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Summary

The adsorption of Cf, Es, and Fm on several metals was studied
thermochromatographically. In all systems investigated Es is ad-
sorbed between the Cf and Fm, due to the increasing metallic
divalency in the second half of the actinide series. Based on
the adsorption data and the experimentally proved correlation
between adsorption and sublimation heats we calculated the Es
sublimation enthalpy of 167 kJ/mol. This is significantly higher
than the value obtained by direct vapour pressure measurements
(133 kJ/mol [1]). However, this value fits better to theory.

1. Introduction

The sublimation enthalpy, one of the fundamental me-
tallic properties, is the room temperature analogue of
the cohesive energy, which is connected directly with
the valence electronic structure of the metal [2]. The
sublimation enthalpy has been determined for the ma-
jority of the actinides by vapour pressure measure-
ments; a compilation can be found in [3].

In addition to the disadvantage the handling the
highly radioactive heavy actinides pose, these meas-
urements with macroamounts of the metallic actinides
were limited to those elements available in macro-
scopic quantities. However, the last three members of
the actinide series can be produced only on heavy ion
accelerators in non-weighable quantities.

As pointed out in [4], one method to obtain the
sublimation enthalpies even for Md, No, and Lr is the
thermochromatographic measurement of adsorption
enthalpies of these metals which are in many cases
correlated to the sublimation enthalpies. The use of
concentrations much lower than necessary for mono-
layer coverage in this method has the advantage over
methods using macroamounts in that simultaneous
studies of different species are possible, since these
species can not influence each other in their adsorption
behaviour. This allows one to draw highly accurate

* Presented at the Fourth International Conference on Nuclear
and Radiochemistry, Saint Malo, September 1996.

conclusions about the gradation of adsorption prop-
erties between species examined in one experiment.
Furthermore, if there is a well known species among
the substances under study, one has an inner standard,
which gives the opportunity to proove the validity of
the obtained absolute adsorption data.

The first step in this experimental approach is to
measure an extensive amount of adsorption data of the
actinides up to Fm as reference data for further experi-
ments with the heaviest actinides.

Up to now, several thermochromatographic experi-
ments have been carried out with Cf, Es and Fm on
metal columns. In the first experiments, including even
Md, Ca vapours were added to the chromatographic
carrier gas in order to remove oxygen impurities [5,
6]. Another advantage was that this Ca was an internal
standard for a divalent metal with a well-defined subli-
mation enthalpy. This added Ca, however, had the seri-
ous drawback of making the interpretation of results
difficult, because the macroamounts of Ca modified
the chromatographic column. Further experiments
showed that reliable results are possible without Ca, if
the apparatus is designed carefully [7]. Unfortunately,
in these experiments the maximum temperature was
not very high so that in many cases only lower limits
of adsorption enthalpies could be obtained.

As the first part of a larger program, we had inves-
tigated the adsorption of Cf, Es and Fm with an appa-
ratus, providing maximum temperatures up to 2100 K,
without the use of Ca vapours as reductant in the car-
rier gas. The aim was both to show the validity of the
data obtained with our new thermochromatographic
apparatus and to complete the series of adsorption data
for Cf, Es and Fm from [7].

2. Experimental
2.1 Thermochromatographic apparatus

Fig. 1 shows the thermochromatographic setup. It is
similar to that used in [7] but provides temperatures
up to 2100 K in the hottest zone. The gradient oven is
a commercial model LORA 36 from HTM Reetz
GmbH, Berlin. We made efforts to avoid seepage of
oxygen into the chromatographic system:
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Fig. 1. The thermochromatographic apparatus.

The tube of the oven, made from alumina, is lined
from inside with tantalum foil which is a very reactive
getter material that adsorbes any oxygen emitted from
the oven tube at working temperatures. The chromato-
graphic columns are rolled from metal foils with im-
purity concentrations below 0.1%. They were inserted
into a support tube, also made from tantalum, which
is mounted to both ends of the oven with Swagelok®
tube fittings to be leak-proof.

Both the chromatography carrier gas and the gas
for flushing the entire oven volume outside the support
tube is helium with a purity of 99.999%. The main
impurities, H,0, CO, and O,, are removed with a mo-
lecular sieve at liquid nitrogen temperature and a
titanium getter at 1250 K. All gas pipes are made from
stainless steel connected with Swagelok® fittings.

