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THE CHEMISTRY OF SUPERHEAVY ELEMENTSMatthias S
hädelGesells
haft für S
hwerionenfors
hungPlan
kstr. 1, D-64291 Darmstadt, Germanye-mail: m.s
haedel�gsi.de(Re
eived September 12, 2002)Dedi
ated to Adam Sobi
zewski in honour of his 70th birthdayThe 
hemistry of transa
tinide or superheavy elements has rea
hed ele-ment 108. Preparations are under way to leap to element 112 and beyond.The 
urrent status of this atom-at-a-time 
hemi
al resear
h and its futureperspe
tives are reviewed from an experimental point of view together withsome of the interesting results from n-ri
h nu
lides near and at the N=162neutron shell. Experimental te
hniques and important results enlighteningtypi
al 
hemi
al properties of elements 104 through 108 are presented inan exemplary way. From the results of these experiments it is justi�ed topla
e these elements in the Periodi
 Table of the Elements into groups 4through 8, respe
tively. However, mainly due to the in�uen
e of relativis-ti
 e�e
ts, it is no longer possible to dedu
e detailed 
hemi
al properties ofthese superheavy elements simply from this position.PACS numbers: 23.60.+e, 25.70.Jj, 25.85.Ca, 27.90.+b1. Introdu
tionThe �rst s
ienti�
ally sound mentioning of the possible existen
e of nu
leidubbed �superheavy� [1,2℄ was a

ompanied by a dis
ussion about a nu
learshell-
losure at Z = 126, see e.g. [3℄. Soon, theoreti
al 
al
ulations beganto fo
us on the Z = 114 and N = 184 nu
leus for the 
enter of superheavyelements with 
ontributions by Sobi
zewski et al. [4℄, and by Meldner [5℄ andmany others during a 
onferen
e [6℄ in 1966. First half-life estimates, seee.g. [7�11℄, yielded times whi
h were en
ouraging for 
hemistry experimentsto sear
h for and to investigate superheavy elements, SHE. Also neighboringodd-Z elements were 
onsidered [12℄.At about the same time Dira
�Fo
k and Dira
�Fo
k�Slater 
al
ulationswere performed for atoms to determine the ele
troni
 stru
ture of super-heavy elements [13�18℄. These results, whi
h are summarized in [19℄, show(1701)



1702 M. S
hädelthat, to some extent, extrapolations of 
hemi
al properties along groups ofelements in the Periodi
 Table should be a valid approa
h to estimate 
hem-i
al properties of superheavy elements. However, this was also the timewhen from the above 
al
ulations the importan
e of a relativisti
 treatmentof the ele
troni
 orbitals was re
ognized. Several authors dis
ussed relativis-ti
 e�e
ts on 
hemi
al properties whi
h may result in unexpe
ted 
hemi
alproperties, see e.g. [20�23℄ and referen
es therein. Only over the last de
adea theoreti
al breakthrough towards theoreti
al predi
tions of 
hemi
al prop-erties was a
hieved with the development of relativisti
 quantum mole
ulartheories; for reviews see [24, 25℄.Today we know of 112 
hemi
al elements [26℄. The dis
overies of ele-ments 114 [27�29℄ and 116 [30, 31℄ are 
urrently waiting to be 
on�rmed.Element 104, rutherfordium, Rf, marks the beginning of a remarkable se-ries of 
hemi
al elements: From a nu
lear point of view they 
an be 
alledsuperheavy elements � as they only live be
ause of their mi
ros
opi
 shellstabilization (see below for a detailed dis
ussion of this aspe
t) � and froma 
hemi
al point of view they are transa
tinide elements � as the seriesof a
tinides ends with element 103 [32℄. One of the most important andmost interesting questions for a 
hemist is the one about the position ofsuperheavy elements in the Periodi
 Table of the Elements; see Fig. 1.

Fig. 1. Periodi
 Table of the Elements. The known transa
tinide elements 104through 112 shall take the positions of the seventh period transition metals belowHf in group 4 and Hg in group 12. While 
hemi
al studies have justi�ed pla
ing theelements Rf through Hs into the Periodi
 Table, the �
hemi
ally unknown� heavierelements still need to be investigated. The arrangement of the a
tinides re�e
tsthat the �rst a
tinide elements still resemble, to a de
reasing extent, the 
hemistryof d-elements: Th below group 4 elements Zr and Hf, Pa below Nb and Ta, and Ubelow the group 6 elements Mo and W.



The Chemistry of Superheavy Elements 1703From atomi
 
al
ulations, see e.g. [13,24℄, one expe
ts that the �lling ofthe 6d ele
tron shell 
oin
ides with the beginning of the series of transa
-tinide elements. Consequently, a 
hemi
al behavior similar to the one knownfrom the lighter transition metals in the �fth and sixth periods 
an be anti-
ipated. However, it is by no means trivial to put rutherfordium into group4 of the Periodi
 Table � and the heavier ones into su

essive groups � ifone a

epts that the Periodi
 Table as an ordering s
heme also re�e
ts the
hemi
al property of an element at a given position.Modern relativisti
 atomi
 and mole
ular 
al
ulations [24℄ 
learly showthe very large in�uen
e of dire
t and indire
t relativisti
 e�e
ts on the en-ergeti
 position and the sequen
e of ele
trons in their respe
tive orbitals.This is also asso
iated with 
hanges in their radial distributions. All these
hanges are so pronoun
ed that, if 
ompared with non-relativisti
 
al
ula-tions, signi�
antly di�erent 
hemi
al properties for SHE would not be sur-prising. Therefore, it is of great interest to study 
hemi
al properties of SHEin detail and to 
ompare these with properties dedu
ed from extrapolationsand from modern relativisti
 mole
ular 
al
ulations in 
ombination with em-piri
al models. First generation experiments on rutherfordium [33�35℄ andelement 105, dubnium, Db, [36,37℄ rendered enough justi�
ation to pla
e Rfinto group 4 and Db into group 5 of the Periodi
 Table.The 
hemistry of SHE, or transa
tinide elements, has now rea
hed el-ement 108. First experiments are under way to rea
h out for element 112and beyond. These experiments have 
on
entrated on the question how the
hemi
al properties of SHE 
ompare with the ones of their respe
tive lighterhomologues and how well the Periodi
 Table a

