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Abstract: Here, we present a review on a fundamental radiochemical research topic performed by Swiss scien-
tists in national and international collaborations, utilizing large accelerator facilities at the Paul Scherrer Institute
as well as abroad. The chemical investigation of the heaviest elements of the periodic table is a truly multidisci-
plinary effort, which allows scientists to venture into a variety of fields ranging from nuclear and radiochemistry to
experimental and theoretical work in inorganic and physical chemistry all the way to nuclear and atomic physics.
The structure and fundamental ordering scheme of all elements in the periodic table, as established more than
150 years ago, is at stake: The ever increasing addition of new elements at the heavy end of the periodic table
together with a growing influence of relativistic effects, raises the question of how much periodicity applies in this
region of the table. Research on the heaviest chemical elements requires access to large heavy-ion accelerator
facilities as well as to rare actinide isotopes as target materials. Thus, this scientific area is inevitably embedded
in joint international efforts. Its fundamental character ensures academic relevance and thereby substantially
contributes to the future of nuclear sciences in Switzerland.
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1. Introduction

Amongst the various exciting research fields of radiochem-
istry, such as those presented in this volume, the chemical char-
acterization of superheavy elements (SHEs) belongs to the most
fundamental topics. Also referred to as transactinides (atomic
number Z > 104), these elements represent the newest members
of the periodic table of elements. This most important tool of
chemical sciences was introduced in 1869 by Russian scientist D.
I. Mendeleev!!-2l and others,[3] who devised an ordering scheme
of the elements according to their atomic weights and chemi-
cal properties. Consequently, the established laws of periodicity
were applied from the very beginning to predict chemical proper-
ties of known elements as well as to predict the existence of new,
hitherto unknown elements. It was Mendeleev himself, who pre-
dicted, e.g. the natural existence of scandium, gallium, and ger-
manium.[* Only recently, the seventh row of the periodic table
was completed with the latest addition of four newly discovered,
artificial elements up to oganesson (Og, Z=118).51 However, the
placement of new elements into the periodic table raises ques-
tions on how much these new members fit the overall physico-
chemical behavior of the respective group. Whereas originally,
the sorting of elements was based among others on their atomic
weights, H. G. J. Moseley’s early works in 1913/1914 justified
instead an ordering of the elements according to their atomic
number.!%! Nonetheless, since the advent of quantum mechanics
with works by E. Schrédinger in Zurich in 1926 and others, the
explanation for the chemical ordering was finally established as
being based on the electronic structure of the elements.!”] These
truly groundbreaking discoveries did not change Mendeleev’s
table dramatically, as the electronic structure of the elements is
strongly connected to their chemical properties. In 1929, P. A.
M. Dirac combined mathematically A. Einstein’s special relativ-
ityl®8] (Bern in 1905) with the quantum mechanical description
of electrons and postulated a negligible influence of relativity
on chemical properties.®! It was not until 1979, that P. Pyykko
and J.-P. Desclaux demonstrated the importance of relativistic
effects in chemistry in their seminal paper titled ‘Relativity and
the Periodic System of Elements’.[10] Scaling roughly with the
square of the atomic number Z?, i.e. the nuclear charge, these
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effects become increasingly relevant for the description of the
electronic structure of heavier elements and thus for predicting
and understanding their physicochemical properties. In fact, rel-
ativistic effects are responsible for a number of anomalies in the
latter half of the periodic table, e.g. the appearance and chemical
behavior of gold, the liquid standard state of mercury, or the tran-
sition from a predominant oxidation state +III for the light group
13 elements to a +I state for their heavy homolog thallium and
presumably for nihonium (Nh, Z = 113).19 Since then, chemical
and physical theory have developed extensively to quantify those
effects. However, the increasing number of electrons and their
mutual correlation make ab initio calculations extremely chal-
lenging. Sophisticated, numerically approximating approaches
have been established to circumvent these problems and are
widely used nowadays to calculate chemical structure and bond-
ing in all fields of chemistry (see ref. [11] for reviews).

