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: Abstract:

i Herein, the density functional theory (DFT) approach was
: used to investigate the behavior of oxygen during the
: adsorption over the magnesium nanoclusters MgisM
: (M=Be, Mg, and, Ca). The electronic properties of Mgi1sM
: were remarkably Under the influence of absorption of the

first and second O, molecules. NBO analysis showed

i charge transfer from nanoclusters to adsorbed O
i molecules. According to Eass and AH a thermodynamically
: desirable chemisorption process was foretoken. The
: negative values of AG are a witness to spontaneous
: adsorption. The DFT calculations show that the adsorption
: of the second oxygen is energetic more desirable than the
: first molecule. The MgisCa—O, complex with the
: minimum bond length and maximum Eags showed the
: strongest uni and di-molecular O adsorption.
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1. INTRODUCTION

Oxygen (O.) is an active component of the atmosphere, which is the third most
abundant element in the world after hydrogen and helium [1]. This diatomic
molecule makes up 20.94% of the volume of the Earth's atmosphere [2]. Oxygen
is needed in cells for aerobic respiration [3]. It can be used as a disinfectant to kill
some anaerobic bacteria [4]. As the second largest industrial gas in the
manufacture of steel and other processes of refining and manufacturing of metals,
in chemicals, pharmaceuticals, oil processing, glass, ceramics, and paper
production has numerous applications [5, 6]. The classical Winkler titration [7],
electroanalytical [8], pressure-based [9], and optical methods [10] are several of
popular methods for sensing oxygen gas which is very sophisticated. Therefore,
many researchers are interested in finding a portable, rapid, and susceptible sensor
for the retrieval and adsorption of oxygen gas. Recently, metal nanoclusters used
as chemical sensors because of high surface-to-volume ratio, which is preferable
to regular micro-detectors [11, 12].

In recent decades, nanomaterials have been identified as one of the most
significant research subjects [13-15]. Improvements in the synthesis and
properties of metal nanoclusters have led to the rapid development, and wide
applications of these substances especially as catalytic agents, diagnosis of cancer,
molecular electronics, and photonics of these materials [16-19]. Nanoclusters of
second row metals with electron-filled layers show specific figure of the van der
Waals bond among atoms [20]. Among divalent metal nanoclusters, magnesium
nanoclusters have attractive attributes, such as low dielectric constant, high
thermal conductivity, and oxidation resistance [21-24]. These properties of Mg
atom have led to different usages like superconductivity [25], hydrogen storage
[26, 27], nano-materials [28, 29], and biomedical [30].

The structure and electronic properties of magnesium nanoclusters have been
studied through different theoretical methods. [31-36]. According to Xia et al.,
[35] the neutral magnesium nanoclusters of MgisM are composed of an octagon
frame (8-MR) at the center and two square frames (4-MRs) at the top and down
are the most stable structures (Fig. 1).
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4-MRs

Fig. 1 The structure of Mgi7 nanoclusters,

Oxygen adsorption subject on different nanostructures was studied theoretically
and experimentally [37-40]. Tielens et al. studied the adsorption properties of O
molecule on the gold, gold/platinum, and platinum using periodic DFT
calculations [41]. Oxygen adsorption on single-layer graphene was studied by Jin
Yong Lee et al. using DFT method [42]. Herein, we probe the probability of the
oxygen adsorption over the MgisM (M=Be, Mg, and, Ca) using DFT calculations
in the gas phase. DFT is a powerful and trustworthy method to study the metal
nanocluster properties [36, 43-54]. The amount of the charge transfers between
the O, molecule and Mgi16M was evaluated by natural bond orbital (NBO) analysis
[55]. The quiddity of the interactions was determined through the atoms in
molecules (AIM) approach by AIM2000 software [56].

2. THEORETICAL METHODS

The modeling and optimization of the O, molecule, MgisM; (M=Be, Mg, and,
Ca) nanoclusters, and studied complexes (uni- and di-oxygen adsorbed on the
surface of MgisM) has been explained in our previous research [36, 49]. The
CAM-B3LYP [47] with excellent capability which led to a long-range correction
effect [57] and 6-311+g(d) basis set was applied to optimize the investigated
systems in the gas phase using the Gaussian 09 package [58-59].

Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22 I
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3. RESULTS and DISCUSSION
3.1 Geometry Optimization

The structure of neutral MgisM; (M=Be, Mg, and Ca) centered on Be, Mg,
and Ca are optimized at the CAM-B3LYP/6-311+g(d) level of theory in the gas
phase. Table 1 illustrate the obtained bond lengths and angles of MgisM. The
obtained bond lengths are in the domain of relevant amount mentioned in Ref [62]
and [63]. Obviously, bond lengths and angles are impressed by the central atom
(M) inboth 4-MR and 8-MR frames. The average bond for 4-MR frames increases
with the size of the central atom, while the length of the 8-MR framework has an
inverse design. Moreover, the average bond length of MgisMg—O, complexes in
both 4-MR and 8-MR frameworks changed significantly with the first adsorption
of O, molecule except for Mgi1sMg—O..

Table 1 The average bond lengths in (A) and bond angles in (°) of Mg:s M;(M=Be, Mg,
and, Ca) before and after the first O, molecule adsorption in 4-MRs and 8-MR frames.

Metal Bond lengths Bond angles
Nanoclusters ring Before the After the Before the After the

frame first first first first

adsorption adsorption adsorption adsorption

MgisBe 3.12 3.20 115.44 116.63
Mgz 8-MR 3.04 3.04 116.39 119.34
MgisCa 2.95 3.25 112.76 128.21
MgisBe 2.92 3.06 89.99 90.92
Mgz 4-MRs 3.05 3.23 90.01 90.87
MgisCa 3.27 3.55 89.99 91.52

3.2 The Uni- and di-molecular Adsorption of O, over the MgisM Nanoclusters

The adsorption behavior of the oxygen over the surface of different
nanoclusters was examined by the interaction. The values of E 4, Eping, and Egze¢
were calculated based on the following equations [64] Where n shows the humber
of 0,.

MgieM +nX > MgeM ... X, M =Be,Mg,Ca X=0, n=12

Eqa = Emg,om..x, — (Emg,em +nEx) 1)
Ebind = EMg16M...Xn - (EMgleM in complex + nEX in complex) (2)
Eqer = Eqa — Epina 3)

4 Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22
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3.2.1 Uni-molecular Adsorption

According to Table 2 in both 8-MR and 4-MRs frames, the distance between
the Mgi1sM nanocluster and the first adsorbed O, molecule decreases by increasing
the size of the central atom. Hence, the 4-MRs and 8-MR positions of the
MgisCa—0O, complex have smaller bond distances (8-MR=1.89 and 4-
MRs=1.91(A)) compared to 4-MRs and 8-MR positions of the other complexes.
The negative E,4 for 4-MRs and 8-MR frames of MgisBe—0O; (-136.5801, -
135.6389), Mgir—0O- (-138.7701, -134.9508), and MgisCa—0O- (-289.3990, -
284.5090) all in kcal.mol-1, indicated a potent interaction among O, and different
nanoclusters which revealed a chemisorption manner. The comparison between
the adsorption energy values of 4-MRs and 8-MR frames in each nanocluster
demonstrated that the 4-MRs frames are more desirable for O, adsorption than the
8-MR frame.

Table 2 The calculated binding distance (d), (Eqq), (Epina): (Eqer) (kcal/mol), and (E,p,)
(a.u.) for O, adsorption over the MgisBe, MgisMg and MgisCa at the CAM-B3LYP/6-
311+g(d) level of theory.