The sample is inserted into the apparatus through
a sluice. It consists of a quartz tube between two three-
way stopcocks. In the quartz tube there is a magnetic
metal rod. With a strong external magnet at the outside
of the quartz tube this rod can be moved in axial direc-
tion.

An experiment is started by preconditioning the
apparatus at working temperature for about one hour.
Then both sluice stopcocks are set to waste-gas posi-
tion and a small tantalum boat with the sample is in-
serted into the quartz tube between oven and metal
rod. After flusing the sluice with purified helium for
at least 5 minutes, the sample boat is pushed using
the metal rod into the thermochromatographic starting
position, in the hottest zone of the oven.

After 30 minutes, the gradient oven heating is
switched off. This terminates the chromatographic pro-
cess, since the temperature falls about 100 K within a
few seconds. The nuclide distribution on the column is
determined off-line. After cutting the column in 1 cm
pieces, their a or y activities are measured with PIPS
or HPGe detectors, respectively.

2.2 Actinide experiments

The actinides under study were obtained by different
ways. Initial experiments were carried out at the GSI

UNILAC accelerator with the ***Cm + #Ne reaction
[8] using the actinide fractions of both ARCA and
OLGA experiments [9]:

In the ARCA experiments the actinides were ad-
sorbed onto cation exchange columns. The actinides
were eluted from these columns with 6 M HNO,. The
eluent was then evaporated to dryness and the re-
sulting residue taken up in 1 M NH,NO,. The actinides
were deposited electrolytically on a tantalum sheet
from that solution. Finally, the activity was dissolved
in 1 M HNO,.

In the OLGA experiments, the actinides are ad-
sorbed in the first part of the quartz column and in
the quartz wool plug. They were eluted with hot conc.
HNO,. No further purification was carried out.

For both the ARCA and OLGA experiments, the
last step was the evaporation of the final nitric acid
solution in the tantalum sample boat. A small piece of
La was added in order to reduce the actinides to the
metallic state.

In further experiments, we used the ***Cm + O
reaction [10] both at the U-400 cyclotron of the Flerov
Laboratory of Nuclear Reactions, Dubna, and at the
Philips cyclotron at PSIL. In both cases, the recoil nu-
clei of the nuclear reaction were caught in 5 pym Ti
foils. These catcher foils could be used without further
preparation as thermochromatographic samples.

Table 1 lists the experimental parameters of the
thermochromatographic experiments.

2.3 Data analysis

To check the validity of the spectra obtained and to
avoid numerical errors sometimes caused by automatic
peak searching and fitting software, all alpha spectra
were analyzed manually with the commercially avail-
able Microcal Origin Peak Fitting Module, which was
customized for alpha spectroscopy. Half-life correc-
tions were carried out with the calculated peak areas.

The adsorption temperature is derived from the ad-
sorption position on the column. This temperature is
connected with the adsorption enthalpy by the trans-
port equation for ideal linear gas chromatography [11],
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Table 1. Experimental parameters

Col- Start  Temperature = Normed col- Carrier
umn temper- gradient umn area gas flow
ature [K/cm] [cm? per cm  [cm®/min]
K] column length]
Ti 1480 424 1.35 230
\Y 1645 39.1 1.57 230
\Y 1480 24.4 1.35 230
Nb 1645 39.1 1.57 230
Nb 1480 424 1.35 230
Nb 1480 24.4 1.35 230
Ta 1645 39.1 1.57 230
Ta 1480 424 1.35 230
Mo 1645 39.1 1.57 230
Mo 1480 24.4 1.35 230
dx u
- = (D 6))
dt 1+k;

(x — length coordinate of the column, ¢ — time, u —
linear gas velocity, T — temperature, k;, — corrected
partition coefficient of the species i),

where k, is the corrected partition coefficient of the
species i. This coefficient is a function of the adsorp-
tion enthalpy [12]:

a-V _AHgds —4 (a)ds
k, = -exp| ——— ) -exp | —— 2
v-A p( RT ) p( R ) @

(a — normalized column area, v — normalized column
volume, V — molar standard volume, A — molar
standard area, AH?,, — standard adsorption enthalpy,
AS%, — standard adsorption entropy, R — gas con-
stant).

