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Abstract 

The spectroscopic and chemical properties of 5f group compounds 
show several ramifications not exhibited by the lanthanides. When 
the oxidation state is M (III), they are indeed quite similar. Like 
M(IV) they vary their coordination number Ν rather indifferently, 
and available evidence from photo-electron spectra has modified 
our opinions on covalent bonding, weakening any idea of two elec-
trons per bond. On the other hand, the uranyl ion and subsequent 
dioxo complexes have exceptional stereochemistry and electronic 
structure, of which all the details have not yet been clarified. Pos-
sible relations with unsaturated quarks and long-lived hypothetical 
"elementary" particles (such as technicolor hadrons) are discussed. 

Half a century ago, quantum chemistry had started with 
the gaseous species H j and gone on with the complicated 
H2 [1 ], and quarter a century ago, the controversy about 
the electronic structure of transthorium compounds was 
approaching its armistice. The two (equally absurd) ex-
treme arguments had been that the presence of 5f electrons 
produces a propensity toward trivalency (like the 4f elec-
trons in the lanthanides); and that the chemical stability 
of the oxidation states Pa(V), U(VI), Np(V) and Np(VI) 
shows the absence of 5f electrons, protactinium and urani-
um being 6d-homologs of the 5d-elements tantalum and 
tungsten. This whole discussion remains a clear-cut exam-
ple of the much greater utility of induction from facts 
than of deduction in chemistry [2]. 

It is worthwhile to analyze what we mean by 5f ele-
ments. Whereas the individual «/-values go back to the 
energy levels of atomic alkaline-metals studied by RYD-
BERG in 1895, the explanation of the Periodic Table by 
an "Aufbau Princip" [3, 4] goes back to STONER in 1924 
suggesting that each «/-shell is able to accomodate at most 
(4/ + 2) electrons. It is useful to concentrate our attention 
[5 — 8] on gaseous ions M+ z with charges from +2 to +6. 
Indicating the closed shell systems isoelectronic with noble 
gas atoms by double inequality signs, the shells are filled 
in the order 

l s ^ 2 s < 2 p ^ 3 s < 3 p « 3 d < 4 s < 4 p ^ 4 d < 5 s < 5 p 
^ 4 f < 5 d < 6 s < 6 p ^ 5 f < 6 d < 7 s . . . (1) 

to which only five exceptions are known, all for M+ 2 with 
M=La(5d), Gd(4 f 7 5d) , Lu(4f 1 4 6s) , Ac(7s) and 
Th(5f6d) , where the electrons not belonging to the previ-
ous noble-gas configuration with Κ = 54 or 86 electrons 
are given in parentheses. Text-books frequently propose 
another sequence intended for neutral atoms, where the 

shells 4s, 5s, 6s and 7s follow immediately after Κ = 18, 
36, 54 and 86. However, this sequence has 20 exceptions 
among the neutral atoms up to einsteinium (Z = 99) and 
is of much less relevance to transition-group chemistry 
[5 ,6 ] than (1). 

It is by no means trivial to define what the sequence 
(1) is meant to convey. The discrete energy levels of a 
monatomic entity are always characterized by / and 
(odd or even) parity. In most cases, adjacent /-levels can 
be bunched together in Russell-Saunders coupling to terms 
having the quantum numbers S (total spin) and L. It is not 
generally recognized [9, 10] that electron configurations 
serve the same purpose of classification as Russell-Saun-
ders coupling. In both these approximations, the numbers 
of levels showing a given value o f / are correctly predicted, 
in spite of any deviations represented by intermixing of 
configurations and by intermediate coupling. It is an 
empirical fact that the first 20 to 400 /-levels of a mona-
tomic entity can be classified as belonging to definite 
configurations, and that there are no "superfluous" low-
lying levels. The sequence(l) is intended to indicate the 
configuration to which the groundstate belongs, in this 
sense. The National Bureau of Standards tables [11—13] 
have not yet been extended beyond Ζ = 90, but reviews 
on uranium [14] and transuranium elements [15] provide 
some of the lacking material. This classificatory validity 
of electron configurations does not prevent that the total 
wave-function of a many-electron system is quite far re-
moved [7,16, 17] from being an anti-symmetrized Slater 
determinant. Whereas the squared amplitude of the pre-
ponderant configuration 1 s2 of the groundstate of the 
helium atom is 0.99, it is about 0.8 for 1 s 2 2 s 2 2 p 6 of the 
neon atom, and likely to be below 0.5 for atoms heavier 
than krypton. 

The relations between atomic spectroscopy and chemis-
try are also quite subtle. A major advance for the hypo-
thesis that the 5f shell starts filling very soon after thori-
um was the assignment in 1946 of the groundstate of the 
uranium atom (this, of course, has only very remote rela-
tions to the electronic structure of metallic uranium) to 
the configuration [86] 5 f 3 6 d 7 s 2 . Contrary to the ideas 
of HUND [3] this fact does not make U(III) the most fre-
quent oxidation state (any more than [54] 4 f 4 6 s2 of the 
neodymium groundstate [12]prevents Nd(II) from being 
far rarer than Nd(III), whereas atomic plutonium [86] 
5f*7s2 and samarium [54] 4 f 6 6 s 2 are now known to 
be isologous). Seen in hindsight, there have only been 
two significant arguments advanced before 1940 for the 
5 f group already starting among the known elements. 
GOLDSCHMIDT suggested from the stable fluorite-type 
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M(IV) oxides (now known of nine M up to Cf02 ) that 
thorium is followed by a series of predominantly quadri-
valent thorides; and EPHRAIM [18] pointed out that the 
narrow absorption bands of green U(IV) salts indicate 
5Í2 in analogy to 4Í2 of Pr(III). Recently [19], the twelve 
lowest/-levels of [86] Sf2 were localized in gaseous U+ 4 

whereas the last level at much higher energy had been 
assigned 1955 to a narrow absorption band of U(IV) 
aqua ions [20], Besides broad and intense electron trans-
fer bands [21] due to one (or more) reducing ligands 
loosing an electron to a low-lying, empty or partly filled, 
d or f shell of an oxidizing transition-group ion, the tri-
valent lanthanides from 4^Ργ(ΙΙΙ) to 4f 1 3 Yb(III) have 
extremely characteristic narrow bands, essentially similar 
to transitions to excited /-levels of a monatomic entity 
[22] and with positions hardly dependent on the Ν =6 ,7 , 
. . . , 12 ligating atoms [23], This behaviour is quite dif-
ferent from the 3d(iron), 4d(palladium) and 5d(platinum) 
group compounds, where those excited states not due to 
electron transfer [21] are described by "ligand field" 
theory [5, 24, 25]. Before 1956, it was the general opinion 
that the energy differences between the five d-like orbitals 
are due to the (quite small) deviations of the Madelung 
potential from spherical symmetry, but it became clear 
that one, two (or three in tetrahedral complexes) of the 
d-like orbitals are strongly anti-bonding, and the rest ap-
proximately non-bonding (though slightly involved in π 
effects). Around 1970, it was believed that the 5f group 
in some way represents a case intermediate between the 
4f and the 3d group. This seems also to be true, in sofar 
the anti-bonding character of some of the 5f orbitals in-
creases strongly with the oxidation state along the series 
M(IV) < M(V) < M(VI) [26-28]. On the other hand, 
the "ligand field" effects on 5f3U(III) in crystalline 
Ux La, _ χ Cl3 (with Ν = 9) are only twice as large as on 
the corresponding lanthanide 4f3Nd(III) [29, 30] joining 
the general picture all the way up to 5 f 8 Bk(III) and 
beyond. The major difference in the distribution of the 
/-levels of the 4f and the 5 f group M (III) is the much 
stronger deviations from Russell-Saunders coupling in the 
latter case, the Landé spin-orbit coupling parameter 
being twice as large, and at the same time the parameters 
of interelectronic repulsion about 40% smaller, under 
equal circumstances. 

Such evidence, as well as calculated 4f and 5f radial 
functions, suggest that the electron affinity of the partly 
filled 4f shell is much smaller than the ionization energy. 
As first pointed out by CONNICK [31], this is the major 
reason [5, 32] why the lanthanides strongly prefer a con-
stant oxidation state. There is no direct relation [2, 6] 
between the electron configuration of the monatomic 
entities containing 4f electrons, and the chemical fact 
that the preferred oxidation state is M (III). Going from 
the 3d to the 4d group [33,34] there is the same tendency 
as going from the 4f to the 5f group. In the beginning of 
the 4d and 5f groups, the oxidation states are more vary-
ing and, on the average, higher, as known from Mo(VI), 
Tc(VII), Ru(VIII) or from Pa(V), U(VI) and (the strong-

ly oxidizing) Np(VII), whereas the last elements of the 
group are less readily oxidized. Much like Ag(II) is less 
stable than Cu(II), 5f13Md(II) is less reducing than 
4f13Tm(II), and nobelium(II) is at least as difficult to 
oxidize to the ytterbium-homolog 5 f 1 3 No (III) as ceri-
um (III) to Ce(IV), making Ζ = 102 much more similar 
to radium than to actinium [35]. 

The smooth variation of oxidizing character of M (III) 
or M (IV) going from zero to 13 electrons in the 4 for 5 f 
shell is modified by the position of the lowest /-level 
below the average energy of the partly filled shell. In the 
4f group representing a good approximation to Russell-
Saunders coupling for the lower levels [22] this additional 
effect is proportional to parameters of interelectronic re-
pulsion and expressed in the refined spin-pairing energy 
description originally introduced [36—38] for rationali-
zing electron transfer spectra. However, the same treat-
ment can be applied to standard oxidation potentials of 
aqua ions [5,39] and to photo-electron spectra of metal-
lic lanthanides and their solid compounds [32,40]. 
Taking the deviations from Russell-Saunders coupling 
into account, the spin-pairing energy theory also works 
in the 5f group [41]. It remains true that the lanthanides 
have a few characteristics not possessed by the 5 f group. 
Thus, 4 f europium(II) is more difficult to oxidize than 
4f I4ytterbium(II) whereas it is very well-known that 
3dsMn(II) is easier to oxidize than 3d10Zn(II), and 
5 f 7 Am (II) (now known in black but non-metallic Aml2) 
much easier to oxidize than 5f14No(II). 

This explanation of varying standard oxidation poten-
tials has renewed interest in the general question of hydra-
tion energies of gaseous ions [32, 33,42,43] allowing a 
certain understanding of which oxidation states are stable, 
at least in the form of aqua ions [44,45]. A related prob-
lem is the photo-electron spectra providing ionization 
energies / of valence M.O. (molecular orbitals) and of inner 
shells [46—48], It is highly instructive that such/-values 
have now become available by experiments, and it has 
turned out that they vary relatively much less in differing 
compounds of the same element than suggested by several 
M. O. calculations. A major reason is the large influence of 
the spherical part of the Madelung potential [4, 47]. The 
photo-electron signals of inner shells have a rather specific 
type of satellites [49] in mixed oxides of U(V). 

With the various experimental techniques available 
today, we have obtained a relatively detailed and reliable 
picture of the importance of the 5f orbitals for chemical 
bonding in transthorium compounds, one important bit 
of the puzzle being the moderate nephelauxetic effect in 
uranium(IV) complexes [19, 20] evaluated by comparing 
the parameters of interelectronic repulsion with those of 
gaseous U+ 4 . Much like the main part of the covalent 
bonding of lanthanide compounds must be due to the 
(experimentally rather inaccessible) empty 5d and 6s 
shells (in the L.C.A.O. model) at the same time as the 
weak nephelauxetic effect in M (III) provides severe higher 
limits for the extent of 4f participation in covalent bond-
ing [5,32] there occurs the same difficulty that empty 
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6d and 7s orbitals play the larger role in the 5f group. 
A rather special category is the closed-shell systems 

containing no unpaired 5f electrons in the groundstate. 
It may be noted that many features of the analogous ceri-
um (IV) are not too well understood. One of the chemical 
difficulties is that Ce (IV) aqua ions are too strong Brün-
ste d acids to be compatible with aqueous solutions, and 
seem to transform to oligomeric hydroxo complexes, as 
is likely to be the case for 5f7Bk(IV) and 5f 1 4 104(IV) 
too. Actually, the only well-characterized M(IV) aqua 
ions are those of M=Th, Pa, U, Np and Pu. However, a 
far more enigmatic system is the uranyl ion, linear OUO+2 

binding 6, 5 or 4 other atoms at much longer distances in 
the equatorial plane [50, 51] making a striking contrast to 
the indifference toward changing TV and local symmetry 
in trivalent lanthanides [23] and in most of the 5f group. 

The radioactivity was discovered [2, 52] by Henri 
Becquerel in 1896 following the somewhat far-fetched 
suggestion by the mathematician Poincaré that since the 
X-rays discovered by Röntgen make crystalline BaPt(CN)4, 
4 H 2 0 fluoresce, certain fluorescent materials may emit 
X-rays. The first excited state of the uranyl ion is both 
characterized by a rather violent photochemistry of hydro-
gen atom abstraction [50, 53, 54] and by a luminescent 
emission band having a vibrational structure indicating 
much longer equilibrium U - 0 distances in the excited 
state than in the electronic groundstate. This fluorescence 
in the yellow and green can be useful [55] for planar con-
centrators of solar energy, about 75% of the isotropic 
radiation being trapped inside a uranyl glass plate by a 
series of total reflections, until it arrives at the rim of the 
plate covered with much less photovoltaic silicon than 
would be needed to cover the entire plate. Contrary to 
tracking heliostats, such a device can use the major part 
of diffuse scattered sun-light. 

There is general agreement today [56-59] that the 
quite weak absorption bands of U 0 2

2 in the blue to near 
ultra-violet are strongly forbidden electron transfer bands, 
where an electron jumps from a M. 0 . with odd parity to 
the empty 5f shell. Because of the strong spin-orbit 
coupling, the appropriate quantum number of the excited 
levels is Ω [25] whereas it has no meaning to ask whether 
these levels are triplet (5=1) or singlet (5 zero) [57], 
There is at least 16 excited Ω levels as recently reviewed 
[51], but it is more likely that the manifold contains 32 
or 48 Ω levels. Comparison with electron transfer spectra 
of other complexes [21 ] and with photo-electron spectra 
of linear dihalides XMX [47] suggest the loosest bound 
Μ. O. to be iru but DENNING et al. [60] measured 1 8 0 
substituted Cs2 U02 Cl4 at liquid helium temperature 
(to unravel the complicated vibrational structure) and 
located six Ω values (the lowest excited level having 
Ω = 1) explained by transfer of one a u electron. This study 
has been continued [61] with the Sf1 systems NpOjCl^2 

and Np02 (02 NO)J. 
One might have hoped that M. O. calculations could 

answer the question whether 7ru or au is most readily ex-
cited. However, the five most recent, quite sophisticated 

U0 2
2 calculations show a dispersion of results [51, 62] 

preventing any convincing conclusion. Another recent 
problem is that PYYKKÖ and LOHR [63] suggested the 
highest occupied M. 0. to be a u but having the squared 
U5f amplitude 0.86. Whereas the "ligand field" transitions 
in d-group complexes [5, 24, 25] are due to transitions be-
tween roughly non-bonding and strongly anti-bonding 
d-like orbitals, such a situation would mean that the ultra-
weak absorption bands in the blue are not strictly speaking 
due to electron transfer, but to transitions from a bonding 
5f-like to roughly non-bonding 5f orbitals. However, a 
closer analysis [64] indicates that this a strongly model-
dependent result. It is still conceivable that the highest 
filled M. 0 . is au but then, it is more likely to be due to 
"pushing from below" by the filled U6p shell, much like 
in N2 where photo-electron spectra [47] show the lowest 
/-value of an orbital ag which has to be orthogonal on the 
bonding combination of N2s orbitals. 

One has to recognize that the occurrence of electron 
transfer bands at 4 eV (32000 cm"1 ) lower energy in the 
uranyl ion than in tungstate WO42 is out of all proportion 
with the difference in oxidizing character of U(VI) and 
of W(VI). Much the same can be said [65] about gaseous 
UF6 and WF6. Four M. 0 . calculations [51 ] of the octa-
hedral molecule UF6 agree that the highest occupied 
orbital is the higher spin-orbit component of(7r + a ) t l u 

whereas all other hexahalide complexes have electron 
transfer spectra [21 ] and photo-electron spectra showing 
that (vr)t lg is most readily excited or ionized. The latter 
M. O. has four inter-ligand node-planes [25]. The excep-
tional behaviour of UF6 may be connected with "pushing 
from below" by U6p as discussed above [64] for U 0 2

2 . 

The extreme closed-shell characteristics of noble gases 
attenuate as a function of increasing Z. The first ionization 
energy (all given in eV) 15.759 of argon is already lower 
than 17.422 of fluorine; and there is not an enormous 
dispersion between 12.967 of chlorine, 12.130 of xenon, 
10.437 of mercury and 10.748 of radon [43]. Seen from 
this point of view, it would not be too surprising [2] if 
strong oxidants may remove 6p electrons from francium(I) 
or radium(II). However, the absence of absorption bands 
of thorium (IV) aqua ions, at least below 6 eV, does not 
suggest a general easy excitation of the 6p shell. The spe-
cific behaviour of the uranyl ion must be connected with 
the high oxidation state and /or the unusually short inter-
nuclear distances. A comparable stereochemical problem 
occurs in the beginning of the 3d group. 3d1 titanium(III) 
forms purple Ti(OH2)£3 but the isoelectronic vanadi-
um (IV) the blue vanadyl ion OV(OH2)42 having a very 
short V - 0 distance, and (like CO, C02 and the uranyl 
ion) lacking perceptible proton affinity in aqueous solu-
tion. As far goes U6p, strong spin-orbit coupling in linear 
symmetry provides three distinct /-values which have 
been studied [66] in photo-electron spectra of solid uranyl 
salts and agree with M. 0 . calculations [51] by surrounding 
the 02s signals and show a total spreading of some 14 eV. 

