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Abstract. Great progress has been achieved in the last few decades in the synthesis of superheavy el-
ements (SHEs) and experimental studies of their physio-chemical properties. At the same time, re-
markable developments in the relativistic electronic structure theory allowed for accurate predictions
of properties of SHEs and their compounds. Those theoretical investigations, often carried out in a
close link to the experimental research, have largely contributed to better understanding of the chem-
istry of these elements and the role of relativistic effects. In this short review, recent achievements in

the research activities on SHEs are overviewed.
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Note. Based on a lecture given on Nov. 19, 2019, at the “Académie des sciences” in Paris, on the
occasion of a “Conférence-débat” entitled “Variations around the Periodic Table” to celebrate the

150th anniversary of the Mendeleev’s publication.

1. Introduction

In 1869, Mendeleev published his original version of
the Periodic Table [1]. At that time, only 63 elements
were known. They were ordered on the basis of their
atomic weights and chemical properties. This funda-
mental concept, along with the principle of the fill-
ing of the electron shells, has become a guiding tool
for the search of many new elements, including ac-
tinides and transactinides. At the time being, all the
elements up to Z = 118 are known, so that the 7th
row of the Periodic Table is complete (Figure 1).
Elements beyond the actinide series, those from
Z = 104 and heavier, are called “transactinides”,
or superheavy elements (SHEs). They are artificially
synthesized “one-atom-at-a-time” in heavy-ion in-
duced nuclear fusion reactions at high-power ac-
celerator facilities. Unique properties of these el-
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ements, instability and difficulties associated with
their detection and identification make experimental
research in this area extremely demanding and chal-
lenging. In their turn, nuclear and electronic struc-
ture theories are also confronted with problems in
describing interactions between the large number of
nucleons, as well as electron-nucleus and electron-
electron interactions at such high Z numbers. Nev-
ertheless, remarkable achievements have been ob-
served in the area of nuclear physics, nuclear chem-
istry and relativistic electronic structure theory in
the recent years accounting for successful produc-
tion, identification and studies of physio-chemical
properties of the superheavy elements. Recent com-
prehensive reviews on these topics can be found in
Refs. [2-8].
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Figure 1. Modern Periodic Table of the elements.

2. Synthesis and discovery of superheavy ele-
ments

Search for superheavy elements started right af-
ter the 2nd World War. A fierce competition be-
tween the Lawrence Berkeley National Laboratory
(LBNL), called at that time Lawrence Radiation Lab-
oratory, USA, and the Joint Institute for Nuclear Re-
search (JINR), Dubna, Russia, led to the discovery
of elements 104, 105 and 106 (Figure 2) [9,10]. Af-
ter 1980, the priority went to the Gesellschaft fiir
Schwerionenforschung (GSI), Darmstadt, Germany,
where construction of the Universal Linear Acceler-
ator (LINUX) was completed in 1975. Six heavier ele-
ments, 107 through 112, were synthesized there [11].
At the beginning of the next century, element 113 was
created at RIKEN, Japan, using a similar experimental
technique [12]. Further technical developments and
availability of new ion beam and target materials, en-
abled Russian scientists at JINR in collaboration with
the Lawrence Livermore National Laboratory (LLNL),
USA, in the last two decades to successfully synthe-
size even heavier elements, 114 through 118 [2,13].
Recently, GSI and RIKEN have attempted to create
even heavier elements, 119 and 120, however, unsuc-
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cessfully until now [3]. The SHE factory, presently un-
der construction at JINR in Dubna, will be a facility
for the SHE production on a much larger scale open-
ing further prospect for their synthesis and studies of
physico-chemical properties [2].

The names of elements 104 through 118 have been
approved by the IUPAC and IUPAP commissions,
with the symbols shown in Figure 1. Two of the ele-
ments, 106, Seaborgium, and 118, Oganesson, were
named after still living at the time scientists, Pro-
fessors G. T. Seaborg (LBNL) and Yu. Ts. Oganessian
(JINR), paying tribute to their great contribution to
the field.

As was already mentioned, elements heavier than
U are all man-made. They are produced either in high
(neutron) flux nuclear reactors (up to Z = 100), or in
accelerator-based nuclear fusion reactions (transfer-
mium ones), or, unexpectedly, in a hydrogen-bomb
explosion. There are two main types on the nuclear
synthesis reactions that are used in the production of
superheavy elements: “cold fusion” and “hot fusion”
ones. They differ by a combination of target materi-
als and projectiles (ion beams), as well as by the en-
ergy balance between them needed for the nuclear
fusion.
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Figure 2. Timeline of discovery of superheavy
elements.

