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Abstract: Quasirelativistic SCF-Xa scattered-wave calculations are presented for di-w-[8]annuleneuranium(IV) (uranocene),
-thorium(IV) (thorocene), and -cerium(IV) (cerocene). Improved agreement over previous nonrelativistic results is found
for both spectra and photoelectron spectra. An explanation is presented for the apparent relative success of the previous
nonrelativistic calculations. The quasirelativistic calculations confirm that fs, orbitals of the central metal atom contribute
to the covalent ring-metal bonding, but they emphasize even more than the nonrelativistic treatment the important role of

the 6d orbitals in such bonding.

Uranocene, di-r-[8]annuleneuranium(IV), was prepared? as
an expected f-orbital analogue to the d transition-metal metal-
locenes. An important amount of ring—metal covalency results
in a compound such as ferrocene from the interaction of the highest
occupied e;, MOs of the two cyclopentadienyl anions with the
vacant 3d,, orbitals of Fe?*. A corresponding interaction with
the highest occupied e,, MOs of the two [8]annulene dianions
is expected from the vacant 5f,, orbitals of an actinide anion such
as U**, Extended chemical and spectroscopic investigations?
indicate a significant amount of covalent actinide =-ligand in-
teraction.

In a previous SCF-Xa scattered-wave (SW) MO study* we have
found that 5f, orbitals of the central atom do indeed contribute
to the ring—metal bonding in uranocene and thorocene, but that
6d orbitals are also at least equally important. Agreement with
photoelectron spectra was remarkably good, despite the fact that
relativistic effects had not been taken into account. The inclusion
of such effects even at a molecular orbital level is known to lead
to considerable improvements in the description of the electronic
structure of heavy-metal complexes.> We report here quasire-
lativistic Xa-SW MO calculations of uranocene, thorocene, and
the analogous lanthanide system Ce(CgHjg), (cerocene). The
lanthanide compound has been reported as a crystalline material
isomorphous with uranocene and thorocene.! By comparing our
calculations for the actinide and lanthanide systems we expected
to gain further insight into the relative importance of covalent
bonding in these f-orbital sandwich compounds.

Computational Details

In this study we use a nonperturbative self-consistent approximation’
to the SW treatment of the relativistic Dirac-Slater Xe model® that has
proven well suited for MO calculations of large molecules containing
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heavy elements.” Relativistic effects are largest for core levels that are
localized in the vicinity of a nucleus and therefore influence the formation
of chemical bonds primarily via shielding effects. The SW model!® with
its underlying muffin-tin geometry confines core levels to one atomic
sphere thereby treating them essentially as in atomic problems.!! The
most important relativistic effects on valence levels may be described as
mass—velocity correction and Darwin shift, the spin-orbit interaction
being usually much smaller, at least in molecules. It is a rather good
approximation’ to neglect these effects altogether in the intersphere
region of the muffin-tin geometry. We take them into account only when
calculating the logarithmic derivative of the various radial wave functions
necessary for the matching at the sphere boundaries. The resulting SW
problem is then essentially identical with the nonrelativistic treatment.”!°
The use of double groups, mandatory in the fully relativistic SW prob-
lem,'2 may thus be avoided. The approach of the present work, though
formally somewhat different, is similar to the quasirelativistic treatment
of Cowan and Griffin!? as incorporated into the Xe method by Boring
and Wood.!4

All calculations were performed with the same idealized geometry
employed previously.* Planar [8]annulene rings with “standard” C-C
bond lengths of 1.40 A and C-H bond lengths of 1.09 A were assumed
in Dg, symmetry with a ring-ring distance of 3.89 A. The resulting
metal-carbon bond length of 2.67 A lies inbetween that found in ura-
nocene (2.647 A) and thorocene (2.701 A). A somewhat larger bond
length is found for the Ce(11I) compound Ce(COT),™ (2.742 A),’® but
the neutral Ce(IV) is expected to have a shorter metal-carbon distance.
We note, for example, that the ionic radius of Ce** is close to that of
U*.15  The differences from the various experimental structures are
small in any case. By choosing a uniform muffin-tin geometry in all
calculations identical with that used previously,? we hoped to compare
the electronic structure of the various compounds, especially the charges
within the muffin-tin spheres, without introducing additional uncertain-
ties. Starting from geometry-induced touching spheres the carbon radii
were enlarged by 26% to ensure a better description of the ring = system.
This procedure results in the followng radii (in A): rye, = 1.788, rc =
=0.882, ry = 0.491, and r,, = 3.999. The maximum / values in the
partial wave expansions included in the calculation were / = 3 in the
metal sphere, / = | for C, / = 0 for H and / = 5 in the extramolecular
region. The scattered wave expansion is essentially converged with the
inclusion of these partial wave components as was confirmed by a study
employing more partial waves (/ = 5§, 2, |, and 7, respectively).