In parallel, chemical experiments with the heaviest elements
started in 1966 with pioneering works of Zvara and co-workers
in Dubna, Russia with the investigation of the first SHE ruther-
fordium (Rf, Z = 104).0'21 Since the very beginning, researchers
of the University of Bern and of the Swiss Federal Institute for
Reactor Research (EIR; merged in 1988 with the Swiss Institute
for Nuclear Research, SIN, to form the Paul Scherrer Institute,
PSI) were involved in this field of fundamental research. Firstly,
the contributions focused on the search of primordial SHEs in
nature based on most sensitive spontaneous fission (SF) measure-
ments.[13] Later on, the emphasis shifted to experimental studies
targeting the physical and chemical characterization of SHEs —
obviously a prerequisite for finding these elements in nature.
Despite on-going efforts,[14! thus far, no evidence has been found
for their existence in nature (for a recent review see ref. [15]).
Therefore, the elements have had to be produced in heavy-ion-
induced nuclear fusion evaporation reactions using high-intensity,
high-energy heavy-ion beams from large accelerators (see ref.
[16] for reviews). The achievable production rates using that most
favorable approach range from single atoms per minute down to
single atoms per month. All known isotopes of transactinide ele-
ments today mainly feature half-lives in the single-second to sub-
millisecond regime. Rarely, and only recently, half-lives in the
range of up to minutes and even hours were observed (see Fig.
1) among the a-decay products of the heaviest SHEs leading to
neutron-rich radioisotopes of lighter transactinides. After a suc-
cessful period of first experiments with these newest members of
the periodic table, chemical investigations started lagging behind
the discovery of new elements. Therefore, further experimental
facilities were needed, dedicating accelerator time to this kind of
research. With the installation of an electron cyclotron resonance
ion source (ECRIS) at the Injector 1 Phillips cyclotron at PSI in
1992, the acceleration of heavy ions and thus the production of
SHESs in Switzerland became feasible. In the period following this
installation, a large number of experiments with transactinides
was conducted together with a variety of instrumental homolog
studies in preparation of those demanding investigations. This in-
vestment bolstered the position of the Heavy Elements group at
PSI as a leading entity in the field of SHE research with highly
visible achievements (see Section 2). Particularly noteworthy is
the development of highly sophisticated techniques for the gas-
phase chemical characterization of transactinide elements. PST’s
strategy of installing the new large scale facility Swiss Spallation
Neutron Source SINQ opened up new possibilities, particularly
after the shut-down of the Philipps cyclotron in 2010: Driven
by the world-leading, high-intensity proton accelerator com-
plex (HIPA) with proton beam intensities of more than 2.5 mA
at energies of 590 MeV, the SINQ has enabled the production
of important radionuclides for radiochemical development work.
Even though all experimental developments as well as the vast
majority of tests are still done at PSI, the Swiss researchers of

the Heavy Elements group have had to rely on fruitful collabora-
tions with partner institutions abroad for their final experiments
with transactinide elements ever since the decommissioning of
the Injector 1 cyclotron. The international partner institutions in
Russia, Germany, Japan, the USA, and China have provided the
needed access to their heavy-ion accelerator facilities. Currently,
new constructions and severe modernizations are about to be fin-
ished at many of these accelerator centers. These upgraded or even
entirely new facilities will deliver heavy-ion beams of unprec-
edented intensities and provide electromagnetic separators (i.e.
used to separate the produced SHEs from the primary ion beam
and the plethora of nuclear reaction byproducts) offering highest
transmission efficiencies. Such international commitments are in-
terpreted as the dawn of a new era with unparalleled possibilities
in transactinide research.

Herein, we review the chemical experiments performed on
transactinide elements conducted under the lead of the Swiss
group from PSI (as well as earlier from the University of Bern)
and present a possible roadmap towards future Swiss activities in
the field.

