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In this report we present a theoretical study (Density Functional Approximation), focusing on the stability
and the free radical scavenger capacity of metal-fullerenes. We also denominate free radical scavenger
capacity as antioxidant or antiradical. Two different fullerenes have been considered for this investiga-
tion: Cgo and Cgp. Three transition metals were included to form the metal-fullerenes: copper, silver
and gold (one atom and a cluster formed with four atoms). We analyzed the free radical scavenger capac-

ity considering two mechanisms: electron transfer (ET) and radical adduct formation (RAF). From this
report, it is evident that the presence of metals considerably improves the antiradical capacity of fuller-
enes. This may be useful for future applications of these systems.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Back in 1985, Kroto et al. [ 1] produced a remarkably stable clus-
ter with 60 carbon atoms (Cgg) which is classified as an allotrope of
carbon. As the structure of this cluster resembles a geodesic dome,
authors named Cgg as buckminsterfullerene, in honor of Richard
Buckminster Fuller who was an architect who popularized this
structure. After the discovery of Cgo, many others allotropes fol-
lowed and the name was shortened to fullerene. Today this refers
to molecules ranging from C,q to Cy70, which constitute the fuller-
ene family [2-6]. In these molecules, the suffix ene indicates that
each carbon atom is covalently bonded to three others. These
new carbon allotropes provoked great interest due to their special
structural and electronic properties [7-23]. In particular, fullerenes
can be considered very effective free radicals scavengers (in this
report, we will use free radical scavenger, antioxidant and antirad-
ical as synonymous) [15-23]. They neutralize reactive oxygen spe-
cies (ROS) such as the superoxide radicals that produce the so-
called oxidative stress that is correlated with chronic neurodegen-
erative diseases such as Alzheimer [24-27]. The capability to scav-
enge free radicals makes fullerenes very interesting due to
potential applications in medicine and biochemistry. A large empty
space within the structure of fullerenes offers the possibility of
storing materials.

Apart from fullerenes, metal-fullerenes represent other inter-
esting systems that include metals (atoms or clusters). Several

* Corresponding author.
E-mail address: martina@unam.mx (A. Martinez).

http://dx.doi.org/10.1016/j.comptc.2017.06.015
2210-271X/© 2017 Elsevier B.V. All rights reserved.

investigations have reported on the methods of synthesis, stability
and physicochemical properties of these systems [28-53]. During
the past two decades, investigation of metal-fullerenes has
attracted considerable interest, because of the possibility of using
them to develop novel materials. They represent a challenge in
terms of their synthesis and unique properties, with potential for
a variety of applications [35-47]. It can be said that metal atoms
and clusters functionalized fullerenes, increasing their reactivity.

Metal atoms and clusters of metal-fullerenes can either be
localized inside the cage, i.e. encapsulated (endohedral) or outside
(exohedral). In order to synthesize endohedral compounds, fullere-
nes are dissociated and the cage is opened to allow the insertion of
several atoms, clusters and molecules. Apparently, endohedral
fullerenes are woven around the atom or cluster in order to reside
in the interior. This technique is named molecular surgery [29] and
is a successful procedure used to encapsulate atoms, molecules and
metal clusters within fullerenes. Techniques employed to produce
these systems contemplate the dissociation of the fullerene sur-
faces, eliminating the possibility of calculating binding energies
for the formation of these systems in a classical way i.e. considering
that the reactants (fullerenes and metal atoms or clusters) are at
infinite distance. It is therefore more real to calculate atomization
energy for the purposes of experimental procedure, but even with
this value, we do not represent molecular surgery as the metal-
fullerene is not necessarily constructed using an atom by atom pro-
cess. Methods to synthesize endo and exohedral metal-fullerenes
are different and therefore their stability cannot be compared.