The “cold fusion” reactions are characterized by
low energy barriers between the two approaching
positively charged nuclei, of the order of 10-15 MeV.
There, medium-heavy projectiles like >*Cr, °Fe,
63.64Ni, or 8707Zn fuse with the 2°8Pb and 2%9Bi tar-
get nuclei. Elements Rf through Nh were created in
such a way at GSI and RIKEN. The isotopes of the
elements produced by this type of reactions are usu-
ally neutron-deficient and therefore very short-lived,
so that they are not suitable for chemical studies.
“Hot-fusion” reactions are characterized by high
energy barriers between the nuclei, of the order of
40-50 MeV. They proceed with the use of the heavy
(actinide) target materials (38U, 242244py, 243Am,
248Cm, 2%9Cf) and light-ion beams (80, #’Ne, or
26Mg). Isotopes of the elements produced via this
type of reactions are longer-lived and therefore more
suitable for chemical studies. Nuclear synthesis re-
actions utilizing the actinide targets (Pu through Cf)
and the *8Ca beam, a magic stable nucleus (Z = 20
and N = 28), were found to significantly enhance
production cross-sections of elements with Z > 112
leading to the successful synthesis of Fl through Og
atJINR, Dubna [2,13].

Synthesis of element 119 has been attempted via
the 2#9Bk + 5°Ti reaction at GSI and the ?*3Cm +
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51V reaction at RIKEN, and of element 120 via the
244py + 98Fe reaction at JINR and the 28U + 54Ni,
248Cm + %*Cr and 2*°Cf + °Ti reactions at GSI. These
attempts were, however, unsuccessful. The search for
these elements is going on [2,3].

Beside the synthesis, the unambiguous identifica-
tion is a big problem for SHESs, and only those (till Z =
113) decaying in known daughter products have been
identified in a most rigorous way by measuring their
o~ decay chains. For heavier elements, decaying in
unknown isotopes, or undergoing spontaneous fis-
sion, chemistry may play a crucial role in their identi-
fication. Chemical experiments have to demonstrate
a unique chemical character of the new elements,
possibly with characteristic nuclear decay properties,
to confirm their position in the right groups of the Pe-
riodic Table. In addition, studies of chemical prop-
erties of SHEs are of their own invaluable impor-
tance [4-8].

3. Electronic structure and relativistic effects

What do we want to know about the new superheavy
elements?

o Are SHEs homologs of the lighter congeners
and can be placed in respective chemical
groups of the Periodic Table?

e Are periodicities in properties observed in
the groups continued with the SHEs?

¢ How do increasingly important relativistic ef-
fects change those periodicities?

» Does the Periodic Table keep its predictive
power beyond the 7th row?

o Where is the end of the Periodic Table?

With the development of the electronic structure the-
ory, Schrodinger and Dirac equations, and the princi-
ple of Pauli, as well as with experimental determina-
tion of electronic configuration, it became clear that
the latter, beside the nuclear charge, is lying in the ba-
sis of periodicity of the elements’ properties. An em-
pirical rule, known as Madelung’s one, implies that
the next electron should fill the (n + I) shell, where
n is the principal and [ is the azimuthal quantum
numbers, respectively. Based on this rule, extension
of the Periodic Table beyond the actinides was first
suggested by Seaborgin 1968 [14]. He called elements
heavier than Z = 121 “superactinides” (Figure 1), as-
suming also mixing of electronic configurations at
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the very high Z. However, with the further develop-
ment of the theory it became clear that the simple
Madelung’s rule does not work for the heaviest el-
ements where relativistic effects are of paramount
importance and where the “one-electron solution” is
not anymore applicable.

As is known, relativistic effect is anything arising
from the final speed of light [15]. With increasing nu-
clear charge, the velocity of the electron near the nu-
cleus increases. As a consequence, its mass increases.
Einstein’s equation gives it as

m=mgl(l-(v/c)?] V2, )

where my is the mass of the electron at zero velocity
(rest mass), vis its velocity, and cis the speed of light.
The Bohr model for a hydrogen-like species gives
the following expressions for the velocity, energy and
orbital radius of the electron

v=(@ne*Inh)Z, (2)
E=-@m*e*In’h®ymZz?, (3)
r=27¢eImv? (4)

where eis the charge of the electron, and / is Planck’s
constant.

