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I. Introduction

During the last 20 years the end of the periodic
table has been a subject of both experimental and
theoretical interest. Discovery of new elements and
their long-lived isotopes have given an impact to
investigations of their physical and chemical proper-
ties. Apart from general interest, this knowledge is
important for the chemical separation of these ele-
ments which is one of the methods of their detection.
Starting with element 104, the transactinides

represent the last transition element series, with
element 112 being discovered1 just few months ago
and elements 110 and 111 a year before.2 Names for
elements 104-109, which were proposed by scientists
who produced them and approved in 1994 by the ACS
for their use in the United States are the following:
104, rutherfordium (Rf); 105, hahnium (Ha); 106,
seaborgium (Sg); 107, nielsbohrium (Ns); 108, has-
sium (Hs); and 109, meitnerium (Mt).
On the basis of their location in the periodic table,

the transactinides are expected to exhibit chemistry
analogous to that of other transition elements, where
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the filling of the (n-1)d valence shell takes place.
Special interest in these elements is dictated by the
fact that in this area of the periodic table relativistic
effects have such a strong influence on their elec-
tronic structure and the structure of their com-
pounds, that it might result in a deviation from
trends in properties found within the lighter analogs.
Among these properties are oxidation states (redox
potentials), ionic radii, complexing ability, etc. which
are important for their chemical separation.
Although almost all the transactinides are pres-

ently known, studies of chemical properties have only
been performed on Rf and Ha, which have rather
long-lived isotopes 261Rf (65-s) and 262Ha (35-s). The
known isotopes of elements Sg and Ns live only 0.9
and 0.1 s, respectively, and of the further elements,
only few milliseconds. Recently, however, new esti-
mates of the half-lives of two longer-lived isotopes of
Sg of the order of =10-30s have been reported.3a
There are some predictions of the existence of longer
lived isotopes (of the order of few seconds) of Ns.3b

Such short half-lives and low production rates of
the heavy elements (beyond Fm) make experimental
investigations of their atomic and molecular proper-
ties very difficult. For this case special “fast-
chemistry” techniques have been developed. They
are based on the principle of the chromatographic
separation, which has advantages over other meth-
ods, since each of the few available atoms experiences
many adsorption-desorption cycles thus ensuring a
statistical chemical behavior. The experiments are
subdivided into two large groups: gas-phase chro-
matography experiments4-9 studying volatility of the
heavy elements and their compounds, and liquid
chromatography technique,10-12 studying complex
formation in aqueous solutions.
Results of these experiments4-13 on the chemistry

of elements 103 (Lr), 104 (Rf), and 105 (Ha) provided
strong evidence that the actinide series ends at Lr
and a new series begins with element 104. Rf was

found to be an analog of the group 4 elements, Zr
and Hf, and Ha an analog of the group 5 elements,
Nb and Ta, and their chemical behavior was char-
acteristic of the elements of these groups.
These experiments, however, revealed that the

properties within the groups do not change smoothly
and that there is a break in periodicities. Thus, in
the gas-phase chromatography experiments ruther-
fordium tetrachloride and bromide were found to be
more volatile than analogous HfCl4 and HfBr47b,8a,e,g
while hahnium pentabromide was substantially less
volatile than NbBr5 and TaBr5.9a,f In the solvent
extraction experiments,12 Ha was found to be ex-
tracted together with Nb (and Pa) and not with Ta,
which means that the trend for the formation of a
particular type of complex in the group is broken in
going from Ta to Ha. New experiments are in
preparation to study the chemical behavior of Sg.13
Reviews covering experimental research in this area
are given in refs 14-25.
Complexity and the high costs of the experiments

on the transactinides make theoretical investigations
and predictions highly desirable. The first of such
predictions of chemical properties based on results
of relativistic atomic calculations, different qualita-
tive theories, and general knowledge about the
periodic system were made more than 20 years
ago.26-35 These works gave an insight into trends in
fundamental properties of elements belonging to the
transition 6d, 7d, and 8d series. These properties
were ionization potentials, ionic/atomic/metallic radii,
electronic configurations, stabilities of oxidation states,
etc. As a result, a conclusion about similarity in
properties and chemical behavior between the trans-
actinides and the lighter 4d and 5d analogs has been
made. Reviews covering this area can be found in
refs 14, 37, and 38.
Later, results of more accurate (multiconfiguration

Dirac-Fock) relativistic atomic calculations39-43 pro-
vided new values for the atomic properties. Some
papers43,44 have been published on predictions of
properties of Rf compounds (enthalpies of formation
of halides and redox potentials) using the results of
the new calculations and some semiempirical models.
The number of publications devoted to the inves-

tigations of properties of transactinide-containing
compounds based on results of molecular calculations
up to 1989 and 1990 was considered negligible. Only
a few publications45,46 have shown the possibility of
the application of modern relativistic quantum-
chemical codes to calculate the electronic structure
of the heavy and superheavy element compounds. In
refs 47 and 48 the influence of relativistic effects on
bond lengths in model tetra- and hexahydrides of Rf
and Sg has been analyzed. Only relatively recently
did some calculations49,50 of the electronic structure
of Rf halides appear, with the final aim of interpret-
ing the results of the recent experiments. A more
systematic study as a part of the joint program on
the investigation of properties of the transactinide-
containing compounds was started in 1990, with the
results being presented in refs 51-64. Some related
publications65-68 from other groups appearing in the
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literature show growing interest in this quickly
developing area.
The main purpose of this review is to present an

overview of the results of studies concerning the
electronic structure and properties of transactinide-
containing compounds based on molecular-orbital
calculations, on very recent atomic calculations and
on different qualitative or quantitative theories.
In the next section, recent achievements in the

development of relativistic atomic codes and results
of the calculations together with their application are
presented. Section III is devoted to estimates of
sublimation enthalpies of the metals. In section IV,
relativistic molecular codes and their application to
the transactinide-containing compounds are de-
scribed. In the subsequent sections, V-IX, results
of the calculations of the electronic structure of
hydrides, halides, oxides, oxyhalides, and other com-
pounds of the transactinides are presented. Volatil-
ity of the transactinide halides and oxyhalides is
discussed in section X. Sections XI and XII are
devoted to the solution chemistry of the transac-
tinides: to redox potentials (section XI) and to the
electronic structure and extractability of neutral and
anionic complexes (section XII).

II. Relativistic Effects on Atomic Properties of
Rf, Ha, and Sg
Relativistic effects, which increase proportionally

with respect to Z2 for atomic electronic shells, are the
reason for a strong energetic stabilization of the s and
p orbitals and their spatial contraction, and, as a
secondary effect, a destabilization and expansion of
the (outer) d and f orbitals. In the 5d elements, such
changes in the valence 6s and 5d orbitals result in
quantitative and qualitative alterations in properties
of their compounds. Much larger changes in the
energy and spatial distribution of the valence 7s, 7p,
and 6d electrons in the transactinides result in larger
changes in properties, leading in some cases to
deviations from the trends found within the lighter
analogs. Among these properties are electronic con-
figurations, ionization potentials, ionic/atomic radii,
oxidation states (redox potentials), complexing abil-
ity, etc.

A. Methods for Calculating the Electronic
Structure of Heavy Atoms and Ions
Fundamental predictions of chemical properties of

the transactinides based on results of relativistic
atomic calculations have been made by Mann, Waber,
and co-workers29 and by Fricke and Greiner.28,70 The
calculations of the heavy element atoms and ions
have been performed by using the single-configura-
tion Dirac-Fock (DF) method26,29,36,69 and analogous
local-density model, the Dirac-Slater (DS).27,28,31,37,38,70
Results and their application to the interpretation
of chemical properties are summarized in early
reviews of Fricke.37,38 To the list of references
presented there calculations of Desclaux36 should be
added. (The full list of atomic calculations up to 1985
can be found in ref 71.)
Starting in 1980, multiconfiguration Dirac-Fock

(MCDF) calculations39-42 for the very heavy elements

appeared, showing in some cases significantly dif-
ferent results than those which were expected on the
basis of a straightforward extrapolation of the peri-
odic table or from the DS or DF calculations.

The MCDF method is known to take into account
most of the correlation effects while retaining only a
reasonable number of configurations.72 In its rela-
tivistic version, it has the advantage of working ab
initio in the intermediate coupling scheme thus
allowing convergence to a well-specified state. The
method nevertheless largely omits dynamic correla-
tion and some core polarization, since excitations of
the type (nj) f (n′j) cannot be handled. A detailed
description of the method is given in ref 72c; the
general theory, in refs 72a,b.

Another method, successfully treating correlation
effects in many-electron systems is the relativistic
many-body perturbation theory (MBPT).73 The
method is however more suitable for highly charged
atoms74 (where few terms of the perturbation series
suffice), but less suitable for neutral atoms (where
higher orders of the series are nonnegligible). Cal-
culations of atoms as heavy as Rb,75 Rn, Hg,76 Cs,
and Tl74,77 have been reported.

The drawbacks of the MBPT method are elimi-
nated in the coupled-cluster (CC) formalism,78 an all-
order method, where infinite subclasses of contribu-
tions are summed. (For a recent review of the
nonrelativistic CC method see ref 79.)

Both relativistic MBPT and CC methods are based
on the solution of the four-component one-electron
Dirac-Fock-Breit (DFB) equation.80,81 The relativ-
istic Hamiltonian in the “no-virtual pair” approxima-
tion contains the Coulomb potential (describing the
instantaneous electrostatic interaction) and the Breit
potential (describing magnetostatic terms).73,78 In-
clusion of the latter term increases the accuracy of
the calculated fine-structure splittings and inner-
electron binding energies. The relativistic effects are
included to second order in the fine-structure con-
stant R. Correlation effects in the CC method are
then incorporated by the CC formalism in the Fock
space,82-86 Hilbert space,87 or other approximations.88

Developed in a discrete global analytical four-
component spinor basis, the relativistic multirefer-
ence Fock-space CC method83 takes into account the
effects of virtual single and double excitation (CCSD)
as well as their products and powers to all orders. It
proved to be the most accurate for a large variety of
systems. The method takes into account most of the
dynamic correlations, omitted fromMCDF, and a core
polarization. At present it is limited to one and two
particle valence sectors of the Fock space, i.e., it can
only treat the states which can be reached from a
closed shell by adding or removing no more than two
electrons. In addition, the computational costs are
very high.

The CCSD method has been applied to the calcula-
tions of the electronic structure of the very heavy ele-
ments: Lr, Rf, and 111-113.84-86 Calculations for
other superheavy elements are in progress.
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B. Results of Relativistic Atomic Calculations

1. Electronic Configurations

Lr was the first element where a strong relativistic
stabilization of the 7p1/2 orbital was supposed to
result in an unusual ground-state electronic config-
uration. This state, 7s27p, was first proposed by
Mann,29c and later by Brewer,89 although the DF
calculations of Desclaux36 predicted 7s26d. For Rf
and heavier elements, DF calculations36 predicted an
(n-1)dmns2 ground-state configuration (n is the num-
ber of the period and m goes from 1 to 10).
In 1980, calculations of Desclaux and Fricke,39

using the MCDFmethod, have shown that spin-orbit
stabilization plays a dominant role in Lr, so that the
ground-state electronic configuration is 7s27p(2P1/2)
in contrast to the earlier expected 7s26d, assumed by
analogy with Lu. In these calculations the energy
difference between the (n-1)d and np configurations
of Y, La, and Lu was about 0.3 eV lower compared
to the experimental value. The calculated energy
difference for Lr was corrected by this value which
resulted in the 7s27p ground-state configuration. The
first excited state at about (1.5 ( 1) × 103 cm-1 (J )
3/2) was 7s2d.
Calculations40,41 for Rf using the same MCDF

method have also obtained an electronic configura-
tion which is different from that expected from the
periodic table. By taking into account 468 jj configu-
rations,40 the ground state was shown to be J ) 2
consisting of 6d7s27p1/2 (80%), with the first excited-
state configuration 6d27s2 (95%) being 0.540 or 0.24
eV41 higher in energy. The 7s27p2 electronic config-
uration, proposed in ref 16 as the ground state,
turned out to be 2.9 eV above the ground state.
Recent calculations84 using the CCSDmethod have

given a different electronic configuration for Rf than
the one obtained by the MCDF method, but
in agreement with the early predictions:36-38

7s26d2(3F2). The 7s27p6d(3D2) state was found to lie
about 0.30 eV above the ground state. The difference
between the MCDF and CCSD calculations was
explained by the fact that the former take into
account only nondynamic correlations of the outer
four electrons. The CCSD calculations performed
without correlated f electrons resulted in the same
relation between the two electronic configurations
like that obtained by using the MCDF method.
Inclusion of the f electrons and electrons with higher
l number (up to 6) resulted in an inversion of these
levels. Thus, the dynamic correlation of the system,
requiring virtual orbitals with l up to 6, turned out
to be responsible for the reversal. The Breit interac-
tion was shown to have a large effect on total
energies, but a very small effect on correlation and
transition energies in the outer shells.
The CCSD calculations86 for Lr confirmed the 7s2-

7p ground-state electronic configuration obtained in
the MCDF calculations.39 The next excited state,
7s26d3/2(2D3/2), is found to be about 0.16 eV higher in
energy, which is in good agreement with the corrected
value of 0.186 eV from the MCDF calculations.39 The
7s27p1/2 configuration was confirmed to be a result
of the relativistic stabilization of the 2P1/2 state.

For Ha, the MCDF calculations42 have given 6d3-
7s2 as the ground-state electronic configuration, in
accordance with earlier predictions.37,38 The relativ-
istic stabilization of the 7p1/2 orbital manifests itself
in the first excited configuration of this element, 6d3-
7s7p, lying at 1.9 eV higher in energy. The d4s
configuration, which was expected earlier to be the
next excited state, turned out to be 2.0 eV above the
ground state.
Preliminary MCDF calculations90 have shown a

similar situation for Sg: the ground-state electronic
configuration is 6d47s2 and the first excited state is
6d37s27p, located 1.64 eV higher in energy. Results
of the recent MCDF and CCSD calculations for
elements Rf through Sg are shown in Table 1.
For element 111, the CCSD calculations85a have

shown that in contrast to the lighter group 11
elements, the atomic ground state is 6d97s2(2D5/2); the
2D3/2 state is higher by 2.69 eV, and the 6d107s
configuration lies 2.95 eV above the 2D5/2. The
reversal is ascribed to relativistic effects. These
results are very close to the relativistic Hartree-
Fock-Slater calculations of Keller et al.30 The 6d10-
7s2 ground state was confirmed for element 112.85b
A recent CCSD result for the ground state of element
113 is 6d107s27p1/2(2P1/2).85c
Thus, the results of the atomic calculations have

shown that a strong relativistic stabilization of the
7s electrons manifests itself in the stabilization of the
7s2 pair over the entire transactinide series. The
effect of the ns electron stabilization was already
observed28,37,38,91,92 in the 5d elements in contrast to
the 4d ones (the change of the configuration from
5s4dm to 6s25dm-1, see Table 2). Nevertheless, in the
case of Au the tendency to fill the d shell is still
stronger than the relativistic stabilization of the 6s2
pair, while in the case of element 111, the relativistic
stabilization of the 7s2 pair is predominant.85a
The stabilization of the 7s2 pair with increasing Z

is particularly seen for the +1 ionized state of the
transactinides in contrast to their 5d analogs (with
some exceptions like Hf+) having the (n-1)dmns
configurations. Thus, e.g., the lowest configuration
of the Ha+ state is 6d27s2 (93%) in contrast to the

Table 1. Recent Physicochemical Data for Rf, Ha,
and Sg

Rf
property MCDFa,b CCSDc

Ha
MCDFd

Sg
MCDFe

chemical group 4 4 5 6
ground-state
configuration

6d7s27p 6d27s2 6d37s2 6d47s2

first excited
configuration

6d27s2 6d7s27p 6d37s7p 6d37s27p

excitation energy,
eV

0.5;a 0.24b 0.30 1.90 1.64

Rmax (Mz+), Å
(z ) max)

0.706b - 0.685 -

IR (Mz+), Å
(z ) max)

0.79b - 0.74 -

∑nIP (n ) max),
eV

76.80b - 126.38 -

IP(0)-(1+), eV 6.50b 6.01 6.89 7.10
most stable
oxidation state

4+ 4+ 5+ 6+ (4+ ?)

a Reference 40. b References 41 and 43. c Reference 84. d Ref-
erence 42. e Reference 90.
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(n-1)d3s configurations of V+, Nb+, and Ta+ (Table
2). (For the higher oxidation states of Ha (2+ and
3+), the (n-1)d3 main configuration has a large
admixture, up to 16%, of the 6dm7s1 configuration42).
The relativistic stabilization of the 7s orbitals was
also shown85 to lead to the 6d87s2 and 6d97s2 ground
states of the 111+ and 112+ ions, rather than the 6d9s
and d10s states of the lighter group 11 and 12
elements, respectively.
The theoretically predicted relativistic stabilization

of the 7p1/2 and 7s2 electrons was a reason to think
about stability of the +1 oxidation state of Lr (ref
16) and Rf (ref 40), of the +3 state of Ha and the +4
state of Sg (ref 38) in addition to the stability of their
maximum oxidation states. Estimates of the stability
of these and other states will be discussed in section
XI.
Availability of the 7p1/2 electrons in the ground-

state electronic configuration was also thought to lead
to a pronounced p character in the properties of these
elements. (See discussions of volatility of Lr in
section III.) Results of the later MO calculations49-52

have shown that a larger participation of the 7p1/2
orbitals of the transactinides in chemical bonding in
comparison with the lighter analogs in the groups
does not change the basic d character of bonding of
their compounds.

2. Orbital Energies and Ionization Potentials
The strength of the chemical bonding in a com-

pound is known to be determined by the energies of
atomic valence shells and their spatial distribution.
The influence of relativistic effects on the atomic and
molecular properties for elements lighter than the
transactinides has been extensively discussed in the
literature (see, e.g., refs 92-99).
In ref 57, the influence of relativistic effects on the

electronic structure and properties of the transac-
tinides has been analyzed on the basis of HFS and
DS atomic calculations, as well as on the HF and DF
data of Desclaux.36 As an example, in Figure 1
binding energies for group 5 elements, including Ha
and Pa, obtained as a result of the nonrelativistic HF
and relativistic DF calculations are shown. The ratio
of the relativistic DS to the nonrelativistic HFS
eigenvalues for the valence electrons of Nb, Ta, and
Ha are given in Table 3.
The following opposite trends have been observed

for the relativistic and nonrelativistic valence orbitals
in going from Nb to Ha: the nonrelativistic s and p1/2
orbitals become more destabilized, but (n-1)d orbit-
als become stabilized, while the relativistic s and p1/2
orbitals become more stabilized, but the (n-1)d
orbitalssdestabilized. However, if the trends in the
nonrelativistic and relativistic valence orbital changes
are the same in going from Nb to Ta, they become
opposite in going from Ta to Ha. Thus, nonrelativ-

istic description of the wave functions for the trans-
actinide elements will result in prediction of wrong
trends in properties within the groups.
In order to compare the transactinides with

pseudoanalogs within the actinides (e.g., Ha with Pa)
binding energies of Pa are also shown in Figure 1.
One can see that in addition to the 7s and 6d orbitals,
Pa has also the 5f orbitals in the valence region.
Being located at the beginning of the actinide series,
Pa has much less stabilized 7s (and 6d) electrons
than Ha, which has a filled 5f shell and, thus,
experiences the actinide contraction since the 7s
orbitals are not well screened and attracted to the
core. Thus, the bonding made by the valence orbitals
of Pa will be different from that of Ha.
The same effect was found in ref 68 for Sg with

respect to U. There, relativistic and nonrelativistic
energies of the atomic valence orbitals have been
compared for W, U, and Sg. A trend in their changes
with increasing atomic number was found to be
similar to that for the group 5 elements (see ref 57
and Figure 1). The 7s orbital of Sg is stabilized by
2.54 eV and contracted by about 0.34 Å by relativistic
effects.
In ref 100, the same opposite action of the orbital

and relativistic effects for the ns and np1/2 electrons
has been demonstrated for Rf and elements 111-115.

