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Through density functional theory (DFT) computations, the adsorption behavior and electronic sensitivity of the
mustard gas are scrutinized towards a Ca;2012 nanocluster. To further investigate the influence of the molecules
mentioned above over the chemical and electronic characteristics of this nanocluster, we calculate the binding
energies (BEs), natural bond orbital (NBO) charge transport, the frontier molecular orbitals (FMOs), as well as
molecular electrostatic potential (MEP). The interaction of the mustard molecule with the Ca atoms of the cluster
through the Cl-side is slightly strong, and there is a large transport of charge from the mustard to the nanocluster.
Following the adsorption of the mustard gas, there is a 2.28 eV reduction in the energy gap of the HOMO as well
as the LUMO of this nanocluster. This shows that the dissociation process increases the electrical conductivity of
this nanocluster to a great extent. The electrical signal which is generated is conducive to the detection of the
mustard molecule. Moreover, this nanocluster has a short recovery time as a sensor. In addition, the electronic
characteristics and the geometry parameters of the mustard/ Ca;20;2 nanocluster complexes are impacted by the
solvent to a great extent. Finally, in comparison with the vacuum, the interaction among components is
significantly weaker in the aqueous phase.

1. Introduction application of this nanocluster was scrutinized at the theoretical level to

detect various gases such as NO [19], NO; [20], and CO2 [21]; to remove

After the fullerene discovery (Cgg) by Kroto et al. in 1985 [1], the
field witnessed a great deal of studies into obtaining novel types of
materials which were spherical in morphology, known as nanoclusters
or nanocages. (XY), is one of the most intriguing nanoclusters and its
most stable state is when n = 12 [2-8]. Although no clear explanation
exists regarding these wonderful arrangements, it satisfies the tetragonal
rule. The (XY)12 nanocluster is a truncated octahedron with 8 hexagons
and 6 squares. B1oNj5 is one of (XY);2 nanoclusters which has been
characterized most. High-resolution transmission electron microscopy
(HRTEM) images were used for observing B1sNj2 [9-12] and later the
mass spectrums were used for its characterization [13-18]. The
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arsenite and arsenate [22]; and to store hydrogen [23]. Zinc oxide (ZnO)
is another nanocluster with outstanding catalytic, optical and piezo-
electric properties which is also used in gas sensors as a semiconductor.
Nanoparticles, nanowires, and nanotubes are among other synthesized
ZnO structures which have been reported in the literature [24]. Zn;5012,
as a novel type of ZnO structure with highest stability in its morphology
compared to other structures, has been investigated extensively at the
theoretical level [25-33]. Also, the capacity of this nanocluster has been
scrutinized for adsorbing various chemicals such as CO2 [34], formic
acid, thiophene, NO, and [35]. Sulfur mustard or mustard gas (bis-2-
(chloroethyl) sulfide) is known as a substance war agent that is
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Fig. 1. The relaxed structure of (a) Ca;20,2 nanocluster and (b and c) different
complex of CaO/ mustard.

categorized in the armament of mass annihilation [36]. Mustard gas was
one of the primary chemical armaments organized in contradiction of
troops on a battleground throughout World War I. Later, the military
usage of mustard gas has been considered many times [36]. It is very
possible that mustard gas can be utilized by terrorists because it is a
simple compound voluntarily produced without sumptuous equipment
[37]. Furthermore, as a “persistent agent” (US Military organization)
aerosolized mustard gas results in a hazard for up to 1 week under dry
and warm weather circumstances since it remains in the environment
until completely hydrolyzed [38].

Owing to the outstanding characteristics of metal oxide clusters such
as Caj2012 nanocluster because of the ionic character and metal-to-
oxide bonding, a lot of efforts have been put inro investigating the
physical and chemical properties of the clusters mentioned above
[39-46]. Using quantum chemistry methods, the Ca;20;5 nanocluster
was recently investigated by Oliveria et al. [47]. They found that this
cluster can be used in gas sensors, storage of chemical species, catalysis
and adsorption processes [48].

