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INTRODUCTION

The aim of -this work is to determine the standard E°III- 0 or E'II - 0 electrode
potentials for some transplutonium elements in aqueous solution, and to obtain
information on the electrochemical properties of 5f elements. On the other hand,
the standard electrode potentials are essential for the determination of some
thermodynamic functions such as the enthalpy of formation AHg(M**). This function,
combined with others, is used for correlation between 4f and Sf series, allowing
predictions of some unknown data on the heavy actinides elements [F.David, 1].

In this work the radiopolarography technique is applied to study Am, Cm, Bk, Cf,

Es and Fm. This technique permits a radiochemical determination of the half-wave
E 1/2 potential, by studying the electrochemical behavior of the aquo-ion at the

dropping mercury cathode. -

Principle

When a radioisotope is reduced to the metallic state at the dropping mercury
cathode, the activity A collected in a given number of drops, where a given
potential -E is imposed, is proportional to the mumber of reduced ions. This
activity is thus proportional to the corresponding polarographic current. The
radiopolarogram obtained by plotting A against -E should parallel the known
current-potential curves. ’

For a controlled diffusion radiopolarographic wave the limiting activity Ay mea-
sured in the mercury collected each 6 seconds could be calculated from the trans- -
formed Ilkovic equation: :

3. .1/6

0.627 xm?/3 x £1/6 x p1/2

A x D

a " x8xAg

where Ag is the activity of 1 ml of the solutioni m, t and D have their usual
meanings and are expressed in gxs-!, sec and cm® x s™! respectively. This equa-
tion shows [J.Heyrovsky, 2] that the limiting activity is proportional to the
pressure of mercury, or to the square-root of the height of the mercury head:

Ay = k x vh

The observation of this linear variation is essential and convenient to control an
experimental diffusion wave. On the other hand, provided that Ay is measured with
reasonably accuracy (~ 5%), the diffusion coefficient D could be calculated from
the measured limiting activity of the radiopolarogram. The number n of electrons
exchanged .in the electrode process does not figure any more in the transformed
Ilkovic equation. However, this number could be obtained from the slope
(0.059/an) of the logarithmic analysis of the wave:

A

= _ 0.059
E = E 1/2 . Tlog -
In the case of a reversible electrode process (a=1), this slope should be 60 mV
if n=1, 30 mV if n=2, and 20 mV if n=3. It is understood that this slope is
less steep if a <1 (quasireversible or irreversible electrode process).

TThis work performed under the auspices of the U. S. Energy:Research
and Development Administration.



EXPERIMENTAL
"~ Automatic Radiopolarograph

The main technical difficulty in radiopolarography is the collection of the amal-
gamated mercury drops without either contamination when crossing the relatively
high level of radioactive solution or-an eventual loss of activity by disamalgam-
.ation when drops are stored for a few minutes in the insulating phase (carbon
tetrachloride in our technique), and then collected.

In order to avoid these phenomena and to assure a good reproducibility of radio-
polarograms, a systematic study of the method was engaged by P. Rogelet, G.

Thiriet and F. David [3], and an autematic radmpolarograph has been realized.

This apparatus was tested [P.Rogelet, 4] with ®*Mn. The contamination of the
mercury was controlled from the background of the radiopolarogram which was less
than 3% the height of the wave. The diffusion law Ag = \/hgT was observed and -
the limiting activity was quantitatively checked: the diffusion coefficient D
calculated from the Ilkovic equation wds in good agree:nent with the known

data.

Supporting Electrolﬁe and pH

All radiopolarograms described were obtained from an original solution of 5 M

~ lithium chloride (supporting electrolyte) and 0.2 M HCl. This solution was
diluted to have suitable pH while keeping [LiCl]/{HC1] =25. This ratio, whatever

the pH is, had to be conserved in order to avoid the migration current of the '

hydrogen discharge. Under this condition, radlopolarograms were obtamed at

potentials more negative than -1.50 V/SCE up to -2.10 V.

Rad10150toEe

The radioisotopes 1nvest1gated are llsted in Table 1 in column 1. Half-life and
o energy of each one is reported in colums 2 and 3. The average of the amounts
used in one experiment are expressed in nanograms and by concentratlon (mM/mg)
and are 1isted in columns 4 and S respectlvely .

TABLE 1. Radioisotopic investigation in this work.

M T2 T Nanogram  mi/me
281 pm 433 y 5.49 15 2x107°8
2840 18,11y 5.81 0.4 7x107"°
2h9py 314 d 8" 0.27 3x107'°
249cF 360y 5.81 10 1.2x10°°

254gg 276 d 6.44 0.025 3x10"'!

