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Abstract

A novel integrated machine learning (ML) framework, consisting of structure decomposition,
feature integration and predictive modeling, is proposed to correlate MOF structures with gas
adsorption capacities. First, metal nodes, organic linkers, and underlying topologies are identified
from MOF structures. Numerical features of the organic linker are generated by molecular graph
convolution. Later, the metal node is embedded and integrated with organic linker’s features to
capture the MOF chemical information. In addition, embedded MOF topology and geometric
descriptors are considered as additional structure-level features. Finally, using all the chemical and
geometric features as inputs, ML models are trained to predict MOF adsorption capacities. Through
two case studies on hydrogen storage and ethylene/ethane separation, the proposed ML framework
is demonstrated to be reliable and efficient for MOF property modeling. The resulting ML models
can provide a fast and reliable prediction of MOF performance indicators, which thereby
significantly accelerate the discovery of novel MOFs. The major novelty of the present work is the
incorporation of full chemical information of MOF for ML modeling, which largely increases the
prediction accuracy of adsorption performance and meanwhile facilitates the subsequent model-
based optimal MOF discovery.
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1. Introduction

Metal-organic frameworks (MOFs), which are constructed with building blocks (i.e., metal
nodes and organic linkers) to form periodic structures following certain topologies, have attracted
considerable attention due to their structural diversity, high porosity, and tailorable functionality.
So far, MOFs have been widely applied in energy and environmental areas including gas storage
(.21 and separation B~ 5. Their modular building blocks allow us to tailor MOF structures with
desirable properties for specific applications, which has been confirmed by tens of thousands of
novel MOFs successfully synthesized over the past decade 1. In principle, these available building
blocks can be assembled to form a huge number of possible MOFs, while experimentally
synthesized MOFs reported to date represent only a tiny fraction. The sheer size of the structure

space makes finding an optimal MOF for a particular application a great challenge.

With the rapid development of powerful computational techniques and the availability of high-
performance computing resources, researchers are able to use classical molecular simulation
approaches to identify potential materials from a large database in a brute-force manner. This
method is known as high-throughput computational screening. Using this method, the experimental
chemists and material scientists can efficiently focus on potential candidates screened out from the
database. Through experimental validation, high-performance MOFs can be finally identified [,
Targeting at different applications, many contributions on high-throughput computational
screening have been carried out =4, However, one should note that using a brute force screening
approach to discover promising MOFs can be prohibitively expensive for very large databases, and
manually analyzing such a large amount of data is impractical.

In molecular and materials science, machine learning (ML) is capable of inferring mathematical
models to capture complex structure-property relationships from available data [*5~*. It provides
a more direct and convenient way to estimate adsorption properties from MOF structures, with the
computational cost decreased by several orders of magnitude compared to high-throughput
molecular simulation 2%, Over the past few years, many researchers have applied different ML
methods (e.g., decision tree, support vector machine, and neural network) to predict the uptakes of
various gases (e.g., CHs, CO,, and Hz) in MOFs 21 -2 The established ML models can both
accelerate the material screening process and provide deeper physical insights for MOF synthesis

and discovery 3031,



So far, most of the ML models have employed MOF geometric descriptors (e.g., void fraction
and surface area) to correlate their adsorption properties. Although geometric descriptors largely
affect the adsorption performance, chemical diversity of building blocks can also play a crucial
role % %2 Currently, various chemical descriptors of MOFs have been proposed and applied in
ML-based predictive modeling, such as atomic charges 2!, number of atoms 2?1, hybridization and
connectivity 21, percentage of metal relative to carbon ¢!, dipole moment 271, and molecular
fingerprint B3, It is challenging to identify a small and most informative set of features from the
massive chemical descriptors for different applications via the feature engineering approach 34,
Fortunately, as an alternative, representation learning (a special deep learning technique) can
efficiently tackle this issue by automatically learning features (without physical inputs) from

material chemical and geometric information.

