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ABSTRACT: Zeolites are a very important family of catalysts. The
catalytic activity of zeolites depends on the distribution of acid
sites, which has been extensively studied. However, the relationship
between the acid site distribution and catalytic efficiency remains
unestablished. An onerous computational burden can be imposed
when static calculations are applied to analyze the relationship
between a catalyst structure and its energy. To resolve this issue,
the current work uses neural network (NN) models to evaluate the
relationship. By taking the typical HZSM-5 zeolite as an example,
we applied the provided atomic coordinates to predict the energy.
The network performances of the artificial neural network (ANN)
and high-dimensional neural network (HDNN) are compared
using the trained results from a dataset containing the identical number of acid sites. Furthermore, the importance of the feature is
examined with the aid of a random forest model to identify the pivotal variables influencing the energy. In addition, the HDNN is
employed to forecast the energy of an HZSM-5 system with varying numbers of acid sites. This study emphasizes that the energy of
zeolites can be rapidly and accurately predicted through the NN, which can assist our understanding of the relationship between the
structure and properties, thereby providing more accurate and efficient methods for the application of zeolite materials.

1. INTRODUCTION
Zeolites are usually crystalline aluminosilicates with uniform
channel architecture, which are formed by corner-sharing
connection of aluminum−oxygen and silicon−oxygen tetrahe-
dral TO4 via bridging oxygen.1,2 They possess a large specific
surface area, good hydrothermal stability, and site-specific
characteristics of adjustable surface Brønsted acids and Lewis
acids,3 making them versatile catalysts and adsorbents across a
broad range of applications, including biomass upgrading,4 oil
refining, thermal energy storage,5 air pollution remediation,6

water purification,7−9 etc.
When Al is replaced by Si in the framework of the zeolite, it

causes the whole system to carry negative charges and further
produce Brønsted acids bymeans of introducing protons to keep
the framework charge neutral,10,11 thus endowing it with
catalytic activity. There are multiple types of acid sites in
zeolite, namely, 10-membered ring (10-MR) channels and
channel intersections, leading to distinct thermodynamic
properties.12 Hence, the acid site dispersion of zeolites plays
an essential role in their catalytic efficiency. The spread of acid
sites is closely related to the location of Al.13 However, due to
the limitations of current characterization techniques,14 the
position of Al uncertainty leads to the difficulty in establishing
the relationship between the structure and effectiveness of

zeolite catalysts.15 The solution to this challenging issue lies in
whether Al at diverse spots of the zeolite has a stable structure
with a relatively low energy. Although energy calculations have
been undertaken for zeolites at different acid sites, which are
generally conducted by means of quantum mechanics-based
calculations, there remain certain problems. First, the unit cell of
the zeolite is a large system that comprises 288 heavy atoms,
imposing a significant computational burden and onerous
hardware requirements. Second, there are multiple combina-
tions of acid sites for the zeolite: for the 10-MR of the zeolite, a
single acid site shows 12 types of combinations and dual sites
demonstrate 194 types of combinations, while the combinations
of four sites involve more than 30,000 types. One-by-one
evaluations of these combinations are computationally intensive
and time-consuming. Nevertheless, establishing the structure−
activity relationship between the acid site distributions and
structural energy of zeolites can achieve quick and reliable
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estimation of stability of large zeolite systems at distinct
sites.16,17 This has theoretical and guiding significance in
exploring the relationship between the structures of zeolites
and their catalytic activity.

Machine learning, as a data-driven technique, has risen to
prominence among physicists, chemists, and material scien-
tists.18 Based on existing databases, machine learning is
deployed to estimate various properties of materials. The
precision of its projection is equivalent to that of first-principles
calculations, but machine learning is expedited by several orders
of magnitude in contrast to the latter.17,19−22 Daeyaert et al.23

leveraged neural network (NN) models to calculate the
stabilization energy of organic structure-directing agents
(OSDAs) for the β-zeolite. A data sample with 4781 OSDAs
is harnessed to train and validate the NN model for modeling
their stabilization energy. A computational speed improvement
of 348 times was achieved for stable energy results generated by
the NN compared to those calculated by molecular dynamics
based on theMMFF force field under the same dataset. Juybar et
al.24 employed an NN to predict the zeolite acidity changes
loaded with multiple metals. The acidity changes predicted
through the NN were compared to those determined by Fourier
transform infrared spectroscopy (FTIR). The outcome
indicated that NN predictions align with the results obtained
from FTIR spectroscopy. It can be inferred that NNs can rapidly
and precisely predict various properties of zeolites. Previous
research revealed that the distribution of acid sites is usually a
principal reason for zeolite properties including acidity.25

Rapidly determining the dispersion of acid sites is decisive
when understanding various properties of zeolite.