Table 2. Ground and First Ionized States for Group 4-6 Elements

group 4 group 5 group 6

Zr Hf Rf Nb Ta Ha Mo W Sg

M 4d25s2 5d26s2 6d27s2a 4d45s 5d36s2 6d37s2 4d55s 5d46s2 6d47s2
M+ 4d25s 5d6s2 6d7s2 4d4 5d36s 6d27s2 4d5 5d46s 6d37s2

a Reference 84; according to ref 41 the configuration is 6d7s27p.

Figure 1. Binding energies of the valence electrons for
Nb, Ta, and Ha as a result of the DF relativistic and HF
nonrelativistic calculations.36

Table 3. Ratio of the Relativistic (DS) to
Nonrelativistic (HFS) Rmax and Eigenvalues (E) for
the Valence Electrons of Nb, Ta, and Ha (Ref 57)

atom ns np1/2 np3/2 (n-1)d3/2 (n-1)d5/2
Erel/Enr

Nb(d4s) 1.0715 1.0879 0.9695 0.9341 0.8762
Ta(d3s2) 1.1833 1.1458 0.7521 0.7543 0.6164
Ha(d3s2) 1.5245 1.4612 0.4480 0.5514 0.3264

Rmax
rel /Rmax

nr

Nb(d4s) 0.9702 0.9660 0.9989 1.0080 1.0186
Ta(d3s2) 0.9089 0.9080 1.0191 1.0081 1.0453
Ha(d3s2) 0.7945 0.7870 1.0596 1.0127 1.0962
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In this work an effect of the filled 5f shell on the
atomic energies and expectation values of the valence
electrons has been demonstrated. Relativistic and
f-shell effects were shown not to be additive. The
orbital stabilization of the ns (or destabilizations of
the (n-1)d electrons) due to the filled f shell is
increased by relativistic effects. (Obviously, relativ-
istic f orbitals are more diffuse than their nonrela-
tivistic counterparts and their screening of the nuclear
charge is even less pronounced). The result of the f
shell’s and relativistic effects’ influence on the orbital
energies and wave functions is shown in Figures 2
and 3.
The first and multiple DFS ionization potentials

(IP) for elements 104-112 are given in ref 38.
Recently, the MCDF40,41 and CCSD84,85 values have
been provided for Rf, Ha, and elements 111-113. For
Rf, the MCDF calculations41 have shown the first
ionized electron to be a 7p1/2, with the IP(6d7s27p f
6d7s2) of 6.50 eV. (This value was obtained by
normalization and extrapolation over experimental
values for the lighter analogs.) The CCSD calcula-
tions84 have given a corrected value of the first IP of

6.01 eV with the first ionized electron being 6d (6d2-
7s2 f 6d7s2). The next IPs are the following:41 IP(Rf+
f Rf2+)7s26d f 7s2 of 14.80 eV (the CCSD calcula-
tions84 give 14.36 eV for this ionization); IP(Rf2+ f
Rf3+)7s2 f 7s of 23.80 eV; IP(Rf3+ f Rf4+) 7s f core
of 31.90 eV. The IP(Rf f Rf4+) 7s26d7p f core of
76.50 eV. The first through fifth MCDF IPs for Ha
are given in ref 42.
Since relativistic effects in the transactinides de-

stabilize 6d AOs and split them by the spin-orbit
interaction, the relativistic first IP and some others
of the transactinides are lower than the nonrelativ-
istic ones, and they are lower than those of the
analogous 5d elements. The relativistic decrease in
IP for the transition from the neutral to the maxi-
mum oxidation states (Table 4) enhances the stability
of the maximum oxidation states of Rf and Ha. The
same would probably hold for Sg which is still
awaiting the final results of the MCDF calculations.

3. Radial Charge Distributions and Atomic/Ionic Radii

Spatial distribution of the various electrons as 〈rn〉
(n ) -3, -1, 1, 2, 4, and 6) for elements up to 120 as
a result of the DF calculations are given by Des-
claux.36 Radii of maximum radial charge density in
the outermost shells for Rf and Ha and their ions
along with those values for the analogous elements
obtained as a result of the MCDF calculations are
given in refs 40-42. Atomic (AR) and ionic radii (IR)
of these elements in different oxidation states have
been estimated by normalization and extrapolation
of Rmax over known experimental values.41,42

According to the MCDF calculations,41 AR(Rf) is
larger than those of the analogs since the outer
electron is a 7p: AR(Hf,6s) ) 0.161 and AR(Rf,7p) )
0.178 au. Taking into account the results of the
CCSD calculations,84 AR(Rf) should be different (and
probably smaller) since the outer electron is the 7s.
(For Zr, Hf, and Rf the DF values36 of Rmax(ns) are
3.291, 3.048, and 2.972 au, respectively). For the +1
oxidation state of group 4 elements, IR decrease in
going down the group due to a decrease in Rmax(ns).41

Along the transactinide series, the ns function
becomes more contracted so that the smallest Rmax-
(ns) will be at element 112.36-38 In ref 100, the 5f-
shell effect on the space distribution of the ns and
np1/2 orbitals (their contraction) was shown to be
enhanced by relativistic effects (Figure 3). A much
smaller Rmax(7s) for elements 111 and 112 compared
to Ag, Au and Cd, Hg, respectively, was supposed to
result in the smallest bond lengths 111-X and 112X
in the series MX.
The MCDF IR(Rf4+) and IR(Ha5+) have been ob-

tained by an extrapolation and normalization of Rmax
of outer electrons of the filled 6p shell over known
experimental IR (Table 4).41,42 The data of Table 4
show that IR(M4+) and IR(M5+) of the 4d and 5d
elements, respectively, are almost equal due to the
lanthanide contraction (of about 0.020 Å) which was
shown48 to be up to 86% a nonrelativistic effect. The
IR of the corresponding transactinide ions are larger
than those of the 5d elements due to the shell-
structure expansion of the outer 6p3/2 orbitals en-
hanced by relativity. Due to the actinide contraction
(of 0.030 Å), which is a mostly relativistic effect, IR

Figure 2. Orbital energies of the valence ns electrons (n
) 4-7). HF-ps and DF-ps indicate nonrelativistic and
relativistic calculations for the pseudoatoms, respectively,
(i.e., atoms with 4f or 5f electrons removed). (Reproduced
with permission from ref 100. Copyright 1995 American
Chemical Society.)

Figure 3. 〈r〉 expectation value of the valence ns orbitals
(n ) 4-7). HF-ps and DF-ps indicate nonrelativistic and
relativistic calculations for the pseudoatoms, respectively,
(i.e., atoms with 4f or 5f electrons removed). (Reproduced
with permission from ref 100. Copyright 1995 American
Chemical Society.)
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of the transactinides are smaller than the radii of the
corresponding actinides.
The MCDF ionic radii for the +2, +3, and +4

oxidation states of group 5 elements, including Ha,
increase with increasing atomic number due to the
relativistic and orbital expansion of the d orbitals.
Thus, as it was concluded earlier,37,38 larger ionic

and covalent radii, smaller ionization energies, and
close spacing of the energies of the valence orbitals
of Rf and Ha, compared to their lighter analogs will
facilitate stability of their maximum oxidation states
and will be the basis for a rich chemistry of complex
ions in solutions.
An analysis of the influence of relativistic effects

on Rmax and on the involvement of different orbitals
in chemical bonding in the transactinides has been
done in refs 57, 67, and 68. Relativistic radial
contraction or extension of the valence orbitals can
be seen in Table 3 and Figures 4-6 for group 5
elements, as an example.57 Thus, Rmax for different
valence orbitals changes in a different way within
the groups: due to the relativistic contraction of the
ns and np1/2 orbitals, their relativistic Rmax decreases
with increasing Z, while the nonrelativistic values
show just the opposite trend (Figures 4 and 5). (For
these orbitals relativistic and orbital effects act in
opposite directions. According to the DS calcula-
tions57 of the elements for electronic configurations
which they have in compounds, e.g. in MCl5, the
relativistic shift in Rmax(ns) Nb, Ta, and Ha is 3, 9.1,
and 20.5%, respectively.) For relativistic np3/2, (n-
1)d3/2 and (n-1)d5/2 electrons Rmax increases in going
down the group with the relativistic effect enhancing
the orbital effect for the (n-1)d5/2 orbitals (Figure 6).
The opposite behaviors of the relativistic and

nonrelativistic valence ns and np1/2 orbitals were
shown to result in different trends in chemical
bonding in going from the 5d to the 6d compounds
(see results of the molecular calculations in section
VI).

III. Electronic Configurations and Sublimation
Enthalpies of the Transactinide Metals
Knowledge of the sublimation energies of the

transactinide metals, ∆Hs, is very important not only
for studying properties of individual atoms, but also
for calculating different properties of their com-
pounds, such as enthalpies of formation, sublimation,
etc. Since the transactinides are available only in
“one-atom-at-a-time” quantities, it is impossible to
measure their ∆Hs from the bulk metallic state.
An indirect way to estimate ∆Hs from experimental

data for single atoms was proposed in ref 103. Heats
of adsorption of Cf, Es, Fm, and Md on a metallic

surface of the chromatography column, measured in
the gas-phase chromatography experiments, were
shown to be proportional to the sublimation enthal-
pies of their metals.103,104 Since the electronic envi-
ronment is different when the atom is adsorbed on a
surface and when it is in the bulk material, the choice
of the right surface was claimed to be important to
ensure the proportionality between these two values.
This technique, however, would not be useful for the
transactinides, since it is extremely difficult to sta-
bilize elements in the atomic state at temperatures
higher than 1000 °C applied there. Thus, theoretical
predictions become the only way to obtain the infor-
mation about ∆Hs.

Table 4. Multiple Ionization Potentials (0-4+) and (0-5+), Radii of Maximum Radial Charge Density (Rmax) and
Ionic Radii (IR) for M4+ and M5+

group 4 group 5

element ∑IP, eVa Rmax, Åb IR, Åc element ∑IP, eVa Rmax, Åd IR, Åc

Ti 91.15 0.47 0.61 V 162.64 0.44 0.54
Zr 77.29 0.62 0.72 Nb 135.05 0.59 0.64
Hf 77.50 0.63 0.71 Ta 132.03 0.60 0.64
Rf 76.80b 0.71 0.79b Ha 126.38d 0.69 0.74d

a Reference 101. b Reference 41. c Reference 102. d Reference 42.

Figure 4. Radial distribution of the ns electrons in Nb,
Ta, and Ha as a result of atomic DS relativistic (full line)
and HF nonrelativistic (dashed line) calculations. The
dashed-dotted (mol) are relativistic calculations of the
metal ions for electronic configurations obtained in the
molecular DS DVM calculations for MCl5. (Reproduced
from ref 57. Copyright 1993 American Institute of Phys-
ics.)
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Estimates of the sublimation enthalpies of the
unknown elements, as well as of some other proper-
ties, were mostly made by using the periodic law.
Among heavy elements, Lr was a special subject

of interest due to the (calculated39) 7s27p ground-state
electronic configuration. This element was believed
to be as volatile as other p elements, e.g., Tl having
the 6s26p configuration.
First Keller16 and then Eichler105 used a linear

correlation between ∆Hs and the atomic number of
elements Al-Ga-In-Tl to estimate ∆Hs(p) for Lr (as
a “p” element). The value obtained was 135 kJ/mol
(32.26 kcal/mol) which means that the volatility of
Lr would be as high as that of the other p elements.

∆Hs(d) for Lr (as a d element) was estimated using
the following relation

where Eb is the binding energy and ∆E is the
difference between electronic configurations in the
metallic and gaseous states. Eb was shown106-108 to
vary smoothly with atomic number, and for the
lanthanides and actinides to be nearly a constant
value. The obtained ∆Hs(d) for Lr were 414 kJ/mol
(98.9 kcal/mol);107,108 351 kJ/mol (83.9 kcal/mol),109
and 410 kJ/mol (98 kcal/mol).110 Thus, the difference
between ∆Hs(d) and ∆Hs(p) was found to be =4 eV,
which could have been detected easily in experi-
ments.
Attempts to separate Lr(p) from the other actinides

using the high-temperature gas-phase chromatogra-
phy in quartz and Pt columns4 nevertheless failed.
Conducted at temperatures around 1000 °C in the
reducing atmosphere of He/H2 (to keep Lr in the
atomic state), the experiment has given a lower limit
for the adsorption enthalpy for Lr of g290 kJ/mol,
which is significantly higher than the expected value
for Lr(p). Thus, Lr was found to be as nonvolatile
as the other actinides. The results, however, did not
exclude existence of Lr(p). It is possible, that when
interacting with the surface of the column the atom
easily reaches its excited 7s26d state, which is only
0.24 eV above the ground state, thus losing its “p”
character.
For the heavier elements, first estimates of ∆Hs

have been obtained through an extrapolation versus
the row of the periodic table.15,38 Later, some more
elaborate schemes were used to obtain ∆Hs for Rf
through Sg. For example, in ref 49 ∆Hs(Rf) was
calculated by using the relation 1, with Eb being
shown to have a linear dependence on the atomic
number in group 4. (The electronic configuration of
the Rf metal was assumed to be 6d37s by analogy
with Zr and Hf). Since the calculated40,41 MCDF
ground state electronic configuration was 6d7s27p1/2,
∆E ) E(d3s) - E(ds2p) was larger than ∆E ) E(d3s)
- E(d2s2), so that the estimated ∆Hs of Sg of 610 (
25 kJ/mol (145.8 kcal/mol) was below that value of
Hf. The 6d27s2 ground-state configuration would
result in an increse in the sublimation energy up to
655 ( 25 kJ/mol (156.5 kcal/mol). In ref 44 an
estimate of ∆Hs(Rf) of 540 kJ/mol was given by
comparison with ∆Hs(Hf). The proposed value is
obviously too low. The predictions are summarized
in Table 5.
An experiment111 designed to check for the “p” or

“d” behavior of Rf according to the proposed different
ground-state electronic configurations has only given
a lower limit of the sublimation enthalpy of 370 kJ/
mol (88 kcal/mol). This indicated that Rf is not as
volatile as Sn or Pb, but rather nonvolatile like
analogous d elements. It was also concluded that this
sort of experiment was not the proper one to be able
to distinguish between a “p” or “d” character of the
element, since it is difficult to stabilize the transac-
tinides in the atomic state at the required tempera-
tures (above 1500 °C).
Another empirical approach to estimate ∆Hs for the

transactinides was proposed by Eichler.104,112 He

Figure 5. The radial density of the relativistic (full line)
and nonrelativistic (dashed line) np1/2 electrons in the
molecules MCl5. (Reproduced from ref 57. Copyright 1993
American Institute of Physics.)

Figure 6. The radial distribution of the relativistic (full
line) and nonrelativistic (dashed line) (n-1)d electrons in
the molecules MCl5. (Reproduced from ref 57. Copyright
1993 American Institute of Physics.)

∆Hs ) Eb - ∆E (1)
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used linear correlations (within the groups) either
between log ∆Hs and the entropy of sublimation of a
metal, S(g), or between ∆Hs and the electronic metal
density nws, which in turn was expressed via S(g).
The latter values were obtained via a linear correla-
tion with ln A, where A is the atomic weight. These
two correlations resulted for Ha in two different
values of ∆Hs of 835 and 700 kJ/mol (199.6 and 167.3
kcal/mol), respectively. For Sg, estimated in this
way112d enthalpies of formation span a large range
of values: 900-1156 kJ/mol (215-276 kcal/mol), so
preventing their use in unambiguous predictions of
properties. This empirical approach does not take
into account electronic configurations of elements and
metals and their possible change caused by strong
relativistic effects.
To eliminate the descrepancies between different

models, a systematic approach was attempted in refs
63a-d. A new semiempirical model was proposed to
estimate sublimation enthalpies for all the transition
elements. The model appeared as a generalization
of different electronic correlations113-115 used to es-
timate various properties of metals such as cohesive
energy, Ec(∆Hs), type of crystal lattice, phase transi-
tions, etc.
The following equation has been proposed to cal-

culate the cohesive energy of a metal63

where Cnd is an empirically determined coefficient,
Z is the atomic number, and γ is equal to the
following

where “M” and “A” denotes “metal” and “atom”, and
(2L + 1) is the degree of degeneracy of each L state.
A character of the dependence of ∆Hs on Z along a
transition element series is defined by 1/γ. Any
change in the electronic configuration of the free
atom, or participation of the p orbital in the formation

of the metallic state, will influence the character of
the dependence of ∆Hs on Z.
In eq 2 the choice of Cnd is very important. Cnd was

shown to decrease exponentially from the third to the
sixth period

where x ) k∆Z, and ∆Z is the difference in the
number of valence electrons between an element of
the nd series and a corresponding element of the 3d
series; k ) 0.1 is an empirical coefficient, and a, b,
and y are parameters, determined from the known
∆Hs for each group of elements.116
The ∆Hs, calculated via eq 2, for all the d elements

are shown in Figure 7. An exponential form of eq 4
results in ∆Hs for the transactinides being within
those values for the 5d elements. One can see that
there is no simple increase in ∆Hs in going down a
group, and in some groups the trend is reversed.
(Thus, e.g., a decrease in ∆Hs in group 12 results in
element 112 being a gas, as it was supposed ear-
lier37,104). Obviously, simplified extrapolations of ∆Hs
within the groups would result in large errors.
A good agreement between the calculated and

experimental values for the lighter d elements gives
a hope for the reliability of the proposed method. On
the basis of this model, approximate electronic con-
figurations of the transactinide atoms in metals have
been predicted. For Rf through Sg they are given in
Table 5. Two values of ∆Hs(Sg) correspond to the two
proposed electronic configurations in the metallic
state: d5s and d5p + d4sp. In the same work63d ln
p(T) (where p is the equilibrium vapor pressure over
a substance) for Rf was calculated.
In ref 56, thermodynamic functions, the entropy,

free energy and enthalpy, for Ha in the electronic
configurations d3s2, d3sp, and d4s and +5 ionized state
have been calculated as a function of temperature.
These values have been obtained on the basis of
results of the MCDF calculations42 of fine-structure
components of the corresponding electronic states of
Ha. The data can be used to estimate the volatility
of the element as a function of temperature.

