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ABSTRACT: Atmospheric pollutants pose a high risk to human health, and therefore LUMO
it is necessary to capture and preferably remove them from ambient air. In this work, we
investigate the intermolecular interaction between the pollutants such as CO, CO,, H,S,
NH;, NO, NO,, and SO, gases with the Zn,, and Zn,,0,, atomic clusters, using the
density functional theory (DFT) at the meta-hybrid functional TPSSh and LANI2Dz
basis set. The adsorption energy of these gas molecules on the outer surfaces of both
types of clusters has been calculated and found to have a negative value, indicating a
strong molecular-cluster interaction. The largest adsorption energy has been observed
between SO, and the Zn,, cluster. In general, the Zn,, cluster appears to be more
effective for adsorbing SO,, NO,, and NO than Zn,0,, whereas the latter is preferable
for the adsorption of CO, CO,, H,S, and NH;. Frontier molecular orbital (FMO)
analysis showed that Zn,, exhibits higher stability upon adsorption of NH;, NO, NO,,
and SO,, with the adsorption energy falling within the chemisorption range. The
Zn;,0, cluster shows a characteristic decrease in band gap upon adsorption of CO, H,S, NO, and NO,, suggesting an increase in
electrical conductivity. Natural bond orbital (NBO) analysis also suggests the presence of strong intermolecular interactions between
atomic clusters and the gases. This interaction was recognized to be strong and noncovalent, as determined by noncovalent
interaction (NCI) and quantum theory of atoms in molecules (QTAIM) analyses. Overall, our results suggest that both Zn,, and
Zn,0y, clusters are good candidate species for promoting adsorption and, thus, can be employed in different materials and/or
systems for enhancing interaction with CO, H,S, NO, or NO,.
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employed for air-quality monitoring is low-cost gas sensors that

1. INTRODUCTION
Gaseous species in the atmosphere can have adverse effects on rely 01110the interaction of their sensing materials with the target

human health and climate. CO, for instance, is frequently gases. © To this end, great efforts are made to develop

. . . . materials for a wide range of sensors, including electro-
referred to as a “silent killer” because it can lead to hypoxic . 12 "8 . ’ & 13
chemical © and metal oxide semiconductor gas sensors, ~ as

well as 2D and 1D materials that exhibit high sensitivity and
selectivity toward specified target gases.'*'® Similar materials
have also been used as effective adsorbents for the removal of
air pollutants,'®"” or catalysis for their conversion to less
harmful species.'®"’

One of the frequently used one-dimensional (1D) nanoma-
terials for gas sensors is Zn,0,.”’ ** Such materials, being
semi-conductive, have a wide direct energy gap”® and a high
excitation binding energy. From this family of materials, the
Zn;,0, cluster is a condensed octahedron consisting of eight

damage of tissues at low concentrations, while it can be fatal at
high levels." Other gaseous species, including H,S, NH;, NO,
NO,, and SO,, that are emitted by human activities into the
atmosphere, can have similar environmental impacts.z_6 Apart
from the effects on human health, certain gaseous species can
affect the Earth’s climate. CO,, for instance, is a greenhouse
gas that contributes significantly to global warming.’
Monitoring and regulating the concentrations of specific
gaseous species in the atmospheric environment is, therefore,
of major necessity for evaluating their potential adverse effects
and for implementing effective mitigation strategies.®

An extensive range of observational networks to determine
the concentration of air pollutants are already available and
employed for regulatory purposes.” These networks, however,
due to their high installation and operational costs, consist of a
small number of stations, even in densely populated areas,"”""
thus limiting the spatial resolution of observational data they
can provide and the ability to link them with exposure
assessments. A promising alternative to analytical instruments

© 2023 The Authors. Published by
American Chemical Society
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hexagons and six squares.”* Earlier studies have employed
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density functional theory (DFT) to verify the stability and
electronic properties of the Zn;;O;, cluster. Studies have
shown that Zn;,0;, is the smallest stable structure of the
Zn,0, family,zs’26 and therefore it has attracted the attention
of many researchers. Yong et al.”” employed first-principle
calculations to investigate Zn;,O,, cluster-assembled nano-
wires and the adsorption performance of environmental gases
on such structures. Afshari et al.”® also used DFT to investigate
the electronic sensitivity and adsorption interactions of pristine
and doped Zn,,0,, clusters with transition metals, such as Sc,
Ti, V, Cr, Mn, Fe, Co, Ni, and Cu, with ethylene oxide,
showing that doped species, and particularly those doped with
Cr and V, were highly sensitive to the target gas molecule.
Similarly, Salmankhani et al.>” used DFT to compare BeO and
ZnO surfaces and reported that although both are inferior to
Ni-decorated graphene sheets, the latter provides a better
adsorbent for H,S. Louis et al.’® also employed DFT to
investigate the ability of doped Zn,;-X-O;, (X = Ag, Ay, Pd,
and Pt) to sense serotonin, whereas Mukhlif et al.*’
investigated the interactions of Zn;;O;, nanoclusters with
carbamazepine in order to explore their use for drug detection.
Along the same lines, Muz et al.>? investigated the interaction
between CH, and CO, with zinc oxide clusters and found that
Zn),0,, provides a highly effective adsorbent. In addition, the
catalytic activity of Zn;,O;, nanoclusters has also been
investigated by Esrafili et al,”® expanding their potential
applications.

