
DOI: 10.1002/chem.200800376

Magnetic Endohedral Transition-Metal-Doped Semiconduncting-
Nanoclusters

Jon M. Matxain,* Elena Formoso, Jose M. Mercero, Mario Piris, Xabier Lopez, and
Jesus M. Ugalde[a]

Introduction

The properties of nanoparticles and nanoclusters differ with
respect to those of their corresponding bulk material. How-
ever, as their bulk counterparts, nanoclusters can also be
doped and, consequently, their properties be modified at
will.[1]

Among nanocluster structural motifs, interest in hollow
spherical structures has increased since the discovery of
carbon buckminsterfullerenes.[2] These carbon clusters are
able to build up molecular solids, in which each unit keeps
its structure, similar to that of our isolated cluster.[3]

The electronic properties of these fullerenes and the
solids made of them, fullerites, may be altered by the intro-

duction of dopants, thereby yielding new materials with tail-
ored properties. Fullerenes have been doped in three differ-
ent ways: i) By substituting one or several carbon atoms by
other similar atoms, such as B, N, or Si to yield the so called
heterofullerenes, first produced by Smalley)s group[4] in
1991; ii) Exohedrally, compounds in which atoms are placed
outside the fullerene cages. It has been found that by exohe-
dral doping a number of fullerites can be altered from the
non-doped insulator to semiconductors,[5] or even high-tem-
perature superconductors;[6,7] iii) Endohedrally, whereby
atoms or molecules are trapped inside the fullerenes. The
earliest one, La@C60, was discovered by Heath et al. in
1985,[8] and after that many others have been found and
their electronic structures explained.[9–13] Remarkably, no
transition-metal atoms have been found encapsulated inside
fullerenes.[14]

Boron nitride (BN) clusters are the ones next most widely
studied hollow nanoclusters, owing to the fact that the BN
unit is isoelectronic to C2. A large amount of BN fullerenes,
such as BiNi, i=12,15,24,28–60, have been investigated both
theoretically and experimentally.[15–26]
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Interestingly, the smallest synthesized BN fullerene,
B12N12, has been seen to form stable solids, in which the
structure of the cluster is not substantially altered. Namely,
the structure of the boron nitride E-phase, discovered by
Batsanov et al. in 1965,[27] and recently explained by Pokro-
pivny to be a solid built by B12N12 fullerenes.

[28] Other cova-
lent crystals based on B12N12 fullerenes have been also char-
acterized recently.[29,30]

Hollow nanoclusters of elemental metals have also been
synthesized. For instance, experimental evidence of “free-
standing” hollow clusters consisting of gold atoms,
Au16–18

�,[31] and lead atoms, Pb12
2�,[32] have recently been re-

ported. As these gold cages have an average diameter larger
than 5.5 M, it was hypothesized that they could easily ac-
commodate a guest atom inside. Indeed, this was further ex-
perimentally confirmed by Wang et al. ,[33] who were able to
isolate in the gas phase Cu@Au16 and Cu@Au17 nanoclusters.
Similarly, the so called stannaspherene cluster, Sn12

2� has
also been characterized,[34] as a hollow cluster with icosahe-
dral Ih symmetry and large enough diameter (>6 M) as to
encapsulate atoms inside. In particular, TM@Sn12

� (TM
stands for transition metal) compounds have been found to
be stable even in the gas phase, for most transition
metals.[35] These endohedral clusters attain their stability by
substantial charge transfer from the encapsulated atom to
the cage Sn12, which is an unsaturated cluster that gets stabi-
lized by two additional electrons. Additionally, the Mn@Sn12
endohedral compound has been characterized,[36] as an inter-
esting high-spin endohedral transition-metal-doped nano-
cluster.
In addition to the C, BN, and metallic hollow nanoclusters

mentioned above, binary hollow nanoclusters of semicon-
ductor elements, such as II–VI elements, have also been in-
vestigated.[37–45] However, studies of the properties of endo-
hedral compounds made of these hollow nanoclusters are
scarce. Of particular relevance to the present research are
the recent studies on the Mn@Zn12O12 endohedral com-
pound,[46] and on the endohedral compounds of the type
(X@ZniOi)i=4–16

0,�1, in which X is either an alkali metal or a
halogen.[30]

