fc|
IYC 201
Liquid Phase Experiments
with the Heaviest Elements

Yuichi Nagame

Advance Science Research Center (ASRC)

LT riEGEN

E1AS 5 J’ )Jh)fn.l;r FENG

Jdpdll Atomic Energy Agency

Sochi, Russia
September 8, 2011



@ contents

Recent progress in agueous chemistry of
the heaviest elements

1. Introduction
Nuclides, Experimental apparatuses & procedures

2. Fluorido complex formation of ,,Rf and ,,:Db

3. Electrochemistry of the heaviest elements based
on an atom-at-a-time scale
Oxidation of ,,,No and Reduction of ,;;Md
=Poster presentation by Atsushi Toyoshima

4. Perspective



@ 1. Introduction

Transactinide nuclides used for agueous chemistry

Element Nuclide T ,,/s Reaction o/nb Chemistry  Apparatus
104RT 257Rf 4 208pp (°0Ti, n) 10 S.E. SISAK
26laRf 78 248Cm (180, 5n) 13 l.LE., E.C. ARCAAIDA
10sDDb 262Db 34 249Bk (180, 5n) 6 E.C., LE. ARCA
248Cm (1°F, 5n) 1 |.E. AIDA
10690 265a5q 9 248Cm (°Ne, 5n) 0.24 |.E. ARCA
108HS 269Hs 9 248Cm (%°Mg, 5n) 0.007 Adsorption  CALLISTO

S.E. : Solvent Extraction
I.E. : lon Exchange
E.C. . Extraction Chromatography
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Schematic flow of the experiment

He cooling gas
{ ?%°Cm + Gd target

180 peam _/ e 248Cﬂ‘1(180, 5n)261Rf (78 S)
| - 5 18 169 -
= Beam stop Gd(*°0O, xn)**°Hf (3.2 min)
Be window i ' i
10 um ' Gasg.-Jet (He/KCI)

-----------------------------------------------------------------------------------------

. Chemistry Lab.

Collection
ARCA/AIDA
Dissolution & Liquid-ph
Complex IthI "Phase H Sample a-particle
formation | GITEIMEHOCIET | preparation - measurement

A

Cyclic, 65 s



AIDA (Automated lon-exchange

He/KCl gas-jet

separation apparatus coupled with the
Detection system for Alpha-

spectroscopy) |
Signal out Pulse motors
8 vacuum chambers
600 mm? PIPS detectors <z <>
[}
Preamp. S 7 5 >
— 55 ? é P uulan
= Y=l -
;\ /L @)ﬂ‘ r.:‘_—__ / °°°o°° 4 °°o° O;J/Alr Cy|lndel' é@
S /T |
- L - RCA Eluent bottles
] ey \
@ | fé - -Z-7Z :::::::::::::::::::::5’ MicrO'CO|umnS
/ : 7

/
/ Halogen lamp

He gas heater

Sampling table

|
i/ Ta disk reservoir

of the short-lived heaviest nuclides

Cyclic discontinuous column chromatographic separation
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Anion-exchange procedure in HF with AIDA

1. Collection of ?61Rf and 1%°Hf for 125 s
2. Dissolution with 245(260) uL of HF
and feed onto the column at 0.74(1.0) mL/min

3. 200 puL of 4.0 M HCl at 1.0 mL/min

|

AlIX column: MCI GEL CAOQ8Y resin (25 um)
1.6 mmid. x 7.0 mm (1.0 mm i.d. x 3.5 mm)

| |

1st fraction (A,) 2nd fraction (A,) = a-spectrometry

Adsorption probability (%) =100 A,/ (A; + A,)

169Hf : elution behavior and chemical yields (~ 60%)

85Zr and 1%°Hf from Ge/Gd target: Ge/Gd(*0O, xn)



2-1. Fluorido complex formation of Rf

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

Cation-exchange Anion-exchange
104 ] 1 1 1 I
- f) ................. 8 %;' I 10 - * Rf on-l?ne i
. w ® Hfon-line Hf off-line
o | - __ M
S 102 20 i
- (]
> > 1 Th off-line T
P — _Ii L T _———-— e TS T T T R TR T -
K-o 101 Lx Zr Off- ll'ne . 10
~O~ Hf oft-line N 2r off-line
j0 | o Thofiine “a L 100+ B
% Rfon-line
—eo— Hf on-line 1
10-1 T T T T T 10 1 T T T T
105 104 10% 102 101 100 A0 105 104 103 102 101 100 1o
[HF] / M [HF] /' M

