JOURNAL OF

ENGINEERING,

vAND

Research Article

Quantum MeChaniCS ApproaCh for Metal- Journal of Mechanical Engineering,

Science, and Innovation

Organic Frameworks Deformation Effect C-ISNN: 27763536
, VOl 5, NO.
on Carbon Capture Performance: A DOI: 10.31284/}jmesi.2025.v5i1.7415

. . ejurnal.itats.ac.id/jmesi
Density Functional Theory Study

Krisna Dwipa Muhdi! and Ahmad Atif Fikri?

1Department of Mechanical and Industrial Engineering, State University of Malang, Indonesia

Corresponding author:

Ahmad Atif Fikri

Department of Mechanical and Industrial Engineering, State University of Malang, Malang,
65145, Indonesia

Email: atif fikrift@um.ac.id

Abstract

Increasing carbon dioxide (CO,) emissions from fossil fuel combustion demand the development of
effective and efficient carbon capture technologies. Metal-Organic Frameworks (MOFs) are
excellent candidates as adsorbent materials because they have uniform pores, specific surface area,
and can modified according to purpose. However, performance of MOFs may decrease due to
structural deformation during adsorption-desorption process, especially under extreme conditions.
This study uses a quantum mechanical approach, namely Density Functional Theory (DFT), to
analyze effect of deformation, specifically h(MOF-13, on its performance in CO, adsorption. Through
modeling the atomic structure of hMOF-13, an understanding of the quantum interactions between
atoms, changes in position of atoms and cells due to deformation is obtained. Simulation results
show that mechanical deformation of hMOF-13 decreases CO, adsorption performance through
pore narrowing and electrostatic charge redistribution. In addition, excessive deformation can
trigger structural failures that reduce regeneration cycles and lower carbon capture efficiency.
Insights from this study can guide the subsequent development of MOFs with enhanced mechanical
resistance, contributing to the optimization of industrial-scale carbon capture processes. By
improving the structural stability of MOFs, industries can achieve higher adsorption efficiency,
longer material life, and reduced operational costs, making carbon capture technology more
feasible and sustainable.
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INTRODUCTION
Rapid global energy demand and large-scale industry result in increasing
greenhouse gas emissions, especially carbon dioxide (CO2)[1]. More than 85% of global
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energy demand depends on burning fossil fuels, which is the largest contributor to CO2,
so it is estimated that by 2050 CO2 emissions will exceed 500 ppm, which is harmful to
the environment and living things [2]-[3]-[4]. The unavoidable emission of CO2 is a major
cause of global warming, so CO2 capture needs to be done. In addition to preventing global
warming, CO2z capture also plays a role in saving energy and raw materials for related
industries, such as reducing COz in natural gas to increase heating value and utilizing CO2
for raw materials for making fertilizers [4]-[5]. This makes the development of effective
carbon capture technology very urgent for the welfare of society and the sustainability of
life [6].

CO2 capture with solution-based adsorbents such as K2S04 and zeolite membranes
has been widely done, but carbon capture systems with these adsorbents require a large
discharge and pressure that is relatively higher than atmospheric pressure to achieve
efficient performance which results in greater energy use. This is because the percentage
of COz is smaller at 0.04% compared to other gases in the air such as nitrogen (N2) which
reaches 78%, oxygen (02) 30%, and argon (Ar) 0.90%, requiring a system that can capture
a large air discharge to achieve efficient CO2 capture [7]. A solution that can be done to
reduce energy use in carbon capture is to use adsorbent materials that have high
selectivity and adsorption capacity for CO2. Metal-organic frameworks (MOFs) has been
widely used because it has a uniform pore size and structure that can be adjusted and
modified according to the intended use to capture a molecule in a gas such as COZ2, in
terms of energy consumption MOFs is also lower than solvent-based adsorbents [8]-[9].
The flexibility of MOFs to be modified provides the potential for the production of
adsorbent materials that have high selectivity and adsorption capacity.