The aim of this work is to study the endohedral first-row
transition metals (TM@ZniSi)i=12,16. Endohedral transition-
metal compounds are interesting, owing to their magnetic
properties, which may lead to dimers with (anti)ferromag-
netic coupling.[36]

We have considered trapped first row transition metals
within Zn12S12 and Zn16S16 nanoclusters. The structures of
these hollow ZniSi nanoclusters have been characterized in
previous works.[38,41] These two semiconducting nanoclusters
have been chosen because of their high symmetry and
highly spheroidal shape, which allow for favored endohedral
structures as compared to other nanoclusters,[30] rather than
for their experimentally proven enhanced stability.
Experimental evidence of the stability of ZniSi, CdiSi and

CdiSei nanocluters was provided by Kasuya et al.,
[47] who

found that, in paticular, Cd33Se33 and Cd34Se34 are extermely
stable in solution.

Additional evidence has recently been provided by Bel-
Bruno and coworkers,[44,45] who found a number of stable
ZniSi nanoclusters in the gas phase.

Computational Details

All geometries have been fully optimized by using the gradient corrected
hybrid B3LYP[48–50] functional within the Kohn–Sham implementation[51]

of density functional theory.[52] Harmonic vibrational frequencies are de-
termined by analytical differentiation of gradients, in order to determine
whether the structures found are true minima or not, and to extract zero-
point energies and vibrational contributions to Gibbs free energy, DG,
which is reported at room temperature. The relativistic compact effective
core potentials and shared-exponent basis set[53] of Stevens et al. (SKBJ)
has been used for Zn and S, as described in the study of the isolated clus-
ters,[41] and the fully relativistic multielectron-fit pseudopotentials, with
10 electrons in the core, developed by Dolg et al. , were used for the trap-
ped atoms.[54,55] Note that pure angular momentum functions were used
throughout this study. To check for the reliability of this methodology, we
have calculated the energy difference between high-spin and low-spin
states of all first row TM, calculated as DE=ELS�EHS, and are given in
Table 1. Our calculations predict correctly the electronic state of the
ground states, with energy differences which correlate correctly with the
experimental ones. All the geometry optimizations and frequency calcu-
lations were carried out with the GAUSSIAN03 package.[56]

To further explore the thermal stability of these compounds, we also un-
dertook ab initio thermal MD simulations at 298 K on some selected
cases, controlled by means of the Nose thermostat as implemented in the
SIESTA code,[57] within a DFT approach. Exchange and correlation ef-
fects were described using the generalized gradient approximation
(GGA), within the revised Perdew–Burke–Ernzerhof (rPBE) function-
al.[58–60] Core electrons were replaced by Troullier–Martins norm-conserv-
ing pseudopotentials[61] in the Kleinman–Bylander factorized form.[62]

Within the context of SIESTA, the use of pseudopotentials imposes basis
orbitals adapted to them. Furthermore, SIESTA employs a localized
basis set to represent the Kohn–Sham orbitals for valence electrons. Ac-
cordingly, the basis set of atomic orbitals is constructed from numerical
solutions of the atomic pseudopotential, and are constrained to be zero
beyond a cutoff radius. We used one basis set of double-z plus polariza-
tion quality (DZP). The single parameter (orbital energy shift) that de-
fines the confinement radii of different orbitals was DEPAO=150 meV,
which gives typical precision within the accuracy of the used GGA func-
tional. With this basis set, SIESTA calculates the self-consistent potential
on a grid in real space. The fineness of this grid is determined in terms of
an energy cutoff in analogy to the energy cutoff when the basis set in-
volves plane waves. In our calculations, we used an equivalent plane
wave cutoff energy of 200 Ry. These simulations were carried out for 5 ps
with a chosen time step of 1 fs.

