International Journal of

UANTUM

WWW.Q-CHEM.ORG

FULL PAPER

HEMISTRY

Structure and Electronic Properties of Hollow-Caged
Ceo Fullerene-Derived (MN4),Cg(10 — n) (M = Zn, Mg,

Fe, n = 1—6) Complexes

Vladimir A. Pomogaev,”? Pavel V. Avramov,*®’ Alex A. Kuzubov,'“?

and Victor Ya. Artyukhov*®

Unique hollow-caged (MN4),Cs¢10 — ny (M = Zn, Mg, Fe, n =
1—6) complexes designed by introduction of n porphyrinoid
fragments in Cgo fullerene structure were proposed and the
atomic and electronic structures were calculated using LC-DFT
MPWB95 and MO06 potentials and 6-311G(d)/6-31G(d) basis
sets. The complexes were optimized using various symmetric
configurations from the highest O, to the lowest C; point
groups in different spin states from S = 0 (singlet) to S = 7
(quindectet) for M = Fe to define energetically preferable
atomic and electronic structures. Several metastable com-

Introduction

The discovery of fullerene Cgo™? in 1985 opened a new era in

chemistry and material science. Cs9B and CsgN heterofullerene
derivatives with carbon atoms substituted by boron and nitro-
gen, respectively, were synthesized as well®>* A wide variety
of exohedral and endohedral Cgo complexes with metals®®
were synthesized experimentally. Nevertheless, until now
metal-substituted fullerenes still are neither predicted theoreti-
cally nor synthesized experimentally.

Recently, covalent incorporation of Fe-porphyrin-like fragments
(FeN; moiety) were discovered and elucidated for the carbon
nanotubes grown from nanopatterned Fe islands under an NH;
environment by X-ray and UV PES and ab initio Density Functional
(DFT) calculations.” The authors of Ref. [9] claimed the FeN, frag-
ments embedded into carbon environment as “porphyrinoids.” In
contrast with true metal porphyrins, which consist of central
metal ion bound to four pyrrole units, the central Fe ion of
“porphyrinoid” fragments™® are bound to four pyridines. The pyri-
dines form a local structural unit of rhombus symmetry with two
distorted pentagons and two distorted hexagons and a Fe ion as
a vertex, almost perfectly embedded into graphene lattice. In
contrast, four pyrrole units in porphyrins form perfectly flat four
distorted hexagons with a metal ion as a vertex.

According to 4n + 2 Huckel rule, the aromatic resonance
structure of porphyrins consists of 11 double bonds which cor-
respond to 22 m-electrons.'® In contrast, the m-system of
“porphyrinoid fragment”™ of four pyridines in carbon nano-
tube consists of 12 double bonds, which perfectly correspond
to 24 m-electron antiaromatic system.'" Nevertheless, the
term “porphyrinoid” is not entirely correct in determination of
TMN, units embedded in sp? carbon lattice; it will be used in
the text below as it was introduced earlier.”’
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plexes were determined and the key role of the metal ions in
stabilization of the atomic structure of the complexes was
revealed. For FegN,4Cs4, the minimum energy was reported for
Cap Dap, and Dy, symmetry of pentet state S = 2, so the com-
plex can be regarded as unique molecular magnet. It was
found that the metal partial density of states determine the
nature of HOMO and LUMO levels making the clusters promis-
ing catalysts. © 2014 Wiley Periodicals, Inc.

DOI: 10.1002/qua.24840

The square and rectangular nanoclusters composed of
meso-meso [-ff fused metalloporphyrins were synthesized
experimentally!>~'" as well and supported by DFT and high-
level wave function-based electronic structure calcula-
tions."®2" The 0D and 1D meso-meso fS-f fused hollow-caged
metalloporphyrin nanoclusters were proposed and studied
theoretically.??!

