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Abstract: The present study focused on 
the activation of C60 fullerene molecule by 
attacking it with an FCC Pt4 platinum surface 
around the outer surface. The calculations 
are carried out on DFT-Quantum Molecular 
Dynamics level of theory as implemented 
in Biovia Materials Studio modeling and 
simulation software. DMol3 is used to calculate 
total energies, electronic charge density, 
HOMO-LUMO energies for the treatment of 
global reactivity under Koopmans scheme, 
where energies are obtained by single point 
calculations. In addition, we calculate global 
electronic parameters that explain the reactive 
behavior of C60Pt4 complex. Based on these 
results: i) The binding energy 80.872 eV of the 
Pt4C60(AC) indicates that this system strongly 
chemisorbed. ii) Global electronic parameters 
shown indicate reactivity of activated 
complex. iii) The C60 (AC) exhibit an increase 
area of 37.39% respect to pure C60 molecule. 
iv) Through RDF is pore radius of 21.98 Å 
obtained for C60 (AC), which corresponds to 
mesoporous material for diffusion of chemical 
species is excellent candidate for catalytic 
support with applications to fuel cells.
Keywords: Fullerene (C60); DFT-Quantum 
Molecular Dynamics; catalytic support, 
Platinum; Fuel cells.

INTRODUCTION
The aim of this work is to activate a fullerene 

molecule C60 by inserting a Pt4 platinum cluster 
using quantum molecular dynamics (QMD). 
Carbon-based materials have attracted much 
attention due to electrocatalyst support is one 
of the most critical components in proton 
exchange membrane fuel cells (PEMFC), 
and generally employed to load and disperse 
catalytic metal nanoparticles [1–4]. The 
structure and proper disposal of these metal 
particles make low loading catalyst feasible 
on fuel cell operation [5,6]. The performance 
of PEMFCs is dominated by the activity and 

durability of platinum group metal (PGM) 
catalysts[7–10]. The supported catalyst may 
be greatly influenced by the interactions 
between metal and support, occurring at 
the interface between them. The so-called 
strong metal- support interactions (SMSIs) 
not only influence activity of supported 
metal through an improved electron transfer 
but also enhance stability by hindering 
catalyst particle migration [11]. The platinum 
(supported by high-surface area carbons, i.e. 
Pt/C) is employed as the main electrocatalyst 
material in both anode and cathode [12], 
and for a good reason. Platinum is the best 
single element catalyst in acidic media for 
the hydrogen oxidation reaction (HOR) and 
the oxygen reduction reaction (ORR) taking 
place on the two electrodes, respectively [13, 
14]. The HOR (anodic process) dominates at 
the anode, and the ORR (cathodic process) 
dominates at the cathode. Besides catalytic 
activity, the widespread application of 
platinum in electrocatalysis is due to relatively 
good stability [15–17].

The electrocatalysts of PEM fuel cells 
suffer degradation, mechanism which 
includes dissolution, agglomeration, and/
or detachment of catalytic nanoparticles [17]. 
Particularly, the severe corrosion of supports 
will accelerate electrocatalyst degradation 
[4,18–22]. Catalyst degradation degree is highly 
dependent on the interaction between catalyst 
nanoparticles and support materials, as well as 
of surface chemistry on catalyst supports [9,23]. 
To avoid these issues, the support materials 
should be chemically and electrochemically 
stable, having strong interaction with catalytic 
nanoparticles that favor electrode reactions, 
and stable porous structure [24–28]. In addition 
to great superficial area, which might be 
obtained through great porosity, support 
must also have enough electrical conductivity, 
so that the support act as path for flow of 
electrons. Furthermore, it should have a high 
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percentage of mesopore region (20–500 Å), 
to provide great accessible superficial area to 
both catalyst and diffusion of chemical species, 
these properties make good catalytic support 
[29,30]. The most usual materials to support 
catalyst nanoparticles at low-temperature 
PEMFCs, with high surface area are carbon 
blacks, e.g., Vulcan or Ketjen black [31], steam 
etched carbon blacks [32], and nanographite 
[33], which provide a higher carbon corrosion 
resistance associated with a higher degree 
of graphitic structure. However, the poor 
corrosion resistance which presents carbon 
black, currently some novel carbons and 
graphitized materials have been investigated 
which include carbon nanotube (CNT, 1D) [34–

36], graphene (2D) [34–36], 3D structural carbon 
materials like porous carbon [37–39], carbon 
nanocomposites [40,41], 3D graphene [42], highly 
ordered porous carbon [43], graphitic carbon 
nitride[44], graphitic mesoporous carbon[45], 
and activated carbon composite support[46,47] 
which show greatly overcome the carbon 
corrosion, and exhibit improved stability.

On the other hand, activated carbon is 
prepared from a variety of carbonaceous 
precursors, and then “activated.” Their 
preparation involves two main steps: 
carbonization of carbonaceous raw material at 
temperatures of 800°C in an inert atmosphere, 
and activation of the carbonized product. 
Thereby, all carbonaceous materials can be 
converted into activated carbon, although 
the properties of the final product will be 
different, depending on the nature of the raw 
material used, the nature of the activating 
agent, and the conditions of the carbonization 
and activation processes [48]. Generally, as 
the amount of activating agent increases, the 
porosity development (surface, and pore area) 
is greater, but this is accompanied by a broad 
pore size distribution (PSD), which explains 
its enormous adsorption capacity [49], and it 
is widely used in gas and water purification, 

metal extraction, in medications [50], as well 
as adsorbents, for gas separation, and also as 
catalytic supports [51,52].