In this work, we introduce an integrated ML framework able to identify MOF building blocks
by structure decomposition, couple the geometric characteristics and chemical features of the
building blocks, and learn the gas adsorption properties. By using the proposed ML method
integrated with representation learning-based MOF features, the adsorption capacities of MOFs
can be directly predicted, thereby supporting fast MOF screening and discovery. Targeting at gas
storage and separation, we first apply molecular simulations to generate adsorption data for a
number of selected MOFs with diverse structures, then construct predictive ML models, and finally
perform large-scale screening on a much larger pool of MOFs to identify potential candidates. Two
case studies on hydrogen storage and ethylene/ethane separation are conducted to demonstrate the
reliability and efficiency of the proposed ML method, and to confirm the great potential of the
identified MOFs.

2. Computational Details

Data is of central importance in discovering relationships between material structures and their
process-relevant properties. Experimental data is always preferred for predictive modeling.
Unfortunately, they are very scattered and limited. In this context, the grand canonical Monte Carlo
(GCMC) simulation is recognized as a powerful tool to generate data for MOF property modeling
and discovery, because it has a high efficiency in simulating the adsorption performance of MOFs
with a satisfying accuracy [ 361,



2.1. MOF Database Pre-treatment

The hypothetical MOF (hMOF) database used in this work consists of 137,953 different MOFs
(371, We introduce a multi-step strategy to automatically extract MOF building blocks, identify
topologies, and analyze MOF chemical information from their Crystallographic Information Files
(CIFs). This data extraction and pre-treatment strategy is based on the deconstruction algorithm
proposed by Bucior et al. 8 which stores the information of building blocks and topologies by

string-form identifiers, namely MOFid and MOFkey.

First, MOF structures are transferred into MOFid and MOFkey identifiers; second, the building
blocks and underlying topological networks are extracted from the identifiers following predefined
rules; finally, data cleaning is performed to refine the MOF database. The final steps are as follows:
(1) remove MOFs sharing duplicate MOFkey to ensure the uniqueness, and 45,254 MOFs remain;
(2) remove MOFs with incomplete MOFkey to ensure that both the chemical information and
topology have been successfully identified, and 39,676 MOFs remain; (3) remove MOFs with
invalid organic linker molecules, and 33,480 MOFs remain; (4) retain only MOFs consisting of at
most two types of organic linkers to reduce the complexity of MOF structures, and 9156 MOFs
remain. These 9156 MOFs with identified chemical and topological information are subsequently
employed in the GCMC simulation and ML-based property modeling.

In the following sections, firstly details of the GCMC simulation are presented. Then, the

proposed integrated ML framework is introduced.
2.2. Molecular Simulation

Adsorption performance of MOFs is quantified by GCMC simulations using RASPA 9, Each
simulation run consists of 5,000 equilibration cycles followed by 20,000 cycles for production.
Interactions between non-bonded atoms are modeled by the Lennard-Jones (LJ) potential “°! with
a cutoff distance of 12 A. The LJ parameters for MOF atoms are taken from the DREIDING [
and Universal Force Fields 2, as listed in Table S1, and the LJ parameters between atoms of
different types are calculated using the Lorentz-Berthelot mixing rule. The number of unit cells is
adjusted so that each dimension of the simulation cell is at least twice of the cutoff distance, and
MOF atomic charges are assigned using the extended charge equilibration (EQeq) method [“31. C,H,
and C;Hs are modeled using the united atom model of the transferable potentials for phase
equilibria (TraPPE) force field (41, where both molecules are described by the two-site LJ potential



[45.461 For several popular MOFs, a good agreement between GCMC simulations and experimental
measurements (collected from References "~ %) is observed in Figure S1 of the Supporting
Information, confirming the reliability of the applied GCMC simulations. In addition, MOF
geometric properties including void fraction and surface area are computed by RASPA as well B,

and the pore diameter is calculated by Zeo++ 521,

With the data obtained from GCMC simulations, performance metrics such as deliverable
capacity and selectivity can be calculated using Egs. (1) and (2), respectively. The deliverable
capacity AN is defined as the difference between the adsorption uptakes at the adsorption and
desorption conditions, and the selectivity S is a key metric indicating the efficacy of an adsorbent

for gas separation.

