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1. Introduction

The expansion of the periodic table and classification of newly discovered heavy elements are important
milestones in chemistry and physics. Elements 113 (nihonium, Nh), 115 (moscovium, Mc), 117 (tennessine, Ts),
and 118 (oganesson, Og), were officially recognized in 2016 [1], completing the seventh row of the periodic table. The
United Nations Educational, Scientific and Cultural Organization (UNESCO) proclaimed 2019 as the International Year
of the Periodic Table to commemorate its 150th anniversary [2]. Numerous related ceremonies were held in various
countries, and special issues were featured in several journals [3]. The latest periodic table approved by the International
Union of Pure and Applied Chemistry (IUPAC) is shown in Figure 1. The actinide series begins with Ac (atomic number
Z =89) and ends with Lr (Z = 103), representing the filling of 5f orbitals [4,5]. This series is followed by 6d transition
elements, which range from Rf (Z =104) to Cn (Z = 112), and 7p elements, which range from Nh (Z =113) to Og
(Z =118). Elements beyond actinides starting from Rf (Z > 104) are called transactinide or superheavy elements
and exist because of the stabilization provided by the nuclear shell structure. Unlike elements up to Fm (Z = 100),
which can be produced in nuclear transmutation processes involving neutron capture followed by - decay in
high-flux nuclear reactors, transfermium elements (Z > 101) can only be produced through heavy-ion nuclear
reactions in accelerators. Herein, the term “superheavy elements” refers to elements with Z > 101.

Given that the atomic electronic structure changes periodically with increasing Z, the periodic table can be
used to infer the chemical properties of a given element based on its position. However, the electronic structure of
heavier elements may deviate from periodicity because of relativistic effects, which scale with Z? [6-12]. In other
words, the periodic law may not hold for such elements. The discovery of new elements and their rational
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classification have drawn considerable attention as the core challenges of chemistry and physics [3,13-23], as
reflected by ongoing efforts to upgrade heavy-ion accelerators and related devices [24-26].
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Figure 1. Latest version of the periodic table approved by IUPAC. Heavy actinides and transactinides are

highlighted in blue and red, respectively.

Superheavy elements are produced in accelerators by bombarding targets with heavy ions and identified by
measuring their nuclear decay or that of their known daughter isotopes. The amounts of the thus produced elements
are extremely small, and all synthesized isotopes are short-lived, decaying in tens of seconds or fractions of second.
Thus, experiments with superheavy elements require “extreme chemistry”, i.e., the handling (e.g., chemical separation,
detection, and identification) of their single atoms at timescales on the order of the corresponding half-lives.

The last two decades have witnessed considerable progress in the experimental and theoretical chemical
studies of superheavy elements. At the dawn of the chemical study of unknown heavy elements in the 20th century,
experimental research aimed to identify their position in the periodic table. Since the beginning of the 21st century,
the influence of relativistic effects on the chemistry of superheavy elements has been vigorously studied through
high-precision chemical experiments, and our understanding of this phenomenon continues to deepen. The related
experimental investigations generally compare the chemical properties of superheavy elements with those of their
lighter homologs to evaluate relativistic effects. Another important aspect is clarifying the basic chemical
properties of superheavy elements, such as oxidation states, ionic radii, redox potentials, chemical compound
formation, and ground-state electronic configurations. The chemical studies of superheavy elements published up
to around 2015 have been reviewed elsewhere [27-32].

This review briefly introduces the relativistic effects and atom-at-a-time chemistry characterizing the
chemical studies of superheavy elements and outlines the chemical experiments at an atom-at-a-time scale.
Subsequently, we discuss recent chemical studies involving state-of-the-art techniques, focusing on the
determination of the isolated chemical (molecular) species of Rf and Db in liquid and gas phases, respectively; the
formation of an exotic Sg-containing molecule; the direct identification of No and Ac molecules; the chemical
reactivity (adsorption behavior) of Cn through Mc atoms; and the atomic properties of superheavy elements. A
part of this review is based on the modification of our previous works [33-36].

2. Characteristics of the Chemistry of Superheavy Elements
2.1. Relativistic Effects

As the atomic number increases, the positive charge of a nucleus at the center of the atom increases, resulting
in stronger interactions with electrons moving around it. In particular, s and pi» (inner shell) electrons have a
considerable probability of being found near the nucleus and are strongly attracted to the same, thus featuring
velocities sufficiently high for relativistic effects to be considered. A qualitative understanding of this phenomenon
can be conveniently gained using the Bohr model, according to which the energy E,, orbital radius 7;,, and
velocity v, of an electron moving around a nucleus with Z protons are expressed as
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where m is the electron mass, e is the elementary charge, h is Planck’s constant, ¢ is the speed of light in
vacuum, €, is the dielectric constant, and n is the principal quantum number, with n =1, 2, and 3 corresponding
to K, L, and M shells, respectively. According to the theory of relativity, matter in motion with velocity v and rest
mass mg has m:

" Ao wior “)

InNi (Z =28), the 1s electron has a velocity of 0.2¢ and a mass 2% greater than its rest mass, whereas in U
(Z =92), the electron has a velocity of 0.67c¢ and a mass of 135% of its rest mass. For U, the orbital radius is 75%
of the value determined without considering relativistic effects. This contraction and stabilization of the s and pi.
electron orbitals is called the direct relativistic effect. The relativistic contraction results in a more efficient screening
of the nuclear charge, so that the outer psp, d, and f orbitals become more spatially expanded and energetically
destabilized. This expansion of outer electrons is called the indirect relativistic effect. The third relativistic effect is
the strong spin-orbit splitting of energy levels with [ > 0 (p, d, f, ...) into two levels with j = [ £+ 1/2, where [
and j are the angular momentum quantum number and azimuthal quantum number, respectively. The spin-orbit
splitting for the same [ decreases with increasing number of subshells, i.e., it is much stronger for inner shells
than for outer shells, and decreases with increasing [ for the same n quantum number, i.e., the npi,—npsp
splitting is larger than the nds;»—nds» and both are larger than the nfs,—nf,. This can be explained by the fact
that the orbital density near the nucleus decreases as [ increases [9].

Relativistic effects are present in all elements but are particularly pronounced for high-Z elements. Figure 2
shows relativistic and non-relativistic calculations of the energy levels of the valence electrons of Sg (Z = 106),
and its homologs, Mo and W. As can be seen in the figure, as the atomic number increases, the s, orbital becomes
more stable, the d orbital becomes less stable, and position reversal occurs for Sg [37].
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Figure 2. Relativistic (rel) and nonrelativistic (nr) energy levels of the valence ns and (rn — 1)d electrons of Mo, W,
and Sg. Data are taken from [37].

Owing to relativistic effects, a drastic rearrangement of ground-state electron configurations is expected for
heavier elements. Given that electron configurations are responsible for chemical behavior, such relativistic effects
can lead to unexpected chemical properties, e.g., substantial deviations from those based on extrapolation from lighter
homologs. For example, in the case of transactinide elements with ground-state electronic configurations of 6d*7s?
(x = 1-10), the valence 6d and 7s atomic orbitals are involved in chemical bonding. Relativistic effects cause the 7s
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orbitals to become stabilized and contracted, and the 6d orbitals to become destabilized and expanded, which affects
the chemical properties of compounds of these elements. Differences between the chemical properties of superheavy
elements and those of their homologs are predicted from the differences in the corresponding atomic (ionic) radii
and the energies and radial extensions of the valence orbitals. Table 1 lists the calculated ground-state electronic
configurations, stable oxidation states, and first ionization potentials (IP; values) of transactinide elements (Z = 104),
as well as the predicted ionic radii of Rf— Hs in their highest oxidation states [9]. The mutual proximity of the
relativistic energy levels of the 7s and 6d electrons is expected to stabilize the maximum oxidation states.

Table 1. Predicted ground-state electronic configurations, stable oxidation states, and first ionization potentials of
Rf-Og and predicted ionic radii of Rf-Hs in their maximum oxidation states with a coordination number of six [9].

Element Electronic Configuration Stable Oxidation State First Ionization Potential (eV) Predicted Ionic Radii (A)

Rf 6d27s? 43 6.01 0.79 (Rf*)
Db 6d37s2 543 6.9 0.74 (Db
Sg 6d*7s? 6,4 7.8 0.65 (Sgt)
Bh 6d57s2 7,5,4,3 77 0.58 (Bh™)
Hs 6d°7s? 8,6,4,3 7.6 0.45 (Hs™)
Mt 6d77s? 3,6,1 8.7

Ds 6d37s? 6,4,2,0 9.6

Re 649752 5,3,-1 10.6

Cn 6410752 4,2,0 11.97

Nh 7s*7p! 1,3 7.306

Fl 7s*7p? 2 8.626

Mc 7s*7p? 1,3 5.579

Lv 7527’ 2,4 6.881

Ts 7s*7p’ 3,1,5,—1 7.638

Og 7s*7p° 4,2,6 8.914

Underline: most stable state in solution; bold: most stable state in the gas phase.

2.2. Atom-at-a-Time Chemistry

Table 2 lists superheavy isotopes commonly used in chemical experiments, as well as their half-lives (¢, , values),
nuclear reactions required for synthesis, and expected production rates. In the case of Rf, *'Rf* with a relatively long
t1/2 of 68 s is synthesized via the ***Cm(**O, 5n) reaction, which produces only several atoms per minute under typical
irradiation conditions (target thickness = 800 pg/cm? (~2 x 10'® atoms/cm?), beam intensity = 1.6 x 10'? particles/s).
For 2Sg, the production rate is several atoms per hour, and t; , is ~10 s. Owing to the short half-lives and low
production rates of superheavy isotopes, each atom produced decays before a new atom is synthesized. Thus,
chemistry must be examined on an atom-at-a-time basis, which imposes stringent limits on experimental
procedures. Such chemistry is often called “single-atom chemistry” or “extreme chemistry.” Rapid and very
efficient radiochemical procedures are required.

Table 2. Superheavy isotopes commonly used in chemical experiments, their half-lives (t;/,), typical nuclear
reactions required for synthesis, cross-sections, and production rates estimated assuming typical experimental
conditions (target thickness = 800 pg/cm?, beam intensity = 1.6 x 10'2 particles/s).

Element Isotope (t1,2) Nuclear Reaction ((j)f(l)(s)s_gsl;;t:ﬁ;l Prolg:tc:mn
Md (Z =101) 255Md (27 min) 2Cm("'B, 4n) 4000 155!
No (Z=102) 25No (3.5 min) 2Cm('C, 5n) 580 255!
Lr (Z =103) 6Ly (27 s) 29CH("'B, 4n) 122 045!
Rf(Z=104) IR (68 ) 28Cm('%0, 57n) 13 4 min™!
Db (Z =105) 262Db (35 s) 28Cm('°F, 5n) 2 0.5 min™!
Sg(Z=106) 2Sg (14.4/8.55) 28Cm(**Ne, 5n) 0.24 5h!
Bh (Z=107) 267Bh (17 s) 299BKk(*Ne, 4n) 0.07 1.5h!
Hs (Z=108) 29Hs (10 s) #Cm(**Mg, 5n) 0.007 2d!
Cn(Z=112) 23Cn (4 5) 242py(¥Ca, 3n)*’F1 — 283Cn 0.0104 [38] 45d!
Nh (Z=113) 284Nh (0.9 s) 2B Am(*Ca, 3n)?*Mc— 2#Nh 0.017 [39] 8.5d!
Fl1(Z=114) 29F1 (1.9 ) 244py($Ca, 3n) 0.008 [40] 3d7!
Mc (Z=115) 288Mc (0.2 5) 23 Am(*¥Ca, 3n) 0.017 [39] 8.5d!

Considering the following chemical reactions:
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aA+ bB 2 cC + dD. (5)

The change in Gibbs free energy AG can then be expressed as

1¢-[D]?

_ [C
AG = AGy + RT 1n[ 215 8] (6)

where [X] denotes the concentration or partial pressure of species and AG, is the standard Gibbs free energy
change. If the equilibrium constant K is expressed as,

clc-[D a
RITI -
[A]e- [B]*
for AG =0, where equilibrium holds,
AGy = —RTInK. (3)

On the macroscale, this relation is well known as the law of mass action. However, as noted above, the
number of superheavy-element atoms synthesized in nuclear reactions is small, and only one or several atoms at a
time are available for chemical experiments. In other words, if species A and C in Equation (7) correspond to
superheavy-element atoms and their reaction products, respectively, the numerator or denominator equals zero,
and K does not have a meaningful value.

Atom-at-a-time chemical studies must be carried out on phenomena that give the same result irrespective of
whether single atoms or macro amounts of atoms are used. Hence, one is confronted with the question whether
meaningful single-atom chemistry is possible. For single atoms, the classical law of mass action is no longer valid
because an atom can exist in only one of the different chemical forms taking part in the chemical equilibrium at
given time. Thus, for single atom chemistry, a specific thermodynamic function—the single-particle free
enthalpy—is introduced [41,42], and an expression equivalent to the law of mass action where activities or
concentrations are replaced with probabilities of finding species in the appropriate phases is derived. According to
this expression, the equilibrium constant for the distribution of an atom between two phases (distribution
coefficient) is defined in terms of the probabilities of finding this atom in each phase. If a static partition method is
exploited, this coefficient must be measured in repetitive experiments. As dynamical partition methods can be
considered repetitive static partitions, the displacement of an atom along the chromatographic column gives a
statistical result. For short-lived isotopes, the partition equilibrium must be reached during the isotope lifetime, which
requires fast reaction kinetics. Thus, chromatographic systems with fast reaction kinetics are ideally suited for single-
atom separation, as they enable the fast and multiple sampling of adsorbed or mobile chemical species [28,43].