The atomic exchange scaling parameters « were taken from the values
calculated by Schwarz:!¢ ac = 0.75331, ay = 0.77725, ac. = 0.69845,
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Figure 1. Comparison of nonrelativistic and quasirelativistic SCF-Xa-
SW orbital energies for uranocene. Solid lines represent occupied MOs,
and dashed lines represent empty MOs. The nonrelativistic and rela-
tivistic orbital energies for the uranium atom and the orbital energies for
the neutral [8]annulene dimer (CgHyg), are also shown.

ay = 0.692 (for M = U, Th). The scaling parameters « for the inter-
atomic and extramolecular region were set to 0.76230, a weighted av-
erage over the atomic values. The core charge densities for C([He]),
Ce([Kr]), Th, and U([Xe]4f)'* were kept fixed as obtained from atomic
Dirac-Slater calculations.!! All other electrons were considered fully in
the iterations toward self-consistency, but spin-orbit interaction and spin
polarization (in the case of uranocene) were neglected. Slater’s
“transition-state” procedure® was used to compute the ionization poten-
tials.

To evaluate the ring-metal interaction a cluster of two neutral [8]-
annulenes (a “dimer”) was also calculated by employing the identical
muffin-tin geometry with an “empty” sphere present in palce of the metal
atom.!® The configuration used for the SCF-Xa calculation of this
cluster was e5,%e,,”. The same energy levels were obtained as in a pre-
vious calculation? of a dimer built from two dianions, with the exception
of a roughly uniform stabilization by 0.11 Ry.

Results and Discussion

We first want to address the question of how relativistic effects
influence the description of the electronic structure of the systems
under study. Let us discuss uranocene as an example in more
detail. Rather similar effects were found for thorocene, whereas
cerocene, not unexpectedly, shows less difference between the
nonrelativistic and the quasirelativistic treatment.

We expect the relativistic mass—velocity correction to lower the
metal s and p levels; this is exactly what happens. The upper part
of the MO energy spectrum for uranocene is shown in Figure 1
and compared to X« atomic levels and to the orbital energies of
the “dimer”. The =-type ligand MOs undergo a slight downward
shift (by approximately 0.02 Ry) whereas the o-type ligand MOs
(e.g., €34, €3y, €3y, €25, byy, and by, in Figure 1) stay virtually
unchanged. The largest energy changes of this kind are found
for the MOs that may be identified as U 6s and 6p. The cor-
responding a,, shifts from —2.269 Ry down to -3.502 Ry. The
6p elements, in the nonrelativistic treatment rather localized in
an a,, level at —1.258 Ry and an ey, level at —1.269, are now shared
between two pairs of levels of the appropriate symmetry a,, at
—1.429 and —-1.703 Ry and ¢, at —1.435 and —619 Ry. These 6p
levels would undergo a sizable spin—orbit splitting. However, we
expect the neglect of this interaction to have no appreciable effect
on the charge distribution of these MOs and, consequently, the
valence electron levels that are the major concern in this study.

The U 5s and 5p electrons undergo the well-known relativistic
core contraction,® which in our calculation is fully taken into
account by the use of relativistic core charge densities. The most
conspicuous consequences of the resulting increased shielding by
s and p electrons is the 5f orbital expansion that is clearly displayed
for the atomic X« levels in Figure 1. It is this change in the wave
function of the 5f electrons that renders them suitable for in-
teraction with the ligand = orbitals. The question then arises why
the nonrelativistic treatment gave essentially the same description*
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Table I, Comparison of Quasirelativistic X« Transition-State
Orbital Energies with the Photoelectron Spectrum of
Thorocene and Uranocene

. thorocene uranocene

irred.

repr. caled exptl? caled exptl?
e, u( 5.75 6.20
e,ul®) 6.53% 6.79 6.57 6.90
e, g(m) 7.51 7.91 7.29 7.85
e, u(m 9.44 9.90 9.43 9.95