ANi = Ni,ads - Ni,des (1)
=Nis¥i
Si; —N,-/y,- (2

where i and j are indexes of gas species, and y; is the mole fraction of the gas species i in the bulk

phase.
2.3. Machine Learning

In order to capture both chemical and geometric information of MOFs, an integrated ML
architecture is proposed as shown in Figure 1. With the metal nodes and organic linkers identified
from MOF structure decomposition, the chemical features are extracted by feature embedding and
molecular graph convolution. On the other hand, MOF geometric features include topology and 5
key geometric properties (i.e., void fraction, pore limiting diameter, largest cavity diameter, and
volumetric and gravimetric surface areas). Coupling the chemical and geometric features, a
feedforward neural network (FNN)-based ML model is trained with GCMC data to determine the

relationship between a MOF structure and its adsorption capacity.
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Figure 1. Schematic diagram of the proposed ML framework.

In the featurization stage, metal nodes and topologies are represented with chemical formula
and topology identifiers (for example, [Zn][Zn] for the metal node and pcu for the topology) and
directly embedded with numerical features. The involved organic linkers in our MOF set possess
a large structural diversity with the number of heavy atoms in a linker varying from 4 to 102. In
order to capture such complex and diverse molecular information, the organic linker is represented
as a molecular graph where atoms and chemical bonds are regarded as nodes and edges,
respectively. Multiple organic linkers in a MOF are regarded as multiple unconnected subgraphs.
The features of each atom are first randomly initialized and iteratively updated with neighboring
node’s information using the graph convolution strategy, and global pooling on all the atomic
features is performed to obtain the feature of the entire organic linker. Finally, concatenating all
the chemical (metal and organic linker) and geometric (topology and geometric property) features
as input, a feedforward neural network (FNN) is trained to predict the adsorption capacity. Notably,
all the embedded features, graph convolution network, and FNN are trained or optimized
simultaneously to minimize the overall property prediction error. An example on MOF structure
decomposition, feature generation and integration, and property prediction is provided in Figure
S2. More detailed descriptions on the ML approach including architecture of the network, atomic

features, and graph convolution method are also provided (see Supporting Information).



The ML program is built using PyTorch 5% and PyG (PyTorch Geometric) 4. The training,
validation and test sets account for 80%, 10% and 10% of the employed dataset (corresponding to
7326, 915, and 915 MOFs). These three sets are used for model training, hyper-parameter
optimization (the hyper-parameters are listed in Table S2), and model evaluation, respectively.
Based on the loss function of mean squared error (MSE), the early-stopping criterion with a
patience of 10 epochs is employed to prevent overfitting. That is, if the model performance on the
validation set does not improve for 10 epochs, the training process is terminated and the model
with the lowest validation loss is saved as the final model. All the computational work is carried
out with the Linux Cluster Mechthild at the Max Planck Institute in Magdeburg.

3. Results and Discussion

Two case studies are performed to evaluate and demonstrate the proposed ML approach. One is
the hydrogen storage and the other is the ethylene/ethane separation. The adsorption performance
is first analyzed using MOF geometric properties only. Then, ML models for the prediction of
adsorption capacity are developed and discussed, followed by the ML-assisted large-scale MOF

screening.
3.1. Case 1: Hydrogen Storage

Green hydrogen is recognized as one of the most attractive transportation fuels because of its
high gravimetric energy density and zero direct carbon emissions. A high-capacity and low-cost
method for hydrogen storage would promote the widespread commercialization of fuel cell
vehicles. Recently, MOFs have emerged as promising materials for hydrogen storage due to their
high surface areas. These materials enable cryo-adsorbed hydrogen storage systems to operate at

100 bar that is much lower than 700 bar for the conventional gas compression-based storage %!,

For hydrogen storage, adsorption capacities of the 9156 MOFs at the pressure-swing adsorption
conditions (100 bar/77 K and 2 bar/77 K) have been computed by GCMC simulations %% 571, The
deliverable capacity (i.e., maximal amount of hydrogen that can be released to vehicles) is
calculated from Eq. (1). As shown in Figure 2, most of the investigated MOFs present significantly
higher H> uptakes at 100 bar than those at 2 bar, revealing their superior hydrogen deliverable
capacities. The MOFs close to the diagonal line display similar adsorption capacities at high and
low pressures. Hence, they are not recommended for hydrogen storage applications.
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capacity.

