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We present extensive ab initio density-functional theory calculations in order to analyze the structure and
energetics of both neutral and positively charged highly hydroxylated La @ Cyo(OH);," and La @ Cg,(OH),,™
(g=0, 1, 2, 4, 6, and 8) metallofullerenes. Interestingly we obtain, for the neutral hydroxylated structures, that
the location of the encapsulated La atom strongly depends on the precise distribution of the OH groups on the
carbon surface. Actually, we found atomic configurations in which the La ion is attached to different regions of
the inner surface as well as atomic arrays in which weakly bonded endohedral species are obtained, being
located near the center of the structure. The previous strong variations in the endohedral position of the
lanthanum atom leads to sizable modifications in its valence state as well as to notable changes in the electronic
spectra and in the lowest-energy spin configuration of the molecules, which are all facts that could be used to
better identify the atomic structure of these highly relevant metallofullerenes. The positive charging (by means
of simply electron detachment) of our here-considered La @ C¢,(OH)3, compounds reveals that the rupture of
various C-C bonds of the carbon network can be achieved. However, even if the previous bond breakage leads
to the formation of sizable holes in the Cgq cavity (made of nine-membered rings), we obtain that the encap-
sulated La atom was unable to escape from the cage. In contrast, in the polyhydroxylated La @ Cg,(OH),q
fullerene, no C-C bond breakage is induced with increasing charge state of the cage, defining thus a more
stable molecular compound. The previous results are expected to be of fundamental importance in medical and
biological applications where the permanent encapsulation of these highly toxic atomic species is required.
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I. INTRODUCTION

Since their discovery, spheroidal carbon fullerenes have
shown to posses a lot of interesting physical and chemical
properties that could lead to many important applications, the
most notable being in the fields of medicine' and biology?
[as highly efficient magnetic-resonance imaging (MRI) con-
trast agents and selective drug delivery molecular carriers] as
well as in the design of new electronic® (novel nanocircuits)
and optical*? (photosensitizers and solar cells) devices. Fur-
thermore, it has been clearly established that these cage-
shaped structures are also able to accommodate many kinds
of atoms® and small clusters,” giving rise to another exciting
field of research named endohedral fullerene chemistry. The
previous so-called endofullerene materials have attracted
special interest since they are characterized by having unique
electronic properties and chemical reactivity, which are not
seen in the empty fullerenes.

Actually, at the time of their synthesis, endohedral
fullerenes were found to be in general highly unstable in
practical applications due to their insolubility and extremely
air sensitivity. However, later on, procedures were developed
to solubilize (and protect) these kind of carbon compounds
by performing the functionalization of its surface with the
use of a large variety of small molecules, the most common
being the hydroxyl species® and carboxilic groups,” opening
thus new opportunities for potential applications in biomedi-
cal and nanomaterials science.
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In particular, the use of endohedral polyhydroxylated met-
allofullerenes M @ C,(OH),, with M defining metal atoms
belonging to the lanthanoid group, has been proposed by
several research groups as potential MRI contrast agents.' In
this case, the entrapment of the previous highly toxic metal
atoms within the fullerenes helps to ensure an specially safe
in vivo use of the molecular compounds since it has been
speculated that the carbon cage will protect the encapsulated
species from external chemical attack and will prevent also
the metal ion release in the body under normal physiological
conditions. Actually, the previous carbon complexes have
been already administrated to minces'® and, by reducing the
relaxation time of water protons in the effected tissues, they
have been found to produce a higher quality diagnostic im-
age when compared to conventional Gd-based contrast
agents.

It is important to comment that, although the fundamental
properties of a large variety of endohedral metallofullerenes
have been extensively investigated in the literature, only a
few studies have been reported (at least to the authors knowl-
edge) addressing the stability and electronic behavior of
chemically functionalized metallofullerenes.!! Of course, un-
derstanding and controlling the practical applications dis-
cussed above require a good knowledge of the precise mi-
crostructural features and fundamental physics that occur in
these nanometer-sized carbon compounds. As is well known,
in our days it is experimentally possible to estimate and iden-
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tify the number and type of atomic species present in this
kind of water soluble fullerene compounds. However, it is
still very difficult to determine the precise geometrical struc-
ture of the adsorbed phases adopted by the OH groups on the
carbon surface, as well as the exact endohedral location of
the encapsulated species, which are of course two factors that
are expected to play a fundamental role on the properties
observed on a macroscopic scale. In addition, the numerous
synthetic routes that are currently used for the fabrication of
these types of fullerene derivatives are generally not thermo-
dynamically controlled and thus can allow the preparation of
metastable molecular structures that could be also respon-
sible for the appearance of novel phenomena.

