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ABSTRACT: This study primarily focused on the detection and separation of toxic gases such as CO, H,S, SO,, NH;, NO, and
NO, by Mg-MOF-74, as well as assessing the stability of those toxic gases on it. The calculations were performed by using density
functional theory as implemented in the Gaussian-09 and Quantum ESPRESSO suites of the program. GGA-type PBE-D2
functionals with a plane wave basis set were used in the optimization of the Mg-MOF-74 crystal, and hybrid-type B3LYP and M06
functionals with the 6-31G*basis set were used in cluster calculation. The binding energies of CO and H,S with MOF were found to
be in the physisorption range, whereas the energies of SO,, NH;, NO, and NO, were found to be in the chemisorption range. Based
on binding energy, hardness, and softness studies, it was found that NO and NO, molecules were more stable in Mg-MOF-74,
suggesting that Mg-MOF-74 is a good detector for NO and NO, molecules.
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B INTRODUCTION tions that can be made with metal ions and organic linkers. As
a result, a wide range of these porous materials can be

Environmental pollution is one of the most problematic issues ) } i
synthesized according to what we are looking for. As an

of our time, which not only contrlbutes to climate change but

also harms public and individual health." The major pollutants emerging new class of porous solids, MOFs are expected to be
are carbon monoxide, sulfur dioxide, hydrogen sulfide, nitrous extremely promising porous materials in various applications,
oxide, ammonia, and other toxic gases ~* Our health, the including gas adsorption, separation,6’7 catalysis,g sensing,g
quality of our lives, and our longevity are all severely impacted drug delivery,'" etc. These materials have great potential for
by it. Additionally, it causes significant environmental these applications because of their high porosity,'' large
problems, including ozone depletion, acid rain, agriculture, surface area,” and structural tenability."”

forest damage, and global climate change.” There are two ways The M-MOF-74 family (M = metal), also known as CPO-
to deal with this issue: either by lessening the emissions of 27-M or M,(dobdc), is one of the promising MOF families
pollutants into the environment or by capturing them from the that has been synthesized and thoroughly explored both

atmosphere. Adsorbing these pollutants onto a suitable
substance can address the problem. Therefore, our objective
is to identify efficient adsorbents.

Metal—organic frameworks (MOFs) are architecturally
constructed hybrid crystalline porous materials with metal-
containing nodes connected by organic linkers. The size and
shape of the pores depend on how many ligands are linked to
the metal nodes. A longer organic linker offers more storage
space, which, in turn, increases the surface area. Adding
functional groups to the linkers makes it possible to change the
MOFs’ characteristics. There are practically endless combina-

computationally and experimentally. These are isostructural
microporous MOFs with regular hexagonal pores. Open metal
sites at the pore surface enhance their beauty. Mg-MOF-74 is a
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Figure 1. (a) Relaxed Structure of the Mg-MOF-74 crystal, (b) supercell structure of the Mg-MOF-74 crystal, and (c) cluster of Mg-MOF-74.
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member of this family. The 2,5-dioxido-1,4-benzene-dicarbox-
ylate (dobdc*) linkers that make up this MOF have huge one-
dimensional pores with a diameter of around 12 A, which are
connected by helical chains of Mg?" at their intersections."’
This study calculates the binding energies of six toxic gas
molecules (CO, H,S, SO,, NH;, and NO and NO,) with Mg-
MOF-74. In addition to calculating and analyzing the charge
distribution on the MOFs, the highest occupied molecular
orbital (HOMO) and lowest-lying unoccupied molecular
orbital (LUMO) energies, HOMO—LUMO gap, hardness,
and softness of the loaded and bare MOFs are also examined.
The cluster and periodic models are both employed in the
calculation. The structural and electrical properties of the Mg-
MOF-74 crystal are determined using the periodic model.
However, the binding energies, HOMO—LUMO gap, hard-
ness, and softness are determined through the cluster model.