Quantum chemistry has been far more successful in 
rationalizing spectra than chemical behaviour. This is main-
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ly because of Franck and Condon's principle that photons 
excite or ionize many-electron systems without modifying 
the nuclear positions, whereas the potential surfaces of Ν 
nuclei (at least 3) take place in ( 3 N - 5)-dimensional 
spaces. The fact that the majority of stoichiometric com-
pounds are organic molecules produces a traditional 
emphasis on multiple bond-orders, hybridization (which 
is not too stupid [67] in the elements from beryllium to 
oxygen having roughly similar 2s and 2p radial functions, 
but [24] has lost all credibility above neon) and additive 
bond dissociation energies. However, a much more radical 
problem is that the allocation of 2N electrons to Ν 
"bonds" proposed by Lewis in 1916 has not been particu-
larly valid in transition-group and many other areas of in-
organic chemistry [47, 67]. Stereochemical behaviour can 
be quite specific for a given preponderant electron con-
figuration [5] such as diamagnetic (5 zero) quadratic ρ 2 

systems Br (III), Te (II), I (III) and Xe(IV) and d8 systems 
Ni(II), Cu(III), Rh(I), Pd(II), Ag(III), Ir(I), Pt(II) and 
Au (III) [25] or regular octahedral d3 (5 = 3/2) V(II), 
Cr(III), Mn(IV), Mo(III), Tc(IV), Ru(V), Re(IV), Os(V) 
and Ir(VI) as well as diamagnetic d6 V ( - I ) , Cr(0), Mn(I), 
a few Fe (II), Co(III), Ni(IV), Mo(0), Ru(II), Rh (III), 
Pd(IV), W(0), Ir (III), Pt(IV) and Au(V). However, as 
soon Ν is above 6, there is hardly any rigid stereochemis-
try, and neither any specific preference for a given Ν value, 
as known for lanthanides [23] and for most transthorium 
compounds, excepting MO22 and, to a slighter extent, 
MO2. 

It may be worthwhile finishing this paper with a more 
constructive vista in direction of the future, rather than 
describing the ruins of the paradigms of the past. GLASHOW 
[68] emphasized the utility of "passive experimentation" 
as a parallel alternative to high-energy physics. Thus, 1 % 
of the unexpected element argon was found in the atmos-
phere in 1894; all data before 1932 of nuclear physics 
were obtained using radioactive isotopes extracted from 
uranium and thorium minerals; and the cosmic rays were 
worthy precursors of the huge accelerators. For instance, 
there may be a tiny concentration of technicolor hadrons 
X" with atomic weight somewhere between 100 and a 
million, forming adducts with conventional Z-nuclei and 
behaving as superheavy isotopes of ( Ζ - 1). Hence, the 
abundance (in weight) 10"15 of actinium (to be compared 
with 10 _ s thorium in the Earth's crust) may serve as a 
carrier for 2 3 2ThX [69, 70]. Since 8BeX is not α-radio-
active (like 8 Be is) there is no bottleneck toward nucleo-
synthesis [71 ] and X-containing heavy nuclei may have 
built up shortly after the Big Bang, not waiting for the 
collapse of the first-generation stars. The a-half-life of 
2 4 4PuX and 2 4 7CmX may be close to IO10 years [70] 
allowing detection in minerals, when looking for traces 
of neptunium and americium. 

For a few years, most theorists were convinced that 
quarks are dogmatically confined, 3 in each baryon. 
There is some evidence that concentrations of 10"2S to 
10~20 unsaturated quarks per baryon may have survived 
from the Big Bang (when the temperature was sinking 

below IO13 K). Such amounts (60 to 6 million/kg) are 
on the limit of detectability. The geochemical behaviour 
[72] is expected to be quite different for mobile positive 
quarks bound to electronic systems and for negative 
quarks remaining very close to nuclei (like technicolor X") 
but in both cases, fractional charges ±e /3 cannot be 
neutralized by electrons. 

In 1869, thorium and uranium were outposts in the 
Periodic Table. When Maria Sklodowska and Pierre Curie 
discovered radium 1898, it was realized that the radio-
activity of the (frequently short-lived) isotopes of ele-
ments with Ζ between 83 and 91 did not directly modify 
the chemistry of a given element. When genuine trans-
uranium elements were made after 1940, the same ex-
perience was extended. However, elements with Ζ above 
99 are only available in very small amounts, decreasing ex-
ponentially with Ζ and arriving at a few atoms of the last 
detected [73] with Ζ = 107. Though a major problem is 
a deficit of neutrons, inducing rapid spontaneous fission, 
and enhancing ^-instability, all recent experiments [73] 
bombarding uranium or curium with 4 8 C a , 2 3 8 U , . . . 
have not yielded Z-values above 107 in spite of theoretical 
expectations [74] of certain isotopes with Ζ between 110 
to 114, or close to 126 or 164, being relatively long-lived 
with respect to all decays. This is rather sad, because the 
experience with transthorium chemistry allows better 
predictions of chemical behaviour [6,45] with special 
cases such as the thorium-like [34] system 126 (IV) and 
the palladium-like 7d 8 8s 2 8p 2 164(11) strongly influenced 
by relativistic effects [44] which have been further re-
viewed [75, 76]. 

However, the trans-108 elements may come back via a 
hidden door. There is increasing expectation [77] that 
some systems containing unsaturated quarks have far 
lower rest-mass than an isolated free quark. Not only the 
diquark may be lighter than a single quark, but "quarklei" 
[78] containing (3A - 1 ) quarks may have a rest-mass 
some 20 to 50 atomic weight units (1 amu = 0.9315 GeV) 
higher than a conventional nucleus "containing" 3,4 
quarks, whereas systems with ( 3 . 4 - 2 ) quarks may have 
an excess mass 100 to 1000 amu. Since the vacuum is an 
indefinite source of a pair of a nucleus and the correspond-
ing anti-nucleus, at an energy cost of 2A amu, a free quark 
can then form an adduct with an anti-nucleus, ejecting the 
nucleus, or what may be more appropriate for our pur-
pose, a free anti-quark may react with the nucleus, ejecting 
the anti-nucleus [79]. Though spontaneous fission is ex-
pected to occur at a higher Ζ value than in conventional 
nuclei without unsaturated quarks, there will be a limit 
somewhere. The systems containing unsaturated quarks 
remaining in minerals may hence be relatively heavy fis-
sion products. 
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Abstract 

All known chemical properties of each of the elements 99 (Es) 
through 105 are reviewed and these properties are correlated with 
the electronic structure expected for 5 / a n d 6 d elements. A major 
feature of the heavier actinides, which differentiates them from the 
comparable lanthanides, is the increasing stability of the divalent 
oxidation state with increasing atomic number. The divalent oxida-
tion state first becomes observable in the anhydrous halides of 
californium and increases in stability through the series to nobeli-
um, where this valency becomes predominant in aqueous solution. 
In this range of elements, the II -<· III oxidation potential decreases 
from ~ +1.5 to - 1.5 volts. These observations lead to the conclu-
sion that, in comparison with the analogous 4/electrons, the 5 / 
electrons in the latter part of the series are more tightly bound. 
Thus, there is a lowering of the 5 /energy levels with respect to 
the Fermi level as the atomic number increases. 

The metallic state of the heavier actinides has not been investi-
gated except from the viewpoint of the relative volatility among 
members of the series. In aqueous solutions, ions of these elements 
behave as "normal" trivalent actinides and lanthanides (except for 
nobelium). Their ionic radii decrease with increasing nuclear charge 
which is moderated because of increased screening of the outer 6 ρ 
electrons by the 5/electrons. These relative ionic radii have been 
obtained from comparisons of the elution position in chromato-
graphic separations. 

Lawrencium (Lr) completes the actinide series of elements with 
an electronic configuration of 5 / 1 4 7 s J 7 p. From Mendeleev's per-
iodicity and Dirac-Fock calculations, the next group of elements 
is expected to be a ¿/-transition series corresponding to the ele-
ments Hf through Hg. The chemical properties of elements 104 
and 105 only have been studied and they indeed appear to show 
the properties expected of eka-Hf and eka-Ta. However, their 
nuclear lifetimes are so short and so few atoms can be produced 
that a rich variety of chemical information is probably unobtain-
able. 

Introduction 

Because of the nuclear instabilities of these man-made 
elements, the range of atomic and chemical properties 
that are accessible to experimental study are indeed limited 
in comparison with the vastly wider spectrum of informa-
tion obtainable from the naturally occurring elements. 
Among the basic chemical properties of the heavier acti-
nides which have been investigated are the behavior of 
these ions in solution which includes separation chemis-
try, complex-ion formation, oxidation-reduction reactions, 
electro-chemistry, hydration, and absorption spectra. Our 
experimentally derived knowledge becomes scantier for 
other chemical forms and states of these elements as, for 
example, the organometallic compounds and the elemental 
and solid states. Atomic and physical-chemical properties 
are almost entirely unknown for the elements heavier than 
einsteinium, except where derived by theoretical extrapola-
tions. Nevertheless, all of the bits of knowledge so far ob-
tained allow us to piece together a rather clear picture of 
the basic chemistry of these elements. 

A condensed scheme that summarizes the valence states 
and numbers of 5/electrons in each state is shown for the 
actinides in Fig. 1. Elements within the first half of the 
series are stable in IV, V, and VI valence states, while the 
divalent state is almost unknown in this group. However, 
one of the major features uncovered in the investigations 
of the heavier actinides was a finding of increasing stability 
of the divalent state with progressive increases in atomic 
number. This trend, like the high and stable valences in the 
lighter members of the series, sets the actinides apart from 
the comparable lanthanide series and can be generally in-
terpreted on the basis of subtle changes in electronic struc-
ture. The most important change occurring with increas-
ing Ζ is a marked lowering of the 5 f energy levels with 

The detailed chemistry of the heavier actinides has only 
become discernable when berkelium, californium, and 
einsteinium first became available in appreciable quantities 
within the past 12—15 years. Microgram to milligram 
quantities of these elements were necessary for service as 
target isotopes in producing tracer amounts of even heav-
ier actinides by charged particle bombardments. In addi-
tion, these quantities permitted progress in understanding 
the chemical properties of the transcurium elements (Bk-
Es) beyond that gathered from tracer-scale experiments. 
However, with each step in atomic number above that of 
Es (element 99), wè know less and less of each element's 
chemistry because of the increasingly shorter lifetimes of 
the nuclides and because of the difficulties in synthesizing 
sufficient numbers of atoms. 
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Fig. 1. Schematic of actinide oxidation states and associated 5 / 
electronic structure. 
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respect to the Fermi level and a widening separation be-
tween the 5/ground states and the first excited states in 
the 6 d or 7 ρ levels. Thus, removing an outer 5/valence 
electron becomes increasingly difficult until divalency pre-
dominates in the next to last actinide element in the series. 
These and other general features of the chemistry of the 
heavier actinides are summarized after the review of law-
rencium. 

Einsteinium 

Product ion 

during long neutron irradiations. The yearly production 
of 2 5 3 Es from 1962 onward is shown in Fig. 2. The pro-
duction of 2 5 3 Es has by now leveled off at a rate of about 
two milligrams per year while the amounts of 2 S 4 gEs and 
2 5 5 Es are necessarily limited by the fission destruction of 
2 5 4 Es to about 0.3 and 0.06 percent of the 2 S 3Es quanti-
ties, respectively [1], Prior to 1969, einsteinium and the 
other transplutonium elements were produced by the in-
dividual National Laboratories but an overall U.S. produc-
tion program, maintained at the Oak Ridge National Labo-
ratory by the U.S. Department of Energy, has since super-
seded those individual efforts, 

The isotopes 2 S 3Es and 2S4gEs, with half lives of 20.5 
and 275.7 days, respectively, can be produced in high-flux 
nuclear reactors in sufficient quantities for chemical in-
vestigations. Starting with neutron capture by 2 3 8 U, the 
production of 2 5 3Es proceeds through a long chain of 
further captures and beta decays by intermediate nuclides 

Yearly production of Einsteinium 

Fig. 2. Yearly production of 2 5 3 Es in the United States. 

Atomic Properties 

The electronic configurations of einsteinium in neutral and 
singly ionized gaseous atoms have been determined from 
emission spectra taken with electrodeless discharge lamps 
containing Esl3. Although the first emission spectrum of 
einsteinium revealed only 9 lines [2], the most recent ex-
posures using the 10-m spectrograph at the Argonne Na-
tional Laboratory are expected to show some 20,000 lines 
[3], Unfortunately, the measurements on these photo-
graphic plates are incomplete and the electronic configura-
tions given in Table 3 are based on term assignments to a 
portion of the 290 lines observed earlier by WORDEN et 
al. [4]. It should be noted that not all of the lowest energy 
electronic configurations have been observed yet. BREWER 
has tabulated his estimated energies of the lowest level of 
the lowest spectroscopic term for each electron configura-
tion [5, 6]. For the singly ionized free atom, it is apparent 
from his estimates that t h e / 1 0 s 2 , / 1 2 a n d / 1 l d levels 
should be lower in energy than the first excited level f u p 
observed by WORDEN and others [4]. Other atomic prop-
erties from atomic beam and X-ray measurements are listed 
in Table 1. 

Table 1. Atomic properties of einsteinium (2 S 3Es) 

Ground level Other levels Energy 
(cm" 1) 

Neutral, I 

Singly ionized, II 5 / " 7 Î , S IJ 

5 / " 7 ΐ 7 ρ , ' 

5 / " 7 Î 8 Î , ' 
5 / " 7 ρ , Μ , 
5 / 1 0 6 d 7 î 

M S / 2 
! 1 7 / 2 

' ΐ 5 / 2 > % 

17 802.89 
19 367.93 
33 829.35 
27 751.12 
32 897.77* 

Property Value Reference 

First ionization potential 
Nuclear spin 
Nuclear dipole moment 
Nuclear quadrupole moment 
Κ X-ray energies 

6.42 ± 0.03 eV (calculated) 
7/2 

μΐ = 4 . 1 0 ± 0 . 0 7 μ Ν 
Q s = 6.7 ±0 .8 bams 
Κα , 112.501 ± 0.01 keV 
Κα, 118.018 ±0.01 
Κβ3 131.848 ±0.02 
K0, 133.188 ±0.02 

(7,81 
[41 
[91 
[91 
[10] 

* May not be the lowest level of this configuration. 



Chemistry of the Elements Einsteinium through Element-105 9 

Metallic State 

The high specific radioactivity of einsteinium has greatly 
limited the investigations of the metal. Of the two at-
tempts to prepare the metal and determine its structure, 
the successful method employed electron diffraction rath-
er than X-ray diffraction. The latter was largely incon-
clusive because of degradation of the metal's crystallinity 
caused by self-irradiation. The electron diffraction lines 
from eleven samples were indexed on the basis of a face-
centered cubic structure with a0 = 0.575 ± 0.001 nm [11 ]. 
This fee form of einsteinium metal is believed to be di-
valent because it has the same lattice parameter as reported 
for the divalent form of californium metal. 

A melting point for the metal was also noted while 
heating the samples in the electron microscope used for the 
diffraction measurements. Micro puddles of the metal 
formed during the heating and, after calibrating with met-
als of known melting points, a temperature of 860 ± 50 °C 
was established as the melting point of einsteinium metal. 

Further evidence for divalency in Es metal has come 
from studies comparing the condensation temperatures of 
elemental lanthanides and actinides in thermochromato-
graphic columns [12]. The trivalent metals Sc, La, and Bk 
were not volatilized at the initial temperature of 1425 °K, 
whereas the metals of Yb, Es, Fm, and Md were vaporized 
and later condensed at the same temperature ( ~ 700 °K). 
The behavior of divalent Eu, Sm, and Ca metals was inter-
mediate between those extremes. Since volatilities are cor-
related with promotional energies and the number and 
energy of the valence bonds, the more volatile actinides 
are associated with the divalent metals. The estimates of 
NUGENT et al. [13] for the enthalpy of sublimation of 
lanthanide and actinide metals closely agree with the 
relative volatilities found in the thermochromatographic 
study reported above. Furthermore, WARD and colleagues 
[14] have recently completed detailed analyses of the co-
hesive energy of the actinide metals (entropies and heats 

of sublimation), in which they also indicate that einsteini-
um is a divalent metal. 

The thermal conductivity of einsteinium has been 
estimated to be 10 Wm" 1 K"1 a t300°K[15] , 

C o m p o u n d s 

Only a few simple compounds of einsteinium have been 
prepared and structurally identified because of problems 
associated with self irradiation. Aside from self-destruc-
tion of the crystal structures, there is a rapid in-growth 
of the α-daughter 2 4 9 Bk; the L, M, and Ν X-rays, emitted 
following α-decay, blacken the X-ray film used in Debye-
Scherrer cameras within 10 to 20 minutes with microgram 
samples o f 2 S 3 Es or 2 S 4 gEs. A synchrotron radiation 
source may be the only way of overwhelming this sample 
background source of radiation with sufficient intensity 
of monochromatic radiation to permit diffraction measure-
ments. 