The algorithm from [13], implemented in the computer
program TECRAD, was used to calculate with these
equations the adsorption enthalpy from the adsorption
temperature and the experimental parameters listed in
Table 1.

3. Results and discussion
3.1 Test of the apparatus with Yb

Yb was used for a test of the thermochromatographic
apparatus, because this element is similar to the metal-
lic divalent heavy actinides. '**Yb was produced at the
Rossendorf U-120 cyclotron in the '***Er(a, xn) reac-
tion by irradiating a natural Er,O,-Target with 27 MeV
a particles. The '*Yb was separated from the Er target
with a standard a-HIB procedure. The further prep-
aration was similar to the preparation of the ARCA
actinide fractions, as described in section 2.2.

In contrast to [5, 6], and as already mentioned in
the introduction, no Ca was used as reducing agent in
the carrier gas, because this would modify the column
surface and consequently make the interpretation of
the results difficult.
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Fig. 2. Thermochromatogram of Cf, Es, and Fm on a Mo col-
umn; the activities were measured 3 h for Es and Fm, and 20 h
for Cf.

On Ti, the adsorption enthalpy is —210 kJ/mol.
This corresponds very well with previous experiments
[5]. In a second experiment, we used a Nb column to
evaluate the high temperature capabilities of our ap-
paratus. The Yb adsorption enthalpy of —326 kJ/mol
is also in good agreement with earlier results [7].

The high enthalpy values obtained in both experi-
ments show unambiguously that Yb is adsorbed in the
metallic state, without adding Ca as a reducing agent
to the carrier gas. If oxygen were present the Yb would
be transformed in an oxidized species and would have
a much lower adsorption enthalpy [14].

3.2 Adsorption measurements
of the actinides

Fig. 2 shows a typical nuclide distribution on a chro-
matographic column. The results are presented in dif-
ferent diagrams only for clarity, all species investi-
gated in one thermochromatographic experiment are
deposited simultaneously, of course.

The number of the actinide atoms used in our
experiments were about 10°, 10%, and 10° atoms Fm-
252/-255, Es-253, and Cf-252, respectively. Therefore,
they do not influence each other in their adsorption
behaviour.

In all experiments, without exception, a separation
of Cf, Es and Fm on the chromatographic column was
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Table 2. Adsorption enthalpies of this work together with previous data and EICHLER-MIEDEMA calculations; for Cf the metallic
valency used in the calculations is also listed; former data of experiments using reducing metal vapours in the carrier gas are not

reported
Actinide Column Adsorption enthalpy [kJ/mol]
This work Older data Calculation
Cf Ti -201 —283 (divalent)
—207 (trivalent)
A" —296, —302 —-340 (divalent)
Nb —290, —288 —-350 (divalent)
Ta -309 —360 (divalent)
Mo -326, —305 —404 (divalent)
Es Ti —189 -220 [7] —215
\" —-284, -276 —-274
Nb —268, —269 -290 [7] —283
Ta —284 —294
Mo —-314, —-291 -341
Fm Ti -182 —-210 [7] -210
\Y% -271, —262 —263
Nb —241, —250 =270 [7] —266
Ta —-267 —280 [7] -275
Mo —284, —279 —290 7] —-314

observed: Cf is always adsorbed at the highest, Fm
always at the lowest temperature. In other words, the
differences between the adsorption enthalpies of Cf,
Es, and Fm are large enough to be detected with our
method. The magnitude of the metallic properties of
Es determining the adsorption behaviour must be in-
termediate to those of Cf and Fm.

Based on the MIEDEMA method for calculating
alloy formation enthalpies [15, 16], EICHLER devel-
oped a model for understanding the adsorption en-
thalpy at zero coverage, such as those obtained in ther-
mochromatographic experiments [17]. The basic idea
is that the adsorption enthalpy is the sum of two terms.
One term is the net adsorption heat, which can be de-
duced from the heat of solution of the adsorbed species
in the solid adsorbens metal and the displacement en-
ergy. The second term is the sublimation enthalpy of
the adsorbed substance. Calculations with this model
show a rather good agreement with experimentally ob-
tained adsorption enthalpy values. For most adsorbate
systems, they predict the position of Es between
Cf and Fm, like observed in our experiments. Table 2
lists our experimental adsorption enthalpies together
with those calculated with the EICHLER-MIEDEMA
model.

