
Chem. Rev. 1991. 91. 719-741 719 

The Electronic Structure of Actinide-Containing Molecules: A Challenge to 
Applied Quantum Chemistry 

MELANIE PEPPER and BRUCE E. BURSTEN’ 
Dapartnmnl of chemisby. The ohk Stale UnivarsW, Columbur. ohb 43210 

Recehgd Novemkr 6, 1990 (Revised Manusnlpt Racah’ed Febmry 18. 1991) 

Confenfs 
1. Introduction 

Methods 
A. Relativistic Extended HSckel Theory (REX) 
B. Dirac-Fock One-Center Expansion 

C. Local Density Functional (LDF) Approach 
D. Ab InRio Effective Core Potentials (ECP) 

11. Molecular Relatlvistic Quantum Chemical 

(DF-DCE) 

111. Actinide Hydrides 
I V .  Actinide Halides 
V. Actinide Oxides 

VI .  Cyclopentadienyl-Actinide Complexes 

VIII.  Metal-Metal Bonding in Actinide Systems 
IX. Miscellaneous Other Actinide Systems 

X. Conclusions 

I .  Infroducflon 

VII.  Actinocenes 

719 
721 

722 
723 

723 
724 
725 
726 
729 
731 
733 
735 
737 
738 

In the last century, three parallel developments have 
contributed greatly to our understanding of the elec- 
tronic structure of the chemical elements. First. the 

Melanie Pepper was born in Atlanta, GA. in 1959. She received 
her B.S. degree with h o n a s  (1981) from the University of Kentucky. 
Lexington. and her Ph.D. degree (1989) from The Ohio State 
University under the direction of Prof. Isahh St“. She curenfly 
holds a postdoctoral position with Prof. Bruce E. Bursten at The 
Ohio State University. Her research interests include the devel- 
opment of quantum chemical methods and computer programs, 
characterization of potential energy surfaces, and application of 
ab  initio quantum chemistry to heavy-metal Systems. 

application of quantum mechanic3 to chemical systems 
has allowed first-principles predictions of chemical 
properties. Second, the extension of the periodic table 
to include the lanthanide and actinide elements has 
compelled chemists to develop an understanding off 
electrons and the chemical influence of special relativ- 
ity. Finally, digital computer technology has advanced 
to the point that computational chemistry is now a 
commonplace tool for laboratory chemists. It is the 
purpose of this review to underscore that these three 
trends have merged, as is dramatically demonstrated 
in the study of molecular actinide systems by accurate 
quantum chemical methods. 

With the development of the Schrodinger equation 

cluding relativistic effects in 1929, Dirac was moved to 
pronounce:’ “The underlying physical laws necessary 
for the mathematical theory of a large part of physic3 
and the whole Of are thus completely known’ 
and the difficulty is only that the exact application of 
these laws leads to eauations much too comdicated to 
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be soluble.” The next sentence in ‘Dirac’s dictum” is 
often ignored, but is perhaps of value in the current 
discussion: “It therefore becomes desirable that ap- 
proximate practical methods of applying quantum 
mechanics should be developed, which can lead to an 
explanation of the main features of complex atomic 
systems without too much computation.” 

The situation was viewed as not much more hopeful 
in 1960, when Coul~on*.~ pointed out the disparity be- 
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organometallic photochemistry. metal-metal bonding, and applied 
quantum chemistry. 

tween two groups of computational chemists: those 
doing accurate calculations on very small systems and 
those doing approximate calculations on chemically 
more-interesting systems. He went on to state, “It looks 
as if somewhere around 20 electrons there is an upper 
limit to the size of a molecule for which accurate cal- 
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culations are ever likely to become practicable.” By 
1950, Boys415 had realized that ‘‘[It] thus has been es- 
tablished that the only difficulty which exists in the 
evaluation of the energy and wave function of any 
molecule ... is the amount of computing necessary.” 
This assertion was affirmed by Mulliken6p7 in 1967: 
“There is only one obstacle, namely, that someone must 
pay for the computer time.” Clementi was even more 
optimistic in 1972: when he stated, “We can calculate 
everything.” 

The current state of affairs has been nicely summa- 
rized by Karplus? who notes that the two camps deli- 
neated by Coulson2 are beginning to merge, with high 
accuracy available now for systems of up to 20 electrons. 
Karplus further points out that the four decades be- 
tween 1950 and 1990 have seen a lo7 increase in com- 
puter speed, and a lo3 increase in code efficiency. 

Although one might still hear theoretical chemists 
referring to carbon as a “heavy” atom, the advent of 
modern supercomputers, in concert with dramatic im- 
provements in program algorithms, have brought about 
a revolution in computational chemistry and a con- 
vergence of the three trends described above. Highly 
accurate computational studies of “real” chemical sys- 
tems are no longer an elusive dream; the entire periodic 
table of elements is open to computational study. 

Of course, solution of the Schrodinger and Dirac 
equations for molecules still requires some approxi- 
mations. Ab initio quantum chemists have most often 
employed the self-consistent field (SCF) approximation 
(nonlocal exchange) coupled with a basis set expansion. 
Approximate and semiempirical SCF methods have also 
been developed, in which ab initio SCF theory is the 
starting point upon which various approximations are 
overlaid. Local density functional (LDF) theorists take 
a different approach, using a local exchange potential 
and focusing on the density matrix rather than the wave 
function. The various Xa methods, such as the mul- 
tiple scatteringlo and discrete variationa111J2 approaches, 
are examples of LDF methods. The inclusion of rela- 
tivistic effects in quantum chemical calculations re- 
quires further approximations. These include relativ- 
istic extended Huckel theory,13 one-center expansion 
solutions of the Dirac-Fock equations,14 full solution 
of the Dirac-Fock equations with local exchange,l5Je 
quasirelativistic corrections to Xa  calculation^,'^-^ and 
ab initio relativistic core potential methods.%% These 
relativistic approximations, and the importance of 
relativity in studies of heavy-element chemistry, have 
been the subject of many review  article^.^"^^ 

Prior to the extension of the periodic table to include 
the whole family of actinide elements, uranium chem- 
istry was well known. In fact, uranium is by far the 
most widely studied and best understood of the actinide 
elements. As early as 1833, chemists were studying the 
fluorescence of uranyl Interest in nuclear 
fuels has prompted studies of small actinide-containing 
molecules and ions, especially the halides and oxides 
of uranium and plutonium. The synthesis of uranocene 
by Streitwieser and MUller-Westerh~fP~ in 1968 gen- 
erated tremendous interest in organoactinide chemistry, 
paralleling the growth in the organometallic chemistry 
of the transition metals that followed the synthesis of 
ferrocene. Actinide chemistry has been the topic of 
numerous discussions and review articles. These in- 
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clude descriptions of uranyl ~ h e m i s t r 9 ~ + ~ ~  and the 
debate over the importance of 5f electrons and their 
covalent  interaction^.^^^ Marks has written several 
excellent reviews of organoactinide chemistry,- and 
a recent review from our laboratoriess7 addresses the 
bonding in the diverse class of cyclopentadienyl-acti- 
nide complexes. 

Throughout these 20th century advances in actinide 
chemistry, quantum chemical calculations have been 
a d i n g  and able partner to synthesis and spectroscopy. 
Perhaps more than any other recent developments in 
chemistry, the results of actinide studies have de- 
manded that we reexamine and, in many cases, rewrite 
the empirical rules that define chemical intuition. The 
understanding of the electronic structure of actinide- 
containing systems has been key in the development of 
this important area of chemistry. In addition to the 
molecular studies that are the subject of this review, a 
large body of research has been devoted to under- 
standing the solid-state electronic properties of the 
actinides. In fact, many of the crucial theoretical de- 
velopments were pioneered in the solid-state arena 
before being applied to molecular systems, and exper- 
imental work on solid-state systems often preceded 
research on the molecular level. The theoretical de- 
velopments in solid-state actinide chemistry encompass 
quantum chemistry and theoretical condensed-matter 
physics and are, we believe, inappropriate for the 
present review. We will therefore limit our discussion 
to molecular actinide chemistry and refer the reader to 
the vast solid-state actinide literature.68 We also will 
not address the important nuclear chemistry of the 
actinide elements in spite of its being the major stim- 
ulus for the development of actinide chemistry. 

In this review, we will focus on computational studies 
of the molecular electronic structure of actinide systems, 
emphasizing the wide variety of computational methods 
that have been applied to these compounds. Pyykko 
has provided a brief outline of relativistic calculations 
on f-element molecules,37 as well as a bibliography of 
all such studies from 1916 to 1985?l Here, we expand 
upon these listings in order to illustrate the breadth of 
information that can be gained from computational 
treatment of actinide systems, as well as to provide 
some understanding of the quality and type of results 
that might be expected from both nonrelativistic and 
relativistic quantum chemical calculations. 

By restricting our discussion to methods that have 
been applied to actinide systems, we omit several im- 
portant families of quantum chemical calculations. The 
first are the semiempirical CNDO and MNDO ap- 
proaches, with adaptations such as PRDDO and PNDO. 
F a n e  has extended CNDO to f-elements and Boca’O 
has described a relativistic parameterization of 
CNDO/l, but, to our knowledge, these methods have 
only been applied to actinide systems by a single re- 
search g r o ~ p . ~ l - ~ ~  These methods may prove useful for 
systems still too large for study by more accurate (and 
expensive) methods. 

We have also limited our discussion to molecular 
orbital (MO) and MO-based methods, neglecting the 
parallel development of valence-bond theory. The 
generalized valence bond (GVB) method7‘ provides a 
satisfying chemical interpretation often lacking in mo- 
lecular orbital methods. Again, to our knowledge this 
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approach has not been applied in studies of actinide 
systems. We refer the reader to the recent review by 
PyykkOs9 for a discussion of more accurate relativistic 
quantum chemical calculations on light-atom systems; 
again, these methods have not been applied to actinide 
compounds and are therefore excluded from our dis- 
cussion. 

In the next section of this review, we outline the 
development of molecular electronic structure methods, 
including the various approaches for incorporating rel- 
ativistic effects into these calculations. In subsequent 
sections, our discussion of applications of these methods 
to actinide systems will demonstrate the utility of the 
methods along with their relative strengths and weak- 
nesses. In the third section, we present results of cal- 
culations on the simplest actinide systems, the actinide 
hydrides. Actinide halide systems and actinide oxides, 
including uranyl, are discussed in sections IV and V, 
respectively. Organoactinide systems are covered in 
sections VI (cyclopentadienyl compounds) and VI1 
(actinocenes). Metal-metal bonding in actinide com- 
plexes is discussed in section VIII. In section IX, we 
present calculations on miscellaneous other actinide 
systems, including U(BH4)4 and U(OCH& 

6 s  - 7s -_- _..- 6 s  -I?--.- 

I I .  Molecular Relatlvlstlc Quantum Chemlcal 
Methods 

Although Dirac introduced special relativity into 
quantum mechanics in 1929, and the extension to 
many-electron systems was made by Breit soon after, 
the importance of relativistic corrections in molecular 
quantum chemistry was not fully appreciated until the 
1970’s. Dirac himself was not convinced of the im- 
portance of relativistic effects, which he declared would 
be “of no importance in the consideration of atomic and 
molecular structure and ordinary chemical reactions.”’ 
In heavy atoms, beginning with the third-row transition 
metals, and certainly including the actinide elements, 
the high kinetic energy of the core electrons, corre- 
sponding to classical speeds close to the speed of light, 
leads to large relativistic effects. Powellm has provided 
an easily understood description of the derivation of 
Dirac’s relativistic quantum mechanics and its impact 
on quantum chemistry. Several recent reviews of rel- 
ativistic quantum chemistry cover the topic in even 
greater depth.” Well-known consequences of special 
relativity in the periodic properties of elements include 
the yellow color of gold and the anomalous volatility of 
mercury, as well as the actinide and, to a lesser extent, 
lanthanide contractions. While nonrelativistic calcu- 
lations have provided some qualitative insight into ac- 
tinide chemistry, the inclusion of relativistic effects is 
essential for the quantitative prediction of molecular 
structures and energies. 

Because most of the chemical uniqueness of the ac- 
tinide elements is a consequence of the presence of 
valence f electrons, much of our focus will be on the 
effects of relativity on the 5f orbitals. The fact that 
many of the relativistic effects increase as 2” (n > 1) 
indicates that these effects are more pronounced for the 
actinide (50 elements than for the lanthanide (40 ele- 
ments. This trend is apparent in Figure 1, in which the 
nonrelativistic and Dirac-Fock relativistic atomic or- 
bital energies76 for lanthanide and corresponding ac- 
tinide atoms are compared. Figure 1 illustrates the two 

Figure 1. The Dirac-Fock average of configuration orbital en- 
ergies ( a ~ ) ’ ~  for the lanthanides Sm, Eu, Gd, and Tb and for the 
corresponding actinides Pu, Am, Cm, Bk. The inner columns for 
each lanthanide-actinide pair denote nonrelativistic orbital en- 
ergies. The shifts in energy due to relativistic effects are evident 
in the relativistic orbital energies, displayed in the outer columns 
for each lanthanideactinide pair (reprinted from ref 30; copyright 
1978 Academic Press). 

general classes of relativistic effects on electronic 
structure, both of which are greater for the actinides. 
The first effect is an increase in the orbital energies of 
the nf and (n + 1)d orbitals relative to the (n + 1)p and 
(n + 2)s orbitals. These overall changes in the orbital 
energies are primarily due to “classical” relativistic ef- 
fects, such as the relativistic mass correction for core 
electrons, that lead to greater shielding of the higher 
l-value orbitals. Because the 5f orbitals in actinides are 
more destabilized by relativistic effects than are the 4f 
orbitals of the lanthanides, the valence f electrons are 
more weakly bound, and hence more chemically active, 
in the former. As a result, a larger range of oxidation 
s t a h  is generally observed among the actinide elements 
than among the lanthanides. 

The second relativistic effect is the splitting of sub- 
shells by spin-orbit coupling, which can be considered 
a “quantum” relativistic effect. The spin-orbit splitting 
generally decreases with increasing orbital energy; e.g. 
the (n + 1)p orbitals are split more than the nf orbitals. 
These two classes of relativistic effects are lucidly dis- 
cussed in a review by Pitzerq3I 

Methods for including relativistic effects in molecular 
calculations can be separated into two broad classes.76 
In the first approach to molecular relativistic effects, 
the Pauli Hamiltonian is employed. This Hamiltonian 
gives two-component wave functions (one spatial 
function and two spin components) that are bases for 
the representations of the familiar single groups used 
in nonrelativistic calculations. In most cases, only the 
mass-velocity and Darwin terms are included in the 
molecular orbital calculations, resulting in wave func- 
tions analogous to those obtained by nonrelativistic 
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MOLECULAR RELATIVISTIC QUANTUM CHEMISTRY 
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Figure 2. Summary of the features and development of molecular relativistic quantum chemical methods, as described in further 
detail in the text. 
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methods. Spin-orbit corrections can then be added in 
a second step, through diagonalization of the spin-orbit 
operator (which is often empirically chosen) over the 
space of the Pauli Hamiltonian based MOs. Quasirel- 
ativistic multiple scattering and discrete variational 
methods, relativistic extended Huckel methods, and the 
Hay-Wadt-Kahn effective core potentials are examples 
of this type of approach. 

In the second type of relativistic molecular electronic 
structure method, the full Dirac equation is solved, 
usually in the Dirac-Fock formalism analogous to 
nonrelativistic Hartree-Fock methods. Spin-orbit 
coupling is treated directly in this approach. Four- 
component wave functions result from these calcula- 
tions. The two small components, which are necessary 
for calculations involving electromagnetic field inter- 
actions, are often later omitted from the molecular wave 
functions. Because the electrons are subject to spin- 
orbit coupling, the calculated orbitals are bases for 
representations of the less-familiar double groups, which 
can sometimes complicate interpretation of computa- 
tional results. Dirac-Slater discrete variational and 
multiple scattering methods, the one-center expansion 
method of Pyykko et al., and Pitzer's relativistic core 
potentials are included in this second group. 

The various computational methods used for molec- 
ular electronic structure will now be described. These 
methods differ in the approximations employed in the 
evaluation of the electronic Hamiltonian as well as in 
the way relativistic corrections are included. As is 
generally the case in molecular calculations, the com- 

putational expense increases with increasing quantum 
chemical rigor. The development and features of these 
approaches are briefly outlined below, roughly in order 
of increasing sophistication of the method. A summary 
of the methods is provided in Figure 2. 

A. Rdatlvlstlc Extended Huckel Theory (REX) 

Huckel theory, developed in the 1930's, is a one- 
electron semiempirical approach to the treatment of 
.n-electron systems. Wolfsberg and Helmholtz applied 
a modification of this treatment to inorganic com- 
pounds in 1952,'7 which ultimately led to the well- 
known extended Huckel theory (EHT) of Hoffmann in 
1963.78 Semiempirical implementations such as EHT 
often implicitly include relativistic effects through the 
use of experimentally derived parameters. Relativistic 
effects have also been explicitly addressed in the 
methods through the inclusion of spin-orbit corrections 
and parameters derived from Dirac-Fock atomic cal- 
culations. Manne introduced an approximate spin- 
orbit correction to EHT in 1975.79 Lohr and Pyykko 
introduced their relativistic extended Huckel (REX) 
method in 1979.13 In the REX approach, the assump- 
tions of EHT are used with a full llsjm) A 0  basis and 
relativistic parameters derived from relativistic Dirac- 
Fock atomic calculations.76 REX thus provides the least 
expensive means of obtaining a solution to the Dirac 
equation, albeit within a molecular orbital formalism 
that is highly approximate. The traditional REX ap- 
proach involves minimal basis sets, but it has been 
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extended to include multiple- l' expansions.@" 

B. Dirac-Fock OnaCenter Expanslon (DF-OCE) 

Like the Hartree-Fock equations, the Dirac equation 
is much easier to solve if all of the AOs share a common 
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lations. Approximate potential energy curves may be 
based on total or binding energies in the DV-Xa 
methods; these curves apply to an average of electronic 
states rather than to a specific spatial and spin state. 

