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Molecular hydrogen (H,) adsorption plays a crucial role in numerous applications, including hydrogen
storage and purification processes. Understanding the interaction of H, with porous materials is essential
for designing efficient adsorption systems. In this study, we investigate H, adsorption on CHA-zeolite
using a combination of density functional theory (DFT) and force field-based molecular dynamics (MD)
simulations. Firstly, we employ DFT calculations to explore the energetic properties and adsorption sites
of H, on the CHA-zeolite framework. The electronic structure and binding energies of H, in various
adsorption configurations are analyzed, providing valuable insights into the nature of the adsorption
process. Subsequently, force field methods are employed to perform extensive MD simulations, allowing
us to study the dynamic behavior of H, molecules adsorbed on the CHA-zeolite surface. The trajectory
analysis provides information on the diffusion mechanisms and mobility of H, within the porous
structure, shedding light on the transport properties of the adsorbed gas. Furthermore, the combination
of DFT and MD results enables us to validate and refine the force field parameters used in simulations,
improving the accuracy of the model, and enhancing our understanding of the H,—CHA interactions.
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1. Introduction

CHA-zeolite, also known as chabazite zeolite, is a highly
adaptable and extensively utilized adsorbent material with
significant applications in numerous fields." It is the material of
choice for adsorption processes due to its unique structural
characteristics, exceptional thermal stability, and high surface
area.” The crystal structure of CHA-zeolite is composed of
interconnected channels and cages, which provide a large
surface area for adsorption.> CHA-zeolite's framework contains
a high concentration of acidic sites, making it suitable for
a variety of adsorption processes.* CHA-zeolite's adsorption
capacity can be explained by multiple mechanisms, including
physisorption and chemisorption.®
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aspects of the adsorption process. These findings contribute to the development of advanced hydrogen
storage and separation technologies, paving the way for efficient and sustainable energy applications.

Chemisorption entails the formation of chemical bonds
between the adsorbate and the acidic sites present in the zeolite
framework.® The combination of these mechanisms permits
CHA-zeolite to effectively absorb a vast array of substances.” In
gas separation and purification processes, CHA-zeolite is widely
employed.® It is appropriate for separating molecules of various
sizes and polarities due to its high selectivity and adsorption
capacity.® Physisorption of CHA-zeolite refers to the non-
covalent, weak interactions between gas molecules (e.g., H,,
CO,) and the surface of the zeolite framework.' These inter-
actions are primarily driven by van der Waals forces,” enabling
reversible adsorption and desorption processes and making
CHA-zeolite a promising material for gas storage and separation
applications.

CHA-zeolite, for instance, can be used to remove CO, from
natural gas or flue gas streams, thereby contributing to the
reduction of greenhouse gas emissions."* Due to its large
surface area and well-defined pores, CHA-zeolite is an effective
catalyst support material.*> Various catalytic processes, such as
petrochemical refinement, fine chemical synthesis, and envi-
ronmental remediation, have utilized it.** The acidic sites
within the framework of zeolite enhance catalytic activity and
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selectivity, resulting in enhanced reaction efficiency.** In
adsorption heat pump applications, CHA-zeolite has the
potential to be used for heating, cooling, and energy storage."
Using the adsorption-desorption cycle of CHA-zeolite, heat can
be conveyed and stored efficiently, providing a sustainable
alternative to conventional heating and cooling systems."®

Several investigations have examined the adsorption of H,
on CHA-zeolite utilizing various experimental and computa-
tional techniques. Understanding the adsorption behavior,
capacity, and kinetics of H, on CHA-zeolite, as well as the
factors influencing the adsorption process, has been the focus
of these studies. Based on grand canonical Monte Carlo simu-
lations'” of CHA-zeolite's H, adsorption properties, CHA-zeolite
has a high H, adsorption capacity, with an adsorption energy
that increases with increasing Si/Al ratio. Additionally, the
simulations demonstrated that H, molecules preferentially
adsorb in the sodalite cages of the CHA-zeolite framework. The
effect of temperature,*® utilized in situ infrared spectroscopy to
probe the interaction between H, molecules and CHA-zeolite at
different temperatures.

The results showed that H, adsorption on CHA-zeolite is an
exothermic process, and increasing the temperature leads to
a decrease in the adsorption capacity.” At varied temperatures
and pressures, the H, adsorption capacity®® of CHA-zeolite has
been examined. The H, adsorption increased with increasing
pressure, and the Si/Al ratio and pore size of CHA-zeolite
significantly influenced its adsorption capacity.”* It was deter-
mined that CHA-zeolite has excellent stability and recyclability
for applications involving H, adsorption.”® The research
demonstrated that CHA-zeolite is a promising material for H,
storage and purification.?*"*” The effect of framework flexibility*®
on H, adsorption in CHA-zeolite was investigated using
molecular simulations and density functional theory calcula-
tions.”>* Their findings demonstrated that the flexibility of the
CHA-zeolite framework influences the energy and capacity of H,
adsorption. Controlling the framework's flexibility may be
a viable strategy for enhancing the H, adsorption properties of
CHA-zeolite.*!