255gn  20.1 h 7.02 3x107'° 3x107'°

The 20.1 hour %°5Fm was available in a mixture of ?°Cf- 25%7255gs, 2%5Pnm was
~ 0.01% (by activity) in this mixture. The elution with 0.4 M a-hydroxyisobuty-
‘rate at pH 3.5 from Dowex cationic resin was applied to the "milking" of ?°°Fm
[G.Higgins, S]. -

In order to insure a determination on these elements with equal precision, a mix-
ture of 2 or 3 actinides is generally used in one experiment. An element for com-
parison is also added to the mixture; in our conditions the y emitter °“Mn was
added. In the mean time the radiopolarogram of Mn is used to check the normal
functioning of the radiopolarogram.
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DATA

Radiopolarograms of Am, Cm, Bk, Cf and Fm were obtained with a good reproducibility
(see Fig. 1). The standard deviation of the experimental points is less than 3%.
The accuracy on the measured half-wave E 1/2 potentials is less than 3 mV. On the
other hand the diffusion law was verified for each element by observing the linear
variations of Ag with VR (see Fig. 2). The experimental points obtained for Fm
in Figs. 1 and Z are less accurate because of the small amount of 2°°Fm available.
The activities measured were not sufficiently high to neglect’the statistical
counting fluctuations.
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Fig. 1. Radiopolarograms of: Am, pH 2.0, LiCl 0.26M; Cm, pH 2.5, LiCl 0.10M;
Bk, pH 2.5, LiCl 0.10M; Cf, pH 2.5, LiCl 0.10M; Es, pH 2.5, LiCl 0.10M; Fm, pH
2.5, LiCl1 o0.10M.
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Fig. 2. Linear variation of the limiting activity of Am, Bk, Fm, Cf, and Es with
the square-root of the height of the mercury head.

Mechanism of the Electrode Process

Am, Cm, Bk, Cf, Es

The slope of the curve -E = f(log A/Aj - A) was measured for each investigated
element. Most of the measured slopes for Am, Cf and Es lie within 25+ 5 mV, and
this is consistent with the following electrochemical process

M* 4 3e + Hg -~ M(Hg) .

4



The transfer coefficient o is estimated to vary between 0.7 and 1. This is char-
acteristic of a "quasireversible' electrode process. Supposing the same electro-
chemical process for Bk and Cm, less reversible waves were obtained (0.4<a<.6).
It is known that for quasireversible processes the logarithmic analysis of the.
radiopolarogram is not linear [J.Heyrovsky, 6]. In fact, the curve starts with
a slope of 20 mV corresponding to a reversible process and ends with a less steep
slope. Consequently the measured half-wave potential is a few mV more negative
than the half-wave (E 1/2).q, potential corresponding to the reversible process.
However, (E 1/2)ye, could ge determined by extrapolating the straight line start-
ing from the bottom of the wave with a slope of 20 mV (see Fig. 3).

1 L
1.680 1720 .760 1.800 1.840

-E (V/S.C.E.)
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Fig. 3. Examples on Es, Cf, and Am showing the determination of (E‘/z)Mev‘by
plotting the straight lines that have a slope of 20 mV (dashed lines).

Diffusion Coefficients

When the limiting activity of a radiopclarogram is measured with good accuracy,
three conditions are required to undertake a determination of the diffusion co-
efficient D from the Ilkovic equation:

1) Ag4 should be the limiting activity of a controlled diffusion
wave, and for that the diffusion law Ay = kx+v/ h should be
verified. ‘

2) No contamination should interfere in the activity measured in.
the collected mercury. This could be checked from the back-
ground of the radiopolarogram.

3) No loss in the activity of the collected mercury should affect
the Ag measurement. An eventual loss should be quantitatively
estimated with a reasonable accuracy.

