg-AzBTC; could also show high stability to
moisture as well.

The linker 4,4’-biphenyldicarboxylic acid (H,bPDC) is pre-
sent in the structure UIO-67 (WIZMAV02), a Zr-based MOF
isoreticular to UIO-66 (see Fig. S4b in the ESI}) whose expanded
linker enhances the surface area and pore volume as well as the
hydrogen adsorption uptake.*” Despite the presence of Zr as a
metal, poor stability after ambient exposure was detected in
UI0-67,%" probably because the used linker is larger than that of
UI10-66.*

The most used N-donor linker is 4,4’-bipyridine (4,4'bPy),
usually mixed with other linkers. However, there are some
examples of single-linkers with Cu clusters like structures Cu-
4,4'bPy, (Fig. S6 in the ESIf), where nitrogen atoms from the
linker occupy the four positions in each square-plane in the Cu-
octahedron, coordinating solvent molecules in the axial posi-
tions and yielding structures with square-section channels.
These structures could also show OMS if they are stable after
removing the coordinated solvent molecules.

2-Methylimidazole (HMelIm) is the most used azolate deri-
vative in this selection, obtaining ZIF compounds (zeolitic
imidazolate frameworks) when coordinating Me>" cations.
The most known ZIF representative, commercially available,
is the Zn-based material ZIF-8 (Fig. S7a in the ESIE) with zeolitic
SOD topology, which was one of the first examples of MOF with
ultra-high thermal and chemical stabilities.*® The Cd-derivative
Cd-Melm, (Fig. 4c), with a zeolitic MER topology,*® shows the
highest potential for volumetric hydrogen storage (ca. 50 g L™ ).
Imidazole (Him) is the next most frequently used azole, like in
the GIS-type structures Zn-Im, ZIF-6, ZIF-3, and ZIF-2. Up to 12
structures are deposited starting from 5-(4-pyridyl)tetrazol (PTz)
as a linker, where Cu-PTz (Fig. S7c in the ESI}) potentially
shows the highest hydrogen storage density (51 g L™%).

Pyridine-3,5-dicarboxylic acid (H,3,5PyDC) or dinicotinic
acid simultaneously acts as an N- and O-donor linker so that
the stability of the resulting frameworks in acidic or basic
media might be lower than that for a purely N- or O-donor
linker, depending on the present metal.>* However, the stability
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against ambient moisture could be enhanced because the
structure has one strong Me-linker bond (with either N- or O-
donor groups). The structure Zn-3,5PyDC (Fig. S8a in the ESI¥)
could potentially store up to 60 g L™* of H, if the structure is
stable after removing the coordinated DMF molecules from Zn
tetrahedra. Material JLU-Liu15 (Fig. S8b in the ESI}) shows a
structure similar to material HKUST-1 and was used for selec-
tive adsorption of CO,.>® Another pyridine derivative, pyridine-
4-carboxamide (P4CA) or isonicotinic acid, yields structures
with OMS Cd-P4CA (ROCZAM and UMABIV) with higher esti-
mated uptake than 50 g L™,

Besides pure linker MOFs, it is possible to find structures
mixing more than one linker to coordinate single or mixed
metal cations with remarkable volumetric hydrogen storage
uptakes. Mixing linkers could be a cheaper alternative than
developing new linkers for constructing new MOF frameworks,
opening new opportunities for structural versatility. Indeed,
mixed-linker materials UMCM-1, UMCM-2, UMCM-3, MOF-205,
and MOF-210 exhibit some of the highest reported porous
properties.”® Herein, 224 MOFs are selected from the combi-
nation of two linkers cheaper than H,;AzBTC and up to two
metals. Structures with a third organic molecule are not
selected, then those using extra-framework species like
charge-balancing ions, structure-directing agents, or templates
are not considered.

