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Exploring the Surface Reactivity of 3d Metal Endofullerenes: A Density-Functional Theory

Study
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Changes in the preferential sites of electrophilic, nucleophilic, and radical attacks on the pristine Cg surface
with endohedral doping using 3d transition metal atoms were studied via two useful reactivity indices, namely
the Fukui functions and the molecular electrostatic potential. Both of these were calculated at the density
functional BPWO91 level of theory with the DNP basis set. Our results clearly show changes in the preferential
reactivity sites on the fullerene surface when it is doped with Mn, Fe, Co, or Ni atoms, whereas there are no
significant changes in the preferential reactivity sites on the Cqy surface upon endohedral doping with Cu and
Zn atoms. Electron affinities (£, ), ionization potentials (/p), and HOMO—LUMO gaps (E,) were also calculated
to complete the study of the endofullerene’s surface reactivity. These findings provide insight into endofullerene
functionalization, an important issue in their application.

1. Introduction

There has been an increasing interest in fullerenes endohe-
drally doped with late 3d transition metal atoms because they
constitute a new class of unconventional endofullerenes' which
may show paramagnetic behavior, since transition metal atoms
commonly have unpaired spins in their 3d shell. For this reason,
this new type of endofullerene could have potential applications
in diverse fields ranging from magnetic resonance imaging
(MRI) to spintronics and quantum computing.?~®

To the best of our knowledge, there are only a few reports
on the synthesis (or attempts to synthesize) and characterization
of unconventional endofullerenes with late 3d transition metal
atoms (groups 7—12 of the Periodic Table).!’~'® However,
recently, some companies have started to produce and com-
mercialize some of these new endohedral metallofullerenes at
very low costs,”” ' making them attractive materials for
experimental research and industrial applications. Theoretical
studies have an important role to investigate the structural and
electronic properties of this type of endofullerene and predict
their striking characteristics.?0™3!

However, the chemical functionalization of endofullerenes
is important in order to increase their water solubility (e.g., for
MRI applications)® as well as to be able to handle them for
fabrication of quantum computing or spintronic devices.’

In this work we study the surface reactivity of six 3d metal
endofullerenes (MH@C()(), FC@C6(), CO@C(,(), Ni@C()(), CU@CG(),
and Zn@Cg) by means of all-electron density-functional theory
(DFT) calculations of their molecular electrostatic potentials
(MEP) and their Fukui functions: two useful reactivity indices.??
For a clear visualization of the endofullerenes surface reactivity,
both the MEP and Fukui functions were mapped onto and
isosurface of the total electron density of each endofullerene.

In order to predict a molecule’s reactive behavior, a number
of theoretical reactivity indices, obtainable from the electron
density p(r), are available. One of them is the frequently used
molecular electrostatic potential (MEP), ¢(r), defined as the
interaction energy of the molecule with a positive test charge
placed at position r:3>

* To whom correspondence should be addressed. Tel./Fax: +52-55 5622
4636. E-mail: eduardo.estrada@correo.unam.mx, valladar@unam.mx.

10.1021/jp9029979 CCC: $40.75

p(r’)’dr, )
lr — 71

V4
o) =2 —

~1r = r,l

where the summation runs over all the nuclei A in the molecule.
Due to its definition, the MEP can readily be used in the study
of electrophilic attacks and can be expected to describe mainly
the hard—hard interactions between the reacting systems.> An
electrophilic species will preferentially attack a molecule at sites
where the MEP is most negative.*?

The Fukui function, describing the soft—soft interactions
between the reagents, is defined as follows:*?

0 =[5k =] @

Because of the discontinuity in eq 2—the electron number N
can change only by integer values—different physical meanings
have been associated with the left and right derivatives as well
as with their average value, corresponding to a reactivity index
for an electrophilic attack [f ~(r)], a nucleophilic attack [f *(r)],
and a reactivity index for a radical attack [f’(r)], respectively.’>3*

In a previous work,* we performed full geometry optimization
calculations for these six 3d metal endofullerenes considering five
initial positions of the endoatom: (1) in the center of the cage,
M@Cg*; (2) on top of a hexagonal face, M@Cg"; (3) on top of
a pentagonal face, M@CgP; (4) on top of the bond shared by two
hexagonal faces, M@Cy"™; and (5) on top of the bond shared by
a pentagonal face and a hexagonal one, M@ Cg"?.