With increasing Z along the Periodic Table, the
m/my ratio becomes so large that from the 6th row
onwards, the relativistic effects cannot be neglected
anymore. For example, for Og, m/mg = 1.95. As a re-
sult of the relativistic mass increase, the spherically
symmetric s and p;/» atomic orbitals (AOs) are con-
tracted and stabilized, which is called a direct rela-
tivistic effect. This effect was shown to originate from
the inner K- and L-shell regions. AOs with higher [,
ie., d, f, g, etc., screened by the s and py/2 AOs from
the core, on the contrary, get destabilized and ex-
panded, which is an indirect relativistic effect. The
third relativistic effect is spin-orbit (SO) splitting of
the AOs with [ > 0. All the three effects are known
to change approximately as Z? for the valence shells
down a column of the Periodic Table. The np;,o—
nps/2 SO splitting reaches 12 eV at the end of the 7th
row, and it is about 50 eV for element 164 [16].

As an example, Figures 3 and 4 show relativistic
effects on AOs of group-12 elements: the 7s(Cn) AO
contraction is 25% (Figure 3) and its stabilization is
5.8 eV (Figure 4), which is the maximum in the group
and in the 7th row of the Periodic Table [17]. The
6d3,2,—6ds5/2 SO splitting in Cn is 3.3 eV, which is also
large (Figure 4). For the heavier elements, relativistic
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Figure 3. Relativistic (rel) and non-relativistic
(nr) radial charge densities of the 7s AO of Cn.

effects on their valence orbitals are much more pro-
nounced and could lead to properties very different
from those of the lighter homologs.

Due to the very high Z, Breit interaction and Quan-
tum Electrodynamic (QED) effects start also to be im-
portant for SHEs [18]. They can reach a few % in ion-
ization potentials, or electron affinities (EA) of SHEs
and will be important in future high-resolution spec-
troscopy.

In the last two decades, relativistic quantum the-
ory has remarkably advanced [19]. Modern meth-
ods and derived calculational algorithms account
presently for relativistic and electron correlation ef-
fects in a most rigorous way: both effects were
shown to contribute to more than 50% to bind-
ing energies and other properties of the heaviest
elements. The methods are based on solution of
the Dirac—-Coulomb-Breit (DCB) equation. They take
into account electron correlation and QED effects ei-
ther self-consistently for atoms, or perturbatively for
molecules.

Table 1 demonstrates accuracy of predictions of
the ground state electron configurations of Lr and
Rf depending on the level of theory: from single-
configuration Dirac-Fock (DF) [16], to Multiconfigu-
ration DF (MCDF) [20] and to DCB Coupled Cluster
(CC), or Fock-Space CC (FSCC) [21], accounting for
electron correlation at the (presently) highest level.

The electronic ground state of Lr(7sz7p1/2) thus
turned out to be different from that of Lu(6s?5d). The
relativistic stabilization of the 7p;,2 AO is responsible
for such a change. For Rf, early DF predictions [16]
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Figure 4. Relativistic Dirac-Fock (solid line) and nonrelativistic (dashed line) energies, E, and the maxi-
mum of the radial charge density, Rnax, of the valence AOs of group-12 elements.

Table 1. Ground state electron configurations of Lr and Rf obtained from Dirac-Fock, multiconfiguration
Dirac-Fock and Dirac-Coulomb-Breit CC calculations

Element DF MCDF DCB + CC
Fricke, et al. [16] Desclaux, et al. [20] Eliay, et al. [21]
(1970) (1973) (1996)
Lr 6d7s? 7s27p1 /2 7s27p1/2
Rf 6d27s2 6d7s%7p1/2 6d27s?

were confirmed by the later DCB CC ones: a very
high level of correlation was needed to obtain the
true 6d%7s? ground state [21]. The 7s2 electron pair
was shown then to be present in the ground state
configurations of all the 7th row elements. For Og,
belonging to the group of the noble gases, the DCB
CC calculations have given EA of 0.058 eV [21]. This is
also a relativistic effect due to the stabilization of the
8s AO, where an extra electron will fill in.

Element 122 is the heaviest element where accu-
rate DCB CC calculations exist [21]. For heavier ele-
ments, the proximity of the valence SO bands makes
the search for the ground state configuration very dif-
ficult. Table 2 shows that all the calculations gener-
ally agree on the ground state of the elements up
to Z =121, but they disagree at Z > 121 [16,21-23].
An attempt to find the ground state electron con-
figuration of element 140, as an example, using the
MCDF method failed: There are so many configura-
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tions with similar energies that it was impossible to
find the ground state due to computer limitations at
that time [24]. Thus, for elements of the middle of the
8th row, with many closely-lying and mixed states,
the usual classification on the basis of a simple elec-
tronic configuration, required for the placement of
the element in a group of the Periodic Table, becomes
problematic.