Metal
Complexes ring  d(A) Eqa Epind Egef Eopt
frame
MgzeBe—O, 204 -135.6380 -189.6001  +54.0512 -3366.4761
Mg1sMg—O, &;{ 201 -134.9508 -201.3612  +66.4101 -3551.8447
Mg:sCa—0, 189 -2845090 -521.9301 +237.4211 -4029.5781
Mgi16Be—O> 4- 2.03 -136.5801  -188.8211 +52.2410 -3366.4776
Mgi1sMg—O2 MRS 1.98 -138.7701 -195.0214 +56.2513 -3551.8508
Mgi16Ca—0- 1.91 -289.3990 -520.6121  +231.2131 -4029.5859
Mg16Be0,—0- 1.94 -395.5008 -528.0021  +132.5013 -3517.1534
Mg16MgO2—0; 1.93 -544.6302 -679.9513  +135.3211 -3702.7609
Mg16Ca0,—0; 1.89 -568.8921 -1046.6022 +477.7101 -4180.2945

As a result, the MgisCa—O- has the most tendency to adsorb the first O
molecule. According to Eg. (1), the E,; < 0 illustrates the stability of the
obtained complex and the E,4 > 0 is related to the local minimum which shows
the existence of a barrier during the adsorption. The E,, includes the share of
binding energy (Ening) and deformation (Eqer), both of which happen within the
adsorption process [64]. The Eqges values of the optimized Mg1sM—O, (M=Be, Mg,
and, Ca) complexes are positive and vary according to the size of the middle atom
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from a minority +52.24 to a utmost of +237.42 kcal/mol, for Mg:sBe—O: and
MgisCa—O- respectively. This indicates strong adsorption of the first O,
molecule on the surface of studied nanoclusters. The chemical adsorption of the
first O, molecule alters the electronic arrangement of the nanocluster, which in
turn may break or weaken some of the bonds in nanocluster. Fig. 2 illustrates the
uni- and di-molecular adsorption on the 4-MR frame for different nanoclusters. It
is clear that during the uni- molecular O, adsorption on Mgi; and MgisBe
nanoclusters, the molecular structure of O, is preserved. The (O=0) bond is
broken in MgisCa nanocluster and each oxygen atom adsorbs on different Mg
atom of the nanocluster. According to the NBO results, the high charge transfer
value (3.85914 e) was observed for the adsorption of the first oxygen on the
surface of MgisCa nanocluster for 4-MR frame, which creates the highest
interaction energy between the three nanoclusters [65-67]. Moreover, the
calculated NBO charges illustrate the highest agglomeration of negative charge
on the central M atom for each nanocluster (Table S6). The electron density
depletion (EDD) map shows a Dense electronic cloud around the Mg—O, which
represents oxygen adsorption over the nanoclusters (Fig. S1).

6 Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22
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Qugy = +0.82661

Mg sBe—0O:> (4-MRs) Mg;sMg—O: (4-MRs) Mg1sCa—0: (4-MRs)

Mg;sBeO—0:> MgisMgO—0> Mg,;:Ca0r—0:>

Fig. 2 The optimized structures of the uni and di-molecular adsorption complexes of
Mg1sM—O; and MgisMO,—O,, (M=Be, Mg, and, Ca) at CAM-B3LYP/6-311+G(d) level
of theory along with their corresponding EDD maps (0.001 au). In the EDD maps, the
electron density depletion and accumulation sites are displayed in blue and red,
respectively. q is the charge of the most positive atoms after the adsorption of the first O,

Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22 I

......................................................................................................................



Theoretical Assessment of Oxygen Adsorption Behavior onto Pristine ...

molecule. The charge values of different Mg atoms are tabulated in Supplementary Table
S7.

3.2.2 Di-molecular Adsorption

Table 2 indicate the 4-MRs frames are more stable than the 8-MR frame for
three nanoclusters. Therefore, the second O, molecule was added to the most
positive magnesium atom of the 4-MRs frames of each nanocluster. According to
Table 2, the highest adsorption energy (-568.89 kcal/mol) was related to the
Mg16CaO,—O;, complex. Hence, MgisCa nanocluster shows the greatest
tendency for di-molecular adsorption of O, molecule. Addition of the second
oxygen is accompanied by the breaking of the (O=0) bond in MgisBeO,—0O;,
Mg1sMgO2—Oz, and Mg1sCa0,—0O. complexes, which is the reason for the large
deformation energies. Based on the NBO analysis, it appears that the large transfer
charge of 3.56284 e from Mg:sCa—O, complex to the O, molecule causes the
Mg16Ca0,—O0, becomes the most stable di-molecular adsorbed complex.

