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would be the ground state.!%?
Concluding Remarks

In this paper a unique linear trinuclear Fe(1I) compound
is described that can provide a suitable basis for further re-
search, especially on the electronic properties of such a tri-
nuclear system. The mechanism of the spin transition in the
crystalline state is not yet understood. Sorai and Seki??? have
suggested, on the basis of precise heat capacity measurements
on [Fe(phen),(NCS),], that a cooperative spin transition takes
place in this system through a significant coupling between
the electronic state and the vibrational modes of the lattice
surroundings. The suggestion of a cooperative spin transition
has been well supported by the metal dilution studies on
[Fe(2-pic);]Cl,»C,H;OH by Sorai et al.?? and Giitlich et al.?*
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Notes

The different chemical environments in the outer two metal
ions and in the central one allow the selective substitution of
the terminal Fe atoms by for instance Mn or Zn. This may
give more information on the different mechanisms of the
cooperative spin transitions, as well as allowing the detailed
study of the magnetic exchange through the triazole ligand.
These investigations are in progress.
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Multiple bonding in dimeric transition-metal systems in-
volves diatomic interactions between the available d orbitals
on each atom.! With the use of d orbitals, for which [ = 2,
these interactions can be of ¢ (m; = 0), # (m; = 1), or 6 (m
= 2) diatomic symmetry, leading to bond orders as high as
6 in naked metal dimers such as Mo,.> It occurred to us that
dimers of the actinide elements would likely involve diatomic
interactions between f orbitals. As shown in Figure 1, these
not only could generate bonds of o, w, and § symmetry but
also could lead to ¢ bonds (between f orbitals with m; = 3)
as well. The possibility of “¢.back-bonding” in actinocene
complexes has been successfully investigated with use of
nonrelativistic and relativistic Xa—SW molecular orbital
calculations,** and in this note we report preliminary Xa-SW
calculations on the naked actinide dimers U, and Np, to
demonstrate for the first time the existence of ¢ bonds between
metal atoms.’

In order for ¢ bonds to exist in actinide dimers, it is apparent
that two conditions must be satisfied. First, since the ¢ bond
is expected to be the weakest of the f-f interactions, the 5f
orbitals must be low enough in energy that the ¢ bonds are
lower in energy than the 6d-6d bonding interactions. We were
encouraged in this regard by our studies of organouranium(IV)
complexes,'® in which the Sf orbitals are greatly stabilized
relative to the 6d and 7s orbitals. Second, the diatomic in-
teractions must be strong enough to give an energetic sepa-
ration between the ¢ bonds and antibonds. Although the 5f
orbitals in higher oxidation state actinide complexes are quite
contracted, it was our feeling that this might not be the case
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Figure 1. Qualitative diagram of f-f diatomic bonding interactions.
The f orbitals that may form each type of bond are indicated below
each.

for U(0) and Np(0) and that appreciable ¢ interaction might
result.
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Notes

Table I. Nonrelativistic Xa-SW Valence Molecular Orbitals
d
for Np,

sphere distribn® Np contribns?

orbital e, eV Np INT OUT s p d f

26, -716 38 32 31 - - B84 16
30g -737 41 0 S9 5 0 84 11
3my -850 31 14 55 - § 62 33
2my -992 32 40 29 - 15 73 12
ou -1011 8 7 7 0 10 89
26, -1015 39 35 26 - - 53 47
g -10.16 92 4 4 - 0 6 9
B -1057 93 4 3 - - 2 98
g -1099 95 4 1 - - 100
2¢ 1102 38 28 34 0 9 85
¢ -1129 92 7 1 - - 100
8g -1206 81 16 3 - - 7 93
o -1298 9% 2 2 - 1 13 86
og -1398 78 15 7 0 1 21 78

¢ Percent contributions from inside the Np atomic sphere, in the
intersphere region (INT), and outside the outer sphere (OUT).
Percent contribution of partial waves centered at the Np atoms.
A dash indicates a contribution of zero due to symmetry.
¢ Highest occupied molecular orbital. ¢ Bold-faced orbitals are
those arising from primarily Sf-5f interactions,

The nonrelativistic Xa—SW molecular orbitals for Np, are
tabulated in Table I. It is seen that the Sf—5f interactions
dominate the lower valence MOs and that, assuming it is
closed-shell, the molecule has a valence configuration of
om, '8 °¢,%, i.c., a septuple bond consisting of one o, two ,
two 8, and two ¢ bonds. The nonrelativistic results for U,
parallel those of Np,, leading to a g,27,%8,$,? configuration.
At higher energy are found the antibonding counterparts (¢,,
dy, Ty, and o) of the 5f-5f bonds. The amount of s, p, and
d character in these eight orbitals is small even when allowed
by symmetry. The more diffuse 6d-based orbitals appear at
higher energy. Also evident in both calculations is the 20,
orbital, which is only slightly higher in energy than the ¢,
orbital. This orbital is quite diffuse and consists of a mix of
metal 5f,; partial waves with an s partial wave on the outer
sphere. It is not yet clear whether or not this orbital is an
artifact of the calculational procedures. Upon the inclusion
of relativistic corrections,'s this orbital drops below the §,
orbital, but a transfer of two electrons from the ¢, to the 2g,
orbital results in destabilization of the latter to such an extent
that it should no longer be occupied. Despite these orbital
instabilities, the relativistic corrections do not significantly
change the relative ordering or energetics of the eight 5f-5f
bonding and antibonding orbitals, and with the exception of
the 20, orbital discussed above, the 5f-5f bonding orbitals are
the lowest valence orbitals of the molecules.

Contour plots of one of the ¢, orbitals of Np, from the
converged nonrelativistic calculation are shown in Figure 2.
As expected, the ¢, orbital consists of two “face-to-face”
fu(x2-3,2 orbitals. The interaction of these is apparently quite
weak; in both the nonrelativistic and the relativistic calculations
on U, and Np,, the energetic separation of the ¢, and ¢,
orbitals is ca. 0.3 eV. For Np, this may mean that
o i, 8,4, 2,7, or some other excited, higher spin configu-
ration, might be preferred over the assumed closed-shell
configuration. For U,, however, the spin quantum number
cannot be increased by promoting a ¢, electron to the ¢,
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Figure 2. Contour diagrams of the ¢, orbital of Np, from the non-
relativistic Xa—SW calculation: (a) a plane containing the molecule;
(b) a plane bisecting the molecule. The contour values are £1, 2,
£3, £4, £5, £6 = £0.005, £0.010, £0.020, +0.040, +0.080, +0.160,
respectively.

orbital, and it may be the case that the o,?,*,*$,* configu-
ration is preferred, albeit slightly, over one in which the ¢ bond
is destroyed. The bond energy of U, has been estimated to
be 218 21 kJ/mol,”” but the ¢ bond, if it exists, would
doubtless make little or no contribution to this, just as the &
bonds of naked transition-metal dimers contribute little or
nothing to the bond strengths of those systems.!? It is also
apparent that if U, is open shell, spin—orbit effects will be
sizable,'® and we are currently investigating the magnitudes
of these effects.

In summary, it appears likely that the bonding in U, and
Np, involves 5f—5f interactions, leading to the intuitive orbital
energetic ordering 0, < 7, <8, < ¢, < ¢, < 8, < m,; < g,
Further studies are necessary to ascertain the dependence of
the 5f-5f bonding upon the bond lengths of the molecules and
upon the inclusion of spin—orbit and other relativistic effects,
and these are currently in progress.
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