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The geometry optimization of the neutral molecules An@Cgy (An = Th — Md) was carried out using the DFT
based Dmol® method. In order to perform calculations for these complexes’ electronic structures, the fully
relativistic discrete variational method (RDV) was used. Two types of stable position of metal atom inside
the Cgo cage were obtained. The most stable non-central positions are favored over the position of actinide in
the fullerene center for all An@QCgy complexes. Systems containing light actinides have considerable energetic
stability, which is noticeably greater than that of corresponding exohedral and “networked” complexes. The
5f-orbitals’ contribution to chemical bonding was found to be noticeably less than that of the 6d-states,
even for the complexes at the beginning of An@QCgy row. The effective charges on the actinide atoms were
calculated using integral scheme incorporated in RDV and Hirshfeld procedure of DMol? code.
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1. Introduction

The earlier investigations of charged and neutral endohedral fullerenes An@QCyg (An
= Th — Md) [1,2] as well as An@QCyy (An = Th — Md) [3] showed that some of these
clusters can be very stable and therefore, may be useful for nuclear applications such as
medicine or nuclear waste disposal. Since the discovery of Cgo [4], these fullerenes have
been widely studied both experimentally and theoretically. To date, we know only one
actinide endohedral system UQ@Cjg,, which has been obtained experimentally, Diener et al.
[5] reported that UQCgy was produced by subliming fullerenes from arc-produced soot onto
a mass spectrometry target. Chang et al. [6] theoretically predicted its properties, according
to these Restricted Hartree-Fock calculations the UQCg, and UT@Cg, complexes should be
less stable than separated Cgy and U. However, in Ref. [6] only one central position of
various atoms inside the icosahedral carbon cage was considered. On the other hand, the
radius of this fullerene (nearly 3.6 A) is evidently too large for one actinide atom or ion, so
the An@QCy, structure with metal site just in the center of the cage could be less favorable
than those where actinide atom is shifted to the cage wall and interacts with only few carbon
neighbors.

Interest in Cgy fullerene-encapsulated actinide atoms is also due to the possibility of
5f — states participation in bonding. It is evident that theoretical study of the electronic
structure and chemical bonding of any systems containing actinides requires the inclusion
of all relativistic effects in the computational method. The fully relativistic calculations
of An@Cyg clusters (An = Th — Md) [2] showed that 5f orbitals participate in chemical
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bonding of the first half of this series from Th@QCsys to Cm@Csys. Conversely, in the fully
relativistic calculations of An@C,, complexes (An = Th — Md) [3], we determined that
Anbf contributions to bonding are nearly three times less than that of the main An6d—C2p
interaction even in the clusters at the beginning of this row (Th@QC, and Pa@QC,;). These
results are in agreement with the known sensitivity of 5f bonding features to the variation
of bond-lengths, because an average radius of fullerene cage increases from 2.5 A (Cyg) to
3 A (Cy0). Since the radius of Cgy molecule is close to 3.6 A, one can expect that in a case
of central position of metal atom the role of 5f states in bonding will be noticeably less than
in An@QCyy. On the other hand, some shift of actinide atom from the center to the cage
wall can reduce the An—C bond lengths to the values, which are more typical for the An—C
interactions in the molecules and solids.

The aim of the present paper was the search for most stable positions of actinide atom
inside a Cgg cage, the evaluation of geometrical parameters of the neutral An@QCgy complexes
for almost all actinides from Th to Md, the investigations of the chemical bonding and the role
played by 5f states in the interaction between metal atom and the carbon shell. Another aim
of the work presented here was the comparison of binding energies of the three competitive
types of structures: (1) endohedral An@QCgy; (2) exohedral AnCgy, where the actinide atom
is bound to Cgy from the outside of the cage; (3) “networked” Cs9An, where the actinide
atom is incorporated into the Cgy cage, at least in the cases of most stable complexes. The
results of present calculations also allow us to evaluate the electron density redistribution
for various positions of metal atom and across this series.

2. Objects and methods of calculations

Geometry optimization of “empty” Cgo molecule with I;, symmetry and Cg interact-
ing with actinide atoms was performed using the DMol® method [7] in the scalar relativistic
approach [8] and with the largest double numerical atomic basis set (“dnp”). The Coulombic
potential was computed with the use of model density obtained as decomposition of charge
density into multipolar components including those with 1 = 3. The generalized gradient
approximation (GGA) in “BLYP” [10,11] and “PBE” [9] forms was used in all calculations.
In a previous paper [2], we used “PBE” as well as “BLYP” [10,11] functionals, as was shown,
the energetic and geometrical parameters obtained using both approaches were similar. Op-
timization of the molecular structures was done until the change in the maximum energy
gradient values was less than 0.001 atomic unit, the global orbital cutoff was 8.0 A. To
confirm that the stationary points correspond to minima, the vibrational frequencies were
computed for all clusters. To test the reliability of parameters used in the calculations,
we performed geometry optimization for Th@QCgy, AmQCgy and Md@QCg, systems using the
multipolar components with 1 = 4 and 10 A for orbital cutoff. Though the computer time
increased considerably, the changes in energy were less than 0.05 eV and the shifts in atomic
coordinates were less than 1073 A.