Furthermore, with the inclusion of these fullerene deriva-
tives in aqueous environments (or even in the gas phase) it
might be also possible to alter the charge state of these car-
bon compounds, turning them into cationic or anionic mo-
lecular species, probably strongly affecting their stability and
functionality. In fact, previous theoretical and experimental
studies performed on both bare cationic'? and anionic'® gas
phase Cg, ¢ fullerenes (with g as large as 12) have already
underlined the crucial role played by the amount of excess of
positive (or negative) charge +¢ (—¢) on the structure and
stability of these kinds of systems. Obviously, the repulsive
Coulomb forces become progressively important as ¢ in-
creases and, when they exceed the binding forces, the
fullerene could become unstable causing the cage destruction
or the partial rupture of the fullerene network.

It is thus clear that (i) the electronic properties of polyhy-
droxylated metallofullerenes are of computational interest
and that (ii) it is of fundamental importance to bring some
important details of the atomic structure that go beyond the
current experimental evidence. Consequently, systematic the-
oretical investigations dedicated to analyze the electronic and
structural properties of functionalized endohedral metallof-
ullerenes are essential and must be performed in order to
shed some more light into the understanding of the measured
data.

In this work we systematically study, by means of differ-
ent density-functional theory (DFT) schemes [i.e., using both
extended'* (pseudopotential approach) and localized'
(GAUSSIANO3 software) basis sets], the stability and elec-
tronic properties of both neutral and positively charged poly-
hydroxylated La @ C¢y(OH),™ and La @ Cg,(OH),,™ (¢=0,
1, 2, 4, 6, and 8) metallofullerenes. We put special emphasis
on the influence of different spatial distributions of the OH
groups on the two carbon surfaces, as well as on the charge
state g of the cages, on the energetics, and on the lowest-
energy structure of our considered isomers. On the one hand,
we will show how the entrapped metal atom can have differ-
ent electronic ground states and endohedral locations within
the cage depending on the molecular structure of the OH
overlayer. On the other hand, our theoretical data will reveal
in addition how, by increasing the positive charge in our
polyhydroxylated fullerenes (through simply electron detach-
ment), it could be possible to obtain Cg, cages with sizable
holes in the fullerene network as well as to control also the
reactivity of the inner carbon surfaces.

The rest of the paper is organized as follows. In Sec. II we
briefly describe the theoretical models used for the calcula-

PHYSICAL REVIEW B 78, 155426 (2008)

tions. In Sec. III we present the discussion of our results.
Finally, in Sec. IV the summary and conclusions are given.

II. METHOD OF CALCULATION

We have decided to perform our systematic theoretical
investigation by combining two different ab initio method-
ologies.

A. Plane-wave pseudopotential approach

In a first step, the structural properties of our neutral and
positively charged polyhydroxylated metallofullerenes will
be obtained within the DFT approach using the ultrasoft
pseudopotential approximation for the electron-ion interac-
tion and a plane-wave basis set for the wave functions as
implemented in the PWSCF code.'* For all our considered
structures, the cutoff energy for the plane-wave expansion is
taken to be 476 eV. A cubic supercell with a side dimension
of 35 A was employed in the calculations and the T point
for the Brillouin-zone integration. In all cases, we use the
Perdew-Wang (PW91) gradient corrected functional and we
perform fully unconstrained structural optimizations for all
our considered isomers using the conjugate gradient method.
The convergence in energy was set as 1 meV and the struc-
tural optimization was performed until a value of less than
1 meV/A was achieved for the remaining forces for each
atom.

B. Localized basis set methodology

In a second step, we will use the previously obtained low-
energy molecular geometries to perform additional single-
point DFT calculations with the help of the GAUSSIANO3
software!® in order to obtain the electronic structure, the
charge transfer, and the relative stability between all our con-
sidered isomers. In this case, the Kohn-Sham equations will
be solved by also considering the Perdew-Wang expression
for the exchange-correlation potential together with the
Stevens-Basch-Krauss effective core potential (ECP) triple-
split basis set,'® CEP-121G, which is a good compromise
between computational costs and accuracy.