The known compounds of einsteinium are listed in 
Table 2 together with the rather sparse information detail-
ing their properties. Divalent compounds were not identi-
fied by their crystal structure, but by adsorption spectra 
of their halides, taken with crystallites, of samples first 
melted and then quenched. These spectra show a sharp 
difference in the / /absorp t ion bands when compared to 
the corresponding spectra of the trivalent halides (Fig. 3). 
We emphasize that the apparent stability of the divalent 
oxidation state in einsteinium was not realized until a 
decade ago and that this feature in the heavier actinides 
clearly sets this series of elements apart from the later ele-
ments in the 4 / series. 

Electron paramagnetic-resonance spectra of divalent 
einsteinium have been recorded in single-crystal hosts of 
CaF2 [16], BaF2, and SrF2 [17]. Reduction of Es3 + to 
ES2+ was spontaneous from electron displacement caused 
by the α-radiation. A 5 / 1 1 configuration with a ground 

Table 2. Simple compounds of di- and trivalent einsteinium characterized by either structural or spectroscopic analysis 

Compound Structural 
type* 

Lattice parameters 
( a , , b , , c „ in nm; β in °) 

Major absorption 
bands 

Reference Compound Structural 
type* 

A. b» c„ β (10s m " ' ) 

Reference 

ESjOJ MnjOj-bcc 1.0766 ±0.0006 _ 22 
Es CI 3 UClj-hex 0.740 ±0.002 0.407 ±0.002 (see Ref. 23) 23, 24 
EsQ, - 11.1, 18.5, 24.5 25, 26 
EsOCl PbFCl-tetra 0.3948 ± 0.0004 0.6702 ± 0.0019 - 23, 24 
EsBr3 AlClj-mono 0.727 ±0.002 1.259 ± 0.003 0.681 ± 0.002 110.8 ± 0.2 12.6, 19.8 27 
EsBr2 - 11.2,18.3 25 
EsOBr - (no published data) 23 
ESI 3 Bil3-hex 0.753 2.084 (see Ref. 23) 23, 28 
ESI 2 -

0.753 
11.2, 18.5 25 

EsOI - (no published data) 23 
E S F 3 - 13.2, 20.3 23 

* bcc = body-centered cubic 
hex = hexagonal 
tetra = tetragonal 
mono= monoclinic 
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Fig. 3. Absorption spectra of the divalent einsteinium halides and 
trivalent EsBr,. Reprinted with the permission of the 

J. Phys. Collo. (Ref . 25). 

state close to the 4 I ,5 / 2 level, but with a small admixture 
of the 2 K j 5 , was found, which indicated the cubic 
crystal-field only slightly perturbs the inner 5/ orbitals. 

A possible tetravalent compound EsF4 may also exist, 
as judged by comparing the volatility of an einsteinium 
fluoride with PuF4, AmF4, CmF4, BkF4, and CfF4 [18]. 
The /-/electronic spectrum of the Es4+ free ion has been 
calculated by VARGA and coworkers [19]. NUGENT et al. 
[20] and LEBEDEV [21 ] estimated a III -> IV oxidation 
potential of -4 .6 V which NUGENT thought might allow 
the synthesis of the compound Cs3 EsF7. 

Separation and Purification 

The chemical recovery of einsteinium (and Bk, Cf, and 
Fm) after irradiation is performed remotely in large shield-
ed cells. Details of the chemical separation processes used 
in the United States and by the Soviets at the Kurchatov 
Institute of Atomic Energy have been reviewed by HuLET 
and BODE [29] and by KOSYAKOV and coworkers [30], 
respectively. Nearly all of the separation steps used in 
these large-scale processes were developed earlier for appli-
cations in laboratory separations, but extensive modifica-
tions were required to adapt them to the special and nearly 
always adverse conditions encountered in remote opera-
tions with very high levels of radioactivity present. These 
separation processes are unlikely to be scaled up further 
as, for instance, for the recovery of transplutonium ele-
ments during the reprocessing of fuel from power reactors. 

This is largely because they were born in the laboratory 
where corrosive chemicals could be easily contained in 
glass apparatus and where the chemist could oversee the 
difficult chromatographic separations. 

Purification of einsteinium requires two difficult sepa-
rations: 1) from lanthanide fission products and 2) from 
adjacent actinides. The main difficulty arises from the great 
similarity in the chemical properties of their trivalent ions. 
Fortunately, the contraction in size of the aqueous ions 
with increasing atomic number can be exploited with com-
plexing ligands to offer slight variations in complex 
strengths between members of either series o f / elements. 
Chromatographic methods then exploit these small chem-
ical differences many times over to give useful separation 
factors for the tri-positive elements. 

Separation of einsteinium from the lanthanides is usual-
ly accomplished by elution with either \3MHCl or 20 
vol % ethanol saturated with HCl from an ion-exchange 
column containing a strongly acidic cation exchange resin 
[31 ]. Einsteinium and the other actinides are rapidly eluted 
in a band while the trivalent lanthanides are retained and 
eluted somewhat later. The purification of einsteinium 
from many milligrams of lanthanides necessitates an anion-
exchange procedure using 10M LiCl as an eluant [32]. 
With this elution method, Cf, Es, and Fm are separated 
from all lanthanides, Pu, Am, and Cm with separation fac-
tors ranging from 4 to 23. 

The intragroup separation of einsteinium from adjacent 
actinides can be performed by either of two chromato-
graphic methods. In the ion-exchange method the trivalent 
actinides are eluted with a complexing agent such as 2-
hydroxy-2-methylpropanoic acid (a-hydroxyisobutyric 
acid or αΗΙΒ) from a heated column of cation exchange 
resin containing a strongly acidic, highly cross-linked resin 
[33]. Such columns are often run at pressures up to 17.2 
MPa to force the eluant through the very fine particles 
of ion-exchange resin [34]. The second method employs 
extraction chromatography in which the extractants, 
either bis(2-ethylhexyl) phosphoric acid (HDEHP) or 2-
ethyl-hexylphenyl phosphonic acid (HEH0P ), are ab-
sorbed on an inert support material [29]. An eluant of 
approximately 0.3 to 0 A M HCl or HN03 provides dis-
tribution coefficients appropriate for Es-Fm separations. 
Table 3 summarizes the separation factors (ratio of dis-
tribution coefficients) obtainable by each of these meth-
ods. Clearly, the purification of Cf from Es is the poorest; 

Table 3. Separation factors (S = K d ( Z ) / K d ( z + 1 ) / o r Es/Έτη and 
Cf/Es obtained with acidic extractants and by cation-exchange. 

Average values from Ref. 29, p. 11, and Ref. 35 are listed. 

Elements αΗΙΒ 
(87 °C) 

HDEHP 
(60°C) 

HEH0P 
(25 °C) 

S 
(HCl) ( H N O , ) 

S S 
HCl 

S 

α 
Es 
Fm 

1.5 
1.7 

0.99 1.02 
2.04 2.20 

1.3 
2.5 

"1 1 1 1 Γ 
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hence, the cation exchange method is preferred because 
of the larger separation factor. The significant difference 
between the two methods of chromatographic separation 
lies in a reversal of the elution sequence with atomic num-
ber. 

So lu t ion Chemis t ry 

Trivalent ions 

Across the actinide series from Pu to Lr, the solution prop-
erties of the An 3 + ion vary only slowly and in a regular 
manner. Thus, much of the behavior described for tri-
valent actinide ions can be safely extrapolated to estimate 
that of ES3+ . Bonding with ligands is almost entirely at-
tributed to electrostatic forces, but with some second-
order contribution from covalent sharing of electrons due 
to the relatively large radial extension of the 5 f orbitals. 
The ionic radius of Es3 + has been calculated from the six-
coordinated sesquioxide to give a value of 0.0928 nm [22], 
or about 1 pm smaller than the radius of Cf 3 + . Einsteini-
um is stable only as the trivalent ion in aqueous solution. 

A number of measurements of the absorption spectrum 
of 2 5 3 Es3 + have been made over the energy range of 9430 
to 34,000 c m - 1 [ 3 6 - 3 9 ] . The band structure (12 peaks) 
observed could be reasonably well fitted in both energy 
and intensity by assuming Es 3 + behaved as a free ion and 
that the f-f transition arose from eigenstates which were 
strongly mixed because of coupling that is intermediate 
between L-S and j-j [37—40]. These assumptions follow 
closely those used in fitting calculated levels to identified 
absorption bands in preceeding members of the actinide 
(and lanthanide) series. 

Studies of the complex-ion chemistry of Es3 + have 
been made in conjunction with measurements of the 
stability constants of other trivalent actinides. A summary 
of the known stability constants for einsteinium complexes 
is shown in Table 4. Fig. 4 is illustrative of the trend of 
greater complex formation with increasing atomic num-
ber for the trivalent actinides. The step-wise increase in 
ß3 between Cm and Bk, often seen as part of the tetrad 
effect, is related to the first pairing of a 5/e lect ron at Bk 
after half filling the 5/shel l in Cm. With the possible ex-
ception of the two lower thiocyanate complexes, the chlo-
ride is the only outer-sphere complex, in which waters of 
hydration lie between the ligand and einsteinium ion. The 
remaining complexes are believed to be inner-sphere as in-
ferred from the increase of a given stability constant with 
an increase in atomic number and from the enthalpy and 
entropy of formation of the complex. 

Hydrated radii and hydration numbers for the An 3 + 

ions have recently been derived from migration rates in an 
electric field and from STOKES' LAW [48]. The hydrated 
ions of einsteinium and fermium are the largest in the 
series Am 3 + to Md 3 + ; the hydrated radius of einsteinium 
is 0.492 nm which would allow 16.6 molecules of water 
in the total hydration sphere. Several parameters of thermo-
dynamic interest have been measured or estimated; e.g. 

Table 4. The stability constants of Es 3 + complexes 

Complex Stability constant 
log 0, log 02 log p3 

Reference 

EsCl2 + - 0 . 1 8 [41] 
EsOH2 + 8.86 [42] 
Es ( S 0 4 ) 3 _ 2 n - 2 . 1 9 - 4 . 3 - 4 . 9 3 [43] 
Es(SCN)-j - n 0.559 - 1 . 4 0.468 [44] 
EsHCi t 2 - 10.6 
Es(Cit)f~ 12.1 

[45] 

Es(HIB)2 + 4.29 
Es(tartrate)+ 5.86 [46] 
Es(malate)+ 7.06 
EsDETPA 2 - 22.62 
EsDACTA - 19.43 [47] 
EsEDTA 19.11 

Gt = citrate ion 
aHIB = 2-hydroxy-2-methylpropanoate ion 
DEPTA = diethylenetriaminepentaacetate ion 
DACTA = 1,2-diaminecyclohexanetetraacetate ion 
EDTA = ethylenediaminetetraacetate ion 

0.02 

Fig. 4. First three stability constants of the actinide(III) thiocya-
nate complexes as a function of atomic number. Redrawn from 

the data of HARMON and PETERSON (44). 

the molar activity coefficient of Es 3 + in NaN0 3 solution 
[49] and the free energy, enthalpy, and entropy of forma-
tion of ES3+ in aqueous solution [21, 50, 52]. The values 
ΔΗ° = 595.8 ± 21 kJ mole" 1 , ASf° = 76.1 J mole ' 1 K" 
and AF° 5 7 3 ± 17 k J m o l e - 1 given b y DAVID and col-
leagues [50] were obtained from an entropy prescription 
and the standard reduction potential, III -» 0, described 
in the following paragraph. 

For the purpose of measuring the electropotential, re-
duction of the trivalent einsteinium ion to the metal (Hg 
amalgam) has been performed by polarographic methods. 
A single half-wave representing the III -*• 0 reduction poten-
tial was observed [53]. The potential found for the com-
bined reactions of reduction and amalgamation was 
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— 1.460 ± 0.005 V. After correcting for the amalgamation 
energy by an empirical method suggested by NUGENT [52], 
the standard potential derived was — 1.98 V relative to the 
standard hydrogen potential. Because the amalgamation 
energy represents a large correction, caution should be ex-
ercised in using the standard potential in thermodynamic 
calculations. 

Divalent ions 

The divalent state is of major importance and has attracted 
the interest of many experimenters since 1967 when the 
appreciable stability of this state was first recognized in 
the actinides. The III -*• II reduction potential of einsteini-
um was first estimated to be — 1.6 V from the lowest ener-
gy electron-transfer band [55]. A later estimate of - 1 . 2 1 
V was obtained for chloroaluminate melts [56] as well as 
another estimate of the standard potential of — 1.18 V 
[21]. MlKHEEV and coworkers identified Es(II) from the 
cocrystallization of einsteinium tracer with SmCl2 in an 
ethanol solution [57]. Einsteinium was only partially re-
duced to the (II) state by SmCl2 which allowed them to 
conclude that the standard reduction potential of Es3 + 

was close to that of Sm 3 + , or - 1 . 5 5 ± 0.06 V [58]. An 
ionic radius of 0.105 nm was estimated from the radius of 
maximum electron density obtained in Hartree-Fock cal-
culations, which was then corrected to obtain the crystal-
line radius by an empirical proportionality constant [59]. 

Few atom chemistry 

Beginning with fermium and with each advancement in 
atomic number beyond, the amounts of these rare ele-
ments that can be made available for chemical research are 
measured in atoms rather than fractions of a gram. Weigh-
able quantities cannot be synthesized and we speak of 
"atom chemistry" and even "one-atom-at-a-time chemistry" 
for the heaviest actinide and transactinides. These realities 
are illustrated in Table 5, which also points to a second 
grave obstacle to chemical research with the elements listed, 
namely, the sharply decreasing nuclear half-lives. Clearly, 
with these limitations on the time in which to complete 
an experiment and the few atoms available, many funda-
mental and important physical and chemical properties 
are outside the domain of experimental measurement. 

If we observe the chemical behavior of fewer than a 
hundred atoms, can we be reasonably certain that our ob-

Table 5. Half-lives and numbers of atoms available for the chemi-
cal investigations of the heaviest actinides 

Isotope Half-life Average atoms 
per experiment 

2 5 5 Fm 20.1 h 1 0 " 
2S<iMd 77 min 106 

2 " N o 3.1 min 103 

2 5 6 Lr 31 s 10 

servations represent the " t rue" chemistry of an element? 
This troublesome question has only recently been address-
ed and a rational response is now available. BORG and 
DIENES [60] considered the rate of approach to a thermo-
dynamic equilibrium in an ensemble where only a few 
atoms of an element are present. Taking a single-step ex-
change reaction, 

k t , 
MX + Y ^ ^ M Y + X , 

k2 

as one commonly encountered, they assume a displace-
ment mechanism illustrated in the simple activation ener-
gy diagram of Fig. 5. If AG^ was less than ~ 15 to 17 
kcal, the residence time in each state MX or MY was cal-
culated to be very short and an equilibrium would be 
rapidly (1 s) reached. This assumes a collision frequency 
of the same magnitude as vibration frequencies, or about 
1014 s " 1 . Once equilibrium is reached, the fractional 
average time an atom spends as MY or MX is proportional 
to the equilibrium value of (MY)/(MX). Thus, an experi-
mental measurement of (MY) and (MX) with very few 
atoms of M present will yield an equilibrium constant 
statistically close to the " t rue" value provided both states 
are rapidly sampled. They calculated from the binomial 
law that with as few as 10 atoms of M, the probability of 
obtaining twice the most probable value in an experimental 
measurement was 10% or less when the fraction of either 
species was greater than 1 %. 

Fig. 5. Activation energy diagram for a single-step exchange reac-
tion. 

Fermium 

Several Fm isotopes with half lives of nearly a day to 100 
days are available in amounts of 109 atoms or more. The 
nuclides 2 5 s Fm and 2 5 7 F m are conveniently used for 
chemical investigation of Fm; they are obtainable as prod-
ucts from long neutron irradiations of 2 4 2 Pu and 2 4 4 Cm. 
The 20-h 2 S S Fm is generated by the beta decay of 40-d 
2 5 5 Es produced in the neutron irradiations. By chemically 
isolating the Es and periodically reseparating Fm from its 
parent, one can secure a fairly long-term source of 2 S S Fm 
adequate for all tracer experiments. 
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The ground-state electronic configuration of Fm is 
5 / 1 2 7s2 or an 3 H 6 level [61 ]. This was established by an 
atomic-beam measurement of the magnetic moment g. of 
3.24-h 2 5 4 F m . In this elegant measurement, FmF 3 was 
reduced with ZrC2 in an atomic-beam apparatus to pro-
duce a beam of neutral Fm atoms. Three magnetic reso-
nances were detected and the best value for gj was calcu-
lated. To obtain the level term, it was necessary to extra-
polate the mixing due to intermediate coupling in the 
electron spin-orbit interactions (j-j and L-S). These extra-
polations were made from lower actinides and supplemen-
ted by Hartree-Fock calculations for free atoms. From 
similar calculations, the next higher level is predicted to be 
s G 7 starting about 20,000 c m - 1 above the ground state 
and having the configuration 5 / 1 1 6 d 7s 2 . However, the 
fi2sp a n d / 1 1 s2p configurations are very close in energy 
[5] to the Z 1 1 ds2 so that it is impossible to unambiguously 
estimate the next level above the ground state. 