For the investigation of the nature of chemical bonding and the role played by 5f elec-
trons in An@Cg, complexes, we also used the fully relativistic discrete variational method
(RDV) [12,13]. For the most stable geometrical structures obtained by DMol?, RDV cal-
culations were performed. The RDV method is based on the solution of the Dirac-Slater
equation for four-component wave functions, transforming according to irreducible represen-
tations of the double point group (C% and C};, in the present calculations). For calculation of
the symmetry coefficients, we used the original code which realizes the projection-operators
technique [12] and includes the matrices of irreducible representations of double point groups
obtained in Ref. [14] and the transformation matrices presented in Ref. [15]. The extended
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bases of four-component numerical atomic orbitals (AO) obtained as the solution of the
Dirac-Slater equation for isolated neutral atoms also included An7p;/ and 7psz/, functions
in addition to occupied AOs. Numerical Diophantine integration in matrix elements calcu-
lations was done for 126000 sample points, which provided the convergence of valence MO
energies within 0.1 eV. The effective charges on atoms (Q.ss) were computed as integrals of
electron density inside the domains bounded by the points of its minimum [16].

3. Results and Discussion
3.1. Results of geometry optimization

It is well known that optimized structure of Cgq(I},) consists of 12 regular pentagons
and 20 hexagons (Fig. 1). In our DMol calculations, we obtained that the radius for the
empty fullerene is close to 3.55 A. This value for the cage radius corresponds to the C-C
bond lengths in pentagons and hexagons in the range 1.46 — 1.40 A. In the calculations of
Chang et al. [6] the interval of C~C bond lengths in Cg(I,) was slightly wider: 1.45 - 1.37 A.
For the evaluation of the relative stability of various An@Cg, complexes, it is reasonable to
consider the binding energy E;, (which is sometimes called the “total bond energy” or the
“atomization energy”). The binding energy of a cluster is usually defined as E, = E;,; —
Esum, where E,; is the total energy of a cluster and Eg,,, is the sum of total energies of
all isolated atoms in the cluster. The binding energies for all investigated fullerenes are
summarized in Table 1.

Fi1G. 1. The geometrical structure of fullerene Cg

We started by modeling the most symmetrical central position of actinide atom inside
the Cgo cage, the values of E;(I},) obtained in these calculations are shown in the second col-
umn of Table 1. Comparison of the E; values for Cgq and An@Cg, allows one to evaluate the
stability of An@Cgq clusters with respect to the dissociation limit An + Cgg for all actinides.
According to our results, the symmetrical complexes of Pa, U and Np are stable systems and
the most stable one is Np@QCg, with Np + Cgg dissociation energy near 3.1 eV. In the cases of
smaller endohedral fullerenes An@Cyg [2] and An@Cy [3], the Pa@QC,, were the most stable
complexes with corresponding dissociation energies near 8.1 and 6.4 eV respectively. Al-
though the stability of An@QCg, (I,) obtained in the present calculations is considerably less
than that of the corresponding An@Cyg and An@QC,y, the uranium encapsulation reaction
U + Cgy — UQCg, (Table 1) is still exothermic (2.6 V), whereas according to the results of
Chang et al. [6] the UQCg, complex should be noticeably less stable than separated Cgy and
U (by ~ 3.5 eV). The analysis of geometrical parameters obtained for An@Cg, (I,) shows
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TABLE 1. Binding and dissociation energies (eV), distances (A) between the
actinide atom and the nearest C atoms and effective charges (e) on actinide
atoms in the investigated complexes

Complex | By (1) | By (Cos Cou) | Ba (Ca Coe) | R (Co, Cao) Higﬁgefff”hizg)ral
Ceo -452.7 - - - -
Th@Cg -454.3 —458.5(Cs) 5.8 2.50 / 2.50 / 2.50 0.68 2.17
Pa@Cy 21550 | -459.3(C,) 6.6 044 [ 244 /244 071 1.93
UQCg -455.3 —458.9(CS) 6.2 241 / 2.43 / 2.44 0.63 1.83
NpQCgy | -455.8 | -458.4(Cs) 5.7 042 / 243 /244 057 174
Pu@Cg, -453.5 -455.2(C2v) 2.5 2.36 / 2.51 / 2.51 0.66 1.41
Am@Cg, -453.3 —454.3(Cgv) 1.6 2.36 / 2.52 / 2.52 0.62 1.34
Cm@Cq | -453.4 | -454.5(Cay) 18 246 /261 /261 060 135
BkaCyg 21534 | -454.4(C,) 1.7 2.60 / 2.61 / 2.63| 0.75 1.22
CfaCe “153.4 | -454.4(C,) 1.7 264 /2.65/266| 073 123
Es@Cgq -453.4 —454.2(05) 1.5 2.65 / 2.67 / 2.69 0.72 1.15
Fm@Cg -453.4 —453.6(CS) 0.9 2.65 / 2.67 / 2.70 0.62 1.14
Md@Cgg -453.4 | -453.5(Cs) 0.8 2.78 / 2.79 / 2.79 0.64 1.06
PaCygg - -455.7 3.0 2.34 0.58 1.73
CsoPa - -448.8 -3.9 2.17 / 2.25 / 2.25 0.78 2.44

that the deformation of the cage due to addition of any actinide atom is small: the radial
expansion of the cage is less than 0.01 A in all clusters.