To obtain effective experimental yields, it is important to
understand the chemical formation mechanism of metal-
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fullerenes and for this reason ongoing research is considering syn-
thesis, using lasers and other methods. Previous reports specifically
indicated the stability and reactivity of metal-fullerenes that
included copper, silver and gold [50-55]. Studies of reactivity
and the analysis of different electronic and magnetic properties
indicate that the presence of these transition metals in endo and
exohedral metal-fullerenes modifies physicochemical properties
and increments chemical reactivity.

In spite of all these investigations, no previous reports have
described the free radical scavenger properties of metal-
fullerenes. As already pointed out in this introduction, fullerenes
can be considered very effective antioxidants, as they behave as a
free radical sponge [ 15-23]. Moreover, the presence of metal atoms
and clusters improves the chemical reactivity of fullerenes, and it
was previously reported that metals bonded to organic systems
modify electron donor acceptor capacity and therefore antiradical
capacity [56-60]. This information appears to suggest that fullere-
nes containing metals should improve capacity for trapping free
radical species. Therefore, a good hypothesis would infer that the
presence of metal atoms and clusters would improve the antiradi-
cal capacity of these fullerenes. Following these ideas, we report a
theoretical study (Density Functional Approximation) concerning
the stability and the free radical scavenger capacity of metal-
fullerenes formed from two different fullerenes (Cgp and Cgp) and
three transition metals: copper, silver and gold. We considered
one metal atom in order to analyze the influence of the minimum
amount of metal. We also investigated the effect of clusters formed
from four atoms since it was reported before that this is the min-
imum size of the cluster that present interesting properties, for
example, in photographic action [61]. Two free radicals were
employed in this investigation: OH and OOH. The first one is the
most reactive free radical and it reacts as soon as it is produced.
The reactivity of the second is less than that of the first and for this
reason allows us to discriminate and classify the systems using the
reactivity as an indicator. Two mechanisms were used to analyze
antiradical capacity: electron transfer (ET) and radical adduct for-
mation (RAF). The presence of metals considerably improved the
antiradical capacity of fullerenes.

2. Computational details

Gaussian 09 implementation [62] was used to calculate geome-
try optimization and electronic properties of Cgg and Cg,, interact-
ing with metal atoms and clusters in gas phase. Initial geometries
were fully optimized at MO6/LANL2DZ level of theory [63-70]. In
order to verify optimized minima, harmonic analysis was per-
formed and local minima were identified (zero imaginary frequen-
cies). To analyze the ET mechanism ie. the capability to either
donate or accept an electron, the vertical ionization energy (I)
and the vertical electron affinity (A) were obtained from single
point calculations of cationic and anionic molecules, using the opti-
mized structure of the neutrals. FEDAM (Full Electron Donor-
Acceptor Map) was previously reported as a visual tool [71-74].
In this map (see Fig. 1) I and A are plotted and allow us to classify
substances as either donors or acceptors of electrons. Electrons will
be transferred from molecules located down to the left of the map
(good electron donors) to those molecules that are up to the right
(good electron acceptors).

To study the RAF mechanism, several initial geometries were
analyzed. Two free radicals were considered: OH and OOH. Free
radicals were bonded to three different positions of endo and exo-
hedral metal-fullerenes, as indicated in Fig. 2.

The RAF mechanism was studied according to the following
reaction scheme.

FUL-My + R — [FULMNR] (1)

Good Electron Acceptor
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Fig. 1. Full Electron Donor-Acceptor Map (FEDAM).
AGgar = G([FULMyR]) — G(FUL-My) — G(R) (2)

R is the free radical (OH or OOH); M represents Cu, Ag or Au in
all cases; N is the number of metal atoms (1 or 4); FUL is Cgg or Cgy;
FUL-My is the fullerene with the metal atom or cluster; FULMyR is
the adduct formed with the metal-fullerene and the free radical.

To analyze the suitability of the computational method we
compare our results with available data for Cgg and Cg, [75] and
we found a maximum error of seven percent in the ionization
energy and less than three percent in the electron affinity.