Fig. 6 compares the hydrogen uptake of MOFs resulting
from the combination of the cheapest linkers. MOFs without a
label are compounds without a name, for which only the CSD
code is available. The highest concentration of the deposited
structures corresponds to the combinations of cheaper linkers to
0.2 € g~ ', whose highest uptakes correspond to materials DMOF
and NENU-28. Other structures with lower calculated volumetric
uptake than 50 g L' made from the cheapest linkers are PTC-33,
SNNU-22, JUC-65, -66, -67 and 85-a; DUT-67(Zr), MCF-36 and -37,
PMOF-55, 4-pyCN@MIL-88B, and CPM-420.
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There is no data about the permanent porosity, gas adsorption
performance, or structural stability of many of these MOFs. They
use either the same or different coordinating moieties in their
linkers, like those combining O- and N-donor groups from, e.g.,
carboxylates or pyridines. Tables from S16 to S21 in the ESIi show
the minimum hydrogen uptake reached by the most interesting
combinations of metals and linkers, considering the nature of the
coordination moieties, which could affect the material’s stability.
Among the selected 19 interesting combinations of O-donor
linkers, ten involve divalent metals like Zn. The highest uptake
of 53.6 ¢ L ™" was calculated for the combination of H,BDC and
serine (Ser) with Zn, corresponding to the structure Zn,-BDC-Ser,
(RAPYOY). Using H,bPDC instead of Ser drives the formation of
Zn,-BDC,-bPDC (FECZAQ), where DMF and water molecules
occupy the unsaturated sites in the metallic nodes by the linkers,
potentially creating OMS. H,TDC and 4,4’,4"-nitrilotribenzoic acid
(H3NOTB) coordinate Zn,O clusters and could also exhibit OMS in
the material NENU-521 or Zn,,-TDC;-NOTBg (ZACHET). In struc-
ture Cde-BTC,-BDC (EWECOY), H,BDC and H;BTC coordinate
helicoidal chains of Cd atoms reaching almost 50 g L™ *. All these
structures are Zn-carboxylates, which could show the same pro-
blems of instability to moisture as the single-linker analogous Zn-
carboxylate MOFs. However, coordinating octa-core aluminium-
oxide clusters might show higher stability using a combination of
the linker H;BTB with H,FA in structure MOF-520 (Fig. 7a), tested
for methane storage.™

The mixture of purely N-donor linkers with divalent Zn or Cu
metals produces potentially highly stable materials for water
exposure and basic media. However, higher uptakes are pre-
dicted when N-donor and O-donor linkers are mixed in a MOF
structure. The mixture of N-and O-donor functionalities has
an unpredictable effect on materials’ stability, and this aspect
should be tested for each structure. For example, mixing
benzene-1,3-dicarboxylic acid (H,IA) and 3,5-dimethyl-1,2,4-
triazole (3,5dMeTz) produces the structure MAC-8 (Fig. S9a in

H, uptake (g/L)
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Fig. 6 (a) Comparison of hydrogen uptakes at —197 °C and 100 bar of MOFs made from the binary combinations of cheaper linkers than 1 € g~ (b)

Selection of structures from the cheapest linkers.
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Fig. 7

the ESIE) with 50.4 g L' of hydrogen uptake. Mixing H;BTC
and benzotriazole (BTrz) yields structures Zny-BTCe-BTrz; (Fig.
S9b in the ESI}) and Zn;-BTC,-BTrz (NESVEO) with a minimum
uptake of 52.7 g L™'. Mixing 4,4’-ethene-1,2-diyldibenzoic
acid (H,EDB) and 1,2,4-triazole (1,2,4TrAz) generates the struc-
ture MAC-14 (Fig S9c in the ESIf) with the potential to store
50.9 ¢ L™ ! of hydrogen.

From the 32 combinations of carboxylate acids and bipyr-
idines, those using 2,2'-bipyridyl (2,2'bPy) as an N-donor
linker usually yield structures where Me-2,2'bPy clusters occupy
the MOF cavities and reduce the available pore volume.
This possibility is reduced when using 4,4'bPy because the
distance between nitrogen atoms in the linker is maximised,
increasing the possibilities for creating a porous coordination
polymer instead of metal chelates. Combining 4,4'bPy with 5-
aminobenzene-1,3-dicarboxylic acid (H,NIA) and Cu generates
the structure Cu,-NIA,-4,4'bPy (Fig. 8a) with open tridimensional
porosity and potential OMS. In combination with H,bPDC acid
and Cu, the tridimensionally porous catenated structure Cu,-
bPDC,-4,4'bPy (EDOMAM) is obtained. The combination with
3,4-pyridinedicarboxylic acid (H,3,4PyDC) and Cd creates the
material JUC-67 (Fig. S8b in the ESI}), whose permanent porosity
can allocate 12 methanol molecules per unit cell.>® Finally, the
combination with H,DOTP and Zn (Zn-DOTP-4,4bPy, SUPLOF)
can potentially store 50.2 g L' of hydrogen.

Twenty-seven combinations of carboxylates and other pyr-
idine or pyrazine derivatives yield mixed linkers MOFs with
potentially high hydrogen storage density, like structure
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() MOF-520 or Al,-BTB-FA (RIXPIZ). (b) Zn,-PyEty-OBZ, (DIDDOK). (c) Fe,-BDC,-DABCO (XIVVEF). Created with iRASPA.3°