1. MuRW-Scattering X a  (MS-Xa) 
origin; the integrals are more easily calculated in 
spherical polar coordinates than in any of the other 
commonly used curvilinear systems. Thus, one-center 
expansion methods have been used in relativistic mo- 
lecular calculations. The one-center expansion method 
was first applied to the numerical solution of the non- 
relativistic Hartree-Fock equations by Albasiny and 
Cooper in 1963.81 Mackrodt extended this method to 
Dirac-Fock solutions for diatomic hydrides in 1970.14 
Although the DF-OCE approach in its current imple- 
mentation is limited to hydride systems, it is the only 
current method that treats all electrons in a heavy-el- 
ement compound with full nonlocal exchange and rel- 
ativistic effects. Virtual orbitals on the central atom 
are used in lieu of hydrogen-based basis functions. 
These basis functions are influenced by relativistic ef- 
fects from the heavy atom nucleus, while true hydrogen 
orbitals would display much smaller relativistic effects. 
The impact of this limitation in truncated one-center 
expansions has not been fully studied. 

DF-OCE calculations provide a reliable total energy, 
and the method has been applied successfully to studies 
of relativistic effects on molecular geometries and bond 
energies. Molecular orbitals and force constants can 
also be obtained via the DF-OCE method. 

C. Local Density Functional (LDF) Approach 

Modem local density functional theory is based upon 
two important developments. The first is Slater's local 
exchange approximation, which was derived in 1951 
from studies of the inhomogeneous electron gasem The 
second is the Hohenberg-Kohn theorem, published in 
1964, which states that all information concerning the 
ground state of a molecular system can be determined 
from its charge density, even if the corresponding wave 
function is not knowma The LDF equations for mol- 
ecules are usually solved by two methods, the multi- 
ple-scattering Xa  method (also known as the Xa  
scattered-wave or "muffin-tin" approach) introduced by 
Johnson in 1966,'O and the various basis-set expansion 
methods stemming from the discrete variational (DV- 
Xa) approach" first applied to molecules by Baerends, 
Ellis, and Rod2 in 1973. The replacement of the Har- 
tree-Fock nonlocal exchange potential with Slater's 
local exchange (or a modification thereof) leads to what 
are often called the Hartree-Fock-Slater (HFS) equa- 
tions. More complex exchange potentials, such as the 
Hedin-Lundqvist potential," have also been developed 
and modified to include the effects of relativityaM 
Becke's recently published density functional,es which 
includes a nonlocal exchange correction, has yielded 
accurate predictions of transition-metal-ligand and 
metal-metal bond energies. 

LDF calculations give one-electron energy levels 
(molecular orbital energies) that can be used in the 
interpretation of photoelectron spectra. Slater's tran- 
sition state methodE7 allows approximate evaluation of 
electronic transition energies, but explicit multiplet 
effects in excited states are not included in the calcu- 

In the multiple-scattering method, the molecular 
volume is partitioned into spherical atomic regions, in 
which the potential is assumed to be spherically sym- 
metric, and intersphere regions, in which the potential 
is assumed constant. This "muffin-tin" approximation 
results in exactly solvable SCF equations with no need 
for a basis set expansion. Multiple-scattering calcula- 
tions are subject to inaccuracies arising from the muf- 
fin-tin approximation, but are known to provide rea- 
sonable molecular orbital energies, descriptions of 
bonding, and predictions of optical spectra at low com- 
putational cost. Relativistic effects are included 
through quasirelativistic corrections or full solution of 
the Dirac equations, as described below. 

Quasirelativistic Multiple-Scattering (QR-MS). The 
Cowan-GriffinW approximate A 0  method has been 
used to develop quasirelativistic corrections to MS-Xa 
calculations. In this procedure, the Pauli approximate 
Hamiltonian is applied, treating the mass-velocity and 
Darwin terms explicitly and including approximate 
spin-orbit corrections, albeit without explicit spin-orbit 
splitting. Koelling and Harmon reported such a pro- 
cedure in 1977.17 Their approach is nearly identical 
with that of Boring and W00d,l&~ who report a factor 
of 4 improvement in computational speed relative to 
Dirac-Slater multiplescattering calculations (described 
below), and with little degradation of results. A similar 
quasirelativistic'approach was developed by Thornton 
et al. in 1979.21*22 QR-MS calculations yield one-elec- 
tron, non-spin-orbit split MOs that can be compared 
directly to those obtained from nonrelativistic calcula- 
tions. This approach has been the most popular one 
used to study large actinide systems, such as organo- 
actinide complexes, as will be discussed later. 

Dirac-Slater Multiple-Scattering (DS-MS). The 
most precise incorporation of relativistic effects in 
MS-Xa calculations involves solution of the full Di- 
rac-Slater (Dirac-Fock with local exchange) equations. 
The first such calculations were performed by Yang and 
Rabii in 1975,15 and the method has been critically 
discussed by Case and Yang.7e A second implementa- 
tion of this method was described by S o l d a t o ~ ~ ~  who 
claimed that his more accurate description of the core 
orbitals led to more accurate molecular orbital energies. 
Unlike the QR-MS approach, DS-MS calculations ex- 
plicitly include spin-orbit coupling and yield complex, 
four-component MOs. 

2. Basis Set LDF Methods 

Various methods, all employing basis function ex- 
pansions of one kind or another, have addressed the 
problem of solving the nonrelativistic Hartree-Fock- 
Slater equations without resorting to the muffin-tin 
approximation. In the local-exchange approximation, 
the exchange potential a t  a point r is a functional of 
p ( r ) ,  where p is the electron density. In the most 
common implementations, the exchange potential is 
proportional to This functional form for ex- 
change makes it impossible to calculate the molecular 
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integrals analytically. Rather, numerical methods must 
be used. Ellis's discrete variational (DV) method,'l 
introduced in 1968, couples expansion of the wave 
function and the potential in numerical or analytical 
atomic orbitals with a discrete numerical integration 
scheme for calculation of the molecular integrals. The 
integration may be subject to numerical errors, with an 
approximate accuracy limit of f O . l  eV in the molecular 
orbital energie~.'~ Baerends et al. at the Free Univer- 
sity, Amsterdam, employed analytical basis sets and 
updated these HFS methods to include more accurate 
integration schemes.*z*m These methods provide relia- 
ble MOs and orbital energies that are useful for pre- 
dicting ionization potentials and interpreting optical 
spectra. Both total energies and binding energies can 
be calculated, but binding energies are considered much 
more reliable. 

Perturbatioe Hartree-Fock-Slater (P-HFS). In the 
late 1970'9, Baerends et al. applied first-order pertur- 
bation theory to include relativistic effects in their HFS 
method, which uses analytical basis functions.23a This 
approach is referred to as the perturbative Hartree- 
Fock-Slater (P-HFS) method. The perturbation ex- 
pansion is based upon a truncated Foldy-Wouthuysengl 
transformation of the Dirac Hamiltonian, allowing 
separation of the large and small components of the 
wave function so that the wave function can be ex- 
pressed in terms of a set of non-spin-orbit coupled spin 
orbitals analogous to the nonrelativistic case. The use 
of first-order perturbation theory results in the neglect 
of contributions to the total energy from relativistic 
changes in the valence electron density. These trun- 
cation effects are small for small 2, and the method has 
proved effective for predicting bond lengths and dis- 
sociation energies for elements up to 2 = 80.% Mo- 
lecular orbital properties and binding energies can be 
obtained from P-HFS calculations. 

Quasirelativistic Hartree-Fock-Slater (QR-HFS). 
Ziegler, Baerends, et al.26 have extended the P-HFS 
method to allow a more accurate treatment of relativ- 
istic effects beyond fmt order. In QR-HFS calculations, 
the first-order Foldy-Wouthuysen Hamiltonian de- 
scribed above is diagonalized in the space of zero-order 
solutions, incorporating higher-order corrections due to 
the first-order relativistic perturbation operator. Thus, 
the approach includes relativistic changes to the valence 
charge density, and can yield accurate binding energies 
for elements with 2 > 80. 

Dirac-Slater Discrete Variational (DS-DV). R o s h  
and Ellis showed in 1974 that the statistical exchange 
potential is valid for the Dirac-Fock equations.'* They 
were thus able to overlay the DV-Xa method with a full 
Dirac-Fock relativistic treatment, yielding Dirac-Slater 
equations that were analogous to the nonrelativistic 
Hartree-Fock-Slater formalism. The DS-DV approach 
makes full solution of the Dirac-Fock equations pos- 
sible, so that relativistic effects can be incorporated 
without any further approximation beyond that of local 
exchange; all relativistic effects, including spin-orbit 
coupling, are explicitly calculated. 

D. Ab InHlo Effectlvo Core Potentials (ECP) 

A major hindrance to the application of traditional 
ab initio methodologies to heavy-element chemistry is 
the large number of electrons involved. The size of a 
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Hartree-Fock-Roothaan basis set expansion calculation 
scales as N4, where N is the number of basis functions. 
Obviously, the inclusion of one actinide atom in a 
molecule can lead to a prohibitively large calculation, 
especially if an extended basis set is employed. For 
example, a calculation on a U atom would require ap- 
proximately loo00 times as many two-electron integrals 
as for a C atom with the same quality of basis set! 

The most common solution to this problem is the 
effective core potential (ECP) approach, in which an 
additional potential energy term in the Hamiltonian 
replaces the core electrons in a molecular calculation. 
The numerical ECP is calculated through inverting the 
results of an accurate all-electron atomic calculation. 
The ECP becomes an additional one-electron term in 
the molecular Hamiltonian, so that a single extra set 
of one-electron integrals over valence molecular basis 
functions is the only additional requirement for solution 
of the traditional ab initio equations, at the SCF level 
or with electron correlation included. The numerical 
ECP is often fit to a linear combination of Gaussian 
functions to facilitate computation of the necessary 
one-electron integrals. Computation of these integrals 
represents only a small fraction of the total computa- 
tional time, due to the overwhelming expense for 
evaluation of the valence two-electron integrals. In 
contrast, all-electron calculations would involve many 
additional two-electron integrals due to the core elec- 
trons, incurring much greater computational expense 
than in ECP calculations. 

An excellent description of the early history of ECP 
methods is provided in the review by Krauss and Ste- 
vens" and references therein. The wide variety of rel- 
ativistic ECP implementations has been recently re- 
viewed by Balasubramanian and P i t ~ e r . ~ ~  Here we 
summarize the key milestones in this development. 

Effective core potentials were first applied to quan- 
tum chemical calculations by Gombas and Hellmann 
in 1935, in studies of alkali metal atoms and diatomics.g3 
In 1959, Phillips and Kleinman demonstrated that 
ECPs could be used to obtain accurate atomic orbital 
energie~?~ In 1968, Weeks and Rice generalized the 
Phillips-Kleinman procedure to include systems with 
many valence  electron^.^^ That same year, Goddardss 
proposed a method for calculating nonorthogonal core 
potentials developed from smooth, nodeless atomic 
orbitals. Improvements in the pseudo-orbitals from 
which the ECPs are derived were offered by Chris- 
tiansen et al.97 and Hay.ga 

In their 1976 study of HgH, Das and Wahl conducted 
the first relativistic core potential calculation that in- 
cluded configuration interaction (CI) and spin-orbit 
effects in a molecule.26 Relativistic core potentials 
(RCPs) are obtained by using relativistic all-electron 
atomic calculations as the starting point for the ECP 
procedure described above. The utility of using RCPs 
in molecular calculations is 2-fold. First, because rel- 
ativistic effects are especially pronounced for core 
electrons, the use of RCPs leads to more accurate 
treatment of core electrons than in nonrelativistic all- 
electron approaches, Second, the number of electrons 
treated explicitly in the calculations is reduced dra- 
matically, making molecular calculations with extended 
basis sets feasible for actinide systems. Thus, the use 
of RCPs leads to an increase in accuracy with a re- 
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duction in cost, a truly rare occurrence in computational 
science! 

The two RCP approaches most often applied to 
chemical systems are briefly described below. A third 
relativistic model potential method, derived by Schwarz, 
has been applied in multireference CI calculations, but 
to our knowledge this method has not been used in 
computations on actinide systems.gg The two RCP 
approaches are distinguished in two ways. First, the 
atomic calculations from which the RCPs are derived 
may be based on the Pauli approximation or on the full 
Dirac Hamiltonian. Second, spin-orbit effects are in- 
corporated by using either a perturbation theory ap- 
proach with an approximate spin-orbit operator or via 
spin-orbit CI with use of an ab initio spin-orbit oper- 
ator derived in tandem with the RCP. 

1. Kahn-May-Co wan ReAativistic Core Potent&ls 

In 1978, Kahn, Hay, and Cowann developed relativ- 
istic core potentials based on the Cowan-GriffinM ap- 
proximate method for calculating relativistic atomic 
orbitals. In Cowan-Griffin calculations, the Hamilto- 
nian includes the Darwin and mass-velocity terms from 
the Pauli approximation, but omits spin-orbit effects. 
Thus, the atomic calculation involves two-component 
wave functions rather than the Dirac four-component 
functions and can therefore easily be adapted to tra- 
ditional electronic structure computer programs. The 
RCPs obtained by this method have been applied with 
success to many transition-metal systems, as well as to 
actinides, and further details of the method are given 
in application papers.lOOJO1 A complete set of core po- 
tentials and Gaussian basis sets for the main-group 
elements and transition metals has been published by 
Wadt and Hay.lo2 

In Hay-Kahn-Cowan RCP calculations, spin-orbit 
effects are treated by perturbation theory after the wave 
function has been determined. The principal limitation 
of this approach is its inability to provide an ab initio 
spin-orbit operator that could be applied in MCSCF 
or CI calculations. This limitation is addressed by the 
second RCP procedure described below. 

2. Pitzer Relativistic Core Potentials 

In 1977, Lee, Ermler, and K. Pitzer developed a 
different formulation of relativistic core potentials.28 
The theoretical basis for their approach has been de- 
scribed in detail in a review by P i t ~ e r . ~ ~  In contrast to 
the Kahn-Hay-Cowan approach, these RCPs are de- 
rived from all-electron numerical Dirac-Fock atomic 
calculations, yielding ab initio spin-orbit operators in 
addition to the RCPs. Spin-orbit effects are included 
from the beginning in the atomic calculations, and full 
four-component atomic wave functions are obtained. 
The small components, which have negligible effect in 
the valence region, are omitted in deriving the core 
potential, resulting in two-component j-dependent 
RCPs. Christiansen, Lee, and Pitzer developed an im- 
provement to the Phillips-Kleinman ECP formalism, 
which provides for balanced electron populations be- 
tween core and valence; these improved potentials are 
referred to as "shapeconsistent" or "norm-consening.* 
An 1-dependent molecular core potential can be ob- 
tained as an average of the two j components of the 
original RCP. Alternatively, w-w coupling Cj-depend- 
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ent) may be used in two-component SCF and multicon- 
figuration SCF (MCSCF) calculations, as described in 
1980 by Lee" and Christiansen,'o" respectively. A full 
set of lanthanide and actinide RCPs using the Pitzer 
approach has recently been developed.1os 

Nonempirical spin-orbit operators under the Pitzer 
formalism were derived by Ermler in 1981.'OS These 
operators make ab initio spin-orbit CI calculations 
possible. The expression of the spin-orbit operator was 
simplified by R. Pitzer and Winter,lo7 facilitating the 
development of spin-orbit CI computer codes. Their 
use of double group symmetry results in a block diag- 
onal Hamiltonian matrix; with sufficient spatial sym- 
metry properties, the elements of this Hamiltonian 
matrix are all real. Their resulting spin-orbit CI com- 
puter codes have been used in the recent definitive 
uranocene studies of Chang and Pitzer." 

At  present, the RCP method is the only ab initio 
approach that can be applied routinely to heavy-atom 
molecules. Core potentials are used in Hartree-Fock 
(SCF) calculations, which provide molecular orbitals, 
MO energies, and MO populations, as well as total 
electronic energies. Electron correlation effeds may be 
included through MCSCF or CI calculations. The 
variational principle holds for these methods, so that 
the accuracy of the total energies can be assessed easily. 
Ab initio calculations give reliable potential energy 
surfaces, enabling prediction of molecular geometries 
and reaction dynamics. In contrast to the LDF meth- 
ods, spin states are treated explicitly, allowing studies 
of excited states and interpretation of electronic spectra. 
However, application of the more sophisticated corre- 
lation treatments comes at the expense of ease of in- 
terpretation of the wave function. Thus, we believe that 
a combination of LDF and ab initio calculations is 
presently the best approach to study actinide systems. 