Table 1. Experimental and theoretical DE, the energy difference between
the high (HS) and low spin (LS) states, of the first row transition-metal
atoms, calculated as EHS�ELS.
Atom DEExp

[kcalmol�1]
DETheor
[kcalmol�1]

Sc 4F–2D �32.94 �24.44
Ti 5F–3F �18.68 �13.93
V 6D–4F �6.04 �5.98
Cr 7S–5S 21.71 19.47
Mn 6S–4D 66.61 52.55
Fe 5D–3F 34.24 29.18
Co 4F–2F 21.27 12.87
Ni 3F–1D 9.75 3.60
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Results and Discussion

In this section the characterized first-row transition-metal
endohedrally-doped nanoclusters, TM@Zn12S12 and TM@
Zn16S16, are shown and their properties discussed. For each
TM, the two lowest-lying spin states have been considered.
In Table 2, the geometrical properties, such as the symmetry
group of the endohedral compounds, the distance of the TM
with respect to the center of the nanoclusters, R, and the
rcavity of the cluster are given, in M, along with electronic
properties such as the charge (q) and spin density (1S) of
the encapsulated transition metal. Energies like the energy
difference between the high and low spin complexes (DE)
and the encapsulation energy (DGenc), in kcalmol

�1, are also
given in Table 2, and will be compared to the energy differ-
ences observed for isolated transition-metal atoms.
A quick glance to the geometrical values given in Table 2

reveals that two types of stable endohedral compounds have
been found. On the one hand, compounds in which the tran-
sition-metal atom is placed in the center of the cluster, R=

0, and on the other hand, compounds where the transition-
metal atom is displaced from the center of the cluster, R>0.
These structures are depicted in Figure 1. Recall that the
isolated Zn12S12 and Zn16S16 belong to the D2h and D2d sym-
metry groups and have rcavity 2.54 and 3.14 M, respectively,
with standard deviations of 0 and 0.02. This indicates that
these two nanoclusters are spherical.[30]

Comparing the rcavity and standard deviations of the calcu-
lated endohedrally-doped compounds with respect to the
isolated nanoclusters, it is observed that the nanoclusters do
not get distorted appreciably upon encapsulation, an indica-
tion that the interaction between the host and the guest is
small. Indeed, the small atomic charge of the trapped transi-
tion-metal atom, along with the fact that the spin densities
are localized on the trapped atom, confirm that the charge

Table 2. The distance of the TM with respect to the center of the nanocluster, and rcavity [M], with the standard deviation in parenthesis. Symm stands for
the symmetry group of each structure. q is the atomic charge of the TM and, 1S its spin density. Finally, DE is the relative energy of the low-spin state
with respect to the high-spin state, and DGenc is the free energy of encapsulation, both are in kcalmol

�1.

Zn12S12 Zn16S16
R rcavity Symm q 1S DE DGenc R rcavity Symm q 1S DE DGenc

Sc 2D – – – – – – – 0 3.09 (0.03) D2d 0.44 0.87 – �2.47
Sc 4F – – – – – – – – – – – – – –
Ti 3F – – – – – – – 0 3.08 (0.04) D2d 0.38 1.86 8.82 �8.38
Ti 5F 0.90 2.54 (0.13) CS 0.18 3.17 – �17.54 1.54 3.09 (0.06) C1 0.02 3.49 – �21.14
V 4F 1.03 2.53 (0.18) C1 0.20 2.91 7.24 �7.41 0 3.09 (0.03) D2d 0.34 2.86 20.60 3.63
V 6D 0.72 2.53 (0.07) CS 0.28 4.46 – �15.63 1.21 3.09 (0.07) CS 0.12 4.61 – �17.95
Cr 5S 0 2.51 (0.00) D2h 0.49 3.94 14.81 �14.71 1.25 3.09 (0.09) C1 0.08 3.94 15.80 �16.57
Cr 7S 0 2.52 (0.00) D2h 0.38 5.53 – �10.04 0.83 3.09 (0.03) C1 0.22 5.61 – �12.90
Mn 4D 1.10 2.53 (0.09) C1 0.17 3.16 24.41 �21.21 1.66 3.09 (0.07) C1 0.05 3.35 30.05 �25.10
Mn 6S 0 2.53 (0.00) D2h 0.44 4.65 – 6.93 0 3.09 (0.03) D2d 0.22 4.80 – �2.60
Fe 3F 1.04 2.52 (0.07) C1 0.17 2.23 6.44 �26.62 1.47 3.09 (0.06) C1 0.09 2.27 6.75 �26.28
Fe 5D 0 2.51 (0.00) D2h 0.34 3.60 – �3.87 0 3.09 (0.03) D2d 0.19 3.85 – �3.85
Co 2F 0.82 2.52 (0.05) C2n �0.09 1.25 8.55 �15.38 1.44 3.09 (0.04) CS 0.04 2.69 �3.85 �20.35
Co 4F 1.06 2.52 (0.05) C1 0.15 2.70 – �11.06 0 3.09 (0.03) D2d 0.16 2.90 – �3.63
Ni 1D – – – – – – – 1.84 3.10 (0.07) CS �0.03 � 0.44 �17.47
Ni 3F 0.75 2.52 (0.02) C2n 0.21 1.64 – �14.36 1.46 3.09 (0.05) CS 0.05 1.71 – �14.30
Cu 2S 0.71 2.52 (0.02) C1 0.25 0.66 – �13.12 1.50 3.09 (0.04) CS 0.01 0.70 – �15.03
Zn 1S 0 2.54 (0.00) D2h 0.20 – – 5.98 0 3.09 (0.02) D2d 0.09 0.00 – �2.14