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



Anion-exchange behavior of Rf in HF

Kq/ mL gt

103 T T LI — T T T T LI | 3
F slope =-3 1IHF 2 HY + F
%/IB]?" M =ZrandHf) { | HF + F- 2 HF,’
2 L ' -
10°E slope =-2 \% :
[RfF % ? Y
hﬁ@ 1 4226 cycles of anion-
101 £ ® Rf s exchange experiments
F A Hf = 266 a events form
- 261Rf and 2°’No, 25 a—
Zr o time correlations
100 L] L
10-1 100
[HF, 1/M log Ky = C - n-log[HF,]

KgsS linearly decrease with [HF,].
=displacement of the metal fluorido complexes from the binding sites
of the resin by the counter anion HF,

R,-MF,,, + nHF, 2 nR-HF, + MF,, " (M=Rf, Zr, and Hf), R: resin
H. Haba et al., J. Am. Chem. Soc. 126, 5219 (2004).



Anion-exchange behavior of Rf in HF/HNO,

HF 2 H* + F -
(HF + F- 2 HF;) ?: ((gg:|lilrr:§))
HNO; 2 H" + NO;™ |[F]=3x 103 M Hf (off-line)
105 = ' , , :
b 10° N 0.01 M HNO, " g
Zr, Hf: slope = -2 3 S e
104k i \ Y a— ‘
[MF4]?- (M=Zr, Hf) \r\ s 00321““03 \
H. T N L
510 A
S £ v
= ~ 0.1 M HNOj3\,
- 102} S
< N4 cx) 1\
102} f/
101¢ Rf: slope = -2 ¥ N 0.01M HNG; 6015 M HNO,
[Rﬂ:6]2 D ) ‘ (AIX) L] (AIX)
1 1 1 ‘\\ 1 1 1
10 10-2 10-1 100 1Oi0-6 10-5 104 10-3 10-2 101
[NOs]/M [F17M
R,-MF,.,+ n-NO; 2 n‘R-NO; + MF,, ™ Formation of [MF4]?: Zr ~ Hf > Rf

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



Cation-exchange behavior of Rf in HF/0.1 M HNO,

?ij © 887y Batch Exp.
10} ° ° ® © 154t Batch Exp.
O ° ® 557r Column Exp.
D 10° I ° ® 1t Column Exp.
37 5 : ® ° ® 23Th Batch Exp.
e 10 r e ® “%IRf Column Exp.
;U 10! | . ‘H O 281Rf Strub et al.
G Ve -
10° [ C%Q@ ;
AR
10° 10° 10% 10

[F1/M

3

102 10%

M4+ + F 2 MF3*
MF3*  + F 2 MF,?*
MF,2* +F 2 MF;*
MF;* +F 2 MF,
(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., in press.



Fluorido complex formation of Rf

1. We clarified that Rf Is present as the hexafluorido
complex, [RfF]> in [F] =3 x 103 M.

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

3. The present result is absolutely consistent with
the theoretical calculation by Pershina .



@ Agueous chemistry of Rf

Systematic investigation on aqueous chemistry of Rf
through the comparative study with the homologues Zr and Hf

1. Chlorido complex formation: [MClI;]*
Anion-exchange chromatography: Rf > Zr > Hf

2. TBP and TOPO extraction (complex): MCI,(TBP),
Reversed-phase chromatography: Rf < Zr = Hf

3. Nitrate complex formation
Anion-exchange chromatography: Rf = Zr = Hf

4. Fluorido complex formation
Anion- & cation-exchange chromatography: Rf < Zr = Hf

5. Sulfate complex formation
Cation-exchange chromatography: Rf < Zr < Hf



Comparative study with the homologues

1. Reaction kinetics:
lon-exchange reaction processes of Rf and the
homologues taking place in the column
experiments with AIDA have to reach equilibrium.
= K4

2. Chemical forms of Rf in solution should be
clarified.
different species — different adsorption

= Fluorido complex formation



2-2. Fluorido complex formation of Db

Anion-exchange chromatography
in 0.31 M HF/0.10 M HNO; ([F] = 3 x 103 M)