The search for less symmetrical An@Cg, structures was undertaken in a few ways: the
various shifts of metal atom from the center in different directions were considered. These
initial configurations were subjected to geometry optimization, leading to new stable, but less
symmetrical An@QCg, structures. The values of initial shift of actinide atom varied from 0.1
to 0.6 A. However, small shifts (0.1 — 0.3 A) led to a relaxation of the system into structures
with An atom located near the center of Cgy shell. Conversely, a shift of metal atom by
0.4 A or greater led to rearrangement of the complex into a structure with an actinide atom
located near the cage wall. This result means that the potential barrier for transformation
of the geometry with central actinide position is quite small. The optimized structures with
various symmetries were obtained (Cy,, C,, C;). According to results of DMol calculations,
we can predict that there are two types of most stable geometry for “distorted” endohedral
fullerenes, corresponding to Cg and Cs,, symmetries. The structures of these complexes are
illustrated in Figure 2. Though the difference in binding energy for these two isomers for
each An@QCg, cluster is within 0.1 eV, we can conclude that for complexes of Th, Pa, U and
Np, the former type (Cs) is slightly more stable and should be considered as the ground
structure. For the three clusters in the middle of the row (Pu, Am, Cm) the Cy, — isomer
appeared to be slightly more stable. For the “end part” of the row from Bk to Md the E,
for C structures is slightly lower than that for Cy, isomers. The binding and dissociation
energy values obtained for these structures are shown in the third and the fourth columns of
Table 1 respectively. As can be seen from Fig. 2, in both “distorted” isomers, the actinide
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atom has six nearest carbon neighbors, which belong to one hexagon in Cg — structure and
to the two adjacent hexagons (“X” — shape of carbon vicinity) in the Cs, structure.

Fi1G. 2. The geometrical structures of endohedral complexes An@QCyg, corre-
sponding to Cs (left) and Cs, (right) symmetry

According to our results, complexes of Th, Pa, U and Np are more stable systems
with An + Cgo dissociation energy near 6 eV. The most stable cluster is Pa@QCgy with a
dissociation energy close to 6.6 eV. As mentioned above, in the cases of smaller endohedral
fullerenes the most stable complexes were also formed by encapsulation of protactinium
atom [2,3]. It is interesting that stable systems were also obtained in the second half of the
An@Cg, row: the complexes of Cm, Bk Cf and Es are noticeably more stable than separated
Cgo and An. Note that stable clusters for heavier actinides were also predicted for An@QCy,
systems [3], moreover, for An@QCg, clusters the similar non-monotonic trend is obtained,
particularly, in the case of Am@QCsg, the absolute value of E is less than that for Cm@Cg.
As can be seen, the values of E; for all isomers of FmQCg, and Md@Cyg, (near —453.5 eV)
are lower than that of empty Cgy (—452.7 eV).

The values of An—C bond lengths for the nearest carbon neighbors in the C, and C,,
structures are shown in the fifth column of Table 1. Though the shapes of hexagons and
pentagons in C; and Cy, structures are very close to regular geometry of an empty Cgp, the
six nearest neighbors of actinide atom belong to the three and two nonequivalent types in
C, and Csy, isomers respectively. These atoms are labeled later as C1, C2 and C3 (Cy), while
in Cy, clusters the two pairs of carbon atoms of C2 and C3 types are equivalent. In each
complex of the C; — type containing Th, Pa, U, Np and from Bk to Md, the distances between
metal atom and C1, C2 and C3 are close to each other (Table 1). These results mean that
the actinide atom is located just under the center of one hexagon. For the molecules of Cs,
type (Pu@Cgy, AmQCgy, Cm@Cgy) we obtained noticeable variation of these bond lengths
(by 0.15 — 0.16 A). As can be seen, there is no complete correlation between the variation
of average values of An—C bond lengths in An@QCg, row and the main trend of E, variation,
however, the increase of stability from Th@QCg, to Pa@Cgy and its decrease from Pa@Cyg, to
Am@Cs, and from Cm@Cgy to MdQCgy are accompanied by the decrease and increase of
corresponding An—C distances, as could be expected from general consideration. There is
one noticeable exception to this rule: the An—C bond lengths in the less stable Am@Csg, are
less than those in the more stable Cm@Cy,, BkQCgy and CfQCg, complexes.

