Theoretical Chemistry of the Heaviest
Elements

Valeria Pershina

Abstract Theoretical chemical research in the area of the heaviest elements is
extremely important. It deals with predictions of properties of exotic species and
their behavior in sophisticated and expensive experiments with single atoms and
permits the interpretation of experimental results. Spectacular developments in the
relativistic quantum theory and computational algorithms have allowed for accu-
rate calculations of electronic structures of the heaviest elements and their com-
pounds. Due to the experimental restrictions in this area, the theoretical studies are
often the only source of useful chemical information. The works on relativistic
calculations and predictions of chemical properties of elements with Z > 104 are
overviewed. Preference is given to those related to the experimental research. The
increasingly important role of relativistic effects in this part of the Periodic Table
is demonstrated.

1 Introduction

The main aim of chemical research in the area of the heaviest elements is to assign a
new element its proper place in the Periodic Table. Conceptually, it is the atomic
number, Z, and electronic configuration of an element that define its position there.
Since the latter cannot be measured for the very heavy elements, information on its
chemical behavior is often used for this purpose. Unfortunately, with increasing
nuclear charge cross-sections and production rates drop so rapidly that such
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chemical information can be accessed only for elements with a half-life of the order
of at least few seconds and longer (see “Synthesis of Superheavy Elements”). In this
case, some fast chemistry techniques are used (see “Experimental Techniques™).
They are based on the principle of chromatographic separations either in the gas
phase exploiting differences in volatility of elements or their compounds, or in the
aqueous phase by solvent extraction or ion-exchange separations using differences
in the complex formation. Chemistry of elements 104 (Rf) through 108 (Hs), and of
elements 112 (Cn) and 114 (flerovium, Fl) has been successfully studied using
these techniques (see “Liquid-Phase Chemistry of Superheavy Elements” and
“Gas-Phase Chemistry of Superheavy Elements”).

Due to very short half-lives, chemical information obtained from these exper-
iments is limited to the knowledge of only few properties. It mostly answers the
question about whether a new element behaves similarly to their lighter congeners
in a chemical group, or whether some deviations from the trends occur due to very
strong relativistic effects on their valence electron shells. Knowledge of many
other important properties such as, e.g., chemical composition, stability, geomet-
rical configuration, ionization potential (IP), electron affinity (EA), etc., cannot be
measured at all. Thus, for the heaviest elements, theoretical studies become
extremely important and are often the only source of useful chemical information.
They are also invaluable in predicting and/or interpreting the outcome of
sophisticated and expensive experiments with single atoms. Moreover, it is only
the theory that can reveal how relativistic effects influence chemical properties:
only a comparison of the observed behavior with that predicted on the basis of
relativistic versus. non-relativistic calculations does allow assessing the impor-
tance and magnitude of relativistic effects.

Theoretical chemical research on the heaviest elements is not less challenging
than the experimental one. It should be based on the most accurate relativistic
electronic structure calculations in order to reliably predict properties and exper-
imental behavior of the new elements and their compounds. It also needs devel-
opment of special approaches that bridge calculations with quantities that cannot
be so easily predicted from calculations. Due to recent spectacular developments
in the relativistic quantum theory, computational algorithms and techniques, very
accurate calculations of properties of the transactinide elements and their com-
pounds are now possible, which allow for reliable predictions of their experimental
behavior. These theoretical works are overviewed here. Special attention is paid to
the predictive power of the theoretical studies for the chemical experiments. The
role of relativistic effects is discussed in detail.

Early reviews on predictions of transactinide element properties based on rel-
ativistic atomic calculations and extrapolations are those of [1-5]. More recent
reviews on the theoretical chemistry of the heaviest elements covering also
investigations of molecular, complex, and solid-state properties are those of
[6-14]. Chemical and physical properties of the heaviest elements including the-
oretical aspects are also discussed in [15].
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2 Architecture of the Periodic Table

When Seaborg in 1944 introduced his ‘actinide’ concept [16], the theory played an
important role in his decision to place newly discovered elements in a second series
where the filling of the 5f-shell takes place, similarly to the ‘lanthanide’ series where
the filling of the 4f-shell takes place. Thus, the filled-shell concept was in accord
with the newly found periodicity in chemical properties and resulted in the discovery
of the heavy actinides up to No at that time [17]. Since then, the theory advanced to
such an extent that the Periodic Table (Fig. 1) is now predicted with sufficient
accuracy up to very high Z numbers. That was possible due to the development of
very accurate relativistic quantum chemical methods and programs, which could
reliably calculate electronic configurations of heavy element atoms and ions.
Ground states of the superheavy elements up to Z = 172 were predicted in the late
1960s and early 1970s by Mann [18], Fricke, Waber, Greiner [19, 20], Desclaux
[21], and later by Nefedov [22] using the Dirac—Fock (DF) and Dirac—Fock-Slater
(DFS) methods. The results up to 1975 are summarized in [1, 2] (see also references
therein). More accurate multiconfiguration Dirac—Fock (MCDF) [23-31] and Dirac-
Coulomb-Breit (DCB) coupled cluster (CC) calculations (see [32, 33] and refer-
ences therein) performed later basically confirmed those earlier predictions and
furnished more accurate values of the electronic energy states.

According to results of these calculations, in the first nine transactinide
elements, Rf through Cn, filling of the 6d shell takes place. Followed by them are
7p elements 113 through 118, with element 118 falling into the group of noble
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Fig. 1 Modern Periodic Table of the Elements
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gases. In elements 119 and 120, the filling of the 8s shell takes place so that these
elements will obviously be homologs of alkali and alkali-earth elements in group 1
and 2, respectively. Element 121 has a relativistically stabilized 8p electron in its
ground state electron configuration [34], in contrast to the prediction based on a
simple extrapolation in the group. In the next element, Z = 122, a 7d electron is
added to the ground state, so that it is 8s>7d8p in contrast to the 7s?6d* state of Th
[35]. This is the last element where accurate DCB CC calculations exist.

For heavier elements, calculations start to disagree on the ground states
(Table 1). The situation there becomes more complicated: 7d, 6f, and 5g levels,
and furthermore 9s, 9py,, and 8p;,; levels are located energetically so close to each
other that clear structures of the pure p, d, f, and g blocks are not distinguishable
anymore. The usual classification on the basis of a simple electronic configuration
and placement of the elements in this part of the Periodic Table become prob-
lematic. Thus, e.g., according to [1, 2], the Periodic Table has a very long 8th
period starting from Z = 119 and counting 46 elements, so that the last element of
this period is 164, while elements 167 through 172 are 8p3,, ones (due to the very
large SO effects on the 8p AOs) belonging to the 9th period. The 5g shell is being
filled in elements 125 through 144. Elements 165 and 166 are then 9s ones
belonging to group 1 and 2, respectively.

Seaborg and Keller have designed another table [3-5], even though they used
the same DF calculations of Fricke et al. [1, 2]. In their table, elements of the 8th
period are those from Z = 119 through 168, including those from Z = 122
through 153, called superactinides. In difference to the results of [1, 2], the 8p
elements are those from Z = 163 to 168, and the 9s elements are those with
Z = 169 and 170. Such an arrangement of the elements is, however, not reflecting
the filling of the AOs obtained in the original DF calculations, so that the Periodic
Table of [1, 2] is more appropriate.

In a recent work based on MCDF (with average level, AL, energy functional)
calculations of highly charged states of some elements of the 8th period it was,
however, suggested that elements of the 5g series are those from Z = 121 to
Z = 138 [31]. Elements 139 and 140 are assigned then to group 13 and 14,
respectively, denoting that they are 8p,,, elements, while those from Z = 141 to
155 are 6f elements. The 8th period finishes then at element 172. Thus, the Periodic
Table of Pyykko [31] looks quite different to that of Fricke and Waber [1, 2]. One
should, however, note that ionized states cannot give information about ground

Table 1 Ground states of elements 121-124 (Z = 120 core +), 140 and 143 (Z = 120
core + 8p%,2 +) and of some of their ions

Method 121 122 123 124... 140 143 Ref.
DCB FSCC 8p  7d8p - - - - [34,35]
MCDF/OL - - - - 5g'38p*6f - [36]
MCDF/AL  8p  7d8p 6f°8p 6°8p> 5g'6f7d8p>  5g'76f27d>  [30)

[
MCDF/AL  8p 8% (2+) 6f 4+) 6f (5+) 52'%8p> 2+) 5g'%7d° [31]
DF 8p  7d8p 6f7d8p  6f°8p 5gM6r37d8p>  5f'76f27d> (1
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states of the elements, so that those assignments are rather tentative. An attempt to
define ground states of the heaviest elements on the example of Z = 140 using the
latest version of the MCDF method (with the optimal level, OL, energy functional)
failed [36]. The author arrived to a conclusion that such calculations are presently
restricted due to the computer limitations. It was also stated that at the present level
of the MCDF theory, the Periodic Table ends at Z = 173, i.e., when the energy of
the 1s electron goes below —2mc?. A detail discussion about the end of the Periodic
Table depending on the approximation is given in [36].

Thus, at the modern level of the relativistic electronic structure theory, the
problem of defining ground states of elements heavier than 122 remains. Very
accurate correlated calculations of the ground states with inclusion of the quantum
electrodynamic (QED) effects at the self-consistent field (SCF) level are needed in
order to reliably predict the future shape of the Periodic Table. At the time of
writing, an accepted version of the Table is that of Fig. 1, with the superactinides
comprising elements Z = 122 through 155 as suggested in [1, 2].

The structure of the modern Periodic Table cannot be understood without
knowing the influence of relativistic effects on electronic valence shells. This is
considered in the following section.

3 Relativistic and QED Effects for the Heaviest Elements

With increasing Z of heavy elements causing a stronger attraction to the core, an
electron is moving faster, so that its mass increase is

1/2

m=mo/[1 = (v/e)’] ", (1)

where my is the rest mass, v is the velocity of the electron, and ¢ is the speed of
light. The Bohr model for a hydrogen-like species gives the following expressions
for the velocity, energy, and orbital radius of an electron

v = (2ne® /nh)Z, (2)
E = —(2n%e* /n*h*)mZ?, (3)
r=Ze* /mv?, 4)

where n is the principal quantum number, e is the charge of the electron, and # is
Planck’s constant. With increasing Z along the Periodic Table, the m/mg ratio
becomes larger. For H it is 1.000027. From the 6th period onwards, this ratio
exceeds by 10%, so that relativistic effects cannot be neglected anymore. For
example, for Fl, m/my = 1.79 and it is 1.95 for element 118. (See also [37] for
other examples). The contraction (Eq. 4) and stabilization (Eq. 3) of the hydrogen-
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like s and py, electrons is a direct relativistic effect and it was shown to originate
from the inner K and L shell regions [38]. This effect was found to be also large for
the valence region due to the direct action of the relativistic perturbation operator
on the inner part of the valence density [39]. Figure 2 shows, e.g., a relativistic
contraction of the 7s AO of element 105, Db, Ag(r), = (), — (") et/ ()= 21%.
Figure 3 shows a relativistic contraction of 25% and stabilization of 5.8 eV of the
7s AO of Cn.

The relativistic contraction and stabilization of the ns AO reach their maximum
in the 7th period at Cn [8] (Fig. 4). The shift of the maximum to Cn in the 7th
period in contrast to Au in the 6th period is because in Rg and Cn, the ground state
electronic configurations are d’s” and d'’s?, respectively, while the corresponding
electronic configurations in the 6th period are Au(d'’s") and Hg(d'%?).

The second (indirect) relativistic effect is the destabilization and expansion of
outer d and f orbitals: The relativistic contraction of the s and p,, shells results in a
more efficient screening of the nuclear charge, so that the outer orbitals, which
never come close to the core, become more expanded and energetically destabi-
lized. (The expansion and destabilization of the (n—1)d AOs with Z are shown in
Fig. 3 for group-12 elements, as an example). While the direct relativistic effect
originates in the immediate vicinity of the nucleus, the indirect relativistic effect is
influenced by the outer core orbitals. It should be realized that though contracted s
and py,, core (innermore) orbitals cause indirect destabilization of the outer orbitals,
relativistically expanded d and f AOs cause the indirect stabilization of the valence
s and p-AOs. That partially explains the very large relativistic stabilization of the 6s
and 7s AOs in Au and Cn, respectively. Since d shells (it is also valid for the f
shells) become fully populated at the end of the nd series, a maximum of the
indirect stabilization of the valence s and p AOs will occur there [39].

The third relativistic effect is the well-known spin—orbit (SO) splitting of levels
with [ > 0 (p, d, f, etc.) into j = [ £ '. It also originates from the inner shell
region in the vicinity of nucleus. The SO splitting for the same / decreases with
increasing number of subshells, i.e., it is much stronger for inner (core) shells than
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Fig. 3 Relativistic (solid line) and nonrelativistic (dashed line) energies, E, and the maximum of
the radial charge distribution, R,,, of the valence ns and (n—1)d AOs of group-12 elements. The
data are from [21]. Reprinted with permission from V. Pershina, Radiochim. Acta 99, 459 (2011).
Copyright 2011 Oldenbourg Wissenschaftsverlag GmbH
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for outer shells. The SO splitting decreases with increasing [ for the same principal
quantum number, i.e., the np,,-npz, splitting is larger than the nds;-nds, and
both are larger than the nfs,-nf;,. It is explained by the orbital densities in the
vicinity of the nucleus decreasing with increasing /. In transactinide compounds
SO coupling becomes similar, or even larger, in size compared to typical bond
energies.
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All the three effects change approximately as Z> for the valence shells down a
column of the Periodic Table. It was suggested that relativistic effects depend even
on higher powers of Z, especially for the heaviest elements [40]. Dependence of
relativistic effects on electronic configuration in the neutral atoms of d- and f-block
elements is discussed in [41].

The relativistic destabilization and SO splitting of the 6d AOs increase along
the 6d series. Together with the stabilization of the 7s AOs, this results in an
inversion of the 7s and 6ds/, energy levels in Cn, so that its first ionized electron is
6ds/, and not 7s as in Hg (Fig. 3). (The inversion of the 7s and 6ds,, levels in the
7th period starts already at Hs). Figure 3 also shows that trends in the relativistic
and non-relativistic energies and R, of the ns AOs (the same is valid for the npy,,
AOQOs) are opposite with increasing Z in the groups, which results in the opposite
trends in relativistic and nonrelativistic properties defined by those AOs.

In the 7p series, the stabilization of the 7s” is so large that it becomes practically
an inert pair. The SO splitting of the 7p AOs increases along the series reaching
11.8 eV at element 118 (Fig. 5).

In the 8p and 9p elements, the SO interaction is so large, that their series split
into the p;,, and ps,, ones [1, 2], so that the structure of the Periodic Table has no
more clear blocks. For the heavier elements, relativistic effects on their valence
orbitals are even more pronounced and could lead to properties that are very
different to those of the lighter homologs. Without relativistic effects the properties
would, however, also be very different due to the loosely bound valence s and p
electrons.

Breit effects (accounting for magnetostatic interaction and retardation effects to
the order of 1/c*) on energies of valence orbitals and IP are usually small, e.g.,
0.02 eV for element 121, but can be as large as 0.1 eV for transition energies
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between the states including f orbitals [34]. They can also reach few % for the fine-
structure level splitting in the 7p elements and are of the order of correlation
effects there.

QED effects are known to be very important for inner shells [42, 43] in accurate
calculations of X-ray spectra (see [44, 45] for the heaviest elements). For highly
charged few electron atoms they were found to approach the Breit correction to the
electron—electron interaction. Similar effects were also found for valence ns
electrons [46]. A comparison of the valence ns Lamb shift (the vacuum polari-
zation and self-energy) with the ns AO energy and the relativistic, Breit, and
nuclear volume contributions to it for coinage metals at the DF level is shown in
Fig. 6. The result for the valence ns electron is a destabilization, while for (n—1)d
electron is an indirect stabilization. In the middle range (Z = 30-80) both the
valence-shell Breit and the Lamb-shift terms behave similarly to the kinetic rel-
ativistic effects scaling as Z*. For the highest Z values the increase is faster.

The nuclear volume effects grow even faster with Z. Consequently, for the
superheavy elements, its contribution to the orbital energy should be the second
important one after the relativistic contribution. QED corrections for the valence
shells in heavy many-electron atoms of elements Rg through Fl, and 118 through
120 calculated using a perturbation theory are given in [47]. Thus, e.g., QED on
the DCB IP of element 120 is —0.013 eV, while it is 0.023 eV for Cn. For element
118, QED effects on the binding energy of the 8s electron cause a 9% reduction

Fig. 6 Comparison of the DF contributions for coinage metals
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(0.006 eV) of EA [48]. Thus, the QED effects are not negligible: they are of the
order of 1-2% of the kinetic relativistic effects, which means that the existing
studies of relativistic effects are up to 99% [46] (or 101% [36]) correct.

4 Relativistic Quantum Chemical Methods for Atoms
and Molecules

4.1 Dirac Equation

Presently the highest level of theory for many-body methods for molecules is the
DCB Hamiltonian

i<j
where the one-electron Dirac operator is
ho(i) = 5 + (B — 1) + V(i) (6)

Here, o and f are the four-dimentional Dirac matrices, and V" is the nuclear

attraction operator. The Breit term in the low photon frequency limit is
By = — G + GiFy) 67y (7)

The operators of the Dirac Eq. (5) are 4 x 4 matrix operators, and the corre-
sponding wave function is therefore a four-component (4¢) vector (spinor). The V"
includes the effect of the finite nuclear size, while some finer effect, like QED, can
be added to the hpcp perturbatively, although the self-energy QED term is more
difficult to treat [36, 47, 48]. The DCB Hamiltonian in this form contains all effects
through the second order in o, the fine-structure constant.

Since the relativistic many-body Hamiltonian cannot be expressed in a closed
potential form, which means it is unbound, projection one- and two-electron
operators are used to solve this problem. The operator projects onto the space
spanned by the positive-energy spectrum of the Dirac—Fock-Coulomb (DFC)
operator. In this form, the “no-pair” Hamiltonian is restricted then to contributions
from the positive-energy spectrum and puts Coulomb and Breit interactions on the
same footing in the SCF calculation [49].

Since the Dirac equation is written for one electron, the real problem of
methods for a many-electron system is an accurate treatment of the instantaneous
electron—electron interaction, called electron correlation. The latter is of the order
of magnitude of relativistic effects and contributes to a larger extent to bonding
energy and other properties. The DCB Hamiltonian (Eq. 5) accounts for these
effects in the first order via the V;; = 1/r; term. Some higher order of magnitude
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correlation effects are taking into account by the configuration interaction (CI),
many-body perturbation (MBPT), including the Mgller-Plesset (MP) theory, or,
presently, at the highest level of theory, coupled cluster with single-double and
perturbative triple, CCSD(T), excitations, or Fock-space CC (FSCC) techniques.

4.2 Atomic Codes

The most straightforward way to solve the Dirac many-electron Eq. 5 is that
without an approximation. The DCB CC method [32, 33] is based on such a
solution and is presently the most powerful method used for atomic calculations.

In the CC approach, correlation effects are taken into account by action of the
excitation operator

=Xy (3 s) ®

m>0n>0 \I>m+n

defined in the Fock-space CC approach with respect to a closed-shell reference
determinant. In addition to the traditional decomposition into terms with different
total number of excited electrons (/), S is partitioned according to the number of
valence particles (m) or holes (n). Presently, the method is, however, limited to one
or two (single-double excitations, CCSD, e.g. (m,n) < 2) particle valence sectors
of the Fock space, i.e., it can treat the states which can be reached from a closed
shell by adding or removing no more than two electrons.

Further developments are under way to remove this limitation [32, 33]. Thus,
the high-sectors FSCC code is under development, which will allow for treating
systems with up to 6 valence electrons/holes in an open shell. Relativistic Hilbert
space CC (HSCC) method is also worked on, which could be used for systems with
more than a couple of electrons/holes in the active valence shell. The mixed sector
(MS) CC method will be a generalization of the previous two (FSCC and HSCC)
and will combine their advantages. A further improvement is the introduction of
the intermediate Hamiltonian (IH). It is a generalization of the effective Hamil-
tonian (EH) method and serves as a core of most multi-root multireference
approaches. The standard multireference FSCC and HSCC methods (described
above) are used in the effective Hamiltonian framework. The most problematic
technical problem of the EH method is poor (or no) convergence of iterations due
to presence of so-called intruder states. Recently many groups developed different
forms of “intruders —free” intermediate Hamiltonian formulations of FSCC and
HSCC. These formulations substantially extend the scope and applicability of the
multi-root multireference CC methods. The XIH (extrapolated intermediate
Hamiltonian) method is a specific (very efficient) form of IH developed by the
Eliav-Kaldor group [32, 33].

The DCB FSCC method is very accurate, with an average error of 0.1 eV for
excitation energies, since it takes into account most of dynamic correlation effects
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omitted in the MCDF method and a core polarization. The DC FSCC and
CCSD(T) methods incorporated in the DIRAC program package [50] have a
slightly lower accuracy than the DCB FSCC one [32, 33]. Both the DCB and DC
FSCC/CCSD(T) methods were applied to the heaviest elements up to Z = 122
(see [32, 33] and references therein, as well as various examples below). Due to
the mentioned limitation of the methods, they can, however, presently not handle
the elements of the midst of the d, f, or g-series.

In the relativistic ab initio DC(B) calculations, in contrast to non-relativistic
ones, large basis sets are needed to describe accurately the inner shell region where
relativistic perturbation operators are dominant. The condition of the kinetic bal-
ance relating the large and small components of the 4c wave function should be
observed. Kinetically balanced Gaussian type wave functions with a Gaussian
distribution for the nuclear potential are presently best suited. The practical basis
sets for the heaviest elements are the universal ones [51], those of Visscher [52],
Faegri [53, 54], and Dyall [54, 55]. The prolapse-free relativistic Gaussian basis
sets for elements up to Z = 119 suitable for 4c molecular calculations are those of
[56].

A practical instrument for many-electron open shell system is still the MCDF
method. There are several modifications of it implemented into computational
codes of Desclaux [57], developed further by Indelicato [36], of Grant [58] and
Frose-Fisher [59]. Based on the CI technique, the MCDF method accounts for
most of the correlation effects while retaining a relatively small number of con-
figurations. It can treat a large number of open shell configurations and can be
applied to elements with any number of valence electrons. It omits, however,
dynamic correlation, since excitations of the type (nj) — (n’j) cannot be handled,
and some core polarization, which makes it less accurate than the DC(B) CC
methods. An average error for IP of heavy elements is about 1 eV. Calculations for
many heaviest and superheavy elements were performed with the use of the AL
version [23-31], as well as with a more accurate OL one [36].

QED are presently included perturbatively on top of the self-consistent-field
(SCF) calculations [36, 47, 48].

Atomic calculations for the heaviest elements were also performed using other
approaches while studying molecular properties (see Sect. 5). Thus, e.g., electronic
states of Fl were calculated using the relativistic complete active space MCSCF
(CASMCSCF) CI method [60].

Earlier, chemical properties of the transactinides were predicted using single-
configuration DF and DS calculations using approximations of Eqgs. 5, 6 and
numerical techniques [1, 2, 18-21]. The obtained energy terms were then corrected
by the difference with experiment for the lighter homologs to reach the required
accuracy. Elements up to Z = 172 were treated with the use of these methods.
(Element 184 was also considered, as an example of an even heavier element).
Overall, results of the modern ab initio correlated atomic calculations agree rather
well with the (corrected) DF and DS ones from the early studies.
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4.3 Molecular Methods

Methods used for relativistic calculations of the heaviest element systems are, in
principle, the same used for any other relativistic system, provided basis sets for
the heaviest elements are available. They are described in several issues, with
those of [61-63] particularly recommended.

4.3.1 Wavefunction Based (ab initio) Methods

4 component (4c) methods. Molecular fully relativistic methods use the same DFC
or DC(B) Hamiltonians (Eqgs. 5, 6) as the atomic ones. Based on them molecular
LCAO codes including correlation effects are at the stage of further development
[64, 65]. The problems of electron correlation and proper basis sets make the use
of these ab initio DF methods limited for molecular applications. Presently, cor-
relation effects are taken into account by the CI, MBPT and CCSD(T) techniques.
The basis sets and problems connected with their use are the same as for atomic ab
initio calculations [51-55].

In these methods, calculations of two-electron integrals require large disk space
and computational time. They are, therefore, still too computer time intensive and
not sufficiently economical to be applied to the heaviest elements in a routine
manner, especially to complex systems studied experimentally. Mostly small
molecules, like hydrides or fluorides were studied with their use. The main aim of
those works was investigation of the influence of relativistic and correlation effects
on properties of model systems. One of successful implementations of this group
of methods is a part of the DIRAC program package [50].

2 component (2c) methods. Due to the practical limitations of the 4c methods,
2c ones are very popular in molecular calculations. In this approximation, the
“positronic” and electronic solutions of the Dirac-Hartree—Fock (DHF) method
are decoupled [66, 67]. This reduces the number of matrix elements in the
Hamiltonian to interactions solely among electrons (positive-energy states) and
nuclei and, therefore, saves valuable computer time. Perhaps, the most applied
method of decoupling the large and small components of the wave function is the
Douglas-Kroll-Hess (DKH) approximation [68].

