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Abstract: Decarbonization and development of clean energy has long been a challenge and
require the reconstruction of energy consumption. Hydrogen emerges as a promising
alternative energy source due to its high hear capacity and negligible carbon emission.
However, there exist a lack of effective and efficient approach to store, transport, and recover
hydrogen for utilization. Solid materials hold promises to resolve the challenge. Metal-
organic frameworks (MOFs) is a class of hybrid organic and inorganic materials that exhibit
high porosity and diverse chemistry rendering them suitable for gas storage and separation.
Screening optimal MOFs for hydrogen storage becomes a persistent research pursuit due to
the infinite number of MOF materials. Herein, we propose a computational data-drive high
throughput screening pipeline for screening MOFs for hydrogen storage. We generated over
a MOF database with over 2000 prototypes and optimized the structures. The hydrogen
storage capacities of these MOFs were predicted for identification of top-performing MOFs
and investigation of structure-property relationships. We identify top MOF candidates with
superior performance than the reference MOFs and high synthesizability. The relationship
between the metal chemistry, MOF topology and hydrogen capacity were revealed as future
experimental guidance.

Keywords: Metal-organic frameworks, H2 energy storage, virtual screening, machine
learning.

1. Introduction

Decarbonization has been a major challenge for mankind[1, 2]. It demands a rethinking of the energy
systems and requires the reduction of fossil-based energy sources and the adoption of clean energy.
Hydrogen emerges as a promising fuel because of its high specific energy, renewability and its ability
to be generated and consumed without the emission of greenhouse gasses[3]. However, the use of
hydrogen is impeded by the lack of safe and cost-effective systems for H» storage and transportation,
with implementations on mobile (e.g. vehicular) platforms sometimes being more challenging than
stationary applications[4]. To encourage research in this field, the US Department of Energy (DOE)
has set the 2025-year (5.5 wt%, 40 g/L) and ultimate (6.5 wt%, 50 g/L) goals for storage systems[5].
To achieve this, significant attention has been paid to storage in solid adsorbent as an alternative to
compression in high-pressure tanks[6, 7]. Solid adsorbents, such as metal hydrides, possess potential
to exceed the storage capacities of physical storage methods at lower pressures and thus reduced cost
(4, 8].

© 2025 The Authors. This is an open access article distributed under the terms of the Creative Commons Attribution License 4.0
(https://creativecommons.org/licenses/by/4.0/).
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Metal-organic frameworks (MOFs) are a class of reticular coordinate materials composed of
periodically arranged metal clusters and organic linkers[9]. Due to their reticular nature, MOFs are
mostly crystalline and have unique properties compared with conventional solid materials
(amorphous MOFs do exist but are not the focus of investigation in this work)[10, 11]. The porosity
and high specific surface area make it ideal for the adsorption of small molecules, such as drugs,
gasses, and metal complexes, leading to applications in drug delivery[12], gas storage and separation
[13-15], and catalysis[ 16-18].Hydrogen storage as an applicational concern has been considered since
the start of this class of materials marked by the development of MOF-5[19, 20]. Over the years,
increasingly high-performance MOFs have been discovered, but the progress still falls behind the
expectations outlined by the Department of Energy for adsorption rates. Thus, it is a pressing demand
to develop materials with superior performance.

Computational screening approaches have significantly accelerated MOF materials design in the
past years[21]. In silico materials design allows the researchers to exhaustively explore MOF
materials that are not experimentally accessible[22]. A typical high throughput computational
screening (HTCS) workflow starts with the generation of a MOF database covering diverse topology
and compositions, followed by molecular modeling and calculation of target properties using classical
or quantum mechanical methods[21-25]. Subsequently, top-performing MOFs are proposed for
further experimental validation, with successful cases such as NU-800 for methane storage[26] and
SBMOF-1 for Xe/Kr separation[27]. Such computational efforts in the past years, combined with
experiments, have contributed to the construction of MOF databases (e.g., CoRE[28] MOF,
hMOF[29]) with high quality crystal structures and properties, enabling the data-driven discovery of
MOF materials[30,31]. Machine learning has received significant attention in materials science
research, with great success in predicting materials properties, generating novel materials, and
unraveling structure-property relationships[32-36]. There are several ways to represent a MOF
structure including geometrical properties[37], string representations[38], energy grids[39], and
graphs[40]. Among those, crystal graph convolutional neural network (CGCNN) is a widely used
model for the prediction of the properties of inorganic crystals[40]. It represents a crystal structure as
a graph comprising nodes for atoms and edges as bonds. CGCNN has been the basis of a multitude
of graph neural network models for crystalline materials design, including the currently released
MOFTransformer model[41]. By integrating ML into a HTCS workflow is anticipated to further
facilitate the MOF design and discovery.