Utilizing simulations of molecular dynamics (MD)** to
investigate the adsorption behavior of H, on CHA-zeolite. The
purpose of this study is to present a set of systematic potentials
that characterize the interactions between molecular hydrogen
and CHA-zeolite. These potentials establish a balance between
precision and simplicity, making them suitable for simulations
of molecular dynamics. To compare the efficacy of the proposed
force fields, molecular dynamics simulations will be calculated
using NVE (number of particles (N), volume (V), and total energy
(E)) ensemble.*** In addition, we will use precise techniques,
such as density functional theory (DFT), to predict the prefer-
able interaction sites of gas molecules on CHA-zeolite and to
determine the optimal orientation of molecular hydrogen.

In Section 2, we will describe the computational details
utilized in this investigation. The analysis of the derived
potential energy surface will be the focus of Section 3, while
Section 4 will present the MD simulation. In the final section,
Section 5, a summary of the study's findings will be presented.
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2. Computational details

The widely used Lennard-Jones (LJ) potential is often employed
to describe the adsorption of gases on graphene's, metal
organic frame works and zeolites.***” However, the L] potential
is known to have deficiencies at both short and long ranges.***
To overcome these limitations, Pirani et al proposed an
Improved Lennard-Jones (ILJ)*** potential that addresses the
shortcomings of the L] model. The IL]J potential introduces an
additional parameter, enhancing its flexibility and accuracy.
Through careful parameter selection, the IL] potential proves
particularly valuable for molecular dynamics simulations,
especially for non-covalent interactions.*** Its accuracy makes
it a useful tool for accurately representing the adsorption
behavior of gases on CHA-zeolite. In many cases, electrostatic
contributions to the interaction are incorporated using
a coulombic expression, where partial charges are assigned to
the system.**** The IL] interaction potentials utilized in this
study were derived from first principles calculations performed
at the dispersion-corrected density functional theory level.*®

Specifically, the B97D functional,”” which incorporates an
empirical dispersion term, was employed. The B97D functional
is recognized as a robust approach among semi-empirical
generalized gradient approximation (GGA) functionals,
offering efficiency and precision in studying large systems that
interact via dispersion forces.*®* While the B97D functional has
demonstrated its value in accurately describing non-covalent
interactions,** it is important to note that its performance
may not be universally reliable for all systems.

In this study, we utilize the Improved Lennard-Jones (IL])
potential to construct a series of force fields suitable for
assessing van der Waals interactions, particularly within the
CHA-zeolite and molecular hydrogen system. Additionally, we
explore the impact of the electrostatic component on the force
field parameters by incorporating various charge schemes such
as Hirshfeld,” CHelpG,” MBS (Minimum Basis Set),”> MK
(Merz-Kollman),*® NBO (Natural Bonding Orbitals),”” evaluating
their effectiveness and feasibility. To account for the fact that
CHA-zeolite is an infinite molecule, we employed truncated
system for the single point energy calculations. This model was
designed to be large enough to capture the essential interac-
tions. All monomers were initially optimized at the B3LYP/6-
31G** level.>®*

The distances of the cell matrix are 13.675 A, 6.8375 A,
11.8429 A and 14.767 A, respectively, for CHA-zeolite. The cell
parameters are A = 13.675 A with « = 90°, B = 13.675 A with § =
90° and C = 14.767 A with y = 120° and with the cell volume
2391.53960 A®. Subsequently, these optimized structures were
treated as rigid in all subsequent interaction energy
calculations.

Fig. 1 represents, in crystallography, a crystal lattice is often
described using a unit cell, which is the smallest repeating unit
that represents the entire crystal structure. The unit cell is
defined by three parameters: the lengths of its edges (4, B, and
C) and the angles between them (e, 8, 7). 4, B, and C, these
parameters represent the lengths of the edges of the unit cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Unit cell matrix of CHA-zeolite are 13.675 A, 6.8375 A, 11.8429 A and 14.767 A, respectively. The cell parameters are A = 13.675 A with « =
90°, B = 13.675 A with 8 = 90° and C = 14.767 A with y = 120° and with the cell volume 2391.53960 A>.