Figure 3 exhibits the dependence of MOF H; uptakes on four material geometric properties:
void fraction, pore limiting diameter, volumetric surface area, and gravimetric surface area. Figure
3(a) shows that the H> uptake monotonically increases with the rising of void fraction, and high
deliverable capacities are achieved with void fractions around 0.9. In contrast, the H> uptake
displays a non-monotonic dependence on the pore limiting diameter as presented in Figure 3(b),
initially increasing with the rising diameter and then decreasing for larger diameters. Maximal H>
uptakes are achieved with MOFs showing pore limiting diameters between 5 and 10 A, while high
deliverable capacities are widely observed for MOFs with pore limiting diameters ranging from 5
to 25 A. The influence of surface area on the H, uptake is illustrated in Figures 3(c) and (d). As
depicted, the H. uptake generally increases with both volumetric and gravimetric surface areas.
MOFs with volumetric surface areas in the range of 1500 — 2500 m?/cm? and gravimetric surface
areas larger than 5000 m?/g are likely to achieve a high H. deliverable capacity. For completeness,
H. uptakes at 2 bar are plotted in Figure S3.
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Figure 3. Relations between H; uptake at 100 bar/77 K and MOF geometric properties: (a) void fraction,
(b) pore limiting diameter, (c) volumetric surface area, and (d) gravimetric surface area. Data points are

colored by the H; deliverable capacity.

According to the framework in Figure 1, ML model is trained to predict H> uptakes using both
chemical and geometric features of MOFs. Considering all possible hyper-parameter combinations,
the optimal ML configuration (Table S3) is determined by the grid search method. Model
performance for the prediction of H> uptakes is evaluated with mean absolute error (MAE) and
coefficient of determination (R?), as summarized in Table S4. The parity plot of the obtained ML
models is visualized in Figure 4. In general, the two ML models achieve accurate predictions for
H> uptakes at both 100 bar and 2 bar, with an MAE of 1.04 g/L (1.25 g/L) and 1.03 g/L (1.29 g/L)
for the training set (test set), respectively. Additionally, the two ML models show an MAE of 1.24
g/L and 1.29 g/L for the validation set.
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Figure 4. Parity plots of simulated and ML predicted H; uptakes at (a) 100 bar/77 K and (b) 2 bar/77 K.

Our proposed ML method considers both chemical and geometric information of MOFs for
model development. For comparison, two new ML models are trained using only MOF geometric
features to validate the importance of chemical features for the prediction of H, adsorption capacity.
Re-optimized hyper-parameters of these models are provided in Table S5. It is observed that the
removal of chemical features leads to a significant decrease of model parameters (96.4% for 100
bar and 87.1% for 2 bar). Performance of these models is evaluated and summarized in Table S4.
When considering only geometric features, the MAE on the test set is 1.33 g/L and 2.02 g/L at 100
bar and 2 bar, respectively. The comparison shown in Figure 5 demonstrates that incorporating
MOF chemical information in ML modeling provides more accurate predictions, especially for H»
uptakes at 2 bar. In addition, our model presents an overall MAE of 1.08 g/L for H> uptakes at 100
bar/77 K. It is better than the ML model reported by Anderson et al. 28], with an MAE of 1.57 g/L.

10
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Figure 5. Performance of ML models (on the test set) developed with and without considering MOF
chemical features for the H, adsorption uptake.

To adopt our ML models for MOF discovery, we extracted another much larger MOF database
(named as Database-2) consisting of 21,384 MOFs, which is completely disjoint from the database
previously used for model development (named as Database-1). The MOF structures in Database-
2 are more complicated, because they contain three distinct organic linkers while those in Database-
1 contain no more than two types of organic linkers. Subsequently, ML-assisted large-scale
screening is performed by employing our developed ML models to predict Hz uptakes (at both 100
bar and 2 bar) for all the MOFs in Database-2. Afterwards, H> deliverable capacities are calculated
to discover potential MOF candidates for efficient H, storage. Top 100 candidates are identified,
whose deliverable capacities are between 45.44 g/L and 47.20 g/L. Verification on the top 100
MOFs by GCMC simulations results in similar Hz deliverable capacities ranging from 41.44 —
47.30 g/L (Figures S4 and S5). Based on the GCMC results, top four MOFs with the highest H
deliverable capacities are finally selected. Their computed H> deliverable capacities are higher than
the best experimentally investigated MOFs for hydrogen storage (~ 42 g/L) 8], demonstrating the
high potential of these MOFs for practical applications. Figure 6 summarizes the ID numbers,
structural details, and GCMC-derived H deliverable capacities for all the four MOFs. As indicated,
the MOFs have similar structures. For instance, the same topology pcu is shared and the metal node
is either copper or zinc. Three types of organic linkers are found, which also share high similarities.

