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I. INTRODUCTION

The experimental data accumulated in the last decade have
shown remarkable differences in the chemical properties of
the heavy lanthanoids and actinoids. Thus, in the actinoid
series the stability of the 2+ oxidation state steadily grows
from berkelium to element 102, whereas for the homologous
lanthanoids this regularity has not been observed '/, An ex—
planation for this was given already by Brewer’zﬂ as he pre~
dicted an increase of the localization of the 5f energy le-
vels with increasing atomic number in the second half of the
actinoid series to a greater extent than in the case of the
4f energy levels of the heavy lanthanoids.

Differences in the electronic properties manifest them-—
selves in metallic properties, too., Thus, the lanthanoids
dysprosium to thulium are trivalent metals, whereas califor-
nium is a border-line case between a divalent and a trivalent
metal /38 , and einsteinium is divalent "8/, Fermium and mende-
levium should be also divalent in the metallic state, as pre-
dicted by several authors 271/

The experimental characterization of californium and ein-
steinium was accomplished by microtechniques 38/, In order
to characterize elements beyond einsteinium, which now and
in the foreseeable future are available only in trace amounts,
one has to apply indirect methods and to deduc: the metallic
state properties from some correlating experimental data.

In an earlier study’/12/the evaporation rates of fermium
and mendelevium from molten lanthanum, which were found to be
higher than those of europium, ytterbium and californium and
much higher than those of americium and cerium, were taken
as evidence for the divalency of metaliic fermium and mende-
levium.

In the present work the thermochromatographic study of the
adsorption on poiycrystalline metals, titanium and molybdenum,
was used as an alternative experimental approach to the cha-
racterization of the metallic state properties of the heavy

actinoids.
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II. GENERAL CONSIDERATIONS

Generally speaking, there should be only a loose correla-
tion between the adsorption behaviour and the bulk properties
of the adsorbate. However, in the case of metallic-bonding
like adsorbate-adsorbent interaction the energy of adsorption
depends substantially on the metallic valency of the adsor-
bate /1% in analogy with the cohesive energies of metals .
In the case of 4f elements, lanthanoids, both the cohesive
energy and the energy of adsorption vary in a peculiar way
in the series. This now seems to be well understood as to be
due to the fact that most of the elements are divalent in the
atomic state but trivalent in the metallic or adsorbed state.
The promotion energy to the trivalent state accounts for devia-
tions fvom the otherwise expected smooth behaviour’!%/.In this
way Nikulin and Potekhina’18/ explained data on the adsorption
energies of lanthanoids on tungsten and rhenium. We believe
that the same considerations hold in discussing the adsorption
of the heavy actinoids on transition metals., Therefore, cali-
fornium, einsteinium, fermium, and mendelevium having the di-
valent electronic configuration 560+17s2  in the ground state
of the isolated atoms are expected to be adsorbed in the tri-
valent state only if the energy required to excite onef elect-
ron to the bonding state of the metallic adsorbent-adsorbate
system is compensated by the relevant gain of binding energy.
This condition n®y be written approximately as

Ae m

< AE -~ AE
a a

(fn+1+rn) 4,2 a,3 »

where A‘(rn+1 ¢ is the promotion energy of the 5t " 1o, 5rbal7s

atomic excitation, AE 43 1s the energy of adsorption of
an element with the di-(tri-)valent configuration in both the
free and the adsorbed state. These two values are expected to
be practically constant for the elements under consideration
(for the given adsorbent).

