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Abstract: Fluoride complexation of element 104, rutherfordium (Rf), produced in the 2*3Cm(*80,5n)?5!Rf
reaction has been studied by anion-exchange chromatography on an atom-at-a-time scale. The anion-
exchange chromatographic behavior of Rf was investigated in 1.9—13.9 M hydrofluoric acid together with
those of the group-4 elements Zr and Hf produced in the *¥O-induced reactions on Ge and Gd targets,
respectively. It was found that the adsorption behavior of Rf on anion-exchange resin is quite different
from those of Zr and Hf, suggesting the influence of relativistic effects on the fluoride complexation of Rf.

1. Introduction chemical forms taking part in the chemical equilibrium at the
same time. The chemical study needs to be carried out on the
phenomena that give the same results for only a few atoms and
for macro amounts. Such requirements limit the chemical study
to only the phenomena of fast kinetics by techniques such as
ion-exchange chromatography, gas chromatography, solvent
extraction, and other procedures with rapid attainment of a
chemical equilibrium. Guillaumont et.abefined an equilibrium
constant for reactions with very small numbers of atoms in terms
of the probabilities of finding the atom in one phase or the other
and concluded that it is valid to combine the results of many
separate single-atom experiments to get statistically significant
results. Although several attempts have been made to study
chemical properties of Rf by solvent extraction and ion-exchange

Increasingly strong relativistic effects on the valence electrons
of transactinide elements can induce deviations in chemical
properties from the periodicity based on lighter homologues in
the periodic tablé.The first transactinide element, rutherfordium
(Rf), is expected to be a group-4 member with a ground-state
electronic configuration of [Rn]5f%6#7<, though relativistic
calculations have predicted configurations such a37$d
77, and 6d747p Extremely low production yields and short
half-lives of transactinide nuclei force us to perform rapid,
efficient, and repetitive experiments with single atoms. For
single-atom chemistry, the classical law of mass action is no
longer valid, because the atom cannot exist in the different
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influence of relativistic effects, are available at present.
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A monofunctional anion-exchange resin with a strongly basic 2. Experimental Section
group prOV_'de$ an extremely S'mp|e and rap.ld FeChn'_que for 2.1, Batch ExperimentsThe radiotracer®zr (half-life Ty, = 78.41
Fhe.determlnatlon of the cqmplexmg streng'Fh, ionic radius, and n) and *Hf (Ty, = 70 days) were produced in tH8Y(p,n) and
ionic charge of an anion in aqueous solution. Thus, we have 17 u(p,n) reactions, respectively, using the JAERI tandem accelerator
studied the anion-exchange behavior of Rf together with those and the RIKEN K70 AVF cyclotron. These tracers were chemically
of lighter homologues of group-4 elements Zr and Hf in4.0  separated from the target materials and stored in polypropylene vessels
11.5 M HCI and 8.0 M HN@2 It has been found that the in0.1 M HF solutions. The chemical separation procedures were almost
adsorption trends of Rf in HCI and HNGare very similar to ~ the same as those described in ref 12.

those of Zr and Hf, clearly indicating that Rf is a typical group-4 __'he anion-exchange resin used was MCI GEL CAO8Y, supplied by
member. Mitsubishi Chemical Corporation, a strongly basic quaternary-amine

R d in thi . It of th . polymer with a particle size of 22 2 um. The commercially available
eported in this paPer IS our re.cent. result _0 the anion- CAO08Y in the chloride form was converted to the fluoride form by
exchange study of Rf in hydrofluoric acid. HF is one of the \yashing in the column with 26 M HF. Then, the resin was washed

best media on anion-exchange resin, because hydrolysis needgoroughly by the batch method withy® and dried to a constant weight
not be taken into consideration due to the high complexing at 80°C in a vacuum oven. A 16200 mg portion of CA08Y and 3
strength of the fluoride ion. Previous studiésf the fluoride mL of the 0.97-26.4 M HF solution containing 5@L of the tracer
complexation of Rf have shown that Rf forms anionic fluoride solution were placed in a polypropylene tube and shaken for 100 min
complexes like its lighter homologue Hf in 0.2 M HF and in at20°C. After centrifugation, 1 mL of the aqueous phase was precisely
the mixed acid solution of 0.27 M HF/0.1 and 0.2 M HNO  Pipetted into a polyethylene tube and subjectegt-ray spectrometry
Recently, a different adsorption behavior between Rf and its USing @ Ge detector. As a standard sample150f the tracer solution
homologues Zr and Hf was observed in anion- and cation- was diluted o L mL W.'th 0.1 M HF in anc’t.her polyethylene tube.
exchange studies in 0.0080.1 M HF/0.1 M HNG,® A slight Control experiments without the CA08Y resin were also performed

