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Abstract. Data on the isolation of transactinide elements and their
homologues and investigation of their chemical properties in
solutions, which were obtained by chromatographic extraction
and other methods, are generalised for the first time. Particular
attention is given to model experiments on the prediction of the
chemical properties and investigation of the relativistic effects of
these elements on the basis of the behaviour of homologous
elements in solutions containing various complexing ligands.
The results and prospects for future research are discussed. The
bibliography includes 105 references.

1. Introduction

In recent years, considerable progress has been made in the
synthesis of new transactinide elements (TAEs) or, as they are
also called, superheavy elements (SHEs). The elements with
atomic numbers Z = 114, 115, 116 and 118 and the longest-lived
(of the presently known) isotopes of element 106 (**>Sg and 26Sg)
have been synthesised for the first time in the Flerov Laboratory
of Nuclear Reactions of the Joint Institute for Nuclear Research
(FLNR JINR, Dubna, Moscow region, Russian Federation).!~#
The element with Z = 113 was observed in the decay chain of
element 115.2 High stability to various types of nuclear radioactive
decay in the vicinity of deformed (Z ~ 108, N = 162) and spher-
ical (Z = 114, N = 184) nuclear shells was observed experimen-
tally and established by calculations. This fact is indicative of the
occurrence of the so-called ‘islands of stability’ among superheavy
elements, which has been predicted as early as in the mid-1960s.

During production of new elements, their nuclear physical
characteristics (712, the radioactive decay mode, etc.) are gen-
erally determined by measuring o decay or spontaneous fission of
the nucleus that formed and the correlations between the decay of
parent and daughter radionuclides. However, the exact position of
a new element in the Periodic Table should be confirmed by its
chemical identification. Investigations of the chemical properties
of superheavy elements provide deeper insight into their electronic
structures.
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Fourteen transactinide elements and ~ 70 their isotopes have
been produced. In 1997, IUPAC approved the names and chem-
ical symbols of TAEs with Z = 104—109. In 2003—-2004, the
names and chemical symbols of elements 110 and 111 (Table 1)
were approved. Other TAEs have no names. The chemical
properties of only two TAEs, viz., rutherfordium and dubnium,
were studied in solution. Two experiments on the isolation and
chemistry of seaborgium and one investigation of the chemistry of
hassium have been carried out. Table 2 lists the isotopes of TAEs,
which were studied by chemical methods in solution. The longest-
lived 26! Rfisotope (T2 = 78 s) was discovered in 1970. However,
detailed investigations of the chemical properties of rutherfor-
dium in solution were started only in the early 1990s, which was
associated with the development of new approaches to the
isolation of TAEs. Investigation of the chemistry of transactinide
elements and, particularly, of elements with Z > 106, is a compli-
cated and laborious process. The difficulties are associated with
very short lifetimes and low production cross-sections of TAEs in
reactions with multicharged ions. These experiments are carried
out only in a few research centres in the world (see Table 2).

Table 1. Names and symbols of transactinide elements.

Atomic number (Z) Name Symbol
104 Rutherfordium Rf

105 Dubnium Db

106 Seaborgium Sg

107 Bohrium Bh

108 Hassium Hs

109 Meitnerium Mt

110 Darmstadtium Ds

111 Roentgenium Rg

To find the optimum conditions for the isolation and inves-
tigation of the chemical properties of these elements, it is necessary
to perform preliminary experiments with homologous elements in
various systems. In addition, these experiments are required
because the relativistic effects in the chemical behaviour of heavy
elements can lead to considerable deviations from the general
regularities.

The chemical properties of TAEs are studied both in the gas
and liquid phases. Studies in the gas phase have the advantage that

T The review is dedicated to the blessed memory of Academician Georgii
Nikolaevich Flerov, who has initiated studies on the production and
chemical identification of superheavy elements in Russia.
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Table 2. Isotopes of transactinide elements studied by chemical methods in solution.
Isotope Ty /s Production reaction Investigation method Research centre (year) Ref.
261IRf 78 248Cm(1%0, 5n) ion-exchange chromatography LBL (1970) 5
78 248Cm(180, 5n) the same FLNR JINR (1990) 6
78 248Cm(180, 5n) " FLNR JINR (1998) 7
78 248Cm (180, 5n) " PSI (2000) 8
78 248Cm(180, 5n) " JAERI (2002) 9
78 243Cm (180, 5n) " JAERI (2004) 10
78 248Cm(180, 5n) " GSI (2004) 11
78 248Cm(180, 5n) extraction chromatography LBL (1980) 12
78 248Cm(1%0, 5n) the same PSI (1998) 13
78 248Cm(1%0, 5n) liquid —liquid extraction LBL (1994) 14,15
78 248Cm(180, 5n) the same LBL (1996) 16,17
78 248Cm(1%0, 5n) adsorption LBL (1996) 18
the same FLNR JINR (2001) 19
257Rf 3.5 208Pb(30Ti, n) extraction (on-line) LBL (2002) 20
262Db 34 2498k (180, 5n) adsorption, extraction LBL (1988) 21
34 249Bk (%0, 5n) extraction chromatography LBL (1989) 22,23
34 249B(180), 5n) the same LBL (1992) 24
34 249Bk (%0, 5n) " LBL (1999) 25
263D 27 2498k (80, 4n) ion-exchange chromatography LBL (1992) 26
248Cm('°F, 5n) the same IN2P3-UPS (2002) 27
262Db 27 2499Bk (%0, 4n) " GSI (2003) 28
34 248Cm(19F, 5n) " JAERI (2004) 29
2658g 7.4 248Cm(22Ne, 5n) " GSI (1997) 30
7.4 248Cm(22Ne, 5n) GSI (1998) 31
269Hs ~10 248Cm(*Mg, 5n) CALLISTO GSI (2004) 32

Note. The following abbreviations are used: LBL is Lawrence Berkley Laboratory (Berkley, USA), PSI is Paul Sherrer Institute (Villigen, Switzerland),
JAERI is Japan Atomic Energy Research Institute (Tokai-Mura, Japan), GSI is Gesellshaft fiir Schwerionenforschung (Darmstadt, Germany), IN2P3-
UPS is Institut de Physique Nucleaire, Radiochimie (Orsay, France), CALLISTO is Continuously Working Arrangement for Clusterless Transport of In-

situ Produced Volatile Oxides.

TAEs with very short lifetimes can be investigated. Pioneering
experiments on the chemistry of TAEs have been carried out by
gas chromatography.3* However, investigations in the gas phase
are limited to volatile compounds. Besides, the electronic struc-
tures of the valence shells of elements in the gas phase can differ
from those in the liquid state, which is reflected in their chemical
behaviour.

Model experiments on the isolation and investigation of TAEs
in solutions by ion-exchange chromatography in the on-line mode
demonstrated the possibility of studying the physicochemical
properties of radionuclides with half-lives of ~5-10 s.3433
Short-lived radionuclides with half-lives of <1 s were isolated
and detected using the super fast SISAK III (Short-lived Isotopes
Studied by the AKUFVE Technique) extraction system.3¢

In the last decade, investigations of the chemical properties of
TAE:s have attracted considerable interest. In 2000 —2001, studies
on the synthesis of TAEs were started in the world-famous Orsay
(France) and JAERI (Japan) nuclear research centres, in partic-
ular, with the use of ion-exchange chromatography. The number
of publications, including relativistic quantum-chemical calcula-
tions of the atom states of TAEs in different systems, sharply
increased.’”

In several reviews, experiments on the isolation and the
chemical behaviour of TAEs in the gas and liquid phases were
analysed (in solutions, the behaviour of only Rf, Db and Sg and
their homologues was considerated).3®~4! Data on model experi-
ments aimed at studying TAEs in solutions containing various
complexing ligands4?>~3* are virtually lacking, although these
experiments are required to search for the optimum conditions
of isolation, prediction of the chemical properties of TAEs and
elucidation of the relativistic effects.

The present review provides an overview of the general
approaches to the development of procedures for isolation and
investigation of the chemical properties of trace amounts of short-
lived TAEs in solutions. The possibility of studying the chemical
properties of TAEs (speciation of elements in solution, hydrolysis,
complexation, valence states, efc.), including elements with
Z > 106, was demonstrated by investigations of the homologous
elements in various systems. The results of the isolation of short-
lived isotopes of Hf, Ta, W, Re, Os, Hg, Pb as homologues of Rf,
Db, Sg, Bh, Hs and elements 112 and 114, respectively, and studies
of their chemical behaviour are considered. Experimental data on
the isolation and the chemical properties of Rf, Db and Sg in
solution obtained by chromatographic, extraction and other
methods are summarised. In the review, it was shown that the
relativistic effects can be revealed by performing comparative
studies of the behaviour of TAEs and their homologues in
solutions containing various complexing ligands. The results of
studies and prospects for the use of different methods for the
isolation and investigation of the chemical properties of TAEs in
solution are discussed.

I1. Principles of production and isolation of
transactinide superheavy elements

1. Production of heavy and superheavy elements

The first artificial actinide elements were produced primarily by
successive neutron capture in high-flux nuclear reactors or under-
ground nuclear explosions in high neutron fluxes. The last element
prepared by this method was 2’Fm (T}> ~ 100 days, Z = 100).
Heavier nuclei are impossible to produce by this method because
of short lifetimes. Transfermium elements have been synthesised
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by reactions with multicharged ions at accelerators. The elements
with Z = 101-105 were prepared by so-called ‘hot-fusion’ reac-
tions using bombardment of targets containing heavy isotopes of
transuranium elements (from U to Es) with the accelerated ''B,
13C, 14N, I°N, 00, 180, 29Ne, 2Ne and **Mg ions. The elements
with Z = 106—112 were produced by the ‘cold fusion’ reactions of
the 298Pb and 2°°Bi nuclei with the ions varying from >*Cr to 7°Zn.
Longer-lived isotopes of Sg, Bh and Hs were synthesised by the
reactions  2Cm(*’Ne,  4.5n), 2*Bk(**Ne, 4n) and
248Cm(**Mg, xn), respectively. The elements with Z = 114, 115,
116 and 118 were prepared using heavy isotopes of actinides
(?*2Pu, 2**Pu, **Am, 2*8Cm and 2*°Cf) as the targets and nuclei of
the rare “8Ca isotope as the bombarding particles.

In model experiments, the behaviour of carrier-free short-
lived homologous elements is generally studied. These isotopes are
also produced by nuclear reactions with multicharged ions at a
cyclotron or by uranium fission. With the aim of studying the
chemical properties of element 114 using its homologue (lead), a
radioisotope generator was constructed to produce the short-lived
211Pb isotope.>*

2. Specificity of operations with short-lived elements at the
tracer scale

Experiments with trace amounts of TAEs bring up the question
about the reliability of the results obtained by studying the
behaviour of several or even single atoms. The question arises as
to whether the behaviour of trace amounts of elements is analo-
gous to their behaviour in macroamounts. The classical law of
mass action, which is used for the description of equilibria in
chemical reactions, cannot be applied to reactions with single
atoms, because one and the same atom cannot exist simultane-
ously in different species. To solve this problem, an expression
equivalent to the law of mass action was proposed.>>>° In this
expression, the concentration (activity, partial pressure) is
replaced by the probability of the existence of the species of the
element in the corresponding phase (solid, liquid, gas). Therefore,
the equilibrium constant (distribution coefficient) between two
phases is determined by the probability of the existence of an atom
(ion) of the element in a particular phase. Evidently, chromato-
graphic systems, in which transitions of the substance from one
phase to another are repeated many times, can be reliably used to
study the chemical behaviour of elements at the tracer scale. The
classical example supporting this fact is the use of chromatogra-
phy in experiments on the isolation of 17 2°°Md atoms
(T1/2 =75 min). The chemical identification of mendelevium
was carried out from the peak position on the elution curve from
a cation-exchange column with a solution of ammonium
a-hydroxyisobutyrate. The peak of mendelevium exactly coin-
cides with the peak of thulium, which is its chemical analogue.>’
The behaviour of the element in trace amounts was demon-
strated >® to be identical to its behaviour in macroamounts in the
absence of additional factors, for example, the influence of
loading the resin with a macrocomponent in the chromatographic
separation of elements. In my opinion, studies of the chemistry at
the microamount level provide the most reliable insights into the
chemical properties of elements, because in this case no side
processes (polymerisation, disproportionation, efc.), which are
often observed in experiments with macroamounts, occur.