Amorphous activated carbon is 
manufactured in many different forms: 
granular, fiber, and powder, as a few numbers 
of them [50]. The precise atomic structure 
of activated carbon is unknown [53]. Many 
theoretical studies suggest that activated 
carbon is derived from a type of non-graphitic 
carbon (it cannot be converted to graphite even 
whether heated to 3000 °C). This non-graphitic 
carbon is composed of disordered graphite 
sheets and consists of sp2 carbon atoms [53, 54]. 
Similarly, activated carbon surface through 
transmission electron microscopy (TEM) 
shows that non-graphitic carbon is composed 
of pentagonal and hexagonal rings [55, 56]. The 
C60 fullerene possesses a stable structure, and 
it has icosahedral geometry Ih, and 180° of 
freedom for each C60 molecule. The symmetry 
of icosahedron for C60 fullerene might be 
increased by applying a number of balance 
methods [57–59]. This molecule has only 46 
frequency degrees of freedom that this forms 
are expected in routine way [60]. It is based on 
a population of icosahedron structure of C60 
that is corresponded with the symmetry form. 
Therefore, all the carbon atoms of fullerene, 
which show sp2 hybridization, are equivalent. 
The sp2 atoms of C60 cause certain little 
pyramidal form, given that all double bonds 
deviate from planarity due to the spherical 
shape of the molecule, which gives it certain 
tension responsible for its reactivity. In most 
reactions, a decrease in tension occurs while 
the sp2 hybridization carbons pass to sp3. The 
C60 has good acceptor capacity similar to 
other organic molecules such as benzo and 
naphthoquinones. Theoretical calculations 
predict low energy triple degenerate LUMO 
for the C60 molecule, so you would expect it to 
accept a maximum of 6 e- [61].
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In recent years, some of the C60 fullerene 
applications doping chemically using 
heteroatoms (e.g., N, S, O, Si, and P), have 
been the focus of intensive researches 
owing to their unique geometries, physical 
properties and potential applications in 
nanotechnology [62]. Due to its curvature and 
pentagon defect compared with graphene and 
carbon nanotube, which might make fullerene 
a better choice for ORR [63]. Also, fullerene 
decorated with alkali metals (AM) or alkaline 
earth metals (AEM) improves the hydrogen 
storage capacity [64]. Most of the fullerene 
chemistry has been carried out with C60, as 
this is the most symmetrical and abundant 
fullerene. In this sense, experimental evidence 
suggests that activated carbon has structure 
similar to that of fullerenes, therefore this 
model allows an understanding of adsorption 
phenomena compared to traditional model 
based on graphite sheets [65, 66]. Hence, the use 
of fullerene type structures in the simulation 
of activated carbon behavior is appropriate [66].

In this work, we carried out DFT-
Quantum Molecular Dynamics calculations 
for activation of one C60 fullerene molecule 
by inserting one platinum FCC Pt4 cluster 
into its outer surface, to evaluate its use as 
catalytic support. We found that by placing 
FCC Pt4 over a hexagonal ring (ah) of the 
C60 fullerene molecule, it is viable for the 
insertion of this FCC Pt4 into the fullerene 
molecule. Therefore, the fullerene is activated, 
and an activated C60Pt4 complex is formed. 
The adsorption energy of the C60Pt4 complex 
corresponds to chemisorption with an 
increase of 18.93 % area of C60Pt4 complex with 
respect to the pure C60 and shows a bandgap 
value of 0.09 eV indicating it is a conductor 
material ideal for catalytic supports. Through 
RDF we calculated an approximation of pore 
radius for this C60(AC) resulting in a value of 
21.98 Å, which is in the range of mesoporous 
material facilitating the diffusion of chemical 

species, and we calculated the global electronic 
parameters showing values of -5.887 eV, 0.045 
eV, 11.11 eV-1, 5.842 eV, 5.932 eV, and 385.06 
eV for chemical potential, hardness, softness, 
electronic affinity, ionization potential, and 
electrophilicity, respectively. This explains the 
reactive behavior of C60Pt4 complex making 
it a suitable candidate to meet requirements 
established for catalytic support.

CALCULATION METHOD
In this work, DFT calculations are carried 

out using Biovia Materials Studio Dmol3 
software [67, 68]. The exchange and correlation 
function is applied using the generalized 
gradient approximations (GGA), and Perdew 
Burke and Ernzerhof (PBE) [69] functional, 
which provides good results in the calculation 
of equilibrium geometries for fullerene 
type compounds [70, 71], with a set of double 
numerical bases (dnd). The set of bases have the 
advantage of being equivalent to the Gaussian 
base 6-31G* for spin unrestricted since some 
studies of fullerene type carbonaceous systems 
use this set of bases that adequately describe 
the electronic structure [72,73].