The goal of this article is to design and study the atomic
and electronic structures of metal substituted Cgo (MN4),Co(10
— n (n =1, 2, 6) nanoclusters formed by introduction of n
MN4 (M = Mg, Fe, Zn) fragments in Ceo lattice by replacing of
n carbon dimers by metal ions and four surrounding carbon
atoms by nitrogen ones (Fig. 1). Special attention is paid to
analyze the symmetry breaking of the atomic lattices due to
correlation effects caused by metal-metal interactions in
multiple-substituted nanoclusters. It was found that all
(MN4),Cs10 — ny nanoclusters are metastable and possess
unique atomic structure and electronic properties. For sixfold
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Figure 1. Formation of MN4Cs,4 (b), MaNgCag (), and MgN»4Coy (d) (M = Mg, Fe, Zn) nanoclusters from Ceq (a) by substituting of Cg fragment (highlighted
in yellow) by N4M fragment (top center of the figure). Carbon atoms are presented in light gray and yellow, nitrogen atoms are presented in blue, metal

ion is presented in light blue.

iron-based nanoclusters, the metal-metal interactions play the
main role in determination of the spin states and symmetry of
the low-energy configurations. The complexes may be highly
promising as molecular supermagnets for future nanoelec-
tronic and nanospintronic devices and heterogenic catalysis.

Computational Details and Methodology
Design of the (MN4),Cs(10 — n) Nanoclusters

Ceo consists of 12 pentagons and 20 hexagons (Fig. 1a). Each
single hexagon is connected with three pentagons and three
hexagons through carbon dimers with single (pentagon-hexa-
gon) or double (hexagon-hexagon) chemical bonds between
the atoms. Substitution of double-bonded C, dimer and adja-
cent four carbon atoms by a MN, porphyrinoid unit (Fig. 1b,
as previously done for carbon nanotubes) results in novel
hollow-cage 0D nanoclusters with metal ions embedded into
the carbon wall of parent Cgo, which affords ample opportu-
nity to control the electronic structure of the molecules by
tuning the metal-metal interactions. The icosahedral Cgq lattice
allows one to introduce up to six porphyrinoid fragments by
substituting six carbon dimers to form MgN,4Cy4 hollow-cage
nanoclusters. The n = 1, 2, and 6 cases are presented in Fig-
ures 1b-1d, respectively. For n = 6 case (MgN,4C,4 nanocluster,
Fig. 1d), all available six dimers are substituted, keeping the
high symmetry (O, point group) of the nanocluster. In this
case, each single carbon hexagon is connected with three car-
bon hexagons and three pentagonal C4N pyrrole fragments,
similar to each single carbon hexagon of Cgo. For n = 1 (Fig.
1b, MN4Cs, nanocluster), only one dimer is substituted, keep-
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ing the main structural features of Cg, intact. A double substi-
tuted molecule M,;NgCsg (Fig. 1c) is formed in the same
manner by substitution of two opposite C, dimers. It was
found that single- and double-substituted clusters obey the
highest Cy;, point symmetry, while for FegN,4Cy4 nanoclusters
the correlation effects lead to high-spin states of lower sym-
metry of C,p, Dy, and Dy, point groups.

To elucidate of the role of aromaticity in proposed nanoclus-
ters, a single structural unit of four pyridines, connected with
Mg ion, MgN4CyoH5, was optimized without symmetry restric-
tions (Supporting Information Fig. S1). As the resonance struc-
ture of MgN4CyoHq, consists of 10 double bonds or 20 =-
electrons, it obeys 4n antiaromatic rule”" and inclines for
structural distortions to decrease the energy. It was found that
antiaromaticity of the structural unit leads to departure of the
MgN,4CyoH1, from ideal plain structure to square pyramid with
126° N—Mg—N. The significant distortion of the initial 2D
square leads to considerable energetic stabilization of the pro-
posed nanoclusters.

Methods of electronic structure calculations

The DFT approach is extensively used to study the atomic and
electronic structure of porphyrin-based nanoclusters.”®'8-23
The long-range corrected (LC) unrestricted DFT potentials of
M06™%*** and MPWB95>?%! combined with localized basis
sets (6-31G(d) on carbon and nitrogen atoms and 6-311G(d)
on Mg, Fe, and Zn atoms) implemented in the Gaussian09™”!
code were used for accurate reproduction of the atomic and
electronic structure of the (MN4),Cs10 — n) Nanoclusters. Series
of works successfully used the single configuration approach
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Table 1. Relative energies (kcal/mol) of FegN»4Cas, ZNgN24Cos, and MgeN24Cys Nanoclusters in different spin states and symmetries calculated using the
MPWB95 potentials for all the compounds and additionally M06 functional for only FegN»,Csg.
Spin states FegN54Cys, MPWB95 FegN,4Cys, MO6