We believe that the previous two-step PWSCF/GAUSSIANO3
hybrid procedure will help us to avoid possible inaccuracies
related to the periodic repetition of images in the supercell
approach. This is expected to be particularly the case when
calculating very delicate quantities such as the electronic
structure and the total energy (E,,) in our highly charged
fullerene compounds. Actually, even if in the PWSCF meth-
odology the study of charged systems is efficiently handled
by applying a jellium background charge to maintain the
charge neutrality, the use of the GAUSSIANO3 software is ex-
pected to give more realistic values for E,,.

The numerical accuracy of the previous hybrid PWSCF/
GAUSSIANO3 methodology is tested by calculating some well-
known structural and electronic properties of (i) the Cg
fullerene, (ii) the endohedral La @ C4, compound, and (iii)
the well-known highly stable fullerene diol Cqo(OH),,'” all
shown in Fig. 1. The previous results will be then compared
with the ones obtained within full PWSCF and GAUSSIANO3
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FIG. 1. (Color online) Calculated lowest energy atomic configu-
rations for (a) Cgq fullerene, (b) La@ Cqy compound, and for [(c)
and (d)] two isomers of the Cgy(OH), fullerene diol. In the left
(right) column we show results obtained within the PWSCF (GAUSS-
1AN03) methodology.

treatments. In Fig. 1(a) we show first the optimized structure
of the Cg, molecule obtained within the PwsCF (left) and
GAUSSIANO3 (right) methodologies. These lowest-energy
atomic configurations have two different C-C bond lengths,
being equal to 1.45 (single bond) and 1.40 A (double bond),
calculated within the PWSCF framework, and of 1.47 (single
bond) and 1.41 A (double bond), obtained with the GAUSS-
IAN03 methodology. These sets of values are in good agree-
ment with gas-phase electron studies (1.458*=0.006 and
1.401+0.010 A) (Ref. 18) and other existing ab initio cal-
culations (1.446 and 1.406 A).!° In addition, we found high-
est occupied molecular orbital-lowest unoccupied molecular
orbital (HOMO-LUMO) energy gaps Ay, of 1.74 and 1.65
eV obtained with the GAUSSIANO3 and PWSCF approaches,
respectively, both values being very close to the one found
with our here-proposed two-step hybrid PWSCF/GAUSSIANO3
methodology that yields a value of 1.8 eV.

For the endohedral La@ Cq, compound shown in Fig.
1(b) we see that, in the equilibrium configuration, the two
DFT methodologies reveal that the encapsulated La atom is
positioned off center and bonded to the internal surface to
approximately six carbon atoms with La-C bonding distances
that vary in the range of 2.45-2.88 A. These values are in
good agreement with previous studies addressing the La en-
capsulation in spheroidal fullerenes.”’ Furthermore, by ana-
lyzing the electronic occupations on each site we found,
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within our two-step PWSCF/GAUSSIANO3 approach, an La
— Cg, charge transfer that leaves the encapsulated La species
in a positive charge state of +2.11, being also very close to
the charge transfer reported for these kinds of systems.?!

For the fullerene diols shown in Figs. 1(c) and 1(d) we
obtain, with both GAUSSIANO3 and PWSCF approaches, that
the lowest-energy atomic array corresponds to the structure
shown in Fig. 1(c) where the two OH groups are chemi-
sorbed in an on-top configuration above two nearest-
neighbors C atoms with a C-O bond length of 1.48 and
1.44 A, respectively. This configuration is found to be 0.8
(0.74) eV more stable than the one shown in Fig. 1(d) within
the GAUSSIANO3 (PWSCF) methodology, an adsorbed phase
that is in agreement with the experimentally determined
atomic structure for the C4y(OH), fullerene diol reported by
Meier and Kiegiel.!” The hybrid PWSCF/GAUSSIANO3 calcula-
tion predicts the same energy ordering and yields a very
similar value for the relative stability of 0.9 eV. Finally we
obtain, by using the two DFT types of calculations, a C
— O charge transfer that leaves the oxygen atom negatively
charged by —0.69 (GAUSSIANO3) and —0.51 (PWSCF), which
are values of the order that the one found with our two-step
methodology which is equal to —0.7.

Based on the previous results, we can thus conclude by
saying that our hybrid theoretical methodology is appropriate
and that it will reasonably describe the stability and elec-
tronic properties of our here-considered endohedrally La-
doped highly hydroxylated C¢, and Cg, fullerenes.

