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Abstract: The idea of carbon dioxide (CO2) uptake by a polonium-doped fullerene (PoF) was
investigated in this work by performing computational analyses of structural and electronic features. To
this aim, the singular models of CO, and PoF (polonium-carbon-19) were optimized, and they
participated in interactions to reach the formation of CO,@PoF bimolecular complexes. Accordingly,
two models were obtained, C1 and C2, with two and one interaction, respectively. Analyses of
adsorption strength indicated higher stability for C1 compared to C2. Further analyses of electronic
molecular orbital features revealed a dominant role of PoF for adsorbing the CO; substance by
movement of whole frontier molecular orbitals patterns to the PoF part of the complex. In this regard,
the models were also observed to be detectable by variations of such electronic molecular orbitals
features. Indeed, energy levels of the highest occupied and the lowest unoccupied molecular orbitals
(HOMO and LUMO) and these levels' energy distance could help approach the diagnosis.
Consequently, the idea of CO; uptake by PoF was confirmed by the evaluated structural and electronic
features of models in singular and bimolecular modes proposing CO.@PoF complexes for further
investigations of CO2-based devices.
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1. Introduction

The innovation of nanostructures and technology encouraged researchers to work on
the exploration of various aspects of these novel concepts in all fields of science and
engineering [1-4]. Accordingly, several geometrical shapes of nanostructures were found to
specify their technological features and characters [5-8]. From the first days of such remarkable
innovation, the surface area of nanostructures has been found suitable for adsorbing other
substances in terms of bimolecular or multimolecular complex formations [9-12]. Indeed, this
was an important achievement because of the dominant role of the adsorption process in several
fields, such as filtration, separation, recognition, and even drug delivery functions [13-16]. To
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this aim, several efforts have been dedicated to recognizing such featured surfaces for working
in specific processes such as gas uptake and adsorption [17-20]. Further investigations
indicated that the heteroatomic nanostructures could work better than the pure nanostructures
to play efficient adsorbents' roles [21-24]. Atomic dopants, especially those metal atoms with
vacant orbitals, could provide an activated site of interactions for the nanostructures to
participate in more efficient adsorption [25-28]. In this regard, several methodologies have
been developed to recognize such characteristic features for the complicated systems of
nanostructures. The computational analyses were seen as suitable for approaching the purposes
by revealing details insights into interactions [29-32]. Indeed, several attempts have always
been dedicated to developing novel techniques of recognition of the features of complicated
systems in accordance with the innovation of their applications for various fields of sciences
and engineering [33-36].

Fullerene is a spherical cage of carbon nanostructures, which has been recognized prior
to the well-known carbon nanotube (CNT) [37-40]. Further investigations indicated the
characteristic roles of fullerene for approaching various purposes of the development of
nanostructures applications [41]. To this aim, several atomic compositions of fullerenes have
been introduced up to now based on the number of carbon atoms and their doped models [42].
Carbon-60 fullerene was indeed the first introduced fullerene nanostructure, and other carbon-
n (n with different numbers) were introduced next [43]. For running the molecular calculations
to know the details of adsorption and interaction systems, carbon-20 was found to be a suitable
model [44]. Accordingly, a model of carbon-20 fullerene with polonium (Po) atomic dopant
(PoF) was investigated in this work for conducting the carbon dioxide (CO2) uptake (Figures
1 and 2). Itis known that the existence of CO> is crucial for the environment and living systems,
but the over-exhaustion of this gas could lead to different pollution and global warming issues
[45-47]. CO. is among the greenhouse gases, with a majority of production/consumption
among all other gases [48]. Therefore, developing novel CO> uptake processes and devices is
important for maintaining the general health level. It has been seen as an important issue for
the living systems, especially for human life [49-52].

CO2

Figure 1. CO, and PoF singular models, HOMO-LUMO patterns, and ESP surfaces.