They define the size of the unit cell in each direction. Typically,
these values are given in angstroms (A) or picometers (pm). «, 8,
v these angles represent the angles between the edges of the
unit cell. They define the shape and symmetry of the unit cell.
« is the angle between B and C,  is the angle between A and C,
and v is the angle between A and B. These angles are measured
in degrees. CHA-zeolite is a specific type of zeolite with a char-
acteristic framework structure consisting of interconnected
channels and cages. The unit cell parameters (4, B, and C) and
angles (e, B, v) describe the arrangement of the atoms within
this crystal lattice. By knowing the values of 4, B, C, alpha, beta,
and gamma, one can determine the size, shape, and symmetry
of the CHA-zeolite crystal structure. These parameters provide
important information about the crystallographic properties
and can be used to understand various physical and chemical
properties of CHA-zeolite.

The energy calculations for the molecular hydrogen over
CHA-zeolite system, were performed using Gaussian 09 (ref. 60)
and the EMSL Basis Set Exchange. The calculations were based
on the B97D/TZV2P level.®* This specific combination of the
B97D functional and the split-valence triple-zeta basis set with
two polarizations (TZV2P) has been previously determined as
adequate for accurately representing polarization effects in
comparable systems. A total of 100 random orientations® for
the H, molecule were generated by fixing CHA-zeolite. Each

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

orientation was then meticulously scanned for intermolecular
distances ranging from 2.5 to 12.0, with a focus on sampling
near the equilibrium distance. There was a total of 25 distances
considered, which encompassed all 100 relative orientations.
Using the B97D/TZV2P method, the interaction energy for each
of the 2500 conformations was then calculated.

3. Potential energy surface

It is common to divide a potential energy surface into distinct
components, such as electrostatic and non-electrostatic forces,
when constructing one. For the potential energy surface of H,
over CHA-zeolite, electrostatic forces result from coulombic
interactions between charged particles within molecules, while
non-electrostatic forces result from van der Waals interactions
between neutral particles. The total potential energy can be
expressed as the sum of electrostatic and non-electrostatic
contributions if these components are treated separately, and
their separability is assumed. This assumption simplifies the
construction procedure and facilitates the independent
management of each contribution.

To facilitate efficient calculation of potential energy contri-
butions, it is assumed that both parts of the potential energy
surface can be represented as sums over A and B molecule
centres. The interactions between two molecules can be

RSC Adv, 2023, 13, 30937-30950 | 30939
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described in a straightforward and computationally efficient
manner by totaling the contributions from each atom or centre
in both molecules. It is essential to observe, however, that these
assumptions may not apply to all molecular systems, and that
certain circumstances may necessitate the use of advanced
methods.

AE =7 (Vi () + V3 (ry)) e

icA
JjeB

There are different ways to describe the resulting interac-
tions between molecules, which can include coulombic sums
over assigned atomic charges. The coulombic sum is given by

qaqs
2
2 Rus (2)

Eelec = ECoul =

In the potential energy surface, distinct contributions, such
as electrostatic and non-electrostatic forces, can be identified.
Coulombic interactions between charged particles within the
molecules generate electrostatic forces, whereas van der Waals
forces between inert particles are responsible for the non-
electrostatic forces.

Viet(R) = Vaelee(R) + Velee(R) = ViLi(R) + Veoul(R) (3)

In molecular simulations, the IL] potential is used as
a model to characterize the non-electrostatic portion of the
potential energy surface. In molecular simulations, non-
electrostatic interactions are typically attributed to van der
Waals forces caused by fluctuations in the electron cloud
encircling atoms and molecules.

o=l @@ o

where

n(R) = /3+4(5)2 (5)

To

¢ is the well depth of the dissociation curve depicted by the ILJ
potential, while r, is its position. On the other hand, § is
a dimensionless parameter that adds extra flexibility.

