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S 2 Chemistry of Superheavy Elements
Matthias Schadel

Gesellschaft fiir Schwerionenforschung mbH (GSI)
Planckstr. 1, D-64291 Darmstadt, Germany

Over more than two decades, the term ”"superheavy elements” was used specifically to
describe elements located on an elusive island around Z=114. Today, it became common
use to call — in a much more general sense — all elements ”superheavy elements” which
owe their existence to the stabilization through shell effect, regardless whether they are
spherical, as predicted for the N=a178-184 region around Z=114, or deformed, as the
heaviest known elements up to Z=112 [1] are. From this point of view it is justified to
call all transactinide elements ”superheavy elements”. Important aspects of the nuclear
stability in the N=162 region and the nuclear reactions leading into the region of relatively
long lived, neutron rich nuclides of the elements beyond Z=103 will briefly be discussed.

The chemistry of the elements at the end of the Periodic Table has a large number of
fascinating and challenging facets. It begins with the difficult synthesis of single atoms
of these elements at a heavy ion accelerator. Typical production rates are about one atom
per minute to one atom per hour for the first three superheavy elements rutherfordium
(Rf, Z=104), dubnium (Db, Z=105) and seaborgium (Sg, Z=106); the only superheavy
elements for which chemical studies have been performed up to now. '

Automated rapid chemical separation devices applying chromatographic techniques
in the aqueous and the gas phase have been developed over the last decade to meet
the needs of atom-at-a-time chemistry with short-lived isotopes of the transactinides.
Characteristic features of the miniaturized liquid chromatography apparatus ARCA [2]
and the gas-chromatographic apparatus OLGA [3] will be outlined.

After the very first experiments on rutherfordium and dubnium (until most recently,
the name hahnium, Ha, was commonly used for element 105 and can be found in most of
the publications), which showed that they constitute the first two transactinide elements
positioned in group 4 and 5 of the Periodic Table, a larger number of more detailed in-
vestigations have been performed within the last decade; see e.g. [4] for a review. At a
first glance, many surprising chemical properties have been observed, e.g. the non-Ta-like
behaviour of dubnium in triisooctyl amine (TiOA) extractions from mixed HCl/HF solu-
tions [5] and the low volatility of dubnium compounds in gas chromatographic separations
with brominating agents [3]. Our present understanding of these results will be discussed
‘including the most recent experimental and theoretical results.

The above mentioned surprising results stimulated a series of new experiments on
elements 104 and 105, gave thrust to move on to the first chemical experiments on element
106 [6], and revived the theoretical interest in this field, see [7] for a theoretical review.

The central question behind all these effort is dealing with the influence of increasingly
strong relativistic effects on the chemical properties of these superheavy elements and,
consequently, is questioning the architecture of the Periodic Table at its upper end. In this
context it was — and still is - of special importance (i) to investigate the chemical properties
of the lighter superheavy elements in more detail and (ii) to move on to heavier elements
to probe the increasing strenght of the relativistic effects on the chemical behaviour.



Three series of experiments have been performed on seaborgium using the isotopes
2655g and 266Sg which were produced in the 23Cm + ??Ne reaction at GSI’s UNILAC. In
our a first attempt [6] it was shown (i) that seaborgium forms hexavalent ions in aqueous
solutions which, in general, show a behaviour typical for a group 6 element [9,10], and
(i1) that seaborgium forms volatile oxychlorides [8]. Both observations are in agreement
with the expected chemical behaviour as deduced from the lighter homologs Mo and W.
In these first experiments seaborgium did not show U-like properties.

While from the results of the first experiments in aqueous solutions of 0.1 M HNO;/
5%x10* M HF it was concluded that seaborgium forms neutral or anionic oxy- or
oxyhalide-compounds [9] a second, more recent experiment, performed with pure 0.1 M
HNOj3, gave evidence that the F~-anions contributed significantly to the complex forma-
tion in the first experiment [10]

Recent gas chromatographic studies investigated the volatility of the seaborgium oxy-
chloride in comparison with the lighter homolgs — experiments which also obtained inter-
esting new information on the nuclear properties of 265Sg and ?%®Sg [8] —; and studied the
formation of volatile oxides/hydroxides, see [11] for results from preparatory tests with
the lighter homolog molybdenum.

Preparations are under way to extent the chemical studies of superheavy elements
beyond element 106 both in the aqueous and in the gas phase. Limitations of the present
set-ups and recent developments which include the aspects of decreasing production rates
and half-lives will briefly be discussed.
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High Level Waste (HLW), comprising either vitrified HLW glass or spent fuel, contains most
of the radioactivity inventory (ca. 99 %) in a small volume of waste packages (< 5 %). Be-
cause of its great intensity of radiation, thus heat generation and high toxicity, the geological
disposal of HLW entails safe confinement that will not be affected by geological evolution
and geochemical processes. For the long-term safety assessment of a HLW repository, among
others, most important is the geochemistry of long-lived actinides and some fission products
that pertain to a dominant radiotoxicity over the period of many hundred thousand years. A
relative toxicity of radionuclide groups arising in a typical spent fuel is shown in Fig. 1 as a
function of time.
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For the long-term safety assessment, the actinides appear to be a preponderant radionuclide
group to be taken into account. Whatever the scenario is put on a pedestal for the performance
assessment of a given repository, knowledge on the fundamental geochemistry of actinides,
namely their aquatic chemistry, is of cardinal importance for supporting and corroborating the
computational prediction of their long-term behaviour in the geologic time scale.