For the case of adsorption in the trivalent state, the ex-

perimental energy of adsorption AEndexpcan be represented as

AE =AE ¢+ Ae (2)

ad,exp ad, (f"+1»r n,

The approximate character of this equation consists in the use
of atomic spectroscopic data instead of a many-particle de-
scription of adsorption.Nevertheless,the adsorption studies
provide information abcut the energetic position of the 5f le-
vels in the heavy actinoids and valency in the adsorbed state,
from which the metallic valency can be concluded.
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To evaluate enthalpies of adsorption from the parameters
of thermochromatographic experiments, the following equation
was used, derived by Eichler and Zvara /17:18/:

tyVoB

AHS, AHZ,
- }=1g[Ei*(~ 20~ Ei¥(- ). (3)
5, T (V/A) exp (ASS4/R) RT.q RT,

Here t; is the retention time, v, is the gas flow rate under
standard conditions, g 1is the temperature gradient, s; is the
column surface per unit of column length, V and A are the stan-
dard molar volume and area of the adsorbate, respectively, R
is the gas constant, T,=298 K, T,q and T, are the deposition
and starting temperature, respectively, A87,and AH;;are the
differential standard entropy and enthalpy of adsorption, res-
pectively, and Ei*(x) is the integral exponential function.
The AS:d values, necessary for calculating AH?; from the pa-
rameters of single experiments, were estimated in terms of the
mobile adsorption model using the equation’/18/:
< c? 172
AS2, = m“(c+’o [%l ) +2E . %)
ad

vhere c:d and ¢© are the standard state concentrations of the
adsorbate on the surface and in the gaseous phase, respective-
ly, A is the atomic weight of adatoms, T is an average tempe-
rature, T=(1/2)x(T,+T ),andr, is the period of oscillation of
adatoms, calculated from the maximum vibration frequency of:
the adsorbent, according to Debye /19/ (we assume r,=1.1x10"13¢
for both Ti and Mo ). According to/!8/,the standard state was
defined by ¢7;/¢? =1 (cm). The experimental determination of
AS,4 by the thermochromatographic technique can be performed
0111 Ehe basis of equation (3) from a Ig(t, vo/Tm)versus I/Tad /18/
plot.

lgl~

III. EXPERIMENTAL
Production of Radioelements

The actinoids under study were produced by bombarding 249
or 249¢r with 22Ne ions at the JINR 3-meter cyclotron’/12:18.21/
In addition to several other nuclides, ueg to 108 atoms of253Eg,
10® atoms of gag,gupm' and 104 atoms of Md were produced
for each experiment. The recoiling nuclear reaction products
were caught in a 6 pm aluminium foil together with variable
amounts of target isotopes £4%py and 24%¢r sputtered. Trace
amounts of some well-known metals which were used as reference
elements, were formed in the aluminium catcher during the bom-
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bardment ( 24Na, 2BMS, g ,44msc ) or prepared by standard

ngﬁg‘)ﬁu}-ﬁ?ﬂsﬁs described elsewhere ( B3Rb, 1458y , 147gy , 169yyp,

Procedure

An arrangement used in the thermochromatographic experi-
ments is shown schematically in Fig.l. The titanium and molyb-
denum columns were made of foils placed into quartz tubes
4.5 m i.d. In the case of titanium as adsorbent a 50 um tan-
talum foil lining was first placed into the quartz tube, in
order to prevent diffusion of oxygen from the environment to
titanium and reactions of titanium with silica. The behaviour
of the elements listed above was studied simultaneously with
the exception of 8 Rb, 438w and ®*%Ra, which were chromatog-
raphed separately in comparisonwith?’Eu and !%%p, In order to
obtain and stabilize the tracer elements in the state of free
atoms, these were evaporated from molten lanthanum metal (re-
ductant) and calcium vapour was introduced in the high-purity
helium used as a carrier gas.