B METHODOLOGY

The calculations were carried out by using density functional
theory as imsplemented in the Quantum ESPRESSO'* and
Gaussian-09"° suites of programs. Most of the calculations
were based on the molecular cluster model. The major
objective of employing molecular cluster models is to decrease
computing expenses. Moreover, calculations on periodic
systems using hybrid density functionals might not be feasible.
Quantum ESPRESSO was used in the periodic model, while
Gaussian-09 was used in the molecular cluster model. Starting
from a triclinic primitive unit cell with 54 atoms, including six
metal centers, a fully relaxed structure of Mg-MOF-74 was
constructed. A GGA-type PBE-D2 functional with a plane
wave basis set and an ultrasoft pseudopotential was used
during the relaxation. Both the lattice vector and the atomic
positions are simultaneously optimized until residual forces are
smaller than 10™* Ry/Bohrs and the stress tensor components
are smaller than 0.1 kbar. A supercell of Mg-MOF-74 was
created from its relaxed structure, and a cluster of the MOF
was extracted from it. In cluster calculation, hgrbrid types
B3LYP''® and M06' functional with a 6-31G**** basis set
were used. The relaxed structure, supercell structure, and
cluster model of Mg-MOEF-74 are shown in Figure 1.

The calculations were done under different spin states
(multiplicity M = 1 and 3 for CO, H,S, SO,, and NH; and
multiplicity M = 2 and 4 for NO and NO,), and all the
structures under study are found to be nonmagnetic, i.e., the
lowest energies are obtained for the lowest multiplicities.
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Figure 2. Density of states of the Mg-MOF-74 crystal.

Table 1. Binding Energy (kJ/mol) of Different Gas
Molecules on Mg-MOF-74

molecules method
B3LYP Mo06
orientation of molecule orientation of molecule

co“ C-head on O-head on C-head on O-head on
30.85 21.08 48.68 38.89

H,S V-up V-down V-up V-down
32.36 32.39 60.79 58.58

s0," V-up V-down V-up V-down
50.73 52.22 80.02 81.28

NH; H-head on N-head on H-head on N-head on
119.36 119.36 138.24 139.56

NO N-head on O-head on N-head on O-head on
479.03 448.36 546.34 5§39.20

NO, V-up V-down V-up V-down
455.80 473.71 521.26 531.90

29 kJ/mol at 298 K.** ¥78.9 kJ/mol."®

The binding energies of gas molecules on MOF were
calculated as

AE = Emol + EMOF - Emol+MOF (1)

where E_, Eyop and Ej.mor are the energy of the guest
molecule, the energy of the bare MOF, and the energy of the
loaded MOF.

The hardness and softness of the cluster were calculated as

https://doi.org/10.1021/acsomega.3c08358
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Figure 3. Orientation of different gas molecules on MOF.
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Figure 4. Molecular orbital distribution of bare and loaded Mg-MOF-74 in the B3LYP method.

Table 2. Chemical Reactivity Descriptors Using the B3LYP Method

parameters bare MOF
Enomo (eV) =7.79
Epumo (eV) —7.56
AE (eV) 023
hardness 77 (eV) 0.12
softness S (eV) 4.31

CO-loaded MOF
-=7.77
—7.54

0.23
0.12
4.31

H,S-loaded MOF
—-7.74
-7.49

0.24
0.12
4.09

SO,-loaded MOF

NH;-loaded MOE ~ NO-loadedMOF  NO,-loaded MOF

-7.76 =7.72 =7.15 -7.16
—7.52 —7.47 —6.53 —6.52
0.24 0.24 0.62 0.64
0.12 0.12 0.31 0.32
4.10 4.08 1.59 1.56

hardness, 1 =

1
and softness, S = —

2n

2

ELUMO - EHOMO

)

(©)
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B RESULT AND DISCUSSION

Structural and Electronic Properties of Mg-MOF-74.
The crystallographic information provided by Rosen et al.”*
yielded the Mg-MOEF-74 triclinic primitive unit cell, which
consists of 54 atoms, including six magnesium centers. The
optimized parameters of the Mg-MOF-74 crystal are found to
be a = 6.80, b = 15.82, and ¢ = 15.06 A, respectively. The bond

https://doi.org/10.1021/acsomega.3c08358
ACS Omega 2024, 9, 48494856
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Figure S. Charge distributions on MOF with various molecules.

Table 3. Total Charge on Guest Molecules after Adsorption

molecules method
B3LYP Mo06

Cco +0.083 (O-head on) +0.086 (O-head on)
H,S +0.056 (V-down) +0.064 (V-down)
SO, +0.07 (V-down) +0.10 (V-down)
NH,; +0.13 (N-head on) +0.11 (N-head on)
NO +0.07 (N-head on) +0.09 (N-head on)
NO, —0.07 (V-down) +0.01 (V-down)

length between magnesium cations and oxygen atoms in
equatorial and axial positions is found to be 2.03 and 2.02 4,
which are almost identical to the experimental value.”’
Likewise, the density and volume of the crystal are found to
be 0.91 g cm™ and 1326.10 A3, respectively.