3. Results and discussion
3.1. Endohedral and exohedral fullerenes

Fig. 3 reports the optimized geometries of endo and exohedral
metal-fullerenes with one metal atom (Cu, Ag or Au; Cgo and Cgo,
respectively). Endohedral metal-fullerenes present the metal atom
in the middle of the cage. For the exohedral metal-fullerenes, the
Ag—C bond distance (2.30 or 2.20 A) is larger than the Au—C bond
length (2.19 or 2.12 A) due to the relativistic effects of the gold. Cu
has the smallest atomic radius and for this reason Cu—C bond dis-
tances are the shortest (1.97 or 1.95 A).

Optimized geometries of metal clusters (My) interacting with
Cso and Cgy are presented in Fig. 4. The metal cluster structure of
endohedral metal-fullerenes is a tetrahedron, probably so as to
avoid repulsive interactions with the carbon atoms. Exohedral
metal-fullerenes present two different geometries for the cluster.
The less stable structures are included in the Supplementary Mate-
rial (Fig. 1SM). In the case of Cgy metal-fullerenes, the rhombus
structure of the metal tetramer is the most stable. In fact, Agy
and Au, do not present an optimized structure with a cluster as
a tetrahedron. The results are different when the fullerene is Cg,.
In this case, the three metal clusters present both structures
(rhombus and tetrahedron, see Figs. 4 and 1SM). For Cuy and Aga,
exohedral metal-fullerene with the metal cluster as a tetrahedron
is more stable than those with the rhombus. For Aug, the planar
rhombus structure is more stable than the tetrahedron. This is an
expected result, as it is well known that gold clusters are planar
for up to 13 atoms. Comparing data from Figs. 3 and 4, it is possible
to see that the M-C bond distances are larger with clusters than
with atoms.
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Fig. 2. Initial geometries for Cgo and Cg, endo and exohedral metal-fullerenes, used to analyze the RAF mechanism. M is either the metal atom (Cu, Ag or Au) or the tetramer
(Cuy, Ag4 or Auy). R is the free radical (OH or OOH).

CuCgy AgCg> AuCg

Fig. 3. Optimized structures of endo and exohedral metal-fullerenes with one metal atom (Cu, Ag or Au; Cgo and Cg;).
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Fig. 4. Optimized structures of the most stable structures of exo and endohedral metal-fullerenes with tetramers (Cuy, Ag4 or Auy; Cgo and Cgy).

3.2. Electron transfer mechanism

This investigation mainly intends to analyze the antioxidant
properties of these systems and to compare fullerenes with the
corresponding endo and exohedral metal-fullerenes. For this pur-
pose, we analyzed the electron donor acceptor properties of these

systems. Table 1 reports the data from I and A of the structures pre-
viously discussed. These values are plotted in the FEDAM of Fig. 5.
Values for Cgg and Cg, are included in red for purposes of compar-
ison. The first notable result is that Cg, represents a better electron
donor and better electron acceptor than Cgo, Apparently, fullerene
size influences antioxidant capacity, when considering this

Table 1

Vertical ionization energy (I) and vertical electron affinity (A) in eV of endo and exohedral metal-fullerenes.
System 1 A System 1 A
Ceo 7.94 2.63 Csa 7.05 4.04
Cu@Cgo 8.72 1.44 Cu@Cg, 7.06 3.91
CuCgo 6.21 2.82 CuCg, 6.73 3.73
Ag@Cgp 7.90 2.63 Ag@Cg, 7.01 4.00
AgCso 6.14 2.81 AgCsy 6.66 3.70
Au@Cgo 8.76 224 Au@Cg, 7.06 3.92
AuCeg 6.66 3.14 AuCg; 6.84 3.86
Cuy@Cgo 6.01 2.79 Cuy@Cg;, 6.91 3.58
CuyCgp 6.50 2.61 CuyCsy 6.28 3.25
Ag,@Cgg 6.06 2.89 Ag,@Cg, 6.86 3.60
Ag4Ceo 6.19 2.77 Ag4Csr 6.12 3.25
AU4@C60 6.14 2.84 AU4@C32 6.86 3.58
AuyCep 7.10 2.86 AuyCs; 6.85 4.09
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Fig. 5. FEDAM for systems being studied is reported. Rhombuses correspond to
systems with Cgo. Squares correspond to systems with Cg,. Some indicators are
colored to facilitate identification. Blue color corresponds to systems with Cu, grey
to systems with Ag and yellow to systems with Au. Fullerenes without metals are
presented in red. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