We note here that relativistic all-electron ab initio 
calculations on heavy-atom molecules are not utterly 
beyond current computational capabilities. Lee and 
McLean have published results of relativistic Dirac- 
Hartree-Fock calculations on AgH and AuH, perhaps 
the largest ab initio LCAO-MO SCF calculations to 
date.lM 

I I I .  Actinide Hydrides 

We now begin our survey of the applications of the 
above methodologies with a discussion of the actinide 
hydrides, which are the simplest actinide-containing 
molecules. These molecules provide a useful means of 
gauging the roles of relativistic effects and f-orbital 
covalency in molecular bonding. The hydrides have also 
been used as models for actinide halides, such as UF6, 
and to model the charge-transfer behavior of small 
actinide systems."O 

As mentioned earlier, the actinide hydrides are 
amenable to study by the DF-OCE method, as dem- 
onstrated by Pyykko and co-workers.lll-lls These in- 
vestigations have focused on relativistic effects on mo- 
lecular structure, and, in particular, on the use of cal- 
culated molecular bond lengths to predict and analyze 
the atomic lanthanide and actinide contractions. These 
calculations have also provided insight into the role of 
f electrons in actinides as compared to lanthanide 
systems. The results of Pyykko's calculations on the 
actinide contraction, given in Table I, are in general 
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TABLE I. DF-OCE Estimates of the Actinide Contraction 
difference in 

M-H bond lendh contraction, A ref - 
ThHd - [104]Hd 0.302 111 
UH6 - [106]H6 0.295 111 
RaH+ - NOH+ 0.382 112 
RaHl - NoHz 0.426 112 
AcH - LrH 0.330 113 

agreement with the experimental observation of 0.02 
A/element114 for the reduction in atomic size across the 
actinide series of elements. By comparing relativistic 
and nonrelativistic results, Pyykko has shown that the 
lanthanide contraction is primarily an orbital shielding 
effect rather than a relativistic one, while the actinide 
contraction results from some relativistic effects. 
Further, hybridization involving the 5f orbitals in the 
ThH4 and UH, calculations results in a dramatic de- 
crease in bond length, while the analogous 4f hybrid- 
ization has little influence on the bond lengths calcu- 
lated for the lanthanide systems."' Pyykko interprets 
these results as an indication of the increased impor- 
tance of f-orbital interactions in actinides as compared 
with lanthanides. It is interesting to note that the full 
set of "pre-supercomputer" hydride calculations 
(roughly 20 molecules, with 5 energy points each) re- 
quired about 9500 hours of CPU time on a UNIVAC 
1108 or 1100/20 computer, as well as 400 hours on a 
DEC 10 

Krauss and Stevensllo have reported ab initio studies 
of UH, UF, UH-, U F ,  and UH+, applying Pitzer's RCP 
approach in SCF calculations. They have also included 
minimal correlation effects through MCSCF calcula- 
tions, using the smallest number of configurations 
necessary for an accurate description of bond dissoci- 
ation. These studies show charge transfer from the U 
7s to the H 1s or F 2p orbitals at a bond length of about 
6.75 au, as evidenced by orbital character and change 
in dipole moment. The 6p, 6d, and 5f uranium atomic 
orbitals influence the electronic structure and geometry 
of the molecules via large ionic and electrostatic in- 
teractions, but they do not participate in bond forma- 
tion. This description of the valence a orbital behavior 
parallels that observed in group I1 ionic hydrides and 
halides. The analogy between uranium and alkaline 
earth chemistry is further supported by the remarkable 
similarity between the observed spectroscopic constants 
(Re, oe, and cogx,) for SrH and SrF and those calculated 
for UH and UF."O 

I V. Actlnlde Halldes 

The chemistry of actinide halides has been exten- 
sively studied. UF,, as the only known uranium com- 
pound with a large vapor pressure at room temperature, 
is essential to the gaseous diffusion cascade process for 
separation of uranium isotopes. It is also a promising 
candidate for laser-induced isotope enrichment, in 
which isotopic shifts of excitation energies are exploited 
for separation of isotopes. Clearly, the optical prop- 
erties of UF6 are of critical interest in developing these 
separation methods. Uranium is recovered from spent 
nuclear fuel or ore in the form of hexavalent aqueous 
uranyl ions or solid oxides. These are converted to U 
metal for use as nuclear fuel or to UF6 for isotopic en- 
richment via the tetrafluoride intermediate. The tetra- 

TABLE 11. Calculated 51 Populations and Metal Charges 
for UF6 

5f 

Pyykk6 1981 122 REX 2.29 
Boring 1978 116 NR-MS-Xa 3.71 +1.59 
Boring 1979 20 QR-MS 2.33 
Keelling 1976 119 DS-DV 2.75 +1.70 

author year ref method population U charge 

- 
Kim 1977 120 NR-DV 3.35 +1.25 

DS-DV 1.76 +2.72 
RosCn 1978 121 NR-DV 3.20 +1.55 

DS-DV 2.75 +1.70 
Hay 1983 127 RCP 1.67 +2.40 

and penta-fluorides are also likely products of laser- 
isotope separation experiments, and their optical 
properties are of interest to chemists. Computational 
studies have been useful in predicting or interpreting 
the optical spectra of these compounds. 

Computational studies spanning the entire range of 
nonrelativistic and relativistic methods have been car- 
ried out for actinide hexahalides. Boring et al.116*116 
employed the nonrelativistic MS-Xa method in mo- 
lecular orbital calculations for the compounds MF6 (M 
= U, Np, Pu). These calculations yielded one-electron 
energies and bond-length estimates. Nonrelativistic 
MS-Xa calculations were also performed by Maylotte 
et al., who compared the electronic structures of UF6 
and UF5,117 and by Schneider et al., in studies of the 
interaction potentials of the UF6-uF6 and UF6-rare gas 
atom complexes."* After their development of a QR- 
MS approach, Boring and Wood applied this method 
to UF, and compared the results to nonrelativistic and 
other relativistic LDF approaches.m DS-MS calcula- 
tions on UF were conducted by Case and Yang76 and 
by Soldatov& The DS-DV method was applied to UF 

Rash compared these resulta to those of nonrelativistic 
approaches.12' UF6 served as a test case for the REX 
approach,l2"? and the REX method has been exploited 
in the interpretation of actinide hexafluoride photo- 
electron spectralUJN and nuclear spin coupling con- 
stants.'2B Hay's definitive ab initio RCP calculations 
on UF, provide a benchmark for the evaluation of other 
m e t h ~ d s . ' ~ ~ J ~ ~  

The electronic structure of UF6 is not particularly 
complex, but the wealth of experimental and spectro- 
scopic data have made it a prototype for the testing of 
computational methods for actinide systems. The sim- 
plest model for UF,, provided by crystal-field theory, 
is displayed in Figure 3. In this model, UF6 is con- 
sidered as a completely ionic (Us+,F-) 5fo complex in 
which the highest occupied molecular orbitals are es- 
sentially F 2p, and the lowest unoccupied orbitals are 
primarily metal 5f. In this simple model, the lowest- 
energy optical transitions are simple ligand-to-metal 
charge transfer excitations. The effects of f-orbital 
covalency are evident in the one-electron energies and 
molecular orbital characters, as will be presented in the 
following paragraphs. 

The participation of 5f orbitals in the bonding in UF, 
can be evaluated through MO population analysis and 
overall metal charge estimates. The results from several 
computational models with respect to these quantities 
are compared in Table 11. It is clear that nonrelativistic 
calculations, which yield low 5f orbital energies, over- 
estimate the 5f orbital contributions to the occupied 

by Koelling, Ellis, and Bartlettllg and by Kim et ale1 d 
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Figure 3. Schematic diagram of the highest occupied and lowest 
unoccupied orbitals of UFe. The molecular orbitals prior to 
spin-orbit coupling are depicted on the far left and right sides 
of the figure. The relative energies of the molecular orbitals are 
given in the center. The orbital energies in the absence of 
spin-orbit splitting are depicted on the left and are labeled as 
irreducible representations of the O h  point group. Spin-orbit 
splitting effecta are shown on the right, and the resulting MOs 
are labeled as representations of the O h  double point group. The 
numbers in parentheses above the spin-orbit split MOs indicate 
the spin-orbital degeneracies (reprinted from ref 33; copyright 
1983 Plenum Press). 

MOs. The various computational methods represented 
in Table I1 give a wide range of metal charge estimates, 
but it is clear from all calculations that the purely ionic 
model is an inadequate description of UF,. A basis set 
study by Koelling, et al.llg tested the crystal-field ap- 
proximation further. They performed calculations on 
NpF6 using both a pure ionic (Np6+,F-) basis and a 
neutral atomic basis. The calculations using the purely 
ionic basis gave a calculated ionicity corresponding to 
Np4+, in disagreement with the initial assumption of 
Np6+, and a 5f orbital population of 2.2 as opposed to 
the population of 1.0 predicted by the ionic 5f1 config- 
uration. This disagreement with the ionic ansatz is 
evidence for significant covalent contributions to the 
bonding in the hexafluorides. 

A comparison of the MO energies gives an indication 
of the importance of relativistic effects in studies of UF,. 
Boring et have asserted that relativistic effects in 
molecules are much smaller than those observed in 
atoms. Their reasoning involves two arguments. First, 
the experimental spectra show charge transfer bands 
in uF6 at around 3 eV.'= The authors contend that if 
the 5f orbitals in the molecule were shifted upward 
relative to the 6s and 6p orbitals in a magnitude similar 
to that observed in the atoms, then the charge-transfer 
bands would be observed at  a much higher energy, 
10-12 eV. Second, their nonrelativistic results were 
qualitatively similar to the relativistic ones of Koelling 
et who also observed no large f-orbital energy 
shift. 

Figure 4. Molecular orbital energies for VF, from nonrelativistic 
and relativistic calculations. Methods include nonrelativistic 
multi le-scattering (NR-MS)llS and discrete variational (NR- 

extended Huckel (REX),' quasirelativistic multiple-scatterin 
(QR-MS-SO),p and Dirac-Slater discrete variational (DS-DV).d 
The QR-MS-SO and DS-DV calculations include the effecta of 
spin-orbit splitting, and the MOs are thus labeled as repre- 
sentations of the O h  double point group. The remaining calcu- 
lations do not include sph-orbit effects, and the MOs are labeled 
as representations of the Oh point group. See Figure 3 for a 
qualitative description of orbital interactions in UFe. 

DV)12 P Xa, relativistic coreptential ab initio (RCP),'n relativistic 

In spite of these results, the need for a relativistic 
treatment of UF6 was asserted by Case, among many 
others.76 Case states that large atomic orbital shifts 
have a marked effect on the gap between occupied and 
unoccupied molecular orbitals, and consequently a large 
effect on the optical spectrum. Second, he cites large 
spin-orbit effects that dominate the optical spectrum 
and are evident in the photoelectron (PE) spectra. The 
first peak in the PE spectrum for UF6 is identified as 
one component of the 4tl, orbital; the other spin-orbit 
component of this orbital lies about 1.2 eV lower in 
energy and contributes to the second ionization band." 

A comparison of nonrelativistic and relativistic one- 
electron energies for UF6, obtained from a variety of 
methods, is displayed in Figure 4. These data confirm 
the need for relativistic treatments in order to obtain 
quantitative results, but they also show that nonrela- 
tivistic calculations can provide a qualitative under- 
standing of the bonding in the molecule. Figure 4 also 
provides a direct comparison of ab initio RCP calcula- 
tions126J27 and relativistic and nonrelativistic LDF 
calculations. The relativistic LDF methods yield results 
that are quite similar to the ab initio calculations, and 
the results of both of these approaches correlate well 
with the optical spectrum of UF6, as we shall now dis- 

In 1983, Hay used ab initio methods to predict the 
excited-state energies and optical transitions for UFs.ln 

cuss. 
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TABLE 111. Compariion of Calculated Excitation Energies (eV) for UF', in eV 
RCP 

primary DS-DV QR-MS range of 
orbital excitation one-electron energies1lg one-electron energies" many-electron energiesln 

2t1,(8u) - ad7u) 2.78 3.34 3.41-3.55 
2t1,(8u) - 2L(8u,7u) 3.72, 3.94 4.08, 4.16 4.01-4.56 
2t1,(8u) - 3t1,(8u,6u) 5.22, 5.38 5.57, 5.42 5.24-6.02 
2t1,(6u) - a2,(7u) 4.02 4.55 5.83-5.97 
2t1,(6u) - 2hU(8u,7u) 4.87, 5.02 5.29, 5.37 6.51-7.05 
2t1,(6u) - 3tIu(8u,6u) 6.30 6.78, 6.63 7.70-7.77 
t1&8g,6g) - a d 7 4  4.05, 4.08 4.53, 4.56 5.37-5.39 
tig(8g,6g) - 2 L ( 8 ~ , 7 ~ )  4.89, 5.07 5.14-5.32 5.96-6.40(C)' 
tlg(8g,6g) - 3t1,(8~,6u) 6.31-6.46(C)' 6.61-6.79 7.05-7.65 
a1&6g) - ad7u) 5.18 6.12-6.16 
a1,(6g) - 2hU(8u,7u) 5.89(C)," 5.97 6.W7.08 
a1,(6g) - 3t1,(8~,6~)  7.85-8.75 
L(8u,7u) - a d 7 4  5.25, 5.26 6.24-6.38 
h , ( 8 ~ , 7 ~ )  - 2 t h ( 8 ~ , 7 ~ )  5.98-6.15 6.78-7.86 
hU(8u,W - 3 t i J 8 ~ , 6 ~ )  7.95-8.74 

'The predicted energy of the first intense band in the electronic excitation spectrum is denoted by C. 

These were among the first relativistic calculations on 
a polyatomic system that included both spin-orbit 
splitting and electron-electron interactions, yielding 
multiplet energies. A relativistic core potential replaced 
the 90 core electrons, leaving 56 valence electrons to be 
treated explicitly by restricted Hartree-Fock (RHF) and 
CI methods. The CI expansions were constructed by 
single or double excitations from the 18 highest occu- 
pied valence orbitals in a lAlg closed-shell state into the 
7 lowest virtual orbitals. The charge-transfer excitations 
from 36 F 2p spin-orbitals into 14 U 5f spin-orbitals 
led to 504 possible electronic states. Spin-orbit effects 
were incorporated through diagonalization of the re- 
sulting 504 X 504 spin-orbit matrix over the CI wave 
functions, partitioned into 252 X 252 g and u blocks, 
giving 504 electronic states spanning an energy range 
of 3-10 eV. In contrast, LDF predictions of optical 
transitions are based on one-electron energies and give 
an approximate energy for configurations arising from 
a particular occupied-to-virtual excitation, precluding 
the identification of particular spin-coupled states. 

In Table 111, Hay's excited-state transition energies 
are compared to those from DS-DV1l9 and QR-MSm Xa 
transition state calculations for the 3-7 eV transitions 
in UFB. The higher-energy (7-10 eV) states treated by 
Hay were not addressed by the LDF calculations. 
Qualitative similarities in the resulta include the relative 
energetic ordering of the virtual orbitals and the pre- 
diction that the lowest-energy excited states arise from 
exciting electrons from the 2tl, MO to the ah and 2hu 
orbitals. A quantitative comparison of the methods is 
hindered by the fact the single-orbital excitation en- 
ergies calculated by LDF methods correspond to spin- 
specific excited states spanning a 0.5-eV range in energy. 
Differences of 1 eV or more are evident where com- 
parisons are possible, and these differences lead to 
discrepancies in the assignment of the first intense band 
in the spectrum (denoted by C in the table). 

In studies of other actinide hexahalides, Thornton h 
interpreted the photoelectron spectrum of UCg using 
QR-MS calculations?' Ligand field splitting effects and 
5f-5f transition energies in 5f1 hexahalide complexes 
were studied by QR-MS calculations on P B X ~ ~ - ,  ux6- 
(X = F, C1, Br, I), and NpF& NpF6 was found to be the 
most covalent of the hexahalide series, but, even in this 

case, ionic effects appeared to dominate the f-orbital 
ligand-field splittings. Significant covalent effects in 
the bonding in UF6- were observed in nonrelativistic 
MS-Xa calculations." 

Wadt used ab initio RCP calculations, including CI 
and spin-orbit effects, to study the low-lying 5f - 5f 
excitations in Pf l& which is formally a 5f2 complex.131 
He found remarkable agreement between these highly 
accurate calculations and semiempirical ligand field 
(LF) calculations by Kugel et al.132 The agreement 
between the calculated transition energies and the ob- 
served matrix spectra was quite good, with an average 
difference of less than 600 cm-' between calculated and 
experimental energies for the nine lowest transitions. 
Somewhat surprisingly, both the ab initio and LF cal- 
culations lead to similar errors: when the discrepancy 
between calculated and experimental energies is large, 
the two very different computational methods yield 
nearly identical results! 

The geometry and electronic structure of UFs has also 
been studied by Wadt and Hay in SCF calculations 
using relativistic core potentials.lS The equilibrium 
geometry in the absence of spin-orbit effects was found 
to be square-pyramidal (C,), while spin-orbit interac- 
tions led to a DS trigonal-bipyramidal structure. The 
two structures differ in energy by less than 1 kcal/mol 
and are connected by a monotonic Czo pathway, so that 
UFs is predicted to be a fluxional system. The effect 
of this fluxional behavior on the bonding and photo- 
chemistry of UFs has been discussed at length by Wadt 
and Hay,133 with the important conclusion that the 
fluctuations in geometry, particularly in the gas phase, 
will lead to a complicated IR spectrum. The orbital 
energies calculated by Wadt were in good agreement 
with those of W n  and Fricke,13" who used the DS-DV 
method and assumed a C, geometry. However, the ab 
initio calculations indicated considerably lower energies 
for all transitions. This discrepancy is similar to that 
found for UF6-,'= in which ab initio calculations gave 
better agreement with experimental spectra than did 
the LDF method. 

Actinide tetrafluorides have also been studied ex- 
tensively by quantum chemists. Nonrelativistic MS-Xa 
calculations provided a qualitative interpretation of the 
He I PE spectra of UF,, UCl,, ThF,, and ThC14,136 The 
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photoelectron spectra and f-orbital covalency of MF4 
complexes, (M = Th, U, Np, Pu) were interpreted by 
Ellis et using the DS-DV method. Strong covalent 
interactions of the metal 5f, 6d, 78, and 7p orbitals with 
the F 2p band were found, with 5f populations of 0.4-1.1 
above the purely ionic limit. Ellis noted the possibility 
that the self-consistent charge truncation of the Cou- 
lomb potential may have caused an overestimation of 
covalency; errors in the self-consistent charge model also 
lead to discrepancies of about 3 eV in the predicted vs 
observed ionization energies. Ellis and Holland ex- 
tended these studies to the tetrachlorides of U, Np, and 
P U , ~ ~  finding significantly lower ionicity than predicted 
by the crystal field U4+ (5f26d@7s0) model. This lowered 
ionicity was partially explained by f-orbital covalency, 
but also arises due to the diffuse nature of the ligand 
valence orbitals, which can overlap with those on the 
metal center.13' 

On the basis of QR-MS calculations, Topol' et al. 
questioned the high UF4 covalency proposed by Ellis.'% 
The diffuse valence atomic orbitals in Ellis's calcula- 
tions are localized in spherical potential energy wells, 
which tend to push the 7p orbitals too close to the 
nucleus, artificially increasing the 7p population. An 
added consequence of the high 7p population is an in- 
crease in nuclear shielding, which destabilizes the 5f 
orbitals, leading to increased hybridization of the 5f 
with the 7s and 7p orbitals. Alternative DV basis sets, 
such as those used by the Dutch HFS approaches (P- 
HFS, QR-HFS) circumvent these problems. 