- ZngN»4Cos MgsN24Co4
Multiplicity Spin Con Dyp Dap Oy Dap Opn Op Oy
Singlet 0 - 37.5 375 41.4 58.2 49.2 0 0
Triplet | 12.2 - 12.2 12.9 12.1 129 151.7 133.9
Pentet 1l 0.001 0.000 0 3.1 0 3.0
Septet 1l - 4.1 - 7.6 - 6.2
Nonet \% 4.2 - 4.2 5.9
Undectet Vv 0.6 - 0.6 4.5
Tredectet Vi - - - 6.3
Quindectet VI - - - 14.5

with competitive functionals and basis sets to calculate atomic
and electronic structure of Cgy endohedral complexes with dif-
ferent metals,'*>*3?7>4 particularly iron.?>2*2°= Authors of
Ref. [21] especially emphasized that almost all of the hybrid
functionals accurately reproduce the experimental ground spin
states of the investigated Fe-porphyrins. The LC DFT potentials
provide correct description of the atomic and electronic struc-
ture of extended nanoclusters allowing one to take into
account weak dispersion interactions.

Formation energies of the nanoclusters were calculated
using the following expression:

AE= (E((MN4),,C6(1O,H)) +3nE(C;) —E(Ceo)—2nE(N,) —nE(M)) INatms

where N,y is @ number of atoms in a (MN4),Cs10 — ny Nano-
cluster and E corresponds to total energies of the reactants
(Ceo, N3, and metal atoms) and products ((MN4),Ce10 — ) and
C,). To calculate the formation energies of all presented nano-
clusters, the counterpoise method of Boys and Bernardi'**! was
used to correct basis set superposition errors (BSSE). The total
and partial electron densities of states were generated by
GaussSum code®® using the corresponding orbital energies
and occupancies and the energy smearing factor of 0.2 eV.

Results and Discussion

The relative energies of MgN»4Cys (M = Mg, Fe, Zn) nanoclus-
ters (Fig. 1d) in different spin states and symmetries calculated
at MPWB95 and MO06 DFT levels of theory are presented in
Table 1. The frequency analysis does not show an imaginary
mode in vibrational spectra (see data in Supporting Informa-
tion). As the iron-based hollow-caged nanoclusters display
very high spin states,?? all possible spin states of (FeN4),Cs(10
— n clusters should be considered. One can see the most ener-
getically unfavorable spin state is singlet which is significantly
higher than the pentet global minimum almost by 40 kcal/
mol. The pentet multiplicity of D,, symmetry provides the
ground state of FegN,4Cy4 nanocluster with vanishing energy
differences (less than 0.001 kcal/mol) between D,, and Cyj,
configurations (Table 1). It is worth to note that the energy
difference is much smaller than the accuracy of DFT method
(~1 kcal/mol).2272%! This fact makes spin states of the con-
formers to be competitive and even equivalent in energy. Sig-
nificant decrease of the total energy by the lowering of the
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symmetry from O, point group to Dy, D,p and Cp, point
groups display the key role of the electronic correlations
caused by open electronic shells in determining the structure
and electronic properties of Fe-based hollow-caged structures.
Both MggN,4Cos and ZngN,4Cys molecules are in singlet spin
states with triplet states much higher in energy (132 and 152
kcal/mol, respectively, Table 1). Hereafter, FegN,4Cas, FeoNgCyg,
and FeN4Cs, are in pentet states, whereas triplet state of single
substituted molecule is denoted as FeN,Cs,4 (S = 1). Structures
higher than quindectet are not discussed in this text because
of their very high relative energies.

Optimization of a single MgN4CyoH,, structural unit reveals
significant distortion of the fragment due to its structural
stress and antiaromaticity of the n-system. As it was described
earlier in Design of the (MN4),Cs0 — n) Nanoclusters section,
the MgN,4CyoH1, cluster is formed by four pyridines and its res-
onance structure has 10 double bonds or 20 7-electrons which
obey 4n antiaromatic rule. Electronic factors and structural
stress lead to significant bending of the MgN,CyoH;,> nanoclus-
ter with departure from perfect planar N—Mg—N angles from
180° up to 126°. This effect leads to decreasing structural
stress and stabilization of closed-shell nanoclusters.