3.3 Atoms in Molecules (AIM) Analysis

Bader’s theory of atoms in molecules (AIM) is a powerful method to study the
nature of the interactions [64] via parameters, such as electron density, p(,, and
the Laplacian of the electron density, VZP(T), which are computed at the bond
critical point (BCP). For all studied complexes, the Laplacian of the total electron
densities at BCPs of Mg—O are positive and reveal the electronic charges are
depleted in the interatomic path, which is characteristic of the closed-shell
interactions. The interaction behavior can be classified as a function of H,- and
the Laplacian of the electron density at BCP [68]. For strong interaction (Vzpm<
0 and Hy < 0), the covalent character is established; for medium strength
(Vzp(r)> 0 and H( < 0), the partially covalent character is defined; and weak

ones with Vzpm> 0 and H:y) > 0 are mainly electrostatic interaction. As such,

the interactions between all studied complexes have an electrostatic character in
nature due to the positive values of Vzp(r) and H,).

Table 3 reveals among the uni- and di-molecular adsorption complexes, MgisCa—
0, and Mgi16Ca0,—O0; have the smallest intermolecular distances and highest
electron density (with positive values). Furthermore, electron density analysis
shows that the electron density in BCP enhances with the enhancement of the
interaction energy.

8 Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22
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Table 3 The electron density p,, Laplacian of the electron density Vzpm, for the
Mg—oO, at the bond critical points (BCPs); G,y , V), and H,, at the CAM-
B3LYP/6-311+G(d) level of theory.

uni-molecular adsorption of O, molecule

Metal ring
Complexes Erame P Vzpm G Viry H,
Mg1sBe—O; 0.0503 0.3804 0.0833 0.0715 0.1548
Mg16Mg—O; (8-MR) 0.0468 0.3583 0.0781 0.0667 0.1448
Mgi1sCa—0O> 0.0524 0.4064 0.0897 0.0778 0.1676
Mgi1sBe—O; 4-MR 0.0504 0.3694 0.0815 0.0706 0.1521
Mg16Mg—O; ( ) 0.0437 0.3078 0.0673 0.0578 0.1251
Mg16Ca—0O> 0.0573 0.4624 0.1026 0.0896 0.1923

di-molecular adsorption of O, molecule
Complexes Pm Vzp(r) ) Viry Hry
Mg16BeO,—0; 0.0574 0.4644 0.1029 0.0897 0.1927
Mg16MgO,—O; 0.0589 0.4795 0.1066 0.0934 0.2000
Mg16Ca0,—0; 0.0590 0.4796 0.1067 0.0935 0.2003

3.4. Electronic properties

The HOMO and LUMO values indicate the ability to donate and receive
electrons, respectively [68]. The molecular reactivity and assessment of the
sensibility of the studied nanoclusters regarding the oxygen molecule were
measured by calculating the transition energy from HOMO to LUMO (Egqy).
Table 4 illustrates the electronical properties for the studied complexes.

Table 4 summarizes the variation of the electronic properties of three
nanoclusters and their complexes (uni- and di-molecular oxygen adsorbed) by
replacing the central Mg atom in MgisMg with the Ca and Be atoms. It clearly
shows that the energy gap of MgisMg varies from 2.5960 eV to 1.9484 eV and
3.0177 eV for MgisCa and MgicBe respectively, which proves the electronic
behavior of the MgisM are susceptible to the central atom. On the other hand,
Table 4 shows the (Egap) Vvalues for uni-molecular (both 4-MR and 8-MR
positions) and di-molecular O, adsorption over the MgisM (M = Mg and Ca)
increased incomparison to their pure nanoclusters, leading to more stability for
uni- and di-molecular O, adsorption complexes of MgisMg and MgisCa. Whilst,
the uni-molecular (both 4-MR and 8-MR positions) and di-molecular O;
adsorption upon the Mg:6Be cause a decrease in the HOMO-LUMO from 3.0177
eV 10 2.8409 eV and 2.7647 eV for 8-MR and 4-MR of Mg:sBe—O,, respectively,

Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22 9
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and also to 2.9932 eV for Mg16BeO,—O.. This leads to instability for uni-and di-
molecular adsorption of O, over the MgieBe. As a result, the uni-molecular and
di-molecule adsorption of O, on the Mg:sBe is associated with a decrease in gap
energy and chemical hardness, so we expect the reactivity of these compounds to
increase and their stability to decrease (Table 4) [69-71].