The P-HFS and QR-HFS methods have been used 
in studies of actinide tetrahalides by BoerrigtdSJa and 
Ziegler.% Boerrigter found good agreement between the 
calculated and experimental ionization energies for UC14 
and ThC4, but poor correlation with those of UF4 and 
ThF4. The errors observed in the tetrafluorides were 
attributed to configuration interaction effects, a notion 
that has not been explored via RCP calculations. Zie- 
gler focused on the calculation of binding energies in 
MX4 (M = Th, U; X = F, C1, Br, I) and C13MR (M = 
Th, U; R = H, CH3).25 He found excellent agreement 
with experiment provided the quasirelativistic correc- 
tion beyond fmt-order perturbation theory was applied. 

Finally, electron paramagnetic resonance properties 
can be predicted by DS-MS calculations. This method 
has been applied in calculations on NpF6l4l and 
P ~ C l t - . l ~ ~  Nuclear spin-spin coupling constants for 

have been estimated by use of the REX method.'% 
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V, Actinide Oxides 

Uranium oxides are the oldest known actinide-con- 
taining materials. Klaproth's studies of uranyl salts in 
1789 resulted in isolation of brown U02 solid, which was 
thought to be a semimetallic element until the isolation 
of uranium metal in 1841. Brewster studied uranyl 
fluorescence in 1833, and recorded emission bands in 
the yellow region. The absorption bands in uranyl are 
found in the blue, and the shift between absorption and 
emission maxima led to the proposal of Stoke's law in 
1852?2 Uranyl salts also played a role in the discovery 
of radioactivity by Henri Becquerel. Uranyl ion is 
identifiable in solid uranium ore and is thus important 
for nuclear fuel and isotopic enrichment technology. 
The uranyl ion exhibits a complex series of excited 
electronic states, which leads to interesting fluorescence 

TABLE IV. Calculated MO Energies (eV) for UO? 
author year ref method u,. r,, r. u. . . 
PyykkB 1981 122 REX 10 12 13 13 
Boring 1979 18 QR-MS 23.1 23.6 23.5 24.9 
Wood 1981 149 QR-MS 23.0 23.3 23.2 24.6 
Yang 1978 150 DS-MS 26.5 25.6 24.6 26.3 

Wadt 1981 153 RCP 29.5 29.4 29.5 28.7 
Wdch 1976 152 DS-DV 22.5 25.3 24.5 23.5 

chemistry. A comprehensive discussion of actinyl 
photophysics has been presented by Jsrgensen and 
Reisfeld.& 

In this section, we focus on the electronic structure 
of actinyl molecules and ions. Three questions are of 
primary interest to actinide chemists: (1) What is the 
extent of f-orbital covalency in actinyl systems? (2) Can 
computational results assist in the interpretation of the 
optical spectra of actinyls? (3) Why is uranyl ion linear 
whereas other actinyls, such as Thoz, are bent? We 
shall also summarize computations on other actinide 
oxide systems. 

Considering that it is a rather simple linear triatomic 
ion, the UOt+ ion has been the focus of a great deal of 
contentiousness among both computational and ex- 
perimental chemists. As with UF6, a wide variety of 
computational methods have been used to study the 
electronic structure of the uranyl ion. The importance 
of relativistic effects in the bonding in uranyl ion was 
recognized as early as 1965,'& and all of the theoretical 
methods used to study UO?+ over the last 20 years have 
included explicit or implicit relativistic corrections. 
(Nonrelativistic MO calculations were reported by 
McGlynn and Smith in 1961.14) We will first address 
the debate over 5f contributions to the U-0 bonds in 
UO?+, a straightforward question that has polarized 
many in the field of actinide electronic structure. 

The question of 5f covalency in actinide systems is 
not a new one. Chemical evidence for f-orbital cova- 
lency was provided by Glueckauf and McKay in 1950,50 
but was contested soon after by K a t ~ i n . ~ l * ~ ~  In 1953, 
Elliott used a model involving 5f interactions to explain 
the temperature dependence of paramagnetism in 
Np022+ and Pu022+.145 In 1955, Eisenstein advanced 
group theoretical arguments in favor of 5f covalency in 
uranyl and other actinide compounds.lM Shortly 
thereafter, Coulson and Lester concluded that f-orbital 
interactions (surprisingly, they chose the 6f orbitals) 
must contribute to sexicovalent bonding, but that ionic 
interactions are probably d0min~tnt.l~' Seaborg et al."# 
observed the elution behavior of aqueous lanthanide 
and actinide ions and attributed the observed differ- 
ences to significant 5f interactions in the actinides. 

There has been surprisingly little agreement among 
quantum chemists concerning the 5f contributions to 
and the energetic ordering of the highest occupied or- 
bitals in U022+. A qualitative MO diagram of UOl+ 
is presented in Figure 5. The results of all of the 
methods applied to UOZ2+ agree with the qualitative 
description that the highest occupied orbitals comprise 
a set of ug, u,, rg, and a, MOs, followed by low-lying 5f 
virtual orbitals. The quantitative results differ dra- 
matically, however. Examples of MO energies from 

RCPlS3 calculations are given in Table IV. In be- 
moaning the lack of quantitative agreement, Jsrgensen 
went so far as to compare the discrepancy among the 

REX,122 QR,MS,18*14%14Q DS-MS,lw DS-DV,lW52 and 
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Figure 5. Schematic diagram of the bonding MO interactions 
in UOz2+, showing the interactions of the U 6d and 5f atomic 
orbitals with the oxygen 2s and 2p orbitals. Participation of the 
U 6p orbital in the uu bonding MO may account for its position 
as the HOMO. 

results to the "effect of throwing dice."& Most methods 
predict a u, HOMO, with the exceptions of the non- 
relativistic HFS calculations of DeKock et the 
DS-MS calculations of Yang et al.,lM) and the ab initio 
RCP calculations of Wadt.153 

The proposal of a u, HOMO for U022+ is initially 
surprising in light of the allowed interaction of the u, 
0-based combination with the U 5f u, orbital. This 
interaction should be energetically favored over those 
of uB and ?r symmetry, which must involve the high- 
er-energy Uk6d and 7s orbitals, and is spatially favored 
over the nu interaction involving the U 5f orbitals. 
Several explanations for this seemingly anomalous u, 
HOMO have been advanced. The most ubiquitous 
explanation involves "pushing from below," in which the 
uu HOMO is destabilized by a filled-filled interaction 
with the lower-lying U 6p orbitals. In an EHT study 
of U022+, Tatsumi and Hoffmann propose this 
"pushing" as a mechanism for facilitating significant 
interaction of the HOMO with the higher-energy 5f 
manifold.lM REX calculations by Pyykko et al. provide 
support for this h y p o t h e ~ i s . ~ ~ ~ * ~ ~ J ~ '  Further, the 6p 
contribution to the HOMO increases with decreasing 
U-O bond distance, and thus the very short U-O bonds 
in U022+ enhance the "pushing" effect. 

The adequacy of the "pushing from below" explana- 
tion has been questioned by practitioners of more so- 
phisticated calculations. The nonrelativistic HFS re- 
sults of DeKock et al. gave a ue HOMO regardless of 
whether 6p functions were treated as core or valence.'" 
They surmised that the effect of the 6p orbitals alone 
was not sufficient to yield a u, HOMO. Inclusion of 
relativistic effects via a P-HFS treatment did result in 
a u, HOMO, and DeKock et a1.I" therefore concluded 
that a combination of "pushing from below" and rela- 
tivistic f-orbital effects, described below, was responsible 

TABLE V. Calculated Percent Sf Character for the 
Highest Occupied UO**+ u,, Orbital 

% 5f 
author year ref method character 

Tataumi 1980 155 EHT 29 
Pyykko 1981 122 REX (single-l;) 87 
Pyykko 1984 156 REX (single-l;) 86 

REX (double-{) 79 

Boring 1979 18 QR-MS 59 
Wood 1981 149 QR-MS 53 

Glebov 1981 71-73 CNDO 85 
Boring 1975 148 NR-MS-Xa 76 

DeKock 1984 154 NR-HFS (6s6p core) 56 
NR-HFS (6s6p valence) 71 

Walch 1976 152 DS-DV 40 
Wadt 1981 153 RCP 57 

for the anomalous HOMO. Wadt also investigated the 
effect of treating the 6p orbitals as valence orbitals vs 
their inclusion in the core potential.1m No effect on the 
orbital ordering was observed. 

Both W a d P  and DeKocklM favor an explanation for 
the u, HOMO that invokes a large contribution to the 
HOMO from the U 5f orbitals, which increase in energy 
when relativistic effects are "turned on." This hy- 
pothesis has been disputed by researchers using the 
REX approach.'% They observe a large change in the 
5f character of the HOMO on going from single-l to 
doublet basis sets, but the orbital energies and ordering 
are nearly unaffected. They therefore conclude that the 
5f orbitals have minimal impact on the HOMO ener- 
gy." This minimal impact notwithstanding, most MO 
calculations have yielded a large percentage of 5f 
character for the u, orbital; these data are summarized 
in Table V. 

Experimental studies of the electronic structure of 
UOt+ have been as polemical as the theoretical reporb. 
The uranyl ion is fluorescent and exhibits a complex 
set of electronic states, the lowest of which has a lifetime 
> 1 ms.@ Optical spectra for uranyl complexes show 
a low-intensity band at  2.5 eV, in contrast to the much 
higher-energy excitations observed for molybdenate (5.4 
eV) and tungstenate (6.2 eV). These observations have 
stimulated a great interest in the excited electronic 
states of UO:+ and in developing a correspondence 
between the computational and experimental results. 
A direct comparison of the theoretical and experimental 
results is complicated by the presence of equatorial 
ligands in the latter studies; these additional ligands are 
generally not included in theoretical calculations, al- 
though Walch and Ellis have used a perturbing point 
ion model with DS-DV calculations to investigate the 
effeds of secondary ligands on UO$+.162 Veal et al. used 
X-ray photoelectron spectroscopy (XPS) to probe the 
energies of the lower occupied valence orbitals of a se- 
ries of sexivalent uranium oxides (predominantly ura- 
nyl-containing) with a variety of U-O bond lengths.lM 
Their studies led them to conclude that there is mini- 
mal 5f participation in the U-0 bonding. A more ex- 
tensive 5f interaction was asserted by Cox,ls9 who 
performed additional XPS studies on U02, and by 
Walch and Ellis,lS2 on the basis of their DS-DV calcu- 
lations. Walch and Ellis did note, however, that their 
model of 5f bonding is weakened by the fact that the 
calculated valence bandwidth is too broad if 5f orbitals 
are included in the calculation, while limitation to 6d 
effects leads to closer agreement with experiment.lS2 
Denning et al. have reported the 4.2 K one-photon4 and 
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two-photon6 electronic absorption spectra of 
Cs2U02C14. Their studies provide support for a a, 
HOMO that is primarily U 5f in character. They pro- 
pose that the lowest optical transitions in the salt arise 
from excitations from the a, HOMO into the low-lying 
6, and 4, nonbonding 5f orbitals. These conclusions 
were questioned by J ~ r g e n s e n . ~ ~  

The interplay of 6p and 5f interactions in the high- 
lying occupied orbitals is also important in determining 
the geometry of actinyl systems. Uranyl exists in a 
trans configuration in solid-state complexes, indicating 
that the UOZ2+ ion is linear." By contrast, Thoa is 
known to be bent.l6' The challenge for computational 
chemists is not simply to predict these geometries, but 
to explain why thoranyl is bent and uranyl is linear. As 
mentioned above, Tataumi and Hoffmann proposed the 
"pushing from below" model for uranyl in 198o.lM They 
propose that 6p effects raise the HOMO energy suffi- 
ciently to allow strong 5f interactions, which are more 
favorable in a linear geometry. They also proposed a 
secondary effect involving the ru SHOMO (second 
highest occupied molecular orbital), in which the linear 
arrangement allows enhanced overlap between the U 
5f r, and 0 2p ru orbitals. Pyykko and Lohr concurred 
with the Tatsumi and Hoffmann analysis, and further 
noted increased antibonding interactions between the 
U 6p ru and 0 2p ru orbitals upon bending.ln Pyykko 
observed that while the 5f character of the HOMO in- 
creases by 10% in going from single- to double-6 REX 
calculations, the bending force constant does not 
change, indicating that 5f orbital interactions have little 
effect on uranyl linearity.lM 

The extent of the importance of 6p effects on actinyl 
geometries has been disputed by Wadt.lM Wadt points 
out that thorium has a higher 6p orbital energy than 
uranium, which should lead to greater 6p interactions 
in thoranyl. Thus, the bent geometry of thoranyl would 
lead to the conclusion that 6p effects are not important 
in determining actinyl geometry.lS3 This observation 
was confirmed by calculations in which the An 6p or- 
bitals were removed from the valence space and placed 
in the core. The removal of the 6p orbitals still led to 
linear and bent geometries for UOt+ and Tho2, re- 
~ p e c t i v e l y . ~ ~ ~  As described above, the P-HFS calcula- 
tions of DeKock et al. also led to the conclusion that 
the 6p interactions were insufficient to affect the 
HOMO energy.lU W a d P  attributes the difference in 
geometry between uranyl and thoranyl to differences 
in orbital energy ordering. The lowest virtual orbitals 
of uranyl are 5f-based, and donation from the 0 2p to 
the U 5f orbitals is better achieved in a linear geometry. 
By contrast, the lowest virtual orbitals of thoranyl are 
primarily 6d, and stronger bonding interactions between 
0 2p and these 6d-based orbitals occur in a bent con- 
f igu ra t i~n . '~~  

A comprehensive discussion of actinyl geometry has 
recently been published by Pyykko and Laakkonen.Is7 
They affirm the mechanisms described above and add 
another: at short bond lengths, the r, SHOMO of 
An02q+ has a greater An 6p character. Thus, the 6p 
effects are more important in uranyl, which has short 
U-0 bonds, than in thoranyl, which has considerably 
longer Th-O bonds. They therefore propose that uranyl 
is linear for three reasons: (1) Its short bond lengths 
lead to strongly linearizing 6p interactions in the 
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SHOMO. (2) Its high-lying 6d orbitals lead to a neg- 
ligible tendency to bend. (3) The interaction of its 
low-lying 5f orbitals with the HOMO is favored by a 
linear geometry. Conversely, thoranyl is bent because: 
(1) Its long bond length reduces 6p linearizing effects. 
(2) The low-lying 6d orbitals prefer a bent geometry for 
optimal bonding overlap. (3) The high-lying 5f orbitals 
do not interact significantly with the HOMO. 

Ab initio methods have also been employed in studies 
of actinide monoxides, ThOlB2 and UO+.'ss The first 
electronic spectrum of T h o  was recorded in 1905, but 
analysis was not possible until much later (1965). T h o  
has an exceptionally strong bond, which can be ex- 
plained by 5f interactions. The accessibility of 5f or- 
bitals for bonding can be considered a relativistic effect, 
in that relativistic effects increase the 5f orbital energies. 
The calculations on ThOls2 provided a test of a qua- 
sirelativistic one-component RCP methodla that used 
the Foldy-Wouthuysengl factorization of the Dirac 
equation. Results of CAS-SCF and externally con- 
tracted CI calculations for four low-lying states of T h o  
were compared with REX results. Both methods in- 
dicate a strongly polarized double bond involving in- 
teractions of the Th da and d r  orbitals with the 0 pa 
and p r  orbitals. The anomalous bond strength is due 
to 5f hybridization in these orbitals, while the 7s a or- 
bital accommodates the two metal-based electrons. 

Krauss and Stevens used a Pitzer-type RCP in w-w 
coupling calculations of the electronic structure and 
spectra of UO+.163 The results of their restricted-va- 
lence CI calculations involving localized molecular or- 
bitals point to an essentially ionic model for UO+, i.e. 
U3+02-. UO+ has been identified, along with uranyl ion, 
as a product of the interaction of gaseous U atoms and 
O2 in molecular beams. While the uranyl spectrum has 
been studied extensively, as indicated by our previous 
discussion, other actinide oxides have not been so 
thoroughly examined. Krauss and Stevens predict that 
UO+ should absorb strongly in the red region of the 
visible spectrum, results that should assist spectros- 
copists in assigning the optical spectrum for this ion. 