III. RESULTS AND DISCUSSION
A. Polyhydroxylated La @ Cgy(OH)3,™ metallofullerenes

We start our study by determining the lowest-energy
atomic configurations for some possible highly hydroxylated
C40(OH)3, isomers. The choice of these types of multihy-
droxylated fullerene compounds is motivated by the recent
experimental work of Xing et al.?> which have synthesized
highly stable and highly soluble OH-covered C¢, molecules
with a number of hydroxyl groups that vary in the range of
30-42 OH molecules.

Of course, for the previous degree of surface coverage, it
is prohibitively time consuming to categorize the many pos-
sibilities in which 32 OH groups can be adsorbed on the Cg
surface. However, following our previous work?? in which
we have addressed the stability and structural properties of
empty highly hydroxylated Cq,(OH)4, fullerenes we have de-
cided to reoptimize—but now at the pseudopotential density-
functional level of theory—the three chosen contrasting ad-
sorbed configurations, namely, (i) assuming the existence of
small hydroxyl islands on the carbon surface (which has
been previously found by us as a highly stable atomic array),
(ii) considering a complete aggregation of the OH species on
one side of the C¢, cage, and (iii) assuming the adsorption of
32 OH groups homogeneously distributed on the fullerene
surface. The resulting lowest-energy PWSCF structures for the
previously proposed initial atomic configurations are shown
in Fig. 2. Interestingly and as already obtained in Ref. 23, we
found that the formation of small molecular islands on the
Cgo surface [see Fig. 2(a)] corresponds to the most stable
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FIG. 2. (Color online) Illustration of the PWSCF lowest energy
atomic configurations for three representative Cgo(OH)3, isomers
(see text).

adsorbed phase. In this case (and as found before within the
PM3 Hamiltonian) we obtain the formation of a highly ori-
entationally ordered OH molecular overlayer, being charac-
terized by the existence of localized networks of hydrogen
bonds between neighboring OH groups (see the dotted lines).
Notice that this orientational order (in which the positively
charged H atoms are always pointing toward their nearest
negatively charged O species) is maintained in the segre-
gated phase [see Fig. 2(b)]; however, it is in contrast consid-
erably lost in the (less stable) homogeneous distribution of
OH groups, being thus an important factor for determining
the structural stability in these kind of systems.

From Fig. 2 we notice that, in all cases, the OH groups are
always adsorbed in an on-top configuration above the carbon
atoms of the Cqy with C-O and O-H bond lengths of 1.40—
1.46 and 0.97-1.01 A, respectively, as well as C-O-H
angles that vary in the range of 99°—-106°. In addition, we
observe that the hydroxylation of the fullerene surface con-
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FIG. 3. (Color online) Illustration of the PWSCF lowest energy
atomic configurations for our considered La@ Cgy(OH);z, com-
pounds (see text).

siderably perturbs the structure of the underlying carbon net-
work since the C atoms just below the OH groups perform
upward as well as lateral displacements in order to minimize
the total energy of the system. However, despite the exis-
tence of these complex atomic relaxations, we note that no
C-C bond breakage in the carbon network is obtained. Actu-
ally, if we compare with our previous results addressing the
structural properties of low?* and medium?® OH-covered Cg
fullerenes, our results presented in this work clearly support
the experimental observation of Xing et al.??> which have
found that the structural stability of highly hydroxylated Cgy
is not so sensitive to the number of adsorbed OH groups.
In Fig. 3 we show the lowest-energy PWSCF atomic con-
figurations for the fullerene isomers shown in Fig. 2 but now
containing an encapsulated La atom. First it is important to
comment that the inclusion of the lanthanum atom does not
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modify the relative stability between all our considered iso-
mers, being again the most stable La @ C4(OH)5, molecular
compound the one in which a patchy behavior for the OH
groups on the carbon surface is obtained [see Fig. 3(a)].
From the figures we also see that the hydrogen bonded net-
work stabilizing the molecular overlayers shown in Figs. 2(a)
and 2(b) is still stable after the endohedral doping (even in
regions around the La-adsorption site) [see Fig. 3(a)]. In fact,
the OH molecular coating is characterized by R-_g and Rg_y
bond lengths which vary in the range of 1.41-1.46 and
0.98—1.01 A, respectively, together with C-O-H angles of
103°-106°, all of them being of the order of the values
found in the empty cages (see Fig. 2).