Figure 1. The structures of the isolated (top row) nanoclusters and stable
endohedrally-doped TM@Zn12S12 (left column) and TM@Zn16S16 (right
column) R=0 and R>0 nanoclusters.
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and spin transfers from the TM to the nanocluster are negli-
gible.
This allows us to draw a schematical picture of these en-

dohedral structures as a neutral transition-metal atom inside
a neutral nanocluster, with the spin density localized on the
transition-metal atom, for both R=0 and R>0 compounds.
The relative high-spin and low-spin energies shown in

Table 2 reveal that endohedral transition-metal-doped nano-
clusters favor high-spin states, with the sole exception of
Co@Zn16S16, for which its low-spin state is 3.85 kcalmol

�1

more stable than its high-spin state.
Additionally, as shown in Table 2, we observe that the en-

capsulation free energies are negative, which means that the
formation of these endohedral compounds is thermodynami-
cally allowed. There are three exceptions, however,
Mn(6S)@Zn12S12, Zn(

1S)@Zn12S12 and V(
4F)@Zn16S16, have

positive encapsulation energies. In Table 2 notice that the Sc
atom, both in its doublet or quartet state, the Ti atom in its
triplet state and the Ni atom in the singlet state do not form
stable endohedral structures inside Zn12S12. Let us discuss in
more detail the results obtained for R=0 and R>0 com-
pounds.

Structural properties : The middle transition-metal elements
are found to remain stable at the center of the Zn12S12 nano-
cluster. Namely, TM@Zn12S12, with TM=Cr (5S, 7S), Mn
(6S), Fe (5D) are stable structures. For the Zn16S16, both the
early and middle transition-metal elements are found to
remain stable at the center of the nanocluster, i.e. : TM@
Zn16S16, with TM=Sc (2D), Ti (3F), V (4F), Mn (6S), Fe (5D),
Co (4F) are stable structures. Finally, the late transition-
metal endohedral nanoclusters of Ni and Cu have the metal
displaced from the center of the nanocluster, whereas Zn
favors a centered position inside both Zn12S12 and Zn16S16
clusters. The endohedral nanoclusters with R>0, in which
the metal is forced to be at the center of the clusters, are
high order stationary points that have several vibrational
modes with a negative force constant. Both types of struc-
tural families, namely, R=0 and R>0, are depicted in
Figure 1, along with their corresponding isolated nanostruc-
tures.
Observe that transition-metal elements that can be trap-

ped at the center of the Zn12S12 nanocluster have high-spin
state. Conversely, for the Zn16S16 nanocluster, the earlier
transition-metal elements have low-spin, whereas the middle
transition-metal elements have high-spin state. Thus the
highest spin state corresponds to the Cr@Zn12S12 endohedral
nanocluster, which is predicted to posses large atomic-like
magnetism and carry a magnetic moment of 6 mB.
A study of the rcavity values of these compounds reveals

that they differ slightly from the 2.54 (0.00) and 3.14
(0.02) M values of the isolated Zn12S12 and Zn16S16 cavities.

[30]

In addition, the symmetry groups of these endohedral struc-
tures are the same as those of the isolated nanoclusters,
which means that the nanoclusters are not geometrically al-
tered upon transition-metal encapsulation.

