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Abstract

Fullerenes are symmetrical carbon nanostructures zero dimensional with hybridation sp2-bondend
carbon atoms (with four valence electrons) arranged in pentagonal and hexagonal rings that form a
hollow closed-cage structure. Fullerene Cso is not symmetrical, specifically has 12 pentagonal and 5
hexagonal rings that form a barrel-like shape where the 5 hexagons form the body of the barrel, and the
12 pentagons are located in the bases of the barrel. Doped fullerenes were built by placing a heteroatom
(as a boron or a nitrogen atom, with three or five valence electrons, respectively) at different doping sites.
Doped fullerenes were optimized in presence of CO2 using density functional theory (DFT) through PBE
functional and 6-31G(d,p) basis set. The CO> adsorption energy on doped fullerenes were determined.
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Resumen

Los fullerenos son nanoestructuras de carbono simétricas de dimension cero con atomos de carbono de
enlace sp2 de hibridacion (con cuatro electrones de valencia) dispuestos en anillos pentagonales y
hexagonales que forman una estructura hueca de jaula cerrada. El fullereno C3o no es especificamente
simétrico tiene 12 anillos pentagonales y 5 hexagonales que forman una forma parecida a un barril donde
los 5 hexagonos son el cuerpo del barril y los 12 pentdgonos estan situados en las bases del barril. Los
fullerenos dopados se construyeron colocando un heterodtomo (como un atomo de boro o de nitrégeno,
con tres o cinco electrones de valencia, respectivamente) en diferentes sitios de dopaje. Los fullerenos
dopados se optimizaron en presencia de CO> utilizando la teoria funcional de la densidad (DFT) mediante
el funcional PBE y el conjunto de bases 6-31G(d,p). Se determind la energia de adsorcion de CO2 en los

fullerenos dopados.
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Introduction

One of the materials that is of considerable interest at present is buckminsterfuller or better known as
fullerene. Ceo (fullerene) is a mainstay of research due to its physicochemical properties, making it the
most studied fullerene. These characteristics make it particularly suitable for exploration in the fields of
materials science and engineering.

In fullerenes there are o bonds, formed by overlapping, where the electron density is concentrated
between the nuclei of the atoms, and = bonds, resulting from the lateral overlapping of the orbitals, with
the electron density distributed above and below the plane of the nuclei linked at the front of the orbitals.
For this reason, fullerenes have a spherical shape called Bucky sphere (Tomanek David, 2014). There is
a greater diversity of fullerene structures, but not all of them have a spherical structure, such as c3o, which
is smaller in size (Tomanek David, 2014). (ver fig. 1).

Box 1

Figure 1
Modelling of the structure of C30 fullerene which is made up of 12 pentagons and 5 hexagons
Source: Own elaboration

Smaller fullerenes currently have more impact in the scientific literature due to their high potential
in the development of advanced applications in key areas of nanotechnology and theoretical chemistry,
and are an area of interest for the study of their properties and possible applications.

On the other hand,co: adsorptionon fullerenes is a very important area of study at present.
Previously, adsorption of toxic gases has been studied with carbon nanostructures; nanotubes, graphene
etc.

Most of the work reported in the scientific literature on doped fullerenes uses Density Functional
Theory (DFT). DFT is a theory widely used to study molecular systems, nanostructures, solids and
surfaces by solving approximate versions of the Schrodinger equation. Its origin dates back to an article
by Hohenberg and Kohn in 1964 in Physical Review, entitled ‘Inhomogeneous Electron Gas’. Its
methodology is used in a variety of fields and problems, with the study of electronic structure in the
ground state being one of the most common. In this work,coz adsorption on c30 and 20X (X= B, N)
fullerenes at different doping sites was studied to obtain its adsorption energy (£44), including the basis
set error correction (BSSE).

Methodology
Design and construction of the different molecular structures
The fullerene structures were designed by constructing a barrel composed of carbon atoms, with single

and double bonds. Unlike a common fullerene which has a spherical shape, c30 is composed of 12
pentagons and 5 hexagons.
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The design has been made by forming the c30 fullerene structures, then replacing a carbon atom
at different doping sites (see fig. 2) with Boron and Nitrogen to form the c29B and c29N structure. Thecoz
molecule was also constructed and each of them was optimised with the PBE functional, with the 6-
31G(d,p) basis set.

Figure 2
Doping sites. Element X is: (a) surrounded by 2 hexagonal rings and a pentagonal ring (PHH), (b) surrounded by three
pentagonal rings (PPP) and (c) surrounded by 2 pentagonal rings and a hexagonal ring (PPH)

Source: Own elaboration
Optimisation of the structures in the presence of CO2 by applying DFT.