In Table 1 we also show the results obtained for the most stable example of exohedral
fullerene (PaCgy) and “networked” complex (CsgPa). The exohedral structures were gen-
erated from empty Cgo particle by the addition of Pa atom from several spatial directions.
These initial configurations were subjected to geometry optimization, leading to a few stable
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structures. The lowest-energy Cs, isomer is a distorted Cgy fullerene, with the metal atom
bonded to a pair of carbon atoms, another isomer, in which the actinide atom interacts
with carbon hexagon appeared to be slightly less stable. The structure of this complex is
illustrated in Figure 3. We obtained that in these complexes Pa~C distances are near 2.34 A.
The absolute value of binding energy of this most stable exohedral complex was found to be
455.7 eV, this value is noticeably less than that for the non-central endohedral position of
Pa inside Cgo cage (459.3 eV). However, the value of |E,| for exohedral cluster was greater
than that for endohedral position in the center of fullerene (455.0 V). Thus, the dissociation
energy of PaCgy complex with respect to the PaCgy —Pa 4+ Cgy reaction is more than two
times less than that obtained for the non-central endohedral position of protactinium atom.
The distortion of fullerene cage in the PaCgy (Cs,) molecule due to interaction with metal
atom led to increase of the number of non-equivalent carbon sites. However, the average
value of r(C) in PaCgq system is close to the corresponding parameter of endohedral complex.

The “networked” CsgPa structure was generated from an empty Cgy particle by the
substitution of an actinide atom for a carbon site. Then, this initial structure was subjected
to geometry optimization, leading to the new equilibrium positions for the metal and carbon
atoms (Fig. 3). The parameters of this cluster were shown in Table 1. In contrast to
endohedral and exohedral systems, the “networked” complex is less stable than an empty Cgg
cage (Table 1). This result is quite expected because the C-C bonds are certainly stronger
than C—An bonds in such systems. We also obtained that during geometry optimization of
Cs9An structure the initial distances between metal atom and the cage center increased from
3.55 A to 4.96 A. This considerable increase in the distances between metal atom and the
center of the cage is accompanied by a corresponding increase in the bond lengths between
actinide atom and its three nearest neighbors: these distances were found to be 2.17 A,
2.25 A and 2.25 A. Nevertheless, the interatomic Pa—C distances in Cs9Pa as well as in
PaCg are noticeably less than those in more stable endohedral complex (2.44 A).

F1G. 3. The geometrical structures of exohedral PaCg (left) and “networked”
CsoPa (right) complexes

As mentioned above, the present DMol results were obtained in the scalar relativistic
approach, however, the authors [1] evaluated the role of spin-orbit coupling in the Pu®T@Cag
cluster and showed that the addition of these effects caused a maximum expansion of the
Pu-C distance of 0.027 A with respect to the scalar relativistic results. They also reported
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that the scalar relativistic bonding energy of the Pu™@Cyg increased by less than 8% when
the spin-orbit coupling effects were included in the calculations.

3.2. RDYV calculations

In Figure 4 we show the partial densities of states (DOS) obtained in the fully rela-
tivistic RDV calculations for the ground state isomers of Th@QCgy and Pa@QCg, clusters. In
the cases of C2s and C2p DOS we show only the contributions from C1, C2 and C3 atoms,
which are the nearest neighbors of metal ion. As can be seen from Fig. 4, the spin-orbital
interaction is small for the “outer” bands, particularly the 0.9 eV splitting was obtained
for An5f5/, and Anbf;/; main peaks. The relativistic effects become considerable for deeper
orbitals, that is, the main peak of An6p;/, band is shifted to the lower energies by ~ 9 eV
(Th) and ~ 10 eV (Pa) from the highest intensity peak of An6ps/, DOS. In both complexes
the most intensive part of occupied valence C2p band in the energy region from 0 to —10 eV
(Fermi level is used as a zero of energy scale) contains some contributions from An6d AOs
(near -6 — -4 V) and An5f AOs (near -5 — 0 V). The vacant MOs are formed by C2p, An5f,
6d, 7s and 7p orbitals in the energy region from 0 to 19 eV.
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F1a. 4. Partial densities of states for the ground isomers of Th@Cyg, (left) and
Pa@Cg, (right) clusters. The broken lines correspond to pi/e, ds/2 , and f5/5
DOS, the solid lines correspond to ps/s, ds/2 and f7,, DOS (vertical line is the
border between occupied and vacant states)

The energy gap between occupied and vacant molecular states, defined as the dif-
ference of energy of the highest occupied (HOMO) and the lowest unoccupied (LUMO)
molecular orbitals, obtained in our relativistic calculations for Th@QCsgq, is near 0.4 eV. In
similar calculations for Th@QCsyg [2] and Th@Cy [3], we obtained considerably greater HOMO
— LUMO gaps (2.3 and 1.4 eV respectively). The latter gap values were noticeably greater
than those for the empty Cy9 and Cag cages (near 0.05 and 0.6 eV respectively), on the
other hand, the energy gap in empty Cgo cage (1.6 €V) is considerably greater than that in
any An@Cg cluster studied in the present work. In Th@QCg, and Pa@QCg, complexes both
the HOMO and LUMO are of predominantly C2p character with small contributions from
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Anbf states. According to our results, the Fermi level in Pa@Cgq is located at the small
C2p subband consisting of two MOs corresponding to I's and I'y irreducible representations
of C, double point group, in this cluster one orbital is occupied and one is vacant. The
energy splitting between this C2p band (the admixtures of Pa5f AOs are near 10%) and the
next unoccupied levels, corresponding to the states with main contribution from 5f5/,, AOs
(~ 80%), is nearly 0.8 eV (Fig. 4). Although the Th5f, 6d and Pabf, 6d molecular levels
are vacant, the covalent mixing between 5f5/5, 5f7/5, 6d3/s, 6d5/2 and C2p orbitals in the
occupied valence band leads to noticeable Mulliken population of 5f and 6d AOs, which were

obtained as 5f(5)'/423, 5f2'/423, 6d§'/5247 6(1?/624 (Th@Cgp) and 5%'/224, 5f‘;'/922, Gdg'/522, 6dg'/529 (Pa@Cgy).