The nature of chemical bonding of nanoclusters in this study is
elucidated by analyzing the partial density of states (Fig. 2). For the
FesN24Caa, the carbon p-atomic orbitals (AOs) |pc) makes significant
contribution to o highest occupied molecular orbital (HOMO), H-1,
and all vacant molecular orbitals (MOs) (38-65%), as well as for f-
MOs from H-4 through L+4 (46-71%). A similar picture is observed
for nitrogen p-AOs |py) Which is complementary to the carbon con-
tribution for o H-1 through L+4 MOs as well as for f§ H-4 through
L+1 ones (Table 2). Significant (31 and 33%) admixture of iron-AOs
|dre) to |pn) states (53-55%) in «-MOs of H-2, H-3, and H-4 against
the vanishing iron participation in f-MOs of H-2, H-3, and H-4 (4%)
was detected (Table 2). Conversely, the |dg) is responsible for 20%
population of f-L+3, f-L+4, and visible contribution to f-L+2
(12%) orbitals. Thus, spin-polarization appears because of the
strong difference between contributions of carbon and nitrogen p-
AOs as well as iron d-AOs. The f HOMO — lowest unoccupied
molecular orbital (LUMO) splitting AEg _, g is equal to 2.11 eV (Fig.
2d) that is energetically narrower than AE, _, , = 2.27 eV and the
E(f-HOMO) = —4.79 eV is higher than E(a-HOMO) = —5.07 eV.

The relative energies of different spin states and symme-
tries of the FeN,Css nanocluster were calculated, and it was
found that maximal singlet-triplet splitting is equal to

International Journal of Quantum Chemistry 2015, 115, 239-244
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Figure 2. Density of states of Fe-derived nanoclusters. The DOS(x)-DOS(f}) spin polarization is presented by red line. Spin-up and spin-down total and partial
DOSes of (a) FeN4Css (S = 1); (b) FeN4Csa; (c) FeaNgCyag; (d) FegN24Cag nanoclusters are presented in green (¢ TDOS) and blue (f TDOS). The partial |pc), [pn),
and |de) are presented as solid |pc), long dashed |py), and dotted |dg.) curves, respectively. Short vertical lines represent the MO energy levels. Visualizations
of HOMO and LUMO are presented as well. More details of numerical analyses of MO structure in wide energy range are presented in Tables (2-5).

1.6 kcal/mol (AE[FeN4Cs4(S = 1)]c,, = 0.0, AE[FeN4Cs4(S = 1)]lc, = 1.6,
AE[FeN4Csa)c,, = 1.2, AE[FeN4Css)c, = 1.2 kcal/mol) that is close
to accuracy (~1 kcal/mol) of both MPWB95 and MO06 DFT

potentials.2272%!

The HOMO — LUMO splitting AE, _. ., of FeN4Cs4(S = 1) is
equal to 1.92 eV whereas AEg _, ; = 2.05eV and E(ax-HOMO) is
—4.96 eV against lower E(f-HOMO) = —5.11 eV. HOMOs and
LUMOs of both o and f spins are formed by |pc) (82-85%)

Table 2. AOs contribution to forming MOs of FegN,4Cya, %. Table 3. AOs contribution to forming MOs of FeN,Cs4 (S = 1), %.
MO E(eV) |pc) Ipn) dre) B-MO  E(eV) |pc) |pn) |dre) MO E(eV) [pc) |pn) |dre) B-MO  E(eV) |pc) |pn) |dre)
L+4 —-1.76 65 30 0 L+4 0.1 71 5 21 L+4 —1.75 96 3 0 L+4 —1.78 95 2 1
L+3 —1.77 51 44 3 L+3 0.1 71 5 21 L+3 —-190 97 2 0 L+3 —1.85 96 2 0
L+2 —264 38 56 4 L+2 —034 78 6 12 L+2 —230 80 17 0 L+2 —230 81 16 0
L+1 —2.8 41 53 4 L+1 —-0.9 46 46 0 L+1 —253 90 7 0 L+1 —263 90 5 2
LUMO —28 41 53 4 LUMO —2.68 63 34 0 LUMO —3.04 385 13 0 LUMO —3.06 84 14 0
HOMO -—5.07 51 43 1 HOMO —-479 64 33 0 HOMO —496 82 14 1 HOMO -5.11 83 13 2
H-1 —5.2 54 40 1 H-1 —479 64 33 0 H-1 —6.59 91 6 1 H-1 —6.64 93 5 0
H-2 —783 13 55 31 H-2 —5.18 53 41 4 H-2 —-6.82 97 1 0 H-2 —6.81 97 1 0
H-3 —798 11 54 33 H-3 —5.18 53 41 4 H-3 —-7.05 97 1 0 H-3 —-7.05 97 1 0
H-4 =798 11 54 33 H-4 —556 50 44 4 H-4 —7.21 94 4 0 H-4 —720 9% 4 0
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Table 4. AOs contribution to forming MOs of FeN4Csy, (S = 2) %.
MO E@V) |pd) lpn) ldee) MO E(V) |pd) Ipn) Idee)
L+4 -1.15 92 6 0 L+4 —155 93 4 1
L+3 —1.87 96 2 0 L+3 —2.1 70 27 0
L+2 —-2.01 97 1 0 L+2 —-256 91 5 2
L+1 —254 88 9 0 L+1 —272 95 2 0
LUMO —263 92 5 0 LUMO —3.14 84 12 2
HOMO 5.1 78 20 0 HOMO -6.74 91 6 1
H-1 =545 79 18 1 H-1 —6.78 98 1 0
H-2 —6.81 92 5 1 H-2 —6.8 98 1 0
H-3 —6.9 99 0 0 H-3 —7.19 93 5 0
H-4 —7.1 96 3 0 H-4 74 88 5 5