2. Current State of Transactinide Research

The current status in the field of transactinide research has
been nicely reviewed in the past.['81 The timeline for the discover-
ies and chemical investigations of SHEs is presented in Table 1.
Up to the year 1992, only two transactinide elements, i.e. the later
named elements rutherfordium and dubnium (Db, Z = 105), had
been intensively studied chemically. This scarcity of results re-
garding the chemistry of SHEs was due to the lack of efficient
enough production facilities for the synthesis of transactinides as
well as suitable chemical investigation devices. Since these early
experiments using liquid-phase chemical methods as well as gas-
phase adsorption separation techniques, the main intention has
been the comparison of the chemical properties of single atoms of
transactinide elements with the same properties of single atoms of
their lighter homologs in identical chemical systems. Generally,
such chemical investigations impose several demanding prerequi-
sites: 1) The preservation of a defined chemical state throughout
the experiment; 2) a highly repetitive way of establishing chemi-
cal equilibria with single atoms in chromatographic systems;
3) a high separation velocity, accounting for the short half-lives;
4) high efficiencies, accounting for the low production rates; and
last but not least 5) the unambiguous identification of the single
atoms. The latter point directly depends on the selected, high-level
physical/chemical separation from interfering by-products from
nuclear production processes.

Instrumental and usually most time-consuming are the prepa-
ratory steps taken before addressing a transactinide element in an
accelerator-based chemistry experiment. Homolog studies at the
so-called one-atom-at-a-time level are crucial for the later success
with SHEs. The optimization of experimental efficiencies and the
identification of a specific chemical species is a stringent require-
ment in this challenging endeavor. Therefore, a large part of the
preparations is based on experiments with carrier-free radioiso-
topes of the homologs of the element in question (see ref. [18]
for reviews). Therefore, such tracers need to be readily available
in order to ensure the success of this field of research. Hereto,
the Heavy Elements group at PSI is in a unique position, as it
operates the neutron irradiation service NIS at SINQ, 1 runs the
SINQ-based fission product gas-jet facility,[20l and uses the iso-
tope production facilities at the 72-MeV-proton beam line of the
Injector 2 cyclotron.[21]

Another crucial radiochemical aspect of SHE research is relat-
ed to the targets irradiated by intense heavy-ion beams. Due to the
limited scope of this article, the radiochemistry and material sci-
ence behind the preparation of such targets is not discussed here.
However, the required targets for transactinide research are made
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Fig. 1. Excerpt of the chart of nuclides in the region of SHEs with N being the neutron number and Z the atomic number; half-lives (black stripes) and
predominant decay modes (colors) are indicated. The underlying data and color scheme was adopted from ref. [17].

Table 1. Time line of the discovery (i.e. first reported observation) and
chemical identification of transactinide elements (for reviews see ref.
[18]); whereas the chemical identification was instrumental for a suc-
cessful claim of discovery in the onset of transactinide synthesis, purely
nuclear-physics-based approaches have been prevailing ever since.

Transactinide Atomic Discovery 1% chemical
elements number Z identification
Rutherfordium (Rf) 104 1969 1969
Dubnium (Db) 105 1970 1972
Seaborgium (Sg) 106 1974 1997
Bohrium (Bh) 107 1981 2000
Hassium (Hs) 108 1984 2002
Meitnerium (Mt) 109 1982 -
Darmstadtium (Ds) 110 1994 -
Roentgenium (Rg) 111 1994 -
Copernicium (Cn) 112 1996 2007
Nihonium (Nh) 113 2004 2014
Flerovium (F1) 114 1999 2010
Moscovium (Mc) 115 2003 -
Livermorium (Lv) 116 2000 -
Tennessine (Ts) 117 2010 -
Oganesson (Og) 118 2002 -

out of rare isotopes typically produced in the High Flux Isotope
Reactors of the Oak Ridge National Laboratory, Oak Ridge,
Tennessee, USA as well as at the Research Institute of Atomic
Reactors (RIAR) in Dimitrovgrad, Russia (see, e.g. ref. [16¢c] and
references therein). The production includes even radioisotopes
of heaviest actinides up to californium (Cf, Z = 98) and einstei-
nium (Es, Z =99). Permanent improvements, such as provided by,
e.g. Swiss radiochemistry, are required, in particular with the new
high-intensity ion beam facilities emerging across the globe.[22]