In the zeolite-catalyzed process, replacing atoms with
dissimilar elements at the corresponding coordinates or adding
an atom in the system due to uncertainty of acid site distribution
and acid site density16 can change the size of the zeolite
system.17 Despite that the ANN estimates the total energy of the
whole zeolite system, it can only be used to predict the systems
comprising equal numbers of atoms.26,27 This issue is solved by
the HDNN, which leverages the total energy to represent the
atomic energy of all atom contributions dependent on chemical
environments. The energy contribution of each atom is
evaluated by means of a single NN,17,28 which avoids the
drawback necessitating the onerous calculation of the whole
system.26 Therefore, the HDNN is adaptable to the anticipation
of systems with any arbitrary number of atoms. Furthermore, to
investigate the primary factors that shape system energy, the
feature analysis method of random forest is implemented to
attain crucial features that influence the energy.29

Therefore, this study is based on the given atomic coordinates
to predict the energy of HZSM-5 structures with varying
distributions of acid sites containing the same number of atoms.
Through comparison of the NN prediction results with
theoretical calculations, the network performance of the ANN
and HDNN is evaluated. The key features that affect the energy
are screened for this dataset. Additionally, theHDNN is adopted
to project the formation energy of the zeolite with a varying
number of atoms. This research contributes to a deeper
understanding of the more complex and diverse characteristics
of zeolites.

2. METHODOLOGY
2.1. Data Sources. Si or A1 atoms connecting oxygen in the

Zeolite Socony Mobil (ZSM)-5 zeolite can be called T
tetrahedral atoms, with 12 types included.30 The ZSM-5 crystal

structure31 is illustrated in Figure 1. The replacement of Si with
one, two, and three Al atoms in the zeolites was conducted to

ensure diversity of the data, leading to the construction of
HZSM-5 model structures with one, two, and three Brønsted
acid sites distributed throughout, respectively, resulting in a total
of 2501 structures. The energy of each structure was calculated
one by one, providing an output data pool for NN computation.
A dataset of 2501 data groups was created, each containing
atomic coordinates and corresponding energies calculated
individually for each structure.

All the HZSM-5 structures utilize the same framework, while
only the number and location of acid sites were altered. The
system energy was calculated using the Vienna Ab initio
Simulation Package (VASP).32 Calculations were performed
using the Perdew−Burke−Ernzerhof (PBE) exchange-correla-
tion functional.33 The projected augmented wave (PAW) plane-

Figure 1. Front view (a), side view (b), vertical view, and distribution of
the T sites (c) of the structure of ZSM-5.

Table 1. R, RMSE, and Training Time Cost of Network
Architectures

network
architecture Rtrain Rtest

RMSE
(Ha)

training time cost
(s)

[10,10] 97.90% 93.62% 0.026 81
[15,15] 99.23% 95.0% 0.020 100
[50,50] 97.79% 83.57% 0.032 220
[100,100] 96.81% 66.72% 0.573 332
[200,200] 93.08% 48.58% 1.672 574
[10,10,10] 98.71% 95.01% 0.021 81
[15,15,15] 97.55% 93.65% 0.032 115
[50,50,50] 96.35% 90.87% 0.039 244
[100,100,100] 97.68% 66.30% 0.547 369
[200,200,200] 95.29% 46.64% 1.190 627
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wave basis was used to describe the atomic properties.34 The
plane-wave cutoff energy was set to 520 eV. The γ-method was
adopted to establish a 2 × 2 × 2 k-point grid to ensure
convergence of the system energy and force to standard values.