In the next molecule of this row, UQCg,, the HOMO is still of C2p character, but
the admixtures of U5f AOs increase up to 20%, while the LUMO in this cluster is of 5f5/,
character (82%). The energy gap between occupied and vacant levels is near 0.4 eV. Though
the molecular orbitals containing main contributions from 5f AOs are still vacant in UQCg,
cluster, the hybridization of 5f5/2, 57/ and C2p AOs in the occupied molecular orbitals are
responsible for the essential Mulliken populations of Usf AOs (5%'/928 and 5f%‘/225), which are
greater than those in Pa@Cgy. In contrast, the populations of U6d orbitals (6dg'/5216dg'/527)
are nearly the same as in protactinium complex. In the neptunium cluster, both HOMO
and LUMO contain main contributions from Np5fs,, AOs (80%), i.e. the Fermi level is
located in the 5f5/5 band. In addition, the admixtures of Np5f states in the occupied MOs of
C2p character considerably increase (up to 35-40%). The filling of 5f5 , states and increasing
hybridization of 5f5 2, 5f7/2 and C2p AOs in the valence band are responsible for the essential

Mulliken population of Np5f AOs: 5f§'/7265f%'/525, on the other hand, the populations of Np6d
orbitals decrease (6d3756d3;5') as compared to the uranium cluster.

The ground structures of the next three molecules of this row Pu@QCg;, AmQCg, and
Cm@CQCgq correspond to Csy, —type. In Figure 5, we show the partial DOS obtained in RDV
calculations of Pu@QCgy and Cm@Cy, clusters. In the cases of C2s and C2p DOS we show
only the contributions from two C1 and four C2 atoms, which are the nearest neighbors
of metal ion. As can be seen from Fig. 5, the peaks corresponding to An6p,/, bands are
shifted to lower energies by ~ 11 eV (Pu) and ~ 12 eV (Cm) from the highest intensity peak
of An6pz/, DOS. In both complexes, the Anbf;/, bands are completely occupied, however,
between 5f5/5 and 5f7/5 states the small band of C2p character is located. This C2p band
contains six MOs, two of which are occupied in Pu@Cgy and three and four orbitals are
occupied in Am@Cg; and Cm@Cg clusters respectively. As a result, the Andf;/, MOs are
vacant in all these systems, however, the admixtures of Anbf;/5 AOs in the highest occupied
molecular states increase from 17% in Pu@Cyg, to 35% in Am@Cg, and to 39% in Cm@Cg.
Thus, the HOMO and LUMO in these three complexes are the mixture of C2p and Anbfs s,
5f7/2 AOs. The strong hybridization of both 5f5 5 and 5f7/5 AOs with C2p orbitals in occupied
MOs is responsible for the non-integer Mulliken population of 5f AOs, which increases from
5f§'/7215f$'/124 in Pu@Cg to 5f‘5*'/3255f3'/525 in AmQCg, and to E)fj.f'/9255f§'/022 in Cm@Cgy. As mentioned
above, the populations of An6d orbitals decreases for heavier actinides, the same trend
was obtained for Pu@Cg (6d356d975), AmQCeo (6d375°6d37) and Cm@Cg (6d3776d37)
complexes.

The occupied molecular orbitals of 57/, character (51%, 57% and 73%) are firstly
achieved in Bk@Cg, (Fig. 6), as a result, the Mulliken populations of Bk5f states are
5627558575, i.e. the total number of 5f electrons in Bk@Cgy (~9.05) is greater than that

in Cm@Cgy (~7.97) by 1.08. The LUMO in Bk@QCg is also a mixture of Bk5f7,, (75%)
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F1G. 5. Partial densities of states for the ground isomers of Pu@Cyg, (left) and
Cm@Cg (right) clusters