In addition to this model calculations, it is an ex-
perimentally well established fact that the adsorption
heats of chemical similar substances correlates to their
sublimation enthalpies, especially in case of metallic
adsorbate bonding [18]. Furthermore, measurements of
adsorption enthalpies of the lanthanides on W and Re
showed, that the adsorption and desublimation en-
thalpies for the lanthanide series are not only pro-
portional to one another but exhibit merely a parallel
shift [19]. Consequently, because the metallic heavy
actinides behave similarly to the lanthanides, one has

to expect that the sublimation enthalpy of Es is be-
tween those of Cf and Fm.

This stands in contrast to values obtained by direct
vapour pressure measurements over Yb and Sm alloys
of Es and Fm, 133 kJ/mol [1] and 143 kJ/mol [20],
resp., which show an opposite trend. Therefore, either
the sublimation enthalpy reported for Es or for Fm
should be corrected. We checked these values based
on the correlation to the adsorption enthalpies.

For our calculations we choosed Cf as an internal
standard, as mentioned in the introduction, because the
sublimation behaviour of this metal is well-investi-
gated [21]. Cf can exist both in the metallic tri- [21]
and the divalent [2] state. Disregarding Ti, comparing
the magnitude of the adsorption enthalpies on all
metals investigated with the EICHLER-MIEDEMA
calculations indicate that Cf is adsorbed in the divalent
state. (The deposition of Cf on Ti, as part of our No
experiments carried out recently, will be discussed in
detail in [22].) Previous experiments on Mo columns
indicated an adsorption of Cf in the trivalent state, due
to the strong interaction with Mo [6]. This could not
be reproduced in our experiments, which is further evi-
dence for the Cf character of being borderline between
tri- and divalency, depending on the preparation con-
ditions, as discussed in [2]. Even if Cf is adsorbed in
the trivalent state, however, one can expect the validity
of a linear correlation between adsorption and subli-
mation heats as mentioned above, due to the smooth
transition of the tri- to divalent character in the actini-
de series.

Based on this proportionality one can calculate the
sublimation enthalpies of Fm and Es from the meas-
ured adsorption heats. Fig. 3 shows the procedure.

If the sublimation enthalpies of Cf, Es, and Fm
are correct, the adsorption sublimation enthalpy pairs
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should yield a straight line in the diagram. Because of
the opposite trends in the adsorption and sublimation
enthalpies mentioned above, this is obviously not the
case. Because it has been investigated several times,
one may assume that the Cf sublimation enthalpy is
correct and there exist two possibilities: Either the Es
sublimation enthalpy reported is correct and the Fm
value is lower than that of Es (Fig. 3: about 80 kJ/
mol), or the Fm value is correct then the Es subli-
mation enthalpy in Fig. 3 is about 167 kJ/mol.

The results of these calculations for all experi-
ments are shown in Fig. 4. Assuming that the literature
sublimation enthalpy of Fm (143 kJ/mol) is correct a
sublimation heat for Es of 167%15,s, kJ/mol results.
If the literature value of Es is correct (133 kJ/mol), the
corresponding sublimation enthalpy of Fm would be
7452454, kI/mol.

While the value for Es obtained is typical for a
metallic divalent metal [2], the calculated sublimation
enthalpy of Fm is far too small. Consequently, we con-
sider the sublimation enthalpy of Fm reported in the
literature to be more correct than that reported for Es.
The latter is obviously too small in comparison to the
Fm value.

The sublimation enthalpy of Es calculated here
agrees well with the expected value, based on several
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Fig. 5. Thermochromatographic desorption and macroscopic
sublimation enthalpies of Cf, Es, and Fm.

theoretical calculations using different approaches
[23, 24, 25].

This indicates in agreement with theory [23], that
the metallic divalency in the second half of the acti-
nide series is fully developed only at Fm and beyond.
This is also supported by experiments with No carried
out recently [22].

The agreement of our results with theory is shown
graphically in Fig. 5, depicting the adsorption data of
this work together with theoretically and experimen-
tally obtained sublimation enthalpies of Cf, Es and Fm.
The similar trends of the adsorption and sublimation
enthalpies emphasize the possibility to derive subli-
mation enthalpies from adsorption experiments.
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