The minimal energy structure of each endofullerene was
obtained and confirmed by frequency analysis and ab initio
molecular dynamics at room temperature: while in the minimal
energy structure of Mn@Cg, and Fe@Cg, the endoatom is on
top of a hexagonal face (M@Cg"), in the minimal energy
structure of Cu@Cygy and Zn@Cg, the endoatom is at the center
of the Cg cage (M@Cg°). The endofullerenes Co@Cgy and
Ni@Cg, showed two minimal energy structures: one with the
endoatom on top of a hexagonal face (M@Cg,"), and the other
with the endoatom on top of a pentagonal face (M@ Cg(P).
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TABLE 1: Total Energies (Et); Binding Energies (Eg); HOMO-LUMO Gaps (Eg); Vertical, Adiabatic and Experimental
Electron Affinities (YE,, *E4, ®*?E,, respectively); and Ionization Potentials (VIp, *Ip, ™?Ip, respectively)*”

total energy  binding energy

HOMO—-LUMO gap (Eg) [eV]

electron affinity [eV] ionization potential [eV]

fullerene (Er) [eV] (Eg) [eV] calc. exp. VE,  “Ea RN Vip Alp Expp,
Mn @ Cg" —903,548.218 441.274 0.138 3.025 2.808 6.241 6.144
Fe@Cg —96,616.497 442.922 0.845 2.867 2.894 6.588 6.447
Co@Cg" —99,856.806 443.346 0.159 2.838 3.044 6.271 6.013
Co@CygP —99,856.554 443.093 0.666 3.113 3.289 6.524 6.253
Ni@Cg —103,274.007 443.624 0.785 2.892 3.018 6.477 6.359
Ni@CgoP —103,274.133 443.749 1.078 2931 3.001 6.648 6.565
Cu@Cg° —106,871.802 441.274 0.588 2933 3.042 6.783 6.787
Zn@Cg° —110,651.437 441.119 1.594 2975 2.995 6.991 6.995
Pristine Cg —62,225.413 441.564 1.674 1.702 2.883 2981 2.65+ 0.05" 7.040 6.999 7.58 + 0.02°

@ From refs 45, 49, and 50. ® From refs 45, 51, and 52.

(c)

(@)

Figure 1. Pristine Cg: (a) MEP, (b) electrophilic, (¢) nucleophilic, and (d) radical Fukui functions mapped onto an isosurface of the total electron
density (isovalue = 0.017 au). For the Fukui functions, red zones show the highest susceptibility to attack, while blue zones show the lowest ones.
For the MEP, red zones show its most positive value while blue zones show its most negative one. An electrophilic species will preferentially attack

at sites where the MEP is most negative,* (blue).

Population analysis, molecular orbitals, electron density maps,
HOMO-LUMO gaps (E,), and binding energies (Ej) of these
endofullerenes were also calculated in our previous work.?

2. Calculational Details

Total energy calculations were performed with the DFT-based
program package DMol’*® at the generalized gradient ap-
proximation (GGA) density functional BPW91373% Jevel of
theory with the double numerical atomic orbital basis set plus
polarization functions (DNP). We chose the BPW91 functional
because of its well tested good performance,® * and also
because the large dimension of the systems makes the use of
higher order theoretical approaches such as the second-order
many-body perturbation method (MP2) or the configuration
interaction (CI) method, unfeasible.*’

As pointed out above, for a clear visualization of the
endofullerenes surface reactivity, both the MEP and Fukui
functions were mapped onto an isosurface of the total electron
density of each endofullerene. We also studied the pristine Cg
surface reactivity in order to determine the changes in the
preferential reactive sites through endohedral doping. We also
calculated vertical and adiabatic electron affinities and ionization
potentials for both endohedral and pristine Cgy in order to
complete the study of the endofullerenes surface reactivity.

The adiabatic ionization potential (*Ip) refers to the formation
of the molecular cation in its ground vibrational state and
the vertical ionization potential (/) applies to the transition
to the molecular cation without change in geometry.*
However, the adiabatic electron affinity (*E,) is equal to the
difference between the total energies of a neutral system and
the corresponding anion, while the vertical electron affinity (VE,)

is equal to the difference between total energies of a neutral
system and the corresponding anion in the equilibrium geometry
of the neutral system. VIPs and VEAs were calculated as the
total energy difference between the optimized geometry of the
neutral molecule and its corresponding one electron charged ions
in the equilibrium geometry of the neutral molecule. Alternatively,
AlIPs and AEAs were calculated as the total energy difference
between the optimized geometry of the neutral molecule and its
corresponding one electron charged ions in its own optimized

geometry.

3. Results and Discussion

It should be noted that after the subsection of endofullerenes
stability, we present subsections in which we group, for the
purpose of analysis, the endofullerenes according to the similar-
ity of their chemical behavior; i.e., their reactivity.