ommodates the transa
-tinide elements as transition metals in the seventh period.This 
ontribution is fo
using (i) on some key experiments to unravel de-tailed 
hemi
al properties of elements 104 and 105 in the liquid phase and inthe gas phase, (ii) on �rst survey experiments of element 106, seaborgium,Sg, and (iii) on the �rst, su

essful experiments on element 107, bohrium,Bh, and on element 108, hassium, Hs, performed in the gas phase. It in-
ludes aspe
ts of nu
lear rea
tions and nu
lear de
ay in an exemplary way,experimental te
hniques, important experimental results enlightening the
hemi
al properties of these elements, and perspe
tives. For 
omprehensivereviews of earlier and additional results, espe
ially on the Rf, Db and Sg
hemistry, see, e.g., Refs [38�41℄.2. Nu
lear aspe
ts2.1. The region of superheavy elementsChara
teristi
 ele
troni
 and 
hemi
al properties allow lo
ating the be-ginning of the transa
tinide elements at element 104 � but where do SHEbegin? Until the early 80's a straight forward answer would have pointed



1704 M. S
hädeltowards the remote �island of stability� 
entered at Z = 114 and N = 184whi
h was surrounded by a �sea of instability� [42℄. Based upon experimentalresults [26, 43, 44℄ and theoreti
al 
on
epts, whi
h take into a

ount shell-stabilized deformed nu
lei and emphasize the importan
e of the N=162 neu-tron shell [45�51℄, we know that the sea of instability has drained and thatsandbanks and ro
ky footpaths are 
onne
ting the region of shell-stabilizedspheri
al nu
lei to our known world.Perfe
tly a

eptable, some authors are still using the term SHE in 
on-ne
tion with spheri
al nu
lei only. However, others have widened this regionand have in
luded lighter elements as, e.g., already dis
ussed in the arti
leby Sobi
zewski, Patyk and Cwiok entitled Do the Superheavy Nu
lei ReallyForm an Island? [47℄. In the following, an argument is developed to showthat it may be well justi�ed to begin the superheavy elements with element104. The results is espe
ially appealing as the beginning of SHE 
oin
ideswith the beginning of the transa
tinide elements.

Fig. 2. Known spontaneous �ssion half-lives of even-even nu
lides (dots) and
al
ulated hypotheti
al half-lives taking into a

ount the liquid drop part only(dashed line) plotted versus the �ssility parameter. The dotted line shows the10�14 s lifetime limit for a 
hemi
al element. After [55, 56℄ with additional datafrom [29,60�62℄.Two de�nitions or assumptions are used: (i) Superheavy elements is asynonym for elements whi
h only exist due to their nu
lear shell e�e
t. (ii)Following arguments given in Referen
e [52℄ only those 
omposite nu
learsystems that live at least 10�14 s shall be 
onsidered a 
hemi
al element.This time is well justi�ed from nu
lear aspe
ts, e.g. from maximum lifetimes



The Chemistry of Superheavy Elements 1705of ex
ited 
ompound nu
lei, as well as from 
hemi
al aspe
ts, e.g. from theminimum formation time of a mole
ule [53℄. Applying these two assumptionsto a 
omparison of experimentally observed spontaneous �ssion half-lives and
al
ulated ones using the ma
ros
opi
 liquid-drop part only, see [54�56℄ formore details, yields a �ssility parameter of 0.88 at whi
h hypotheti
al �liquiddrop half-lives� drop below the 10�14 s margin while the shell 
ontributionallows these nu
lides to live up to fa
tors of about 1015 longer; see Fig. 2.From this one 
an state that all elements beginning with element 104 � thetransa
tinides � live only be
ause of their mi
ros
opi
 shell stabilizationand, therefore, shall be 
alled superheavy elements.2.2. Nu
lear synthesesA
tinide target based heavy-ion rea
tions, frequently termed �hot-fusion�rea
tions, are applied to synthesize the most neutron-ri
h and relatively long-lived isotopes needed in 
hemi
al investigations of SHE. Half-lives, nu
learrea
tion syntheses and 
ross se
tions are summarized in Table I [57℄. MoreTABLE INu
lides from �hot-fusion� nu
lear rea
tions used in SHE 
hemistry. From [57℄.Nu
lide T1=2 Target Beam Evap. � Prod. rate(
)261mRf 78 s 248Cm (a) 18O 5n �10 nb 2 min�1244Pu (b) 22Ne 5n 4 nb 1 min�1262Db 34 s 249Bk (a) 18O 5n 6 nb 2 min�1248Cm (b) 19F 5n 1 nb 0.5 min�1263Db 27 s 249Bk (b) 18O 4n 10 nb 3 min�1265Sg 7.4 s 248Cm (a) 22Ne 5n �240 pb 5 h�1266Sg 21 s 248Cm (b) 22Ne 4n �25 pb 0.5 h�1267Bh 17 s 249Bk (a) 22Ne 4n �70 pb 1.5 h�1269Hs 14 s 248Cm (a) 26Mg 5n �6 pb 3 d�1270Hs 2-7 s 248Cm (b) 26Mg 4n �4 pb 2 d�1(a) Rea
tion 
ommonly used in 
hemistry experiments.(b) Rea
tion o

asionally used or nu
lide observed as a �by-produ
t�.(
) Assuming typi
al values of 0.8 mg/
m2 for the target thi
kness and beam in-tensities of 3�1012 parti
les per se
ond.
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hädeldetailed dis
ussions about spe
i�
 aspe
ts of hot fusion rea
tions 
an befound in [43, 58, 59℄. Cross se
tions for the syntheses of n-ri
h, light trans-a
tinides vary from about 10 nb to a few pb. With typi
al beam intensitiesof 3�1012 heavy ions per se
ond on targets of about 0.8 mg�
m�2 thi
k-ness produ
tion yields range from a few atoms per minute for Rf and Dbisotopes to �ve atoms per hour for 265Sg [60℄, to some tens atoms per dayfor 267Bh [63, 64℄ and a few atoms per day for 269Hs [61, 62℄. Therefore,all 
hemi
al separations are performed with single atoms on an �atom-at-a-time� s
ale. Similar to the experiments with re
oil separators 
hara
teristi
�-de
ays and time 
orrelated ���-de
ay 
hains are used to identify thesenu
lides in spe
i�
 