Within the current research work, quantum density functional theory (DFT)
computational analyses were done to investigate the processes of CO, uptake by a PoF
nanostructure. To approach the goal, optimization calculations and molecular/atomic feature
evaluations were performed to provide the required information. As shown in Figures 1 and 2,
the singular (CO2 and PoF) and bimolecular (CO.@PoF) models were exhibited. Accordingly,
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their corresponding quantitative descriptors were summarized in Tables 1 and 2, besides further
electronic representations of Figure 3. This work's main goal was to recognize CO; uptake by
a PoF model and learn details of such processes for developing new CO»-based devices. The
topic of CO> detection and removal has been seen as important, especially with the problems
of global warming and greenhouse gas exhaustion, and several works have been currently
focusing on this topic with various methodologies [53-56].

2. Materials and Methods

The Computational analyses of this work were done by performing quantum DFT
calculations using the B3LYP exchange-correlation functional, the 6-31G* standard basis set
for C and O atoms, and the def2-SVP basis set for Po atom as all implemented in the Gaussian
program [57]. First, the individual models of CO2 and PoF (Figure 1) were optimized to prepare
the input materials for the adsorption process. Next, the bimolecular models of CO.@PoF, C1,
and C2 (Figure 2) were stabilized by involving the already optimized singular models in new
optimization calculations. The optimized models were obtained to evaluate their structural and
electronic descriptors in this step. Features of the quantum theory of atoms in molecules
(QTAIM) [58] were evaluated (Table 1) to know the details of interactions for the CO.@PoF
bimolecular models. Next, energy features for the whole structure and molecular orbitals were
evaluated (Table 2) to know the details of adsorption strength and the corresponding electronic
variations. Additionally, distribution patterns of the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO) were exhibited in each of
Figures 1 and 2 besides the evaluated electrostatic potential (ESP) surfaces. Additionally,
diagrams of the density of states (DOS) were illustrated (Figure 3) for the models to show
molecular orbitals variations before/after HOMO and LUMO levels. Consequently, the
required quantitative and qualitative information was prepared for describing the models of this
work through the benefits of performing computational analyses of complicated systems [59-
63].

Table 1. The evaluated QTAIM features of CO,@PoF bimolecular models.*

Model Interaction Distance (A) Rho (au) Del2-Rho (au) H (au)
C1 0...Po 3.38 0.082 0.027 -0.083

C...C 3.04 0.011 0.033 -0.015
C2 0O...Po 3.29 0.086 0.028 -0.091

1 The models are shown in Figures 1 and 2.

Figure 2. C1 and C2 CO,@PoF bimolecular models, HOMO-LUMO patterns, and ESP surfaces.
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3. Results and Discussion

The parental models of this work were CO, and PoF molecules, in which their possible
combinations were investigated to approach the idea of CO2 uptake by a PoF surface. As shown
in Figure 1, the models and their HOMO-LUMO patterns and ESP surfaces were exhibited.
PoF stands for a polonium-doped carbon-20 fullerene yielding a composed polonium-carbon-
19 structure. Accordingly, the ESP surfaces showed positive-charge blue at the polonium atom
region, which repealed this atom's dominant role in interacting with the CO substance. Both
singular models were optimized to obtain their stabilized geometries for their preparation for
participating in interactions. Next, various initial configurations of complexes of CO, and PoF
were examined up to reaching the finalized CO.@PoF geometries as a result of two C1 and C2
configurations. The final possible biomolecular models are shown in Figure 2, besides their
HOMO-LUMO patterns and ESP surfaces. Comparing the HOMO-LUMO pattern of singular
and bimolecular models could show the movement of all molecular orbital patterns of CO; to
PoF in both C1 and C2 bimolecular structures. These models were finalized by examining all
possibilities and recognizing the corresponding geometries. Accordingly, the models were
stabilized in two configurations, in which the orientation of O=C=0 was relaxed parallel to the
orientation of the C-Po bond of PoF in C1, whereas it was located between two C-Po bonds of
PoF in C2. However, the electronic features showed movements of molecular orbitals patterns
to the PoF part. For analyzing details of interactions, the QTAIM features were evaluated in
Table 1. Based on the obtained results, two interactions, O...Po and C...C, were observed for
the formation of C1, and one interaction, O...Po, was observed for the formation of C2.
Additionally, their evaluated features, Rho (total electron density), Del2-Rho (Laplacian of
electron density), and H (energy of electron density), showed meaningful strengths for the
involved interactions. Since C1 involved two interactions, its strength could be expected to be
higher than C2. In this part, the models were recognized by their interactions for formations of
C1 and C2 CO.@PoF bimolecular complexes. It should be mentioned that physical types of
interactions were observed for the interacting models making the possibility of conducting a
reversible process of gas adsorption.