3. Techniques for isolation and determination of short-lived
radionuclides formed in reactions with multicharged ions
The techniques for isolation and determination of TAEs and
short-lived isotopes of homologous elements, which are produced
by nuclear reactions with multicharged ions at accelerators, have
been described in detail in the literature.3®=4! The transport of
nuclear reaction products from the irradiated target to the
corresponding chemical apparatus is generally performed through

1 The 254-258Md isotopes were produced in the reactions 25 254Es(a, xn).

a thin capillary using an aerosol gas jet (KCIl/H», etc.). Trans-
actinide elements are isolated and their chemical properties are
studied using both the cyclic and continuous (on-line) modes. The
former mode involves repeated cycles of isolation, separation and
determination of TAEs by correlating the a—ao decays of the
parent and daughter radionuclides. The second mode is based on
the on-line isolation of short-lived TAEs and separation from
radionuclides, which hinder the detection, during their production
followed by the long-lived decay product determination.

When isolating TAEs and investigating their behaviour by
liquid extraction in the cyclic mode, all chemical operations are
carried out manually. The optimum time for one experiment is
several minutes. The extraction method was used to isolate 26!Rf
and study its chemical properties.!*~!7 The process involving
chromatographic methods was automated. The Automated
Rapid Chemistry Apparatus (ARCA), which includes microcol-
umns and microprocessor computers, was used to isolate and
study Rf,%~10 Db (see Refs 22, 23, 25 and 26) and Sg.3%-3! This
high-precision and expensive apparatus was described in detail in
the studies.?®- 3% The central part of the apparatus consists of an
aerosol collector and two magazines each containing twenty
1.6 x 8 mm microcolumns. The columns are packed with the
necessary sorbent (ion-exchange resin, extractant on an inert
support, etc.). A solution in which aerosol is dissolved is delivered
to the collector. The resulting solution containing radionuclides
(sorbate) is fed to one of the moving microcolumns. The column
moves further and another solution (eluate, desorbate) is fed.
Then the second column takes the place of the first column, and a
new portion of the sorbate containing radionuclides is delivered,
etc. Solutions eluted from each column are collected on individual
supports, dried and directed to a-spectrometric measurements.
The minimum time for each cycle (dissolution of the aerosol,
adsorption, elution, desorption and preparation of a source for
radiometric measurements) is 45—90 s; 2/3 of this time is spent on
the preparation of the source. The automated system makes it
possible to perform repeated cycles of isolation of short-lived
radionuclides; the number of cycles can be several thousand.
However, the possibilities to use the ARCA apparatus for study-
ing the chemistry of SHEs are limited due to very low yields of
radionuclides in a unit time and the unreliability of the statistics.

The isolation and determination of short-lived isotopes of
TAEs in the continuous (on-line) mode holds the most promise.
This approach involving ion-exchange chromatography was
developed in FLNR JINR.%% The scheme of the apparatus is
shown in Fig. 1. The nuclear reaction products are directed to an
absorber using an aerosol gas jet. The aerosol is dissolved in the

o
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Figure 1. Scheme of the continuous radiochemical isolation of TAEs. % ¢0
(1) An irradiated target, (2) a heavy ion beam, (3) an aerosol generator
(KCI), (4) an absorber, (5) a degasser, (6) a filter, (7) the solution under
study, (8) peristaltic pumps, (9) the first cation-exchange column, (/0) an
anion-exchange column, (//) the second cation-exchange column, (/2) an
eluate.
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solution under study, which is continuously fed to the absorber.
Then the solvent containing TAEs and other radionuclides is
passed through three ion-exchange columns connected in series.
The first (cation-exchange column) is used to separate trans-
actinide elements from actinide (primarily transplutonium) ele-
ments (TPEs), which are strongly retained on the cation-exchange
resin, whereas TAEs remain in the solution and are sorbed on the
second (anion-exchange) column. The decay products of TAEs,
viz., late TPEs (No, Fm, Es), are sorbed on the third (cation-
exchange) column. Transactinide elements are identified by long-
lived decay products after their desorption from the third column
and preparation of one sample (source) for a-spectrometric
measurements. Therefore, this method allows one to perform
continuous isolation and separation of short-lived TAEs from
TPEs produced in nuclear side reactions followed by their
detection by long-lived decay products, which are accumulated
throughout the experiment. The latter fact is of considerable
importance for the isolation of trace amounts of radionuclides
(single atoms) with a low production cross-section in nuclear
reactions. The method of continuous isolation of TAEs was
successfully used to isolate and investigate >°'Rf (see Refs 6, 7,
and 60; in the cited studies, the element is called Kurchatovium,
Ku) and 292Db (see Ref. 27) in dilute solutions of hydrofluoric
acid. This approach was also used in model experiments on the
isolation and investigation of the behaviour of short-lived isotopes
of transition d elements (homologues of TAEs). These radio-
nuclides were also determined in the on-line mode using high-
resolution HPGe  detectors connected to a com-
puter, 34 35.43.44.46.48.52.61 64

The super fast SISAK III system, which includes mixers,
minicentrifuges and a liquid scintillation detector, was designed
for isolation of TAE by extraction and its determination in the on-
line mode. Radionuclides are determined in a flowing organic
phase. The system was successfully used to separate short-lived
radionuclides, including homologues of TAEs.3¢-50-65-67 The
short-lived 237Rf isotope (712 ~ 4 s) was isolated for the first
time (in 2001) and chemically identified with the use of the SISAK
system.0

I11. Isolation and chemical properties of
transactinide elements with Z = 104-118 and
their homologues

1. Rutherfordium

a. Theoretical prerequisites

Rutherfordium is the first element in the series of d-transition
elements in the seventh period of the Periodic table.’ Relativistic
calculations by the Dirac— Fock method demonstrated 8 that the
electronic configuration of an isolated atom of element 104 in the
ground state is [Rn]5f'46d?7s>. Therefore, Rf belongs to Group
IVB and its chemical properties would be analogous to the
properties of Hf and Zr. It was also hypothesised 3 that the
electronic configurations 5f146d7s*7p! or 5f147s>7p? (after the
filled radon shell) can exist. In this cases, rutherfordium can
exhibit chemical properties similar to those of p elements (for
example, of Pb). However, the lead atom has a completely filled d
shell: [Xe]4f145d196s26p2. If only the outer electron shells are taken
into account, thorium is also an electronic analogue of rutherfor-
dium: [Rn]f°6d?7s2. Hence, thorium can be considered as a
pseudohomologue of rutherfordium. Plutonium is also considered
as a pseudohomologue, because Pu(IV) involved in certain
systems behaves analogously to Group IVB elements.

§ Hereinafter, the groups of elements are denoted by Roman numerals
(I—VIII), which are used in the ‘short-period’ form of the Periodic table. In
the ‘long-period’ form of the Periodic table, the groups of elements are
denoted by Arabic numerals (1 —18).

b. Behaviour of Group IVB elements in solution
To isolate rutherfordium and study its chemical properties by ion-
exchange chromatography, the behaviour of its homologues and
pseudohomologues, viz., Hf, Zr, Th and Pu, was investigated in
solutions containing inorganic and organic complexing ligands
(upon their sorption on cation- and anion-exchange res-
ins).6-8-4245.47.60.62.69

Use of cation-exchange resins. Figure 2 illustrates the influence
of the nature and concentration of an acid on the distribution
coefficients (Kq) of hafnium, thorium, some TPEs, rare-earth
elements and strontium upon sorption on Dowex-50 x 8 cation-
exchange resin. In these experiments, strontium was studied as a
homologue of element 102 (No) produced in the decay chain

26IRf (o, 65 8) —> 23'No (o, 27 8) —>

—> 23Fm (e.c., 3 days) —> 233Es(a, 20 days)

(e.c. is electron capture).

A knowledge of the behaviour of No, as well as trivalent TPEs
(REEs), which are produced in substantial amounts in the syn-
thesis of TAEs, is of particular importance if the latter are
identified from daughter decay products.

Hafnium is virtually not sorbed by the cation-exchange resin
from HF, H3PO4 and H>C,04 solutions but exhibits high adsorb-
ability in H,SO4 solutions at a concentration of <0.1 mol litre 1.
Thorium is much more strongly (compared to Hf) sorbed on the
cation-exchange resin, this difference being most pronounced in
dilute HF and H3POy, solutions. Transplutonium elements, REEs
and strontium have large distribution coefficients (= 10*—10) in
acids at concentrations of <0.1-0.5 mol litre~'. The degree of
sorption of the elements sharply decreases with increasing con-
centration of the acid due to competitive sorption of H* on the
cation-exchange resin.

Kd a Kd b
106 Am Cm
Ewm o 104 Sr
Sr B
r
10* 103
Th
10? e
10% Th
10!
Hf Hf
0 ol O 100
10-2 10-! 100 10—2 10! 100

[HF] /mol litre !

[H3PO4] /mol litre—!

Ky d
10° - Cf
104
103 Lu
]03 |-
102
10! 10! k-
Hf
109 | | | T—o—"——2—,
10-2 10-! 100 10-2 10-! 100

[H2SO4] /mol litre ! [H2C204] /mol litre !

Figure 2. Plots of the distribution coefficients of elements vs. the acid
concentration in solutions for sorption on Dowex-50 x 8 cation-exchange
resin,43-45.47

Acid: (a) HF, (b) H3POs4, (¢) H2SO4., (d) HyC204.
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The order of elution of the elements from the cation-exchange
resin reflects their tendency to form complexes in solution. The
low adsorbability of Hf on the cation-exchange resin is attribut-
able to the fact that transition d elements are more prone to form
neutral and negatively charged complexes with F—, H,PO; and
C,03~ than with the HSOj ions. The presence of F— anions in
H>SO4 solutions leads to a sharp decrease in the distribution
coefficients of hafnium already at the HF concentration higher
than 5 x 10—% mol litre !, whereas the distribution coefficients of
strontium and TPEs (REEs) remain virtually unchanged
(Fig. 3).* An analogous behaviour of hafnium and zirconium is
observed upon their sorption on the cation-exchange resin from
mixed HNO3/HF solutions. An increase in the HF concentration
from 5x 104 to 5x 10=2 mol litre=! in 0.1 M HNO3 solution
leads to a decrease in the distribution coefficients of zirconium and
hafnium by approximately three orders of magnitude.® These data
are indicative of the formation of stable neutral and negatively
charged complexes of these elements with F~ ions in solutions
containing HF at concentrations of > 10~3 mol litre ~!. Atlower
HF concentrations, cationic complexes and various hydrolysed
forms adsorbed on the cation-exchange resin can exist. Therefore,
the ability of inorganic ligands to form complexes with Hf and Zr
increases in the following series OH~ > F~ > H,PO; > HSO; .