The electron binding energies of Fm have been meas-
ured for the K, L, _ 3, N1 _ 5 , N6 7 , O, _ 3 , 0 4 5 , and Ρ 
shells [62, 63]. These were determined to an accuracy of 
10 eV by conversion-electron spectroscopy in the beta 
decay of 2 5 4 m E s to 2 5 4 F m . A surprisingly low binding 
energy for the P2 3 (βρι,2 3/2) shell of 24 ± 9 eV was 
found. Predicted values aenved either from extrapolations 
of those measured in lower actinides or calculated by 
Hartree-Fock and relativistic local-density methods are 
about 20 to 60 eV higher in energy. However, relativistic 
Dirac-Fock calculations with the addition of a Lamb shift 
correction gave binding energies in excellent agreement 
with the experimental ones [64]. As the authors suggested, 
a binding energy of 24 eV might provide a possibility for 
6 ρ involvement in chemical and spectroscopic interactions. 

The properties of Fm metal and of its solid compounds 
are for the most part unknown because there are insuffi-
cient quantities to prepare even micro-samples. In the 
numerous thermochromatographic studies by ZVARA and 
coworkers, the evaporation of Fm and Md tracer from 
molten La at 1150°C was compared with the behavior of 
other selected lanthanides and actinides [65]. The volatility 
of Md and Fm was found to be greater than that of Cf, and 
Cf was about equivalent to Yb and Eu. All were much 
more volatile than Am and Ce. A later study at this Labo-
ratory by HÜBENER [12] extended these studies by com-
paring the adsorption of elemental Cf, Es, Fm, and Md in 
the gaseous state on the Ti surface of a thermochromato-
graphic column. Since they had established that for the s 
and/e lements there was a correspondence between the 
metallic valence and the deposition temperature, their pur-
pose was to characterize the metallic state properties of 
the heavy actinides which are available only in trace a-
mounts. On the basis of virtually equal deposition tempera-
tures, HÜBENER concluded that Cf, Es, Fm, and Md were 
divalent metals, although Cf condensed at a slightly higher 
temperature than the other actinides. Ytterbium behaved 
the same as the Es, Fm, and Md, but Eu and Sm condensed 
at a temperature 300° higher. The evaporation rates of 
Cf and Fm from molten U have also been found to be 

equal [66] which again shows that if Cf is to be considered 
a divalent metal, then so should Fm metal. 

The separation methods for Fm are the same as those 
used for separating other trivalent lanthanides and acti-
nides. Additional methods for separating trivalent actinides 
from lanthanides are given in the Separation and Purifica-
tion section on einsteinium. For separating the adjacent 
elements, Es and Md, a high-resolution chromatographic 
method is necessary. Either ion exchange, using strongly 
acidic resins [67], or extraction chromatography employ-
ing alkylphosphoric acids [68] is strongly preferred. A 
complexing agent (α-hydroxyisobutyric acid) is required 
to selectively elute the actinides from cation-exchange 
resins. The separation factors, defined as the ratio of the 
distribution coefficients of two metal ions, are small for 
both cation exchange and extraction chromatography. 
These factors range from 1.7 to 2.04 for Es-Fm separa-
tions using a Dowex-50 cation exchanger [67] or extrac-
tion chromatography with HCl as the eluant and bis (2-
ethylhexyl) phosphoric acid diluted with heptane as the ex-
tractant [69]. The Fm-Md separation factors obtained by 
these two methods were 1.4 and 4.0, respectively [67, 69]. 

The solution chemistry of Fm deals largely with the 
highly-stable tripositive oxidation state, although the di-
positive state is also known. Formation constants for cit-
rate complexes [70] and the first hydrolysis constant have 
been accurately determined for F m 3 + [71, 72], Since the 
formation and hydrolysis constants for Am, Cm, Cf, and 
Es were measured simultaneously with those for Fm, the 
complex strengths of many of the trivalent actinides can 
be compared [72]. All constants were determined at an 
ionic strength of μ = 0.1 in a Perchlorate medium by meas-
uring the partitioning of the radioactive tracers between a 
thenoyltrifluoroacetonate-benzene phase and the aqueous 
phase. The results for Fm may be expressed as follows: 

F m 3 + + H 2 0 ^ = ^ F m 0 H 2 + + H + ; log Κ = - 3 . 8 0 ± 0 . 2 

F m 3 + + 2 H 3 C i t ^ F m ( H C i t 2 ) 2 - + 5 H + ; 
log/?! = 11.17 

F m 3 + + 2 H 3 C i t ^ F m C i t i _ + 6 H + ; log = 1 2 . 4 0 

Compared to the other actinide ions investigated, Fm 
formed stronger complexes with citrate and hydroxyl ions 
because of its smaller ionic radius. The smaller radius is a 
direct consequence of the increased nuclear charge with 
partial shielding of the outermost 6 ρ electrons by the inner 
/electrons. 

The reduction of F m 3 + to F m 2 + was first reported in 
1972 by Ν. B. MlKHEEV and coworkers [73], The reduc-
tion was accomplished with Mg metal in the presence of 
Sm 3 + which was coreduced in an aqueous-ethanol solu-
tion. Identification of the divalent state of Fm was estab-
lished by determining the extent of its (»crystallization 
with SmCl2 and this was compared to the amount of tracer 
Sr2 + also carried with SmCl2 . A milder reductant, Eu2 + , 
failed to reduce F m 3 + , which placed the standard reduc-
tion potential of Fm 3 + between Eu 2 + and Sm 2 + or - 0 . 4 3 
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Amalgamation potential 

A , - ( E % ) - E° (0 - II) 

to - 1 . 5 5 V relative to the standard Pt, H2 ¡ H+ electrode. 
Later work [74] by these scientists narrowed the range to 
between —0.64 and —1.15V and, most recently, they 
were able to estimate the potential was the same as the 
Yb 3 + Yb2 + couple within 0.02 V, or - 1 . 1 5 V [75, 76], 
This estimate was based on measuring the ratio of Fm(III) 
to Fm(II) during the cocrystallization of Fm(II) with 
SrCl2 while changing the ratio of Yb(II)/Yb(III) in each 
experiment. The difference between the standard poten-
tials of Fm and Yb is then easily determined from the 
Nernst equation. The reduction of Fm to a divalent ion 
with SmCl2 has also been observed recently by HULET 
et al. [77], 

In further work related to the divalent state, the elec-
trode potential for the reduction of Fm2 + to Fm° has 
been measured by SAMHOUN and DAVID [78]. Over a 
period of years, they developed and refined a radiopolaro-
graphic technique for determining half-wave potentials at 
a dropping-Hg cathode. In addition to Fm, they have meas-
ured either the III -»· 0 or II -* 0 potential for all transplu-
tonium actinides except Lr [53, 78, 79]. The polarograph 
for Fm is shown in Fig. 6. The electrochemical reaction 
taking place at a reversible electrode can be deduced from 
the slope of the polarographic wave. Specifically, the num-
ber of electrons exchanged at the electrode, based on the 
Nernst equation, is obtained from this slope. From their 
analysis of the polarograms, there were three electrons in-
volved in the electro-chemical reduction of the trivalent 
ions of the elements Am through Es and only two electrons 
for the reduction of Fm, Md and No. This implies that 
Fm3 + was first reduced to Fm 2 + before being further re-
duced to metal. The III II reduction step is not detected 
by this radiopolarographic technique because both III and 

< < 

-1.70 -1.75 -1.80 

Potential relative to see (V) 

-1.85 

Fig. 6. Distribution of Fm as a function of applied voltage between 
mercury in a dropping Hg cathode and 0.1 M tetramethyl ammoni-
um Perchlorate at pH = 2.4. The slope of the logarithmically-trans-
formed line indicates two electrons were exchanged in the electrol-

ysis reaction (Ref. 79). 

1.6 1.8 
Atomic radii - Λ 

Fig. 7. Amalgamation potentials, Δ , , derived from experimental 
data are plotted as a function of the atomic (metallic) radii. The 
amalgamation potential for Fm is obtained by using an estimated 

radius. Partially redrawn from Ref. [52]. 

II ions are in the solution phase, whereas the measured 
parameter is the distribution of the tracer between the 
aqueous and Hg phase. The half-wave potentials measured 
by this method include the amalgamation potential of the 
metal-mercury reaction. The potential for the overall 
process for Fm, Le. 

Fm 2 + + 2e" = Fm(Hg), 

was found to be — 1.474 V with reference to the standard 
hydrogen electrode. The amalgamation potential was esti-
mated to be 0.90 V by using the metallic radius as a cor-
relating parameter and interpolating within a series of di-
valent elements with known amalgamation potentials [52]. 
This correlation is shown in Fig. 7. The standard electrode 
potential is then given as —2.37 V for the Fm 2 + + 2e" = 
= Fm° reaction. The authors' estimated 5 mV accuracy for 
the measured half-wave potential seems reasonable, but 
there is a much larger uncertainty in the estimated amalga-
mation potential. 

Mendelevium 

The isotope 2S6Md is nearly always employed for chemical 
studies of this element. Besides having a convenient half-
life of 77 min, this nuclide can be made with millibarn 
cross sections by a number of nuclear reactions using light 
or heavy ions with actinide target nuclei. We have found 
that the bombardment of fractions of a microgram of 
2 S 4 Es with intense alpha-particle beams will produce ~ 106 

atoms of 2S6Md in one to two hours of irradiation time. 
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Table 6. Comparison of the extraction behavior of tracer einsteinium, fermium, and mendelevium after treatment with 
various reducing agents. The column-elution method of extraction chromatography was used with the extractant HDEHP 

adsorbed on a column bed of a fluoroplastic powder. Ref. 80 

Conditions for Standard potential % Non-extracted by 
reduction of reducing agent HDEHP column 

(volts) 
Md Es-Fm 

Zn (Hg) amalgam in 
upper half of extrac- - 0 . 7 6 3 77 0.10 
tion column 

0 . 0 1 M E U 2 + , 0 .1 Λί HCl, 
~ 2 - 3 min, 80°C; Zn(Hg) 
amalgam in upper half of 1 0 υ ι υ 

extraction column 

0.6Λί Cr 2 + , 0.1 Λί HCl, 
~ 2 min, 25 °C; extraction -
column prewashed with y y υ · 5 ° 
0.6 M Cr 2+ in 0.1 Λί HCl 

The 2 5 6 Md is most easily detected through spontaneous 
fission arising from the ingrowth of its electron-capture 
daughter, 2 s 6 F m . A difficulty with using spontaneous-
fission counting to determine the Md content of samples 
is that the growth and decay of fission radioactivity in each 
sample must be followed with time in order to resolve the 
amounts of Md and Fm initially present. However, alpha-
particles of a distinctive energy coming from a 10% alpha-
decay branch can also be used to identify 2 S 6 Md in a mix-
ture of actinide tracers. 

The volatility of mendelevium metal has been com-
pared with that of other actinide metals [12, 65]; these 
results were described in the fermium section. Because of 
the high volatility found, mendelevium was believed to be 
a divalent metal. 

There are no experimental verifications of the electron-
ic structure of Md, but this has been calculated by several 
methods to be 5 / 1 3 7s2 in which the ground state level 
i s 2 F 7 / 2 [5], 

The separation of Md from the other actinides can be 
accomplished either by reduction of Md 3 + to the divalent 
state [80] or by chromatographic separations with Md re-
maining in the tripositive state. Historically, Md3 + has 
been separated in columns of cation-exchange resin by 
elution with α-hydroxy isobutyric acid solutions [67]. 
This method is still widely used even though extraction 
chromatography requires less effort and attention to tech-
nique. HORWITZ and coworkers [69] developed a highly-
efficient and rapid separation of Md 3 + by employing 
HNO3 elutions from columns of silica powder saturated 
with an organic extractant, bis(2-ethylhexyl) phosphoric 
acid. The separation of Md from Es and Fm could be 
completed in under 20 minutes and had the advantage of 
providing final solutions of Md free of complexing agents 
that might be an interference in subsequent experiments. 

When the divalent state of Md was first discovered, ex-
traction chromatography was used to prove that the be-
havior of Md2 + was dissimilar to that of Es 3 + and F m 3 + 

[80]. The extractant, bis(2-ethylhexyl)phosphoric acid 
(HDEHP), has a much lower affinity for divalent ions than 

it does for the tri- and tetravalent ones. Thus, the extrac-
tion of Md2 + is much poorer than the extraction of the 
neighboring tripositive actinides as indicated by the results 
shown in Table 6. This became the basis for a separation 
method in which tracer Md in 0 .1M HCl is reduced by 
fresh Jones Reductor in the upper half of an extraction 
column containing HDEHP absorbed on a fluorocarbon 
powder in the lower half. Mendelevium, in the dipositive 
state, is rapidly eluted with 0.1 Λί HCl whereas the other 
actinides are retained by the extractant. The separation is 
quickly performed, but the Md contains small amounts of 
Zn 2 + from the Jones Reductor and also E u 2 w h i c h is 
usually added prior to the elution to prevent reoxidation 
of Md 2 + by the extractant. 

The solution chemistry of the trivalent oxidation state 
has not been investigated beyond its behavior in the sepa-
ration procedures described above. All observations indi-
cate that Md3 + is a "normal" actinide with an ionic radius 
slightly less than that of Fm. As might be expected, at-
tempts to oxidize Md3 + with sodium bismuthate failed to 
show any evidence for Md 4 + [80]. 

The divalent oxidation state was the first found for any 
member of the actinide series [80, 81 ] and, therefore, 
stirred a strong theoretical and experimental effort to estab-
lish the reasons for the unexpected stability of this state in 
Md and, subsequently, in the adjacent actinides. We shall 
summarize the interpretations for divalency in the heaviest 
actinides in a later section of this review, but in this sec-
tion, only the known properties of Md 2 + will be presented. 

In the earliest experiments with Md2 + , rough measure-
ments were made of the reduction potential for the half-
reaction 

Md3 + + e" = Md2 + . 

The first measurement gave a reduction potential of —0.2 
V with respect to the standard hydrogen electrode [80]. 
This value was obtained from determining the equilibrium 
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concentration of each metal ion in the reaction 

V 2 + + M d 3 + ^ V 3 + + Md2 + 

and then calculating the equilibrium constant. After enter-
ing the equilibrium constant into the Nernst equation, it 
was found that V 3 + was a better reducing agent than Md2 + 

by about 0.07 V. In other experiments, Mály observed the 
complete reduction of Md3 + with V 2 + but the reduction 
was incomplete when Ti3 + was used [81]. From these ob-
servations, he concluded the standard reduction potential 
of Md3 + was close to —0.1 volt. The standard potentials 
obtained by both groups are in reasonable agreement and, 
most importantly, they conclusively show that the stabi-
lity of Md2 + is greater than that of any lanthanide(II) ion. 
This finding was surprising since divalency in the lanthan-
ides is mainly associated with the special stability given by 
the half-filled and fully-filled /-electron shell. Divalent Md 
ions are at least one electron short of the stable 5 / 1 4 con-
figuration. 

Additional experiments, which may not be clearly re-
levant to the divalent oxidation state, include the reduc-
tion of Md3 + to Md(Hg) by sodium amalgams and by elec-
trolysis [82]. Both the extraction experiments with Na 
amalgams and the electrolysis at a Hg cathode indicated a 
large enrichment of Md in the Hg phase relative to that of 
Np, Pu, Am, Cm, and Cf. The percentages of Es and Fm 
in the sodium amalgam were not greatly different from 
the percentage of Md. But a clear enrichment of Md was 
obtained in the electrolysis experiments because the initial 
rate of amalgamation was much larger for Md than for Es 
and Fm. 

Recently, new electrochemical experiments were carried 
out with Md in which controlled-potential electrolysis was 
used to study the reduction of Md3 + to the metallic state 
in a Hg amalgam [79, 83]. Half-wave potentials were meas-
ured by radiocoulometry and radiopolarography in the 
presence of noncomplexing and weak and strong complex-
ing agents. The radiopolarogram obtained for Md in a non-
complexing medium is presented in Fig. 8. The half-wave 
potential for Fm was remeasured at the same time as that 
of Md because of its presence as a decay product of 2 S 6Md. 
The results showed that the reduction potential of Md was 
about 10 mV more negative than Fm and that no signifi-
cant difference was observed upon changing the medium 
from ClOi to CI". In citrate solutions, a shift of 90 mV 
was obtained for Md which is about the same shift seen 
with Fm and Ba ions in a citrate medium. The slope of the 
logarithmically transformed wave was 30 mV for Md and 
Fm and, for the reasons noted in the section on Fm, this 
slope corresponds to a two-electron exchange at the elec-
trode. These results demonstrate that the electrochemical 
behavior of Md is very similar to that of Fm and can be 
summarized in the equation 

Md2 + + 2 e" = Md(Hg); E° = - 1 . 5 0 V. 

If a 0.90 V amalgamation potential is assumed, then a 

Potential relative t o see (V) 

Fig. 8. Distribution of Md as afunction of applied voltage between 
mercury in a dropping Hg cathode and 0.1 M tetramethyl ammoni-
um Perchlorate at pH = 2.4. The slope of the logarithmically-trans-
formed line indicates the number of electrons exchanged in the elec-
trolysis reaction. The slope of line (a), showing a two electron re-
duction, is 30 mV, and (b) is 60 mV, which corresponds to a one-

electron reduction (Ref. 79). 

standard reduction potential of - 2 . 4 0 V is obtained. 
In addition to the di- and trivalent ions of Md, a stable 

monovalent ion was reported by MlKHEEV et al. in 1972 
[84]. This oxidation state was indicated in the cocrystalli-
zation of Md with CsCl and RbCl after the coreduction of 
Md3 + and Sm3 + with Mg in an ethanol-7M HCl solution. 
Mendelevium was also found enriched in Rb2 PtCl6 pre-
cipitates, a specific carrier for the larger ions of the alkali 
metals. These results were explained by a stabilization of 
the monovalent ion due to completing the/shel l which 
would give the 5 / 1 4 electronic configuration. 