Conditions 1) and 2) were precisely attained, as shown in Fig. 1 and 2. However,
a loss in the activity during the accumulation of the mercury is possible. This
loss was simply estimated by varying the accumulation time 6 of the mercury in a
fixed potential at the plateau. The activity per minute of accumulation A/6 was
plotted against 6 and the extrapolation of this experimental curve to §=0 gives
the real Ay that has to be fitted in the Ilkovic equation. The diffusion coeffi-
cients determined for Am, Cm, Cf, and Es from preliminary assays were about
6x10"% cm® xs™!, and this is in agreement with the average value of D for

. trivalent ions of lanthanides elements.
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As with the preceding elements, the slope was found to be 29+ 4 mV. The number of
electrons exchanged in this case, according to a, could be two or three. However,
the fact that the standard electrode E°III - II of Fm is less negative than -1.15
V/NHE [N.Mikheev, 7] suggests the Fm ion to be in the divalent state at the
dropping mercury cathode since the radiopolarographic wave is detected at -1.47
V/NHE. The following mechanism is therefore suggested:

Fm®" + 2e + Hg - Fm(Hg)

In order to confirm this mechanism, study of the radiopolarogram behavior in the
presence of a complex agent (lithium citrate) was undertaken. The calculated -
shift on the half-wave potential of Fm should be about 60 mV in the presence of
0.005 M lithium citrate, when the electrode process is Fm?* > Fm’. This shift in
the same conditions should be more than 200 mV if the electrode process is Fm®* +
Fm’. The measured shift confirmed Fm** - Fm® mechanism.

Half-Wave Potentials and Standard Electrode Potentials -

Frequently in polarography pH may affect the half-wave potential determination.
Searching for the minimum value of E 1/2 at suitable pH, radiopolarograms of Am,
Cm, Bk, Cf and Es were obtained in several pH media (from pH 1.7 to 2.5). From
the analysis of half-wave E 1/2 potentials measured for each of these elements,
it appears that minimum values for Am, Cf and Es are obtained in pH between 2 and
2.2. However, all measured E 1/2 beyond this range are more negative by only a
fewmV. As to Bk and Cm, the measured E 1/2 are less accurate because of the
irreversibility of the electrode process (0.3<a<0.8). On the other hand, the
mumber of experiments on Bk and Cm was too low to confirm the reproducibility of
these data and to discuss the pH effect. In Table 2, colum 3, the retained
measured E 1/2 are listed for all investigated elements. In colum 2 the corre-
sponding pH is listed, and in columns 4 and 5 the number n of electrons and the
transfer coefficient o, both obtained from the measured slope of

-E = f(log A/A,-A). In colum 6 the deduced (E 1/2)pey are tabulated and will
be used for the standard electrode potential determination.

TABLE 2. All electrode potentials E are with reference to the normal hydrogen

electrode (NHE). . J—

. -(E 1/2) -(E 1/2)pey S, SE, Brrr-in “Rrr-o

M pH (volts) n o  (volts) (volts) (volts) (volts) (volts)
28lpam 2.0-2.2 1.598 3 0.78 1.594(5) 0.46 -- 2.06 --
2%%Cm 1.7 - 2.0 1.66 3 0.40 1.62 (1) 0.445 -- 2.07 --
24 9Bk 2.0-2.2 1.64 3 0.45 1.62 (1) 0.50 -- 2.12 --
243¢f 2.0-2.2 1.503 3 0.90 1.500(5) 0.51 -- 2.01 --
254Es 2.0-2.2 1.456 3 0.80 1.452(5) 0.53 -- 1.98 --

255 2.5 1.474 2 0.90 1.474(6) -- 0.90 1.95 2.37

Since the mechanisms of the electrode process correspond to the reduction of the
divalent or trivalent "ion to the metallic state, the measured half-wave E 1/2
potentials include the energy of amalgamation. &E, for trivalent ion or SE, for
divalent ion, so that:

E 1/2), §E, + E’

II1-0
and

0
(€ 1/2), = B, +E'; o

6
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8E, of Bk, Cf and Es are estlmated by correlating the intra-series variation in
cSE known for Gd, Tb, Ho and Lu, and SE, deduced for Am and Cm from the standard
electrode E°III-0 potentials measured by Fuger et al [8,9] , and our experimental
half-wave E 1/2 potentials. The estimated 6E, are listed in colum 7 of Table 2.
8E, of Fm is estimated (colum &) by interpolating the variation in known 8E, of
divalent elements Mg, Ca, Sr, Ba, Ra, Eu and Yb with the corresponding radii of
the divalent metals. Flnally, E"III- 0 and E°II-0 are listed in colum 9 and 10.

CONCLUSION

The standard electrode potentials determined in this work are affected by the
accuracy of determining S8E, and SE,, since these energies of amalgamation were
estimated by correlation with those of some 4f elements. The accuracy on the
measured half-wave potential itself, as is shown in column 6 of Table 2, is 5 mV
for all elements, Bk and Cm excepted.

Finally, we note that these standard potentials are in good agreement with those
calculated by correlating the variation in P(M) function for 4f and 5f series
[see ref. 1].
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