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We performed a first principles total energy investigation on the structural, electronic, and magnetic
properties of 3d-transition metal-encapsulated adamantane molecules (TM@C10H16, with TM=Cr, Mn, Fe,
Co, and Ni). We find that the C–C interactions are strong enough to maintain the molecular rigidity upon TM
incorporation, although outward relaxations and formation energies are large. We built a microscopic model
that explains the electronic structure of those molecules.
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1. Introduction

Encapsulating atoms, or even small molecules, inside caged
nanostructures have attracted considerable attention over the last
decade [1,2]. The recent investigations on the properties of transition
metal atoms encapsulated in Si, SiC, Ge and Sn caged clusters [3–6]
have pointed to potential technological applications ranging from
optoelectronic and magnetic devices [4] to medical agents for
diagnostics and drug delivery [7,8]. Introducing atoms in the
molecular cages may be useful in several aspects; for example it
may help to build artificial “super” atoms, quantum systems with
tailored electronic properties. Additionally, encapsulating transition
metal atoms in those semiconducting molecules has been considered
as a way to stabilize them in caged configurations. The resulting stable
molecules have been considered in applications as molecular building
blocks for nanostructure self-assembly [4].

The Si or Ge small caged molecules are unstable in pristine
configurations, since the respective atoms strongly favor the sp3-like
bonding over the sp2-like one, andmolecules tend to stabilize in more
compact forms. Although encapsulating transition metal atoms is a
way to energetically favor the cage-like configuration, such procedure
is substantially difficult to achieve. However, there are several other
caged molecules that are already stable in their pristine configura-
tions, meaning that the only challenge is introducing the transition
metal atom in the already stable caged molecules. Although carbon-
based molecules are potentially interesting to work as hosts for caged
atoms, only fullerenes have been investigated in detail [9]. One of the
scarcely explored subjects in the literature concerns encapsulating
atoms in hydrocarbons [10].
In the hydrocarbon family, diamondoids are one of the most
interesting cases to carry such an investigation. They can be described
as molecular diamond, with carbon atoms in a diamond-like
microscopic configuration saturated by hydrogen atoms. They have
received great attention recently, after successful manipulation out of
crude oil [11]. Several applications have been suggested for diamond-
oids over the years; for example they have been considered for
electron emission devices [12], nanosensors, and fundamental
building blocks [13–15].

Recent theoretical calculations have studied the interactions of
diamondoids with impurities, for example boron and nitrogen
atoms in substitutional sites [14,16] and inert and alkali atoms in
caged configurations [10]. To our best knowledge there is no
investigation in the literature that explores the properties of caged
transition metal atoms in those molecules. Here, we used first
principles total energy calculations to investigate the properties of
embedded 3d-transition metal impurities (Cr, Mn, Fe, Co, and Ni) in
adamantane, the smallest diamondoid (C10H16). We find that the
resulting molecules remain stable after the TM inclusion, as a result
of the strong carbon–carbon interactions, although large outward
relaxation is observed. Additionally, the resulting molecules present
interesting magnetic properties, which could be suitable to work as
molecular spin valves.

2. Methodology

The properties of encapsulated 3d-transition metals in adaman-
tane molecules (TM@C10H16) were computed using the Vienna ab
initio simulation package (VASP) [17]. The electronic exchange
correlation potential was described with the generalized gradient
approximation of Perdew–Burke–Ernzerhof (PBE) [18] within the
spin polarized density functional theory. The electronic wave-
functions were described by a projector augmented wave (PAW)
methodology [19] and expanded in a plane-wave basis set, with a
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Fig. 1. (a) Inclusion energies of a TM on the tetrahedral interstitial site of C10H16 (closed
symbols) and diamond (open symbols). (b) Interatomic distances (Dij) between the
atom i and its neighboring j ones in the molecule (closed symbols) and in diamond
(open symbols) [21]. The figure shows the TM–C(1) (circle symbols), TM–C(2)
(triangle symbols), and C(1)–C(2) (diamond symbols) distances. (c) Variations in the C
(1)–C(2)–C(1) (circle symbols) and C(2)–C(1)–C(2) (triangle symbols) angles (Δθ) as
result of TM introduction in adamantane molecule.
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Fig. 2. Energy eigenvalues related to the TM-3d states in the HOMO–LUMO energy
region for the TM@C10H16 molecules, with TM=Cr, Mn, Fe, Co and Ni. The number of up
(down) arrows represents the spin up (down) electronic occupation of the levels. The
gray lines are the adamantane-related HOMO and LUMO.
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kinetic energy cutoff of 400 eV. The system was allowed to relax self-
consistently, with no symmetry or spin constrains, with convergence
criteria for total energy set to 0.01 meV/unit cell between two self-
consistent iterations, and criteria for forces (per atom) set to less than
5 meV/Å.