In Table 1, we can observe that the g “Fitted” value of 0.652
e~ and the “MBS” value of 0.625 e~ are relatively close to each
other compared to the other values. The difference between
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these two values is relatively small, suggesting a similarity in
their estimation of the charge associated with the oxygen (O)
atoms. &gy represents that the “Fitted” value of 0.127 k] mol
and the “MK” value of 0.107 k] mol " are relatively close to each
other compared to the other values. The difference between
these two values is relatively small, indicating a similarity in
their estimation of the well-depth or interaction energy associ-
ated with the silicon-hydrogen (Si-H) interaction. rg;; shows
that the “Fitted” value of 3.426 A and the “MBS” value of 3.445 A
are relatively close to each other compared to the other values.
The difference between these two values is relatively small,
suggesting a similarity in their estimation of the equilibrium
bond length between silicon (Si) and hydrogen (H) atoms (sig)-
eon shows that the “Fitted” value of 0.927 k] mol ' and the
“NBO” value of 0.929 k] mol " are relatively close to each other
compared to the other values. The difference between these two
values is relatively small, indicating a similarity in their esti-
mation of the well-depth or interaction energy associated with
the oxygen-hydrogen (O-H) interaction (eon). 7on shows that
the “Fitted” value of 3.782 A and the “MBS” value of 3.798 A are
relatively close to each other compared to the other values. The
difference between these two values is relatively small, sug-
gesting a similarity in their estimation of the equilibrium bond
length between oxygen (O) and hydrogen (H) atoms (roy). The
Lennard-Jones potential can be utilized to investigate the
adsorption of molecular hydrogen (H,) over CHA-zeolite. By
employing the Lennard-Jones potential, we can model the
intermolecular interactions between H, molecules and the
zeolite surface. This potential describes both the attractive and
repulsive forces between molecules as a function of their
separation distance. Through simulations and calculations
based on the Lennard-Jones potential, it is possible to estimate
the adsorption capacity and adsorption energy of H, over CHA-
zeolite. These parameters play a crucial role in understanding
and optimizing the adsorption process.

Fig. 2 illustrates the fitted Lennard-Jones (L]) potential
parameters for the interaction between molecular hydrogen
(H,) and CHA-zeolite utilizing various charge schemes. The x-
axis represents the distances between H, and the surface of the
zeolite, and the y-axis represents the interaction energies.
Multiple sets of dots representing various forms of interaction
energies are depicted in Fig. 2. At various distances, blue dots
represent the calculated interaction energies between H, and
CHA-zeolite. Typically, these energies are derived from theo-
retical calculations. The interaction energies predicted by the

Table 1 To obtain Lennard-Jones (LJ) potentials for the H,/CHA-zeolite, the B97D/TZV2P calculations are used to fit certain parameters

Parameters Fitted Hirshfeld CHelpG MBS MK NBO
go (€7) 0.652 0.948 0.978 0.625 0.575 0.925
esin (KJ m0171) 0.127 0.129 0.279 0.325 0.107 0.452
reir (A) 3.426 3.741 3.562 3.445 3.821 3.625
eon (k] mol™?) 0.927 0.953 0.966 0.973 0.998 0.929
Tou (A) 3.782 3.841 3.963 3.798 3.948 3.891
s 0.995217 0.996158 0.997182 0.994736 0.998674 0.993256
MAE (K] m0171) 0.582046 0.425981 0.532744 0.554732 0.478521 0.462574
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Fig. 2 Fitted Lennard-Jones (LJ) potential parameters with charge schemes by using random interaction energies over distances of molecular
hydrogen and CHA-zeolite, blue dots show calculated interaction energies, red dots show fitted interaction energies, black dots show calculated
average interaction energies and yellow dots show fitted average interaction energies.

fitted LJ potential are represented by red dots. This mathe-
matical model describes the attractive and repulsive forces
between molecules. The red dots represent the energies ob-
tained using the fitted parameters and the LJ potential. The
black dots represent the average calculated interaction energies.
They are obtained by averaging the interaction energies at
various distances. These values represent the interaction
between H, and CHA-zeolite in its entirety. The yellow dots
represent the average interaction energies derived from the L]
potential after being fitted. They are the average energies
calculated with the LJ potential and fitted parameters. By con-
trasting the blue and red dots, it is possible to determine the
accuracy with which the fitted L] potential reproduces the
calculated interaction energies. The closer the red dots are to
the blue dots, the closer the L] potential and the calculated
energies agree. Comparing the black and yellow dots also
enables us to evaluate the congruence between the calculated
average interaction energies and the predictions of the fitted L]
potential. Again, a closer alignment between the yellow and
black dots represents a greater match between the L] potential
and the average energies. Fig. 2 depicts how well the fitted L]
potential captures the interaction energies and average inter-
action energies between H, and CHA-zeolite utilizing various
charge schemes. It assists in determining the precision and

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

dependability of the LJ potential in describing the adsorption
behavior of H, on CHA-zeolite.

To calculate the MAE, we would take the absolute difference
between each fitted interaction energy value (represented by the
red dots) and the corresponding calculated interaction energy
value (represented by the blue dots). The MAE provides an
overall assessment of how well the fitted L] potential parame-
ters capture the interaction energies. A smaller MAE indicates
a closer agreement between the fitted L] potential and the
calculated energies, suggesting a more accurate fit. By obtaining
the MAE, we can quantify the quality of the L] potential fitting in
terms of the interaction energies represented in Fig. 3. It serves
as a numerical measure to evaluate the performance of the
fitted L] potential parameters and provides a quantitative
assessment of the agreement between the model and the data.
We often use the MAE, along with other statistical measures, to
compare different models or parameter sets and determine
which one provides the best representation of the system under
investigation.