3. Outline of Chemical Experiments Performed at an Atom-at-a-Time Scale

The detailed and general experimental techniques used in liquid- and gas-phase chemistry, including the
development of equipment for the chemical study of single atoms, are summarized elsewhere [44]. Chemical
experiments with superheavy elements require an accelerator facility capable of supplying heavy-ion beams with
sufficient energy and intensity to synthesize superheavy elements and experimental facilities capable of handling
highly radioactive actinide targets, such as 2**Pu, 2> Am, 2*8Cm, 2*’Bk, and *’Cf. Therefore, few research facilities
are available worldwide. The preparation of actinide targets requires sufficient nuclear and radiochemistry
experience and techniques because of the rare and highly radioactive materials involved [45,46].

Chemical experiments typically involve the (i) synthesis of a specific superheavy isotope, (ii) its rapid
transport to chemical separation devices using a gas-jet transport system, (iii) rapid chemical isolation of the
desired isotope, (iv) preparation of a sample suitable for nuclear spectrometry, and (v) detection and identification
of isotopes based on their decay properties (mainly a decay). The chemical characterization of superheavy
elements has been accomplished using fast chemical separation methods, such as gas-phase [47-49] and liquid-
phase [50-52] chromatography. Below, we briefly describe steps (i)—(iii).

3.1. Synthesis of Superheavy Elements and Transport of Reaction Products to Chemical Separation Devices

The neutron-rich isotopes of superheavy elements are predicted to be relatively long-lived. Therefore,
neutron-rich heavy-actinide targets and neutron-excess incident particles are used to obtain isotopes that are even
slightly closer to the neutron-excess side and exhibit the longest possible lifetime suitable for chemical
experiments. Targets are prepared by electrodeposition on thin films, such as Be and Ti films [46].
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Aerosol gas-jet transport systems are commonly used to deliver nuclear reaction products at the target
position in an irradiation cave to chemical equipment in a chemistry laboratory located away from the target-recoil
chamber. The reaction products recoiling from the target are stopped in the volume of carrier gas, such as He,
which is loaded with cluster materials, such as KCI, NaCl, Cdl,, Pbl,, carbon cluster, and MoO; (Figure 3). Then,
the products attached to the surface of the cluster materials are swept out of the target-recoil chamber with the
carrier gas flow and transported through a capillary tube to chemical separation apparatuses.

However, the gas-jet transport method has several drawbacks. A large amount of side-reaction products is
introduced into chemical separation devices along with the target superheavy elements, interfering with isotope
radiation measurements. In recent years, intense heavy-ion beams exceeding 6.2 x 10'? particles/s have become
available. Thus, the plasma effects caused by the introduction of high-intensity ion beams into the gas catcher
section of the target-recoil chamber are leading to problems such as the decomposition of aerosol particles and
chemical reagents introduced into the chamber. To address these issues, an electromagnetic separator can be used
to pre-separate the injection beam and byproducts from the target isotope as outlined in Section 4.3 [53-55].
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Figure 3. Flowchart of typical liquid-phase experimental procedures showing a schematic representation of the
target-recoil chamber connected to a gas-jet transport system. The series of procedures from collecting nuclear
reaction products to o-particle measurement is conducted using an Automated Ion-exchange separation apparatus
coupled with the Detection system for Alpha spectroscopy (AIDA). Chemical separation was accomplished within 20
s, and the o-particle measurement was started within 60 s after the collection of products. Reproduced from [36].
Copyright 2024 The Japan Academy.

3.2. Chemical Separation and Characterization

Most experiments are conducted in the liquid and gas phases using liquid- and gas-chromatographic
techniques, respectively. To compare the chemical properties of superheavy elements with those of their lighter
homologs, experiments with Rf, Zr and Hf were conducted under identical conditions, whereas those with Db were
performed alongside those with Nb and Ta. Liquid-phase partition studies aim to determine the distribution
coefficient (K4, mL/g) as a function of ligand concentration (M). In its simple definition, Ky is the ratio of the
number of atoms (determined by activity) in an organic phase in liquid-liquid extraction or in a stationary phase
in column chromatography to that in the liquid phase.

In liquid chromatography experiments (Figure 3), the following processes must be repeated many times: (a)
dissolution of reaction products transported by the gas jet, (b) loading of these products on ion-exchange resins,
(c) elution of the adsorbed isotopes with a suitable eluent, and (d) collection and drying of the eluate for a-particle
measurement. The development of computer-controlled automated systems with a greatly improved ability to
rapidly and reproducibly perform numerous chromatographic separations on miniaturized columns and
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systematically vary ligand concentrations has enabled detailed chemical investigations and the determination of
the stoichiometry of the eluted species [56]. Experiments using automated apparatuses have produced detailed and
sometimes surprising results. A computer-controlled high-performance liquid chromatography method based on
an Automated Rapid Chemistry Apparatus (ARCA II) [57], developed by the GSI Helmholtzzentrum fiir
Schwerionenforschung GmbH (GSI) and University of Mainz group, and Automated Ion-exchange Separation
Apparatus coupled with the Detection System for Alpha Spectroscopy (AIDA) [58], developed by the Japan
Atomic Energy Agency (JAEA) based on ARCA 11, were used to perform precise liquid-phase experiments on Rf.
The speciation of this element was successfully established by measuring K at different ligand concentrations.
Figure 4 shows a photograph of AIDA installed in the JAEA tandem accelerator facility [56].
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Figure 4. Photograph of AIDA installed in the chemistry laboratory of the JAEA tandem accelerator facility. The
design of the ion-exchange part is based on that of ARCA II [57]. On the right side, pumps for feeding eluents to
the microcolumns are visible. Eluates collected on Ta disks are evaporated to dryness using a halogen heat lamp
and a hot He gas flow. New Ta disks are automatically supplied to the elution position of the effluents by the robotic
machine positioned in the front. After evaporation, the samples are automatically transferred to the a-particle
detection station shown in the left part and placed in the chambers by a robotic arm. Image reproduced from [56].
Copyright 2019 DeGruyter.

In the gas-phase chemical separation method, (2) nuclear reaction products are transported to a chemical
separation apparatus by the gas jet and converted to volatile species, (b) they are continuously introduced into the
separation column with carrier gas, and (c) radiation detection is performed either in the column or at the end of
the column. Two major types of gas-phase chemical methods are available, namely thermal and isothermal
chromatography. The largest difference between the two lies in the temperature profile of the separation column,
with the former having a high inlet to low outlet inverse temperature gradient and the latter featuring a constant
column temperature. The enthalpy of the adsorption of the volatile species of interest on the surface of the
separation column can be determined from the adsorption position in the column in thermal chromatography and
from the change in elution volume as the column temperature changes in isothermal chromatography. Gas-phase
techniques require little mechanical manipulation, allow continuous separation, and can be applied to isotopes with
half-lives of <1 s. However, the scope of these techniques is limited to volatile molecules. The main chemical
species for which gas-phase chemical separation methods have been applied are assumed to be halides for Rf and
Db, oxyhalides for Db, Sg, and Bh, and oxides for Hs [48,49]. Individual-atom volatility studies have been
performed for Cn, Nh, Fl, and Mc [59-67] (see Section 5). A notable recent achievement is the formation and
detection of a volatile organometallic compound of Sg [68] (see Section 4.3).
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4. Identification of Isolated Molecules

In the early stage of superheavy-element chemistry, the most fundamental challenge was the unknown
identity of the corresponding compounds because of the constraints of atom-at-a-time chemistry. Experimental
studies conducted so far have generally assumed that these superheavy elements form the same chemical species
as their lighter homologs, as no chemical comparison can be performed if this assumption does not hold. Although
the identification of chemical species at one atom-at-a-time scale is extremely difficult, overcoming this challenge
will lead to breakthroughs. The determination of the molecular species of Rf in an aqueous solution using AIDA
[69—71] and the formation of a volatile oxychloride of Db [72] and a hexacarbonyl of Sg [68] in the gas phase are
notable achievements, as is the direct identification of No and Ac molecules using a mass analyzer [73].

4.1. Determination of the Molecular Species of Rf in an Aqueous Solution Using AIDA

This section describes the identification of Rf molecular species (fluorides) in the liquid phase and their
properties [69—71]. The ground-state electronic configuration of Rf is expected to be [Rn]5f46d*7s?, which makes
Rfa Group 4 element alongside Zr and Hf. Figure 5 depicts the anion-exchange behavior of Rf, Zr, and Hf, showing
their Ky values as a function of the initial hydrofluoric acid concentration [HF]in [69]. The linear negative
correlations between log Ky and log [HF]ini plot were interpreted as the displacement of metal fluorides from the
binding sites of the resin by the counter anion [69]. For Zr and Hf, the above plots had —3 (dotted line), while for
Rf, the slope was —2 (solid line). According to the equilibration of ion-exchange reactions, the plot slope indicates
the charge state of the metal compounds. Thus, the Rf was likely present as [RfFs]*", while Zr and Hf were likely
present as, [ZrF;]* and [HfF;]*", respectively. The formation of [RfFs]> was observed even at low F-
concentrations [70]. The formation of an anionic fluoride compound of Rf was interpreted by considering the
chemical equilibria of the anion-exchange reactions and fluoride-compound formation reactions and comparing
them with those for Zr and Hf. The formation constant of [RfFs]?>~ was at least one order of magnitude smaller
than those of [ZrFs]* and [HfFs]*", i.e., the driving force for [RfFs]>" formation was considerably lower [70].
Although quantitative analysis is still open, this result suggests the contributions of relativistic effects. (Here, we
assumed the molecular species of Rf based on those of homologs, but the formation of different compounds, e.g.,
[RfFs(H20)]* and [RfFsx(OH)]*", cannot be fully excluded.)
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Figure 5. Distribution coefficients (Ky) of Rf, Zr, and Hf on the anion-exchange resin as a function of the initial
HF concentration, [HF Jini. The solid and dotted lines indicate linear fits with soles of —2.0 + 0.3 for Rf and —3.0 +
0.1 for Zr and Hf, respectively. Reproduced from [69]. Copyright 2004 The American Chemical Society.

The cation-exchange behavior of Rf was studied in dilute F~ solution together with those of Zr, Hf, and the
tetravalent pseudohomolog Th [71]. At very low F~ concentrations, the formation of the Rf compound was
remarkably less favored than those of Zr and Hf compounds but more favored than that of the Th compound. Given
the predominantly electrostatic interaction between metal cations (M*"; M = Zr, Hf, Rf, and Th) and F, a
correlation between the crystallographic ionic radius [74] and driving force for fluoride compound formation was
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expected. The crystallographic ionic radii of the Group 4 elements with a coordination number of six follow the
order of Zr*" (72 pm) = Hf*" (71 pm) < Rf*" (76 pm) [9] << Th*' (94 pm). The relative tendency for fluoride
compound formation follows the inverse order of the ionic radii. The above result indicates that the ionic radius
of Rf*" is in between those of Zr*'/Hf*" and Th*" [71]. The K4 values of Rf and its homologs were also measured
at different hydrogen ion concentrations [H*] in the range of [F7] = 0.529-3.17 uM. Based on the above, these
elements are likely to form the same chemical species; a mixture of [MF]** and [MF,]*" compounds was present
and adsorbed on the cation-exchange resin [71].

Kasamatsu et al. reported hydroxide formation for Rf and its homologs (Zr and Hf) [75] using Sm(OH); as
the coprecipitating substrate. In the Sm(OH)3 coprecipitation method, the tracer element coprecipitates with
Sm(OH)s only if its hydroxide forms a precipitate under the employed conditions. The authors experimentally
observed the coprecipitation behavior of Rf and confirmed the formation of hydroxide precipitates, which was also
observed for Zr and Hf. At high hydroxide ion concentrations, Zr and Hf combined with excess hydroxide ions
and ceased to form precipitates, whereas no such behavior was observed for Rf. This finding was ascribed to the
fact that the ionic radius of Rf in aqueous solution exceeds those of Zr and Hf because of relativistic effects,
resulting in a smaller surface charge density and smaller driving force for hydroxide formation. Thus, Rf was less
prone to hydroxide (Rf(OH),) formation than Zr and Hf [75].

Relativistic density functional calculations of the electronic structures of [MFs]?~ were carried out to evaluate
their stability [76]. The overlap populations between the valence (d) orbitals of M*" and those of F~ followed the
order of Zr = Hf > Rf, suggesting that [RfF¢]>" is less stable than its Zr and Hf analogs. This behavior can be
rationalized using the hard—soft acid—base theory [77]. The small fluoride and hydroxide anions are hard donors
and prefer hard (i.e., small) acceptor ions, Zr* and Hf*". The much larger (softer) Rf* prefers larger (softer, more
polarizable) donor ligand ions such as CI". In fact, the stability of chloride compounds followed the order of Rf >
Zr > Hf[78,79]. Although the results of calculation qualitatively agree with those of experiments, further theoretical
approaches are required to gain a quantitative understanding. These results provided a framework for discussing the
effects of relativistic effects in greater detail based on the determination of the chemical species of Rf.

4.2. Identification of a Volatile Compound of Db Using the Isothermal Gas-Chromatography (IGC) Setup

This section describes the experimental identification of a volatile Db oxychloride using an IGC setup [72].
The predicted electronic configuration of Db suggests the formation of stable volatile pentahalides and oxyhalides
[9]. So far, gas-chromatographic studies of Db have mainly focused on the synthesis and chemical characterization
of chlorides and bromides [47-49], which are more volatile than the corresponding oxychlorides and oxybromides.
However, no apparent conclusions were drawn because of the simultaneous formation of halides and oxyhalides
(DbCls/DbOCl; and DbBrs/DbOBr3) due to traces of oxygen and water in the experimental system and the change
of the chromatographic column surface caused by the materials introduced from the aerosol particles used to
transport the products of interest from the target-recoil chamber to the chromatographic device. Chiera et al.
synthesized the oxychlorides of Db and its homologs (Nb and Ta) and explored their volatilities using a newly
developed IGC setup.