For each molecule, we also simulated several possible magnetic
states, by constraining the molecular magnetization. However, we
found that the ground state was associated with the low spin
configuration in all cases. The TM atomic characters of the energy
levels were identified based on the decomposition of the charge
density inside the TM atomic spheres, defined by the PAW method,
according to the secondary quantum numbers ‘.

We considered the TM@C10H16 molecules inside a cubic
15×15×15Å3 simulation cell with periodic boundary conditions. This
cell size was large enough to guarantee negligible interactions between
the atoms of the molecule in the simulation cell and those in the
neighboring cell images (interatomic distances larger than 9.6 Å). Such
theoretical framework has been successfully used to investigate several
properties of adamantane-related molecules [14,20].

3. Results and discussion

Adamantane (C10H16) is the smallest diamondoid, consisting of a
single diamond-like cage that carries two types of carbon atoms,
labeled C(1) and C(2). A C(1) is bound to three C(2)'s and one H atom,
while a C(2) is bound to two C(1)'s and two H's. C(1)–C(2)
interatomic distances are 1.538 Å and angles between two C(1)–C
(2) bonds are 109.5°; both results are close to the respective values in
crystalline diamond [14]. Since these C–C interatomic distances are
very small, one may define adamantane as a compact caged molecule,
and it could be anticipated that introducing a transition metal atom in
the tetrahedral site of the cage would be energetically costly and
cause large outward relaxations.

First of all, our results show that introducing the TM in the
tetrahedral interstitial site of adamantane maintains the structural
molecular rigidity in the symmetry of the original adamantane
molecule. Fig. 1a shows the inclusion energy (Ei) for several caged
TM atoms. This energy is defined as the difference in energy between
a TM@C10H16 configuration and the one with the atomic TM and
C10H16 molecule infinitely separated. The figure shows that it costs
about 8–10 eV to embed a TM atom inside adamantane. This value
should be compared to the inclusion energies of interstitial TM in
crystalline diamond, that are in the 12–13 eV range [21]. Here, the
inclusion energy of a defect in a crystalline environment is defined as
the difference between formation energy of the defect and the TM
cohesive energy. Therefore, it is considerably more costly to introduce
a TM in diamond than in the adamantane cage.

Fig. 1b shows the interatomic distances between the TM and
nearest, TM–C(1), and next-nearest, TM–C(2), carbon neighbors. The
TM inclusion in the tetrahedral site caused large outward relaxation
respectively of about 16% and 12%. Along the 3d TM series, the TM–C
(1) distance maintains approximately constant, while the TM–C(2)
one decreases. Additionally, the TM introduction increases the C(1)–C
(2) distances by about 13%. These results are fully consistent with the
relaxations observed for the respective interstitial TM impurities in
diamond [21], as described in the figure. However, since the crystal is
more compact than the molecule, it allows smaller outward re-
laxations. Fig. 1c shows the variations of C–C–C angles (Δθ=θ−θt),
with respect to tetrahedral angle (θt=109.47∘), as result of TM
incorporation in the adamantane cage. Along the 3d TM series, from Cr
to Ni, while the C(1)–C(2)–C(1) angles increase with respect to θt, the
C(2)–C(1)–C(2) ones decrease.