First, nitric acid solutions of the radioisotopes which
could not be produced in *¥Ne bombardments were evaporated
in a tantalum boat. Then the aluminium catcher and lanthanum
metal were put therein, and the boat was placed into column 7
(Fig.1) in the starting positicn. In order to introduce cal-
cium into the carrier gas, about 0.5 mg of calcium were added

Fig.1. Schematic view of the experimental arrangement.
1 - regulators of pressure and flow rate, 2 — molecu-
lar sieves at liquid nitrogen temperature, 3 - hydrau-
lic valves, 4 - getter (zirconium chips at 1200 K),

5 - furnace, 6 - gradient furnace, 7 - thermochromato-
graphic column, 8 - vacuum pump.



to the lanthanum reductant. After the boats have been placed,
the column was evacuated twice to 10°P2 and then refilled
with purified helium. Furnaces 5 and 6 were heated up in some
side position simultaneously and after having reached the
temperature equilibrium, they were shifted to the working po-
sition to start chromatography. The experimental conditions
were as follows:

- starting temperature 1425 K

- average temperature gradient 57 K/cm

- flowrate 44 cm®/min (unless otherwise noted)

- retention time 15 min (unless otherwise noted)
Immediately after the gradient furnace has been switched
off, the quartz tube was cooled by water to room temperature.

Then the thermochromatographic column was removed from the
quartz tube, cut into sections and its surface was contacted
with fission fragment track detector foils to detect the #%6Fm
spontaneous fission events. The registration of the growth-
and~decay curve of the spontaneous fission activity over a pe-
rici of 10 hours was followed by the spectrometric measure-
ments of a- and y -activities in | cm sections by §i surface
barrier and Ge(Li) detectors, respectively. The statistical er-
ror (¢) in determining the relative amounts of the a— and y -
radioactive tracers did not exceed 8% and 37, respectively.
As the spontaneous fission activity (t;,o> 10 min) of the
nuclear reaction products was due to 25 Fm only,arising from
the decay of 256Md/20/, the amounts of 266Md could be evalua-
ted from the growth-and-decay curves of the spontaneous fis-
sion activity by means of a computer code. To check these re-
sults the mendelevium chromatograms were evaluated also in an
independent way by comparing the distribution of the total
fission activity and the distribution of fermium as determined
by a-spectrometric measurements. The relative error of the
256Md amounts is expected to be in the range of about 10 to
15%. The distribution of the weighable quantities of calcium
was determined by X -ray fluorescence analysis.

IV. RESULTS AND DISCUSSION

At first a series of experlmencs in titanium columns with
4%t only  and by varying V, and t, was carried out in or~
der to determine AS° and AH° experimentally by the second
law method /18/,The parameters and results of these experiments
are summarized in the Table and Arrhenius plot of 1g(vot,/Tyg)
;ersgs I/T‘d is shown 1n Fig.2. From the least square fit we

oun
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Aﬁ:d = -(162+8) kJ/mole and
A8y = -(144+11) I/mole K.

The AH a values in column 4 of the Table were calculated
with Asﬁ = =159 J/mole K (estimated according to equation
4)). I‘he experimental entropy value determined by the second
law mechod was used to calculate the AHZ; values in column 5.
The AH values calculated according to equation (3) as well
as 15.2 show good reproducibility of the technique over

a large range of retention time and flow rate.

Table
Thermochromatography of Cf in titanium coluwmns.
Experimental parameters and thermodynamic data
Gas flow rate, Retention Deposition -AH° b) -AH°c)b)
Vo time, t, temperature, ad ad
cm3/min min Tg &, K kJ/mole kJ/mole
16.6 5 840 175 163
16.6 10 820 176 164
16.6 30 775 173 162
16.6 60 765 176 163
44 15 775 176 164
44 60 720 172 161
45 65 720 172 161
52 300 690 176 163
a) b)

Estimated uncertainties< +40 K; AH®, was calculated
with AS° = -159 J/mole K; the estimated uncertainties in
AH° are <+20 kJ/mole; C) AH® was calculated with Asm oxp™

= —144 J/mole K.