Figure 6 shows a schematic of the IGC setup coupled to the target-recoil chamber [80]. IGC is based on
volatiles passing through a constant-temperature column and undergoing adsorption/desorption processes on/from
its surface. The retention times of volatiles depend mainly on their adsorption interaction with the column surface
at the employed temperature and carrier gas velocity. Thus, volatiles with a nuclear lifetime exceeding the retention
time pass through the column. The half-life of the examined isotope is used as an internal clock for the
chromatographic process to evaluate retention time. Half of the atoms introduced into the column exit from the
other end when the time required for an atom to pass through the column (retention time) corresponds to the isotope
half-life. Thus, the ratio of the quantity introduced into the column to that detected after the column can be
converted into retention time, which is related to the strength of the interaction of a volatile molecule with the
column surface.

Prior to performing experiments with Db, Chiera et al. conducted a model experiment with its homologs (Nb
and Ta) using IGC and confirmed the formation of oxytrichlorides (NbOCI; and TaOCl3) under the chosen
conditions [81]. The molecular species were identified using an empirical correlation between the experimental
adsorption enthalpy (—AHa4s), which corresponds to the energy of the interaction between the volatile species and
stationary chromatographic column, and the standard sublimation enthalpy (AHY,,), which is a measure of
volatility. In this case, —AH,4s was determined based on a microscopic adsorption—desorption kinetic model
describing the retention behavior and displacement of a molecule through the chromatographic column [82]. The
gas-phase experiment with Db was then conducted under conditions strictly identical to those for Nb and Ta.
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Figure 6. Schematic of the IGC setup. The IGC system is coupled to an a-detection system MANON [83] for studying
the volatile DbOCls. PET: polyethylene terephthalate. Reproduced from [36]. Copyright 2024 The Japan Academy.

The 292Db atoms produced in the 2*8Cm('°F, 5n) reaction and recoiling out of the target were thermalized
using an inert carrier gas (He/N, mixture) in the target-recoil chamber and directly injected into the reaction part
of a quartz column at 1000 °C (Figure 6). Oxychloride compounds were formed in situ in the presence of SOCl,—
O, gas at the reaction part and transported with the gas flow to the isothermal chromatography part (column),
where they interacted with the quartz column surface via adsorption—desorption. After exiting the column, the
oxychloride molecules were attached to aerosol particles (KCI particles in He gas) and transported to the
Measurement System for Alpha-particles and Spontaneous Fission events On line (MANON) [83] for the detection
of 22Db and its daughter isotope 2%Lr.

The column temperature—yield curve obtained for Db was similar to those obtained for NbOCIl; and TaOCls
(Figure 7). Thus, the authors concluded that only one Db species was formed, assigned it to DbOCIs, and
determined the corresponding —AH,4s. The volatility of the above species followed the order of NbOCl; > TaOCl3
> DbOCI; [72]. Theoretical calculations on Group 5 oxyhalides predicted an increment in the molecular dipole
moment with increasing atomic number, which was expected to result in a stronger molecule—quartz surface
interaction [84]. Therefore, DbOCI; was expected to be less volatile than its lighter homologs. However, the
comparable volatilities of DbOCI; and TaOCl; observed experimentally might indicate that the Db compound
features a higher-than-expected degree of covalency, suggesting the importance of relativistic effects for the
molecular structure of DbOCI; [72].

Qin et al. [85] prepared the pentabromides of Db and its homologs using the isothermal chromatographic
method with HBr as the reactive gas at 900 °C and determined their adsorption enthalpies (—AH,4s values). The
volatility order of DbBrs > NbBrs > TaBrs agreed with the results of theoretical calculations [86], which predicted
DbBrs to be highly volatile because of its lowest effective charge on the metal and highest covalency degree due
to relativistic effects.

Pioneering gas-phase chemical experiments with Sg [§7-89], Bh [90], and Hs [91] have been conducted to
explore the formation of their oxychlorides and oxides, although some uncertainty remains regarding the
identification of chemical species. The formation of the oxychloride of Sg (SgO,Cl,) was performed at GSI by
Tiirler et al. [89] using the isothermal gas-chromatographic device, On-Line Gas Chromatography Apparatus
(OLGA 1I) [92], and that by Zvara et al. [88] using the thermochromatographic method at Flerov Laboratory of
Nuclear Reactions (FLNR), Dubna. OLGA 1I was also used in the first successful chemical isolation and
identification of Bh (BhO3Cl) at the Paul Scherrer Institute (PSI) in Switzerland [90]. Bh behaved like a typical
Group 7 element. Hassium is expected to be chemically similar to its lighter homologs, Ru and Os, which are
known to form highly volatile tetroxides. Gas-phase adsorption thermochromatography was used to measure HsO4
deposition temperatures in a column with a stationary negative temperature gradient [91]. The Cryo On-Line
Detector (COLD) was used to identify decaying isotopes.
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Figure 7. Relative yields of 262Db, ¥Nb, and '"°Ta oxychlorides at different column temperatures. The column was
operated at a reaction part temperature of 1000 °C with SOCl, vapor—saturated N2 (1% O2) as oxychloride agent
(200 mL/min). In general, the column temperature—yield curve moves to the right with decreasing volatility and
lifetime. Curve fitting afforded the enthalpies of the adsorption (—AHads) of the studied species on the quartz surface.
Reproduced from [72]. Copyright 2021 Wiley-VCH GmbH.

4.3. Sg Carbonyl Formation Revealed Using a Thermochromatographic Technique Coupled to a Physical
Recoil Separator

The formation of an organometallic (carbonyl) compound of Sg was accomplished using the Cryo-Online
Multidetector for Physics and Chemistry of Transactinides detector (COMPACT) [65] coupled to the Gas-filled
Recoil Ion Separator (GARIS) [93] at RIKEN, Japan [68]. The isotope 2°Sg was produced via the reaction of
23Cm(**Ne, 5n) and separated from the primary beam and other reaction byproducts by the GARIS (Figure 8).
This combination of the physical separation of single ions with chemical techniques paved the way for studies of
distinct compound classes.

Fusion-evaporation reaction products, including Sg, were separated from the primary beam within the first
dipole magnet, focused by a doublet of quadrupole magnets, and guided by another dipole magnet to the GARIS
focal plane. Sg ions passed through a Mylar window and thermalized in a Recoil Transfer Chamber (RTC) [54].
The RTC was flushed with a He/CO mixture at 500—750 mbar. The volatiles produced in the RTC were transported
by the gas flow through a Teflon capillary to the COMPACT device, which served as a gas thermochromatography
detector and featured a chromatography column consisting of 32 pairs of Si semiconductor detectors suitable for
registering time- and energy-resolved a-particles and fission fragments emitted in the decay of 2%°Sg and its
daughter isotopes. The detectors formed a channel with a rectangular cross-section, and the detector surface was
covered with a 50-nm thick SiO, layer. The COMPACT is based on the modification of the COLD device which
was used to detect the formation of HsO4 [91].

After 17 days of beam experiments, highly similar adsorption distributions on the detector surface were
obtained for Sg, Mo, and W as shown Figure 9 [68]. Monte Carlo simulation analysis based on the molecular
adsorption-desorption model [82] was used to determine —AH, 45 for SiO; on the detector surface, and the value
for the Sg carbonyl was found to be almost equal to that of the Mo and W hexacarbonyls [94-96]. Furthermore,
the obtained adsorption enthalpies well agreed with the results of relativistic molecular orbital calculations. Thus,
Sg was concluded to form Sg(CO)s and thus has chemical properties characteristic of Group 6 elements, which
have high melting points but form highly volatile carbonyls. The success achieved using this combination of
physical and chemical separation demonstrates the potential of new chemical analytical methods at the single-
atom level. This experiment presents the first synthesis of a new class of superheavy-element compounds, opens
new perspectives (e.g., the formation of the carbonyls of other superheavy elements), and heralds the era of
organometallic chemistry of superheavy elements.
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Figure 8. Schematic of the experimental setup used for the synthesis of the Sg carbonyl. Sg separated using the
GARIS reacted with CO molecules in the RTC, and the resulting carbonyl molecules were transferred to the
COMPACT. D: Dipole magnet and Q: Quadrupole magnet. Reproduced from [68]. Copyright 2014 American
Association for the Advancement of Science.
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Figure 9. Thermochromatographic behavior of the volatile carbonyls of 87-83Mo, 'W, and 29Sg. MCS is the curve
obtained using Monte Carlo simulations. The solid line on the top shows the temperature gradient along the detector
array. Reproduced from [68]. American Association for the Advancement of Science.

To establish a basis for the future experiments on the formation of heavier-element (Bh and Hs) carbonyls,
this process is currently being studied for the corresponding homologs at the Institute of Modern Physics (IMP),
China [97-99]. The PSI group is conducting further experiments to establish effective conditions for carbonyl
synthesis [100—102]. A novel gas-phase synthesis of carbonyls was developed by Gotz et al. [103]. Experiments
on carbonyl decomposition will prove the intramolecular bonds between the central metal atom and CO ligands,
addressing the influence of relativistic effects [104,105]. Further experiments with not only Sg but also Bh and Hs
are required.
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4.4. Direct Identification of No and Ac Molecules with the For the Identification Of Nuclide A (FIONA) Setup

Pore et al. produced ***No (t1/, = 51 s) and 2'*Ac (t;,, = 0.93 s) by bombarding **Pb and 'Tm targets,
respectively, with “*Ca beams delivered from the Lawrence Berkeley National Laboratory (LBNL) 88-inch
cyclotron [73]. The actinide ions were separated from the primary “*Ca beam and reaction byproducts using the
Berkeley Gas-filled Separator (BGS) [106] before entering the FIONA spectrometer (Figure 10) [107], which was
installed behind the BGS to further study the nuclear and chemical properties of heavy and superheavy isotopes
using mass number identification. The corresponding analysis comprised two stages. In the first stage, reaction
product ions were selected by the BGS, stopped in a radiofrequency (RF) quadrupole trap, and accelerated across
a pulsed drift tube to keV-level energies as a well-defined secondary beam. In the second stage, the reaccelerated
ions were separated according to their mass-to-charge ratio, and the separated ions were delivered to a radiation
detector. In the experiments, selected ions were introduced into a gas catcher filled with high-purity He gas at ~150
Torr. Here, multiply charged ions interacted with the He gas and were reduced to a charge state of 2+. The traces
of H,O and N in the gas catcher reacted with the 2+ actinide ions to form actinide-containing molecules based on
the supersonic expansion of the gas-ion mixture (see the inset of Figure 10). These charged molecules were
transferred to a radiofrequency quadrupole cooler buncher ion trap and confined for up to 50 ms, undergoing
collisions with the buffer gas (He) and thus reaching thermal equilibrium. After cooling, the ions were
reaccelerated into the FIONA mass spectrometer, where they were directly identified based on mass-to-charge
ratios, with notable species including adducts, such as [No(H,0)]**, [No(H20);]*", and [No(H,0)4]**, an N, adduct,
[No(N2)2]*", and a mixed adduct [No(H2O)(N2)2]*>" [73]. Molecular species of 2'?Ac were also detected. Direct
molecular identification is crucial for interpreting the usual chemical behavior of superheavy elements. The
determination of chemical species in this study provides an important roadmap for future research in superheavy-
element chemistry.
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Figure 10. Schematic of the FIONA device at the LBNL 88-inch cyclotron facility. The inset illustrates the
supersonic expansion occurring as ions and gases exit the gas catcher and resulting in the formation of molecular
species. Reproduced from [73]. Copyright 2025 Springer Nature.

5. Chemical Reactivity (Adsorption Behaviors) of Cn through Mc

To date, no studies have been conducted on the chemical properties of Mt, Ds, and Rg, as the extremely low
production rates and very short half-lives (< 0.2 s) of these isotopes, which are produced in the so-called cold
fusion reactions, hinder chemical experiments. However, the production of longer-lived isotopes beyond Ds with
half-lives in the range of seconds has been reported using the hot fusion reactions with ¥Ca beams (see Table 2).
Thus, longer-lived isotopes of Mt—Rg can be formed as decay products of heavier isotopes. We hope that research
into the chemical properties of these elements will begin in the near future. The synthesis of 2*Cn (a-decay half-
life: tf/, = 3.8 s) through the reaction of *U(**Ca, 3n) with the cross section of about 2.5 pb [108-110] served
as the catalyst for the chemical study of Cn.

Copernicium, placed below Hg in Group 12, is expected to have a closed-shell electronic configuration with
a filled s subshell in its outermost shell ([Rn]5f'46d'°7s?). Relativistic calculations show a strong stabilization of
the closed 7s? shell and suggest that Cn should be inert (like the noble gas Rn) or be a very volatile liquid (like
Hg). The interaction of Cn with metallic surfaces, such as Au and Pd, was calculated to be weaker than that of Hg.
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The first successful experimental characterization of the chemical properties of Cn was conducted by the PSI and
FLNR at Dubna, Russia [59,60]. The isotope 2%*Cn was synthesized as the a-decay daughter of the primary
reaction product 2F1 in the >**Pu(**Ca, 3n) reaction at a rate of several atoms per week. The cross section via
22py(*8Ca, 3n)**"F1 — 8Cn is expected to be higher than that in the 2%U(*®Ca, 37)***Cn reaction. The
thermochromatographic COLD detector array was modified and notably improved to enable the investigation of
gas-phase Cn atom adsorption on Au. A 2**PuQ; target with an admixture of Nd>O3; was bombarded for ~3 weeks
at the U-400 cyclotron of the FLNR. The partially a-decaying '**Hg (t;,, =49 s) was produced via the reaction
of "2Nd(*Ca, 5n) and ?""Rn (t;,, =4 s) was produced in multinucleon transfer reactions between “*Ca and ***Pu.
The behavior of Rn and Hg was studied simultaneously with that of Cn. The COLD detector comprised an array
of 32 pairs of ion-implanted planar Si detectors with active surfaces facing each other to form a rectangular
channel. The surface of the detectors on one side of the channel was covered by a 30—50 nm Au layer, whereas the
other side retained the original quartz surface that is chemically inert to the atoms of most elements. A temperature
gradient of 35 °C to —186 °C was established along this chromatographic channel using thermostat heating at the
inlet and liquid N, cryostat cooling near the outlet. The primary product 2*’FI (¢, /2 = 0.5 s) was too short-lived to be
transported to the COLD detector, and only the decay of the daughter isotope **Cn and its daughter >°Ds was
detectable. Rn was deposited on the ice layer of the detector surfaces below —95 °C, while Hg deposition was observed
from —24 °C to —50 °C. Two genetically linked decay chains associated with the a-decay of 233Cn were observed
in the region of Hg deposition on the Au-coated detectors. The strong adsorption interaction of Cn with the Au
surface indicates the formation of metal-metal bonds, which is typical of Group 12 elements. Further experiments
with Cn revealed that the enthalpy of its adsorption on Au (—AH.gs) is 52 kJ/mol. The above results show that Cn
is sufficiently volatile for gaseous transport to the detector and exhibits a metallic character similarly to Hg,
forming Cn—Au bonds that are weaker than Hg—Au bonds and thus not being as inert as a noble gas [59,60].