2.1 Transition Metals with d-Character

For the transactinide elements of the transition metal series,
the stabilization of the chemical state was pursued by choosing
chemical systems where the SHE is in its highest oxidation state.
These chemical compounds are presumed to be the most stable
ones for the transition metal series as stabilities of higher oxi-
dations states along the subgroups increase towards the heavier
members of the periodic table, i.e. a presumption based on the
laws of periodicity. Therefore, volatile gaseous, single-molecular
halides and oxohalides of Rf(1v) and Db(v) as well as their metal-
complex siblings in the liquid phase were chosen for these first
chemical investigations. Chromatography setups allowing for fast,
highly efficient and high-quality chemical separations were devel-
oped for the gas phase as well as for the liquid phase chemical
identification of SHEs and their homologs.l'81 The unambiguous
detection of single atoms of transactinide elements was achieved
by the development of highly sophisticated, event-by-event o.- and
SE-spectroscopic setups with silicon-based semiconductor solid-
state detectors. A thorough statistical data analysis of these experi-
ments revealed a typical transition-metal behavior for Rf and Db,
similar to the respective homologs in the same groups and hence
supporting the predictions from the periodic table.
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It was not until the 1990s that first gas-phase chemical inves-
tigations were performed with the next SHE seaborgium (Sg, Z =
106), carried out by the Swiss group as a part of a large interna-
tional collaboration at the Gesellschaft fiir Schwerionenforschung
(GSI), Darmstadt, Germany. These experiments revealed a lower
volatility of SgO,Cl, in comparison to the homologous compounds
of the lighter elements Mo and W in group 6.[231 In parallel, the
colleagues from GSI Darmstadt and the University of Mainz
investigated the complex formation of Sg in the aqueous phase
using automated ion exchange chromatographic techniques.?!
Correlations of microscopic properties, as observables in gas-
phase chromatographic experiments with single atoms, with mac-
roscopic properties like sublimation enthalpies or boiling points,
allows radiochemists to draw conclusions on the behavior of
SHEs at weighable amounts. This approach together with mutual
correlations of thermodynamic state functions, among elements
and their compounds of group 6, revealed seaborgium as the likely
least volatile element in the known periodic table.24

In 1999/2000 a large international experimental campaign,
under the lead of the Swiss researchers and utilizing the Phillips
cyclotron at PSI, targeted the first chemical investigation of boh-
rium (Bh, Z = 107). Roughly 20 years after its discovery, Bh was
finally chemically characterized in a gas chromatographic experi-
ment in the form of a volatile oxychloride molecule (presumably
MO,CI with ‘M’ being a transition metal of group 7) together
with its homologs in group 7, technetium and rhenium.[?51 The
press commented these findings with ‘Boring Bohrium Behaves
as Expected’.[20] Nonetheless, these results corroborated the affili-
ation of bohrium as a typical group 7 element of the periodic table.

Between the years 2000 and 2002, experimental campaigns,
again led by researchers from PSI and the University of Bern,
went on to study the formation and adsorption chromatographic
behavior of hassium tetroxide, i.e. with Hs (hassium, Z = 108)
in its highest oxidation state. This study revealed that Hs forms a
very volatile tetroxide HsO,,?”! similar to its lighter homologs in
group 8 of the periodic table. The relatively high volatility of HsO,
allowed for an innovation in the field of transactinide chemistry,
which is considered to be the most successful approach to this
day: By using the surface of the silicon-based solid state detectors
directly as the stationary surface of a gas-phase thermochromatog-
raphy experiment ensured thus far unprecedented efficiencies. The
single molecules, carried by a gas stream, were given multiple
chances to deposit on separated, sequential detector surfaces held
at increasingly low temperatures (i.e. negative temperature gradi-
ent from approximately room temperature down to = —160 °C). At
around —40 °C six molecules of HsO, were retained on the detector
surface by adsorbing long enough to measure their unique decay
sequence. OsO, instead, simultaneously produced and investigat-
ed, made it further down to temperatures of about —80 °C, thus
identified as more volatile.?” These results confirmed once more
the expected trend!28! in the groups of transition metals towards the
heavier members: A generally decreasing volatility of chemical
compounds, with the d-element in question in its highest oxidation
state, was furthermore bolstered.