4.3.2 Relativistic Pseudo-Hamiltonians

An efficient way to solve a many-electron problem is to apply the pseudopotential
(PP) approximation. Pseudopotential calculations are less accurate than all-elec-
tron, “but they simulate the results of the latter often surprisingly well, for sub-
stantially smaller expenses” [69]. The methods are widely used in electronic
structure theory for chemically interesting compounds of all elements of the
Periodic Table including the heaviest. There are several excellent reviews on this
type of methods (see, e.g., [70, 71]).
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According to this approximation, frozen inner shells are omitted and replaced in
the one-electron part of the Hamiltonian by an additional term, the so-called
pseudopotential (V)

ny  Nc

DD WL B WA Q) 320

i<j Tai a<b

with ny valence electrons and N, cores (nuclei). The indices a, b run over all cores
(nuclei), i, j over all valences electrons, Q, is the charge of core a. As a result, the
number of basis functions is drastically reduced and, hence the number of two-
electron integrals. The additional one-electron pseudopotential integrals are solved
by standard integral techniques for the valence basis functions giving rise to
additional matrix elements in standard ab initio or density functional theory (DFT)
schemes at the SCF level.

There are basically two current approaches in molecular applications for
approximating VPP, (1) the model core potential (MCP) one, also its extension to
the ab initio model potential (AIMP) [72, 73] and (2) the semi-local pseudopo-
tential (PP) approximation [74, 75].

In the MCP, or more advanced AIMP, approximations [72, 73], VPP is repre-
sented by an adjustable local potential and a projection operator. This potential is
constructed so that the inner nodal structure of the pseudo-valence orbitals is
conserved, thus closely approximating all-electron valence AOs. Scalar relativistic
effects are directly taken into account by relativistic operators such as Douglas-
Kroll (DK) one. SO effects can be included with the use of the SO operator, VSO,
The resulting one-electron integrals are then easily solved for Gaussian functions.
The methods are implemented in some commercial packages and can be applied to
most of the elements of the Periodic Table, except of the heaviest, where such
potentials still need to be constructed.

In the effective core potential (ECP) approximation, V** is represented by a
semi-local potential [74]. Unlike in the MCP methods, there are no core functions
and the pseudo-valence orbitals are nodeless for the radial part, which is an
essential approximation. The semi-local ansatz gives rise to rather complicated
integrals over the Gaussian functions compared to the MCP methods, though
efficient algorithms were developed for their solution. Relativistic and SO effects
are treated by relativistic one-electron PPs (RPP) [76]

VR = "W (r) | 1jmy ) (Ljmy |, (10)
L.j,m;
or relativistic scalar and SO effects can be separated in the following way
VRPP VAREP + VSO (11)

AREP -
where the scalar V' is
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VAREE =N "V (r) [lmy) (Imy . (12)

l,mj

The VAREP jg usually fitted to one-component (scalar relativistic) or two (four)-
component all-electron DHF relativistic atomic wave functions or energies. Such
potentials for elements Am through 118 were generated, e.g., by Nash et al. [77].
The ECPs are implemented in the program packages such as Gaussian, Molpro,
MOLCAS, or Turbomole, and in the solid-state program CRYSTAL (see [71] and
references therein).

Energy-adjusted PPs use atomic spectra (energies) for generating V** or VR*®
[75]. To achieve high accuracy, a large number of valence states has to be taken
into account in the fitting procedure, which technically can be demanding and
computer time expensive. SOPPs are obtained by adding V¢ to VAREF (Eq. 12).
These PPs, also including QED effects, were generated for the transactinides till
Z = 118 [78, 79].

There are several other PPs differing in the way of fitting pseudopotential
parameters. Among these are the popular quasirelativistic (QR) PPs of Hay and
Wadt, which are implemented, for example, in the commercial program package
“Gaussian” though have not yet been developed for the transactinides [80, 81].

More recently, generalized relativistic effective core potentials, GRECPs, have
been developed [82]. An improvement over the original idea of V¥¥ is the division
of the valence space into an outer core part and a valence part, and introduction of
a special technique to correct an error introduced by smoothing orbitals in the core
region. This could give more accurate results than V¥ provided a small core
definition is used. The method is not widely used, as GREPs are not yet developed
for all elements of the Periodic Table, and it has not yet been implemented in
standard program packages. It was applied to some simplest heaviest elements
molecules.

PPs are also used for 1D, 2D and 3D infinite systems (polymers, surfaces and
the bulk). In the solid-state calculations, PPs are constructed from Kohn—Sham
rather that Hartree—Fock equations. An overview of this class of the PP methods is
given elsewhere [71].

4.3.3 Relativistic Density Functional Theory

DFT is based on the knowledge of the ground state electron density, which
uniquely determines the Hamiltonian and, therefore, the ground state energy and
other properties [83, 84]. Due to its relative simplicity, DFT became extremely
useful in the application to large molecules, clusters, solutions and solids. Systems
with the large number of atoms can be treated with sufficient accuracy. The
computing time in the DFT for a system of many atoms, N, grows as N2 or N2,
while in traditional methods, where the many-electron wave function W(r; ...ry) is
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used, as exp(N,). DFT methods are alternative and complementary, both quanti-
tatively and conceptually, to the traditional ones.

For the relativistic case [85, 86] in the non-collinear spin-polarize (SP) for-
malism, the Kohn—-Sham equation for the total energy lying in the basis of the
calculational algorithms is

| o . 7,7
E= Zn, s /Vdi3r + E/Vde3r + EX[p,m] + Z }jép—q"'
—

pP>q Rq’
(13)
with the electron density
M
F) = anqu(?)(ﬁ,(?) (14)
i=1
and the magnetization density
= —uBans 7)BE,(7), (15)

where ¢; are 4c¢-Dirac spinors. In Egs. 13—15, 7 is the Dirac kinetic operator, p is
the Bohr-magneton, VNis the nuclear potential, VHis the electronic Hartree
potential, and E®* is the exchange correlation energy functional. The 4c spin

operator i = (ZX, >y ZZ) is built from the 2¢ Pauli matrix o.

Application of the variational principle with the constraint that the number of
electrons in the system should be conserved leads to the single particle Kohn—
Sham equations in their non-collinear form

XC s C b
{? Ly g OB Bﬁim—J}qﬁi = &i¢;. (16)
op om

According to the SP formalism, nearly each electron is treated by its own
wavefunction with a quantum number j and magnetic number m;. (The collinear
approximation is also implemented in the method). This permits treatment of open
shell system.

Usually, self-consistent, all-electron calculations are performed within the
relativistic local density approximation (LDA). The general gradient approxima-
tion (GGA), also in the relativistic form, RGGA, are then included perturbatively
in E*(p,m). The accuracy depends on the adequate knowledge of the potential,
whose exact form is, however, unknown. There is quite a number of these
potentials and their choice is dependent on the system. Thus, PBE is usually
favored by the physics community, PBEO, BLYP, B3LYP, B88/P86, etc., by the
chemical community, while LDA is still used extensively for the solid state.

There are two 4c-DFT SP methods based on the solution of Eq. 13. They were
extensively used for the heaviest elements. The first one [87] utilizes numerical
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4¢ wave functions as a basis set. (The basis set optimization procedure is described
in [87]). In the present form, it allows for treating explicitly very large systems
such as clusters of up to more than hundred atoms and is, therefore, suitable for
treatment of adsorption phenomenon on surfaces of solids. A possibility to treat
the large number of atoms economically is foreseen via an embedded cluster
procedure [88] (Fig. 7).

The second 4¢-DFT code is the Beijing Density Functional (BDF) one [89]. As
basis sets, 4c numerical atomic spinors obtained by finite-difference atomic cal-
culations are used for cores, while basis sets for valence spinors are a combination
of numerical atomic spinors and kinetically balanced Slater-type functions. Both
the 4c-DFT [87] and 4c-BDF [89] methods give very similar results.

Earlier, the intrinsically approximate 4c Dirac-Slater discrete variational, DS
DV, code of Ellis and Rosen [90] with the Slater E* = —3C[3p(r)/87]" = 0.7
was used for calculations of transactinide compounds (see [6] for a review). Even
though the method was inaccurate in calculating total and, hence, dissociation
energies, it provided accurate IPs, EAs and electron transition energies.

2¢-DFT methods are a cheaper alternative to the 4¢ ones, with a comparable
accuracy [91]. One version is available as a part of the Amsterdam Density
Functional (ADF) program package [92]. Calculations were performed on some
transactinide molecules.

A one-component quasirelativistic DFT method, also a part of the ADF package
[92], was extensively used in the calculations for transition element and actinide
compounds. (Earlier, the quasirelativistic Hartree—Fock-Slater (QR HFS) method
was widely used for such calculations [93]). In this method, the Hamiltonian
contains relativistic corrections already in the zeroth-order and is therefore called
the zeroth-order regular approximation (ZORA) [94, 95]. The spin operator is also
included in the ZORA Fock operator [96]. Other popular quasirelativistic 2c-DFT
methods are based on the DKH approximation [97, 98] and implemented in many
program packages. The following codes should also be mentioned: of Rosch [99,
1001, Ziegler [101], and Case and Young [102]. They were, however, not used for
the heaviest elements. A review on relativistic DFT methods for solids can be
found in [103].

Fig. 7 Embedded M’-M,,
system. (The embedded M,,
cluster is shown in red)
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Table 2 Accuracy of different molecular methods showing the importance of relativistic and
correlation effects on the equilibrium bond length, R, (in A), dissociation energy, D, (in eV), and
vibrational frequency, . (in cmfl), of AuH

Method R, D, [ON Ref.

HF (NR) 1.831 1.08 1464 [104]
HF (NR) MP2 1.711 1.90 1695 [104]
DHF 1.570 1.78 2067 [104]
DHF MP2 1.497 3.11 2496 [104]
DK CCSD(T) 1.525 2.92 2288 [106]
PP CCSD(T) 1.527 321 2306 [107]
RECP CCSD(T) 1.510 3.31 2330 [108]
DFT DKH 1.539 3.33 2330 [99]
DFT ZORA (MP) 1.537 3.33 2258 [109]
4¢-BDF 1.537 3.34 2259 [109]
Experiment 1.524 3.36 2305 [110]

Accuracy of various relativistic, non-relativistic, correlated and non-correlated
methods [99, 104-109] in comparison with experiment [110] is demonstrated in
Table 2 for AuH, a sort of a test molecule (see also [111]). Both the PP/RECP and
DFT methods seem to perform rather well for this molecule. The data of Table 2
also demonstrate the importance of relativistic and electron correlation effects.
Thus, relativistic effects diminish the equilibrium bond length (R.) by 0.26 A (the
HF-DF difference without correlation), or by 0.21 A [the (HF + MP2) —
(DF + MP2) difference with correlation], and enlarge the dissociation energy (D)
by 0.70 eV (the HF-DF difference without correlation), or by 2.21 eV [the
(HF + MP2) — (DF + MP2) difference with correlation]. Correlation diminishes
R, on the DF level by 0.07 eV, but enhances D, by 1.34 eV. Thus, even for AuH
correlation amounts almost to 50% of the chemical bond strength. These data also
demonstrate that there is no additivity of correlation and relativistic effects.

5 Atomic Properties of the Transactinides

Electronic configurations, ionization potentials, atomic/ionic radii, polarizabilities
and stability of oxidation states are important chemical properties, whose
knowledge is indispensable in assessing similarity of the heaviest elements to their
lighter homologs in the chemical groups.

5.1 Electronic Configurations

Predictions of chemical properties of elements Z = 104 through Z = 172 in the
ground states made on the basis of DF and DS calculations up to 1975 are sum-
marized in [1, 2]. DF ground states are also reported for Z = 111 through 132 [22].
MCDF calculations for ground and excited states of elements Rf through Hs are
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published in [24-29], and for ground states of elements Z = 119-164 in [30].
Excited states of elements Z = 119-169 were also predicted at the MCDF level of
theory [31]. The DC(B) CC ground and some excited states were calculated for Rf
[112], elements 111-120 [48, 113-133] and 121-122 [34, 35]. DFT + QED
calculations were reported for ground states of elements 121-131 [134].

MCDF calculations [23] have shown that Lr is the first element where the strong
relativistic stabilization of the 7p;,, electron results in a ground state electronic
configuration, 7sz7p1 n (2P1 ), different to that of Lu, 7s%6d (2D3/2). More accurate
DCB CCSD calculations [122] confirmed this result. The next excited state of Lr,
75%6ds/, (°Ds)2), was found to lie at 0.16 eV higher in energy in good agreement
with the “corrected” value of 0.186 eV of the MCDF calculations [23].

For Rf, MCDF calculations [24, 25] have again shown a different electronic
configuration, 7sz6d7p (3D2), than the one of Hf, 6s°5d” (3 F>). The 7sz6d7p ground
state of Rf was, however, not confirmed by more accurate DCB CCSD calculations
[112]. Inclusion of correlation effects of higher orders (f-electrons) in the CCSD
calculations resulted in the inversion of the 7s26d7p and 7s%6d> states, with the
latter being more stable.

Various calculations have shown that the relativistic stabilization of the 7s-AQO in
the 7th period results in the availability of the 7s* electron pair in the ground and first
ionized states of the 6d and 7p elements, 6d%7s” and 7sz7pq, respectively (Tables 3
and 4). This is in contrast to the 6th period, where Pt and Au have different, 5d96s,
ground states, or Ta, W, Os and Hg have different, d97's, the 1+ ionized states. (The
non-relativistic configuration of element 111 is, for example, 6d'7s [113]). The
relativistic stabilization of the 7p electrons manifests itself in some excited states
different than those of lighter homologs, e.g., 6d7s°7p (°D,) of Rf lying 0.3 eV
higher in energy in contrast to the 6d*7s> (*F3) state of Hf.

For elements 119 and 120, the calculations have given the 8s and 8s? states
beyond the 118 core, respectively, as ground. Element 121 has an 8s8p;» state in
difference to Ac, 7s’6d, due to the relativistic stabilization of the 8p1n AO,
according to the DCB FSCC calculations [34]. Due to the same reason, the lowest
state of the element 121 anion is 8s*8p> compared to the 7s>7p6d state of Ac™. For
element 122, the DCB CCSD calculations [35] have given the 8527d8p] 2 ground
state in contrast to the 7s26d? state for Th: the relativistic stabilization of the 8p1
orbital is responsible for such a change. All these calculations (except of the
MCDF ones for Rf) agree on the ground states of elements up to Z = 121. They,
however, start to disagree at Z > 121 (see Table 1), as was discussed in Sect. 2.

5.2 Ionization Potentials, Electron Affinities and Oxidation
States

Non-relativistic (HF) and relativistic (DF) AO energies [21] of elements 104
through 118 are shown in Fig. 8. They are helpful in understanding ionization



154 V. Pershina

Table 3 Electronic configurations, stable oxidation states and single ionization potentials of Rf
through Cn

Element Rf° Db¢  Sg° Bh® Hs® Mt  Ds¢ Rg® Cn®
Chemical group 4 5 6 7 8 9 10 11 12
Stable oxidation 4,3 543 64 7543 8643 361 6420 53-1 420
States®

M 6d*7s*> 6d°7s* 6d*7s* 6d°7s* 6d%7s* 6d77s* 6d%7s*  6d°7s® 6d'°7s?
IPi, eV 601 6.9 7.8 77 7.6 8.7 9.6 106  11.97
M* 6d7s?  6d%7s? 6d°7s* 6d*7s? 6d°7s? 6d°7s? 6d77s? 6d%7s® 6d°7s?
IP* eV 1437 160 179 175 182  (18.9) (19.6) (21.5) 22.49
M+ 72 6d> 6d°7s  6d°7s* 6d°7s 2 ? ? 6d%7s>
IP;, eV 238° 246 257 266 293 (30.1) (314) (31.9) (32.8)
M3 7s 6d> 6d> 6d°7s*  6d%7s> 2 ? ? ?
IP,; eV 31.9° 342 354 373 377 (40) 4l  (42)  (44)
M** [Rn] 6d 6d> 6d%7s  6d*s*  (6d°) (6d% (6d7)  (6d%)
IPs, ev 446 473 490 512 (5D (53) (55  (57)
M>* [Rn] 6d 6d> 6d>

IPg, eV 592 621  64.0

M+ [Rn] 6d 6d°

1P;, ev 74.9 78.1

M’ [Rn]  6d

IPs, eV 91.8

2 bold = most stable states in the gas phase, underlined = most stable in solutions; ® CCSD
calculations: Rf [112]; Rg [113]; Cn [114]; © MCDF calculations: Rf [24, 25]; Db [26], Sg [27],
Bh and Hs [28]; ¢ DF calculations [1, 2]. The values of the IP in the parentheses are extrapo-
lations, see [2]

Table 4 Atomic properties of element 112 through 120 (selected values)

Property Cn 113 F1 115 Lv 117 118 119 120

Group 12 13 14 15 16 17 18 1 2

Electr. conf. d'%s*  7s*7p 7s¥7p* Is¥7p® 1s*7pt 7s*7p° 7s*7p® 8s' 8s>

Oxid. state 4,20 13 2 1,3 2.4 3,15-1 426 1 2

IP, eV 11.97° 7.306° 8.626° 5.579° 6.881°7  7.638%  8.914" 4788 5.838
5.553¢

EA, eV 0? 0.68(5)° 0F 0.3834 0.905° 1.589%5  0.056' 0.663™ 0.019
0.368°

o, a.u. 27.40" 29.85°  30.59" (66)° (61.17)° (54.24)° 4633 169.00° 162.6

31.0°
AR, A 171" 1.22° 175" 2.0° - 1.76" 241" 2400 2.0
177"
Ruaw, A 1.99"  1.84° 208" 246° - - 241" - -

2 Ref. [114]; ° [115]; € DCB IHFSCC[129]; ¢ [117]; © [123]; f DCB XIHFSCC[124]; & DC
CCSD (T) [124]; " DCFSCC[119]; ! DCB FSCC [120]; ' DCB XIHFSCC (+ QED for IP)
[1251;% [129, 1401 [48]; ™ [121]; ™ [127];° [126]:® estimated via a correlation with
Rmax(np3,2)3 [130]; " DK CCSD(T) [131, 132]; ® Kramers-restricted (KR) DC [133]; ' [2];
Y MCDF [137]; ¥ 1/2Ro(M)[91]
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process and trends in ionization potentials. The latter, experimental in the case of
the 6th row elements, and calculated (best values) in the case of the 7th row
elements of the Periodic Table are given in Tables 3, 4 and are shown in Fig. 9.

The DF and DS IPs of elements 104 through 166 are given in [1, 2]. Multiple
MCDF IPs of Rf through Hs, Cn, Fl and 117 are presented in [24-28, 135-137],
and the first MCDF IPs of elements 113—-119 are in [29]. IP(114) was also cal-
culated using relativistic HF MBPT [138], and IPs and EAs of 7p elements were
calculated using a multireference (MR) CI method [55]. The DC(B) CC IPs are
reported for elements Rf, Rg-122 [34, 35, 48, 112—-127]. The accuracy of various
calculations of IPs of Pb and Fl is demonstrated in Table 5 [2, 60, 116, 129, 136,
138-140], where the highest level of theory is DCB IHFSCC [116, 129].

The calculated IP(Rf) is smaller than IP(Hf), because the 6d electron of Rf is
weaker bound than the 5d one of Hf. For Db and Sg, IPs should be similar to those
of Ta and W, due to the similar energies of the ionized electrons in each pair of the
homologs. This is, indeed, the case shown by the calculations. IP(Bh) should be
smaller than IP(Re). From Hs through Cn, IP of the 6d elements should, however,
be larger than IPs of Os through Hg due to the more bound 6d electron in the
heaviest elements in comparison with the 6s one in the lighter homologs. The
MCDF calculations for Hs [28] and DF ones for Mt [1, 2] have, however, given
lower values than expected. For Ds through Cn, the calculated values are larger
than those of Pt through Hg, as anticipated. More accurate calculations than the DF
and MCDF ones are, therefore, needed for the midst of the 6d-series.

IPs of elements 113 and 114 are also larger than those of Tl and Pb, respec-
tively, due to the relativistically stabilized 7p;,, AO. The relativistic stabilization
of the npy», AO in group 13 and 14 is responsible for a trend reversal in the
decreasing IPs beyond In and Sn, respectively [126, 127]. IPs of elements 115
through 118 are, on the contrary, smaller than those of Bi through At, and are the

0
7pan
101 7p(nr)
-20 1 TP1r
> 7s(nr)
® .30
L 7sip
-40 4 6ds/,
_50 ] 6d3/2
6d(nr)
'60 ] Il 1 [l ] 1 1 1

104 106 108 110 112 114 116 118
Z

Fig. 8 Relativistic (DF, solid lines) and non-relativistic (HF, dashed lines) orbital energies of
elements 104 through 118. The data are from [21]. From [11]
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Fig. 9 Ionization potentials of the 6th row elements (dashed line, experimental values [141,
142]) and 7th row elements (solid line, calculated values, see Tables 3 and 4)

Table 5 A comparison of various calculations of IPs (in eV) of Pb and Fl

Method Pb Fl Ref.

DF - 8.9 (8.5 [2]
MCDF 7.036 8.125 (8.275% [136]
2¢-ECP CCSD(T) 7.156 (7.30 fit) 8.529 (8.68%) [139]
rel. HF MBPT 7.433 8.487 [138]
CASMC/CI® - 8.419 [60]
DFC CCSD(T) - 8.36 [140]
DCB IHFSCC 7.484 8.539 [116]
DCB IHFSCC® 7.459 8.626 [129]
Exp. 7.417 - [141]

 Extrapolated value; " Relativistic Complete Active Space Multiconfiguration/Configuration
Interaction method; ¢ with a more extended and balanced basis set than in [116]

smallest in their groups, due to the relativistically destabilized 7ps,, AO. The drop
of the solid line in Fig. 9 from element 114 to 115 reflects the magnitude of the 7p
AO SO splitting. Overall, Cn has the largest IP in the 7th period, and also in group
12, indicating its largest inertness, while element 118 has a relatively low IP, the
lowest in group 18, indicating its maximal chemical activity in this group. It
should also be the most electropositive element out of all noble gases.

An upturn in IPs is observed in group 1 from Sc to element 119 and in group 2
from Ba to element 120 due to the relativistic stabilization of the outer ns;,
electrons [143, 144] (Figs. 10, 11). IPs of elements 119 and 120 are relativistically
increased, e.g., from 3.31 eV to 4.53 eV for element 119, as DK CCSD calcula-
tions show [131, 132].

The IP(121) of 4.447 eV, a DCB FSCC value [34], is the highest in group 3.
The DCB IH FSCC value of IP(122) of 5.595 eV [35] is lower than IP(Th) of
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Fig. 10 Ionisation potentials, IP, and electron affinities, EA, of group-1 elements. The data for K
through Fr are experimental [141, 142], while those for element 119 are DCB CC calculations
[120, 121] (see Table 4). Reprinted with permission from [144]. Copyright 2012 Elsevier
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Fig. 11 Ionisation potentials, IP, and electron affinities, EA, of group-2 elements. The data for
Ca through Ra are experimental [141, 142], while those for Ra (EA) and element 120 are DC CC
calculations [125] (see Table 4). Reprinted with permission from A. Borschevsky, V. Pershina, E.
Eliav, U. Kaldor, J. Chem. Phys. 136, 134317 (2012). Copyright 2012 American Institute of

Physics
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6.52 eV due to the more bound 8p,,, electron of element 122 than the 6d one of
Th. The DF and DS values of IPs of even heavier elements can be found in [1, 2].

According to MCDF calculations [25-28], multiple IP should decrease in
groups 4 through 8 (Fig. 12). The reason for that is the proximity of the valence 7s
and 6d orbitals and relativistic destabilization of the latter with increasing Z in the
groups (Fig. 8). That makes energies of the electron transitions between the (n—1)d
and ns levels smaller than of the corresponding transitions in their 4d and 5d
homologs, resulting in an enhanced stability of the maximum oxidation states.

IPs of internal conversion electrons (1s and 2s) of Cn, Fl, and elements 116
(livermorium, Lv) and 118 were predicted to an accuracy of a few 10 eV using
DHF theory and taking into account QED and nuclear-size effects [44]. The K,
transition energies for different ionization states of Mt were calculated using the
same approach and compared with recent experiments on the o-decay of *’°Rg
[45].