Flerovium belongs to group 14 similarly to Sn and Pb and is predicted to have an electronic configuration of
[Rn]5f146d!°7s*7p1»2. Thus, Fl is expected to exhibit high volatility and chemical inertness in the atomic state
because of the stabilization of the 7pi; orbital into a quasi-closed-shell structure due to strong relativistic effects.
The question of whether F1 is metal or noble gas has been raised [111]. The first challenging experiments with
27F1 (t1/, ~ 0.5 s) and 2**F1 (t1/, ~ 0.7 s) produced in the reactions of ***Pu and ***Pu with **Ca were conducted
by Eichler et al. at FLNR [64]. The identification of three Fl atoms in thermochromatographic experiments and
their deposition pattern on the Au surface indicated that F1 is at least as volatile as the simultaneously investigated
Hg, At, and Cn. The deduced enthalpy for FI adsorption on Au indicates a surprisingly high volatility that
contradicts the theoretical prediction and is rather unexpected for a typical Group 14 metal [64]. The adsorption
properties of Fl on Au were further investigated using COMPACT by GSI and Mainz University. Two further F1
atoms were detected where ***Fl and **F1 (¢, ,, ~ 2 s) were produced in the reaction of ***Pu with **Ca ions [62].
The TransActinide Separator and Chemistry Apparatus (TASCA) was used as a preseparator [52] to separate F1
in flight from unwanted nuclear reaction products and thus suppress background levels at the detector station. The
gas chromatography and detection system comprised two COMPCT arrays placed behind TASCA, which were
used to simultaneously study the adsorption behavior of Fl, its a-decay daughter Cn, their lighter homologs Pb
and Hg, and the noble gas Rn. The observation of the two F1 atoms showed that F1 was transported in the flow gas
to the detector and was less reactive toward Au than Pb. The estimated minimum value of —~AH,4*" > 48 kJ/mol
reveals a metallic character due to the formation of a metal-metal bond at least as strong as that of Cn. The observed
behavior agrees with the results of recent relativistic calculations [9,11] but disagrees with the observation of
Eichler et al. [61]. Yakushev et al. (2022) examined F1 adsorption on SiO, and Au [64]. Figure 11 shows the
experimental setup and the deposition distribution of Fl on these surfaces. Five atoms were deposited on the Au
surface at room temperature, while three passed the entire Au surface and were deposited in the low-temperature
ice region. Thus, Fl exhibits lower reactivity toward Au than the volatile metal Hg but can bond to Au more
strongly than the noble gas Rn. Presently, decisive interpretation regarding the two deposition patterns of Fl is
lacking [67].

Nihonium, located below Tl in Group 13, marks the beginning of 7p elements. One unpaired electron in the
outermost 7pi,, subshell of Nh is expected to result in elevated chemical reactivity. The first chemical investigation
of Nh was performed at the FLNR [61]. The nuclear fusion reaction of “Ca with **Am afforded *Nh (t,,, = 1°s),
which is the a-decay daughter of **Mc (t;,, = 195 ms). The experimental set-up was similar to that used to probe Cn
chemistry [59,60]. The results indicated that Nh is volatile and weakly interacts with Teflon surfaces but is more reactive
toward Au surfaces. The observed species were tentatively attributed to the atomic state of Nh or its hydroxide NhOH.
To further clarify the chemical behavior of Nh, Aksenov et al. conducted an experiment using a physical recoil separator,
the Dubna Gas-Filled Recoil Separator (DGFRS) [112] coupled to COLD detectors at the FLNR [62]. No decays arising
from Nh after the chemical separation were observed. Yakushev et al. (2021) studied adsorption of Nh on Au and SiO,
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surfaces using the COMPACT detector arrays behind the TASCA separator at GSI [63], observing no decays of Nh.
These results [62,63] suggest that owing to the high reactivity of Nh, it adsorbed onto the surface of the tube
connecting the RTC to the detector arrays. Based on these achievements, Yakushev et al. developed an advanced
setup, the miniCOMPACT detector array, which does not require any transport line between the RTC and the
detector array. This setup was exploited in subsequent Nh and Mc experiments [67].
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Figure 11. Experimental setup at TASCA and the deposition patterns of 2832%F], 13pb, 182-184g_and ?'°Rn. The setup
allowed the separation of a nonvolatile metal (Pb, blue bars) from a volatile metal (Hg, green bars) and noble gas (Rn,
white bars). The positions of F1 decays observed in three TASCA runs [65,66] are shown as red bars. Numbers in red
refer to decay chains. The setup comprised two Au-coated COMPACT arrays (yellow) in the first [65] and last F1
experiments. In the second run, a third COMPACT array (indicated by a dashed black rectangle) coated with SiO2
(gray), was added in front of the two Au-coated (yellow) arrays. A 5 cm long polytetrafluoroethylene (PTFE) tube
(inner diameter = 4 mm) connected the first COMPACT with the RTC. The following COMPACT detectors were
connected via a 30 cm long PTFE capillary (inner diameter = 2 mm). A negative temperature gradient was applied
along the last array via liquid N2 cooling; the other arrays were kept at room temperature (21 °C). Traces of water
caused the formation of a thin ice layer below —80 °C (light blue). The temperature profile along the detection setup is
shown by a blue dashed line. For clarity, only 16 detectors are shown per COMPACT array. Reproduced from [66].
Copyright 2022 Frontiersin.org.

Moscovium, which belongs to Group 15, has one unpaired electron in the 7ps/» subshell and is therefore expected
to have a higher-energy valence atomic orbital and lower IP; than the neighboring closed-shell elements, Cn and FI.
Thus, Mc should be more reactive than Cn and Fl. In 2024, the chemical reactivity of Mc and its daughter Nh was
simultaneously studied using a gas—solid thermal chromatographic technique based on a new combined
chromatography and detection setup [67]. 2**Mc was produced in the nuclear reaction of “*Ca ions with an ***Am
target at GSI and isolated using TASCA. The adsorption of 2Mc and its a-decay product 2**Nh on SiO, and Au
surfaces was investigated. The enthalpies of Nh and Mc adsorption on SiO, were measured —AHaS;SZ (Mc) = 544
kJ/mol and —AH aS;SOz (Nh) = 5872, respectively. Thus, both elements interacted with the SiO, surface more weakly
than their homologs (T1 and Bi), which was ascribed to the strong relativistic stabilization of the 7pi,, orbital with
respect to the 6p1» orbital. However, Nh and Mc were more reactive than Cn and Fl, respectively. Yakushev et al.
explained this trend by the influence of strong relativistic effects on the valence electronic orbitals of these

elements [67], which was consistent with theoretical predictions [113].

6. Atomic Properties

Technological advancements, such as progress in laser spectroscopy, have allowed the physical and chemical
properties of stable elements (e.g., atomic mass, electron affinity (EA), electronegativity, ionization potential, and
atomic radius) to be measured with extremely high precision. However, studies on the atomic properties of
superheavy elements are extremely limited because of the experimental difficulties encountered at the atom-at-a-
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time scale. Chemical studies of superheavy elements have primarily investigated the chemical behavior of their
compounds (molecules) and compared it with that of homolog compounds to discuss the impact of relativistic
effects on chemical properties [27-32]. Studies of such molecules inevitably face limitations in directly
quantifying the influence of relativistic effects on atomic properties. In this sense, atomic property investigation is
expected to provide a more direct approach to elucidating the influence of relativistic effects on the electronic
configuration of atoms.

This section describes recent progress in the measurement of IP; of heavy actinides, EA of At, and atomic
mass of heavy elements.

6.1. First lonization Potential (IP;) Values of Lr and Heavy Actinides (Fm, Md, and No)

The IP; of an atom corresponds to the binding energy of the outermost electrons and is defined as the energy
required to remove one electron from a neutral atom in its ground state. Thus, the precise and accurate
determination of IP; provides information on the binding energy of the most loosely bound valence electron under
strong relativistic effects. The IP; values of actinides up to Es were measured using Resonance lonization Mass
Spectroscopy (RIMS) [114-116]. However, those of heavy elements with Z > 100 were not measured
experimentally until 2015 owing to the limitation of the one atom-at-a-time condition.

Here, we describe the IP; measurement of the heaviest actinide (Lr) using a surface ionization technique and
the Isotope Separator On-Line (ISOL) [117,118] installed in the JAEA tandem accelerator facility [119]. In
contrast to its lanthanide homolog (the heaviest lanthanide Lu with a ground-state electronic configuration of
[Xe]4f6s25d), Lr is predicted to have a ground-state electronic configuration of [Rn]5f'47s7p1,2 because its 7p1p
orbital is expected to lie below the 6d orbital owing to strong relativistic effects [120,121]. Thus, by determining
the IP; of Lr, one can probe the influence of relativistic effects on the electronic configuration of superheavy
elements. Surface ionization occurs on a solid surface at a high temperature, as described by the Saha—Langmuir
equation. The degree of ionization (f) depends on the work function of the ionizing material (¢), its surface
temperature (T'), and the IP; of the element of interest [ 122]:

Ni ¢ —IP,

ﬁzﬁ”‘“"( kT )
where N' and N° are the numbers of ions and atoms at the surface, respectively. A = g;/g,, where g; and g,
are the statistical weights for the ions and atoms, respectively, and k is the Boltzmann constant. IP; can be

determined from the measurement of the ionization efficiency (I.), Iz = N'/(Nt 4+ N°®) = /(1 + B).
The experiment was conducted using the ISOL at JAEA as schematically shown in Figure 12. **Lr (t; /, =27 s)

€

synthesized in the 2**Cf(!!B, 4n) reaction [123] was transported by the He/Cdl, gas-jet method to the ionization
site—an ionization cavity made of Ta—via a skimmer [124,125]. The transported products were ionized on the
surface of the cavity, and the produced 2*°Lr ions were extracted using a potential of 30 kV, selectively mass-
separated by a dipole magnet, and transported to the MANON detection setup [83]. The number of 2*°Lr ions was
measured using a spectrometry at the detector.

249Cf target

Dipole magnet

He/Cdl,

gas-jet lonization Extraction

cavity electrode

Detector

Figure 12. Schematic of the experimental setup used to measure the IP1 of Lr using the surface ionization method.
Reproduced from [119]. Copyright 2015 Springer Nature.
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Sato et al. succeeded in ionizing and mass-separating 2*°Lr using the above system. The I of Lr was 33%
at T =2700 K [119]. Based on I values measured at several temperatures, the IP; of Lr was determined to be
4967398 eV, which agreed with the values predicted by modern relativistic theoretical calculations assuming the
[Rn]5f1*7s?7p1» configuration [114]. Thus, the ground-state configuration of Lr is probably [Rn]5f47s27p2 [119].

Subsequently, Sato et al. measured the IP; values of other heavy actinides (Fm, Md, and No) using the same
method [126]. **Fm (t;/, = 2.6 min), *'Md (t;/, =4.27 min), and »'No (t,,, =24.5 s) were produced in the
MAm('B, 51), 23 Am(12C, 4n), and >*Cm('C, 4n) reactions, respectively, at the JAEA tandem accelerator. The
measured IP; values agreed with those predicted by state-of-the-art relativistic calculations. In Figure 13, the IP;
values of heavy actinides with Z > 97 are plotted together with those of heavy lanthanides (Tb—Lu). The IP; values
of heavy actinides up to No increase with the filling of the 5f orbital, with the lowest value observed for Lr. These
results demonstrate that the 5f orbital is filled at No, which has the closed-shell structure of [Rn]5{47s?, with Lr
having a weakly bound electron outside the No core. In analogy to the lanthanide series, this finding unequivocally
verifies that the actinide series ends with Lr [35,126].

(97) (98) (99) (100) (101) (102)(103)

BI( Cf Els Fm IV!d No I_Ir

| Actinides

C_ 1 1 ] I | 1
Tb Dy Ho Er Tm Yb Lu
(65) (66) (67) (68) (69) (70) (71)

Figure 13. Variation of IP with atomic number for heavy actinides and heavy lanthanides. Filled circles represent

values from Sato et al. [126], whereas open circles are values adapted from Kramida et al. [127]. Reproduced from
[126]. Copyright 2018 The American Chemical Society.

The successful measurement of the IP; of Lr triggered a debate regarding the revision of the periodic table,
specifically the place of the last lanthanide (Lu) and last actinide (Lr) [128]. In the current periodic table approved
by IUPAC, the lanthanide series begins with La and ends with Lu, and the actinide series starts with Ac and ends
with Lr. Both series are placed directly below Group 3 transition metals (Sc and Y) and contain 15 elements
(internal transition metals). However, Lu and Lr should be distinguished from lanthanides and actinides and placed
in Group 3 with Sc and Y [129,130]. The discussion of the position of Lr in the periodic table is a good test case
for how the periodic table should be viewed. An [UPAC task group was established to make a recommendation
regarding membership in Group 3 [131-133] and published a brief progress report stating “In the course of many
discussions held by the task group we have concluded that there is no objective means to adjudicate between Group
3 consisting of Sc, Y, La, and Ac or as Sc, Y, Lu, and Lr” [134].