hemi
al fra
tions or at 
hara
teristi
 positions after
hemi
al separation. 2.3. Nu
lear de
ayAs nu
lear 
hemistry te
hniques, see Se
tion 3, are not only highly e�-
ient to 
olle
t produ
ts from �hot-fusion� and from multi-nu
leon transferrea
tions but also well adapted to half-lives of a few se
onds and longerit is not surprising that many of the longer-lived, most n-ri
h isotopes ofthe heaviest a
tinides and early transa
tinides were dis
overed or �rst stud-ied applying these te
hniques. In the following a few examples of �nu
learresults� are given that were obtained in the 
ourse of the 
hemistry experi-ments dis
ussed in Se
tion 4.Early attempts to identify the 4n-evaporation residue of the 18O on 249Bkrea
tion without 
hemi
al separation remained unsu

essful [65,66℄ be
auseof a too high ba
kground from unwanted but unavoidable nu
lear rea
tionprodu
ts. Chemi
ally separating an element 105 fra
tion within about 3 s[67℄ gave a

ess to the dis
overy and �rst investigation of this most n-ri
hdubnium isotope 263Db [67, 68℄. 263Db was found to de
ay by spontaneous�ssion (57+13�15%) and by � emission (E�=8.35 MeV) with a half-life of 27+10�7 s.The spontaneous �ssion energy spe
trum was 
ompatible with an averagetotal kineti
 energy of about 207�7 MeV. As a result of this observation notonly previously determined 
ross se
tion values but also de
ay properties of262Db had to be revised [67, 68℄ be
ause of 263Db 
ontributions in earlier262Db measurements.A series of 
hemi
al investigations of element 106 yielded, in additionto many 
hemi
al results, valuable information on the de
ay of 265Sg and266Sg [60, 69℄ from the observation of time 
orrelated ����(�) and �-SFde
ay 
hains. A half-life of 7.4+3:3�2:7 s was determined for 265Sg and 21+20�12 sfor 266Sg. Among other nu
lear de
ay information, upper limits for SF of�35% and �82% were established for 265Sg and 266Sg, respe
tively. Usingthe lower error limit of the half-life of 266Sg a lower limit for the partial



The Chemistry of Superheavy Elements 1707SF half-life of TSF1=2(266Sg)�11 s was determined for 266Sg. In very goodagreement with theoreti
al 
al
ulations [50℄ this result was one of the �rstexperimental observations of the stability of the N=162 neutron shell.The �rst 
hemi
al study of element 108 [61℄, produ
ed in the rea
tionof 26Mg with 248Cm at the GSI's UNILAC, gave manifold new insights intonu
lear aspe
ts of Hs isotopes near and, for the �rst time, right on theN = 162 neutron shell [61, 62℄. Of spe
ial importan
e is the eviden
e forthe new proton and neutron shell stabilized nu
lide 270108Hs162 that shows astrong �-de
ay bran
h (E� = 9:16 MeV) and has an estimated half-life of3.6+0:8�1:4 s [62℄. The estimated Q� value of 9.30 MeV is in agreement withpredi
tions [48,51℄. Assuming an upper limit SF bran
h of about 50%, whi
hwould not be in 
ontradi
tion with the experimental results, a partial lower-limit SF half-life of about 10 s would result while theory predi
ts 1.8 h [50℄.New information was gained on the de
ay of 261Rf observed as the grand-daughter in ���-de
ay 
hains originating from 269Hs. There is good eviden
ethat the so-far believed 78-s ground state of 261Rf is an isomeri
 state andthat the 261Rf ground-state de
ay energy is 8.52 MeV and has a half-lifeof 7.3 s. Moreover a SF bran
h of about 33% is 
al
ulated for the de
ayof 261Rf based upon the experimental observation [62℄. As an additionalresult, the observed 269Hs de
ay 
hains are in very good agreement withthe 277112 de
ay 
hain observed in the dis
overy of element 112 [70℄, thusindependently 
on�rming this element 112 dis
overy.3. Experimental te
hniques for on-line experiments3.1. Produ
tion and transportThe atom-at-a-time situation of 
hemi
al separations with transa
tinidesrequires an optimization of the following parameters: (i) Choi
e of the nu-
lear rea
tion � normally the one with the highest 
ross se
tion. (ii) Highprodu
tion rates � ion-sour
e, a

elerator and target te
hnology are 
orner-stones. (iii) Fast transport and fast 
hemi
al separation � to avoid severenu
lear de
ay losses. (iv) High yields in transport and in 
hemi
al separa-tion. (v) E�
ient dete
tion and identi�
ation. (vi) A 
hemi
al separationpro
edure whi
h ful�lls these needs and, at the same time, provides the de-sired information about the 
hemi
al behavior of the transa
tinide element.Many details of various experimental set-ups and dete
tors are des
ribedin [38�40, 71℄.A s
hemati
 presentation of 
omponents for automated on-line experi-ments with transa
tinides is shown in Fig. 3. Heavy-ion beams are passingthrough a va
uum isolation window and target-ba
king before intera
tingwith the a
tinide target material. Chara
teristi
 to all re
ent experimentson Rf through Bh was the use of aerosols (�
lusters�) as the 
arrier material
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hädelfor nu
lear rea
tion produ
ts to be transported in the He-gas jet from there
oil 
hamber � where they are stopped in the gas � to the 
hemistryapparatus. Routinely, KCl is used as an aerosol material for separations
arried out from the aqueous phase and 
arbon for gas 
hromatographi
separations. Transport times of typi
ally two to �ve se
onds were a
hieved.

Fig. 3. S
hemati
 presentation of 
omponents of re
ent on-line experiments withthe transa
tinides Rf to Bh.3.2. Liquid-phase 
hemistry set-upsSo far, all liquid-phase separations to study the 
hemi
al behavior oftransa
tinides were performed in a dis
ontinues, bat
h-wise operation withlarge numbers of 
y
li
 repetitions. While in several experiments on Rfand Db manual pro
edures were used [72℄, most transa
tinide separationswere 
arried out with automated instruments as s
hemati
ally shown inthe upper part of Fig. 4. The implementation of the Automated RapidChemistry Apparatus, ARCA, [73℄ yielded the predominant share of to-day's knowledge about the 
hemi
al behavior of the transa
tinide elementsRf through Sg in aqueous solution. ARCA II is mi
ro-
omputer 
ontrolledand allows fast, repetitive, and reprodu
ible 
hromatographi
 separations ina miniaturized and 
hemi
ally inert liquid-
hromatography system (8 mmlong mi
ro-
olumns of 1.6 mm i.d.) with typi
al 
y
le times between 45 sand 90 s. Depending on the 
hemistry, the 
olumns were �lled with 
ation oranion ex
hange resin or an organi
 extra
tant on an inert support material.