. L T . ) for exclusion of sorption on the inner wall of the polypropylene tube.
7
correctiot” of the original distribution coefficients) did not The numbers ofZr and*7*Hf atoms used for each batch experiment

modify the conclusion$.Also cited is an extraction study of  \yere 16°and 10 respectively. The concentration of the HF solution

fluoride complexes of Ti, Zr, Hf, and Rf into triisooctylamine  was determined by titration with a standardized NaOH solution.

(TiOA) from 0.5 b 4 M HF 8 which shows some evidence for 2.2. On-Line Chromatographic Experiments. 2.2.1. Production

extraction of Rf into TiOA from 0.5 M HF. of 261Rf, 8Zr, and 5°Hf. The isotop&S'Rf (T, = 78 s) was produced
In the present study, we first measutéglvalues of Zr and  in the 2*Cm(*®0,5n) reaction with a 94-MeV**O beam. The***Cm

Hf on the anion-exchange resin in 0:926.4 M HF under static ~ target of 61Qug cn1® thickness and 5 mm diameter was prepared by

conditions, i.e., in batch experiments, using the long-lived €lectrodeposition of Cm(Ng in 2-propanol onto a 2.4 mg crh

radiotracer$9Zr and1SHf. In the experiments with the short- beryllium backing foil. The beam intensity was approximately 300

. 26 - ior BARf 85 particle nA. It is important to perform Rf experiments together with
lived 2°Rf, the anion exchange behavior f, ®Zr, and Zr and Hf under identical conditions to find different chemical behavior

1OHf was '”V?S“gate‘?' under ‘,’y”am'c Cond't'ons’ 1.e., In among the homologues. Therefore, Gd (39.3%-enrich&sd of 36
chromatographic experiments, using the automated |on-exchang§4g cmr 2 thickness) was admixed in tR&Cm target to simultaneously
separation apparatus coupled with the detection system for alphgyroduce Hf isotopes. The 108.5-Me¥O beam, delivered from the
(o) spectroscopy, AIDA:° The Kq values of Rf on the anion-  JAERI tandem accelerator, passed through a HAVAR vacuum window
exchange resin were successfully determined with AIDA by (2.0 mg cm?), the helium cooling gas (0.09 mg cf), and the
running cycles of the anion-exchange experiments 4226 timesberyllium target backing, and it finally entered the target material at
within the concentration range of HF from 1.9 to 13.9 M. The the energy of 94 MeV. At this incident energy, the excitation function
complexing strength of the Rf fluoride is discussed by compar- for the**Cm(®0,50)**'Rf reaction exhibits the maximum cross section
ing with those of Zr and Hf and also with the theoretical of 13 & 3 nb23 This results in an expected production rate of about 2

- i ”
prediction by the relativistic molecular density-functional atoms min .under the present eXpe”mem;:scond't'oﬂ' .
calculationg011 To investigate the behavior of Zr and HfZr (T, = 7.86 min)

and 1%°Hf (Ty, = 3.24 min) were simultaneously produced in the
nal nat 1 T
(3) Haba, H.; Tsukada, K.; Asai, M.; Goto, S.; Toyoshima, A.; Nishinaka, I.; . Ge(lf*O,xn) and"™Gd(*0 xn) reactions, reSpeCtl\gely. (nat natural
Akiyama, K.; Hirata, M.; Ichikawa, S.; Nagame, Y.; Shoji, Y.; Shigekawa, isotopic abundance). THeGd target of 37Qug cm 2 thickness and 5
g.; Koslke,KT.a Iwasalg, M. $h|n§ha|:a, l}(“\-; NKal?eﬁO, T-;l_il\/lasrusll(ama, TM mm diameter was electrodeposited on a 2.7 mgZdmeryllium backing,
no, S.; Kudo, H.; Oura, Y.; Sueki, K.; Nakahara, H.; Sakama, M.; . >
Yokoyama, A.; Kratz, J. V.; Sciul, M.; Brichle, W.J. Nucl. Radiochem. ar_]d then on the resu!t'”@Gd target, the*Ge target of 66Q«g cnm
Sci. 2002 3, 143. thickness was deposited by vacuum evaporation.
(4) Szeglowski, Z.; Bruchertseifer, H.; Domanov, P. V.; Gleisberg, B.; Guseva, i ili ; i
L. J.; Hussonnois, M.; Tikhomiova, G. S.; Zvara, |.; Oganessian, Yu. Ts. Reaction products recoiling out of the target were Stoppeq n hellum
Radiochim. Acta199Q 51, 71. gas (-1 bar), attached to KCI aerosols generated by sublimation of

(5) Pfrepper, G.; Pfrepper, R.; Krauss, D.; Yakushev, A. B.; Timokhin, S. N.; the KCI powder at 640C, and continuously transported through a
Zvara, |.Radiochim. Actal998 80, 7.