Ky
2 Cm
Eu
A PO
103 =
102 |
Hf
101 |
100 1 1 1
10—4 10-2 [HF] /mol litre !

Figure 3. Plots of the distribution coefficients of elements vs. the HF
concentration in a 0.05 M H»SOj4 solution for sorption on Dowex-50 x 8
cation-exchange resin.*>47

The difference in the distribution coefficients of Hf, Zr, TPEs
(REEs) and Sr is responsible for the high separation factors of
these elements on the cation-exchange resin in dilute HF, H3POy4,
H>C»04 and H>SO4/HF solutions. Hence, these systems can be
used to separate Hf and Zr (Rf) from TPEs from large volumes of
solutions with purification factors of >10°—10° on small cation-
exchange columns in the on-line mode.®#?>-4%47 In this case,
weakly adsorbed elements (Hf, Zr, Rf) are continuously washed
out, whereas TPEs, REEs and Sr (No) remain on the column.

Use of anion-exchange resins. The plots of the distribution
coefficients of Hf, Sr and TPE (REEs) vs. the concentration of
acids upon their adsorption on Dowex-1 x 8 anion-exchange resin
from HF, H>SO4, H3PO4 and H>C,O4 solutions are shown in
Fig. 4. The distribution coefficients of hafnium and zirconium are
rather high (> 102 —10%), whereas TPEs (REEs) and strontium are
virtually not sorbed on the anion-exchange resin from HF, H;PO4
and H»SOg4 solutions but have high adsorbability in dilute H>C,O4
solutions. Sorption of TPEs (REEs) and Sr in H,C,04 solutions
sharply decreases in the presence of small amounts of HCI
(Fig. 5). Therefore, anion-exchange columns can be used both to
concentrate Rf, Hf and Zr and separate these elements from the
daughter radionuclides (TPEs, REEs) in dilute HF, H,SOy4,
H3PO,4, HyC,04/HCl and H>SO4/HF solutions.> 4347

Kd a Kd b
o O’_O_\KO
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10° - N 10°
102 102
10" | 10"
0 Cm Sr
St et
100 0
10-2 10! 100 10! 100
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K

o8 }\%ﬂ%

d d
Hf
7Zr
A Cf
103 Fom Lu
10] |-
I I —

102 10-1 100
[H2C504] /mol litre !

103

10-1! 100
[H2SO4] /mol litre—!

Figure 4. Plots of the distribution coefficients of elements vs. the acid

concentration in solutions for sorption on Dowex-1 x 8 anion-exchange
resin 43-45.47

Acid: (a) HF, (b) H3POq4, (c) H>SO4, (d) H>C>04.

Kq

10°

103

10!

[HCI] /mol litre !

Figure 5. Plots of the distribution coefficients of elements vs. the HF
concentration in a 0.05 M H>C,04 solution for sorption on Dowex-1 x 8
anion-exchange resin.**

¢. Model experiments

The possibility of using various systems for the isolation of TAEs
in the on-line mode was examined in model experiments on the
isolation of short-lived hafnium isotopes and investigation of their
chemical behaviour under conditions simulating isolation of
Rf.3%43,44,46,61,62,70 The hafnium isotopes were produced by the
nuclear reactions '**Sm(*°Ne, xn)Hf and Gd('®0, xn)Hf at the
U-400 cyclotron (FLNR JINR). The scheme of isolation was
analogous to that presented in Fig. 1. The solution under study
containing nuclear reaction products was continuously passed (at
a flow rate of ~2 ml min—!) through three 0.4 x 4 cm columns,
which were connected in series and filled with Dowex-50 x 8
cation-exchange resin, Dowex-1 x 8 anion-exchange resin and
Dowex-50 x 8 cation-exchange resin, respectively. y-Spectromet-
ric measurements of the columns were carried out in turn both in
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Table 3. Sorption (from 0.5 M H3POy4 solutions) of hafnium isotopes produced in the reactions Gd('#0, xn) and radioactive decay products of hafnium

on ion-exchange columns.*?

First column, Dowex-50 x 8

Second column, Dowex-1 x 8

Third column, Dowex-50 x 8

radionuclide Ty2 /min  sorption (%) radionuclide T2 /min  sorption (%) radionuclide T2 /min  sorption (%)
167y 54 23 165Hf 1.7 100 167y 54 77
168y 6 2 166H f 6.8 100 168Lu 6 98
167Y'b 17.5 10 16THf 2.05 100 167Yb 17.5 90
168 f 25 100 19Yb 2.7 100
1OHf 3.2 100
170Hf 960 100

the on-line mode (the solution containing radionuclides was
passed through the columns) and in the off-line mode (the flow
of the solution was discontinued). Radionuclides of hafnium and
its daughter decay products, which were detected on three ion-
exchange columns by passing a 0.5 M H3POy solution containing
the radionuclides, are given in Table 3.4> The hafnium radio-
nuclides were completely sorbed on the anion-exchange column,
whereas its radioactive decay products, REEs (Lu, Yb), were
detected primarily on the last column (>90%), and substantially
smaller amounts of the latter products were detected on the first
column. Rare-earth elements, which are the daughter radionu-
clides of Hf, were sorbed on the first cation-exchange column;
these radionuclides were produced in the system before the
solution was passed through this column. The second cation-
exchange (third in order) column sorbed radionuclides produced
by the decay of Hf isotopes, which were retained on the anion-
exchange column, for example,

17THf(B*, 2 min) —> "*/Lu(B*, 54 min) —> °7Yb(B ", 17.5 min).

Analogous results were obtained in model experiments on the
isolation of short-lived Hf isotopes from 0.2 M HF and
0.05 M H2C204/0.1 M HCI solutions.*+4% These experiments
demonstrated that the above-mentioned systems can be used for
the continuous, on-line, isolation of 26'Rf and its determination
by the long-lived decay products, viz., >*Fm and 2>3Es.

A procedure was developed for the determination of the
distribution coefficients of Rf between anion-exchange resins
and HNO;3;/HF solutions in the on-line mode in the study of
short-lived Hf isotopes.®? The conditions of sorption (the amount
and the nature of the anion-exchange resin, the elution rate) were
chosen so that the retention time of Hf (Rf) on the column
corresponds to the half-life of the radionuclide. Hafnium was
found to be sorbed on the anion-exchange resin as the negatively
charged HfF2~ complex.

d. Isolation of rutherfordium and investigation of its chemical
properties

Chromatographic methods. As mentioned above, pioneering
experiments on the isolation of 2'Rf and investigation of its
chemical behaviour in solution were carried out by ion-exchange
chromatography, which had been used earlier for the identifica-
tion of TPEs (LBL, Berkley, USA, 1970).° Like zirconium and
hafnium, rutherfordium was eluted from a cation-exchange col-
umn with a solution of a-hydroxyisobutyric acid (a-HIBA) much
more rapidly than TPEs. In the experiment, 17 a-decays of 20'Rf
(T2 = 65 s) and its daughter radionuclide 2’No (T» = 25 s)
were observed. The second investigation of Rf in solution was
published 10 years later, when the first automated apparatus for
rapid isolation of short-lived TAEs was constructed.!?

The behaviour of rutherfordium in HCI solution was studied
by the extraction-chromatographic method using columns filled
with Aliquat-336 (methyltricapryl ammonium chloride) on an
inert support. A 12 M HCI solution containing Rf and Hf radio-
nuclides and trivalent TPEs was passed through a column, which
was then washed with a 6 M HCI solution. Transplutonium
elements were eluted from the column with a 12 M HCl solution.

The main amounts of Rf and Hf were found in the 6 M HCI
fraction. In the experiment, only six a-decays of 26'Rf and its
daughter element (>*’No) were observed. However, the authors of
the study? concluded that Rf, like Hf and Zr, forms negatively
charged complexes in concentrated HCI solution. More recently,
the ability of Rf to form negatively charged chloride complexes in
concentrated HCI solution was confirmed by the ion-exchange
method (JAERI, Japan).® The experiments were carried out on an
AIDA apparatus (Automated Ion Exchange Separation Appara-
tus Coupled with the Detection System for Alpha Spectroscopy),
which is an improved modification of the above-described ARCA
apparatus. It was demonstrated that sorption of Rf, Hf and Zr on
CAO08Y anion-exchange resin increases with increasing concen-
tration of HCI from 7.0 to 11.5 mol litre=! (K4 may be as large as
~103), whereas This not sorbed on the anion-exchange resin. The
adsorbability of the elements decreases in the series Rf > Zr > Hf,
which indicates that Rf is more prone to form negatively charged
chloride complexes (compared to Hf and Zr) in concentrated HCI
solutions.

The chemical properties of Rf in dilute HF solutions were
studied by the above-described method for the continuous iso-
lation of short-lived radionuclides followed by their identification
by long-lived decay products (FLNR JINR).% 0 The 26'Rf isotope
was produced using a combined target consisting of 2*8Cm and
157Gd, which was bombarded at the U-400 cyclotron with 3O ions
with an energy of 97-102 MeV and a beam intensity of
4 x 10'2 pps. The scheme of isolation of radionuclides from the
irradiated target was analogous to that presented in Fig. 1. A
0.2 M HF solution containing radionuclides was continuously
passed at a flow rate of 1.5—2.0 ml min—! through three columns
(0.4 x4 cm), which were connected in series and filled with
Dowex-50 x 8 cation-exchange resin, Dowex-1x8 anion-
exchange resin and Dowex-50 x 8 cation-exchange resin, respec-
tively. The first cation-exchange column was replaced from time
to time with a new column (after 300 ml of the solution was
passed). The time of aerosol transport to the absorber was 5 s. The
time during which the solution was passed through the absorber
and three ion-exchange columns was no longer than 30 s.
Throughout the experiment, radionuclides that appeared in differ-
ent parts of the system were monitored by radiometry using Ge/Li
detectors. The Hf isotopes, which were produced in the
Gd('®0, xn) reactions, and isotopes of REEs, which were pro-
duced by the decay of hafnium, were detected on the anion- and
cation-exchange columns, respectively. The total time of irradi-
ation was 24 h. After completion of irradiation, the cation-
exchange columns were washed with 6 M HNO; solutions,
which were analysed for o and vy activities. The o spectra of
radionuclides desorbed from the first and second cation-exchange
columns are shown in Fig. 6. It can be seen that curium isotopes
were present in large amounts on the first column (see Fig. 6 a).
This is accounted for by the fact that the target substance
appeared in the system. In addition, the peaks characteristic (in
energy of o particles) of the Cf isotopes, 23Es, 2>*Fm and 23°Fm
are clearly seen. The spectrum of the desorbate from the second
cation-exchange column (see Fig. 6 b) shows only a small amount
of Cm isotopes, whereas Cfisotopes are absent, which is indicative



Transactinide superheavy elements: isolation and chemical properties in solution 449

a
24Cm
24x10¢ - A
i~ “em
9%x10°
N
)
o
= 3
5 6x10% -
>
o
g
B 3x103
< 254
zlS Fm
0
b
| |
60 | |
| |
| |
0 T N I
5 6 Ey /MeV
Figure 6. o-Spectra of radionuclides, which were produced in the syn-

thesis of 261Rf.6- €0
The desorbates from the first (¢) and second (b) cation-exchange
(Dowex-50 x 8) columns.

of a high degree of purification (K ~ 10°) from these radio-
nuclides on the first column. There is a peak in the region of 25*Es
(6.63 MeV), whereas o particles belonging to the 2*Fm and 2°Fm
isotopes are not observed. In the time measurements of the o
activity of the desorbate from the second cation-exchange column,
the activity first increased and then decreased with 7> = 20 days,
which corresponds to Tj,, for 23Es. The initial increase is
associated with accumulation of 2>3Es, which was produced by
the B decay of 233Fm that formed in the chain

261Rf (a1, 65 s) —> 2>"No(a,, 27 ) —>

—> 23Fm(e.c., 3 days) —> 233Es(a, 20 days).