Focusing on the geometrical properties of the endohedral-
ly-doped nanoclusters with the metal-displaced off-center,
R>0 structures, it is observed that the displacement of the
metal leads to a loss of symmetry of the structures, as a con-
sequence of the distortion on the hollow cluster structure
upon the encapsulation of the transition metal. Recall, nev-
ertheless, the small values of the standard deviation and
how similar are the radii of the cavities as compared to the
radii of the corresponding nanoclusters with the transition-
metal atom placed at the center. Notice, finally, that the
value of R in TM@Zn16S16 endohedral nanoclusters is larger
than in TM@Zn12S12, as one could expect owing to the
larger cavity radius of the former.
For R=0 compounds the charge of the transition-metal

atom decreases as it moves towards the right in the periodic
table. Thus, for TM@Zn12S12 nanoclusters, the transition-
metal atomic charge decreases from the 0.49 e of Cr (5S)
nanocluster to 0.20 e of the Zn (1S) nanocluster. Additional-
ly, in the TM@Zn16S16 case this decrease occurs from the
0.44 e of Sc (2D) to the 0.09 e of Zn (1S). The electron densi-
ty cloud of the transition-metal atom gets more compact as
one moves to the right in the periodic table, hence, the
charge transfer from the transition-metal atom to the nano-
cluster decreases.
For off-center endohedral nanoclusters, R>0 structures,

the atomic charge of the transition metal fluctuates very
little between a minimum charge transfer of 0.12 e in
V(6D)@Zn16S16 and a maximum of 0.28 e for V(

6D)@Zn12S12.
The calculated spin densities for both R=0 and R>0 fami-
lies reveal that the spin is mainly located on the trapped
transition-metal atom.
Consequently, we may conclude that in these endohedral

compounds both the transition metal and the nanocluster
maintain their isolated structure. This was not the case of
the endohedral X@ZniSi nanoclusters, in which X stands for
alkali metal and halogens. For the former an electron was
transferred from the alkali metal atom to the nanocluster
and for the latter and electron was transferred from the
nanocluster to the halogen atom.[30]

Energies : In this subsection the relative energies, DE, be-
tween of the low-spin (LS) states with respect to their corre-
sponding high-spin state (HS) and the encapsulation free en-
ergies, DGenc, for the dopant transition-metal atom to be en-
capsulated inside the (ZnSi)i=12,16, shown in Table 2, are dis-
cussed. The DGenc for a given endohedral cluster is calculat-
ed with respect to the isolated cluster and the transition-
metal atom with the same spin multiplicity as the endohe-
dral complex.
The calculated DE values suggest that the high-spin states

of the endohedral nanoclusters are lower in energy than
their low-spin states, irrespective of whether the transition-
metal atom is trapped at the center or off-center. The only
exception to this rule is Co@Zn16S16. Observe that the calcu-
lated spin densities, shown in Table 2, are very supportive of
the almost pure spin localization at the metal center. How-
ever, a word of caution is due here, concerning the inaccur-
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ateness of the hybrid approximated functionals to treat
“localized” spin systems.[63]

Recall that for the isolated transition-metal atoms the
high spin states are favored with respect to their low-spin
states, except for Sc, Ti, and V, which have the low-spin
ground states (See Table 1). The energy differences of the
Mn nanoclusters peak at 24.41 and 30.05 kcalmol�1 for
Mn@Zn12S12 and Mn@Zn16S16, respectively. Then, the energy
difference decreases as one moves from Mn towards either
end, the left or the right, of the periodic table. Additionally,
the DE values of the endohedral nanoclusters are smaller
than those of isolated transition-metal atoms, indicating a
higher relative stabilization of the excited states of the tran-
sition-metal atoms upon encapsulation. This higher relative
stabilization is remarkable for Ti, V, and Co endohedral
nanoclusters, since the excited state of the isolated atom
becomes now the ground state in the endohedral nano-
cluster.
The negative values of DGenc show that most of these en-

dohedral transition-metal-doped nanoclusters are thermody-
namically stable. Note that DGenc are more negative for
those spin states that are excited states in the corresponding
isolated metal atoms. This means that these states are stabi-
lized more in the endohedral structures, in agreement with
the calculated DEs. In general, the most exergonic com-
pounds are those of low-spin middle transition-metal nano-
clusters, irrespective of whether the trapped transition-metal
atoms in on the center or off-center. Thus, the most exer-
gonic endohedral nanoclusters are those of Fe(3F), with
values around �26 kcalmol�1. In general, the DGenc are
slightly more negative in TM@Zn16S16 than in TM@Zn12S12
nanoclusters by ��2 kcalmol�1. This is an indication that
TM@Zn16S16 nanoclusters are somewhat more stable than
their corresponding TM@Zn12S12 nanoclusters.