Several attempts have, however, been made in the
past to predict the structure of the Periodic Table in
this high Z region. As was mentioned, Seaborg de-
signed a Periodic Table till Z = 168, with the 8th pe-
riod containing 32 “superactinides”, where the filling
of the 5g and 6f shells takes place [14]. (He also dis-
cussed the evolution of the Periodic Table later taking
into account results of available at that time relativis-
tic calculations [25].) Based on the DF calculations,
Fricke, et al. have published a Table till Z = 172 [16].
They suggested, however, that the “superactinide”
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Table 2. Ground states of elements 121-124 (Z = 120 core +) and 143 (Z = 120 core + 8p; /2% +)

Method 121 122 123

124 ... 143 Ref.

DF 8p

MCDF 8p 7d8p
DFT 8p 8p?

DCBFSCC 8p 7d8p

7d8p 6f7d8p
6f28p
6f7d8p 6f28p? -

6f38p 5g!76f27d> [16]
6f28p>  5f176f27d%>  [22]
23
21]

[
[
[
[

o

Orbital energy

-2m.c? \ |

20 60 100 140 180 7

Figure 5. 1s;;2 AO dependence on nuclear
charge Z in the H-like atom. The 1sj/, shell
is diving into the negative energy continuum
(—2mec?) at Zeyis.

series will be longer, containing 34 elements from
Z = 122 through 155, where the filling of the 8p;»,
7d, 5g and 6f shells takes place. In a recent work based
on MCDF calculations of highly charged ions of some
elements of the 8th row, Pyykké suggested that there
should be 18 5g-elements from Z = 121 to Z = 138,
followed by ten 7d elements from Z = 156 through
164, however, with elements 139 and 140 placed right
after them in group 13 and 14, respectively [26]. There
are also some other designs of the extended Periodic
Table, so that discussions are still going on.

A question about the end of the Periodic Table has
also been a subject of a long-standing debate. As is
known, with increasing nuclear charge, the relativis-
tic stabilization of the 1s level becomes so large that,
within the one-electron Dirac picture, it will have en-
ergy less than —2mec? (Figure 5). This means that it
will dive into the negative energy continuum. This
should happen at a critical charge, Z.i;, equal to
173+1 depending on the model (see [18,24,27] for de-
tails).

C. R. Chimie, 2020, 23, n° 3, 255-265

For Z =172, the [120]5g'88p;,»26f147d!1°9s29p; ;52
8ps/2* closed-shell ground state was obtained from
DF calculations [27]. Recent considerations came,
however, to the (preliminary) conclusion that beyond
the one-electron Dirac picture, there should be no
end of the Periodic Table at Z = 172, as there are
no numerical or real physical indications that the
atomic system become QED unstable. There should
be a super-critical regime in atoms [28]. Investiga-
tions on this subject are still going on requiring con-
siderations beyond standard relativistic mean-field
theory.

The aspect of the nuclear stability will, however, be
very probably the most decisive factor in answering
the question “How far can we go?” A composite nu-
clear system that lives at least 1074 s can be consid-
ered as chemical element [29]. With increasing Z, the
elements will be very unstable and undergo x-decay
or nuclear fission. The question, which element will
be stable at very high Z, will depend on the balance
between the repulsive Coulomb forces of many pro-
tons in a tiny nucleus and the attractive forces be-
tween the nucleons. Nuclear theory predictions for
the stable magic nuclei depend on the model [30].
At the time being, almost all of them indicate that
the most stable neutron shell should be at N = 184.
The magic proton number is expected to be 120 and
126. The search for the island of stability is still go-
ing on and there are indications that some super-
heavy nuclei can live hundreds, or even millions of
years [2,3].

4. Studies of chemical properties

Even though for the transactinides, properties sim-
ilar to those of the 5th and 6th row homologs are
anticipated, it is not trivial to expect that they can
be deduced from their position in the Periodic Ta-
ble. Due to increasingly important relativistic ef-
fects deviations from the established trends in the
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groups can occur, so that simple extrapolations may
lead to erroneous results. The validity of the order-
ing of the elements in this part of the Periodic Ta-
ble is still to be proven by studies of their chemical
properties.

Unfortunately, with increasing nuclear charge,
cross sections and production rates of SHEs drop
so rapidly that experimental chemical studies can
only be performed, with reasonable efficiency, for
isotopes having half-lives, #1/2, of ~ 1s and longer.
This is achieved with the use of special fast chem-
istry separation techniques [4-7]. In the gas phase,
gas-phase chromatography exploits differences in
volatility between the elements by measuring ad-
sorption enthalpy, AH,qs, on the surface of the
chromatography column, mostly quartz and gold.
In the liquid phase, liquid chemistry chromatogra-
phy exploits differences in complex formation be-
tween them by measuring distribution coefficient,
Kq. Volatility of Rf through Hs compounds, complex
formation of Rf, Db and Sg in acid solutions, as well
as volatility of the Cn and Fl atoms have been studied
so far [4-8].