Herein, we propose a HTCS workflow, integrating molecular modeling and machine learning, and
synthesizability ranking for designing MOF materials for H, storage. We first analyzed the
compositions of metals and metal clusters in experimental MOFs with superior H» storage capacity.
We then selected the most frequent metal clusters for the generation of a MOF database in
combination with a range of organic linkers. The generated structures were then optimized to yield
reasonable crystal structures. The volumetric and gravimetric Ha storage of the MOF prototypes were
predicted by a MOFTransformer model trained on experimental MOFs with GCMC-determined H»
storage capacity. Through the study of a MOF database comprising of 2201 prototypes, we identified
top performing MOFs with H» storage capacities higher than MOF-5 and IRMOF-20. A free energy
ranking of these MOFs showed the high synthetic likelihood for experimental testings. We found that
the most abundant metal in these MOFs is Cu, indicating the importance of metal type choice in
designing MOFs for H» storage. In addition, we were able to examine the structure-property
relationship indicating that the topology and geometry of MOFs are strongly associated with the H»
storage capacity, with a preference of low density and high surface area. It is anticipated that the
HTCS workflow can be readily applied to MOF screening purposes for diverse applications, which
can greatly accelerate MOF materials design compared with traditional experimental MOF screening
protocol.
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2. Methods
2.1. Structure Analysis of CORE MOF

Prior to constructing the MOF database, we first investigated the structure composition of MOFs with
high H» storage capacities. On one hand, such analysis can help us understand the metal chemistry
that dictates the ability of MOFs to absorb H»[42]. On the other hand, metals that usually possess
poor H» storage capacity can thus be discarded in subsequent MOF generation and screening to save
computational resources. The dataset we used is reported by Ahmed and Siegel[43], which includes
the CSD codes of the MOFs from multiple databases (CoORE MOF, hMOF etc.) and GCMC-
calculated usable volumetric capacity and gravimetric capacity. The H; storage capacity is calculated
under pressure swing between 100 and 5 bar at 77K[43].

We focused on computation-ready experimental metal-organic framework (CoRE MOF) database
as it is one of the most comprehensive MOF databases available open-source with over 14000
MOFs[28]. In total, we found around 6000 MOFs with matching crystal structures to the database
mentioned before. To find the metals in the MOFs, we decomposed MOF structures using
MOFID[44], which outputs the metal, linker, as well as the topology of a MOF with a given CIF file.
Among the top-performing experimental MOFs, the abundance of metals was plotted and ranked as
a histogram to identify the metals for subsequent study.

2.2. Hypothetical MOF Structure Generation
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Figure 1: The building blocks for MOF database generation in ToBaCCo. The examples of the metal
node, organic nodes and edges are visualized by Mercury.

In total, 10 metal clusters, 13 organic nodes and 36 organic linkers were selected to generate the MOF
database for our study. Some example nodes and linkers are shown in Figure 1. The ToBaCCo
code[29, 45] was used to create hypothetical MOF structures. Within the ToBaCCo code, there is a
list of topology nets referenced from the Reticular Chemistry Structure Resource Database
(RCSR)[46]. In practice, the code places the nodes and edges onto the reticular nets once a compatible
topology is found, which is followed by a short structure minimization before outputting the CIF file.
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It should be noted that the MOF composition in this study is not exhaustive, and that one can easily
generate more building units and structures. To ensure the synthetic feasibility of the generated MOF
prototypes, we limit the edge combination in the ToBaCCo code as this implementation would usually
lead to MOF unit cells with multiple different nodes and organic linkers[47]. We obtained a MOF
database with 2201 structures using the selected building units and all the topologies included in the
code.