In response to the negative findings from others' studies 
[77, 83], MlKHEEV and his colleagues [85] carried out new 
cocrystallizations of Md with NaCl and KCl after reducing 
with Eu 2 + or Yb 2 + . The NaCl or KCl salts were forced to 
crystallize by heavily salting the nearly neutral H20-ethan-
ol solutions, containing tracer Md, with 4 M LiCl. Because 
anomalous mixed crystals were not formed, they again 
claimed the cocrystallization of Md with NaCl or KCl de-
monstrated the presence of Md+. 

The RbCl cocrystallizations and Rb2PtCl6 coprecipita-
tions of Ref. 84 were recently repeated and an extensive 
series of new experiments were performed in which at-
tempts were made to prepare Md+ by reduction with 
SmCl2 in an ethanolic or fused KCl medium [77]. After 
the reductions, the coprecipitation behavior of Md was 
compared with the behavior of tracer amounts of Es, Fm, 
Eu, Sr, Y, and Cs, also present in the same solution. A 
large number of experiments showed that Md consistently 
followed the behavior of F m 2 + , Eu 2 + , and Sr2 + rather 
than the behavior of Cs+. The most telling experiment was 
the precipitation of Rb2PtCl6 after reduction of Md3 + 

with Sm2 + . The distribution of the tracer elements be-
tween the precipitate and an 85% ethanol solution is given 
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Table 7. Distribution of tracer elements after reduction with Sm2+ 

and coprecipitation with Rb2PtCl2 in 85%ethanol. Ref. 77 

Distribution ratio for 
Fm Md Eu Sr Y Es Cs 

0.004 0.005 0.006 0.012 0.017 0.033 110 

in the form of a ratio in Table 7. These results clearly de-
monstrate that Md did not coprecipitate with Rb2PtCl6, 
whereas virtually all of the Cs did so. The overall conclusion 
of this work was that Md cannot be reduced to a mono-
valent ion with Sm2+ and, therefore, the earlier claim for 
Md+ was unsubstantiated. 

This same conclusion was reached also by SAMHOUN 
et al. [83] and DAVID and coworkers [79] on the basis of 
their electrochemical investigations of Md, which we de-
scribed earlier. If the potential for the reaction Md+ + e" = 
= Md was more positive than - 1 . 5 V, it would have been 
observed in the electrochemical reductions. Furthermore, 
the logarithmic slope of the Md reduction waves could not 
be fitted to a slope of 60 mV expected for a one-electron 
change. And lastly, the shifts in potential caused by com-
plexing Md with either citrate or chloride ions were consist-
ent with it being a divalent ion and not with it being either 
a cesium-like or silver-like ion. 

Because of the large number and variety of negative 
results, the weight of evidence is heavily against Md+, but 
the attempts to produce a monovalent state have the posi-
tive effect of setting limits on its stability. From the limits 
obtained, we can then make an estimate on the stability 
of the 5 / 1 4 configuration relative to the 5 / 1 3 7s . Presum-
ably, t h e / 1 3 s configuration lies lower in energy than the 
/ 1 4 because there is no obvious stabilization of a mono-
valent state due to a possible closing of the 5 / shell. The 
divalent ion is then at least 1.3 V more stable than the 
monovalent ion. 

Nobelium 

The principle isotope of nobelium produced for investiga-
tions of its chemical properties is 3.1-min 2SSNo. In the 
earliest studies [86], this nuclide was synthesized by ir-
radiating 2 4 4 Pu with 97-MeV 16 O ions, but larger yields 
were later obtained in bombardments of 2 4 9 Cf targets with 
73-MeV I 2 C ions [87]. From the latter nuclear reaction, 
about 1200 atoms of 2SSNo were collected every ten min-
utes. Of these 1200 atoms, only 3 to 20% were detected 
after the chemical experiments because of losses by radio-
active decay, losses in the experiments, and a 30% geom-
etry for counting alpha particles emitted in the decay of 
this isotope. To obtain results that were were statistically 
significant, the experiments were repeated until the re-
quired accuracy was attained. 

Future work with No may require techniques or proce-
dures of greater complexity than the one-step chemical 
methods used in past studies. The author believes that 
2S9No, because of its 1-h half-life, would permit these 

more extensive investigations of No chemistry. Approxi-
mately 1100 atoms can be made in a two-hour irradiation 
of 248Cm with 96-MeV 1 8 0 ions. In combination with 
the long half-life, this number of atoms is sufficient to 
permit a broader range of experiments to be performed. 

A central feature in the chemistry of No is the domi-
nance of the divalent oxidation state [86]. In this respect, 
No is unique within the lanthanide and actinide series, 
since none of the other twenty-seven members possesses a 
highly-stable divalent ion. The electronic configuration 
of the neutral atom obtained from relativistic Hartree-
Fock calculations is 5 / 1 4 7 s 2 [5]. Clearly the special stabi-
lity of NO2+ must arise from the difficulty in ionizing an 
/valence electron from the completed 5/shell. Thus, pair-
ing of the last electron to close the shell results in the f 
electron levels taking a rather abrupt drop in energy below 
the Fermi surface. 

The separation of No from other actinide elements is 
based entirely on the dissimilar behavior of No2+ in com-
parison with the tripositive actinide ions. Without the addi-
tion of strong oxidants, No will be present as No2+ in 
acidic solutions and will have the general chemical proper-
ties of Group IIA elements in the Periodic Table. We have 
found that the extraction chromatographic method de-
scribed in the section on Md provides an effective separa-
tion from all other actinides and lanthanides. In contrast 
to Md, reducing agents are unnecessary in separating No 
by this extraction chemistry. 

The solution chemistry of No was explored shortly 
after the discovery of divalent Md [86]. Subsequent studies 
include an estimation of the III -»· II reduction potential 
[88], aqueous complexing with carboxylate ions [89], 
and a determination of No2+extraction and ion-exchange 
behavior in comparison with the alkaline earths [87]. The 
first studies [86] indicated that the normal state of No in 
aqueous solution was that of a divalent ion. Nobelium was 
coprecipitated with BaS04 but not with LaF3. After oxi-
dation with Ce4+, a large fraction of the No coprecipitated 
with LaF3. This behavior is consistent with a change in oxi-
dation state from (II) to (III). An elution position of No 
relative to tracer quantities of Es, Y, Sr, Ba, and Ra (Fig. 9) 

^ 100 
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40 60 80 100 120 140 
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Fig. 9. Elution of nobelium from a heated (80°C) Dowex 50 X 12 
cation-exchange column with 1.9 M ammonium a-hydroxyiso-
butyrate (pH 4.8). (Reprinted with the permission of Science 
(Ref. 86): Copyright 1968 by the American Association for Ad-

vancement of Science). 
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Fig. 10. Ratio of the percent of nobelium, thallium, and cerium ex-
tracted into the organic phase (HDEHP) to the percent left in the 
~ 0.1 M acid phase versus the standard potential of the oxidant 
used. Reprinted with the permission of Pergamon Press (Ref. 88). 

showed that No did not elute before Es as would be ex-
pected of a tripositive actinide ion. 

The standard reduction potential of the N o 3 + / N o 2 + 

couple in aqueous solution was estimated by SILVA and 
coworkers [88] f rom the extractibili ty of No after treat-
men t with a variety of oxidants. The distinction between 
N o 2 + and N o 3 + was made on the basis of the aff ini ty of 
the extractant, bis(2-ethylhexyl) phosphoric acid, for high-
ly-charged cations. In 0.1 M acid, mono- and dipositive 
ions are poorly extracted, whereas the tri- and tetraposi-
tive ions are strongly absorbed in the extractant . In com-
parison with the behavior of the tracer ions of Ra, TI, Ce, 
Cm, and Cf (see Fig. 10) it was shown that No was not 
ful ly extracted until H s I 0 6 (s tandard potential = 1.6 V) 
was used as an oxidant. Chromate and H B r 0 3 partially 
oxidized N o 2 + to N o 3 + . F rom these observations, a poten-
tial of 1.4 to 1.5 V was est imated for the couple. 

The extraction behavior of N o 2 + in a tri-n-octylamine-
HC1 system was compared with tha t of divalent Hg, Cd, 
Cu, Co, and Ba [87]. This experiment provided a test of 
the chloride complex strength of No 2 + because the amine 
anion-exchanger will only extract anionic species. It was 
found that Ba 2 + and N o 2 + were not extractable over a 
range of 0.2 to 1 0 M HCl, while the other divalent ions 
of Hg, Cd, Cu, and Co were strongly extracted. This im-
plies noncomplexing of No in the chloride medium which 
is a characteristic of the alkaline earths. 

The elution position of N o 2 + f rom a cation-exchange 
resin with 4 M HCl eluant was compared with the elution 
positions of B e 2 + , M g 2 + , Ca2 + , Sr2 + , Ba¿ + , and R a ¿ + [87]. 
The NO2 + ions eluted at exactly the C a 2 + posit ion. Sim-
ilar column elution experiments , using bis(2-ethylhexyl) 
phosphoric acid (HDEHP) adsorbed on an inert support 

PLATE 

Fig. 11. Elution ofNo2+, Ca2+, and Sr2+ with 0.025 M HCl from 
a column of bis(2-ethylhexyl) phosphoric acid on an inert support. 
Reprinted with the permission of Inorganic Chemistry (Ref. 87). 

material and 0.025 M HCl as the eluting acid, showed N o 2 + 

eluting between C a 2 + and Sr2 + . These elution curves are 
illustrated in Fig. 11. With the same extractant , the distri-
but ion coefficient for N o 2 + was measured as a funct ion of 
hydrogen-ion concentration. From the mass-action expres-
sion for the ion exchange, a slope of +2 was obtained f rom 
the line describing the log of the distribution coefficients 
vs. pH. The extraction of N o 2 + is second power with re-
spect to the H+ concentrat ion, thus indicating a charge 
state of two for No because of the cation-exchange mech-
anism for extraction in this system. 

SILVA and coworkers [87] noted that other investigators 
had shown a linear correlation between the log of the 
distribution coefficients of the alkaline earths and their 
ionic radii. This appeared to be the case wherever a pure 
cation-exchange mechanism governed the distributions 
between phases and, hence, was applicable to distributions 
obtained with either cation-exchange resins or extractants. 
In Fig. 12, log D is plot ted as a funct ion of ionic radius 
for the extraction of various dipositive cations into 0.1 M 
HDEHP f rom aqueous solutions. The measured distribu-
tion coefficient for No 2 + , when placed on the correlation 
line, gave an ionic radius of 0.11 nm. If the distribution 
coefficients f rom their ion-exchange elutions were used, 
the ionic radius of N o 2 + would be the same as that of 
C a 2 + (0 .10 nm), since bo th ions have the same elution 
posit ion. An ionic radius of 0.11 nm was also obtained by 
applying Pauling's correction to the radius of the outer-
most , 6 ρ s h e l l , which was calculated f rom a relativistic 
radial wave function (Hartree-Fock-Slater). The calculated 
ionic radius is in agreement with the radii derived f rom 
their solvent-extraction and ion-exchange results. A radius 
of 0.11 nm for N o 2 + can be compared wi th 0 .103 nm 
found for Y b 2 + [90], the lanthanide homolog of No. In-
sertion of the N o 2 + ionic radius into an empirical form 
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Fig. 12. Log D vs. ionic radii for typical divalent cations in the 
bis(2-ethylhexyl) phosphoric acid-aqueous nitrate system. Re-

printed with the permission of Inorganic Chemistry (Ref. 87). 

of the Born equation gave a single-ion heat of hydration of 
- 1 4 9 0 k J mole" 1 . 

The ability of No2 + to form complexes with citrate, 
oxalate, and acetate ions in an aqueous solution of 0 .5M 
NH4NO3 was investigated by MCDOWELL and coworkers 
[89], The complex strengths of Ca2 + and Sr 2 + with these 
carboxylate ions were measured under the same condi-
tions for comparison with the No results. The formation 
constants they obtained are given in Table 8 and indicate 
for each anion, the complexing tendency of No 2 + is be-
tween that of Ca2 + and Sr2 + with Sr2 + being slightly more 
favored. 

Table 8. Complex formation constants for No 2 + , Ca2 + , and Sr2+ 

from distribution data. Ref. 89 

System Formation constants 

Cation Ligand 01 σ" 

N o 2 + Cit 151.9 18.5 
Ox 48 5.6 
Ac - 5 5 

Ca2 + Cit 333 11.2 
Ox 88.9 2.1 
Ac 5.5 0.7 

Sr2+ Cit 96.7 1.7 
Ox 25.3 0.5 
Ac 0.58 0.12 

a Standard deviation of fitting of β 

The standard potential for the reduction of No 2 + to 
No(Hg) was measured by a modified radiopolargraphic 
technique [91]. Usually, the half-wave potential is deter-
mined by measuring the distribution of an element be-
tween the mercury and aqueous phase as a function of 
applied voltage. The half-life of 2 5 s N o is too short to al-
low time for the recovery of No from the Hg phase for 
assay, therefore MEYER et al. measured the depletion of 
No in the aqueous phase as a function of a controlled po-
tential. They assumed that equilibrium was reached in 3 
minutes of electrolysis and that the electrode reaction was 
reversible. A sharp drop in No concentration in the aque-

ous phase occurred between —1.8 and — 1.9 V vs. the satu-
rated calomel electrode or 1.6 V vs. the standard hydrogen 
electrode. 

This potential was recently remeasured [91a] using 
1-h 259NO and, thereby, allowing sufficient time to deter-
mine the amounts of No in both phases. In a 0.05 M 
acetate buffer, a potential of - 1 . 7 2 V vs. the saturated 
calomel electrode was obtained. Thus, the best standard 
value (vs. hydrogen electrode) for the potential of the 
reaction shown is 

N O 2 + + 2e~ = N o ( H g ) ; E ° = - 1 . 4 5 ± 0 . 0 2 V . 

If this potential is reduced by about the 0.9 V estimated 
for the amalgamation potential, then a value of about 
- 2 . 3 5 V would be given for the II -»· 0 couple. 

Lawrencium 

Element 103, lawrencium, is the last member of the actin-
ide series and its chemical nature should be similar to its 
counterpart in the lanthanide series, Lu. However, con-
firming experimental information is nearly nonexistent 
because of the 35-s half-life of 2 5 6 Lr and the great diffi-
culty in producing a useful quantity for experiments. The 
bombardment of 2 4 9 Cf with 1 1 Β ions is probably the most 
favorable nuclear reaction for producing 2 S 6 Lr. Even so, 
only about ten atoms have been made in each short irradia-
tion and of these, only one or two were detected after 
completion of the chemical experiments [92]. 

Lawrencium was expected to have a 5fl46d7s2 elec-
tronic configuration [93] although BREWER computed 
a 5 / 1 4 7 \ 2 7 p configuration [5]. BREWER'S estimates 
have now been confirmed by multiconfigurational (rela-
tivistic) Dirac-Fock calculations in which the ground state 
of lawrencium was found to be a 2 p ^ 2 o r 7s2 7p electronic 
configuration [94], This deviation from the 6d7s2 con-
figuration expected from extrapolation of the Periodic 
Table is due entirely to strong relativistic effects on the 
outermost 7 p j ,2 orbital. The energy difference between 
the two possible ground states is no more than a few 
thousand wave numbers. 

The ionization of Lr would be expected to stop with 
the f 1 4 core intact because of the enhanced binding ener-
gy of possible valence electrons in the filled / shel l . The 
stable valence state of Lr would then be the (III) state. 
Experiments to confirm this oxidation state of Lr were 
undertaken by SILVA and co-workers [92]. They com-
pared the extraction behavior of Lr with several tri- and 
tetravalent actinides and with Ba 2 + , Ra 2 + , and No 2 + . A 
chelating extractant, thenoyltrifluoroacetone dissolved 
in methyl isobutyl ketone, was employed to extract the 
tracer ions from aqueous solutions that had been buffered 
with acetate anions. Their results, shown in Fig. 13, de-
monstrate that Lr is extracted within the same pH range 
as the trivalent actinides and, therefore, prove that Lr is 
trivalent. 

Further studies of Lr have not been attempted. 
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Fig. 13. Percent extracted into the organic phase as a function of 
the pH of the aqueous phase. Solid lines are a summary of earlier 

data by the same authors. Reprinted with the permission of 
Pergamon Press (Ref. 92). 

Actinide summary 

The main result ensuing from about 15 years of intensive 
study of the heavier actinides is the finding of an unex-
pected stability of the divalent state. Table 9, summarizing 
the redox properties of these elements, most clearly shows 
the increasing stability of this state with increasing atomic 
number. The sinking of the 5/levels with respect to the 
Fermi level provides the explanation for this behavior. 
Thus, we see, as is also the case in the light actinides, 
another major differentiation between the 5/actinide and 
4/lanthanide series of elements. 