Chemical information obtained from these ex-
periments is, however, limited to the knowledge of
only few properties. It mostly answers the question
about whether a new element behaves similarly to its
lighter congeners in the chemical group, or whether
some deviations from observed trends occur due to
increasingly important relativistic effects. Knowledge
of many other properties can presently be gained
only from theory. It is also theory that can estab-
lish relativistic effects influence on properties of el-
ements by comparing results of relativistic with non-
relativistic calculations [8,17].

Gas-phase chemistry. One of the most illustrative
examples of the strong influence of relativistic effects
on properties of SHEs is high inertness and volatility
of Cn. Due to the strongest stabilization of the 7s AO
in group 12 (Figure 4) and in the 7th row of the Peri-
odic Table [17], as well as its closed shell ground state
6d'°7s? configuration, Cn was believed to behave like
anoble-gas element. (Hg, as known, is liquid at room
temperature). In 1975, Pitzer suggested that in Cn,
a high excitation energy (6d'°7s> — 6d'°7s7p,,2) of
8.6 eV into the atomic valence state, will not be com-
pensated by the energy gain of the metallic bond for-
mation [31]. The questions to the modern electronic
structure theory were: is Cn metallic in the solid state,
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or is it more like a solid noble gas? How reactive is
the Cn atom towards gold in comparison with Hg
and Rn?

Recent relativistic calculations of solid-state prop-
erties (even though such a state is hypothetical,
as there can be no two atoms of Cn produced si-
multaneously), have indicated that Cn should be a
volatile liquid [32]. In this way, the trend towards
the weakening of an atom-atom interaction in group
12 should continue towards Cn. For the interaction
with gold, Density Functional Theory (DFT) clus-
ter and periodic calculations [8,33] predicted much
smaller AH,4s of Cn on gold than that of Hg either.
This means that in the gas-phase experiments with
the chromatography column, having a negative tem-
perature gradient (from room one to —180 °C), Cn
should adsorb on gold at the colder end of the col-
umn (more towards Rn), while Hg adsorbs right at the
beginning of the column. Also, no adsorption of Cn
on quartz was foreseen [8] (Figure 6).

Fl, having a quasi-closed-shell ground state,
7s27p1/2%, should also be rather inert and volatile
due to the relativistic stabilization of the 7s and 7p; /2
AOs. However, Fl should be more reactive than Cn
towards gold [8,33]. Nh(7s27p1 /2) with one unpaired
p1/2 electron should be more inert than Tl(6326p),
however, more reactive than Cn and Fl [33] (Figure 6).
Experiments with Cn and Fl, having sufficiently long-
lived isotopes (#1/2 > 1s), have nicely confirmed these
predictions: Cn was found to adsorb on gold detec-
tors of the chromatography column at about 0 °C,
while Hg to adsorb at the beginning of the column
at room temperature [34]. Adsorption of Fl on gold
was proven to be much weaker than that of Pb, but
stronger than that of Cn, however, poor statistics of
events did not allow for accurate measurements of
AH,gs(Fl) [35]. Similar experiments on volatility of
Nh are under way. Thus, the trends in the proper-
ties of group-12 and 14 elements, i.e., an increase in
volatility and a decrease in reactivity with increasing
Z, were shown to be continued with Cn and FI. This
is explained by the gradual relativistic stabilization
of the ns and np;/2 AOs. In this way, position of Cn
and Fl in groups 12 and 14, respectively, has been
confirmed.

Elements at the beginning of the 6d series, Rf
through Hs, where sufficiently long-lived isotopes
exist, are not stable in the atomic state. They, how-
ever, form volatile halides, oxyhalides and oxides
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Figure 6. Predicted adsorption positions (schematic) of Cn, Nh and Fl, with respect to their homologs
and Rn, on the combined SiO;/gold surface detector system in gas-phase chromatography experi-

ments [8,33].

(of Hs) making them suitable for gas-phase chro-
matography studies [4-7]. In turn, properties of these
compounds were predicted on the basis of fully rel-
ativistic calculations [7,8]. Both types of investiga-
tions have shown that behaviour of the volatile SHE
species is in line with the trends in the respective
groups, which is stipulated by smooth trends in prop-
erties of the valence (n — 1)d AOs, responsible for
bonding.