The Chemistry of Superheavy Elements 1709Common to all bat
h-wise separations are time 
onsuming evaporationsteps to prepare one or more samples for �-spe
tros
opy and to measurespontaneous-�ssion fragments. Samples are dried by intense IR-light and astream of hot He-gas. While separation times are normally between 5 s and10 s, evaporating the aqueous phase requires about 20 s.A breakthrough 
on
erning the automatization of the sample prepara-tion was a
hieved with the Automated Ion Ex
hange Apparatus Coupledwith Dete
tion System for Alpha Spe
tros
opy, AIDA, [74℄. In addition,AIDA in
ludes the automated transport of samples to and from the va
uum
hamber for nu
lear spe
tros
opy. AIDA, very similar to ARCA in its partas a 
hemi
al separation apparatus � with improvements in some details� has re
ently been applied to detailed studies of the Rf 
hemistry [75,76℄.3.3. Gas-phase 
hemistry set-upsContinuously operating gas-phase separations [77℄, like the On-Line Gas
hromatographi
 Apparatus, OLGA, [78℄ were extremely instrumental tostudy the formation of halide and halide oxide 
ompounds of the trans-a
tinides Rf through Bh and to investigate their 
hara
teristi
 retentiontime � a measure very often expressed as a �volatility�. The lower partof Fig. 4 shows a �ow s
heme of su
h type of 
hromatographi
 separa-tion. Common to all of these experiments is the use of the known nu
lide
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hädelhalf-life to determine a �retention-time-equivalent� to gas-
hromatographi
experiments on an atom-at-a-time s
ale � its the 50% yield value of a break-through 
urve measured as a fun
tion of various isothermal temperatures.The 50%-yield-temperature is equal to the temperature at whi
h, in 
lassi
algas-
hromatographi
 separations, the retention time is equal to the half-lifeof the investigated nu
lide. Produ
ts leaving the 
hromatography 
olumnare usually atta
hed to new aerosols in a so-
alled re
luster pro
ess andare transported in a gas-jet to a dete
tor system like the ROtating wheelMultidete
tor Analyzer, ROMA, [79℄. Here samples are assayed for time
orrelated, 
hara
teristi
 �-de
ays and for spontaneous-�ssion fragments.A di�erent experimental approa
h for gas adsorption studies providesthe thermo-
hromatography; see e.g. [80, 81℄ and referen
es therein. In thismethod a (negative) temperature gradient is imposed on the 
hromatogra-phy 
olumn and, for the high temperature version of this method, rangingfrom �700 K to �300 K, tra
ks from spontaneous-�ssion fragments are reg-istered along the 
hromatography 
olumn after the end of the experiment.More details of gas-phase 
hemistry experiments are dis
ussed below inthe 
ontext of the bohrium 
hemistry. The experimental set-up used their isshown s
hemati
ally in Subse
tion 4.4. The very unique experimental te
h-nique used for the �rst 
hemi
al identi�
ation and investigation of hassiumis outlined in Subse
tion 4.5 together with the experimental results.4. Experimental results and dis
ussionExperimental results presented in this se
tion yield important informa-tion on the 
hemi
al behavior of these elusive elements � for a 
hemist avalue in itself. Assessing these properties in 
omparison to other elementsproperties, in view of the stru
ture of the Periodi
 Table or even to unravelrelativisti
 e�e
ts is an in
reasingly di�
ult task. Here one should keep inmind that measured quantities � deposition temperatures or retention timesin thermo-
hromatography or gas-
hromatography and elution positions ordistribution 
oe�
ients in liquid 
hromatography or in extra
tion experi-ments � 
an straight forward only be 
ompared with the behavior of otherelements investigated in the same experiments, and only if all investigatednu
lides have about the same half-life. In the interpretation of these resultsbeyond the pure analogy to the lighter homologues, assumptions about, e.g.,the oxidation state or the type of 
ompound formed enter. Empiri
al modelassumptions are needed to 
al
ulate physi
o-
hemi
al quantities like adsorp-tion � or sublimation enthalpies. The step towards the interpretation ofthese results in terms of relativisti
 e�e
ts establishes an even more sophis-ti
ated task 
ompli
ated by other e�e
ts in the atoms and mole
ules likespin-orbit 
oupling, 
on�guration mixing and shell e�e
ts [24℄.