IV. Relativistic Quantum Chemical Methods for
Molecules
Application of modern relativistic codes to indi-

vidual transactinide-containing compounds and their

Table 5. Electronic Configurations and Sublimation
Enthalpies (∆Hs) of Metals for Rf, Ha, and Sg

electronic configuration

element gas metal ∆Hs, kJ/mol ref

Rf d2s2(3F4) d3s(5F5) 633.5 ( 30 63
d2s2(3F4) 655 49
ds2p(3D2) 610.5 ( 25 49

540 44
648 112e
694 15

Ha d3s2(4F3/2) d4s(6D9/2) 767.8 ( 30 63
700 44
821 112e
835 112c
795 15

Sg d4s2(5D4) d5s(7S3) 807 63
d5p + d4sp(5P3 + 7F6) 862 63

900...1156 112d
858 15

Ec ) Cnd(Z/γ) (2)

γ )

∑
L
(2L + 1)M

∑
L
(2L + 1)M + (2L + 1)A

(3)

Figure 7. Calculated in ref 63 sublimation enthalpies of
the transition-element metals.

Cnd ) bax + y (4)
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homologs within the lighter elements enables one to
study molecular properties such as IPs, electron
affinities (EA), crystal-field and spin-orbit effects,
electronic density distribution, and bonding. Only by
knowing these properties and trends in their changes
can one judge about the analogy of the transactinides
with the lighter elements.
Usually molecular calculations are divided into two

main groups: those where accurate calculations are
performed for very small molecules, and those, where
approximate calculations are done for chemically
interesting, more sophisticated systems.
Methods which can be used for calculating the

electronic structure of the transactinide-containing
compounds are the same relativistic methods, which
can be applied with sufficient accuracy to calculations
of other heavy systems. The methods and their
application to transition element molecular systems
have been overviewed in the literature.66a,92,95-99,117

Application of modern codes to actinide-containing
compounds is demonstrated in ref 118. In the fol-
lowing section, we will briefly describe presently
available relativistic molecular programs arranged
roughly in order of increasing sophistication of the
method. Additional attention will be paid to the all-
electron ab initio methods: within a very short time
the DF theory and methodology have received much
development (see ref 119) and these methods are
beginning to be applied to heavy molecular systems.

A. Dirac −Fock One-Center Expansion (DF-OCE)
This is a fully relativistic, self-consistent method

with the full (nonlocal) exchange. It is developed120
as an extension of the numerical atomic DF codes for
hydride molecules, MHn. Since all the AOs share a
common origin, integrals are easily calculated in
spherical polar coordinates by numerical methods.
The review of the method is given by Desclaux.121
The method is known to give reasonable bond

lengths and force constants, and it was applied to
studies of relativistic effects on molecular geometries
and bond energies.122,123 The electronic structures of
group 4 and 6 hexahydrides, including RfH4 and
SgH6,47,48 have been calculated by using this method.

B. Local Density Functional Methods (LDF)
In this group of methods the Slater’s local exchange

approximation is used leading to the replacement of
the Hartree-Fock nonlocal exchange potential with
the local exchange. The LDF equations are then
solved either by multiple-scattering XR methods, or
by various basis-set expansion methods based on the
discrete variational approach.

1. Quasirelativistic Hartree−Fock−Slater (QR-HFS)
The method124 is an extension of the perturbative

Hartree-Fock-Slater (P-HFS) one,125 which was
based on the nonrelativistic discrete variational
method of Ellis.126 The method uses analytical basis
functions. Relativistic effects of higher orders are
taken into account by perturbation operators. In this
way, the relativistic changes to the valence charge
density are included. The method gives potential
energy curves and was extensively applied to the

analysis of bonding and relativistic contributions.127,128
No calculations of the transactinide molecules have
been reported.

2. Quasirelativistic Multiple Scattering (QR-MS)
In this method the four-component Dirac equation

is replaced by an approximate one-component equa-
tion. In the Pauli approximate Hamiltonian the
mass-velocity and Darwin terms are included. In
some versions of the method129-131 QR-MS calcula-
tions give one-electron non-spin-orbit split MOs; in
other versions,132 the spin-orbit interaction is put on
top of the self-consistent solutions by using the first-
and second-order relativistic perturbation operator.
The radial functions are solved numerically in atomic
spheres and plane waves are used between the
spheres.
The method is used for predicting optical and

photoelectron spectra. It gives reasonable orbital
energies and descriptions of bonding. Inaccuracies
are arising from the “muffin-tin” approximation, but
the computational costs are relatively low. The first
calculations51 of the electronic structure of the Rf
tetrachloride have been performed using this method.

3. Dirac−Slater Multiple Scattering (DS-MS)
The method is similar to the previous one, but it

includes the spin-orbit coupling explicitly: the full
Dirac-Slater equations are solved giving four-
component MOs. The method gives reliable photo-
electron energies, description of bonding, spin-orbit
splittings, hyperfine tensors. Slightly different ver-
sions of the method are described by Case and
Yang133,134 and Soldatov.135 The method is reviewed
in ref 136. Calculations of the electronic structure
of the Rf tetrachloride along with its lighter analogs
have been published.49

4. Dirac−Slater Discrete Variational (DS-DV)
Developed by Rosen and Ellis,137 this is a fully

relativistic, self-consistent field method based on the
numerical solution of the Dirac-Fock equations,
without approximations except for local exchange
(leading to the Dirac-Slater equations). Thus, all
the relativistic effects, including spin-orbit coupling,
are explicitely calculated. A review of the method is
given in ref 138.
The method uses four-component basis functions

Φj which are symmetry orbitals determined via a
LCAO (linear combination of atomic orbitals) expan-
sion. The molecular integrals between these func-
tions are calculated in a numerical, three-dimen-
sional grid. The Hamiltonian matrix elements are
given by

wk being the weight factor for grid point rk and hD is
the Dirac Hamiltonian

The potential is the sum of three parts

hi,j ) ∑wkΦi*(rk)hDΦj(rk) (5)

hD ) cRπ + (â - 1)c2 + V (6)

V ) Vn + Vc + Vx (7)
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with Vn the nuclear, Vc the Coulomb, and Vx ) -3R-
(3F/8π)1/3 the exchange potentials. Most of the cor-
relation effects are included in the exchange-corre-
lation term.
The diagonalization

gives the molecular orbitals (MO)

The symmetry molecular orbitals for double point
groups are constructed using the projection operator
method139 implemented into the program.140
The method provides reliable MOs and orbital

energies. By using the Slater transition-state pro-
cedure the ionization potentials and optical spectra
can be calculated quite well. The Mulliken popula-
tion analysis141 gives the possibility to interpret the
bonding in terms of ionic and covalent contributions
(overlap population, OP). The program also includes
a least-squares fitting procedure128 for the charge
distribution. The calculated orbital or total energies
have a numerical accuracy of about (0.1 eV.
Later improvements of the integration schemes

and introduction of the elliptic-hyperbolic coordi-
nates enabled one to calculate accurate total energies
for diatomic molecules.143 Further improvement144a
was achieved by minimization of the error in the total
energy. In this case another (a weighted) fitting
procedure for the potential was used to create a
variationally consistent total energy functional.
Calculations144b of the relativistic systems by using
this version have shown good agreement with experi-
ment. For Au2, e.g., equilibrium distances and dis-
sociation energies are Re ) 4.75 Å and De ) 3.16 eV
which can be compared with the experimental values
Re ) 4.67 Å and De ) 2.30 eV. Calculations of Tl2,
Pb2, and Bi2 have been reported.145
Further improvement, the inclusion of the integra-

tion scheme of Boerringter et al.,146 enabled one to
calculate potential energy curves for three-dimen-
sional molecules.147 The calculated binding energy
for Hg3+ isDe ) 2.87 eV, which is in a good agreement
with the experimental value of 2.4 eV. To achieve
better agreement with experimental data, work is
being carried out to improve the exchange-correlation
functional and replace it by the nonrelativistic and
relativistic functionals of Becke148 and Engel.149
The DS-DV method has been successfully applied

to many transition element molecules and recently
to the calculations of a large series of the transac-
tinide-containing molecules.45,46,51-62,68

C. Relativistic Core Potential Methods (RCP)
An efficient way to solve the many-electron prob-

lem by using ab initio methods is to apply the
effective core potential (ECP) approach. According
to this approximation, frozen inner shells are omitted
and in the Hamiltonian an additional potential
energy term replaces the core electrons. As a result,
the number of basis functions is drastically dimin-
ished, and, hence the number of two-electron inte-
grals. Then the one-electron integrals are solved for

the valence basis functions and this additional term
by applying ab initio schemes at the SCF level or
with electron correlation included. The ECP are
generated by using the results of the all-electron
atomic calculations and fitting them to a linear
combination of Gaussian functions. The development
of these methods and their application to a variety
of relativistic systems have been overviewed in refs
98 and 150.
Since the variational principle holds for ab initio

methods, accurate total energies can be obtained. The
potential curves are reliable, enabling predictions of
molecular geometries and bond strengths. In con-
trast to the LDF methods, explicit treatment of spin
enables calculations of the excited-state spectra.
Nevertheless, application of sophisticated correlation
schemes often comes at the expense of an ease of
interpretation of the wave function.

1. Quasirelativistic Pseudopotentials (QRP)
In this approximation, atomic calculations, which

are used for generating ECP, are two-component
wave functions. The Hamiltonian includes the Dar-
win and mass-velocity terms, but omits spin-orbit
effects. In the Hay-Kahn-Cowan version151 the
spin-orbit effects are included via the perturbation
theory after the wave functions have been obtained.
The limitation of the method is the absence of the
spin-orbit ab initio operator. The method has been
applied to many transition-metal systems,152 as well
as to the actinides,153 and it is implemented into the
commercial system “Gaussian 92”. For molecules as
heavy as HgCl2, the calculated152 Re and De are 2.301
Å and 2.52 eV, respectively, which can be compared
with experimental values of 2.29 Å and 4.51 eV.154a
Another version of the QRP is the quasirelativistic

energy-adjusted pseudopotential which uses energy-
optimized valence basis sets.155 In contrast to the
Hay-Kahn-Cowan method, based on one-particle
properties, this method uses quantum mechanical
observables for generating ECP. These potentials
have been developed for almost all the elements of
the periodic table. In a new version of the method,65
two-component (without averaging over spin-orbit
effects) quasirelativistic DF pseudopotentials are
generated. The method of adjustment for the two-
component pseudopotentials is based on general
multiconfiguration wave functions, i.e., linear com-
binations of many-electron wave functions with ap-
propriate total angular momentum J and parity
belonging to a single relativistic configuration. The
method of energy adjustment allows a generation of
pseudopotentials in the intermediate coupling scheme,
since linear combinations of the wave functions are
used for nearly all nonrelativistic reference configu-
rations. This method was applied to the calcula-
tions65 of the group 5 oxides MO, where M ) Nb, Ta,
and Ha. The CASSCF + ACPF (complete active
space and averaged coupled-pair functional calcula-
tions) results corrected for the spin-orbit interaction
by spin-orbit splitting give the following equilibrium
distances and dissociation energies for NbO: Re )
1.675 Å and De ) 6.91 eV (the experimental values
are Re ) 1.691 Å and De ) 7.8 eV); and for TaO, Re
) 1.691 Å and De ) 7.45 eV (the experimental values
are Re ) 1.688 Å and De ) 8.2 eV).

(h - εiS)ci ) 0 (8)

Ψi ) ∑cjΦj (9)
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Relativistic PP calculations with (SOPP) and with-
out spin-orbit coupling including correlation at the
CCSD level for 111H and 112H+, and at the MP2
level for 112H+, 112F2, and 112F4 have been reported
recently67a,b and those of 111Li are in progress.

2. Relativistic Core Potentials
The method is described in detail by Pitzer.156a The

RCPs are generated from all-electron numerical
Dirac-Fock atomic calculations. Spin-orbit effects
are included in this way from the beginning and full
four-component atomic wave functions are obtained.156b
The nonempirical spin-orbit operators were intro-
duced and with some simplifications implemented in
the program.157,158 In this way, the calculation of CI
became feasible. Thus, correlation effects can be
included through MCSCF (multiconfiguration SCF)
or CI calculations. Since the spin states are treated
explicitly, the excited states and electronic spectra
can be calculated. The calculations, however, are
associated with high computational costs.
RCP results for AuH159 including electron correla-

tion at the second-order Møller-Plesset (MP2) per-
turbation theory level along with those obtained by
all-electron relativistic ab initio methods are shown
in Table 6.
The RCPs are presently developed for all the

lanthanides and actinides,160 and calculations of some
actinide systems like U2, U(cot)2, actinocenes, or
actinofullerenes have been published.161a-c A set of
RECPs has been developed for elements Am through
112.162 No calculations of the transactinide systems
have been reported until now.

D. All-Electron ab Initio Methods
Although ECP methods are useful in calculating

such properties as binding energies and optimal
geometries, the consequence of using a frozen core
or ECP in relativistic molecular calculations have not
been fully investigated.66a
During recent years the DHF theory and method-

ology have been considerably developed. The formu-
lation of the principle of kinetic balance and its
extension163 have given a strong foundation to the
employment of the finite basis sets in the DHF
calculations.
The calculations are based on solution of the

Dirac-Fock-Coulomb (DFC) or Dirac-Fock-Breit
(DFB) Hamiltonians. The former is expressed in the
following way

whereHD(i) is the Dirac’s kinetic energy operator and
1/rij is the instantaneous Coulomb repulsion. The
inclusion of the Breit interaction (Bij), which is a
magnetostatic term, leads to the Dirac-Coulomb-
Breit Hamiltonian:

Here

Among the existing programs the following should
be mentioned: an earlier Slater-based code for linear
molecules of Lee and McLean,164-167 the Gaussian
codes for linear molecules of Laaksonen et al.,168 for
polyatomic molecules of Aerts and Nieuwpoort,169-180

the more recent linear code of Matsuoka181 and
polyatomic codes of Dyall,182-185 and of Saue,186 as
well as the numerical code of Pyper and Malli.187,188
Correlation methods based on four-component

spinors began to be available only recently.175-177,159

Correlation effects, which are as important as rela-
tivistic ones for heavy systems, are taken there into
account by using the CI or many-body perturbation
theory (MBPT) capabilities. Very recently the RCC
method78 (the CCSD version83) was applied to the
four-component methods.178 Earlier, the CCSD
method82-86 was combined with the one-component
relativistic method of Hess190 (see ref 189).
The amount of calculations performed by using the

DHF all electron four-component methods is still
small. The computational efforts applied there are
tremendous and much higher than for similar quality
nonrelativistic systems. The computational costs are
extremely high.

1. Ab Initio Relativistic Dirac−Fock SCF Calculations for
Diatomics
The DF-SCF ab initio approach for diatomics has

been developed by Malli and Pyper.187a Details of the
method are given elsewhere.187b-e The basic idea of
the method is to express the wave function for the
diatomic molecule in terms of the Dirac-Fock nu-
merical atomic functions supplemented with Slater
functions. The frozen core approximation is used. All
electron calculations are also possible, although even
for the 48-electron system, CdH+, they are prohibi-
tively expensive at present, even using supercom-
puters. In contrast to the ECP and relativistic
pseudopotentials schemes, this method expli-
citly incorporates the core orbitals and takes into
account core-valence exchange. Electron correlation
effects are neglected.
The method, originally developed for the closed-

shell molecules, has been extended to a general class
of open-shell molecular systems188.
Calculations66a using this method give predictions

of bond length in good agreement with experiment,
though the dissociation energies are about 30-50%
of the experimental values. (For example, predicted

Table 6. Comparison of Different Methods Taking
into Account Correlation Effects for the
Spectroscopic States of AuH

Re, Å De, eV

method sd sspd σd σspde ref

DKa + MP2 1.505 1.498 2.942 3.042 159
DHFb + MP2 1.503 1.497 2.996 3.114 159
RECPc + MP2 1.519 1.512 2.965 3.075 159
DK + CCSD 1.525 2.93 189
exp 1.524 3.36 212
a Douglas-Kroll method of Hess, ref 190. b DHF method of

Dyall, ref 178. c RECP of Christiansen, Ermler, and Ross, ref
160. e The effects of correlation are examined for both the
valence (σd) and the outer core (σspd) electrons.