and C2p AOs. On the other hand, the hybridization of Bk6d and C2p orbitals in the oc-
cupied C2p band is less than that in Cm@Cg,, and a noticeable decrease of the Mulliken
populations of Bk6d AOs was obtained (6dg'/1286dg'/122). Further filling of 5f shell and consider-
able depopulation of 6d shell were obtained for Cf@QCg, (5fg'/7215f§'/4206d§'/1216dg'/024) and Es@Cgq
(5127 58275 6d3/,'6d27 ). The complete occupation of both 5f5/; and 57/, molecular orbital
types was achieved in the Fm@Cg, complex. The partial DOS obtained in RDV calculations
of Fm@QCs, are shown in Fig. 6. The LUMO in Fm@Cg, are of almost purely C2p character
(95%), the contributions from Fmbf AOs are nearly 3%. However, as a result of covalent
mixing between the Fm atomic orbitals and the Cgy cage orbitals the Mulliken populations
of 5f AOs are 5f§'/%35f§'/220, i.e. the total number of 5f electrons in the Fm@Csg, cluster (12.1)
is close to that of the isolated Fm atom. The energy gap between the occupied and vacant
levels in Fm@Cy, is near 0.9 eV, which is the greatest value obtained in our calculations
for endohedral fullerenes An@QCgy. In the “last” investigated Md@QCg, complex, one more
molecular orbital of C2p subband is occupied, thus both HOMO and LUMO are of almost
purely C2p character and lie above the completely occupied Mdb5f7,, band by 0.4 eV. As
expected, the admixtures of C2p AOs in the molecular orbitals of Mdbf7/, type decrease and
the Mulliken populations of Md5f shell are 5f§’)'/9285f;'/126. As in the case of the fermium cluster,

the total number of 5f electrons in the Md@Cg; molecule (13.1) is close to that of isolated
Md atom.

To compare the effects of spin-orbit coupling for the valence orbitals of the systems
at the beginning and at the end of An@QCg, series, one can use the splitting of the main
peaks corresponding to 5f5/, and 5f7/5 states. According to RDV calculations, the 5f5/; —
5f7 /2 peaks separation for Th@Cgy, Pa@Cgy, UQCg, and Np@Cgy is close to 0.9 — 1.1 eV. For
the Pu and Am complexes we obtained ~1.2 eV, for Cm and Bk these values are close to 1.3
— 1.5 eV. In Cf@QCgq and Es@Cg this spin-orbit splitting can be evaluated approximately as
1.6 — 1.7 eV. The noticeable increase of this value was obtained for the end of the row, i.e.
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F1G. 6. Partial densities of states for the ground isomers of Bk@QCygq (left) and
Fm@Cg (right) clusters

for Fm@Cgy and Md@Cg the splitting between 5f5/ and 5f7/5 peaks is near 2.2 and 2.3 eV
respectively (Fig. 6).

The molecular orbital structure of the most stable exohedral complex PaCgy notice-
ably differs from that of the corresponding endohedral system. In Figure 7, we show the
partial DOS obtained in RDV calculation of PaCg cluster. In the cases of C2s and C2p DOS
we show only the contributions from two C1 atoms, which are the nearest neighbors of metal
ion. As can be seen from Fig. 7, the hybridized C2s — Pa6ps/, subband in the energy region
from -23 to -20 eV is absent in PaCgg, resulting in a more narrow distribution of 6ps,, DOS.
The positions of Pa6d, 5f and 7s levels become closer to the Fermi level (Fig. 7). These shifts
of the 6d, 5f and 7s states lead to noticeable increases in their contributions to molecular
orbitals in this energy region, particularly the admixtures of Pabf and 6d AOs in HOMO and
LUMO achieve 19% and 10% respectively. Although the Pa5f and 6d orbitals are also vacant
in the PaCgy cluster, the hybridization of these states with occupied C2p orbitals leads to
some Mulliken population of these AOs. According to our calculations, the occupations of
these orbitals can be defined as 5fé'/3275f2'/7246dg'/6256dg'/528. As seen, the populations of 5f AOs in
PaCgq are slightly less than those in Pa@Cgq, while the populations of 6d AOs in PaCg are
greater than those in Pa@QCg, by 0.13. Surprisingly, in the case of a “networked” complex
CsoPa, we did not obtain the principal transformation of electronic structure (Fig. 7). The
C2s — Pabps/, subband in the energy region from -23 to -20 eV is also absent in the CsgPa
cluster. The Pa6d, 5f and 7s DOS also shift to lower energies, however, their contributions
in the valence band in the energy region from 0 to -4 eV become more important than those
in endohedral and exohedral clusters. We can also note, that “networked” position of metal
atom in the fullerene cage leads to some broadening of Pa6d, 7s and 7p bands in the energy
region from 1 to 11 eV (Fig. 7).

The considerable hybridization between An5f and C2p AOs was obtained in all in-
vestigated fullerenes. However, the coefficients corresponding to An5f contribution in the
molecular orbitals are not directly connected with the degree of 5f states delocalization. The
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latter effect could be evaluated qualitatively by an analysis of the shapes of corresponding
molecular orbitals or more quantitatively by the values of overlap populations of various
pairs of the metal and carbon AOs (n;;). The values of n;; can also give the bond orders of
these states [17]. The values of overlap populations for C2p and 5f, 6d, 7s AOs of actinides
obtained in our RDV calculations of endohedral clusters are listed in Table 2. As expected,
the role of An7p-C2p interaction (not shown in Table 2) is anti-bonding in all investigated
complexes.