As far as we know, no work has been carried out investigating the
adsorption of mustard (C4HgCl,S) molecules onto the external surface of
Ca;2012 nanoclusters. In this work, we are interested in understanding
the impact of the adsorption of mustard molecule upon the electronic
and geometric properties of Ca;2012 nanoclusters through DFT com-
putations. We analyze the results in light of BEs, NBO charge transfer,
MEP, as well as the FMOs.

2. Computational details

We carried out the analyses of geometry optimizations, MEP and
NBO on a Caj20;3 nanocluster and various configurations of Ca;2012
nanocluster/ mustard complex at B3LYP-D3 functional and 6-31G* basis
set. We also added Grimme’s “D” term to this functional. Based on
previous studies, the BsLYP-D3 functional is reliable and it is commonly
employed to investigate various nanostructures [49-51]. The energy of
(AE) related to a mustard molecule on the Ca;5015 nanocluster wall is
computed as follows:

Table 1
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AE = Ecu,s/cio - Ecao - Ecnys + Essse (@)

Here, Enustard/cao 1S the total energy of the mustard molecule adsorbed
onto the pristine Ca;20;2 nanocluster. Ec,o and Epystarda designate,
respectively, the energies of the pristine Ca;20;2 nanocluster and
mustard molecule [52]. The energy of the basis set superposition error is
designated by Eggsg. The negative value of AE refers to an exothermic
process, and its positive value refers to an endothermic process. GAMESS
software was utilized to perform all of the calculations [53].

3. Results and discussion

3.1. Optimized geometries of Caj;2012 nanocluster and interaction with
mustard molecule

Ca12012 nanocluster atomic sites were relaxed at the B3LYP-D3/6-
31G*. The Ca;20;2 nanocluster optimized structure has eight 6-
membered (hexagon) rings and six 4-membered (tetragon) rings hav-
ing tetrahedral symmetry. The side view and the top view of the relaxed
structure of this nanocluster are depicted in Fig. 1. As depicted in Fig. 1,
there are two Ca-O bonds in this nanocluster, which are not equal in
terms of topology. One of these bonds is shared between two hexagon
rings (Be), and the other one between the hexagon and tetragon rings
(B4). The length of the former is 2.17 A and that of the latter is 2.21 A,
consistent with the results as maintained de Oliveira et al. [47].

The mustard molecule is situated initially at various sites above the
nanocluster with various orientations for finding the most stable
adsorption configuration of mustard- Ca;20;2 nanocluster complex
which have the highest stability. In the mustard molecule, the S atom
approaches the Ca atom in the nanocluster. in the first orientation, and
the CI atom approaches the Ca atom in the second orientation. More-
over, the S atoms and Cl atoms approach the top center of the tetragon
and hexagon rings in other orientations, respectively. Based on the BE
values, the adsorption mode with highest stability was chosen for the
mustard molecule for further study. Fig. 1 shows the different structures
of the mustard molecule which is adsorbed onto the Ca;2012 nanocluster
surface. According to Fig. 1b, the S atom of mustard is situated near the
Ca atoms of the Ca;2015 nanocluster tetragon ring. The S-Ca interaction
distance is 2.915 A. The energy of adsorption for the mustard molecule
on the Caj2015 nanocluster (complex A) is —46.07 kJ/mol, which shows
the physical adsorption of the mustard molecule onto the nanocluster.
Based on the adsorption energy, this complex is weakly adsorbed onto
the Ca;2012 nanocluster. Finally, in complex B, as shown in Fig. 1c, the
Cl atom of mustard is close to Ca atoms of Ca;5015 nanocluster. The
distance from the Cl atom to the Ca atom is approximately 2.123 A. The
adsorption of the mustard molecule onto the nanocluster surface is
exothermic to a great extent (i.e., —129.18 kJ/mol). The greater BE of
complex B in comparison to other complexes might be because of the
shorter interaction distance between Cl and in complex (B) in contrast to
interaction between the S atoms and the Ca atoms. In other words, the
higher electronegativity of the Cl atom than the sulfur atom has caused
this phenomenon.

3.2. Charge transport and MEP analysis

As shown in Table 1, the net charge transport on molecules was

Calculated adsorption energy (AE/kJ/mol), HOMO energies (Enomo/eV), LUMO energies (ELymo/eV), HOMO-LUMO energy gap (Eg/eV), and Fermi level energy (Ep/

eV), for all the systems.