The absence of the 25*Fm and 2>>Fm isotopes and the presence of
the 253Fm and 233Es isotopes on the second cation-exchange
column unambiguously indicate that the latter isotopes are
produced by the decay of 26'Rf, which is retained on the anion-
exchange column. Evidently, Rf, like Group IVB elements (Hf
and Zr), forms negatively charged complexes in dilute HF
solutions. These complexes are not sorbed on the cation-exchange
resin but are strongly retained on the anion-exchange resin. A
total of ~ 500 o particles belonging to 2>3Es, which was produced
by the decay of 20! Rf, were detected, which is larger by an order of
magnitude than the amount of 2°!'Rf isolated in other experiments.
This is evidence that the method under consideration has advan-
tages in isolating TAEs at the tracer scale and providing reliability
of their identification.

The anion-exchange behaviour of Rf, Zr and Hf in
1.9-13.9 M HF solutions was studied using an automated
AIDA chemical apparatus.'® Sorption of Zr and Hf was found
to decrease sharply at HF concentrations higher than 8 mol -
litre —!, whereas sorption of Rf decreases gradually already at HF
concentrations higher than 4 mol litre—'. This difference was
accounted for by the formation of less stable fluoride complexes
of rutherfordium due to the possible influence of the relativistic
effects.!”

The determination of the distribution coefficients of 20IRf
between Wofatit HS 36 anion-exchange resin and mixed
HNOs/HF solutions in the on-line mode demonstrated that the
coefficients for Rf and Hf in 0.1 M HNO3/0.27 M HF and
0.2 M HNO3/0.27 M HF solutions are of the same order of

magnitude (~50 and ~ 15, respectively).” However, the inves-
tigation of sorption of 2°!Rf and Hf on Bio-Rad AG1X8 anion-
exchange resin (with an ARCA apparatus) showed?® that the
distribution coefficients of Rf and Hf in 0.1 M HNOj3 solutions
containing HF at a concentration of 1x 10=2—1.0 mol litre !
differ by more than two orders of magnitude. In this case, the
degree of sorption of Rf on the anion-exchange resin was very low
(K4 < 8). Hence, the authors of the study ® have cast doubt on the
results obtained in the study.” Moreover, the behaviour of Rf in
HNO3/HF solutions was demonstrated to be analogous to the
behaviour of its pseudohomologue Th both on the anion- and
cation-exchange resins. However, it is not quite correct to com-
pare the results of the cited studies,”-® because anion-exchange
resins with different functional groups were used. The low
distribution coefficients Ky (see Ref. 8) of Rf on the anion-
exchange resin cannot serve as an evidence for the absence of
anionic fluoride complexes of Rf. The presence of NOj3 ions,
which are strongly sorbed on the anion-exchange resin, leads to a
substantial decrease in radionuclide sorption. The decrease in the
HNO; concentration from 0.1 to 0.01 mol litre—! was demon-
strated ® to cause an increase in the distribution coefficient of
rutherfordium by more than an order of magnitude (>10?) and it
becomes similar to Kq for Hf within the experimental error. Later
on, it was found that the presence of HNO; in HF solutions has a
much stronger effect on the sorption of Rf on the anion-exchange
resin compared to the sorption of Hf or Zr.!!

The anion-exchange behaviour of rutherfordium in concen-
trated HNO; solution was studied with the use of an AIDA
apparatus.® Irradiation of the combined ?*3Cm + "'Ge + "'Gd
target (nat is natural) with 80 ions produced 2°'Rf along with the
857r and '9°Hf isotopes. It was found that Rf, like Zr and Hf, is
virtually not sorbed on CAO8Y anion-exchange resin from
8 M HNOs solution. Preliminary experiments showed that Th
and Pu have high adsorbability (Kg = 102—10%) under the same
conditions.

Extraction methods. Extraction with triisooctylamine (TIOA).
Upon isolation of Rf by extraction from 0.5, 4.0 and 8.0 M HF
solutions using a 0.25 M TIOA solution in xylene as the extrac-
tant !7 (383 experiments), 14 o.— o correlations of the 26'Rf —25"No
were observed in the organic fraction (only upon extraction from
0.5 M HF solutions). Group IV elements were extracted with
TIOA from HF solutions in the series Ti > Zr ~ Hf > Rf, i.e.,
the order wvaries inversely with their ionic radii
(Rf > Hf > Zr > Ti), which is indicative of the formation of
inner-sphere complexes.

The 26IRf isotope was extracted from 12 M HCI solutions
with 0.1 M and 1.0 M TIOA solutions in benzene.'* In the organic
phase, 20 events with energies of o particles belonging to 2°'Rf and
257No were observed (only upon extraction with 0.1 M TIOA).
Under analogous conditions, °>Zr and *>Nb were extracted with
K4 > 10%, whereas '52Eu and 22%Th were virtually not extracted.
Hence, the data on the extraction confirm the results of chromato-
graphic experiments on the formation of negatively charged Rf
complexes in concentrated HCI solutions.” 12

Extraction with tributyl phosphate (TBP). With the aim of
studying neutral rutherfordium chloride complexes, extraction of
261Rf, 957y, 169Hf, 228Th and 233Pu was examined with the use of a
TBP solution in benzene as the extractant depending on the
concentrations of HCI and the Cl— and H* ions.!> The Group
IVB elements were extracted from §—12 M HCI solutions with
TBP (0.25 mol litre 1) in the following order: Zr > Rf > Hf. In
the case of extraction of 201Rf, 95Zr, 7>Hf, '8THf and Ti with a
0.35 M TBP solution in benzene from concentrated HCl solutions,
the elements were extracted in another order: !¢
Zr > Hf > Rf > Ti. The distribution coefficients of Rf, Hf and
Zr in the TBP/HCI system were determined by extraction chro-
matography (using an automated ARCA apparatus).!> In
8 M HCI solutions, the distribution coefficients of Rf, Hf and Zr
are 150, 53 and 1180, respectively. Therefore, the extractability of
Group IV elements and their tendency to form neutral chloride
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complexes decrease in the series Zr > Rf> Hf, which was
observed experimentally !> and predicted theoretically.”!

Rutherfordium was not extracted from 7.75-12 M HBr
solutions with the use of a 0.35 M TBP solution in benzene as
the extractant.'® However, the degree of isolation by extraction in
the presence of LiBr was ~90%. Extraction of Group IV elements
from HBr solutions decreases in the series Zr > Hf > Rf ~ Ti,
which was also observed for extraction from HCI solutions.'®

Extraction with dibutylphosphoric acid (DBPA). The extrac-
tion method in the on-line mode with the use of the SISAK system
was employed for the first time for the isolation of the short-lived
257Rf isotope (Tj» ~4s) produced in the nuclear reaction
208Pp(39Ti, n)?57Rf. Before chemical determinations, Rf was sep-
arated from other radionuclides in a gas-filled separator.?? This
made it possible to decrease the amounts of fission products and
radionuclides, which were produced in multinucleon transfer
reactions, by more than three orders of magnitude and optimize
the on-line isolation and determination of 2°’Rf. The 2>’Rf isotope
was extracted with a 0.25 M DBPA solution in toluene from
6 M HNOs. The experiment time was ~ 18 h, and 5 a.—a corre-
lations assigned to the 2>’Rf—233No pair were observed in the
organic phase. Under these conditions, the behaviour of Rf is
analogous to the behaviour of its light homologues, viz., Zr and
Hf.

Adsorption methods. The adsorption method combined with
extraction by thenoyltrifluoroacetone (TTA) was developed for
studying chelate Rf complexes in the investigation of the adsorp-
tion of Hf and Zr on a hydrophobised glass surface from 0.01 M
and 1 M HCl solutions saturated with TTA.”?> Short-lived Rf and
Hf isotopes were synthesised in the reactions 2*8Cm/'>2Gd
(80, 5n) and 26'Rf/!6SHf!° at the U-400 cyclotron (FLNR
JINR). The experiment was carried out for 16 h, during which
600 sorption cycles of radionuclide isolation were carried out and
five o decays of 2°'Rf were observed. All events were observed
only for adsorption from 0.01 M HCI solutions with thenoyltri-
fluoroacetone. The short-lived '8Hf isotope was virtually equally
sorbed from 0.01 M and 1.0 M HCI solutions (87% and 82%,
respectively). It appeared that the behaviour of Rf4* in the
HCI-TTA system differs from the behaviour of its homologues
and resembles the behaviour of Po**, Sn** and Ti* ", which form
neutral complexes with TTA only in weakly acidic solutions.!®

To study the hydrolysis of Rf, the ability of Group IVB
elements to be adsorbed on glasses treated with transition metal
ferrocyanides was investigated.!® Cobalt ferrocyanides show high
selectivity to the tetravalent Zr**, Hf** and Th** cations and low
selectivity to their hydrolysed M(OH)] or M(OH)3" forms. A
substantial decrease in the sorption of Rf on cobalt ferrocyanide
was observed already at HCI concentrations lower than
3 mol litre !, whereas sorption of Zr and Hf decreased only at
HCI concentrations lower than 1 and 0.5 mol litre—!, respec-
tively. Consequently, hydrolysis increases in the series
Hf < Zr < Rf. This behaviour of Rf was accounted for by the
influence of the relativistic effect due to which the Rf** ion in
aqueous solution has a coordination number of 6, whereas the
coordination number of Zr and Hf is 8. However, this conclusion
is inconsistent with theoretical and experimental data,’® according
to which the tendency of Group IVB elements to be hydrolysed
increases in the reverse order, Rf < Hf < Zr, i.e., in accordance
with the change in the ionic radii of the elements.

2. Dubnium

a. Theoretical prerequisites

The electronic configuration of an isolated atom of element 105 in
the ground state should be [Rn]5f!'46d37s2. The Group VB
elements Nb and Ta are chemical homologues of dubnium, and
Pa is a pseudohomologue. Relativistic calculations by the
Dirac—Fock method demonstrated that 7p electrons are absent
in the ground state of the atom.” Therefore, no substantial
deviations in the chemical behaviour of element 105 associated
with relativistic effects are expected. In solution, the main oxida-

tion state of Db would be + 5, although Db can also exist in lower
oxidation states in the presence of strong reducing agents.”>

b. Isolation of dubnium and investigation of its chemical properties
Pioneering experiments on the isolation of element 105 and
investigation of its chemical properties (earlier, this element was
called hanium, Ha) in solution were carried out with the 22Db
isotope (71> = 34 s), which was produced by the nuclear reaction
2499Bk (80, 5n) (LBL).2! When studying the chemistry of dub-
nium, sorption on the glass surface from fuming HNOj3 solutions
characteristic of Group VB elements and extraction with methyl
isobutyl ketone (MIBK) from mixed HNO3;/HF solutions were
investigated. Both series of experiments were carried out man-
ually. Dubnium was adsorbed from a 15 M HNOj solution. In
800 experiments on glass, 24 o.—a decays of 202Db and its daughter
element 2*8Lr (7,2 = 4.3 s) were observed. Under identical con-
ditions, the degree of sorption of Nb and Ta was 42% and 80%,
respectively. By contrast, Group IVB elements (Zr, Hf) were not
sorbed. However, upon extraction of dubnium with MIBK from
3.8 M HNOs3/1.1 M HF solutions (335 experiments), no events of
o decay or spontaneous fission of 262Db or 238Lr in the organic
fraction were observed. In the authors’ opinion, this behaviour of
Db could be associated with the formation of unextractable
doubly charged complexes DbF2~ or mixed oxyfluoride com-
plexes. Under analogous conditions, tantalum forms singly
charged TaFg complexes, which are well extracted by MIBK.
The possibility of relativistic stabilisation of 7s orbitals and, as a
consequence, the formation of Db®", which is not extracted by
MIBK, is also not ruled out.

