Fluoride Complexation of Rutherfordium (Rf, element 104)
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Introduction
The first aqueous chemistry study of seaborgium (Sg, element 106)[1],[2] was performed recently with the Automated Rapid Chemistry Apparatus ARCA II. 265Sg (T1/2=7.4+3.3-2.7 s [3])  was eluted from a cation exchange resin (CIX, Aminex A6) in 0.1 M HNO3/5x10-4 M HF which is typical for a group-6  element. Due to the half-minute time span needed to prepare samples and to start counting [2], 265Sg itself was not detected, but correlated mother-daughter decays of its descendant, 78-s 261Rf. Therefore, it was important that a HF concentration was selected that was insufficient to elute group-4 elements[2]. This had been demonstrated for Zr and Hf and was assumed for Rf. 

Due to the HSAB (Hard Soft Acid Base) concept [4], hexavalent Sg shows a higher affinity to F- ions than any 4+ ion. Thus, the tendency to form anionic fluoride complexes should increase from Rf to Sg. So even if the Rf fluoride complexing behaviour is different from that of Zr and Hf and is more similar to that of the pseudo-homolog Th, it should stick to the CIX column even at higher HF concentrations than 5x10-4M.  

 In any case, it was of interest to verify experimentally that 261Rf, under the condition of the seaborgium experiments, is not eluted from the CIX column and can only appear in the seaborgium sample as a result of the  decay of 265Sg. This verification of the Rf behaviour was the starting point for a detailed study of the Rf behaviour on both CIX and AIX (anion exchange resin). These data were related to data for the group 4 homologs Zr and Hf as well as to the actinide pseudo-homolog Th.

Experimental
In batch experiments with relatively long lived Zr, Hf and Th tracers, batches of 100 to 200 mg of ion-exchange resin and 2 to 4 ml acid solution were shaken for about 20 minutes. After centrifuging, half of the aqueous phase was measured by -spectroscopy. The activity of an equal amount of the genuine tracer solution was also measured. The activity of the solid phase was calculated as the difference of both activities and the distribution coefficients (Kd values) were calculated. 

Short lived Hf isotopes 166,167,168,...Hf were produced for on-line  experiments at the GSI UNILAC in the xn-reactions of  12C  with an enriched 158Dy target.

261Rf was produced directly in the reaction 248Cm(18O,5n)261Rf at the Philips Cyclotron of the Paul Scherrer Institute (PSI). The target contained 10% Gd enriched in 152Gd to produce simultaneously short-lived Hf isotopes that were used to monitor on-line the behaviour of Hf and to perform yield checks by -spectroscopy.

Reaction products recoiling out of the target were stopped in He gas containing KCl aerosols.The aerosols together with the recoil products were transported through a capillary to the automated chemistry apparatus ARCA II [11]. In ARCA, the He is pumped away while the KCl clusters are collected by impaction on the top slider of ARCA II [12].

Rf and Hf  were collected for 90 s. The deposit was dissolved in 200 l 0.1 M HNO3/x M HF (x varied) and  fed onto the 1.6x8 mm ion-exchange resin at a flow rate of 1 ml/min. The effluent was evaporated to dryness as sample 1. In order to elute remaining Rf and Hf from the column, a second fraction of 200 l was collected that was known to strip all group 4 elements from the column. This fraction was prepared as sample 2. 

78-s 261Rf was detected by -spectroscopy using sixteen 450 mm2 passivated implanted planar silicon (PIPS) detectors. List mode data were stored for each  decay, including energy, detector number and time after start of the measurement. 

In the Rf experiments, every 8th pair of samples was additionally monitored by -spectroscopy to determine the distribution of Hf and its chemical yield. 

Results
In more than 5000 experiments 229 single events and 43 correlations were detected in the E window between 8.1 and 8.5 MeV that could be attributed to the decay of 261Rf and/or the decay of its daughter 259No.
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In 0.1 M HNO3, all elements stick to the CIX at HF concentrations <10-3 M, indicating that, at low HF concentrations, cationic species are formed and are held back very strongly on the resin with log(Kd) values >3. In a concentration range between 10-3M< [HF] <10-2M, the Kd values of the group 4 elements decrease. At these concentrations, neutral or anionic fluoride complexes may be formed. The behaviour of Zr and Hf is very similar.This is in agreement with the known general similarities of these elements. The elution of Th from the column is observed at about 1 order of magnitude higher HF concentrations. The data taken for Hf on-line (short lived isotopes measured with ARCA) are in full agreement with the off-line (batch) data. 

261Rf is not eluted from the CIX column under the conditions of the previously performed Sg experiment and can only appear in the Sg sample as a result of the  decay of 265Sg. At 0.01 M HF, despite Zr and Hf being eluted, Rf is still retained  on the column. On the CIX, the decrease of the Kd values for Rf occurs between 0.01 M and 0.1 M HF, i.e. at one order of magnitude higher HF concentrations than for Zr and Hf. Under the given conditions, Rf seems to resemble rather its pseudo-homolog Th than ist group members Zr and Hf.