(6) Strub, E.; Kratz, J. V.: Kronenberg, A.; Ner, A.; Thale, P.; Zauner, S.; Teflon capillary (2.0 mm i.d., 20 m long) to the chemistry laboratory.
Briichle, W.; Jger, E.; Schdel, M.; Schausten, B.; Schimpf, E.; Zongwei,  The transport efficiency of’Rf was estimated to be 35%.
L.; Kirbach, U.; Schumann, D.; Jost, D.;"fler, A.; Asai, M.; Nagame, - _li ion-
Y.; Sakama, M.; Tsukada, K.; @geler, H. W.; Glatz, J. PRadiochim. 2.2.2. Anion-Exchange Chromatography.The on .Ilne anion
Acta 200Q 88, 265. exchange chromatography was performed using A¥®#&his apparatus

(7) Schalel, M. J. Nucl. Radiochem. Sc2002 3, 113.
(8) Kacher, C. D.; Gregorich, K. E.; Lee, D. M.; Watanabe, Y.; Kadkhodayan, (11) Hirata, M. et al. Submitted.
B.; Wierczinski, B.; Lane, M. R.; Sylwester, E. R.; Keeney, D. A, (12) Haba, H.; Tsukada, K.; Asai, M.; Nishinaka, I.; Sakama, M.; Goto, S;

Hendricks, M.; Hoffman, D. C.; Bilewicz, ARadiochim. Actal996 75, Hirata, M.; Ichikawa, S.; Nagame, Y.; Kaneko, T.; Kudo, H.; Toyoshima,
135. A.; Shoji, Y.; Yokoyama, A.; Shinohara, A.; Oura, Y.; Sueki, K.; Nakahara,
(9) Nagame, Y.; Haba, H.; Tsukada, K.; Asai, M.; Akiyama, K.; Hirata, M.; H.; Schalel, M.; Kratz, J. V.; Tuler, A.; Gageler, H. W Radiochim. Acta

Nishinaka, I.; Ichikawa, S.; Nakahara, H.; Goto, S.; Kaneko, T.; Kudo, H.; 2001, 89, 733.

Toyoshima, A.; Shinohara, A.; Satkel, M.; Kratz, J. V.; Gggeler, H. W.; (13) Nagame, Y.; Asai, M.; Haba, H.; Goto, S.; Tsukada, K.; Nishinaka, I.;

Turler, A. Czech. J. PhysSuppl. A2003 53, A299. Nishio, K.; Ichikawa, S.; Sakama, M.; Toyoshima, A.; Akiyama, K.;
(10) Pershina, V.; Trubert, D.; Naour, C. Le; Kratz, JRadiochim. Act2002 Nakahara, H.; Sciuel, M.; Gaygeler, H. W.; Tuler, A. J. Nucl. Radiochem.