Laser spectroscopic methods can also be used to investigate the atomic and ionic-level structures of heavy
elements [135—-138]. The Radiation Detected Resonance Ionization Spectroscopy (RADRIS) method [139,140],
coupled to the Separator for Heavy-lon reaction Products (SHIP) [141] at GSI, has been used to study the atomic
structure of No using **No (t;, = 51.2 s) produced in the *Pb(**Ca, 2n) reaction [142]. The new elements from
Bh to Cn were discovered using the SHIP installed in the Universal Linear Accelerator (UNILAC) facility. A
search for the low-lying 'P; atomic level in No was conducted [142]. Laatiaoui et al. applied this method to measure
the IP; of No in one-atom-at-a-time quantities [143]. 2?No and ?*No were produced in the 2°Pb(**Ca, 2n) and
208pb(48Ca, 2n) reactions, respectively. The products were separated from the “®Ca beam by the SHIP and
subsequently thermalized inside an optical cell, a buffer-gas stopping cell filled with Ar gas (95 mbar). The cell
was separated from the vacuum of the SHIP by a 3.5 um thick Mylar foil (Figure 14). A fraction of the stopped
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reaction products remained in a positive-charge state and were collected onto a catcher filament made of Ta wire.
The filament was heated to ~1350 K to evaporate neutral No atoms for subsequent laser ionization. The No ions
produced through this resonance ionization were immediately transported by electric fields through a drift tube
with an applied static voltage and collected on the surface of an a-particle passivated implanted planar silicon
(PIPS) detector, where the isotopes were identified through their characteristic decay properties. The IP; of No
was determined as 6.62621 = 0.00005 eV [143,144]. The IP; values of No obtained by laser resonance ionization
spectroscopy and surface ionization agree well with each other, which provides an independent validation of IP;.
The surface ionization technique helps limit the search regions for precision laser spectroscopy. Recent progress
in the laser spectroscopy of actinides at GSI has been summarized by Block et al., who state that Lr will be tackled
using the RADRIS method in the near future [137]. These new state-of-the-art techniques will pave the way to the
frontier chemistry of superheavy elements.

Resonance
Wzatlon
Nuclear reaction @ Atom Of interest
products from . ] ". Neutralization & dessociation

SHIP -l o R— ..,.. Filament

Thermarization ‘
Ionized atom

@/ of interest

Entrance —
window

— — Extraction
i electrodes

Y

Collection & &
a-detection PIPS detector

Figure 14. Principle of RADRIS. Laser spectroscopy on radionuclides (spheres) after their production and
transmission through the velocity filter SHIP. Reproduced from [143]. Copyright 2016 Springer Nature.

6.2. Electron Affinity (EA) of At

In this section, we briefly introduce the study of the atomic properties of At on a tracer scale. Although At is
not a superheavy element, we believe that these experimental approaches will contribute to superheavy-element
chemistry in the future.

In 2020, EA of the radioactive 2''At (t,/, = 7.2 h) produced in a spallation reaction of Th with 1.4 GeV
protons at the Isotope Separator On-Line Device (ISOLDE) radioactive ion beam facility at CERN [145] was
measured using laser photodetachment threshold spectroscopy [146]. The reaction products were diffused from
the target material and effused into a negative surface ion source [147], comprising a hot Ta transfer tube and LaBg
surface ionizer pellet heated to 1300 °C. Thermionic electrons emitted from the hot LaB¢ surface were adsorbed
in a dedicated electron collector. Negative ions produced on the hot surface were accelerated and mass-separated
through ISOLDE. The flux of the selectively extracted 2!' At ions was 3.75 x 10° particles/s. The extracted 2''At™
ions were superimposed with a laser beam in the Goteborg Anion Detector for Affinity Measurements by Laser
Photodetachment (GANDALPH) spectrometer [148,149]. The yield of neutral atoms produced in the
photodetachment process, At” + hv — At + e”, was examined as a function of the photon energy hv, where v is
the laser frequency.

The experimental EA of At (2.41578(7) eV) agreed with the value predicted by theoretical relativistic
calculations, supporting the reliability and accuracy of the theoretical description. The EA of At is an excellent
case for benchmarking theoretical models in atomic physics/chemistry, as it requires full relativistic many-body
treatment. These theoretical models can be applied to further chemistry of superheavy elements. EA measurements
of heavier elements based on this technique are also planned. Rothe et al. (2013) measured the IP; of At using
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laser ionization spectroscopy. At isotopes were produced at the CERN ISOLDE radioactive ion beam facility by
irradiating a thick target of uranium carbide (UCy) or ThO, with a 1.4 GeV proton beam. The observed Rydberg
states enabled the determination of the first ionization potential of At IP; as 9.31751(8) eV [150]. Based on the EA
and IP; of a given element, one can determine its electronegativity—a fundamental chemical property for
pinpointing chemical behavior.

6.3. Atomic Mass Measurements of Superheavy Isotopes

Atomic mass is one of the most fundamental chemical and physical properties. Accurate mass measurements
in the region of superheavy elements are crucial for understanding the structure of heavy nuclei and provide a
benchmark for theoretical calculations rationalizing their existence. The limits of the nuclear landscape have been
discussed using state-of-the-art nuclear theories [151,152]. Studies probing the properties of superheavy elements
lead to the understanding of proton-excess heavy nuclei, such as the limit of nuclear existence and verification of
the proton drip line and nuclear (shell) structure of largely deformed nuclei, including multipole deformation, and
the spontaneous fission of nuclei in extreme regions [153—160]. The latest atomic mass evaluation, AME2020,
which includes detailed information on the experimental input data and the evaluation procedures used to derive
the tables of recommended values has been published in [161,162].

The first high-precision measurement of atomic masses in the region of Z > 100 was achieved at GSI, where
the SHIPTRAP apparatus was used to determine the masses of 2> **No [163,164]. This apparatus [165] comprises
a Penning-trap mass spectrometer (PTMS) and the SHIP kinematic velocity filter installed at the UNILAC facility
of GSI. Block et al. produced the No isotopes by irradiating a Pb target with *3Ca beams. The No ions were
separated using the SHIP, thermalized in He gas, and introduced into a PTMS. A PTMS performs high-precision
mass analysis by trapping ions in an electrostatic field and measuring their cyclotron frequency. Subsequently, the
masses of the 2%2Lr isotopes produced in 2”Bi(**Ca, xn) reactions were measured using the same technique [166].
Kaleja et al. (2022) measured the atomic masses of 2*'No, 2**Lr, and 2’Rf using SHIPTRAP [167].

The direct mass measurements of isotopes around Z = 100, 2*Es, 2°'Fm, 24°722Md, 2**No, and >’Db, with a
Multireflection Time-of-flight Mass Spectrograph (MRTOF MS) were performed by the KEK (High Energy
Accelerator Research Organization) group at the RIKEN facility [168,169]. The MRTOF MS comprises a pair of
ion mirrors separated by a field-free drift region. The outermost electrode of each mirror is switched to allow ions
to enter and exit. lons are stored in the MRTOF MS for a time sufficient for them to be reflected a specific number
of times and achieve a time focus. Prior to mass measurement, ions are trapped and cooled in an ion trap and then
guided to the MRTOF MS. The mass of ions is determined from their flight time. An MRTOF MS combined with
a cryogenic He gas cell and ion trap system was installed behind the GARIS-I1[170] separator at RIKEN [171,172]
(Figure 15). Schury et al. reported the precise mass determination of 2’Db produced in the 2%Pb(*'V, 2#) reaction
using the MRTOF MS [169]. GARIS-II was employed to suppress the primary beam and unwanted transfer
reaction products. Ions of fusion-evaporation products including 2’Db were delivered to the He gas stopping cell
and thermalized therein. Thermalized >*"Db?" ions were then transported to the MRTOF MS for mass analysis. An
a-particle detector [173,174] embedded in the time-of-flight detector was used to unequivocally identify rare 2’Db
time-of-flight events by correlation with a decays. The mass excess was determined to be 100,063 keV/c? [169].

Advantageously, the MRTOF MS method can be applied to isotopes with half-lives in the millisecond range
and enables the determination of molecular composition through the precise mass measurements of molecular ions.

Direct mass measurements and/or mass spectroscopic methods also provide an alternative for the
identification of unknown isotopes and molecules based on their mass-to-charge ratios. The direct measurements
of mass numbers of superheavy isotopes, 2**Nh and 2*Mc produced in the 2*Am(*¥Ca, xn)**'*Mc reactions, have
been successfully undertaken at LBNL [175]. The isotopes were separated and identified by the combined BGS
and FIONA setup as indicated in Section 4.4. Discovery of a new isotope *'U produced in the multinucleon
transfer reactions of the bombardment of 238U on a '8Pt target was performed using the MRTOF MS coupled to
the KEK Isotope Separation System (KISS) installed at the RIKEN [176]. The KISS is designed to effectively
extract neutron-rich isotopes produced in multinucleon transfer reactions [177].

Owing to the experimental challenges, studies of the atomic properties of superheavy elements are in their
infancy. Currently, the atomic masses and IP; values of only several superheavy isotopes have been experimentally
determined. In the future, various approaches, including laser spectroscopic techniques, will reveal the properties
of superheavy atoms, enabling the detailed discussions of the influence of relativistic effects on the electronic
structure of superheavy elements.
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Figure 15. Schematic of the experimental setup used to measure the atomic mass of >’Db produced in the
208pb(31V, 2n) reaction. QPIG: Quadrupole RF ion guides. Reproduced with permission from [169]. Copyright 2021
American Physical Society.

7. Future Perspectives

The combination of atomic physics techniques with ion-beam technologies offers a unique opportunity to deeply
understand relativistic effects that may endow superheavy elements with unexpected chemical properties. Measurements
of ionization potentials, electron affinities, and atomic/ionic radii are indispensable for studying the electronic ground-
state configurations of superheavy atoms. The chemical investigations of superheavy elements using state-of-the-art
techniques, such as gas-phase ion chemistry [178—182] and ion mobility measurements [135,183], will open new
avenues for superheavy-element chemistry.

The gas-phase ion chemistry of Lr was examined using the FIONA mass spectrometer connected to the BGS
at the LBNL. After *°Lr (t;,, = 31.1 s/2.54 s) synthesized in the **Bi(**Ca, 2n) reaction had been separated by
the BGS, the Lr ions were trapped in the ion trap installed in the first stage of the FIONA device (Figure 10). The
reaction rate constants for oxide formation were investigated based on changes in the yields of Lr ions and Lr
oxide ions produced by adding a small amount of oxygen gas. Given that superheavy-element chemistry is
investigated on an atom-at-a-time basis and very short-lived chemical operations are required, ion chemistry
approaches, which trap ions and allow chemical reactions to be performed in isolation, are an attractive option in
terms of reaction kinetics and efficiency [182]. The contribution of relativistic effects to ion—gas chemical reactions
has also attracted attention [179].

Another new endeavor is the mobility measurements of superheavy-element ions. These ions, synthesized in
nuclear reactions, are cooled in a radiofrequency gas cell, extracted, excited by laser irradiation, and transported
through a drift tube. The ion transport velocity in the drift tube depends on the excited state of the atoms, which
can be used to estimate the strength of the interaction between the gas molecules and atomic ions of interest and
obtain information such as ion radii. Laatiaoui et al. plan to observe the strong !S¢—°P; transition of Lr" ions and
eventually aim to elucidate the atomic structure of superheavy elements [183].

Nuclear shell structure determines the stability and existence limits of superheavy isotopes with Z > 100.
Shell effects also affect nuclear size and shape. The RADRIS technique was used to measure nuclear charge radii
of Fm and No isotopes [184,185]. High-resolution laser ionization spectroscopy with supersonic gas-jet expansion
was used to study the ground- and isomeric-state properties of nuclei at the extremes of stability [186]. In 2017,
this technique was used in a measurement on Ac isotopes around the N = 126 neutron shell closure [186]. These
achievements highlight the potential for further laser spectroscopic measurements of superheavy nuclei.

Redox studies of superheavy elements, such as those probing oxidation states and redox potentials, provide
valuable information on valence electronic configurations influenced by strong relativistic effects. However,
traditional electrochemical methods, such as cyclic voltammetry, cannot be used for the one-atom-at-a-time
chemistry of superheavy elements. Thus, the redox properties of the corresponding single atoms can only be
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studied by a partition method to distinguish different oxidation states [187,188]. The reduction of Md(III) and
Lr(IIT), and oxidation of No(II) were studied by several researchers [33]. The determination of the ionic radii of
heavy actinides is a topic of particular interest as it will help experimentally assess the magnitude of the contraction
influenced by relativistic effects on valence electrons. The measurement of the ionic radius of No** is essential to
understand the contraction of trivalent actinide ions. However, owing to the high stability of the 5f electron shell,
the divalent state is most stable for No in aqueous solution. To determine the ionic radius of No**, No?" has to be
oxidized to No*', and the +3 oxidation state should be preserved during the experiment. A new experimental
approach of measuring the ionic radius of No** was conducted by Bilewicz who used HsIOs as a strong oxidizing
agent [189].

Spectroscopic approaches are also of interest for proving superheavy-element chemistry. The ionic radii of
the trivalent actinides (An), U**~Cf**, in aqueous solution were derived from the accurately determined ion—water
distances obtained by combining extended X-ray absorption fine structure data with molecular dynamics
calculations [190]. A contraction of the actinide—O distance along the series was demonstrated. The coordination
of an Es compound was studied using complementary X-ray absorption and luminescence spectroscopy. In this
experiment, <200 ng of **Es (t, ,, =275.7 d) was used [191]. Laser spectroscopic studies of molecules containing
radioactive isotopes, which are typically produced at rates below 10° molecules (RaF) per second, were performed,
and energetically low-lying electronic states were proved [192]. Spectroscopic methods will be attractive tools for
characterizing molecules containing superheavy elements in future.