600 0.9
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500 4 g Zr  Hf Db
Mn os i I T s
400 4 Hs g
>
= 300 \Tc Re < os5d v B
F o] gl | Fos) v
[ Mo w Mn Ru
200 4 v Sg or Hs
-\.Nb Ta  pp 03 Os
Fe
100
T
Zr  Hf Rf
0 0.1

Fig. 12 Ionization potentials to the maximal oxidation state (IP,.x) and ionic radii (IR) for Rf
through Hs obtained from the MCDF calculations [24-28]. From [11]
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Electron affinities were calculated for a few of the heaviest elements (Table 4
and Fig. 13). No bound anion was found for Cn by DCB FSCC calculations [114].
EA(113) was shown to be larger than EA(TI) due to the relativistic stabilization of
the 7py,, AO [115]. For Fl having a quasi-closed 7sz7pf/2 shell, a negative EA was
obtained at various levels of theory (—0.02 eV at DC FSCC [128], —0.215 eV at
DHF MRCI [55]), which might be due to the limited, though very large, basis sets.
(The negative value has, of course, no physical sense). Thus, it was concluded that
Fl has no EA [128]. A zero EA was also obtained by the DHF(B) CCSD(T)
calculations [140]. EAs of elements 115 through 117 are smaller than those of the
lighter homologs due to the relativistic destabilization of the 7p;, AOs. Element
118 has a positive EA of 0.058 eV, according to the DCB FSCC + QED calcu-
lations [48, 118]. The reason for that is the relativistic stabilization of the 8s AO.

EA of element 119 is the largest is group 1 because of the relativistic stabil-
ization of the ns AO (Fig. 10). Also, due to the same reason, a reversal of the
decreasing trend in EA beyond Cs is observed in this group. In group 2, on the
contrary, EA increases from Ca to Ba, while a reversal of the trend occurs beyond
Ba, so that EA of element 120 is about that of Ca (Fig. 11). This trend was
explained by the one in the energies of the vacant AOs of a mixed np;,, and (n—1)d
character [143] and polarizabilities of the group-2 atoms [125]: Since the extra
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electron is bound to the atom due to the strong correlation (polarization) inter-
action, the smallest o of element 120 results in its smallest EA. Thus, correlation
effects were shown to be very important to stabilize the element 120 negative ion.

Using IP and EA, absolute electronegativities y were predicted for group 1 and
2 elements including 119 and 120, respectively [143, 144]. They show a reversal
of the decreasing trend at Cs and Ba in these groups, respectively. Thus, element
119 should be more electronegative than K, and element 120 should be as elec-
tronegative as Ca. EA of element 121 of 0.569 eV should be the highest in group
3, according to the DCB FSCC calculations [34].

Predicted oxidation states of elements Rf through 120 are given in Tables 3, 4.
As was mentioned, the proximity of the valence 7s and 6d AOs (Fig. 8) results in
the stability of the highest oxidation states at the beginning of the 6d series. For the
same reason, lower oxidation states will be unstable there. Thus, e.g., the step-wise
ionization process results in the 6d* and not the 7s> configuration for Db>* or Sg**
(see Fig. 14 for Sg, as an example) [145]. Since the 6d AOs of the 6d elements are
more destabilized than the (n—1)d AOs of the 4d and 5d elements, the Db** and
Sg** will even be less stable than Ta>* and W**.

The destabilization of the 6d AOs at the end of the 6d series is also the reason
for the 6d electrons to be chemically active. As a consequence, an increase in the
stability of the higher oxidation states is expected, e.g., of the 3+ and 5+ states of
Rg and 4+ state of Cn. The 0 state will, however, be predominant in Cn due to its
closed-shell structure.

The large relativistic stabilization of the 7s? electrons and, hence, a large 7s—7p
gap hindering hybridization, see Fig. 8, is the reason for an enhanced stability of
lower oxidation states at the beginning of the 7p-series. Thus, the 1+ oxidation
state will be more important for element 113 than the 3+ state.

Due to the relativistic stabilization of the two 7py,; electrons of Fl, the 2+ state
should predominate over the 4+ one to a greater extent than in the case of Pb. The
6d AOs should be still accessible for hybridization for elements 113 and 114 and
should take part in bonding leading to the formation of compounds of these
elements in higher oxidation states like, e.g., 113Fs or FlFs. For elements 115
through 118, on the contrary, lower oxidation states should be more stable than
those of the lighter homologs due to the inaccessibility of the relativistically
stabilized 7p;,» AO for bonding. For element 115, the 1+ state should be more
important due to the SO destabilized 7ps,, electron. The 3+ state should also be
possible, while 5+ not. For Lv, a decrease in the stability of the 4+ oxidation state
is expected due to the large SO splitting of the 7p AOs, and the 2+ state should be
important because of the two destabilized 7ps,, electrons. For element 117, the 1+
and 3+ oxidation states should be the most important, while the 5+ and 7+ states
less. The 1- state of element 117 having one-electron hole on the 7p3, AO should,
therefore, be less important (its EA is the smallest in the group). For element 118,
2+ and 4+ states are possible, while the 6+ one will be less important, because of
the strong binding of the 7p;,, electrons. Oxidation states of heavier elements are
discussed in [1, 2].
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5.3 Atomic/Covalent/Ionic Radii and Polarizability

Radii, atomic (AR) and ionic (IR), are defined by the maximum of the radial
charge density, R,.x, of the outer valence AO in a neutral, or ionized atom,
respectively. They were, therefore, estimated in most cases via a correlation
between these quantities in the chemical groups. (The DF R, of AOs of elements
up to Z = 120 are tabulated by Desclaux [21]). The MCDF R,,,,x and defined on
their basis AR and IR for Rf through Hs and their lighter homologs in the chemical
groups in various oxidation states are given in [23-28], for elements 112 and 114
in [135, 136], and for element 117 in [137]. (The radii for homologs are given in
[146-148]). Van der Waals radii, R,qw, in some cases were also estimated via a
correlation with R, AOs as well as from calculations of bond lengths in mol-
ecules bound by dispersion forces, like, e.g., Cn, [127]. AR of elements Rf through
Rg are given in [2], AR and R,qw of elements Cn through 120 are in Table 4.
Covalent radii (CR) were obtained for elements till Z = 118 from calculated bond
lengths in some covalent compounds [149, 150].

These data show that AR of the 6d elements (the same is valid for R, 4qw) should
be smaller than those of their 5d congeners, with the maximum effect on Rg and
Cn undergoing the strongest 7s AO contraction in the respective groups. In group
13 and 14, AR and R,4w exhibit a reversal of the increasing trend at In and Sn,
respectively, as that in R,,,x(np;,2)-AQO, so that elements 113 and 114 should have
smaller radii than those of the 6p homologs. The reason for that is the relativistic
contraction of the np;,, AOs. In elements 115 through 118, the radii should be
larger than those of their lighter homologs due to the increasing expansion of the
nps,» AOs. In group 1 and 2, a reversal of the increasing trend in AR should occur
at Cs and Ba, so that AR of elements 119 and 120 are about AR of Rb and Sr, and
those of elements 165 and 166 are about AR of K and Ca, respectively (Fig. 15)
[2, 143, 144]. The reason for the trend reversal is the increasing relativistic sta-
bilization of the ns AO. The shell-contraction effects are, however, much smaller
in the group-1 series of elements compared to the group-11 ones.

Fig. 15 Atomic radii of 3 4
alkali and alkaline earth
elements. The data for Na
through Cs and Mg through
Ra are experimental ones
[146]. The data for the
heaviest elements are from
DC and DF calculations (see
Table 4). From [13]
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Table 6 Estimated ionic radii for CN = 6 (in 10\) of Rf through Hs in the maximum oxidation
states [24-28]. Experimental data [148] are for the lighter elements

Group 4 Group 5 Group 6 Group 7 Group 8*

Ti** 0.61 v+ 0.54 crt* 0.44 Mn"* 0.46 Fe®* 0.23
Zr 0.72 Nb>* 0.64 Mo%* 0.59 Tc™* 0.57 Ru®* 0.36
Hf* 0.71 Ta>* 0.64 wo* 0.60 Re™* 0.53 0os* 0.39
Rf* 079> Db 074>  Sg® 0.65>  Bh'* 058  Hs** 045

* For CN = 4; " a correlation of IR with the (7,,;)of the 6p AO s gives IR of 0.74 A for Rf** , 0.66
A for Db™ |, and 0.63 A for Sg® [152]. More realistic values obtained from the geometry
optimization of molecular compounds are 0.76 A for Rf** and 0.69 A for Db>*

The IR of group-4 through 8 elements in their highest oxidation states for the
coordination number, CN, equal to 6 are given in Table 6 and Fig. 12. They are
almost equal for the 4d and 5d elements due to the lanthanide contraction (of 0.020
A), which is roughly 86% a nonrelativistic effect: The diminished shielding of the
nucleus charge by the 4f electrons causes the contraction of the valence shells. The
IR of Rf through Hs are about 0.05 A larger than IR of their 5d congeners. This is
due to an orbital expansion of the outer 6p3,», AOs responsible for the size of the
ions. The IR of the 6d elements are, however, still smaller than IR of the actinides
due to the actinide contraction (0.030 A). The latter is larger than the lanthanide
contraction and is mostly a relativistic effect. This is due to the fact that the 5f shell
is more diffuse than the 4f shell, so that the contraction of the outermore valence
shells is increased by relativity to a larger extent in the case of the 6d elements as
compared to the 5d elements. The DF and HF calculations [151] for the 5d and 6d
elements with and without the 4f and 5f shells, respectively, have shown that the
shell-structure contraction is, indeed, enhanced by relativistic effects and that the
orbital and relativistic effects are not additive.

IR of the 119* and 120** ions were determined via a correlation with R [(n—
1)ps2] AO in group 1 and 2, respectively [143, 144]. In contrast to the trend in AR
in these groups (Fig. 15), the IR reveal a steady increase with Z stipulated by the
expansion of the outermost (n—1)pz,» AOs in these ions.

Fig. 16 The difference in the 15 7
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Single and triple bond CR for the group-4 through 8 6d-elements were found to
be about 0.06 A on the average larger than CR of the 5d elements [149, 150]
(Fig. 16), in agreement with the IR (Table 6). (The triple bond CR are slightly
larger, 0.08 A on the average). An important finding of those works is a decrease in
the CRgy-CRsq difference starting from group 9, reaching negative values in
groups 11 and 12, as a result of the relativistic bond contraction caused by the
relativistic stabilization of the ns AO. This was called a “transactinide break”
[149, 150].

Static dipole polarizabilities () were calculated most accurately at the DC CC
level of theory for elements Cn through Fl, elements 118 through 120 [119, 125-
127, 131, 132]. For elements 115 through 117, o« were determined via a correlation
with R2 . of the outermost valence AOs in the chemical groups [130]. Results are
given in Table 4 and Fig. 17 in comparison with experimental polarizabilities of
the homologs in the 6th period.

According to the DC CC calculations [127], polarizability of Cn should be the
smallest in group 12 due to the relativistic contraction of the 7s AO. Polariz-
abilities of element 113 and FI are also smaller than those of In and T1, and Sn and
Pb, respectively, due to the relativistic stabilization of the 7p;, AO [126, 127]. A
reversal of the trends in « is observed in group 13 and 14 beyond In and Sn,
respectively, similarly to that in AR, or R.x(np12)-AO. A steep increase in o
(Fig. 17) from element 114 to 115 reveals the magnitude of the 7p AO SO effect,
since the highest occupied (HO) AO in Fl is 7p;/,, while it is 7p3,, in element 115.
Thus, the trend becomes opposite in groups 15 through 18 to those in groups 13
and 14, so that for elements 115 through 118, o is the largest in the respective
chemical groups due to the largest R,.x(np3,2)-AO.

For element 119, « is relativistically decreased from 693.9 to 165.98 a.u., as
calculated at the DK CCSD(T) level of theory [131, 132]. A reversal of the increasing
trend in o is predicted in groups 1 and 2 beyond Cs and Ba, so that « of elements 119
and 120 are about those of Rb and Ca, respectively [125, 143, 144]. The reason for the
trend reversal is the increasing relativistic contraction of the ns AO.

Fig. 17 Polarizabilities of
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Table 7 Polarizabilities, o (in a.u.), of Hg and Cn calculated within different approximations

Atom Method o Ref.
HF MP2 CCSD CCSD(T)
Hg NR PP 82.25 - - 37.83 [153]
AR PP 44.78 28.33 35.26 34.42 [153]
ECP 32.46 27.13 28.82 28.48 [139]
DC 44.90 27.47 35.31 34.15 [127]
exp. - - - 33.91 [154]
Cn NR PP 107.85 - - 74.66 [153]
AR PP 29.19 23.57 25.84 25.82 [153]
ECP 30.30 27.67 28.61 28.68 [139]
DC 29.46 25.11 27.66 27.64 [127]
14.0 80 26
©
nr 24 nr o
12.0 1 rel 60 ,c" .
1.0' o 22 - Lo

> C
% 10.0 © 40 o 20
o 3 <
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Fig. 18 Relativistic (solid lines) and non-relativistic (dashed lines) ionization potentials, IP,
atomic radii, AR, and polarizabilities, «, of group-12 elements. Reprinted with permission from
[155]. Copyright 2000 Elsevier

Finally, Table 7 demonstrates the influence of relativistic and correlation effects
on o shown by various calculations—nonrelativistic (NR), average relativistic
(AR, i.e., without spin—orbit) PP, relativistic ECP and DC; without electron cor-
relation Hartree—Fock (HF), and with correlation at the different levels of theory
(MP2, CCSD and CCSD(T))—for Hg and Cn, as an example. One can see that
relativistic effects essentially decrease o of both species, with the effect being
much more pronounced for the heavier element (a relativistic decrease from 74.7
to 25.8 a.u., as is shown by the PP CCSD(T) calculations [153]). Correlation
effects also decrease o in both cases much more at the nonrelativistic level than at
the relativistic. Correlation effects on o of group 13 and 14 elements are similar to
those of group-12 elements.

Influence of relativistic effects on atomic properties of group-12 elements, as
the most interesting case, is shown in Fig. 18. Thus, relativistic effects are
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responsible for the largest IP and smallest both o and AR of Cn in group 12. This
means that Cn should be chemically rather inert, much more than the lighter
homologs in the group.

6 Electronic Structures and Properties of Gas-Phase
Compounds of the Heaviest Elements. The Role
of Relativistic Effects

6.1 Rf Through Hs (Elements 104 Through 108)

Elements at the beginning of the 6d series form halides, oxyhalides, oxides and
other compounds similarly to their lighter homologs in the chemical groups. Their
electronic structures and chemical properties such as ionicity, covalence, bonding,
geometrical configurations, thermochemical stability, as well as the influence of
relativistic effects on those properties, have been studied in a number of theoretical
works. Many of them were also devoted to predictions of the behavior of such
compounds in gas-phase chromatography experiments (see “Gas-Phase Chemistry
of Superheavy Elements™).

6.1.1 Hydrides of Rf and Sg

Group-4 and 6 hydrides, MH, (M = Ti, Zr, Hf, and Rf) and MHg (M = Cr, Mo,
W, and Sg) are the simplest systems which were used in the past as models to
study influence of relativistic effects on molecular properties. The early DF one-
center expansion (DF-OCE) calculations [156—158] showed relativistic effects to
decrease the bond length of RfH, and SgH, so that R.(RfH,) is only 0.03 A larger
than R.(HfH,), and R.(SgHg) is 0.06 A larger than R.(WHg). The relativistic
contraction of orbitals and of bond lengths were shown to be two parallel, but
largely independent effects. The calculations revealed a decrease in the dissocia-
tion energy of RfH, as compared to that of HfH, and a slight increase in it of SgHg¢
as compared to that of WHg.

6.1.2 Group-4 Through 8 Halides, Oxyhalides and Oxides

Halides and oxyhalides of the elements at the beginning of the 6d series were
studied extensively using a variety of methods, mostly DFT and PPs. The 4c-DS
DV and DFT calculations were performed for the following compounds: MCl,
(M = Ti, Zr, Hf, and Rf) [159], MCls, MOCl;, MBrs and MOBr; (M = Nb, Ta,
and Db) [160-164], MCles, MOCl,, MO,Cl, (M = Mo, W, and Sg) [165-167],
MO;Cl (M = Tc, Re, and Bh) [168], and MO, (M = Ru, Os, and Hs) [169, 170].

The RECP CCSD calculations were performed for halides and oxyhalides of Rf
through Sg, such as RfCl,, MClg, MOCl,, MO,Cl,, MO; (M = W and Sg), MCls,
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and MBrs (M = Ta and Db) [171]. Results of ab initio non-correlated DF cal-
culations were reported for RfCl, and HsOy4 [172, 173].

Results until 1999 are overviewed in [6-9]. For later reviews including more
accurate calculations, see [10-14].

Various properties of the transactinide compounds were predicted on the basis
of these calculations. Thus, optimal geometries and stability of compounds (dis-
sociation energies) were predicted with a sufficient accuracy. Moreover, electronic
density distribution and type of bonding were defined. Some other spectroscopic

Table 8 Bond lengths (in A) of halides, oxyhalides and oxides of group 4-8 elements as a result
of the 4¢-DFT [159-170] and RECP CCSD(T) [171] calculations in comparison with experiment

Group Molecule RECP CCSD(T) 4c-DFT?* Exp.b
M-0O/Lx M-Lq M-O/L M-Lq M-O/L M-Lq

4 ZrCly - - - 2.344 - 2.318
HfCl, - - - 2.344 - 2.317
RfCly - 2.381 2.402 - -

5 NbCls - - 2.34 2.24 2.338 2.241
TaCls - - 2.37 2.23 2.369 2.227
DbCls - - 2.42 2.28 - -
NbOCl; - - 1.66 2.24 1.68 2.276
TaOCl; - - 1.67 2.25 - -
DbOCl; - - 1.72 2.30 - -
NbBrs - - 2.500 2.449 - -
TaBrs 2481 2.435 2.495 2.444 2473 2412
DbBrs 2.536 2.499 2.548 2.496 - -
NbOBr; - - 1.704 2.442 1.694 2.429
TaOBr; - - 1.716 2.440 - -
DbOBr; - - 1.788 2.484 - -

6 MoClg - - - 2.25 - -
WClg - 2.319 - 2.26 - 2.26
SgClg - 2.359 - 2.32 - -
MoOCly - - 1.658 2.279 1.658 2.279
WOCl, 1.67 2.317 1.685 2.280 1.685 2.28
SgOCly 1.72 2.364 1.747 2.340 - -
MoO,Cl, - - 1.698 2.259 1.698 2.259
WO,Cl, 1.700 2.282 1.710 2.270 1.710 2.270
Sg0,Cl, 1.749 2.339 1.772 2.330 - -
WO; 1.735 - - - - -
Sg0s 1.777 - - - - -

7 TcO5C1 - - 1.69 2.30 - -
ReO;Cl - - 1.71 2.28 1.761 2.23
BhO;Cl - - 1.77 2.37 - -

8 RuO, - - 1.712 - 1.706 -
OsOy4 - - 1.719 - 1.711 -
HsOy4 - - 1.799 - - -

2 Jtalics—estimates for the heaviest elements on the basis of IR; ° for experimental values see the
corresponding references in the theoretical works [159-171]
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Table 9 Atomization energies, D, (in eV), ionization potentials, IP, (in eV), dipole moments, u
(in D), polarizabilities, o (in a.u.), of group 4-8 compounds as a result of various calculations

Group Molecule D? Ip° U o Method Ref.
4 ZrCl, 21.68 - - - DFT [159]
20.32 11.94 - 10.14 BH
HfCl, 21.14 - - - DFT [159]
20.53 12.03 - - BH
RfCl, 19.50 10.96 - - DFT [159]
18.80 - RECP [171]
5 NbCls 19.25 10.77 - - DS DV [160]
TaCls 19.46 10.73 - - DS DV [160]
DbCls 17.76 10.83 - - DS DV [160]
NbOCl, 21.6 11.60 0.91 - DS DV [163]
TaOCl, 22.52 11.57 0.99 - DS DV [163]
DbOCl, 20.82 11.64 1.27 - DS DV [163]
NbBrs 18.32 9.35 - 172.1 DFT [164]
17.86 BH
TaBrs 19.41 9.33 - 167.3 DFT [164]
18.92 BH
DbBr; 18.86 9.37 - 167.0 DFT [164]
NbOBr; 20.53 - - - DFT [164]
TaOBr; 21.43 - - - DFT [164]
DbOBr; 20.36 - - - DFT [164]
6 MoClg - 11.06 - - DS DV [165]
WClg 21.7 11.13 - - DS DV [165]
19.9 RECP [171]
SgClg 20.05 11.17 - - DS DV [165]
19.9 RECP [171]
MoOCl, 20.54 - 0.14 - DS DV [166]
WOCl, 22.96 - 0.49 - DS DV [166]
21.5 0.24 RECP [171]
SgOCl, 21.24 - 1.03 - DS DV [166]
21.0 0.77 RECP [171]
MoO,Cl, 21.08 - 1.04 - DS DV 167
WO,Cl, 23.5 - 1.35 - DS DV [167]
21.5 1.51 RECP [171]
Sg0,Cl, 21.6 - 1.83 - DS DV [167]
21.0 2.39 RECP [171]
WOs 18.9 - - - RECP [171]
Sg0s 17.8 - - - RECP [171]
7 TcO;Cl 23.12 12.25 0.93 33.33 DFT [168]
ReO;Cl 2430 12.71 1.29 39.88 DFT [168]
23.76 BH
BhO;Cl 22.30 13.05 1.95 50.61 DFT [168]
8 RuO, 27.48 12.21 - 58.07 DFT [170]
19.11 12.19 58.64 exp.
0504 2771 12.35 - 55.28 DFT [170]
21.97 12.35 55.13 exp.
HsO,4 28.44 12.29 - 68.88 DFT [170]

# Italics—“experimental” values (calculated via a Born-Haber, BH, cycle); ® bold—
measurements



168 V. Pershina

2% 25
M- Cl R
24 4 Hf Sg
23] & Sg
Mo Bh
234 Hs Mo
Sg T Re
S 21 °
2 :
>a.> Bh <:"
(o] Sg o
Q o) °‘1 N M=0
Re Bh
20 To A__A/A sg
Mo
17] D’—/ "
Rf
191 Ru os W
18 " . . 15
4d 5d 6d 44 5d 6d

Fig. 19 Atomization energies, D., (experimental for the 4d and 5d elements and calculated for
the 6d elements) and bond lengths, R., for various halides, oxides and oxyhalides of group-4 to 8
elements (see the data in Tables 8 and 9)

properties such as IPs, EAs, energies of electron transitions, polarizabilities and
dipole moments were obtained for the stable geometries. Many works were
devoted to the study of relativistic effects (both scalar ones and SO interaction) on
all those properties by performing additional non-relativistic calculations and
comparing them with the relativistic ones. Some works were also devoted to the
study of influence of correlation effects on various properties, particularly on
bonding. For that purpose, molecular calculations using the DF (HF) approxima-
tion (i.e., without correlation), as well as at various levels of electron correlation
were performed.

The calculated dissociation energies were used to predict stability of various
compounds of the transactinides (at experimental conditions). Using some other
properties, like, e.g., polarizabilities, dipole moments and geometrical configura-
tions, volatility of species for gas-phase chromatography experiments were pre-
dicted with the use of physico-chemical adsorption models (see further).

Results of the 4c-DFT and RECP calculations of various properties—optimized
geometries (R. and bond angles), D., IP, «, and y—of the halides, oxyhalides and
oxides of group-4 through 8 elements are summarized in Tables 8, 9. The D, and
R, are also depicted in Fig. 19.

Overall, very good agreement is observed between the 4c-DFT and RECP
calculations, as well as between the calculated and experimental values, especially
for the bond lengths and geometries. The DFT dissociation energies are slightly
overestimated as compared to the experiment, however, they follow perfectly the
trends, so that they are rather reliable. Some other properties, including the
electronic density distribution, e.g., effective charges, are also nicely reproduced
by the calculations. Therefore, predictions for the heaviest elements should be
highly reliable.
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Fig. 20 Relativistic (rel) and
non-relativistic (nr) energy 1+ .
levels in MCls (M = Nb, Ta,
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DS DV calculations. AE is
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The calculations have shown that compounds of the 6d elements are, indeed,
homologs of the lighter congeners in the chemical groups and that bonding is
defined preferentially by the participation of the valence 6d AOs, with an
admixture of the 7s and 7p;/, AOs.

A typical schemes of the molecular energy levels of the d-element compounds
including those of the transactinides in the relativistic and non-relativistic cases are
shown in Fig. 20 for MCls (M = Nb, Ta, and Db), as an example [161]. One can
see that the MO schemes, as well as the MO composition (see [160] and [161]), are
similar for all the three molecules: the set of bonding MOs is topped by the
HOMOs of the preferentially ligand, 3p(Cl), character. Separated from them by the
energy gap, AE (the HOMO-LUMO gap), lying higher in energy, are the vacant
levels of the metal (n—1)d character.

Due to the similarity in the electronic structures, molecular properties of MCls
(M = Nb, Ta, and Db) are then also similar. Thus, e.g., IPs defined by the energies
of the HOMOs do not differ much (Table 9). Some other properties, like EAs,
defined by the LUMOs, or charge-transfer electron transitions change smoothly
from the Nb to Db molecule.
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The influence of relativistic effects on the MO energies of the group-5 MCls,
being also typical, is seen from the same Fig. 20 [161].