18

248Cm(*°F, 5n)<%2Db (T, = 34 S)
H

2 17
3 4 10
b g HENHHEH
am3  HEHHHHN
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
Ca|Sc| Ti CrIMn|Fe|Co| Ni |Cu|Zn |Ga|Ge| As | Se | Br | Kr

37 38 39 40 42 43 44 45 46 47 48 49 50 51 52 53 54
Ro| Sr| Y | Zr B\lsfl Mo | Tc |[RU|Rh|Pd|Ag |Cd| In |Sn|Sb|Te | | | Xe
55 56 57 72 73 74 75 76 1 78 79 80 81 82 83 84 85 86
HE!HMMEEHHMMHMHHEH
87 88 89 104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
Db Sg Bh Hs Mt Ds Rg Cn 113 114 115 116 117 118
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
Lanthanides
HHHMMMHMEMMHHME
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Actinides
M .. HMSMS NN



Anion-exchange behavior of the group-5
elements in HF/0.10 M HNO,

104 a é :'II\'IbBBatCﬁ] -
. Ta Batc
O : Pa Batch 5 o [TaFg]
L 10%He fTacoumn | 000°°° %%y -
= o © 22 | [NDOF,]
E 10%} 0 Aﬁéaﬁ‘ﬁg‘ﬁﬁsﬂﬂqf ] ’
o 5 ° _pom” B 2-
il ? g e | [PaOFy)
B O A or
t © | parp
1OO—£ % - [ a 7]
0° 10° 108 10'3T 10?2 in[F]<0.01 M

Y. Kasamatsu et al., J. Nucl. Radiochem. Sci. 8, 69 (2007).
Y. Kasamatsu et al., J. Radioanal. Nucl. Chem. 279, 371 (2009).



1st 2nd

AIDA-II Time for sample preparation AIDA: 65s, 80 s
AIDA-II: 15s, 35 s

> 4 i
Elution curve

Gas-jet inlet

Micro column

~_Ta sheets
(30 cm loAg.x 150 pm

\ < Transport arm







a-particle spectra

1222 cycles of the anion-exchange experiments

1st frac.: 0.31 M HF/0.10 M HNO, ([F] = 0.003 M): 9.7 events
2nd frac.: 0.015 M HF/6.0 M HNO,: 7.6 events

I

Fraction 1
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211m
Po y
262 258 PO
Db + ~"Lr ]
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Anion-exchange behavior of Db and
Its lighter homologues

2 :Nb Batciq | | | -

O :TaBaitch

o - i

s :Nb Colomn 00 oS E®og, [TaF]
1 ® :TaColumn o 0° Q7

@ DbColumn| o° o NBOF

ﬁcg% §
- 0 ©° LTS Aﬁtﬁ%ﬂm A [ 4]
O PAY Eﬁ DDDDde O

i . . o o [PaOF.]*

H O ;

i [DbOF,]-2 g | o
- i % _ [PaF7]2_
| | | |

[F]1/ M

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



2-(3). Fluorido complex formation of Sg

Anion-exchange behavior of Mo and W
in 104 -1 M HF/0.1 M HNO, at 70 °C

103 T

® 93mMo
LA " oW

|| *] m_N 1

u u
"= ]

JRETPIRN ”‘F e

Kd / ml_ g—l
=
R

101 -~ el e N N
104 10-3 10-2 10-1 109

HF concentration/ M

X. H. Liang et al., to be submitted.



3. Electrochemistry of the heaviest
elements with single atoms

* Development of a rapid electrochemical apparatus
« Oxidation of No & reduction of Md

248Cm(12C, 5n)2%5No (3.1 min)

248Cm(1lB, 4n)255Md (

JAEA Tandem Accelerator



Electrochemistry apparatus

Flow electrolytic column

with cation-exchanger

-

Flow of eluant

~

o-HIB complex

o-HIB of No3*
Working electrode No2+
I:\)eeléiifggee (Glassy carbon fibers) \ 0 \1 /3: _/
(Ag-AgCl) \ Counter electrode (INO @
(Pt mesh) e’_ e’_
Inlet ' Electrode (carbon fiber)
No2+ \ i \ Cation-exchanger (Nafion) /
I //r( Outlet
- e Oxidation of No?*
/ & | /I rT® L No3* |
Carbon rod — 7 Complex formation of No3*
] with o-HIB

No2+ — No3+ + e Electrolyte

A. Toyoshima et al., Radiochim. Acta 96, 323-326 (2008).



Eluted radioactivity / %

Experimental procedure:

Oxidation of No

2) 0.1 M a-HIB (pH3.9)

JAEA tandem accelerator

248Cm(*2C, 5n)?>>No | gas-jet transport

1) Collection for 10 min

A 4

Gd(*?C, xn)162Yp3* (18.9 min)
Ge(1°C, xn)81Sr2+ (22.2 min)

collection and dissolution

v

3) 3.0 M HCI

, )

100 - ' — | [Flow electrolytic-column (500 uL)
A | (chemically modified electrode)
81Sr2+ Applied potentials : 0.2-1.2V

o¢]
o

60T
40T
20T
[
0 -—
0 500 1000 1500

Eluted volume / pL

l !

No** (Yb3*) No%* (Sr2*)
(6 fractions) (2 fractions)

l l

o.-source preparation and
o-particle measurements



Eluted radioactivity / %

80

60T

4071

20T

88

60T

401

20T

Oxidation of No?*

0.1 M a-HIB

3.0 M HCI

Applied potential
0.2V

162y 3+

- 255\ g2+ ]

1.2V

255N 03+
162y 3+

0 500 1000

Eluted volume / uL

1500

No3* + e- 2 No?*

the number of 22°No atoms

~ 100 atoms (10-21 M)

Elution behavior of 81Sr2* and 162Yp3*

Eluted radioactivity / %

100

(00]
o

(o)}
o

AN
o

N
o

o

0.1 M a-HIB 3.0 M HCI

‘ 7
4
8lsr2+
I " R "R N
0 500 1000 1500

Eluted volume / uL



%Oxidation

120

100

80

Variation of oxidation rates

3+
%0Oxidation= 2[No ] 5
[NO“"]+[No~"]
ffffff No3++e—>N02++_

0 02 04 06 038 1 1.2 1.4

Applied potential / V

3+
RT | [No®']

E=FE +
°nF [No*]

E =E,
at [No3*] = [No?*]

E,~0.75V

A. Toyoshima et al., J. Am. Chem. Soc. 131, 9180 (2009).



Reduction of Md3*

0.1 M HCI 3.0 MHCI Ejytion behavior of Sr2*, Eu?*, Gd?",

100 x | Ce3*, and Yb3* measured in a
03V ‘ 2508k3+ . .
£ g 3 + g separate off-line experiment
g | 0.LMHCI 3.0 M HCI
g 00/ : 100 [
ke : - 255\ d3+ g |
8 40 | S -1.0V O3t
= f | 2 80 - Gd3
E x cen
m 20 | i + g 60 Sr2+ Yb3+
0 [ f f b T Eu2+ !
100 | | % 0 :
© 80 7 -0.6V i + | % 20 F . o | |
3 — | 250R K3+ . . S —
g Bk 0le oo ot 8 0 S g
“§ 60 | 1 1 0 500 1000 1500 2000 2500 3000
S : - - i | Eluted Volume / uL
8 a0 Md ]
g : i ; Reduction of Md** to Md#*
= i + + 3 ;o |
0 H%%H@—LQJ . =

0 500 1000 1500 2000 2500

Eluted Volume / uL A. Toyoshima et al., to be submitted.



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



4. Perspective on aqueous chemistry

1. Sg: Production of 26°Sg (T,,, ~ 15 s) at RIKEN
— Presentation by Hiro Haba
Fluorido complex formation with AIDA-II
Solvent extraction with SISAK+GARIS at RIKEN
Reduction of Sg°* with electrochemistry

2. Electrochemical approach
lonic radius of No3*

3. Hs: Electrodeposition by the Mainz group

4. Development of new apparatuses:
MicroSISAK, Electrodeposition, Electrochemical
chromatography
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the Mito area
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RIKEN-GARIS + Gas-jet System

Heavy-ion beams

Focal plane

" /Mylar
window |(4)]

Trans-
actinides

H. Haba et al. Chem. Lett. 38, 426 (2009).



Contraction of 1onic radius

1 1588 90 92 94 96 o8 100 102
I 'f\C lonic radii of trivalent ions
1.1] Th
] o ¢ Pa
—~ 1.05 &t
© - La e Np . :
% : Ce o ® o Pu Actinide contraction
= _ ~ ° m
2 : Nd ° o Bk Cf
5 0.95| PM. . Es
= : Sm o ® F
s Eu o * "M vd
£ 09 Slrp e 0 S No
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i Yb Ly
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