While MOFs possess advantages in selectivity and CO, adsorption capacity, its
performance is highly dependent on their structural properties which could be reversible
deformation during adsorption-desorption process. External pressures, gas-matter
interaction, and the transition of thermodynamic conditions include temperature and
humidity changes, cause this deformation. Morphological alterations are also observed in
MOFs, including expansion and contraction of the pores, as have been documented to be
responsible for diminishing adsorption capacity and altering selectivity towards the
target gas [10]-[11]. Moreover, uncontrolled deformation also can accelerate the
degradation of MOFs, decrease the regeneration cycle, and thus weaken the overall
efficiency of the carbon capture system [12]. Due to the complexity in MOF structure and
behavior change as well, particularly for CO, capture, a Quantum Mechanics (QM) based
approach is needed to understand the deformation mechanism and explore
transformation impact on MOF performance. Traditional methods like force field
molecular dynamics or macroscopic approaches often do not account for changes in
electronic properties and complex quantum power interactions in MOFs systems.

QM is derived from the Schrodinger equation characterizing the ground state of
quantum mechanical systems. However, solving the Schrodinger equation exactly for
many-electron systems is challenging, due to the correlation between the coordinates of
electrons arising from these interactions in the wave function. This problem to find a
solution of Schrodinger equation for many electron system is addressed by Density
Functional Theory (DFT) that states the wave function of a system can be represented as
a function of electron density having a capability of calculation according to Hohenberg-
Kohn theory [13]. Therefore, the QM approach and even the DFT method can give much
more insight into interactions between atoms in many-electron MOFs, mechanism of CO,
adsorption on active sites, and energy changes resulting from structural deformation
[14]-[15]. For carbon capture applications, the quantum mechanical-based analysis can
be exploited and more accurately assessed in relation to key parameters including
bonding energy, charge distribution, bonding force and the structural response under
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external pressure which in turn lead to more optimized design and modifications of MOFs
[16]-[17].

Quantum Mechanic Function

The Schrodinger equation as one of the basic functions on a quantum scale can be
an approach solution to determine the electron density of an atom. Electron density can
affect the physical and chemical properties of compounds, including bond length, polarity,
and bond energy, so that in MOF materials, electron density determines the interaction of
MOF molecules with guest molecules which can affect the adsorption ability of MOF
molecules [18]. The Schrédinger wave function is shown in Equation (1).

AY(r1,r2,...,rn) = EY(r1,r2,...,mn) (1)

Where, H is the total Hamilton of the system consisting of the kinetic energy of the
electrons, the ectsernal potential interaction of the atomic nucleus, and the Coulomb
interaction between electrons. ¥ is a wave function with many electrons and E is the total
energy of the system. Energy in the atom consists of three components namely, kinetic
energy (Ex), Hartree energy (En), and exchange energy (Ex) which are defined in the form
of a single particle state (¢,) [18], shown in Equation (2) to Equation (4).

Ex = Xqvg [ dr @l—iyV + Mle, (2)
1 "N e
Ey = Xpsan Va Vb [ dr dr'|@aly@a] Dy rr)[@ulses] (3)
1 "N NNeg
Eyx == Zgan Vi vh J] dr dr'[@alp@a] Dy rr)[@nlpes) (4)

Where, M is the mass of the nucleon, v?2 is the occupancy probability, Iy and Dy is
the interaction vertex and propagator, respectively, with ¢ is meson o, w, p, and the
interacting photon A in the effective Lagrangian. The important thing in the equation is Ek
and Ex is an orbital-dependent functional and Eu represented as a functional of the scalar
density py and current vector j#, with T represents neutrons in protons [13], as in
Equation (5) and Equation (6).

Ps,T = Xaer Ug Pa (M) g (1) (5)

]s{l = Yaer Ug Pa()Pa(r) (6)

The adsorbent material selected for this study is hMOF-13, chosen for its relatively
higher CO; loading capacity compared to other MOFs, while exhibiting lower N, loading.
This property gives hMOF-13 a strong selectivity for CO, capture from ambient air, which
is predominantly composed of nitrogen [19]. In addition, hMOF-13 demonstrates good
pressure stability, enabling more efficient and effective adsorption-desorption processes
across a variety of carbon capture scenarios [20]. The prefix “h” in hMOF-13 stands for
“hypothetical”, indicating that the structure has not been synthesized experimentally, but
was generated through computational modeling and simulation. Such structures are
typically developed for predictive studies involving the adsorption of gases such as
carbon dioxide, methane, and others. The number “13” refers to the entry index of this
material in the MOFXDB API database, a validated data source that has been published in
the Journal of Chemical & Engineering Data, Volume 68, Issue 2, by the American Chemical
Society (ACS Publications).