Quantum dynamics of the trapped atom : Ab initio molecu-
lar dynamics simulations have been carried out for two se-
lected cases, Zn(1S)@Zn12S12 and Ti(

5F)@Zn12S12, as repre-
sentatives of the endohedral nanoclusters with the trapped
dopant atom at the center and off-center, respectively. We
have set a simulation time of 5 ps, with a time step of 1 fs,
and the trajectories have been calculated at a constant aver-
age temperature of 298 K. Figure 2 shows how the energies
of these nanoclusters vary during the simulation.
It can be observed, from the Figure 2, that the energies of

both nanoclusters oscillate around the same value over the
whole simulation period. A fact which is very supportive of
the thermal stability of the endohedral nanostructures.
Therefore, these endohedral structures are predicted to be
stable enough to survive long time at room temperature as
to allow for their experimental characterization.
The distances of the trapped transition metal with respect

to the center of mass of the Zn(1S)@Zn12S12 and Ti(
5F)@

Zn12S12 endohedral nanoclusters during the simulation time
are depicted in Figure 3. Recall that in the optimum struc-
ture of Zn(1S)@Zn12S12, the endohedral dopant Zn atom is
at the center, R=0, of the nanocluster. Conversely, in the

optimum structure of Ti(5F)@Zn12S12, the titanium atom is
at R=0.90 M.
In the case of Zn(1S)@Zn12S12, the quantum molecular dy-

namics calculations show that the Zn moves around the
nanocluster)s center, up to a maximum radial distance of
0.4 M. The average radial separation of the endohedral Zn
atom being 0.18�0.07 M. The dynamical trajectory of the
Zn atom inside Zn12S12 is outlined in Figure 4. It is observed
that the Zn atom remains confined at the center of the
nanocluster.
However, the dynamical behavior of the trapped titanium

atom in the Ti(5F)@Zn12S12 is very different. Our calcula-
tions show that Ti localizes in one off-center grove, which

Figure 2. Variation of the energy, in eV, of Ti(5F)@Zn12S12 (top panel)
and Zn(1S)@Zn12S12 (bottom panel) endohedral nanoclusters as a func-
tion of time.

Figure 3. Variation of the distance, R, in M, of the trapped transition-
metal atom from the center of mass of the nanocluster as a function of
time. Ti@Zn12S12 (c) and Zn@Zn12S12 (a).
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expands radially from 0.7 to 1.3 M from the center. The
average radial distance of the titanium within such grove
has been calculated to be 1.03�0.16 M, a radial distance
very similar to the R=0.90 M obtained for the optimum
minimum structure. Observe that there are four equivalent
such groves for the trapped titanium atom in the Ti@Zn12S12
nanoclusters. We have observed no passing from one such
grove to another during our simulation time. This is indica-
tive that such groves are separated by energy barriers larger
than kT.
One can envisage two main paths connecting the above

mentioned groves. One passing through the center of mass
of the nanocluster and another one along a “constant”
radius path. The former will denoted as the radial path and
the latter as the angular path. We have been able to opti-
mize the structures that correspond to the highest energy
point on each path and, consequently, this allows us to esti-
mate the barrier heights of the two paths. We have collected
these barrier heights in Table 3.

Observe that most barriers lie well above kT for T=

298 K, namely, �0.6 kcalmol�1. Consequently, the trapped
atom will not jump from grove to grove, as shown by our
quantum molecular dynamic calculations, for it has not
enough energy as to surmount the energy barrier. Finally, it
is worth noting that in spite of the predicted “weak” host-
guest interaction, our calculations demonstrate that for a
number of these TM@ZniSi nanoclusters, it turs out to be
large enough as to raise barriers, larger than kT, which pre-
vent off-center trapped transition metals to cross the nano-
cluster)s center.