In other computational studies of actinide oxides, 
electronic effects in a crystal environment have been 
analyzed by QR-MSlB6 and DS-DV162J*170 calculations 
on molecular clusters. The electronic structure of solid 
U02 was also probed through study of the (UOS)l2- 
cluster using the QR-MS approach.17' The bonding in 
U02 has been studied by QR-MSSg and P-HFS calcu- 
l a t i o n ~ . ' ~ ~  In addition, Makhyoun performed QR-MS 
calculations on Np02Clt- and N P O ~ ( N O ~ ) ~ -  complex- 
es.173 Borhovskii has reported results of extended 
Huckel calculations, including spin-orbit effects, on 
U02Xnm- (X = halides),17' and EHT has also been ap- 
plied to studies of spin-lattice relaxation in a uranyl- 
phenanthraquinone radical ion complex.176 

V I .  Cyclopentadlenyl-Actlnlde Complexes 
The cyclopentadienyl (Cp) ligand, C6H6, has been 

central to organometallic chemistry since the synthesis 
and characterization of ferrocene in 1951.176 The re- 
markable synthesis of uranocene in 1968& has brought 
considerable experimental and theoretical interest in 
organoactinide chemistry, and the Cp ligand has been 
as useful and flexible in this area as in organotransition 
metal chemistry. 
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As with other actinide compounds, the question of 
the extent of relativistic effects and the role off elec- 
trons are at the fore of Cpactinide chemistry. The issue 
of f covalency has been discussed by many au- 

Recently, models involving a "steric co- 
ordination number"179 and a statistical analysis of 
structural data59 have been applied to the evaluation 
of the role of f electrons in organoactinides. The ra- 
dioactivity and toxicity of the actinide elements have 
resulted in a paucity of experimental results for orga- 
noactinides, with the exceptions of Th and U. The large 
size of the actinide atoms leads to variable and unpre- 
dictable coordination numbers in organoactinide com- 
plexes. These two factors complicate, and make evident 
the need for, computational studies. These studies are 
unfortunately made difficult by the large number of 
electrons, the necessity for including relativistic effects, 
and the complicating presence of f orbitals in these 
systems. 

The bonding in cyclopentadienyl-actinide complexes 
has recently been reviewed in detail by one of us.67 
Therefore, in this section we shall only summarize some 
of the important computational studies in this area of 
actinide chemistry, with an emphasis on the variety of 
methods that have been applied to Cp-actinide systems. 

Unlike actinide oxide and actinide halide chemistry, 
organoactinide chemistry is dominated by lower actin- 
ide oxidation states, primarily +3 and +4. For uranium, 
both of these oxidation states are accessible. Tetrava- 
lent uranium and thorium form a host of complexes 
with Cp of general formulation Cp,AnX,-, (An = Th, 
U; n = 1-4; X = anionic ligand); for n = 1 and 2, sub- 
stituted cyclopentadienyls such as C5Me5 (Cp*) are 
usually used to confer steric stability to the complexes. 
U(II1) also forms many Cp-containing complexes, most 
notably Cp3U and Cp3UL (L = neutral ligand). Later 
actinide chemistry is dominated by the +3 oxidation 
state, but difficulties in handling have made studies of 
compounds of these elements rather scant. For exam- 
ple, Cp3An complexes for all of the actinide elements 
through Cf have been isolated, but little is known about 
their chemical properties.- 

The nature of the bonding between an actinide metal 
and a cyclopentadienyl ring has been a question of 
paramount importance in the field of organoactinide 
chemistry. Tatsumi and Hoffmann used EHT calcu- 
lations to compare the bonding of a Cp- ligand to a 5P 
Us+ center with that to a 3ds Fe2+ ion.lm They con- 
cluded that the Cp-U(V1) interaction is largely ionic, 
while a significant degree of covalency is found for the 
transition-metal system, [CpFeI2+. Of course, the Us+ 
ion is expected to be chemically "harder" than the lower 
oxidation states, so the Tataumi-Hoffmann conclusions 
can probably be considered a limiting case. In a related 
study, Tatsumi and Nakamura used EHT to study the 
preference of v6 Cp coordination to actinides as com- 
pared to q1 coordination, which is not observed in Cp- 
actinide complexes.181 A 1989 review of the available 
experimental and theoretical studies of Cp-actinide 
bonding arrives at the conclusion that the Cp-actinide 
interaction is more covalent than Cp-lanthanide in- 
teractions, but more ionic than Cp-transition metal 
bonding.58 

The study of the bonding in specific Cp-actinide 
complexes has grown steadily with the experimental 
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investigations of these systems. Some early EHT 
studies of Cp,An systems addressed the optical ab- 
sorption spectrum of CP,U'~~ and the temperature de- 
pendence of the magnetic susceptibility of Cp& com- 
plexes, via calculations on model ( T ~ - C ~ H ~ ) ~ A ~ ~ +  sys- 
tems." The electronic structure of a series of Th(1V) 
and U(1V) complexes has been investigated through 
QR-MS calculations. The calculated QR-MS transi- 
tion-state ionization potentials of Cp4Th and Cp4U are 
in reasonable agreement with those observed in the PE 
spectra." These calculations predict significant do- 
nation from Cp r2 orbitals into the actinide 6d and 5f 
orbitals, an indication of stronger covalent interaction 
than is observed in actinide-halide bonding.'= 

Several aspects of the bonding in Cp3AnX complexes 
have been investigated by a variety of quantum chem- 
ical methods. EHT calculations on Cp3U+ show that 
the energy of the orbital that binds the fourth ligand 
is lowered upon pyramidalization of the fragment due 
to increased 6d-7p hybridization.lsl QR-MS calcula- 
tions also show the formation of a predominantly 642 
a-acceptor orbital in Cp3U upon pyramidalization;18B the 
inclusion of quasirelativistic corrections in the latter 
calculations lowers the energy of the a-acceptor orbital 
relative to the 5f block by about 4 eV. The formation 
of a a-bond between the Cp3U fragment and a a-donor 
ligand is qualitatively the same in both EHT calcula- 
tions on Cp3UCH31mJ81 and QR-MS calculations on 
CP,UH:'~~ the formally anionic fourth ligand donates 
charge into the empty a-acceptor orbital on the actinide 
fragment. The PE spectra of Cp3UX (X = F, C1, Br) 
systems have been correlated to nonrelativistic DV-Xa 
calculations." EHT calculations have been used to 
study the formation of U-C multiple bonds in the novel 
Cp3U-ylide complexes of Cramer and Gi1je.la9 Other 
calculations on U(W) Cp3uX complexes have addressed 
the potential for multiple U-X bonding for a variety 
of N- and O-containing donor ligands," and the ability 
of OH to serve as a *-donor to the U center.18' 

The An(1V) complexes C P * ~ A ~ X ~  (An = Th, U) are 
among the most widely studied Cp-actinide complexes, 
both experimentally and theoretically. Computational 
studies of these systems invariably model the Cp* lig- 
ands with unsubstituted Cp, a replacement expected 
to have a constant, predictable effect on the orbital 
energies.'=Jgl EHT calculations on the Cp2U2+ frag- 
ment show that frontier orbitals of al, b2, and bl sym- 
metry are available to accept charge from the a-donor 
X ligands (Figure 6).lg2 These studies have been ex- 
tended to explain the unusual agostic bonding in 
Cp*2Th(CH2CMe3)2,192Jg3 the bonding and reactivity of 
actinide acyl c o m p l e x e ~ , ~ ~ J ~ ~  the insertion of CO into 
the An-X bonds,lg4JM the relative energetics of acti- 
nacyclopentadiene and actinide cyclobutadiene com- 
p1exes,lg2 and the bonding in the pyrazolate complex 
CP*~U(PZ)~ (pz = C3H3N2-).lg7 QR-MS calculations on 
Cp2AnX2 (An = Th, U; X = C1, CH3) systems indicate 
that CH3- is a stronger a donor than C1- and that C1- 
is not a good 7r donor to actinides.lg8 The calculated 
ionization energies correlate reasonably well with the 
PE spectra. These calculations were also used to ex- 
plain the paramagnetism of 5f2 Cp*2UX2 systems as 
compared to the diamagnetism of 4d2 Cp2MoX2 com- 
plexes. 
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tant rise in 6d energy." These trends led to the pre- 
diction of the Cp3Pa configuration as 5f16d1, with 
transuranium complexes adopting a 5f"6d0 configura- 
tion. For Cp3U, the 5f26d1 and 5f36d0 configurations 
were energetically indistinguishable; subsequent DS-DV 
calculations established that 5 m 0  is the CORE& ground 
configuration for Cp3U, however.202 Recently, the 
DS-DV method has been applied to Cp3Th, in addition 
to other three-coordinate actinide complexes.203 Further 
studies of Cp3An systems involved comparison with 
AnC13 compounds. These QR-MS calculations showed 
greater ligand-to-metal contributions with Cp than with 
C1, and a lesser drop in 5f energy for Cp than for C1.204 
Recently, QR-MS calculations have also been reported 
for Cp3An complexes, An = U through Cf, in compar- 
ison with lanthanide and Zr analogues.205 

The Cp3An fragment can interact with a variety of 
neutral ligands, including phosphines, isocyanides, and 
carbon monoxide.206 The carbonyl complex Cpt3UC0 
(Cpt = v5-C5H4SiMe3) is particularly notable as the first 
isolable actinide-carbonyl complex.207 QR-MS calcu- 
lations on the model complex Cp3UC0 indicate sig- 
nificant 7r backbonding from the U 5fir orbitals to the 
empty CO 27r orbitals, resulting in a stabilized 5f7r 
HOMO in this 5f3 complex.208 Because uranium has a 
propensity for binding oxygen, the isocarbonyl complex 
Cp3UOC was also considered as a possible model 
product of the reaction of CO with Cpt3U. The low- 
lying oxygen lone pair disrupts the U-0 u bonding in 
this complex, and it is predicted to be less stable than 
the C-bound carbonyl complex. 
Cyclopentadienyl-actinide complexes have not yet 

been investigated with use of ab initio methods. While 
such studies would necessarily be very computationally 
demanding, they are feasible. We expect, therefore, 
that this important class of actinide molecules will be 
studied by ab initio methods in the next several years. 

z 

t x  

Lbl 

0 

cp-, 

C P i "  

Figure 6. Frontier molecular orbitals for CpzU2+. The contour 
levels for each diegram are drawn at h0.025, h0.05, f0.1, and h0.2. 
The 3al, 3b2, and 4al orbitals, all lying in the equatorial xy plane, 
can form u bonds with incoming ligands to form the familiar 
CpzAnL, complexes. The 4bl frontier orbital, perpendicular to 
the equatorial plane, can contribute to T interactions in the 
complexes (reprinted from ref 192; copyright 1987 American 
Chemical Society). 

The monocyclopentadienyluranium(1V) complex 
CpU[(CH )(CH2)P(C6H5)2]3 exhibits rather long U-C 
u bonds.'$ EHT calculations on a model of this system 
show some covalent U-C interaction, but with signifi- 
cantly lower overlap than in Cp3UCH3, explaining the 
long bond length.Igs 

The bonding of an An(I1I) center to three Cp ligands 
is perhaps the most common actinidocyclopentadienyl 
moiety, either in the "base-free" Cp3An form, or coor- 
dinated to a fourth neutral ligand, as Cp3AnL. The 
"base-free" compounds are known for the actinides Th 
through Cf; the Cm2@' and C P 1  complexes are note- 
worthy as the only organometallic compounds involving 
these elements. 

Symmetry constraints in the pseudo-D* Cp3An com- 
pounds result in a ligand a2 orbital that can interact 
only with metal 5f AOs. This unique insistence on 5f 
interaction was recognized by Moffitt" and confirmed 
by EHTIB1 and QR-MSlB7 calculations. The EHT 
calculations showed a 5f contribution of 8% to the a2 
orbital, whereas the QR-MS show an increase in the 5f 
contribution to 29%. QR-MS results for Cp3An com- 
pounds, An = Pa through Pu, showed a dramatic drop 
in 5f energy across the series, with a smaller concomi- 

VII .  Acflnocenes 

Organoactinide chemistry entered a new era with the 
synthesis of uranocene, U(COT)2 (COT = q8-C8H& in 
1968.43 This U(1V) complex, which was synthesized by 
the reaction of COT2- with UC14, is a D% molecule with 
two planar, parallel CBH8 rings sandwiching the U 
atom.m The coordination of an octahapto ligand has 
no precedent in organotransition metal chemistry, thus 
establishing organoactinide chemistry as a distinct field. 
Soon after, the analogous actinocenes of Th,21° Pa,211 
and Np and PuZl2 were synthesized and studied spec- 
t ros~opical ly .~~~ Actinocene chemistry has been re- 
viewed extensively,-*214 and here we will highlight 
those contributions of electronic structure calculations 
that have led to an increased understanding of these 
novel systems. 

Computational studies of the actinocenes have played 
a significant rde in understanding their chemistry, even 
prior to their synthesis: the stability of uranocene was 
predicted by R. D. Fischer five years prior to the re- 
ported synthesis.216 Subsequent Wolfsberg-Helmholtz 
studies have been reported by Amberger and Fische916 
for uranocene, and by Hayes and Edelstein217 for the 
actinocenes of U, Np, and Pu. The REX approach was 
applied to uranocene in 1981.122 Riisch and Streitwieser 
reported nonrelativistic MS-Xa calculations on tho- 
rocene and uranocene,218 as well as QR-MS studies of 
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TABLE VI. P-HFS,"I QR-MS,"bPO and Experimental' Actinocene Ionization Enerdes (eV) 
Th Th Th Pa U U U NP Pu 

MO P-HFS* QR-MS expt P-HFSb P-HFSb QR-MS expt P-HFS* P-HFS* 
3% 5.88 6.53 6.79 5.92 5.96 6.75 6.90 6.00 5.97 

3% 
5.90 5.91 6.04 6.12 6.18 
6.61 7.51 7.91 6.64 6.61 7.29 7.85 6.56 6.47 
6.69 6.13 6.69 6.63 6.54 

4% 8.76 9.44 9.90 8.15 8.76 9.43 9.95 8.78 8.78 
8.95 10.14 8.96 8.97 10.28 8.99 8.98 

3e1, 9.44 10.11 10.65 9.41 9.37 9.94 10.56 9.34 9.28 
9.46 9.43 9.38 9.36 9.30 
9.30 10.61 9.31 9.33 10.51 9.35 9.34 
9.30 9.31 9.33 9.34 9.34 

2% 

2e3u 9.32 9.33 9.36 9.37 9.37 
9.31 9.32 9.35 9.37 9.35 

Fragali, I.; Condorelli, G.; Zanella, P.; Tondella, E. J. Organometal. Chem. 1976, 122, 357. *The two P-HFS values for each ionization 
represent spin-orbit split components. 

the Th, U, and Ce  compound^.^^^^^ More sophisticated 
actinocene calculations have been reported recently, 
including the P-HFS investigations of Boerrigter et 
al.13s1 and Chang and Pitzer's ab initio RCP spin-orbit 
CI calculations.lO* 

A number of electronic structural issues are of in- 
terest in order to interpret the experimental data for 
the actinocenes and to understand their chemistry. The 
energetic order and extent of splitting of the f orbitals, 
and particularly the choice of an appropriate spin-orbit 
coupling scheme (weak field or strong-field, LS or j j ) ,  
are critical to understanding the optical spectra. Com- 
putational studies of actinocenes have been used to 
predict optical transitions and ionization energies and 
thus aid in the interpretation of optical and PE spectra. 
In addition, the extent of 5f and 6d covalency, the role 
of each in metal-ligand bonding, and the strength of 
these bonds are significant questions with respect to 
understanding actinocene chemistry. 

A schematic diagram of the major orbital interactions 
in the actinocenes is given in Figure 7. The e, HOMOS 
of the COT2- rings form group orbitals of eZg and eZu 
symmetry that can interact respectively with the 6d and 
5f orbitals on the actinide atom. The 5f block of or- 
bitals comprise the highest occupied orbitals of the 
actinocenes (except for 5fo thorocene) with the occupied 
ligand-based eZu and e% orbitals lower in energy. The 
5f block is progressively filled across the actinide series, 
from Th (5fo) to Pu (5P). The photoelectron spectrum 
for uranocene shows three low-energy peaks at 6.20, 
6.90, and 7.85 eV.222 While the first ionization band is 
doubtless due to ionization of the 5f electrons, the or- 
dering of the eZu and ezg ionization bands has been a 
matter of some controversy. Based on assumptions 
concerning the relative He I and He I1 photoionization 
cross sections for 5f and 6d electrons, the second ioni- 
zation band (6.90 eV) was initially attributed to the e% 
orbital, which contains U 6d character.mb Subsequent 
studies, including a recent variable photon energy in- 
vestigation by Green et a1.,222d place the e2, ionization 
at lower energy than the e2 ionization, implying a 
greater interaction of the U 6borbitals with the ligands 
than that of the U 5f orbitals. REX,lZ2 nonrelativistic 
Xa-MS,218 QR-MS,219*220 P-HFS,221 and RCPlm calcu- 
lations all support this interpretation of the PES data, 
placing the e2, orbital higher in energy than the ea 
orbital. MO energies resulting from P-HFS calculations 
for the actinocenes of Th through Pu are displayed in 
Figure 8.221 Although the orbital orderings provided 

.... - do .......................... '%;do - dn dS 

Figure 7. Schematic MO interaction diagram for the actinocenea. 
The molecular orbitals for the cycloodatetraene fragment (COT)* 
are displayed on the far left. The interaction of these MOs in 
(COT),'- appear in the next column. The actinide 5f and 6d 
atomic orbitals, displayed in the far right column, interact with 
the (COTh4- fragment MOs to form the actinocene complex, 

by the various computational studies are in general 
agreement, the ionization energies displayed in Table 
VI show that quantitative agreement is lacking between 
the QR-MS and P-HFS results and those observed ex- 
perimentally. 

Streitwieser proposed that Bfd-ligand e2, bonding 
represented the principal covalent interaction in ura- 
n ~ c e n e . ~ ~  While 5f bonding is certainly supported by 
molecular orbital studies, the importance of 6d inter- 
actions has proved equal or greater in magnitude. It 
is clear from the schematic diagram in Figure 7 that 6 d d  
interactions can stabilize the e orbital, while interac- 
tion with the 5fb orbitals wouldTower the energy of the 
eZu orbital. As shown in Figure 8, the greater stabili- 
zation of the ea orbital relative to e2,, as well as the 
stabilization of el relative to el,, points to 6d-domi- 
nated bonding. d n  the other hand, the 5f manifold 
shows strong splitting between fa and the remaining fa, 
f r ,  and f@ orbitals, with the f b  pushed upward in energy 

M(C0T)p. 
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the 6d orbitals seem to be most important in uranocene 
metal-ligand bonding, it is the 5f interaction that de- 
termines the ground state. As discussed above, bonding 
interactions push the 5fS orbital up in energy, so that 
a high 5fS population will lead to a higher energy state. 
The lMJl = 3 state has the lowest 5fS population, fol- 
lowed by lMJl = 2,1,0, and 4; the low 5fS population 
ensures that lMJl = 3 will be the ground state. 