Thus, relativistic effects increase the HOMO energies (their absolute values),
which results in an increase in the molecular IPs. They also decrease the energies
(absolute values) of the vacant levels of the (n—1)d character, including LUMOs,
which results in a decrease in the EAs. Both effects, consequently, result in an
increase in the energies of the electron charge-transfer transitions from the levels
of the ligand character to those of the metal character, E[3p(Cl) — (n—1)d(M)].
Since the latter is associated with the reduction of the metal, such an increase leads
to an increase in the stability of the maximum oxidation state, i.e., 5+ in group 5.
This is demonstrated by a correlation between E[3p(Cl) — (n—1)d(M)] and
reduction potentials E°(V-IV) for MCls (M = V, Nb, Ta, and Db) in Fig. 21.
Thus, non-relativistically, Db>* would have been even less stable than Nb>*.
Similar correlations can be shown for compounds of group 4-8 elements in the
highest oxidation states. Thus, in groups 4 through 8, relativistic effects increase
the stability of the maximum oxidation state.

The RECP and DFT calculations (Tables 8, 9, Fig. 19), in agreement with each
other, established that R, are similar for the 4d and 5d compounds due to the
lanthanide contraction, while those of the 6d compounds are about 0.05-0.06 A
larger. (One can also see from Table 8 that the bond lengths estimated on the basis
of IR of the heaviest elements in the early DS DV calculations are very realistic).
This is in line with their larger IR and CR (see Sect. 5.3). Such an increase in R, is
explained by the orbital and relativistic expansion of the (n—1)d AOs in the groups.

The D, were shown to increase from the 4d to the 5d compounds and decrease
from the 5d to the 6d element compounds for almost all types of species except of
group-8 MOy. In [160-168], such a decrease in D, of the 6d element compounds
was explained by a decrease in the ionic contribution to bonding, while the
covalent one steadily increases in the groups. D, obtained as a sum of the ionic and
covalent contributions to chemical bonding calculated within the DS DV scheme
turned out to be rather accurate [160-167].

A decrease in ionicity and increase in covalence in groups 4-8 are seen from
decreasing Mulliken effective charges, Oy, and increasing overlap populations
(OP), serving as a measure of covalence (Fig. 22). A comparison of results of
relativistic and nonrelativistic calculations shows that the reason for this trend is
increasingly important relativistic effects. Figure 23 shows relativistic and non-
relativistic values of Qy and OP for MCl; (M = V, Nb, Ta, and Db), as an
example [161], which change in an opposite way from Ta to Db. A partial OP
analysis (Fig. 24) shows that such an increase in covalence (total OP) is due to the
increasing contribution of all the relativistic valence AOs, while the contribution
of the non-relativistic ns and np;,, AOs decreases from Ta to Db. (In the case of
the (n—1)d AOs, the relativistic and nonrelativistic trends are the same, because
relativistic effect only enhances the orbital one).

RECP CCSD(T) calculations for the group-6 oxyhalides, with and without SO
coupling [171], have shown that larger SO effects on the 6d AOs result in a
decrease in D, of the 6d compounds of 1-1.5 eV in comparison with the 5d ones
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Fig. 21 Correlation between
reduction potentials E°(V—
IV) and energies of the lowest
charge-transfer transitions
E[3p(Cl) - (n—-1)d(M)] in
MCls (M = V, Nb, Ta and
Db). The non-relativistic
value for Db is shown with a
filled circle. Reproduced
from [9]
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Charge-transfer transition energy, eV

(Table 10). The effects are larger for the Sg compounds than for the Rf ones due to
an increasing 6ds,,-6ds,, splitting.

Thus, relativistic effects are responsible for the continuation of trends in IP, EA,
covalence and stabilities of oxidation states in the groups in going over from the 5d
to the 6d elements. (The SO effects are, however, responsible for a trend reversal
in D.). The non-relativistic description of these properties would give opposite
and, therefore, wrong trends.

In [171], the importance of electron correlation on Qy;, OP, p and D, was
demonstrated on the example of group-6 MO,Cl, (Table 10). Correlation effects
were shown to significantly decrease Oy and y, and increase D, accounting, e.g.,
for about 65% in D.(SgO,Cl,). The effects on D, were found to be larger in the W
compounds than in the Sg ones and they become more significant as the number of
oxygen atoms increases.

Both the DFT and RECP calculations predict an increase in the stability of
compounds of the 6d elements with increasing number of oxygen atoms, e.g., from
SgClg to SgOCly and to SgO,Cl,, as is experimentally known for the lighter
homologs Mo and W. Thus, SgO,Cl, was recommended in [167] as the most
stable type of oxychloride for high-temperature gas phase experiments. SgClg and
SgOCl, were shown to be unstable with respect to the loss of CI transforming into
compounds of Sg"¥ [165, 166].

Among other important trends, one should mention a decrease in the metal—
ligand bond strength of the halides with increasing group number, in addition to a
decrease in it from the 5d to the 6d compounds within the same group [165]. Thus,
SgClg was shown to be unstable. Consequently, BhCl; should not exist. This is
also connected with a decrease in the relative stability of the maximum oxidation
state along the transactinide series, see Fig. 5 in [165].

Similarly to the chlorides, the trend in the stability of group-5 MBrs was pre-
dicted from the 4c¢-DFT calculations as Nb < Db < Ta [164]. However, for
MOBr; the trend in the stability is given as Db < < Nb < Ta (see Table 9). Thus,



172 V. Pershina

16 29
Ru Os w sg MCh
Hs 274
141 MO, :
T MCl;
Re 25
1.2
MOSCI Sg MO.Cl,
Mo w 234
= S9 8
S 1 Nb o X MO,Cl, =
)
N \,( MOCl, 2.1
’/N
0.8 MCls
Mo Db 1.9 1
w
MCl
0.6 s
1.7 1
Sg
0.4 . . . 15 - . x
4d 5d 6d 4d 5d 6d

Fig. 22 Effective charges (Qy) and total overlap populations (OP) in group-4 through 8
(oxy)halides and oxides obtained as a result of the Mulliken population analysis in the DFT
calculations [160-170]
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Fig. 23 Relativistic (rel) and non-relativistic (nr) effective charges, Qy;, and overlap populations,
OP, in MCls (M = V, Nb, Ta, and Db). L denotes the ligand. The data are from [161]

it was concluded that Db should not have a preference to form oxygen-containing
compounds, in difference to the earlier expectations [163]; see also “Gas-Phase
Chemistry of Superheavy Elements”.
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Fig. 24 Relativistic (rel) and non-relativistic (nr) partial overlap populations in MCls (M = Nb,
Ta, and Db). L denotes valence orbitals of the ligand. The data are from [161]

Table 10 Correlation and SO effects on the electronic density distribution (Qy and OP), dipole
moments, g (in D), and atomization energy, D, (in eV), of MO,Cl, (M = W and Sg)

Molecule RECP DFT
HF(AREP)? SO- DS DV®
CCSD(T)°
Om WO,Cl, 2.18 1.71 1.08
$g0,Cl, 1.94 1.52 0.97
OoP WO,Cl, 2.14 2.03 2.23
Sg0,Cl, 2.72 2.55 2.34
M WO,Cl, 1.70 1.51 1.35
Sg0,Cl, 2.64 2.39 1.83
D, WO,Cl, 11.7 222 23.8
Sg0,Cl, 14.2 21.0 (22.5% 21.8

# Average Relativistic, i.e., without SO and correlation [171]; ® with SO effects and correlation
[171] © fully relativistic [167]]; ¢ without SO effect

Stability of MO3Cl (M = Tc, Re and Bh) should follow the trend
Bh < Tc < Re, according to the 4c-DFT calculations [168].

The 4¢-DFT calculations have also shown that group-8 MO, molecules should
be all very similar and stable, with the following trend in D.: RuO,4 <
0s04 < HsO4 [169]. However, calculations with larger basis sets, like those used
in [170], had to be performed to provide a more accurate value of D.(HsO,).
R.(HsO,), very accurately calculated in [170], should also be larger than R. of
RuO, and OsOy,, as in compounds of group 4-7 elements. For these molecules,
influence of relativistic effects on properties important for gas-phase experimental
investigations was studied in detail [169, 170]. Figure 25 show relativistic and
non-relativistic IPs, a, and R, of these molecules. One can see that relativistic
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effects decrease R., increase IPs (with the strongest effect on HsO4) and decrease
«. They do, however, not change trends in these properties in the group, since those
for the relativistic and non-relativistic (n—1)d AOs are the same. The shape of the
IP and o plots with a peak at Os reflects the “zigzag” behavior of the (n—1)d AOs
(see Fig. 1 in [169]).

There are also ab initio DF [173] and the infinite-order regular approximation
with modified metric method (IORAmm/HF) [174] theoretical studies of the
electronic structures of MO4 (M = Os and Hs). These works, however, revealed
some deficiency of the calculations that resulted in the prediction of a wrong trend
in properties from Os to Hs, as compared to the more accurate calculations [170]
and the experiment (see below, as well as discussions in [169]).

All the group 5-7 oxyhalides, as low-symmetry compounds, have dipole
moments (see Table 9). As the data show, i increases from the 4d to 5d and further
to 6d compounds, which is connected with an increasing metal-ligand separation.
Both relativistic and correlation effects decrease u (Table 10) due to a decrease in
the molecular size and increase in IPs.

The PP calculations were also performed for DbO, along with NbO and TaO.
Relativistic effects were shown to stabilize the 2A3,2 ground state electronic con-
figuration in DbO, as that in TaO, in contrast to the 43~ state of NbO [175, 176].

6.1.3 Other Group-4 Through 8 Compounds

The DS DV calculations were performed for M(CO)s (M = Mo, W, Sg, and U)
[177]. Sg(CO)¢ was found to be very similar to W(CO)g and different from
U(CO)g. Bond lengths in covalent compounds of the type MX (M = Rf through
element 118; X = H, N, B, and C) and some others were calculated using various
approaches, mostly by ADF ZORA (see [149, 150] for a summary). As was
mentioned in Sect. 5.3, R, of the Rf through Hs compounds are about 0.05 A larger
than of their 5d counterparts in good agreement with IR and bond lengths in other
types of compounds (Fig. 16).

6.1.4 Predictions of Volatility of Group-4 Through 8§ Compounds

Identification of the heaviest elements by studying their volatility is a difficult task.
Several quantities are associated with this physical phenomenon, which are not
necessarily interrelated. Thus, in gas-phase chromatography experiments, a measure
of volatility is either a deposition temperature in a thermochromatography column,
T.gs, O the temperature of the 50% of the chemical yield, Tso4, observed on the
outlet of the isothermal column (see “Experimental Techniques” and “Gas-Phase
Chemistry of Superheavy Elements”, as well as [178]). From these temperatures, an
adsorption enthalpy, AH,q, is deduced using adsorption models [179], or Monte
Carlo simulations [180, 181]. The AH,q, is supposed to be related to the sublimation
enthalpy, AHg,, of the macroamount (see “Thermochemical Data from Gas-Phase
Adsorption and Methods of their Estimation™). The usage of a correlation between
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Fig. 25 Relativistic (rel.) and nonrelativistic (non-rel.) bond lengths, R., ionization potentials,
IP, and polarizabilities, , of MO4 (M = Ru, Os, and Hs). Reprinted with permission from V.
Pershina, J. Anton, T. Jacob, Phys. Rev. A 78, 032518 (2008). Copyright 2008 American Physical
Society

AH,4s and AH,, is, however, restricted to some groups and types of compounds,
while generally not allowed (see below). In macrochemistry, a measure of volatility
is an equilibrium vapor pressure over a substance, P,,,,. Boiling points, T}, and
enthalpy of evaporation, AH.,p, basically correlate with Pp,p,.

Another difficulty comes from the fact that the studied chemical species are not
known. Their composition is usually judged by analogy with the chemical
behavior of lighter homologs in the chemical groups. Beside the low statistics of
just a few events, a difficulty arises with respect to the interpretation of results,
since the surface of the column is not well known. It is often modified with aerosol
transport particles or halogenating agents, so that the mechanisms of adsorption
and the nature of chemical or physical interactions can only be assumed [178].
Thus, available experimental data are sometimes contradictory and do not corre-
late with a single property or an electronic structure parameter of the adsorbate.

To determine AH,4, of a heavy molecule on a complex surface is still a for-
midable task for quantum chemical calculations. Fully relativistic methods for
calculating systems of the heaviest elements interacting with a (complex) surface
are not yet available. Especially difficult is the prediction of the physisorption
phenomenon caused by weak interactions, where the DFT generally fails.

In the past, DS DV calculations were helpful in establishing some correlation
between electronic structure parameters and volatility of halides, oxyhalides and
oxides known from macrochemistry [6, 11]. It was established, e.g., that covalent
compounds (having higher OP) are more volatile than ionic, and that molecules
with dipole moments interact more strongly with a surface than without those, and
that the sequence in the adsorption energy is defined by the sequence in dipole
moments.
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Lately, predictions of the interaction energy of heaviest element molecules with
inert surfaces (quartz, silicon nitride, also modified) were made with the use of
physisorption models [155, 168—170]. These models are based on the principle of
intermolecular interactions subdivided into usual types of long-range forces:
dipole—dipole, dipole-polarizability and van der Waals (dispersion) one. Molecular
properties required by those models are then calculated with the use of most
accurate relativistic methods.

Thus, e.g., for a molecule with a zero dipole moment adsorbed on a dielectric
surface by van der Waals forces, the following model of the molecule-slab
interaction is used [155]:

E(x)__li6<i+;>( 1 “mdl )x3’ (17)

Py, ' [Pt

where IPg,;, and IP,., are ionization potentials of the slab and molecule, ¢ is the
dielectric constant of the surface material, and x is molecule-surface separation
distance. In a comparative study, x for a lighter element is deduced from the
known AH,4,, while that for a heaviest element is estimated using the difference in
their molecular size.

Using this model, AH, 4, of, e.g., group-8 tetroxides on a silicone nitride surface of
detectors of a chromatography column were predicted [170]. Since the RuO,4, OsOy4
and HsO4 molecules are very similar, a very high accuracy of the calculated prop-
erties (see Table 9) was required in order to give reliable AH,q4,. The 4¢-DFT cal-
culations performed with extremely large basis sets revealed an inversion of the
trend in o and IPs beyond Os (Fig. 25). Such a trend reversal results in the trend
reversal in —AH, 45, RuO4 > 0sO,4 < HsQy, according to Eq. 17 (Fig. 26). Thisisin
agreement with the experimentally observed trend in —AH,4,: OsO4 < HsOy4 [182].
Also, the calculated AH,q4, of HsO4 of —45.1 kJ/mol proved to be in excellent

Fig. 26 Relativistic (solid 46
line) and nonrelativistic
(dashed line) adsorption
enthalpies of MO, (M = Ru, 44
Os, and Hs) on silicon nitride
[170]
[s)
E 42
2
T 401
38 A
RuO, OsO, HsO,

36 -
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agreement with the measured AH,4, of —46 + 2 kJ/mol. The trend reversal in the
molecular properties and AH,q is explained by the trend reversal in energies of the
(n—1)d AOs at Os (see Fig. 1 in [169]). Relativistic effects were shown to have no
influence on the trend in AH,4s(MOy) (Fig. 26), as they have no influence on the
trends in the molecular properties (Fig. 25), since relativistic and nonrelativistic
(n—1)d AOs change in the same way with increasing Z in group 8 [170].

In [183], thermodynamic equations are given allowing for prediction of T,4s of
an atom or molecule with respect to T,4s of a homolog in a comparative study. One
of those equations is shown here for the case of mobile adsorption of molecules
with a rotational degree of freedom:

1 1
o~ AEs/RT — o AEs/RT (18)

ll/erdATl/z 12 1/2 / .

1 /2 1y BdBT
Here 1/, is half-life of the central atom isotope, r is molecular radius, d is the
metal-ligand distance, T is adsorption temperature, m is mass, and AFE is
adsorption energy of a heaviest molecule A with respect to its lighter homolog B.
Predictions of T,4s(HsO4) with respect to 7T,45(0OsO,) were made in [183], as an
example. In the same work, various measures of volatility are critically compared,
showing that in a comparative study, the most adequate measure of it (in mac-
rochemistry) is the ratio of adsorption/desorption constants, K,qs/Kges-

For predictions of adsorption of molecules with non-zero dipole moments,
equations taking into account long-range interactions, such as molecular dipole-
surface charge, dipole-induced dipole, and van der Waals one were deduced. Thus,
e.g., the interaction energy of a molecule with a surface charge is [168]

2Qeﬂﬁ101 _ Q2 62 Omol

Olmol Xslab
19
x2 24 (19)

)
1 L
(IPmol + IPslab)

where p, IP . and o, belong to the molecule and those with index “slab” to the
surface; Q is a charge of the surface atom and x is the molecule-surface distance.
Using this equation, AH,q4s of group-7 MO3Cl on a quartz surface of the chro-
matography column covered with HC1 were predicted [168]. The 4c-DFT calcu-
lated molecular properties required by the model are given in Table 9. Main
contributions to the total E(x) are given in Table 11 indicating an increase in the
energies of all three types of interactions from Tc to Bh. AH,4(BhO5Cl) =
—78.5 kJ/mol and AH,4(TcO3Cl) = —48.2 kJ/mol were then determined with

E(x) =—

_3
2

Table 11 Contributions to the interaction energy E(x) of the MO;Cl molecules (M = Tc, Re,
and Bh) with C1¢ (surface) for Q = ~0.4. From [168]

Molecule u-Qe o-Qe o-0(Cl)

E10' x%, eV cm? E10% x*, eV cm® E10*® %, eV cm®
TcO5Cl 2.23 5.69 379.06
ReO;Cl1 3.10 6.81 460.65

BhO;Cl 4.67 8.64 591.17
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respect to AH,4s(ReO5Cl) = —61 kJ/mol, so that the sequence in volatility was
predicted as TcO;Cl > ReO3Cl > BhO;Cl. This trend is caused by increasing p in
this row. The predicted sequence and the AH,4, values are in excellent agreement
with the experimental ones of —51 £ 2 kJ/mol for TcO3Cl and —77 %+ 8 kJ/mol
for BhO;Cl [184].

Similarly, a trend in adsorption of group-6 MO,Cl, on a modified quartz surface
was predicted as Mo < W < Sg due to increasing dipole moments in this row
(Table 9), so that the trend in volatility is Mo > W > Sg [167]. This was
also confirmed by results of isothermal gas-phase chromatography experiments
[185, 186].

The physisorption adsorption mechanism could, however, not explain results of
the gas-phase chromatography experiments with pure halides of group-4 and 5
elements. Thus, e.g., experiments on the chlorides and bromides of group-5 ele-
ments, using both thermo- and isothermal chromatography techniques [187-190]
revealed that volatility of the Nb and Ta halides is similar, while that of Db is
lower. Taking into account the predicted sequence in volatility (as P, of MBr;s
over the solid) Nb < Ta < Db [162], this unexpected behavior was explained by
the formation of either oxyhalides MOL3, or the KMBrsL (L = Cl, Br) salt on a
quartz surface modified with aerosol transport KCI1 or KBr particles. To test this
assumption, a new theoretical study on the prediction of the adsorption behavior of
group 5 bromides at the given experimental conditions was undertaken in [164].

First, it was shown that DbBrs should, indeed, be formed at the experimental
conditions, while DbOBr; should not (see dissociation energies in Table 9). Fur-
ther on, the calculations have shown that if the MBrs molecule approaches a KC1
or KBr surface along the z axis, physisorption described by Eq. 17 occurs. If the
molecule, however, approaches such a surface by one of the facets, the MBrg
complex is formed (Fig. 27), where an additional Br atom comes from the surface.

The 4¢-DFT calculated energies of the MBrs — MBrsL™ (L = Br, Cl) reaction
with respect to those of Nb, are given in Table 12. The latter are in excellent
agreement with the TaBrs-NbBrs and DbBrs-NbBrs differences in the experi-
mental AH,q, so that the sequence in the strength of the complexes should indeed

Fig. 27 Formation of MBrg~
on the KBr surface. Reprinted
with permission from V.
Pershina, J. Anton, J. Chem.
Phys. 136, 034308(7) (2012).
Copyright 2012 American
Institute of Physics
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Table 12 Energies of the MBrs — MBrsL™ (L = Br, and Cl) reaction with respect to those of
Nb, AAE, as well as relative values (with respect to those of Nb) of measured AH,q (in eV)

Reaction energy Nb Ta Db

AAE(MBrs — MBrg )/Nb 0 —0.09 —0.21
AAE (MBrs — MBrsCl™)/Nb 0 —0.09 —0.25
—AH 4[SiO,/KCI1]/Nb* 0 —0.08 —0.29
— AH 4,[SiO»/KBr]/Nb® 0 —0.08 +0.19

2 Experiment [188]; ® experiment [190], see “Gas-Phase Chemistry of Superheavy Elements”

be Nb < Ta < Db. Thus, obviously, MBrsL™ (L = Br, Cl) are formed on the KBr/
KClI surface in the “one-atom-at-a-time” experiments [187—-189]. In this case, the
complex of Db should be the strongest, which means that DbBrs should be the
least volatile among the homologs.

The latest experiments on the adsorption of the group-5 pentabromides on the
quartz surface (presumably modified with KBr aerosol particles) [190] have, how-
ever, shown the following sequence in the adsorption energy DbBrs <
NbBrs < TaBrs, in contrast to the former experiments [188] and recent theoretical
predictions [164]. This new experimental result has not yet found its explanation.

6.1.5 Solid State of the 6d Elements

Solid-state calculations were performed on the Rf metal [191]. The structural and
electronic properties were evaluated by the first principles DFT in scalar relativ-
istic formalism with and without SO coupling and compared with its 5d homolog
Hf. It is found that Rf should crystallize in the hexagonal close packed structure as
Hf. However, under pressure, it should have a different sequence of phase tran-
sitions than Hf: hicp — bcc instead of hcp — w — bcce. An explanation is offered
for this difference in terms of the competition between the band structure and the
Ewald energy contributions.

6.2 Mt and Ds (Elements 109 and 110)

The group-9 and 10 elements Mt and Ds, respectively, have received little
attention so far. The position of these elements in the Periodic Table suggests that
they should be noble metals. Volatile hexafluorides and octafluorides might be
produced and used for chemical separation experiments. The DS DV calculations
for DsFg indicate that DsFg should be very similar to PtFq, with very close values
of IPs [192]. Relativistic effects were shown to be as large as ligand-field splitting.

Bond lengths in MtH3, MtC ™, DsH,, and DsH; were calculated using the ADF
ZORA program [149, 150]. Using the same method, electronic structures of DsC
and DsCO were calculated in [193] suggesting that these compounds are chemi-
cally similar to the corresponding 5d homologs.
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6.3 Rg (Element 111)

A special interest in the chemistry of Rg is explained by the expectation of unusual
properties of its compounds caused by the maximum of the relativistic contraction
and stabilization of the 7s AO in this group. The electronic structure of the sim-
plest molecule RgH, a sort of a test system like AuH, was studied at various levels
of theory [194—198]. The most representative results are shown in Table 13. (More
extended tables are given elsewhere [8, 194, 197]). One can see that a very high
accuracy of the calculations is needed to predict the correct trend in R, from AuH
to RgH, because the values are very similar. The 4c-DFT R, [198] is in excellent
agreement with the DHF CCSD(T) one [197], as one of most accurate.

The data of Table 13 demonstrate the importance of relativistic and correlation
effects on the properties of RgH. A study of influence of relativistic effects on
properties of these molecules was performed in [194], see Fig. 28. A comparison
of the relativistic (DF or ARPP) with the non-relativistic (HF or NRPP) calcula-
tions shows that bonding is considerably increased by relativistic effects doubling
the dissociation energy, though the SO splitting diminishes it by 0.7 eV (the ARPP
CCSD—SOPP CCSD difference). Thus, it was established, in agreement with the
BDF calculations [109], that the trend to an increase in D, from AgH to AuH
should be reversed from AuH to RgH (Fig. 28). The PP CCSD calculations have
found that R.(RgH) is substantially shortened by relativity, AR, = —0.4 A, and it
is the smallest in the series AgH, AuH and RgH, so that the trend to a decrease in
R. is continued with RgH [194]. The BDF calculations [109] have, however,
shown R.(RgH) to be slightly larger than R.(AuH). The different trends in R,
obtained in these two types of the calculations are connected with a different
contribution of the contracted 7s and expanded 6d orbitals to bonding (though the

Table 13 Bond length, R, (in A), dissociation energy, D. (in eV), and force constant, k. (in
mdyn A™"), as well as vibrational frequency of the bond, . (in cm™Y), in the parentheses, for
RgH calculated using various approximations in comparison with AuH

Molecule Method R, D, ke () Ref.