Table 2. The evaluated energy features of singular and bimolecular models.*

Model Eads (kcal/mol) | HOMO (eV) | LUMO (eV) Ecap (V) | Erermi(eV) CH (eV) CS (eVhH
Cl -19.18 -4.75 -2.99 1.77 -3.87 0.88 1.13
C2 -5.77 -4.63 -2.90 1.73 -3.76 0.86 1.16
CO: n/a -10.07 0.81 10.88 -4.63 5.44 0.18
PoF n/a -4.64 -2.94 1.69 -3.79 0.85 1.18

1The models are shown in Figures 1 and 2.

The energy features of the investigated singular and bimolecular models are
summarized in Table 2. To make a quantitative analysis of the adsorption strength, values of
Eads (energy of adsorption) were evaluated for C1 and C2 by measuring energy differences
between CO.@PoF and each of the CO and PoF models. In this regard, the calculated energies
showed a higher strength of C1 (Eags = -19.18 kcal/mol) in comparison with C2 (Eags = -5.77
kcal/mol). Returning to the evaluated QTAIM features, C1 contributed to two interactions, and
C2 contributed to one interaction. Accordingly, a higher adsorption strength was observed for
C1 compared to C2. It is noted that both C1 and C2 CO.@PoF bimolecular models were in a
reasonable strength level of adsorption. Consequently, the idea of CO, uptake by PoF was
confirmed in this step.
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Further models were analyzed by their evaluated values of molecular orbitals and
related features. It is known that HOMO stands for the electron-full level of molecular orbitals,
and LUMO stands for the electron-vacant level of molecular orbitals. In this regard, variations
of these levels could be found by analyzing the energy levels and the evaluated distribution
patterns. It was observed in Figure 2 that the patterns were moved to the PoF part and the ESP
surfaces showed connectivity of such electron surfaces for the formation of a complex
structure. Accordingly, the PoF model was realized to be suitable for the adsorption of CO2 by
collecting all the molecular orbital patterns at the PoF part in both C1 and C2 CO.@PoF
bimolecular complexes. Examining the values of HOMO and LUMO (Table 2) could show the
impact of complex formations on the electronic molecular orbital features. In agreement with
the evaluated patterns, the values of complexes were closer to the values of singular PoF than
those of singular CO2. The illustrated diagrams of DOS (Figure 3) could also approve such
variations, in which HOMO and LUMO levels were changed besides other levels before/after
these. Accordingly, a diagnosis process could be detectable for the formation of each of the
CO.@PoF bimolecular complex models. In this regard, a sensor function could be assumed for
the investigated models to approach the purpose of detecting adsorbed gas. The values of Egap
(energy gap) indicated the energy distances of the frontier HOMO and LUMO levels, and the
average value of this distance was assigned by the value of Erermi (energy of Fermi level). Next,
the evaluated values of CH and CS (chemical hardness and softness) showed the benefits of
such CO,@PoF complex formations for further applications of adsorbed CO..
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4. Conclusions

The idea of CO, uptake by PoF was investigated in this work based on the
computational analysis results. After optimizing the singular CO, and PoF structures, they were
combined to obtain two CO,@PoF bimolecular models; C1 and C2. The results of QTAIM
https://biointerfaceresearch.com/ 50f9
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analyses indicated the existence of two interactions in C1 and one in C2, and the adsorption
strength of C1 was higher than C2. The evaluated features of electronic molecular orbitals
indicated variations of HOMO-LUMO levels in both quantity and quality. Such features of
complexes were closer to the singular PoF model than the singular CO2 model. Next,
examining the distribution patterns and DOS diagrams affirmed such achievement.
Consequently, the models of CO.@PoF were obtained, and their structural stabilities and
electronic features were analyzed to approach the affirmation of CO uptake by PoF for further
developments of CO»-based devices.
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