However, the most important feature to remark from Fig.
3 is that the encapsulated La atom clearly changes its en-
dohedral location when the structure of the molecular over-
layer is modified. From Figs. 3(a) and 3(b) we can see that
the lanthanum atom prefers to be adsorbed in the uncovered
regions of the Cg, surface, with La-C bond lengths that vary
in the range of 2.43-2.84 A, as in the unprotected fullerene
cage shown in Fig. 1(b). In fact, this trend is corroborated in
Fig. 3(c) where, for an homogeneous distribution of hy-
droxyl groups on the Cg, surface, extended uncovered carbon
regions are difficult to find. In that case, notice that the en-
capsulated La atom prefers thus to be placed now far away
from the internal surface (being located near the center of the
structure), the closets La-C interatomic distance being equal
to 2.71 A. It is thus evident that for different coverages and
geometrical details of the adsorbed molecular overlayer we
will have contrasting guest-host interactions (and a different
dynamic behavior for the confined La atom) that surely will
be of fundamental importance to understand the electronic
behavior of these molecular compounds. Finally, we believe
that the previous sizable variations in the La-C interatomic
distances found in Fig. 3 could be reflected in infrared spec-
troscopy measurements of these kinds of samples. Of course,
a broad distribution of Ry, - values is expected to lead to
different (in position and intensity) La-C vibrational contri-
butions, and could be thus very helpful to better identify the
structural features of these molecular compounds.

As in the case of Fig. 1(b) we always found in all the
structures shown in Fig. 3 a sizable La— C charge transfer.
However, we have obtained, within the PWSCF/GAUSSIANO3
methodology, that the amount of transferred charge varies as
a function of the adsorbed configuration on the inner surface.
Actually, by performing a natural population analysis (which
is better than the Mulliken method in the case of
metallofullerenes?®) we have found that the charge state of
the La atom is equal to +1.96, +2.22, and +2.01 in Figs.
3(a)-3(c), respectively. Of course, stripped of ~2 electrons
the metal ion is naturally always attracted by the electron-
rich portions of the fullerene surface which, as shown in Fig.
3, are defined by the uncovered carbon regions of the mo-
lecular compounds.

Furthermore the previous charge transfer induces, as ex-
pected, strong variations in the electronic spectra of the mol-
ecules, mainly in the energy region around the highest occu-
pied molecular orbital. This is actually what we see from Fig.
4 where we plot, as a representative example, the spin-
polarized energy-level distribution (obtained within the
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FIG. 4. Comparison of the eigenvalue spectra (obtained with the
hybrid PWSCF/GAUSSIANO3 approach) for the empty and La-doped
Ceo(OH)3, fullerenes shown in Figs. 2(a) and 3(a), respectively. In
the figure, we show results for both (a) spin-up and (b) spin-down
distributions. We only include the 11 occupied molecular orbitals
with the highest energies and the 11 unoccupied molecular orbitals
with the lowest energies. The energy location of the HOMO for the
empty (endohedrally-doped) molecular compound is marked with a
horizontal doted (dashed) line.

PWSCF/GAUSSIANO3 framework) for the lowest energy
La @ Cg4)(OH);, compound shown in Fig. 3(a) and in which
we only include the 11 occupied molecular orbitals with the
highest energies, and of the 11 unoccupied molecular orbitals
with the lowest energies. For the sake of comparison we also
show the electronic structure of the corresponding empty
C¢o(OH)3, cage [Fig. 2(a)]. From the figure we have found
(if we compare with the La-free molecular compounds) that
sizable modifications in the eigenvalue spectra around the
HOMO are obtained, consisting in various displacements
and splittings (changes in the degeneracy) of the energy lev-
els. It is important to comment that, besides the important
role played by the large amount of La—C transferred
charge, there are also non-negligible contributions to the pre-
cise details of the energy-level distribution shown in Fig. 4
from the structural distortions in the carbon network induced
upon La-adsorption. Even if the previous geometrical pertur-
bations are localized in nature, they lower the symmetry of
the molecular structure and reduce still further the degen-
eracy of the electronic spectra.

It is important to precise that the energy gap Ay of 0.3
eV calculated from Fig. 4 is obtained between the HOMO of
spin-up character [Fig. 4(a)] and the LUMO of spin-down
nature [Fig. 4(b)]. The different spin nature of the HOMO
and LUMO levels is of course a consequence of the odd
number of electrons present in the system due to the inclu-
sion of the La atom, a fact that defines also the existence of
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a weakly magnetic molecular structure. Actually, the isomers
shown in Figs. 3(a) and 3(b) have a total spin magnetization
of 1ug while, in the molecular compound shown in Fig. 3(c),
in which the La ion is more weakly bonded to the internal
carbon surface, the total energy decreases with increasing the
spin multiplicity, leading to a total spin moment of 3ug.
Finally, it is important to comment that our lowest energy
La-containing hydroxylated fullerene shown in Fig. 3(a) is
expected to be still stable with increasing temperature since,
as has been demonstrated by Tozzini et al.,’” the thermal
stability of fullerenelike structures is strongly correlated with
the width of their electronic energy gap.