AuH exp. 1.5236 3.36 3.14 [110]

RgH HF 2.015 0.90 1.01 [194]
NRPP CCSD(T) 1.924 1.83 1.11 [194]
DF 1.520 1.56 4.66 [194]
ARPP 1.505 2.32 4.98 [194]
ARPP CCSD(T) 1.498 3.79 4.77 [194]
SOPP CCSD(T) 1.503 3.05 4.72 [194]
PP CCSD(T) 1.529 2.83 (2642) [195]
SC PP CCSD(T)* 1.512 2.87 (2668) [196]
DHF CCSD(T) 1.523 2.83 4.23 [197]
4¢-BDF 1.546 2.77 3.66 [109]
SO ZORA(MP) 1.530 2.87 4.26 [109]
4¢-DFT 1.520 2.85 (2804) [198]

# Shape-consistent (SP)
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Fig. 28 Nonrelativistic and relativistic bond lengths, r. (see also Table 13 for various values for
RgH), dissociation energies, D., and force constants, k., of the group-11 hydrides. Reprinted with
permission from [194]. Copyright 1996 Elsevier

6d contribution was found to de predominant in both cases). In [109], much larger
SO effects were found on R, (SO increased) and k. (SO decreased) of RgH. The
trend to an increase in k. was found to be continued with RgH having the largest
value of all known diatomic molecules [194]. The © was shown to be relativisti-
cally decreased from AgH to AuH and to RgH indicating that RgH is more
covalent and element Rg(I) is more electronegative than Au(I) [109, 194].

Results of the 4c-BDF [109] and 4¢-DFT calculations [198] for other dimers,
AuX and RgX (X = F, Cl, Br, O, Au, Rg), indicate that relativistic effects follow a
similar pattern to that for RgH except for RgF and RgO, where SO splitting
increases D.. The PP calculations for RgH, RgLi and RgF [197] have, however,
shown that SO effects on R, are very small, but they are large for D., decreasing it
in all the cases, in difference to the BDF calculations for RgF [109]. Scalar
relativistic effects increase D.(RgLi), but decrease D.(RgF). They decrease R. by
about 0.4 A in all the cases. The singlet state was found to be the ground for Rg, in
comparison with the triplet [198]. The dissociation energy was found to change in
the following order: Au, > RgAu > Rg,.

In order to study the stability of higher oxidation states, energies of the
MFs~ - MF,~ + F, and MF,” - MF,” + F, (M = Cu, Ag, Au, and Rg)
decomposition reactions were calculated at the PP MP2 and CCSD levels of theory
[199]. Relativistic effects were shown to stabilize higher oxidation states in the
high-coordination compounds of Rg due to the destabilization of the 6d AOs and
their larger involvement in bonding. RgFs~ was shown to be the most stable in this
group. SO coupling stabilizes the molecules in the following order:
RgF¢™ > RgF,~ > RgF, ™. This order is consistent with the relative involvement
of the 6d electrons in bonding for each type of molecule.
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6.4 Cn (Element 112)

6.4.1 Relativistic Effects in Group 12 of the Periodic Table

Group-12 elements have all closed-shell (n—1)d'’ns® ground states. Along with the
increasing relativistic stabilization of the ns AO in the group (Fig. 3), this results in
the fact that the elements become more inert with increasing Z. Thus, bulk Hg is
known to be a liquid, however, very different from a condensed noble gas. In the
case of Cn, relativistic effects are further amplified, so that this element was
expected to be a volatile liquid, or a gas. This was originally assumed by Pitzer in
1975 [200], who found out that the very high excitation energy of 8.6 eV from the
s closed shell into the sp valence state of Cn will not be compensated by the
energy gain of the chemical bond formation. Thus, Cn should reveal a noble gas
character. The high inertness of Cn has also been demonstrated by other atomic
properties, such as the highest IP, smallest AR and polarizability in group 12, as
discussed in Sect. 5 (Fig. 18).

Experimentally, an inertness/reactivity of Cn was supposed to be investigated by
studying its volatility with respect to that of Hg and Rn as adsorption on a gold surface
(gold plated detectors) of the chromatography column used in gas-phase chromatog-
raphy experiments [201-203] (“Gas-Phase Chemistry of Superheavy Elements”).
The questions to the modern electronic structure theory, therefore, were: Is Cn metallic
in the solid state, or is it more like a solid noble gas? What is its AH,,,? How volatile
and reactive towards gold is the Cn atom in comparison with Hg and Rn?

6.4.2 Van der Waals Systems. Volatility as Sublimation

Homonuclear dimers. In the first approximation, bonding in the solid state of an
element is described by bonding in its homonuclear dimer, M,. Knowledge of the
latter was, therefore, important to estimate AHy,, of the bulk Cn. Moreover, Hg,
and Cn, have been of a special interest in chemical theory in testing the accuracy
of quantum chemical methods in treating closed-shell interactions. Accordingly,
electronic structures of these dimers were calculated with the use of a various
methods, such as 4c-BDF, ECP CCSD(T), QP PP CCSD(T) [204] and 4c-DFT
[155, 198]. Results are summarized in Table 14 and Fig. 29.

Table 14 Bond lengths, R, (in A), and dissociation energies, D, (in eV), of Hg, and Cn,

Method Hg, Cn, Ref.
RC De RC DC

4¢-BDF (PBE) 3.439 0.053 3.089 0.156 [204]

4¢-BDF (PBESIC) 3.904 0.025 3.363 0.075 [204]

QR PP CCSD(T) 3.769 0.044 3.386 0.097 [204]

4¢-DFT (B88/P86) 3.63 0.01 345 0.05 [198]

exp. 3.63 0.043 - - [110, 205]
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The calculations have shown that even though bonding both in Hg, and Cn, is
preferentially of van der Waals type, a partial overlap occurs. The 6d-AOs are
active and mixing up with the 7s-AOs of Cn in the HOMO.

Both the DFT and PP calculations agree on an increase in D, of about 0.04 eV
from Hg, to Cn, with the corresponding bond shortening, in line with the smaller
Rmax[78(Cn) AO] in comparison with R, [6s(Hg) AO] (Fig. 3). Thus, due to the
relativistic 7s AO contraction, Cn, should be more stable than Hg,. This suggests
that the bulk of Cn should be more bound than that of Hg (liquid).

Solid state. LDA DFT (non-relativistic, scalar relativistic, SR, and 4c-relativ-
istic) band structure calculations were performed on the Cn solid state [206]. The
results have shown that Cn prefers the hcp structure (as that of Zn and Cd) in
difference to Hg (fcc). Thus, it should differ from its lighter homolog Hg on a
structural level and resemble the solid-state noble gases. A cohesive energy of
1.13 eV (109 kJ/mol) was obtained for Cn at the SR level of theory, which is
larger than that of Hg (0.64 eV) and is an order of magnitude larger than those of
the solid noble gases. This result is consistent with the larger D.(Cn,) with respect
to D.(Hg,) (see Table 14). Thus, from a theoretical point of view, AHg,, of 22
kJ/mol obtained via an extrapolation in group 12 [207] is obviously underesti-
mated, as such an extrapolation in this group is not grounded. It was also con-
cluded that Cn is not a metal, but rather a semiconductor with a band gap of at least
0.2 eV. (The LDA results were considered as a lower bound). In this sense, Cn
resembles the group 12 metals more closely than it does the noble gases.

0,127 4,2
Zno Cd2 ng Cn2
0,1 4
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< 0,06 3,61
aq @
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0,02+ 24
8 Zny Cd2 ng Cn2
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Fig. 29 QR PP CCSD(T) (filled rhomboids), 4c-BDF (PBESIC) (filled squares), 4c-DFT (B88/
P86) (filled triangles) and experimental (open squares) dissociation energies, D., and bond
lengths, R., of the group-12 dimers (see Table 14). Reprinted with permission from V. Pershina,
Radiochim. Acta, 99, 459 (2011). Copyright 2011 Oldenbourg Wissenschaftsverlag GmbH
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Adsorption on inert surfaces. The knowledge of AH,4s of Cn on inert surfaces
such as quartz and ice (that can be formed in the chromatography column at very
low temperatures) was also required for interpreting results of the gas-phase
chromatography experiments. With this aim in view, AH,4, of Hg and Cn, as well
as of Rn for comparison, on these surfaces were estimated using a physisorption
model (Eq. 17) and DCB FSCC calculated atomic properties [127]. The obtained
—AH,q4, of Hg of 40.5 kJ/mol on quartz and of 25.20 kJ/mol on ice are in good
agreement with the experimental values of 42 + 2 kJ/mol and 25.5 + 2 kJ/mol,
respectively [208, 209]. For Cn, —AH,4s = 43.2 £ 0.2 kJ/mol on quartz and
—AH 45 = 26.3 £ 0.1 kJ/mol on ice were predicted. Thus, Cn was expected to be
more strongly bound than Hg by van der Waals forces and to be deposited on ice in
the thermochromatography column at slightly higher temperatures than Hg.

By using relativistic vs. non-relativistic values of the atomic properties
(Fig. 18), the influence of relativistic effects on AH,q4, and the trend in group 12
was elucidated [155]. The trend in AH,4; was shown to be defined by the trend in
AR, since trends in o and IP cancel each other (see Eq. 17). Thus, due to the
relativistically more contracted AR(Cn) than AR(Hg), —AH 4, of Cn is larger than
that of Hg, while non-relativistically, it is the other way around.

6.4.3 Volatility as Measured in Gas-Phase Chromatography
Experiments. Interaction with Metals

Heteronuclear dimers. In the simplest approximation, a gold surface can be
approximated by only one gold atom. Thus, in order to estimate binding energies
of Cn with noble metals, electronic structure calculations were first performed for
HgM and CnM, where M = Ag, Au, Pt, Pd, and Cu using the 4c-DFT method
[210]. It was demonstrated that Cn forms a chemical bond with Au primarily due
to the overlap between the double occupied 7s(Cn) AO and single occupied 6s(Au)
AOQ, as well as between the 6ds,»(Cn) AO and 5ds,,(Au) AO. Thus, CnAu should
be chemically bound having a o°¢"' ?Z* ground state configuration with two
electrons in the bonding and one in the antibonding MOs (Fig. 30).

Overall, Cn should be about 0.2 eV weaker bound with a transition metal atom
M than Hg and the bonds should be longer. The latter is a result of the participation
of the more expanded 6d(Cn) AOs than the 5d(Hg) AOs in bonding. Among M,
bonding with Pd should be the strongest, while with Ag the weakest.

The influence of relativistic effects on properties of MAu (M = Hg and Cn)
was studied in [155]. Relativity is shown to increase D.(HgAu) by 0.13 eV, but to
decrease it by about the same amount (0.12 eV) in CnAu due to the contraction
of the 7s(Cn) AO. This makes trends in the nonrelativistic vs. relativistic D,
values opposite from HgAu to CnAu, so that DI'(CnAu) > D¢'(HgAu), while
D' (CnAu) < D¥(HgAu). R, is decreased by relativity in both systems and the
trends are the same both for the non-relativistic and relativistic R..

Interaction with gold clusters. In [211-213], 4¢-DFT calculations were per-
formed for Hg and Cn interacting with gold clusters, Au,,. Since the structure of the
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Fig. 30 Bond formation (principal MOs) of the CnAu and FlAu molecules. Reprinted with
permission from V. Pershina, Radiochim. Acta, 99, 459 (2011). Copyright 2011 Oldenbourg
Wissenschaftsverlag GmbH

Fig. 31 The M-Au,4 and M-Auy systems simulating adsorption of M in the on-top and hollow
sites on the Au(100) surface, respectively. Reprinted with permission from V. Pershina, T.
Bastug, Chem. Phys. 311, 139 (2000). Copyright 2000 Elsevier

gold surface used in the chromatography experiments is not known, two types of
ideal surfaces, Au(100) and Au(111), were considered. In the first case, the surface
was simulated by the medium-size Au, clusters and embedded clusters, Au,Au,,
[211, 212]. The ad-atom was positioned at all possible adsorption sites: on-top,
bridge and hollow (see Fig. 31 for the on-top and hollow positions on small
clusters and Fig. 7 for the on-top position on an embedded cluster). The conver-
gence in E,(M-Au,Au,,) with the cluster size was reached for n > 29 and m = 156
[212].

The obtained potential energy curves are shown in Fig. 32. It was found out that
both Cn and Hg adsorb preferentially at the bridge position, and E,(Cn-Au,)
should be 0.38 eV smaller than E,(Hg-Au,) for this position.
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The difference in the binding energies between Hg-Au, and Cn-Au, was
calculated as 0.38 eV for the bridge position. With respect to the measured
—AH 4s(Hg) of 1.03 eV on gold [208, 209], this gives —AH,4(Cn) = 0.67 eV.
This value is in reasonably good agreement with the measured —AH,4(Cn) =
0.54f8:31 eV (5272° kJ/mol) [202, 203]. The obtained absolute values of E;, of Hg
and Cn are, however, larger than the experimental —AH,q4, indicating that the
Au(100) surface is obviously a loose approximation for the real one.

Thus, next, adsorption of Cn on the Au(111) surface was considered at the 4c-
DFT level of theory [213]. The Au(111) surface was modeled by the large Au,
clusters, where the convergence in E,(M-Au,,) with the cluster size was reached for
n = 95 for the top, n = 94 for the bridge, n = 120 for the hollow-1 and n = 107
for the hollow-2 positions. The bridge position was found again preferential for
Hg, while hollow-2 for Cn. The obtained E,(Cn-Au,,) of 0.46 eV turned out to be
in good agreement with the experimental —AH,4(Cn) of 0.54f8:(2)1 eV [203],
indicating that the Au(111) ideal surface is close to the real one.

Works on RECP and 2¢-DFT (SO corrected) calculations for Hg and Cn
interacting with small gold clusters (n = 1-4, and 10) arrived at the same con-
clusion that the Cn-Au, bonding is about 0.2 eV weaker than the Hg-Au, one
[214-217].

In [155], the influence of relativistic effects on adsorption of Hg and Cn on gold
was investigated on the example of small ad-atom-gold clusters modelling
adsorption at the on-top and hollow positions (Fig. 31). Relativistic effects were
shown to define the trend to a decrease in E,(M-Au,,) from Hg to Cn, even though
they increase E,(M-Au,) both in the Hg and Cn systems, especially at the hollow
position due to the involvement of the 6d(Cn) AOs in bonding. This makes the
difference in E;(M-Au,) between Hg and Cn very small. Relativistic effects were
shown to decrease R., the distance of the ad-atom to the surface, in all the cases.

Figure 33 summarizes the most interesting cases of the group-12 elements
chemistry: D.(M5,), AHy,(M), D.(MAu), E;(M-Au,,) and AH,3(M) on gold. Thus,



Theoretical Chemistry of the Heaviest Elements 187

1,6 1
Zn Cd Hg Cn
1,4
1,2 4
'AHads(M/Au)
1 -
= AHsub(M)
@ 0,8 - D ¢(MAu)
w
0,6 1
X
Eb(M'AUn) B
0,4 N 'AHads(M/iCe)
0.2 o o —°
’ De(MQ)
P o A/‘O
0 b T hd T T T 1
20 40 60 80 100 120
Z

Fig. 33 Binding energies of group-12 elements M (M = Zn, Cd, Hg, and Cn) in various
systems: D.(M,) (rhomboids), —AH,g(M/ice) on ice (circles), AHqp,(M) of solids (squares),
D.(MAu) (triangles); E,(M-Au,) (stars); experimental —AH,4,(M/Au) on gold (crosses). Filled
symbols are experimental values, open ones are calculations. Reprinted with permission from V.
Pershina, Radiochim. Acta, 99, 459 (2011). Copyright 2011 Oldenbourg Wissenschaftsverlag
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Cn should be stronger bound by van der Waals forces than Hg both in M,, solid
state and adsorbed state on an inert surface, and this is a relativistic effect caused
by the contraction of the 7s(Cn) AO. The M-Au bonding, chemical in nature,
should, on the contrary, decrease from Hg to Cn due to the gradual stabilization of
the ns AO in group 12. This suggests that a linear correlation between AHg,, and
—AH, 4 (as that used in [203]) is not valid in this group due to the different type of
bonding in these two cases. Therefore, obtained on the basis of this correlation
AH,,(Cn) = 38715 kJ/mol (0.39%01,eV), as well as AHg,(Cn) = 22 kJ/mol
(0.23 eV) obtained via a straightforward extrapolation in group 12 [207] are,
obviously, underestimated.

The main conclusion of both the theoretical and experimental studies is that Cn
interacts with gold by chemical forces due to the overlap between the valence
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orbitals. It forms a metal-metal bond upon adsorption, though weaker than that of
Hg, due to relativistic effects. Thus, it behaves like a typical d-element, but not like
an inert gas, which is in agreement with its position in group 12 of the Periodic
Table.

6.4.4 Other Compounds

The relativistic contraction of the 7s AO is expected to manifest itself also in
properties of other Cn compounds. The PP calculations [153] have shown that the
relativistic bond length contraction in CnH" is similar to that in RgH, and that
R.(CnH") is the smallest among all others, CdH", HgH* and CnH", and is similar
to R.(ZnH"), in agreement with the GRECP calculations [218]. (The RECP
CCSD(T) calculations [139] for HgH* and CnH* have, however, given a larger R,
for the latter compound). Another interesting point is that, in contrast to the group-
11 hydrides, the trend in the dissociation energies from Cd to Hg is continued with
Cn, ie., D.(CdH") < D.(HgH") < D.(CnH"), while D.(AgH) < D.(AuH) > -
D.(RgH) [139, 151, 218]. The reason for this difference is greater relativistic
effects in CnH" than in RgH.

The second (DK2) and third-order DK (DK3) method was also applied to CnH,
CnH* and CnH™ [219]. It was shown that scalar relativistic effects on the prop-
erties of CnH™ are similar to those on 113H and are smaller than those on CnH*
and CnH. The DK results for CnH differ, however, from the GRECP ones [218]:
according to the former, R.(HgH) < R.(CnH), and D.(HgH) > D.(CnH), while the
latter give R.(HgH) > R.(CnH), and D.(HgM) ~ D.(CnH) (see discussions in
[218]).

As was mentioned above, the destabilization of the 6d AOs should result in
their larger involvement in bonding. Thus, high-coordination compounds of Cn
should be stable and higher oxidation states should be observed. The PP CCSD(T)
calculations of the energies of the MF; - MF, + F, and MF, - M + F,
(M = Zn, Cd, Hg, and Cn) decomposition reactions supported this assumption
[153]. The results are depicted in Fig. 34.

Thus, the 2+ state is important for all three molecules, ZnF,, CdF,, and HgF,,
though the first two are more stable than HgF,. The latter decomposes at 645 °C.
The small energy of the decomposition reaction of MF, into M and F, confirms the
prediction that Cn will be more inert than Hg, though the difference to Hg is not
that large. A comparison with non-relativistic results shows that this is a pure
relativistic effect: non-relativistically, CnF, would have been by far more stable
(comparable to CdF,) with decomposition energy of 509.8 kJ/mol.

The 4+ oxidation state is not known for Zn, Cd, and Hg. Results of the PP
calculations suggested that HgF, should be thermodynamically stable [220, 221].
The energy of the decomposition reaction of CnF, of 129.5 kJ/mol indicates that
the molecule should be thermodynamically more stable than HgF, [153] (Fig. 34).
However, no definite conclusion about the existence of CnF, can be drawn, since
its decomposition energy is between 100 and 200 kJ/mol: experimentally, few
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Fig. 34 Relativistic (solid lines) and nonrelativistic (dashed lines) energies of the decomposition
reactions MF; — MF, + F, and MF, - M + F, (M = Zn, Cd, Hg, and Cn). Re-drawn from
the data of [153]

compounds with the energy below 100 kJ/mol are known in the solid state.
Nonrelativistically, CnF, would be definitely unstable with the energy of the
decomposition reaction of —93.9 kJ/mol. SO coupling increases energies of both
reactions significantly.

A Mulliken population analysis for MF, and MF, (M = Hg and Cn) suggests
that the 6d AOs of Cn are involved in bonding to a larger extent than the 5d AOs of
Hg [153]. It was also found that the addition of F~ ions to HgF, and to HgF, is
energetically favorable [220, 221]. By analogy, it is assumed that in combination
with appropriate polar solvent, CnF5~ and/or CnF3~ may be formed [153].

6.5 7p Elements

6.5.1 Adsorption on Inert Surfaces and Volatility of Atoms

In the 7p elements, the 7s electrons are bound more tightly than the 6s ones in the
6p elements, so they will not take part in the chemical bond formation (Fig. 8).
Also, a large SO splitting of the 7p shell into the n/j subshells will result in
differences in the chemical behavior in comparison with lighter homologs having a
complete nl shells [1, 2].

Early extrapolations from lighter homologs in the chemical groups have shown
that elements 113 through 117 should have smaller AHy,,, or formation (standard)
enthalpies of gaseous atoms, AH{g), than their lighter homologs [207], which
means that the bulk of the heaviest elements is less bound.
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Flerovium, like Cn, was in this sense of particular interest due to the relativistic
stabilization of the 7p,,» AOs resulting in the quasi-closed shell 7s*7p3,, ground
state and, therefore, inaccessibility of these electrons for chemical bonding. The
arguments of Pitzer, similar to those used for Cn, namely, that the p%,z - p2
promotion energy to the metal valence state of Fl will not be compensated by the
metal-metal bond formation, led to the conclusion that this element should be a
relatively inert gas, or a volatile liquid bound by van der Waals forces [200].

Experimentally, volatility of the 7p elements at the beginning of the series, i.e.,
those with a sufficiently long half-life, is supposed to be studied using gas-phase
chromatography techniques. First results were already reported for Fl [222, 223].
Test experiments were conducted on the nearest homolog of element 113, T1 [224].

In order to guarantee transport of elements 113 and 114 from the target chamber
to the chemistry set up through Teflon or polyethelene (PE) capillaries, their AH 45
on these materials need to be known. They were predicted using DC(B) CC
calculated atomic properties (Table 4) and a physisorption model of Eq. 17 [126,
127]. The obtained AH,q, of these elements and their homologs in the groups on
these surfaces (also on quartz) are shown in Figs. 35, 36. The AH,4, were shown to
exhibit a trend reversal beyond In in group 13 and beyond Sn in group14 due to the
trend reversal in the atomic IP, AR, and « (Figs. 35, 36). The extremely small o of
elements 113 and 114, caused by the contraction of the 7p;, AO, is the main
reason for their low AH, 4, on inert surfaces. This will allow for easy transport of
these elements through the Teflon or PE capillaries.

Adsorption of element 118 and lighter noble gases on various surfaces was also
a subject of theoretical investigations with possible future applications. It was
interesting to know if it is possible to separate this element from its lighter
homologs in group 18 on a specific surface using a chromatography technique.
Accordingly, using the DC(B) CC calculated atomic properties (Table 4) and
Eq. 17, van der Waals coefficients C3 and AH,q, of Ne through element 118 on
noble metal (Au and Ag) and non-metal (quartz, ice, Teflon and graphite) surfaces
were obtained in [119]. Results for some surfaces are shown in Fig. 37. The C;
coefficients were shown to steadily increase in group 18, while the increase in
—AH, 4 from Ne to Rn does not continue with element 118: even though o
increases in the group (Fig. 37). However, AR = R, 4w also increases in this group
making AH,4, of element 118 almost equal to that of Rn (see Eq. 17). It was,
therefore, predicted that experimental distinction between Rn and element 118 by
adsorption on these surfaces will be impossible. A proper material for separating
element 118 could probably be charcoal; further study is needed to test this
assumption.

6.5.2 Homonuclear Dimers and Volatility as Sublimation
Homonuclear dimers. Keeping in mind that bonding in M, is related to bonding in

the solid state, AH,, were estimated for the entire series of the 7p elements and
their 6p homologs on the basis of the 4c-DFT calculations of D.(M,) [225, 226].
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Some other calculations were also performed for these species: ab initio DF for
(113), [227], 4c-BDF, 2¢-SO ZORA and DC MP2-DFT for the element 113-118
dimers [91, 228-233], and RECP ones for the Fl and element 118 dimers [139].
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Fig. 37 Polarizabilities, «, and adsorption enthalpies, —AH s, (filled symbols are calculations)
of the noble gas atoms on quartz (rhomboids, solid line), ice (triangles, dashed line) and Teflon
(squares, dashed-dotted line). Experimental data are for Rn on quartz (an open rhomboid) and on
ice (an open triangle). From [119]

The obtained D.(M,) are shown in Fig. 38 [225]. All the 7p-element homonuclear
dimers of group-13 through 17 were shown to be weaker bound than their 6p
homologs, with the difference in the binding energy between them decreasing from
group 15 onwards and a reversal of the trend in group 18, so that
D[(118)2] > De(Rny).

According to ab initio DF calculations, (113), should be weakly bound because
the 7py,, electron yields a weak bond having 2/37 bonding and 1/3¢ antibonding
character [227].

A special case is Fl,, as that of Cn,. It was of particular interest due to the
strong stabilization and contraction of the 7p;, AO and, therefore, assumed van
der Waals nature of the 7pf,2-7p%/2 bonding. In order to test this hypothesis at the
MO level of theory, the electronic structures of Pb, and Fl, were calculated within
various approximations. Results are summarized in Table 15 and shown in
Fig. 39.