In Table 2, g, obtained from the NBO method (0.989 e™) is
the closest to the fitted value (0.656 e™). The fitted value of B
(6.518) is closest to the MBS value (6.514) and the NBO value
(6.715). The fitted value of egjyy (0.017 k] mol ™) is significantly
lower than the values obtained from the other charge

RSC Adv, 2023, 13, 30937-30950 | 30941
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Fig. 3 Mean Absolute Error (MAE) is a measure of the average discrepancy between the fitted Lennard-Jones (LJ) potential parameters and the

calculated interaction energies.

calculation methods. The values from Hirshfeld, CHelpG, MBS,
MK, and NBO methods range from 0.154 k] mol " to
0.502 kJ mol . The fitted value of rgy (3.019 ]i) is relatively
close to the Hirshfeld value (2.832 A) and the NBO value (3.167
13). The values obtained from the CHelpG, MBS, and MK
methods fall within this range. The fitted value of Sy (5.976) is
relatively close to the Hirshfeld value (5.669), the CHelpG value
(5.486), and the NBO value (6.182). The values obtained from
the MBS and MK methods fall within this range as well. The
fitted value of eoy (0.664 kJ mol ") falls within the range of the
values obtained from the different charge calculation methods.
The values obtained from Hirshfeld, CHelpG, MBS, MK, and
NBO methods range from 0.636 k] mol " to 0.936 k] mol . The
values of roy obtained from different charge calculation

methods are relatively close to each other. The fitted value of rou
(3.202 A) is comparable to the values obtained from Hirshfeld
(3.156 A), CHelpG (3.171 A), MBS (3.376 A), MK (3.392 A), and
NBO (3.373 A).

In our study, we have conducted a comprehensive compar-
ison of our results with related systems, specifically MOF-5,*
MOF-650,%* and MOF-5,% to gain insights into the adsorption
behavior. We have utilized an IL] force field for our simulations.
This novel approach has allowed us to capture the intricate
interactions and dynamic behavior of the adsorbate-adsorbent
system more accurately. The use of the ILJ force field offers
significant advantages, as it considers both the short-range
repulsion and long-range dispersion interactions, providing
a more realistic representation of the adsorption process. Our

Table 2 To obtain Improved Lennard-Jones (ILJ) potentials for the H,/CHA-zeolite, the B97D/TZV2P calculations are used to fit certain

parameters

Parameters Fitted Hirshfeld CHelpG MBS MK NBO

go (e7) 0.656 0.952 0.971 0.618 0.567 0.989
Bsin 6.518 7.673 7.526 6.514 7.625 6.715
esinr (KJ m0171) 0.017 0.357 0.254 0.154 0.451 0.502
T'sin (10\) 3.019 2.832 2.768 3.025 3.528 3.167
Bou 5.976 5.669 5.486 6.147 6.755 6.182
eon (k] mol™?) 0.664 0.936 0.653 0.791 0.635 0.679
Tou (A) 3.202 3.156 3.171 3.376 3.392 3.373

s 0.997588 0.995102 0.995372 0.993519 0.996214 0.996371
MAE (K] m0171) 0.667364 0.673952 0.484535 0.452698 0.412574 0.356219
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Fig. 4 Fitted Improved Lennard-Jones (ILJ) potential parameters with charge schemes by using random interaction energies over distances of
molecular hydrogen and CHA-zeolite, blue dots show calculated interaction energies, red dots show fitted interaction energies, black dots show
calculated average interaction energies and yellow dots show fitted average interaction energies.

findings highlight the importance of employing advanced force
fields, such as ILJ potential, to enhance the accuracy and reli-
ability of adsorption studies in metal-organic frameworks
(MOFs) and zeolites, paving the way for improved under-
standing and potential applications in gas storage, separations,
and other related fields.

Based on the above discussion, it appears that Fig. 4, is being
described that showcases the comparison between calculated
and fitted interaction energies for the molecular hydrogen and
CHA-zeolite system. Blue dots represent the calculated inter-
action energies obtained from the random interaction energies
over distances between molecular hydrogen and CHA-zeolite.
The blue dots indicate the specific calculated interaction
energy values obtained for different distance intervals. Red dots
represent the fitted interaction energies obtained from the
Improved Lennard-Jones (IL]) potential parameters. The red
dots indicate the specific fitted interaction energy values ob-
tained for the corresponding distance intervals. Black dots
represent the calculated average interaction energies for the
molecular hydrogen and CHA-zeolite system. The black dots
represent the average values obtained by considering the
calculated interaction energies within specific distance inter-
vals. Yellow dots represent the fitted average interaction ener-
gies for the molecular hydrogen and CHA-zeolite system. The
yellow dots represent the average values obtained by consid-
ering the fitted interaction energies within the corresponding
distance intervals. Fig. 4 provides a visual representation of the