HDC ) ∑
i)1

N

HD(i) + ∑
i>j
1/rij (10)

HDCB ) HDC + ∑
i<j
Bij (11)

Bij ) -1/2[(RiRj)/rij + (Ririj)(Rjrij)/rij
3] (12)
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bond length and dissociation energy for TlI are 5.604
au and 1.723 eV, which can be compared with
experimental values of 5.3171 au and 2.76 eV,
respectively). The discrepancy is ascribed to the
electron correlation effects. Calculations of the su-
perheavy diatomic 117Cl have been reported
recently.66a

2. Dirac−Fock SCF Methods for Polyatomics
Recently calculations of 111H have been

performed67a by using the four-component SCF-DF
method (for polyatomics) of Saue.186 The developed
DIRAC program is set up to do both conventional and
direct SCF calculations in a finite (Gaussian) basis
on the basis of the Dirac-Coulomb-Hamiltonian.
Time reversal symmetry is exploited which results
in a compact formalism in terms of quaternion
algebra. The nuclear charge distribution is modeled
by a Gaussian function. The program presently
treats closed shells, but it will be extended to one
open shell shortly. An extension for treating correla-
tion effects at the MP2 perturbation level exists in
the program. Calculations of 111H have been per-
formed without electron correlation (results will be
discussed in section V). Calculations of 117H are in
progress.186c
Another group of molecular DHF calculations with

Gaussian basis sets is represented by works of Dyall
et al.159,182-185 In contrast to the DIRAC program,186
where expansion of the wave function is done in a
scalar one-component basis, a two-spinor basis ex-
pansion is used. SCF-DHF calculations of as heavy
systems as PbO2 and PbH4

182 have been published.
The original single-reference four-component DHF
program has been extended to perform Kramers-
restricted open-shell calculations for doublet states,
where the unpaired electron can be a single electron
outside or a hole inside a closed-shell core, and for
states of linear molecules with two electrons in open
shells. Some results for PtH and PtH2

184 are shown
in Table 7. Very recently a correlation part has been
added to the program at the MP2 perturbation
level.159 In ref 159, a consistent comparison of
different methods including electron correlation has
been made on the example of AuH. The best results
are shown in Table 6 along with those from the
RECP159-160 and Douglas-Kroll (DK)190 ones, al-
though the RECP results are strongly dependent on
the chosen basis sets.
A DF four-component method for polyatomics,

which presently incorporates correlation effects, is
that of Nieuwpoort et al.175-179 Developed within the
last few years a program MOLFDIR179 is an imple-
mentation of the Dirac-Fock-Roothaan method for
polyatomic molecules. It uses Gaussian functions for

the expansion of the components of the molecular
spinors. Originally the program was developed for
closed shells.170 Then an open-shell CI version ap-
peared175 where the open shells were handled by
defining a suitable averaged Dirac-Fock operator.
Later, a multireference CI extension was added.171
The method in its different versions has been applied
to the following systems: PbH4

174 and UF6 (closed
shell Dirac-Fock-Gaunt)180, EuO6

9- 175 and UF6
-

(open-shell Dirac-Fock),180 IrF6
2- (charge transfer

CI),176 PtH (multireference CI).177

Recently178 a Kramers-restricted version of the
closed-shell coupled cluster for single and double
approximations (CCSD) has been presented, which
was combined with the MOLFDIR program. The
method has been applied to PtH2 molecule. Some
results on PtH and PtH2 are shown in Table 7 in
comparison with those of Dyall.184 (The binding
energy for PtH2 is enhanced by 27 kcal/mol by
correlation in comparison with the DHF results of
Dyall.184) The calculated bond lengths for PtH agree
within 0.02 Å with the experimental data. The
excitation energies differ from measured values by
less than 0.03 eV.
Typical resources necessary for this kind of calcu-

lations are 3-5 Gbytes of disk storage and 20-40 h
of CPU time on a CRAY computer.
One of the heavy systems calculated by using the

MOLFDIR program (closed-shell version) was UF6.180
The calculated Re ) 1.994 Å can be compared with
the experimental value Re ) 1.999 ( 0.003 Å,193a and
the calculated De ) 22.7 eV is about 70% of the
experimental value of 31.9 eV.193b

DF SCF and DFB calculations have also been
reported by Malli et al.66b-e for a number of molecular
systems containing actinides: ThF4

66d and UF6.66e
They used their recently developed highly accurate
universal gaussian basis set for DF and DFB calcula-
tions with the MOLFDIR package (uncorrelated
version). The dissociation energies for ThF4 obtained
as a result of the calculations are 19.34 (DF) and
19.30 (DFB) eV, which are about 70% of the experi-
mental value of 27.7 eV.66f For UF6, the DF and DFB
dissociation energies66e are 23.53 and 23.27 eV,
respectively, which are about 73% of the experimen-
tal value of 31.9 eV.193b The discrepancy with the
experimental result of the DF calculations180,66d,e is
assigned to the lack of correlation.
At present, these DF-SCF calculations66b are per-

formed for the group 4, 5, and 6 highest halides,
including Rf, Ha, and Sg. Some preliminary results
have already been obtained for MF4, MCl4 (M ) Zr,
Hf, and Rf), MF6, MCl6 (M ) Mo, W, and Sg), 110F6,
and 110Cl6. They will be discussed in section VI.
Calculations of the bromides of these elements are
in progress.
An inexpensive, reliable alternative to the DHF

method (if spin-orbit effects are small) was demon-
strated to be the second-order DK method, developed
by Hess.190 According to the Douglas-Kroll trans-
formation194 the large and small components are
decoupled to second order in the external potential
and the spin-orbit terms are neglected in the result-
ing Hamiltonian. Using one-component wave func-
tions decreases drastically the computational efforts.

Table 7. Spectroscopic Parameters for the Ground
States of PtH and PtH2

Re, Å De, eVmole-
cule MOLFDIR DHFc expd MOLFDIR DHFc expe

PtH 1.518a 1.551 1.528 2.98a 2.03 3.6 ( 0.4
PtH2 1.508b 1.525 - 2.69b 1.52 -

a Multireference CI, ref 177. b Kramers-restricted CCSD
(KRCCSD), ref 178. c No correlation, ref 184. d Reference 191.
e Reference 192.
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The spin-averaged quantities can be used to a good
approximation, e.g., for compounds with nondegen-
erate singlet ground states. In ref 189 the one-
component DKmethod190 has been combined with the
Fock-space coupled-cluster method83 and applied to
the calculations of AuH. The results shown in Table
6 are in good agreement with experiment: the error
in the bond length is only 0.001 Å.
Recently the DK method has been used for calcula-

tions of the electronic structure of 111H.67 This
simple molecule, to which relativistic ab initio codes
can be applied without difficulties, was chosen as an
object to study relativistic and correlation effects in
the very heavy element area. Results of calculations
for 111H performed by different methods (see next
section) are presented in ref 67a, with those of the
four-component all-electron ab initio ones with elec-
tron correlation at the CCSD level still missing.

V. Transactinide Hydrides
Transactinide hydrides are the simplest molecular

systems which were used as models to study the
influence of relativistic and correlation effects on
bonding and molecular structure.
Calculations of group 4 and 6 hydrides, including

RfH4 and SgH6, have been performed using the DF-
OCE method.47,48 Equilibrium bond lengths (Re) and
dissociation energies (De) for these molecules as a
result of relativistic and nonrelativistic calculations
are given in Table 8. The results were shown to be
dependent on the basis set selected for the valence
orbitals. If the (n-1)d valence orbitals are chosen
as the valence ones for the ns2(n-1)dm electronic
configurations of the elements, the relativistic Re are
larger than the nonrelativistic ones, and the relativ-
istic De are smaller. Adding the (n-1)p valence
orbitals to the basis set results in the opposite
effect: the relativistic Re become shorter than the
nonrelativistic ones, and the relativistic De become
larger than the nonrelativistic ones. Initially, this
was explained by the fact, that the relativistic
contraction of the p orbitals compensates the rela-
tivistic expansion of the d orbitals. Later, this
statement was corrected,99 and it was shown that the
relativistic contraction of orbitals and the relativistic
contraction of bond lengths are two parallel but
largely independent effects. (The force behind the
bond contraction was found128 to be the diagonal
core-core contribution in the valence MO.)
The data from Table 8 show that for nearly all the

compounds (except TiH4 and ZrH4) relativistic effects
decrease the bond lengths. The bond contraction
expressed as C ) [Re(nr) - Re(rel)]/Re(nr) was found
to be -0.05, -0.19, and 0.58% for TiH4, ZrH4, and
HfH4, respectively.47 For CrH6, MoH6, and WH6
these values are 0.35, 0.81, and 2.81%, respectively.48

Such estimates, unfortunately, have not been made
for RfH4 and SgH6, since nonrelativistic Re and De
have not been calculated. One can get an idea about
bond contraction in the transactinide compounds by
using the equation C(%) ) czZ2, where cz is dependent
on the group.122 However, the bond contraction
obtained in the calculations47,48 is smaller than the
one obtained by using this formula.
Thus, relativistic effects are responsible for the

bond lengths of the 4d and 5d compounds being
nearly equal. For RfH4 the predicted bond length (or
covalent radius) is 0.03 Å larger than that for HfH4,
and for SgH6 is 0.06 Å larger than that for WH6. Such
a small increase in the covalent radii of the 6d
elements relative to those of the 5d elements is
explained, in addition to the relativistic bond con-
traction, by a large actinide contraction of 0.30 Å,
which is mainly a relativistic effect.
Relativistic effects increase dissociation energies of

the compounds under study. An increase in relativ-
istic De of the 5d relative to the 4d compounds was
explained by a larger contraction of the relativistic
6s and 6p1/2 orbitals and a larger participation of the
more expanded 5d orbitals in bonding. The analysis
of the contribution of valence orbitals in bonding in
the transactinides has not been given. A decrease
from 0.999 to 0.639 au and from 0.405 to 0.395, for
De and the force constant k2, respectively, was found
when going from HfCl4 to RfH4, while in going from
WH6 to SgH6, k2 remains essentially constant and De
increases from 0.92 to 0.98 au. This trend was
supposed to be caused by relativistic effects.47,48
In ref 67a relativistic and correlation effects have

been studied for 111H by using various relativistic
methods. The following calculations have been car-
ried out: nonrelativistic (NR) all-electron and pseudo-
potential (PP) HF; NR-CCSD; relativistic pseudo-
potential with (SOPP) and without (ARPP) spin-
orbit coupling including electron correlation at the
CCSD level; perturbative all-electron calculations
using the mass-velocity and Darvin term of the Pauli
Hamiltonian (MVD); relativistic all-electron Dou-
glas-Kroll (DK) including electron correlation at the
CCSD, multireference CI (MRCI) and average coupled
pair functional level (ACPF); and all-electron DF
(without correlation). Except for the MVD approxi-
mation, all the methods yielded similar molecular
properties at both the uncorrelated and correlated
levels, although correlation increases the dissociation
energy by about 1.5 eV. The accuracy of the coupled
cluster level (SOPP + CCSD) was considered to be
sufficient to discuss trends in molecular properties.
Relativistic effects were shown to be very large for

111H, resulting in large changes in molecular prop-
erties. They diminish the metal-hydrogen bond
distance significantly for AuH and even more for
111H, so that the calculated bond distance of 111H

Table 8. Equilibrium Distances Re and Dissociation Energies De (in au) for MH4 and MH6 (from Refs 47 and 48)

Re De Re De

molecule nr rel nr rel molecule nr rel nr rel

TiH4 3.244 3.246 0.788 0.783 CrH6 3.192 3.181 0.572 0.581
ZrH4 3.608 3.615 1.006 0.984 MoH6 3.526 3.496 0.777 0.822
HfH4 3.626 3.605 0.977 0.999 WH6 3.595 3.492 0.796 0.920
RfH4 - 3.670 - 0.632 SgH6 - 3.607 - 0.980
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is less than those of both AgH and AuH (Figure 8).
Electron correlation effects were found to be small
for the 111-H bond. Nonadditivity of relativity and
correlation has been demonstrated.
An interesting result is that relativistic effects do

not increase dramatically dissociation energies in
going from AuH (∆De ) 1.0 ev) to 111H (∆De ) 1.2
eV) (Figure 8). This was attributed to the spin-orbit
coupling of the ground state, 2D5/2 (and not 2S1/2), split
by 2.7 eV and resulting in a spin-orbit destabiliza-
tion of 111H. (The SOPP + CCSD results relative
to the ARPP + CCSD ones show that De decreases
from 3.79 to 3.05 eV due to the spin-orbit coupling).
Relativistic effects increase the force constant in

111H and change the dipole moment by 4 Debye. It
is remarkable that relativistic effects change effective
charges from 111+0.33H-0.33 to 111-0.07H+0.07. The
orbital populations are increased by one electron for
the 7s orbital and decreased by 0.6 electron for the
6d orbital. This was a reason to conclude there was
an enhanced participation of the 6d orbitals in the
chemical bonding, and therefore a more “typical”
d-block behavior of 111 in contrast to Cu, Ag, or Au.
Similar relativistic effects on De and Re were
observed67b for 112H+ relative to CdH+ and HgH+.

VI. Transactinide Halides
Rf, Ha, and Sg were found6-9,11,13 to form the

highest chlorides and bromides of the formMX4, MX5,
and MX6 by analogy with group 4 and 5 lighter
elements. These are rather stable, volatile com-
pounds, which are monomers in the gas phase. For
the lighter analogs, the stability of the maximum
oxidation state is known to decrease in going from
fluorides, to chlorides, and further to bromides and
to iodides. The stability of the compounds in a
particular oxidation state decreases in going from
group 4 to group 6.

Due to high temperatures applied in the gas-phase
chromatography experiments, a question about the
stability of the highest chlorides and bromides of the
transactinides is of primary importance. In this case
a comparative study proves to be very useful since
the properties of the lighter compounds have been
well investigated.

A. Fluorides
Some preliminary calculations have been reported

on RfF4 by using the all-electron ab initio DF
method.66b The calculations with a basis set con-
structed for the 7s26d2 ground state configuration of
Rf have given De ) 29.06 eV, Re ) 1.95 Å, and QM )
1.96. A stabilization effect of 1.08 eV was found for
the binding energy in case of the basis set constructed
for the 7s26d7p configuration. Thus, the correspond-
ing data are 30.14 eV, 1.96 Å, and 1.96.
The electronic structure of the highest fluorides of

group 6 elements including Sg, MoF6, WF6, and SgF6,
has been calculated by Rosen et al.46 using the DS-
DV method.
Results of the calculations have shown the relative

ordering of the highest occupied (HOMO) and lowest
unoccupied MOs (LUMO) in SgF6 to be similar to
those for the lighter analogs, although there is a
reordering of the valence levels in SgF6, so that a γ8

-

level becomes the last occupied, whereas in all lighter
systems this is a γ8

+ level. The spin-orbit splitting
of the t2g (first vacant, of d character) level increases
from 0.5 to 1.2 eV in going from WF6 to SgF6 and
becomes of the same order of magnitude as the
crystal-field splitting.
First ionization energies have been calculated by

performing the transition-state procedure and are
equal to 14.4, 14.5, and 14.4 eV for MoF6, WF6, and
SgF6, respectively. Correcting these values with
respect to the experimental ones for the fluorides of

Figure 8. Nonrelativistic and relativistic molecular properties for the group 11 series of hydrides. The data for CuH,
AgH, and AuH are from refs 212, 159, 189, 194e. (Reprinted from Seth, M.; Schwerdtfeger, P.; Dolg, M.; Faegri, K.; Hess,
B. A.; Kaldor, U. Large Relativistic Effects in Molecular Properties of the Hydride of Superheavy Element 111 Chem.
Phys. Lett. 1996, 250, 461-465. Copyright 1996, with kind permission of Elsevier Science-NL, Sara Burgerhartstraat 25,
1055 KV Amsterdam, The Netherlands.)
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Mo and W (15.1 and 15.5 eV, respectively) gives the
first IP for SgF6 of 15.4 eV.
Ab initio all-electron calculations66b for WF6 and

SgF6 have given 19.51 and 18.20 eV, respectively, for
the dissociation energies, and 1.82 and 1.92 Å,
respectively, for the equilibrium bond distances.
DS-DVM calculations have been performed for

110F6.45a (This molecule was supposed to be used in
the process of extraction of superheavy elements from
a target which was bombarded by a heavy ion beam.)
Earlier, nonrelativistic calculations45b (within the
muffin-tin approximation) for 110F6 were published.
The relativistic results show the lowering of levels
with a large contribution of the s orbitals and a large
spin-orbit splitting of the d levels. The crystal-field
splitting of the d levels is however smaller in the
relativistic case than in the nonrelativistic one due
to the stabilization of the eg level. The stabilization
of the lowest level of d character results in a slight
decrease in the energy gap between bonding and
antibonding levels. Relativistic effects stabilize the
bonding levels of the 2p(F) character.
The calculated (via the transition-state procedure)

ionization energy for 110F6 of 13 eV turned out to be
very close to the theoretical ionization energy for
PtF6. Thus, a similarity in properties between 110F6
and PtF6 was proposed. Some optical transitions and
trends relative to PtF6 were predicted for 110F6.
These predictions are important for detecting this
compound with the use of lasers in resonance ioniza-
tion spectroscopy or resonance fluorescence. Ab initio
DF calculations were performed for 110F6.66b
In ref 67b the SOPP calculations were performed

for 112F2 and 112F4 with the correlation at the MP2
level. 112F4 was shown to be stable due to relativistic
effects.

B. Chlorides and Bromides

1. Group 4 Chlorides

Calculations of the electronic structure of MCl4,
where M ) Ti, Zr, Hf, and Rf, have been performed
in a few studies using the QR-MS,51 DS-MS,49 the
DS-DV50,61 and the all-electron ab initio DF66b meth-
ods. All the results agree that the electronic struc-
ture of RfCl4 is similar to that of HfCl4 (and not to
that of PbCl4) and that the bonding is typical of the
transition d-element compounds. There are some
unessential discrepancies in values of effective charges
and overlap populations (Table 9).
From Table 9 one can see that the results of the

calculations from refs 50 and 61 agree, although in
the former case the interatomic distance RRf-Cl is too
large. Both results show the same trend in the
values of the effective charges within the group: a
decrease in the ionicity but with the minimum at Hf.
According to the calculations in ref 49 all MCl4 are
more ionic and the effective charge on Rf is the lowest
in the series.
The DF calculations66b show a steady decrease in

the values of the effective charges (see Table 9),
which are larger than those obtained in the DS-DV
calculations.
The DS-DV results of ref 50 show no increase in

the OP(metal-ligand) of RfCl4 compared to HfCl4 due

to a larger metal-ligand distance in the former
compound, although the calculations61 for the more
realistic bond lengths give an increase in the OP of
RfCl4. (As was shown,52,61 a change in the metal-
chlorine bond distance of 0.01 Å gives rise to a change
in the total OP(metal-chlorine) of 0.01.) Partial OP,
obtained in the calculations49,61 show that the in-
crease in the covalency in RfCl4 relative to HfCl4
comes at the expense of a larger participation of the
7s1/2 and 7p1/2 orbitals in bonding.
Thus, the results of the calculations49,50,61,66b lead

to the conclusion that RfCl4 is a rather covalent
compound, with its covalency being the largest in the
series. In ref 61 estimates of the bond energies as a
sum of the ionic and covalent parts (see Mulliken141)
are given. Direct calculations of dissociation energies
using the latest version of the DS-DV method147 are
in progress.64b
In ref 66b, DF-SCF dissociation energies of 16.32,

14.26, and 15.55 eV have been calculated for ZrCl4,
HfCl4, and RfCl4, respectively, where the last value
is for the Rf(7s26d2) basis set. The calculated De for
ZrCl4 and HfCl4 are 80 and 70% of the thermochemi-
cal ∆Hdiss of 20.35 (or 20.05154b) and 20.55 eV,
respectively (see ref 57). (The difference between De
and ∆Hdiss should be kept in mind.) Optimized bond
lengths are 2.36, 2.32, and 2.32 Å for the tetrachlo-
rides of Zr, Hf, and Rf, respectively (the experimental
values for the first two compounds are 2.32 and 2.316
Å, respectively).200a (By taking into account the much
larger IR(Rf4+) in comparison with IR(Hf4+) (see
Table 4) equal bond lengths of HfCl4 and RfCl4 seem
improbable.)
The calculations performed for RfCl4 with the basis

set constructed for the 7s26d7p ground-state config-
uration of Rf have given De ) 16.90 eV, showing a
stabilization effect of 1.35 eV relative to the ground-
state configuration; Re ) 2.40 Å, and QM ) 0.68. To
have a qualitative comparison of the Rf results with
those for the lighter analogs it would be logical to
study the basis set effects in the lighter compounds
as well. The discrepancy with the experimental data
can be explained by the lack of correlation.

2. Group 5 Chlorides and Bromides
a. Influence of Relativistic Effects on the

Electronic Structure and Related Properties.