All the calculations agree on the fact that Fl, is stronger bound than a typical
van der Waals system. At the 4c-DFT level of theory, it is slightly more strongly
bound than Cn,, but much more weakly than Pb,. A Mulliken population analysis
indicates that both the 7p;,, and 7ps,, AOs of FI take part in the bond formation:
the HOMO of ¢ character is composed of the 7p;,» (98%) and 7p3, (2%) AOs
[225, 226]. The participation of the more expanded 7p;,(Fl) AO in bonding in
comparison with the 6ps;,(Pb) AO explains an increase in R, from Pb, to Fl,
(Fig. 39). SO effects were shown to decrease D,, but increase R, in both systems
[228].
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Fig. 38 Calculated dissociation energies of MAu and M, (M are elements Hg/Cn through Rn/
118). Filled and open squares are D,(MAu) and D.(M,) of the 6p elements, respectively, while
filled and open rhomboids are D.(MAu) and D.(M,) of the 7p elements, respectively. Reprinted
with permission from V. Pershina, A. Borschevsky, J. Anton, T. Jacob, J. Chem. Phys. 133,
104304 (2010). Copyright 2010 American Institute of Physics

Table 15 Bond lengths, R, (in 10\), dissociation energies, D, (in eV), and vibrational frequencies,
w,e (in cm™Y), of Pb, and Fl,

Molec. Method R. D, We Ref.

Pb, ECP CCSD(T) 3.06 0.64 111 [228]
RECP CCSD(T) 2.98 0.68 — [139]
4¢c-BDF 2.98 1.14 108 [228]
2¢-DFT SO ZORA 297 1.16 106 [229]
4¢-DFT 2.97 1.18 107 [225, 226]
exp. 2.93 0.86 110 [234]
exp. - 1.17 - [235]

Fl, ECP CCSD(T) 3.73 0.07 26 [228]
4¢-BDF 3.49 0.12 50 [228]
2¢-DFT SO ZORA 3.46 0.12 40 [229]
4¢-DFT 3.49 0.13 26 [225, 226]

In (115),, the 7p3,, electrons become active and form a 3/2,(m,) bonding, so that
D, is larger that D, of (113), and Fl, [225, 230]. They are also active in Lv,, but
the D, is larger than that of (115), in difference to the 6th period where
D.(Po), < D.(Bi,). Thus, the maximum in D.(M,) in the 7th row of the Periodic
Table is shifted towards group 16 with respect to group 15 in the 6th and upper
rows (Fig. 38). This is a pronounced relativistic effect caused by the very large SO
splitting of the 7p AOs. As a result of the stabilization of the 7p;,, AOs, the system
of the highest bonding-antibonding MOs in M, consists of only four MOs com-
posed of the 7p3,» AOs, so that the half-filled shell (with 4 electrons) falls on Lv,.
In contrast, the 6p;,, and 6p3,», AOs are not so well separated energetically from
each other and form a set of six highest bonding-antibonding MOs, so that the half-
filled shell (with 6 electrons) falls on Bi, [225].
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Fig. 39 Dissociation energies, D.(M,), (experimental for Ge, through Pb,: Two points for Pb, are
two different experimental values [234, 235]; and calculated for Fl,: two points are two different
types of calculations, 4c-DFT [226] and RECP CCSD(T) [228]); sublimation enthalpies, AH,,(M)
[142], and calculated bond lengths, R.(M,) [226], where M = Ge, Sn, Pb, and Fl. From [13]

Analogously to the lighter homologs, element 117 should also form (117),. The
calculations found a considerable © bonding character [231, 232]. The bonding is
weaker than that of Lv, due to the larger number of antibonding electrons. Finally,
in (118), bonding is of van der Waals type, since the number of bonding and
antibonding electrons is the same. It is, however, stronger than that of Rn, [139,
225, 233]. This is explained by the larger o of element 118 (46.3 a.u.) than of Rn
(35.04 a.u.) [119]. The MO population analysis indicated that no 8s(118) AO takes
part in the bond formation in (118), [225].

Sublimation (atomization) enthalpies. Solid-state calculations using periodic
DFT codes for the 7p elements are still problematic due to very large SO effects on
their valence electron shells. An easier way to obtain AH(g) is via a correlation
with D.(M,) in the respective chemical groups. AH{(g) estimated in this way [225]
and those predicted via a linear extrapolation in the groups [207] are given in
Table 16, in good agreement with each other. One can see that the AH{g)
decreases almost linearly with Z in these groups and the values for the 7p elements
are the smallest (see Fig. 39 for group 14, as an example).

In [236], E.on of Fl was predicted from SR and SO-GGA-DFT solid-state
calculations. The obtained value of 0.5 eV (48.2 kJ/mol), the SO-PW91 result, is
in reasonable agreement with the estimates of [207, 225] (Table 16). SO effects
were shown to lower E.., and lead to structural phase transitions for the solid Fl
(the hcp structure in contrast to the fcc for Pb). In a nonrelativistic world, all
group- 14 elements would adopt a diamond structure. An increase in the solid-state
nearest-neighbor distance is found from Pb to Fl, as that in their homonuclear
dimers, indicating that the nature of the chemical bond in the crystal is similar to
that of M,.
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Table 16 Standard enthalpies, AH{g) (in kJ/mol), of the 7p elements

Method E113 Fl El15 Lv E117
Extrapolation® 138.1 70.3 146.4 92.1 83.7
Correlation® 144.7 70.4 152 £ 12 101.3 91.7

4 Ref. [207]; ® Ref. [225]
6.5.3 Intermetallic Dimers and Interaction with Metals

Heteronuclear dimers. In order to estimate AH,4, of the 7p elements on gold, 4c-
DFT calculations for the MAu dimers were performed in [226, 237]. The obtained
D.(MAu) for the 7p and 6p elements in comparison with D.(M,) are shown in
Fig. 38. One can see that in groups 13 and 14, D.(MAu) of the 7p elements are
smaller than D, of the 6p homologs (see also Fig. 40 for group 14 elements, as an
example), while in groups 15 through 17, they are about the same. This is in
contrast to the trends in D.(M,) in these groups, where D.(Biy) > > D[(115),],
D.(Po,) > > D.(Lv,), and D.(Aty) > D.[(117),]. The relatively strong M-Au
bonding of elements 115 through 117 with gold is explained by the relativistic
destabilization of the 7ps3,», AOs fitting energetically better to the 6s(Au) AO, thus
making—together with the 7p;,, AO—a full o-bond in MAu in difference to M,,
where only the 7ps/, AOs are involved in bonding [225]. In group 18, a reversal of
the trend takes place, so that D.(118Au) > D.(RnAu), in agreement with the trend
in D,(M,). This is due to the relativistically more destabilized 7ps,>(118) AO than
the 6ps3,,(Rn) AO, thus better overlapping with the valence AOs of gold.
According to results of the calculations, Fl should be stronger bound with gold
than Cn [213, 237]. This is due to the fact that in FIAu—even though both FlAu
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Fig. 40 Dissociation energies, D, (solid line—calculations [226], dashed line—experiment) and
calculated bond lengths, R., in MAu (M = Ge, Sn, Pb, and Fl). A measured —AH,4s of Pb on
gold is shown with an open square. Reprinted with permission from V. Pershina, Radiochim.
Acta, 99, 459 (2011). Copyright 2011 Oldenbourg Wissenschaftsverlag GmbH
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Fig. 41 Calculated dissociation energies, D, of MAu (squares) [237] and M, (triangles) [225],
formation enthalpies, AHi(g), of the group 15 elements (stars) (for P though Bi are from [142],
while for element 115 from [225]) and semi-empirical —AH, 4, of Bi and element 115 on gold
(circles) [238]. Reprinted with permission from V. Pershina, A. Borschevsky, J. Anton, T. Jacob,
J. Chem. Phys. 133, 104304 (2010). Copyright 2010 American Institute of Physics

and CnAu are open shell systems with one antibonding ¢* electron—the electron
density is donated from the lying higher in energy 7p;,,(FI1) AO to the 6s(Au) AO,
while in CnAu, some excitation energy is needed to transfer some electron density
from the closed 7s shell of Cn to the open 6s shell of Au (Fig. 30).

The calculations have also revealed that the M-Au bond strength does not
decrease linearly with Z in group 15, 16 and 17. Figure 41 shows, e.g., that in
group 15, D.(M,) and AH(g) decrease, while D.(MAu) slightly increases with Z.
Also, in group 14, a decrease in D.(MAu) is not strictly linear with Z (Fig. 40).

The 4¢-DFT calculations were also performed for group-14 intermetallic dimers
MM’, where M’ are group-10 and 11 metals Ni, Pb, Pt, Cu, Ag and Au [226].
(Some of them were supposed to be used as electrode materials in electrochemical
deposition experiments [239]). Bonding of Fl with Pt was found to be the stron-
gest, while that with Ag and Ni—the weakest. The trends in D, and R, of PbM’
and FIM’ as a function of M’ were shown to be determined by the trends in the
energies and R,,,,x of the valence (n—1)d AO of the M’ atoms, respectively, and are
similar for PbM’ and FIM’ (except for M’ = Ni).

Adsorption on gold. The calculated metal-metal bonding in the dimers was
used to predict AH,4, of the heaviest elements on the corresponding metal sur-
faces. (For lighter elements, semi-empirical 4H,45 are given in [238]). In [240],
—AH,q4, of element 113 on gold of 82 kJ/mol was estimated with respect to the
measured —AH,4(Tl) of 240 £ 5 kJ/mol [224] using a difference in their
D.(MAu) calculated within the 4c-DFT approximation. This gives a preliminary
value of —AH44(113) = 158.6 kJ/mol, which is very close to 164.4 kJ/mol pre-
dicted via semi-empirical models [238].
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In [241], adsorption of the element 113 atom and TI on a gold surface was
modeled by cluster calculations. The 2¢-DFT calculations were performed for the
M-Au,, (M = Tl and element 113, and n,,x = 20) systems, with the gold clusters
simulating the Au(100) and Au(111) surfaces. The results show that the difference
in the binding energy, E,(M-Au,), between Tl and element 113 stays with-
in £ 15 kJ/mol of 82 kJ/mol obtained in [240] for MAu. Thus, the cluster calcu-
lations performed on a larger scale [241] confirmed the estimate made on the basis
of D.(MAu) [240], so that —A4H_44(113) can be finally given as 159 £ 15 kJ/mol.

In [226], —A4H 45 of Fl on gold of 91 kJ/mol was estimated with respect to the
measured —AH,4s of Pb [242] using a difference in D.(MAu) between Pb and Fl.

Also, extensive 4c-DFT calculations were performed for M = Pb and Fl
interacting with large Au, clusters simulating the Au(111) surface [213]. All
possible adsorption positions were considered. Both Pb and Fl were found to prefer
the bridge one, where the convergence in E,(M-Au,) with the cluster size was
reached for n = 94. The calculated E, values turned out to be in very good
agreement with experimental data for Pb [242] (Table 17 and Fig. 42) indicating
that the Au(l111) surface is obviously close to the real one. The obtained
—AH 4,(F1) of 68.5 kJ/mol is indicative of formation of a chemical bond of Fl with
gold. A comparison with group-12 Hg and Cn [213] shows that the trend in E,(M-
Au,) should be Cn < Hg < Fl < < Pb (Fig. 42), exactly as that for D.(MAu) of
these elements. Since Hg dissolves into the gold surface gaining another ~0.3 eV
[238], the trend in —AH,q4, should be Cn < Fl < Hg < < Pb.

Calculations for the Cn-Au, and Fl-Au, systems with the use of other relativ-
istic DFT methods [214-217] came to the same conclusion that Fl should form a
rather strong chemical bond with gold, stronger than Cn (Table 17).

Results of the first experiment on adsorption of Fl on gold have, however, given
a rather low —AH 4, of 341’?‘1t kJ/mol (0.35*_'8:? eV). A conclusion was drawn that
this value “suggests the formation of a weak physisorption bond between atomic
114 and a gold surface” [222]. For Cn, it was, however, concluded that “the
stronger (than van der Waals—V.P.) adsorption interaction of Cn with gold

Table 17 The Cn-Au, and Fl-Au, binding energies (in eV) simulating interactions of M with the
Au(100) and Au(111) surfaces (bold values are for the preferential positions)

Method n Position Surface Cn Fl Ref.
4¢-DFT 1 Top - 0.51 0.73 [213]
2¢-DFT 1 Top - 0.47 0.72 [214-216]
SO DFT 3 Top, - 0.47 0.77 [214-216]
bridge

2¢-DFT 26 Bridge Au(100) 0.33 0.55 [216]
2¢-DFT 37 Hollow-2 Au(111) - 0.49 [217]
4¢-DFT 95 Top Au(111) 0.30 0.47 [213]
4¢-DFT 94 Bridge Au(111) 0.42 0.71 [213]
4¢-DFT 107 Hollow-2 Au(111) 0.46 0.59 [213]

—AH 4 0 Unknown Unknown 0_54j8:3 / 0,35j8:? [202, 222]
(exp.) > Cn [223]
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involves formation of a metal bond, which is behavior typical of group-12 ele-
ments” [202, 203]. Thus, according to the conclusions of [222], Fl should be
chemically more inert than Cn. The subsequent experiment by Yakushev et al. on
the adsorption of Fl, conducted at a lower background of interfering products,
registered two events of this element adsorbed on gold at room temperature [223].
Such a relatively high T, is indicative of the chemisorption process and formation
of a metal-metal bond. The preliminary estimate of AH 4, supports the theoretical
conclusion that Fl should be at least as reactive as Cn. Further experiments should
shed more light on this interesting case.

A summary of the chemical properties of group-14 elements considered above
is given in Fig. 43. For elements of this group, a decrease in all types of inter-
actions is observed with increasing Z, so that Fl is the most weakly, but chemically
bound element in all types of the compounds.

Finally, it is worth comparing properties of Cn and Fl, as both of them were
expected to be very inert. Thus, on inert surfaces, Cn should about 6 kJ/mol more
strongly adsorb by van der Waals forces than Fl, since R,qw(Cn) < R,qw(Fl). The
M-M chemical bond in Fl, should be somewhat stronger than that in Cn,, of
preferentially van der Waals character, according to the DFT calculations.
(However, ab initio DF correlated calculations for both systems would give a more
grounded basis for such a comparison). In intermetallic compounds, Fl should be
more strongly bound than Cn by chemical forces, since the 7p;,»(F1) AO is more
readily available for bonding than the 7s(Cn) AO, and the 7ps,, AO takes part in
the bond formation as well. Also, it should adsorb more strongly than Cn on
transition metal surfaces, both by chemical forces. For the solid state of Cn and Fl,
a straightforward comparison of cohesive energies obtained by the different DFT
calculations [206, 236] is, however, problematic.

In groups 15 through 17, approximately equal D.(MAu) of the 6p and 7p
counterparts suggest that the heaviest elements should adsorb on gold as almost
strongly as their lighter homologs, while element 118 should adsorb even more
strongly than Rn [237].
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Fig. 43 Calculated dissociation energies D, of M, (filled triangles [225]) and MAu (open
rhomboids [237]); calculated binding energies Ep(M-Au,) (open squares [213]); AHgyy,
experimental for Ge, Sn, and Pb, [142] and extrapolated for Fl (open circles); experimental —
AH,4(Pb) on gold (filled square) [242]; an estimated —AH,4(F1) (a cross) [226]; and calculated
—AH,4(M) on ice (filled circles) [127]. Reprinted with permission from V. Pershina, Radiochim.
Acta, 99, 459 (2011). Copyright 2011 Oldenbourg Wissenschaftsverlag GmbH

At the end of this section, it is again worth discussing validity of the correlation
between AH,4, on some metals and AH,, of macroamounts of the adsorbent. As
one can see, in groups 13 and 14 there is some, although nonlinear, correlation
between these quantities, as that between D.(MAu) and D.(M,) (see, e.g., Fig. 40
for group-14 elements). In groups 15 through 17, no correlation between AH,,(M)
and —AH,4(M) on gold is, however, expected, since M-M and M-Au bonding
changes in a different way with Z (see, e.g., Fig. 41 for group-15 elements). There is
also no correlation between these quantities in the 6th and 7th periods (see Fig. 10
of [237]). Thus, the case of the 7p elements with strong relativistic effects on their
electron shells shows that AH,;,(M) obtained via a correlation with —AH 4,(M) can
give erroneous results. Also, linear extrapolations of properties such as D.(MAu) or
—AH,4s(M) from the lighter homologs in the groups should not be used.

6.5.4 Other Compounds of the 7p Elements

Hydrides. DHF, DFC, PP, RECP and 2c¢- and 4c-DFT calculations were performed
for MH (M = 113-118) [139, 198, 228-230, 243-250] and 113H; [251] and their
lighter homologs in the chemical groups. An aim of these studies was the inves-
tigation of the influence of relativistic effects on molecular spectroscopic prop-
erties. Most representative results are shown in Table 18 and Fig. 44.
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Table 18 Bond lengths, R, (in A), dissociation energies, D, (in eV), and SO effects, A(SO), on
them in MH (M = 113-117) from the RECP calculations [246-248]

Molecule R. AR.(SO) D, AD.(SO)
TIH 1.927 —0.021 1.98 —0.47
113H 1.759 —0.206 1.46 —0.93

PbH 1.884 0.001 1.61 -0.71

FIH 1.972 0.068 0.43 —2.18

BiH 1.836 0.019 2.24 0.08
115H 2.084 0.206 1.82 -0.23

PoH 1.784 0.031 227 -0.29

LvH 1.988 0.171 1.81 —0.63

AtH 1.742 0.032 2.31 —0.68
117H 1.949 0.171 1.79 —1.04
RnH 4.387 —0.025 1.84 meV 0.05 meV
118H 3.857 —0.407 5.50 meV 1.94 meV

According to these calculations, in 113H, the 6d and 7s AOs of element 113
participate little in bonding and all the effects are defined by the 7p,,, shell. A large
relativistic contraction of the 7p;,, AO results in a large contraction of the 113-H
bond. The SO bond contraction, AR.(SO), is about —0.2 A. Such a bond con-
traction is not found in the other MH (M = elements 114-118) (Fig. 44): For FIH
through 118H, both the relativistically contracted 7p;, and expanded 7ps,» AOs
take part in the bond formation, with the contribution of the 7p;, AO gradually
decreasing along the 7p series, so that the bonds are longer than those of the
homologous MH (M = Pb through Rn). The dissociation energies D.(MH)
(M = 113 through 117) are reduced by the large SO effects (Table 18), with the
lowest one at FIH. They also decrease from the 6p to 7p element hydrides. 113Hj;
becomes less stable towards the decomposition into 113H and H, than the lighter
homologs [251]. In 118H, the van der Waals bond is stabilized by about 2.0 meV
by SO effects, with AR.(SO) = —0.025 A [247]. Trends in the stability of the
hydrides were predicted as follows: RnH << HgH <PbH and
118H < < FIH < CnH.

The RECP CCSD(T) calculations for PbH" and FIH* have also given a 50%
weaker and shorter bond in the latter due to the contraction of the 7p;,, AO [139].
The trend for single-charge ions of group 18 is D.(RnH") > D.(118H") and
R.(RnH") < R.(118H").

CAS-SCF/SOCI RECP calculations for FIH, demonstrated breakdown of the
conventional singlet (X'A;) and triplet (®B,) states due to the large relativistic,
including SO, effects [252]. The SO effects are shown to destabilize FIH, by
almost 2.6 eV.

In LvH,, the SO interaction was found to lengthen the Lv-H bond and lead to a
significant H-Lv-H bond angle increase in comparison with PoH, according to the
RECP calculations [253]. It was concluded that there is a rehybridization of the
valence 7p AO with a “supervalent” 8s AO of Lv.
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Fig. 44 Bond lengths, R., and dissociation energies, D,, for the 6p- (Tl through At) and 7p-
elements (113 through 117) hydrides, MH [228, 246-249]. From [14]

Oxides, hydroxides, halides and halogeno-complexes. Element 113. Results of
the 4¢-DFT calculations have shown Tl and element 113 to form a stable MOH
molecule with D, of 3.68 eV for Tl and 2.42 eV for element 113 [240]. Thus, in
the gas-phase chromatography experiments, 1130H should be formed in a pure
oxygen flow by analogy with TIOH [224]. —AH 4, of 1130H on gold is expected
to be lower than —AH,4, of the element 113 atom.

PP, DCB, RECP and 4c-DFT calculations were performed for MF (M stands for
all group 13 metals) [198, 243, 244]. The results show increasing R, and . from
TIF to 113F, in contrast to the decreasing values from TIH to 113H. These different
trends in R, and p, for the MF compounds as compared to MH are explained by a
more ionic nature of the MF molecules.

A theoretically interesting case is the (113)(117) molecule. The DF calculations
have shown that in this molecule both the low-lying 7py,,12(113) AO and the
destabilized 7p3/»,12(117) AO contribute to electron transfer to the group 13 atom
[254]. Thus, rather than the single electron of the group 13 atom completing the
valence p shell of the group 17 atom, the electron flow is more the other way around:
the high-lying 7p3/»,1,> shell donates into the low-lying 7py»,1/» shell of the group 13
atom. This results in a reversal of the dipole direction and a change of the sign of p..

As in Chn, the relativistic destabilization of the 6d AOs is expected to influence
properties of high-coordination compounds of element 113. This was confirmed by
the PP and RECP calculations for 113X5 (X = H, F, CI, Br, and I) [74, 244]. As a
consequence of the involvement of the 6d AOs, a T-shaped rather than trigonal
planar geometric configuration was predicted for these molecules showing that the
valence shell electron pair repulsion (VSEPR) theory is not applicable to the
heaviest elements. Relativistic effects on bond angles were assumed to be small.
However, if Jahn-Teller distortions are involved, relativistic effects may signifi-
cantly change bond angles, as was shown for AtF; [255].
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A stable high-coordination compound of element 113, 113F4~, with the metal
in the 5+ oxidation state is also foreseen in [244]. 113Fs will probably be unstable
since the energy of the decomposition reaction 113F5 — 113F; + F, is less than
—100 kJ/mol. The calculated energies of the reaction MX; - MX 4+ X, M = B
through element 113) suggest a decrease in the stability of the 3+ oxidation state in
this group.

Element 114 (flerovium, Fl). Electronic structures of FIX (X = F, Cl, Br, I, O)
and FIO, were calculated using 2c-RECP CCSD(T), 2¢-DFT SO ZORA and 4c-
BDF methods [228, 229]. Better agreement with experiment for the known
compounds of Pb was shown by the RECP CCSD(T) results. Trends in R, and D,
for the halides and oxides from Pb to Fl were found to be similar to those for the
hydrides. In contrast to PbO, (D, = 5.60 eV), FIO, (D, = 1.64 eV) was predicted
to be thermodynamically unstable with respect to the decomposition into the metal
atom and O,. According to results of these calculations Fl should not react with O,
at the experimental conditions, as was theoretically shown in [127].

The ab initio DF and PP calculations [256] for the decomposition reactions
MX, - MX, + X, and MX;, - M + X, M = Si, Ge, Sn, Pb, and Fl; X = H, F,
and Cl) also predicted a decrease in the stability of the 4+ oxidation state in group
14. The instability was shown to be a relativistic effect (see Fig. 45 for MHy, as an
example). The neutral state was found to be more stable for Fl than for Pb. As a
consequence, Fl is expected to be less reactive than Pb, but about as reactive as Hg.
This is in agreement with the predicted adsorption of Fl on gold that should be much
weaker than that of Pb and slightly weaker than that of Hg [213] (Table 17 and
Fig. 42). The possibility of the existence of FIFs*~ was also suggested in [256].

Elements 116—117. Estimates of formation enthalpies of MX, and MX, (X = F,
Cl, Br, I, SO427, CO327, NO;™ , and PO437) for Po and Lv made on the basis of
MCDF atomic calculations confirmed the instability of the 4+ state of Lv [257].
The chemistry of Lv is expected to be mainly cationic: an ease of formation of the
divalent compounds should approach that of Be or Mn, and tetravalent com-
pounds, e.g., LvF,, should be formed with the most electronegative atoms.

Influence of SO effects on molecular structure of MX, (X = F, Cl, Br, I, At,
and element 117) of Lv and its lighter homologs was studied with the use of the
quasirelativistic 2c-HF and DFT ECP methods [258]. The results have shown that

Fig. 45 Relativistic DFC 550 -
(solid line) and nonrelativistic
HF (dashed line) calculated 350 A

energies of the decomposition
reaction MH, — MH, + H,

- 2 150 1
(M = C, Si, Ge, Sn, Pb, and £
Fl) [256]. From [13] 2 o
Ll.lh -50 A
-250 -

-450
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while the molecules are bent at a scalar relativistic level, SO coupling is so strong
that only 7p;/, AOs of Lv are involved in bonding, which favors linear molecular
geometries for MX, with heavy terminal halogen atoms.

Electronic structures of IF, AtF and 117F were considered at the DC and RECP
levels of theory [74]. D.(117F) was shown to be the largest among the group-17
fluorides. It was found that D.(117F) is 0.1 eV increased by SO effects in contrast
to the other group 17 fluorides. The SO effects are opposite for all the three
spectroscopic constants of 113F and 117F. For 117F3, the RECP calculations have
shown that the D3}, geometry is not the proper one, in difference from AtF3, thus
again indicating that the VSEPR theory is not applicable to the heaviest elements
[74, 259]. The SO effect was shown to stabilize this molecule by 1.2 eV, which is
unusually large for atoms with open p-shells. A strong ionic character of the bond
may be responsible for this huge stabilization.