The nonlocal van der Waals (vdW) interactions were computed
with Grimmer’s DFT-D3 (BJ) correction.35

2.2. Selection of Parameters. All ANN models were
realized utilizing the MATLAB package,36 while HDNN
training was implemented in the RuNNer code.37 The random
forest model was achieved using scikit-learn.38 Gaussian-type
structure descriptors (GTSDs)39 were taken as the input, and
the energy was taken as the output. The GTSDs were used to
describe the local chemical environment around each atom
through an atomic-centered symmetry function. The distance
between the central and neighboring atoms is determined
implementing a cutoff radius, which is chosen to be large enough

Table 2. Training Results for Different Activation Functions

activation
function Rtrain Rtest

RMSE
(Ha)

training time cost
(s)

[tansig, tansig] 99.23% 95.0% 0.020 100
[logsig, logsig] 97.44% 89.95% 0.033 118
[tansig, logsig] 97.96% 93.16% 0.024 127
[logsig, tansig] 98.21% 94.13% 0.019 127

Figure 2. Energy curves of the training set (a) and testing set (b), the correlation between the training set (c) and testing set (d), and the error
distribution for the training set (e) and test set (f) of the [15, 15] ANN model.
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to determine the maximum possible interactions between them.
In this work, a cutoff radius of 18 Bohr is employed to examine
two-body and three-body interactions with all other elements,
including the central atom, with a total of 104 functions used to
describe each atom.

TheNNs are trained for energy prediction by utilizing GTSDs
based on atomic coordinates as input data. Due to the
limitations of the traditional ANN, it is only capable of training
a system with uniform numbers of atoms. For HZSM-5, there
are only 12 types of single-site structures and 194 types of dual-
site structures. However, the size of the dataset composed of
these structures is significantly insufficient. Therefore, the
HZSM-5 system with the largest number of structures (2295
sets of structural energy data), including only three acid sites,
was selected for training. In contrast, the HDNN can be used to
predict the energy of different system sizes; hence, HZSM-5
structure−energy data containing 1−3 acid sites (a total of 2501
sets) were used for training the HDNN model. The proportions
of the training and test sets of two types of NN models are both
96:4.

Aiming at the screening of variables for the models, at first, the
numbers of hidden layers, nodes, and activation functions are
tested. The two and three hidden layers are tested, with 10, 15,
50, 100, and 200 nodes applying tangent sigmoid (tansig) and
logistic sigmoid (logsig) activation functions at each layer. The
competence of the NN is evaluated with respect to the
correlation coefficient R and root-mean-square error (RMSE),
which are implemented to measure the correlation and error of
the NN outcomes with the VASP results. Based on these
evaluations, the optimal combination of parameters is
confirmed.40 For the feature selection using random forest, the
max_features, max_depth, and min_samples_leaf are set to 5, 5,
and 2, respectively. The critical features that affect the energy are
obtained based on the average contribution margin.

3. RESULTS AND DISCUSSION
3.1. Training Results of the Dataset with Equal Acidic

Sites of HZSM-5. 3.1.1. ANN Model. The dataset for the ANN

model is composed of 2295 sets of HZSM-5 structure−energy
data for the analysis of the relationship between HZSM-5
structures and energy, which only includes three acid sites. A
total of 2295 × 30,264 data points are contained in the entire
data sample, with each structure consisting of 291 atoms
producing 30,264 GTSDs. The numbers of structures in the
training and test sets are 2197 and 98, accounting for 96 and 4%
of the total, respectively. The architecture of the ANN is

validated. Table 1 displays the R, RMSE, and training time cost
for heterogenous architectures with varying numbers of hidden
layers and nodes.

The information provided in Table 1 indicates that the
training set R values above 90% are obtained. However, for the
test set, poor training accuracy is caused by overfitting the noise
in the training set, which can be attributed to an excessively high
number of nodes in the test set. The finding is consistent with
previous research results.41,42 Moreover, the training time cost
increases with an increase in the number of nodes. Good training
effects are acquired for network nodes of 10, 15, and 50
regarding the architectures with relatively high resolution for
both the training and test sets; however, only the test setR values
of [15, 15] and [10, 10, 10] are greater than 95%. In comparison,
the highest R and the smallest RMSE in both the training and
test sets are attained by [15, 15].

To assess the influences of activation functions on the training
performance, the [15, 15] architecture is kept unchanged, while
the activation functions are modified. The training results are
summarized in Table 2.