Table 9. Effective Charges on the Metal Atom (QM)
and Overlap Populations (OP) in MCl4, where M ) Zr,
Hf, and Rf, Obtained as a Result of Different
Calculations

QM OP

molecule DS-MSa DS-DVb DS-DVc DFd DS-DVb DS-DVc

ZrCl4 2.36 1.03 1.18 1.90 0.63 0.48
HfCl4 2.34 0.91 1.04 1.44 0.69 0.55
RfCl4 2.30 0.96 1.07 1.40 0.69 0.57
a Reference 49; calculations for RZr-Cl ) 2.32 Å, RHf-Cl ) 2.33

Å, and RRf-Cl ) 2.39 Å. b Reference 50; calculations for RZr-Cl
) 2.32 Å, RHf-Cl ) 2.33 Å, and RRf-Cl ) 2.50 Å. c Reference 61;
calculations for RZr-Cl ) 2.32 Å, RHf-Cl ) 2.316 Å (ref 200),
and RRf-Cl ) 2.36 Å, which was chosen taking into account an
increase in the covalent radius of Rf relative to Hf (see ref 47).
d Reference 66b, as a result of the calculations RZr-Cl ) 2.36
Å, RHf-Cl ) 2.32 Å, and RRf-Cl ) 2.32 Å. (The last value is for
the basis set constructed for the 7s26d2 ground-state configu-
ration of Rf. For the 7s26d7p basis set RRf-Cl ) 2.40 Å and QM
) 0.68.
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The most complete study of the electronic structure,
bonding, trends in properties of the highest chlorides
and bromides within the group, and influence of
relativistic effects on them has been done in refs 52,
53, 57, and 61 by using the DS-DV method.
Molecular Orbital Energies. Energy eigenvalues

for MCl5 (M ) Nb, Ta, and Ha) as a result of the
relativistic and nonrelativistic calculations52,57 are
shown in Figure 9. One can see that the relative
ordering and positions of energy levels for HaCl5 are
similar to those of the lighter analogs. The spin-
orbit and crystal-field splittings of the relativistic
MO increase in going from NbCl5 to HaCl5, although
there is a strong relativistic stabilization of the
highest vacant d orbital in HaCl5, which has a large
admixture (about 58%) of the 7s-AO. (In TaCl5 this
orbital has only 5% of the 6s character).
Opposite trends were found in the change of the

following properties in the relativistic treatment on
the one hand and the nonrelativistic treatment on
the other hand in going from TaCl5 to HaCl5. The
relativistic HOMO is stabilized, which results in an
increase in molecular IP, while the nonrelativistic
HOMO is destabilized which results in a decrease in
IP. The relativistic LUMO is destabilized which
results in a decrease in EA, while the nonrelativistic
LUMO is stabilized which results in an increase in
EA. The value of the energy gap ∆E between the
binding levels of the 3p(Cl) character and vacant
metal levels increases in the relativistic case, while
it decreases in the nonrelativistic case. As a result,
in the relativistic case the energies of the charge-
transfer transitions Eπ-d increase from TaCl5 to
HaCl5, which leads finally to an increase in the
stability of the maximum oxidation state of the metal
atom in HaCl5. In the nonrelativistic case Eπ-d
decrease. Thus, relativistic effects were found to

define the following trends in properties in the
group: an increase in IP, a decrease in EA, an
increase in ∆E, in Eπ-d and in ESO.
Charge Density Distribution and Bonding. The

relativistic charge-density distribution differs from
the nonrelativistic distribution due to the electron
reorganization at a given interatomic distance and
due to the relativistic change of it. Different trends
were found for relativistic and nonrelativistic popula-
tions of the valence ns and np1/2 orbitals in going from
TaCl5 to HaCl5 (an increase in these values in the
first case and a decrease in the second), and as a
result, for the effective charges QM. A gradual
stabilization and contraction of the relativistic ns and
np1/2 orbitals with increasing Z is a reason for their
enhanced electron population. This results in QM for
Nb and Ta being nearly equal and in a much smaller
QHa in comparison with the lighter analogs (Table
10). This (as well as an expansion of the valence d
orbitals) is also a reason for their greater participa-
tion in bonding and, as a result, an increase in the
covalency in going down the group (see the OP data
in Tables 10 and 11). The nonrelativistic treatment
of the wave functions results in a decrease in the OP-
(ns-Cl) and OP(np1/2-Cl) in going from TaCl5 to
HaCl5 and, finally, in a decrease in the covalency.
Thus, without relativity HaCl5 would be rather
similar to VCl5, which is not stable.
Estimates of the bond energies (or ∆Hdiss) are given

in ref 52.
Stability of Oxidation States. Relativistic effects

are responsible for an increase in the stability of the
maximum oxidation state in the group. A linear
correlation between the relativistic energies of the
charge-transfer transitions Eπ-d and reduction po-

Figure 9. Energy level diagrams for NbCl5, TaCl5, and
HaCl5 as a result of the HFS nonrelativistic (nr) and DS
DVM relativistic (rel) calculations. (Reproduced from ref
57. Copyright 1993 American Institute of Physics.)

Table 10. Partial Overlap Populations of the Metal
Valence Orbitals with All Chlorine Valence Orbitals
(OP) for MCl5 as a Result of Nonrelativistic (nr)a and
Relativistic (rel) Calculations (from Ref 57)

molecule OP(s1/2) OP(p1/2) OP(p3/2) OP(d3/2) OP(d5/2)

nr
NbCl5 0.23 0.12 0.24 0.83 1.25
TaCl5 0.27 0.16 0.33 0.83 1.25
HaCl5 0.21 0.14 0.28 0.84 1.26

rel
NbCl5 0.28 0.14 0.24 0.83 1.25
TaCl5 0.41 0.22 0.30 0.84 1.28
HaCl5 0.48 0.29 0.20 0.87 1.33
a The nonrelativistic data are for the molecules with experi-

mental bond lengths.

Table 11. Effective Charges on Atoms (QM) and Total
Overlap Populations (OP) for MCl5 as a Result of
Relativistic (rel) and Nonrelativistic (nr) Calculations
(from Ref 57)a

QM OP

molecule nr rel nr rel

VCl5 1.12 1.12 1.70 1.70
NbCl5 0.97 0.93 1.92 2.04
TaCl5 1.12 0.95 2.09 2.49
HaCl5 1.19 0.81 1.82 2.60

a The bond lengths for NbCl5 and TaCl5 are 2.338 (ax), 2.241
(eq) and 2.369 (ax), 2.226 (eq),200b respectively; the ones for
VCl5 and HaCl5 of 2.21 (ax), 2.18 (eq) and 2.42 (ax), 2.28 (eq),
respectively, are estimates.52
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tentials, corresponding to the transition from the +5
to the +4 state, results in E0(V-IV) of -1.0 V, thus
indicating that the stability of the +5 oxidation state
in the group changes in the following way: V < Nb
< Ta < Ha (Figure 10). Without relativity Ha5+

would have been less stable than Nb5+.
Group 5 Bromides. In ref 53 the electronic struc-

ture and properties of the group 5 pentabromides
including Ha have been studied. The results show
that the trends in the properties are the same as for
the corresponding chlorides with the former com-
pounds being more covalent.
b. Pseudoanalogs of the Transactinides. De-

spite the fact that Pa in many of its compounds exists
in a pentavalent state, it can hardly be considered
as an analog of the group 5 elements. Calculations52
of the electronic structure of PaCl5 have shown the
bonding to be made by the valence 5f, 6d, and 7s
electrons (see also Figure 1) and by their hybridiza-
tion. Such a hybridization accounts for a different
geometrical configuration of the molecule, a square-
based pyramid (C4v symmetry), while the d-element
pentachlorides are in a trigonal-bipyramid form (D3h
symmetry). In addition, PaCl5 is much more ionic
than MCl5 (M ) Nb, Ta, and Ha).
The possibility of HaCl5 having a different geom-

etry (C4v) has also been discussed in ref 52.

3. Group 6 Chlorides

The electronic structure of group 6 hexachlorides
has been calculated by using the DS-DV method.61
Bond lengths for SgCl6 were chosen 0.06 Å larger
than those for WCl6, taking into account the ionic
radii of W and Sg estimated by Pykkö.48 MO ener-
gies, IPs, energies of the electronic transitions, spin-
orbit and crystal-field splittings, etc. obtained as a
result of the calculations, as well as estimates of the
bond strengths are given in ref 61. QM and OP are
shown in Table 12. According to these data, Sg-Cl
bonding will be obviously weaker than the W-Cl
bond. Direct calculations of the dissociation energies
using the latest DS-DV version147 are in progress.64b
The DF-SCF dissociation energies66b for MoCl6,

WCl6, and SgCl6 have been obtained as 6.73, 11.49,
and 12.71 eV, respectively, showing an increase in
the metal-chlorine bond strength with increasing
atomic number of the metal. These values are,
however, about 35 and 53% of ∆Hdiss of 19.2 and 21.6
eV, respectively, calculated for MoCl6 and WCl6 via

the Born-Haber cycle (see ref 57). (The DF W-Cl
average bond energy was given as 44 kcal/mol,66b
while the thermochemical values are 73.7 kcal/mol201b
and 83.2 kcal/mol.57) The obtained DF equilibrium
bond lengths for MoCl6, WCl6, and SgCl6 are 2.25,
2.31, and 2.38 Å. The experimental values are 2.25-
2.26 and 2.26 Å for MoCl6 andWCl6, respectively.201a,c
Relativistic effects were shown to increase the bind-
ing energy of SgCl6 from 9.4 to 12.71 eV.66b
The results of the calculations of the binding energy

of SgCl6, andswhat is more importantsthe trend in
its change in going from WCl6 to SgCl6 are different
in refs 61 and 66b. In the first case the energy is
estimated as a sum of the ionic and covalent parts of
the binding energy which for SgCl6 are both smaller
than the corresponding parts of WCl5, resulting in a
smaller total binding energy of SgCl6. In ref 66b
direct calculations of the binding energy are per-
formed, although the DF method used does not take
into account electron correlation, which gives up to
30-40% of the binding energy. Thus, the DF results
should be considered within the approximation used.

4. Comparison of Groups 4, 5, and 6 Highest Chlorides
a. The Electronic Structure and Bonding.

The MO for the highest chlorides of elements Rf, Ha,
and Sg, obtained as a result of the DS-DVM calcula-
tions,61 are shown in Figure 11. All the halides have
similar energy level structures, with the MO being
more stabilized with increasing atomic number of the

Figure 10. A correlation between redox potentials E°(V-
IV) and relativistic energies of the lowest charge-transfer
transitions in MCl5 (M ) V, Nb, Ta, and Ha). Experimen-
tal data for E° are from ref 223. (Reproduced from ref 52.
Copyright 1992 American Institute of Physics.)

Table 12. Effective Charges (QM) and Overlap
Populations (OP) for One M-Cl Bond for Group 4, 5,
and 6 Chlorides (from Ref 61)

MCl4 MCl5 MCl6

Zr 1.18 Nb 0.93 Mo 0.79
QM Hf 1.04 Ta 0.95 W 0.74

Rf 1.07 Ha 0.81 Sg 0.59
Zr 0.48 Nb 0.41 Mo 0.36

OP (M-Cl) Hf 0.55 Ta 0.50 W 0.46
Rf 0.57 Ha 0.52 Sg 0.45

Figure 11. Energy eigenvalues for the highest chlorides
of Rf, Ha, and Sg, as a result of the DS DVM calculations.
(Reproduced from ref 61. Copyright 1994 American Chemi-
cal Society.)
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metal. The energy gap (∆E) between the occupied
and vacant d levels decreases from 4.98 to 3.25 and
to 2.46 eV for RfCl4, HaCl5, and SgCl6, respectively.
Effective charges and total overlap populations for

a single M-Cl bond of these compounds are given in
Table 12. The obtained OPs reflect experimentally
found regularities:196,201 a decrease in the bond
strength in going from the group 4 to the group 6
chlorides, and an increase in it of the 5d relative to
the 4d compounds. (The lowest value of OP for MoCl6
corresponds to the instability of this compound.)
These data also show that although the groups are

basically similar, there are some differences. The
basic similarity is an increase in the covalency within
the groups with increasing Z. Nevertheless, SgCl6
is probably less stable than WCl6 due to smaller both
ionic and covalent contributions, while the chemical
bonding of RfCl4 is stronger than that of HfCl4 due
to an increase in both the ionic and covalent parts.
Thus, a tendency to a decrease in the M-Cl bond
strength in going from group 4 to group 6, known for
the lighter elements, will be even more pronounced
for the transactinides. This will obviously result in
the decomposition at 25 °C of SgCl6 by analogy with
MoCl6, with the enthalpy of the reaction SgCl6 f
SgCl5 + 1/2Cl2 of 22.5 kcal/mol. This result is
important for the gas chromatography experiments
conducted at high temperatures.
b. Enthalpies of Formation. Heats of formation

for the highest chlorides of Rf, Ha, and Sg were
calculated in ref 61 via the Born-Haber cycle using
estimated ∆Hdiss

52,61 and ∆Hs of metals.63 The cal-
culated ∆Hf along with experimental data202-206 for
the lighter chlorides are shown in Figure 12. The
figure reflects trends in the stability of the transition
element chlorides: (1) the chlorides of the 5d ele-
ments are more stable in high oxidation states, but
the 4d compounds are more stable in the low oxida-
tion states; (2) toward the right of the periodic table
the stability of the maximum oxidation state of the
elements in chlorides falls rapidly (for Mo the maxi-
mum oxidation state is not stable in the chloride; for
no element beyond group 6 is the maximum oxidation
state attainable as a binary chloride); (3) the groups

are not equivalent with respect to the stability of the
transactinides: RfCl4 is more stable than the lighter
analogs, while SgCl6 is probably even less stable than
MoCl6.

∆Hf for crystalline compounds of Rf has been
calculated by Bratsch and Lagowski44b using a model
to estimate ∆Hf(MXn) and ∆Hhydr(Mz+,aq) for the
lanthanides and actinides. The basis of this model
lies in the same principle of Born-Haber, only for
the formation of crystalline compounds. Thus

where rMz+ is the ionic radius of a cation, rX is the
ionic radius of the anion, and A and B are determined
by fitting to experimental data. ∆Hf°(Mz+,g) is cal-
culated by

In this way ∆Hf for different chlorides of Rf were
calculated using coefficients A and B, obtained by
fitting the equation to the experimental data for the
actinides. This ionic model, however, can hardly be
applied to the transactinides, since the crystal struc-
ture of the transactinide chlorides is different from
that of the actinide chlorides, and the former com-
pounds would form molecular crystals with highly
covalent bonding. (In addition, the assumed ∆Hf-
(M,g) for Rf was too low.) All this resulted in ∆Hf-
(RfCl4) of -828kJ/mol, which is less negative than
those values for ZrCl4 and HfCl4 of -980.52 and
-990.35 kJ/mol, respectively.202
Johnson43 used the same model of Bratsch and

Lagowski and corrected their values of ∆Hf just by
using the MCDF IPs and IR for Rf (ref 41). He
obtained ∆Hf of -970 and -847 kJ/mol for IR of 0.079
and 0.082 nm, respectively. Estimates of∆Hf of other
halides of Rf, RfX2 and RfX3 (X ) F, Cl, Br, and I)
also have been given in this work.
The model of Bratsch and Lagowski when applied

to the group 4 compounds, was checked in ref 207.
This time, coefficients A and B (eq 13) were obtained
for isostructural MCl4 compounds. Using ∆Hf(Rf,g)63
and MCDF potentials,41 a new value of ∆Hf(RfCl4) of
-884.83 kJ/mol has been obtained, which is still less
negative in comparison with ∆Hf for ZrCl4 and HfCl4.
Obviously, since the covalent interaction is not taken
into account in this model, an increase in (rMz+ + rX)
will always result in a decrease in the crystal energy,
thus reducing the stability of a system.
Eichler et al.112 obtained -∆Hf of the compounds

simply via a linear correlation with ∆Hs for the
corresponding metals in the groups. Estimated in
this way ∆Hf of RfCl4(s) and RfCl4(g) are -1031.2 and
-909.1 kJ/mol, respectively, and of HaCl5(s) and
HaCl5(g) are -899.4 and -805.2 kJ/mol, respectively.
(Estimated ∆Hf(M,g) used in this case are 648 and
821 kJ/mol for Rf and Ha, respectively, which were
obtained by a linear correlation with ln A, where A
is an atomic mass.) The theoretical justification for
this approach is nevertheless lacking.

Figure 12. Formation enthalpies (negative) of gaseous
chlorides of groups 4-6. Experimental values for the 4d
and 5d chlorides are from refs 202-204. (Reproduced from
ref 61. Copyright 1994 American Chemical Society.)

∆Hf°(MX) ) ∆Hf°(M
z+,g) + A/(rMz+ + rX) + B (13)

∆Hf°(M
z+,g) ) ∆Hf°(M,g) + ∑

1

z

IP(M) + 2.5zRT

(14)
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c. Stability of theMaximumOxidation States.
Besides a decrease in the M-Cl bond strength in the
highest transactinide chlorides with increasing atomic
number of the metal atom, the stability of the
maximum oxidation state also decreases. This is
seen from a linear correlation between calculated (via
the transition-state procedure) energies, Eπ-d, of the
charge-transfer transitions in MCln, corresponding to
transitions from the highest to the next lower oxida-
tion states, and related redox potentials (Figure 13).
(See also section XI.)

5. Other Chlorides
Diatomics of heavy elements, including 117Cl, have

been studied by Malli et al.66a using the ab initio
Dirac-Fock method. The results have shown a
relativistic increase in the bond strength up to 0.70
eV, in comparison with the nonrelativistic value of
0.009 eV. The nonrelativistic bond length was found
to be 4.99 bohr, while the relativistic value is 5.25
bohr. Thus, the results predicted a larger bond
distance, smaller force constant, and about 2 orders
of magnitude greater binding energy for 117Cl in the
relativistic case compared to the nonrelativistic one.
(A larger bond distance in the relativistic case is
explained by the predominant π-π bonding of 7pπ
and 3pπ DFAOs of element 117 and Cl atom, which
results from the more expanded and destabilized 7p3/2
orbitals of element 117 and 3p3/2 orbitals of Cl.)