10.14 10.28
e g(m) 10.11 10.65 9.94 10.56
a, (1) 10.55 10.55
€30 10.61 11.48¢ 10.52 11.50¢
€,5€u 10.90 10.93
a,g(m) 11.68 12.32 11.62 12.37
b,gbiy 12.19¢ 14.12 12.104 14.09
€860 13.65 14.65 13.53 14.67
a4 14.62 14.49
16.17 16.10

ag 15.12 15.01
b aby 15.80 16.74 15.67 16.73
€36:C3y 17.78 17.91 17.65 17.85

@ Reference 20c. Y All energies in eV. © No explicit assign-
ments are given in ref 20c¢ for this and all higher ionization poten-
tials. ¢ Thisand all higher transition-state energies are estimated
from ground-state orbital energies by applying a relaxation shift of
2.0eV.

of the ring—metal bonding, as deduced below from the ordering
and the character of w-type orbitals.

The answer may be found in a peculiarity of the Xa formalism.
The atomic levels displayed in Figure 1 correspond to the con-
figuration 5f%6d! 7s?; however, this is not the X« ground state for
uranium because in order to fulfill Fermi statistics, the levels have
to be filled strictly from below.® To obtain the X« ground state,
one has to redistribute electrons (or fractions thereof) such that
partially filled orbitals have the same energy. The nonrelativistic
Xa ground state of uranium had the configuration 5f4¢66d°7s!-34
with the highest occupied level at —0.151 Ry for 5f and 7s. The
relativistic Xo ground state, on the other hand, is much closer
to reality with its configuration 5f>4! 6d%% 7s2. The highest oc-
cupied level is found at —0.117 Ry, and this upward shift is re-
flected almost quantitatively in the 5f orbital manifold of ura-
nocene (see Figure 1). The ligand field splitting remains virtually
unchanged at 0.093 Ry (1.27 eV). This value is much larger than
that in semiempirical treatments'” of uranocene (0.45 eV). The
ordering of the metal f orbitals, e;, < 2,, < a,, < ey, is confirmed.

If our argument to use the proper X« ground state in the
discussion of resulting MOs is correct, we would expect from
perturbation theory that the interaction of the uranium 5f orbitals
with the e, () “dimer” orbital at —0.220 Ry should be weaker
in the relativistic treatment. This is indeed found: the charge
fraction of this MO in the uranium sphere decreases from 0.46
to 0.33. Concomitantly, one finds an increase of the metal
character in the antibonding e, (f) partner in quantitative
agreement (from 0.54 to 0.67).

Recently, Pyykkd and Lohr!® have carried out a relativisitically
parameterized extended Hiickel molecular orbital (REX) calcu-
lation for uranocene. Their results agree with ours in that they
also find the ordering e, < e, for the two highest ligand derived
orbitals with negligible spin—orbit splittings (~0.002 Ry). They
find less metal contribution in these orbitals (for e,, 14.5%, 8.6%;
for e;, 10.8%, 10.5%) than we do (e, 33%; ey, 20%) but also
a slightly stronger mixing with 5f than with 6d orbitals. This small
central atom fraction seems to be a direct consequence of their
parameterization which leads to exaggerated ionicity. There is
no similar a priori decision toward ionic bonding in our treatment.
We also note a much too narrow manifold of the topmost 32 filled
ligand derived levels. Using the REX results we derive a value
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Table II. Comparison of Calculated and Measured lonization Energy Differences with Respect to the Ligand Derived e, (7) Molecular

Orbital for (C H,), and the Series M(C,H,), [M =Ce, Th, U] d

irred. € Hy), Ce(C,H,), Th(C,H,), U(C;Hy),

repr. nonrel. nonrel. quasirel. nonrel.¥  quasirel. exptl.b nonrel? quasirel. exptlb
e;u(®) -0.53¢ -0.82 -0.70
e, u(m) 0 0 0 0 0 0 0 0 0
€,g(m) 0.62 0.77 0.89 0.64 0.98 1.12 0.17 0.71 0.95
e, u(m 4.16 2.99 311 2.53 2.91 3.11 2.28 2.86 3.05
e, g(m) 3.62 3.45 3,53 3.30 3.58 3.86 2.91 3.37 3.66

@ Reference 4. P Reference 20c. € All energies in eV. 4 Only experimentally assigned peaks are considered.
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Figure 2. Comparison of quasirelativistic SCF-Xa-SW orbital energies
for the series M(CgHg),, M = Ce, Th, U.

of only two-thirds of our quasirelativistic Xa-SW value; the latter
value seems to be more in accord with the photoelectron spectrum
(vide infra).