Recently, a new class of compounds has been dis-
covered for SHESs: it was shown that the 6d elements
can form volatile carbonyls by analogy with their
lighter homologs in the groups. Thus, Sg(CO)g was
synthesized on line in a reaction of the Sg atom with a
mixture of He and CO gases [36]. Moreover, volatility
of Sg(CO)g, as adsorption on a quartz chromatogra-
phy column, was studied using gas-solid chromatog-
raphy technique. Preceding fully relativistic DFT cal-
culations on M(CO)g (M = Mo, W, and Sg) have shown
that all the group-6 species should have very sim-
ilar properties, including interaction strength with
quartz (see [8] for references). The experiments have
indeed obtained very similar A Hyqs values of the Mo,
W and Sg carbonyls on quartz [36]. Thus, in good
agreement with each other, experimental and theo-
retical studies have shown that Sg(CO)g is as volatile
as Mo(CO)g and W(CO)g, and is therefore an ordinary
group-6 member.

It has also presently become possible to measure
the first M—CO bond dissociation energy (FBDE) of
the gaseous carbonyls, including those of SHEs, us-
ing a gas-solid isothermal chromatography. This was
done for Mo(CO)g and W(CO)g showing that the W-
CO bond is stronger than the Mo-CO one [37]. To
predict experimental outcome for Sg, calculations of
FBDE of M(CO)s (M = Mo, W, and Sg) (Figure 7)
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Sg(CO)s

+ @
—  Sg(CO);, + CO

Figure 7. Decomposition reaction of group-6
M(CO).

were performed using a variety of advanced relativis-
tic methods [38].

The results established a weaker Sg—CO bonding
than the W-CO one. This was shown to be a relativis-
tic effect: the non-relativistic M—CO FBDEs increase
from W to Sg. Thus, for this type of compounds, rela-
tivistic effects on SHEs were shown to result in a de-
viation from the trend in the group, demonstrating
once again that linear extrapolations may lead to er-
roneous predictions. (Results of the experiments on
the FBDE for Sg(CO); are at the stage of evaluation.)

For Mc through Og, longer-lived isotopes have
still to be created suitable for experimental chemi-
cal studies. For these elements, only theoretical pre-
dictions exist. 0g(7s?7p1/227p3/2*), standing in the
group of noble gases, is another exciting case where
strong relativistic effects are expected to significantly
influence its properties. A large 7p;1/2—7p3/2 SO sep-
aration of ~12 eV and the relativistic destabilization
of the 7ps;2 AO, should result in its higher chem-
ical reactivity in comparison with the other noble
gases. Calculations of the solid-state properties of Og
have shown that, in contrast to the other homologs, it
should be semiconductor at room temperature [39].
Og should also stronger adsorb on gold than Rn, with
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Figure 8. Energies of the ns AOs of group-1 elements (left panel); calculated dissociation energies of the
MAu dimers, D (MAu), and adsorption enthalpies, —AH,4s(M), of the group-1 elements on transition
metal surfaces (right panel) (see [8] for references therein).

the energies in the range of chemisorption. Also, its
chemical compounds should be more stable than
those of Rn. Overall, trends in the properties of Og
should be in line with those of the other noble gases
(see [8] for a review and references therein).

Elements 119 and 120, prescribed to the first and
second columns of the Periodic Table, respectively,
are the next SHEs awaiting discovery. Their proper-
ties will be defined by the valence 8s AO whose rel-
ativistic contraction and stabilization (Figure 8, left
panel) should lead to the reversal of the trends in
groups 1 and 2 at Cs and Ba, respectively. This is pre-
dicted, e.g., for dissociation energies of their inter-
metallic dimers and AH,4s on transition metal sur-
faces (Figure 8, right panel) [8].

Provided these elements are synthesized, volatility
(measurements of A H,qs) of the 119 and 120 species
might be studied in the long term using an advanced
(vacuum) chromatography designed for extremely
short, presumably sub-milliseconds, 1/, of their iso-
topes.

Aqueous chemistry. Beside the gas-phase stud-
ies, there has been quite a number of experimental
and theoretical works on the complex formation and
extraction behaviour of SHEs in aqueous solutions
(see [5-7,40] for reviews and references therein). Be-
cause the liquid chromatography experiments need
much longer-lived isotopes than those used in the
gas-phase studies, only Rf, Db and Sg were consid-
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ered so far. The aim of the studies was to find out
whether established trends in stability of oxidation
states and complex formation in acid solutions (Kgq
values) were continued with the SHEs. As a result, be-
haviour of the SHEs in the liquid phase was found
to be overall in line with the existing trends in the
groups. However, some irregularities in the complex
formation occurred depending on experimental con-
ditions.

Future elements. Chemistry of elements heavier
than Z = 120 rests on a purely theoretical basis. Due
to very strong relativistic effects, as well as existence
of open shells and their mixing, it will be much more
different from anything known before. Without rel-
ativistic effects, it would, however, have also been
different due to very large orbital effects. Very few
molecular calculations exist in this domain [41]. Un-
usual oxidations states, coordination numbers and
geometrical configurations should be observed for
compounds of these elements.