As is well known, from the spectroscopic point of view,
variations in Ay between the different isomers shown in
Figs. 2 and 3 should be reflected in the optical properties of
the samples. In fact, it has been demonstrated that molecular
structures with reduced (large) electronic energy gaps are
expected to have their first optical excitations around the
infrared (ultraviolet) region of the absorption spectra, provid-
ing a finger print to identify the structure of these kind of
synthesized fullerene compounds.”® To verify the previous
assumption, we will perform additional time-dependent DFT
calculations (with the use of the GAUSSIANO3 methodology at
the Perdew-Wang-91/CEP-121G level of theory) on the two
most stable atomic configurations shown in Figs. 2 and 3, in
order to determine their optical gap (defined as the first
single dipole-allowed excitation) which strongly depends on
the precise details of the energy-level distribution around the
HOMO. As stated by Xie et al.’ calculations of the first
single dipole-allowed excitation of the Cg, molecule using
this exchange-correlation functional yield values which are
in very good agreement with the ones experimentally ob-
tained from dilute Cg, solutions (e.g., hexane, benzene, tolu-
ene, etc.) and with those reported by other DFT calculations.

In the case of the hydroxylated structures shown in Figs.
2(a) and 2(b) we found, in agreement with our previous
work, that the formation of small OH molecular domains on
the fullerene surface induces a notable redshift in the optical
gap, with respect to the one obtained in the uncovered Cg,
being now placed at 2.31 eV (~535 nm). However, in the
segregated configuration [Fig. 2(b)] we observe a more pro-
nounced displacement, the first single dipole-allowed excita-
tion being now located at 1.43 eV (~865 nm). It is clear that
our time-dependent DFT calculations reveal big differences
between the two considered isomers and that the previous
features clearly provide a fingerprint that could be very use-
ful to identify the possible structure of these types of
fullerene derivatives.

The situation is much more interesting in the La-
containing Cg,(OH)3, compounds shown in Figs. 3(a) and
3(b). In both cases, we note that the inclusion of the lantha-
num atom induces a dramatic redshift in the location of the
optical gap, being now placed in the far-infrared region, i.e.;
053 eV (~2342 nm) in Fig. 3(a) and 0.37 eV
(~3360 nm) for Fig. 3(b). It is thus clear that since
Cgo(OH)3, and La @ Cy(OH)3, strongly differ in their opti-
cal gaps, ranging from the near-infrared to the far-infrared
region, they may be used not only as novel nanocontainers
but also like single molecule optical probes as labeling, de-
tection, and identification agents.
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FIG. 5. (Color online) Tllustration of the PWSCF lowest energy
atomic configurations for the La@ Cgy(OH)4,™ molecular com-
pound shown in Fig. 3(a) having different charge states ¢. To the
right of each one of the equilibrium configurations obtained we
show in addition the structure of the underlying carbon network (by
removing all the OH groups from the surface) in order to appreciate
the structural deformations induced on the fullerene cavity.

At this point, and as stated in Sec. I of the paper, we must
comment that the inclusion of the fullerene structures shown
in Fig. 3 in real environments could lead to a sizable positive
charging of the molecular compounds through simple elec-
tron detachment (in the gas phase) or by the adsorption of
atomic impurities (in solution studies). Consequently, and
from the point of view of applications, it is thus of funda-
mental importance to analyze also the structural stability of
both the carbon network and of the adsorbed OH molecular
coating for different charge states. The previous studies are
particularly important in view of the large variety of possible
medical uses in which the inclusion of various endohedrally-
doped polyhydroxylated fullerenes into the human body is
required. As is well known, atoms belonging to the lantha-
noid group as well as carbon fullerenes with bare surfaces
can be highly toxic (causing significant cell death)?® and, as
a consequence, it is thus necessary to prevent the metal ion
release or the desorption (degradation) of the protective hy-
droxyl layer within the human body.