90, 869. Sci.2002 3, 85.
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consists of a modified automated rapid chemistry apparatus (ARCA) 106 v ———ry
which is a miniaturized computer-controlled liquid chromatography 11 [
system and a newly developed automated on-ifgarticle detection ’
system. Two different microcolumns, 1.6 mm ixl.7.0 mm and 1.0
mm i.d. x 3.5 mm, were used for the measurements of a wide range i .
of Kq values. ~ 10%F o,
The nuclear reaction products transported by the He/KCI gas-jet : ’ .
system were deposited on the collection site of AIDA. After deposition g s _ o,
for 125 s, 51Rf and'®*Hf were dissolved in a 240 (266uL HF solution ~ g
of various concentrations of 13.9, 11.6, 7.7, 5.8, 4.8, and 3.9 (3.0, 2.4, ¢ F el
and 1.9) M and were fed onto the column at a flow rate of 740 (1000) 102 3 q, 3
uL min~%, which corresponds to 0.88 (6.1) column volumek §he b 6]
effluent was collected on a tantalum disk as fraction 1 and evaporated 101k 897 %DBQB 4
to dryness using hot helium gas and a halogen heat lamp. The remaining o 1SHf .
Rf and Hf in the column were eluted with 210 (2Qd) of 4.0 M HCI r - ) N -
at a flow rate of 100QuL min~%. In the previous experimentsye 10° 100 10! 102
found that 20Q:L of 4.0 M HCI was enough to strip Rf as well as Zr HF1. /M
and Hf from the anion-exchange column. The 4.0 M HCI effluent was [HE]0:
collected on another tantalum disk and was evaporated to dryness as-igure 1. Variation of the distribution coefficienKgy, of 89Zr and17°Hf
fraction 2. The pair of tantalum disks, fractions 1 and 2, was on the anion-exchange resin CAO8Y as a function of the initial HF
automatically transferred to am-spectrometry station equipped with ~ concentration, [H. The data for Zr and Hf are shown by open squares
eight 600 mm passivated ion-implanted planar silicon (PIPS) de- (E') and open cwclesCQ),_respecgyely. The linear relationship with slope
. o 3.0+ 0.1 in the logKg—log[HF]ini plot is indicated by a dotted line. The
tectors. Counting efficiencies of each detector ranged from 30% t0 jyset shows the variation of [HF], [H, [F~], and [HF: ] as a function of
40% depending on geometrical differences of the dried sources, and[HF];,.
its a-particle energy resolution was 13Q00 keV fwhm. All events
were registered event by event. After theparticle measurement, the  As shown in Figure 1, th&gy values of Zr and Hf are identical
493 keV y-ray of *Hf was monitored with Ge detectors for every  \ith each other, and both decrease with an increase offHF]
third or fourth pair of the Rf samples to determine the distribution of A linear relationship with a slope 6£3.0 + 0.1 was found in
Hf and its chemical yield. The chemical yield of Hf including depo- the logKq—log[HF plot as indicated by a dotted line, although
sition and dissolution efficiencies of the aerosols was approximately 9ra—log ini P . y . . 9
60%. the slope and the observed linear relationship cannot be

In the experiments witfZr and %Hf, the reaction products straightforwardly understood in terms of the anionic state of

deposited on the collection site of AIDA were dissolved in-319.4  the fluoride complex without knowing the activity coefficients
M HF and fed onto the microcolumn under the same experimental Of the chemical species involved (the mean stoichiometric
condition as those WitR6IRf. The number of5Zr and 6%Hf atoms activity coefficients of hydrofluoric acid in aqueous solutions
present in each anion-exchange experiment was ab8utiie effluent are available upat 4 M HF9).

fractions were collected in 7 polyethylene tubes and were assayed by As HF is a weak acid, equilibrations among HF} ,H—,

y-ray spectrometry with Ge detectors to evaluate the sorption of Zr and HF,~ in the solution are established in the following two
and Hf on the resin and to obtain their elution curves. chemical relationg’

==y
D!

107 Ty

Concentration / M

[}

3. Results and Discussion HY" + F =HF )

3.1. Batch Experiments.The distribution constari in unit B _
of mL g* of the atoms in question between the resin and the HF+F =HF, 3)
solution was obtained using the following equation:
The concentrations of HF, H F~, and HF~ in the solution
AV, can be calculated on the basis of the law of mass action using
K= AW’ (1) the dissociation constant§, = 935 M* andK, = 3.12 M!
' for the first (eq 2) and second (eq 3) equilibria, respectivély.
The inset of Figure 1 shows the variation of [HF],[H[F],
and [HR] as a function of [HF}. Above 1 M HF, the
concentration of the anionic HF species is more than 1 order
of magnitude higher than that of Fand [HF,] increases
linearly with an increase of [HF]: log[HF,"] ~ log[HF]ini —
1.3. Thus, the decrease of tgvalues of Zr and Hf with [HF};
shown in Figure 1 is explained as the displacement of the metal
complex from the binding sites of the resin with fFas the
main anionic species in the solution, although any quantitative
discussion requires the knowledge of the activities of the
chemical species involved. Assuming that the adsorption equi-
librium of an anion A~ with the charge state— can be
represented by the equation

where A, and As are the radioactivities in the resin and the
solution, respectivelyysis the volume of the acid solution (mL),
andW; is the mass of the dry resin (g). If the radioactivity ratio
of AAs 1 represents the distribution of a single chemical species
containing the atom in question between the resin and the
solution,K is identical with the distribution coefficierdy. The
following discussion is carried on with the assumption that the
radioactive atoms are mostly bound to a single chemical species.
In Figure 1, the variation of thiy values of®%Zr and7°Hf on
CAO08Y is shown by open squareg)(and open circles(),
respectively, as a function of the initial HF concentration, fklF]

(14) Schael, M.; Brichle, W.; Jager, E.; Schimpf, E.; Kratz, J. V.; Scherer, U.
W.; Zimmermann, H. PRadiochim. Acteél989 48, 171.