METHODS AND ANALYSIS
This research focuses on the effects of geometry changes that occur in hMOF-13 on
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Figure 1. Research flow.
Table 1. Propertise of hMOF-13 [20].
No. Propertise Value
1 Void Fraction 0.359167
2 Accessible Surface Area (ASA) (m?/g) / (m2/cm3) 486.4/626.6
3 Pore Limiting Diameter (PLD) (A) 3.250
3 Largest Cavity Diameter (LCD) (A) 4.250
5 Atoms in MOF Zn,0,C H.F
6 Atomics Mass of Cell 1611.7
7 Cif Volume (43) 2077.260
8 CO2 Loading Capacity (mol/kg), at 0.5 bar 5.691
9 N2 Loading Capacity (mol/kg), at 0.9 bar 0.146
10 COz Heat of Adsoprtion (kj/mol), at 0.05-0.5 bar 35.917-35.939
11 N2 Heat of Adsoprtion (kj/mol), at 0.09-0.9 bar 18.245-18.348

parameters that affect CO2 capture performance, the flow of this research is shown in
Figure 1.

The selection of the MOF in this study was based on three primary criteria: its
applicability in carbon dioxide capture particularly for direct air capture (DAC) processes
its high CO, loading capacity, as indicated by simulation data at specific partial pressures,
and its strong selectivity toward CO, over other gases such as N,. This selectivity is
essential for efficiently separating CO, from nitrogen-rich air [20]. Among the evaluated
candidates, hMOF-13 was selected, as it demonstrated the most favorable combination of
these three criteria based on the simulation results. The following hMOF-13 property data
is shown in Table 1.

Broyden-Fletcher-Goldfarb-Shanno (BFGS) Method

Geometry optimization aims to find an atomic configuration that has the minimum
total energy, i.e. when the force on each atom is close to zero. This is done by moving
atoms little by little following an energy gradient until the system reaches structural
equilibrium. Geometry optimization is performed using the Broyden-Fletcher-Goldfarb-
Shanno (BFGS) Method based on the quasi-Newton algorithm [21]. This method is used
to avoid direct computation of the Hessian by building an approximation of the Hessian
matrix iteratively based on changes in atomic forces and positions during optimization.
The working principle of BFGS is by defining changes in atomic position and force changes
against the energy gradient, then the approximation of the Hessian matrix will be updated
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and go to a new step until the condition converges based on the energy convergence limit
to be achieved [22], which is expressed by Equation (7).

T T T
Hipy = (1 - 5"”‘) H, (1 2 "5") + Sk (7)

yisk yisk Vi Sk

Where, H;, represents the inverse Hessian approximation at iteration k, I is the
identity matrix, S, denotes the change in position x;,; — x%, and y;, refers to the change
in gradient g, 41 — gx- This equation efficiently updates the inverse Hessian without the
need to explicitly compute second derivatives. The resulting matrix is then used to
determine the direction of atomic position updates for the next iteration [22].

Density Functional Theory

Hohenberg-Kohn states that all basic properties of systems with many electrons can
be determined from the electron density, so there is no need to know the wave function
of many-electron systems explicitly [13]. which is expressed by Equation (8).

__, (vleMN .
b= vty = A1) = Gl @} ®)
Where i= (0, 1, 2, ..., ©)refers to the electron state. Then to calculate the many-

electron interaction the Kohn-Sham equation is used by integrating the exact exchange
energy for the nucleus with arbitrary deformation using the inverse Hamiltonian and the
spectral method [13]-[18], which is shown in Equation (9).

A =—iaV + B[M + S.(r) + v, V' ()] 9)

Where A is the single particle Hamiltonian. Note that S; and V, is a local potential
derived from the variation of the energy functional, which can be further divided into
Hartree and exchange components. Hartree potential S,(r) dan V*(r) can be obtained by
calculating the density and current that represent the coulumb interaction between
electrons as shown in Equation (10) and Equation (11) [18].

S6E S6E
Se(r) = Sa(r) + Sxa(r) = otk 4+ 2% (10)

SEy + SEx

Vi) = VH‘f () + V;ﬁfr(r) T 5Gou | 8o,

(11)

The exchange-correlation potential that fixes the many-electron interaction has a
more complex approach, which is calculated in the non-interacting approach and is an
independent electron wave function (dependent on the Kohn-Sham orbit) that represents
the analog of the one-electron Schrodinger wave function represented in Equation (12).
and Equation (13) [18].