According to Table 2, the R values of training and test sets
above 95 and 90% have been achieved by all four activation
function combinations as well as the RMSE being in a similar
order of magnitude and the training time cost being almost
identical. This denotes that the forecasting ability is minimally
affected by the type of activation function, and the dataset can be
trained by arbitrary combinations. After all aspects are reviewed,
[tansig, tansig] is adopted for training the NN model.
Consequently, in this study, the [15,15] network architecture
with a [tansig, tansig] activation function is chosen. Figure 2
illustrates the training results of the ANN model that
implements this configuration.

An ideal effect has been gained through the training of 2197
HZSM-5 structures using the ANN model, with a correlation of
R reaching 99.23%, as illustrated in Figure 2a,c. The test set,
containing 98 HZSM-5 structures, is employed for testing the
network performance utilizing the pretrained ANN model, and
the R exceeds 95.0% (Figure 2d). Figure 2e,f demonstrates that
the error distribution in the training set is smaller than that in the
test set. Figure 2b shows that the energy projected by the ANN
has a high degree of coincidence with the energy calculated using
VASP, and the RMSE is only 0.020 Ha. A good performance of
the energy prediction for HZSM-5 is achieved by the ANN
model. In terms of computational time, approximately 200 s is
taken for training and forecasting the energy in the ANN, while
around 8.8 million seconds are required for performing the task
with VASP, indicating an increase in speed of 4 orders of
magnitude. Therefore, a feasible approach for fast, exact energy

Figure 3. Feature importance ranking.

Figure 4. Fluctuations of the distances between H−H and H−Al.
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estimation in this data collection operation is provided using the
ANN model.
3.1.2. Feature Importance. The relative salience of 30,264

features can be monitored to pinpoint the critical features that

play a role in the energy of zeolites. Features with a higher
feature contribution are found to contribute more meaningfully
to energy. Figure 3 demonstrates the ranking of feature
importance, focusing on those features with feature contribu-
tions greater than 0.01.

As shown in Figure 3, the main features are the interactions
between H atoms with a total feature contribution of 0.6. To
further investigate the energy contribution of H and Al to the
system, the feature contributions of H−Al and Al−Al are
extracted. The results indicate that the contribution of
interactions between H−Al and Al−Al is relatively small, at

Figure 5. Energy curves of the training set (a) and testing set (b), the correlation between the training set (c) and testing set (d), and the error
distribution for the training set (e) and test set (f) of the HDNN model.

Table 3. Training Results of the ANN and HDNN Models

network model ANN HDNN

Rtrain 99.23% 99.89%
Rtest 95.0% 99.73%
RMSE (Ha) 0.020 0.00001
training time cost (s) 100 11147 (3.1 h)
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0.0257 and 0.0022, respectively. The locations of acid sites are
altered by changing the positions of H and Al in VASP, while
maintaining the consistency of the HZSM-5 framework.
Significant variation in the positions of H with respect to each
other has been detected,43,44 while those of H and Al remain
nearly unchanged. This is likely to be the major reason for the
more notable impact of the interaction between H atoms on
energy. For quantitative scrutiny, the distances between the H−
H and H−Al are extracted from 109 HZSM-5 structures, as
illustrated in Figure 4. Minor fluctuations are found in the H−Al
distances around 2 Å, while the H−H distances vary within the
range of 2−12 Å. It is considered that the variation of H−H
distances is the primary factor influencing energy.
3.2. Training Results of theDatasetwithArbitrary Acid

Sites of HZSM-5. To compare the differences between the
ANN and HDNN, a dataset containing only three acid sites is
assigned for training the HDNN with a configuration equivalent
to that of the ANN. The forecasts of the HDNN are shown in
Figure 5. R, RMSE, and the training time cost of the ANN and
HDNN are presented in Table 3.

According to Figures 2 and 5, forecasts by the HDNN prove a
higher level of coincidence than that of the ANN. As presented
in Table 3, R values for training and test sets for the HDNN are
both higher than those obtained with the ANN: the RMSE
training outcomes of the HDNN are much lower than those of
the ANN. From Figures 2e,f and 5e,f, it is observed that the error
distribution for the HDNN is significantly smaller than that for
the ANN for training and test sets. Based on the above-
mentioned illustrations, the HDNN is better than the ANN.