As is expected, on the AIX, at low HF concentrations, all elements are running through the column. In a concentration range of about 10-3M< [HF] <10-2M, the Kd values of Zr and Hf rise simultaneously, i.e. in the same range as they decrease on the CIX. This shows clearly, that the disappearance of the cationic species at low HF concentrations is followed immediately by the formation of anionic complexes. For Th, no anionic species are known. This results in the neutral ThF4 being the final compound. Hence Th is eluted from the AIX at all HF concentrations. The data taken for Hf on-line (measured with ARCA) are consistent with the off-line (batch) data. It was expected that Rf would form anionic complexes at high HF concentrations resulting in high Kd values on the AIX, while Th, which  does not form anionic fluoride complexes, should have low Kd values. 

The data show that Rf behaves differently from Zr and Hf and that it seems to resemble Th also on the AIX.  Even for 1 M HF which is about 2 orders of magnitude higher than the concentration from whereon maximum Kd values are observed for Zr and Hf, there is no indication of a rise of the Kd value for Rf. 
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As it would be in contradiction to the results of Refs.[6],[5],[7] that there are no anionic fluoride complexes formed for Rf at any HF concentration, the concentration of HNO3 was varied at a constant HF concentration of 0.5 M in an additional experiment. By plotting log(Kd) vs. log(c(NO3-)) one expects to obtain a linear relation with a slope corresponding to the charge of the complex [13].

This experiment gave qualitative evidence for negatively charged complexes of Hf and Rf (i.e., a dependence of the Kd values on the concentration of the counter ion NO3-). The Kd values for Rf are about one order of magnitude lower than those of Hf at all HNO3 concentrations. 

Discussion

We have observed properties of Rf in 0.1 M HNO3 in the presence of variable HF concentrations that deviate significantly from those of its homologs Zr and Hf and resemble those of Th.

On the CIX columns, the Kd values for Zr and Hf decrease between 10-3 and 10-2 M HF due to the formation of fluoride complexes. For Rf and Th, this decrease occurs at one order of magnitude higher HF concentrations. A qualitative interpretation from the HSAB point of view is possible by using the ionic radii contained in [14],[15]. The radii of Zr4+ and Hf4+ are very similar due to the lanthanide contraction resulting in a similar complexation behaviour. As the hardness as electron acceptors correlates with the size of the ions it will decrease in the order Zr4+(Hf4+>Rf4+>Th4+. The fluoride anion is a hard anion and interacts stronger with small (hard) cations. From this, one would expect a weaker fluoride complexation of Rf as compared to Zr and Hf as experimentally observed. However, the apparent coincidence of the Rf Kd values with those of Th is unexpected.

On the AIX columns, the absence of a rise of the Kd values of Rf is even more surprising, and a theoretical explanation is not at hand at this time.The variation of the concentration of the counter ion NO3- indicates that anionic Hf and Rf fluoride complexes are present. Nevertheless, the competition of the counter ion NO3- for the binding sites on the anion-exchange resin seems to be more effective with respect to the Rf complex than with respect to the Zr and Hf complexes. 

Literature

[1] Schädel, M., et al., Nature 388, 55 (1997).

[2] Schädel, M., et al., Radiochim. Acta 77, 149 (1997).

[3] Türler, A., et al., Phys. Rev. C57, 1648 (1998).

[4] Pearson, R.G.: J. Am. Chem.Soc. 85, 3533 (1963).

[5] Szeglowski, Z., et al., Radiochim. Acta 51, 71 (1990).

[6] Kacher, C.D., et al., Radiochim. Acta 75, 135 (1996).

[7] Pfrepper, G., et al., Radiochim. Acta 80, 7 (1998).

[8] Kratz, J.V.: in: Heavy Elements and Related New Phenomena, ed. Greiner, W., Gupta, R.K., World Scientific, Singapore, 129-193 (1999).

[9] Reisdorf, W.: Z. Phys. A - Atoms and Nuclei 300, 227 (1981) 

[10] Ghiorso, A., et al., Phys. Lett. 32B, 95 (1970).

[11] Schädel, M., et al., Radiochim. Acta 48, 171 (1989).

[12] Paulus, W.: doctoral thesis, Mainz (1997).

[13] Adloff, J.P., Guillaumont, R.:  Fundamentals of Radiochemistry, CRC Press, Boca Raton (1993).

[14] Shannon, R.D.: Acta Crystallographica, Sect. A 32, 751 (1976). 

[15] Johnson, E. et al., J. Chem. Phys. 93, 8041 (1990).

Fig.3 


(Preliminary data)       


Evidence for the existence of negatively charged Rf Fluoride complexes (sorption of Hf and Rf onto AIX  in 0.5 M HF at various HNO3 concentrations).  


The indicated limits correspond to measurements at [HNO3]=0 which cannot be plotted in logarithmic scale.





Fig.1 Sorption of Zr, Hf, Th, and Rf on the CIX resin (Aminex A6) in 0.1 M HNO3 at various HF concentrations. 


The lines are tanh functions fitted to the off-line data points.


The Rf Kd values at 5x10-4 M HF and 0.01 M HF are lower limits because no events were detected in the eluted fraction.





Fig.2 Sorption of Zr, Hf, Th, and Rf on the AIX resin (Riedel-de Haën) in 0.1 M HNO3 at various HF concentrations.


The lines are tanh functions fitted to the off-line data points.