Structure AE HOMO LUMO Eqg gas Er AE, (%) Egsolv
Caj5012 nanocluster - —5.56 -0.89 4.67 —-3.23 - 4.69
Complex A —46.07 —4.14 —0.78 3.36 —2.46 28.16 -
Complex B —129.18 —3.08 —0.69 2.38 —1.89 48.96 2.58
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Fig. 2. Molecular electrostatic potential of (a) pristine Ca;,0;2 nanocluster, (b)
Complex B of Ca;50;, nanocluster /mustard.

computed through NBO to predict the influence of the adsorption of
mustard molecule over the electronic characteristics of the Caj2012
nanocluster. The NBO charge transport to the mustard molecule from
the nanocluster (complex B) is 0.437 e, which is consistent with the high
BE as well as the short binding distances in complex B. Based on our
findings, binding energy bears a direct relationship to charge transfer. In
complex B, the binding distance is higher compared to other complexes,
which leads to higher BE and transport of charge. The Ca atoms in this
nanocluster have negative charge (+1.478 e/atom) whereas the O atoms
are rich in electron (—1.478 e/atom). In the interaction area, the charge
of Ca atoms reduced to +1.429 and that of the O atoms reduced to
—1.609 e. As shown in Fig. 2, we can further explore the effects of
mustard adsorption over the nanocluster electronic structure using an
MEP map. Due to the symmetrical structure of free Ca;2015 nanocluster,
as shown in Fig. 2a, it possesses symmetrical potential. O atoms possess
negative potential whereas Ca atoms possess positive potential. The
positive charges in Ca;2012 nanocluster are strengthened following the
adsorption of mustard molecules on the surface of this nanocluster,
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LUMO

Fig. 3. HOMO-LUMO distributions of (a) pristine Ca;30,2 nanocluster, (b)
Complex B of Ca;5015 nanocluster /mustard.

which is in agreement with the transport of negative charge on mustard
molecules, leaving a positive charge on Ca;20;12 nanocluster.

3.3. Analysis of FMOs

We investigated the FMOs of the free Ca;20;2 nanocluster and
complex C in order to further understand the influence of the mustard
molecule adsorption over the electronic characteristics of the nano-
cluster. Fig. 3 depicts the HOMO and LUMO distributions and Table 1
lists the HOMO-LUMO energy band gap (Eg), the HOMO and LUMO
energies, and the Fermi level energy (Ep). At T = 0 K, Epy, is situated
almost in the middle of the HOMO-LUMO energy gap. Based on Eg of
HOMO-LUMO of this nanocluster which is 4.67 eV, it can be said this
nanocluster is a semiconductor, and this value is consistent with the
values reported in the literature. Based on the literature, Ca;2012
nanocluster is a a semiconductor with a wide band gap (4.00 eV) [47].
The HOMO is mainly located on O atoms, but the LUMO density on the
nanocluster is very small. major changes occur in the FMOs following
the interaction of the mustard molecule (complex B) with the nano-
cluster. The localization of the HOMO is localized more on the mustard
molecule in contrast with the LUMO that does not change, which shows
that the LUMO is a contributory factor in the dissociation process
(Fig. 3). The changes in the HOMO density are significant, but the LUMO
density of the complex is similar to the LUMO density of the free
nanocage. It is worth mentioning that the change in the band gap results
in the changes in conductivity, which is a contributory factor in
designing sensors. The relationship between Egz and conductivity can be
described by the equation below [54]:

7Eg

o exp(ﬁ) (2)
where k designates the Boltzmann constant and ¢ designates the electric
conductivity. It goes without saying that when the band gap is reduced
to a small extent, the electrical conductivity is dramatically increased.
The Ca;20;12 nanocluster band gap decreased by 2.29 eV (48.93%)
following its interaction with mustard molecules. We can, therefore,
conclude that Ca;20;2 nanocluster can be employed as a sensor for the
adsorption of the mustard molecule.
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Fig. 4. DOS plot of (a) pristine Ca;»01» nanocluster, (b) Complex B of Ca;,0,2 nanocluster /mustard.