117Cl1 is predicted to be bound by a single = bond and have a relativistically
(SO) increased bond length [260].

Element 118. The chemistry of element 118 should be interesting due to the
very large SO splitting, of 11.8 eV, of the 7p AO [21]. The relativistic destabi-
lization of the four 7p;/, electrons suggests that element 118 should be relatively
reactive and the most electropositive in the group (see Sect. 5). It was predicted to
form a 118-Cl bond [261].

The destabilization of the np;,, AOs should also result in the increasing stability
of the 2+ and 4+ oxidation states in group 18. The RECP calculations for the
decomposition reactions MF, — M + F, and MF, — MF, + F,, where M = Xe,
Rn and element 118, confirmed the increasing stability of the fluorides in the group,
as a result of the increasing polarizability of the central atom [74, 262]. The SO
effects were shown to stabilize 118F, by a significant amount of about 2 eV, though
they enlarge R, by 0.05 A. Thus, the trends in increasing R, and D, in this group are
continued with element 118. Also, the following trends in the stability of the
fluorides were established: RnF, < HgF, < PbF,, while CnF, < FIF, < 118F,.

The influence of the SO interaction on the geometry of group-18 MF, was
investigated by the RECP SOCI/CCSD calculations [249, 262, 263]. It was shown
that a Dy, geometrical configuration for XeF, (calculated in agreement with
experiment) and for RnF, (calculated) becomes slightly unstable for 118F,. A Ty
configuration becomes more stable than the D4, one in 118F, by about 0.2 eV. The
reason for this unusual geometry is the availability of only the stereochemically
active four 7ps/, electrons for bonding. This is another example of the inappli-
cability of the VSEPR theory for the heaviest elements [263]. It was also predicted
that the fluorides of element 118 should most probably be ionic rather than
covalent, as in the case of Xe. This prediction might be useful for future gas-phase
chromatography experiments.
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6.6 Elements with Z > 118

6.6.1 Elements 119 and 120

Chemical properties of elements 119 and 120 predicted on the basis of atomic DF
calculations are described in [1, 2]. They are shown to be determined by the
valence 8s electrons and are expected to follow those of alkali- and alkali-earth
elements in chemical groups 1 and 2, respectively. An increasing relativistic sta-
bilization of the ns AOs of the elements of these groups with increasing Z results
in a reversal of trends in such properties as IP, EA, «, and AR, as described in Sect.
5.2. Recently, interest in the chemistry of these elements has been renewed, since
these are the next elements that are awaiting discovery after Z = 118. Volatility of
atoms of elements 119 and 120 might be studied in the long term using some
advanced chromatography (e.g., vacuum) techniques that can cope with extremely
short (presumably sub-millisecond) half-lives of their isotopes. In recent theoret-
ical works [143, 144], properties that are of interest for such chromatography
studies, i.e., AHg,, and AH,qs of elements 119 and 120 on noble metals, were
predicted on the basis of 4c-DFT calculations of intermetallic compounds.

Homonuclear dimers and sublimation of metals. Calculated binding energies
and other spectroscopic properties of the group-1 and 2 M, are given in Table 19
[143, 144]. (The calculations are in very good agreement with the measured
properties where available. A comparison with other calculations for the lighter
homologs of elements 119 and 120 is given in [143, 144]). Plots, demonstrating
trends in these properties are shown in Figs. 46, 47.

One can see that in these groups, there is a reversal of trends in D.,(M,) at Cs
and Ba, respectively, though in an opposite way. The reason for the different
behavior is a different type of the M—M bonding in these groups: a covalent one in
group 1, while a van der Waals one in group 2, even though both are defined by the
behavior of the ns AOs.

Table 19 Spectroscopic properties of M, (M = K, Rb, Cs, Fr, and element 119) and (M = Ca,
Sr, Ba, Ra, and element 120): equilibrium bond lengths, R, (in A), dissociation energies, D, (in
eV) and vibrational frequencies, w, (in cmfl) [143, 144]

Mol. Group 1 Mol. Group 2
R. D. We R. D, We
K, 3.942 0.52 91 Ca, 4.236 0.14 66
3.924 0.52 92 4.277 0.14 64
Rb, 4.224 0.48 58 Sr, 4.493 0.13 44
4.180 0.48 58 4.498 0.13 40
Cs, 4.673 0.43 41 Ba, 4.831 0.23 43
4.646 0.45 42 - - -
Fr, 4.610 0.44 33 Ra, 5.19 0.11 25
(119), 4.265 0.55 41 (120), 5.65 0.02 9

# Ttalics are experimental values (see references in [143, 144])
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Thus, (119), having a az ground state should be most strongly bound by
covalent forces and have a shorter bond (about that of Rb,) caused by the con-
traction of the 8s AO. On the contrary, (120), with a oﬁa*ﬁ ground state should be
most weakly, among the homologs, bound by van der Waals forces (the number of
bonding and antibonding electrons is the same), and the bond should be the lon-
gest. R.(M,) of group-1 elements show a reversal of the increasing trend at Cs due
to the relativistic contraction of the ns AO. R.(M,) of group-2 elements, however,
reveal a steady increase in the group which is explained by the participation of the
np3, and (n—1)d AOs in bonding in addition to the ns AOs.

As one can see from Figs. 46, 47, the M—M-bonding correlates with AHg,, of
metals in these groups with the same reversal of trends at Cs and Ba, respectively.
Using these correlations and the calculated D, of (119), and (120),, AHg, of
element 119 and 120 of 94 kJ/mol and 150 kJ/mol, respectively, were predicted
[143, 144]. According to these data, element 119 metal should be as strongly
bound as K, while element 120 metal should be most weakly bound in group 2,
though stronger than the 119 one.

Intermetallic dimers and adsorption on noble metals. To predict adsorption of
elements 119 and 120 on noble metals, e.g., on gold used in chromatography
experiments, electronic structures of MAu, where M are group-1 and 2 metals,
were calculated using the 4c-DFT method [143, 144]. The obtained binding
energies and other spectroscopic properties are given in Table 20. (There are no
practically experimental data for R, of the lighter species, expect of that for CaAu.
The calculated dissociation energies are somewhat larger, but perfectly follow the
experimental trend in group 1. A comparison with other calculations for the lighter

4,8 1
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=
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Q o
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4 4
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Rb Cs
0,2 . . , 38 . . ,
0 50 100 150 0 50 100 150
Z Z

Fig. 46 Dissociation energies, D, and equilibrium bond lengths, R. of group-1 M, (filled
rhomboids are 4c-DFT calculations [144], open squares—experiment), as well as AHy,, (filled
triangles are experiment [142], open ones—estimates). From [144]
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Fig. 47 Dissociation energies, D, and equilibrium bond lengths, R. of group-2 M, (filled
rhomboids are 4¢-DFT calculations [143], open squares—experiment), as well as AHg, (filled
triangles are experiment [142], open ones—estimates). Reprinted with permission from V.
Pershina, A. Borschevsky, J. Anton, J. Chem. Phys. 136, 134317 (2012). Copyright 2012
American Institute of Physics

homologs of elements 119 and 120 are given in [143, 144]). Trends in these
properties are shown in Figs. 48, 49.

According to the data of Table 20, elements 119 and 120 should form stable
compounds with gold. The D.(MAu) values show a reversal of the increasing trend
at Cs and Ba in group 1 and 2, respectively, so that both 119Au and 120Au should
be the weakest among the considered homologs in these group. The trend is
defined by the behavior of the ns AOs, whose relativistic stabilization in the groups
starts to dominate over the orbital expansion beyond Cs and Ba, respectively. As a
result of this stabilization, electronegativities of elements 119 and 120 approach
that of Au. This diminishes the electron density transfer from M to Au, and
therefore, the bond strength of these dimers. The R.(MAu) values increase in both
groups: since bonding is of preferentially ionic character, the trend is defined by
the steadily expanding (n—1)ps,» AOs of the M* and M>* ions with Z, respectively.
Dipole moments of MAu have also a reversal of the trend in group 1 at Cs and an
overall increasing trend in group 2 [143, 144].

The M-Au binding energies in the dimers correlate with the semi-empirical
—AH 4(M) of K through Cs, and Ca through Ba on gold [238]. Using these
correlations in groups 1 and 2, —AH,4, of Fr and element 119 on gold of 136
kJ/mol and 106 kJ/mol, respectively, and of Ra and element 120 of 237 kJ/mol
and 172 kJ/mol, respectively, were determined. Using correlations with
—AH 44(M) on other noble metals, AH,q4, of these elements on Ag and Pt were also
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Table 20 Spectroscopic properties of MAu (M = K, Rb, Cs, Fr, and element 119) and
(M = Ca, Sr, Ba, Ra, and element 120): Equilibrium bond lengths, R. (in A), dissociation
energies, D, (in eV), and vibrational frequencies, . (in cm™ ) [143, 144]

Mol. Group 1 Mol. Group 2
R. D, e R. D, [ON
KAu 2.856 2.76 173 CaAu 2.627 271 221
- 2.75 - 2.67 2.55 221
RbAu 2.967 2.75 122 SrAu 2.808 2.63 159
- 2.48 - - - -
CsAu 3.050 291 100 BaAu 2.869 3.01 145
- 2.53 - - - -
FrAu 3.097 2.75 89 RaAu 2.995 2.56 105
119Au 3.074 2.44 92 120Au 3.050 1.90 97

# Ttalics are experimental values (see references in [143, 144]

predicted (Figs. 48, 49). The very moderate —AH,4s values of elements 119 and
120, the lowest in groups 1 and 2, especially on Ag (63 kJ/mol and 50 kJ/mol,
respectively), are indicative of the possibility of adsorption chromatography
measurements for these elements.

The AHg,, and —AH,q4, values show that there is no proportionality between
these quantities in group 1, as they change in the opposite way with Z. In group 2,
there is, however, a correlation between AH,, and —AH 4.

Thermodynamic properties of metals of elements 113 through 120 were pre-
dicted in [264] using atomic calculations and mathematical models.

3,21
3,4
D 4(MAu)
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" Fr Fr 119
- 3,1
> 2,61 119 Cs
g Rb
7 2,2
@
T < 4] RD
<-1 1,8 1 -AH 445(M) Q?:’
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[} .\._——...___ .
Q ] Al Q.. © 2,91
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Fig. 48 4c¢-DFT dissociation energies, D,, and equilibrium bond lengths, R., of group-1 MAu, as
well as adsorption enthalpies —AH, 4, (filled symbols are semi-empirical calculations [238], while
open ones—obtained via correlations with D.,(MAu) on Au, Pt, and Ag). From [144]
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Fig. 49 4c¢-DFT dissociation energies, D,,, and equilibrium bond lengths, R., of group-2 MAu, as
well as adsorption enthalpies —AH 4 (filled symbols are semi-empirical calculations [238], while
open ones—obtained via correlations with D.(MAu) on Au, Pt, and Ag). From [143]

Other compounds. Hydrides and fluorides of elements 119 and 120 were con-
sidered within the PP and ab initio DF approximations [245, 265, 266]. It was
shown that bond distances decrease from the 7th to the 8th period for group-1 and
2 elements due to the relativistic ns AO contraction. The 119F was found to be less
ionic than lighter alkaline fluoride homologs in contrast to the expectations based
on the periodic trends.

6.6.2 Elements with Z > 120

The chemistry of elements heavier than Z = 120 should be defined by many open
shells and their mixing [1, 2]. Due to the very strong relativistic effects, it will be
much more different to anything known before. However, without relativistic
effects, it would have also been very different due to the very large orbital effects.

Very few molecular calculations exist in this superheavy domain. Properties of
elements heavier than 120 predicted on the basis of atomic calculations are dis-
cussed in [1-5], as well as at the beginning on this chapter. More recent consid-
erations of their chemistry can be found in [267, 268].

A list of possible molecules of elements in the range Z = 121-164 was sug-
gested in [268], though their verification should be left to future theoretical studies.
Interesting examples are those where the elements are in unusual valence states or
coordination, like, e.g., 144Fg (an analog of PuFg), or 14804 (an analog of UQg).
Quasi-relativistic multiple-scattering calculations on 125F¢ have found that
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Table 21 Trends in volatility of the group-4 through 8 compounds and the group-12 and 14
atoms

Group  Species Theoretically Ref. Experimentally Ref.
predicted observed
4 MCly, MBr, Hf < Rf [9] Hf < Rf [272]
5 MLs (L = CL,Br) Nb < Ta < Db [162, 164] (DbO3Br) [273]
DbCls > DbOCl;  [163] DbCls > DbOCl;  [273]
MBrs - MBrg Nb > Ta > Db [164] Nb > Ta > Db [187-189]
Db > Nb > Ta [190]
6 MO,Cl, Mo > W > Sg [167] Mo > W > Sg [185, 186]
7 MO;Cl Tc > Re > Bh [168] Tc > Re > Bh [184]
8 MO, Ru < Os > Hs [170] Os > Hs [182]
12 M Hg < Cn [210-213] Hg <Cn [202, 203]
14 M Pb < <Fl < Cn [213,226] Fl>Cn [222]
[216, 217] Fl < Cn [223]

bonding is defined by the 5g' electron, the situation being analogous to NpFg with
the 5f' electron [269]. There are noncorrelated DF calculations for fluorides of
element 126 [270, 271].

Accurate predictions of properties of specific compounds will be quite a
challenging task in this area. This may need inclusion of the QED effects to reach
the required accuracy.

6.7 Summary of Predictions of Volatility of the Heaviest
Elements and their Compounds

Predicted trends in volatility of the heaviest elements and their compounds com-
pared to the experimental observations are summarized in Table 21. One can see
that almost all the predictions for group-4 through 8, as well as for group 12 are
confirmed by the experiments. In addition, the calculated absolute values of AH g
are in very good agreement with the experimental ones, as discussed above. The
only open question is volatility of group 4 and 5 pure halides, which might need
further experimental or/and theoretical considerations. Predictions for Fl are also
awaiting further experimental verifications.

7 Aqueous Chemistry of the Transactinides
7.1 Redox Potentials

Knowledge of the relative stability of oxidation states of elements, i.e., redox
potentials, E°, is very important for a chemical application. Trends in the stability
of various oxidation states of the heaviest elements were predicted earlier on the
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basis of atomic DF and DS calculations in combination with models based on a
Born-Haber cycle (see [1, 2]). The results, however, depend on the model used and
often disagree. Later, oxidation states of Rf, Db, and Sg were estimated [145, 165,
274, 275] using known E° of the lighter homologs [276] and results of atomic
MCDF calculations of the IPs [25-28].

For an oxidation—reduction reaction

M 4 ne « M, (20)
the redox potential is defined as
E° = —AG°/nF, (21)

where AG® is the free energy of reaction (20) and F is the Faraday number.
E® could then be estimated using a correlation between E° and IP, since

AG® = —(IP + AGY,). (22)

where AG®pyq, is a free energy of hydration, being a smooth function of atomic
number, and can therefore easily be evaluated. Thus, using the MCDF calculated
IPs and experimentally known E° [276, 277] unknown E° of the transactinides in
acidic solutions were determined using a linear correlation between these quan-
tities in the chemical groups (see [145, 165, 274, 275] for the values, also a
comparison with the homologs). One of those correlations for group-6 species
indicating a decrease in the stability of the 4+ state with respect to the 6+ state in
group 6, as a decrease in E°(MO3/MO.,), is shown in Fig. 50, as an example. The
E° of the transactinides are given in Table 22.

The obtained values of the redox potentials show the following trends: The
stability of the maximum oxidation state increases within groups 4 through 6,
while that of lower oxidation states decreases. Along the 7th period, the stability of
the maximum oxidation state decreases, because E° (Lr3+ / Lr”) <E°

(Rf"Y/Rf*) <E°(DbY/Db') <E°(Sg"'/Sg"). A similar trend is observed for

Fig. 50 Correlation between 14 ]
IP(4+/6+) and standard
potentials E°(MO5/MO,), 12 4
where M = Cr, Mo, W, and 1.0 4 Cr
Sg. Reprinted with > 084
permission from V. Pershina, = Mo
E. Johnson, B. Fricke, J. g 0.6 ~ .
Phys. Chem. A 103, 8463 ~ 04 4
(1999). Copyright 1999 %
American Chemical Society w %27 Sg
n
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Table 22 Redox potentials of Lr, Rf, Db, and Sg in aqueous acidic solutions

Potential Lt Rf Db’ Sg®
EMY/MY) - - - —0.046 (MO3/M,05)
—0.05 MY, H'/M)
EMYMY) - - —1.0 (M,05/MO,) —0.11 (M,05/MO,)
—1.13 (MO,*/ —0.35 MY, H*/
M02+) MIV,H+)
E°MY/ 8.1 —1.5 (M*/ —1.38 (MO,/M*) —1.34 (MO,/M*")
M) M) —0.98 (M(OH2*/M3*)
E°(M>*/ —26 —1.7 M>*/ —1.20 —0.11
M2+) M2+)c
ECM*M)  —1.96° —1.97 M>*'/M)*  —0.56 0.27
EMYIM) - —1.85 M*/M)*  —0.87 (MO./M)? —0.134 (MO,/M)
—1.95 (MOy/ —0.035 (M(OH)3*/M)
M)®
E°(MY/M) - - —0.81 (MOs/M) —0.13 (M,05/M)¢
EMYYM) - - - —0.12 (MO5/M)

—0.09 MY, H'/M)
2 [277]; ® [276]; © [275]; © roughly estimated from the other E°; © [165]; T [274]; & [145]

E° (M#™* /M), see Table 22. (The roman numbers denote the valence states in
complex compounds). As was shown earlier, the increasing stability of the max-
imum oxidation state in groups 4, 5 and 6 is a relativistic effect. The estimates of
redox potentials confirm that the 3+ and 4+ states for Db and Sg, respectively, will
be unstable. Figure 50 shows this for Sg, as an example. One can see that
decreasing IPs(M** — M®") result in decreasing E°(M"'/M"Y), so that the 4+ state
of Sg with respect to the 6+ state will be even less stable than the 4+ state of the
lighter homologs. (See also Sect. 5.2 and “Liquid-Phase Chemistry of Superheavy
Elements” for experiments).

7.2 Hydrolysis and Complex Formation

Complex formation of the heaviest elements is studied experimentally by liquid—
liquid extractions, or ion exchange separations (see “Liquid-Phase Chemistry of
Superheavy Elements”). For a simple complex ML,, the cumulative complex
formation constant

B = MLy][M] ' [L] " (23)

is a measure of its stability. For step-wise processes, consecutive constants K; are
used. If various ML " complexes exist in the aqueous phase, but only one
(ML;)"~ complex in the organic phase, the distribution coefficient, Ky, for the
anion exchange separations is given by the following equation [278]


http://dx.doi.org/10.1007/978-3-642-37466-1_6
http://dx.doi.org/10.1007/978-3-642-37466-1_6
http://dx.doi.org/10.1007/978-3-642-37466-1_6
http://dx.doi.org/10.1007/978-3-642-37466-1_6
http://dx.doi.org/10.1007/978-3-642-37466-1_6
http://dx.doi.org/10.1007/978-3-642-37466-1_6
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Kom[RB*L Jo, BilL 7]

Ky = S : (24)
; B.IL7]"

where Kpy is the association constant with the organic cation. Thus, a sequence in
the K4 values for a series of species under consideration, e.g., for elements of one
group, reflects a sequence in the stability of their complexes.

Complex formation is known to increase in the transition element groups. In
aqueous solutions it, however, competes with hydrolysis. This may change trends
in the stabilities of complexes and, finally, in their extraction into an organic phase,
or sorption by a resin.

One should distinguish between hydrolysis of cations and hydrolysis of com-
plexes [279]. The former is described as a process of a successive loss of protons

M(H,0):" > MOH(H,0)“ V" + H*. (25)

In acidic solutions, hydrolysis involves either the cation, anion, or both, and is
competing with the complex formation described by the following equilibrium

xM(Hzo)ZJg +yOH_ +iL7 «— MXOM(OH>7_2 (Hzo) L(xzfyfi)jL
' o v (26)
+ (xw® + u — w)H,0.

7.2.1 Theoretical Model for Prediction of Complex Formation

In order to predict a sequence in Ky (Eq. 24), one should predict a sequence in the
formation constants of a series of species of interest. For a reaction like, e.g., (25)
or (26),

logK; = —AG"/2.3RT, (27)

where AG' is the free energy change of the complex formation reaction. To obtain
it in a straightforward way, binding or total energies of species in the left and right
parts of the reaction should be calculated. Such relativistic calculations, with full
geometry optimization for the heaviest elements, are extremely computer time
intensive. In addition, the obtained accuracy might be insufficient in predicting
stabilities of similar species of homologs. Therefore, the following efficient model
was suggested by us.

In a fashion analogous to that of Kassiakoff and Harker [280], the following
expression for the free energy of formation of the M,0,(OH),(H,0){= 24"+
species from the elements was adopted

— AG (u,v,w)/2.3RT =
> ai+ > aj+1og P —log(uvw!2") + (2u+ v + 1)log 55.5.
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The first term on the right hand side of Eq. 28, > a;, is the non-electrostatic
contribution from M, O, OH, and H,O, which is related to the overlap population,
OP. For a reaction,

A a; = AE? = kAOP, (29)

where k is an empirical coefficient. The next term, ) _ a;;, is a sum of each pairwise
electrostatic (Coulomb) interaction:

EC = Zag = —BZ 0:0;/dy, (30)
ij

where d; is the distance between moieties 7 and j; Q; and Q; are their effective
charges and B = 2.3RT€2/8, where ¢ is a dielectric constant. For a reaction, AES is
the difference in E€ for the species in the left and right parts of the reaction. P in
Eq. 28 is the partition function representing the contribution of structural isomers if
there are any. The last two terms are statistical: one is a correction for the indis-
tinguishable configurations of the species, and the other is a conversion to the molar
scale of concentration for the entropy. Xa;; and Xa; for each compound are then
calculated directly via a Mulliken analysis implemented in most of the quantum
chemical methods (e.g., 4c-DFT [87]); see Sect. 4.3.3. To predict logK; or logf; for
transactinide complexes, coefficients k and B should then be defined by fitting logK;
to experimental values for the lighter homologs. Using this model, hydrolysis and
complex formation constants were predicted for a large number of aqueous com-
pounds of group-4 through 6 elements [281-289] in very good agreement with
experiment; see “Liquid-Phase Chemistry of Superheavy Elements”. Results of
these calculations and comparison with experimental data reveal that a change in
the electrostatic metal-ligand interaction energy (AE®) of a complex formation
reaction contributes predominantly in the change in AG", i.e., in AG". Thus, only by
calculating AE can trends in the complex formation be reliably predicted.

7.2.2 Rf

As other group-4 elements, Rf undergoes hydrolysis and complex formation in
acidic solutions. These processes for Zr, Hf, and Rf in HF and HCI solutions were
studied theoretically using the model described in the previous section [285]. The
following reactions were considered: the first hydrolysis step

M(H,0); "< MOH(H,0);", (31)
the step-wise fluorination
M(H,0)§" < ME(H,0)3" ... « ... MF3(H,0)! ... & .- (32)

MF,(H,0), < ...MFs(H,0) ™« MF; ", (33)


http://dx.doi.org/10.1007/978-3-642-37466-1_6
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Table 23 Calculated Coulomb part, AES (in eV), of the free energy change of some typical
hydrolysis and complex formation reactions, Eqs. (31-34), for Zr, Hf, and Rf. From [285]

Reactions Zr Hf Rf
M(H,0)3" < MOH(H,0)3" —4.69 —4.61 —4.11
M(H,0)g " MF(H,0)3" 0.002 0.015 0.395
M(H,0)3" <+ MF4(H,0), 15.86 15.84 16.52
M(H,0)3" < MF2~ 50.76 50.91 51.10
M(H,0)3" < MCI2~ 52.15 52.50 53.06
M(H,0)3" < MCl, 47.99 47.82 4785

and the complete chlorination
M(H,0)3" + 6HCI < MCI2~. (34)

Calculated AE for some of the reactions of Egs. (31-34) are given in Table 23.
The data of the first row there suggest the following trend in hydrolysis of the
group-4 cations Zr > Hf > Rf. The first hydrolysis constant logK;;(Rf) ~ —4
was then determined in good agreement with the experimental value of
—2.6 £ 0.7 [290]. The predicted trend is also in agreement with the experimental
data for Zr and Hf giving logK;;(Zr) = 0.3 and logK;;(Hf) = —0.25 [279]. One
should note here that a simple model of hydrolysis [279] based on the ratio of a
cation charge to its size would give an opposite and, hence, a wrong trend from Zr
to Hf, since IR(Zr*") > IR(Hf*") [148].