A worldwide effort given over to this subject area has advanced noticeably our knowledge on
the aquatic chemistry of actinides in recent years, particularly the speciation that comprises
complexation, redox-reaction, colloid generation, solid-water interface interaction and new
solid-phase formation. They are in aquatic systems oxidation state specific reactions, of which
the predominant reactions for each oxidation state can be summarized as given in Fig. 2.

All radionuclides of metal element contained in HLLW can be classified into seven oxidation
states, in which actinides are comprised in four oxidation states: M(III), M(IV), M(V) and
M(VI). Among these, M(V) and M(VI) involve redox sensitive actinides and tend to undergo
reduction to M(III) or M(IV) under most repository conditions. This fact infers the signifi-
cance of the long-term geochemical behaviour of M(III) and M(IV).
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The speciation can divide all reactions involved into two distinctive categories: mobilisation
and immobilisation, which generate namely mobile and immobile species. As in all natural
aquifer systems the geomatrices are covered with oxygen-borne negative charges, the mobile
species of actinides are either negatively charged complexes or colloidal species. The immo-
bile species, in which actinide ions are chemically incorporated, are sparingly soluble mineral
phases and multicomponent precipitates.

The speciation of actinides in a given aquifer system encompasses the quantification of dif-
ferent reactions which are illustrated in Fig. 3 with relevant thermodynamic parameters.

Ksp, Bxyzx

Fig. 3: Effect of Colloids in solid-
water interface reactions

Solid Phase Rs: distribution coefficient,
Ksp: solubility product,

B: complexation constant

The chemistry of actinides resolved from the near field to the far-field environment changes
dramatically by dilution of their concentration. In the near-field the thermodynamic speciation
is more or less capable of describing the chemical processes involved, whereas in the far-field
the chemical behaviour of individual actinides is often submerged in the reaction processes of
major geochemical constituents of given aquifer systems. Such submerging processes are
complex and site specific, on which our knowledge is much deficient.

A conceptual overview is conferred on the above given strides in the aquatic chemistry of
actinides for its cogent relevance to the long-term safety assessment of HLW disposal. Dis-
cussion is addressed to the present state of our knowledge on the subject and its shortcomings.

Key Words: Actinides, Aquatic Chemistry, Colloids, Safety Assessment
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COMMISSION INTERNATIONALE DES ETALONS DE RADIUM.

CERTIFICAT.

Das sls Chlorid dargestellte La Préperation de Chlorure de Specimen Na. & of Rudium
Radiumpraparat Nr. % entstammt  Radi contenve dans Tampoule prepared a3 dhloride from pitch-

St. Joachimstaler Uranpechblende und ”..MP v.dm-n._.» mo_%’-l”r-“lﬂ“ blende of St Joschimstal and s

ist demnach praktisch frei wvon pratiqueme deMésothort gcﬂ.& practically free from .
Mesothor. Elle contiemt /026 Wik

Es enthilt \.QN\ Milligramm grammes de ael. It containa /0 2/ Milligram-
Salz. Lescla &téenfermé le 7/ M3 mes of salt

schlossen in gg&.mswdag #acqhﬂvﬁﬁazouu:ﬂ“ It was enclosed the 1A ina
ger Glas) von 027 mm Wandstirke, Diamitre extérieur 32 mm; Longueur Nrn&oagnrlvgoﬁaa
: suflerem Durchmesser 32 mm, Linge .43 mm Un fil de platine fin a été nrrkbnl. exterior diameter 32 mm,
23 mm, an dessen Ende ein feiner - 30udé & Uextrémité du tube. length 2 mm, & thin platinum wire
Platindraht eingeschmolzen ist. En qualité ¢'talen secemdairs being fused into the end of the tube.

ﬂighm..&mgvgr? ..
Dasselbe wurde als Secupdirer de Vi et & Mtalon In onal It .is calibrated as Sscendary

Qﬂsigmﬂ.ﬁ.ﬁsﬂmﬂ—oﬁri de Paris, au moyen de méthodes de Stasdsré by comparison with the

Paris nach mehreren 1-Strahlungs- —bgvnaﬂoa-gm!ﬂ% national Standard at Paris, several

methoden unabhingig voneinander damment & <.nn5n et & Paris. independent 7 4.-”. thods being used.
geerdnt . Dlapris secsoysnnement , la . radiation
Der :-Strahlung nach ist es im Préparation équivaut en Panné N3 by the .....&n: .
{ e g E & Qﬁh‘ mg. S. A—.l diminution it is in the year /i3 equivalent to
Jabre 1§43 squivalent 9oB0 wg VU O 08 pour mille) 948 wg. RaCh. (The yearly decay
ctwa 0°4 Promi suivants: Taking the atomic weights
Unter Zugrundelegung der Atom- Rodiom .. 2%
gewichte von ?..., wﬂ“—uu e for Radium
I - a-s r I3
7% - for Radimm Chlorine
35457  far Chloe on déduit Ia teneur correspondante en 79916 for Bromine
79916  fie Brom Radium &ément et en Bromure de (1.5 corresponds to
entspricht dies Radism: .
w.\h mg Ra-Element, Ra NQ\ g, .N(M mg Re-eloment,
9.30. lrm... , RO, m..\sl. 940 wrar,
1074 =Ry, Rale, (E)vmg 12-7Y =g Rid
Die Genauigkeit dieser Angabe La précision de cas résultats est .
wird auf 042 %, fir gesichert ge&-  considérée comme smsurée & ume These statements are considered
halten. approsimation de &2 7, correct to D029,
, . e e s vommmn e 7l Oreca it 5
g A §§ ,\N-\c«‘“.. e haf- . Cotssrmnnmnasn
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