mechanism. This comparison allows us to state that the presence
of metal atoms and clusters modifies the electron donor acceptor
properties of fullerenes. Generally, exohedral metal-fullerenes
(MCy) are better electron donors than the corresponding fullerenes.
In the case of Cgg systems, the presence of metal atoms and clusters
at the surface of the fullerene (exohedral metal-fullerenes) also
increase electron acceptor capacity (A is larger). In the case of
Cs,, metal clusters reduce the I values, making the systems better
electron donors but A values are smaller than the Cg; value, so they
are worse electron acceptors. The best electron acceptor is AuyCg;
and the best electron donor is Cus@Cgo. Notably, the presence of
metals enhances the properties of Cgo more than it does the char-
acteristics of Cgy. All systems with Cg; are better electron acceptors
than those with Cgo, and some are also better electron donors.

In summary, there are two main results. Firstly, the size of the
fullerene is related to the electron donor acceptor properties, i.e.,
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the larger the system the better its electron-donor acceptor capac-
ity. The second important result is that the presence of metal
atoms and clusters of Cu, Ag and Au increases the electron donor
acceptor properties of the systems and therefore, antioxidant
capacity. Consequently, it is possible to conclude that the presence
of metals is convenient.

3.3. Radical adduct formation

In order to analyze radical adduct formation, it is necessary to
optimize the structure with the free radical bonded to the antiox-
idant molecule. As explained before (see Fig. 2), three different ini-
tial geometries were used in each case, and two free radicals (OH
and OOH). Figs. 6 and 7 report the optimized structures of exo
and endohedral metal-fullerenes (formed from the tetramer and
Cgo or Cgo, respectively) interacting with OOH as an example. Other
optimized structures of the adducts formed with OH and OOH are
included as Supporting Material (Figs. 2SM-7SM). In all systems,
bond length with a free radical is slightly longer when the bond
is with any metal atom, than with a single carbon atom. This is
related to the atomic radio of the metals.

To determine whether the presence of metal atoms improves
the free radical scavenger capacity of Cgo and Cgy, it is necessary
to compare the adduct formation Gibbs free energies (Eq. (2))
Table 2 reports the adduct formation Gibbs free energies of the
most stable systems with OH. The reaction of Cg is less exergonic
than with Cg,. All adduct formation reactions are exergonic (with
the sole exception of Ag@Cg,-OH). Comparing endo and exohedral
metal-fullerenes with Cgyg, it is apparent that the reaction is more
exergonic, where exohedral fullerenes with free radicals are
directly bonded to a single metal atom [Cgo-M-OH]. With Cg,
metal-fullerenes, the reaction is more exergonic where free radi-
cals are directly bonded to the metal cluster [Cg,-M4-OH]. Within
the endohedral metal-fullerenes, the reaction is more exergonic
for systems formed with metal clusters [M4@Cgo-OH and
M,4@Cg,-OH]| than for those with metal atoms [M@Cgo-OH and
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1 45§ 3 i"j

CU4@C60'OOH

Ag4@Cg-OOH

AU4 @‘ Céo'OOH

o2 147 2%
147 2980 o 14 2P 9P o
fd“ “‘fo 5He J*Ia [ J"&“ “J’J )
foopa’ ap ® P fopl Ly Ya oY
2 Jg‘ﬂ“ 9 2 “J‘a ) JJ’ 49 J
Cu4-Cg4p-OOH Ags-Cgo-OOH Auy-C4p-OOH
‘“‘J‘r\‘187‘ r““ 2 ‘f" J244
@ 930 -2 "i, 213 ?
& pd o5 29 39 94l 4 2 9 J“ ,a 44—
wa »¥ ¥ %a f 2 f 9
2 ¥ “J %‘ 9 x J L0
9 ,P ﬁ‘ " 3d
Cgso-Cuy-OOH Cs0-Ag4-OOH Cso-Auy-OOH