In this work, we use DFT to understand the electronic
characteristics and the intermolecular interaction between the
most common air pollutants (i.e, CO, CO,, H,S, NH;, NO,
NO,, and SO,) onto the surface of Zn;,0,, clusters. For
comparison purposes, we also investigate the interaction of
these gases with the prlstme Zn,, cluster, for which data are
available in the literature.”” Interestingly, our results show that
Zn,, can behave as a semiconductor (having a band gap of
0.873 V) and not as a conductor, which is the case of bulk
zinc. We also employ frontier molecular orbital (FMO)
analysis to assess the stability, conductivity, and sensing ability
of the studied compounds, as well as the natural bond orbital
(NBO) analysis to investigate the change in natural electron
configuration as well as natural charge consideration for the
interaction between the surfaces of the atomic clusters and the
gases we investigate here. Total density of state (TDOS) plots
are also provided to show the position of frontier molecular
orbitals and to study the electron distribution of the molecules,
whereas quantum theory of atoms in molecules (QTAIM)
analysis is used to determine the interactions between the
clusters and the gas molecules and also to define the nature of
intermolecular interactions. Noncovalent interaction (NCI)
and charge transfer analyses have also been carried out.

2. COMPUTATIONAL DETAILS

2.1. Electronic Structure Calculations. Specific proper-
ties of materials can be determined by evaluating their
electronic structures using DFT methods.’® In this work,
ground-state geometry optlmlzatlon has been carried out using
TPSSh meta-hybrid functional,®® i.e., the exchange functlonal
provided by Tao, Perdew, Staroverov, and Scuseria,”® which is
a meta-generalized gradient approximation (GGA) exchange
functional. The TPSSh functional has been reported to have
good accuracy for geometry optimization and therefore
improves DFT calculations;”” ™ hence, the choice to utilize
it for this study. Also, the LANI2Dz basis set was employed to

optimize the geometry of Zn;,0,, and Zn,, structures.
Benchmark studies show that the LANI2Dz basis set can
capture well the necessary 1ntegrat10n fgace for transition
metals and, more specifically, for zinc.* To scrutinize the
fidelity of TPSSh/Lanl2Dz computations, a plethora of diverse
systems underwent evaluation via the TPSSh/SDD and
wB97XD/Lanl2Dz methodologies. By keeping the basis set
invariant and modulating the functional, or by preserving the
functional while manipulating the basis set, judgments were
rendered concerning the accrued adsorption energies. All
calculations have been carried out using Gaussian 16.**
Ground-state geometry optimization has been carried out
using TPSSh, ie., the exchange functional provided by Tao,
Perdew, Staroverov, and Scuseria,’® which is a meta-
generalized gradient approximation (GGA) exchange func-
tional. The TPSSh functional, i.e. the exchange functional
provided by Tao, Perdew, Staroverov, and Scuseria, which is a
meta-generalized gradient approximation (GGA) exchange
functional.”’ ~*° To investigate the electronic properties of the
clusters, we used FMO analysis. The variations in the
electronic energy and the orbltal energies were calculated by
the GaussSum 3.0 package.”® Topological QTAIM analysis*®
was also carried out in order to determine the nature of the
interatomic interactions. Pictorial representations of frontier
molecular orbital from electronic studies were visualized using
Visual Molecular Dynamics (VMD) software.*” To explore the
possibility of the donor—acceptor interactions, we used the
NBO 31 package, which is embedded in the Gaussian 16
package.** The resultin ng structures were visualized using the
Chemcraft 1.6 package.

The adsorption energy, E,4, of the systems resulting from
the interactions between the gas molecules and the Zn,,0,, or
the Zn,, atomic clusters were calculated as follows

Eads = complex (Egas + Ecluster) (1)
Here, E yyplex corresponds to the energy of the gas/cluster
systern, Eg, is the energy of the isolated gas molecules, and

E juster denotes the energy of the adsorbent, i.e., the Zn,0,, or
the Zn,, clusters. Regarding the basis set superposition error,
we have verified that this error is smaller than the value of the
zero-point energy correction, and therefore they are not
calculated in the present study.

2.2, Natural Bond Orbital Calculations. Electrostatic
interactions between atoms can also be explained through the
NBO analysis, which provides a convenient means to
investigate charge transfer or conjugated interactions in a
molecular system.”” Electron density transfer from the bonding
orbitals to the anti-bonding orbital can be identified in this
analysis, helping to understand how these interactions
contribute to the stability of a molecule.””*" In this approach,
electron density (p) is utilized to determine the shape of the
atomic orbital in the molecular environment and bonds.>***
The intermolecular hydrogen bonding and charge transfer
between Lewis and non-Lewis orbitals can be estimated by the
second-order perturbation energy described as>*

E. 2
EQ2) = qiL = AE, ?
§7 & (2)

where ¢; and ¢; are the diagonal elements of the density matrix
that denote the orbital energies, g; is the donor orbital
occupancy, F;; are the off- dlagonal Fock matrix elements, and
AE2 is the stablllzatlon energy.”

https://doi.org/10.1021/acsomega.3c01177
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The second-order perturbation theory has been one of the
most commonly employed methods for estimating bond
energy effects, whereas many other types of bond order
analysis have been developed to account for the bond property,
such as the Mulliken bond order analysis,56 the Mayer bond
order analysis, the multicenter bond analysis, or the Wiberg
bond order analysis.”” The above-mentioned methods are
based on different assumptions;’® therefore, an interpretation
of the results should be made with caution. It has been
reported that the basis set containing diffuse function provides
unreliable results for Mulliken bond orders, whereas the
Wiberg bond index (WBI) and the Mayer methods are less
sensitive to the basis set. The WBI is the addition of the square
of an off-diagonal density matrix element between the atoms,
and it is determined as follows’”