DFT molecular dynamics (QMD) was 
carried out in the NVE canonical ensemble 
at 300ºK with a step time of 1 fs and a total 
number of 150 steps for each dynamic 
using a maximum of 1000 cycles with an 
SCF tolerance of 1 × 10-6. The convergence 
tolerance for energy change, maximum force, 
and maximum displacement was 2 × 10-5 Ha, 
0.004 Ha/Å, and 0.005Å, respectively. All 
structures were optimized until the forces 
were less than 0.002 Ha/Å. DMol3 module 
is used to calculate total energy, electronic 
charge density, HOMO- LUMO energies for 
the treatment of reactivity globally addressed 
under the Koopmans scheme, where energies 
are obtained by single-point calculations with 
the Hartree-Fock method[74]. In addition, 
Electrostatic Potential, Density of States 
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(DOS), and Partial Density of States (PDOS) 
are calculated.

The calculations of the area of the C60 
fullerene molecule before QMD have been 
carried out by inserting triangles in each 
amorphous carbon ring and using Heron’s 
formula [50]:

 (1)

where 𝑃=(𝑎 + 𝑏 + 𝑐)⁄2 is the perimeter of a 
triangle of a, b, c sides.

The area of C60 molecule after performing 
QMD is calculated using the radial distribution 
function ɡ(r) (pair correlation function[75, 76]), 
which is a very useful quantity in molecular 
dynamics. This quantity represents the average 
distribution of atoms around any given atom 
within the system. This information can be 
used to calculate the coordination number, 
crystallinity, and more, given that several 
macroscopic thermodynamic properties of 
liquids can be expressed in terms of ɡ(r). 
A radial distribution function ɡ(r) can be 
directly obtained by taking all distances from 
the center of the system to each atom of it, 
which in this case is from the center of C60 
fullerene to each carbon atom of the same. 
This calculation is normalized by using the 
following equation:

 (2)

where r is distance, ρ is numerical density 
of the system, and dr is volume. In this case 
the numerical density is:

 (3)

The number N of particles is 60 carbon 
atoms of fullerene, and the volume is calculated 
using the software Atoms and Volume of 
Materials Studio. The area under the curve of 
(RDF) was calculated with the mathematical 
software of dynamic geometry GeoGebra 
programmed in java, it allows the dynamic 
drawing of geometric constructions of all 

kinds as well as the graphic representation, 
the algebraic treatment, and the calculation of 
real functions of variable real, its derivatives, 
integrals, etc.

The binding energies of the compounds are 
determined on the basis of equation [77]:

 (4)

where 𝐸𝐶60𝑃𝑡4 is the total energy obtained 
from the geometry optimization calculation 
of the C60 + Pt4 system, 𝐸𝐶60 is the energy of 
isolated fullerene molecule 𝐶60, and 𝐸𝑃𝑡4 is the 
energy of the isolated Pt4 cluster.

Global electronic indexes, as defined 
within the density functional theory of Parr, 
Pearson and Yang [78–80] are useful tools to 
understand the reactivity of molecules in their 
ground states. For instance, the electronic 
chemical potential µ describing the changes 
in electronic energy with respect to the 
number of electrons is usually associated with 
the charge transfer ability of the system in 
its ground state geometry. It has been given 
a very simple operational formula in terms 
of the one electron energies of the frontier 
molecular orbitals HOMO and LUMO, 𝐸𝐿𝑈𝑀0 
and 𝐸𝐻0𝑀0, as[78, 81]

 (5)

with the requirement of an entire 
population of molecular orbitals, it leads to 
ionization potential (I) and electronic affinity 
(A) [79, 82]

 (6)

 (7)

Parr and Pearson, identify chemical 
hardness as the second derivative of energy 
with respect to the number of electrons at 
a fixed external potential [83, 84], and can be 
understood as the resistance 5 to change of 
the electronic distribution of the system. It is 
determined numerically by approximations 
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based on finite differences, indicating that 
the hardness is related to the “gap” of energy 
between occupied and unoccupied orbitals. 
The softness (𝑆) is the inverse chemical 
hardness (5) and constitutes a useful concept 
on the prediction of chemical reactivity, as 
shown in the following expressions [82, 85]:

 (8)

 (9)

In terms of the electronic chemical potential 
µ and the chemical hardness 5, defined in 
Eq. (2) and Eq. (5), the electrophilicity index 
encompasses both, the propensity of the 
electrophile to acquire an additional electronic 
charge driven by µ2, and the resistance of the 
system to exchange electronic charge with the 
environment described by 5, simultaneously. 
A high value of µ and a low value of 5 
therefore characterize a good electrophile. 
The electrophilicity power has been given as 
the following simple expression [81,86–88]:

 (10)

RESULTS AND DISCUSSION
The fullerene molecule C60 consists of 

60 carbon atoms in a spherical structure of 
radius 3.557 Å composed of hexagonal and 
heptagonal rings. Its structure contains 20 
hexagonal and 12 pentagonal faces, a surface 
area of 1105.33Å2, symmetry Ih 

[89], and bond 
lengths of 1.451 Å and 1.399 Å, for single 
and double bonds respectively, according 
to literature [90– 92], as shown in Figure 1. 
The platinum cluster Pt4 was constructed 
according to literature [93, 94], its surface area is 
103.30 Å2, type symmetry Td, and bond length 
of 2.71Å [95, 96], as shown in Figure 2.