We next compare the results of the quasirelativistic calculations
for the series M(CsgHy),, M = Ce, Th, U. The lowest unoccupied
and those occupied levels that we will eventually connect with
ionization potentials below 20 eV are shown in Figure 2. One
may deduce a large degree of similarity between the electronic
structures of the various compounds, differing mainly in the oc-
cupation of the ey (f) ligand field level. This level is unoccupied
in the closed-shell systems of thorocene and cerocene and contains
two electrons in uranocene. Ligand derived o-type orbitals are
found to have virtually identical energies for all compounds; the
differing positions of the w-type orbitals reflect the varying degree
of ligand—metal interaction. As in ferrocene'® one finds the highest
of these 0 MOs (€3, €3,; €3, €5,) With energies comparable to the
lowest # MOs a,, and a,,.

The most remarkable single feature of the level spectra in Figure
2 is the large HOMO-LUMO gap found for thorocene as com-
pared to the corresponding e,,(m) — e;,(f) energy difference of
uranocene. However, if we assign the strong optical absorption
of thorocene at 2.75 ¢V and that of uranocene at 2.01 eV to the
ligand-metal charge-transfer excitation e,,(m) — e3,(f), we find
excellent agreement with calculated orbital energy differences:
3.03 eV for thorocene and 1.97 eV for uranocene. These values
are greatly improved over those derived from the nonrelativistic
calculation® (1.93 and 1.19 eV, respectively). Unfortunately, no
optical spectrum has yet been reported for cerocene.

(19) Rosch, N.; Johnson, K. H. Chem. Phys. Lett. 1974, 24, 179.

The ligand field splitting, es,(f) — e5,(f), is much smaller in
cerocene than in both thorocene and uranocene, indicative of more
ionic, less covalent bonding in the Ce compound. This result is
not in disagreement with the limited chemistry reported for this
compound.® The absolute values, however, turn out to be larger
than those assumed in treatments based on ligand fields in these
systems.!” We find 0.77, 1.54, and 1.27 eV for Ce, Th, and U,
respectively.

The experimental ionization potentials as determined from
photoelectron spectroscopy (PES)? are compared in Table I with
our calculated values. The overall agreement is rather satisfactory.
To simplify the presentation in Table I only average values are
given for those pairs of ligand-derived MOs which show a splitting
of 0.15 eV or less.

The calculated level ordering among the highest occupied MOs,
€2 > €, confirms the PES interpretation of Clark and Green. 2%
The corresponding energy differences found in the quasirelativistic
calculation reproduce the experimental absolute relative values
(thorocene > uranocene) so well (see Table II) that a reverse
assignment would now seem highly improbable.2%

The next band in the PE spectrum consists of three peaks and
has been identified with ionization from the ¢/, €, pair of [8]-
annulene 7-type orbitals.”® Here, too, the quasirealivistic results
show improved agreement. This becomes especially clear when
we consider energy differences as in Table II.

In the next very broad and intensive band of the PE spectra
only two peaks have been discriminated. Our calculations support
the assignment to the lowest ligand 7-type MOs a,, and a,, and
the highest o-type MOs. No explicit assignment for these and
the higher ionization potentials in the PE spectra has been given.?
We therefore present only estimates for the transition-state en-
ergies of the levels below the a;,(r) MO. Our calculations cor-
roborate the experience that orbitals of similar character undergo
rather uniform relaxation shifts that are correlated with the
electron self-energy (e.g., the Coulomb integral). These higher
ionization potentials are derived from ground-state orbital energies
by applying a uniform relaxation shift of 2.0 eV which we found
for the high-lying ey, €., €3,, and ey, o-type MOs. In table I we
present a tentative assignment for the higher ionization potentials
based on the experience that we must allow errors from the
Xa-SW method of the order of 1 eV.!® Especially, manifolds of
w-type orbitals tend to become too compressed?' resulting in
calculated ionization potentials that are too small. In this context
we would like to point out the fact that only one set of muffin-tin
parameters has been used throughout with one judicious ad-
justment in advance based on previous experience.*?2  With
additional fitting, although costly in computer time, improved
results might be obtained.