The excited-state studies of Chang and PitzerlOB al- 
lowed full assignment of the visible spectrum of ura- 
nocene, including the explanation of the green color of 
the complex as arising from E,, to Ezu and EJu transi- 
tions, which are primarily metal 5f to 6d excitations 
with some ligand-?r to metal-d character. Further, they 
predicted many allowed transitions in the UV region 
and encouraged spectroscopists to conduct detailed 
experiments in this spectral region. 

I 

Figure 8. MO energies for the actinocenes of Th through Pu, 
calculated by using the relativistic perturbative Hartree-Fock- 
Slater method. The diagram is based upon a figure in ref 221. 
The diagram clearly shows the drop in 5f orbital energies across 
the series, and the corresponding rise in 6d orbital energies, as 
well as the increase in 5f spin-orbit splittings. 

by a bonding interaction with the ek orbital. Boerrigter 
et al.221 found that the 6d effects were more pronounced 
in the early actinocenes, with 5f interactions increasing 
in importance across the series. Significant 5f popula- 
tions in the bonding orbitals have been reported by a 
number of researchers: Chang and Pitzer calculated 
ligand-to-metal donation of 6d1*ga5f"-50, while Boerrigter 
found donation more balanced between 5f and 6d, 
6d0.M5f".71. 

Determination of the uranocene ground state has 
been of interest to researchers for some years. A model 
of weak ligand-field interactions was adequate to allow 
Hayes and Edelstein217 to predict a lMJl = 3 ground 
state and a lMJl = 2 first excited state; REX results 
concurred with this prediction.122 Boerrigter et a1.221 
noted that the weak field model is essentially inade- 
quate for describing the fS interactions, leading to in- 
accurate predictions of closely spaced excited states. 
They chose instead to use a combination of weak- and 
strong-field interactions, treating the fa, f?r, and f$ 
orbitals with primary spin-orbit interaction perturbed 
by a weak ligand field, and treating f6 separately in the 
strong-field regime. This model predicted a lMJl = 3 
ground state, with MJI = 2,0,4,1, and 3 excited states. 

weak-field, LS coupling regime, but find it gives a better 
description of results than does strongfield, j - j  cou- 
pling. 

While LDF methods give accurate molecular orbital 
results, they do not provide information on how the 
orbitals are coupled together, and cannot give the 
precise symmetry of the ground state or excited states. 
Chang and Pitzer were able to provide this information 
accurately through RCP spin-orbit CI studies.'@ They 
identified an E3 ground state (IMJI = 3), in agreement 
with earlier  prediction^.'^*^^^*^^ The order of f2 excited 
states was found to be lMJl= 2 < 4 < lMJl= 1. 
Interestingly, Chang and PitzerlOB point out that while 

Chang and Pitzer I O8 find similar deviations from the 

V I I I .  Metal-Metal Bonding In Actinide Systems 

Metal-metal bonding in actinide systems has been 
the topic of several synthetic and computational studies, 
as well as considerable speculation. To date, no discrete 
molecules containing a direct bond between two actin- 
ide atoms have been isolated. Nonrelativistic MS-Xam 
and recent RCP224 calculations have addressed the 
question of the existence and molecular electronic 
structure of the naked actinide dimers U2 and Np,. 
March et al. have used simple models to predict that 
such heavy-atom homonuclear diatomics are unlikely 
to Contrary to their prediction, U2 has been 
observed in the gas phase.226 MS-Xa results indicated 
a 5f block of bonding orbitals lying considerably lower 
in energy than the metal 6d and 7s orbitals and a 
ground-state sextuple-bond configuration of 5f( ,27r4S442) 
for Up Our recent RCP calculations224 reveal that the 
inclusion of relativistic effects leads to a far more com- 
plicated picture for U2. Two distinct sets of states 
having potential energy minima are identified. The first 
have long bond lengths (ca. 3.0 A), essentially atomic 
5f orbitals, and bonds involving the 6d and 7s orbitals. 
Another set of states have short bond lengths (ca. 2.2 
A) and show roughly equal participation among 5f, 6d, 
and 7s orbitals in bonding. These results are summa- 
rized in Figure 9. Obviously, relativistic and correlation 
effects are necessary for a full understanding of the 
naked metal systems. 

Although no complexes involving direct bonding be- 
tween two actinide atoms have been synthesized, several 
examples of actinide-transition-metal bonding have 
been observed. In 1985, the first phosphido-bridged 
heterobimetallic complex involving an actinide atom 
was synthesized.227 This complex, T h ( ~ ~ - C p * ) ~ ( p  
PPh2)2Ni(C0)2, exhibits a short Th-Ni distance, raising 
the possibility of Th-Ni bonding interaction in the 
complex. The nature of this interaction has been in- 
vestigated by E H F  and QR-MSm calculations on the 
model compound T~(T~-C~),(~-PH~)~N~(CO)~. 0rtiz2% 
reported EHT overlap populations for Th-Ni as a 
function of bond distance, from 3.206 to 3.70 A. Al- 
though the overlaps were negative in all cases, the short 
bond length structure showed the least negative overlap. 
Further, the Th-Ni overlap population was the one 
most dependent on bond distance, dropping rapidly 
with increasing bond length. His analysis of the 
bonding interactions showed a repulsive filled-filled 
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5Ag CAS-SCF 2.2 A '3Ag CAS-SCF 3.0 A 
(ev) 

-4.0 1 

-10.0 -101 
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Figure 9. CAS-SCF occupied orbital energy diagrams and con- 
tour plots for two possible ground states of Up MOs are plotted 
on a 12 au by 12 au grid, with contour lines at levels of -0.34 to 
0.34 au in steps of 0.02 ausN The 6d, 5f and 7s atomic orbitals 
all show bonding interactions in the 2.2-A 6Ag state, while the 3 . 0 4  
lS4 state consists of essentially atomic 5f orbitals, with bonding 
interactions limited to the 6d and 7s orbitals (reprinted from ref 
224; copyright 1990 American Chemical Society). 

interaction between the Ni 3d orbitals and the PH2 
MOs that are delocalized onto the Th  center, leading 
to an antibonding Th-Ni interaction. Filled Ni 3d 
levels also interact with empty orbitals on the formally 
Th4+ dOfO center in weak Q and T bonds. These bonding 
interactions are principally d-d in nature, with addi- 
tional stabilization provided by 5f hybridization. 

The EHT bonding description of the Th-Ni complex 
was supported by Makhyoun's QR-MS results, which 
showed a Ni 3d population of 8.74, considerably less 
than that expected for a d1Os0po Ni atom.229 Their MO 
analysis indicated a substantial g-Q overlap, as well as 
a weaker T-T interaction. Like the bonding in mono- 
nuclear Th complexes, the metal-metal bonding in this 
heterobimetallic complex is dominated by Th 6d, rather 
than 5f, interactions. The bonding MOs are primarily 
Ni 3d in character, indicating a flow of charge from Ni 
to Th in these weak bonds. It is interesting to note that 
the nonrelativistic EHT and the relativistic QR-MS 
methods gave essentially the same qualitative descrip- 
tion for this large molecule. 

The power of ab initio RCP methods to handle even 
large metal systems was beautifully demonstrated by 
Hay's calculations on a similar heterobimetallic, 
C12Th(p-PH2)2Pt(PH3), a model for the recently syn- 
thesized C P * , T ~ ( ~ - P P ~ ~ ) ~ P ~ ( P M ~ ~ )  complex.230 The 
purpose of these studies was to replace the Ni(C0)2 
fragment in the above Ni-Th complex with a more 
electron-rich transition-metal donor, in order to test the 
Ni-donor Th-acceptor model described above. The 
crystal structure for the Th-Pt complex showed a Th- 
Pt bond distance of 2.984 A, significantly shorter than 
the estimated covalent distance of 3.2 A, as well as acute 
Th-P-Pt angles. These structural data, along with 31P 
NMR spectra and a comparison with other heterobi- 
metallics, led these authors to conclude that the com- 
plex contains a direct Th-Pt bond. The RCP Har- 

6,O . . . . . . . . - . .\ .,' ._....... ::?J ,A' 
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Figure 10. Contour diagram of the metal-metal bonding HOMO 
of C12ThGc-PHJ2Pt(PH3) in the xy (top) and xz  planea, from RCP 
calculations. Positive, negative, and nodal contours are repre- 
sented by solid, short-dash, and long-dash lines, respectively. The 
contour plot shows convincing evidence of a metal-metal bond 
(reprinted from ref 230; copyright 1986 American Chemical So- 
ciety). 

-100 X 8 0  

treeFock and generalized valence bond calculations on 
the model complex indicated a metal-metal bonding 
orbital formed from Pt 5d,rp and Th, contributions. 

is given in Figure 10. The greater electron density was 
located on the Pt center, leading to the description of 
the bond as a donor-acceptor interaction between the 
filled dl0 shell of Pt and the do shell of Th. 

Concurrent with the first reports of the phosphido- 
bridged actinide-transition-metal heterobimetallic 
complexes was the first report of a molecule containing 
an unsupported (and, perforce, unambiguous) bond 
between an actinide atom and a transition metal. The 
synthesis of the first two such complexes, Cp*,(X)Th- 
RuCp(CO), (X = C1, I), was reported in 1985 by Marks 
and co-workers.=' QR-MS calculations on a model for 
this system, C~,(I)T~-RUC~(CO)~,  as well as the Zr-Ru 
analogue, were reported shortly thereafter.232 These 
calculations indicated that the metal-metal bonding 
orbitals of the do Zr and dV Th complexes were similar, 
with both describing a donor-acceptor bond. As was 
found for the supported metal-metal bonded systems, 
the actinide 6d orbitals played the principal role in 
metal-metal bonding; the Th 5f population in the 
bonding MOs represented only 16% of the total Th 
contribution. These authors suggested that the bonding 
in these complexes was essentially the same as in 
Cp2MX2 (M = Zr, Th) complexes, leading to the con- 
clusion that the C~RU(CO)~  fragment is best considered 
as an "organometallic pseudohalide." The conclusions 
of these studies were applied in the subsequent syn- 
thesis of additional complexes with unsupported bonds 
between Th or U and a transition 

Clearly, computational studies have played an inte- 
gral role in understanding metal-metal bonding in ac- 

A contour diagram of this metal-metal 30 nding orbital 
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tinide complexes. It is expected that electronic struc- 
ture calculations will also be an important tool in the 
design of molecules that contain a direct bond between 
two actinide atom. Such covalent bonds might exhibit 
very different properties from those of the heterobi- 
metallic systems.2M 
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IX .  Mlscellaneous Other Actlnlde Systems 

In this final applications section, we shall briefly 
discuss several other computational studies on actinide 
systems that are worthy of note. As mentioned pre- 
viously, a series of trivalent actinide complexes has been 
investigated by using the DS-DV approach.m3 A par- 
ticularly fascinating aspect of these studies is the com- 
plex interplay between spin-orbit and ligand-field ef- 
fects, with metal-ligand bonding interactions damping 
the spin-orbit splitting. 

Nonrelativistic DV-Xa calculations have been re- 
ported for the uranium(V1) alkoxide, U(OCH&.235 This 
alkoxide is of interest for a number of reasons: (1) 
Actinide alkoxides are becoming an increasingly im- 
portant class of actinide complexes.23s (2) The large 
M-0-R angles and short M-0 bond distances in the 
complexes indicate unusual metal-ligand bonds. (3) 
U(OCH3)6 has served as a successful prototype in la- 
ser-induced multiphoton isotope separation experi- 
ments. (4) The alkoxide is of intermediate complexity 
between the simple actinide halides and oxides and the 
more complicated organoactinide complexes. 

By analogy to UF6, the high-lying occupied MOs in 
U(OCHJ6 correspond to ligand lone-pair orbitals. The 
four sets of ligand T MOs, under Oh symmetry, include 
a tze orbital that can interact with U 6d, a tzu orbital 
that can interact with U 5f, and a tl, orbital that can 
interact with U 5f, U 7p, and ligand u orbitals. The 
fourth n orbital is of tlg symmetry, and cannot interact 
with any of the metal orbitals. QR-MS calculations on 
octahedral U(OH)6 essentially confirmed this qualita- 
tive picture. Large 5f populations in the t2,-derived 
MOs (17, 26, and 36%) indicate significant ligand-to- 
metal donation. Similarly, the t2g MO shows significant 
(10%) U 6d character. As expected the tlg orbital is 
essentially nonbonding. The tlu, tlg, and tzu triply de- 
generate orbitals are split by ca. l eV upon the reduc- 
tion from Oh symmetry that occurs when the U-0-R 
bonds are bent. The orbital undergoes a significantly 

the ligand u orbitals. 
These two effects, the donation from oxygen lone-pair 

orbitals into empty uranium MOs and the splitting due 
to reduction of symmetry upon U-0-C bending, pro- 
vide an excellent basis for interpretation of the He I/He 
I1 PE spectra for U(OCH3)B. u- and *-donation from 
the methyl groups into the 0 2p orbitals increases the 
donor strength of the alkoxide group and enhances 
these effects relative to U(OH)6. The agreement be- 
tween predicted and measured transitions is shown in 
Figure 11; the good agreement shows that the bonding 
information obtained from the QR-MS model can be 
useful in predicting the relative orbital energetics of 
actinide alkoxides. 

The bonding in homoleptic tetravalent complexes of 
the borohydride ligand has been investigated by a va- 
riety of methods. Only seven M(BH4I4 compounds are 
known; five of these involve actinides (M = Th through 

larger splitting of 3-4 % e , due to strong interaction with 

12.0 4 

Figure 11. Comparison between experimental and QR-MS 
calculated transition-state ionization energies of U(OCH&, 
showin reasonable agreement between MO theory and experi- 
ment. & 

Pu) and two contain transition metals (M = Zr, Hf). 
The actinide complexes contain four trihapto BH4 lig- 
ands in which 12 hydrogen atoms are bound to the 
metal in rigorously tetrahedral These 
tetrakis(tetrahydroborates) are of interest because their 
physical and chemical properties, including high vola- 
tility and solubility in nonpolar solvents, point to strong 
covalent bonding. Thus, a comparison of transition 
metal and actinide tetrahydroborates could aid in un- 
derstanding covalent d and f interactions. The REX 
approach was applied to U(BH4)4,122 QR-MS calcula- 
tions were used to study the Zr, Hf, Th, and U com- 
pounds,238 and the DS-DV method was applied to the 
Zr and U systems.239 

In spite of the observed covalent properties, U(BH4)4 
was found to be an essentially ionic 5f2 system in the 
REX studies.lZ2 The total 5f population was 2.03; 
further, the inclusion of 5f orbitals in the calculation 
had no impact upon the bond lengths, indicating a lack 
of 5f participation in bonding. The REX calculations 
were able to reproduce the main features of the PE 
spectrum, including the spin-orbit splitting of the 
HOMO. 

QR-MS calculationsm resulted in a description of the 
transition-metal compounds as tetrahedrally coordi- 
nated do complexes with strong covalent *-bonding in- 
teractions between the ligand and metal orbitals. These 
7~ interactions lead to differences in orbital ordering 
relative to tetrahedral transition-metal u complexes. 
Similar *-covalency was found for the actinide systems, 
with bonding dominated by metal 6d interactions. The 
importance of 5f orbitals in metal-ligand bonding was 
not negligible, but was of lesser importance than in the 
actinocenes. 

Ligand field splittings for the 5f2 orbitals were pre- 
dicted in the QR-MS study, and were in good agree- 
ment with experimental values, in spite of the fact that 
the important spin-orbit splitting effects were not in- 
cluded in the calculations. Further, the spin-orbit 
constant estimated from the charge fraction localized 
within the uranium sphere (1740 cm-’) was in remark- 
able agreement with the experimental value (1782 cm-’). 
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The possible inadequacy of the muffin-tin approach 
in describing the rather open tetrahedral structure of 
the tetrakis(tetrahydrob0rates) was pointed out by 
Hohl, Ellis, and R&sch.23B They conducted DS-DV 
calculations on Zr(BH4)4 and U(BHJ4, as well as a 
nonrelativistic computation for the uranium compound. 
The results of these DV calculations supported the 
conclusions of the QR-MS results, indicating strong 
r-bonding due to the BH4 ligands. The DV calculations 
led to improved agreement with experimental PES 
data, as compared with the QR-MS study. Further, the 
nonrelativistic calculation was found to overestimate 
the importance of U 5f contributions to bonding, giving 
a 5f population of 3.27 as compared with a relativistic 
value of 2.43. The U 6d participation was correspond- 
ingly underestimated (nonrelativistic = 1.11; relativistic 
= 1.30). This necessity for relativistic treatment par- 
allels that observed in actinocene calculations, as well 
as in other actinide systems. 

Pepper and Bursten 

exciting one for applied quantum chemistry as it ap- 
proaches the 21st century. 
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X. Concluslons 

In summary, we find that computational results have 
played a central role in understanding actinide chem- 
istry. Chemists have focused primarily on bonding in- 
teractions and interpretation of optical spectra, and 
molecular orbital methods have proved sufficient for 
such studies. Relativistic effects are unquestionably 
necessary for quantitative results; even qualitative 
conclusions are questionable when relativity is not 
considered. Relativistic core potentials have provided 
a way to incorporate these crucial effects, while at the 
same time reducing the computational effort of ab initio 
calculations to a tractable size. Although RCP ab initio 
methods have been applied extensively to main-group 
and transition-metal systems, they are in a formative 
stage in the study of actinide complexes. The potential 
for constructing accurate potential energy surfaces and 
predicting molecular geometries gives these methods 
one of their principal advantages over more approxi- 
mate molecular orbital approaches, and these benefits 
will doubtless be exploited in the next several years. 
The capability of ab initio methods to provide precise 
information on ground- and excited-state symmetries 
was certainly demonstrated by the recent study of ur- 
anocene by Chang and Pitzer.'OB Beyond this single 
investigation, however, ab initio methods have not been 
used to any great degree in studies of organoactinide 
chemistry; this is certainly a potentially fruitful area 
for future work. 