3.4. Density of states analysis

The changes in the electronic states are revealed from the changes in
the density of states (DOS) during the adsorption process. The DOS for
the configurations B of mustard adsorption on the Caj;3012 nanocluster
and pristine Ca;2072 nanocluster are shown in Fig. 4. Earlier, the
Caj2012 nanocluster shows an energy gap of 4.67 eV. Based on the
interaction of the mustard gas with nanocluster the DOS spectrum of the
Caj2012 nanocluster was changed and also decreases the band gap of
Ca;2012 nanocluster. The reason DOS plot changes after gas adsorption
with related to the below: it is well known that the molecule such as
mustard gas owing to the unique structure, the band gap decreases
compared to the isolated Ca;20;2 nanocluster. It infers that the charge
transfer takes place. Besides, the change in the peaks along the valence
and conduction band is noticed for complex mustard/Ca;20;2 nano-
cluster. Thus, the DOS spectrum and band structure reveals that the
adsorption of mustard gas results in the electron transmission between
mustard gas molecules and Ca;2012 nanocluster material that is noticed
from the peak shift and variation in the DOS spectrum on various energy
levels.

3.5. Analysis of recovery time

The recovery of sensors from adsorbed gasses is important. Based on
experiments, we can heat adsorbents to higher temperatures or expose
them to Ultraviolet (UV) light to evaluate recovery time (7) [55]. We can
compute 7 from transition theory as follows:

1 —AE

=7 {ff’xp (7)} 3)
where v is the attempt frequency, T designates the temperature and k
designates the Boltzmann constant (~8.31 x 1073 kJ mol L.K). In case
an attempt frequency of approximately 1012 s~! is applied (used for the
recovery of carbon nanotubes at ambient temperature [56]), T of
mustard molecules in complex C will be approximately 93.85 ms, which
shows the short recovery time of the Ca;2012 nanocluster as a sensor.

3.6. The impact of solvent

The PMC method was employed to scrutinize the impact of the
change in the solvent upon the adsorption mustard gas onto the nano-
cluster. In the aqueous phase, the solvent had insignificant impact upon

the electronic and structural characteristics of the nanocluster. How-
ever, the solvent impact upon the geometric parameters of complex B is
significant. In contrast with AE values for adsorptions in the gas phase,
the related AE values in the aqueous phase are less negative based on
Table 1. Based on the results, the interaction between the mustard gas
and the Ca;2015 nanocluster in the aqueous phase is weaker compared
to the interaction in the gas phase. In our opinion, an increase in the
stabilization of the mustard molecule which is due to the solvent leads to
an increase in reactivity. The Eg value of complex B in the aqueous phase
is higher compared to that of the gas phase by approximately 0.193 eV.
Nonetheless, the solvent impact upon on the electronic characteristics of
the above-mentioned complexes does not significantly affect the sensor
signal.

4. Conclusions

The adsorption of mustard molecule was scrutinized onto the
Caj2012 nanocluster through DFT computations. Based on this method,
the adsorption geometry, BE, NBO charge transport, MEP, frontier mo-
lecular orbitals, as well as PCM effect of activities of pure Ca;2012
nanocluster with the adsorption of mustard molecule were investigated.
It was found that this nanocluster can be employed as a promising sensor
for detecting mustard gas since the charge transfer is large and there is a
reduction in Eg of this nanocluster. Also, the decrease in the energy band
gap in the mustard/ Ca;20;2 nanocluster complex was found to be
mainly because of the HOMO destabilization. Nevertheless, there is
almost no change in the LUMO energy level. The impact of the solvent
upon the electronic characteristics and the geometry parameters of the
mustard/ Ca;20;2 nanocluster complexes is significant. In addition, in
the aqueous phase, the interaction among components is weaker to a
great extent compared to the interaction in vacuum. Moreover, the re-
covery time of the mustard molecules in complex C was calculated to be
93.85 ms. Based on the theoretical findings in this work, we can use the
Ca;2012 nanocluster as a sensitive sensor to detect the mustard
molecule.
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