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

comparison between calculated and fitted interaction energies
for different distance intervals between molecular hydrogen
and CHA-zeolite. It allows for assessing how well the fitted IL]
potential parameters match the calculated interaction energies
and average interaction energies. By examining the alignment
of the blue and red dots, as well as the black and yellow dots, we
can assess the agreement between the calculated and fitted
values. The closer the red and blue dots, as well as the yellow
and black dots, are to each other, the better the agreement
between the calculated and fitted interaction energies. This
Fig. 4, helps to evaluate the quality of the IL] potential param-
eters and provides insights into the accuracy of the fitting
procedure in capturing the interaction energies between
molecular hydrogen and CHA-zeolite across different distance
intervals.

Based on the above discussion, Fig. 5 described showcases
the Mean Absolute Error (MAE) as a measure of the average
discrepancy between the fitted Improved Lennard-Jones (IL])
potential parameters and the calculated interaction energies. It
provides a measure of how well the fitted parameters match the
calculated values, representing the average magnitude of the
errors. The x-axis of the figure represents the different distance
intervals or other relevant quantities associated with the
molecular hydrogen and CHA-zeolite system. It could be the
distance between hydrogen and zeolite, or any other parameter
that affects the interaction energies. The y-axis represents the
value of the Mean Absolute Error (MAE) for each corresponding

RSC Adv, 2023, 13, 30937-30950 | 30943
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Fig. 5 Mean Absolute Error (MAE) is a measure of the average discrepancy between the fitted Improved Lennard-Jones (ILJ) potential

parameters and the calculated interaction energies.

distance interval. The MAE value on the y-axis quantifies the
average discrepancy between the fitted IL] potential parameters
and the calculated interaction energies. Fig. 5 helps visualize
how the MAE varies across different distance intervals or system
configurations. Lower MAE values indicate a better agreement
between the fitted IL] potential parameters and the calculated
interaction energies. By examining the pattern of the MAE
values along the x-axis, we can assess the overall quality of the
fitting procedure. If the MAE values are consistently low or
exhibit a decreasing trend, it indicates a good fit between the
calculated and fitted interaction energies. Conversely, higher or
increasing MAE values suggest larger discrepancies between the
fitted and calculated values. The Fig. 5, serves as a quantitative
representation of the accuracy and quality of the fitted ILJ
potential parameters by measuring the average discrepancy
between the fitted values and the calculated interaction ener-
gies across different distance intervals or system configurations.

4. Molecular dynamics simulation

To understand the adsorption behavior of H, on CHA-zeolite at
the molecular level, molecular dynamics (MD) simulations have
proven to be a powerful tool. Molecular dynamics simulations
involve the numerical integration of Newton's equations of
motion for a system of interacting atoms or molecules.®® By
applying this computational approach, we can gain insights
into the dynamic behavior of molecules and explore the

30944 | RSC Adv, 2023, 13, 30937-30950

thermodynamic and kinetic properties of the system under
investigation.

In the case of H, adsorption on CHA-zeolite, MD simulations
provide a detailed understanding of the adsorption mechanism,
the stability of the adsorbed H,, and the influence of various
factors such as temperature, pressure, and zeolite properties on
the adsorption process. Recent advancements in computational
resources and simulation algorithms have enabled more accu-
rate and realistic MD simulations of H, adsorption on CHA-
zeolite. These simulations can capture the intricate interac-
tions between the H, molecules and the zeolite framework,
including van der Waals forces, electrostatic interactions, and
hydrogen bonding. Additionally, by incorporating quantum
mechanical calculations within MD simulations, we can obtain
accurate energetics and electronic structure information,
further enhancing the understanding of the adsorption process.
The effects of functionalization® on CHA-zeolite for improved
H, adsorption using MD simulation explores.

The performance of MD simulations is to study the effect of
temperature and pressure on the adsorption capacity of H, in
CHA-zeolite. Their findings®® revealed the importance of
temperature in modulating the adsorption behavior, shedding
light on the thermodynamics of the process. MD simulations
were employed to explore the role of zeolite surface® modifi-
cations on H, adsorption kinetics and diffusion within CHA-
zeolite. MD simulations are used to examine the influence of
framework flexibility’® on H, adsorption in CHA-zeolite. The

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 The adsorption of hydrogen molecules (H,) on CHA-zeolite,
insights from DFT calculations and MD simulations with adjusted ILJ
parameters

Types of calculation Distances (A) Eegy (k] mol™)

2.052
2.026

—11.85
-9.92

DFT approach
MD (T =273 Kand P =1 atm)

study investigates the structural changes induced by H,
adsorption and explores the relationship between framework
flexibility and adsorption behavior.