The Chemistry of Superheavy Elements 17114.1. Element 104, rutherfordium (Rf)Already the pioneering experiments of the Rf behavior in the gas phase[33,82℄ and in a
idi
, aqueous solutions [34,35℄ demonstrated that Rf behavesdi�erent from trivalent a
tinides and as expe
ted for a member of group 4of the Periodi
 Table with Zr and Hf as their lighter homologues. Manyattempts have been made to study the behavior of Rf in 
omparison withgroup-4 elements and, in aqueous solution, also with tetravalent Th and Puions as pseudo-homologues, see, e.g., Refs [38�41,72,77,83,84℄ for summaries.Re
ent on-line gas 
hromatographi
 studies of Rf were 
arried out in
omparison with its lighter group-4 homologues with 
hlorinating and bromi-nating reagents [85�87℄. It was shown in the 
hloride system [86℄ that smallamounts of oxygen 
an lead to the formation of a less volatile 
hloride oxideinstead of the pure 
hloride whi
h may pose a problem to the interpreta-tion of the results. This has serious 
onsequen
es if there are pronoun
eddi�eren
es in the trend how easily Zr, Hf and Rf form a 
hloride oxide.However, the work of Referen
e [86℄ also showed that the formation of pure
hlorides 
an be a
hieved. Moreover, it was shown that the RfCl4 is morevolatile than the HfCl4 [86,88℄. This is in agreement with theoreti
al predi
-tions [89℄ and is interpreted as a result of relativisti
 e�e
ts. Extrapolationsof trends within group 4 yield the opposite trend.As a large number of new results was obtained in aqueous-phase 
hem-istry experiments of Rf over the last few years only a few exemplary resultswill brie�y be dis
ussed in the following part. These experiments 
on
en-trated on the 
ompeting strength of hydrolysis and 
omplex formation. Toshed more light on this question data were determined with ARCA and,most re
ently, also with AIDA to study the behavior of Rf in 
omparisonwith the lighter homologues Zr and Hf and the pseudo-homologues Th and(tetravalent) Pu.Di�eren
es in the F�-
omplexation of the group-4 elements Zr, Hf andRf, and the pseudo-homologue Th were obtained with ARCA in mixed 0.1 MHNO3/HF solutions on 
ation ex
hange resins (CIX) and on anion ex
hangeresins (AIX) [90℄. For Zr and Hf Kd values drop on CIX between 10�4 Mand 10�2 M HF. For Rf this de
rease is observed at about one order ofmagnitude higher HF 
on
entration, and it is even higher for Th, i.e., thetransition from 
ationi
 to neutral and to anioni
 spe
ies requires higher HF
on
entrations for Rf 
ompared with Zr and Hf but lower 
on
entrationsthan the ones needed for Th. This establishes the following sequen
e of F�-
omplex formation strength at low HF 
on
entrations: Zr � Hf > Rf > Th.



1712 M. S
hädelThis result is in agreement with data obtained with AIDA [74℄ and withtheoreti
al expe
tations [91℄. A 
omplete and quantitative understanding ofthe Rf behavior requires further quantum
hemi
al 
al
ulations and a theo-reti
al treatment of 
omplex formation and hydrolysis of these tetravalentions.In the ARCA data on AIX [90℄, a rise in Kd values from about 10 tomore than 100 is observed between 10�3 M and 10�1 M HF for Zr and Hfmeasured o�-line in bat
h extra
tion experiments. This is 
onsistent withthe 
ontinuation of the trend observed on CIX. For the Th o�-line data,and for the Hf and Rf on-line data, no signi�
ant rise of the Kd values wasobserved on AIX between 10�3 M HF and 
on
entrations of up to 1 M HF.While this is expe
ted for Th, whi
h does not form �uoride 
omplexes, it
omes as surprise for Hf and Rf. How mu
h this is a�e
ted by the 0.1 MHNO3 in solution remains un
lear. Presently, these data re�e
t the bestknowledge from these experiments. However, it is obvious that there arestill unresolved problems with the 
onsisten
y between o�-line and on-linedata. To solve this puzzle, also kineti
 e�e
ts are presently 
onsidered.Therefore, one shall view these AIX data as under dis
ussion.Earlier experimental results suggest that Rf forms anioni
 F� 
omplexesin pure 0.2 M HF [92℄ and in mixed 0.27 M HF/0.1 M and 0.2 M HNO3solutions [93℄. It is interesting to note that Rf shows an intermediate be-havior between Zr and Hf, with some tenden
y to be 
loser to Hf, in theformation of neutral 
hloride 
omplexes probed with tributylphosphate at8 M HCl [94℄.The formation of anioni
 
hloride 
omplexes of Zr, Hf, and Rf above8 M HCl was shown in experiments with AIDA [76℄. This again 
learlyindi
ates the group-4 properties of Rf. A hypotheti
ally Th-like or Pu-likebehavior of Rf was probed with an anion ex
hange resin and 8 M HNO3.While Th and Pu form anioni
 