The density of states of the Mg-MOF-74 crystal is shown in
Figure 2. This shows that the density of states is symmetrical
for spin-up and spin-down electrons, showing that the material
is nonmagnetic. The band gap of the crystal is found to be 1.20
eV, suggesting that it is semiconducting.

Binding Energy of Gas Molecules. The binding energies
of six distinct gas molecules on Mg-MOF-74 are calculated by
using two methods, B3LYP and MO6, at the 6-31G* level
theories, which are shown in Table 1. All the possible
orientations are considered. For example: In the case of CO,
O-head on, C-head on, and bridge orientations are considered.
However, the bridge position is not preferred by the system
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and gets flipped/rotated in either the O-head on or the C-head
on position. So only two orientations are chosen. Similarly, for
other molecules, we checked all possible orientations. The
orientations of different gas molecules on the MOF are shown
in Figure 3. The binding energies of CO and H,S are found
within the range of physisorption. However, the binding
energies of NO, NO,, SO,, and NH; are found within the
range of chemisorption (>80 kJ/ mol“). Therefore, NO, NO,,
SO,, and NH; molecules cannot be desorbed from the MOF,
but the CO and H,S molecules can easily do so. The binding
energies for CO and SO, are reported in the literature to be 29
kJ/mol at 298 K and 78.9 kJ/mol (DFT study), respectively,
which support our results. Moreover, the binding energies of
NO and NO, are significantly higher than those of other
molecules, suggesting that these molecules are more stable in
Mg-MOF-74,

Frontier Molecular Orbitals, Stability, and Detection
of Gas Molecules. The HOMOs and the LUMOs are named
Frontier molecular orbitals (FMOs). As they lie at the
outermost boundaries of the electrons of the molecules, they
are called FMOs. The molecular orbital distribution of Mg-
MOF-74 after the adsorption of gas molecules is shown in
Figure 4. Each of the HOMO and LUMO species has its own
distinct energy. The best electron donor has the highest
HOMO energy, whereas the best electron acceptor has the
lowest LUMO energy. HOMO and LUMO both contain two
colors, green and red. Green is used as a symbol for the
positive phase, whereas red is used to symbolize the negative
phase. The frontier orbital gap is crucial in determining the
chemical stability of molecules. A molecule with a small
frontier orbital gap is also known as a soft molecule since it is
typically linked to higher chemical reactivity, more polar-
izability, and lower kinetic stability. Likewise, hard species are
distinguished by wide frontier orbital gaps, which make them
more stable and less reactive.

Table 2 lists the frontier orbital gap (HOMO—LUMO gap),
hardness, and softness of the bare and loaded MOFs in the
B3LYP methods. The reactivity descriptors, such as hardness
(n) and softness (S), computed from the HOMO—-LUMO
gap, provide a clearer explanation of the stability of gas
molecules on MOFs. As the value of hardness rises or the value
of softness falls, the stability of the molecules increases.
According to the B3LYP method, the hardness of bare MOF is
0.12 eV. The hardness of CO-loaded MOF, H,S-loaded MOF,
SO,-loaded MOF, and NH;-laded MOFs are the same as that
of bare MOF. Thus, these molecules do not affect MOF’s
stability. However, the hardness of NO and NO, is higher than
that of bare MOF. Therefore, these molecules make the MOF
more stable or less reactive. The value of softness yields similar
outcomes. Similar results are obtained in the case of the M06
method, and the values of the descriptors are mentioned in
Table S3 of supportive information.

As the value of the frontier orbital gap varies, so does the
molecules” conductivity. Consequently, we may detect gas
molecules via the MOF by employing the idea of the frontier
orbital gap. In the B3LYP method, it is found that the frontier
orbital gap of MOFs loaded with CO, H,S, SO,, and NHj is
more or less identical to that of bare MOF. Therefore, these
molecules are undetectable to Mg-MOF-74. However, the
frontier orbital gap of MOFs loaded with NO and NO, is not
comparable with that of bare MOFs. Based on this, Mg-MOF-
74 can identify these molecules, and the results of the M06
method support this assertion completely.

https://doi.org/10.1021/acsomega.3c08358
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Figure 6. Comparison of the density of states of various loaded MOFs with bare MOFs using the B3LYP method.