Only recently, another, more exotic volatile compound class
was found suitable to investigate transition metals in the form
of metal carbonyl complexes (MCCs). The in situ formation of
MCCs was observed when thermalizing single atoms of transition
metals in a CO-containing atmosphere.[?”! This exciting obser-
vation was pursued further with a large experimental campaign,
led by the colleagues from GSI Darmstadt and the University of
Mainz and focusing on the formation and adsorption behavior
of Sg(CO),. And indeed, this molecule was observed and classi-
fied as behaving rather similarly to the carbonyl compounds of
lighter group 6 elements tungsten and molybdenum.[3% Such an
experiment was only possible due to the introduction of physical
pre-separation.3!1 Before the dawn of separators with high trans-

mission efficiencies, experiments were commonly confronted
with the intense heavy-ion beam passing through the chemical
reaction chamber, thus exposing the produced and therein ther-
malized transactinide elements to rather harsh conditions such as
an intense plasma. However, the early on deflection of the primary
heavy-ion beam used for the production of the transactinides in
a separator is instrumental when experimenting with such fragile
complexes like MCCs. Meanwhile, the simultaneous, thorough
separation of by-products of nuclear fusion is furthermore impor-
tant for the unambiguous identification of transactinide-related
decays by lowering the overall background during nuclear spec-
troscopic measurements. MCCs are part of the long-term per-
spective of transactinide research (see Section 3): The chemical
bonding in the MCCs is conserving the zero oxidation state of the
central SHE atom and thus, it is heavily influenced by relativistic
effects,32l making MCCs an exciting and experimentally assess-
able study object.331 This compound class might also deliver first
experimental, chemical information on meitnerium (Mt, Z = 109).
Apart from that, the noble-metal group members meitnerium,
darmstadtium (Ds, Z = 110) and roentgenium (Rg, Z = 111) are
expected to be not very reactive chemically. As their elemental
forms as well as their associated compounds are presumed to be
relatively non-volatile, no chemical information has been gath-
ered so far regarding these elements. An interesting possibility
however, is discussed below (see Section 3) involving the further
development of fast electrochemical methods.

2.2 Metals with s- and p-Character

Only the discovery of isotopes of the elements copernicium
(Cn, Z = 112), nihonium (Nh, Z = 113) and flerovium (Fl, Z =
114) (for a review see ref. [16a] and for an overview Fig. 1),
which are long-lived enough for their chemical investigation (z,,
> | s), allowed for first experiments with these SHEs as well.
Early predictions had postulated these elements as being metal-
lic.34 Relativistic effects, particularly the primary relativistic
contraction of the electron orbitals with low angular momentum,
i.e. s and p, P lead to a relevant energetic stabilization of the el-
emental atomic states and thus to an increased volatility. Even
an inertness comparable to that characterizing noble gases was
predicted theoretically for Cn and Fl early on.33! These early
findings were later on confirmed by quantum chemical computa-
tions based on modern relativistic density functional theory (for
a review see ref. [36]), which predict high ionization potentials
and high promotion energies for both elements. Nonetheless,
the formation of metallic bonds towards noble metal surfaces
was expected, as it was already predicted semi-quantitatively in
1983.371 Thus, the experiments to chemically investigate these
elements had to address simultaneously the metallic bonding as
well as the noble-gas-like, inert behavior. The advancement of
the thermochromatography setup of the Heavy Elements group’s
Cryo-Online Detector (COLD, see Fig. 2), which was initially
used for the investigations of HsO,, played an instrumental role.
Improvements, such as the coverage of the silicon detector sur-
faces with gold together with an increased temperature resolution
of about 5 K/detector allowed for the first time to chemically study
these new elements. In the course of several experimental cam-
paigns, initiated by the Swiss group in close collaboration with
the colleagues from the Flerov Laboratory of Nuclear Reactions
(FLNR) in Dubna, Russia, the first chemical investigations of
CnB38l and FIB% were successfully accomplished. Cn was charac-
terized as an inert volatile element with a much weaker metallic
character compared to its lighter homolog in group 12, i.e. Hg.
These results are in agreement with even the most recent theoreti-
cal calculations summarized in ref. [36] (and references therein).
The surprising observation of an even more inert character of el-
emental Fl is in contradiction to these theoretical expectations.
Experiments performed later on at GSI using a similar thermo-
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Fig. 2. General scheme of a thermochromatography experiment with
SHEs with 1 the cyclotron/accelerator, 2 the heavy-ion beam, 3 the tar-
get, 4 the physical pre-separator, 5 the SHEs as nuclear fusion-evapora-
tion products, 6 the primary ion beam and nuclear reaction by-products,
7 an optional chemical reaction, and 8 the chemical separation stage

in the form of adsorption thermochromatography with the Cryo OnLine
Detector (COLD); indicated on the far right is the decay of a SHE at low
temperatures.