5. Summary

Advances in the relativistic quantum theory and
computational algorithms allowed for accurate pre-
dictions of electronic structures and properties of
atoms, molecules, and complexes of SHEs and their
homologs. With many of them carried out in a close
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link to the experimental research, those investiga-
tions have contributed to better understanding of the
chemistry of these exotic elements and the role and
magnitude of relativistic effects.

Relativistic effects were found to be of crucial im-
portance for the elements beyond the 6th row of
the Periodic Table and to be responsible for peri-
odicities in properties. Relativity can, however, also
cause deviations from the trends observed among
the lighter elements. Thus, simple extrapolations
from the lighter homologs may be unreliable in this
high Z region.

The 7th row of the Periodic Table is now complete.
For the 8th row, further developments in the elec-
tronic structure theory are required to accurately pre-
dict the ground state configurations, as well as ele-
ments heavier than Og have to be synthesized. The
end of the Periodic Table is still to be determined
from the nuclear and the electronic structure points
of view. Together with investigations of properties of
the future elements, this will enable one to answer
the question whether the Periodic Table is still a use-
ful tool for chemists, or whether its predictive power
is lost.

Acknowledgements

The author is thankful to E. Eliav and V. Shabaev for
discussions about the end of the Periodic Table and
QED effects. She is also thankful to her colleagues at
GSI, Darmstadt, Ch. E. Dullmann and A. Yakushey,
for the help in the presentation of the experimental
results.

References

[1] D.I. Mendeleev, Z. Chem., 1869, 12, 405.
[2] Y. Oganessian, Nucl. Phys. News, 2019, 29, 5.
[3] H. Haba, Nat. Chem., 2019, 11, 10.
[4] M. Schédel, Radiochim. Acta, 2012, 100, 579.
[5] J. V. Kratz, Radiochim. Acta, 2012, 100, 569.
[6] M. Schédel, D. Shaughnessy (eds.), The Chemistry of the Su-
perheavy Elements, Springer, Heidelberg, 2014.
[7] A. Ttrler, V. Pershina, Chem. Rev., 2013, 113, 1237.
[8] V.Pershina, Radiochim. Acta, 2019, 107, 833.
[9] G. T. Seaborg, W. D. Loveland, D. J. Morrissey, Science, 1979,
203, 711.
[10] G.N. Flerov, G. M. Ter-Akopian, Rep. Prog. Phys., 1983, 46, 817.
[11] S.Hofmann, J. Phys. G, 2015, 42, 114001.
[12] K. Morita, K. Morimoto, D. Kaji, T. Akiyama, S.-I. Goto,
H. Haba, E. Ideguchi, R. Kanungo, K. Katori, H. Koura,

C. R. Chimie, 2020, 23, n° 3, 255-265

H. Kudo, T. Ohnishi, A. Ozawa, T. Suda, K. Sueki, H. Xu, T. Ya-
maguchi, A. Yoneda, A. Yoshida, Y. Zhao, J. Phys. Soc. Japan,
2004, 73, 2593.

[13] Y. T. Oganessian, V. K. Utyonkov, Nucl. Phys. A, 2015, 944, 62.

[14] G.T.Seaborg, Ann. Rev. Nucl. Sci., 1968, 18, 53.

[15] P. Pyykko, J.-P. Desclaux, Acc. Chem. Res., 1979, 12, 276.

[16] B. Fricke, J. T. Waber, Actinide Rev., 1971, 1, 433.

[17] P. Schwerdtfeger, M. Seth, in Encyclopedia on Calculational
Chemistry, vol. 4, Wiley, New York, 1998, 2480.

[18] P.Schwerdtfeger, L. E Pasteka, A. Punnett, P. O. Bowman, Nucl.
Phys. A, 2015, 944, 551.

[19] M. Barysz, J. Ishikawa (eds.), Relativistic Methods for
Chemists, Dordrecht, Springer, 2010.

[20] J.-P. Desclaux, B. Fricke, J. Phys., 1980, 41, 943.

[21] E. Eliav, S. Fritzsche, U. Kaldor, Nucl. Phys. A, 2015, 944, 518.

[22] V. I. Nefedov, M. B. Trzhaskovskaya, V. G. Yarzhemcky, Dokl.
Phys. Chem., 2006, 408, 149.

[23] K. Umemoto, S. Saito, J. Phys. Soc. Japan, 1996, 65, 3175.

[24] P. Indelicato, J. Bieron, P. Jonnson, Theor. Chem. Acc., 2011,
129, 495.

[25] G.T.Seaborg, J. Chem. Soc. Dalton Trans., 1996, 3899.