Studies proving the chemistry of superheavy elements do not only examine the chemical properties of these
elements but also provide clean samples for nuclear investigations. Experiments performed in the liquid phase and
gas phase have markedly contributed to the nuclear decay studies of neutron-rich isotopes and the characterization
of new isotopes, such as 2%Rf[193], 2°Db [194], 26>266Sg [68,87,89], 242¢7Bh [90], 2°%27%271Hs [91,195,196], 2%3Cn
[59,60], 2“Nh [61,67], 28%2%9F1[65], and 2**Mc [67]. Liquid-phase techniques were also used in the characterization
of long-lived a-decaying daughter isotopes that undergo spontaneous fission [197], showing the potential for the
unique identification of the atomic number in liquid-phase experiments involving superheavy elements. As
discussed in Section 3, it takes 20-30 s for sample preparation for a-particle measurement due to drying eluate in
the liquid-phase experiments. A new approach combining sample preparation and a-particle detection in an
aqueous solution is being performed [198]. The active surface of commercially available a-particle Si detectors
was modified with sulfonic acid groups to enable cation exchange. lon-exchange separation could be performed
on the surface of the Si detector in solution, which is of interest for studies examining the liquid-phase chemistry
of short-lived isotopes.

Experimentally determined chemical properties of superheavy elements are currently required not only for
property comparison among homologs but also for providing benchmarks against theoretical calculations and
theoretical verification. Some approaches, such as IP; measurements, provide results directly comparable with
those of theoretical calculations. So far, the question of how relativistic effects manifest themselves in the chemical
properties of superheavy elements has not been fully answered. New state-of-the-art techniques have been
introduced, and superheavy-element chemistry has entered a new era. The frontier of the periodic table is being
steadily explored. In the future, an experimental design closely linked to theoretical calculations should be
developed to investigate how the chemical properties of superheavy elements are determined and elucidate the
roles of relativistic effects.

Author Contributions

Y.N.: conceptualization and writing—original draft preparation. T.K.S.: conceptualization and writing—
reviewing and editing. All authors have read and agreed to the published version of the manuscript.
Funding

This work was supported in part by the JSPS Grant-in-Aid for Scientific Research (B) No. 22H02112.

Data Availability Statement

No data were created or analyzed in this study.

Conlflicts of Interest

The authors declare no conflict of interest.

21



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

Use of AI and AI-Assisted Technologies

During the preparation of this work, the authors used DeepL to provide English proofreading. After using

this tool, the authors reviewed and edited the content as needed and take full responsibility for the content of the
published article.

References

1.  Ohrstrém, L.; Reedijk, J. Names and symbols of the elements with atomic numbers 113, 115, 117 and 118 (IUPAC
recommendations 2016). Pure Appl. Chem. 2016, 88, 1225-1229.

2. The United Nations Proclaims the International Year of the Periodic Table of Chemical Elements, and It Says That “.....
The Development of the Periodic Table of the Elements Is One of the Most Significant Achievements in Science and a
Uniting Scientific Concept, with Broad Implications in Astronomy, Chemistry, Physics, Biology and Other Natural
Sciences. ..... ” Available online: https://iupac.org/united-nations-proclaims-international-year-periodic-table-chemical-
elements/ (accessed on 30 March 2026).

3. Ball, P. On the edge of the periodic table. Nature 2019, 565, 552-555.

4.  Seaborg, G.T. The chemical and radioactive properties of the heavy elements. Chem. Eng. News 1945, 23, 2190-2193.

5. Seaborg, G.T. The transuranium elements. Science 1946, 104, 379-386.

6.  Pyykko, P. Relativistic effects in structural chemistry. Chem. Rev. 1988, 88, 563—594.

7. Pershina, V.G. Electronic structure and properties of the transactnides and their compounds. Chem. Rev. 1996, 96, 1977-2010.

8. Pyykko, P. The physics behind chemistry and the periodic table. Chem. Rev. 2012, 112, 371-384.

9.  Pershina, V. Theoretical chemistry of the heaviest elements. In The Chemistry of Superheavy Elements, 2nd ed.; Schédel,
M., Shaughnessy, D., Eds.; Springer: Berlin, Germany, 2013; pp. 135-239.

10. Schwerdtfeger, P.; Pasteka, L.; Punnett, A.; et al. Relativistic and quantum electrodynamic effects in superheavy elements.
Nucl. Phys. A 2015, 944, 551-577.

11.  Pershina, V. Electronic structure and properties of superheavy elements. Nucl. Phys. A 2015, 944, 578-613.

12.  Pershina, V. Relativity in the electronic structure of the heaviest elements and its influence on periodicities in properties.
Radiochim. Acta 2019, 107, 833-863.

13. Kratz, J.V. The impact of the properties of the heaviest elements on chemical and physical sciences. Radiochim Acta
2012, 100, 569-578.

14. Diillmann, C.E., Herzberg, R.-D., Nazarewicz, W., et al. (Eds.) Special issue on superheavy elements. Nucl. Phys. 42015,
944, 1-689.

15.  Oganessian, Y.T.; Rykaczewski, K.P. A beachhead on the island of stability. Phys. Today 2015, 68, 32-38.

16. Diillmann, C.E.; Block, M. Island of heavyweights. Sci. Am. 2018, 318, 46-53.

17. Nazarewicz, W. The limits of nuclear mass and charge. Nat. Phys. 2018, 14, 537-541.

18. Oganessian, Y.T. Super heavy elements: On the 150th anniversary of the discovery of the periodic table of elements.
Nucl. Phy. News 2019, 29, 5-10.

19. Haba, H. A new period in superheavy-element hunting. Nat. Chem. 2019, 11, 10-13.

20. Giuliani, S.A.; Matheson, Z.; Nazarewicz, W.; et al. Colloquium: Superheavy elements: Oganesson and beyond. Rev.
Mod. Phys. 2019, 91, 011001.

21. Chemey, A.T.; Albrecht-Schmitt, T.E. Evolution of the periodic table through the synthesis of new elements. Radiochim.
Acta 2019, 107, 771-801.

22.  Schwerdtfeger, P.; Smits, O.R.; Pyykko, P. The periodic table and the physics that drives it. Nat. Rev. Chem. 2020, 4,
359-380.

23.  Smits, O.R.; Diillmann, C.E.; Indelicato, P.; et al. The quest for superheavy elements and the limit of the periodic table.
Nat. Rev. Phys. 2024, 6, 86-98.

24. Khuyagbaatar, J.; Yakushev, A.; Diillmann, C.E.; et al. Search for elements 119 and 120. Phys. Rev. C 2020, 102, 064602.

25.  Gates, J.M.; Orford, R.; Rudolph, D.; et al. Toward the discovery of new elements: Production of livermorium (Z =116)
with °Ti. Phys. Rev. Lett. 2024, 133, 172502.

26. Oganessian, Y.T.; Utyonkov, V.K.; Abdullin, F.S.; et al. Investigation of reactions with °Ti and 3*Cr for the synthesis of
new elements. Phys. Rev. C 2025, 112, 014603.

27. Schédel, M. Chemistry of superheavy elements. Angew. Chem. Int. Ed. 2006, 45, 368-401.

28. Kratz, J.V. Chemistry of Transactinides. In Handbook of Nuclear Chemistry, 2nd ed.; Vértes, A., Nagy, S., Klencsar, Z.,
et al., Eds.; Springer: Dordrecht, the Netherlands, 2011; Volume 2, pp. 925-1004.

29. Schidel, M. Chemistry of superheavy elements. Radiochim Acta 2012, 100, 579-604.

30. Tiirler, A.; Pershina, V. Advances in the production and chemistry of the heaviest elements. Chem. Rev. 2013, 113, 1237-1312.

22



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

Schédel, M., Shaughnessy, D. (Eds.) The Chemistry of Superheavy Elements, 2nd ed.; Springer: Heidelberg, Germany,
2014.

Schédel, M. Chemistry of the superheavy elements. Phil. Trans. R. Society A 2015, 373,20140191.

Nagame, Y. Nuclear and chemical characterization of heavy actinides. Radiochim. Acta 2019, 107, 803—819.

Nagame, Y.; Sato, T.K.; Kratz, J.V. Actinides and Transactinides: In Kirk-Othmer Encyclopedia of Chemical Technology,
John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2020. https://doi.org/10.1002/0471238961.0103200919050102.a01.pub3.
Sato, T.K.; Nagame, Y. Chemistry of the elements at the end of the actinide series using their low-energy ion-beams.
Radiochim. Acta 2022, 110, 441-451.

Nagame, Y.; Sato, T.K. Chemical characterization of heavy actinides and light transactinides—Experimental
achievements at JAEA. Proc. Jpn. Acad. Ser. B 2024, 100, 165-189.

Desclaux, J.P.; Relativistic Dirac-Fock expectation values for atoms with Z =1to Z = 120. Afomic Data Nucl. Data
Tables 1973, 12, 311-406.

Oganessian, Y.T.; Utyonkov, V.K.; Ibadullayev, D.; et al. Investigation of “8Ca-induced reaction with 2*?Pu and 233U
targets at the JINR Superheavy Element Factory. Phys. Rev. C 2022, 106, 024612.

Oganessian, Y.T.; Utyonkov, V.K.; Kovrizhykh, N.D.; et al. First experiment at the Super Heavy Element Factory: High cross
section of 28Mc in the 2*Am + *8Ca reaction and identification of the new isotope 2%Lr. Phys. Rev C 2022, 106, 1L031301.
Diillmann, C.E.; Schéddel, M.; Yakushev, A.; et al. Production and decay of element 114: High cross sections and the new
nucleus 2’7Hs. Phys. Rev. Lett. 2010, 104, 252701.

Guillaumont, R.; Adloff, J.P.; Peneloux, A. Kinetic and thermodynamic aspects of tracer-scale and single atom chemistry.
Radiochim. Acta 1989, 46, 169-176.

Guillaumont, R.; Adloff, J.P.; Peneloux, A.; et al. Sub-tracer scale behavior of radionuclides. Application to actinide
chemistry. Radiochim. Acta 1991, 54, 1-15.

Le Naour, C.; Hoffman, D.C.; Trubert, D. Fundamental and experimental aspects of single atom-at-a-time chemistry. In
The Chemistry of Superheavy Elements, 2nd ed.; Schidel, M., Shaughnessy, D., Eds.; Springer: Heidelberg, Germany,
2014; pp. 241-260.

Tirler, A.; Gregorich, K.E. Experimental techniques. In The Chemistry of Superheavy Elements, 2nd ed.; Schéadel, M.,
Shaughnessy, D., Eds.; Springer: Heidelberg, Germany, 2014; pp. 261-308.

Roberto, J.B.; Alexander, C.W.; Boll, R.A.; et al. Actinide targets for the synthesis of super-heavy elements. Nucl. Phys.
A 2015, 944, 99-116.

Runke, J.; Diillmann, C.E.; Eberhardt, K.; et al. Preparation of actinide targets for the synthesis of the heaviest elements.
J. Radioanal. Nucl. Chem. 2014, 299, 1081-1084.

Zvéra, 1. The Inorganic Radiochemistry of Heavy Elements, Methods for Studying Gaseous Compounds; Springer
Sciences & Business Media: Dordrecht, The Netherland, 2008.

Giaggeler, H.W_; Tiirler, A. Gas-phase chemistry of superheavy elements. In The Chemistry of Superheavy Elements, 2nd
ed.; Schidel, M., Shaughnessy, D., Eds.; Springer: Heidelberg, Germany, 2014; pp. 415-483.

Tiirler, A.; Eichler, R.; Yakushev, A. Chemical studies of elements with Z > 104 in gas phase. Nucl. Phys. A 2015, 944,
640-689.

Kratz, J.V. Aqueous-phase chemistry of the transactinides. Radiochim. Acta 2011, 99, 477-502.

Kratz, J.V.; Nagame, Y. Liquid-phase chemistry of superheavy elements. In The Chemistry of Superheavy Elements, 2nd
ed.; Schidel, M., Shaughnessy, D., Eds.; Springer: Heidelberg, Germany, 2014; pp. 309-374.

Nagame, Y.; Kratz, J.V.; Schidel, M. Chemical studies of elements with Z > 104 in liquid phase. Nucl. Phys. A 2015,
944, 614-639.

Diillmann, C.E.; Folden III, C.M.; Gregorich, K.E.; et al. Heavy-ion-induced production and physical preseparation of
short-lived isotopes for chemistry experiments. Nucl. Instrum. Methods Phys. Res. A 2005, 551, 528-539.

Haba, H.; Kaji, D.; Kikunaga, H.; et al. Development of gas-jet transport system coupled to the RIKEN gas-filled recoil
ion separator GARIS for superheavy element chemistry. J. Nucl. Radiochem. Sci. 2007, 8, 55-58.

Semchenkov, A.; Briichle, W.; Jager, E.; et al. The transactinide separator and chemistry apparatus (TASCA) at GSI-
Optimization of ion-optical structures and magnet designs. Nucl. Instrum. Methods Phys. Res. B 2008, 266, 4153-4161.
Schédel, M.; Nagame, Y. From SRAFAP to ARCA and AIDA—Developments and implementation of automated
aqueous-phase rapid chemistry apparatuses for heavy actinides and transactinides. Radiochim. Acta 2019, 107, 561-585.
Schéidel, M.; Briichle, W.; Jager, E.; et al. ARCA-II—A new apparatus for fast, repetitive HPLC separations. Radiochim.
Acta 1989, 48, 171-176.

Nagame, Y.; Tsukada, K.; Asai, M.; et al. Chemical studies on rutherfordium (Rf) at JAERI. Radiochim. Acta 2005, 93,
519-526.

Eichler, R.; Aksenov, N.V.; Belozerov, A.V.; et al. Chemical characterization of element 112. Nature 2007, 447, 72-75.

23



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

60.

61.

62.

63.

64.
65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.
78.

79.

80.

81.

82.
83.

84.

85.

86.

87.
88.

Eichler, R.; Aksenov, N.V.; Belozerov, A.V.; et al. Thermochemical and physical properties of element 112. Angew.
Chem. Int. Ed. 2008, 47, 3262-3266.