Zn;Cr;-BDC;3-PACA (XODPUD). If H;BTC is used as the carbox-
ylate linker, structure Zn;Cr;-BTC,-P4CA4 (SETSIV) is obtained
with an even higher storage density. The synthesised material
Zn,-PyEty-OBZ, (Fig. 8c) from 4,4’-oxydibenzoic acid (H,ODBZ)
and 1,2-bis(4-pyridyl)ethylene (PyEty) shows a highly porous
three-dimensional network containing large cavities of
about 13-11 A%°® for which 55.7 g L' of stored hydrogen
density is estimated. Structure Cu,-50IA,-Pyz (NIMQAD) from
5-hydroxybenzene-1,3-dicarboxylic acid (H,50IA) and pyrazine
(Pyz) linking Cu-paddle wheel clusters could store 51.2 g L™ " of
hydrogen in a similar framework into the material shown in
Fig. 7b. Structure Zn,-tBulA-PyEt (NUMPAO) from 5-tert-
butylbenzene-1,3-dicarboxylic acid (H,tBulA) and 1,2-bis(4-
pyridyl)ethane (PyEt) could store 53 g L' of hydrogen. Finally,
H;BTB and P4CA coordinate Zn and Cr atoms to generate
the structure Cr;Zn;-BTB,-P4CAs (SETSUH) with an uptake
of 50.6 ¢ L™". Some MOFs combine carboxylate-based and
N-donor linkers like purines, diazabicyclo or hexamethyltetraa-
mino compounds. For example, 1,4-diazabicyclo[2.2.2]octane
(DABCO) and H,IA coordinating Zn-oxide clusters in a paddle-
wheel configuration yield the structure Zn,-IA,-DABCO (FOR-
XAM, similar to Fig. 7b) which could store 51.9 g L' of
hydrogen. If H,BDC is used to coordinate Zn, the material
Zn,-BDC,-DABCO (Fig. $10-a in the ESI$) could store 52.5 g L™*
of hydrogen, the same uptake as CuZn-BDC,-DABCO (WAR-
FIG). Fe,-BDC,-DABCO (Fig. 7¢) and Ni-BDC,-DABCO (EZOFUV)
store 51.6 and 50.3 g L™ " of hydrogen, respectively. If H,bPDC
substitutes the cheaper H,BDC, the material Zn,-bPDC,-

Fig. 8 (a) Cus-NIA4-4,4'bPy (CSD code IVEKEA). (b) JUC-67 or Cd,-4,4'bPy-3,4PyDC, (HOWQAM). (c) Zn,-PyEty-OBZ, (DIDDOK). Created with

iIRASPA %°
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DABCO (FEFDEB) could store 50.6 g L™ " of hydrogen. Also more
expensive but still within the selected feasibility criteria, the
combination of DABCO with 4,4’-carbonyldibenzoic acid
(H»4,4'COdB) results in structure Zn,-4,4'COdB,-DABCO (Fig.
$10-b in the ESI}), and with 4,4'-(1,1,1,3,3,3-hexafluoropropane-
2,2-diyl)dibenzoic acid (H,F¢PdB) in Zn,-FsPdB,-DABCO (WIH-
WAN), both potentially storing 51 ¢ L' of hydrogen.

Conclusions

Herein, we elaborated a database of ca. 3500 structures from
the CoRE MOF database obtained from industrially relevant
metals, further estimating their hydrogen uptake. Structures
with higher uptake than 40 g L' at 77 K and 100 bar, predicted
from their calculated porous properties, were selected. The
database collects the organic composition of materials,
together with crystallographic, structural, chemical, and porous
properties. Finally, the cost-per-gram of the organic linkers, if
they are commercially available, is also collected and used to
compare the feasibility of structures for their industrial produc-
tion. We found that high volumetric storage density can be
achieved using inexpensive linkers, like terephthalic or trimesic
acids, alone or combined with affordable linkers and metals.

Up to 666 MOF structures from individual linkers and metals
can show successful operation for volumetric hydrogen storage
using linkers cheaper than H,AzBTC, the linker of the commer-
cially available material PCN-250(Fe). Carboxylate MOFs coordi-
nating divalent metals like Zn or Cu are more commonly
reported, like those found in MOF-5 and HKUST-1. However,
the structural stability after moisture exposition could be
enhanced using trivalent or tetravalent metals like Al or Zr.

Mixing metals and linkers increases the structural variety of
MOFs. 224 promising MOF structures constructed from com-
binations of up to two linkers and two metals are collected in
this database. Specially, combining linkers with N- and O-
donor functionalities improves the porous properties with
respect to the N-donor ones and may enhance the stability of
the metal-organic bonds. Mixing carboxylates with azolates,
pyridine, or pyrazine derivatives also drives the synthesis of
potentially affordable porous MOF structures.

Beyond the selection of materials for hydrogen adsorption, this
database opens the possibility of selecting affordable structures
for different applications where porosity, crystallinity or composi-
tion are relevant parameters. Also, it facilitates the creation of
derivatives from existing MOFs by modifying their chemical
composition, or even the development of new MOF structures
from economically feasible components. Finally, the provided
user interface allows the creation of customised MOF selections
that can be useful to finding promising structures for these
applications considering the properties of structures and linkers.
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