VII. Transactinide Oxides

A. Monoxides
Although the simple transactinide oxides (where

the metals are in lower oxidation states) have not yet
been produced, the knowledge of the metal-oxygen
bonding in these systems can be useful to understand
the bonding in the more complex oxyhalide com-
pounds, which are formed along with the highest
halides.
The lighter group 4-6 oxides have been well

studied. In the gas phase group 5 oxides VO and
NbO are known to have a 4Σ- ground state with three
unpaired electrons, while TaO has a 2∆3/2 ground

state with one unpaired electron.205,208 In addition,
removing one electron in TaO results in strengthen-
ing the metal-oxygen bond: the dissociation energy
De and the bond length Re for TaO are 191.5 ( 3 kcal/
mol and 1.6872 Å, respectively, while those for TaO+

are 238 ( 20 kcal/mol and 1.6667 Å, respectively.209
In group 4, only TiO has a 3∆ ground state, while
ZrO and HfO have a 1Σ+ state without unpaired
electrons. The question about electronic configura-
tions of RfO and HaO and bonding was therefore of
high interest.
In ref 210, a 2∆3/2 ground-state electronic configu-

ration for HaO was proposed assuming that relativ-
istic stabilization of the 7s and 7p orbitals in HaO
results in an increase in the npσ2sσ + npσ2pσ +
npπ2pπ interaction. The dissociation energy for HaO
has been estimated by using the formula:211

where k ) 23.069 kcal/mol, γ ) (IM2+ + IO)/(IM2+ -
IO), RO

2- ) 1.36 Å, and IO ) 13.614 eV. The values
obtained for VO, NbO, TaO, and HaO are 148.46,
174.38, 193.91, and 183.60, respectively, which can
be compared with experimental values205,212 of 150
( 5, 180 ( 3, 191.5 ( 3 kcal/mol for VO, NbO, and
TaO, respectively. Thus, De for HaO was found to
be between those values for NbO and TaO.
The fact that the electronic configurations of VO

and NbO are different from those of TaO (and HaO)
was used as an explanation of the different behavior
of their solid-state compounds when heated: oxygen-
containing compounds of Nb (K2NbOCl5, KNbOCl4,
etc.) evolve NbOCl3 when heated, while those of Ta
evolve TaCl5. The reason for that was proposed to
be the following.210 The formation of the bond with
three Cl in MOCl3 needs three unpaired electrons,
while TaO has only one. Thus, the energy, necessary
to unpair the electrons Ta2+(dvV)dv f dvdvdv will destroy
the TadO bond, especially when the two coupled d
electrons are shifted into it. The same would obvi-
ously hold for Ha.
The 2∆3/2 ground-state electronic configuration for

HaO was also obtained as a result of the QRP
calculations.65 Nonrelativistic and quasirelativistic
energy-adjusted ab initio calculations have been
performed for group 5 oxides MO, where M ) Nb,
Ta, and Ha. Results are summarized in Table 13.
The calculations have shown that due to strong
relativistic effects the ground state in HaO is 2∆
arising from the σ2σ2π4δ1σ2 configuration (Ha+0.74;
7s1.767p0.176d2.27). Nonrelativistic calculations have
given a 4Σ- ground state of the σ2σ2π4δ1δ1σ1 config-

Figure 13. A correlation between redox potentials, E0,
corresponding to electronic transitions from the highest to
the next lower oxidation state and related energies of the
lowest charge-transfer transitions, E(π - d), in RfCl4,
HaCl5, and SgCl6 calculated via the transition-state pro-
cedure in the DS DV method. (Reproduced from ref 61.
Copyright 1994 American Chemical Society.)

Table 13. Calculations65 of Molecular Constants for
MO, Where M ) Nb, Ta, and Ha

Re, Å De, eV we, cm-1

MO state theor expc theor expc theor expc
µe, D
theor

NbOa 4Σ- 1.675 1.691 6.91 7.80 1033 0000 3.39
TaOb 2∆3/2 1.691 1.688 7.45 8.20 1022 1029 2.12

2∆5/2 1.690 1.686 1024 1031
HaOb 2∆3/2 1.750 - 7.95 (8.75) 1026 - 3.77

2∆5/2 1.747 - 1028 -
a Spin-orbit averaged CASSCF + ACPF (complete active

space + averaged coupled-pair functional) calculations. b Spin-
orbit corrected ACP calculations. c Reference 212.

De ) kγ exp(RO2-/RM-O) (kcal/mol) (15)
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uration (Ha+0.66; 7s0.857p0.126d3.30). Thus, a differential
relativistic effect of 2.74 eV stabilizing the 2∆ state
with respect to the 4Σ- has been observed. The
relativistic effects have also stabilized the dissocia-
tion energy in HaO by 1.93 eV, although for the bond
lengths (and vibrational constants) a surprisingly
small effect of less than 0.03 Å was observed.
The results have shown a monotonic increase in

the equilibrium distances, dissociation energies and
dipole moments for the 2∆ state. The vibrational
frequences remain roughly constant. In case of the
4Σ- state, there is a monotonic increase in both the
bond lengths and dipole moments, whereas the
dissociation energies and vibrational frequences are
nearly constant.

B. Trioxides
In some gas-phase chromatography experi-

ments13b,213 for studying chemical properties of Sg, a
mixture of oxygen and steam is to be used instead of
a halogenating agent. This seems to provide better
selectivity with regard to the other transactinides,
actinides or interfering R emitters. To predict the
behavior of the trioxides MO3, formed under these
conditions, or volatile acids H2MO4, in ref 112d the
heats of the following reactions have been estimated:

Here, the formation enthalpies (absolute values) of
MO3 and H2MO4 have been obtained as a linear
function of the atomization enthalpy ∆Hf(g) of the
metals, with ∆Hf(Sg,g) being estimated as (900-
1156) kJ/mol. The obtained values are ∆Hf(SgO3,s)
) -873 to -1016, ∆Hf(SgO3,g) ) -346 to -390. The
limitation of this approach has already been men-
tioned in section VI.4. (Thus, e.g., there is a decrease
in the absolute values of ∆Hf(WO3) relative to
∆Hf(MoO3), while ∆Hf(Mo) and ∆Hf(W) are 615.0 and
845.2 kJ/mol, respectively).
By using ∆Hf(Sg,g) of 807 (862 kJ/mol)63 (see

section III), and by assuming that ∆Hdiss of the
oxygen-containing compounds of Sg is at least as
large as ∆Hdiss for the W compounds, the lower limits
(in absolute values) of ∆Hf(SgO4,g) of -330 (-280.3)
kJ/mol and ∆Hf(H2SgO4,g) of -990.8 (-940.6) kJ/mol
have been estimated214 with the use of the Born-
Haber cycle.
On the basis of these data the following has been

concluded: increasing stability of the trioxides and
the acids; and decreasing volatility of the trioxides.112d
The present data permit an estimation of the

adsorption behavior of Sg in its oxide or hydroxide
forms at the quartz surface in the gas chromatogra-
phy experiments.

VIII. Transactinide Oxyhalides
By analogy with 4d and 5d oxide halides, transac-

tinide oxyhalides are formed in the presence of

oxygen in the gas-phase chromatography column
simultaneously with pure halide formation. The
lighter homologs are known to be more stable toward
thermal decomposition and have higher formation
enthalpies196,204,215 than the corresponding halides.
Their stability, however, decreases in going from
group 4 to group 6. Thus, predictions of properties
of transactinide oxychlorides, especially their ther-
modynamic and thermochemical stability, are very
important for the gas-phase chromatography experi-
ments. These predictions will also be used for
identification of the produced species.

A. Group 5 Oxytrihalides
The electronic structure and properties of MOX3

(M ) V, Nb, Ta, Ha, and Pa), which are monomers
in the gas phase,201,216 have been studied in ref 54
on the basis of results of DS DVM calculations. The
calculated properties were shown to have the same
trends in the group as those for the corresponding
pentahalides. Some of them (the electron density
distribution data and dipole moments) are presented
in Table 14.
An interesting result is that in contrast to expecta-

tions the oxyhalides proved to be more ionic than the
corresponding pentahalides (compare QM and OP
data in Tables 14 and 11). The OP data from Table
14 show that a tendency to form a double bond with
oxygen increases in going from Nb to Ha. (Partial
OP analysis has shown that an increase in the
metal-oxygen bonding in HaOCl3 is due to a larger
contribution of the valence 7s and 7p1/2 orbitals.)
The calculated data for PaOCl3, as a pseudoanalog

of Ha, show the bonding to be more ionic due to the
participation of the more localized 5f electrons. The
oxyhalides have dipole moments and their values
increase in the direction of the Ha oxychloride.

∆Hdiss for HaOCl3 was estimated as 20.82 eV, which
is lower than the ∆Hdiss for NbOCl3 and TaOCl3 of
21.6 and 22.52 eV, respectively, calculated via the
Born-Haber cycle. ∆Hf for HaOCl3 obtained via the
Born-Haber cycle is -151.2 ( 7 kcal/mol, which is
less negative than those values for the oxytrichlorides
of Nb and Ta of -179.8 and -186.6 kcal/mol, respec-
tively.204
It is interesting to compare here the results of the

ab initio quasirelativistic calculations65 for MO and
the DS-DVM calculations54 for MOCl3 with respect
to the trend in the metal-oxygen bonding in the
group. The DS-DVM calculations used the same
increase (of 0.05-0.07 Å) in the HadO bond lengths
relative to the TadO as was later obtained (0.059 Å)
in the ab initio calculations.65 Estimated54 (by using
QM and OP) MdO bond energies are 8.29, 8.47, and
8.22 eV for NbOCl3, TaOCl3, and HaOCl3, respec-
tively, which are comparable with the experimental

Table 14. Effective Charges (QM), Overlap
Populations (OP), and Dipole Moments (µ) for MOCl3,
Where M ) V, Nb, Ta, Ha, and Pa (from Ref 54)

property VOCl3 NbOCl3 TaOCl3 HaOCl3 PaOCl3
QM 1.17 0.98 1.02 0.90 1.14
OP (MdO) 0.59 0.63 0.72 0.79 0.42
OP (MsCl) 0.40 0.38 0.48 0.49 0.29
µ, D 0.48 0.91 0.99 1.27 0.88

MO3(g) f MO3(s)

(MO3)3(g) f 3MO3(g)

M(g) + 4O(g) + 2H(g) f H2MO4(g)

H2MO4(g) f MO3(s) + H2O(g)
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and calculated De of the oxides (Table 13). The
difference is a smaller De(HadO) relative to De-
(TadO) in the DS-DVM results. This might be due
to the fact, that in the scheme proposed in ref 52 for
estimating ∆Hdiss by using QM and OP, the ionic
contribution is overestimated.
Results of the DS-DVM calculations54 for the group

5 MOBr3 have shown that trends within the group
are similar to those for the corresponding MOCl3,
with the former compounds being more covalent.

B. Group 6 Oxytetrachlorides
Although the oxychlorides of Mo and W, MOCl4,

are known to be more stable than the corresponding
hexachlorides, their stability with respect to thermal
decomposition is different. MoOCl4 decomposes
readily at room temperature through loss of chlorine,
while WOCl4 is relatively stable.196 The question
about stability of SgOCl4 is therefore of special
importance for the gas chromatography experiments
conducted at high temperatures.
Calculations of the electronic structure of MOCl4

(M ) Mo, W, and Sg), which are monomers in the
gas phase,217,218 have been performed in ref 62 using
the DS-DV method. Results of these calculations are
summarized in Table 15. They show that the trends
(an increase in the energy gap ∆E and in covalency,
see Figure 14) are similar to those found for the
corresponding halides. Nevertheless, one can see
that in going from WOCl4 to SgOCl4 the increase in
covalency is mainly a result of an increasing metal-
oxygen interaction, while the metal-chlorine cova-
lent bonding is the same. (A similar situation was
found for SgCl6, where the total OP was lower than
that of WCl6). The dipole moments increase in going
from MoOCl4 to SgOCl4.
In ref 62, MdO andMsCl bond energies have been

estimated using the calculated QM and OP. The
metal-chlorine bond strength of SgOCl4 was found

to be close to that of MoOCl4. Thus, a decomposition

could take place by analogy with MoOCl4.
Calculated via the Born-Haber cycle ∆Hf(SgOCl4)

of -114 ( 6 kcal/mol is less negative than those
values for MoOCl4 andWOCl4 of -140 and -152 kcal/
mol, respectively.204

C. Group 6 Dioxydichlorides
Since there is a risk of the decomposition of MOCl4

at high temperatures, the group 6MO2Cl2 compounds
would be a better choice for the gas-phase chroma-
tography experiments due to their higher thermo-
chemical stability. Their formation enthalpies are
also more negative than those of MOCl4.204
Investigation of the electronic structure, spectra,

bonding, and thermochemical stability of SgO2Cl2
relative to the lighter analogs, CrO2Cl2, MoO2Cl2, and
WO2Cl2, which are monomers in the gas phase,219 has
been done in ref 64a using the DS-DV method.
Results are summarized in Table 16. In contrast to
MOCl4, the value of the energy gap between the
occupied and vacant levels, ∆E, does not increase in
going from WO2Cl2 to SgO2Cl2 (Figure 14). This
means, that the +6 oxidation state of Sg in SgO2Cl2
will be less stable than the +6 state of W in WO2Cl2.
Trends in OP(MdO) and OP(MsCl) are similar to
those for the corresponding MOCl4. Estimates of
thermochemical bond energies are given in ref 64a.
A higher stability of MO2Cl2 relative to MOCl4 is
explained by a much larger ∆E (see energy levels for
MoOCl4 and MoO2Cl2 in Figure 14). Since the
estimated dissociation energy of the Sg-Cl bond in
SgO2Cl2 is similar to that of W-Cl in WO2Cl2, and
since it has a very large ∆E, the compound will be
rather stable.

IX. Other Compounds of the Transactinides

A. The Sg Carbonyl
In ref 68 the electronic structures of M(CO)6, where

M ) Cr, W, U, and Sg, have been calculated using
nonrelativistic and relativistic DV-XR methods. The
electronic structure of Sg(CO)6 was found to be very
similar to that of Cr and W carbonyl complexes with
the formation of synergic metal-carbonyl bonds with
significant nd(M)-π(CO2) back-bonding. The elec-
tronic structure of the U(CO)6 complex proved to be
different due to the presence of both valence 6d and
5f orbitals.
The influence of relativistic effects on the electronic

structure data has been analyzed in this work.

Table 15. Effective Charges (QM), Energy Gaps (∆E),
Overlap Populations (OP), and Dipole Moments (µ)
for MOCl4, Where M ) Mo, W, and Sg (from Ref 62)

property MoOCl4 WOCl4 SgOCl4
QM 1.00 1.04 0.90
∆E, eV 1.01 1.90 2.40
OP(MdO) 0.52 0.70 0.77
OP(MsCl) 0.33 0.42 0.43
µ, D 0.14 0.49 1.03

Figure 14. Energies of the HOMO and LUMO in MOCl4
and MO2Cl2, where M ) Mo, W, and Sg, obtained as a
result of the DS DVM calculations. (Reproduced from ref
64. Copyright 1995 American Chemical Society.)

Table 16. Effective Charges (QM), Partial Overlap
Populations (OP), Energy Gaps (∆E), and Dipole
Moments (µ) for MO2Cl2, Where M ) Mo, W, and Sg
(from Ref 64a)

property CrO2Cl2 MoO2Cl2 WO2Cl2 SgO2Cl2
QM 0.96 1.03 1.08 0.97
OP(MdO) 0.46 0.54 0.69 0.74
OP(MsCl) 0.31 0.32 0.43 0.43
∆E, eV 2.64 3.47 3.79 3.51
µ, D 0.88 1.04 1.35 1.83

SgOCl4 f SgOCl3 + 1/2Cl2
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Relativistic effects lower the energy of the HOMO t2g
orbital in Sg(CO)6, which has a large contribution
from the 6d orbital, by 2 eV, thus resulting in a
HOMO energy very similar to that in Cr(CO)6 and
W(CO)6. According to the electronic structure data
(electron density distribution), the possible existence
of Sg(CO)6 (and U(CO)6) as isolable molecular species
has been predicted.

X. Volatility of the Halides and Oxyhalides

A. Experimental Investigations of Volatility

1. “One-Atom-at-a-Time” Chemistry
Volatility of the transactinide halides and oxyha-

lides is one of the few properties which can be
quantitatively measured experimentally. Two groups
of the gas-phase chromatography experiments differ
by some principal techniques and by parameters
measured. In the first group,6-8 the inner surface of
the column serves as a track detector for fission
fragments and the deposition temperature of com-
pounds is correlated with sublimation enthalpies,
∆Hs. In the second group,9 the products pass through
an empty isothermal chromatography column, and
the temperature which gives 50% chemical yield
(T50%) of products at the outlet is measured and then
correlated with adsorption enthalpy, ∆Ha.
Various volatility measurements of the transac-

tinide halides have given partially different results.
Thus, in some experiments7b,8e,f,9g the tetrachloride
and tetrabromide of Rf were found to be more volatile
than the tetrachloride and tetrabromide of Zr and Hf
(the ∆Hs obtained for RfCl4 of 90 ( 15 kJ/mol8g can
be compared with ∆Hs for HfCl4 and ZrCl4 of 107.6
( 2 and 108.4 ( 2.0 kJ/mol,205 respectively). In the
latest experiments,9d,e however, volatilities of RfCl4
and ZrCl4 proved to be similar (their ∆Ha were
estimated as -77 and -69 kJ/mol, respectively),
while HfCl4 turned out to be much less volatile (∆Ha
) -101 kJ/mol).
HaBr5 was believed to be less volatile than the

pentabromides of Nb and Ta.9a The upper limit of
∆Hs(HaCl5) of 120 kJ/mol has been defined9h which
can be compared with ∆Hs(NbCl5) of 95 ( 16 kJ/mol.
Among oxyhalides, HaOCl3 was found to be less
volatile than NbOCl3.9h

2. Macrochemistry for the Lighter Homologs
Identification of properties of the transactinides by

studying their volatility is a difficult task due to the
fact that even for lighter compounds volatility is a
property which is hardly correlated with one or even
with a set of parameters, and available data are often
contradictory. From macrochemistry it was estab-
lished that (i) monomeric compounds are more vola-
tile than polymeric, (ii) covalent compounds are more
volatile than ionic, and (iii) volatility decreases with
decreasing valency of a central atom.
The measure of volatility is known to be an equi-

librium vapor pressure over a substance:

where coefficients A and B are determined experi-

mentally and B corresponds to ∆Hs. The boiling
points Tb basically correlate with Pmm. For the
lighter analogs of Rf, Ha, and Sg the following trends
have been observed:196
1. Volatility of MXn decreases in the sequence F

> Cl > Br > I (see Figure 15), although for group 4
Cl > Br > I > F.
2. 5d halides are more volatile than 4d halides.
3. 5d oxyhalides are less volatile than 4d oxyha-

lides.
4. All oxyhalides are less volatile than correspond-

ing halides.
5. Volatility of halides decreases in going from

group 6 to group 4.
In refs 53, 54, 59, and 62 it was suggested that the

data for the equilibrium pressure Pmm ) f(T) of
macroamounts should be used to estimate the vola-
tility of substances measured on a “one-atom-at-a-
time” scale. To predict the volatility of the transac-
tinide compounds, such curves have been constructed
for the highest halides (see Figure 15), using a model
described in the next paragraph. In ref 9c,h, the
usefulness of this approach was confirmed: differ-
ences in the temperature at a particular Pmm for
different compounds (e.g., NbCl5 relative to NbOCl3)
were shown to be equal to their differences in T50%
in the gas chromatography experiments.