2.3. Structure Optimization by MD Simulations

Since the ToBaCCo code generates MOFs purely relying on the geometry matching, the resulting
structures may include severe atomic overlap or structure strains, which will lead to inaccuracy of the
MOF geometric property calculations[48]. Thus, we used molecular dynamics (MD) simulation to
relax the unit cells of the generated MOFs. MD simulation analyzes physical movements of atoms
through simulating their interactions and dynamic evolution of the system. In our work, MD
simulations were conducted using the Large-scale Atomic/Molecular Massively Parallel Simulator
(LAMMPS) developed by Sandia National Laboratory[49]. The cif2lammps tool was used to generate
the input files for LAMMPS with implementation of the UFFAMOF force field[50] containing
corrected parameters for copper-paddle wheel metal nodes to represent the interatomic interaction.
For structure energy minimization, a multi-stage scheme was performed. First, the box size and atom
coordinates were minimized simultaneously. Secondly, the atomic coordinates were relaxed by fixing
the box. The structure relaxation was stopped after three integrations. The final structures were then
converted back to CIF format to give the final hypothetical MOF dataset. This dataset served as the
basis of machine training and filtering for subsequent steps.

2.4. Calculation of MOF Geometrical Properties

To enable the relationship between H» storage capacity and MOF structure, we obtained the MOF
structural information using Zeo++[51], a software package specialized for the calculation of
geometric parameters of crystalline porous materials. This is achieved through the application of
Voronoi decomposition, which generates a graph representation of the void space in a given recursive
structure. The most prominent among the parameters are density, pore sizes, surface area. A probe
size of 1.86 A is used in accordance with the diameter of N, which is commonly used in experimental
determination of MOF surface area. The specific properties we calculated include the largest cavity
diameter (LCD), gravimetric surface area (GSA), density, and void fraction.

2.5. Hydrogen Storage Prediction by MOFTransformer

In principle, we can use grand canonical Monte Carlo (GCMC) simulations to calculate the H»
capacity of the generated MOFs. However, it is computationally demanding when the MOF space is
large. Alternatively, machine learning offers an efficient and feasible way to determine the target
properties of the newly generated MOFs. MOFTransformer is a deep-learning model specialized in
predicting various properties of MOF materials[41]. It is pretrained on over 1 million MOF structures
to learn the underlying structural properties of MOFs. Through subsequent fine-tuning with
specifically curated datasets oriented towards MOFs with properties in hydrogen uptake, the model
is readied to evaluate the hydrogen storage capacities of the generated hypothetical MOFs[52]. The
graph representation and energy grid embeddings are used to represent a MOF structure. The crystal
graph is derived from CGCNNJ[38] and the energy grids[53] are calculated with methane as a
simulated probe molecule using the Universal Force Field (UFF)[54] and Transferable Potentials for
Phase Equilibria (TraPPE)[55] Force Field.
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The data set used for training includes 5920 MOFs with gravimetric capacity and volumetric
capacity labels as reported in ref[43]. The corresponding crystal structures are taken from the CoRE
MOF dataset. A ratio of 0.7:0.15:0.15 was used to split data into training, validation, and test data
sets. The batch size was set to 36 to accumulate the training gradient and the maximum epochs was
500. The training was conducted on 1 GPU node (NVIDIA GeForce RTX 4090) with CUDA version
of 12.2. We visualized the training progress using the tensor board built in PyTorch to ensure the
convergence of the loss and to avoid overfitting during the model training.

2.6. Synthesizability Evaluation of Proposed MOF Structures
2.6.1. Structure Equilibration

All simulations and calculations were performed using molecular dynamics in LAMMPS, with a time
step of 1 fs. The parameterization of MOFs was obtained using the same protocol for the structure
optimization. The resulting topologies were first energy minimized using the conjugate gradient
algorithm to eliminate any forces on atoms larger than 1 x 107!° kcal/mol.A, followed by a short NPT
equilibration under 0 bar and 300 K maintained by Nose-Hoover barostat and thermostat, respectively,
over a course of 200 ps. Then the box was further relaxed using the fix box/relax code which allowed
the adjustment of the simulation box. The volume was then saved for final analysis, and the final
structures were saved for subsequent free energy calculations.