[26] P.Pyykkd, Phys. Chem. Chem. Phys., 2011,13, 161.

[27] W. Greiner, V. I. Zagrebaev, Russ. Chem. Rev., 2009, 78, 1089.

[28] V. Shabaey, E. Eliav, private communication (2019).

[29] B. G. Harvey, G. Herrmann, R. W. Hoff, D. C. Hoffman, E. K.
Hyde, J. J. Kratz, L. Keller, G. T. Seaborg, Science, 1976, 193,
1271.

[30] W. Nazarewicz, Nat. Phys., 2018, 14, 537.

[31] K.S. Pitzer, Acc. Chem. Res., 1979, 12, 271.

[32] K. G. Steenberger, J.-M. Mewes, L. E PaSteka, H. W. Géggeler,
G. Kresse, E. Pahl, P. Schwerdtfeger, Phys. Chem. Chem. Phys.,
2017, 19, 32286.

[33] V. Pershina, Inorg. Chem., 2018, 57, 3948.

[34] R. Eichler, N. V. Aksenov, A. V. Belozerov, G. A. Bozhikov, V. I.
Chepigin, S. N. Dmitriev, R. Dressler, H. W. Gaggeler, V. A. Gor-
shkov, E Haenssler, M. G. Itkis, A. Laube, V. Y. Lebedeyv, O. N.
Malyshey, Y. T. Oganessian, O. V. Petrushkin, D. Piguet, P. Ras-
mussen, S. V. Shishkin, S. V. Shutov, A. I. Svirikhin, E. E. Tere-
shatov, G. K. Vostokin, M. Wegrzecki, A. V. Yeremin, Nature,
2007, 447, 72.

[35] A. Yakushev, J. M. Gates, A. Tiirler, M. Schidel, C. E. Dill-
mann, D. Ackermann, L. L. Andersson, M. Block, W. Briichle,
J. Dvorak, K. Eberhardt, H. G. Essel, J. Even, U. Forsberg,
A. Gorshkov, R. Graeger, K. E. Gregorich, W. Hartmann,
R. D. Herzberg, E Hessberger, D. Hild, A. Hiibner, E. Jager,
J.Khuyagbaatar, B. Kindler, J. V. Kratz, J. Krier, N. Kurz, B. Lom-
mel, J. Niewisch, H. Nitsche, J. P Omtvedt, E. Parr, Z. Qin,
D. Rudolph, J. Runke, B. Schausten, E. Schimpf, A. Sem-
chenkov, J. Steiner, P. Thorle-Pospiech, J. Uusito, M. We-
grzecki, N. Wiehl, Inorg. Chem., 2014, 53, 1624.

[36] J. Even, A. Yakushey, C. E. Diillmann, H. Haba, M. Asai, T. K.
Sato, H. Brand, A. Di Nitto, R. Eichler, E L. Fan, W. Hartmann,
M. Huang, E. J4ger, D. Kaji, J. Kanaya, Y. Kaneya, J. Khuyag-
baatar, B. Kindler, J. V. Kratz, J. Krier, Y. Kudou, N. Kurz,
B. Lommel, S. Miyashita, K. Moritomo, K. Morita, M. Mu-
rakami, Y. Nagame, H. Nitsche, K. Ooe, Z. Qin, M. Schédel,
J. Steiner, T. Sumita, M. Takeyama, K. Tanaka, A. Toyoshima,
K. Tsukada, A. Tiirler, I. Usoltsev, Y. Wakabayashi, Y. Wang,
N. Wiehl, S. Yamaki, Science, 2014, 345, 1491.



Valeria Pershina 265

[37] 1. Usoltsey, R. Eichler, Y. Wang et al., Radiochim. Acta, 2016, heavy elements”, in The Chemistry of the Superheavy Ele-
104, 141, ibid 531. ments (M. Schddel, D. Shaughnessy, eds.), Springer, Heidel-

[38] M. Ilias, V. Pershina, Inorg. Chem., 2017, 56, 1638. berg, 2014, 309-374.

[39] P. Jerabek, O. R. Smits, J.-M. Mewes, K. A. Peterson, P. Schw- [41] P. Pyykko, Phys. Chem. Chem. Phys., 2012, 14, 14734.

erdtfeger, J. Phys. Chem. A, 2019, 123, 4201.
[40] J. V. Kratz, Y. Nagame, “Liquid-phase chemistry of super-

C. R. Chimie, 2020, 23, n° 3, 255-265



	1. Introduction
	2. Synthesis and discovery of superheavy elements
	3. Electronic structure and relativistic effects
	4. Studies of chemical properties
	5. Summary
	Acknowledgements
	References



