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1. Introduction 

Liquid-phase chemistry 
 

  ▶ Clarification of basic chemical properties of SHE 
     ionic charge and radius, redox potential,  
     complex formation, etc. 
 

  ▶ Elucidation of the influence of relativistic effects on 
chemical properties of SHE 

 
Chemical characterization with single atoms 
 

  ▶ Partition method 
      Liquid-liquid extraction, Ion-exchange chromatography,  
      Reversed-phase extraction chromatography 
 

  ▶ Comparative study with lighter homologues 



J. V. Kratz,  
In Chapter 5: Liquid-phase chemistry 
 
The ultimate goal of the partition experiments 
 is to determine the so-called distribution  
coefficient (Kd) as a function of ligand  
concentration. 
 
Kd vs. [Ligand] ⇒ Chemical species 
 
- Automated rapid chemical separation 
- Data with good statistics	




2. Liquid-phase experiments with a 
partition method 

Collection 

Dissolution & 
Complex  
formation 

He cooling gas 

HI beam 

Be window 

Actinide target (248Cm, 249Bk etc.) 

Beam stop 

Recoils Gas-jet (He/KCl)　 

Liquid-phase 
chem. separation 
(partition method) 

Sample 
preparation 

α-particle 
measurement 

Cyclic, ~ 1 min 

Automated rapid chemistry 
apparatuses: ARCA/AIDA 

Chemistry Lab. 



Nuclides used for liquid-phase chemistry  

Element� Nuclide� T1/2 �
(s)�

Nuclear�
reaction�

σ �
(nb)�

Chemical�
separation�

Apparatus�

104Rf� 257Rf� 4� 208Pb (50Ti, n) 10 S.E. SISAK 

261Rf�
�

68� 248Cm (18O, 5n) 13 I.E., E.C. ARCA, 
AIDA 

105Db� 262Db�
�

34� 249Bk (18O, 5n) 6 E.C. , I.E. ARCA 

248Cm (19F, 5n) 1 I.E. AIDA 

106Sg� 265Sg�
�

10� 248Cm (22Ne, 5n) 0.24 I.E. ARCA 

108Hs� 269Hs�
�

10� 248Cm (26Mg, 5n)  
 

0.007 
 

Adsorption  
 

CALLISTO 

S.E.  :  Solvent  Extraction 
 I.E.   :  Ion  Exchange 
E.C.  :  Extraction  Chromatography   



Eluent bottles 

Ta disk reservoir 

Micro-columns 

He gas heater Halogen lamp 

Sampling table 

Air cylinder 

Pulse motors Signal out 
8 vacuum chambers 

600 mm2 PIPS detectors 
Preamp. 

He/KCl gas-jet AIDA (Automated Ion-exchange 
separation apparatus coupled with the 
Detection system for Alpha-
spectroscopy)	



Cyclic discontinuous column chromatographic separation 
of the short-lived heaviest nuclides 

ARCA 





Anion-exchange procedure in HF with AIDA 
1. Collection of 261Rf and 169Hf for 125 s 
2. Dissolution with 245(260) µL of HF 
    and feed onto the column at 0.74(1.0) mL/min 

AIX column: MCI GEL CA08Y resin (25 µm) 
1.6 mm i.d. × 7.0 mm (1.0 mm i.d. × 3.5 mm)  

3. 200 µL of 4.0 M HCl at 1.0 mL/min 

1st fraction (A1) 2nd fraction (A2) ⇒ α-spectrometry 

Adsorption probability (%) = 100 A2 / (A1 + A2) ➝ Kd  
169Hf : elution behavior and chemical yields (~ 60%) 
 
85Zr and 169Hf from Ge/Gd target: Ge/Gd(18O, xn) 



3. Experimental achievement and problems 

Typical results on fluorido complex formation of Rf : 
 

  ▶ Anion- and cation-exchange chromatography  
     with ARCA/AIDA 
     Fluorido complex formation and ionic radius 

 
Problems : 
 

  ▶ Reaction kinetics and chemical species 
  ▶ Comparison with theoretical predictions 



Fluorido complex formation of Rf�

E. Strub et al., Radiochim. Acta 88, 265 (2000).�

Adsorption of Zr, Hf, Rf and Th on ion-exchange resin in 0.1 M HNO3 
at various HF concentrations.�

Cation-exchange� Anion-exchange�
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Formation of [MF6]2- : Zr ≈ Hf > Rf 

A. Toyoshima et al., Radiochim. Acta 96, 125 (2008). 

Anion-exchange behavior of Rf in HF/HNO3	
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Rf: slope = -2 
      [RfF6]2- 

Rn-MF4+n + n⋅NO3
- ⇄ n⋅R-NO3 + MF4+n

n- 
 

     n = -2 ⇒ [MF6]2- 

HF ⇄  H+ + F- 
(HF + F- ⇄ HF2

-) 
 

HNO3 ⇄ H+ + NO3
- [F-] = 3 x 10-3 M 
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Cation-exchange behavior of Rf in HF/0.1 M HNO3 

M4+     + F- ⇄ MF3+ 
MF3+   + F- ⇄ MF2

2+ 

MF2
2+  + F- ⇄ MF3

+ 

MF3
+    + F- ⇄ MF4 

 (M= Rf, Zr, Hf and Th) 

The fluorido complex formation of Rf successively proceeds as those with 
the homologues.  
The strength of the coordination of the fluoride ions to Rf is significantly 
weaker than that to Zr and Hf.  

Y. Ishii et al., Bull. Chem. Soc. Jpn. 84, 903 (2011). 



Fluorido complex formation of Rf 

1.  We clarified that Rf is present as the hexafluorido complex, 
[RfF6]2- in [F-] = 3 × 10-3 M. 

2. The strength of the fluorido complex formation was   
　  clearly demonstrated: Zr ≈ Hf > Rf > Th. 

3. Theoretical predictions by V. Pershina: 
     Predominant electrostatic interaction 
     → Correlation between ionic radii and strength of complex 
          formation 
     Zr (72 pm) ≈ Hf (71 pm) < Rf (76 pm: cal.) << Th (94 pm) 
  
    → The ionic radius of Rf4+ is in between Zr4+/Hf4+ and Th4+.  



Flow scheme of liquid-phase chemistry	


•  Batch experiment with   
　relatively long-lived nuclides  

 è Kd
Batch 

             ↓ 
•  On-line column experiment 
    with short-lived nuclides 

 è Kd
Column 

Kd
Batch = Kd

Column  
Reaction with column exp. 

reaches equilibrium. 

•  On-line column experiment  
 ↓                  ↓ 
 Kd            %ads. 
 ↓ 

•  Chemical species 
•  Complex formation 

 ↓↑ 
  Theoretical prediction 

Chemical behavior of 
lighter homologues	
 Superheavy elements 

Yes	
 No	


good statistics	




Complex 
formation�

Chromatography � Chemical 
quantity �

Chemical 
species�

Formation 
strength�

Chlorido� AIX � %ads� [RfCl6]2- ? � Rf ≥ Zr > Hf�

TBP � Reversed-phase� %ads�
�

RfCl4(TBP)2 ? � Rf < Zr ≈ Hf�

TOTO� Reversed-phase� %ads�
�

RfCl4(TOPO)2 ? � Rf < Zr ≈ Hf�

Nitrate � AIX � %ads�
�

Rf(NO3)4 ? � Rf ≈ Zr ≈ Hf �

Fluorido� AIX & CIX � Kd � [RfF6]2-  

[RfF2]2+/[RfF]3+�
Rf < Zr ≈ Hf�

�

Sulfate � CIX� %ads (Kd) � [Rf(SO4)]2+ ? � Rf < Zr < Hf�

Systematic study on liquid-phase chemistry of Rf	




Y. Kasamatsu et al., Chem. Lett. 38, 1084 (2009). 

Anion-exchange behavior of Db and  
its lighter homologues	
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Comparative study with the homologues 

1. Reaction kinetics: 
     Ion-exchange reaction processes of SHE 

taking place in the column experiments have to 
reach equilibrium.  