2.6.2.Free Energy Calculation by the Frenkel Ladd Path

To compute the free energy of a solid, we employed the Frenkel Ladd path described in detail in the
work by Freitas[56]. Briefly, the FL free energy is computed by thermodynamic integration (TI) from
an Einstein crystal to a fully interacting solids. With the addition of the analytical free energy of the
reference Einstein crystal, we can obtain the absolute free energy of MOF crystals for synthesizability
comparison. The employment of free energy has been reported to well predict whether the MOF can
be synthesized in experiments. Einstein crystal describes a system in which each atom is coupled to
its defined equilibrium position by a harmonic potential using a force field representation. During the
TI process, an initial system is switched to a final system using a scaled potential energy

HQ) =AH,+ (1 - A)H, (1)

where is a coupling parameter within [0,1]. The system corresponds to an Einstein crystal (Up) when
= 0 and to a fully interacting MOF solids (U1) at = 1. The free energy between the two states can be
calculated using

4F = [ (Zyda 2

where (Z—Z) is the ensemble average at a specific A point. Since the free energy of an Einstein crystal
is known and we can compute the absolute free energy F of a MOF solid,

F = AF 4 3ksT ¥V In(22) (3)
kgT

where is the vibration frequency associated with each atom, h is the reduced Plank’s constant, and N
is the number of atoms. The vibrational frequency is controlled by the force constant associated to
each atom. In an Einstein crystal, the force constant can be arbitrary but more reliable results can be
acquired when the reference state resembles the real solid. Thus, we used a uniform constant of 10
kcal/mol/A? for all atoms, which has been reported to perform well for MOF solids.
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To enhance the computational efficiency, a non-equilibrium switching method was used, where
becomes a time-dependent value. The free energy associated between Einstein crystal and the final
solid can be estimated by the average work done by a forward switching and backward switching,

] . .
aF =3 (Wi —wim) )
where W is the irreversible work during the non-equilibrium switching. Finally, we add a correction

term to compensate the translation entropy loss when we removed the center of mass translation of
the solid,

23
Feorrection = kBTln(% (zﬂkBTZQV Z_ii )?) &)

where y; = m;/Y; m;, and n, is the number of unit cell replications used in the simulation, and V' is
the equilibrium volume.

3. Results and Discussion
3.1. Structure Analysis of COREMOF

Due to the modular nature, MOF materials, in principle, can be assembled from diverse metal nodes
and organic linkers, leading to an infinite number of MOF prototypes[57]. To make our computational
screening tractable, we first analyzed the structure compositions of top-performing MOFs from a
subset of experimental crystals and then selected the top metal nodes for subsequent structure
generation. The distributions of usable volumetric capacity (VC) and gravimetric capacity (GC) are
shown in Figure 2a, 2b. The majority of the MOFs are distributed over a region with moderate usable
VC while over a region with low usable GC. In our study, a VC threshold of 35 g/L and a GC threshold
of 3.5 wt% are used to determine the best MOFs, which comprises 27.3% of the MOFs. The metal
composition of as-selected structures is shown in Figure 2c¢. It is obvious that Zn and Cu are the most
prevalent metals existing in the optimal MOFs for H storage, indicating that Zn or Cu may offer
metal sites that interact with H,. Thus, we hypothesize that utilizing the most frequent metal types for
constructing the hypothetical MOF structures may increase the possibility of identifying MOFs with
higher performances and reduce the computational efforts on poor performance of MOFs composed
of less frequent metals. To this regard, the top six metals, including Zn, Cu, Co, Ni, Mn, and Fe, are
selected leading to a total of 10 metal clusters with distinct topologies.
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Figure 2: Analysis of MOFs from the experimental MOFs. The histogram plots of (a) usable
volumetric H» capacity and (b) usable gravimetric H> capacity. The dashed lines are the arbitrary
thresholds used to select the top-performing MOFs. (¢) The occurrence of metals in the selected
MOFs.
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3.2. Generation and Structural Optimization of MOF's

During the MOF generation, we enforced the resulting MOFs to contain only one metal type under
the consideration of synthesis feasibility. In addition, we leave out the linkers with sulfur atoms
because they do not or rarely appear in the CoORE MOF database. The MOF structures created by
ToBaCCo may be distorted from a usual crystal structure with long bonds or atomic overlap, which
hinders the performance of subsequent machine learning algorithms when converting the MOFs to
graph and energy grid representations. Therefore, we use MD simulations to optimize all the MOF
prototypes. As shown in Figure 3a, the as-generated structures have long distances between the
connecting site of the metal cluster and that of the linker. After geometry optimization by force field
calculations, this structural distortion can be eliminated (Figure 3b). Ideally, density functional theory
calculation would be used for such purposes, while it is quite computational expensive especially in
the context of high throughput screening. The MD simulation with the use of the UFFAMOF force
field is adequate as proven by literature[58].

as-generated optimized

Figure 3: One example shows the MOF structure generated by ToBaCCo without geometry
optimization (a) as compared with the structure after geometry optimization (b).