Figure 1. Geometry optimization of C60 
fullerene molecule.

Figure 2. Geometry optimization of Pt4 
platinum cluster.

The highest occupied molecular orbital 
(HOMO) and the lowest unoccupied 
molecular orbital (LUMO) are used to 
determine the charge transfer and molecular 
interactions with other species. The energy 
difference between HOMO and LUMO, 
called bandgap energy, plays an important 
role in determining the chemical stability 
and reactivity of the molecule [97, 98]. The 
HOMO and LUMO molecular orbitals are 
shown in Figures 3 and 4, for the case of the 
C60 molecule and Pt4 cluster, respectively. 
The blue lobes show positive values, and 
negative values correspond to the yellow 
lobes of the wave function. Because of the 
high symmetry properties of C60, the HOMO 
and LUMO distributions are almost on the 
whole fullerene cages, these are six-fold 
and four-fold degeneracies respectively, for 
LUMO degeneracies essentially represent 
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the fullerene property as strongly electron 
acceptors (Figure 3a), and the distribution of 
the electronic density HOMO in this region 
there is a pair of electrons that the molecule 
might easily yield (Figure 3a) [99]. For the Pt4 
cluster, the distribution of HOMO and LUMO 
are located mainly in the Pt atoms, which 
implies that these positions are the active 
centers. The distribution of the electronic 
density HOMO lies on the platinum atoms 
since in this region there are a pair of electrons 
that the cluster can easily lose (Figure 4a). The 
distribution of LUMO (the place of the lowest 
orbitals that are empty) is also found on the 
platinum atoms, (Figure 4b) [100].

Figure 3. Analysis of the spatial HOMO-
LUMO distribution of the C60 molecule, the 
blue lobes show positive values and the yellow 
lobes negative values of the wave function a) 
HOMO analysis, b) LUMO analysis, c) HOMO 
– LUMO analysis of the C60 molecule with an 

energy difference ΔC60 = 1.658 eV

Figure 4. Analysis of the spatial distribution 
HOMO-LUMO of the Pt4 molecule. The blue 
lobes show positive values and the yellow lobes 
negative values of the wave function a) HOMO 
analysis, b) LUMO analysis, c) HOMO – 
LUMO analysis of the Pt4 cluster with an 

energy difference ΔPt4 = 0.165eV.

The electronic properties in organic and 
inorganic systems depend on the HOMO and 
LUMO border orbitals. The molecular orbitals 
extend between all the atoms in a molecule 
and are linear combinations of atomic 
orbitals, the molecular orbitals that interact 
are generally the highest occupied molecular 
orbital HOMO and the lowest unoccupied 
molecular orbital LUMO. The calculations of 
the HOMO-LUMO energy difference or gap 
(∆) for the fullerene molecule C60 and the 
platinum cluster Pt4 are summarized in Table 
1. It is observed that the energy difference 
value for the fullerene molecule C60 is 1.658 eV. 
For the FCC Pt4 cluster, the energy difference 
is 0.165 eV. This indicates that platinum FCC 
cluster tends to easily share electrons.

System HOMO (eV) LUMO (eV) (∆)
Pt4 -3.999 -3.834 0.165
C60 -6.232 -4.574 1.658

Table 1. HOMO-LUMO energy difference or 
gap (∆) of C60 molecule and the Pt4 cluster.
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The energies of the bands are plotted with 
respect to the Fermi level, to which a value of 
zero is assigned. It is observed in Figures 5 and 
6 for the C60 molecule and Pt4 platinum cluster, 
that the band interval at point Q is 1.67 eV 
and 0.171 eV, respectively. This indicates that 
the C60 molecule is a semiconductor material 
similar to GaAs [92], while for FCC Pt4 cluster 
the band gap value is similar to that one of Pt9 
platinum cluster [94].

To analyze the electronic structure of the 
C60 molecule and the Pt4 cluster, the DOS 
and PDOS calculations have been carried 
out. We focus on p orbitals of carbon atoms 
in C60 molecule, and d orbitals of platinum 
atoms [95] in Pt4 cluster, for each independent 
system. Figure 7 shows density of states (DOS) 
and Figure 8 shows partial density of states 
(PDOS) for C60 molecule. The p orbitals of 
C60 molecule play the main role in accepting 
electrons (Fig. 7) due to their relatively high 
ionization potentials, which leads to the 
orbital locations (Fig. 8).

Figure 5. Band gap of the C60 
fullerene molecule.

Figure 6. Band gap of Pt4 cluster.

Figure 7. The p orbitals of C60 molecule 
by means of Density of States (DOS).

Figure 8. Partial Density of States (PDOS) 
of C60 molecule showing s, p and d orbitals. 
Figure 9 shows DOS and Figure 10 shows 
PDOS of Pt4 cluster. The d orbitals at Pt4 
cluster represent the main role to donate 

electrons (Figure 9), due to their relatively 
low ionization energies, which leads to 

delocalization of the orbitals (Figure 10).
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Figure 9. The d orbitals at Pt4 cluster by 
means of Density of States (DOS).

Figure 10. Partial Density of States (PDOS) of 
the Pt4 cluster showing s, p, d and f orbitals.