Table 9. Reduction potentials of the heavier actinides. Reported 
as - E ° vs standard H + electrode 

Half reaction Es Fm Md No Lr 

III - II 1.55 1.15 0.2 - 1 . 4 
I I - 0 2.20 2.37 2.4 2.35 

III - 0 1.98 1.95 1.7 1.1 2.06 

Transactinides 

Four elements are known with atomic numbers greater 
than that of lawrencium. Because none of the names pro-
posed for these elements have received official acceptance 
from the International Union of Pure and Applied Chemis-
try, they are referred to as elements 104, 105,106, and 
107, or E-104, etc. This lack of authorized names is very 
likely to continue for many more years because of diffi-
culties in resolving conflicting claims for their discovery. 
A dimension of these conflicts, namely, the certitude of 
the atomic number assigned to a particular nuclide used 
in several of the chemical investigations, is not examined 
in this review. 

The chemistry of these elements, as estimated from 
extrapolation of the Periodic Table and verified by quan-
tum mechanical calculations, should follow that of another 
d transition series, comparable with the 5 d series begin-
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ning with Hf. Therefore, the chemical properties of E-104 
should be quite similar to those of Hf, and E-105 to those 
of Ta, and so forth. In aqueous solutions, E-104 would 
be expected to possess a stable tetravalent state while 
E-105 would be pentavalent. It is the verification of these 
predicted chemical properties that has been the main 
thrust of the experimental work with these elements. 

Element 104 

The chemistry of E-104 has been investigated in the gas 
phase as the tetrachloride [95-98] and in aqueous solu-
tion as complexes of chloride [99] and a-hydroxyiso-
butyrate anions [100]. It has been very much of an uphill 
struggle to produce and identify the few atoms used in 
these experiments and to perform the experiments many 
times over with very short-lived isotopes. In the thermo-
chromatography research carried out at the Joint Institute 
for Nuclear Research, Dubna, USSR, a 3-s isotope, 
259(104), was produced by 22Ne bombardment of 2 4 2Pu 
targets. The aqueous chemistry was carried out with 1-
min 261(104) formed in the reaction of 248Cm with 1 8 0 
ions. Very few atoms were produced and identified in any 
of the E-104 chemical investigations. 

The goal of the gas-phase experiments was to show the 
sharp difference in volatility of the higher halides of eka-
Hf relative to the volatility of the preceeding Group HIB 
series of actinides [95-97]. The Group IVB tetrachlorides 
sublime at temperatures slightly over 300 °C, whereas the 
actinide trichlorides would require temperatures several 
times greater before they became volatile at an atmos-
phere of pressure. Therefore, the volatility of E-104C14 

would be a distinctive measure of whether or not this ele-
ment was eka-Hf. All such experiments were performed 
on-line at the Dubna accelerator. Atoms of E-104 recoil-
ing from the target were stopped in a heated stream of 
inert carrier gas of N2 and then chlorinated downstream 
with TiCl4 or mixtures of SOCl2, NbCls, ZrCl4, and 
TiCl4. The molecules of E-104C14 passed through a chrom-
atographic column heated to 300-350°C and eventually 
deposited on mica detectors located inside and along the 
length of a section of the column held at 280°C. Hun-
dreds of hours of accelerator beam time resulted in the 
detection of 79 spontaneous fission events, at first at-
tributed to the decay of 0.3-s 26O(104) [97]. However, 
current work supports a half-life of only 20 ms for this 
isotope [101]. 

In the last vapour-phase experiments performed by 
ZVARA' s group [98], frontal chromatography of the chlo-
rides was used to separate 3-s 2S9(104) and coproduced 
170,171 H f f r o m SC) 242C m j 246Cf) ^ 242 p u ^ SW£¡pt 

into the gas stream from the target region. The apparatus 
employed in this work was essentially unchanged from 
earlier experiments except that a thermal gradient was 
maintained beginning with 400 °C at the entrance and de-
creasing to 50 °C at the exit of the 70-cm long thermo-
chromatographic section. The Hf isotopes and 15 spon-
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tained on the resin until over 100 column-volumes of 
eluant had passed through the column. 

In later experiments which tested the chloride com-
plexation of E-104 [99], computer automation was used 
to perform all chemical manipulations rapidly, to prepare 
α sources, and to do α-spectroscopy. An extraction chro-
matographic method was chosen to investigate chloride 
complexing in high concentrations of HCl which thereby 
avoided the hydrolysis reaction possible at lower acidities. 
The extraction columns were loaded with 0.25 F trioctyl-
methylammonium chloride, since anionic-chloride com-
plexes formed in the aqueous phase are strongly extracted 
by this ammonium compound. Such complexes are formed 
in 12 M H£1 by the Group IVB elements and are extracted, 
whereas Group IA, IIA, and HIB elements, including the 
actinides, form weaker complexes and are not appreciably 
extracted. Thus, the actinide recoil products were eluted 
with 12 M HCl while Zr, Hf, and E-104 were extracted 
and subsequently eluted with 6 M HCl, in which anionic 
chloride complexation is less favored. Fig. 14 shows the 
atoms of 2 6 1 (104) observed by α-decay in three sequential 
elution fractions. Only six events were observed in over 
one hundred experiments; one in fraction (a), two in frac-
tion (b), and three in fraction (c). The percentage of Hf 
corresponding to these same fractions was 12%, 59%, 
and 29%. These results showed the chloride complexation 
of E-104 is considerably stronger than that of the trivalent 
actinides and is similar to that of Hf. 

5 . 0 6 . 0 7 . 0 8 . 0 

ßlpha-energy (MeV) 

9 . 0 

Fig. 14. Alpha spectra showing the decay of " '(104) and daughter 
atoms in three, sequential elution fractions from a column con-
taining an anionic extractant (see text). Reprinted with the per-

mission of Pergamon Press (Ref. 99). 

taneous-fission events were found deposited in this section 
of the thermal-gradient column at a position correspond-
ing to a condensation temperature of 220°C. Scandium 
and various actinide nuclides produced by other nuclear 
reactions with the target were found 100 to 125 cm up-
stream in an initial section of a separate 400°C tube. The 
volatility of E-104C14 clearly corresponded to that of 
HfCl4 and established E-104 as being eka-Hf. 

During several hundred experiments, SILVA and co-
workers [100] investigated the complexing and cation-
exchange behavior of 1-min 261 (104). Recoil atoms of 
E-104 were trapped in an NH4C1 layer sublimed onto Pt 
discs, dissolved with ammonium a-hydroxyisobutyrate 
and passed onto a column of heated cation resin. Because 
of the strong formation of neutral and anionic complexes 
by the tetravalent IVB elements, one would expect very 
little adsorption and retention by the cation resin in the 
column. Indeed, this was the outcome of the many ex-
periments, although the decay of only 17 atoms was ob-
served in the eluant from the resin column. The elution 
position was the same as that of Hf and Zr, which were 
separately tested. Nobelium and other actinides were re-

Element 105 

Our chemical knowledge of the heavy elements ends with 
E-105 although the nuclear properties are known for 
several isotopes of elements 106 and 107. Element 105, 
with a 6d 3 electronic configuration, is expected to have 
the general chemical properties of its 5d 3 homolog, Ta. 
ZVARA et al., using much of the same thermochromato-
graphic techniques employed earlier in their studies of 
element 104, have extended the method to determining 
the volatilities of the chloride and bromide compounds 
of E-105 [102,103]. The chloride of E-105 was deposited 
on the walls of the chromatography tube at ~ 150 °C, but 
because of the short 2-s half-life of 2 6 1 (105), a distribu-
tion slewed 50°C lower in temperature was suggested by 
the authors. This correction was based on the appreciable 
decay of the 261 (105) nuclei during their travel through 
the tube. The corrected distribution of the 18 observed 
spontaneous fission events indicated that the chlorides of 
E-105 are more volatile than Hf and less volatile than Nb, 
a 4d 3 homolog of E-105. 

The bromides of E-105 were also found to be very 
volatile as shown by the location of the circles in relation 
to the thermal gradient in the upper part of Fig. 15. Niobi-
um, which in separate experiments was shown to have the 
same deposition temperature as Ta, is obviously more vola-
tile than E-105. From this work, the boiling point of 
E-105Br5 was estimated to be 430°C. An analysis of the 
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Fig. 15. Upper: Thermal gradient and deposition positions of 
E-105 (circles) and Nb (histogram) bromides. 
Lower: Integral distributions of experimental (dashed lines), and 
corrected (solid area) of E-105 and of Nb (solid curve) bromides. 

Redrawn from Ref. 103. 

boiling points of pentabromides of the same structure al-
lowed an estimate of ~ 0.09 nm for the metallic radius, 
or ~ 0.02 nm larger than that of Nb and Ta. In sum, all 
of the experimental observations are consistent with E-105 
being a homolog of Nb and Ta. 
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Summary 

Extensive experimental efforts have been made during the past 
12 years to detect superheavy elements in nature and to produce 
them in heavy-ion collisions. The search in nature remained in-
conclusive. Attempts to synthesize superheavy elements in the 
laboratory produced negative results. The concurrent study of 
heavy-ion reaction mechanisms has suggest new synthetic routes 
and modifications of old ones for future experiments. 

1. Introduction 

For many years nuclear scientists believed that the periodic 
table of elements had been extended nearly to its limit, 
defined as the point where the Coulomb repulsion between 
the protons in the nucleus becomes so large that the co-
hesive nuclear forces cannot hold the nucleus together and 
the nucleus undergoes rapid spontaneous fission. This was 
based both on the liquid drop theory and on the observa-
tion of shorter and shorter spontaneous fission half-lives 
as the atomic number of the nucleus increased. However, 
in the period from 1966 to 1972 a number of detailed 
theoretical studies [1—5] showed that in the region of 
proton number Ζ = 114 and neutron number Ν = 184 the 
ground states of nuclei were again stabilized against spon-
taneous fission decay. The renewed stabilization was due 
to predicted shell closures at Ζ = 1 1 4 , ^ = 184 and esti-
mates of total half-lives involving all major modes of decay 
resulted in values for the most stable nuclei on the order 
of the age of the solar system. This was the reason for many 
nuclear chemists and physicists during the past 12 years to 
devote a considerable fraction of their scientific efforts 
and resources to attempts to detect these "superheavy 
elements" (SHE's), i.e. elements with atomic number 
Ζ > 110, either in natural samples or among the nuclear 
reaction products of heavy-ion collisions. 

Today, the early optimistic view that a massive exten-
sion of the periodic table of the elements was possible 
through the production and identification of SHE's, has 
to be seen with scepticism. The present article will com-
ment on current views of these expectations, summarize 
the results of attempts to synthesize SHE's at accelerators 
and briefly comment on recent searches for SHE's in na-
ture. Reports on earlier work can be found in a number of 
review articles (e.g. Refs. [6] and [7] and conference pro-
ceedings [8,9]. 

2. Predicted properties of superheavy elements 

2 .1. Nuclear propert ies 

In order to predict the stability of a superheavy nucleus 
one must rely on calculations of single-particle levels in 
nuclear potentials that have been extrapolated from the 
region of known nuclei. Most theoretical studies, e.g. those 
by NILSSON [10] and MX [11], agree that the next major 
shell closures beyond Ζ = 82 and Ν = 126 occur at Ζ = 114 
andA r= 184, thus providing maximum stability against 
spontaneous fission for the doubly magic nucleux " J X 1 8 4 . 
Besides spontaneous fission other decay modes, notably a-
decay, beta decay, and electron capture, have to be con-
sidered for the calculation of the total half-life. In Fig. 1 
two sets of predicted overall half-lives of superheavy nuclei 
are presented. In Fig. la, calculations by FISET and Nix 
[12] are indicated. The maximum half-life of 109y is pre-
dicted for ??SX1S4. The shift of the longest half-life from 
Ζ = 114 to Ζ = 110 is due to the competition of α-decay 
with spontaneous fission which decreases the half-lives for 
the higher atomic numbers. For the synthesis of SHE's 
by fusion reactions the shape of the shore of the "island 
of stability" in the west is extremely important because 
all possible landing places for this type of reaction are on 
the neutron-deficient side of the island. More recent cal-
culations by SOBICZEWSKI [13] reproduce this shape of 
the island but the half-lives are several orders of magnitude 
shorter with a maximum value of 103 y for ï î®X i e 4 . A 
quite different shape of the island as predicted by RAN-

Fig. 1. Predicted half-lives of SHE's indicated as isopleths of con-
stant overall half-life as a function of proton and neutron num-
ber. (a) according to FlSET and NIX [12] and (b) according to 

RANDRUP et al. [14,15] 
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D R U P et al. [14] and Â B E R G et al. [15] is shown in Fig. lb. 
Note the precipitous decrease in life-times (which is a con-
sequence of largely reduced fission barrier heights) as the 
neutron number decreases from Ν = 184 at a constant pro-
ton number. This trend of life-times and fission barrier 
heights indicates how important it may be to synthesize 
superheavy nuclei with the lowest excitation energy and 
the largest neutron number possible. With respect to the 
systematic uncertainty inherent in such calculations 
BEMIS and NIX [16] have asserted that the accuracy of 
these half-life predictions is no better than ~10± 10 for 
spontaneous fission decay and ~10 ± 3 for α-decay. Effects 
like excitation energy and angular momentum associated 
with the production of SHE's in nuclear reactions have 
also been considered. The fission barriers are predicted to 
vanish for 50 MeV of excitation energy and ~30 units of 
angular momentum [17,18]. 

Once formed, a SHE will probably give a unique signal 
in its decay which may provide the basis for specific detec-
tion techniques for such nuclei. Theoretical estimates indi-
cate an average total kinetic energy for the fission frag-
ments from a superheavy nucleus of 200-230 MeV and 
the evaporation of about ten neutrons from the fission 
fragments [19]. (ForZ = 92 these figures are 170 MeV and 
two neutrons, for comparison). It has also been speculated 
that the number of neutrons evaporated in the spontaneous 
fission of superheavy nuclei may only be of the order of 
5 to 6, while the kinetic energy may be as high as about 
270 MeV [20]. α-decay energies are considered to be a less 
unique fingerprint because these are expected [12] to fall 
in line with those of known α-particle emitters. Thus, the 
observation of spontaneous fission of high total fission-
fragment energy and an unusually high neutron multipli-
city should constitute the most distinct signal for the 
presence of SHE's. 

2.2. Chemical properties 

Predictions of chemical properties of SHE ' s are based on 
quantum mechanical relativistic H A R T R E E - F O C K or H A R -

T R E E - F O C K - S L A T E R calculations of their ground state 
electronic structure [21], which defines their location in 
the periodic table of the elements, see Fig. 2. These calcu-
lations which can be carried out with fairly good accuracy 
indicate that the 6d shell is completed with element 112. 
The six 7p electrons are predicted to be split into two 
groups, two 7pj electrons and four 7p3^2 electrons, 
with the splitting due to relativistic effects between their 
energies such that the filled 7 p ^ 2 orbital (element 114, 
eka-lead) will act as a closed shell and additional 7p3^2 

electrons will act like electrons outside a closed shell. Thus, 
element 115, eka-bismuth, is expected to have its valence 
electrons in the 7pJ^2 7p3^2 configuration with a stable 
+ 1 oxidation state in contrast to the stable +3 oxidation 
state of its homologue bismuth. Similarly, P I T Z E R [22] 
has pointed out that, due to strong relativistic effects, 
elements 112 (eka-mercury) and 114 (eka-lead) may be 
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Fig. 2. Periodic table of the elements extended into the region 
of SHE's on the basis of calculations of their ground state elec-

tronic structure 

very noble gases or liquids. The 8 s2 orbital is filled with 
element 120. The group of super-actinide elements in 
which the inner 6f and 5g electron shells are filled starts 
with element 121. 

The prediction of detailed chemical properties such as 
redox potentials in aqueous solutions requires, in addition 
to the calculation of electron configurations and ionization 
potentials for gaseous atoms [21 ], the prediction of proper-
ties such as the heat of hydration with its delicate depend-
ence on the ionic radius. The prediction of the latter 
properties involves the judicious use of Mendeleev-like 
extrapolations of a smooth trend in the variation of the 
property among the members of a particular group in the 
periodic table (Fig. 2). This very interesting field of chem-
ical research has been reviewed by F R I C K E [21] and 
K E L L E R a n d S E A B O R G [ 2 3 ] , 

Considerations on the chemical behaviour of SHE's 
are of importance for the selection of terrestrial and extra-
terrestrial samples and for the development of chemical 
methods for the isolation of SHE's from such natural 
samples or from irradiated targets [23], Separations that 
have been applied in attempts to chemically identify SHE's 
are based on the high volatility and ease of reduction 
[24,21 —23], on the predicted extreme stability of anionic 
bromide complexes [25] and the resultant ion exchange 
behaviour [26], and on the predicted strong affinity to 
sulfur [27,28] or sulfur compounds [29], 

3. Search for superheavy elements in nature 

One condition for the occurrence of SHE's in terrestrial 
samples is a half-life comparable to the age of the earth, 
about 109y, the other one is the formation of these heavy 
elements in nucleogenesis. Heavy elements such as urani-
um are produced by the so-called r-process in supernovae 
by a sequence of neutron captures followed by /T-decay. 
Whether or not the r-process can lead through a region of 
neutron-rich nuclei having low fission barriers to the region 
of SHE's is a question which has been answered contro-
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versially. In the most recent studies the production of 
SHE's in the r-process is considered unlikely [30—32], 
the results depend, however, on a delicate balance between 
extrapolated fission barriers and neutron binding energies. 