3.3. H; Storage Capacity Prediction by MOFTransformer

The MOFTransformer model is one of the state of art models for porous materials capable of tasks of
regression, classification and so forth. The model is trained separately for VC capacity and GC
capacity. Figure 4 shows the scatter plots of the comparison between predicted and calculated H»
storage capacity. The gray dots, which represent the training data, are well aligned on the diagonal
line indicating that training data has been well fitted. To examine how the model extrapolates to the
unseen data, the results of the test data set for VC and GC are shown as blue in Figure 4a and 4b. It
is obvious that the regression performance for the test data is not as good as the training set with more
scattered dots along the diagonal line. This is expected because the trained model has never visited
the MOF structures in the test set. For VC, the R? of the test set is 0.862 and the mean absolute error
(MAE) is 2.663 g/L; and for GC, the R? of the test set is 0.870 and the MAE is 0.394 wt%. These
results suggest that the MOFTransformer model is properly trained to predict the corresponding
properties in our self-constructed MOF database.
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Figure 4: The scatter plot shows the comparison between predicted and calculated (a) VC and (b) GC
for MOFs in the data set. The gray dots are MOFs in the training set and the blue dots are the MOFs
in the testing set.

3.4. Relationship Between H; Storage Capacity and MOF Geometric Properties
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Figure 5: Relationship between H> capacity and MOF geometric properties. The predicted VC is
plotted against GC, with the color bars showing the (a) density, (b) GSA, (c¢) LCD, and (d) void
fraction of the MOFs. The star and the triangle dots show the MOF-5 and IRMOF-20, respectively,
as the reference.

With the optimized MOF database comprising 2201 MOF prototypes and the fine-tuned
MOFTransformer models, we then proceeded to predict the VC and GC. One advantage of high-
throughput screening in a large MOF space is that it allows us to investigate the relationship between
H> storage capacity and MOF structures. For such purpose, we extracted the MOF geometric
properties for all optimized MOFs. As shown in Figure 5, VC increases as GC increases and then
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plateaus when GC reaches around 5 wt%. The majority of the high-performing MOFs have a density
lower than 2 g/cm3 (Figure 5a). It is reasonable because a large void volume would offer more space
for adsorbed H> molecules, leading to low density MOF structures. This also aligns with the
relationship for LCD and void fraction shown in Figure 5c and 5d, due to the strong correlation
between density and void fraction and LCD in MOFs. Notably, we find that the GC is highly related
to the GSA of MOFs (Figure 5b), with the majority of the top-performing MOFs possessing GSA
values larger than 3.0 m?/mg.

Generally, in our MOF database, the majority of MOFs still reside in the poor or moderate Ha
storage area. We find that MOFs with larger pores, lower densities, larger void fractions would
usually have higher GC and VC values. However, when the MOF reaches a certain condition (e.g.,
density < 2g/cm3), the VC reaches a plateau while the GC continues to increase to ~ 15 wt%. Based
on this, it can be envisioned that MOFs with densities beyond the lower bound of our dataset, may
start to show degrading VC performances due to the increasing unoccupied volumes in these low-
density MOFs. Therefore, to design MOFs with both high VC and GC performances, the region where
VC plateaus and GC continues increasing should be targeted as in our study. However, we cannot
make the conclusion that the VC values studied here is the limit due to the finite MOF space we
explored.

3.5. Proposed Structures

The star- and triangle- shaped dots represent MOF-5 and IRMOF-20 as reference structures (Figure
5). Despite the fact that the VC of our generated MOFs fall below those of MOF-5 and IRMOF-20,
we do identify a region of MOFs with GC exceeding the reference structures. To define a metric to
screen the top MOFs, we use a simple product of GC and VC to rank the MOFs, which is inspired by
the fact that researchers prefer MOFs with both high GC and VC. Finally, we were able to select the
top 5 performing MOFs as summarized in Table 1 and visualized in Figure 6. As shown in Table 1,
we can see that the GC and VC of the proposed structures fall in the upper right tip region in Figure
5, indicating the ability of the product of GC and VC to identify best-performing MOFs. Another
parameter to select top MOFs is to sum the ranks for GC and VC for each MOF. This is similarly
guided by the idea that both indices should be considered when evaluating the adsorption of MOFs.
The top 5 MOFs selected this way are shown in Table 2:

Table 1: Proposed MOF structures selected from the whole database with their additional properties.