Table 2 shows the reactivity parameters of 
the two structures: FCC Pt4 cluster and C60 
molecule. The parameters explain the reactive 
behavior of these two systems as shown in 
Figure 11, where chemical potential, hardness, 
affinity, and ionization potential of both C60 
and Pt4 are similar, and the electrophilicity of 
C60 is approximately 5 times lower than that 
of Pt4. The chemical potential μ calculated 
in these two systems shows the tendency 
of electrons to escape from an equilibrium 
system, so that, a good electron donor (as 
𝜇Pt4 ) outcomes when electrons flow from 
higher to lower regions of chemical potential 
(as 𝜇C60 ), which is a good electron acceptor. 
Then, with these high and low potentials, 

there is a possibility that a molecule produces 
or accepts electrons, which favors electronic 
transfer [85,101].

There is a relationship between chemical 
hardness η and system stability, so that, the 
molecular system becomes more stable when 
chemical hardness increases, the calculated 
value of chemical hardness of fullerene 
molecule C60 (5C60 ) is found to be higher 
than that one obtained from the platinum 
cluster Pt4 (5𝑃𝑡4 ), which indicates greater 
difficulty of electrons to leave C60 molecule 
than for the Pt4 cluster [85]. The calculated 
electronic affinity values of C60 molecule (𝐴C60 
) show a characteristic great value in systems 
that can easily accommodate an excess of 
electrons coming from the surroundings 
compared to the Pt4 (𝐴Pt ) platinum cluster 
[101]. The ionization potential values of the C60 
molecule (𝐼C ) are the greatest, this indicates 
the tendency of fullerene molecule to bring 
or accept a pair of electrons, therefore in the 
case of Pt4 cluster (𝐼Pt4 ), the obtained values 
represent the main role to donate electrons [88]. 
The electrophilicity index of Pt4 cluster (𝜔Pt ) 
is greater than that of fullerene molecule C60 
(𝜔C60 ), this increase in electrophilicity is in 
accordance with strong electrophiles, since 
they exceed the value of ω> 1.5 eV [81], so it 
results in a great acceleration of a chemical 
reaction. Therefore, due to catalyst (𝜔Pt4 ) 
effect, the strong increase in electrophilicity 
value can be explained [81].

System 𝜇
(eV)

𝐴
(eV)

𝐼
(eV)

y
(eV)

𝑆
(eV)-1

𝜔 
(eV)

Pt4 -3.916 3.834 3.999 0.0825 6.06 92.90
C60 -5.403 4.574 6.232 0.829 0.6031 17.60

Table 2. Reactivity parameters of the C60 
fullerene molecule and the Pt4 cluster
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Figure 11. Global descriptors of reactivity.

Electronic density and electrostatic 
potential are significant characteristics in 
reactivity, as shown in the C60 molecule and 
Pt4 cluster, becoming useful application to 
predict the reactivity of molecules on each 
space point. It allows visualizing space regions 
towards which atoms are attracted positively or 
negatively (regions of either positive or negative 
electrostatic potential) [47]

. The electrostatic 
potential maps are shown in Figure 12, allowing 
visualization of how electrons are distributed in 
the two structures: C60 molecule (Figure 12a), 
and Pt4 cluster (Figure 12b). The red regions 
indicate high electronic density, while blue 
regions indicate low electronic population. The 
intermediate states follow rainbow order from 
the center to external border, according to the 
major or minor presence of electrons, and thus 
green and yellow colors close to the center 
border of the structure indicate homogeneous 
electronic balance.

Carbon atoms possessing the same 
electronegativity should give an almost 
homogeneous electronic distribution, and 
there is no preferential place where electrons 
are circulating, but our map tells us that the 
external part of the C60 fullerene structure and 
bonds of Pt4 cluster have higher electronic 
density; therefore Pt4 cluster is oriented 
toward the center of a hexagonal face (ah) 

of C60 molecule, with bonds of Pt4 cluster 
over single bonds of a hexagonal ring of C60 
molecule, and it is the input configuration 
feasible to carry out molecular dynamics as 
shown in Figure 12 (c).

a) b)

c)

Figure 12. Electronic density and electrostatic 
potential. a) Fullerene, b) Pt4 cluster, c) 

Orientation of Pt4 cluster attacking fullerene.

The Pt4 cluster enters through the center 
of a hexagonal face of the C60 fullerene, at 
distance of 1.7 Å from the inserted Pt into 
the fullerene to the nearest carbon atoms, as 
shown in Figures 12c and 13a; this is the input 
configuration system for molecular dynamics 
calculation. The output after 100 steps of 
molecular dynamics is shown in Figure 13b, 
where it is observed that Pt4 cluster open the 
fullerene in a hexagonal carbon ring of the 
C60 molecule, the bonds are broken without 
liberating any carbon atom, and according 
to literature this corresponds to activated 
carbon (AC) structure [55, 66]. In this sequence, 
Pt4 cluster has been now set inside to the new 
C60(AC) molecule for a second molecular 
dynamics, which is carried out in 30 steps, 
and its output shown in Figure 13c. Then, a 
new C60(AC) molecule is now observed as 
a deformed carbon nanotube. In the third 
molecular dynamics of 15 steps of this 
sequence, it is observed (Figure 13d) that Pt4 
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cluster has been set closer to the exit side, with 
tendency to leave from the new deformed 
C60(AC) molecule. In the fourth molecular 
dynamics of 50 steps, we can see how the 
Pt4 cluster of the already deformed C60(AC) 
molecule has been set emerging, as shown in 
Figure 13e, and the fifth molecular dynamics 
of 50 steps, the Pt4 cluster is outside of the 
final form of the C60(AC) molecule (Figure 
13f) forming a Pt4C60(AC). Considering this 
final form of the system after whole molecular 
dynamics as shown in Figure 14, the average 
length among two carbon atoms (C-C) is 
1.404Å bond, which according to Harris 
the experimental result exhibits 1.42 Å [55, 56] 
value. The difference among theoretical and 
experimental results is 1.13%.