Despite these uncertainties hundreds of natural samples 
were examined for superheavy elements. The most sensitive 
method used in these searches was the detection of spon-
taneous fission events [33]. For untreated samples detec-
tion limits of 10"12 to 10 _ I S grams of SHE's per gram 
sample were achieved if the spontaneous fission half-life 
was assumed to be 109 years. These limits have been im-
proved in some cases by chemical enrichment and mass 
separation. Most of these efforts gave no conclusive evi-
dence for the presence of SHE's but there have been a 
number of observations that do not definitely rule out the 
existence of SHE's. One of these spontaneous fission 
activities was detected in the hot spring waters on the 
Cheleken peninsula (USSR) by FLEROV et al. [34], This 
water is enriched with heavy volatile elements and is as-
sumed to originate from a large depth. About 2000 m3 

of this water were passed through a barrel containing 850 
kg of anion exchange resin. Some 170 kg of the resin were 
eluted with water and different acids, and hydroxides were 
precipitated in the effluent. The resulting samples were 
measured by high-efficiency neutron multiplicity counters. 
The spontaneous fission count rate was 0,5 per day per 
9 kg of saturated resin, a rate which is much higher than 
background. The hydroxide precipitate contained an activ-
ity of 5 counts per day and had thus enriched about 50% 
of the original activity of the resin. The neutron multi-
plicity distribution obtained with the saturated resin and 
with the hydroxides is shown in Fig. 3 together with known 
multiplicity distributions occuring in the spontaneous fis-
sion decay of 2 3 8 U, 2 4 6 Cm, and 2 s 2 Cf , as well as distribu-
tions for some hypothetical emitters. The experimental 
neutron multiplicity distribution is compatible with that 
of 2 5 2 Cf, whereas 2 4 6 Cm and 2 3 8 U can be ruled out. In 
order to check for a possible contamination by fallout from 
nuclear weapons tests or by actinides present in the labora-
tory the authors isolated an Am through Cf fraction from 
a representative portion of the hydroxides. From the 
measured ratio of a-particle-to-spontaneous fission activity 
in this Am-Cf fraction the authors concluded that the 
activity cannot be due to a contamination by actinides 
with the exception of pure 2 s 2 Cf . The latter possibility 
was considered unlikely and it was suggested that the 
spontaneously fissioning nuclide detected in the Cheleken 
waters may be a SHE. Attempts to further concentrate 
this activity by chemical procedures which are more spe-
cific for the expected chemical behaviour of SHE's failed 
because of increased losses of the activity at each stage of 
processing [35]. No evidence for spontaneous fission decay 
has been found in solid deposists from hot springs at the 
bottom of the Red Sea which are assumed to be of a simi-
lar geological origin as the Cheleken samples [36, 37], 
even though their chemical composition is different. 

The Dubna group [38—40] also examined several 
meteorites for spontaneous fission activity, among them 
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Fig. 3. Neutron multiplicity distribution of the fission events in 
hot-spring water f rom the Cheleken peninsula detected in experi-
ments with saturated resin and hydroxides (black dots). The 
multiplicity distribution for various actinides and two hypothe-
tical spontaneous fission activities are also shown. From 

FLEROV et al. [34J 

the meteorite Allende, a carbonaceous chondrite, in which 
ANDERS et al. [ 4 1 - 4 4 ] had previously found evidence 
for anomalous isotopie ratios for xenon isotopes which 
were interpreted as the result of spontaneous fission decay 
of a now-extinct, volatile SHE. The latter hypothesis was 
met with criticism, see e.g. Ref. [45], The meteorites 
examined with neutron multiplicity counters at Dubna 
showed, on the average, one event per five days in 10 kg 
of sample, which is 10—30 times higher than the count-
ing rate expected from the uranium content of the meteor-
ites and from other sources of background. Chemical 
separations based on the volatility of SHE's in the elemen-
tary or in an oxidized state were also applied by ZVARA 
et al [46] and it was suggested that the meteoritic samples 
contained a long-lived spontaneously fissioning nuclide of 
a SHE. However, in attempts to further concentrate the 
activity chemically the yield dropped down to a level close 
to the detection sensitivity [47]. 

Another possible indication for the natural occurrence 
of SHE's arose from studies of the heavy component of 
galactic cosmic rays by Dubna Scientists [48], Meteorites 
are exposed to the flux of cosmic rays during an average 
of 1 χ 107 years; as a result of this exposure they accumu-
late an enormous amount of information on the charge 
spectrum of cosmic rays. By etching suitable minerals such 
as olivines located not too far from the surface of the 
meteorite one can obtain visible tracks the length of 
which is directly related to the atomic number of the 
nuclei producing the tracks. About 1 cm3 of olivine crys-
tals were microscopically scanned and about 2500 tracks 
produced by heavy nuclei with Ζ > 70 were registered. 
The distribution of track lengths after annealing shows a 
peak at 1 8 0 - 2 3 0 μπι which belongs to the uranium-
thorium group. In addition, two tracks of 320 and 370 μτη 
length were found indicating nuclei with Ζ ~ 110. The an-
nealing procedure reduces considerably the tremendous 
background associated with the abundant iron group in 
the galactic cosmic rays. Calibrations of track lengths 
were achieved by heavy-ion bombardments using Ti 
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through Xe projectiles. Most recently, more olivine crys-
tals were scanned and two more tracks of about 300 jum 
length were found [38]. An important test of the method 
will be carried out in the near future when high-energy 
2 3 8 U beams will be available from the Berkeley Bevalac 
accelerator. 

4. Attempts to synthesize superheavy elements in heavy-
ion collisions 

During the period following the initial optimistic predic-
tions concerning the production cross sections [49] for 
SHE's efforts began at the heavy-ion accelerators at Berke-
ley, Orsay and Dubna to "jump the gap" between the 
region of known nuclei and the predicted magic island by 
fusing two heavy nuclei together. Somewhat later, at 
Darmstadt, through the availability of projectiles as heavy 
as 2 3 8 U new prospects for the synthesis of SHE's showed 
up with the observation of a massive transfer of nucléons 
from one heavy nucleus to another at relatively low exci-
tation energies. Both approaches are schematically illustra-
ted in Fig. 4 which also gives some characteristic times 
(in units of IO - 2 1 s). In a complete fusion reaction (see 
the upper branch) projectile and target amalgamate to a 
nearly spherical compound nucleus. The compound 
nucleus, even if formed with the minimum kinetic 
energy possible (i. e. at the barrier) carries several tens 
of MeV of excitation energy because, in general, more 
kinetic energy is required to overcome the Coulomb 
barrier than energy is consumed in the subsequent 
(endothermic) fusion process. The excitation energy 
can be carried away by the subsequent evaporation 
of light particles, mostly neutrons, which is followed by 
the emission of γ-rays before the ground state of the final 
evaporation residues is reached. For heavy nuclei the num-
ber of evaporation residues is a minuscule fraction of the 
number of compound nuclei that are primarily produced 
because at each step of the de-excitation chain fission into 
two fragments of comparable size competes heavily with 
particle evaporation. Thus the probability of producing 
a detectable superheavy nucleus is the product of two 
factors: i) the probability to fuse the reacting heavy ions 
to form an equilibrated superheavy compound nucleus, 
and ii) the cumulative probability of the excited super-
heavy compound nucleus to survice its de-excitation 
process. 

The lower branch in Fig. 4 illustrates the alternative 
process termed deep-inelastic collision, in which the inter-
acting nuclei stick together for a short time forming an 
excited, rotating double-nuclear system which then separa-
tes again into two heavy nuclei. During the life-time of 
the double-nuclear system kinetic energy of the relative 
motion is partially or completely transformed through 
friction into internal excitation energy, orbital angular 
momentum is dissipated into intrinsic spin of the frag-
ments, and a substantial number of protons and neutrons 
can be transferred between the interacting nuclei. Ultimate-
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Fig. 4. Schematic representation of interactions between heavy 
nuclei leading to fusion into an equilibrated compound nucleus 
(upper branch) and to a deep-inelastic-collision (lower branch) 
with characteristic times in units of 1 0 " " s. After BRIX [50] 

ly, the separated fragments de-excite by particle emission 
and the competing fission as discussed above. In contrast 
to complete fusion where the fused product is character-
ized by discrete mass and charge numbers, by a discrete 
excitation energy and a narrow bin of angular momenta, 
deep-inelastic collisions produce broad distributions of 
product mass and charge numbers, and broad distributions 
of excitation energies and angular momenta. In the follow-
ing sections we shall summarize the results of attempts to 
synthesize SHE's using these alternative approaches and 
comment on the reasons why these attempts have failed. 
This is followed by a brief discussion of new insights into 
heavy-ion reaction mechanisms which might serve as 
guidance for future research. 

4.1. Complete fusion reactions 

Since complete fusion was so successful in the synthesis 
of the heaviest known elements it was natural to use this 
type of reaction in the first attempt to synthesize SHE's 
by bombarding 2 , |Cm with ?g Ar-ions to form n ' X 1 7 4 

compound nuclei [51, 52]. The dilemma of this reaction 
and of many similar other ones lies in the fact that the 
possible compound nuclei have neutron numbers far below 
Ν = 184 where fission barriers are predicted to be vanishing-
ly small [14] or zero so that the cumulative survival proba-
bility is zero. Table 1 lists the fusion reactions tried so far 
together with the upper limit for the production cross sec-
tion and the ranges of half-lives that were covered by the 
experiments. As suggested by SEABORG et al [53] the 
reactions are ordered in three classes. Class 1 comprises 
those reactions where compound nuclei in the close vicini-
ty of element 114 were produced. Unfortunately, this is 
only possible in projectile-target combinations with much 
less than the optimum number of neutrons resulting in 
very low survival probabilities precluding production and 
observation of SHE's. The magic neutron-number Ν = 184 
can be reached if compound nuclei with proton numbers 
as high as Ζ = 122 are produced. These so-called "over-
shoot "-reactions (class 2 in Table 1) are expected to pro-
duce compound nuclei for which very good overall survival 
rates are predicted [53], After de-excitation, decays by a-
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Table 1. Reported attempts to synthesize superheavy elements by heavy-ion fusion reactions 

Reaction 
studied 

Compound 
nucleus 

Upper-limit 
cross section 

for SHE produc-
tion (cm2) 

Range of 
half-lives 
covered 

Reference 

Class 1 : Compound nuclei with vanishing survivability 

"Ca + "JTh 3 X 10-35 > 3 X IO"3 s 54 
«Ca + "J Pa ' " 1 1 1 1 " 4 X 10"ss > 3 Χ ΙΟ'3 s 54 

" ' i n ' 6 · 7 X 10-35 > 2 h 54 
ï °Ar + »;Cm 2β*114174 2 X 10"32 IO"3 s - 1 d 51,52 
jJCa + "JPu 2,0114'16 

1 X 10"3S 2h - 1 y 55 
«Ca + »«Am 2 t l 1 1 5 1 7 6 2 X 10-35 2 h - 1 y 55 

Class 2: Dynamical hindrance for fusion 

lîKr + ' î 'Pb J « n 8 1 7 4 1 χ 10"30 
> 6 Χ 10"7 s 56 

»«Kr + i ; ;pb 2 » 4 1 1 8 . 7 6 6 X 10"ss 

1.5 X IO"30 
3 Χ 10"3 s - 100d 
2 X 10"' s - 5 h 

57 
58 

5 » C o + 1 3 « T j 2 . 7 1 1 9 1 7 . 4 X IO"33 1 s - 30 h 59 
«°Ni + 2 j ; u " ' n o " · 2 X I O " 3 3 1 s - 30 h 59 
5 | C u + s » » u 

3031211 *a 8 X IO"33 1 s - 30 h 59 
6 5 C u + 2 3 » T J 303121"2 2 X IO-33 2h - 1 y 60 
$ j c u + 2 3 ; u 

3031211 *2 4 X IO"34 2 X 10"« s - 10h 61 
7«Ge +

 2»Th 30« 122"® 1 X IO-34 5 Χ 10"3 s - 1 y 63 
" X e + 1 J j E r 30ÍJ22·«« 1.5 X IO'33 2 X 10"' s - 10h 61 
7«Ge + 2»U 3 1 « 1 2 4 " ° 1 X IO-34 5 X IO'3 s - 1 y 63 
f»Zn + 2«Am 3 1 1 1 2 5 1 · 6 5 X i o - 3 1 IO"» s - 5 d 64 
!iKr + »jTh 3 ,6126"° 5 X IO"30 

> 6 Χ 10"7 s 56 
;jKr + 2 ! » u 

322128"* 8 X IO"2' > 6 Χ 10"7 s 58 
ÏÎKr + »ÏU 322128"4 9 X IO-36 2 h - 100 d 65 

Class 3 : Compound nuclei with possible survival 

«Ca + " J Cm 1 M 1 1 6 1 7 « 2 X I O " 3 5 2h - 1 y 55 
î5Ca + " J Cm 2"116"° see Fig. 6 55, 28, 66-68 

and beta-decay toward the center of the island of stability 
are predicted [12,14,15]. This is illustrated in Fig. 5 for 
the 11* Xe+ '68 Er reaction used by MÜNZENBERG et al. 
[61] in an attempt to produce evaporation residues of the 
magic compound nucleus i5®X184. 

This reaction was selected because the energetics is such 
that the compound nucleus is formed with very little excita 
tion energy, so that only one neutron was expected to be 
evaporated in its de-excitation. The experiment was per-
formed with the velocity separator SHIP at the UNILAC 
accelerator at Darmstadt. SHIP separated the fast pro-
jectiles ( 1 0 n Is) and transfer products by electrical and 
magnetic fields from eventual fusion products which would 
have been ejected from the target with much lower velo-
city. The slow fusion products would have been focussed 
onto a position-sensitive surface barrier detector which 
would i) register the implantation of a heavy nucleus and 
measure its velocity, ii) register the position of the im-
planted product inside the detector, and iii) register any 
α-particles or fission fragments that are emitted from this 
position inside the detector as a result of subsequent decay 
of the implanted evaporation residue. These decay events 
would be further characterized by the measurement of the 

associated energies and the correlation time elapsed be-
tween the implantation and the decay event. A significant 
signal for the production and subsequent decay of a SHE 
would then consist of an implantation signal indicating 
the proper product velocity followed by a correlated 
sequence of rapid α-decays ending by a spontaneous fis-
sion decay. Through combination of the velocity separa-
tion from the primary beam particles and transfer products 
with the requirement of such a unique sequence of signals 
a signal-to-noise ratio of IO18 :1 was achieved. No single 
event was observed, defining an upper limit for the produc-
tion cross section of about 1 nan ob am. The same technique 
was successfully applied in the recent discovery of element 
107 in the \% Cr+2g® Bi reaction by MÜNZENBERG et al. [62]. 

Despite extensive searches using class 2 reactions over 
a wide range of bombarding energies, projectile-target com-
binations, and product half-lives, there were no successful 
SHE syntheses and rather low upper limits were set on 
SHE production. There is now, see subsection 4.4.2., solid 
evidence for the fact that the probability for fusion at the 
coulomb barrier has vanished for the class 2 reactions in 
Table 1. Thus, no SHE's appear to be formed for dynamical 
reasons by these overshoot reactions even though the sur-
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Fig. 5. Predicted decay chain for the evaporation residues of the 
' t î X e + 1 ¡Î Er reaction tried by MÜNZENBERG et al. [61 ]. The 
experiment was optimized for the detection of a rapid sequence 
of high-energy α-particles followed by a spontaneous fission 

event, see text 

vivability of the respective compound nuclei would have 
been rather promising. 

Among the reactions listed in Table 1 the class 3 reac-
tion of to Ca projectiles with a " ' C m target has been 
studied most extensively both at Berkeley and at Dubna. 
This reaction represents the intriguing case in which both 
the fusion probability and the survivability have been con-
sidered favourable. Projectile and target nucleus were 
brought together [55, 2 8 , 6 6 - 6 8 ] with an energy exceed-
ing the barrier by about 20 MeV. The extra energy was 
thought to be necessary to induce complete fusion to pro-
duce a compound nucleus with some 40 MeV of excitation 
energy which is expected to de-excite by the evaporation 
of 4 neutrons. The resulting evaporation residue î î l X 1 7 6 , 
according to FlSETandNlX [12], decays in the following 
major decay chain 

116 176 . 1114 1 ' 
EC 

113 
EC 

112 
5s 10 min " " 6min 

with the final nucleus 2 8 8 X 1 7 6 having a calculated spon-
taneous fission half-life of about 1 h. In the more recent 
studies by R A N D R U P , A B E R G and collaborators [ 1 4 , 1 5 ] 
the life-times and decay modes are much less favourable, 
i.e. 2 9 2 1 1 6 1 7 6 decays with a half-life of 1.6 χ 1 0 " l s s b y 
spontaneous fission, thus precluding its observation in any 
of the experiments performed. 