and |pn) (13-14%), respectively, according to the partial DOS
(Fig. 2a and Table 3). Similarly, the spin-polarized orbitals of
third vacant MOs (L+2) orbital consist of |pc) (80 and 81%)
with admixture of |py) (17 and 16%), respectively. The rest of
the MOs near the HOMO-LUMO region in the Table 3 are
formed exclusively by p AOs of carbon atoms. Spin polariza-
tion occurs due to a slight shift in energy of o and f MO
structures.

As considered earlier, the total energies of FeN,Cs4 of both
S =1and S = 2 spin states are almost equal and both states
should be described. One can observe again that MOs near
the HOMO-LUMO region mostly consist of carbon AOs |pc)
with 20% |py) contributions in «-HOMO, 18% in o-H-1, 12% in
f-LUMO, and 27% in f-L+3, respectively (Fig. 2b and Table 4).
Different weights of carbon and nitrogen p-AOs in o and f
MOs lead to spin splitting. A splitting AE, _. , = 247 eV
between vacant and occupied MOs of FeN4Cs, is much wider
than the ¢-HOMO — LUMO splitting in FeN4Cs4 (S = 1), with
AEg . 5 = 3.60eV of FeN,Csy the widest one. E(x-HOMO) is
—5.10 eV and E(f-HOMO) = —6.74 eV that mainly provides
significant difference between the o and f splittings with
increasing multiplicity from triplet (S = 1) to pentet (S = 2)
states which causes higher spin polarization of the FeN,;Cs,
nanocluster.

The pentet ground state of Fe,NgCyg is the lowest in energy
with triplet state higher in energy by 5.4 kcal/mol. The relative
energy (12 kcal/mol) of triplet state of FegN»4Cy4 clearly shows
the key role of Fe-Fe interactions in determination of spin
states of (FeNy),Ce10 — n) Nanoclusters. Larger contribution of
the Fe d-AOs in Fe;NgCyg is observed in comparison with the
FeN4Cs, of both multiplicities (Fig. 2d, Table 5). Orbitals in

Table 5. AOs contribution to forming MOs of Fe;NgCyg, %.

MO E@V) |p) lpn) ldee) MO E(V) |po) |pw) Idee)
L+4 —-1.84 89 8 1 L+4 —1.94 90 8 0