chromatographic setup in combination with physical pre-sep-
aration, revealed another, more theory-conform behavior: In
fact, Fl interacted more strongly with the gold surface on the
silicon detectors in comparison to Cn.[*0l However, in a second
series of hitherto unpublished experiments, the initial, surprising
behavior of flerovium, such as measured at FLNR, was partly
reproduced.[*!1 Nevertheless, open questions remain and are still
intensely discussed in the community. There is however, a con-
sensus among all scientists in the field: More data is required
for an unambiguous chemical characterization of flerovium.
Thereto, important progress was made with the newly built SHE
Factory of the FLNR, a recently completed accelerator com-
plex, which is currently under commission. The new facility was
erected with the sole purpose of synthesizing and characterizing
SHEs and holds promise for experiments with unprecedented
statistical significance.[*?] In fact, the Swiss-Russian investiga-
tion on the volatility of flerovium (as well as copernicium) was
selected to be the very first chemistry experiment with highest
priority at this new facility.

Meanwhile, the radiochemists from the FLNR took the lead
concerning the very first chemistry experiments with nihonium.[43
During these experiments, a volatile chemical species of Nh was
transported at 70 °C over a Teflon surface to a gold-covered detec-
tion device, similar to the above introduced COLD array. Therein,

the transported species permanently adsorbed at room tempera-
ture and was finally identified by its unique decay pattern. The
experiments were repeated using physical pre-separation to en-
force the elemental statel* and later on continued with studies
targeting the most likely chemical form of Nh under the applied
experimental conditions, i.e. the monohydroxide NhOH.[*1 In the
latter chemical species, Nh is found in its oxidation state +I, which
is presumed to be the most stable oxidation state of heavier group
13 elements. The relativistic stabilization of the 7s-orbital in Nh
leads to a quasi-inertness of those electrons (inert pair effect),
similar to the 6s-valence shell of the group-13-homolog thallium
with its predominant oxidation state +1.146]

So far, no elements beyond Z = 114 have been chemically
studied. This is mainly due to the extremely short half-lives
(see Fig. 1) of the recently discovered radioisotopes of elements
moscovium (Mc, Z = 115), livermorium (Lv, Z = 116), tennes-
sine (Ts, Z = 117) and oganesson (Og, Z = 118). The chemical
assessment of these elements will require entirely new, ultra-fast
chemical investigation techniques, which are currently under de-
velopment (see Section 3).

3. A Roadmap to the Future

The periodic table of elements (see Fig. 3) may serve as the
perfect roadmap for future research on the chemistry of SHEs.[28]
So far, only a few chemical properties are known for the transac-
tinide series. For the lighter transactinide d-elements only chemi-
cal species with the SHE in its highest oxidation state have been
investigated. Meanwhile, Cn and the first two p-elements were
mostly studied in their elemental state.

Recently, the MCC—formation (see Section 2) offered a unique
opportunity to experimentally address the binding energy of a
compound of a transactinide d-element with the central atom in
the zero oxidation state. Theoretical calculations revealed contra-
dicting predictions for the bond strength in Sg(CO), due to chal-
lenges arising from a strong influence of relativistic effects on the
stability of the binding in such fragile molecules.[*8! Therefore,
comparative thermal stability studies of group 6 MCCs were
initiated. These efforts address directly the first carbonyl bond
dissociation energy by means of isothermal decomposition chro-
matography.33491 A first experiment with Sg(CO), proved the fea-
sibility of such a study on the single-atom-per-hour level. Recent
systematic studies of all involved experimental parameters using
the Fast On-line Reaction Apparatus (FORA) revealed a num-
ber of possibilities on how to further increase the formation and
transport yields of MCCs.[59 Therefore, even experiments with
the heavier transactinide elements Bh as well as Hs and Mt are
within reach upon solid preparation.