a) b)

c) d)

e) f)

Figure 13. DFT Molecular Dynamics (QMD) to 
obtain Pt4C60 complex outputs: a) Input Pt4+C60, 
b) 1st QMD output of 100 steps, c) 2nd QMD 
output of 30 steps, d) 3rd QMD output of 15 
steps, e) 4th QMD output of 15 steps, f) 5th QMD 
output of 50 steps. The gray and dark blue spheres 

represent the C and Pt atoms, respectively.

Figure 14. Pt4C60(AC) complex.

The Kekulè connectivity calculations for 
Pt4C60(AC) complex are shown in Figure 15a, 
where bond length tolerance is 0.6 to 1.15 
Å. The adsorption energy of the system is 
calculated using equation (1). The total energy 
obtained from the geometry optimization of 
doped complex, fullerene molecule and the 
isolated platinum cluster is 𝐸𝑃𝑡4𝐶60 = 385.449 
𝑒𝑉, 𝐸𝐶60 = 455.546 𝑒𝑉, and 𝐸𝑃𝑡4 = 10.775 𝑒𝑉, 
respectively. Therefore, the adsorption energy 
value of this doped complex is 𝐸𝑎𝑑 𝑜ƒ 𝑃𝑡4𝐶60 
= 80.873 𝑒𝑉 . Hence, there is a covalent bond 
between FCC Pt4 cluster and C60 fullerene 
molecule [95, 102], indicating that the system is 
strongly chemisorbed according to the range 
handled by Atkins [103, 104]. This indicates that it 
is electrochemically stable since it has a strong 
interaction with catalytic nanoparticles, 
which is in agreement with what was stated 
by Kim et al.[105] and Antolini [30] for catalytic 
support. According to Figure 15a, the bonds 
of both hexagonal faces of C60 molecule have 
been broken, where the Pt4 cluster is inserted 
and exited, none carbon atom in the molecule 
is detached, and according to literature, it is 
an activated complex C60Pt4 [55, 66, 104].

Pore radius of C60 activated (Figure 
15b) has been approximated to 21.98 Å 
through analysis of Forcite module the 
Radial Distribution Function (RDF) [30, 106] 
(6.18 times of that for original fullerene), a 
diameter of 43.96Å, and a superficial area 
of 1518.715 Å2 (see Appendix). Fullerene 
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C60 activated is mesoporous, the particles of 
the FCC Pt4 catalyst remain supported on 
the surface, in the pores of this mesoporous 
carbon. This agrees with that mentioned by 
Antolini [30]: the catalytic support must have 
the property of being a mesoporous material. 
This mesoporous surface gives rise to a highly 
effective surface area accessible to the catalyst, 
has high catalytic activity, provides electron 
flow transport, and stimulates chemical 
diffusion of species, as a catalytic supported 
[11, 105, 30, 106].

a) b)

Figure 15. (a) Kekulè connectivity of the C60Pt4 
complex, (b) C60 activated

Figure 16 represents the molecular orbitals 
HOMO and LUMO for the case of C60Pt4 
complex. The blue lobes show positive values 
(bonding) and yellow lobes for negative 
values (antibonding) of the wave function. 
For the system (Figure 16a) the distribution 
of the HOMO electronic density is found in 
the double bonds and in the platinum cluster, 
in this region, there is a pair of electrons that 
can easily be given by the system. As it can be 
seen, the distribution of LUMO is over carbon 
atoms, a place of the lowest empty orbitals 
(Figure 16b).

Figure 16. HOMO-LUMO spatial distribution 
analysis of the C60Pt4 complex, bonding and 
antibonding wave functions correspond to 
blue and yellow lobes, respectively, a) HOMO 
analysis, b) LUMO analysis, c) HOMO – 
LUMO analysis of C60Pt4 complex, with an 

energy difference ΔC60Pt4 = 0.09eV.

The calculation of the HOMO-LUMO 
energy difference or gap (∆) for the C60Pt4 
complex is summarized in Table 3. It is 
observed that their energy difference is 
0.09eV. This indicates that it is relatively easy 
for this complex to adsorb metallic particles, 
and it can act as a route for the flow of 
electrons, facilitating the transport of charge 
during the process. This is consistent with 
what was mentioned by Cherevko et al. [17], 
Antolini [30] and Modak et al. [90] about that 
catalytic support must have good electrical 
conductivity.