The calculations were performed using ORCA 4.2.1 (Neese, F. 2022), as a first step the optimisation of
the designed structures of c3o and c29X (X= B, N) was performed to determine the minimum energy of
the most stable geometries, then the minimum energy of the interaction of the fullerenes withco2 was
calculated, finally the adsorption energy was calculated. Figure 3 shows the optimised structure and the
optimised structure with

CO..

(b)
(a)

Figure 3
Optimised structure of boron-doped Cso fullerene (a)
Optimised structure of CO,-doped Cz9B (b)

Source: Own elaboration

The adsorption energies are calculated with the following equation. (Kahn, Ahmad, et al., 2021)

EAd = Esistema - (Eadsorbente + Eadsorbato) + BSSE [1]
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Where (Esistema) 18 the system energy of the system corresponding to the minimum energy of the
interaction of the C39 6 C20X (X=B, N) With the COa, (Eadsorbente)) is the adsorbent energy which

corresponds to the basal state energy of the adsorbent. Ci3o y C20X (X= B, N), (Egdsorbato) 15 the
minimum energy of the molecule of the COs».

The term BSSE is the basis set superposition error, this calculation arises from molecular
interactions. The calculation of the BSSE is of utmost importance because during the molecular
interaction there are variations in the energy of each molecule due to the superposition of the wave
functions of each molecule (Boys & Bernardi, 1970). We used the BSSE calculation methodology
implemented in the ORCA software to calculate the interaction energy of C3zo, C20X (X=B, N) and CO
which is obtained by the following equation:

BSSE = [E¢,, 7 %2(C30) + E ¢, ® ?2(€0,)| — [E(,, “3°"%2(C39 — €0O3) + E 0,302 (C30—C€0,)|  [2]

Where, E, 0630_602 (C3p) is the energy of the C3o, obtained from the geometrical optimisation of
the system C30-COz calculated on the basis of C3o, E¢o, €30=€02((0,) is the energy of the CO», obtained
from the geometrical optimisation of the system C30-CO2, calculated on the basis of CO»,
E., ©07¢%2(Cy0 — CO,) is the energy of the CO; obtained from the geometrical optimisation of the

30

system C30-CO2 y E¢o, €307C02(C, —CO0,) is the energy of the CO; calculated from the optimisation of

the system C30-CO; obtained from the base of C3o-CO.. Similarly, the basis set superposition error
(BSSE) is computed for C29B-CO2 and C29N-CO»

Finally, the band gap energy is calculated from the energy of the highest occupied molecular
orbital (HOMO) and the energy of the lowest unoccupied molecular orbital (LUMO).

Results
Minimum energies of cso, c29X (X=B, N) interacting with CO:
Table | shows the minimum energies of each of the c30, c20X (X=B, N) structures interacting withco> at

different doping sites. Observing that the minimum energies at the different doping sites vary for each
structure.

Table 1
Doping sites and minimum energy of each of the systems C3oy C20X (X=B, N)

DOPING SITES C20X-CO2 SYSTEM ENERGY (eV)
C3-CO2 -1329.69006
PHH C29B-CO» -1316.562063
C29N-CO; -1346.407651
Cs0-CO2 -1329.690815
PPH C29B-CO2 -1316.584383
C29N-CO; -1346.427076
Cs0-CO2 -1329.689821
PPP C29B-CO» -1316.584383
C29N-CO; -1346.432648

Source: Own elaboration
System Csp-CO:

The energy of the Cs0-COo-CO: system was calculated after optimisation. Figure 4 shows its adsorption
energy at the doping sites from lowest to highest; two pentagonal rings and one hexagonal ring (PPH),
two hexagonal rings and one pentagonal ring (PHH), three pentagonal rings (PPP). Observing that as the
adsorption energy becomes more negative, the distance to theco, molecule becomes shorter. This
behaviour has an impact on the doping site.
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Figure 4
System Czo-CO,: Adsorption energy (a), Ratio of adsorption energy to distance (b)

Source: Own elaboration

Table 2 presents the adsorption energy (gad), the BSSE superposition error, the HOMO energy,
the LUMO energy and the energy of the forbidden band (Ecap).