Extraction chromatography methods. Extraction of dubnium
with TIOA from HCl solution in the presence of small amounts of
HF was studied using an ARCA apparatus.?>23> The 2°2Db
isotope was sorbed on a column containing TIOA on an inert
support from a 12 M HCI1/0.02 M HF solution. Then the column
was successively washed with 4 M HC1/0.02 M HF (Pa— Nb frac-
tion) and 6 M HNO3/0.015 M HF (Ta fraction). The o activity of
the 292Db —258Lr pair was found primarily in the Pa— Nb fraction.
Therefore, the Group V elements are extracted with TIOA in the
series Ta > Nb > Db > Pa. In the studies,?>23 the ‘non-tanta-
lum’ behaviour of dubnium was attributed to the fact that this
element, like Nb and Pa, forms the oxyhalide or hydroxy halide
complexes [NbOCly] ~ and [PaOCly] ~ or [Pa(OH)»Cl4] —, whereas
tantalum forms the purely halide complex [TaClg]~ under these
conditions. However, this explanation is not fully explicit because
the fact that HCl solutions contain the strong complexing ligand
(F~ ions) is ignored.

With the aim of examining the similarity between the chemical
properties of Db and Pa, a series of experiments on the extraction
of Db, Pa and Nb with diisobutylcarbinol, which is a selective
extractant for Pa, was carried out.2* Radionuclides were sorbed
on a column with diisobutylcarbinol from a 7 M HBr solution,
and the column was then successively washed with a 6 M HCI/
0.02 M HF solution (Nb fraction) and a 0.5 M HCl solution (Pa
fraction). The investigation revealed the following series:
Pa > Nb > Db. This series does not confirm the similarity in the
behaviour of Db and Pa observed upon their extraction with
TIOA.

The extraction behaviour of Group VB elements on a column
with Aliquat-336 from pure HCI, HF and HBr solutions using an
ARCA apparatus was studied in detail.?> It was found that the
elements were extracted from 6 M HCI solutions in the series
Pa> Nb>Db > Ta. In a 4 M HF solution, dubnium was
sorbed on an anion-exchange column with the distribution
coefficients Kq > 570. These coefficients are similar to those for
Nb and Ta (= 103). By contrast, Pa is sorbed only to a small extent
(K4 ~ 19) under these conditions. Therefore, the Group V ele-
ments were extracted from 4 M HF solutions with Aliquat in the
following series: Ta > Nb > Db > Pa. The degree of extraction
of the Group V elements from solutions of hydrohalic acids
decreases in the series HF > HCl > HBr.?® These characteristic
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features are consistent with the results of relativistic calculations
on the stability of negatively charged halide complexes of Group V
elements.”!-76

Ion-exchange method. The ion-exchange method in the on-line
mode was used to isolate dubnium and study its behaviour in
dilute HF solutions.?’ The 262Db isotope was produced by the
nuclear reaction (>*Cm, xn '°F) at the accelerator at the Institute
of Nuclear Physics (Orsay, France). A 0.2 M HF solution con-
taining nuclear reaction products was gradually passed through
three ion-exchange columns filled with a cation-exchange resin
(Bio Rad AG 50W x 8), a macroporous anion-exchange resin (Bio
Rad AG MP1) and a cation-exchange resin (AG50W x 8), respec-
tively. A high degree of purification of Db from actinide elements
was achieved on the first column, Db was adsorbed on the second
column, and its decay products were retained on the third column.
The 262Db isotope was identified by the long-lived decay product
234Fm (712 = 3.24 h) after its desorption from the third cation-
exchange column. It was demonstrated that 262Db, which could be
produced by the reaction >*Cm + '°F, was virtually completely
(67 atoms) sorbed on the second (anion-exchange) column. A
preliminary investigation of the behaviour of Group V elements
on AG MP1 anion-exchange resin in HF solutions demonstrated
that the elements in the HF concentration range of
0.01-0.3 mol litre—! are sorbed in the series Ta >> Pa > Nb
with the distribution coefficients of >10* The authors of the
study 27 believed that Db, like its homologues Ta and Nb and
pseudohomologue Pa, forms negatively charged complexes in
dilute HF solutions, and these complexes are strongly sorbed on
the anion-exchange resin.

Anion-exchange method. The anion-exchange behaviour of Db
and its homologues and also of Pa in concentrated HF solutions
was studied ?° with the use of an AIDA apparatus. In 14 M HF
solutions, Kq values are 35 for Db, 150 for Nb, 175 for Ta and 18
for Pa. Therefore, the order of sorption is the same as that
observed for extraction with Aliquat (reagents containing identi-
cal functional groups) from 4 M HF solutions.?> However, the
distribution coefficients for Db on the anion-exchange resin in
14 M HF solutions are closer to those for Pa, whereas the
distribution coefficients of Db for extraction from 4 M HF
solutions are close to those of Nb and Ta (see above).

Cation-exchange method. The 293Db (T, = 27 s) isotope,
which was produced in the reaction 24*Bk (180, 4n), was isolated
and chemically identified with the use of a-hydroxyisobutyric acid
as the eluent. The experiments were carried out on an ARCA
apparatus. During elution of radionuclides, dubnium was washed
out together with Nb, Ta and Pa from a cation-exchange column
with a solution of a-HIBA within the first four seconds, unlike tri-
and tetravalent radionuclides. In the authors’ opinion,?® the
pentavalent state of dubnium is the most stable in solution.

The cation-exchange method combined with extraction was
used to prove a new decay branch of 2°°Db through electron
capture and to identify 263Rf.?® After elution of 2°°Db from the
cation-exchange column with a-HIBA, the eluate was transferred
into a 9 M HCl solution, from which radionuclides were extracted
with a TBP —cyclohexane mixture. In the extractant, spontaneous
fission of 203Rf (7> = 20 min) was observed; the latter isotope
could be produced only by the decay 293Db(e.c.) — 293Rf{(s.f.).T

Model experiments demonstrated that dubnium can be iso-
lated by extraction with trioctylamine (TOA) from solutions of o-
hydroxyisobutyric and lactic acids in the on-line mode using the
SISAK system.¢7

3. Seaborgium

a. Theoretical prerequisites

Calculations by the Dirac—Fock method predicted® the
5f146d*47s? electronic configuration for a free neutral atom of
element 106 in the ground state, i.e., this element belongs to Group
VIB. Tungsten and molybdenum are homologues of seaborgium

9] s.f. is spontaneous fission.

and U is its pseudohomologue. In aqueous solutions, Sg¢* would
be expected to be the most stable oxidation state of seaborgium,
although the possibility of the existence of the tetravalent state in
the absence of complexing ligands cannot be ruled out.”” The
characteristic feature of elements belonging to this group is that
they form oxygen-containing compounds in aqueous solutions
through strong M — O covalent bonds.

b. Behaviour of Group VIB elements in solutions

To identify seaborgium by chemical methods, it is necessary to
separate it from daughter radionuclides, which can be produced
both by nuclear reactions in the synthesis and the radioactive
decay

2658g(ar, 7 s) —> 261Rf(a, 78 s) —> 25'No(a, 26 ) —>

—> 23Fm(e.c., 3 days) —> 233Es(a, 20 days).

With the aim of finding the optimum conditions for the
isolation and identification of seaborgium based on its daughter
decay products, the ion-exchange behaviour of its homologues,
viz., W and Mo, and homologues of rutherfordium and nobelium,
viz., Hf and Sr, respectively, the pseudohomologue U and some
TPEs (Cm) and REEs (Eu) in dilute H>SO and H>SO4/HF
solutions was studied.>! The effect of the H,SO4 concentration
on the distribution coefficients of the elements upon their sorption
on cation- and anion-exchange resins is illustrated in Fig. 7.
Tungsten is sorbed only to a small extent on cation-exchange
resins from solutions containing H,SO4 at concentrations lower
than 0.1 mol litre—!, whereas the distribution coefficients of U,
Hf, Sr, Cm and Eu are >10°-10* (see Fig. 74). Tungsten,
hafnium and uranium are sorbed on anion-exchange resins with
distribution coefficients larger than 102— 103, whereas Sr, Cf and
Eu are virtually not sorbed from these solutions (see Fig. 7).
Therefore, cation-exchange columns can be used to separate W
(Sg) from daughter elements, viz., Hf (Rf), Sr (No) and REEs
(TPEs), and from U in the on-line mode. Anion-exchange
columns can be used to concentrate Group IV — VI elements and
separate them from di- and trivalent elements. Since the presence
of small amounts of HF in dilute H,SO4 solutions has only a slight
effect on the sorption of W, Hf, Sr, TPEs and U,’! these solutions
can also be used to isolate and study seaborgium.

Sorption of Group IV - VI elements on Dowex-50 x 8 cation-
exchange resin and Dowex-1 x 8 anion-exchange resin from mixed
HCI/HF solutions has been studied in detail.®® It was demon-
strated that Group VI and V elements can be separated from
Group IV elements in the on-line mode with the use of 0.05-01 M
HCl solutions containing 1 x 10~3 mol litre ! HF.
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10!

Eu
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Sr !

Il
10—2 10-! 100
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10-2 10! 10°
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Figure 7. Plots of the distribution coefficients of elements vs. the H,SO4
concentration for sorption on Dowex-50 x 8 cation-exchange resin («) and
Dowex-1 x 8 anion-exchange resin (b).5!
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The possibility of determining the distribution coefficients of
Sg and the compositions of complexes in HCI/HF and HNO3;/HF
solutions was examined by studying the sorption of W and Mo on
anion-exchange resins containing various functional groups.3-78
The sorption selectivity and the separation factor of W and Mo
were demonstrated to depend strongly on the composition of the
solution and the nature of the functional groups of the ion-
exchange resin. The optimum conditions for the separation of
the W —Mo pair in the on-line mode were found.