. 1 _
Sx,‘rps,‘r + Vxlj‘r(]r)v = EZaE‘L’ Ué {QDa(VVa - {ayo)(pa +c. C} (12)

. 1 -
Sx,rfalcl,T + in,;rps,r = EZCI.ET vc% {(pa (Wa - (ayo)yu(pa +c. C} (13)

$a
S¢a
total energy in the system is obtained from the sum of kinetic energy (Ex), Hartree energy
(En), and exchange-correlation energy (Ex) which [18], is represented in Equation (14).

Where W, is the orbital specific potential W, = and {, is the energy shift. The

Eiotar = Ex + Ey + Ex (14)
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The bonding forces in the hMOF-13 structure are calculated from the total energy
gradient against the atomic coordinates obtained from the derivative of the total potential
energy against the atomic positions in the system as in Equation (15).

OEtotal

b= (15)

Where, F; is the force on the atom i, dR; is atom position i, dan 0E;,;,; which is the
total energy in the system. An analysis of the stability and dynamics of the system needs
to be carried out to determine the interaction of h-MOF-13 with elements in the air.
Approach with Potential Energy Surface (Epgs) as in Equation (16). can describe the
variation of total energy against changes in the initial atomic position (E,) in the system
if the hMOF-13 structure is deformed so that the stability and dynamics of the system can
be analyzed [23].

Epgs = Etotal(Rl'RZ» ----- Rn) —Ey (16)
Egp = Ep, — Eg — Eqas (17)

In addition to calculating the energy for the CO2 capture process, the energy to
release CO2 from the hMOF-13 membrane is also important to calculate. The energy that
affects the release process is binding energy which is a measure of the energy required to
separate the system into its individual fragments, in this case separating the CO2 molecule
from the hMOF-13 structure molecule. Binding energy (Es) represented as a calculation
of the total system energy (EPL) minus the total adsobernt energy (Eg) and the total
energy (Eads) of the molecule to be captured, namely CO2 in free conditions without
interaction between the two [24], as shown in Equation (16). The Lennard-Jones potential
is used to describe the van der waals forces between MOF atoms [13], which is
represented in Equation (18).

Uy (r) =4e [{0—12]] — [[0—6]] (18)

r r

Where, € is the minimum depth of potential energy, o is the distance at which the
potential energy is zero, and r is the distance between atoms. Since hMOF-13 often has
charged groups such as coordinated metals or polar functional groups, it is important to
calculate electrostatic interactions [25].

1 ( )
Ucoutomp (T) = e (19)

4TMEy T

The Coulomb potential can be used to describe these electrostatic interactions [13],
Where q1 and q2 is the charge of two particles, as in Equation (19).

This study employed calculations based on Equations 10 through 19, which serve as
the functional components within Density Functional Theory (DFT). The DFT equations
are founded on the Hohenberg-Kohn theorem, which states that the properties of a many-
electron system can be determined solely from its electron density, without the need to
explicitly express the many-body wave function as required in Schrodinger’s theory. This
is particularly suitable for modeling complex structures like hMOF-13, which contains
millions of electrons. These equations have also been adopted in several previous studies
[18]-[25].

The software used for the BFGS optimization and DFT calculations in this study is
Quantum ESPRESSO (QE). QE is a widely used open-source software package based on
DFT, designed for simulating the electronic structure of materials at the atomic scale. The
initial settings for both the BFGS and DFT simulations are provided in the Supplementary
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Table 2. Boundary Conditions

No. Boundary Conditions Parameters Value
1 Convergence Threshold 1x 107°
2 k-Point Mesh I1x1x1
3 Cutoff Energy Wave Function (Ry 50.0
4 Cutoff Energy Rho (Ry) 200.0
5 Electron Maxstep 100
6 Pressure (kbar) 0.001-1
7 Temperature (K) 305

File.

Type of calculation applied in the DFT simulation was the Self-Consistent Field (SCF)
method, which aims to obtain the total energy of the system, interatomic forces, and
stress-strain parameters resulting from structural deformation. The information
obtained from the SCF calculation is then used to evaluate the response of the MOF
structure to external pressure and its impact on CO, adsorption performance.

Boundary Conditions

The definition of boundary conditions and atomic structure modeling of hMOF-13
were conducted to support geometry optimization using the BFGS method and
subsequent DFT calculations. The modeling was based on the atomic species (such as Zn,
0, C, H, and F) and their positional coordinates, which were obtained from the
Crystallographic Information File (CIF) available in the database, as shown in the
Supplementary File. The structure was constructed in the form of a supercell to simulate
the periodic nature of the material. The aim of this stage was to prepare a representative
initial system for geometry optimization and DFT analysis. The applied boundary
conditions are listed in Table 2.