Recent developments in density functional theory, 
including improved functionals and methods for the 
accurate calculation of binding energies, also bode well 
for computational actinide chemistry. These methods 
have the advantage of providing easily interpreted in- 
formation about bonding interactions in actinide sys- 
tems, and have proved useful for many years in orga- 
notransition metal and organoactinide chemistry. 
Again, the improved approaches are just beginning to 
be applied to actinide systems, with promising results. 
The combination of LDF molecular orbital and binding 
energy information with ab initio potential energy 
surfaces and identification of excited states should 
provide chemists with a wealth of information on these 
interesting systems whose chemistry has yet to be fully 
explored. We expect this field to be a challenging and 

References 
Dirac, P. A. M. Proc. Roy. SOC. Ser. A 1929, 123, 714-733. 
Coulson, C. A. Reo. Mod. Phys. 1960,32,. 170-177. 
Coulson's after-dinner remarks bring to mind that chemistry 
is not the only area in which proqreas has been made in the 
past 30 years: 'Lastly-since this is the fiist conference of 
this kind at which so man wives and families have been 
present-an apol is now iue to al l  our lad frien ds..." The 
authors respec f fz  note that the National 6rganization for 
Women was not founded until 1966. 
Boys, S. F. Proc. Roy. SOC. Ser. A 1950,200,542-554. 
Parr, R. G. Proc. Nut.  Acad. Sci. U.S.A. 1975, 72,763-771. 
Mulliken, R. S. Science 1967,157, 13-24. 
Clementi, E. J.  Ph s. Chem. 1980,84,2122-2134. 
Proceedings o the Jobert A. Welch Foundation Conferences 
on Chemical 4 esearch XVZ. Theoretical Chemistry; Robert 
A. Welch Foundation: Houston, 1973; p 117. 
Karplus, M. J.  Phys. Chem. 1990,94, 5435-5436. 
Johnson, K. H. J. Chem. Phys. 1966,45, 3085-3095. 
(a) Ellis, D. E. Znt. J. uantum. Chem. Symp. 1968,2, 35. 

1970, 3, 801-805. (c) Ellis, D. E.; Painter, G. S. Phys. Reo. 

Baerends, E. J.; Ellis, D. E.; Ros, P. Chem. Phys. 1973, 2, 

(a) Lohr, L. L., Jr.; Pyykk6, P. Chem. Phys. Lett. 1979, 62, 
333-338. (b) PyykkB, P. In Methods in Computational 
Chemistry; Wilson, S., Ed.; Plenum: New York, 1988; Vol. 

(b) Painter, G. S.; Ellis, s . E. Znt. J.  Quantum Chem. Symp. 

B 1970,2, 2887-2898. 

41-51. 

2, pp 136-226. 
Mackrodt, W. C. Mol. Ph s. 1970,18,697-709. 
(a) Yan C. Y.; Rabii, S. d y s .  Reo. A 1975,12,362-369. 
Yan &Y. J. Chem. Ph s. 1978,68, 2626-2629. 
(a) gosen, A.; Ellis, D. 6 . Chem. Phys. Letters 1974, 
595-599. (b) J .  Chem. Phys. 1975,62,3039-3049. 
Koellina, D. D.; Harmon, B. N. J .  Phys. C. 1977, 
3107-3 i i4.  
Boring, M.; Wood, J. H. J.  Chem. Ph s. 1979, 71,392-399. 
Wood, J. H.; Boring, A. M. Phys. Reo. 1978,18,2701-2711. 
Boring, M.; Wood, J. H. J .  Chem. Ph s. 1979, 71, 32-41. 
Thornton, G.; Edelstein, N.; RBsch, N.; ggdell, R. G.; Wood- 
wark, D. R. J. Chem. Ph s. 1979, 70,5218-5221. 
Thomton. G.: Rijsch, N.: l$delstein, N. Znora. Chem. 1980.19, . .  - . .  
1304-1307. 
Snijders, J. G.; Baerends, E. J.; Ros, P. Mol. Phys. 1979,38, 
1909-1929. ~~~. ~ . ~ .  

Snijders, J. G.; Baerends, E. J. Mol. Phys. 1978, 36, 
17RF)-15404. - . - - - - - -. 
Ziegler, T.; Tschinke, V.; Baerends, E. J.; Snijders, J. G.; 
Ravenek, W. J .  Phys. Chem. 1989,93,3050-3056. 
Dae, G.; Wahl, A. C. J.  Chem. Phys. 1976, 64, 4672-4679. 
Kahn, L. R.; Hay, P. J.; Cowan, R. D. J.  Chem. Phys. 1978, 

Lee, Y. S.; Ermler, W. C.; Pitzer, K. S. J.  Chem. Phys. 1977, 

Powell, R. E. J.  Chem. Ed. 1968,45,558-563. 
Pyykka, P. Ado. Quantum Chem. 1978,11,353-409. 
Pitzer, K. S. Acc. Chem. Res. 1979, 12, 271-276. 
Pyykko, P.; Desclaux, J.-P. Acc. Chem. Res. 1979, 12, 
276-281. 
Relatioistic Effects in Atoms, Molecules and Solids, Malli, 
G. L., Ed.; Plenum: New York, 1983. 
Krauss, M.; Stevens, W. J. Ann. Reo. Phys. Chem. 1984,35, 
357-385. 
Christiansen, P. A.; Ermler, W. C.; Pitzer, K. S. Ann. Reo. 
Ph 8 .  Chem. 1985,36,407-432. 
Bahubramanian, K.; Pitzer, K. S. Ado. Chem. Phys. 1987, 
67, 287. 
Pyykko, P. Inorg. Chim. Acta 1987, 139, 243-245. 
Ermler, W. C.; Ross, R. B.; Christiansen, P. A. Ado. Quantum 
Chem. 1988, 19, 139-182. 
Pyykko, P. Chem. Reo. 1988,88, 563-594. 

68,2386-2397. 

67, 5861-5876. 



Electronic Structure of Actlnide-Containlng Molecules Chemical Reviews, 1991, Vd. 91, No. 5 739 

(76) 
(77) 

P kkb, P., Ed. Int. J .  Quantum Chem. Symp. 1984, 25, 
1 3 7 6  
Pyykkb, P. Relativistic Theo of Atoms and Molecules. A 
Bibliography 1916-1985. Inyecture Notes in Chemistry; 
Springer: Berlin, 1986; Vol. 41. 
Jsrgensen, C. K.; Reisfeld, R. J. Electrochem. SOC. 1983,130, 
681-684. 
Streitwieser, A.. Jr.: MWer-Westerhoff, U. J. Am. Chem. SOC. 
1968,90, 7364.- ' 

Dennin , R. G.; Snellgrove, T. R.; Woodwark, D. R. Mol. 
Phys. 1%79,37,1109-1143. 
Barker, T. J.; Denning, R. G.; Thorne, J. R. G. Inorg. Chem. 
1987,26,1721-1732. 
Jsrgensen, C. K.; Reisfeld, R. Struct. Bonding 1982, 50, 
.n. .", Lll-11 I .  

Jsrgensen, C. K. Chem. Phys. Lett .  1982,89,465-458. 
Van Vleck, J. H. J. Chem. Phys. 1995,3,803-806. 
Street, K., Jr.; Seaborg, G. T. J. Am. Chem. SOC. 1950, 72, 
2790-2792. 
Glueckauf, E.; McKay, H. A. C. Nature 1950,165,594-595. 
Katzin, L. I. Nature 1950, 166,605. 
Glueckauf, E.; McKay, H. A. C. Nature 1950,166,605-606. 
Connick, R. E.; Hugus, 2. Z., Jr. J. Am. Chem. SOC. 1952, 74, 
601 24n1.5. - - - - - - - -. 
Diamond, R. M.; Street, K., Jr.; Seaborg, G. T. J. Am. Chem. 

Eisenstein, J. C. J.  Chem. Phys. 1956,25,142-146. 
Kettle. S .  F. A.: Smith. A. J. J. Chem. SOC. A 1967.688-692. 

SOC. 1954, 76, 1461-1469. 

Kettle; S. F. A.;'Pioli, A. J. P. J.  Chem. SOC. A 1968,122-125. 
Burns, C. J.; Bursten, B. E. Comm. Inorg. Chem. 1989,2,61. 
Sockwell, S .  C.; Hanusa, T. P. Inorg. Chem. 1990,29,76-80. 
Marks, T. J. Prog. Inor . Chem. 1979,25,223-333. 
Organometallics o the fElements; Marks. T. J.. Fischer. R. 
D.. Eds.: Reidel: b ordrecht. 1979. 
Marks, T. J.; Ems< R.D. In Comprehensive Organometallic 
Chemistry; Wilkinson, G., Stone, F. G. A.; Abel, E. W., Eds.; 
Peraamon Press: Oxford, 1982; Vol. 3, pp 173-270. 
Fuidamental and Technological Aspec'tb of Organo-f-Ele- 
ment Chemistry; Marks, T. J., Fragalll, I. L., Eds.; Reidel: 
Dordrecht, 1985. 
Marks, T. J.; Streitweiser, A., Jr. In The Chemistry o the 
Actinide Elements, Katz, J. J., Morss, L. R., Seaborg, d. T., 
Eds.; Chapman and Hall: New York, 1986; Chapter 22. 
Marks, T. J. In The Chemistry of the Actinide Elements; 
Katz, J. J., Moras, L. R., Seaborg, G. T., Eds.; Chapman and 
Hall: New York, 1986; Chapter 23. 
Marks, T. J. Science 1982,217,989-997. 
Bursten, B. E.; Strittmatter, R. J. Angew. Chem., in press. 
See, for exam le: (a) Weinberger, P. In Handbook on the 
Physics and 8hemistry of the Actinides, Freeman, A. J., 
Lander, G. H., Eds.; North-Holland Amsterdam, 1987; Vol. 
5, pp 1-84. (b) The Chemistry of the Actinide Elements; 
Katz, J. d., Morss, L. R., Seaborg, G. T., Eds.; Cha man and 
Hall: New York, 1986; Chapters 14 (Summary an8 compar- 
ative aspects of the actinide elements), 18 (Ma etic prop- 
erties), 19 (The metallic state), and 20 (Structur8hemist ) 
(e) For a brief history of solid-state quantum chemical re: 
velopments, see ref 30, p 369. 
Fanning, M. 0.; Fitzpatrick, N. J. Int. J. Quantum Chem. 
1980, 18, 1339-1359. 
Boca, R. Int. J. Quantum Chem. 1987,31,941-950. 
Glebov, V. A. Koord. Khim. 1981,6, 1852. 
Glebov, V. A.; Nefedov, V. S. Koord. Khim. 1981, 7, 
1664-1672. 
Glebov, V. A.; Nefedov, V. S. Koord. Khim. 1981, 7, 
1673-1681. 
Goddard, W. A,, 111; Dunning, T. H., Jr.; Hunt, W. J.; Hay, 
P. J. Ace. Chem. Res. 1973,6,368-376. 
Desclaux, J.-P. Atom. Data and Nuclear Data 1973, 12, 

Case, D. A.; Yang, C. Y. J. Chem. Ph s. 1980,72,3443-3448. 
Wolfsbera, M.; Helmholtz, L. J. 6 e m .  Phys. 1952, 20, 

311-406. 

837-843. - 
Hoffmann, R. J. Chem. Phys. 1963,39, 1397-1412. 
Manne, R.; Wittel, K.; Mohanty, B. S. Mol. Phys. 1975,29, 
486-500. . - - - - -. 
Lohr, L. L., Jr.; Hotokka, M.; Pyykko, P. Int. J .  Quantum 
Chem. 1980,18, 347-355. 
Albasiny, E. L.; Cooper, J. R. A. Proc. Phys. SOC. 1963, 82, 
BRQ 
i$i&r, J. C. Phys. Rev. 1951,81, 385-390. 
Hohenberg, P.; Kohn, W. Ph s. Rev. B 1964, 136,864-871. 
Hedin, L.; Lund vist, B. I. X P h y s .  C 1971, 4, 2064-2083. 
MacDonald, A.Ck.; Vosko, S. H. J. Phys. C 1979, 12, 
2977-2990. 
Becke, A. J. Chem. Phys. 1986,84,4524-4529. 
Slater, J. C. Quantum Theory o Molecules and Solids; 

Cowan, R. D.; Griffin, D. C. J. Opt.  lot. Am. 1976, 66, 
1010-1014. 

McGraw-Hill: New York, 1974; J 01.4, p 51-55. 

(89) Soldatov, A. A. Zh. Strukt. Khim. 1985,26,3-7. 
(90) Baerends, E. J.; RQS, P .  Int. J. Quantum Chem. Symp. 1978, 

12,169-190. 
Foldy, L. L.; Wouthuysen, S. A. Phys. Rev. 1950, 78,29-36. 
(a) Zie ler, To; Snijders, J. G.; Baerends, E. J. Chem. Phys. 
Lett. 1%80,75,1-4. (b) J.  Chem. Phys. 1981,74,1271-1284. 
(a) Hellmann, H. J. Chem. Phys. 1935,3,61. (b) Hellmann, 
H.; Kassabtschkin, W. J. Chem. Phys. 1936,4,324-325. (e) 
Gombas, P. Z. Phys. 1935,94,473-488. 
Phillips, J. C.; Kleinman, L. Phys. Rev. 1959, 116, 287-294. 
Weeks, J. D.; Rice, S. A. J. Chem. Phys. 1968,49,2741-2756. 
Goddard, W. A., 111. Phys. Rev. 1968,174,659-662. 
Christiansen, P. A.; Lee, Y. S.; Pitzer, K. S. J. Chem. Phys. 
1979. 71.4445-4450. 

(98) Hay,'P. J. Un ublished results. 
(99) (a) Hafner, P.; ichwan, W. H. E. Chem. Phys. Lett. 1979,65, 

537-541. (b) J.  Phys. B. 1978,11, 217-233. (c) Esser, M.; 
Butscher. W.: Schwarz. W. H. E. Chem. Phvs. Lett. 1981.77. 

(100) 
(101) 

(102) 

369-364.' . 
Kahn, L. R. Int. J. Quantum Chem. 1984,25, 149-183. 
Hay, P. J.; Wadt, W. R.; Kahn, L. R.; Bobrowicz, F. W. J. 
Chem. Phys. 1978,69,984-997. 
(a) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985,82,270-283. 
(b) Hay, P. J.; Wadt, W. R. J. Chem. Phys. 1985,82,299-310. 
(c) Wadt, W. R.; Hay, P. J. J. Chem. Phys. 1985,82,284-298. 
Lee, Y. S.; Ermler, W. C.; Pitzer, K. S. J. Chem. Phys. 1980, 
73, 360-366. 
Christiansen, P. A.; Pitzer, K. S. J. Chem. Phys. 1980, 73, 
5160-5163. 
Ermler, W. C.; Christiansen, P. A.; Ross, R. B. Int. J. Quan- 
tum Chem., in press. 

Chem. Phys. Lett. 1981,81,70-74. 

RIM1 -.?MR. 

(106) Ermler, W. C.; Lee, Y. S.; Christiansen, P. A.; Pitzer, K. S. 

(107) Pitzer, R. M.; Winter, N. W. J. Phys. Chem. 1988, 92, 
- - - - - - - -. 

(108) Chang, A. H. H.; Pitzer, R. M. J. Am. Chem. SOC. 1989,111, 

(109) Lee, Y. S.; McLean, A. D. J. Chem. Phys. 1982,76,735-736. 
(110) Krauss, M.; Stevens, W. J. Comput. Chem. 1983,4,127-135. 
(111) Pyykkd, P.; Desclaux, J.-P. Chem. Phys. 1978,34,261-280. 
(112) Pyykkb, P. J. Chem. SOC. Faraday Trans. 2 1979, 75, 

(113) Pyykkd, P. Phys. Scri ta  1979,20,647+51. 
(114) Heslop, R. B.; Jones, $Inorganic Chemistry; Elsevier: Am- 

(115) Boring, M.; Moskowitz, J. W. Chem. Phys. Lett. 1976, 38, 

(116) Boring, M.; Hecht, H. G. J.  Chem. Phys. 1978,69,112-116. 
(117) Maylotte, D. H.; St. Peters, R. L.; Messmer, R. P. Chem. 

(118) Schneider, B.; Boring, A. M.; Cohen, J. S. Chem. Phys. Lett. 

2500-2507. 

1256-1276. 

sterdam, 1976; p 610. 

185-187. 

Phys. Lett. 1976,38,181-184. 

1974. 27. 577-579. 
- I - . . - . .  

(119) KAlling, D. D.; Ellis, D. E.; Bartlett, R. J. J. Chem. Phys. 
1976,65, 3331-3340. 

(120) Kim. B.4.: Adachi. H.: Imoto. S. Chem. Lett. 1977.109-112. 
(121) Rosin, A.'Chem. phyk Lett.'1978,55, 311-314. 
(122) Pyykko, P.; Lohr, L. L., Jr. Inorg. Chem. 1981,20,1950-1959. 
(123) Larsson, S.; Tse, J. S.; Esquivel, J. L.; Tang Kai, A. Chem. 

(124) Larsson, S.; Pyykko, P. Chem. Phys. 1986,101, 355-369. 
(125) R k h ,  N.; Pyykkb, P. Mol. P h p .  1986,57, 193-200. 
(126) Hay, P. J.; Wadt, W. R.; Kahn, L. R.; Raffenetti, R. C.; 

Philli 8, D. H. J. Chem. Phys. 1979, 71, 1767-1779. 
(127) Hay, !. J. J.  Chem. Phys. 1983, 79, 5469-5482. 
(128) See refs 115 and 116 for a reinterpretation of the available 

. 