TABLE 2. Overlap populations of An5f, 6d, 7s and C2p orbitals (10~3e, per
one pair of interacting atoms) in An@Cgy complexes

Orbitals Th |Pa |U Np [Pu |Am |[Cm [Bk |Cf |Es |Fm |Md

Anbf- Cy2p |36 |41 |37 |32 |22 |18 |12 |8 3 2 1 0
Co2p |35 |42 (39 (34 |18 |15 |11 |8 4 2 1 0
Cs2p [35 |39 |36 |31 |- - - 7 3 1 1 0

An6d- Cy2p |98 |8 |83 |84 |64 [62 |60 |50 |40 |38 |35 |29
Co2p |97 |83 |8 |8 |50 |49 |49 |46 |41 |37 |35 |27
Cs2p |96 |83 |84 |84 |- - - 47 |40 |37 |34 |28

An7s- Cy2p |15 |16 |16 |16 |9 9 10 (12 |9 9 10 |3
Co2p |15 |16 |16 |16 |18 |19 |18 |13 |7 9 8 2
Cs2p |14 |16 |16 |16 |- - - 13 |8 7 9 2

Examination of Table 2 reveals that An6d orbitals play the main role in the chemical
bonding of a metal atom and Cgy cage in all of An@QCgq clusters. This result is quite
expected, because in our earlier relativistic calculations of actinide oxides, fluorides [18,19]
and An@Cyq clusters [3], the main contributions to bonding was also provided by An6d AOs
and the next Anbf contributions to bonding were considerably less. However, the earlier
calculations of small endohedral fullerenes An@Csyg [2] showed that An6d and 5f orbitals
play comparable roles in the chemical bonding of a metal atom and Cyg cage in the first



Electronic structure and stabilization of Cgo fullerenes encapsulating actinide atom 505

half of the An@QCsyg row. This difference in the bonding behavior of An5f states in An@QCy,
An@Cg, and An@Csyg can be explained by the well known fact that Anbf AOs participation
in bonding is sensitive to the distances between actinide atom and its neighbors [19]. As
mentioned above, the shortest An—C bond lengths in An@QC,, and non-symmetrical An@QCg,
clusters are greater than the longest An—C bond lengths in An@QCyg systems. As shown in
Table 2, the overlap populations of An5f-C2p states increase when going from Th@QCg, to
Pa@Cg, clusters and then monotonously decrease to zero at the end of this row. However,
noteworthy is the considerable decrease of Anbf contributions to bonding on going from
Np@Cgy to Pu@Cgy. On the other hand, the slightly non-monotonous bonding behavior at
the beginning of An@QCg, row is detected for An6d orbitals. As can be seen from Table 2,
a small increase of overlap populations for An6d—C2p states takes place for the UQCgy and
Np@QCgo molecules in comparison to the Pa@QCgqy cluster.

Comparison of the stability of endohedral complexes (Table 1) and corresponding
bond orders (Table 2) shows that there is good correlation between DMol and RDV results.
The increase of the dissociation energy (An@Cgy — An + Cgp) when going from Th@QCg, to
Pa@Cyg is in agreement with the increase of contribution to bonding from Pabf states, note
that this contribution is the greatest in An@Cg, row (Table 2). Further decrease of stability
from Pa to Am correlates with a decrease of the overlap populations for An5f—C2p as well as
for An6d—C2p AOs. The small increase of |E,| for Cm@QCg, and Bk@Cygq clusters (Table 1)
can be explained by the role of spin-polarization, which is included in the scalar-relativistic
DDMol calculations, but is not treated in the standard Dirac theory. Note, that similar results
were also obtained for An@QC,, complexes [3].

The values of overlap populations for C2p and 5f, 6d, 7s AOs of protactinium obtained
in our RDV calculations for the exohedral and “networked” complexes are listed in Table 3.
The corresponding parameters for endohedral cluster are also shown in Table 3 for compar-
ison. Note, that n;; values presented in Tables 2 and 3 correspond to one pair of interacting
atoms, hence, the sum of these values for the six nearest neighbors in endohedral cluster
will be considerably greater than total overlap populations in exohedral system. However,
as can be seen from Table 3, the interactions between actinide and a specific carbon atom
in the Cs9Pa and PaCgy are stronger than that in Pa@QCgy complex. Examination of Table
3 reveals that Pa6d orbitals also play the main role in chemical bonding of metal atom and
carbon cage in these clusters. The variation of n;; for the Pa5f-C2p and Pa6d-C2p bonds
also correlates with Pa—C bond lengths (Table 1). As shown in Table 3, the interaction
between protactinium atom and each of three nearest neighbors in “networked” complex is
considerably stronger than that in more stable endohedral cluster. However, as mentioned
above, the actinide — carbon substitution in Cgy cage is energetically disfavored process and
the formation of CsgPa complex does not provide a better way for the extraction of the
actinides from some species.