B. Theoretical Interpretation of Volatility of the
Transactinide-Containing Compounds

1. Empirical Extrapolations

A simple way to estimate the volatility of halides
and oxyhalides was proposed by Eichler et al.112a-f

He calculated ∆Hs (as a measure of volatility) for a
substance as the difference between formation en-
thalpies of the solid-state and gas-phase compounds,
with ∆Hf being obtained by a linear function of the
formation enthalpy of a corresponding element. (For
comments on the validity of this approach see the
preceding section.)
In this way, two values of ∆Hs of HaBr5 have been

obtained112a (depending on different values of ∆Hf of
Ha), resulting in one case in a higher volatility of
HaBr5 compared to NbBr5 and TaBr5, and in the
other case in a lower volatility, thus leaving the

ln P ) A - (B/T) (16a)

Figure 15. Volatility as a temperature dependence of Pmm
for group 5 highest fluorides, chlorides, and bromides. The
experimental data are from ref 206. The calculated data
for HaBr5 are from ref 53.
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question open. In another work,112b, ∆Hs of group 6
chlorides and oxychlorides have been estimated in
the same way, with the results being inconsistent.
(Thus, e.g., although lower chlorides are known to
be less volatile than the highest, the obtained ∆Hs
of SgCl4 and SgCl6 are 78 and 108 kJ/mol, respec-
tively, indicating that the former compound is more
volatile.) According to these estimates volatility of
both the halides and oxyhalides of the transactinides
should be lower in comparison with the lighter
analogs.
In a later work112e ∆Hs for RfCl4, HaCl5, and

HaOCl3 of 122.1, 94.2, and 180.0 kJ/mol, respectively,
have been obtained by using a linear correlation
between ∆Hs of the halides or oxyhalides and ∆Hf of
their corresponding elements. According to this
approach, increasing ∆Hf of the 5d elements relative
to the 4d ones would mean the same trends in the
volatility of the highest halides and oxyhalides (their
decrease), which, however, contradicts experimental
data (see section IX.A.2).

2. Dependence on Geometry
It was found by Zvara8b,220 that for group IV

tetrachlorides and tetrabromides, MX4, the inverse
absolute normal boiling point temperature, 1/Tb, is
a linear function of the interatomic metal-halide
distance in free molecules, or, finally, of the ionic
radius. (The points for the actinides, UCl4 and ThCl4
were also included in the correlation.) Later it was
stated,221 that the dependence Nx2/Tb = l/x, has a
universal character for MX4, MX5, and MX6. (In this
case, the points for U and Th were not included.)
Here N is the number of facets of the polyhedron of
a molecule, x is the halide radius extrapolated to CN
) 1, and l is the closest possible distance between
the surface of the metal atom (in the model) and the
surface of X of an adjacent molecule.
By using 1/Tb ) k(IR) and MCDF IR41,42 of Rf4+ and

Ha5+ (which are too large and do not take into
account the relativistic bond contraction), much lower
volatilities (as 1/Tb) of RfCl4 relative to ZrCl4 and
HfCl4, and of HaBr5 relative to NbBr5 and TaBr5,
have been predicted.8c A similar linear correlation
between ∆Hs and IR resulted in the same much lower
volatility of RfCl4 relative to the lighter analogs.112f
Analyzing the data for all existing halides,214a it

was found out that the dependence 1/Tb ) k(IR) did
not have a universal character. The following com-
pounds do not obey this rule: (a) group 2 dichlorides;
(b) actinide trichlorides; (c) actinide tetrahydrobo-
rates; (d) group 5 and 6 pentachlorides (they do not
fit one plot); and (e) group 6 hexafluorides including
those of the actinides. Thus, the data generally show
that the situation is more complicated and depends
on the group, solid-state structure, type of bonding
in the solid state and gas phase (covalency), etc.
Direct calculations of the energy of the intermolecular
interaction (taking into account polarizabilities of
molecules, etc.) are needed to estimate volatilities of
compounds.

3. Estimates of Volatility on the Basis of the MO
Calculations
a. Covalency as a Measure of Volatility. An

attempt to find a relation between ∆Ha, measured

in gas-phase chromatography experiments and cor-
related to ∆Hs, and results of the electronic structure
(DS-MS) calculations for the transactinides has been
done in ref 49. There, a higher volatility of RfCl4
compared to those of ZrCl4 and HfCl4 in the experi-
ments8e,f was explained by a lower effective charge
of the Rf atom, and hence, more covalent bonding in
RfCl4. (A plot ∆Hsubl ) f(QM) for MCl4, where M )
Ti, Zr, Hf, and Rf, was shown to have a parabolic
shape.) Analogously, a lower QM in RfBr4 relative
to ZrBr4 and HfBr4 would mean a higher volatility
of the former compound.9g
A larger series of the DS DVM calculations52-64 has

enabled the establishment of a more universal char-
acter for the dependence “OP(covalency)-volatility”.
Thus, assuming that in a group, analogous com-
pounds have similar structures in the solid state and
in the gas phase, the following has been established:
(a) higher values of OP(tot) for the 5d halides
compared to the 4d ones correspond to their higher
volatilities; (b) higher values of OP for group 5 halides
compared to the group 4 halides correspond to their
higher volatility; (c) smaller OP data for oxyhalides
compared to the pure halides correspond to their
lower volatility; (d) much lower OP data for the
halides of actinides compared to those values for
halides of the d elements are in line with their low
volatility.
Thus, the higher values for the OP(tot) of the

transactinide halides compared to the lighter analogs
would be a reason to think their volatility should be
higher.
b. Volatility as an Intermolecular Interac-

tion. In ref 53 an attempt was made to calculate
Pmm as an interaction of molecules in the gas phase.
In a first approximation, such an interaction can be
estimated on the basis of calculations of polarizabili-
ties and dipole moments of separate molecules. A
simpler approach, by using only polarizabilities of the
ligand atoms (in case of symmetric molecules), was
proposed in ref 53.
According to this model, a relationship between

pressures of different compounds (see eq 16a) in a
group can be expressed as a relationship between the
energies of the dispersion interaction ε(x) of their
molecules, which in turn are expressed via ionization
potentials and polarizabilities of interacting ligand
atoms. This resulted for HaBr5 in

which means that HaBr5 should be more volatile than
its analogs (see Figure 15).
The much lower volatility of this compound, ob-

tained experimentally,9a has been interpreted (also
in ref 53) as the formation of HaOBr3, which was
obviously a consequence of oxygen being present in
the chromatography column. Calculated in the same
way (as a parameter B in eq 16a) ∆Hs(RfCl4) of 107.2
kJ/mol corresponding to ∆Ha ) -88.2 kJ/mol is in
good agreement with the experimental result9e of ∆Ha
) -77 kJ/mol. This indicates that volatility of RfCl4
is nearly equal to that of ZrCl4, with ∆Hs of 110.5
kJ/mol.
Qualitatively, some differences in the volatilities

of other compounds were also explained53,54 by dif-

log Pmm ) 12.5 - (5088/T) (16b)
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ferences in their intermolecular interactions. Thus,
the oxyhalides, in comparison with the corresponding
pure halides, in addition to their lower covalency,
have dipole moments strengthening their intermo-
lecular interaction and, hence, decreasing volatility.
Increasing dipole moments of the oxyhalides in the
groups are a reason for a decrease in volatility of the
5d relative to the 4d compounds and for a further
decrease in volatility in going to the transactinide
oxyhalides.9e
In ref 53 an interpretation of volatility as a process

of adsorption-desorption of single molecules on the
surface of a chromatography column has been given
on the basis of results of the MO calculations.
Calculations of the intermolecular interaction using

a statistical model of the electronic gas222 are in
progress.214b

XI. Oxidation States of Rf, Ha, and Sg in
Aqueous Solutions
Estimates of the stabilities of different oxidation

states of the transactinides obtained on the basis of
DF and DFS calculations of atomic IPs are sum-
marized in reviews of Fricke.37,38 For Rf, oxidation
state +4 was predicted as the most stable in solu-
tions, while in the solid state the +2 and +3 states
were believed to be also stable. (A ds2p1/2 ground
state electronic configuration of Rf, obtained in the
MCDF calculations40,41 was also a reason to think
about stability of the +1 oxidation state due to the
delocalization of the 7p1/2 electron. However, recent
CCSD results84 assign the ground state as d2s2). Ha
is expected to be more stable in the +5 oxidation
state, although the +4 and +3 states were supposed
to be also exhibited. (The latter was assumed to have
an enhanced stability due to the relativistic stabiliza-
tion of the 7s2 pair.) Sg was expected to exist in
solutions in the +6 and +4 oxidation states, with the
latter being more stable. For the heavier transac-
tinides lower oxidation states will be predominant.
MCDF calculations40-42 and recent CCSD ones84-86

have given new values of the IPs. These new MCDF
values were used to estimate redox potentials in
aqueous solutions (see refs 43, 55, 60, and 61) and to
check the conclusions made earlier.

A. Characterization of Oxidation States
For characterizing an oxidation state, the oxida-

tion-reduction potential E° is of crucial importance.
For the reaction

a change in the free energy

where F is the Faraday constant.
In ref 44 Bratsch and Lagowski proposed an

estimate of the Gibbs free energy of formation of an
ion Mz+ using the Born-Haber cycle, so that

where

Here, Ay(z) and rx(z) are parameters which are
obtained by a least-square fitting to known experi-
mental data. Using this scheme some redox poten-
tials for Rf and Ha have been estimated.42-44

In ref 55, group 5 redox potentials, including those
for Ha and Pa, have been obtained using the follow-
ing approach. The change in the free energy in the
redox reaction 17 can be expressed as

with IP ) I ( ∆E, where I is the ionization energy
Mz+ f Mz+x, and ∆E is the energy which is necessary
for the reconstruction of an electronic configuration
of the metal ion when going from the (m) to the
(m+n) valence state. Ionization potentials I and
∆G°hyd (eq 20) were shown94,95 to be a smooth function
of the atomic number. Thus, ∆E correlates linearly
with redox potentials and defines all the changes in
their values. If IP includes the change in the
electronic configuration, E°(Mz+x/Mz+) is directly pro-
portional to IP.

B. Redox Potentials in Aqueous Solutions

1. Group 4
In refs 43 and 44 redox potentials E°(Rf2+/Rf), E°-

(Rf3+/Rf), E°(Rf4+/Rf), E°(Rf3+/Rf2+), and E°(Rf4+/Rf3+)
have been estimated using the model of Bratsch and
Lagowski. In ref 44b a very approximate value of
the atomic IP(0-4+) was used to obtain ∆G°(Mz+,g)
and then E°. In ref 43 the procedure was repeated
but with new MCDF IPs.41 Nevertheless, in both
papers a very crude estimate of the ∆Hs(Rf) of 129.06
kcal/mol was used (see the other values from Table
5). This resulted in a too large (absolute) value of
the E°(M4+/M3+) of -3.8 (-2.8 V). The main conclu-
sion made in both papers is that Rf+4 is more stable
than Rf+3, and the latter is more stable than Rf+2.
The stability of the +1 oxidation state has not been
analyzed.
In ref 61 a correlation between group 4 E°(M4+/

M)223 and MCDF IP(0-4+)41 was used (eqs 18 and
21) to obtain E°(Rf4+/Rf) of -1.85 V, showing that the
earlier estimates (absolute values) of -0.843 and -1.2
(-0.9) V44 were too low. E°(MO2/M) ) -1.95 V.61

2. Group 5 (Redox Reactions)
In ref 55 all redox reactions of group 5 elements

including Pa in acid aqueous solutions have been
considered. Unknown redox potentials have been
determined on the basis of a linear correlation
between E°(Mz+x/Mz+) and the calculated41 MCDF
IPs, which have been normalized and extrapolated
to the experimentally known values.101 (The calcu-
lated IPs already included changes in the electronic
configurations.) A linear correlation between IP(0-
4+) and E°(MO2/M3+) for V, Nb, Ta, Pa, and Ha is
shown in Figure 16 as an example. The obtained
value of the redox potential E°(HaO2/Ha3+) of -1.38
V shows that the +3 oxidation state of Ha is even

Mz+x(m + n) + ne f Mz+(m) (17)

∆G° ) -nFE° (18)

∆G°(Mz+,aq) ) z∆G°(H+,aq) + ∆G°(Mz+,g) +
∆Ghyd°(M

z+) - z[∆G°(H+,g) + ∆G°hyd(H
+)] (19)

∆Ghydr°(M
z+) ) Ay(z)/(rMz+ + rx(z)) (20)

∆G° ) -[IP + ∆G°hyd] (21)
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less stable than the +3 oxidation state of Nb and Ta.
(Pa3+ is not known in aqueous solutions.)
All the redox potentials, known and estimated in

this way, are shown Figure 17. From these values
the following trends in the stability of oxidation
states for the group 5 elements have been estab-
lished:

Thus, the stability of the pentavalent state in-
creases in going from V to Ha, while that of the tetra-
and trivalent states decreases in this direction. The
divalent state of Ha will be as stable as that state of
Nb, thus indicating a possible formation of its mixed-
valence compounds by analogy with Nb.224 The
present estimates show no enhanced stability of the
trivalent state of Ha.
In ref 42 some standard potentials E°(Mz+x/Mz+) for

Ha were estimated using the Bratsch-Lagowski

approach and Born-Bierrum equation.225 The values
obtained in these two ways differ drastically. A
conclusion made in ref 42 is nevertheless the same
as in ref 55: the +5 oxidation state will be the most
stable in acid solutions, while the +2 and +3 are not.
The +4 state may be also exhibited.

3. Group 6
In ref 60 calculations of the electronic structure of

the oxyanionic complexes, [MO4]2-, which are formed
in basic solutions, have been performed using the DS
DV method. A linear correlation between calculated
energies of the charge-transfer transitions, related
to the reduction process M6+/M5+, and the reduction
potentials E°(MO4

2-/MO4
3-) were used to estimate

E°(SgO4
2-/SgO4

3-) (Figure 18). The obtained value
of -1.60 V shows an increase in the stability of the
+6 oxidation state in group 6 with increasing Z,
although this increase is very small. This result was
obtained for the shortest metal-oxygen bond lengths
in [SgO4

2-]. An increase in the bond lengths of 0.03
Å resulted in a decrease in the energy of the lowest
charge-transfer transition, and hence, in a decrease
in the absolute value of the reduction potential, so
that E°(SgO4

2-/SgO4
3-) ) -1.34 V. This means that

for these interatomic distances the +6 oxidation state
of Sg is less stable than that of W.
MCDF calculations of the IPs for Sg which will be

used to estimate other reduction potentials are in
progress.90
In summary, although the stability of the maxi-

mum oxidation state increases with increasing Z in
groups 4-6, this increase becomes less pronounced
in going from group 4 to group 6: for W and Sg the
stability of the +6 state is nearly the same; the +7
oxidation state of Ns will probably not be stable.
Thus, along the transactinide series the stability of
the maximum oxidation state decreases in the fol-
lowing way: Lr3+ > Rf4+ > Ha5+ > Sg6+ (see Table
17).

XII. Forms of the Transactinides in Aqueous
Solutions

A. Experimental Study of Solvent Extraction
The transition metals of groups 4-6 are known to

form neutral species or anionic oxy, hydroxy, or

Figure 16. A correlation between ionization potentials IP-
(3+ f 4+)42 and the standard potentials E°(MO2/M3+) for
group 5 elements. Filled circles are experimental data from
ref 223. (Reproduced from ref 55. Copyright 1992 Ameri-
can Chemical Society.)

Figure 17. Standard redox potentials for group 5 ele-
ments. Figures in parentheses are the estimated values.
(Reproduced from ref 55. Copyright 1992 American Chemi-
cal Society.)

M5+: V < Nb < Ta < Ha < Pa

M4+: V . Pa > Nb > Ta > Ha

M3+: V > Nb > Ta > Ha > Pa

M2+: V > Nb g Ha > Ta > Pa

Figure 18. A correlation between standard redox poten-
tials E°(MO4

2-/MO4
3-) and energies of the calculated (by

using the transition-state procedure in the DS DVmethod)
lowest charge-transfer transitions in [MO4]2-, where M )
Cr, Mo, W, and Sg. The filled circles are experimental
values from ref 223. (Reproduced with permission from
ref 60. Copyright 1994 R. Olderburg Verlag, München).
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oxyhalide complexes in acidic aqueous solutions,
depending on the acid concentration.201,226,227 The
ability for complex formation is known to increase
in the groups with increasing atomic number of the
element: the 3d elements exist in aqueous solutions
mainly in the form of cations, while the 4d and 5d
elements are known to form stable anionic complexes
of different composition (depending on the concentra-
tion of a halogenating agent) with the metal in its
maximum oxidation state. The question whether the
transactinides continue this trend can be answered
by studying their solvent extraction properties, thus
providing information about extracted chemical spe-
cies, complexing ability, and ionic radii. Techniques
which are particularly useful here are liquid-liquid
extraction or ion-exchange resin separations.
First on-line experiments for the liquid extraction

of Rf and Ha confirmed that they belong to groups 4
and 5. Silva et al.10a and then Hulet et al.,10b
investigating the chloride complexing and extraction
of the anionic species on chromatographic columns
of trioctylmethylammonium chloride, found that Rf
behaves like Zr and Hf and not like the actinides.
(Zr, Hf, and Rf were extracted from 12 M HCl while
trivalent actinides were not sorbed on the chromato-
graphic column. Rf, together with Hf tracer, was
then eluted with 6 M HCl.)
In earlier experiments,11a Ha was shown to adhere

to a glass surface upon fuming with concentrated
nitric acid, a property characteristic of group 5
elements, Nb and Ta. Later it was not extracted into
methyl isobutyl ketone (MIBK) under conditions in
which Ta was extracted but Nb was not. This was
attributed to the formation of the nonextractable
[HaF7]2- species or other polynegative fluoride com-
plexes in contrast to [TaF6]-.
In recent detailed studies11b,c,12 the behavior of Rf

and Ha was found to deviate from the trends found
within the 4d and 5d analogs. Thus, experiments11c
on the extraction of Zr, Hf, and Rf along with
pseudoanalogs Th and Pu from HCl solutions into
TBP (depending on the HCl, Cl-, and H+ concentra-
tions) have shown that (1) Rf and Pu form anionic
chloride species [RfCl6]2- with increasing [Cl-], which
are not extracted into TBP, while Zr, Hf, and Th are
well extracted (they do not form anionic complexes
with TBP); (2) extraction of Rf increases with in-
creasing [H+] while that for Zr and Hf does not. This
was explained by formation of the neutral salt
RfCl4‚xHCl‚yTBP.
In the experiments12a-c on the extraction of group

5 elements from HCl + HF solutions into triisooctyl-
amine (TIOA), Ha was found to be extracted together
with Nb and Pa and not together with Ta. In the
process of elution of these elements with HCl from
the TIOA columns, very strong halide complexes of

Ta were not eluted and had to be stripped with 6 M
HNO3/0.015 M HF. Ha was eluted between Nb and
Pa, showing that its anionic halide complexes are
different from those of Ta, and more like those of Nb
and Pa. This difference between Ta and Ha is
indicative of a deviation from the trend which could
not be predicted by simple extrapolation within the
group 5.
Results of the experiments12c on the extraction of

Ha, Nb, and Pa from aqueous HBr and HCl solutions
into diisobutylcarbinol (DIBC) indicated that the
tendency of Ha to form polynegative complexes at
high halide concentration is stronger than that of Nb
and much stronger than that of Pa.
In the preliminary on-line experiments13d-g to

study the complex formation of Sg, various systems
were tried in order to find proper conditions to
separate the lighter analogs, Mo and W. The best
conditions were found for the mixture of very dilute
HF and HCl acids as an aqueous phase, which allows
separation of Mo and W from group 4 ions and
trivalent actinides by using the cation exchange
resins.13d A separation of W from Mo can also be
achieved by applying this mixture as a diluent.13e
Some other good conditions were found for the
separation of W from Mo in the extraction13f from
aqueous HCl and HNO3 solutions by different organic
extractants.