— 2 _ 2
WBI = ) P} = 2P, — P},
K

()

where Py represents the density matrix element and P; the
changing density in the atomic orbital. There is no significant
difference between the net bonding or anti-bonding type of
element of the density matrix in the WBL®’

2.3. Noncovalent Interaction Calculations. In order to
evaluate the contribution of electrostatic and dispersion forces,
as well as weak interactions in real space, electron density and
its first derivative are required for the noncovalent interaction
(NCI) analysis. In this analysis, the reduced density gradient
(RDG) function, as well as the sign of the produced 4,(r)p(r),
where 4, and p are, respectively, the second eibgenvalue of
Hessian matrix and electron density, is correlated.”’ RDG is a
dimensionless quantity that is connected to the electron
density and its first derivative.”> Weak intermolecular forces
such as hydrogen bonding, spatial repulsion, and van der
Waals, which can play an important role in the stabilization of
the systems, can be identified from the NCI analysis.”> The
RDG can be determined as

1 Vp(r)
G =S s
2(377)" p(r) ©
where p(r) is the electron density. Large and negative values of
the sign (4,)p signify attractive interactions (such as dipole—
dipole or hydrogen bonding), while if the sign (4,)p is large
and positive, the interaction is nonbonding.”™ A near-zero
value, however, indicates very weak van der Waals interactions.
The sign of 4, helps to differentiate between bonded (4, < 0)
from nonbonded (1, > 0) interactions.®®
2.4. Quantum Theory of Atom in Molecule Calcu-
lations. QTAIM analysis provides another powerful method-
ology to investigate the nature of the interaction between the
atoms in a molecule.”’ It can be used to make a topological
description of a molecule, as proposed by Bader et al.*’
According to this theory, the points in space where gradient of
electron density is equal to zero, i.e,, Vp(r) = 0, are the critical
points of the electron density.”” The critical point could be
equivalent to a minimum point, a maximum point, or a saddle
point and can be categorized into one of the following: (1)
atomic critical point (ACP), which signifies the geometrical
position of an atom or nucleus (other than hydrogen) and
geometrically represents a local maximum point of electron
density in three-dimensional space; (2) bond critical point
(BCP), which marks a critical point related to a bond of
physical or chemical interaction; BCP is represented by a

20623

saddle point with two directions of maximum electron density;
(3) ring critical point, which signifies a ring or set of atoms
forming a ring. Geometrically, it is a saddle point, with
maximum electron density in one dimension and minimum in
the other two dimensions; and (4) cage critical point (CCP),
which is a local minimum point in all three directions of
electron density.>”

To properly characterize the nature of the interaction, the
electron density p(r), the Laplacian of the electron density
V?p(r), the kinetic energy density G(r), the potential energy
density V(r), and G(r)/V(r) ratio must be determined.®® A
negative value of V?p(r) at a bond critical point and a large
value of p(r) indicate a covalent intermolecular interaction.®”
In contrast, if V2p(r) is positive, there is a nonsubstrate closed-
shell type of interaction (which includes ionic and van der
Waals interactions). It is also worth noting that for covalent
bonding, ie, V?p(r) < 0 and a closed-shell interaction
dominates if V?p(r) > 0.”° According to the virial theorem, the
following relationship links G(r), V(r), and Vp(r)”'

Ly = r r
ZV p(r) = 2G(r) + V(r) )

The mode of interaction can be classified by the balance
between G(r) and V(r), hence the ratio of G/IVI ratio provides
an appropriate index to indicate the nature of interaction.”” A
purely covalent form of interaction is suggested if this ratio is
less than 0.5, and noncovalent interaction if the ratio is greater
than 1.

3. RESULTS AND DISCUSSION

3.1. Geometry and Structural Analysis. Figure 1 shows
the optimized geometries of the Zn;,0,, and Zn,, atomic

A
v

Figure 1. Optimized geometry of (a) Zn,,0y, and (b) Zn,, atomic
clusters determined using the meta-hybrid functional TPSSh and
LANI2Dz basis set. The bond lengths are expressed in A.

https://doi.org/10.1021/acsomega.3c01177
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clusters. To obtain these geometries, we employed ABCluster
software””* that uses the artificial bee colony algorithm to
find the global minimum structure of a molecular system. As
shown by the DFT calculations, the Zn;O,, cluster is
composed of eight hexagons and six tetragons with Ty
symmetry.”> Structurally, two different Zn—O bonds are
observed in the cluster; one is shared by two hexagons with
a bond length of 1.826 A, and the other between a hexagon
and a tetragon with a bond length of 1.919 A. We should note
here that the longest distance between atoms in the Zn;,0,
cluster is 6.037 A. Due to the relatively high symmetry of this
cluster, the number of different positions that can be imagined
for the adsorption of gases is limited, as shown in Figure 2. The

Figure 2. Different adsorption sites (indicated by the regions within
the dashed circles) that can be identified in the Zn;,0,, cluster are
(a) in the space surrounded by the hexagonal ring, (b) the bond
between the hexagonal ring and the quadrilateral ring, (c) inside the
space surrounded by the quadrilateral ring, and (d) the bond between
two hexagonal rings.

gas molecules under study can be placed in the vicinity of any
Zn or O atoms, whereas the space around the hexagonal or
quadrilateral rings can be considered as an adsorption site. We
should note here that there are two types of bonds: one
between two hexagonal rings and another between the
hexagonal or quadrilateral rings. Each of the gases, viz., CO,
CO,, H,S, NH; NO, NO,, and SO,, whose optimized
geometries are depicted in Figure 3, have been placed in
different adsorption sites over these two types of bonds for the
geometry optimization calculations. Only the largest adsorp-
tion energy found among these sites is reported and discussed
in the next section.