     ⇒ Kd 

2. Chemical forms of SHE in solution should be  
     clarified. 
     different species → different adsorption 

⇒ Fluorido complex formation	




4. Development of a new apparatus 
- Electrochemical approach 

• Development of a rapid electrochemical apparatus 
 

• Oxidation of No & reduction of Md 
248Cm(12C, 5n)255No (3.1 min) 
248Cm(11B, 4n)255Md (27 min) 

JAEA Tandem Accelerator�



Inlet 

Outlet 

Working electrode 
(Glassy carbon fibers) 

Counter electrode 
(Pt mesh) 

Reference  
electrode 
(Ag-AgCl) 

Electrolyte 

Carbon rod 

Electrochemistry apparatus 

Oxidation of No2+  

A. Toyoshima et al., Radiochim. Acta 96, 323 (2008). 

No2+ → No3+ + e-  

No2+ 

No3+ 

No2+ 

Cation-exchanger (Nafion) 
Electrode (carbon fiber) 

α-HIB complex  
of No3+ 

e－ e－ 

Flow of eluant 
Flow electrolytic column 
with cation-exchanger 

Complex formation of No3+  
with α-HIB 

α-HIB 

No3+ 



248Cm(12C, 5n)255No 

Flow electrolytic-column (500 µL) 
 (chemically modified electrode) 
   Applied potentials：0.2 - 1.2 V 

No3+ (Yb3+) No2+ (Sr2+) 

2) 0.1 M α-HIB (pH3.9) 

gas-jet transport 
1) Collection for 10 min 

collection and dissolution 

3) 3.0 M HCl 

(6 fractions) (2 fractions) 

Gd(12C, xn)162Yb3+ (18.9 min) 
Ge(12C, xn)81Sr2+ (22.2 min) 

α-source preparation and 
α-particle measurements 

Experimental procedure: Oxidation of No 

  JAEA tandem accelerator 
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No3+ + e- ⇄ No2+  
the number of 255No atoms  
≈ 100  atoms (10-21 M) 



Variation of oxidation rates  
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A. Toyoshima et al., J. Am. Chem. Soc. 131, 9180 (2009). 



Electrochemistry of the heaviest elements 

Redox reactions based on one atom-at-a-time  
scale were successfully conducted. 
 
⇒ A new technical approach to the heaviest   
     element chemistry is available. 



- Coupling with a recoil separator 
Continuous liquid-liquid extraction with SISAK 

J. P. Omtvedt et al., J. Nucl. Radiochem. Sci. 3, 121 (2002). 

BGS + SISAK + Scintillation counting 
 
208Pb(50Ti, n)257Rf (T1/2 = 4 s)	




5. Perspective on liquid-phase chemistry 

1. Successive study on fluorido complex formation:  
      Db and Sg ➝ new device 
 

2. First electrochemistry with SHEs 
     Reduction of Sg6+ : GARIS + Electrochem. + SISAK 
 

3. Electrochemical approach 
     Ionic radius of No3+ etc.  
 

4. Hs: Solvent extraction, Electrodeposition 
 

5. Development of new apparatuses: 
     MicroSISAK, Electrodeposition, Electrochemical method: 

electro-chromatography, microchannel-electrode chip 



Successive fluorido complex formation: 
262Db (T1/2 = 34 s) and 265Sg (10 s) 
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Further improvement of the apparatus is required.	

X.H. Liang et al., J. Radioanal. Nucl. Chem. 292, 917 
(2012).	


Anion-exchange behavior of Db and Sg ?	


MO3F- → MO2F2 → MO2F3
-/MO2F4

2-/MOF5
- 

(M = Mo and W)	




Rotating 
target 

D2 Q2 Q1 D1 

1 2 m 0

Focal plane Differential pumping section 
Primary beam 

Beam stopper Gas inlet 

Elastic scattering 
monitor 

Evaporation 
residues 

248Cm(22Ne,5n)265abSg 

Mixer	
Reduction 

α-meas.(LS)	


Degasser	


Rate: 0.6 atoms/h 
T1/2 : 9 s / 15 s	


Solvent 
extraction 

Aq. soln.	


Org. soln.	


Fast and continuous  
extraction (SISAK)	


Sg(VI)→Sg(IV)	


Sg(VI)	
Sg(IV)	


Flow electrolytic  
column	


α-meas.(LS)	


Sg reduction experiment with GARIS	


RIKEN GARIS 

Irradiation cave	


Chemistry lab.	




P. Pyykkö 
PCCP 13, 161 (2011) 
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