11
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Figure 6. Top MOF candidates identified for hydrogen storage.

3.2. Case 2: C2H4/CzHs Separation

Ethylene is one of the major industrial chemicals, primarily produced by thermal cracking of
various feedstock such as natural gas. In ethylene production, the separation of ethylene (C2Ha)
and ethane (C2Hs) is crucial, but challenging and energy-intensive due to their similar properties.
Traditionally, cryogenic distillation is employed for the industrial separation of CyHe/C2Ha
mixtures under high pressures and low temperatures (typically 7 — 28 bar and 183 — 258 K) with
high distillation towers, which consumes a large amount of energy and capital cost 141, In contrast,
porous materials-based adsorptive separation is a promising alternative due to its high energy-
efficiency and operational simplicity.

12
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Figure 7. Relations between MOF geometric properties and the C.H, uptake at 1 bar and 298 K: (a) void
fraction, (b) pore limiting diameter, (c) volumetric surface area, and (d) gravimetric surface area. Data
points are colored by the C2H4 working capacity.

The adsorptive separation of a typical gas product mixture from thermal cracking (C2H4/C2Hs
= 15:1) is studied by GCMC simulations at 1 bar and 298 K to discover potential MOFs that
selectively adsorb the small amount of C;Hs over abundant C>Has. Figure 7 shows the relations
between the MOF geometric properties and the CoHs uptake. As shown, the maximal CyH4
adsorption loading occurs at void fractions of 0.6 — 0.8, pore limiting diameters of 4 — 8 A,
volumetric surface areas of 1500 — 2500 m?/cm?®, and gravimetric surface areas of 2000 — 3500
m?/g. Looking at Figure 8, very similar trends are observed for C,Hs uptakes at the same conditions.
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To evaluate the performance of MOFs for separating C.H4 and CzHs, the C2He/C2Ha4 selectivity
is calculated using Eq. (2) considering both the uptake gap and the gas composition difference. The
relations between the CoHs/C2Ha selectivity and MOF geometric properties are visualized in Figure
S6. The top five MOFs with the highest selectivity (larger than 3.5) have an average void fraction
of 0.41, a pore limiting diameter of 3.33 A, and a volumetric surface area of 639 m?/cm® and a
gravimetric surface area of 361 m?/g. High separation selectivity can be achieved by MOFs with
relatively low pore limiting diameters and surface areas. However, the opposite is not always true,
as indicated in Figure S6. Considering the implicit and ambiguous relations between MOF
performance and their geometric properties, quantitative models to predict the adsorption uptakes
and further calculate the selectivity from both geometric and chemical features of MOF are highly

desirable.
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Employing the framework in Figure 1, two ML models are trained to predict the CoHs and CoHa
equilibrium uptakes, from which the selectivity is determined, using MOF chemical and geometric
features. Considering all possible hyper-parameter combinations, the optimal ML configuration is
determined by the grid search method (Table S3). The model performance is evaluated with the
MAE and R?, as shown in Table S6. Moreover, adsorption uptakes predicted by the ML models
are compared with simulated results, as visualized in Figure 9. In general, ML models achieve
satisfying predictions, with an MAE of 5.00 cm®/g (5.79 cm®/g) and 0.62 cm®/g (0.77 cm®/g) on the
training set (test set) for CoH4 and CzHs, respectively. Additionally, the two ML models show an
MAE of 6.03 cm®/g and 0.80 cm®/g for the validation set. Notably, the accuracy of the ML models
for the C2H4 and CzHe uptakes is slightly lower than those for Hy, which is easy to understand. The
adsorption capacities of CoHs and CoHe in the binary mixture are more difficult to predict

comparing to the case of pure gas adsorption (e.g., Hz storage).
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To validate the importance of MOF chemical features in the prediction of CoHs and C:Hs
adsorption uptakes, two new ML models are trained using only geometric features, whose optimal
hyper-parameters and model performances are presented in Tables S5 and S6, respectively. As
expected, the removal of chemical features leads to a significant decrease of model parameters.
When using only the geometric features as inputs, the MAE of the model on the same test set is
9.00 cm®/g and 1.17 cm?®/g for C2H4 and C2Hs, respectively. The comparison presented in Figure