The chemical reactivity of the Mg:sM;(M=Be, Mg, and, Ca) can be specified
according to the energy gap. Table 4, shows the MgisCa has less energy gap
(1.9484 eV), less stability, and high chemical reactivity compared to the MgisMg
(2.5960 eV) and MgisBe (3.0177eV) nanoclusters, leading to greater sensibility
towards the oxygen.

Table 4 The energy of (gyomo), LUMO (g1ym0), (Egap). (W), () and (x) (all in eV)
for the investigated systems, at the CAM-B3LYP/6-311+g (d).

Structure Metal ring  eyom0  €umo  Egap DEgap% 1 n X
frame

0 -9.0742 -3.5610 55132 — -6.3204 2.7577 6.3204
Mg.eBe -4.6749 -1.6572 3.0177 — -3.1682 1.5089 3.1682
Mg1sMg -4.4599 -1.8639 2.5960 — -3.1633 1.2981 3.1633
MgzsCa -4.0518 -2.1034 19484 — -3.0801 0.9742 3.0801
Mgi1sBe—O; (8-MR) -4.5307 -1.6898 2.8409 -5.86 -3.1093 1.4197 3.1093
Mg1sMg—O; -4.5307 -1.8939 2.6368 +1.57 -3.2122 1.3193 3.2122
Mg:16Ca—O02 -4.2504 -1.6762 2.5742 +32.12 -2.9640 1.2864 2.9640
Mg:1sBe—O; (4-MRs) -4.6123 -1.8476 2.7647 -8.38 -3.2311 1.3823 3.2311
Mg1sMg—O; -4.6205 -1.8286 2.7919 +7.55 -3.2247 1.3966 3.2247
Mg:16Ca—02 -4.3946 -1.6572 2.7374 +40.50 -3.0279 1.3689 3.0279
Mg16BeO0,—O- -4.6776 -1.6844 29932 -0.81 -3.1826 1.4963 3.1826
Mg16MgO2—02 -4.3375 -1.6517 2.6858 +3.46 -2.9952 1.3423 2.9952
Mgi16Ca0,—0> -4.3348 -1.6218 2.7130 +39.25 -2.9786 1.3565 2.9786

The chemical hardness is the resistance to changing the electronic configuration,
while the electrochemical potential indicates a tendency to escape the electron
cloud [72-74]. It appears that in various complexes, there is a reduction in
chemical hardness with enhancing the size of the middle atom. Hereupon, the
MgisCa nanocluster shows the most reactivity. As a result, the uni- and di-
molecular adsorbed complexes of MgisCa—O; (4-MRs and 8-MR) and
Mg16Ca0,—O; have high stability and low chemical reactivity in comparison to
other complexes. On the other hand, in comparison between the 4-MRs and 8-MR
frames of Mg:sCa—O0O,, the 4-MRs frame has a larger energy gap percent

10 Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22



Mahmood Reza Dehghan et al DOI: 10.30495/JOPN.2022.29515.1245

(+40.50%) which represents high stability and low chemical reactivity.
Comparing the eyomo and &;ypo Of the MgisCa with MgisCa—O: represented
that the eyomo Of the MgisCa was reduced from -4.0518 to -4.2504 eV and -
4.3946 eV for the 8-MR and 4-RMs frames, respectively. Whereas, the ;0 Of
the MgisCa was enhanced from -2.1034 to -1.6762 eV and -1.6572 eV for 8-MR
and 4-MRs frames, respectively. In addition, the AE;,,% (the percent of the
nanoclusters band gap variations during the adsorption of O, molecule), has high
values for the 8-MR frame (i.e; +32.12%) and 4-MRs frames (i.e; +40.50%) of
the MgisCa nanocluster. Hence, the HOMO and LUMO level energies for the
MgisCa nanocluster are remarkably under the influence of O2 molecule
absorption. Resultantly, the O can be detected by the Mg:sCa nanocluster.