L+3 —2.14 73 24 0 L+3 —2.06 73 24 0

L+2 —227 68 19 11 L+2 —2.14 61 14 23
L+1 —228 77 18 2 L+1 —269 93 5 0

LUMO —-333 62 22 14 LUMO —3.29 64 21 13
HOMO —4.51 92 6 0 HOMO —-471 63 34 0

H-1 —4.68 61 36 0 H-1 —4.89 48 3 48
H-2 —6.28 52 2 45 H-2 —6.32 40 3 56
H-3 —6.81 76 14 9 H-3 —6.83 99 0 0

H-4 —6.89 99 0 0 H-4 —6.87 75 7 17
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HOMO-LUMO region of Fe,NgCsg mostly consist of |pc) with
visible admixture of |py) but contribution of |dre) to LUMOs
(14 and 13%) and L+2 (11 and 23%) is significant for both
spin orientations and f H-4 (17%) as well. The |dre) AOs are
vastly responsible for the formation of o H-2 (45%) as well as
for both f H-1 (48%) and H-2 (56%) and turn to be competi-
tive with the dominant carbon p-AOs, whereas influence of
nitrogen AOs is vanished (2-3%). Hence, spin polarization is
caused due to the difference in contributions of carbon and
nitrogen p-AOs as well as iron d-AOs. The HOMO — LUMO
splitting AE, _, , = 1.18 eV is close to AE; _, s = 1.42 eV (E(o-
HOMO) = —4.51eV and E(f-HOMO) = —4.71eV, Fig. 2¢).

To study energy of formation of the nanoclusters, the fol-
lowing chemical reactions of substitution of Cg fragments by
MN, units (Fig. 1) are considered:

C50+2HN2+I’7M=(MN4)nC6(1O,n) +3nC2

The energies of formation are calculated using the DFT 6-
31G(d)/6-311G(d) total energies of (MN4),Ce10 — n) hanoclus-
ters, Cgo, C5, and N, molecules and M atoms and taking into
account the BSSE corrections by placing the atomic orbital
basis sets of the moieties on distance 20 A from each other as
vertexes of a pyramid.

For the Fe-derived clusters, the following formation energies
are: AE(FeN4Css) = 11.2 kcal/mol/atom, AE(Fe;NgCag) = 23.5
kcal/mol/atom (or 11.8 kcal/mol/atom per one Fe ion), and
AE(FegN>4Cos) = 71.4 kcal/mol/atom (or 11.9 kcal/mol/atom
per one Fe ion). The triplet and pentet states of FeN,Cs, have
almost the same formation energies (11.25 against 11.19 kcal/
mol/atom). One can see the formation energy of the Fe-
substituted clusters depends linearly on the number of FeN,
fragments to be inserted in the carbon lattice of the fullerene.

Formation energies of Mg- and Zn-substituted clusters are
equal to AE(MgeN»4Cos) = 70.4 kcal/mol/atom (11.7 kcal/mol/
atom per Mg ion) and AE(ZngN,4Cos) = 76.5 kcal/mol/atom
(12.8 kcal/mol/atom per Zn ion). The sixfold-substituted nano-
clusters demonstrate slight increase of the formation energy
per one metal ion with the increasing of the atomic number
from Mg to Zn and increasing of the formation energy upon
increasing of atomic radius of the metals (the atomic radii of
Mg, Fe, and Zn are 1.50, 1.40, and 1.35 A, respectively). To
prove the stability of the nanoclusters, the energy of extrac-
tion of magnesium ion atom from MgN4Cs4 also was calcu-
lated at M06/6-311G(d)/6-31G(d) level of theory. It was found
that it is very endothermic and equal to —116.3 kcal/mol
(—2.0 kcal/mol/atom) that proves high energetic stability of
the nanoclusters.

Conclusion

Hollow-caged fullerene-derived nanoclusters with metal ions
inserted in the carbon lattice by substitution of Cs hexagons by
MN, fragments were introduced and studied by LC DFT tech-
nique in cluster approximation. At MPWB95 and partially M06
levels of theory with 6-31G/6-311G(d) basis sets, the energy
cost of formation of (MN,),Csno — ) Systems from Cgo is
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endothermic in the range of 11.7-12.8 kcal/mol/atom. It is
found that the energy cost of substitution linearly increases
with increasing of the numbers of incorporated metal ions.
Fragments centered on metallic units were shown to be quite
stable in the studied structures. The antiaromaticity of the
MN,4Cyo structural units causes significant decrease in the struc-
tural stress and energy stabilization of the proposed closed-
shell nanoclusters. For the Fe-derived nanoclusters, the HOMO-
LUMO energy region mostly consists of carbon and nitrogen p-
AOs with an admixture of iron d-AOs which depends on num-
ber of iron centers. Unique magnetic properties of Fe-based
molecules are caused by strong spin polarization formed by the
significant difference between contributions of these AOs to «
and f# MOs. High spin states and correlated electronic structure
of the clusters allows one to use Fe-derived structures as molec-
ular supermagnets and heterogenic catalysis.
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