The value of 5.75 eV for the lowest ionization potential of
uranocene is in good agreement with the experimental result of
6.30 eV, particularly since spin—orbit interaction has been ne-
glected. Such interaction will clearly be significant in this highly

(20) (a) Clark, J. P.; Green, J. C. J. Organomet. Chem. 1976, 112, Cl4.
(b) Fragala, 1.; Condorelli, G.; Zanella, P.; Tondello, E. Ibid. 1976, 122, 357.
(c) Clark, J. P; Green, J. C. J. Chem. Soc., Dalton Trans. 1977, 505. (d)
Fragala, 1., ref. 3c, p 421.
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localized orbital which shows an f-electron population of 0.91 in
the metal sphere. In the relativistic X« calculation for the uranium
atom one finds a fs;, — 7, splitting of 0.78 eV. One therefore
expects from perturbation theory a corrected value of approxi-
mately 6.1 eV in satisfactory agreement with experiment;
moreover, there is expected to be an additional splitting in the
final state with different cross sections for ionization.»?* Con-
sequently, the apparently better result of the nonrelativistic
calculation* is not meaningful.

A close comparison of the nonrelativistic* and the present
quasirelativistic transition-state energies shows a reduction of the
ionization potentials—corresponding to an upward shift of the
orbital energies—only for the e, (7) MO both of thorocene and
uranocene and for the e;,(f) MO of uranocene. This may be traced
to the relativistic expansion of the uranium 5f orbitals and brings
us to a discussion of the bonding in uranocene and thorocene.

This work, too, confirms the contribution of the metal fy,
orbitals to the ring—metal bonding just as suggested originally in
the first preparation of uranocene.? The metal involvement in
the bonding e, () orbital leads to a lowering as compared as the
[8]annulene “dimer” (see Figure 1). The corresponding anti-
bonding partner e,,(f) ends up as the highest ligand field level.
The e,, — ey splitting (0.98 eV for the calculated ionization
potentials of thorocene, 0.71 eV for uranocene) is somewhat larger
than found from direct, ligand-ligand interaction without in-
volvement of metal orbitals, which is 0.62 eV in the “dimer” (see
Table IT), This result points to a comparable bonding contribution
of the 6d,, metal orbitals to the ey,(w) MO, confirming our
previous analysis.*

Our calculations reproduce the experimentally found?® lesser
€3, — €y, splitting for uranocene compared to thorocene (see Table
II). This result has been connected to a greater f-orbital covalency
in the uranium compound.*?* However, this interpretation is
conclusive only on the basis of equal d-orbital covalency in both
compounds. But our calculation fully supports this necessary
additional assumption. The d-wave population of the metal sphere
in the e;,(7) MO is almost equal for both compounds (uranocene
0.20; thorocene 0.21). The f-wave population in the e (7) MO,
on the other hand, has a substantially larger value in uranocene
(0.33) than in thorocene (0.20).

(23) Cox, P. A, Struct. Bonding (Berlin) 1975, 24, 59. Egdell, R. G,;
Orchard, A. F; Lloyd, D. R.; Richardson, N. V. J. Electron Spectrosc. Relat.
Phenom. 1977, 12, 415.
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A further contribution to ring-metal bonding is provided by
the e,—d,, interaction.* The e,,, e;; MOs of the “dimer” are
lowered by the bonding interaction with the metal orbitals but
much less than the e,,, e;, MOs (see Figure 1). The energy
differences to the e, () MO are therefore reduced when compared
to those of the “dimer”, as can be seen from Table II. The level
ordering e, < e, in the “dimer” is reversed to e,, > e, in both
uranocene and thorocene (Figure 2), indicating a substantial
bonding character at least for the e;, MO. Almost identical metal
populations are found for uranocene and thorocene (0.07 for e,,,
0.10 for e,,). The level splittings are again well reproduced, both
in absolute and relative magnitude: 0.67 eV for thorocene and
0.51 eV for uranocene compared to the experimental values, 0.75
and 0.61 eV, respectively (see Table II). We note, however, that
the photoelectron spectra of several substituted uranocenes have
been interpreted in terms of the level ordering e, < ¢, in dis-
agreement with these theoretical results.”* We have no explanation
at this time for this apparent discrepancy.

The results of this work based on a quasirelativistic treatment
essentially confirm but put on firmer ground our previous con-
clusions* on the ring—metal bonding in uranocene and thorocene:
metal 5f and 6d orbitals contribute sufficiently to this bonding,
mainly through their interaction with the high-lying e, # MOs
of the two [8]annulene rings but also to a lesser extent through
interaction with the subjacent e, # MOs. The good overall
agreement with experiment lends confidence to the quasirelativistic
Xa-SW method. We would not expect the inclusion of spin—orbit
interaction to alter the resulting coherent picture in any major
way. Indeed, Amberger? has recently found that crystal field
parameters derived from the energy levels reported here give
electronic ground states for uranocene, neptunocene, and pluto-
nocene that agree with magnetic data.
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