Dmitriev, S.N.; Aksenov, N.V.; Albin, Y.A.; et al. Pioneering experiments on the chemical properties of element 113.
Mendeleev Commun. 2014, 24, 253-256.

Aksenov, N.V.; Steinegger, P.; Abdullin, F.S.; et al. On the volatility of nihonium (Nh, Z = 113). Eur. Phys. J. A 2017,
53, 158.

Yakushev, A.; Lens, L.; Diillmann, C.E.; et al. First study on nihonium (Nh, element 113) chemically at TASCA. Front.
Chem. 2021, 9, 753738.

Eichler, R.; Aksenov, N.A.; Albin, Y.V.; et al. Indication for a volatile element 114. Radiochim. Acta 2010, 98, 133—139.
Yakushev, A.; Gates, J.M.; Tiirler, A.; et al. Superheavy element Flerovium (element 114) is a volatile metal. /norg.
Chem. 2014, 53, 1624-1629.

Yakushev, A.; Lens, L.; Diillmann, C.E.; et al. On the adsorption and reactivity of element 114, flerovium. Front. Chem.
2022, 10, 976635.

Yakushev, A.; Khuyagbaatar, J.; Diillmann, C.E.; et al. Manifestation of relativistic effects in the chemical properties of
nihonium and moscovium revealed by chromatography studies. Front. Chem. 2024, 12, 1474820.

Even, J.; Yakushev, A.; Diillmann, C.E.; et al. Synthesis and detection of a seaborgium carbonyl complex. Science 2014,
345, 1491-1493.

Haba, H.; Tsukada, K.; Asai, M.; et al. Fluoride complexation of element 104, rutherfordium. J. Am. Chem. Society 2004,
126, 5219-5224.

Toyoshima, A.; Haba, H.; Tsukada, K.; et al. Hexafluoro complex of rutherfordium in mixed HF/HNOs3 solutions.
Radiochim. Acta 2008, 96, 125-134.

Ishii, Y.; Toyoshima, A.; Tsukada, K.; et al. Fluorido complex formation of element 104, rutherfordium (Rf). Bull. Chem.
Society Jpn. 2011, 84, 903-911.

Chiera, N.M.; Sato, T.K.; Eichler, R.; et al. Chemical characterization of a volatile dubnium compound, DbOCls. Angew.
Chem. Int. Ed. 2021, 60, 17871-17874.

Pore, J.L.; Gates, J.M.; Dixon, D.A.; et al. Direct identification of Ac and No molecules with an atom-at-a-time technique.
Nature 2025, 644, 376-380.

Shannon, R.D. Revised effective ionic radii and systematic studies of interatomic distances in halides and chalcogenides.
Acta Crystallogr. Sec. A 1976, 32, 751-767.

Kasamatsu, Y.; Toyomura, K.; Haba, H.; et al. Co-precipitation behaviour of single atoms of rutherfordium in basic
solutions. Nat. Chem. 2021, 13, 226-230.

Pershina, V.; Trubert, D.; Le Naour, C.; et al. Theoretical predictions of hydrolysis and complex formation of group-4
elements Zr, Hf and Rf in HF and HCI solutions. Radiochim. Acta 2002, 90, 869-877.

Pearson, R.G. Hard and soft acids and bases. J. Am. Chem. Society 1963, 85, 3533-3539.

Haba, H.; Tsukada, K.; Asai, M.; et al. Anion exchange behavior of Rf in HCI and HNOj3 solutions. J. Nucl. Radiochem.
Sci. 2002, 3, 143—-146.

Yokokita, T.; Kasamatsu, Y.; Kino, A.; et al. Observation of the chemical reaction equilibria of element 104,
rutherfordium: Solid-liquid extraction of Rf, Zr, Hf and Th with Aliquat 336 resin from HCl. Dalton Trans. 2016, 45,
18827-18831.

Chiera, N.M.; Sato, T.K.; Tomitsuka, T.; et al. Optimization of an isothermal gas-chromatographic setup for the chemical
exploration of dubnium (Db, Z = 105) oxychlorides. J. Radioanal. Nucl. Chem. 2019, 320, 633—-642.

Chiera, N.M.; Sato, T.K.; Tomitsuka, T.; et al. Formation and thermochemical properties of oxychlorides of niobium (Nb) and
tantalum (Ta): Towards the gas-phase investigation of dubnium (Db) oxychloride. Inorg. Chim. Acta 2019, 486, 361-366.
Zvara, 1. Simulation of thermochromatographic processes by the Monte Carlo method. Radiochim. Acta 1985, 38, 95-101.
Nagame, Y.; Asai, M.; Haba, H.; et al. Production cross sections of 2'Rf and 2¢?Db in bombardment of **Cm with 80
and '°F ions. J. Nucl. Radiochem. Sci. 2002, 3, 85-88.

Pershina, V.; Sepp, W.D.; Bastug, T.; et al. Relativistic effects in physics and chemistry of element 105. III. Electronic
structure of hahnium oxyhalides as analogs of group 5 elements oxyhalides. J. Chem. Phys. 1992, 97, 1123-1131.

Qin, Z.; Lin, M.S.; Fan, F.L.; et al. On-line gas chromatographic studies of Nb, Ta, and Db bromides. Radiochim. Acta
2012, 100, 285-289.

Pershina, V.; Sepp, W.-D.; Fricke, B.; et al. Relativistic effects in physics and chemistry of element 105. II. Electronic
structure and properties of group 5 elements bromides. J. Chem. Phys. 1992, 97, 1116-1122.

Schédel, M.; Briichle, W.; Dressler, R.; et al. Chemical properties of element 106 (seaborgium). Nature 1997, 388, 55-57.
Zvara, 1.; Yakushev, A.B.; Timokhin, S.N.; et al. Chemical identification of element 106 (thermochromatography of
oxochlorides). Radiochim. Acta 1998, 81, 179-187.

24



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

89.

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Tiirler, A.; Briichle, W.; Dressler, R.; et al. First measurements of a thermochemical property of a seaborgium compound.
Angew. Chem. Int. Ed. 1999, 38, 2212-2213.

Eichler, R.; Briichle, W.; Dressler, R.; et al. Chemical characterization of bohrium (element 107). Nature 2000, 407, 63—65.
Diillmann, C.E.; Briichle, W.; Dressler, R.; et al. Chemical investigation of hassium (element 108). Nature 2002, 418,
859-861.

Giaggeler, H-W.; Jost, D.T.; Baltensperger, U.; et al. OLGA 1I, an on-line gas chemistry apparatus for applications in
heavy element research. Nucl. Instrum. Methods Phys. Res. A 1991, 309, 201-208.

Morita, K.; Yoshida, A.; Inamura, T.T.; et al. RIKEN isotope separator on-line GARIS/IGISOL. Nucl. Instrum. Methods
Phys. Res. B 1992, 73, 220-225.

Even, J.; Yakushev, A.; Diilllmann, C.E.; et al. Rapid synthesis of radioactive transitionmetal carbonyl complexes at
ambient conditions. /norg. Chem. 2012, 51, 6431-6433.

Even, J.; Yakushev, A.; Diillmann, C.E.; et al. In-situ formation, thermal decomposition, and adsorption studies of
transition metal carbonyl complexes with short-lived radioisotopes. Radiochim. Acta 2014, 102, 1093-1110.

Even, J.; Ackermann, D.; Asai, M.; et al. In situ sysnthesis of volatile carbonyl complexes with short-lived nuclides. J.
Radioanal. Nucl. Chem. 2015, 303, 2457-2466.

Wang, Y.; Qin, Z.; Fan, F.-L.; et al. Gas-phase chemistry of Mo, Ru, W, and Os metal carbonyl complexes. Radiochim.
Acta 2014, 102, 69-76.

Wang, Y.; Qin, Z.; Fan, F.-L.; et al. Gas-phase chemistry of technetium carbonyl complexes. Phys. Chem. Chem. Phys.
2015, 17, 13228-13234.

Cao, S.; Wang, Y.; Qin, Z.; et al. Gas-phase chemistry of ruthenium and rhodium carbonyl complexes. Phys. Chem.
Chem. Phys. 2016, 18, 119-125.

Wittwer, Y.; Eichler, R.; Herrmann, D.; et al. The influence of chemical parameters on the in-situ metal carbonyl complex
formation studied with the fast on-line reaction apparatus (FORA). Radiochim. Acta 2021, 109, 243-260.

Wittwer, Y.; Eichler, R.; Herrmann, D.; et al. The influence of physical parameters on the in-situ metal carbonyl complex
formation studied with the fast on-line reaction apparatus (FORA). Radiochim. Acta 2021, 109, 261-281.

Wittwer, Y.; Eichler, R.; Herrmann, D.; et al. The influence of gas purification and addition of macro amounts of metal-
carbonyl complexes on the formation of single-atom metal-carbonyl-complexes. Radiochim. Acta 2021, 109, 799-821.
Gotz, M.; Yakushev, A.; Gotz, S.; et al. Application of a novel gas phase synthesis approach to carbonyl complexes of
accelerator-produced 5d transition metals. Radiochim. Acta 2022, 110, 75-86.

Usoltsev, L.; Eichler, R.; Wang, Y.; et al. Decomposition studies of group 6 hexacarbonyl complexes. Part 1: Production
and decomposition of Mo(CO)s and W(CO)s. Radiochim. Acta 2016, 104, 141-151.

Usoltsev, L.; Eichler, R.; Tiirler, A. Decomposition studies of group 6 hexacarbonyl complexes. Part 2: Modelling of the
decomposition process. Radiochim. Acta 2016, 104, 531-537.

Gregorich, K.E. Simulation of recoil trajectories in gas-filled magnetic separators. Nucl. Instrum. Methods Phys. Res. A
2013, 711, 47-59.

Gates, J.M.; Pore, J.L. Studies of heavy and super heavy elements with FIONA: The broad impact of mass-number
identifications. Eur. Phys. J. A, 2022, 58, 196.

Oganessian, Y. Heaviest nuclei from “®Ca-induced reactions. J. Phys. G Nucl. Part. Phys. 2007, 34, R165-R242.
Oganessian, Y.T.; Utyonkov, V.K. Super-heavy element research. Rep. Prog. Phys. 2015, 78, 036301.

Oganessian, Y.T.; Utyonkov, V.K. Superheavy nuclei from *Ca-induced reactions. Nucl. Phys. A 2015, 944, 62-98.
Pitzer, K.S. Are elements 112, 114, and 118 relatively inert? J. Chem. Phys. 1975, 63, 1032—1033.

Subotic, R.; Oganessian, Y.T.; Utyonkov, V.K.; et al. Evaporation residue collection efficiencies and position spectra of
the Dubna gas-filled recoil separator. Nucl. Instrum. Methods Phys. Res. A 2002, 481, 71-80.

Pershina, V.; [lia§, M.; Yakushev, A. Reactivity of the superheavy elements 115, Mc, and its lighter homologue, Bi, with
respect to gold and hydroxylated quartz surfaces from periodic relativistic DFT calculations: A comparison with element
113, Nh. Inorg. Chem. 2021, 60, 9796-9804.

Kohler, S.; Deiflenberger, R.; Eberhardt, K.; et al. Determination of the first ionization potential of actinide elements by
resonance ionization mass spectroscopy. Spectrochim. Acta Part B 1997, 52, 717-726.

Peterson, J.R.; Erdmann, N.; Nunnemann, M.; et al. Determination of the first ionization potential of einsteinium by
resonance ionization mass spectroscopy (RIMS). J. Alloys Compd. 1998, 271, 876-878.

Wendt, K.; Gottwald, T.; Mattolat, C.; et al. Ionization potentials of the lanthanides and actinides—Towards atomic
spectroscopy of super-heavy elements. Hyp. Int. 2014, 227, 55-67.

Ichikawa, S.; Asai, M.; Tsukada, K.; et al. Mass separation of neutron-rich isotopes using a gas-jet coupled thermal ion
source. Nucl. Instrum. Methods Phys. Res. A 1996, 374, 330-334.

Ichikawa, S.; Tsukada, K.; Asai, M.; et al. Performance of the multiple target He/Pbl> aerosol jet system for mass
separation of neutron-deficient actinide isotopes. Nucl. Instrum. Methods Phys. Res. B 2002, 187, 548-554.

25



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.
142.

143.

144.

145.

146.

147.

148.

Sato, T.K.; Asai, M.; Borschevsky, A.; et al. Measurement of the first ionization potential of lawrencium (element 103).
Nature 2015, 520, 209-211.

Brewer, L. Energies of the electronic configurations of the lanthanide and actinide neutral atoms. J. Opt. Society Am.
1971, 61, 1101-1111.

Desclaux, J.-P.; Fricke, B. Relativistic prediction of the ground state of atomic lawrencium. J. Physique 1980, 41, 943—946.
Zandberg, E.Y ; Tonov, N.I.; Surface ionization. Sov. Phys. Usp. 1959, 2, 255-281.

Sato, N.; Sato, T.K.; Asai, M.; et al. Production of °°Lr in the 249250251Cf + 1B, 23 Am + %0, and ?*3Cm + '“N reactions.
Radiochim. Acta 2014, 102,211-219.

Sato, T.K.; Sato, N.; Asai, M.; et al. First successful ionization of Lr (Z = 103) by a surface-ionization technique. Rev.
Sci. Instrum. 2013, 84, 023304.

Sato, T.K.; Asai, M.; Sato, N.; et al. Development of a He/Cdl gas-jet system coupled to a surface- ionization type ion-
source in JAEA-ISOL: Towards determination of the first ionization potential of Lr (Z = 103). J. Radioanal. Nucl. Chem.
2015, 303, 1253-1257.

Sato, T.K.; Asai, M.; Borschevsky, A.; et al. First ionization potentials of Fm, Md, No, and Lr: Verification of filling-up
of 5f electrons and confirmation of the actinide series. J. Am. Chem. Society 2018, 140, 14609—14613.