To isolate seaborgium with the use of the SISAK extraction
system, extraction of '7W, 177W, %Mo, U, Th, Am, Cm, La, Ce,
Tb, Lu and Hf from HNOs, H3PO4 and H>SO4 solutions was
studied 789 using Aliquat-336 and TOA. The optimum condi-
tions for the separation of Group VI elements and U from TPEs,
REEs and Hf were found. The extraction of elements in different
oxidation states decreases in the series M** > MO?* >M3+,

¢. Model experiments

Ion-exchange methods. Short-lived tungsten isotopes, which were
produced in the nuclear reactions Sm (>**Mg, xn) at a cyclotron,
and Mo, Zr, Ba and REE radionuclides produced by fission of
235U were isolated in model experiments and their chemical
behaviour in dilute H,SO4, H>SO4/HF,>> HF (see Refs 34, 46
and 48) and HCI/HF solutions ' was studied. The radionuclides
were isolated and determined in the on-line mode using two —three
ion-exchange columns. Table 4 lists the tungsten isotopes and
products of their radioactive decay, which were determined on
columns during elution with a 0.05 M H>SO4 solution containing
the radionuclides. The Hf and REE isotopes, which were pro-
duced by the decay of tungsten before the solution was fed into the
column, were sorbed on the first (cation-exchange) column. The
tungsten isotopes and products of their radioactive decay, viz., the
‘daughter’ (tantalum) and ‘granddaughter’ (hafnium) isotopes,
adsorbed on the second (anion-exchange) column. The ‘great-
granddaughter’ isotopes (Lu and Yb, respectively) were retained
on the third (cation-exchange) column. The "W, 1°W and '7°W
isotopes were found on the anion-exchange resin, but the shorter-
lived 17W isotope (T2 = 19.3 s) was not detected because of the
lack (at that instant) of data on the y-radiation energies of this
radionuclide. However, the presence of the 17Ta, 1°7Hf, 17Lu and
167Yb radionuclides, which could be produced only by successive
B*-decays of '7W, on the anion-exchange column and the second
cation-exchange column, provides evidence that this isotope was
also present on the anion-exchange column.

Therefore, the short-lived parent radionuclide was chemically
identified based on the genetic relationship to longer-lived decay
products. The results of model experiments suggest that 293Sg
(T12 = 7£3.3 s) can be isolated and its chemical properties can
be studied in the on-line mode followed by the identification with

Table 4. Distribution of tungsten isotopes produced in the nuclear
reactions Sm(**Mg, xn) and radioactive decay products of tungsten on
ion-exchange columns (from 0.05 M H,SOj solutions); the measurements
were carried out in the on-line mode.*$-52

Third column,
Dowex-50 x 8 cation-
exchange resin

Second column,
Dowex-1 x 8 anion-
exchange resin

First column,
Dowex-50 x 8 cation-
exchange resin

isotope T2 isotope T2 isotope T2
167THf 2.05 min 168y 53.0s 167y -
169Hf 3.2 min 169y 1.3min !Lu -
167y 52.0 min 172y 6.7 min  '97Yb -
1681y 6.0 min 167Ta 1.4 min  '9Yb 46 s
1691y 2.7 min 169Tq 4.9 min
167y b 17.5 min 170Ta 6.8 min

172Ta 38.8 min

167 F _

the longer-lived decay products 2°'Rf, 23Fm and 2>3Es, which can
be accumulated on anion-exchange or cation-exchange columns.
Extraction method. Tungsten and molybdenum as homo-
logues of Sg were isolated by on-line extraction using the SISAK
system.®” It was demonstrated that the degree of extraction of
Group VI and V elements with TOA from solutions of a-hydroxy-
isobutyric or lactic acids is 80% (or higher), whereas Group IV
elements (Hf) and REEs remain in the aqueous phase. The best
separation was achieved by extraction from 1 M a-HIBA solu-
tions at pH 1-2 with the use of 0.046 M TOA as the extractant.

d. Isolation of seaborgium and investigation of its chemical
properties
The first experiments on the isolation of seaborgium and inves-
tigation of its behaviour in solution were carried out after the
‘long-lived’ 26°Sg (T, =743 s) and 2°°Sg (Ti, = 20416 s)
isotopes had been synthesised in FLNR JINR.* although the
263106 isotope (T2 = 0.9 s) was discovered as early as 1974. The
2658g and 290Sg isotopes were produced in the nuclear reaction
248Cm + 22Ne at the Unilac Accelerator Facility (Darmstadt,
Germany).3? Seaborgium was separated from other radionuclides
on the ARCA apparatus using chromatographic columns
(1.6 x 8 mm) filled with Aminex A-6 cation-exchange resin
(17 um). A 0.1 M HNO;/5x 10—* M HF solution was used as
the eluent. The seaborgium fractions were collected during the
first ten seconds. Preliminary experiments showed that, under
these conditions, the degree of elution of tungsten from the
column was 85%, whereas trivalent actinides, Group IV elements
and uranium remained on the column; 4000 cycles of isolation and
determination of seaborgium were carried out. Three pairs of o.—a
correlated decays for 26'Rf and 25’No, which are the daughter
decay products of 203Sg, were observed. The 203Sg isotope
(Th2 ~ 7s) was not detected directly because the total time
consumed for the chemical operations was 38 —45 s. These results
suggest that seaborgium exists in solution in the stable hexavalent
state and, like its light homologues, viz., tungsten and molybde-
num, forms neutral (SgO.F2) or anionic (SgO,F3) oxyhalide
complexes. The existence of ‘seaborgates’ SgO; , by analogy with
molybdates and tungstates, cannot be ruled out as well.3°
Another series of experiments on the isolation of seaborgium
was carried out with the use of HF-free 0.1 M HNOj solutions as
the eluent.3! The 265Sg and W isotopes were produced simulta-
neously by bombardment of the combined 2**Cm + Gd target
with 22Ne ions. All other experimental conditions were identical to
those used in the earlier experiment.3® The first portions of the
eluate (0.1 M HNO3) contained ~60% of 'W; only one a—«
decay pair corresponding to 26'Rf—25'No was observed. How-
ever, according to the estimates,?! five a— o correlated events were
expected. Based on this fact, the authors hypothesised that in
dilute HNOj solution, seaborgium gives the positively charged
hydrolysed Sg(OH)4(H,0)F or Sg(OH)s(H,O)* species, which
are sorbed on cation-exchange resins. In such solutions, the
behaviour of seaborgium is similar to that of uranium. Tungsten
forms primarily the neutral WO»(OH), compounds, which remain
in solution.?!

4. Bohrium and hassium

a. Theoretical prerequisites

It was predicted %8 that the configurations of the outer electron
shells of elements 107 and 108 are 6d°7s? and 6d®7s2, respectively.
Therefore, Bh and Hs belong to Groups VIIB and VIIIB,
respectively. Rhenium and technetium are the chemical homo-
logues of Bh. Osmium and ruthenium are the chemical analogues
of Hs. The characteristic feature of elements of these groups is that
they can exist in various oxidation states. In particular, the stables
states +7, +5 and + 3 were predicted for Bh.”” Since the highest
oxidation state within the group is stabilised on going to heavier
elements, bohrium, by analogy with rhenium, would be expected
to occur in aqueous solution in the heptavalent oxidation state as
the BhOj oxy anion. Evidently, hassium, by analogy with
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osmium, can exhibit the maximum oxidation state of + § (volatile
tetroxide HsO4) and a lower valence state in aqueous solution.

b. Model experiments

Ton-exchange methods. Model experiments on the isolation of the
short-lived osmium and rhenium isotopes under conditions sim-
ulating isolation of Hs and Bh, respectively, were carried out at the
U-400 cyclotron in FLNR JINR. Osmium radionuclides were
produced in the nuclear reactions "Dy(*°Ne, xn)!7>~1780s.
Rhenium and tungsten isotopes were present in the system as
decay products of osmium, for example,

1750s(B*, 1.4 min) —> '>Re(B*, 5.9 min) —>

— > I5W(B*, 35.9 min) —> '5Ta(B*, 10.5 h).

The isolation was carried out from 0.05 M H»SO4 and
0.05 M HCI solutions in the on-line mode with the use of ion-
exchange columns connected in series (cation-exchange
resin—anion-exchange resin—cation-exchange resin).’>*% 1In
both systems, Os and Re were not sorbed on the cation-exchange
resin, but were strongly retained on the anion-exchange column,
which is indicative of the presence of neutral or negatively charged
forms of the elements in these solutions. Table 5 lists the nuclear
physical characteristics of the radionuclides detected on the anion-
exchange column (the on-line mode) when passing a 0.05 M HCI
solution through the column.%* Short-lived osmium isotopes with
T2 =16-55s were isolated. There is a genetic relationship
between the osmium isotopes and the daughter decay products
of rhenium and tungsten. Hence, these systems can be used to
isolate Hs and Bh in the on-line mode.

The possibility of identifying the valence states and speciation
of Hs and Bh in dilute HCI solutions was demonstrated in the
study of the sorption of Os and Re on various sorbents (in the on-
line mode).%* Dowex-50 x 8 cation-exchange resin, Dowex-1 x 8
anion-exchange resin, mixed K,Ni[Fe(CN)s] ferrocyanide and tri-
n-octylphosphine oxide (TOPO) containing a sorbent on an inert
support were used in the study. During the experiment, the order
in which the columns containing various sorbents were connected
was varied. Figure 8 shows the y spectra of three columns
connected in series: the cation-exchange resin, ferrocyanide and
the anion-exchange resin. The spectra were measured when a
solution of radionuclides in 0.05 M HCI was passed through these
columns. Osmium, rhenium and tungsten radionuclides were
sorbed only on the anion-exchange column. These radionuclides
were not observed on the columns with the cation-exchange resin
and ferrocyanide. The radionuclides were also absent in the
solutions after they have been passed through the anion-exchange
column.®* Since only the Os** and (OsO;)>* cations are sorbed
on the cation-exchange resin and ferrocyanide from dilute HCI
solutions,’! Os** were, evidently, present in the model experiment
as the major form, that sorbed on the anion-exchange resin as
(OsClg)>~. When the columns were connected in the cation-

y-Count a
65Ga
65Ga
4000
0
v-Count b
1000
71Se 70As, 1 As
75G 4‘)C
¢ " [5Ge
500
0
v-Count ¢
4000 - 71Se
]77Re’ ]77OS
176Re, 178Re
]7205’ I73OS
2000 | 174\ 177Re, 17705 17305 174W
178Re '7?Os / }730s  / 3Br
179RC
T3Br 174y
0 1 1 I
100 200 300 Ey [keV
Figure 8. y-Spectra of three columns connected in series and filled with

Dowex-50 (a), KoNi[Fe(CN)g] (b) and Dowex-1 (c), which were measured
when passing a 0.05 M HCI solution containing radionuclides (in model
experiments with osmium and rhenium isotopes).%*

exchange resin — TOPO —anion-exchange resin series, the osmium
isotopes were also found only on the anion-exchange column,
whereas Re was detected primarily on the anion-exchange column
and, partially, on the TOPO-containing column.®* In weakly
acidic solutions, Re exists in the stable anionic ReO; form,
which is not sorbed on the cation-exchange resin, but is strongly
retained both on the anion-exchange resin and the TOPO-con-
taining sorbent to form the 3(TOPO)H3;O*ReOy or (TOP-
O)H*ReOy solvates.

Table 5. Nuclear-physical characteristics of osmium, rhenium and tungsten isotopes detected on an anion-exchange column when passing a 0.05 M HCI

solution.%*

Osmium Rhenium Tungsten

isotope T2 E, /keV isotope T2 E, /keV isotope T\ E, /keV
17205 19.0s 240, 254 172Re 55.0s 123,254 172 6.7 min 154,175
1730s 16.0s 285, 187 13Re 1.9 min 181, 373 173w 8.0 min 459, 175
1740s 44.0s 118, 138 - - — 174w 29.4 min 125,136
1750s 1.4 min 125, 181 175Re 5.0 min 185 175w 34.9 min 166
176Qs 3.6 min 776, 857 176Re 5.7 min 109, 240 176w 2.5h 100.2
1770s 3.0 min 85,196 177Re 14.0 min 84,197 — — —

1780s 5.0 min 533,594 178Re 13.2 min 106, 237 - - -

17905 6.3 min 218 179Re 19.5 min 290, 430 — — —
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In the study, it was shown that Re and Tc (homologues of Bh)
can be separated from Nb and Ta on a cation-exchange column
with the use of mixed HNO3;/HF solutions (at 75 °C) as the
eluent.