(15) The values given in parentheses refer to the condition when the 1.0 mm n— _, -
i.d. x 3.5 mm column was used. nRHFZ +tAT = I:{nA + nHFz (4)
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S e —_————————— 104 ;
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Figure 2. Elutions of85Zr and6°Hf from (a) the 1.6 mm i.dx 7.0 mm [HF],,;/ M

column in 17.4 and 7.7 M HF at a flow rate of 74Q min—* and from (b) ) o T . 85 16
the 1.0 mm i.d.x 3.5 mm column in 9.7 and 5.8 M HF at a flow rate of  /9ure 3. Variation of the distribution coefficienKq, of 85Zr and 169Hf

10004L min-1. The eluted radioactivities G€Zr and 5Hf are depicted on the anion-exchange resin CAO8Y obtained from the chromatographic

by squaresl, 0) and circles ®, O), respectively. The solid) and dotted experiments as a function of the initial HF concentration, [fiFThe data

i : . from the 1.6 mm i.dx 7.0 mm and 1.0 mm i.dx 3.5 mm columns are
-++) curves indicate the results of the theoretical fits by the Glueckauf ; )
Squationl.8 The numbers of theoretical platdswere fitted }t/o 4.8+ 0.5 qlepl_cte(_:i by operty, O) and closedl, @) symbols, respectively. The_ dotted
and 4.6+ 0.5 for the 1.6 mm i.dx 7.0 mm and 1.0 mm i.dx 3.5 mm line indicates theKy values of89Zr and 17Hf from the batch experiment.

columns, respectively. The peak voluniefor the 1.6 mm i.d.x 7.0 mm
column are 88t 3 and 900+ 30 uL at 17.4 and 7.7 M HF, respectively, mm i.d. x 7.0 mm and 1.0 mm i.dx 3.5 mm columns,

W{‘"‘i g“;senfgr;ged-or mm i-?_* 3;-5 mm one are 148 10 and 550+ 20 respectively. In Figure 3, thi&q values of Zr and Hf calculated
pLalS.fand 5.8 M, respectively. by eq 7 are shown by open and closed symbols for the

where R represents the resin, the equilibrium constant can beeXperiments with the columns of 1.6 mm i.d.7.0 mm and

expressed in terms of the law of mass action as 1.0 mm i.d.x 3.5 mm, respectively. Thiy values from the
different columns are consistent with each other. The dotted

[R,AJHF, " line indicates the&y values offZr and'"®Hf obtained from the

A = (5) batch experiment mentioned in section 3.1. TiKe values

[RHF,]"TA™] deduced from the dynamic column method agree well with those

from the static batch one. This indicates that khealue in eq
1 is equal to théKy value defined in eq 7 for a single chemical
species, and also that the ion-exchange processes taking place
in the present column experiment such as the one shown in eq
4 reach an equilibrium state fast enough.

The results of thé%Rf experiments are summarized in Table
1, where the initial HF concentration [HF] the total'®0O beam

3.2. On-Line Chromatographic Experiments.In Figure 2,
typical elution curves fo¥>Zr and®*Hf simultaneously produced
from the Ge/Gd target are shown for the experiments with (a)
the 1.6 mm i.d.x 7.0 mm column in the 17.4 and 7.7 M HF
solution at a flow rate of 74@L min~! and with (b) the 1.0
mm i.d. x 3.5 mm one in the 9.7 and 5.8 M HF at a flow rate

I : L
0f 1000uL min"%. The percentages of the eluted radioactivities dose, the number of cycles of the experiment, the chemical yield

85 16 i i -
qf Zr and"*™Hf are depicted by squares and circles, respec determined by'®Hf radioactivity measurements, the number
tively, and they are nearly the same as expected from the same

i 26 i 57
Kg values in the batch experiment (see Figure 1). According to of observed particles of**'Rf and of its daughtef*No ()