Kramida, A.; Ralchenko, Y.; Reader, J. NIST ASD Team, NIST Atomic Spectra Database (Version 5.12); National
Institute of Standards and Technology: Gaithersburg, MD, USA, 2024. Available online: https://physics.nist.gov/asd
(accessed on 30 January 2018).

Castelvecchi, D. Exotic atom struggles to find its place in the periodic table. Nature 2015,
https://doi.org/10.1038/nature.2015.17275.

Jansen, W.B. The position of lanthanum (actinium) and lutetium (lawrencium) in the periodic table. J. Chem. Educ. 1982,
59, 634-636.

Jansen, W. The position of lanthanum (actinium) and lutetium (lawrencium) in the periodic table. Found. Chem. 2015,
17,23-31.

Which elements belong in group 3 of the periodic table? Chem. Int. 2016, 38, 22-23. https://doi.org/10.1515/ci-2016-
0213.

IUPAC Projects No.: 2015-039-2-200. The Constitution of Group 3 of the Periodic Table. Available online:
https://iupac.org/project/2015-039-2-3200 (accessed on 30 January 2018).

Scerri, E. Recent attempts to change the periodic table. Phil. Trans. R. Society A 2020, 378, 20190300.

Scerri, E. Provisional report on discussions on group 3 of the periodic table. Chem. Int. 2021, 43, 31-34.

Backe, H.; Lauth, W.; Block, M.; et al. Prospects for laser spectroscopy, ion chemistry and mobility measurements of
superheavy elements in buffer-gas traps. Nucl. Phys. A 2015, 944, 492-517.

Block, M. Precise ground state properties of the heaviest elements for studies of their atomic and nuclear structure.
Radiochim. Acta 2019, 107, 603—-613.

Block, M.; Laatiaoui, M.; Raeder, S. Recent progress in laser spectroscopy of the actinides. Prog. Part. Nucl. Phys. 2021,
116, 103834.

Block, M.; Giacoppo, F.; Heflberger, F.-P.; et al. Recent progress in experiments on the heaviest nuclides at SHIP. La
Riv. Del Nuovo C. 2022, 45, 279-323.

Backe, H.; Kunz, P.; Lauth, W.; et al. Towards optical spectroscopy of the element nobelium (Z = 102) in a buffer gas
cell: First on-line experiments on *>Yb at the velocity filter SHIP with a novel ion collection and atom re-evaporation
method of high efficiency. Eur. Phys. J. D 2007, 45, 99—106.

Lautenschléger, F.; Chhetri, P.; Ackermann, D.; et al. Developments for resonance ionization laser spectroscopy of the
heaviest elements at SHIP. Nucl. Instrum. Methods Phys. Res. B 2016, 383, 115-122.

Hofmann, S.; Miinzenberg, G. The discovery of the heaviest elements. Rev. Mod. Phys. 2000, 72, 733-767.

Laatiaoui, M.; Backe, H.; Block, M.; et al. On laser spectroscopy of the element nobelium (Z = 102). Eur. Phys. J. D
2014, 68, 71.

Laatiaoui, M.; Lauth, W.; Backe, H.; et al. Atom-at-a-time laser resonance ionization spectroscopy of nobelium. Nature
2016, 538, 495-498.

Chbhetri, P.; Ackermann, D.; Backe, H.; et al. Precision measurement of the first ionization potential of nobelium. Phys.
Rev. Lett. 2018, 120, 263003.

Catherall, R.; Andreazza, W.; Breitenfeldt, M.; et al. The ISOLDE facility. J. Phys. G Nucl. Part. Phys. 2017, 44, 094002.
Leimbach, D.; Karls, J.; Guo, Y.Y.; et al. The electron affinity of astatine. Nat. Commun. 2020, 11, 3824.

Vosicki, B.; Bjornstad, T.; Carraz, L.C.; et al. Intense beams of radioactive halogens produced by means of surface
ionization. Nucl. Instrum. Methods Phys. Res. 1981, 186, 307-313.

Rothe, S.; Sundberg, J.; Welander, J.; et al. Laser photodetachment of radioactive 281", J. Phys. G: Nucl. Part. Phys.
2017, 44, 104003.

26



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

149.

150.

151.

152.
153.

154.

155.
156.

157.

158.
159.

160.
161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Leimbach, D.; Rothe, S.; Bengtsson, L.; et al. Upgrades of the GANDALPH photodetachment detector towards the
determination of the electron affinity of astatine. Nucl. Instrum. Methods Phys. Res. B 2020, 463, 277-279.

Rothe, S.; Andreyev, A.N.; Antalic, S.; et al. Measurement of the first ionization potential of astatine by laser
spectroscopy. Nat. Commun. 2013, 4, 1835.

Cwiock, S.; Heenen, P.-H.; Nazarewicz, W. Shape coexistence and triaxiality in the superheavy nuclei. Nature 2005, 433,
705-709.

Erler, J.; Bitge, N.; Kortelainen, M.; et al. The limits of the nuclear landscape. Nature 2012, 486, 509-512.

Leino, M.; HeBberger, F.P. The nuclear structure of heavy-actinide and trans actinide nuclei. Ann. Rev. Nucl. Part. Sci.
2004, 54, 175-215.

Herzberg, R.-D.; Greenlees, P.T. In-beam and decay spectroscopy of transfermium nuclei. Prog. Part. Nucl. Phys. 2008,
61, 674-720.

Herzberg, R.-D.; Cox, D.M. Spectroscopy of actinide and transactinide nuclei. Radiochim. Acta 2011, 99, 441-457.
Herzberg, R.-D. Nuclear structure of superheavy elements. In The Chemistry of Superheavy Elements, 2nd ed.; Schadel,
M., Shaughnessy, D., Eds.; Springer: Berlin, Germany, 2013; pp. 83—-133.

Sobiczewski, A.; Pomorski, K. Description of structure and properties of superheavy nuclei. Prog. Part. Nucl. Phys. 2007,
58,292-349.

Block, M. Direct mass measurements of the heaviest elements with Penning traps. Nucl. Phys. A 2015, 944, 471-491.
Block, M. Mass measurements of the heaviest elements and ionization potentials of actinides. Radiochim. Acta 2019,
107, 821-831.

HeBberger, F.P. Spontaneous fission properties of superheavy elements. Eur. Phys. J. A 2017, 53, 75.

Huang, W.J.; Wang, M.; Kondev, F.G.; et al. The AME2020 atomic mass evaluation (I). Evaluation of input data; and
adjustment procedures. Chin. Phys. C 2021, 45, 030002.

Wang, M.; Huang, W.J.; Kondev, F.G.; et al. The AME2020 atomic mass evaluation (II). Tables, graphs and references.
Chin. Phys. C 2021, 45, 030003.

Block, M.; Ackermann, D.; Blaum, K.; et al. Direct mass measurements above uranium bridge the gap to the island of
stability. Nature 2010, 463, 785-788.

Dworschak, M.; Block, M.; Ackermann, D.; et al. Penning trap mass measurements on nobelium isotopes. Phys. Rev. C
2010, 81, 064312.

Block, M.; Ackermann, D.; Blaum, K.; et al. Towards direct mass measurements of nobelium at SHIPTRAP. Eur. Phys.
J. D 2007, 45, 39-45.

Minaya Ramirez, E.; Ackermann, D.; Blaum, K.; et al. Direct mapping of nuclear shell effects in the heaviest elements.
Science 2012, 337, 1207-1210.

Kaleja, O.; Andeli¢, B.; Bezrodnova, O.; et al. Direct high-precision mass spectroscopy of superheavy elements with
SHIPTRAP. Phys. Rev. C 2022, 106, 054325.

Ito, Y.; Schury, P.; Wada, M.; et al. First direct mass measurements of nuclides around Z = 100 with a multireflection
time-of-flight mass spectrograph. Phys. Rev. Lett. 2018, 120, 152501.

Schury, P.; Niwase, T.; Wada, M.; et al. First high-precision direct determination of the atomic mass of a superheavy
nuclide. Phys. Rev. C 2021, 104, 1.021304.

Kaji, D.; Morimoto, K.; Sato, N.; et al. Gas-filled recoil ion separator GARIS-II. Nucl. Instrum. Methodes Phys. Res. B
2013, 317,311-314.

Ito, Y.; Schury, P.; Wada, M.; et al. Single-reference high-precision mass measurement with a multireflection time-of-
flight mass spectrograph. Phys. Rev. C 2013, 88, 011306(R).

Schury, P.; Wada, M.; Tto, Y.; et al. A high-resolution multi-reflection time-of-flight mass spectrograph for precision
mass measurements at RIKEN/SLOWRI. Nucl. Instrum. Methodes Phys. Res. B 2014, 335, 39-53.

Niwase, T.; Wada, M.; Schury, P.; et al. Development of an “a-TOF” detector for correlated measurement of atomic
masses and decay properties. Nucl. Instrum. Methodes Phys. Res. A 2020, 953, 163198.

Niwase, T.; Wada, M.; Schury, P.; et al. a-decay-correlated mass measurement of 2°6-2072mRa using an a-TOF detector
equipped multireflection time-of-flight spectrogph system. Phys. Rev. C 2021, 104, 044617.

Gates, J.M.; Pang, G.K.; Pore, J.L.; et al. First direct measurements of superheavy-element mass numbers. Phys. Rev.
Lett. 2018, 121, 222501.

Niwase, T.; Watanabe, Y.X.; Hirayama, Y.; et al. Discovery of new isotope 2*'U and systematic high-precision atomic
mass measurements of neutron-rich Pa-Pu nuclei produced via multinucleon transfer reactions. Phys. Rev. Lett. 2023,
130, 132502.

Hirayama, Y.; Watanabe, Y.X.; Mukai, M.; et al. Doughnut-shaped gas cell for KEK isotope separation system. Nucl.
Instrum. Methodes Phys. Res. B 2017, 412, 11-18.

Armentrout, P.B. Chemistry of excited electronic states. Science 1991, 251, 175-179.

27



Nagame and Sato Mod. Nucl. Radiochem. 2026, 1(1), 3

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.
190.

191.

192.

193.

194.

195.

196.

197.

198.

Schwarz, H. Relativistic effects in gas-phase ion chemistry: An experimentalist’s view. Angew. Chem. Int. Ed. 2003, 42,
44424454,

Gibson, J.K. Gas-phase chemistry of actinide ions: Probing the distinctive character of the 5f elements. Int. J. Mass
Spectrometry 2002, 214, 1-21.

Reith, U.; Herlert, A.; Kratz, J.V.; et al. Ion-molecular reactions of Ru™ and Os* with oxygen in a Penning trap. Radiochim.
Acta 2002, 90, 337-343.

Kwarsick, J.T.; Pore, J.L.; Gates, J.M.; et al. Assessment of the second-ionization potential of lawrencium: Investigating
the end of the actinide series with a one-atom-at-a-time gas-phase ion chemistry technique. J. Phys. Chem. A 2021, 125,
6818-6828.

Laatiaoui, M.; Buchachenko, A.A.; Viehland, L.A. Laser resonance chromatography of superheavy elements. Phys. Rev.
Lett. 2020, 125, 023002.

Raeder, S.; Ackermann, D.; Backe, H.; et al. Probing sizes and shapes of nobelium isotopes by laser spectroscopy. Phys.
Rev. Lett. 2018, 120, 232503.

Warbinek, J.; Rickert, E.; Raeder, S.; et al. Smooth trends in fermium charge radii and the impact of shell effects. Nature
2024, 634, 1075-1079.

Ferrer, R.; Barzakh, A.; Bastin, B.; et al. Towards high-resolution laser ionization spectroscopy of the heaviest elements
in supersonic gas jet expansion. Nat. Commun. 2017, 8, 14520.

Toyoshima, A.; Kasamatsu, Y.; Tsukada, K.; et al. Oxidation of element 102, nobelium, with flow electrolytic column
chromatography on an atom-at-a-time scale. J. Am. Chem. Society 2009, 131, 9180-9181.

Toyoshima, A.; Li, Z.; Asai, M.; et al. Measurement of the Md**/Md?* reduction potential studied with flow electrolytic
chromatography. Inorg. Chem. 2013, 52, 12311-12313.

Bilewicz, A. The ionic radius of No**. J. Nucl. Radiochem. Sci. 2002, 3, 147-149.

D’Angelo, P.; Martelli, F.; Spezia, R.; et al. Hydration properties and ionic radii of actinide (III) ions in aqueous solution.
Inorg. Chem. 2013, 52, 10318-10324.

Carter, K.P.; Shied, K.M.; Smith, K.F.; et al. Structural and spectroscopic characterization of an einsteinium complex.
Nature 2021, 590, 85-88.

Garcia Ruiz, R.F.; Berger, R.; Billowes, J.; et al. Spectroscopy of short-lived radioactive molecules. Nature 2020, 581,
396-400.

Kratz, J.V.; Nihler, A.; Rieth, U.; et al. An EC-branch in the decay of 27-s 2°Db: Evidence for the isotope 293Rf.
Radiochim Acta 2003, 91, 59-62.

Kratz, J.V.; Gober, M.K.; Zimmermann, H.P.; et al. New nuclide 23Hs. Phys. Rev. C 1992, 45, 1064-1069.

Dvorak, J.; Briichle, W.; Chelnokov, M.; et al. Doubly magic nucleus 2%10sHs162. Phys. Rev. Lett 2006, 97, 242501.
Dvorak, J.; Briichle, W.; Chelnokov, M.; et al. Observation of the 3n evaporation channel in the complete fusion reaction
26Mg + 248Cm leading to the new superheavy nuclide 2"'Hs. Phys. Rev. Lett. 2008, 100, 132503.

Schumann, D.; Bruchertseifer, H.; Eichler, R.; et al. Chemical procedure applied for the identification of Rf/Db produced
in the *8Ca + 2*>Am reaction. Radiochim. Acta 2005, 93, 727-732.

Krupp, D.; Scherer, U. Prototype development of ion exchanging alpha detectors. Nucl. Instrum. Methods Phys. Res. A
2018, 897, 120-128.

28