Extraction method. The extraction method for the separation
of Re and Tc in HNO3 solution from Nb, Ta, actinides and other
elements using a 0.05 M TOA solution in toluene was developed
with the aim of isolating Bh in the SISAK system.*? In the study of
Re and Tc, a selective method was developed for the isolation of
Bh by extraction with TOA from solutions of a-hydroxyisobutyric
acid in the presence of an oxidising agent (NaBrO3).82

No experiments on the isolation of Bh from solution were
carried out. The 26’Bh isotope (T2 ~ 17 s), which was produced
by the reaction 2*Bk(**Ne, 4n) as the volatile oxychloride
BhO;Cl, was isolated by gas chromatography.®3 The long-lived
269Hs (Th2 ~ 10 s) and 2"°Hs (T, = 2—7 s) isotopes were iso-
lated for the first time as the volatile tetroxide HsO4.84

In the CALLISTO project, hassium was studied in the liquid
phase using a new procedure for the isolation and transport of
volatile nuclear reaction products in an aerosol-free gas flow.32 8>
The 2®Hs isotope produced in the nuclear reaction
248Cm(*°Mg, 5n) was oxidised to a volatile oxide (apparently,
HsOy) in the gas flow (O, + He) and transferred to a special
device, in which HsO4 was trapped and Hs was detected. The
device contained a stainless steel plate, which was coated with a
thin NaOH film and located a distance of 1 mm from 16 silicon
detectors. In the experiment, six 6 o — o correlations were observed
in the decay chain of 2°Hs. It was hypothesised 3> that octavalent
hassium was isolated as sodium hassate Nay[HsO4(OH),], by
analogy with OsO4, whose dissolution in NaOH affords osmate
Naz[OSO4(OH)2].

5. Meitnerium and darmstadtium

Relativistic calculations for elements 109 and 110 ® predicted the
5f146d77s? and 5f146d°7s! electronic configurations, respectively,
for their neutral atoms in the free state. Therefore, Mt and Ds
belong to Group VIII platinum elements. Iridium and platinum
are the chemical homologues of meitnerium and darmstadtium,
respectively. In recent years, the ‘long-period’ form of the Periodic
table has gained increasing acceptance. In my opinion, this form
reflects the chemical similarity, in particular, between the plati-
num-group elements, to a lesser extent compared to the ‘short-
period’ form. In the ‘long-period’ form, elements 109 and 110 are
placed in the ninth and tenth groups, respectively.

The characteristic feature of platinum elements is that they
can form complexes with various ligands in solution.

No attempts to study the chemical properties of Mt and Ds in
the liquid and gas phases have been reported. Apparently, this is
associated with the very short lifetimes of the 2°6Mt (71,2 = 5 ms)
and 2°°Ds (T > = 393 ps) isotopes, which were produced by the
nuclear reactions 2°°Bi (*8Fe, n) and 2%Pb (°>Ni, n), respectively.

6. Roentgenium and element 112
Theoretical prerequisites
According to the general regularities, elements 111 and 112 can be
assigned, respectively, to Groups IB and IIB (or Groups 11 and 12
in the ‘long-period form’) of the seventh period. Gold and mercury
are the chemical homologues of elements 111 and 112, respec-
tively. Group IB and IIB elements have a completely filled d'©
electron shell. Hence, these elements are characterised by a lower
diversity of valence states compared to other groups of transition
d elements. The presence of the d'° shell is responsible for the
chemical inertness of metals and their tendency to form interme-
tallic compounds. Another specific feature of these elements is the
formation of compounds with covalent bonds. Relativistic calcu-
lations predicted that the most stable oxidation states of elements
111 and 112 are +3 and +2, respectively. In the metallic state,
element 112 may be highly volatile by analogy with noble
gases.86-87

Data on the chemical properties of element 111 are lacking.

b. Model experiments

Model experiments on the isolation of element 112 from solution
were carried out with the use of short-lived Hg isotopes in the on-
line mode.®® It was demonstrated that Hg is strongly adsorbed
from 0.05 M H,SOy4 solution on a column, which is filled with
glass granules treated with silver.

c. Isolation of element 112
Element 112 has only been isolated in the gas phase (FLNR
JINR).89-90 The 283112 isotope (s.f., T1>» = 3 min.) was produced
simultaneously with the short-lived '8°Hg isotope (o, T2 = 49 s)
in the reactions 238U + Nd(**Ca, xn) at the U-400 cyclotron. The
nuclear reaction products in the gas flow (He) were passed to a
counting apparatus consisting of a system of semiconducting
detectors with a gold coating and an ionisation chamber, which
recorded o decay and spontaneous fission. Compared to Hg,
element 112 interacts much more weakly with gold, and its
chemical behaviour is more similar to that of Rn under the
conditions used.”®

It was predicted °! that the o decay of element 112 can occur to
form the following chain:

283112 (a, 170 ms) —>27°110 (o, 50 ms) —>

—> 23Hs (o, 1.7 ) —>271Sg (o, 2.5 min) —> 2¢7Rf(a, 7 days).

In experiments on the synthesis of element 112 by the reaction
238J(*8Ca, xn) (FLNR JINR, in 2004), a chain of four successive
o decays was observed. The chain was terminated to give sponta-
neously fissionable 27Rf isotope (712 ~ 3 h) as the final prod-
uct.”2 The occurrence of such decay chains offers possibilities of
isolating element 112, studying its chemistry in solution in the on-
line mode and determining it based on long-lived decay products.

7. Elements 113 and 114
a. Synthesis and theoretical prerequisites
Data on the synthesis of element 113 are lacking. However, o
activity with Ty = 0.5 s was observed in the decay chain of
element 115, and this activity was assigned to element 113.2

Element 114 has attracted particular interest because of the
theoretical predictions of ‘islands of stability’ for Z = 114 and
N = 184. Considerable attention has been given to a search for
this element in nature, because calculations predicted that the
lifetime of this radionuclide may be comparable with the age of the
Earth. However, numerous investigations did not give positive
results, and studies in this field were terminated. According to the
modern concept,”! even-even isotopes of elements 108 and 110
with a closed spherical shell (N = 180—184) should be even more
stable. Hence, studies aimed at searching for SHEs in nature will
be continued.

In 1998 -1999, element 114 was synthesised in the reactions
244py (*8Ca, 3—4n) and 2*?Pu(*¥Ca, 3n) at the U-400 cyclotron
(FLNR JINR).! The o decay chain

2891 14(0r) —= 285112(0r) —> 281110(0r) —> 277108(s.f.)

and two identical decay chains of the %8114 isotope were
observed. These chains afforded finally the spontaneously fission-
ing 289110 isotope. Therefore, the effect of stabilisation of the
neutron-excessive nuclei with Z = 114 (N = 175, 174, 173) in the
vicinity of the closed neutron shell N = 184 was established
experimentally (earlier, this effect was predicted theoretically).

After filling the d shell of transition elements 111 and 112, the
p shell of the subsequent elements begins to be filled. Hence,
elements 113 and 114 belong to the so-called ‘post-transition’ or p
elements. The valence electrons of these elements occupy the ns
and np sublevels. Thallium and lead are homologues of ele-
ments 113 and 114, respectively. It was predicted °3 that 113!
and 114 "2 are the most stable oxidation states. In addition, due to
relativistic effects, element 114 *2 should exhibit stronger com-
plexing properties than Pb*?2 and, under particular conditions,
would be similar to Hg*2.
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No experiments on the isolation of element 113 and inves-
tigation of its chemical properties have been carried out.

b. Model experiments
Model experiments on the isolation of element 114 and inves-
tigation of its chemical properties were carried out using its
homologue, viz., Pb.5%%%95 To produce the short-lived carrier-
free 2!"Pb isotope (712 = 36.1 min) a simple and efficient proce-
dure was developed for the on-line isolation of this element from
parent radionuclides (based on the same principle as a radio-
isotope generator).

Construction of the generator. The 2!'Pb isotope belongs to the
main branch of the decay chain of the actinide family

227A¢(B, 21.8 years) —> 22"Th(a, 18.7 days) —>
—> 22Ra(a, 11.4 days) —> 2""Rn(a, 3.9 s) —>
—> 25Po(at, 1.8 ms) —> 2!'Pb(B, 36.1 min) —>
— > 211Bj(g, 2.1 min) —> 207TI(B, 4.8 min) —>
—— 207Pb(stable).

The repeated isolation of the 2!'Pb isotope was carried out
with the use of a small cation-exchange column on which 2>’ Ac or
223Ra was sorbed, while the short-lived !'Pb isotope was washed
out with a solution of an appropriate composition. The scheme of
the generator and the elution curves of 2!'Pb using solutions of
various compositions are shown in Fig. 9.

dynamic characteristics of sorption of elements were examined
depending on the composition of the solution, the concentration
of the acid (HCI, HBr) and the nature of the solvent (alcohols,
ketones, etc.). The distribution coefficients of actinide elements
and Ra were demonstrated to be higher in the presence of an
organic solvent, whereas the distribution coefficients of Pb, on the
contrary, decrease due to strong complexation in aqueous-organic
solutions. In HBr solutions, the distribution coefficients of Pb are
lower than those in HCI solutions due to the formation of more
stabe bromide complexes. The distribution coefficients of actinide
elements in aqueous-organic solutions of HCl and HBr are larger
than Ky for lead by four orders of magnitude, which allows the
repeated elution of 2!!'Pb from a generator over a long period of
time. The purification factors of 2!'"Pb from actinides are
> 105 106.54.94.95

Anion-exchange resin. Lead is characterised by low adsorb-
ability on anion-exchange resins from 1-2 M HCI solutions
(K4 ~ 30) and high adsorbability from HBr solutions (K4 > 103%)
(Fig. 10). These facts support the conclusion that anionic bromide
complexes of lead are more stable than the corresponding chloride
complexes. In the presence of organic solvents, the sorption of
lead on anion-exchange resins from HCI solutions sharply
increases.> 3 Due to the high distribution coefficients of Pb in
dilute HBr solutions and aqueous-methanolic HCI solutions, lead
can be concentrated on small anion-exchange columns with
simultaneous separation from Hf and actinides, which are not
sorbed on anion-exchange resins under these conditions.
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Figure 9. The generator of 2!'Pb; 0.4 x 5 cm cation-exchange column (a)
and the elution curves of 2''Pb with 1 M and 0.5 M HCI solutions (solid
and dashed lines, respectively) containing CH3;0H (b).%*

[CH30H] (%): (1, 1') 0, (2, 2") 80, (3, 3) 90.

Investigation of the ion-exchange behaviour of Pb. Cation-
exchange resin. With the aim of finding the optimum conditions
for elution of 2!'Pb and stronger retention of the parent radio-
nuclides sorbed on a cation-exchange column, the static and
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Figure 10. Plots of the distribution coefficients of Hf (7, 2, 3) and Pb (/',
2', 3') vs. the concentration and nature of acid for sorption on Dowex-
50 x 8 cation-exchange resin (¢) and Dowex-1 x 8 anion-exchange resin
().