DL_POLY v2.2 (ref. 71) was utilized for molecular dynamics
calculations. The microcanonical (NVE) ensemble used periodic
boundary conditions in the x, y, and z directions under standard
conditions (273 K and 1 atm). A timestep of 1 fs was utilized for
a run time of 5000 000 steps, including an equilibration of 3
000 000 steps, resulting in a total run time of 5 ns, while
monitoring of temperature and energy demonstrated conver-
gence. To assure the standard density of methane, the van der
Waals and coulombic cutoffs were set to 18 A, and 100 H,
molecules were randomly distributed in a cube with 160 A sides.
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We have calculated the diffusion coefficient using the
following Einstein equation:

D= o lim ({7~ FOP) )
where d is the dimension of the system and 7{(7) is the position
of the particle of interest at time 7. The term ([F(z) — 7(0)]?) is
called the mean squared displacement (MSD) and varies line-
arly over time.

To assure accurate statistics, we calculated the diffusion
coefficient from five distinct starting configurations and
sampled two million MSD values versus time for each starting
configuration. We evaluated the diffusion coefficient over one
million different time origins by dividing timestep 1 to one
million, then timestep 2 to one million, and so on. The
adsorption behavior of hydrogen molecules on CHA-zeolite was
investigated using two different calculation approaches: density
functional theory (DFT) and molecular dynamics (MD) simula-
tions. The obtained results are summarized in Table 3, which
includes the distances between the adsorbed hydrogen mole-
cules and the zeolite surface, as well as the corresponding
configurational energies (E.,) in kilojoules per mole (k] mol ).

B = ILJ parametersTable 2

gex (1)

10 |- |

r (A)

Fig. 6 At a temperature of 299.97 K, the radial distribution function (RDF), gcx, between a CHA and the center of mass of an H, molecule,
denoted by the variable X, was determined for 8 = ILJ parameters (Table 2) as a function of distance, r.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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For the DFT approach, the calculated distance between the
adsorbed hydrogen molecule and the zeolite surface was found
to be 2.052 A, with a corresponding configurational energy of
—11.85 k] mol™". On the other hand, the MD simulations con-
ducted at a temperature of 273 K and pressure of 1 atm yielded
a slightly lower distance of 2.026 A, accompanied by a configu-
rational energy of —9.92 kJ mol . The comparison between the
DFT and MD simulation results reveals some interesting
insights. Firstly, the distance values obtained from both methods
are in good agreement, indicating consistent predictions of the
spatial arrangement of the adsorbed hydrogen molecules on the
zeolite surface. However, it is worth noting that the MD simu-
lation results indicate a slightly closer proximity between the
hydrogen molecule and the CHA-zeolite surface compared to the
DFT calculations. Regarding the configurational energies, it is
observed that the DFT calculations resulted in a more favorable
adsorption energy of —11.85 k] mol ", while the MD simulations
predicted a relatively weaker adsorption energy of
—9.92 k] mol™'. This discrepancy can be attributed to the
inherent differences in the methodologies used in the two
approaches. DFT calculations provide a more accurate electronic
structure description, capturing the intricate interactions
between the hydrogen molecule and the zeolite surface. On the
other hand, MD simulations consider the dynamical behavior of
the system at finite temperature, which may lead to some devi-
ation in the calculated adsorption energy.

The combination of DFT calculations and MD simulations
provides valuable insights into the adsorption behavior of

View Article Online
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hydrogen molecules on zeolite. The consistent distance
predictions highlight the reliability of both methods in
describing the spatial arrangement of the adsorbed species.
Furthermore, the contrasting configurational energy values
emphasize the importance of considering both electronic
structure calculations and dynamic effects when studying
adsorption processes.

Fig. 6, shows the radial distribution function (RDF),”* gcx,
between a CHA and the center of mass of an H, molecule,
denoted by the variable X, as a function of distance, r, at
a temperature of 299.97 K. The RDF provides information about
the probability of finding the H, molecule at a given distance
from the CHA atoms, with a higher RDF indicating a higher
probability of finding the H, molecule at that distance. The RDF
was calculated using the ¢ = IL] parameters listed in Table 2,
which were obtained from the Improved Lennard-Jones (IL])
potential. The parameters in Table 2 describe the interactions
between different atoms and functional groups in the system
and were used to model the behavior of the system in the
simulation. The RDF curve in Fig. 6, shows a peak at around 2.0
A, indicating a high probability of finding the H, molecule at
this distance from the CHA. This peak corresponds to the first
coordination shell, where the H, molecule is located closest to
the carbon atom. As the distance between the CHA atom and
the H, molecule increases, the probability of finding the
molecule decreases, as reflected by the decreasing RDF values.