omplexes whi
h are adsorbed Rf remains insolution [76℄ as expe
ted for a typi
al group-4 element with non Th-like andnon Pu-like properties.4.2. Element 105, dubnium (Db)A normal 
ontinuation in the Periodi
 Table puts element 105, dub-nium, Db, (
alled hahnium, Ha, in many of the early publi
ations) intogroup 5 below Nb and Ta. Early thermo-
hromatographi
 separations ofvolatile 
hloride and bromide 
ompounds showed that Db behaves more likea transa
tinide than an a
tinide element [36, 95℄. Later investigations withgas-
hromatographi
 methods determined a lower volatility of a Db bromide
ompound as 
ompared with the lighter homologues Nb and Ta [96, 97℄.
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hloride 
ompounds [77℄ thatgroup-5 elements have a strong tenden
y to form a less volatile halide oxideif a small amount of oxygen is present. This may have obs
ured some ofthe earlier results. The �nal 
omparison on the halide volatility of group5 elements in
luding Db remains to be performed. This is of importan
ebe
ause of a theoreti
al result, in
luding relativisti
 e�e
ts, whi
h predi
ts ahigher volatility for DbBr5 as 
ompared with the pentabromides of Nb andTa [98℄.In its �rst aqueous 
hemistry Db, was adsorbed onto glass surfa
es fromHCl and HNO3 solutions [37℄, a behavior very 
hara
teristi
 for group-5 ele-ments. An attempt to extra
t Db �uoride 
omplexes failed under 
onditionsin whi
h Ta extra
ts but Nb does not [37℄. The �rst detailed 
omparisonbetween Db, its lighter homologues Nb and Ta, and the pseudo-homologuePa was 
arried out from solutions at di�erent HCl 
on
entrations with smallamounts of HF added. They were performed as liquid-liquid extra
tion
hromatography experiments with triisoo
tyl amine, TIOA, as a stationaryphase on an inert support in ARCA. In these experiments Db showed astriking non Ta-like behavior. At 0.5 M HCl/ 0.01 M HF, Db even showedPa-like properties [99, 100℄.The interpretation of these results is hampered by the use of the mixedHCl/HF solution that did not allow 
learly distinguishing whi
h 
omplexwas formed. In 
ontrast to the experimentally observed extra
tion sequen
efrom HCl solutions with small amounts of HF added, the inverse orderPa� Nb� Db > Ta was theoreti
ally predi
ted [101℄ for the extra
tion frompure HCl solutions. This work 
onsidered the 
ompetition between hydrol-ysis [102℄ and 
hloride 
omplex formation. Re
ent experimental studies per-formed in the pure F�, Cl�, and Br� system [103℄ are in ex
ellent agreementwith the theoreti
al predi
tions whi
h in
lude relativisti
 e�e
ts [101, 104℄.The �uoride 
omplexation of Db in 0.2 M HF was most re
ently 
on�rmed inan experiment with the set-up RACHEL [105℄ whi
h 
ontains three 
onse
-utive ion-ex
hange 
olumns � a CIX 
olumn, an AIX 
olumn and anotherCIX 
olumn. It was shown that an anioni
 �uoride 
omplex of Db is stronglyretained on the anion ex
hange resin.For the system Aliquat 336(Cl�) and (pure) 6 M HCl an extra
tionsequen
e of Pa > Nb � Db > Ta was determined, see Fig. 5, whi
h �in agreement with theoreti
al predi
tions [101, 104℄ � is inverse to that inHCl solution 
ontaining some HF. Kd-values of 1440, 683, 438+532�166, and 22were measured for the Pa, Nb, Db and Ta, respe
tively, in series of o�-lineand on-line experiments. More information on other, previously performedexperiments is given in [38, 39, 41, 72℄.
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Fig. 5. Coe�
ients for the extra
tion of Ta (small 
ir
les, solid line), Nb (squares,long-dashed line), and Pa (triangles, short-dashed line) tra
ers from pure HCl so-lutions at various 
on
entrations into Aliquat 336(Cl�). The Kd of Db at 6 M HCl(large 
ir
le) is plotted with error bars en
ompassing 68% 
on�den
e limits. Datafrom [103℄. 4.3. Element 106, seaborgium (Sg)The �rst 
hemi
al separations of element 106, seaborgium, Sg, to probeits behavior in 
omparison with its lighter group-6 homologues Nb Mo andW in an aqueous solution were performed from 0.1 M HNO3/ 5�10�4 M HFon a 
ation ex
hange resin in ARCA [69,106℄. Seaborgium, dete
ted throughthree 
orrelated �-de
ays of the Rf- and No-daughter nu
lei, elutes togetherwith the hexavalent ions of Mo and W; see Fig. 6 for a 
hromatogram fromW-tra
er studies. Hexavalent U-ions, present as UO2+2 
ations, are stronglyretained on the 
olumn as divalent, trivalent and tetravalent ions are. Thisresult shows that the most stable oxidation state of Sg in aqueous solutionis +6, and that, like its homologues Mo and W, Sg forms neutral or anioni
oxide or halide oxide 
ompounds. Under the given 
ondition, Sg exhibitsproperties very 
hara
teristi
 of group-6 elements, and does not show U-likeproperties.A se
ond experiment was performed with pure 0.1 M HNO3 to probethe in�uen
e of the F� anions on the 
omplex formation [107℄. Contraryto the lighter homologues elements Mo and W, seaborgium was not elutedfrom the CIX in pure 0.1 M HNO3. From this it 
an be 
on
luded that F�anions signi�
antly 
ontributed to the 
omplex formation in the �rst experi-
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urve for W-tra
er (Me6+), modeling the Sg separation on ARCAin 0.1 M HNO3/5�10�4 M HF, together with �lower limit� (lower right arrow) forthe elution of di- , tri-, tetravalent ions, and UO2+2 . Elutions were performed atroom temperature with a �ow rate of 1 ml/min from 1.6�8 mm 
olumns �lled withthe 17.5�2 �m parti
le size 
ation ex
hange resin Aminex A6. From [106℄.ment. This rules out that Sg was eluted as [ SgO4℄2� in the �rst experimentwhile the formation of the neutral 
ompound SgO2F2 or the anioni
 
omplex[ SgO2F3℄� seems to be likely. The non-tungsten like behavior of Sg in pureHNO3 may be attributed to its weaker tenden
y to hydrolyse [107, 108℄.While Mo and W 
an rea
h the neutral spe
ies MO2(OH)2 (M=Mo, W) forSg hydrolysis presumably stops at [Sg(OH)5(H2O) ℄+ (sometimes 
hara
ter-ized as [ SgO(OH)3℄+) [108℄ or already even at [ Sg(OH)4(H2O)2℄2+.Studies of the formation and of the volatility of halide oxide 
ompounds[109℄ and of hydroxide oxide 
ompounds [110℄ of Sg were performed in gas-adsorption 
hromatographi
 experiments. Break-through 
urves were mea-sured in the gas-
hromatographi
 experiments [69, 109℄ in the temperaturerange between about 420 K and 670 K in fused sili
a 
olumns with the set-upOLGA for Mo, W and Sg 
ompounds in an oxygen 
ontaining strong 
hlori-nating atmosphere (Cl2 saturated with SOCl2 and tra
es of O2). Under these
onditions, the formation of MO2Cl2 
ompounds (M = Mo, W, Sg) is mostlikely . The sequen
e in volatility of MoO2Cl2 > WO2Cl2 � SgO2Cl2 wasestablished and adsorption enthalpies of ��Ha(MoO2Cl2)=90�3 kJ mol�1,��Ha(WO2Cl2) = 96�1 kJ mol�1 and ��Ha(SgO2Cl2) = 98+2�53 kJ mol�1were dedu
ed. This Sg behavior is in line with extrapolations in group 6 ofthe Periodi
 Table. A detailed dis
ussion of the thermo
hemi
al 
hara
teri-zation of Sg is given in Ref. [111℄.Qualitatively similar experimental results were obtained applying athermo-
hromatographyi
 te
hnique [88,112℄. The authors of this study dis-
ussed, in addition to the formation of a group-6 di
hloride dioxide, a more
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ies, like the WOCl4. This may be formed slowly and, therefore,may only be of relevan
e for the observation of long-lived W isotopes whi
h
an migrate to a lower 
olumn temperature.Group-6 element hydroxide oxide 
ompounds were studied with hightemperature gas-
hromatography apparatus HITGAS at about 1300 K[110℄. O2 gas, saturated with H2O at 323 K, was added as a rea
tive gas tothe He 
arrier. From the observation of Sg 
ompounds passing through the
olumn it was 
on
luded that Sg forms a volatile hydroxide oxide, a propertytypi
al for group-6 elements.4.4. Element 107, bohrium (Bh)So far, the only information on the 
hemi
al properties of bohrium wasobtained in gas 
hromatographi
 experiments [64℄ with an experimental set-up s
hemati
ally shown in Fig. 7. The investigation of volatile Me(VII)halides oxides was an obvious way to study Bh in 
omparison with the lightergroup-7 homologues elements T
 and Re a