3.1. Endofullerenes Stability. In Table 1, we report the total
energies (Er), binding energies (Eg), HOMO—LUMO gaps (Eg),
electron affinities (E,), and ionization potentials (/p) of the
endohedral metallofullerenes studied and of the pristine Cg. Ep
is defined as the absolute value of the difference between the
total energy of the molecule and the energy sum of the free
atoms constituting the molecule, which is the usual standard
for estimating the thermodynamic stability of a molecule.?
Mn@Cgy, Cu@Cgy, and Zn@Cg, molecules have an Ey lower
than that of pristine Cgy, whereas Fe@Cgp, Co@Cgy and Ni@Cyg
molecules have an Ep slightly higher than that of pristine Cg;
however, all metallofullerenes seem to have almost the same
stability as the pristine fullerene.

3.2. Reactivity of Cg, Zn@Cg, and Cu@Cg. In Figure 1
we can observe that for pristine Cg, both the MEP and the Fukui
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Figure 2. Addition of an electron to a pyracylene unit (shaded) of a
fullerene to give an aromatic pentagonal ring.*’

functions indicate that the highest susceptibility to electrophilic
attack is on the double bonds shared by two hexagonal faces
([6,6]-bonds), in agreement with the experimental findings.* =+
We can also observe for pristine Cgq that the highest susceptibil-
ity for both nucleophilic and radical attack is on the single bonds
shared by a hexagonal face and a pentagonal one ([5,6]-bonds),
which is in good agreement with the experimental studies on
Cgo electrochemical reduction, where it has been proposed that
the addition of electrons to the pentagonal rings is favored
because it forms an aromatic cyclopentadienyl radical moiety,
Figure 24548

In Figure 3, we observe that the preferential sites for
electrophilic, nucleophilic, and radical attacks remain practically
unchanged despite the presence of the Zn endoatoms. This can
be explained considering that there is practically no interaction
between the Zn endoatom and Cgo, which can be seen in both
the absence of charge transfer from Zn to Cg, and the lack of
orbital hybridization between the Zn and Cg orbitals, as was
found in our previous work.? All of this agrees with the fact
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that the calculated values for the HOMO—LUMO gap, the
electron affinity, and the ionization potential of Zn@Cgy° are
practically the same as those for pristine Cg, Table 1.

Figure 4 shows that the presence of the Cu endoatom
practically does not affect the preferential sites for both
nucleophilic and radical attacks with respect to pristine Ce.
However, whereas the MEP shows no change in the preferential
sites of electrophilic attack, Figure 4(a), the electrophilic Fukui
function shows a significant decrease of the susceptibility to
this attack on the [6,6]-bonds and a little increase on the [5,6]-
bonds, Figure 4(b). This could be related to fact that the Cu
endoatom have one unpaired electron (i.e., a free radical)
localized in an energy level in the middle of the pristine Cg
gap, Figure 5,% which causes a reduction of the HOMO—LUMO
gap as well as a decrease in the ionization potential of the
Cu@Cg° with respect to those of pristine Cg, table 1.

Consequently, the chemical behavior of the Zn@Cg, and
Cu@Cq, will be practically the same than that of pristine Cg,
so it is expected that the same kind and variety of reactions
that occur in pristine Cgy may take place in these two
endofullerenes. This behavior has also been observed in other
endofullerenes where the endoatom prefers to occupy the central
position of the Cyq cage, such as N@Cygy and P@Cg,> because
they have all been functionalized with some of the same type
of reactions used for pristine Cg.

3.3. Reactivity of Mn@Cg and Co@Cg. The structures
Mn@Cg" and Co@Cg" showed practically the same reactive
behavior, Figure 6, against electrophilic, nucleophilic, and
radical species, indicating an “amphoteric” behavior of these
endofullerenes. The highest susceptibility to attack is on the
face bonded to the endoatom.

The “amphoteric” behavior must be related to the fact that
these two endofullerenes have semioccupied orbitals (Figure

(d)

Figure 3. Zn@Cg°: (a) MEP, (b) electrophilic, (¢) nucleophilic, and (d) radical Fukui functions mapped onto an isosurface of the total electron
density (isovalue = 0.017 au). The color code is the same as that for Figure 1.

Figure 4. Cu@Cg“: (a) MEP, (b) electrophilic, (¢) nucleophilic, and (d) radical Fukui functions mapped onto an isosurface of the total electron
density (isovalue = 0.017 au). The color code is the same as that for Figure 1.
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Figure 5. Kohn—Sham electronic levels of the six studied endohedral metallofullerenes and HOMO—LUMO levels of pristine Cg, as predicted
at the BPWO1/DNP level of theory. It should be mentioned that there exist differences between the up- and down-spin energies; however, these

differences are not illustrated in this diagram for simplicity.*

L
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Figure 6. Mn@Cg": (I) MEP, and (II) electrophilic Fukui function mapped onto an isosurface of the total electron density (isovalue = 0.017 au):
(a) Frontal view, (b) side view, and (c) rear view. We take as frontal view the hexagonal face bonded to the endoatom. The color code is the same
as that for Figure 1. Nucleophilic and radical Fukui functions showed the same color mapping as the electrophilic one indicating an “amphoteric”

behavior of Mn@Cg". (d) Co@Cqg" showed practically the same color mapping as Mn@Cg" [See part (a)].