The band energies are plotted with respect 
to the Fermi level, which has zero value 
assigned. In Figure 17, it is observed that 
the band gap at Q point reduced to 0.09eV, 
behaves as conductor for C60Pt4 system. This 
fact facilitates the flow of electrons during the 
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System HOMO 
(eV)

LUMO 
(eV) (∆) 𝜇

(eV)
𝐴 

(eV)
𝐼

(eV)
y 

(eV)
𝑆

(eV)-1
𝜔

(eV)
C60Pt4 -5.932 -5.842 0.09 -5.887 5.842 5.932 0.045 11.11 385.06

Table 3. HOMO-LUMO energy difference or gap (∆) and reactivity parameters of C60Pt4 complex

process as catalytic support [17, 30].

Figure 17. Band gap of C60Pt4 System.

The Density of States (DOS) and 
Partial Density of States (PDOS) analysis 
is an effective method to understand the 
interaction between Pt4 cluster and C60 
molecule to get C60Pt4 complex. In the process 
of bond formation, valence electrons achieve 
a fundamental role. We focus on p and d 
orbitals of carbon and platinum atoms of 
C60Pt4 complex. Figures 18, and 19, exhibit 
density of states (DOS), and partial density of 
states (PDOS), of C60Pt4 complex, respectively. 
The p orbitals of C60 molecule take the main 
role in accepting electrons (Figure 18) due 
to their relatively high ionization potentials, 
which leads to orbitals location (Figure 19). 
The d orbitals of Pt4 cluster represent the main 
role to donate electrons, due to their relatively 
low ionization energies, which leads to orbitals 
delocalization (Figure 19).

Figure 18. The p orbitals of the C60Pt4 complex 
using Density of State (DOS).

Figure 19. Partial Density of States (PDOS) of the 
C60Pt4 complex showing s, p, d and f orbital states.

When Pt4 cluster is compatible with C60 
fullerene, the sharp peak near to Fermi level 
for p orbital of carbon weakens, and orbital d 
of Pt4 cluster moves towards the lowest energy. 
Together overlap completely, this means that 
platinum orbital hybridizes with p orbital of 
carbon. Therefore, there is a strong covalent 
interaction between the platinum and carbon 
atoms with greater adsorption energy, which 
improves the stability of the catalyst [95, 107].
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Table 3 shows the reactivity parameters of 
the C60Pt4 complex. The chemical potential 
calculated for C60Pt4 system is 𝜇C60Pt4 = −3.205 
eV, and indicates that there is a possibility that 
a molecule produces or accepts electrons, 
which favors electronic transfer, compared 
to the value of a non-functionalized activated 
carbon [54]. There is a relationship between 
chemical hardness η and system stability, 
so that the molecular system improves 
its stability when its chemical hardness 
increases. The calculated chemical hardness 
value (5C60Pt4 ) has been found to be lower 
compared to the structure value of a non-
functionalized activated carbon, indicating 
less difficulty of electrons to leave from 
C60Pt4 complex [54, 85]. The electronic affinity 
(𝐴C60Pt4 = 0.535 𝑒𝑉) calculated value exhibit 
characteristic great value in systems that can 
easily accommodate an excess of electrons, 
coming from the surroundings compared to 
the values obtained from a non-functionalized 
activated carbon [54]. The ionization potential 
values of the system (𝐼C60Pt4 ) are higher, 
this indicates the tendency of the system to 
bring or accept a pair of electrons, therefore, 
it facilitates charge transport, compared to the 
value of the structure of non-functionalized 
activated carbon 𝐼C60Pt4 =5.875eV [54]. The 
electrophilicity index (𝜔C60Pt4 ) calculated 
is greater than the structure value of an non-
functionalized activated carbon of 𝜔C60Pt4 
= 1.924 eV [54], in addition, it is greater 
than ω > 1.5 eV value, and considered as 
strong electrophiles. Therefore, the effect 
of the catalyst allows the reaction rate to be 
improved, this is due to the strong increase in 
the electrophilicity power of (𝜔Pt4 ) [81], in this 
way, electrophilicity, results in an increase in 
charge transfer, with an improvement in the 
reaction rate since it increases its catalytic 
activity by being supported on the C60 
molecule.