In Fig. 5 we present thus the lowest energy PWSCF atomic
configuration of the most stable fullerene compound shown
in Fig. 3(a) but having different charge states +¢q. In the
figure, we show our fully optimized La @ Cg,(OH);,™ com-
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pounds, where g will be as large as 8, which is a reasonable
charge state that can be easily experimentally achieved.'> We
show also in addition, to the right of each one of the equi-
librium configurations, only the structure of the correspond-
ing underlying carbon network in order to more clearly ap-
preciate the structural deformations induced on the Cg
cavity by the charging of the systems. From the figures the
most important features to remark are that, similar to the
results shown in Fig. 3, (i) the La-ion changes its endohedral
location but now when the ¢ value increases and that, as
already found in Ref. 23, (ii) the charging of the fullerene
compound (up to ¢g=+38) induces the rupture of various C-C
bonds of the carbon network, leading to the formation of
sizable holes in the Cg¢, cavity made of nine-membered rings
[see Figs. 5(c) and 5(d)]. However, it is interesting to remark
that these holes are not attractive for the encapsulated spe-
cies. In fact, notice from the figures that the confined La-ion
is found to be always adsorbed away from these openings,
being still stable in the inside of our partially open carbon
cages. Actually, we have performed additional calculations in
which we have readsorbed the lanthanum atom precisely
above all the nine-membered rings shown in Figs. 5(c) and
5(d) and, during the optimization process, the La ion always
desorbs from this area and moves to a nearest and uncovered
carbon region, ending up finally attached in an on-hollow
configuration over a six-membered ring.

It is reasonable to expect that with increasing the charge
state in the molecular compounds more complex structural
rearrangements will occur, possibly leading to the presence
of bigger holes in the fullerene cavity. In addition, with the
encapsulation of smaller atomic species, ion-scape through
the defect could more probably occur. At this point, we
would like to remark that the role of the presence of holes in
a fullerene cage on the metal ion migrations remains mostly
unexplored. Of course additional studies analyzing possible
reaction pathways, as well as the estimation of the magnitude
of the energy barriers that need to be overcome, are neces-
sary in order to more clearly understand the conditions by
which the encapsulated species could be ejected through the
defect. Some of these calculations are currently in progress.

Finally, we can thus conclude this section by saying that
the most possible structure of cationic La @ Cg(OH);,™ spe-
cies is in the form of open cage configurations. It is also clear
that, in these kinds of highly hydroxylated fullerene com-
pounds, the control of the amount of missing electrons could
be very useful for modifying the endohedral location of the
encapsulated species as well as the size of the opening of the
cage.

B. Polyhydroxylated La @ Cg,(OH),,*! metallofullerenes

We present now the lowest energy PWscf atomic configu-
rations for some possible highly hydroxylated Cg,(OH), iso-
mers. In this case, the amount of OH groups covering the
carbon structure has been chosen following the recent experi-
mental work of Chen et al.?® in which the synthesis of poly-
hydroxylated Cg,(OH),, structures has been reported.

As in the previous section, we consider again (i) OH
groups distributed on the surface forming small molecular

PHYSICAL REVIEW B 78, 155426 (2008)

FIG. 6. (Color online) Illustration of the PWSCF lowest energy
atomic configurations for three representative Cg,(OH),, isomers
(see text).

islands, (ii) hydroxyl molecules completely aggregated on
one side of the Cg, cage, and (iii) assuming the adsorption of
20 OH groups homogeneously distributed on the fullerene
surface. The resulting PWSCF lowest energy structures for the
previously proposed initial atomic configurations are shown
in Fig. 6. Interestingly, as already obtained in Ref. 23 and in
this work, we found that the formation of small molecular
islands on the Cg, surface [see Fig. 6(a)] corresponds to the
most stable adsorbed phase. We notice also the formation of
localized networks of hydrogen bonds between neighboring
OH groups (see the dotted lines) in good agreement with our
previous calculations.

It is important to remark that even if the configuration
shown in Fig. 6(a) is the most stable array, the segregated
structure in Fig. 6(b) is (in contrast to the results of Fig. 2)
only located 0.1 eV above in energy, being thus the two of
them almost degenerate. This result is very interesting and
clearly precludes a complex interplay between the relative
stability, the size and symmetry of the carbon cage, as well
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as the degree of surface OH coverage in these kinds of mo-
lecular compounds. Finally, and also in contrast to Fig. 2, we
notice from Figs. 6(a) and 6(b) the existence of more com-
plex lateral interactions between the coadsorbed hydroxyl
groups. In both OH-covered Cg, isomers, we can clearly see
that the close proximity between two OH species can induce
a favorable attraction that originates the formation of water
molecules. From the figures we note that the H,O species
desorb from the molecular coating; however, they are found
to be still physisorbed on the hydroxylated (hydrophilic)
parts of the carbon structure. Interestingly, this process also
induces the contamination of the fullerene surface due to the
existence of chemisorbed atomic oxygen resulting from the
OH+OH — H,0+0 reaction.