B. Theoretical Study of the Complex Formation
and Extraction

Analyzing results of the DS atomic calculations,
Fricke37,38 predicted that the transactinides would
exhibit a rich chemistry of complex ions in solution
in analogy with the 5d elements. Results of later DS-
DVM calculations58-60 of the electronic structure of
the experimentally studied group 5 and 6 compounds
in solutions shed light on the complex formation and
bonding and proved helpful in the interpretation and
prediction of the experimental results.

1. Anionic Halide and Oxyhalide Complexes of Group 5
Elements in Acid Solutions

a. Complex Formation. In aqueous HCl solu-
tions Nb and Pa are known226-227 to form oxyhalide
complexes [MOCl4]-, [M(OH)2Cl4]-, or [MOCl5]2- at
intermediate HCl concentrations, and the formation
of pure [MCl6]- starts only at very high HCl concen-
trations (of the order of 10 M). Tantalum, in contrast,
forms very stable halide complexes [TaCl6]- and
[TaCl7]2- at nearly all HCl concentrations. Since Ha
was extracted together with Nb and Pa, in ref 12a
the formation of [HaOCl4]-, [Ha(OH)2Cl4]-, or
[HaOCl5]2- was suggested by analogy with Nb and
Pa.
Results of the MO calculations58 of the electronic

structure of different complexes of Nb, Ta, Ha, and
Pa were used to analyze the role of different orbitals
in bond formation and a tendency of a metal to form
covalent bonds with different ligands and their
related (coordination) number (CN). As an example,
the OP data for complexes with CN ) 6, which are
formed in the concentrated HCl solutions, are given
in Table 18.

Table 17. Standard Reduction Potentials E0(Mz+x/Mz+)
(in V) for Heavy Elements

element E0(M3+/M2+)a E0(M4+/M3+)a E0(M5+/M4+)b E0(M6+/M5+)c

Lr -2.6 8.1
Rf -1.7 -1.5
Ha -1.20 -1.38 -1.0
Sg -0.93
a Reference 44b. b Reference 55. c Reference 61.
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The data show that the total OP for [MOCl5]2-

increases in going from the Nb to the Ha complex,
while for the [MCl6]- series there is no increase in
OP in going from [TaCl6]- to [HaCl6]-. (A much
smaller overlap of the 7p3/2 orbitals with valence
orbitals of the chlorines leads the total metal-ligand
overlap in the Ha complex to be smaller than that in
the tantalum complex.) Comparing OP in [MCl6]-
and [MOCl5]2-, one can see that tantalum shows a
clear preference to form the pure halide complex,
while for niobium and Ha a tendency to form the
oxyhalide or halide complex is nearly the same (for
Ha there is an even more pronounced trend to form
oxyhalide species.) Protactinium would also form
oxyhalide complexes rather than the hexahalide ones.
In addition, an analysis of the trans effect in the

oxypentahalide complexes has shown, that the sub-
stitution of oxygen by chlorine is much easier in
[TaOCl5]2- than in any other compound. In
[HaOCl5]2- the oxygen is strongly bound.
Thus, the results of the calculations reflected the

experimental trends qualitatively: a specific position
of Ta in the group and a tendency of Pa and Ha (and
Nb at lower concentrations) to form oxyhalide com-
plexes. Ha, having a large IR, was thought also to
form complexes with CN higher than 6 in strong HCl
solutions by analogy with Pa.
b. Extraction of the Complexes by Anion

Exchange with Aliphatic Amines. To describe
the extraction behavior of the complexes under
discussion from aqueous HCl solutions by aliphatic
amines, in ref 58 Born’s theory of ionic solvation228
has been applied to a transfer (∆Gt) of a complex ion
from the aqueous to organic phase, the Bjerrum’s
theory of an ionic association229 for the association
in the organic phase (∆Gass). According to the Born
theory, the partition coefficient of a complex between
an organic and aqueous phase is expressed as

Here ri is a radius of the extracted ion, Z is its charge,
and γorg and γaq are activity coefficients of the solute
in the organic and aqueous phases (γaq/γorg = 1).230
DS-DVM results58 explain the specific position of

Ta in the group (formation of the most covalent
[TaCl6]- complex) and its superior extractability from
the HCl (back-extraction) or HCl + HF solutions into
the organic phase.
For a series of analogous oxyhalide complex ions

of Nb, Pa, and Ha, [MOCl5]5-, [MOCl4]-, or [M(OH)2-

Cl4]-, ∆Gt and P are finally defined by a size of the
extracted anion (eq 22). After the sizes of the anions
under discussion were estimated by using the MCDF
IR,41,42 the following sequence for P has been pre-
dicted for them when extracted from pure HCl
solutions: P(Pa) > P(Ha) > P(Nb) (Figure 19). The
strengths of the associated complexes at medium and
high HCl concentrations were shown to change in the
following way: Kass(Nb) > Kass(Ha) > Kass(Pa), where
Kass is the association constant. Hydrogen bonding
and charge transfer have also been analyzed for these
systems.
Although the results obtained by the application

of these theories are generally simplified, they still
can be reliable, since in practice the electrostatic
interaction of the ion association, their size and
degree of hydration, allows one to make the right
estimates of the extraction.231
Application of the Born theory to back-extraction

enabled one to predict the following sequence in the
elution of the [MOCl5]5-, [MOCl4]-, or [M(OH)2Cl4]-
anions:58 the smallest anion of Nb should be eluted
first, while the largest anion of Pa, the last. The Ha
anion will be eluted between those of Nb and Pa.
An interpretation of the extraction from mixed

aqueous HCl + HF solutions encounters some dif-
ficulties due to the formation of a great variety of
complexes, and hence, problems for their identifica-
tion. In the experiments12a the position of the
distribution coefficient of Ha below Nb might be
explained by the formation of multicharged mixed
chlorofluoro ions, like, e.g. [HaOFxCly]x+y-3 or
[HaFxCly]x+y-5. In the clearer case of the pure aque-
ous HCl solutions, new experiments232 are on the way
to shed light on the extraction behavior of Ha.

2. Complexes of Group 6 Elements

a. Anionic Complexes in Basic Solutions. In
aqueous basic solutions, group 6 elements in mac-
roamounts and on the “one-atom-at-a-time” scale
form monomeric oxyanions [MO4]2-, where M ) Cr,
Mo, and W. These anions are also structural units
of many crystalline compounds, which have been
studied experimentally233-236 and theoretically.237-240

In ref 60 the DS DVM electronic structure calcula-
tions have been performed for the solid-state and
aqueous-phase tetraoxyanions of Cr, Mo, W, and Sg.

Table 18. Partial and Total Overlap Population Data
for the [MCl6]- and [MOCl5]2- Complexes (from Ref
58)

OP (MsL) [NbCl6]- [TaCl6]- [HaCl6]- [PaCl6]-

MsCl 0.42 0.50 0.49 0.42
Ms6Cl (tot) 2.52 2.97 2.95 2.51

OP (MsL) [NbOCl5]2- [TaOCl5]2- [HaOCl5]2- [PaOCl5]2-

MdO 0.78 0.88 0.92 0.83
MsCleq 0.34 0.39 0.42 0.36
MsClax 0.36 0.40 0.36 0.28
MsL (tot) 2.51 2.85 2.96 2.57

P )
Corg

Caq
)

γaq
γorg

exp[Ne2Zi
2

2RTri ( 1εorg - 1
εaq)] (22)

Figure 19. Distribution coefficients of Nb, Pa, and Ha
between the triisooctylamin and HCl as a function of the
HCl concentration. The experimental data for Nb and Pa
are from ref 231. The data for Ha are estimated. (Repro-
duced from ref 58. Copyright 1994 R. Olderburg Verlag,
München).
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The information obtained on bonding and stability
is useful to understand the extraction behavior of Sg
in the future experiments.
In Table 19 some results of the calculations are

presented. The trends in the electronic structure
data are similar to those found for the group 5
oxyhalide complexes: there is an increase in the
covalency (OP) and an increase in the values of the
energy gap ∆E between the occupied ligand levels
and vacant metal levels in the group and in the
energies of the charge-transfer transitions.
The latter are known to be responsible for the

luminescence absorption and emission of the solid-
state compounds.235,236 (Many molybdates and tung-
states have strong luminescence with a green and
blue emission, respectively.) Since the energies of the
charge-transfer transitions of the Sg complex are
even higher than those of W, the luminescence of
[SgO4]2- (provided this complex were obtained in a
crystalline form) would be even stronger, with the
emission being in the blue-violet region. The same
might be valid for [HaO4]3-, or [HaO6]7-, or [HaO8]11-

which will probably have higher charge-transfer
transition energies than those of the corresponding
Ta complexes.
In solution, the stability of the [SgO4]2- complex

will be decreased by a hydration energy contribution
which is the smallest in the series due to the largest
IR(Sg6+).
However, in this complex, Sg has the maximum

stability of the +6 oxidation state in the group
(provided the shortest bond lengths are realized).
Reduction potentials E0(MO4

2-/MO4
3-) for W and Sg

have been estimated (see Table 19) by using a linear
correlation between the E° and the calculated ener-
gies of the charge-transfer transitions, corresponding
to the process of the reduction (Figure 18).
b. Neutral and Anionic Complexes in Aque-

ous Acid Solutions. A lot of effort has been devoted
to the identification of the Mo and W species in
aqueous solutions at various acid concentrations.
Using different techniques (e.g. extraction241 or spec-
trophotometry242) most authors agreed that in aque-
ous HCl solutions between 2 and 6 M the predomi-
nant species are monomeric MoO2Cl2, between 6 and
12 M, MoO2Cl3-, and at the concentrations above 12
M the formation of MoO2Cl42- starts.
Raman and infrared spectra243 of the solutions

containing complexes of Mo and W have confirmed
the existence of MoO2Cl42- and WO2Cl42- above 12
MHCl, with MO2

2+ having a cis configuration. These

investigations have also shown that at 6 M HCl
MoO2Cl2 exists in the form of the adduct, MoO2Cl2-
(H2O)2, favoring the octahedral structure with cis-
oxy ligands. In organic solutions the adducts have
the same form, having organic molecules in the
coordination sphere instead of water molecules,244 e.g.
cis-MoO2Cl2(OEt2)2 or MoO2Cl2[OPPh3]2. For com-
pounds of this type π-donating chloride ligands were
found244,245 to be in the trans position to each other
and cis to the Mo-Ot bond. This is explained by the
fact that the weaker π-bonding donor atoms (trans
to Mo-Ot) do not compete for the empty p and d
orbitals along the same axis. The same is valid for
the tungsten compounds.244b Knowing this, one can
assume formation of the same types of complexes for
Sg.
In the process of extraction of these complexes from

an aqueous HCl into an organic phase, their dipole
moments will be a decisive factor in defining the
distribution coefficient. The DS DVM calculations64
have shown an increase in the values of dipole
moments for group 6 MO2Cl2 with increasing Z.
Preliminary calculations246 have shown that this will
be also the case for MO2Cl2(H2O)2.
A pseudoanalog within the actinides, uranium, in

aqueous HCl solutions at intermediate concentra-
tions is known to form UO2Cl2(H2O)2. In contrast to
the d-element compounds, the uranyl ion UO2

2+ has
a linear structure thus having no dipole moment. A
linear structure is defined by a fd hybridization (U
f2.6d0.8s0.003 in UO2

2+ 247 or f3.01d1.71s0.09 in UO2Cl42- 248),
while a ds hybridization in SgO2

2+ (Sg d4.1s0.5 64)
results in an angle structure. The differences in the
geometrical configurations and electron density dis-
tributions of the U and Sg complexes will be reflected
in their extraction into an organic phase.
In aqueous HF solutions group 6 elements are

supposed to form the MO2F3
- complexes around 1 M

and MOF5
- at higher molarities. Uranium forms

various UO2Fn
z-n complexes, depending on the HF

concentration.249
In mixed HF + HCl solutions, at low HCl concen-

trations (and/or higher HF) the predominant species
are oxyfluoride complexes, while at higher HCl
molarities neutral and oxychloride complexes are
predominant.
c. Extraction of the Complexes. Results of the

extraction of the Mo, W, and U species from aqueous
HF solutions on the one hand and from HCl solutions
on the other hand by different organic media have
shown opposite trends in the distribution coeffi-
cients: D(U) > D(Mo) > D(W) in HCl solutions250-251

and D(U) < D(Mo) < D(W) in HF.250-252 This is
obviously connected with two different extraction
mechanisms. In the case of the extraction of the
neutral species from the 2-8 M HCl solutions, the
mechanism of adduct formation is valid253

The process of the transfer (∆Gt) in this case is
defined by the strengths of the dipole-dipole interac-
tion of the MO2Cl2(H2O) species with water mol-
ecules. Since the dipole moments increase in the
group from Mo to Sg, the distribution coefficient will

Table 19. Interatomic Distances (RM-O), Effective
Charges (QM), Total Overlap Populations (OP),
Energies of the Charge-Transfer Transitions (Eπ-d),
Symmetric Stretching Frequencies (ν1), and
Reduction Potentials E0(MO4

2-/MO4
3-) for Group 6

Oxyanions (from Ref 60)

anion
RM-O,
Åa QM OP

Eπ-d,
eV

ν1,
cm-1 a

E0(MO4
2-/

MO4
3-), Vb

CrO4
2- 1.609 0.73 2.10 3.64 - 0.10

MoO4
2- 1.759 0.71 2.28 4.48 879 -1.00

WO4
2- 1.780 0.71 2.81 4.98 922 (-1.55)

SgO4
2- 1.840 0.58 2.84 5.05 - (-1.60)

a Reference 233-234. b Reference 223 (in the parentheses
are the estimated values from ref 60).

2(R3NHCl) + MO2Cl2(H2O)2 f MO2Cl2(R3NHCl)2
(23)
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decrease in this direction. This is in agreement with
the experimental data for Mo and W. The absence
of a dipole moment for the uranium compound
explains its superior extractability.
In the HF solutions or mixed HF + HCl solutions,

the anion exchange takes place

Here, the work of transfer will be determined by the
sizes of the extracted species (see eq 22). Investiga-
tions of the electronic structure and stability of the
anionic complexes existing in HF solutions and HF
+ HCl solutions with the final aim to predict experi-
mental behavior, will be the subject of future work.

XVIII. Summary
Investigations of properties of the transactinide-

containing compounds by using modern relativistic
molecular codes have brought research to a new level
of understanding of the physics and chemistry of the
transactinides. The questions about bonding interac-
tions, stability, and influence of relativistic effects on
them have become more clear after having performed
the MO calculations.
Among applied methods, the LDF methods proved

to be very useful. The DS calculations represent the
case, where fully relativistic schemes can be applied
at present to chemically interesting, complicated
systems and still provide sufficient computational
accuracy. Such calculations for a large number of
the gas-phase molecules and complexes of the trans-
actinides and their analogs in aqueous solutions has
enabled one to establish important trends within the
transition-element groups and along the transac-
tinide series for such molecular properties as ionicity,
covalency, stability toward oxidation or reduction,
crystal-field and spin-orbit effects, bonding, and the
influence of relativistic effects on them. Thus, e.g.,
relativistic effects were shown to be responsible for
a continuation of the trends in properties in the
groups with increasing Z. Consequently, they are a
reason for an increase in covalency and bonding. For
the highest halides and oxyhalides they are respon-
sible for an increase in ionization potentials, a
decrease in electron affinity, larger energy gaps and
energies of the charge-transfer transitions, spin-
orbit and crystal-field splittings. They are also a
reason for an increase in the stability of the maxi-
mum oxidation states in the groups.
The bonding was also shown to be dependent on

group, type of ligand, and coordination. Thus, along
the transactinide series a decrease was found in
metal-ligand bonding for the highest halides, in the
formation enthalpies and in the stability of the
maximum oxidation state. There are also some
peculiarities in the electronic structure of individual
compounds which are accounted for by strong rela-
tivistic effects.
Recent improvements in the LDF codes for the

exchange-correlation potentials and integration
schemes allow their use for accurate calculations of
binding energies and optimization of geometry.
Application of the RCP methods is without doubt

very useful in defining ground and excited states of

open-shell compounds, electronic excited state spec-
tra, and potential energy surfaces. In combination
with accurate correlation schemes they give at present
reliable predictions for diatomic molecules of the very
heavy elements, although the computational efforts
are very high. In addition, use of sophisticated
correlation schemes comes at the expense of ease in
the interpretation of the wave function.
More sophisticated all electron ab initio methods

are just beginning to be applied to transactinide
systems. Nevertheless for chemically interesting
compounds they still encounter methodical (correla-
tion part) and computational difficulties and can be
prohibitively expensive. Thus, we share the opinion
of Pepper and Bursten118 that a combination of LDF
and all-electron ab initio calculations is the best
approach to study the actinide and transactinide
systems whose chemistry still has quite a number of
open questions.
These questions are the following: regularities in

properties along the entire transactinide series and
the influence of relativistic effects on them; the
stability of oxidation states for Sg, Ns, and heavier
elements; redox potentials in aqueous solutions (since
starting with these elements lower oxidation states
become predominant); stereochemistry of Ns com-
pounds (since compounds of its lighter analogs, Tc
and Re, having the same chemical formula, can
exhibit different geometrical configurations); stability
of transactinide compounds in lower oxidation states;
and some others.
All these questions need to be solved by a complex

approach, including accurate atomic and molecular
calculations, as well as a use of different qualitative
and quantitative models. Thus, e.g., interpretation
of experimental results from the gas-phase chroma-
tography needs a further step to the calculation of
physisorption in order to make a quantitative predic-
tion of the adsorption enthalpy of the studied com-
pounds. For the very heavy relativistic systems this
work still represents a challenge for modern quantum
chemistry.
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Türler, A. PSI Annual Report 1993, March 1994, p 51. (f)
Becker, H. U.; Kratz, J. V.; Brüchle, W.; Schädel, M. GSI
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Hübener, S. GSI Scientific Report 1991, GSI 92-1, March 1992,
p 323. (e) Eichler, B.; Türler, A.; Gäggeler, H. W. PSI Annual
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