The distribution of trace amounts of the elements Na, K,
Rb, , Ra, 8m, Eu, ¥b, Cf, Es, Fm and Md along the tita-
nium column after the thermochromatographic process and the
temperature profile along the column are shown in Fig.3.The tri-
valent metals, Sc and Bx remainded in the lanthanum aluminium
melt., We have not presented in Fig.3 the distribution of the
weighable amounts of calcium (500 pg) along the column since
the sensitivity of the X-ray fluorescence measurements was
too low, to measure the concentration profile of the calcium
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Fig.2. Thermochromatography ~“Fig.3. Thermochromatography
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of Cf in titanium columns. in titanium colummns. Distribu-
Arrhenius - plot -cf the data tion of trace amounts of Na,
(cf. also values in the K, Rb, Sm, Eu, Yb, Ra, Cf, Es,
Table). Fm and Md along the column.

band down to the trace levzl. At the concentration maximum
of the calciumband - in the region of the Eu low-temperature
peak - little crystallites of metallic calcium were visible.
Calcium has a stabilizing function for the elementary state
of the elements studied, since it is expected that the poten-—
tial oxygen impurities in the gaseous phase react preferably
with calcium present in a several orders of magnitude higher
concentration than the tracers. Furthermore, calcium influences
the chromatographic distribution of the trace components, as
their thermochromatograms result from interactions of single
atoms with the titanium surface as well as with the calcium
layer. In the presence of calcium the minute aluminium quan-
tities evaporated frcm the melt should not alter the thermo-
chromatographic behaviour of the studied elements, since the
thermochromatograms of 8m, Eu, Yb, and Cf from experiments
without aluminium were the same aa those presented here/24/,
In the presence of weighable quantities of calcium, 8m
and Eu were deposited in two peaks (Fig.3) whereas
without calcium’i3/ Eu was deposited only as a single peak
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Fig.4. Thermochromatography in
molybdenum columns. Distribution
of trace smounts of Na, Mg, K,
Sm,, Eu, ¥Yb, Ra, Cf, Es, Fm
and Md along the column.

denum (titanium),AHg,, - ent-

hal of sublimation; (1) -
Py, 710/ 3) - | 8 - aHua
’ 0
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Fig.5. Comparison of the expe- m+ .. A7 e {2‘”
rimental enthalpies of adsorp- ! h
tion with predicted enthalpies ‘ N ==
of sublimation. AH,q yo(mi)en— ) j
thalpy of adsorption on molyb-' 00 | :\o\o__d 00
J

ref. /8 , (2) - ref.

at (1125+50) K. We believe that, as these elements interact
with the adsorbent more strongly than calcium, the high tem~
perature band corresponds to the "true" adsorption on titani-
um whereas the low temperature peak results from masking of
the adsorbent by calcium. AlL the atoms of Smr and Eu interact-
ing during the chromat:ographic process only with calcium, are
carried down to the deposition band of calcium.

For the elements deposited at lower temperatures than cal-
cium, we may conclude that they interact with titanium not
less strongly than the divalent calcium, do not form stable
intermetallic compounds with calcium and are more volatile than
calcium. The deposition of Cf, Es, Fm, and Md at lower tem-
peratures than calcium, in the region of the divalent Ra and
at higher temperatures than the monovalent alkali metals Na,
K, and Rb, provides evidence that these heavy actinoids are di-
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e

valent metals. Thermochromatograms of trace amounts of Na,
K, , Mg, Sm, Eu, Yb, Ra, Cf, Es, Fm, and Md resultant
from experiments in molybdenum columns are shown in Fig.4. As
in the titanium columns, the distribution of Eu in its low
temperature peak follows the distribution of the weighable
amounts of calcium. Molybdenum was chosen as a metal charac-
terized by stronger adsorbent ~ adsorbate interactions than
titanium.

As is seen from Fig.3, in titanium columns only Sm and Eu
are deposited partly at higher temperatures than calcium,
whereas in molybdenum columns this is also the case for Yb
and Cf. We believe that the deposition of Sm, Yb and Cf in
molybdenum columns at higher temperatures than calcium is to
be considered as adsorption in the trivalent state due to the
transition of one f -electron to the conduction band. On the
other hand, as in titanium columns, the deposition of Es, Fm
and Md in the region of the divalent metals Mg and Ra is to be
considered as adsorption in the divalent state.