The most important properties of caged molecules concern the
resulting electronic structure. Fig. 2 shows the 3d-related energy
eigenvalues which appear in the adamantane energy gap (the HOMO–
LUMO energy region). The transition metal introduces a pair of levels
with 3d-t2 and 3d-e irreducible representations, which came from the
splitting of the 3d-level in the tetrahedral ligand molecular field.
Along the series, the 3d-related energy eigenvalues move from the top
of the gap toward its bottom. These results are fully consistent with
trends observed for interstitial TM impurities in several crystalline
semiconductors [21–24]. In Cr@C10H16, the center has an electronic
close shell configuration, with spin S=0 (a fully occupied 3d-t2 level).
In going from Cr to Mn, the additional electron is accommodated in
the 3d-e levels. Along the series, this 3d-e level accommodated the
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Fig. 4. Density probability isosurfaces of the HOMO and LUMO of C10H16 and gap levels
of Cr@C10H16, according to definition on Fig. 3.
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additional electrons, until Ni, which has a close shell configuration
with spin S=0 (fully occupied 3d-t2 plus 3d-e levels). The molecules
with Mn, Fe, and Co present magnetic properties, with the Fe@C10H16

presenting the highest spin of this series (S=1). Since the molecular
ligand field is stronger than the on-site exchange interactions, all
centers are driven to low spin configurations.

In order to understand the electronic structure of these
TM@C10H16 molecules, we built a microscopic model for the
interaction between the molecular orbitals of C10H16 and the TM
3d-related ones. When a 3dn4s2 ion (1≤n≤8?) occupies the
tetrahedral interstitial site in this molecule, its 4s electrons are
transferred to the 3d orbitals, resulting in a 3dn+2 configuration. Fig. 3
presents the microscopic model for the Cr@C10H16, in which Cr
assumes a 3d6, according to the rule described earlier, which is split in
3d-t2 plus 3d-e levels. The major interaction is from a hybridization
between the HOMO of adamantane and the 3d-t2 level of atomic Cr.
On the other hand, the non-bonding 3d-e level, coming from atomic
Cr, remains unaffected and near the LUMO of adamantane. Along the
series, from Cr to Ni, electrons are introduced in the 3d-e level,
meaning that those orbitals interact very weakly with the surround-
ing carbon atoms.

Additionally, since the 3d-t2 level remains below the 3d-e one all
along the series, consistent with the respective result for interstitial
TM in diamond [21], the TM atom interacts more strongly with the C
(2) carbon atoms (next-nearest neighbors) than with the C(1) ones
(nearest neighbors). This also becomes clear by observing the atomic
relaxations in the molecule as result of TM inclusion. As shown in
Fig. 1b, interatomic distances TM–C(1) are more affected than TM–C
(2) with the TM inclusion, since there is an attractive interaction
between the TM and C(2) atoms. This can also be observed in Fig. 1c,
in which C(1)–C(2)–C(1) angles increase and C(2)–C(1)–C(2) ones
decrease with TM incorporation.

Fig. 4 shows the density probability isosurface of the HOMO and
LUMO of adamantane and the respective modifications resulting from
Cr inclusion. In adamantane, the HOMO is mostly related to the C(1)–
H plus C(1)–C(2) bonds, while the LUMO is related to the C(1)–C(2)
bonding, with an anti-bonding character. The Cr inclusion does not
affect the LUMO-related level coming from adamantane. However,
there is a hybridization between the Cr 3d-related levels and the
adamantane HOMO, as discussed in Fig. 3, modifying the HOMO of the
original adamantane molecule, which becomes associated with the C
(2)–H plus C(1)–C(2) bonds (Fig. 4). The figure also shows the density
probability isosurface of the 3d-t2 and 3d-e levels that appear in the
energy gap as result of Cr inclusion.
3d-t2

3d-e

t2

a1

HOMO

LUMO

C10H16 Cr@C10H16 Cr(d6)

Fig. 3.Microscopic model for the Cr 3d-related energy levels of the Cr@C10H16 molecule
as an interaction of adamantane HOMO+LUMO and the atomic Cr 3d6 states in a
tetrahedral symmetry.
In summary, we have investigated the structural and electronic
properties of embedded 3d transition metal atoms in caged
adamantane. We find large formation energies and outward re-
laxations, although the final molecular structure keeps its tetrahedral
symmetry. We also built a microscopic model that explains the
electronic structure of those molecules.
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