Fig. 6. Optimized structures of exo and endohedral metal-fullerenes (formed from the tetramer and Cg) interacting with OOH free radical. Some bond distances (in A) are

included.
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Table 2

Gibbs free energies (AG in kcal/mol) for the adduct formation reactions of endo and exohedral metal-fullerenes with OH free radical. Values for Cgp and Cg, are included for

comparison purposes.

Cgo Systems AG Cgp systems AG
Ce0-OH -23.17 Cs-OH —41.09
Cu endohedral Cu@Cgo-OH -2.28 Cu@Cg,-OH -21.18
Cuy@Cgp-OH —44.25 Cuy@Cg,-OH -32.79
Cu exohedral Cu-Cgo-OH —24.89 Cu-Cg,-OH -14.01
Cuy-Ceo-OH —22.47 Cuy-Cg-OH -15.70
Ceo-Cu-OH -71.99 Cgy-Cu-OH —48.11
Cgo-Cuy-OH —42.06 Cgp-Cuy-OH -52.86
Ag endohedral Ag@Cgo-OH -2.51 Ag@Cg,-OH 1.82
Ag4@Cgo-OH -50.72 Ag4@Cg,-OH —34.09
Ag exohedral Ag-Cso-OH -23.92 Ag-Cg,-OH —18.55
Ag4-Cso-OH —-23.06 Ag4-Cs>-OH -35.31
Ceo-Ag-OH -54.30 Cgp-Ag-OH -30.16
Coo-Ags-OH —30.09 Cgy-Ag4-OH —42.73
Au endohedral Au@Cgo-OH -5.96 Au@Cg,-OH -23.05
Auy@Cgp-OH -52.96 Au,@Cg,-OH —36.56
Au exohedral Au-Cgo-OH -20.62 Au-Cg,-OH -18.93
Auy-Ceo-OH —22.58 Auy-Cgr-OH -19.33
Coo-Au-OH -57.39 Csy-Au-OH -37.93
Ceo-Auy-OH —26.52 Cgy-Auy-OH —69.06

M@Cg,-OH]. In general, the capacity to scavenge OH free radical
according to the RAF mechanism is increased with the presence
of metal atoms and clusters. However, there are some metal-
fullerenes with lower AG than the corresponding values for Cgg
and Cgy,. This is the case for endohedral metal-fullerenes with
one metal atom [M@Cgo-OH and M@Cg,-OH]. In these systems,
the presence of metal atoms does not improve the antioxidant
capacity. Predictably, metal atoms and clusters will attract free
radicals. The most exergonic reactions are those that produce
CGO‘CU‘OH and ng-AU4-OH.

The adduct formation Gibbs free energies for reactions with
OOH are reported in Table 3. Notably, the reaction of Cgg with this
free radical is not exergonic, whereas it is with Cg,. When metals
are included, some of the metal-fullerenes of Cgo present exergonic

reactions with OOH. For this reason, it is possible to say that the
presence of metals (atoms and clusters) improves the antioxidant
capacity of Cgp. Results are similar with Cg;, as some systems pre-
sent more negative values for Gibbs free energy than lone Cs,,
therefore improving antioxidant capacity.

However, in these systems not all adduct formation reactions
are exergonic. There are seven and eight reactions (for Cgo and
Cg, metal-fullerenes, respectively) that are endergonic. In order
to improve the OOH scavenge capacity, it is important to
select the systems according to the data of Table 3. With Cgg
metal-fullerenes the reaction is more exergonic for exohedral
fullerenes with free radicals directly bonded to a single metal atom
[Ce0-M-OOH]. With Cg, metal-fullerenes, the reaction is more
exergonic for exohedral fullerenes where free radicals are directly
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Gibbs free energies (AG in kcal/mol) for the adduct formation reactions of endo and exohedral metal-fullerenes with OOH free radical. Values for Co and Cs; are included for

comparison purposes.