In contrast to the Zn,,0,,, the Zn,, cluster does not follow
any known symmetry (cf. Figure 1b). The two Zn atoms in
Zn,, are inside a cage surrounded by 22 other atoms. In fact,
constructing a cluster with 24 Zn atoms yields a number of
different structural isomers that differ in spatial form and total

energy. ABCluster software has the ability to examine most of
the possible structural isomers and identify the isomer that is
more stable than the others in terms of total energy. Different
interatomic distances are observed in the Zn,, cluster, some of
which are shown in Figure 1b for clarity. The size of this
cluster is larger than that of Zn;,0,, (9.11 A).

Due to the asymmetric structure of Zn,,, there are many
sites to adsorb the desired gas. Therefore, sampling the
adsorption energy in this case is a challenging task in the sense
that a much larger number of gas/cluster system candidate
structures must be considered for geometry optimization.
More specifically, we have generated hundreds of initial
configurations of gas-cluster systems that cover the entire space
around the cluster that are subsequently used for geometry
optimization.

The optimized geometries of the energetically most stable
gas-cluster systems are illustrated in Figures 4 and S5 and
tabulated in Table S1 in the supporting information (SI).
Table 1 provides the intermolecular distances of interacting gas
atoms and the two types of clusters we investigated. Close
inspection of the bond lengths of each system shows that the
longest bond is observed between the two Zn atoms of the
Zn;;,0,, cluster and the two O atoms of the NO, (2.867 A)
and CO, (2.608 A) molecules. In a similar manner, the
shortest bond lengths were observed between the two Zn
atoms of the Zn,,0,, cluster and the S and O atoms of the SO,
gas molecule (i.e., 1.593 and 1.925 A, respectively). The other
interactions (i.e, CO/Zn;,0,,, H,S/Zn;,0;,, NH;/Zn;,0,,,
NO/Zn,,0,,, and NO,/Zn;,0,) have relatively longer bonds.
However, it was observed that at the tetragon positions of the
Zn),0,, cluster, the gaseous molecules could be adsorbed on
both the Zn and O atoms due to their respective high
electropositive and electronegative nature. The highest bond
length was observed between an atom of the Zn,, cluster and
the O atom of CO (4.257 A). Higher bond lengths were also
observed in the CO,/Zn,, and H,S/Zn,, systems. The shortest
bond length in this case is observed for the SO,/Zn,, system,
having lengths of 2.051 and 2.066 A between two Zn atoms
and two O atoms of the SO, gas molecule, as shown in Table
1.

3.2, HOMO-LUMO Analysis. The frontier molecular
orbital (FMO) theory’® has been employed to investigate the
electrical conductivity and electronic stability of the com-
pounds under study. The highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital
(LUMO)”” form the FMO. The results from the FMO
analysis are provided in Table 2, including the HOMO and
LUMO energy values, HOMO and LUMO energy gap
(HLG), and descriptors such as chemical hardness (7),
chemical potential (), and the electrophilicity index (w).
These parameters were calculated in order to assess the
electronic stability of the systems under study. Figure 6 shows
the HOMO—-LUMO distribution and the associated energy
gaps of Zn;,0,, and Zn,, clusters at 0.01 isovalues, illustrating
that before interaction with the gas molecules, the Zn,,0,, and
Zn,, clusters had energy gaps of 7.688 and 0.873 eV at the
Fermi level of —4.085 and —3.594 eV, respectively.

Upon adsorption of CO onto the Zn,,O,, and Zn,, clusters,
the band gap increases slightly to 0.883 and 7.970 eV,
respectively, compared to the pristine cases. Similar decreases
in the band gap are also observed for the NO,/Zn,,0, (7.414
eV), NO/Zn,,04, (7.215 V), SO,/Zn;,04, (6.892 eV), SO,/
Zn,, (0471 eV), and NH,;/Zn,, (0.872 eV) systems. In

https://doi.org/10.1021/acsomega.3c01177
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Figure 3. Interatomic distances (in A) and angles (in rad) for CO, CO,, H,S, NH;, NO, NO,, and SO, determined by DFT calculations at the

TPSSh/LANI2Dz computational level.

contrast, an increase in the band gap is observed upon the
interaction of CO, CO,, H,S, and NH; with Zn;,0,, having
values of 7.967, 7.990, 7.890, and 7.999 eV, respectively.
However, for the case of CO,/Zn,,, H,S/Zn,,, and NO,/Zn,,
system structures, the band gap is increased to 0.932, 0.961,
and 0.921 eV, respectively. The electronic stability of the
systems also increases when the energy gap increases, and vice
versa. In turn, as the electronic stability increases, the electrical
conductivity of the system decreases due to the increase in the
energy gap. Considering that, we can deduce that the CO/
Zn,,0,,, CO,/Zn;,0,,, NH;/Zn,0,,, and H,S/Zn;,0,,
systems are more stable than the pristine Zn;,0;, cluster.
Similarly, the CO/Zn,,, CO,/Zn,,, and H,S/Zn,, systems are
also relatively stable. The CO/Zn,,, CO,/Zn,, NO,/Zn,,, and
H,S/Zn,, systems have higher electronic stability compared to
Zn,, due to their increased band gap, demonstrating stronger
adsorption, whereas the NO/Zn,,, NH;/Zn,,, and SO,/Zn,,,
systems all exhibit high conductivity due to their decreased
band gap.