(1, I'YHF, (2, 2) HCL, (3, 3') HBr.

Experiments on the isolation of the short-lived 2!'Pb isotope
from a generator and investigation of its chemical behaviour by
repeated elution from a cation-exchange column with solutions of
various compositions are, in fact, model experiments on the
isolation of element 114 and investigation of its chemistry in the
on-line mode. In experiments performed in FLNR JINR (in
2004), two chains were observed in the synthesis of element 114
in the reaction 2#2Pu(*3Ca, 3n).% These chains consist of four and
five successive o decays and are completed by the spontaneous
fission of 271Sg (T, =2.47] min) and 267Rf(T,;, = 3.3 h),
respectively. Evidently, on-line isolation followed by identifica-
tion of longer-lived decay products can be used for element 114.

8. Elements 115 and 116
Element 115 was synthesised in the nuclear reaction >3Am
(*8Ca, xn)?*1—*115 at the U-400 cyclotron (FLNR JINR, in
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2003).2 For the 2%8115 isotope (712 ~ 87 ms), which was pro-
duced in channels with evaporation of three neutrons, three
identical chains of five successive o decays giving finally
268Db(s.f., Th2 = 167 h) were observed. For the 287115 isotope
(T1)2 = 32 ms), which was produced in the reaction upon evapo-
ration of four neutrons, a chain of four successive o decays
completed by the spontaneous fission of 2°’Db (s.f., 73 min) was
observed.

Element 116 was synthesised in the same laboratory (in
2000—-2001) by the nuclear reaction 2*Cm(**Ca, 4n).> Three
identical decay chains corresponding to the isotope were
observed:

2521 16(0r) —= 2881 14(0r) — = 284112(ct) — = 280110(s.f.).

Therefore, in addition to the discovery of new element 116, the
discovery of element 114, which has been synthesised earlier by
the reaction 2#4Pu(*3Ca, 4n),! was confirmed. More recently (in
2004), three more isotopes of element 116 with masses 290—293
were produced by the reactions >4°Cm, 248Cm + 48Ca.%?

According to the general regularities of the filling of electron
shells, elements 115 and 116 can be assigned to p elements, and Bi
and Po are, respectively, their chemical homologues. Relativistic
calculations demonstrated that element 115 is rather stable in the
oxidation state of + 1 and the chemical properties of element 115
are to a certain extent similar to the properties of TI™. The most
stable oxidation state of element 116 is +2.%¢

In the studies,®”-?8 268Db was isolated as the terminal decay
product of element 115, which was produced in the reaction
23 Am(*8Ca, 3n) at the U-400 cyclotron (FLNR JINR). The
products of the nuclear reactions were collected in the surface
layer of a copper catcher block. Radionuclides were separated
from macroamounts of copper by precipitation of La(OH); with
ammonia. Group V elements were separated from actinides and
lanthanides on a cation-exchange column filled with Dowex-
50 x 8 with the use of a 1 M HF solution as the eluent. The eluent
was evaporated on a polyethyelene film (0.4 um thick), which was
placed between a pair of semiconducting detectors surrounded by
3He counters for measuring o particles, fission fragments and
neutrons. Fifteen events of spontaneous fission with
Tip= 3273 h were observed, and they were assigned to the
268Db isotope. These results are in good agreement with the results
of physical experiments on the synthesis of element 115, where the
268Db isotope was observed for the first time after five successive o
decays of the parent nucleus of the 288115 isotope.? > Therefore,
the formation of element 115 in the reaction >**Am + #8Ca and
the formation of element 113 in the decay chain of element 115
were confirmed.

The chemical identification of element 116 has not been
described.

9. Elements 117 and 118
Data on the synthesis of element 117 are lacking. Element 118
was produced by the reaction 2%Pb + $3Kr (LBL)®® (more
recently, these data were not confirmed). In the Laboratory of
Nuclear Reactions of the Joint Institutes of Nuclear Research,
element 118 was synthesised in the reaction 24°Cf + 48Ca.92 100
According to the general regularities, element 117 can be
assigned to the halides with pronounced metallic properties, and
At is a chemical homologue of this element. It was predicted that
element 117 is more stable in the oxidation state of + 3 than in the
oxidation state of +1 due to relativistic effects. In certain
solutions, the behaviour of element 117 may be similar to that of
Au™3.77 Element 118 has a completed outer electron shell and
should belong to the noble gases. In going from light to heavier
analogues, the inertness of noble gases decreases. Hence, the
reactivity of element 118 would be expected to be higher. In
particular, its solubility in water would be expected to be higher
compared to other inert gases.

IV. Conclusion

In the last 10— 15 years, considerable progress has been made in
isolating TAEs and investigating their chemical properties in
solution. A high-precision automated apparatus has been con-
structed and is being improved. This apparatus allows one to
perform repeated isolation, separation and determination of
transactinide elements. An efficient method has been developed
for the on-line isolation of TAEs and investigation of their
chemical properties during the production in nuclear reactions
followed by their identification with long-lived decay products.
New approaches to the isolation of short-lived isotopes of TAEs
(337Rf, 2°Hs, elements 112 and 115) on the tracer scale have been
devised. These approaches are based on the use of separators,
transport of radionuclides from the irradiated target in an aerosol-
free gas flow, etc.

The behaviour of Rf and Db in solutions of hydrohalic acids
has been thoroughly studied by chromatographic and extraction
methods. It has been established with a high degree of assurance
that Rf and Db form negatively charged complexes in dilute HF
solutions and concentrated HCI solutions. It has been demon-
strated that the stability of Rf and Db complexes with halide ions
increases in the series Br— < Cl— < F—, i.e., in the order charac-
teristic of Group IVB and VB elements. However, the results of
comparative investigations of the stabilities of halide complexes of
elements belonging to the same group by determining the distri-
bution coefficients or the elution (extraction) order of elements are
ambiguous and sometimes contradictory. The discrepancies can
be attributed to various factors, primarily, to the low statistics and
the possible losses of trace amounts of elements in the different
steps of their isolation. Hence, conclusions about the behaviour of
seaborgium in HNOj; solutions, which have been made on the
basis of the detection of one atom, are unjustified. Short-lived
radionuclides are generally determined only in one phase and at
one concentration. When operating with a limited number of
atoms, errors, for example, in the determination of the distribu-
tion coefficients may be larger than 100%.

In studies of the behaviour of homologous elements, the
optimum conditions were found for isolation of TAEs with
Z =104-108, 112 and 114 and investigation of their chemical
properties in solutions containing various inorganic and organic
complexing ligands (F—, C1—, Br—, H,PO7 , HSO7, C,03~, TOA,
TBP, TOPO, etc.) in the on-line mode by chromatographic and
extraction methods. The ability of inorganic ligands to form
complexes with Group IVB and VB elements increases in the
following series OH~ > F~ > H,PO; > HSO; > Cl~ > Br—.
Investigations of the behaviour of short-lived rhenium and
osmium isotopes in dilute HCI solutions using various sorbents
demonstrated that the species and oxidation states of Bh and Hs
can be determined. Homologous elements are widely used to test
and construct new systems for the isolation and investigation of
the chemical properties of TAE in solution. Model experiments on
the extraction of short-lived zirconium and hafnium isotopes
(homologues of rutherfordium) with macrocyclic ligands from
solutions of mineral acids were carried out.!®! Zirconium and
hafnium were separated by extraction with TOA in H,SOg4
solutions using the SISAK system.!©2 A new method for the
isolation and identification of superheavy elements by electro-
chemical deposition in systems containing several working elec-
trodes made of different materials is in the development stage.'%?

An investigation of the relativistic effects in heavy element
chemistry is a fundamental problem of modern radiochemistry.
The influence of the relativistic effect of the electron shells of
heavy atoms on the chemical properties of TAEs remains an open
question. First experimental results, in which ‘deviations’ in the
extraction and ion-exchange behaviour of dubnium and ruther-
fordium compared to the behaviour of their light homologues
have been observed and assigned to the influence of the relativistic
effects, have been revised and call for further study. The absence of
unambiguous evidence for the influence of these effects is asso-
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ciated with the difficulty of revealing substantial differences in the
behaviour of elements belonging to the same group due to the
similarity of their chemical properties and unreliable statistics.
Moreover, regularities in the behaviour of elements observed in
studies of extraction and ion exchange, i.e., the distribution
coefficients, do not always reflect the order in which the stability
of the complexes changes. Depending on the nature and concen-
tration of the ligand, the character of the resulting complex (inner-
or outer-sphere complexes) and the nature of the sorbent (an
extractant, a solvent) and, consequently, the adsorption (extrac-
tion) mechanism, an inversion in the behaviour of elements with
similar chemical properties can be observed.

In my opinion, investigations of systems in which heavy
elements can exhibit substantially different chemical properties
(for example, in solutions containing various complexing ligands)
have the most promise for revealing relativistic effects. As
mentioned above, relativistic calculations predicted that the Rf
atom can have the 5{146d7s>7p! or 5f147s?7p? electronic config-
uration along with the [Rn]5f1#6d27s? configuration. Evidently,
under particular conditions (for example, in the presence of
stabilising ligands), Rf can exhibit properties typical of p elements
(Pb, Bi). In solutions of hydrohalic acids, Group IVB d elements
form complexes whose stability increases from Br to F. For p
elements, inverse dependence is observed, i.e., the stability of
halide complexes increases in the series F < Cl < Br.104.105
Actually, comparative studies of the ion-exchange behaviour of
Hf and Pb in dilute solutions of hydrohalic acids demonstrated
that Hf is strongly sorbed on cation-exchange resins from HCl and
HBr solutions and is not sorbed from HF solutions. In contrast,
Pb is more strongly sorbed on cation-exchange resins from HF
solutions and is sorbed to a lesser extent from HCl and HBr
solutions (see Fig. 10a). An inverse situation is observed for
sorption on anion-exchange resins (see Fig. 105). The results
presented in Fig. 10 correlate well with the stability constants of
halide complexes of hafnium and lead. As demonstrated above, Rf
is not sorbed on cation-exchange resins from solutions containing
HF at concentrations higher than 0.1 mol litre~!, but it is
strongly retained on anion-exchange resins (i.e., its behaviour is
analogous to that of Group IVB d elements). Evidently, inves-
tigations of the ion-exchange behaviour of Rf in dilute HBr
solutions can reveal the extent to which this element exhibits the
properties characteristic of p elements.

Studies of the behaviour of TAE:s in different oxidation states
in the presence of oxidising (or reducing) agents or by electro-
chemical oxidation (reduction) in the course of their isolation also
hold promise for elucidating the relativistic effects. In this case, the
distribution coefficients should be substantially different, due to
which the experiments can be performed in the on-line mode.

The relatively long half-lives of some TAEs with Z > 106
allow one to study the chemical properties of these elements in
solution. However, the main problem is that SHEs are produced
in very low yields in a unit of time (for example, 1 atom h—! for
Sg), and the yields sharply decrease with increasing Z
(1 atom day—! for element 112). In this connection, methods
based on the on-line isolation of TAEs during their synthesis
hold the most promise. In the near future, one would expect that
new longer-lived isotopes of SHESs in the vicinity of the ‘islands of
stability” will be discovered. Hence, the development of efficient
procedures for the isolation and investigation of such isotopes on
the basis of studies of the behaviour of their homologues is of
primary importance.

I thank Academician B F Myasoedov for valuable advice and
helpful discussion.
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