In Fig. 7 we present now the lowest energy PWSCF atomic
configurations for the Cg,(OH),, fullerene isomers shown in
Fig. 6 but now containing an encapsulated La atom. As a
reference, in Fig. 7(a) we show first the lowest energy struc-
ture for the uncovered La @ Cg, endohedral metallofullerene.
From the figure we notice again that the center is an unstable
position for the La atom. As in the Cg, cage [see Fig. 1(b)]
the lanthanum atom is found to be attached to the internal
carbon surface, being close to a double C-C bond, with an
La-C interatomic distance distribution that varies in the
range of 2.43-2.65 A (being of the order of the ones re-
ported previously by Poirier et al.?’). Interestingly, and in
contrast to Fig. 3, in the polyhydroxylated Cg, cages the
inclusion of the lanthanum atom modifies the relative stabil-
ity between our three considered isomers. Now, the atomic
array in which a segregated configuration for the OH groups
on the carbon surface is assumed [see Fig. 7(c)] is found to
be 1.2 eV more stable (within our hybrid PWSCF/GAUSSIANO3
approach) that the one in which OH-island formation is ob-
served [Fig. 7(b)]. Furthermore, by comparing the lowest
energy atomic arrays shown in Figs. 7(b)-7(d) we can clearly
see that the endohedral location of the La atom strongly de-
pends also on the structure of the adsorbed molecular OH
coating. From the figures we see notable displacements of
the encapsulated La species on the inner carbon surface
which are clearly reflected in its charge state, changing from
+2.1 [Fig. 7(b)] to +2.3 [Fig. 7(c)] to +2.2 [Fig. 7(d)].

Finally, it is important to briefly comment also on the
effect of increasing the positive charge in our
La @ Cg,(OH),,"¥ molecular compounds. Interestingly and in
contrast to the results shown in Fig. 5 we have found (not
shown) that, even if considering values of ¢ as large as 8, (i)
no C-C bond breakage in the carbon network is obtained, (ii)
only minor structural deformations to the Cg, cage are in-
duced, and (iii) small displacements of the encapsulated La
atom adsorbed on the inner surface are found. These results
are of fundamental importance and define thus the hydroxy-
lated Cg, fullerene as a more appropriate structure for pro-
tecting the encapsulated species from external chemical at-
tack or metal ion release in the body.

IV. SUMMARY AND CONCLUSIONS

In this work, we have presented a systematic ab initio
density-functional theory investigation dedicated to analyze

PHYSICAL REVIEW B 78, 155426 (2008)

)

FIG. 7. (Color online) Illustration of the PWSCF lowest energy
atomic configurations for our considered La@ Cgy(OH),, com-
pounds (see text).

the stability as well as electronic properties of both neutral
and positively charged polyhydroxylated La @ Cy(OH),,"
and La @ Cg,y(OH),," (¢=0,2,4,6,8) metallofullerenes. We
have obtained that the endohedral location of the lanthanum
atom strongly depends on the precise distribution of the OH
groups on the carbon surfaces. In particular, we have found
that there is a favorable attraction between the encapsulated
La ion and the electron-rich (uncovered) regions of the car-
bon network, a fact that leads to the existence of well defined
adsorbed configurations within the cavities. Interestingly, the
previous adsorbed phases are characterized by different La-C
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PHYSICAL REVIEW B 78, 155426 (2008)

bond lengths and by having a contrasting distribution of the Cg,-based endohedral fullerenes, no C-C bond breakage in
energy levels around the highest occupied molecular orbital. the carbon cage is obtained. The previous results are ex-
In addition, notable variations in the total spin magnetization  pected to be of fundamental importance in medical and bio-
and in the charge state of the encapsulated species are also logical applications where the permanent encapsulation of
found, which are all facts that could be used to better identify highly toxic atomic species is required.

the possible atomic configuration of these molecular com-
pounds.

Finally, we have obtained that by positively charging our
polyhydroxylated Cg, metallofullerenes it is possible to in-
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