Ceo Systems AG kcal/mol Cg; systems AG kcal/mol
Ceo-OOH -0.01 Cg2-OOH -17.38
Cu endohedral Cu@Cgp-OOH 20.88 Cu@Cg,-O0H 2.72
Cuy@Cgo-O0OH -21.35 Cu,@Cg,-O0H -9.14
Cu exohedral Cu-Cgo-OOH -1.81 Cu-Cgp-OOH 9.01
Cuy-Co-OOH 0.83 Cuy-Cgp-O0OH 7.03
Cgo-Cu-OOH —48.43 Cg2-Cu-O0OH —25.88
Ceo-Cuy-OOH -19.69 Cgp-Cuy-OOH —45.43
Ag endohedral Ag@Cgo-O0OH 20.01 Ag@Cg,-O0H 24.58
Ag,@Cgo-OOH -26.20 Ag,@Cg,-OOH -11.50
Ag exohedral Ag-Cso-OOH 0.05 Ag-Cg,-O0H 478
Ag4-Cso-O0OH 0.30 Ag-Cs2-O0H -11.89
Ceo-Ag-OOH -30.05 Cgp-Ag-OOH -10.32
Ce0-Ag4-O0OH -6.50 Cgp-Ag4-OOH —33.58
Au endohedral Au@Cgp-OOH 17.30 Au@Cg,-O0H 0.40
Auy@Cgo-O0OH -29.51 Auy@Cg,-O0H -13.35
Au exohedral Au-Cgo-OOH 2.54 Au-Cgr-O0OH 4.92
Auy-Cgo-OOH 0.50 Auy-Cg-OOH 3.53
Ceo-Au-OOH —34.49 Cgo-Au-OOH —15.40
Ceo-Aus-OOH -3.55 Cg2-Auy-OOH —7.45

bonded to the metal cluster [Cg,-M4-OOH]. The only exception is
Cs2-Auy-OOH (Table 3). For gold, the reaction is more exergonic
with one gold atom than with gold tetramer. Within the endohe-
dral metal-fullerenes, the reaction is more exergonic for systems
formed with metal clusters [M4@Cgo-OOH and M4@Cg,-O0H] than
for those with metal atoms [M@Cgp-OOH and M@Cg,-OO0H].

In summary, Cg, is a better free radical scavenger than Cgo and
in many cases, the presence of metal atoms and clusters improves
the antiradical capacity of fullerenes. All these results show that
fullerenes can be functionalized with transition metal atoms and
clusters in order to improve their antioxidant capacity. This could
be very useful for future applications.

4. Concluding remarks

Optimized structures indicate that metal cluster structure of
endohedral metal-fullerenes is a tetrahedron, probably in order
to avoid repulsive interactions with carbon atoms. Clusters in exo-
hedral metal-fullerenes present two different geometries: tetrahe-
dron or rhombus. In the case of Cgg metal-fullerenes, the rhombus
structure of the metal tetramer is the most stable. In the case of
Csa, exohedral metal-fullerenes with Cuy and Ag, are more stable
with the cluster as the tetrahedron, than those which have the
rhombus. For Auy, the planar rhombus structure is more stable
than the tetrahedron. This is a logical finding, as it is well known
that gold clusters are planar up to 13 atoms.

The size of the fullerene relates to its electron donor acceptor
properties, i.e., the larger the system, the better its electron-
donor acceptor capacity. Likewise, the presence of metal atoms
and clusters of Cu, Ag and Au increases the electron donor capacity
of the systems and therefore their antioxidant properties. Conse-
quently, it is possible to conclude that the presence of metals is
convenient.

All these results show that fullerenes can be functionalized with
transition metal atoms and clusters, in order to improve antioxi-
dant capacity. This could be very useful for future applications.
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