The following useful trends were deduced from the calculated AEC (Table 23).
For the cation exchange separations (CIX) performed at < 0.1 M HF (no hydro-
lysis), i.e., for extraction of the positively charged complexes, the Ky values will
change in the following way in group-4: Zr < Hf < Rf. This is caused by the
decreasing trend in the formation of the positively charged complexes according to
Eq. 32: Zr > Hf > Rf. (In the case of formation of complexes with a lower
positive charge from complexes with a higher positive charge, a sequence in the K4
values is opposite to a sequence in the complex formation. This is because com-
plexes with a higher charge are better sorbed on the CIX resin than those with a
lower charge). This trend was, indeed, observed in the experiments on the CIX
separations of group-4 elements at low HF concentrations [291, 292]. For the
formation of anionic complexes sorbed by anion exchange (AIX) resins, the trend
becomes more complicated depending on pH, i.e., depending on whether the
fluorination starts from hydrated or hydrolyzed species. Thus, for experiments
conducted in 107°-10~" M HF (where some hydrolyzed or partially fluorinated
species are present), the trend for the formation of MFZ~ (Eq. 33) should be
reversed in group 4: Rf > Zr > Hf. Such a trend was observed in the experiments
on the AIX separations of group-4 elements from 0.02 M HF [293]. The weaker
sorption of Rf from HF solutions of > 107> M (in 0.1 M HNO;) on the AIX
column was, however, found in [291]. This was explained (and also shown by
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Fig. 51 M(SO0,),(H,0)4 and M(SO4)4™ complexes of Zr, Hf, and Rf. Reprinted with permission
from V. Pershina, D. Polakova, J.P. Omtvedt, Radiochim. Acta 94, 407 (2006). Copyright 2006
Oldenbourg Wissenscheftsverlag GmbH

additional experiments) by a strong competition between NO3; ™ and Rf complexes
for adsorption on the active resin sites. A similar result was obtained in [294],
where the formation constant of RfFs>~ was reported at least one order of mag-
nitude smaller than those of ZrFs>~ and HfFs> .

For the AIX separations at 4-8 M HCI, where no hydrolysis should occur at
such high acidities, the data of Table 23 suggest that the trend in the complex
formation and K, values should be continued with Rf: Zr > Hf > Rf. The AIX
separations [294] of group-4 elements from aqueous 4-8 M HCI solutions have,
however, shown the following sequence in Ky values: Rf > Zr > Hf. This
experimental result cannot find its theoretical explanation.

The TBP extraction of group-4 elements from 8 M HCI showed the K; of Rf in
between those of Zr and Hf: Zr > Rf > Hf [295]. Such an inversion of the trend is
consistent with the theoretical trend for the formation of the MCl, species, see
Table 23. However, the following trend Zr > Hf ~ Rf was observed in [296].
Some further calculations for the MCl4(TBP), complexes should be performed to
study this case in more detail.

Complex formation of group-4 elements in H,SO, solutions was studied the-
oretically in [288]. In this work, relative values of the free energy change of the
M(SO4)>(H,0).4, M(SO4)5(H,0)3~ and M(SO,)i~ (M = Zr, Hf, and Rf) formation
reactions from hydrated and partially hydrolyzed cations were calculated using the
4¢-DFT method. (Figure 51 shows geometrical configurations of two of these
complexes). The obtained AES and trends for one type of the complex formation
reaction starting from M(H20)§+ are given in Table 24, as an example.

Table 24 Coulomb part of the free energy change, AEC (in eV), of the complex formation
reactions [288]

Reaction Zr Hf Rf Trend

M(H,0)s" — M(SO4)>(H,0)4 —-35.72 —35.84 —33.60 Hf > Zr > > Rf
M(H,0)§" — M(SO,)3(H,0)3~ —42.43 —42.43 —39.37 Zr = Hf > > Rf
M(H,0)d" — M(SO.)3~ —45.14 —45.02 —41.38 Zr > Hf > > Rf

M(H,0)§* < RM(SO,), —41.04 —40.78 —37.65 Zr > Hf > > Rf
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Fig. 52 Predicted logK, for 2+
the extraction of Hf and Rf by
amines with respect to the —— 7r
measured one for Zr. — Hf
Reprinted with permission 1,6 Rf
from V. Pershina, D.
Polakova, J.P. Omtvedt,
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(2006). Copyright 2006 s 2
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Analogously, AES were obtained for a complex formation reaction starting
from the hydrolyzed cations, i.e., MOH(H20)3+ — M(S50,),(H,0)g_»,,. The results
have indicated the same trend in the complex formation, Zr > Hf > > Rf, as for
the reactions of Table 24. The obtained on their basis logKy for extraction of Zr,
Hf, and Rf by amines are shown in Fig. 52.

Experiments on sorption of Zr, Hf, and Rf from H,SO, solutions by amines
confirmed the predicted trend in the complex formation, Zr > Hf > > Rf, and
have given the K4(Rf) values closed to the predicted ones [280, 281].

7.2.3 Db

Like group-4 cations, group-5 ones undergo hydrolysis according to the reaction
M(H,0)}" < M(OH), + 6H™. (35)

In [281], hydrolysis of the cations of Nb, Ta, Db, and Pa, for a comparison, was
studied theoretically using the model described in Sect. 7.2.1. The calculated rel-
ative AEC of reaction (35) are given in Table 25. The AE€ data are indicative of the
following trend in hydrolysis of group-5 cations: Nb > Ta > Db > > Pa. This
sequence is in agreement with experiments on hydrolysis of Nb, Ta, and Pa [279]. A
simple model of hydrolysis does not again reproduce the difference between Nb and
Ta having equal IR. The present model based on the real (relativistic) distribution of
the electronic density describes correctly the experimental observations.
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Table 25 E€ and AEC (in eV) for reaction M(H,0)3" < M(OH)g ", where M = Nb, Ta, Db, and
Pa. From [281]

Complex Nb Ta Db Pa

M(OH)s~ —21.74 —23.33 —21.48 —19.53
M(H,0)2* —21.92 —25.38 —25.37 —29.71
AE€ 0.18 2.05 3.89 9.18

Further on, complex formation of group-5 elements in HF, HCl, and HBr
solutions was studied theoretically using the same approach [282, 283]. (A
motivation for this study was the unexpected behavior of Db (Ha at that time) in
the experiments on extraction into triisooctyl amine (TIOA) from mixed HCI/HF
solutions [298]: Db was extracted similarly to Pa and not to Ta).

In HCI solutions, a large variety of complexes, such as M(OH),Cl,~, MOCl, ",
MOCIs>~ and MClgs~ (M = Nb, Ta, Db, and Pa) can be formed with different
degrees of hydrolysis according to the following equilibrium

M(OH),~ + iL~ <> MO,(OH)_, L7~ (36)

z—2u1

To predict their stability, 4c-DFT calculations for this species were performed
in [282, 283]. Obtained AEF for reaction (36) are given in Table 26.

The data of Table 26 suggest the following trend in the complex formation of
these elements: Pa > > Nb > Db > Ta. Taking into account the association with
the organic cation, the following trend was predicted for sorption of the group-5
complexes by an anion exchanger

Pa > Nb> Db > Ta. (37)

Thus, complexes of Pa should be formed in much more dilute HCI solutions,
while a much higher acid concentration is needed to form those of Ta. The cal-
culations also predicted the following sequence in the formation of various types
of complexes as a function of the acid concentration: M(OH),Cl,~ > -
MOCl,;~ > MClg~ in agreement with experimental data for Nb, Ta, and Pa. The
calculations also reproduced the MFs~ > MClg~ > MBrg~ sequence as a function
of the type of ligand (see Table 27).

The theoretical investigations have shown that the trend in the complex for-
mation and extraction (sequence 37) known for Nb, Ta, and Pa turned out to be
reversed in going to Db. This could not be predicted by any extrapolation of this

Table 26 AEC (in eV) for reaction M(OH)¢~ < M(OH),Cl,,~, where M = Nb, Ta, Db, and Pa.
From [282, 283]

Metal M(OH),Cl,~ MOCl,~ MCls™
Nb 13.56 18.40 19.57
Ta 14.32 19.80 20.78
Db 14.29 19.67 20.46

Pa 11.68 16.29 17.67
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Table 27 AE€ (in eV) for reaction M(OH)s~ < ML¢ , where M = Nb, Ta, Db, and Pa, and
L = F, Cl, and Br. From [283]

Complex F Cl Br

NbLg ™ 12.20 19.57 21.40
TalLe™ 12.69 20.78 22.63
DbLg ™ 12.38 20.46 22.11
Palg™ 12.19 17.67 19.91

property within the group, which would have given a continuous, and hence,
wrong trend, but came as a result of the relativistic electronic structure calculations
for real chemical equilibrium. According to these results, a recommendation was
made to repeat the AIX separations in pure HCI or HF solutions. Accordingly,
amine separations of the group-5 elements were systematically redone by Paulus
et al. [299]. A reversed extraction sequence Pa > Nb > Db > Ta, as that predicted
theoretically (sequence 37), was then observed.

7.2.4 Sg

Hydrolysis. Experiments on the CIX separations of Sg from 0.1 M HNOj solutions
showed that Sg did not elute from the CIX column, in contrast to Mo and W [300].
This non-tungsten-like behavior of Sg was tentatively attributed to its lower ten-
dency to hydrolyze (deprotonate) compared to that of W. To interpret the behavior
of Sg in these experiments and to predict its hydrolysis at various pH values, free
energies of the following protonation reactions for Mo, W, and Sg

MO?~ « MO;3(OH) ™« MO,(OH),(H,0), <
MO(OH), (H,0); < M(OH),(H,0);" < ... & M(H,0)*

were considered theoretically [284]. The AES for these consecutive protonation
steps were calculated using the 4c-DFT method. The results shown in Table 28
indicate that for the first two protonation steps, the trend in group-6 is reversed:
Mo < Sg < W. For the further protonation process, the trend is continued with Sg:
Mo < W < Sg.

Table 28 AE€ (in eV) for the stepwise protonation of MO427 (M = Mo, W, and Sg). From
[284]

Reaction AE€

Mo W Sg
MO,>~ 4+ H* < MO3(OH)~ —12.28 —13.13 —12.96
MO;3(OH)™ + H* + 2H,0 < MO,(OH),(H,0), —21.43 —22.08 —21.61
MO,(OH),(H,0), + H" <+ MO(OH);(H,0)% —5.84 —6.35 —6.65
MO(OH);(H,0)3 + H* «» M(OH),(H,0)3* —-0.43 —-0.76 —1.23

M(OH)4(H,0)3" + 4H" « ... M(H,0)¢* 4197 38.71 37.11




Theoretical Chemistry of the Heaviest Elements 219

Table 29 logK for the step-wise protonation of MO,>~ (M = Mo, W, and Sg). From [284]

Reaction logK,,

Mo W Sg
MO,>~ 4+ H* < MO5(OH)™~ 3.7 3.8 3.74
MO3(OH)™ + H' + 2H,0 + MO,(OH),(H,0), 3.8 43 4.1+02
MO,2~ 4 2H" + 2H,0 «— MO,(OH)»(H,0), 7.50 8.1 89 £ 0.1
MO,(OH),(H,0), + H* + MO(OH);(H,0)3 0.93 0.98 1.02

Thus, the same reversal of the trend is predicted for the protonation of oxya-
nions of the group-6 elements as that for the complex formation of the group-4 and
5 elements. The predicted trends in the complex formation are in agreement with
experiments for Mo and W at various pHs [279]. For the protonation of positively
charged complexes, the predicted trend Mo < W < Sg is in line with the exper-
imental observations for Sg [300]. Using the procedure described in Sect. 7.2.1,
logK were determined for Sg, as given in Table 29 [284].

Complex formation. Complex formation of Mo, W, and Sg in HF solutions was
studied theoretically on the basis of the 4c-DFT calculations [286] of the following
step-wise fluorination process

MO2~ [or MO3(OH) | + HF < MOsF~ «

39
MOze(HzO)z — M02F3(H20)7 — MOF; ( )

The calculated AE indicate a very complicated dependence of the complex
formation of these elements and trends on the pH and HF concentration. A plot of
predicted logK of W and Sg with respect to logK(Mo) in AIX separations from HF
solutions at all the range of acid concentrations is shown in Fig. 53. There, below
1072 M HF, negatively charged and neutral hydrolyzed complexes are in the
aqueous phase, but negatively charged and neutral fluoride complexes are in the
organic phase. At higher HF concentrations both neutral and positively charged

Fig. 53 Predicted relative
values of logK,; of W 1
(squares) and Sg (triangles)
with respect to those of Mo
(rhomboids) by AIX

separations from HF solutions 061
as a function of the acid

concentration. Points 1 §c<»
through 5 correspond to the <_<) 024

following extracted
complexes: MO3F,
MO,F;(H;0),, 0.2+
MO,F5(H,0)~, MO,F,>~ and

MOF;5~. From [286]

—- ¢

N
w
4
(6]
1525

-0,6 A
[HF]
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hydrolyzed species occur in the aqueous phase, but negatively charged fluoride
complexes are extracted into the organic phase. One can see from Fig. 53 that at
the lowest HF concentrations (< ~0.1 M HF), a reversal of the trends in K4 occurs
in the group, while at higher HF molarities (> ~0.1 M HF), the trend is continued
with Sg: Mo < W < Sg. At the range of these HF concentrations, separation
between the homologs is the best.

The obtained sequences are in agreement with experiment on Mo and W [301].
Future experiments on the AIX separations of group-6 elements from HF solutions
should clarify the extraction position of Sg in the group.

7.2.5 Hs

Experiments [303, 304] with volatile tetroxides of group-8 elements have shown
that HsO, reacts with the moisturized NaOH surface forming obviously the sodium
hassate (VIII), Nay[HsO4(OH),], by analogy with Na,[OsO4(OH),] according to
the reaction

2NaOH + HsO, — Na,[HsO4(OH),]. (40)

In [287], the reactivity of RuQ,4, OsO,4, and HsO4 with NaOH was studied on
the basis of the 4c-DFT calculations of the components of the reaction of Eq. 40
and the model described in Sect. 7.2.1. The AES values for the MO, — N-
a,[MO4(OH),] reaction of 8.04 eV, 5.09 eV and 5.63 eV for Ru, Os, and Hs,
respectively, are indicative of the following trend in the complex formation:
Os > Hs > > Ru, in agreement with experiment for Os and Ru. The predicted
lower reactivity of HsO4 with NaOH as compared to that of OsO,4 has so far not
clearly been revealed experimentally [305].

7.3 Summary of the Aqueous Chemistry Studies

A summary of the predicted trends in hydrolysis, complex formation and extrac-
tion of the heaviest element complexes and their homologs as compared to the
experimental results is given in Table 30. As one can see, most of the predictions
were confirmed by experiments for the heaviest elements and their homologs,
while some of them are still awaiting verification, as in the case of Sg in HF
solutions.

The calculations have shown that the theory of hydrolysis [279] based on the
relation between the cation size and charge does not explain all the experimental
behavior, like, e.g., the difference between Nb and Ta, or Mo and W. Only by
performing relativistic calculations for real chemical equilibrium in solutions can
complex formation and hydrolysis constants, as well as distribution coefficients
between an aqueous and organic phases (or sorption coefficients) and their order in
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Table 30 Trends in hydrolysis and complex formation of the group-4 through 8 elements

Group Extracted complex Theoretically Ref. Experiment. Ref.
predicted observed

4 Hydrolysis of M** Zr > Hf > Rf [285] Zr > Hf > Rf  [290]
MF,(H,0) (x<4)  Zr > Hf > Rf [285] Zr > Hf > Rf  [291, 292]
MF¢>~ Rf > Zr > Hf [285] Rf > Zr > Hf  [293]

Zr > Hf > > Rf [291, 294]
MClg>~ Zr>Hf >Rf  [285] Rf>Zr>Hf [295]
MCly Rf > Hf > Zr [285] Zr > Rf > Hf  [296]
Zr > Hf ~ Rf [297]

M(SOL4~ Zr > Hf > > Rf [288] Zr > Hf > > Rf [298, 299]

5 Hydrolysis of M™* Nb>Ta>Db [281] Nb > Ta [270]
MOCl, ", MClg™ Nb > Db >Ta [282] Nb > Db >Ta [301]
MFs~, MBrg Nb >Db>Ta [283] Nb>Db>Ta [301]

6 Hydrolysis of M5 Mo > W > Sg [284] Mo > W > Sg [302]
Hydrolysis of Mo > Sg > W [284] Mo > W [302]

MO,(OH),
MO,F,(H,0), Mo >Sg>W  [286] Mo>W [303, 304, 306,
307]

MOFs5~ Mo <W <Sg  [286] Mo<W [303]

8 MO4(OH)>™ Os > Hs > > Ru [287] Os > Hs [305]

the chemical groups be correctly predicted. Results of such calculations have also
shown the predominant contribution in AG" to be a change in the electrostatic
metal-ligand interaction energy, AEC. Thus, by calculating only this term can
trends in the complex formation be reliably predicted.

7.4 Prospects for Aqueous Chemistry Studies

Experimental aqueous studies of chemical properties of elements heavier than Sg
will depend on the development of experimental techniques that can cope with
production rates of less than one atom per hour and short half-lives.

From element 107 on, the maximum oxidation state is expected to be relatively
unstable in solutions. It would, therefore, be interesting to conduct experiments
probing the stability of lower oxidation states. The stability of Bh¥" relative to
Bh'Y could be established by AIX separations of group-7 elements in acidic
solutions. In HCI solutions Tc and Re undergo the complexation reaction
MO,~ + HCIl < MClg>~ simultaneously with reduction. The K, curves for Tc and
Re show peaks at about 7-8 M HCI associated with the reduction [306, 307]. The
peak for Tc is at lower HCI concentrations than that of Re indicating an earlier
reduction of Tc, which means that Tc is less stable in the 7+ oxidation state
(or more stable in the 4+ state) than Re. The position of the peak on the K, curve
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Table 31 Formation enthalpies (in kcal/mol) for some compounds of Hg [303, 304]

Compound Phase F Cl Br J

HgX, Gas —70.2 —35.0 —20.4 —3.84
HgX, Aqueous - —6.9 —10.7 —15.0
HgX5™ Aqueous - —-22 -3.0 -3.6
HgX,>~ Aqueous - 0.1 —4.1 —4.0

for Bh would, therefore, be indicative of the relative stability of its 7+ oxidation
state. It would also be interesting to conduct similar reduction experiments with
Hs. Its homologs are known to have the following reduction potentials: RuO, +
nHCI — RuClsOH?>~ + Cl, + nH,O of E°=0.14V and OsO, + 8HCI —
H2OSC1(, + C12 + 4H20 of E° = —0.36V.

Cn should have a complex ion chemistry, like other elements at the second half
of the 6d transition series. A tendency to form stronger bonding with “soft”
ligands is foreseen in [1, 2] by analogy with Hg showing the increasing stability of
the aqueous complexes from F to Cl to Br and to I (Table 31). The increasing
stability constants in this row has, however, another reason, namely the decreasing
hydrolysis HgX, +H,0 «— Hg(OH)X: 1.4% (Cl), 0.08% (Br), 0% (I) [303, 304].
The stability of the gas and crystal phase compounds of Hg, on the contrary,
decreases from F to Cl to Br and to I (Table 31).

The formation enthalpy of CnF, was calculated at the PP level as —75.33
kcal/mol as compared to the calculated —88.4 kcal/mol for HgF, [153]. Thus,
taking into account the decreasing stability of the 2+ oxidation state in group 12,
experiments could be conducted with probably only Cnl* and Cnl,. The possibility
of formation of CnF5s~ and CnF3;~ was also considered in [153] (by analogy with
Hg where the addition of an F~ to HgF, or HgF, was found energetically favor-
able), though these compounds will undergo strong hydrolysis in aqueous solu-
tions and will not be stable. Thus, the only possibility would be the formation of
CnBrs or Cnls™.

Fl should also have a greater tendency to form complexes in solutions than Pb.
Since the stability of the 2+ state increases within group 14, Fl1 would probably
form M*" + X, < MX' (X =Cl, Br, and 1) and M** + X, < MX, or
MX, + X, & MX5™ or MX>~ by analogy with Pb. (In 11 M HCI, PbCls*™ is
known). As in group 12, the stability of the gas-phase compounds of Pb decreases
from F to Cl to Br and to I, while in aqueous solutions it is the other way around.
The reason for that is a decreasing hydrolysis from F to CI to Br and to I (fluoride
complexes are not known) according to the reaction MX, < M(OH)X, M(OH), or
M(OH)5 [305]. Since the 2+ oxidation state of FI should be more stable than Pb*",
Fl can be extracted as MBr3 or MI; ™. In [140], the existence of FIFs~ was
suggested, though in solutions this compound will undergo strong hydrolysis. The
stability of various complexes of Fl versus stability of the hydrolysis products
could be a subject of further theoretical investigations.
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8 Conclusions and Outlook

Spectacular developments in the relativistic quantum theory, computational
algorithms and computer techniques allowed for accurate calculations of proper-
ties of the heaviest elements and their compounds. Nowadays, atomic DC(B)
correlated calculations including QED effects reaching an accuracy of few meV for
electronic transitions and ionization potentials are available for these elements.
These calculations allowed for reliable predictions of electronic configurations of
the heaviest elements up to Z = 122. For heavier elements, as well as for the midst
of the 6d-element series, MCDF calculations are still the source of useful infor-
mation. On their basis, the end of the Periodic Table from the electronic structure
point of view is predicted for Z = 173. Treatment of QED effects permitted also
relative accurate predictions of inner-shell ionization potentials.

Most of molecular calculations were performed with the use of relativistic DFT
and RECP methods that turned out to be complimentary both conceptionally and
quantitatively. Their combination is presently the best way to study properties of
complex systems of the heaviest elements. DC ab initio molecular methods are in
the phase of development and their routine application to the heaviest systems is
still a matter of future.

Using all those methods, reliable predictions of properties of the heaviest ele-
ment and their compounds became available. Theoretical calculations permitted
establishment of important trends in spectroscopic properties, chemical bonding,
stabilities of oxidation states, ligand-field effects, complexing ability and other of
the heaviest elements, as well as the role and magnitude of relativistic effects.
Detailed studies are offered for elements Rf through 120, as well as for some
species of even heavier elements. A high accuracy of total energy calculations
allowed for predictions of stability of species, their geometry and energies of
chemical reactions in the gas and aqueous phases, as well on surfaces of metals.
However, fully relativistic description of adsorption processes on complicated or
inert surfaces is still problematic. Therefore, some models were used in practical
applications. Also, physico-chemical models were helpful in predicting some other
properties that are difficult to handle in a straightforward way, such as, e.g.,
extraction from aqueous solutions or ion exchange separations. Such studies were
performed for elements Rf through Hs, Cn, Fl, and element 113. Some estimates of
adsorption enthalpies of even heavier elements, up to Z = 120, on noble metals
are also available.

Being often conducted in a close link to the experiment, those theoretical works
were indispensable for designing chemical experiment and interpreting its out-
come. An experimental input was also helpful in improving theoretical models and
encouraging a higher accuracy of the calculations. The synergism between the
theoretical and experimental research in this field have resulted in better under-
standing of the chemistry of these exotic species and the role of relativistic effects.

It was shown that the heaviest elements are basically homologs of their lighter
congeners in the chemical groups, though their properties may be rather different
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due to very large relativistic effects on their electron shells. Relativistic effects
were found to be predominant over the orbital one in the electronic structures of
the elements of the 7th period and heavier. They are responsible for trends in the
chemical groups (a continuation, or a reversal) with increasing Z from the ele-
ments of the 6th period. Thus, for elements of the 7th period and heavier, the use
of relativistic methods is mandatory. Straightforward extrapolations of properties
from lighter congeners may, therefore, result in erroneous predictions.

Although rich information has been collected, a number of open questions still
remain. For elements which were chemically identified, a more detailed study,
both theoretical and experimental, should follow. New compounds of chemically
identified elements, e.g., carbonyls of Sg, or organometallic ones of Hs, should be
synthesized and chemically investigated. For the not yet studied elements, like Mt,
Ds, Rg, or elements 115 through 118, isotopes suitable for chemical studies should
be first found, as well as their nuclear decay properties should be known, so that
they can be positively identified. Their separation will also need new technological
developments to cope with the very low production rates and short half-lives. In
this area, theoretical chemistry will have a number of exciting tasks to predict the
experimental behavior in the chemical separation experiments. Even though some
basic properties of these elements have been theoretically outlined, more detailed
studied should follow taking into account experimental details.

Whether it will ever be possible to experimentally investigate chemical prop-
erties of elements heavier than Z = 118 remains an open question. The chemistry
of these superheavy elements, therefore, rests at the time being on a purely the-
oretical basis. A number of interesting chemical species for investigations is
suggested. Properties of these elements and their compounds will be even more
exciting than of those elements which have already been studied, since resem-
blance with their lighter homologs will be even less pronounced. Some further
methodical developments in the relativistic quantum theory resulting in the cre-
ation of fully relativistic ab initio molecular, cluster, and solid-state codes, also
with inclusion of the QED effects on an SCF basis, are needed to achieve a
required accuracy of the predicted quantities for those very high Z numbers. The
future calculations will also need powerful supercomputers.
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