The convergence criterion for the DFT simulations in this study was defined as
reaching a minimum total energy of 1 x 107 Ry before the electron_maxstep value
reaches 100. The electron_maxstep parameter represents the maximum number of
iterative steps allowed in the self-consistent solution process for the wave function and
electron density. If this threshold is exceeded without achieving convergence, the
algorithm terminates and considers the calculation non-convergent.

RESULTS AND DISCUSSIONS
Material Modelling

hMOF-13 obtained from the MOFX-DB database [20], was modeled to describe its
structure. hMOF-13 has a repeating structure with metal nodes and organic linkers as the
main components. Metal atoms consist of zinc (Zn) and organic atoms consist of oxygen
(0), carbon (C), hydrogen (H), and fluorine (F). Thus, this structure allows MOFs to have
high porosity, large specific surface area, and selective ability to capture and store gases
such as CO; [26]-[17]. The structure of hMOF-13 is shown in Figure 2.

Zn in hMOF-13 functions as a coordination center (metal node) that connects
organic ligands through interactions with oxygen. Zn has high electropositive properties,
so it can form strong coordination bonds with functional groups such as carboxylates (-
COO07). The role of Zn in CO, adsorption is also significant, as it can contribute to
electrostatic interactions that increase the selectivity and efficiency of gas capture [27]. O
in the MOFs structure acts as a bridge connecting Zn with organic ligands. The presence
of oxygen not only strengthens structural stability, but also plays a role in the formation
of hydrogen bonds, which are important in enhancing the interaction between MOFs and
CO, [28].
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(a) (b)
Figure 2. (a) Super cell hMOF-13 and (b) Atom composition hMOF-13.

Cis the main component in the organic ligands that make up the MOF series. Carbon-
based ligands usually contain aromatic groups or carbon chains that can enhance
interactions m-stacking with CO,, mainly through van der Waals forces or electrostatic
interactions [29]. Flexible ligands allow the MOFs structure to adjust to external stresses,
thereby increasing its adsorption capacity. In addition, the presence of H in the MOFs
structure also plays a role in hydrogen bonding interactions, which can strengthen the
stability of the structure and affect the polarity of the MOF. These hydrogen bonding
interactions often play a role in gas capture selectivity, especially in environments with
gas mixtures such as CO, and H,0 [30]. The presence of F in the MOF structure can have
unique effects, especially in terms of surface modification and hydrophobic properties.
Fluorine groups are often used to improve water resistance, so MOFs remain stable under
high humidity conditions. In addition, fluorine can also affect the adsorption energy of CO,
by modifying the electrostatic interaction and polarity of MOFs, thereby increasing the
adsorption selectivity towards CO, compared to other gases [31].

Metal-Organic Framework Failure

Mechanical simulation of the hMOF-13 cell structure was carried out at pressures of
0.001 kbar to 1 kbar in a temperature of 305 K to see the response of hMOF-13 to the
extreme external forces that occur. The applied pressure conditions represent a range from
normal atmospheric environments to extreme scenarios in carbon capture applications, allowing
observation of structural changes experienced by hMOF-13 under excessive pressure.

Based on the simulation results, the maximum stress experienced by hMOF-13 is
3.642 x 107® Ry/bohr?, with a maximum strain before structural failure of 0.91 x 1077
A/A. The stress-strain relationship graph shows an elastic response at an early stage,
where an increase in strain leads to a linear increase in stress. However, at a critical strain
value 0.91 x 1077 A/A, stress reaches a maximum before decreasing, signaling plastic
deformation and the beginning of structural failure.

Structural failures in Metal-Organic Framework (MOF) materials occur due to CO2
adsorption and external forces that cause changes in the atomic coordination network
and inter-molecular interactions. In the case of hMOF-13, these failures mainly depend on
the values of van der Waals interactions and electrostatic (Coulombic) forces that play an
important role in the stability of the framework. At low pressures which is worth 0.001
kbar, van der Waals interactions between ligands and Zn coordination centers are still
strong enough to maintain the stability of the network. The structure of hMOF-13 remains
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Figure 3. Strutukr cell hMOF-13 failure chart

porous and does not undergo significant changes apart from a slight shift in atomic
positions due to thermal energy fluctuations [32]. However, as the pressure increases to
0.1 kbar, the Zn-0 coordination network starts to deform, leading to slight changes in the
cell volume and lattice parameters. However, at this stage, the coordination interaction
between Zn and the organic ligand is still strong enough to maintain the overall
framework shape.