As was discussed earlier’24/the behaviour of Cf in thermo-
chromatographic titanium columns was taken as evidence for the
divalency of Cf in the metallic state. We believe that adsorp-
tion of Cf on molybdenum in the trivalent state does not con-
tradict this conclusion, because the behaviour of Cf on molyb-
denum is similar to that of the divalent lanthanoid metal Yb.
Furthermore, the evaporation rate of Cf from molten lantha-—
num was found to be intermediate between those of Eu and Yb'1%/
and this also confirms the divalency of Cf.

From the results of the thermochromatographic experiments
presented here we conclude that the energetic positions of the
5f-levels relative to the Fermi-levels of the heavy actinoids
Es, , Fm, and Md are not only lower than that of Cf but even
lower than those cf the 4f-levels of the lanthanoid Yb.The ac-
tinoids Es, Fm, and Md , without doubt, occur to be divalent
alkaline earth-like metals.

Enthalpies of adsorption calculated for heavy actinoids ac-
cording to equations (3) and (4) are shown in Fig.5 in compa-
rison to the enthalpies of sublimdtion predicted by several
authors /%19/, Generally there is a good correlation.

For more quantitative interpretations of the rzsults of the
thermochromatographic experiments reported here, the amount
of the available experimental data and the extent of theore-
tical understansing of adsorption are so far not sufficient.
However, there is further experimental evidence for conside-
rable differences in the properties of the keavy lanthanoids
and actinoids.
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Xw6eHep 3., 3mapa H. E12-82-103
XapakTepHCTHKA CBOHCTB MeTAJUIMYECKOI'O COCTOAHHS MeHOeNleBHsA
H OPYTHX AKTHHOHOOB C [IOMOIGhK TepPMOXPOMAaTOTrDAWHH

TepmoxpoMaTorpapHieckuM METOAOM H3yuanach aAcOopSIHA
cnenoBux KonuuecTB Cf, Es, Fm u Md Ha NOMHKpPHCTA/UIHYECKHX
THTave M MoJu6peHe B CPABHEHHH C HECKOJBKHMH XOpOIO HAYUeHHH-
MH MeTalNIHYeCKHMH 2j1eMeHTaMH. [aHHbe NPHMBORAT HAc K BHBOQY,
yro Es, Fm u Md gByxBaneHTHH B MeTAalUIHYECKOM COCTOSHHH,

u, 6onee Toro, uTo MX f YPOBHM PaCMOJIOXEHb 110 OTHOMmEHHI
k 3HepruH PepMu HMxe, yeM B ciayyae Cf u Yb., Buna HaimeHa
KOppellauuA Maknoy 3KCHePHMMeHTANbHBIMH SHTAJNBIMAMH ancopGiuu
TSXENbX AKTHHOHAOB H HX NpeOcKa’aHHLMH SHTAJIBIMAMH BOSTOHKH,

Pa6ora BemonHeHa B Jla6opaTopuH AlepHHX peakunit OHAH.

NpenpuHt O6WeQMHEHHOro MHCTUTYTA ApepHNX Wccnepomanwi. flyGna 1982

Hiibener S., Zvara I. E12-82-103
Characterization of Some Metallic State Properties
of Mendelevium and’ Other Actinoids by Thermochromatography

The adsorption of the heavy actinoids Cf , Es , Fm,
and Md on polycrystalline titanium and molybdenum has been
studied by thermochromatography in comparison with several
well-known metallic elements, inm trace amounts. The data lead
us to suggest that Es, Fm, and Md are divalent in the metal-
lic state and, moreover, that the position of their f energy
levels relative to the Fermi-energy is lower than in the cases
of Of and Yb. A correlation was found between the experimental
enthalpies of adsorption of the heavy actinoids and their
predicted enthalpies of sublimation.

The investigation has been performed at the Laboratory
of Nuclear Reactions, JINR.

Preprint of the Joint Institute for Nuclear Research. Dubna 1982
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