10 clearly indicates that the incorporation of MOF chemical information significantly improves the

15



ML prediction accuracy, proving the significance of chemical features of MOF for the C2H4/C2Hs

separation.

1.0

(b) B w/ chemical features
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MAE (cm?3/g)

CoHz at 1 bar  C,Hg at 1 bar 0.6 CoHs at 1 bar C,Hg at 1 bar

Model Model

Figure 10. Performance of ML models (on the test set) developed with and without considering MOF
chemical features for the C,H4 and C,Hs adsorption uptakes.

Finally, we employed the ML models to directly predict the performance of the 21,384 new
MOFs in Database-2. The top 100 MOFs with the highest CoHe/C2H4 selectivity are identified, and
the GCMC simulation is performed to validate their practical performance (Figure S7). Although
the ML models tend to overestimate the selectivity, a decent CoHes/CoH4 selectivity of 5.52 is
confirmed by GCMC, which is still higher than the largest selectivity (5.06) in the original training
dataset. Importantly, the GCMC simulation for the top 100 MOFs takes over 140 node-hours on
the high-performance computing resources, while the ML-assisted large-scale screening on the
21,384 MOFs is completed within 2 minutes. This again proves the high efficiency of our proposed
method for fast MOF discovery. Figure 11 summarizes the ID numbers, metal nodes, and organic
linkers of the top four MOFs (all share the same topology pcu) with the highest GCMC-derived
selectivities ranging from 3.90 to 5.52. An extensive literature review is performed to find potential
benchmark materials for comparison. It is found that PCN-250 shows an experimental selectivity
around 2.0 at the same gas composition, temperature and pressure as used in the present work 2%,
In the future, the superior performance of our identified MOF candidates should be validated by

dedicated adsorption experiments prior to possible large-scale applications.
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Figure 11. Top MOF candidates identified for the Co.H4/C.,Hs separation.

4. Conclusions

An integrated ML framework is proposed for the prediction of gas adsorption capacities
coupling both chemical information and geometric characteristics from decomposed MOF
structures. It has been proven that the consideration of chemical features significantly improves the
accuracy of the ML model compared to the conventional studies using only geometric features as
model inputs. Two case studies on hydrogen storage and ethylene/ethane separation are
investigated. Based on the obtained ML models coupling chemical and geometric features, a
number of high-potential MOFs are successfully identified by large-scale database screening. Their
superior performances have been validated by GCMC simulations and should be further verified
by adsorption experiments. Notably, the efficiency of large-scale MOF screening has been
significantly improved as the performance evaluation on over 20,000 MOFs is completed within 2

minutes using the ML models. To the best of our knowledge, this is the first attempt in the process
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systems engineering community to propose an integrated ML framework incorporating both
chemical and geometric features of MOF for adsorption performance prediction and optimal MOF

discovery.

Despite the remarkable progress achieved, some limitations also exist. The proposed ML
method can discover MOFs with novel organic linkers. However, the design space is limited to
MOFs containing the same metal nodes as covered by the MOF training set. Additionally, in order
to avoid complex and task-specific feature engineering, representation learning is incorporated in
the ML framework to automatically generate features for property prediction. This is efficient,
reliable, and can help to discover promising MOFs. However, it is difficult to draw useful
conclusions on how MOF chemical and geometric characteristics influence their performance. This
knowledge can be acquired by using the so-called interpretable ML technique, which deserves
future studies. Finally, our MOF discovery is achieved by large-scale screening on existing
databases. An alternative and probably more efficient way for targeting of optimal MOFs is to

formulate and solve an optimization-based reverse design problem based on the ML models.
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