) . and correlatedy. particle pairs of?Rf and 2°’No (a—o) in
the Glueckauf equation of chromatogragfyhe eluted radio- . . o
activity A(v) with the effluent volumev is represented by the fractions 1 and 2, and the percent adsorptions (%adS}@f

following equation: and!®%Hf are listed. From the 4226 cycles of the ion-exchange
' experiments, a total of 266. events from 78-£61Rf (8.28
N@ — )’ MeV)!® and its daughter 25%¥"No (8.22, 8.27, 8.32 Me\}y
A®v) = Apax ex;{ —-5 _—} (6) were registered in the energy range 8-:8036 MeV, including
vy 25 time-correlated: pairs of261Rf and its daughtet*’No. The
event ratio betweero singles ando—a correlations was
estimated to be 11:1 taking the counting efficiency of the
detector £35%), the recoil effect of*"No, and the decay of
261Rf and?>"No into consideration. The observed event ratio of
266:25 is reasonably consistent with the estimated event ratio
within the counting statistics.

where paramete&na, N, andz are the maximum peak height,
the number of theoretical plates, and the peak volume, respec
tively. It is noted here that the andv values are corrected for
the dead volume of the columns, which are 40 ang«R5or

the experiments with the 1.6 mm i.e. 7.0 mm and 1.0 mm
i.d. x 3.5 mm columns, respectively. The results of the

theoretical fit by eq 6 are shown by the solid)(and dotted From the ra_dioactivitiesAl and A, observed in fractions 1
(-+) curves in Figure 2, showing good agreements between the@nd 2, respectively, the %ads values on CA08Y were evaluated
experiments and the Glueckauf equati®n. using the equation
In the dynamic chromatographic system, tkg value is
described as 0 _ 1004,
Yoads—= . (8)
At A,
Kg = v/m, (7
wherem is the mass of the dry resi& The averagen values (16) Hamer, W. J.; Wu, Y.-CJ. Res. Natl. Bur. Stand. (U.SL97Q 74A 761.

(17) Plaisance, P. M.; Guillaumont, Radiochim. Actal969 12, 32.
were measured to be 66 0.3 and 1.3+ 0.1 mg for the 1.6 (18) Glueckauf, ETrans. Faraday Soc1955 51, 34.
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Table 1. Summary of the Anion-Exchange Experiments of 261Rf in HF Solutions

total beam no. cycles of chemical o-countin fraction 1 occountin fraction 2 %ads of %ads of
[HFini (M) dose (x107) the experiment yield (%) o o-a o o—a 1R (%) 169Hf (%)
13.9 1.75 849 53 13 43 5 1 0 15732 30+ 14
11.6 1.64 631 66 19 35 2 2 0 6.0'59 80+ 10
7.7 0.775 322 66 20 23 1 1 0 4877 99.8+ 1.6
5.8 0.653 271 7217 16 1 6 0 34.0%% 99.6+1.9
438 0.326 179 84 16 5 0 10 2 75.251%% 100.1+ 1.2
3.9 1.06 532 65 16 10 0 31 4 83.4737 99.4+ 1.7
3.0 1.02 465 5217 24 2 10 2 37.3%3 99.5+3.1
2.4 1.28 501 5419 13 1 17 3 66.6 52 99.84+ 2.5
1.9 1.36 476 42716 3 0 16 2 92553 99.5+ 2.4
The corrections for the radioactive decay, and the background "*’f @ ' 1) T |
from cosmic rays and electronic noise, etc., were considered  joof----------------- L LR TERR R it B it Garcm |
for Ay and A,. The average background count rate was - } - F o ,sfjgfgﬁi’;)
determined in a long counting interval after the Rf experiment  *[ + é 1t + R N |
as 3.2x 1076 counts s* for each detector in the energy range  § 4l 1t + M)
of interest. According to the procedure described in ref 20, the = # 1t é
contribution of2>No formed from?2%'Rf during the collection O o orrcmaa) + é 1t + %
time before the chemical separation was taken into account on  ,f| & e 3t A
the basis of the standard equations of growth and decay and O I9HF (Ge/Gd) NG R
the %ads values of No determined in the separate experiments  ° 100 1o 100 o 10
using®3No produced in thé*Cm(2C,5n) reaction. It was found [HF],,/ M [HE],,/ M
that the %ads values of No are independent of [fi&hd the Figure 4. Variation of the percent adsorption, %ads, of Rf, Hf, and Zr on
average values are 4.8% and 3.4% for the 1.6 mmx.d..0 the anion-exchange resin CAO8Y, obtained with (a) the 1.6 mmxi.d.0
mm and 1.0 mm i.dx 3.5 mm columns, respectively. The mm column and with (b) the 1.0 mm i.ck 3.5 mm one, as a function of