5) as well as HOMO—LUMO gaps quite small compared with
that of pristine Cg (Table 1), so this allows them to have the
ability to accept an electron in its semioccupied orbital as well
as to donate this unpaired electron. This is because the energetic
cost of any of these processes will be neither so high nor so
low, considering the gaps value.

When the Co endoatom is on top of a pentagonal face
(Co@CgP), the endofullerene still shows the ‘“amphoteric”
character against electrophilic, nucleophilic, and radical attacks,
which also agrees with the fact that this endofullerene has a
semioccupied orbital (Figure 5) as well as a HOMO—LUMO
gap smaller than that of pristine Cg (Table 1).

In this conformation, the highest susceptibility to attack is
located on the adjacent carbon atoms of the pentagonal face
bonded to the Co or Mn endoatoms, Figure 7.

3.4. Reactivity of Fe@Cgy and Ni@ Cg. The endofullerenes
Fe@Cgy and Ni@Cg, do not show the “amphoteric” behavior
presented by the endofullerenes Mn@Cg, and Co@Cg against
electrophilic, nucleophilic, and radical species.

For Ni@Cg, this is easy to understand since this endof-
ullerene has no unpaired electrons, Figure 5. However, the lack
of an “amphoteric” behavior in the case of Fe@Cyg is somewhat
unexpected because this endofullerene has unpaired electrons
as Mn@Cgy and Co@Cy,.
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Figure 7. Co@Cg: (I) MEP, and (II) electrophilic Fukui function mapped onto an isosurface of the total electron density (isovalue = 0.017 au):
(a) Frontal view, (b) side view, and (c) rear view. We take as frontal view the pentagonal face bonded to the endoatom. The color code is the same
as that for Figure 1. Nucleophilic and radical Fukui functions showed the same color mapping as the electrophilic one indicating an “amphoteric”
behavior of Co@CgP.

Fe@Cm" Ni@cﬁoll
_A _A

(111)

OB

Figure 8. Fe@Cg" and Ni@Cg": (I) MEP, and (II) electrophilic, (III) nucleophilic, and (IV) radical Fukui functions mapped onto an isosurface
of the total electron density (isovalue = 0.017 au): (a) Frontal view, (b) side view, and (c) rear view. We take as frontal view the hexagonal face
bonded to the endoatom. The color code is the same as that for Figure 1.

(b) ()

In Figure 8, Fe@Cg" and Ni@Cy," are shown. The electro- highest susceptibility to attack on the face bonded to the endoatom.
philic Fukui function of the Fe@Cy" structure is broadly similar However, in the case of the Ni@Cq" structure the highest
to that of the Mn@Cg" and Co@Cg" structures, reaching its susceptibility to electrophilic attack is now on the fragments of
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Figure 9. Ni@CgP: (I) MEP, and (II) electrophilic, (III) nucleophilic, and (IV) radical Fukui functions mapped onto an isosurface of the total
electron density (isovalue = 0.017 au): (a) Frontal view, (b) side view, and (c) rear view. We take as frontal view the pentagonal face bonded to

the endoatom. The color code is the same as for Figure 1.

the pentagonal faces which are adjacent to the face bonded to
the endoatom.

The nucleophilic Fukui functions of the Fe@Cgq" and
Ni@Cq" structures are practically the same and both present a
different color mapping from the Mn@Cg" and Co@Cg,"
structures.

The Ni@CgP conformation, Figure 9, does not show the
“amphoteric” behavior presented by the Co@Cg structure,
Figure 7.

4. Conclusions

In general, we can conclude that an endofullerene whose
minimal energy structure is one that has the endoatom located
at the center of the Cq cage (M@Cg(), will show essentially
the same chemical behavior as pure Cgy. While an endofullerene
whose minimal energy structure is one that has the endoatom
located outside the center of the Cgy cage (M@Cy" or M@CyP)
will show a markedly different chemical behavior as pristine
C60.

All of this indicates that whereas the Mn@Cg, and Co@Cg,
endofullerenes could be functionalized by any kind of reagent
(electrophile, nucleophile, or radical) at the same surface sites,
the Fe@Cy, and Ni@Cg, will be functionalized at different

surface sites depending on the kind of reagent (electrophile,
nucleophile, or radical).
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