Fig. 3. Periodic table of the ele-

H Periodic Table of the Elements He
- = ments (Nomenclature IUPAC
) 2019, see ref. [47]); colored are the
L';- Bg \,BJ\C‘ ”L 04 f; N; groups for which the chemistry of
3 the corresponding transactinide
NS Mg \A_& \_S,"J F; S, C; A; has been investigated at least
K, ca, Sc, G 6B @ Fe, Co Ni Cu (Zn, (Ga) (Ge, As Se Br Kr. °"°
s o $ \C;/ @ IO YT II I
Rb Sr Y [Zr, [Nb (Mo [Tc, Ru, Rh Pd Ag Cd, (In, Sn, Sb Te | Xe
v ' vyPPPPPITTITPPI I I v
Cs Ba Ln* Hf, Ta, W. Re, Os, Ir Pt Au H i BB\ Bi Po At Rn
CAAA A A A A A R & Y ¥ v\
Fr Ra Arm Transactinide Elements / Superheavy Elements (SHES)
Z % % Rh Db (S3, B, (H8 Mt Ds Rg (Ch, (NB, (Fl) Mc Lv Ts Og
S '¥'v'T GG v 'T T s
“Lanthanides Lla Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
v e
“Actinides Ac Th Pa U_ Np Pu Am Cm Bk Cf Es Fm Md No Lr
A A A A B A B A A B e B A A



RADIOCHEMISTRY IN SWITZERLAND

929

CHIMIA 2020, 74, No. 12

Furthermore, the discovery of radioisotopes of elements Bh
to Rg with half-lives up to a couple of minutes holds promise
for ‘less boring” (and first time) chemical investigations of these
elements. The focus of these studies shall be on electrochemis-
try511 as well as on compounds with the SHE preserved in lower
oxidation states.[52] For both cases, the stabilization of defined
chemical species and the kinetic effects during their formation
and transport are the most challenging tasks to be addressed.
For instance, in preparatory experiments for group 7 and group
8 transactinides, Bh!53! and Hs,[54! it was observed that the oxi-
dation of these elements to high oxidation states in oxygen and
water-containing reactive gases is, despite being thermodynami-
cally favored, severely kinetically hindered, i.e. an observation
possibly interesting for further investigations. In particular for
electrochemical investigations, the ion mobility and reaction ki-
netics in selected electrolytes have to be investigated to identify
the best suitable system for first chemical investigations of the
noble metal elements Mt, Ds, and Rg. In fact, the best electrolyte
might not be aqueous!®!! but instead based on ionic liquids oper-
ated at elevated temperatures.[’3 This highlights once more the
importance of systematic model experiments with the homologs
of SHEs, to reveal the most suitable and best described chemical
system for the challenging investigation of transactinide elements
at a few-atoms-per-day scale.

An additional development brought forward by the Swiss re-
searchers from PSIregards the detection of SHEs in rough chemical
environments as well as at high temperatures. Thus, the in-house
fabrication and employment of wide band-gap semiconductors
such as diamond!*°! or silicon carbide (i.e. the 4H-SiC polytype)57]
as detector materials for o- and SF-spectroscopy paved the way to
unprecedented possibilities for chemistry experiments with SHESs:
For example, electrochemistry experiments can be performed di-
rectly on the detector surface (e.g. by using the detector surface
as an electrode), or they can be utilized for the in sifu detection of
non-volatile, low-oxidation-state compounds of the lighter trans-
actinides. Another important field of application of these detector
developments concerns the chemical investigations of the latest
members of the seventh row of the periodic table: The elements
moscovium up to oganesson were discovered in “*Ca-induced nu-
clear fusion-evaporation reactionsl!3¢ in combination with targets
of heaviest actinide elements up to *’Bk (these actinide elements
are still assessable in milligram amounts). So far, all produced
radioisotopes of these transactinide elements feature half-lives
exclusively in the millisecond range (see Fig. 1). The limited life
times of these radionuclides is likely the most challenging part of
their chemical investigation. Thus, the Heavy Elements group at
PSI pursues the development of on-line vacuum chromatographic
methods.[381 Despite the obvious gain in terms of chromatographic
transport and deposition speeds in the molecular flow regime, sev-
eral experimental challenges have to be mastered. Firstly, the pro-
duction of transactinide elements leads to nuclear fusion products,
which recoil from the target with the momentum of the incident
ion beam particles. Whereas, in a ‘classical’ gas-phase experiment,
these recoils can be thermalized in the course of multiple collisions
with gas particles, and an entirely different approach is necessary
in vacuo. Therein, the nuclear reaction products may be implanted
into a solid catcher and subsequently be rapidly released at highest
possible temperatures. For this purpose, model studies with lighter
homologs of different SHEs have assisted to identify ideal catcher
materials for the different elements and have helped to understand
the processes governing their fast thermal release.5% Secondly, ul-
tra-fast vacuum chromatographic investigations rely on high-tem-
perature designs in order for them to push the adsorption retention
down into the millisecond time domain. Therefore, whenever pos-
sible, predictions of adsorption properties from quantum chemi-
cal computations based on relativistic density functional theory!30]
can be used in conjunction with Monte-Carlo-based models of