Although the training time cost of the HDNN is larger, a higher
exactness is obtained with the error reduced to 0.00001 Ha.
However, the calculation for the HDNN is still significantly
more cost-efficient than VASP, improved by nearly 3 orders of
magnitude. Integrally considering metrics such as R, RMSE, and
training time cost, it can be concluded that the predictive
capability of the HDNN outperforms that of the ANN. A similar
result has also been acquired in the reported research employing
other materials, for example, the HDNN is more efficient than
the ANN, when considering the system of pressure-induced
phase transitions in silicon.16,21,45 The greater accuracy of the
HDNN can be attributed to the utilization of distinct subneural
networks, which can predict individual elemental atoms.
Learning from different perspectives is facilitated by each
network, broadening the scope of molecular features captured
by the HDNN and consequently elevating predictive accuracy.
In contrast, only a single network is constructed by the ANN,
resulting in diminished precision at the molecular level
compared with the HDNN.27,46

Meanwhile, the ANN is limited by the number of atoms or
elements in this research, whereas the HDNN is not.47 Hence,
the energy acquired from 2501 sets of HZSM-5 structures with
different numbers of sites is anticipated using the HDNN. The
numbers of structures in the training and test sets are 2396 and
105, respectively. The training results are illustrated in Figure 6.

Figure 6a,b demonstrates that the energy predicted by the
HDNN is close to the energy calculated using VASP.
Additionally, Figure 6c,d indicates that the R values of the
training set and the test set are 99.88 and 99.79%, respectively.

Figure 6. Energy curves of training set (a) and testing set (b) and the correlation between the training set (c) and testing set (d) of the HDNNmodel
with variable numbers of acid sites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06689
ACS Omega 2024, 9, 3392−3400

3397

https://pubs.acs.org/doi/10.1021/acsomega.3c06689?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06689?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06689?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06689?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Meanwhile, the RMSE is only 0.00009Ha, with the training time
cost being 12,045 s (3.3 h). With the increase for the original
dataset (containing 2295 sets of HZSM-5 structures) with 206
structures, the training time cost is only raised by 0.2 h, which is
still 3−4 orders of magnitude more accelerated than that of
VASP. In summary, the energy of HZSM-5 structures with
varying numbers of sites can be speedily and precisely forecasted
by the HDNN. Furthermore, the high accuracy of the HDNN
has been documented in a variety of systems, including small
molecules, molecular clusters, metal clusters, bulk materials,
surfaces, aqueous electrolyte solutions, and solid−liquid
interfaces.48 In summary, the generality of the HDNN is proven.

4. CONCLUSIONS
In this study, the HZSM-5 structures with various distributions
of acid sites are utilized to predict energy using machine
learning. The optimal parameter combination has been
determined via the ANN, and the key features affecting the
energy are identified and selected with the aid of a random
forest. Additionally, the network performance of both the ANN
and the HDNN is assessed on the same data sample. The
discussion is conducted on the system-forecasted energy by the
HDNNwith arbitrary acid sites. The primary conclusions can be
drawn as follows:

Based on the R and RMSE, the HDNN outperforms the
ANN, but the ANN is swifter in terms of training time cost,
being nearly 111 times faster than the HDNN. Nevertheless, the
HDNN is still approximately 780 times quicker than VASP.
Furthermore, good accuracy in energy anticipation of the system
with varying numbers of acid sites is exhibited with the use of the
HDNN. Taking into account various considerations, superior
performance is overall demonstrated by the HDNN.

It has been discovered that the interaction between H−H
atoms significantly contributes to the system energy by the
random forest feature importance analysis method.

In this work, the advantages and limitations of different NN
models have been compared, and in combination with the
feature selection approach, key factors affecting energy are
screened. New ideas are proposed for the rapid and accurate
prediction of the material properties of zeolites and other
materials with complex and diverse active site dispersions in
nature.
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(45) Behler, J.; Martoňák, R.; Donadio, D.; Parrinello, M. Pressure-

induced phase transitions in silicon studied by neural network-based
metadynamics simulations. Phys. Status Solidi B 2008, 245 (12), 2618−
2629.
(46) Chen, L.; Zhang, X.; Chen, A.; Yao, S.; Hu, X.; Zhou, Z. Targeted

design of advanced electrocatalysts by machine learning. Chin. J. Catal.
2022, 43 (1), 11−32.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06689
ACS Omega 2024, 9, 3392−3400