L the initial HF concentration, [Hf]. The data foPS'Rf and16°Hf obtained
+ Ag values of Rf divided by the total beam doses and the i the cm/Gd target are shown by closed diamodgsand closed circles

chemical yields for each [HFf] run are equal to each other (@), respectively, while those f&FZr and16Hf from the Ge/Gd target are
within the errors, suggesting a good reproducibility of the present by open squares1) and open circlesT), respectively. In part b, the %ads
experiments. The asymmetric error limits of the %ads values Y2ues of SomzZr and *'Hf produced from the®Y and "Eu targets,
. . respectively, are also included.

of 261Rf were evaluated from the counting statistics of the
observedo events based on the 68% confidence intervals for
Poisson distributed variablés.On the other hand, the errors
associated with the chemical yields and the %ads®&f
represent the standard deviation in fheay measurements of | ariations of chemical properties, to compare with theoretical
every third or fourth pair of the Rf samples in each [F] predictions, and to determine thermodynamic constants. Because

The %ads values of Rf, Zr, and Hf are shown in Figure 4 as of the short half-life and low production yield 8fRf, however,
a function of [HF],; for the experiments with (a) the 1.6 mm it is unrealistic to directly determine tH&; values of Rf from
i.d. x 7.0 mm column and with (b) the 1.0 mm i.g¢. 3.5 mm the elution curves based on egs 6 and 7. Therefore, we deduced
one. The data observed fé#'Rf and 15%Hf that are simulta- the K4 values of Rf in the following way, assuming that the
neously produced from the Cm/Gd target are shown by closedkinetics in the complexation and ion-exchange processes of Rf
diamonds #) and closed circles), respectively, while those  are as fast as those for Zr and Hf and that a single complex
for 85Zr and'®*Hf from the Ge/Gd target observed in a separate anionic species of Rf is involved in the ion-exchange process
run are shown by open squares)(and open circlesQ), between the solid and liquid phases.
respectively. The %ads values of Zr and Hf were also measured |n Figure 5a,b, the correlations between the %ads shown in
for the 1.0 mm i.d.x 3.5 mm column in separate experiments Figure 4 and théy values of Zr and Hf shown in Figure 1 are
using®¥Zr and*¢’Hf produced in thé®Y (p,n) and"Eu°F xn) plotted by the same symbols as used in Figure 4 for the two
reactions, respectively. They are included in Figure 4b by closed kinds of columns. The %ads of Zr and Hf are found to be
triangles @) for 8"Zr and by closed inverse triangle¥)(for smoothly correlated wittKg, and they can be fitted by the
167Hf. As shown in Figure 4a,b, the %ads values of Zr and Hf following relationship with the free parameteasb, andc as
obtained by the on-line experiments in different experiments shown by solid curves—) in Figure 5a,b.
using different targets agree well, and they decrease steeply with
an increase of [HF} above~8 M for the 1.6 mm i.d.x 7.0 %ads= 100 expf-a exp{ —b(Ky — ¢)}] 9)

mm column and above-5 M for the 1.0 mm i.d.x 3.5 mm
one, while the %ads of Rf decreases at much smaller;fF]
It is important to evaluate thEy values of Rf to establish

(19) Firestone, R. B.; Shirley, V. Sable of Isotopes8th ed.; John Wiley and Then. the %ads of Rf from the dynamic column method with
Sons: New York, 1996. !

(20) Toyoshima, A.; Tsukada, K.; Haba, H.: Asai, M.; Goto, S.; Akiyama, K.;: a fixed volume of the effluent as described above can be

QEQ;;‘%%%QZEQ'E%V? S.; Nagame, Y.; ShinoharaJARadioanal. Nucl.  transformed into th&gy values using eq 9. The results are shown
(21) Brichle, W.Radiochim. Acte2003 91, 71. by diamonds in Figure 6 together with those of Zr and Hf by
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LA o squares fitting in Figure 6. The slope analysis based on the law
1 of mass action of egs 4 and 5 indicates that Rf is present as the

hexafluoride complex R~ similar to the well-known Zrg~

and HfRZ~ at the lower [HF}i2223 whereas Zr and Hf are

sor present in the forms of Zef~ and HfF3~ at the higher [HF};

<
N w0 as suggested in refs 22 and 23. The lower coordination number
] :’Z"r‘ié‘;‘/“G’dG)“) ] as well as the lower adsorbability of Rf suggests that expected
sl ® wHf(Cm/Gd) | ] SHF (Ge/Gd) | ] relativistic effects would influence the fluoride complexation
O 857y (Ge/Gd) wmZr (Y) of Rf
r O 9Hf (Ge/Gd) |7 I57HF (B 1 ’ S . . .
0 ; - - , - o Recently, relativistic molecular density-functional calculations
10! 107 10 102 10 10* of the electronic structure of hexafluoride complexessMREM
K,/ mL g! Ky/mL g!