P h p .  1984,89,43-50. 

spectroscopic data. 
Karlsson, L.; Mattson, L.; Jadrny, R.; Bergmark, T.; Sieg- 
bahn, K. Phys. Scr. 1976,14,230. 
Boring, M.; Wood, J. H.; Moskowitz, J. W. J. Chem. Phys. 
1974,61,3800-3803. 
Wadt, W. R. J.  Chem. Phys. 1987,86,339-346. 
Ku el, R.; Williams, C.; Fred, M.; Malm, J. G.; Carnall, W. 
T.; h indman, J. C.; Childs, W. J.; Goodman, L. S. J. Chem. 
Phys. 1976,65,3486-3492. 
Wadt, W. R.; Hay, P. J. J. Am. Chem. SOC. 1979, 101, 
5198-5206. 
Rosin, A,; Fricke, B. Chem. Phys. Lett .  1979,61,75-78. 
Dyke, J. M.; Fayad, N. K.; Morris, A.; Trickle, I. R.; Allen, 
G. C. J. Chem. Phys. 1980, 72, 3822-3827. 
Ellis, D. E.; Rosin, A.; Gubanov, V. A. J. Chem. Phys. 1982, 
77. 4051-4060. . . , . - - - . - - -. 
Ellis, D. E.; Holland, G. F. Chem. Scr. 1986, 26, 441-448. 
Topol', I. A.; Zhilinskii, B. I. Teor. Eksp. Khim. 1984, 20, 
406-415. 
Boerrigter, P. M. Thesis, 1987, Vrije Universiteit, Amster- 
dam. 
Boerrigter, P. M.; Snijders, J. G. J. Elect. Spect. Rei. Phen. 
1988, 46, 43. 
Case, D. A. J. Chem. Phys. 1985,83, 5792-5796. 



740 Chemical Reviews, 1 Q9l , Voi. 9 1, No. 5 Pepper and Bursten 

(190) Cramer, R. E.; Edelmann, F.; Mori, A. L.; Roth, S.; Gilje, J. 
W.; Tataumi, K.; Nakamura, A. Organometallics 1988, 7, 
841-849. 

(191) Gassman, P. G.; Macomber, D. W.; Hershberger, J. W. Or- 
ganometallics 1983,2, 1470-1472. 

(192) Tataumi, K.; Nakamura, A. J. Am. Chem. SOC. 1987, 109, 

(193) Tataumi, K.; Nakamura, A. Organometallics 1987, 6, 

(194) Tabumi, K.; Nakamura, A.; Hofmann, P.; Stauffert, P.; 
Hoffmann, R. J. Am. Chem. SOC. 1985,107,4440-4451. 

(195) Hofmann, P.; Stauffert, P.; Tatsumi, K.; Nakamura, A,; 
Hoffmann, R. Organometallics 1985,4, 404-406. 

(196) Tataumi, K.; Nakamura, A,; Hofmann, P.; Hoffmann, R.; 
Moloy, K. G.; Marks, T. J. J. Am. Chem. SOC. 1986, 108, 
4467-4476. 

(197) Tataumi, K.; Nakamura, A. Inorg. Chim. Acta 1987, 139, 
247-251. 

3195-3206. 

427-428. 

Arratia-Perez, R.; Marynick, D. S. Phys. Reu. B 1988, 37, 
AAQR-489% - -- - _-- - . 
Newman, J. B. J. Chem. Phys. 1965,43,1691-1694. 
McGlynn, S.  P,; Smith, J. K. J. Mol. Spectrmc. 1961,6, 164. 
Elliott, R. J. Phys. Rev. 1963, 89, 659-660. 
Eisenstein, J. C.; Pryce, M. H. L., F. R. S. R o c .  Roy. SOC. A 
1955,229, 20-38. 
Coulson, C. A.; Lester, G. R. J. Chem. SOC. 1956,3650-3659. 
Boring, M.; Wood, J. H.; Moskowitz, J. W. J. Chem. Phys. 
1975,63,638-642. 
Wood, J. H.; Boring, M.; Woodruff, S. B. J. Chem. Phys. 
1981. 74. 5225-5233. 
Yang, C.’ Y.;Johnaon, K. H.; Horsley, J. A. J. Chem. Phys. 
1978,68, 1001-1005. 
Ellis, D. E.; RoaBn, A.; Walch, P. F. Int. J. Quantum Chem. 
S mp. 1975,9, 351-358. 

Wadt, W .  R. J. Am. Chem. SOC. 1981, 103,6053-6057. 
DeKock, R. L.; Baerends, E. J.; Boerrigter, P. M.; Snijders, 
J. G. Chem. Phys. Lett. 1984,105,308-316. 
Tataumi, K.; Hoffmann, R Znorg. Chem. 1980,19,2656-2658. 
Pwkko. P.: Laaksonen. L. J. Phvs. Chem. 1984. 88. 

d alch, P. F.; Ellis, D. E. J. Chem. Phys. 1976,65,2387-2392. 

Yang, c.’ Y. 
197R. A __._, - 
Ellis, D 
s mp. 1975, 8, 351-358. 

Wadt, W .  R. J. Am. Chem. SOC. 1981, 103,6053-6057. 
DeKock, R. L.; Baerends, E. J.; Boerrigter, P. M.; Snijders, 
J. G. Chem. Phys. Lett. 1984,105,308-316. 
Tataumi, K.; Hoffmann, R Znorg. Chem. 1980,19,2656-2658. 
Pwkko. P.: Laaksonen. L. J. Phvs. Chem. 1984. 88. 

d alch, P. F.; Ellis, D. E. J. Chem. Phys. 1976,65,2387-2392. 

, I  

4892-4695. ’ 

Pyykko, P.; Laakkonen, L.; Tataumi, K. Znorg. Chem. 1989, 

Veal, B. W.; Lam, D. J.; Carnall, W. T.; Hoekstra, H. R. Phys. 
Rev. B 1975, 12,5651-5663. 
Cox, L. E. J. Elect. Spect. Rel. Phen. 1982, 26, 167-171. 
Cmelin Handbook o Inorganic Chemistry; Springer Verlag: 

Gabelnick, S. D.; Reedy, 8. T.; Chasanov, M. G. J. Chem. 
Phys. 1974,60,1167-1171. 
Marian, C. M.; W en, U.; Gropen, 0.; Pyykko, P. J. Mol. 
Struct. (THEW*%%) 1988,169,339-354. 
Krauss, M.; Stevens, W. J. Chem. Phys. Lett .  1983, 99, 
417-421. 
AlmlBf, J.; Fmgri, K., Jr.; Grelland, H. H. Chem. Phys. Lett .  
1985, 114,53-57. 
Heera, V.; Wifed, G.; Zieache, P. Phys. Stat. Sol. B 1983,118, 
K107-K112; Phys. Stat. Sol. B 1983,119, Kl-K4. 
Gubanov, V. A,; W n ,  A.; Ellii, D. E. Solid State Commun. 
1977,22, 219-223. 
Gubanov, V. A.; Ro&n, A.; Ellis, D. E. J. Inorg. Nucl. Chem. 
1979,41,975-986. 
Gubanov, V. A.; RosBn, A.; Ellis, D. E. J. Phys. Chem. Solids 
1979.40. 17-28. 

28, 1801-1805. 

West Berlin, 1983; t Sup lement A6. 

Ellis,’D. E:; Goodman, G. L. Znt. J. Quantum Chem. 1984,25, 
1 A.5-2W. - -- - - - . 
Ellis, D. E.; Gubanov, V. A.; Rosh,  A. J. Phys. Colloq. C4 
1979, 40, 187. 
Weber, J.; Gubanov, V. A. J. Inorg. Nucl. Chem. 1979, 41, 
693-699. _._ _.. 

Allen, G. C.; Baerends, E. J.; Vernooi’s P., ke, J. M.; Ellis, 
A. M.; FehBr, M.; Morris, A. J. &ei.?hys. 1988, 89, 
5363-5372. 
Makhyoun, M. A. Inorg. Chem. 1987,26, 3592-3595. 
Borhovskii, N. B.; Lyudchik, A. M. Dokl. Akad. Nauk. Belor. 
SSR 1986,29, 137. 
Hutchinson, D. A.; Chen, K. S.; Russell, J.; Wan, J. K. S. J. 
Chem. Phys. 1980, 73, 1862-1866. 
(a) Kealy, T. J.; Pauson, P. L. Nature 1951,168,1039-1040. 
(b) Miller, S. A.; Tebboth, J. A.; Tremaine, J. F. J. Chem. 
SOC. 1952, 632-635. (c) Wilkinson, G.; Rosenblum, M.; 
Whiting, M. C.; Woodward, R. B. J. Am. Chem. SOC. 1952, 
74,2125-2126. (d) Fischer, E. 0.; Pfab, W. Z .  Naturforsch. 
1962, 7B, 377-379. 
Moffitt, W. In Reynolds, L. T.; Wilkinson, G. J. Inorg. Nucl. 
Chem. 1966,2,246-253. 
Raymond, K. N.; Eigenbrot, C. W., Jr. Acc. Chem. Res. 1980, 
13,276-283. 
Marcalo, J.; Pires De Matos, A. Polyhedron 1989, 8, 2431. 
Tataumi, K.; Hoffmann, R. Inot . Chem. 1984,23,1633-1634. 
Tataumi, K.; Nakamura, A. J. drganomet. Chem. 1984,272, 

Amberger, H.-D. J. Organomet. Chem. 1976, 110,54-66. 
Amberger, H.-D.; Fischer, R. D.; Kanellakopulos, B. Z .  Na- 
turforsch. B 1976,31, 12-21. 
Bursten, B. E.; Casarin, M.; DiBella, S.; Fang, A.; FragalA, I. 
Znorg. Chem. 1985,24, 2169-2173. 
Bursten, B. E.; Fang, A. Znorg. Chim. Acta 1985, 110, 

141-154. 

153-160. 
Bursten, B. E.; Rhodes, L. F.; Strittmatter, R. J. J.  Am. 
Chem. SOC. 1989,111, 2756-2758. 
Bursten, B. E.; Rhodes, L. F.; Strittmatter, R. J. J.  Am. 
Chem. SOC. 1989,111, 2758-2766. 
Vittadini, A,; Caaarin, M.; Aj6, D.; Bertoncello, M.; Ciliberto, 
E.; Gulino, A.; FragalA, I. Inorg. Chim. Acta 1986,121, L23- 
r nr 
YOU. 

Cramer, R. E.; Maynard, R. B.; Paw, J. C.; Gilje, J. W. J. Am. 
Chem. SOC. 1981, 103, 3589-3590. 

(198) Bursten, B. E.; Fang, A. J. Am. Chem. SOC. 1983, 105, 
6495-6496. 

(199) Cramer, R. E.; Mori, A. L.; Ma ard, R. B.; Gilje, J. W.; 
Tataumi, K.; Nakamura, A. J. 2. Chem. SOC. 1984, 106, 
592&5926. -. -. . . -. 

(200) (a) Laubereau, P. G.; Burns, J. H. Inor Nucl. Chem. Letters 
1970,6, 59-63. (b) Baum iirtner, F.; gischer, E. 0: Billich, 
H.; Dornberger, E.; Kanefiakopulos, B.; Roth, W.; heglitz, 
L. J. Organometal. Chem. 1970,22, C17-Cl8. 

(201) Laubereau, P. G.; Burns, J. H. Znorg. Chem. 1970, 9, 

(202) Strittmatter, R. J. Ph.D. Dissertation 1990, The Ohio State 
University, Columbus, OH. 

(203) Schneider, .W. F.; St+ttmatter, R. J.i Bursten, B. E.; Ellis, D. 
E. In Density Functional Methods in Chemistry; Labanow- 
ski, J. K., Andzelm, J. W., Eds.; Springer-Verlag: New York, 
1991; pp 247-260. 

(204) Bursten, B. E.; Rhodes, L. F.; Strittmatter, R. J. J. Less- 
Common Met.  1989,149, 207-211. 

(205) Strittmatter, R. J.; Bursten, B. E. J. Am. Chem. SOC. 1991, 

(206) (a) Brennan, J. G. Ph.D. Dissertation 1985, University of 
California, Berkeley. (b) Brennan, J. G.; Stulta, S. D.; An- 
dersen, R. A.; W i n ,  A. Organometallics 1988, 7,1329-1334. 

(207) Brennan, J. G.; Andersen, R. A.; Robbins, J. L. J. Am. Chem. 
SOC. 1986,108,335-336. 

(208) Bursten, B. E.; Strittmatter, R. J. J. Am. Chem. SOC. 1987, 
109.6606-6608. 

1091-1095. 

113, 552-559. 

(211) Goffart, J.; Fuger, J.; Brown, D.; Duyckaerts, G. Znorg. Nucl. 

(212) Karraker, D. G.; Stone, J. A.; Jones, E. R., Jr.; Edelstein, N. 
Chem. Lett. 1974,10,413-419. 

J.  Am. Chem. SOC. 1970.92.4841-4845. 
(213) See, for example: (a) Ddlinger, R. F.; Stein, P.; S iro, T. G. 

J. Am. Chem. SOC. 1978,100, 7865-7870. (b) L d e ,  W. D.; 
Streitwieser, A., Jr. In Lanthanide and Actinide Chemistry 
and Spectroscopy; Edelstein, N. M., Ed.; ACS Symposium 
Series 131; American Chemical Society: Washington, 1980; 

(214) Warren, K. D. Struct. Bonding 1977, 33, 97-138. 
(215) Fischer, R. D. Theor. Chim. Acta (Berlin) 1963,1,418-431. 
(216) Amberger, H.-D.; Fischer, R. D.; Kanellakopulos, B. Theoret. 

(217) Hayes, R. G.; Edelstein, N. J. Am. Chem. SOC. 1972, 94, 

(218) RGach, N.; Streitwieser, A., Jr. J. Organomet. Chem. 1978, 

(219) Rosch, N.; Streitwieser, A., Jr. J. Am. Chem. SOC. 1983, 105, 

(220) RGach, N. Inorg. Chim. Acta 1984,94, 297-299. 
(221) Boerrigter, P. M.; Baerends, E. J.; Snijders, J. G. Chem. Phys. 

pp 93-140. 

Chim. Acta (Berlin) 1975,37, 105-127. 

8688-8691. 

145, 195-200. 

7237-7240. 

1988.122. 357-374. 
(222) 

(223) 
(224) 

(a) Clark,’J. P.; Green, J. C. J. Organometal. Chem. 1976, 
112, C14-Cl6. (b) Fragalh, I.; Condorelli, G.; Zanella, P.; 
Tondella, E. J. Organometal. Chem. 1976,122,357-363. (c) 
Clark, J. P.; Green, J. C. J. Chem. SOC. Dalton Trans. 1977, 
505-508. (d) Brennan, J. G.; Green, J. C.; Redfern, C. M. J. 
Am. Chem. SOC. 1989,111, 2373-2377. 
Bursten, B. E.; Ozin, G. A. Inorg. Chem. 1984,23,2910-2911. 
Peuwr. M.: Bursten. B. E. J. Am. Chem. SOC. 1990. 112. . .  . .  
78@-7804. ’ 

(225) (a) Mucci, J. F.; March, N. H. J. Chem. Phys. 1985,82,5099. 
(b) Pucci, R.; March, N. H. Phys. Reu. A 1986,33,3511-3514. 

(226) Gingerich, K. A. Symp. Faraday SOC. 1980, 14, 109-125. 
(227) Ritchey, J. M.; Zozulin, A. J.; Wrobleski, D. A.; Ryan, R. R.; 

Wasserman, H. J.; Moody, D. C.; Paine, R. T. J. Am. Chem. 

(228) Ortiz, J. V. J. Am. Chem. SOC. 1986, 108, 550-551. 
SOC. 1985, 107, 501-503. 



Eiectronlc Structure of Actlnlde-Contalnlng Molecules 

(229) Makh oun M. A.; El-ha,  B. D.; Salsa, B. A. J.  Mol. Struct. 
(THEbCdEh4) 1987,153,241-248 

(230) Hay, P. J.; Ryan, R. R.; Salazar, K. V.; Wrobleski, D. A,; 
Sattelber er, A. P. J. Am. Chem. SOC. 1986, 108, 313-315. 

(231) Sternal, If. S.; Brock, C. P.; Marks, T. J. J. Am. Chem. SOC. 
1986, 107,8270-8272. 

(232) Bursten, B. E.; Novo-Gradac, K. J. J .  Am. Chem. SOC. 1987, 
109,904-905. 

(233) Sternal, R. S.; Marks, T. J. Organometallics 1987, 6, 
2621-2623. 

(234) Novo-Gradac, K. J. Ph.D. Dissertation 1989, The Ohio State 
University, Columbus, OH. 

Chemical Reviews, 1991, Vol. 91, No. 5 741 

(235) Bursten, B. E.; Casarin, M.; Ellis, D. E.; Fragali, I.; Marks, 
T. J. Znor . Chem. 1986,25,1267-1261. 

(236) Van Der &ys, W. G.; Sattelberger, A. P. Chem. Rev. 1990, 

(237) (a) James, B. D.; Smith, B. E.; Wallbrid e, M. G. H. J. Mol. 
Structure 1972,14,327-329. (b) Banks,%. H.; Edelstein, N. 
M. In Lanthanide and Actinide Chemistry and Spectrosco- 
p y ;  Edelstein, N. M., Ed.; ACS Symposium Series 131; Am- 
erican Chemical Society: Washington, 1980, p 331. 

(238) Hohl, D.; RBsch, N. Znorg. Chem. 1986,!?5, 2711-2718. 
(239) Hohl, D.; Ellis, D. E.; Rasch, N. Znorg. Chim. Acta 1987,127, 

195-202. 

90, 1027-1040. 