TDOS plots help to understand the distribution pattern of
the HOMO and LUMO,”® unveiling the molecular orbital
composition and their contribution to chemical bonding
visually when the discrete energy level is artificially curve
broadened.”” Density of state analysis has been performed in
this study to further comprehend the orbital composition and
contribution regarding the adsorption of the gases studied in
this work. The TDOS plots for both isolated clusters are
shown in Figure 7. Also, Figure 8 shows the TDOS plots of
CO/Zn,, and NO,/Zn,,0,, systems as examples. The rest of
the TDOS plots are provided in the SI (cf. Figures S1—S12).

The TDOS plots show that CO adsorbed on Zn,, has a large
distribution of HOMO and LUMO orbital to the CO molecule
and a narrow distribution of HOMO orbital to the Zn,, cluster
but exhibits a wide distribution of LUMO orbital to Zn,,.
These results suggest that charge density could be transferred
from the HOMO of one species to the LUMO of the other
species for the adsorption of CO onto the Zn,, cluster. For the
adsorption of CO onto Zn;,0,,, there is an equal distribution
of HOMO and LUMO charge density among the two species.
A clear large band gap is observed in the TDOS plot of the
CO/Zn},0,, system, which agrees with the energy difference
between the HOMO and the LUMO obtained from the FMO
analysis. On the other hand, the CO,/Zn,, TDOS plot shows
that charge density is distributed evenly across the HOMO and
LUMO orbital, while in the case of the CO,/Zn;,0,, system,
we observe a sharp peak at the HOMO, building confidence
for the results reported in Table 2. Furthermore, in the
Zn,0,, interaction with NO,, the HOMO is only present in
the NO, molecule, while the LUMO is distributed over the
Zn),0,, cluster, suggesting a charge transfer from the NO, to
the cluster may take place. Note that the interpretation of the
TDOS plots for the CO/Zn,, and NO,/Zn,0,, systems is
rather elementary since the TDOS plots do not change
considerably before and after adsorption.

DFT®**®*" can be used to qualitatively assess the electron
affinity of the studied species through the electrophilicity index
(w = p*/2n) descriptor. Values of the chemical hardness
(defined as = (IP — EA)/2, where IP is ionization potential
and EA the electron affinity) and chemical potential (estimated
as 1 = (éLumo + €nomo)/2) are listed in Table 2. According to
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Figure 4. Optimized geometrical structure of (a) CO/Zn;,0,, (b) CO,/Zn,0y,, (c) H,S/Zn;,015, (d) NH3/Zny,04,, (e) NO/Zn 01y, (f)
NO,/Zn,,04,, and (g) SO,/Zn,0, systems obtained by DFT at the TPSSh/LANI2Dz level of theory. Interatomic distances are expressed in A.

Koopmans™®” and Janak’s®® approximations, the ionization
potential is equal to the negative value of HOMO (i.e., egomo
= —IP), and the electron affinity is equal to the negative value
of LUMO (i, épumo = —EA). In this way, by having the
numerical value of the electrophilicity index, one can predict
the electron transfer from the donor to the acceptor species.
The Zn,, cluster, with an electrophilicity value of 7.393, is the
most effective species among all other systems studied in this
work in terms of acting as an electron acceptor. Moreover,
among the different gas species investigated in this work, SO,
has an ® value of 2.28 (estimated in arbitrary units; au),
indicating that it has a higher electron-accepting capability than
any other gas species studied in this work and can accept
electrons from the Zn;,0,, cluster (w = 1.09 au).

3.3. Adsorption Energies. The adsorption energies, E g
of all systems have been evaluated to determine the nature of
adsorption (i.e., physisorption versus chemisorption) of the
gases onto the Zn;;Op, and Zn,, clusters. All E 4 values
reported in Table 3 are negative, indicating favorable
adsorptions in all cases. Based on these results, the strongest
interaction is identified between SO, and the two clusters.
Estimated E,4, values for SO,, NH;, NO,, and NO, onto
Zn,0,, are respectively —4.99, —1.03, —2.75, and —1.03 €V,
suggesting chemisorption as a result of the transfer of charge

between these two species (i.e, gas and cluster). In contrast,
the CO/Zn,,0,,, CO,/Zn;,0,,, and H,S/ Zn,,O,, systems
have low adsorption energy (i.e., —0.08, —0.11, and —0.13 eV,
respectively), and can thus be characterized as physisorption.
Similarly, the high adsorption energy of NO, NO,, SO,, and
NHj; onto Zn,, can be categorized as chemisorption, while the
corresponding low E, 4 of CO, CO,, and H,S as physisorption.
Overall, the adsorption energy analysis suggests that Zn ,0, is
a more effective adsorbent for SO,, H,S, NH;, and CO,,
whereas Zn,, is for NO, NO,, SO,, and H,S. These results are
consistent with those obtained from the FMO analysis
described above.