ording to their intermediateposition between the lighter transa
tinides, whi
h form volatile halides, andthe highly volatile group-8 tetroxides.
Fig. 7. S
hemati
 view of the Bh gas-
hromatography experiment. Adapted from[64℄.Nu
lear rea
tion produ
ts were 
arried with C-aerosols as a 
luster ma-terial from the re
oil 
hamber to the OLGA. The rea
tive gases HCl and O2were added in front of the high temperature zone of the rea
tion oven whereC-aerosols were burned and where the 
ompounds MeO3Cl (Me=T
,Re,Bh)were formed. Relative yields of the 
ompounds whi
h are breaking throughwere measured as a fun
tion of the isothermal temperature in the quartz
hromatography 
olumn. CsCl was used as a re-
luster material in the Bhexperiments to transport those 
ompounds whi
h leave the 
hromatography
olumn to the dete
tion system ROMA.From the observation of four 267Bh nu
lear-de
ay 
hains at 453 K (isother-mal 
hromatography temperature), two at 423 K, and zero at 348 K a
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urve was modelled, based on the Monte CarloMethod outlined in Ref. [113℄, and was 
ompared with known 
urves fromtra
er studies with lighter homologues elements [64℄. The 
hara
teristi
 50%yield of the BhO3Cl 
urve is lo
ated at a higher temperature 
ompared withthe ReO3Cl and the T
O3Cl behavior.Qualitatively, this results shows that Bh behaves like a member of group 7of the PTE and that it forms a volatile halide oxide � presumably BhO3Clas inferred from its properties � whi
h is less volatile than the 
ompoundof the lighter homologues elements [64℄. More quantitatively, the dedu
edBhO3Cl adsorption enthalpy is in good agreement with a theoreti
al predi
-tion in
luding relativisti
 e�e
ts [114℄. This result 
oin
ides with the valueexpe
ted from empiri
al 
orrelations of thermo
hemi
al properties and withBh positioned in group 7 of the Periodi
 Table [64℄.4.5. Element 108, hassium (Hs)Very re
ently, the �rst 
hemi
al separation and identi�
ation of a Hs
ompound was a
hieved [61, 62℄. From its expe
ted 
hemi
al properties asa member of group 8 of the Periodi
 Table it is most attra
tive to inves-tigate the highly volatile tetroxide � a unique property only known forgroup 8 transition metals. The experiment was performed at the UNILACa

elerator at GSI with a set-up s
hemati
ally shown in Fig. 8. This ex-periment was unique, in a number of aspe
ts, and di�erent from re
entgas-
hromatographi
 experiments:
Fig. 8. S
hemati
 view of the low temperature thermo-
hromatography experimentto investigate HsO4. Adapted from [61℄.(i) A rotating target wheel (�ARTESIA� in Fig. 8) for 248Cm targets in
ombination with a gas-jet transport system was applied for the �rsttime in transa
tinide 
hemistry to a