At high pressures of 1 kbar, van der Waals forces are no longer strong enough to
resist deformation, resulting in greater atomic drift and potential framework collapse. At
this stage, charge redistribution occurs due to changes in atomic positions, which directly
affects the Coulombic interactions in the system [33]. When the strain reaches a critical
value 0.91 x 1077 A/A, electrostatic forces between atoms become unstable as the charge
balance is disrupted, leading to a weakening of the forces of attraction between ligands
and the Zn coordination center. As a result, the structure experiences a drastic change in
potential energy, which marks the beginning of mechanical failure.

Deformation Effects on CO2 Capture Performance

The structural failure experienced by hMOF-13 has a significant impact on CO,
adsorption capacity, mainly due to changes in pore geometry and electrostatic charge
distribution as shown in Figure 4. One of the main effects is the reduction in effective
surface area, where the deformation that occurs results in pore narrowing and a reduced
number of active adsorption sites. This inhibits the diffusion of CO, into the framework,
thus reducing the gas storage capacity [34]. The values of the change in total energy and
structure of hMOF-13 are shown in Table 3.

The variations in Van der Waals forces observed in the simulation results do more
than illustrate the strength of interatomic interactions they also play a direct role in
shaping the adsorption energy of MOF materials. In frameworks such as hMOF-13, the
adsorption energy of CO, is significantly influenced by both the depth and stability of the
potential energy landscape governing atom-to-atom interactions. This behavior is largely
represented by the parameter € in the Lennard-Jones Equation (18).

A higher € value, as seen in Zn-0 atom pairs, indicates a stronger attractive force,
which is ideal for retaining CO, molecules within the porous network during the
adsorption process. However, when structural deformation alters the distance between
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Figure 4. Cell structure of hMOF-13, (a) Before deformation and (b) After deformation,
at pressures of 0.001 kbar to 1kbar.
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Figure 5. Van Der Waals forces on hMOF-13 at pressures of 0.001 kbar to 1kbar.

Table 3. Change value of energy and cell structure of hMOF-13

Parameters Before Deformation After Deformation
Total Energy -2089.584280293659 -2089.584078418853
Cell lengths
a(h) 24.111773 24.111775
b (A) 24111770 24111774
c(A) 24.111759 24.111763
Cell angles
a (°) 89.970040 89.970013
B () 89.979946 89.979899
Y (®) 90.013696 90.013715

atoms either by bringing them too close, resulting in repulsive forces, or by pushing them
too far apart, weakening the interaction the adsorption energy is also affected. In this
study, the data reveal that as pressure increases and structural deformation intensifies,
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Van der Waals forces become increasingly unstable and decline exponentially. This trend
leads to a measurable drop in the net adsorption energy (binding energy), as the material
becomes less effective in anchoring CO, molecules within its framework [35].

Put simply, greater deformation corresponds to lower adsorption energy due to the
increasingly suboptimal interaction between the MOF structure and the gas molecules.
This reduction in energetic affinity ultimately lowers CO, capture efficiency, especially
under conditions involving high pressure or repeated adsorption-desorption cycles in
industrial environments. Therefore, maintaining the structural integrity and atomic
interaction parameters of the MOF is essential for ensuring consistently high adsorption
energy and overall capture performance [36].

The Coulomb potential graph in Figure 6 shows the electrostatic relationship
between pairs of atoms in hMOF-13. This electrostatic potential arises from the
interaction between the partial charges of two atoms, q1 and q2, separated by a distance
r. In Figure 6, it can be seen that the interaction between Zn-0 has a significant negative
potential value, indicating a strong electrostatic attractive force between positively
charged Zn and negatively charged O. In contrast, interactions such as C-0, C-C, and C-F
show smaller positive potential values, indicating an electrostatic interaction between the
positively charged Zn and negatively charged O. In contrast, interactions such as C-0, C-C,
and C-F show smaller positive potential values, signaling weaker or even repulsive
electrostatic interactions in some cases [37].