The effective charges on actinide atoms (Qu,) obtained in our scalar relativistic
(DMol) and fully relativistic calculations (RDV) are listed in Table 1. As shown, the ef-
fective charges obtained in DMol calculations using Hirshfeld scheme correlate with neither
the variation of binding energy nor with the variation of An—C bond lengths. It is quite
evident that the increase in charge transfer for the Pu@QCg, and Am@Cgy in comparison
with Np@QCg as well as for the second half of the series (from Bk to Md) in comparison with
Cm@Cgo and the weaker interaction between cage and actinide atom are contradictory. On
the other hand, the integral charges obtained in RDV calculations (Table 1) agree with the
variation in the binding energy. Although the 4, obtained in relativistic calculations are
considerably greater than the DMol values, the effective charges on actinide atoms are less
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TABLE 3. Overlap populations of An5f, 6d, 7s and C2p orbitals (10~%e, per
one pair of interacting atoms) in exohedral PaCgy, “networked” CsqPa and
endohedral PaQCg, complexes

Orbitals PaCgp (Cay) | CsoPa (Cs) | Pa@Cg (Cy)
Pasf- C,2p 46 67 A1
Cs2p - 51 42
Cs2p - - 39
Pa6d - Ci2p 90 148 84
C92p ; 112 83
Cs2p - - 83
Pa7s - Ci2p 24 36 16
C2p _ 34 16
Cs2p - - 16

than their formal valencies in solid compounds. The comparison of Tables 1 and 2 shows
that the variation of the integral charges on going from Th@Cg, to Md@Cg, is mainly due
to the decrease of An6d—C2p covalent mixing and overlap of these orbitals.

Although the chemical bonding between actinide atom and the carbon cage is weak
for the clusters at the end of An@QCgy row, both the DMol and RDV calculations exhibit
essential charge transfers of more than 0.6 electron from the actinide orbitals to the cage.
Similar results were obtained in our calculations of An@C,, row [3]. From our point of view,
there is no contradiction between binding energy and charge transfer because a change in
binding energy on going from superposition of isolated Cgq (or Cy9) cage and actinide atom
to endohedral complex is due to contributions from: (1) interaction between actinide and the
carbon atoms and (2) deformation of the initial fullerene structure. The latter contribution
is certainly unfavorable and even in the case of MdQCg, complex the interaction between
metal and carbon atoms has the bonding character. On the other hand, the strong C-C
bonds in the Cgy (or Cyo and Cagg) cage are not accompanied by noticeable charge transfer,
whereas in the Cs9Pa complex the considerable charge transfer (more than 2 electrons) was
obtained for the weaker Pa—C bonds.

According to our calculations of endohedral complexes, the additional charge on the
cage orbitals is distributed over all carbon atoms, i.e. the deformation of electron density
takes place even for the carbon atoms, which are the most distant from actinide site. How-
ever, as expected, variation of the charge density on the nearest actinide neighbors is slightly
greater than that for other atoms of the cage. Nevertheless, the effective charges on C1, C2
and C3 atoms are within -0.1 in endohedral fullerenes of the first half of the row and within
-0.05 for the complexes of heavy actinides. In contrast, the main part of charge transfer
from the metal atom in the exohedral and especially in the “networked” clusters is localized
on the nearest carbon neighbors. For instance, in the Cs9Pa complex, the integral charges
on one C1 and two C2 atoms are -0.76 and -0.67 respectively, i.e. the total electron density,
which is accepted by these carbon atoms is close to 2.1.
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4. Conclusions

Our investigations of the new class of organometallic nanoparticles An@QCgy confirm
earlier results [1-3] that endohedral fullerenes can be very stable. Moreover, the stable char-
acter of such species for the light actinides obtained for the An@Csyg and for the major part
of An@QCy clusters (from Th to Fm) is also predicted for the neutral endohedral fullerenes
An@QCgy from Th@QCgy to Md@Cgy. The dissociation energy for the most stable complex
Pa@Cg (Pa@Cgy — Pa + Cgy) was found to be 6.6 eV, which is noticeably greater than
that for the exohedral position of Pa atom on the outer surface of Cgy cage. Comparison
of the electronic structure of endohedral complexes based on C, and 1, isomers showed that
the former type is more favorable for the encapsulation of an actinide atom.

Analysis of the molecular orbital structure showed that strong hybridization takes
place between C2p and Anbf states for all An@QCgy complexes. However, the calculated
values of overlap populations of C2p—Anbf AOs showed that the An5f contribution to bond-
ing was more than two times less than that of the main An6d—C2p interaction, even in
the neutral clusters at the beginning of An@QCgy row. The analysis of chemical bonding
of endohedral, exohedral and “networked” fullerenes showed that the strongest interaction
between actinide atom and specific carbon atom in the Cgy cage takes place for “networked”
complex. However, the stability of the latter cluster is less than that of the corresponding
endohedral systems, because: (1) in Cs9Pa molecule the three Pa—C bonds substitute for the
three stronger C—C bonds; (2) in An@Cg, complexes the An—C interactions are additional to
the C—C bonds in the cage. Two schemes for atomic effective charge calculations give quite
different results for An@QCgy, however, more realistic values were obtained using the spatial
numerical integration procedure incorporated into the RDV method [16].

In this paper, we discussed the stability of endohedral fullerenes An@Cgy with respect
to the An + Cgo fragmentation only. However, for the understanding of stability of these
systems, it is important to consider the other competitive processes which can happen when
An@Cgy systems will ionize. It is interesting to calculate the ionization energy and the
dissociation energy of An@QCg; systems, this work is in progress now and will be published
in the separate paper.
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