ept higher beam intensities.
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hädel(ii) The 
hemi
al rea
tion with the rea
tive gas O2 was performed �in-situ� in the re
oil 
hamber IVO, In situ Volatilization and On-lineDete
tion [61,115℄. An oven atta
hed to the re
oil 
hamber provided afast and e�
ient oxidation of the stopped re
oils. This allowed trans-porting highly volatile 
ompounds without any 
luster material in adry He/O2 gas mixture over 10 m in a Te�on 
apillary to the dete
tionsystem. It should be noted that already earlier work, e.g. some stud-ies on the halide volatility of Rf and on Sg, used a 
hemi
al rea
tionin or immediately behind the re
oil 
hamber dire
tly atta
hed to athermo-
hromatography 
olumn, see [81, 83℄ and referen
es therein.(iii) An on-line thermo-
hromatography separator and dete
tor set-up,COLD, Cryo On-line Dete
tor [61℄, operated at low temperatureswas mainly used. This is an improved version of the previously devel-oped Cryo-Thermo
hromatography Separator, CTS, [116℄, whi
h wasalso used during this beam time. COLD 
onsists of 12 pairs of threesili
on PIN-photodiodes ea
h (with sili
on nitride surfa
es) 
oupled toa support whi
h provides the negative temperature gradient betweenabout 250 K at the entran
e side and about 100 K at the gas exit.
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Fig. 9. Nu
lear de
ays 
hains from Hs isotopes observed in the �rst 
hemistryexperiment of element 108. Indi
ated are the registered energies for �-parti
lesand �ssion fragments and the lifetimes. Adapted from [61,62℄.Nu
lear de
ay 
hains originating from the known isotope 269Hs and fromthe isotope 270Hs, for whi
h �rst eviden
e was obtained in the 
ourse of thisexperiment, were observed [62℄ in a narrow peak [61℄ along the temperaturegradient; see Fig. 9 for the observed nu
lear de
ay 
hains and Fig. 10 fortheir distribution along the temperature gradient. From the observationof HsO4 and its adsorption position at 229�6 K, in 
omparison with theknown one of OsO4 at 191�7 K, one 
on
ludes that Hs forms a relatively
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Fig. 10. Experimentally observed thermo-
hromatogram of HsO4 (full histogrampeaked at dete
tor 3) and of OsO4 (open histogram peaked at dete
tor 6) givenin relative yields. Solid lines represent results of a Monte Carlo Simulation ofthe migration pro
ess of 269HsO4 and 172OsO4 along the temperature gradientassuming standard adsorption enthalpies of �46:0 kJ mol�1 and �39:0 kJ mol�1,respe
tively. The dashed line indi
ates the temperature pro�le (right-hand s
ale).Adapted from [61℄.stable, volatile tetroxide � as expe
ted for a typi
al member of group 8[91, 117℄. However, the exa
t adsorption position is at a surprisingly hightemperature [61℄, i.e., HsO4 exhibits an unexpe
ted low volatility or, in otherterms, a high, negative adsorption enthalpy. As enthalpies of adsorption onsili
on nitride, evaluated from the measured deposition distributions, valuesof ��HÆ(T )a (HsO4)=(46�2) kJ/mol for HsO4 and ��HÆ(T )a (OsO4)=(39�1)kJ/mol for OsO4 were dedu
ed from a �t of a Monte Carlo simulation (solidline Fig. 10) to the experimental data [61℄.5. SummaryAs has already been observed in earlier experiments, the results fromthese more re
ent studies again justify positioning of the transa
tinides � orsuperheavy elements � beginning with element 104, into the seventh periodof the Periodi
 Table, see Fig. 1. So far 
hemi
al studies on their behaviorhave been performed with Rf, Db and Sg in the aqueous phase. Studiesin the gas phase � also performed for Rf, Db and Sg � have re
ently
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hed Hs. All experimental resultsyield properties whi
h pla
e these elements into their respe
tive group ofthe Periodi
 Table � Rf, Db, Sg, Bh, Hs into group 4, 5, 6, 7, and 8,respe
tively. This demonstrates that the Periodi
 Table still remains anappropriate ordering s
heme.However, a 
loser and more subtle look reveals that all the more detailed
hemi
al properties of these elements � in 
omparison with their lighterhomologues � are no longer reliably predi
table by simple extrapolations inthe Periodi
 Table. But modern relativisti
 mole
ular 
al
ulations in 
om-bination with empiri
al models allow for quantitative, or semi-quantitative,
omparisons of experimental and theoreti
al results, and they show ex
ellentagreement in a number of 
ases. From this one 
an dedu
e that relativis-ti
 e�e
ts strongly in�uen
e the 
hemi
al properties of the transa
tinidesand 
omparisons with results from theoreti
al model 
al
ulations 
an giveindi
ations what fa
ets of the 
hemi
al properties are predominately due torelativisti
 e�e
ts. This is expe
ted to be
ome mu
h more distin
t whenpro
eeding to even heavier elements.6. Perspe
tivesFas
inating and 
hallenging prospe
ts are ahead to explore the re
ently�
hemi
ally dis
overed� region between element 106 and element 108. Evenmore interesting and more 
hallenging will be the future attempts to extendthe 
hemi
al separation and 
hara
terization of superheavy elements all theway to element 114 � and, sometime maybe even beyond. Re
ent resultsfrom the rea
tion of 48Ca ions with 238U and 242;244Pu targets [27, 29, 30℄indi
ate the existen
e of relatively long-lived nu
lides of elements 108 to 114between neutron number N=169 and N=174. Their half-lives are ideal for
hemi
al studies. However, as 
ross se
tions are painfully low, this situationprimarily 
alls for an in
rease of produ
tion rates through higher heavy-ionbeam intensities and developments of new target designs whi
h 
an toleratethese intensities.Prospe
ts to study 
hemi
al properties of superheavy elements beyond el-ement 106 in the aqueous phase mainly depend on the development of meth-ods to 
ope with produ
tion rates of less than one atom per hour. Two typesof 
ontinuously operating liquid-
hemi
al separation pro
esses are presentlyemerging for superheavy elements. The one with a truly 
ontinuous sep-aration and dete
tion te
hnique is the fast, automated and miniaturized
entrifuge system SISAK [118�121℄ whi
h allows separating nu
lides withhalf-lives of the order of 1 s. Separations are based on liquid-liquid extra
-tions with subsequent phase separation and dete
tion of the �-de
ay andspontaneous �ssion in the organi
 phase with an extra
tive liquid s
intilla-tor [122℄.



The Chemistry of Superheavy Elements 1721A di�erent approa
h to 
ontinuously separate transa
tinide elements andto establish their 
hemi
al behavior from the observation of long-lived daugh-ter isotopes in one or another 
hemi
al fra
tion was introdu
ed with thethree- or multi-
olumn te
hnique [92, 93, 105, 123℄. Be
ause of its 
ontinu-ous operation, this te
hnique may allow extending these studies to nu
lideswith 
ross se
tions below the nanobarn level. Preparations are under way toperform su
h studies to determine di�eren
es in the hydrolysis and 
omplexformation of Mo, W, and Sg [124℄ and to investigate group 7 and group 8 ele-ments in aqueous solution [125℄. Existing separation te
hniques, like ARCAand AIDA, will remain essential tools to shed more light on the diverse andoften unexpe
ted behavior of the lightest superheavy elements.Well developed gas-phase 
hemistry te
hniques are at hand to deepen ourinsights into many unresolved questions of 
ompound formation, volatilityand adsorption behavior of group 4 through 8 halides, oxides and mixed
ompounds. A 
hallenge for the future will be the gas-phase studies of themetalli
 transa
tinides beyond group 8. Element 112 has a very uniqueposition in this row with Hg as its lighter homologue in group 12. Here thefuture has already begun with �rst attempts to distinguish between a Hg-likeand a mu
h more inert Rn-like behavior of element 112 in a gas adsorptionexperiment with rea
tive Au surfa
es [126℄.Coupling of 
hemi
al separation set-ups to physi
al re
oil separators willprovide a big leap into a 
ompletely new quality of separation and dete
tionof superheavy elements. A �rst and su

essful step into this dire
tion wasmade by 
oupling the SISAK system to the Berkeley Gas-�lled Separator(BGS) for a Rf 
hemistry [121℄. Gas-
hromatographi
 te
hniques and theemerging va
uum thermo-
hromatography te
hniques [127℄ are almost ide-ally suited for su
h 
oupling s
hemes.In addition to fas
inating 
hemistry aspe
ts, these experiments providemultifa
eted nu
lear data and they are vital tools for a 
lear identi�
ation ofthe atomi
 number of relatively long-lived spontaneously-�ssioning nu
lidesat the end of �-de
ay 
hains on the pb level.Very spe
ial appre
iations go to Adam Sobi
zewski for many years offruitful dis
ussions and an ex
ellent ex
hange of ideas and results in a veryenjoyable atmosphere. The author thanks all 
olleagues from Berkeley, Bern,Darmstadt, Dresden, Dubna, Göteborg, Livermore, Mainz, Niigata, Oslo,Kassel, Kraków, Tokai, Tokyo and Villigen with whom he enjoyed the 
ol-laboration on the 
hemistry of transa
tinide elements. B. S
hausten's workon the graphi
s is gratefully a
knowledged.
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