3.4. Natural Bond Orbital Analysis. The result of the
Wiberg and Mayer bond order for both clusters are reported in
Table 4. A reasonable amount of interactions exists between
the Zn,0,, cluster and the investigated gases. Moreover, a
strong interaction is observed between Zn;,O,, and H,S or
SO, compared to the other gases. Furthermore, the adsorption
of SO, onto Zn,, shows the strongest interaction among all
cases. The corresponding WBI values for the pure Zn;,0,,
show similar results; ie, strong interactions are observed
between the surface of the cluster and the gases. The Zn,,
cluster also exhibits stronger interaction with all of the gas
molecules investigated here. Strong interactions are apparent
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Figure S. Optimized geometrical structure of (a) CO/Zn,,, (b) CO,/Zn,,, (c) H,S/Zn,, (d) NH;/Zn,,, (e) NO/Zn,, (f) NO,/Zn,,, and (g)
SO,/Zn,, systems obtained by DFT at the TPSSh/LANI2Dz level of theory. Interatomic distances are expressed in A.

Table 1. Bond Lengths (in A) for CO/Zn,,, CO,/Zn,,, H,S/
Zn,,, NH;/Zn,,, NO/Zn,,, NO,/Zn,,, and SO,/Zn,, and
CO/Zn,,0,,, CO,/Zn,,0,,, H,S/Zn,0,,, NH;/Zn,,0,,,
NO/Zn,,, NO,/Zn,0,,, and SO,/Zn,,0,, Systems
Computed at the TPSSh/Lanl2Dz Level of Theory

interacting bond bond

system atoms length system atoms length

CO, Zny, Zn-0 3504  COyZnpO,,  Zn-O  2.534

Zn---O 3.756 Zn---O 2.608

CO-Zny, Zn-0 3794  CO-Zn,Op,  Zo-C 2176
H,S-Zn,, Zn--S 3201 H,$Zn,0,  ZnS 22§

NH,-Zn,, ZnN 2226  NH;Zn,0, ZnN 2085

NO,-Zn,, Zn--0 2089  NO,Zn,0;, Zn-O 2286

Zn---O 2.121 Zn---0 2.867

NO-Zn,, Zn--O 2074  NO-Zn,0p,  Zn-N 2244

$O,-Zn,, Zn-O 2051  $SO,Znl20,, Zn-O 192§

Zn---O 2.066 Zn---0 1.964

O-S 1.593

between the Zn,, cluster and NO, NO,, or SO,, with the
former two gases comprising the strongest cases. According to
the WBI values, as those reported in Table 4, Zn,, shows
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Figure 6. HOMO—LUMO distribution at 0.01 isovalue and energy
gap (AEy) of Zn,0,, and Zn,, atomic clusters determined at the
TPSSh/LANI2Dz level of theory.

stronger interaction with almost all of the gases when
compared with Zn;;,Oy,, most likely due to greater charge
transfer. The Zn,0,, cluster shows stronger interaction with
H,S when compared with Zn,,. Similar observations are also
made for the cases of CO and CO,. Both clusters show
interactions of similar strength with SO,. From these results,
we can conclude that Zn,, can interact more strongly with NO,
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Table 2. Conceptual DFT Parameters of Pristine Zn,, and Zn,0,, Clusters as well as for the CO, CO,, H,S, NH;, NO, NO,,
and SO, Gas Molecules Together with Their Gas/Cluster Systems®

system E£HOMO £LUMO HLG
CO, —12.4998 1.2974 13.7973
CO —12.6870 1.5886 14.2756
H,S —9.4350 2.3532 11.7882
NH;, —9.3087 3.5190 12.8277
NO, —-10.1177 —1.0479 9.0698
NO —8.0875 0.4506 8.5381
SO, —11.3921 —1.8278 9.5643
Zn,, —4.0306 —3.1571 0.8735
CO, Zny, —4.0398 -3.1070 0.9328
CO_Zn,, —4.0156 —3.1331 0.8825
H,S Zn,, —3.9516 —2.9905 0.9611
NH;_Zn,, —3.8915 —3.0199 0.8716
NO,_Zny, —4.1315 —3.2109 0.9206
NO_Zn,, —4.3348 —3.5386 0.7962
SO, Zny, —4.1933 —3.7222 0.4710
Zn;,0,, —7.9283 —0.2408 7.6875
CO,_Zn,0p, —7.9738 0.0166 7.9904
CO_Zn,0y, —7.8587 0.1113 7.9699
H,S_Zn,,0,, —7.8494 0.0403 7.8897
NH; Zn,0,, —7.6614 0.3374 7.9988
NO,_Zn,04, —=7.9112 —0.4977 7.4135
NO_Zn,,0y, —7.9221 —0.7075 7.2146
SO, _Zn120,, —8.1425 —1.2501 6.8924

Eg n H @
—5.6012 6.8986 —5.6012 1.1369
—5.5492 7.1378 —5.5492 1.0785
—3.5409 5.8941 —3.5409 0.5318
—2.8949 6.4139 —2.8949 0.3267
—5.5828 4.5349 —5.5828 1.7182
—3.8184 4.2691 —3.8184 0.8538
—6.6099 4.7821 —6.6099 2.2841
—3.5938 0.4367 —3.5938 7.3931
—3.5734 0.4664 —3.5734 6.8445
—3.5744 0.4412 —3.5744 7.2388
—3.4711 0.4806 —3.4711 6.2680
—3.4557 0.4358 —3.4557 6.8507
-3.6712 0.4603 -3.6712 7.3205
-3.9367 0.3981 -3.9367 9.7320
—3.9578 0.2355 —3.9578 16.6273
—4.0846 3.8437 —4.0846 1.0851
—3.9786 3.9952 -3.9786 0.990S
—3.8737 3.9850 —3.8737 0.9414
—3.9046 3.9448 —3.9046 0.9662
—3.6620 3.9994 —3.6620 0.8383
—4.2044 3.7067 —4.2044 1.1922
—4.3148 3.6073 —4.3148 1.2903
—4.6963 3.4462 —4.6963 1.6000

“Key: egomo is HOMO energy, & ymo is LUMO energy, HLG indicates the HOMO—LUMO energy gap, E; is the Fermi level, 4 is the chemical
potential, 7 is the chemical hardness, and o is the electrophilicity index determined at TPSSh/LANI2Dz level of theory. All energy values are

expressed in eV.