Ranking Topology Metal SBU Type GC (wt%) VC (g/L) Density (g/cm3)
1 umx 3c-Cu 15.16 48.95 0.21
2 ete 3c-Cu 15.24 46.88 0.10
3 sod 4c-Cu 15.05 46.78 0.22
4 etc 3c-Cu 14.92 46.36 0.061
5 cdsa 3c-Cu 15.44 44.63 0.091

Table 2: Top-performing proposed MOF structures selected from the whole database with their
additional properties according to ranking of GC and VC.

Ranking  Topology Metal SBU GC VvC GC vC Density
Type (Wt%) (g/L) Ranking Ranking (g/cm3)

1 bod 3c-Cu 13.84 49.21 13 31 0.070

2 wjh 4c-Cu 13.20 49.31 22 25 0.18

3 umx 4c-Cu 15.16 48.95 3 45 0.21

4 umf 4c-Cu 11.96 50.18 66 2 0.20

5 unc 4c-Ni 11.80 49.51 78 17 0.27
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Surprisingly, we find that the metal type consistently to be Cu instead of Zn in the top 5 structures.
Copper-based SBUs are the second most abundant in top performing MOFs in the CoORE MOF
database, which implies that MOFs with copper as metal clusters may be underexplored
experimentally for H» storage purposes and that attempts to synthesize copper-based MOFs may lead
to better MOF materials. Nickel, the fourth most abundant metal in the CORE MOF database, might
also be underrepresented in prior investigation on H» storage MOFs. In many cases, Ni-based MOFs
perform comparably with Cu-based MOFs with the same topology. Additionally, consistent with the
results in Section 3.4, the proposed MOFs have low densities, exhibiting large pores and channels in
the structures (Figure 6).
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Figure 6: Five top-performing MOFs for optimal H» storage identified from our database as listed in
Table 1. The metal type for all five structures is Cu.
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Figure 7: The frequent clusters in top-performing MOFs as revealed from the high throughput
screening. The 3¢_Cu cluster, shown as the bluest color, persistently cluster in the upper corner region
with high hydrogen storage capacity.

From the above results, the top-performing MOFs are also overwhelmingly based on 4c-Cu, 4c-
Ni, and 3c-Cu. There is compelling evidence that in addition to the superiority of Cu-based SBUs in
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H; storage, 3¢c-Cu SBUs consistently exhibit better performance compared to 4c-Cu SBUs as shown
in Figure 7. The MOFs with 3¢c-Cu SBUs are consistently in the high-performance region. This might
be accredited to the fact that 3c-Cu is a SBU that contains 3 Cu atoms with coordination number of
each being 2. In comparison, 4c-Cu is a SBU that has two Cu atom with coordination number of each
being 4. The lower coordination number for 3c-Cu suggest that it can provide more open metal sites
for MOF to interact with Hz and thus increase the adsorption[42]. Despite only accounting for 1% of
all hypothetical MOFs tested, it appears disproportionately frequently on the top of the list, with 5
occurrences in the top 20. Thus, future experiments attempts may devote more attention to low
coordinated Cu metal clusters for constructing MOFs with optimal hydrogen storage.

3.6. Can the Proposed MOFs be Synthesized?

The next question we seek to answer is whether these MOFs are likely to be synthesized
experimentally. Despite the potency of HTVS to discover high performing MOFs, the generated
hypothetical MOFs from previous workflows are noted for their vacant frameworks and low densities,
and thus are not guaranteed to be synthesized in labs. This suggests probable deviation of
experimental results with computational prediction, which has been seen in a number of HTVS work
where the predicted MOFs are not the one synthesized in experiments. Thus, it is critical to evaluate
the synthesizability of the proposed MOFs to refine the HTVS workflow|[24, 25, 58].
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Figure 8: Free energy profiles of the top 18 MOF structures from the ranking from Table 1 and 2. The
free energy is linearly transformed according to the work by Anderson[59] treating all MOFs as the
Cu MOF set for simplicity. The dashed line indicates the threshold for synthetically probable MOFs.