Table 2
system variables C3o-CO>

HOMO |LUMO

DOPING SITES ’ C29X-CO: (eV) ’ Ead TOTAL (V) ‘ BSSE (eV) ‘ V) V)

PPH C20-COz -0.003159 0.002494  [-4669 [-4.236  |0.433
PHH C20.CO» -0.002664 0002234  |-4.673  |-4.244 | 0.429
PPP C20-COz -0.0025384 0.002121  |-4686  |-4.244 | 0.442

Source: Own elaboration

In the fullerene Cso, Carbon atoms have sp? hybridisation, which allows the formation of
molecular orbitals that are distributed throughout the structure. According to band theory, the electrons
in these orbitals move freely within bands formed by the overlap of these orbitals. The bonding molecular
orbitals contribute to the formation of the conduction band. In materials such as metals, the valence band
and conduction band can overlap, facilitating electrical conduction. In other materials, the separation
between these bands is marked by a band gap, which limits electrical conductivity.

Figure 5 shows the optimised HOMO and LUMO boundary orbitals for the czo-coz2 System, which
is related to Fukui's theory, plays a fundamental role in determining the chemical reactivity of a molecule
in interaction with other molecules. The energy difference between the HOMO and LUMO, known as
the HOMO-LUMO gap, corresponds to the lowest excitation energy. In the boundary orbitals, two
regions with opposite signs are displayed in the wave function: a positive phase (shown in blue) and a
negative phase (shown in red). These phases correspond to the electron density distribution in the
molecules, where the colours indicate the alternating signs of the wave function.
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Box 7
DOPED SITES OPTIMIZED SYSTEM HOMO LUMO
PPH
PHH
PPP
Figure 5

HOMO and LUMO boundary orbitals of the C30-CO; system at different doping sites
Source: Own elaboration

System C29B-COz and Cx9N-CO2

The system was calculated C29B-CO; ang C20N-CO2 after optimisation. In figure 3.3, it shows the
adsorption energy of coggandcoy, reflecting a lower to higher adsorption energy with respect to the doping
sites; double pentagon ring and a hexagon ring (PPH), triple pentagon ring (PPP), double hexagon ring
and a pentagonal ring (PHH). The relationship between distance and adsorption energy of the c29g-co2
system. A carbon bond of theco2-doped fullerene structure is observed at the PPH doping site.
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System co9-co2: Adsorption energy (a), Adsorption energy and distance ratio (b).
System coon-coz: Adsorption energy (c), Adsorption energy and distance ratio (d).
Source: Own elaboration
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In the c2oN-CO2 system, the interaction of c2oN andcozis shown, reflecting a lower to higher
adsorption energy with respect to the doping sites; triple pentagon ring (PPH), triple pentago ring (PPP),
double hexagonal ring and a pentagonal ring (PHH). (see figure 6). The relationship between distance
interaction and adsorption energy of the C2oN and CO: system decreases, but at different doping site
compared to the cogs-coz2 System in figure 3.3 (see figure 6). Table 3 presents the results obtained for the
C29B-CO2 and C29N-CO2 systems: Adsorption Energy, HOMO, LUMO and EGap (energy gap
between HOMO and LUMO). These variables have been calculated for the optimised systems at their
different doping sites.

Table 3.3
System variables C29B-CO; y C2N-CO;

DOPING SITES | C2sX-CO> |Ead TOTAL (6V) |BSSE (eV) | HOMO (V) LUMO (eV) | Egapev)
PHH C29B-CO2 -0.003060846 | 0.002283154 -0.584 -0.083 0.501
C2sN-CO» -0.004128 0.002689 -0.594 -0.112 0.482
PPH C29B-CO; -0.013416 0.007284 -1.374 -0.887 0.487
C2oN-CO2 -0.004601 0.003458 -0.626 -0.081 0.545
PPP C29B-CO2 -0.004862 0.003166 -0.593 -0.096 0.497
C2sN-CO» -0.009413 0.003001 -0.568 -0.109 0.459

Source: Own elaboration

Figure 7 shows the optimised geometry of each of the systems, showing the distributions of the
HOMO and LUMO orbitals corresponding to each doped structure.

Box 10

DOPED OPTIMIZED SYSTEM HOMO LUMO

g4
D€
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& @
&ﬁi@i
¢ @

\

PHH

£

h
- § @ ;o
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Figure 7
HOMO and LUMO boundary orbitals of the C29B-CO2 system at different doping sites (1)
HOMO and LUMO boundary orbitals of the C29N-CO2 system at different doping sites (2)

3 3

Source: Own elaboration
Conclusions

The results obtained for the adsorption energy of c30 and c20X (X=B, N) in the presence ofcoz indicate that
the doping site with some element has an impact on the optimisation process. However, it was observed
that depending on the family group to which the element belongs, the doping site and its properties will
not always be in the same order for all of them. These are due to the electronegativity, atomic size and
orbital properties of the elements, which affect both the polarity and charge distribution in the system,
thus modifying theco, adsorption capacity in the molecular structure.
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