Conclusions

In this work the endohedrally-doped TM@ZniSi nanoclus-
ters have been characterized. TM stands for the first-row
transition-metals from Sc to Zn, and i=12,16. Two type of
structures have been observed. On the one hand structures
where the dopant transition-metal atom is placed at the
center of the nanoclusters, denoted as R=0 and, on the
other hand, nanoclusters where the dopant transition-metal
atom is displaced from the center to a distance R, denoted
as R>0 structures. In all these structures the transition-
metal atom causes a small or negligible distortion on the
nanocluster upon encapsulation. The small atomic charge of
the trapped transition-metal atom, along with the fact that
the spin densities are localized on the metal atom, reveal
that in most cases there is little charge and spin transfer
from the transition-metal atom to the nanocluster. This is in-
dicative of a weak guest–host interaction.
The calculated relative energies of the low-spin states

with respect to their corresponding high-spin states, DE,
reveal that the high-spin doped nanoclusters are more stable
than the low-spin ones, irrespective of whether the trapped
atom lies on the center of mass of the cluster or displaced
off-center.
The encapsulation free energies, DGenc, are found to be

negative. This means that the formation of these endohedral
compounds is thermodynamically allowed. The DGenc encap-
sulation free energies of the trapped excited states of the
transition-metal atoms are more negative than those of their
corresponding ground states. This indicates a higher relative
stabilization of the excited states of the transition-metal
atom upon encapsulation.
Quantum molecular dynamics calculations carried out on

these endohedrally-doped nanoclusters are very supportive
of the thermal stability of the characterized structures.
Those with optimum geometries having the trapped transi-
tion atom at the center of mass of the nanocluster, present a
deep enough confinement well as to retain the dopant atom
around its equilibrium position. Structures where the opti-
mum geometry shows the dopant trapped transition-metal
atom displaced from the center of mass, have a number of
symmetry dictated confinement groves for the transition-
metal atom. The calculated energy barriers of the angular
and the radial paths, connecting the various groves of the

Figure 4. Dynamical trajectories of the transition-metal atom inside the
nanocluster. Top Zn(1S)@Zn12S12 and bottom for Ti(5F)@Zn12S12. The
plots were prepared as follows. For each saved structure along the dy-
namics, the center of mass of the spheroid was set on the origin (red
dot), and the coordinates of all atoms in the system referred to this
center of mass. Then, the average position for each of the atoms of the
spheroid along the dynamics was calculated and the corresponding aver-
age spheroid structure is the one shown in the figure. Finally, the blue
line corresponds to the positions of the inner atom (Zn or Ti) with
ACHTUNGTRENNUNGrespect to the center of mass of the spheroid for each saved structure.

Table 3. Estimated energy barries, in kcalmol�1, connecting the various
confinement groves of the endohedral nanoclusters which have the trap-
ped transition-metal atom indicated in first column, displaced from the
center of the nanocluster. DE�rad, stands for the barrier along the path
connecting the groves through the center of mass of the nanocluster and
DE�

ang is the barrier along the lateral path.

Zn12S12 Zn16S16
2S+1 DE�

rad DE�
ang DE�

rad DE�
ang

Ti 5 9.84 1.77 12.47 9.90
V 4 12.67 1.32 – –
V 6 4.46 3.60 9.44 5.96
Cr 5 – – 8.73 7.13
Cr 7 – – 5.50 2.01
Mn 4 9.49 2.51
Fe 3 9.18 2.32 12.18 1.39
Co 2 19.34 0.00 6.67 10.31
Co 4 6.59 4.04 – –
Ni 1 – – 42.59 15.13
Ni 3 2.89 0.00 7.86 0.82
Cu 2 3.38 0.05 8.95 7.71
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off-center trapped endohedral nanoclusters, suggest that, at
room temperature, the transition metal will not move from
grove to grove.
Our calculations indicate that the (ZniSi)i=12,16 clusters act

as a host protecting the spins of the trapped dopant transi-
tion-metal atom, giving rise to the atomic magnetism. It is
well-known that the local properties of a dopant transition-
metal atom strongly depend on their vicinal environment.
For these particular endohedral nanoclusters, the interaction
between the trapped dopant transition-metal atoms and the
(ZniSi)i=12,16 hosts is weak, allowing them to behave atomic-
like and keep their spin states unaltered.
Continued experimental and theoretical studies of similar

doped nanoclusters may lead to the discovery of new fami-
lies molecular magnets with tunable magnetic properties.
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