The Frenkel Ladd Path free energies of the top 10 MOFs in each ranking were computed to rank
the synthesizability of MOFs (in total 18 structures as bod appears in both and sod too skewed)
(Figure 8). Notably, the Frenkel Ladd Path did not apply successfully onto every top-performing
MOF. For example, the MOF enumerated in Table 1 that sod topology was too unstable and skewed
to be calculated by our simulation pathway, and thus its absolute free energy result is absent. By
defining a free energy threshold of 4.4 kJ/mol.atom, under which MOFs are likely to be synthesized,
we note that the majority of the proposed MOFs possess high synthetic likelihood, with the wjh, umx,
unc, umf, and npo (Table 1, 2) being the top 5 stable MOFs. Although above the threshold, the etc,
bod, ete structures still have low free energies. In addition, we also observe that the free energy, i.e.,
synthesizability, has a strong correlation with density[59],which is in accordance with experimental
findings that a closely packed crystals are favored to porous materials.
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The further evaluation of the synthesizability of proposed MOFs strengthens our computational
prediction of the top-performing and high-synthesizability MOFs. The free energy ranking also
guides the experimentalists to prioritize the attempts on MOFs that are of higher synthesizability
when comparable H; storage capacities are identified.

4. Conclusions and Discussions

In summary, we propose a high throughput screening workflow for discovering MOFs with optimal
H, storage capacities. The workflow starts with the construction of a user-defined hypothetical MOF
database followed by MD simulations for structure optimization. Then, we fine-tune a pre-trained
MOFTransformer model as a surrogate model to predict the target properties of interest (i.e., H>
storage capacity) and to identify top-performing MOFs. The MOF geometric properties are also
computed to allow for the investigation of structure-property relationships. In addition, the workflow
utilized machine learning models for property estimation, which is highly efficient in the purpose of
high throughput screening. We also performed prediction of MOF stability (i.e., synthesizability) for
the top ones using free energy calculation, showing that the proposed structures generally have high
synthesizability. Although having limited data, we observe that dense structures are characterized by
higher stability. Essentially, the workflow holds great promise for MOF screening because it can be
readily applied to other applications, such as gas separation and conductivity, as long as there are
experimental or computed properties for a large MOF database. We foresee that with the
advancement of cheminformatics and databases, leveraging molecule modeling and machine learning
techniques can open up new avenues for materials design.

Through the study of 2201 MOF prototypes that we generated in this work, we find that MOFs
with low density and high surface areas are preferred for H> storage. This agrees with experimental
findings and intuitions because lower density can offer space for H» storage while high surface area
can maximize the interaction between MOFs and H, molecules. In addition, we identified 5 best-
performing MOFs with GC higher than MOF-5 and IRMOF-20. Unfortunately, the VC does not
outperform those but are of similar values. Notably, the top MOFs all use copper as the metal clusters,
in particular the 3c-Cu cluster. This emphasizes the importance of low coordination Cu cluster in
future computational and experimental screening of MOFs for hydrogen storage. In addition, the
Frenkel Ladd path free energy calculation revealed that the majority of the MOFs we proposed are of
high synthesizability and thus are promising for experimental tryout.

Despite its findings, however, we note that this work is still limited both in terms of breadth of the
scope of the MOFs considered in the generation process and the evaluation of the properties of these
generated MOFs. Firstly, this work only considered a limited selection of SBUs, and only considered
MOFs constructed with one type of metallic center and linker each. Considering the reported high
performance of mixed-metal MOFs[60, 61] and the multitude of topologies made available, further
research may take these additional possibilities into account. Moreover, current MOFs often possess
sub-ambient or even cryogenic too low to be practically applicable in real-life settings, especially
onboard individual vehicles[62]. Further research could devise novel algorithms to simulate and
predict the working temperature of generated MOFs as well. Another characteristic worth
investigating is the structural durability, or resistance to structural collapse. MOFs are crystalline, but
with repeated filling and depleting of solution molecules, it may generate an amorphous phase,
undermining the framework’s ability to store hydrogen[63].
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