N = AT3/?exp(—Egqp/2kT) (4)

There is an exponential reduction between the electrical conductivity of the
Mg:sCa nanocluster and the enhancement of the Egg,. This variation can be
transformed into an electrical signal, which assists identify oxygen molecules.
Following, to inquire about the effects of the adsorption of oxygen on the
electronic properties of the investigated complexes, the (DOSs) of these
complexes have been summerised in Figures 3 and S3. The DOS plots
determined, during the adsorption of the first and second oxygen molecule on the
MgisCa nanoclusters (MgisCa—0O;; 4-MRs and 8-MR and MgisCa0O.—O0>) as
well as for MgisMg—O0-; at 4-MRs and 8-MR, the conductivity levels moved
toward higher energies compared to the energies of pristine nanoclusters.

Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22 11
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3.5 Thermodynamic parameters

Table 5 shows the thermodynamic parameters calculated based on equation
(5) at 298 K and 1 atmosphere.
AX" =X (Mgy6M ...05) — ( Xyg,.m + Xo,) X=H,G (5)
Where  Xuyg, . m..0,» Xmg,em aNd X, are thermodynamic parameters
corresponding to the complex (nanocluster/O.), nanocluster, and O, molecule
respectively. The AH" < 0 for uni- and di-molecular oxygen adsorption indicated
an exothermic reaction. According to Table 5, the AH" values for the first
adsorbed oxygen over the 4-MRs frames are lower than the 8-MR positions in the
three nanoclusters of MgisBe, MgisMg, and MgisCa. The of AH" values of the
uni- and di-molecular adsorption of O, represent more stable adsorption for the
second oxygen molecule on the 4-MRs frames. The negative values of
TAS explain an entropy decrement through the adsorption process.

Table 5 The calculated thermodynamic properties (AH®, TAS® and AG" all in
kcal/mol) for studied complexes, at the CAM-B3LYP/6-311+g(d) approach.

Structure Metal ring frame AH’ AG’ TAS’

Mg16Be—O2 -134.9937 -123.4326  -11.5611
Mg1sMg—O2 (8-MR) -134.5466 -124.8887  -9.6579
Mg16Ca—O> -283.6930 -269.4781 -14.2149
Mg16Be—O> -135.9236 -124.3106 -11.6130
Mg1sMg—O2 (4-MRs) -138.5944 -127.3344 -11.2600
Mg16Ca—O> -288.7097 -273.0525 -15.6572
Mg16BeO,—O; -393.9467 -370.9093 -23.0374
Mg16MgO,—O; -542.9176 -516.4079 -26.5097
Mg16Ca0,—0; -567.2386 -538.4012 -28.8374

The negative values of AG' indicate a spontaneous and thermodynamically
desirable adsorption process which results in an increment of the oxygen storage.
Fig. S4 illustrates a good linear correlation between the E,4 and AH’ of the studied
complexes with the correlation coefficients of 0.9999. Interestingly, the
AH? ;. decreases with an increment of the radius of the central atom.

Journal of Optoelectronical Nanostructures. 2022; 7 (3): 1- 22 13
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4.CONCLUSION

The adsorption of uni- and di-oxygen molecules on the surface of Mg;sM
(M=Be, Mg, and, Ca) was studied using the CAM-B3LYP/6-311+g(d) method.
The negative values of the adsorption energies and thermodynamics properties
(AH, AG’ ) anticipate a spontaneous desirable adsorption process for investigated
systems. The Mg;sCa nanocluster represents the most uni-molecular adsorption
energy at the 4-MRs frame which leads to a significant charge transfer of 3.85914
e from nanocluster to O, molecule. Moreover, during the chemical adsorption of
the O, molecule, the molecular structure of the second oxygen is broken down.
Interestingly, the di-molecular adsorption of the oxygen is more desirable than the
uni-molecular adsorption. The NBO analysis proved that in the studied
complexes, the nanocluster is an electron-donating and the oxygen molecule is
the electron acceptor. We foretaste that replacing the central magnesium atom
with a divalent metal with a larger radius than magnesium could enhance the
sensitivity of the Mg;sM to be used as an O; gas sensor.
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