vacuum chromatography™8! to predict the required temperature
scales. In addition to the quantum chemical computations and in
case of metallic transactinides, semi-empirical solutions based on
the Eichler-Miedema model can provide valuable information on
the adsorption properties of those SHEs on metal surfaces, and
thus, can assist in selecting a suitable stationary phase (i.e. the
chromatographic surface).37] These stationary surfaces need to be
heated to higher temperatures in order to enable the characteriza-
tion of relatively less-volatile chemical species than, e.g. elemental
Cn and FI (such as expected for the elements Nh, Mc, Lv, and Ts as
well as compounds of those). This, together with the prerequisite
of an in situ detection of the specific, genetically-linked o-decay
patterns of the short-lived radionuclides for an unambiguous iden-
tification of the SHE in question can be only achieved with the
application of the above introduced wide band-gap semiconduc-
tors. These henceforth rather well-established detector materials
replace the commonly applied Si-based detector technology!6-57]
and enable measurements in environments previously beyond
reach, i.e. either directly heated to temperatures 7> 50 °C in a
thermochromatography detector array or operated in the form of
an escape detector for isothermal chromatography in the vicinity
of IR-vis-UV-emitting surfaces of hot materials.!58]

Another strategy towards achieving highest speeds for the in-
vestigation of transactinides with half-lives in the order of tens of
milliseconds is connected to electromagnetic, single-ion handling,
which follows their production, either directly after e.g. a gas-
filled separator,[°°! or behind gas catchers and/or ion traps,[©!] the
latter both likewise succeeding physical pre-separation. Here, the
challenges are manifold too. Apart from the still rather moderate
efficiencies of gas catchers, the establishment of chemical equi-
libria, which is a prerequisite for the physicochemical assessment,
is almost impossible. Therefore, direct results from such in situ
chemical investigation methods of ions will be limited to kinetic
reaction rates of unimolecular and bimolecular reactions of ions.
Hence, in order to quantify thermochemical properties from ex-
perimental observations, new models are required based on non-
equilibrium thermodynamics, which include excited atomic and
molecular states, such as the Rice-Ramsperger-Kassel-Marcus
(RRKM) theory.[92 Modern chemical theory has to heavily assist
here for a correct thermodynamic description addressing the ex-
cited ionic and molecular states involved.[63] Last but not least, ion
manipulation may be a promising technique to introduce single
atoms into a vacuum chromatographic system, which would al-
low the time consuming step of solid-state thermal release of im-
planted SHEs from hot catcher materials to be avoided. The likely
challenges of operating a spectroscopic detection system in the
vicinity of high-frequency electromagnetic fields of gas catchers
and similar equipment has yet to be mastered, since large distance
transports are not possible with radionuclides surviving for a few
milliseconds only.

4. Conclusion

This short introduction to the field of transactinide chemistry
is intended to highlight the multi-disciplinarity of this exciting
field at the forefront of fundamental science. This thrilling and
stimulating research topic not only offers exciting prospects for
young researchers in nuclear sciences and engineering, but also
relies on the international collaboration of research institutions
across the globe. Only based on these well-established joint ef-
forts, will scientists be able to reveal exciting new properties of
SHE:s in the years to come. These findings will enhance our fun-
damental understanding of the chemical behavior, not only of the
heaviest elements, but of all elements in the periodic table and
beyond. Swiss radiochemistry, well embedded into the large re-
search infrastructure at the Paul Scherrer Institute, will continue to
contribute with high-impact experiments, thus keeping a leading
position in the field of transactinide chemistry.
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