CONCLUSIONS
We carried out the activation C60 fullerene 

molecule by inserting FCC Pt4 cluster since 
its outer surface, by attacking as an inverted 
pyramid toward a hexagonal (ah) face of C60 
fullerene, with the bonds of Pt4 staying over 
single bonds of C6 ring of fullerene. We found 
that it is a good orientation for insertion 
of cluster into fullerene for achieving the 
activation using Materials Studio Dmol3 
program. First, by DFT-QMD calculations, 
FCC Pt4 cluster is inserted into a C60 fullerene 
by breaking C-C bonds after geometry 
optimization. We obtained an increased 
area of 37.39 % for C60 (AC) with respect to 
the pure C60, making the evaluation of this 
complex as catalytic support due to the large 
surface area shown during the activation, 
facilitating electron transfer, resulting in 
better device performance. We also calculate 
the binding energy of the C60Pt4 complex, 
showing a value of 80.872eV indicating 
that the system is strongly chemisorbed. 
Second, the C60Pt4 complex shows values of 
5.93 eV and 5.84 eV for HOMO and LUMO 
respectively, with a bandgap of 0.09 eV 
indicating that it is a conductor material. 
Besides, the d orbitals of platinum FCC Pt4 
cluster move towards the lowest energy level, 
and the energy region overlaps well with that 
of p orbitals of C60 fullerene that improve 
the stability of the platinum catalyst. Third, 
through radial distribution function (RDF) 
the pore radius 21.98 Å of the molecular 
complex is calculated, being a mesoporous 
material (20–500 Å) that facilitates diffusion 
of chemical species as required according to 
literature. In addition, in a mesoporous carbon 
support catalyst, the metal catalyst particles 
are distributed and supported on the surface 
or in the pores of the mesoporous carbon. A 
mesoporous surface area gives rise to high 
dispersion of Pt particles, which resulted in 
a large effective surface area of Pt with high 
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catalytic activity. The mesoporous structure 
also facilitates smooth mass transportation 
to give rise to high limiting currents. Fourth, 
we calculated the global electronic parameters 
that show values of -5.887 eV, 0.045 eV, 11.11 
eV-1, 5.842 eV, 5.932 eV, and 385.06 eV 
for chemical potential, hardness, softness, 
electronic affinity, ionization potential, and 
electrophilicity respectively, that explained 
the reactive behavior of C60Pt4 complex, 
resulting in an increase in charge transfer, 
with an improvement in the reaction rate 
since it increases its catalytic activity when the 
Pt4 cluster is supported on the C60 molecule. 
According to these results, the C60 (AC) is an 
excellent candidate for catalytic support with 
applications to fuel cells.

APPENDIX
The pore size of the carbon C60 activated is 

approximated by means of radial distribution 
functions (RDF). First, through a cubic cell 
has been built in the Amorphous Cell Tools 
module of BIOVIA Materials Studio, with 
dimensions of 66.9 Å per side, a density of 
0.004 g/cm3, and a temperature of 298 K. The 
activated C60 system is introduced in this cell 
and using analysis of Forcite module the Radial 
Distribution Function, as seen in Figure A1. 
These dimensions have served to cover an 
approximate diameter of the activated C60 
carbon molecule, and contrast with the results 
obtained here below, through polynomial fits 
for manual calculations of ɡ(r).

Figure A1. Area under the curve of the ɡ(r) (or 
RDF) of the carbon C60 activated.

An approximation to pore size is obtained 
through the radius by using circle area 𝐴 = 𝜋𝑟2 

through the equation 𝑟 =  and diameter 
𝑑=2𝑟.

The area under the curve of this ɡ(r) is 
1518.715 Å2, so the pore size of this activated 
C60 carbon molecule is 𝑟 = 21.98 Å, which 
implies a pore diameter 𝑑 = 43.96 Å. This 
pore size value for activated C60 corresponds 
to a mesoporous material of a catalyst support 
that provides an accessible surface area to 
the catalyst and to promote the diffusion of 
chemical species.

Second, the pore size of the C60Pt4 and C60 
activated systems has been calculated through 
manually radial distribution function (RDF). 
The area under RDF curves shown in Figures 
A2 and A3 is calculated using software 
GeoGebra. First, Figure A2 corresponds to 
the following polynomial function for C60Pt4 
system:

ƒ(x) = x20 + x19 − x18 + x17 − x16 
+ x15 − x14 + x13 − x12 + x11 − x10 
+ x9 − 0.02x8 + 0.29x7 − 2.67x6 
+ 18.08x5 − 86.19x4 + 272.38x3 

− 523.31x2 + 530.91x − 179.72

Data of this polynomial function has 
correlation coefficient of 0.996270 and error 
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of 0.06700. Second, Figure A3 corresponds 
to the following polynomial function for the 
activated C60 is:

ƒ(x) = x16 − x15 + x14 − x13 + x12 
− x11 + x10 − x9 + x8 − x7 + 0.04 
x6 − 0.43x5 + 3.46x4 − 18.31x3 

+ 58.31x2 − 96.63x + 90.75

Data provided by this polynomial function 
has correlation coefficient of 0.996259 and 
error of 0.06791.

Notice that the surface area of C60 fullerene 
is 1105.33Å2 as mentioned previously. The area 
under the curve of the C60Pt4 system which 
has the polynomial function of 20 grade is 
A=1200.68 Å2. Then, pore size diameter is 𝑑 = 
39.09 Å or radius 𝑟 = 19.54 Å. For the case of 
C60 activated, the area under the curve having 
the polynomial function of degree 16 is A = 
1337.5 Å2. Then, pore size diameter is 𝑑 = 
41.26 Å or radius 𝑟 = 20.63 Å. this is only one 
point of the pore size distribution (psd), which 
according to measurements of micropore 
size distribution (mspd) for activated carbon 
through ZnCl2 

[110] the most populated results 
remain at 9 Å among the distribution range of 
6 Å to 18 Å. In this case, the pore size values 
correspond to mesoporous size of C60 catalytic 

support, to provide an accessible surface area 
to the catalyst and to stimulate the diffusion of 
chemical species.

Figure A2. Radial Distribution 
Function of C60Pt4 system activated

Figure A3. Radial Distribution Function of C60 
activated.
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