As the distance between atoms increases, the Coulomb potential gradually
decreases towards zero, as described in the Coulomb Equation (18). This shows that at
larger distances, the electrostatic force becomes weaker, so the interaction between
atoms becomes less significant. When deformation causes the distance between atoms to

Potential Coulomb (eV)

—-10 4

—-15

]_.IS 2:0 2:5 3.IO 3.I5 4.‘0 4.‘5
Atomic Distance (A)
Figure 6. Coulomb interaction on hMOF-13 at pressures of 0.001 kbar to 1kbar.

Table 4. Changes in atomic position due to deformation

Parameters Largest change in atomic Smallest change in atomic
position position
Atom to 66 80
Atom Species C C
dX (A) 46.641 46.652
dY (A) -0.146 -0.134
dz (A) -9.178 6.162
Total Displacement (A) 47.536 47.057
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shrink, the electrostatic forces can increase significantly, potentially leading to structural
instability due to excessive attraction or repulsion forces. Conversely, if the structure
undergoes expansion, the electrostatic interaction weakens, which may reduce the
cohesion in the MOF network and affect the mechanical properties as well as the
adsorption of hMOF-13 [38]. Thus, the calculation of Coulomb potential is important to
understand the material response to deformation as well as to design MOFs with optimal
electrostatic stability to enhance the adsorption of MOFs to the gas to be captured.
Changes in atomic positions due to deformation are shown in Table 4.

These structural failures also have implications for the durability of MOFs under
repeated pressure cycles. In industrial applications such as gas storage and separation,
MOFs are subjected to repeated gas charging and discharging cycles. If the framework
undergoes permanent deformation due to external pressure, the porosity and CO,
adsorption capacity will decrease over time [39]. This indicates that the mechanical
stability of hMOF-13 should be a major concern in material design for gas storage
applications under operational conditions involving high pressure.

This study provides significant practical insights into the development of MOF-
based CO, capture systems under industrially relevant conditions. Through quantum
mechanical simulations using Density Functional Theory (DFT), it was revealed that while
hMOF-13 maintains structural integrity at low to moderate pressures, it suffers from
structural collapse at higher pressures due to geometric deformation, pore narrowing,
and electrostatic charge redistribution. These phenomena directly reduce CO, adsorption
capacity and material regeneration performance.

The findings highlight that the performance of MOFs in CO, capture is not solely
dependent on isothermal adsorption data, but also on their mechanical resilience under
cyclic operational stresses. This underlines the necessity for rational material design that
incorporates pressure-resistance considerations. Three strategies are proposed to
enhance MOF durability and efficiency in real applications: (i) ligand modification to
improve framework flexibility, (ii) incorporation of stronger electrostatic interactions
through polar functional groups or ionic moieties, and (iii) reinforcement of metal-ligand
coordination, particularly the Zn-0 network, to prevent collapse under high pressure.

These results offer a theoretical foundation for the pre-screening of MOF candidates
before synthesis, allowing researchers to identify and tailor materials with optimized
structural stability and high selectivity for CO, capture. By addressing the structural
failure mechanisms at the atomic scale, this study contributes to the design of next-
generation MOFs with enhanced lifespan, lower operational costs, and improved
adsorption performance in industrial carbon capture technologies.

CONCLUSIONS

This study confirms the critical role of structural deformation in influencing the
performance of hMOF-13 for CO, capture. By applying Density Functional Theory (DFT),
the research provides a detailed understanding of how changes in lattice parameters and
electron density redistribution impact the interaction between the material and CO,
molecules. The simulation results indicate that high-pressure conditions lead to pore
constriction and a reduction in active adsorption sites, ultimately diminishing CO, storage
capacity. Furthermore, atomic displacement and the resulting charge imbalance weaken
the electrostatic interactions crucial for selective gas capture. These findings underscore
the importance of mechanical stability and structural design in the development of MOF-
based materials for industrial applications, particularly under cyclic and high-pressure
operating environments. Strategies such as ligand modification, reinforcement of metal-
ligand coordinationespecially the Zn-0 network and the introduction of polar functional
groups are suggested to enhance structural durability and maintain optimal adsorption
capacity.
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Looking ahead, future studies could expand this quantum mechanical approach to
investigate other MOF variants with different topologies and chemical compositions. In
addition, integrating machine learning (ML) and artificial intelligence (Al) techniques into
the screening process offers a promising pathway to accelerate the discovery and
optimization of high-performance MOFs. By combining atomistic simulations with
predictive modeling, this research lays the groundwork for designing next-generation
MOFs that are not only efficient but also robust under real-world operating conditions.
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