Table 3. Adsorption Energy (E,4) of the Studied Systems Calculated at the TPSSh/LANI2Dz Level of Theory”

system (Zn;,0,, cluster) gas atom---cluster atom E,q
CO/Zn,0,, 0-Zn ~0.54
CO/Zn,0,, CZn ~034
C0,/Zn,,0, 0-Zn ~0.8
H,S/Zn,0, S-Zn ~2.00
H,S/Zn,0,, H-Zn -0.98
NH,/Zn,,05, N-Zn —1.40
NH,/Zn,;,01, H-Zn ~0.66
NO/Zn;,0, N-Zn —043
NO/Zn,0,, O-Zn —0.36
NO,/Zny;,01, N-Zn -0.39
NO,/Zn,01, 0-Zn ~0.55
$0,/Zn,01, $Zn 29
$0,/Zn;,01, 0-Zn ~2.64

“All values are expressed in eV.

system (Zn,,cluster) gas atom---cluster atom Eq
CO/Zny, 0-Zn ~0.08
CO/Zny, C-Zn —0.07
CO,/Zny, 0-Zn —0.11
H,S/Zny, S-Zn ~0.13
H,S/Zn,, H-Zn —0.04
NH,/Zny, N-Zn ~1.03
NH;/Zn,, H-Zn —0.87
NO/Zn,, N--Zn —0.82
NO/Zn,, 0-Zn ~1.03
NO,/Zn,, N--Zn —1.88
NO,/Zn,, O-Zn -2.75
SO,/Zny, S-Zn —426
SO,/Zny, 0-Zn ~4.99

NO,, and SO, and therefore can act as a better adsorption
agent for these gases than Zn,,0},. In contrast, Zn,,O}, can
perform better as an adsorbent for H,S, CO, and CO,.

The natural electron configuration and partial natural
charges are investigated using the NBO calculations provided
in Tables S2 and S3 for gas/Zn,, and gas/Zn;;,0,, systems,
respectively. The negative charges located on a typical atom
have, in principle, higher electronegativity. The amount of
charge transfer between the cluster and the gases can also be
used as a reference to investigate the interaction between the
cluster and the gases, such that the higher the charge transfers
between the clusters and the gases, the stronger the
interactions. The reported values in Tables S2 and S3 suggest
that there is a significant charge transfer between the two

20628

species upon adsorption. For example, the amount of natural
charge for oxygen atoms in the isolated SO, molecule is equal
to —0.641, which is greatly increased to —1.153 after
adsorption onto Zn,, The corresponding natural electron
configuration of the oxygen atom changes from [core]-
25(1.92)2p(4.72) to [core]2s(1.88)2p(5.26), indicating charge
transfer to the 2p orbitals. In the same way, the charge transfer
process between the gases and the aforementioned clusters can
be recognized (cf. data provided in Tables S2 and S3).

3.5. Noncovalent Interaction and Quantum Theory of
Atom in Molecule Analysis. The RDG (y-axis) and the
scatter graph of the sign A,(r)p(r) product (x-axis) are
provided in the supplement (cf. Figures S13—S26). The nature
of interacting forces, such as the electrostatic/strong non-
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Figure 7. TDOS plots for the isolated (a) Zn,, and (b) Zn;,0,,
clusters calculated at the TPSSh/LANI2Dz level of theory.

covalent force (hydrogen bonding), dispersion/weak non-
covalent force, and steric repulsion, are differentiated by blue,
green, and red colors, respectively, in Figures $13—526.%*
From these figures, we can see that the interactions between
the gases and the Zn,, cluster are both electrostatic
noncovalent and dispersion noncovalent. From the RDG iso-
surface, we can confirm that a strong noncovalent force of
attraction is an intramolecular interaction. In the Zn;,0,,
interaction with the gases, the red spots in the NCI figures are
observed on the surfaces; in other words, a steric repulsion
exists within the surface. As evident from the RDG iso-surface,
there is an inter- and intramolecular steric effect, indicating a
repulsive force felt in Zn,,0,, interaction with NO,. However,
a strong intramolecular force of attraction between Zn;,0,,
and NO, NHj, and H,S gases can also be observed.

The results from the QTAIM analysis carried out in the
paper are reported in Table S. From these results, we can
conclude that on the adsorption site, the Laplacian of electron
density energy is positive, implying that the bonds are
noncovalent. This result is corroborated by the high G/IVI

Energy (eV)

Figure 8. TDOS plots for (a) CO/Zny, and (b) NO,/Zn;,0,,
systems calculated at the TPSSh/LANI2Dz level of theory.