Mulliken Charge Analysis. The simplest representation of
the charge distribution is provided by the Mulliken population.
The charge distributions over the atoms indicate that charge
transfer in the molecule involves the production of donor and
acceptor pairs. Because of how atomic charges affect dipole
moments, molecular polarizability, electronic structure, and
other features of molecular systems, it is crucial in the
application of quantum chemical calculations to molecular
systems.”® In both B3LYP and M06 functionals at 6-31G* level
theories, the Mulliken charge distribution of the bare and
loaded MOFs is determined. Figure S shows the Mulliken
charge distribution on bare and loaded MOFs obtained by the
MO06 method. The charge distribution is depicted by color
coding based on the spectrum. On six different gas-loaded
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MOFs as well as bare MOFs, the charge distributions have
been analyzed. The guest molecules and MOF are both
electrically neutral before adsorption; however, it is found that
all of the guest molecules get positively charged after
adsorption (except the NO,-loaded MOF in the B3LYP
method), whereas the MOF turns negatively charged. This
means that the guest molecules lose electrons while MOF gains
electrons. The total charge on the guest molecules after
adsorption is given in Table 3.

The binding energy calculation shows that the binding
energies of CO and H,S with MOF fall in the physisorption
range, while those of SO,, NH;, NO, and NO, are in the
chemisorption range. However, Mulliken charge analysis
reveals that the molecules do not lose electrons according to

https://doi.org/10.1021/acsomega.3c08358
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Figure 7. Comparison of the density of states of various loaded MOFs with bare MOFs using the M06 method.

the interaction energy. The higher interaction energy is
typically indicated by greater charge transfer between two
entities, but the connection between the interaction energy and
charge transfer is not always straightforward; for instance,
orbital overlap and the existence of additional functional
groups can all be significant.

As the MOF gains electrons from the guest molecules, its
density of states changes after the adsorption. The comparison
of the density of states of bare MOF and loaded MOFs is
shown in Figures 6 and 7. In comparison to other loaded
MOFs, it is found that the density of states of NO and NO,
loaded MOFs fluctuates significantly.
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Molecular electrostatic potential. A molecular electro-
static potential (MEP) is a crucial tool for assessing and
predicting the relative reactive sites for both electrophilic and
nucleophilic attacks. MEP surfaces of different MOFs obtained
by the M06 method are shown in Figure 8. The varying
electrostatic potential values on the MEP surfaces give rise to
their distinct colors. Blue is the highest potential value,
followed by green, yellow, orange, and red. Both the B3LYP
and M06 methods are used to analyze MEP surfaces at the 6-
31G* level theories in order to identify the reactive regions for
the MOF.
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(a) Bare MOF

(b) CO loaded MOF

(c) HaS loaded MOF

PoH

(d) NH3 loaded MOF

(e) SO2 loaded MOF

(f) NO loaded MOF

Figure 8. Electrostatic potential map of various MOFs using the M06 method.

In the figure, the MEP diagram of the bare MOF shows that
electron deficiencies, or blue color, are concentrated around
the node region, which is vulnerable to nucleophilic attack.
However, as one approaches the frontier sites, electron
availability increases, and the color changes to light blue,
green, and finally yellow at the front sites. The yellow color
shows the presence of a slightly negative potential, which
makes it vulnerable to electrophilic attack. In the same way, the
MEP diagrams of loaded MOFs show that the guest molecules
enter and remain in the region of electron deficiencies (blue
region), diluting and spreading the “blue” region outward from
the node. Therefore, the guest molecules reduce the positive
potential around the node and extend its regions toward the
frontier sites.

B CONCLUSIONS

Using a first-principles approach based on DFT, the structural
and electronic properties of the Mg-MOF-74 crystal are
investigated. It is found that the crystal is nonmagnetic and
semiconducting by nature. The binding energies of six different
toxic gas molecules with the MOFs are calculated. Among
these molecules, the binding energies of CO and H,S
molecules are in the range of physisorption, whereas those of
SO,, NH;, NO, and NO, molecules are in the range of
chemisorption. The binding energies of NO and NO, are
much greater than those of the other molecules, suggesting
that these molecules are most stable in Mg-MOEF-74. The
binding energies of nitrogen-containing gas molecules are
greater than those of other molecules. This is because the last
unpaired electron of nitrogen may strongly interact with the
mg™? node of the MOF. The HOMO—-LUMO gap of the
MOF is changed after loading NO and NO,, indicating that
Mg-MOF-74 is a good detector for these gases. The value of
the hardness/softness of the bare MOF is increased/decreased
after the loading of NO and NO,. Therefore, these gas
molecules increase the stability of the MOF. However, due to
their identical hardness/softness values to those of bare MOF,
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the CO, H,S, SO,, and NH; molecules do not affect the
stability of MOF.
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