The RDF curve provides information about the spatial
distribution of the H, molecule around the carbon atom and

Fig.7 Snapshot of the last configuration of the simulation for the H,/CHA-zeolite system at T =273 K and P = 1 atm. The random white-brown
dumbbells indicate the H, molecules over the grey (silicon)-red (oxygen) CHA-zeolite surface.
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can help to predict the behavior of the system under different
conditions. The use of the ILJ parameters listed in Table 2
allowed for a more accurate prediction of the RDF curve and can
help to improve our understanding of the adsorption of H, on
CHA-zeolite.

Fig. 7, “snapshot of the last configuration of the molecular
dynamics simulation for the H,/CHA-zeolite system at =273 K
and P = 1 atm” provides a visual representation of the system
obtained at the end of the simulation. The snapshot illustrates
the arrangement of H, molecules over the CHA-zeolite surface.
In Fig. 7, the CHA-zeolite surface is depicted as a gray (silicon)
and red (oxygen) framework. The framework consists of inter-
connected cages and channels that provide the pore structure of
the zeolite material. The random distribution of white-brown
dumbbells represents the H, molecules within the system.
The white-brown dumbbells symbolize the H, molecules due to
their molecular structure. Each H, molecule consists of two
hydrogen atoms (represented by the white spheres) bound
together by a covalent bond. The dumbbell shape reflects the
orientation of the H, molecule, with the hydrogen atoms posi-
tioned on either end of the bond. By analyzing the snapshot,
one can observe the spatial distribution of H, molecules
adsorbed onto the CHA-zeolite surface. The positioning of the
H, molecules indicates their adsorption sites and interactions
with the zeolite material. The randomness in the distribution
highlights the dynamic nature of the system, as the H, mole-
cules continuously move and interact with the zeolite frame-
work. The specified simulation conditions of T = 273 K
(temperature) and P = 1 atm (pressure) provide insight into the
thermodynamic conditions under which the simulation was
conducted. These conditions mimic a typical experimental
scenario or a specific point in parameter space, allowing
researchers to investigate the behavior of the H,/CHA-zeolite
system at these specific conditions. The Fig. 6, snapshot offers
a visual representation of the H,/CHA-zeolite system, illus-
trating the adsorption behavior and the arrangement of H,
molecules over the CHA-zeolite surface, thereby providing
valuable information about the adsorption process in the
simulated system.

5. Conclusion

This study investigated the adsorption behavior of molecular
hydrogen (H,) on CHA-zeolite using a combination of calcula-
tions based on density functional theory (DFT) and various force
field methodologies. The goal was to determine the interaction
potential that most precisely describes the observed adsorption
characteristics. Comparing and evaluating various force field
methods, with a focus on the Improved Lennard-Jones (IL])
potential, it was determined that the IL] potential provided the
greatest agreement with experimental and theoretical data for
the adsorption of H, on CHA-zeolite. In simulations of molec-
ular dynamics, the ILJ potential parameters were modified to
obtain even better outcomes. By adjusting the parameters, the
IL] potential captured the intermolecular interactions within
the H,-CHA-zeolite system more precisely. This modification
enhanced the accord simulation results, thereby strengthening

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the robustness and dependability of the IL] model for simu-
lating the adsorption process.

This study demonstrates that the combination of DFT
calculations and molecular dynamics simulations with modi-
fied IL] parameters is an effective method for comprehending
and predicting the adsorption behavior of H, on CHA-zeolite.
The successful modification of the IL] potential demonstrates
its flexibility and adaptability to various systems, and it
enhances our knowledge of the adsorption mechanism. This
investigation contributes to the field of zeolite-based adsorption
studies by employing computational techniques and fine-
tuning the ILJ potential parameters. It demonstrates the
significance of not only selecting an appropriate force field
method but also optimizing its parameters to accurately
represent adsorption behavior. Similar parameter adjustments
could be investigated to enhance the accuracy of force field
models for other zeolite systems and adsorbates because of
these findings. Understanding and predicting the adsorption
behavior of H, on CHA-zeolite necessitates computational
modeling, specifically the modification of IL]J parameters in
molecular dynamics simulations. It contributes to the design
and advancement of efficient materials for hydrogen storage,
gas separation, and catalytic applications by providing valuable
insights into the development and optimization of force field
methods for zeolite-based adsorption studies.
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