Table 4. Mayer and Wiberg Bond Index (WBI) Estimated
for Intramolecular Interactions between the Clusters and
the Gases Determined at the TPSSh/LANI2Dz Level of
Theory

Zn,0,, cluster Zn,, cluster

systems Mayer Wiberg systems Mayer Wiberg
CO/Zn,0,, 0.315 0.539 CO/Zny, 0.125 0.128
CO,/Zn,0y, 0.293 0.405 CO,/Zny, 0.165 0.151
H,S/Zn;,0,, 1.363 1917 H,S/Zny, 0.103 0.372
NH;/Zn;,0,, 0.423 0.578 NH;/Zn,, 0.364 0.579

NO/Zn,0,, 0334 0481 NO/Zn,, 282 445
NO,/Zn,,0,, 0253 0341 NO,/Zn,,  1.03 1.409
SO,/Zn;,0,, 1789 2488 SO,/Zn,, 184 2.86

ratios. We find that this ratio has a value that is greater than 0.5
and very close to 1; consequently, it can be classified as
noncovalent. For a better understanding of the location of
critical points and interaction paths, the readers are referred to
Figures S27—S540 in the SI.
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Table 5. QTAIM Topology Parameters, Including Electron Density p(r), Laplacian of Electron Density V?p(r), Kinetic
Electron Density G(r), Potential of Electron Density V(r), and G(r)/V(r) Ratio of the Gases on Zn,, and Zn;,0,, at

theTPSSh/LANI2Dz Level of Theory

systems bond p(r)
CO/Zn;,05, CZn 0.0568
CO,/Zn,,0,, C-0 0.0252

O-Zn 0.0196
H,S/Zn;,055 S-Zn 0.0785
NH,/Zn,,0,, N-Zn 0.0742
H---O 0.0309
NO/Zn,04, N-Zn 0.0438
N--O 0.0313
NO,/Zn,,0,, 0-Zn 0.0368
O--0 0.0114
SO,/Zn;,04, S0 0.2268
O-Zn 0.0833
CO/Zn,,
CO,/Zny, C-Zn 0.307
H,S/Zn,, S-Zn 0.134
NH,/Zn,, N-Zn 0473
NO/Zn,, O-Zn 0.549
O-Zn 0.558
NO,/Zn,, O-Zn 0.535
O-Zn 0.492
SO,/Zn,, O-Zn 0.583
O-Zn 0.622
O-Zn 0.589
O-Zn 0.6

Vp(r) G(r) V(r) G/IVI
0.1698 0.0559 —0.0694 0.8059
0.0765 0.0201 —0.021 0.9548
0.0872 0.0209 —0.0201 1.0423
0.16 0.064 —0.0881 0.727
0.3079 0.0924 —-0.1079 0.8567
0.1139 0.0278 —0.0272 1.0233
0.1647 0.0477 —0.0543 0.879
0.1088 0.0256 —0.0241 1.0653
0.1506 0.0412 —0.0448 0.9203
0.0369 0.0088 —0.0083 1.057
0.0611 0.2877 —0.5602 0.5136
0.4275 0.1178 —0.1288 0.915
0.666 0.133 -0.1 1.33
0.254 0.657 —0.696 0.944
0.197 0.48 —0.574 0.836
0.298 0.659 —-0.727 0.906
0.31 0.684 —0.752 0.754
0.292 0.64 —-0.701 0.912
0.255 0.573 —0.633 0.905
0.326 0.717 -0.79 0.906
0.366 0.791 —0.865 0.914
0.331 0.728 —0.801 0.909
0.346 0.754 —0.826 0.913

4. CONCLUSIONS

We have employed DFT with the TPSSh functional and the
LANI2Dz basis set to study the adsorption of CO, CO,, H,S,
NH;, NO, NO,, and SO, onto Zn;,0, and Zn,, clusters. We
found that the band gap of the Zn,, clusters decreases
marginally upon adsorption of NH;, NO, and SO,, whereas it
increases upon adsorption of CO, CO,, H,S, and NO,,
indicating an increase in the stability of the resulting system.
Similarly, Zn,0,, exhibits a decrease in the energy gap upon
adsorption of NO, NO,, and SO, and an increase for CO,
CO,, H,S, and NH;. Both clusters exhibit favorable adsorption
toward all of the gas species since all of the calculated
adsorption energies are negative. The highest energy was
observed for the adsorption of SO, on both Zn,, (— 4.99 eV)
and Zn;,0;, (— 2.92 eV) clusters. The lowest adsorption
energies among the studied systems were observed for the
adsorption of CO on Zn,, (—0.08 eV) and of NO on Zn,;,0,,
(—0.43 eV). The adsorption of NO and NO, is favored on the
Zn,, than the Zn;,0,, cluster. In contrast, the adsorption of
CO, CO,, H,S, and NH; on Zn,0;, releases more energy
than on the Zn,, cluster. NBO analysis shows that there is a
strong intermolecular interaction between the gases and
clusters. The strongest intermolecular interaction was identi-
fied for the SO,/Zn,, system, in accordance with the high
adsorption energy observed for this system. Similarly, the SO,/
Zn,,0, interaction was observed to be the strongest among all
gases studied for Zn;,0,,. Stronger intermolecular interaction
has also been observed for the adsorption of NO, NO,, and
SO, onto Zn,, than Zn;,0,,, whereas the opposite is predicted
for the adsorption of CO, CO,, H,S, and NH; These
intermolecular interactions are identified as noncovalent by the
NCI analysis. QTAIM analysis also shows that closed-shell
interactions prevail for NO, NO,, and SO, with both atomic

clusters. In summary, both clusters can act as good adsorbent
materials for the gases investigated here, with Zn,, exhibiting a
higher preference for SO,, NO, and NO,, whereas Zn,,0,, for
CO, CO,, and H,S.
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