3399

https://doi.org/10.1007/s11696-021-01562-6
https://doi.org/10.1007/s11696-021-01562-6
https://doi.org/10.1007/s11696-021-01562-6
https://doi.org/10.1016/j.matchemphys.2018.05.083
https://doi.org/10.1016/j.matchemphys.2018.05.083
https://doi.org/10.4028/www.scientific.net/KEM.811.92
https://doi.org/10.4028/www.scientific.net/KEM.811.92
https://doi.org/10.4028/www.scientific.net/KEM.811.92
https://doi.org/10.1016/j.fuel.2021.122119
https://doi.org/10.1016/j.fuel.2021.122119
https://doi.org/10.1021/jacs.6b01341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b01341?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c00590?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4081937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4081937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja4081937?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2011.02.016
https://doi.org/10.1016/j.micromeso.2011.02.016
https://doi.org/10.1016/j.micromeso.2011.02.016
https://doi.org/10.1016/j.coche.2019.04.002
https://doi.org/10.1016/j.coche.2019.04.002
https://doi.org/10.1016/j.coche.2019.04.002
https://doi.org/10.1016/j.jcat.2020.08.008
https://doi.org/10.1016/j.jcat.2020.08.008
https://doi.org/10.1088/0953-8984/26/18/183001
https://doi.org/10.1088/0953-8984/26/18/183001
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1103/PhysRevB.83.153101
https://doi.org/10.1021/acs.jpclett.0c02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c02357?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3553717
https://doi.org/10.1063/1.3553717
https://doi.org/10.1063/1.4712397
https://doi.org/10.1063/1.4712397
https://doi.org/10.1063/1.4712397
https://doi.org/10.1103/PhysRevLett.100.185501
https://doi.org/10.1103/PhysRevLett.100.185501
https://doi.org/10.1021/acs.jctc.8b00770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b00770?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1818763116
https://doi.org/10.1073/pnas.1818763116
https://doi.org/10.1016/j.saa.2019.117539
https://doi.org/10.1016/j.saa.2019.117539
https://doi.org/10.1007/s11814-021-0796-2
https://doi.org/10.1007/s11814-021-0796-2
https://doi.org/10.1007/s11814-021-0796-2
https://doi.org/10.1063/1.4950815
https://doi.org/10.1063/1.4950815
https://doi.org/10.1063/1.4950815
https://doi.org/10.1103/PhysRevLett.98.146401
https://doi.org/10.1103/PhysRevLett.98.146401
https://doi.org/10.1103/PhysRevB.85.045439
https://doi.org/10.1103/PhysRevB.85.045439
https://doi.org/10.1016/j.micromeso.2022.111802
https://doi.org/10.1016/j.micromeso.2022.111802
https://doi.org/10.1016/j.micromeso.2022.111802
https://doi.org/10.1021/acscatal.8b02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b02112?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b01969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1016/0927-0256(96)00008-0
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevLett.77.3865
https://doi.org/10.1103/PhysRevB.50.17953
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1002/jcc.21759
https://msca.ncepu.edu.cn/
https://doi.org/10.1016/j.wasman.2021.02.029
https://doi.org/10.1016/j.wasman.2021.02.029
https://doi.org/10.1016/j.wasman.2021.02.029
https://doi.org/10.1016/j.jngse.2021.103816
https://doi.org/10.1016/j.jngse.2021.103816
https://doi.org/10.1016/j.jngse.2021.103816
https://doi.org/10.1016/j.jcat.2017.06.035
https://doi.org/10.1016/j.jcat.2017.06.035
https://doi.org/10.1016/j.jcat.2017.06.035
https://doi.org/10.1021/acs.jpcc.8b07213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.8b07213?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/pssb.200844219
https://doi.org/10.1002/pssb.200844219
https://doi.org/10.1002/pssb.200844219
https://doi.org/10.1016/S1872-2067(21)63852-4
https://doi.org/10.1016/S1872-2067(21)63852-4
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(47) Gastegger,M.;Marquetand, P. High-dimensional neural network
potentials for organic reactions and an improved training algorithm. J.
Chem. Theory Comput. 2015, 11 (5), 2187−2198.
(48) Behler, J. First principles neural network potentials for reactive

simulations of large molecular and condensed systems. Angew. Chem.,
Int. Ed. 2017, 56 (42), 12828−12840.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c06689
ACS Omega 2024, 9, 3392−3400

3400

https://doi.org/10.1021/acs.jctc.5b00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.5b00211?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201703114
https://doi.org/10.1002/anie.201703114
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06689?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