= Zr, Hf, and Rf) were performed, and the free energy change
Figure 5. Variation of the percent adsorption, %ads, of Zr and Hf on the  AE, for various fluorination reactions of Rf was compared with
anion-exchange resin CA08Y, obtained with (a) the 1.6 mm.d.0 mm those of Zr and HE° It is reported that the complex formation
column and with (b) the 1.0 mm i.dk 3.5 mm one, as a function of the . . .

distribution coefficientKq. The data forl6%Hf obtained from the Cm/Gd of Rfin HF §0Iut|0ns is weaker than those of _Zr and Hf when
target are shown by closed circla®)( while those fof5Zr and6%Hf from the fluorination starts from non-hydrolyzed cations, though the
the Ge/Gd :‘af%et are b>; Opegqsquaﬁﬁgdfpe“ Circ'eff@’ fei%%YC“VG'V- above formation shows the inverse trend as the fluorination
In part b, the %ads values 81"Zr and **Hf produced from the® and process starts from hydrolyzed species or fluoro complexes. On

nEy targets, respectively, are also included. - ] .
the other hand, we have carried out the relativistic density

10° ' functional calculations on the stability of hexafluoride (MP
e and heptafluoride complexes (IMF), assuming the octahedral
., and pentagonal bipyramidal structures, respectit€fhe trend
. 5-% ] in the orbital overlap population between the valence d orbitals
& *.u of M#+ and the valence orbitals of Fwvas found to be Zr Hf
g %;ﬁ > Rf, suggesting that the Rf complex is less stable than those
i - ? gg of Zr and Hf for both the ME>~ and MF3~ complex structures.
10k © RfL6idx7.0mm |
€ Rf1.0id x3.5mm .
O Zrl6id.x7.0mm 4. Conclusions
| Zrl0id x3.5mm K 3 . . . . .
Q HrleLdx7.0mm The distribution coefficients of Rf together with the lighter
0 —— . homologues of the group-4 elements Zr and Hf were first
107 10° measured by anion-exchange chromatography in the concentra-
(HF];,: /M tion range 1.9-13.9 M HF on an atom-at-a-time scale. It was
Figure 6. Variation of the distribution coefficienKq, of Rf, Zr, and Hf clearly shown that the adsorption of Rf on the anion-exchange

on the anion-exchange resin CA08Y as a function of the initial HF S
concentration, [HE}. The Kq values of Rf, Zr, and Hf are shown by resin is smaller than those of Zr and Hf. The observed large

diamonds, squares, and circles, respectively. The data from the 1.6 mm i.d.different adsorption behavior between Rf and its homologues

x 7.0 mm and 1.0 mm i.dx 3.5 mm columns are depicted by open {0, Zr and Hf suggests that the relativistic effect strongly influences
<) and closed @, B, ®) symbols, respectively. Linear relationships with ; ;
slopes—2.0 + 0.3 for Rf and—3.0 £+ 0.1 for Zr and Hf in the logkq— the fluoride complexation of Rf.

log[HF]ini plot are indicated by the solid=) and dotted {-) lines, Acknowledgment. The authors express their gratitude to the
respectively. crew of the JAERI tandem accelerator for their invaluable
@ssistance in the course of these experiments. This work was
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the same symbols as used in Figure 3. The errors associate
with the261Rf data were propagated from the error limits of the
%ads values in Table 1. As shown by a solid line,Khevalues

of Rf decrease linearly with an increase of [[iFJand they are
smaller than those of Zr and Hf for the same [IRFs expected
from the smaller %ads in Figure 4. The slope-¢1.0 £ 0.3 of JA031824U

log Kq against log[HF}; for Rf differs from the slope of-3.0

+ 0.1 for Zr and Hf, indicating that different anionic fluoride ggg ﬁg?kig'crl{,; ﬁéﬁggﬁbﬁaﬁ?{%?'E’fcﬁ'{ng'éi"&éﬁﬁ?%ﬁf‘kﬁgﬁcan on to
complexes are formed. The errors are evaluated from the least-  Inorganic and Analytical ChemistnCRC Press: Boca Raton, FL, 1989.
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