The 2o Ca + 2 t | C m experiments were quite difficult 
and expensive because not only the target material (a high-

1(P 10" 10 1( 
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Fig. 6. Upper limits for the production cross section for super-
heavy elements produced in the 4 , C a + " ' C m reaction vs. 
half-life. Labeling of the curves is explained in the text. The 
data are from experiments of the Dubna group [55] and of 

the Berkeley-Livermore collaboration [ 2 8 , 6 6 - 6 8 ] 

ly radioactive isotope) but also the projectile 4 8 Ca with 
only 0.19% natural abundance are available (only in the 
USA and the USSR) in very limited amounts. The negative 
results produced in the course of many carefully planned 
and executed experiments both at Berkeley and at Dubna 
are summarized in Fig. 6 where upper limits for the pro-
duction cross sections are plotted as a function of the life-
times covered by a given experimental technique. The 
Dubna group [55] used two different chemical separation 
schemes followed by spontaneous fission (SF) and a-
particle counting ( a ) , denoted by D in Fig. 6. At Berkely 
(BL in Fig. 6) a variety of techniques was applied: a) chem-
ical separations [66, 28] with two alternative procedures 
followed by α-particle and spontaneous fission counting 
(CHEM); b) examination [67] of condensed noble gases 
and extremely volatile species for α-particle decay and 
fission (GAS); c) direct fission fragment counting of stopped 
recoils [28] (FOILS); d) gas-jet transport to a rotating 
wheel counting system [68] (VW), and e) spontaneous 
fission decay in flight [68], labeled DIF in Fig. 6. 

SEABORG et al. [53] have analyzed reasons why SHE's 
were not seen in the 4 8 Ca + 2 4 8 C m reaction by calculating 
the relative neutron decay widths Γ η /T f at each step of 
the 4n-evaporation chain using the formalism outlined by 
VANDENBOSCH et al [69] and two different sets [12 ,14] 
of fission barrier heights. The estimates of the latter quan-
tities are either typical for most theoretical calculations 
done in the period from 1966 to 1972 [12], or represent 
a more pessimistic recent approach [14]. The resulting 
fraction of the compound nuclei surviving fission are then 
96% or < 4 x 10~9 %, respectively [53], With an estimated 
fusion cross section of > 10~27 cm2 and the experimental 
upper limit on the production cross section of SHE's one 
can estimate an "experimental" upper limit for the survival 
rate in this reaction as 5 χ 10"3 S / 1 0 " 2 7 = 5 χ IO" 8 . Clear-
ly, this figure is dramatically smaller than the 96% result-
ing from the barriers of Fl SET and NIX [12]. According 
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to SEABORG et al. [53] the "experimental" survival rate 
requires the assumption of fission barrier heights that are 
4 to 5 MeV lower than those originally predicted which 
are, thus, more in line with the barrier heights of RAND-
RUP et al. [14]. This conclusion is not unique, because 
reduced barrier heights are associated with largely reduced 
half-lives (recall the 1.6 χ IO ' 1 5 s for ???X176 predicted 
by ÂBERG et al. [15]) where the experimental sensitivity 
was much less than optimum or where no experimental 
technique was available at all, see Fig. 6. Also, the calcula-
tions [53] were performed with barrier heights correspond 
ing to the full shell strength of a spherical SHE thus 
ignoring the reduction in barrier heights by excitation 
energy and the extremely delicate dependence of the 
stability of a SHE on deformation. We shall come back 
to a discussion of these problems in section 4.4.3. 

4.2. Deep-inelastic transfer reactions 

The failure of the complete fusion approach to produce 
SHE's may be associated in some direct or indirect way 
with the failure of even the best projectile-target combina-
tion to produce compound nuclei in the center of the 
island of stability where fission barriers are highest and 
the losses of yield to prompt fission are the least. There-
fore, it was natural to look for alternative approaches 
allowing production of more neutron-rich superheavy 
nuclei. 

In 1977 studies of the interactions of two colliding 
uranium nuclei at the Darmstadt UNILAC accelerator 
[70,71,72] showed that the distributions in mass- and 
charge numbers of excited primary transfer products from 
deep-inelastic collisions extend into the region of SHE's. 
The evidence is based on the observation of the comple-
mentary light products. If the doubly magic 2 i 8 X 1 8 4 

would be formed through transfer o f nucléons from one 
2 f 8 U nucleus to another one, the complementary light 
product would be an ytterbium isotope: 

238 jj146 + 238JJ146 + 298^184 + 178γ^108 

Fig. 7 shows the element distribution in the reaction of 
7.5 MeV/u 238U-ions with a thick 2 3 8 U target obtained 
in radiochemical studies by SCHÄDEL et aL [72], The 
distribution is interpreted as a super-imposition of four 
components: ( i ) products in the closest vicinity of 2 3 8 U 
from quasi-elastic few-nucleon-transfer reactions (890 mb), 
( i i ) products with atomic numbers from Ζ = 73 through 
100 arising from an originally symmetric distribution 
around Ζ = 92 produced by deep-inelastic transfer proces-
ses (290 mb), (iii) a nearly symmetric fission product 
distribution originating from highly excited deep-inelastic 
fragments (1040 mb), and ( iv ) a double-humped distribu-
tion of neutron-rich fission products from the sequential 
fission of quasi-elastic transfer products (860 mb). Be-
cause the total cross section for deep-inelastic collisions 
has been measured (the sum of components (i i ) and ( i i i ) ) 

ATOMIC NUMBER 

Fig. 7. Charge distribution of reaction products from quasi-elastic 
transfer and sequential fission at low excitation energies (open 
circles), and for deep-inelastic collisions with the associated mass-
symmetric sequential fission product distribution (full circles) in 
the " * U + 2 3 , U reaction at < 7.5 MeV/u [72]. Triangles repre-
sent the reconstructed primary distribution of deep-inelastic 
transfer processes prior to sequential fission. The dashed curve is 

the result of a diffusion model calculation [73) 

the original pre-fission distribution can be reconstruc-
ted [72] as indicated by the triangles in Fig. 7. The result-
ing distribution is well reproduced by a semi-phenomeno-
logical theory by RIEDEL and NÖRENBERG in which 
the nucleón transfer is treated as a diffusion process [73], 
The latter calculation predicts that the complementary 
elements Ζ = 70 and Ζ = 114 are formed with a cross 
section of 10~28 cm2. If one applies the rules [74] that 
describe the distribution of neutrons and protons between 
both complementary fragments on the basis of the phase 
space available above the potential energy as a function of 
Ν and Z, one predicts a relatively broad distribution in 
neutron numbers for Ζ = 114 close to Ν = 184. Thus, 
deep-inelastic transfer reactions lead to a much closer ac-
cess to the center of the island of stability than any fusion 
reaction, as is demonstrated by Fig. 8. The important 
question to be asked is whether there is a chance for these 
heavy fragments around Ζ = 114 to survive their de-excita-
tion. 

Fig. 8. Landing places for the fusion of 4 1 Ca with 2 4 1 Cm (dots) 
and for deep-inelastic transfer processes between two U nuclei 

(diamonds) in the contour maps of Fig. la, b 

172 178 184 190 172 178 184 190 
Neutron number 
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Counter experiments [70, 71] revealed that more 
nucléons are transferred per MeV of excitation energy in 
the 2 3 8 U + 2 3 8 U reaction than in other deep-inelastic col-
lisions involving heavy targets and lighter projectiles, in-
dicating the production of "colder" products in the 2 3 8 U 
+ 2 3 8 U system. In radiochemical studies the production 
cross sections of surviving transuranium nuclides were fol-
lowed over eight orders of magnitude up to fermium [72], 
and it was found that the production rates for the heaviest 
actinides in the 2 3 8 U + 2 3 8 U reaction exceeded consider-
ably those in the 1 3 6Xe + 2 3 8 U, 8 4 Kr + 2 3 S U, or 4 0 Ar + 
2 3 8 U reactions. This result was not necessarily expected: 
In a deep-inelastic collision the amount of excitation ener-. 
gy showing up in the final fragments depends i) on the 
amount of kinetic energy that is dissipated into internal 
excitation energy during the collision, and ii) on the 
difference in the binding energies of the projectile and 
target and the emerging fragments in the exit channel. 
The latter is called the ground state ß-value, Qg%, and 
resumes negative values for endothermic transfer reac-
tions. It appears now, that formation of 9 8Cf in the bom-
bardment of 2 3 8 U with the lighter projectiles40 Ar, 8 4 Kr 
or 1 3 6Xe is associated with strongly negative values of 
Qi% of - 4 3 MeV, - 4 0 MeV, and - 3 3 MeV, respectively. 
In the 2 3 8 U + 2 3 8 U reaction the same product is formed 
with Qtg = - 2 MeV. Since a negative value of <2gg reduces 
the excitation energy showing up in the final fragments 
and thus increases their survivability, one might expect, 
contrary to the experimental observation, increased 
actinide yields with the lighter projectiles if the primary 
yield before fission at the same amount of dissipated 
kinetic energy is the same in all reactions. In turn, the 
experimental observation of increased actinide yields in 
2 3 8 U + 2 3 8 U collisions is evidence for a much higher 
primary yield at a given dissipated energy than in the 
other reactions. 

Additional studies and analyses [75, 76], see also sub-
sect. 4.4.4., demonstrated that the survival rates of these 
actinides are compatible with neutron evaporation-fission 
competition of fully equilibrated compound nuclei, i.e. 
can be calculated in the same way as for compound nuclei 
produced in fusion reactions. If we assume that this is also 
true for formation of Ζ = 114 in deep-inelastic collisions 
we can fold the predicted production cross section for 
Ζ = 114 with less than 30 MeV of excitation energy [73] 
with an energy-dependent survival rate [17] and obtain a 
cross section of about 10 - 3 5 c m 2 for surviving residues, 
a value which corresponds, with the accessible beam inten-
sities, to production rates of a few atoms per week of beam 
time, a rate just exceeding the detection limit of the most 
sensitive methods available at present. 

In view of these not completely hopeless estimates 
direct searches for surviving SHE's in the 2 3 8 U + 2 3 8 U 
reaction were performed by a Darmstadt-Mainz collabora-
tion. In these experiments thick 2 3 8 U metal targets were 
bombarded with 8.6 MeV/u 2 3 8 U beams. The thickness 
of the targets assured that the whole (unknown) excita-
tion function for SHE production was physically integrat-

ed inside the target. Integral particle numbers of up to 5 χ 
IO16 were accumulated within typical beam times of five 
days [77], After bombardment the targets were processed 
with two chemical separation procedures [78] based on 
different predictions of the chemical behaviour of SHE's. 
In the gas phase chemistry the predicted volatility and 
ease of reduction of elements 112 through 117 [24] was 
utilized. The solution chemistry was based on the predicted 
ion exchange behaviour of bromide complexes [26] and on 
the predicted affinity to sulfur [29] for elements 108 
through 116. In both procedures provisions were made to 
condense noble gases and other species that are volatile at 
room temperature. In one experiment the solution chemis-
try was extended in order to search also for members of 
the superactinide series. Experimental details can be found 
in Ref. [78], Superheavy element fractions were assayed 
for α-particle and spontaneous fission events between two 
large-area surface barrier detectors with an efficiency of 
60% for recording both fission fragments in coincidence. 
More recently these counter pairs were positioned inside 
a neutron multiplicity counter so that neutrons could be 
registered in coincidence with fission fragments. Upper 
limits for the production cross sections of SHE's vs. the 
assumed half-life are summarized in Fig. 9. The limits 
obtained with chemical techniques [77] are labeled ÇHEM. 
The variation of these limits with half-life is the result of 
decay during the chemical separations for short-lived spe-
cies, and incomplete saturation and decay for life-times 
comparable to or longer than the total counting time 
(usually about 200 d). The limits denoted WHEEL are the 
result of fission track detection with a rotating wheel sys-
tem [77] where the sensitivity for spontaneously fission-
ing SHE's is limited by a background produced by the 
spontaneously fissioning actinide nuclei 2 4 4 f Am, 2 4 2 f Am, 
2 S 6 Fm, 2 S 4Cf, and 2 5 2Cf in the unseparated reaction prod-
uct mixture collected in the rotating catcher foils. Also 
included in Fig. 9 are upper limits from gas-jet experi-
ments labeled JET [59, 79] and from the implantation 
of recoil atoms [70] in a surface barrier detector (REC). 

All experiments have produced negative results. As in 
the case of the 4 8 Ca + 2 4 8 Cm reaction one notes a lack of 
sensitive measurements for very short-lived nuclei which 
would have to involve an efficient separation from actinide 
nuclei. Because the predicted cross sections for surviving 
SHE's in the 2 3 8 U + 2 3 8 U reaction were so close to the 
detection limits it was natural to think about ways to in-
crease the production rates. Since no gain in the produc-
tion rates for heavy actinides was observed in bombard-
ments at higher projectile energies [75] it was not con-
sidered reasonable to use higher energies. More promising 
was the use of a heavier target material. Calculations with 
the diffusion model predict an increase in the production 
cross section for Ζ = 114 at 30 MeV of excitation energy 
by two orders of magnitude if a thick 2 £ |Cm target is 
used instead of a 2 3 8 U target [73], After extensive develop-
ment efforts at Berkeley, Darmstadt, Livermore and Mainz 
the first bombardments of thick 2 4 8 Cm targets with 2 3 8 U 
beams were performed at the UNILAC accelerator in 
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Fig. 9. Upper limits for the production cross section of super-
heavy elements in collisions of two uranium nuclei as a function 
of the assumed half-life. For labeling and References, see text 

october 1979. 248Cm targets of 3.5 to 7 mg/cm2 areal 
density were prepared by evaporation of 2 4 8 Cm metal 
onto Mo-foils of 4.5 mg/cm2 thickness. These targets con-
tain a spontaneous fission activity of about 109 events per 
day, whereas a rate of a few fission events per year oc-
curing in one of the SHE fractions would be considered a 
significant signal for SHE production. This shows that 
extreme care had to be taken in order to prevent an un-
controlled destrution of the target and subsequent conta-
mination of the beam line, the accelerator and the labora-
tory. Details on the target cooling, temperature monitoring, 
beam wobbling, on the use of an interlock system, fast-
acting valves, and glove boxes are given in Ref. [75], The 
target thicknesses were sufficient to degrade the beam energy 
from 7.4 MeV/u to or below the interaction barrier. In 
the first experiment, in which a beam integral of 3 χ 1015 

particles was accumulated, the heavy reaction products 
were stopped in a water-cooled stack of copper catchers. 
After the end of bombardment these catchers were heated 
to 1020°C in the presence of hydrogen in order to separate 
volatile elements. The catchers were then dissolved in order 
to perform also the solution chemistry. These fractions 
mounted on thin foils were counted between opposed sur-
face barrier detectors inside a neutron multiplicity counter. 
Elements that are volatile at room temperature like Rn 
were condensed on a cryostat faced by a single surface 
barrier detector. Preliminary upper limits resulting from 
these experiments were of the order of 2—3 χ I O - 3 4 cm2 

for half-lives between several hours and about 100 d [78]. 
Simultaneously, various actinide fractions up to nobelium 
were separated in order to measure actinide production 
cross section, see section 4.4.4. A second experiment to 
detect gaseous SHE's ended after 4 hours of beam time 
(2 χ 1014 particles) when the 248Cm target developed a 
hole. Here, Krypton gas was used to stop the reaction 
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Fig. 10. Preliminary upper limits for the production cross section 

of superheavy elements in the 2 3 , U + " ' C m reaction [81 ] 

products and to sweep gaseous products through a filter 
system (removal of non-volatile actinides) to a copper 
cryostat cooled to — 150°C where they were continuous-
ly counted for fission events and high-energy α-particles. 
No such events were observed resulting in an upper limit 
of 10" 3 3 cm2 for volatile SHE's with half-lives between 
two minutes and several hours [80]. Both experiments 
were hampered by the unexpected early failure of the 
248Cm metal targets in the 2 3 8 U beam thus reducing the 
beam integrals to far below the integrals reached in the 
2 3 8U + 2 3 8U experiments. Inspections of the 248Cm tar-
gets, of irradiated targets of its homologue gadolinium, 
extensive bombardments of similar targets with pulsed 
electron beams, low-energy heavy-ion beams and addi-
tional 7.5 MeV/u 238U bombardments led to the conclu-
sion that there was a problem in transferring heat from 
the target through the Cm/Mo interface to the gas-cooled 
Mo substrate during heavy-ion bombardment causing rapid 
temperature cycling and tensile stresses that ultimately led 
to a mechanical failure of the targets along the rolling lines 
of the Mo substrate. An acceptable, partial solution to 
these heat transfer problems was achieved by modifica-
tions of the target apparatus which allows now to cool the 
target on both sides by 1.5 1/s nitrogen gas. In Juli 1981, 
with this improvement, about 2 χ IO16 2 3 8 U particles 
could be accumulated on target. The reaction products 
were again stopped in a stack of copper catchers and chem-
ically processed as before. Counting of the isolated frac-
tions is still being continued. Upper limits [81 ] for the 
production cross sections of SHE's after 180 d of counting 
are presented in Fig. 10. Even though there is the predic-
tion of a hundred-fold increase in yield of SHE's in the 
2 3 8 U + 248Cm reaction relative to the 2 3 8U + 2 3 8U reac-
tion [73], no detectable amounts of SHE's have been found 
in the bombardments of 2 4 8 Cm with 2 3 8U ions in the half-
life region of a few hours to some years with a sensitivity 
close to the edge of current technological limits. 

4.3. The "fusion-after-instantaneous-fission" 
approach 

A third series of experiments is based on the theoretical 
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Fig. 11. Upper cross section limits for spontaneously fissioning 
SHE's in the reaction 2 3 , U + J0»Pb vs. half-life from Ref. [84J 

suggestion of instantaneous fission of a heavy nucleus du-
ring the close contact with another heavy nucleus followed 
by fusion of one of the fission fragments with the nucleus 
causing the fast fission process [82], This suggestion has 
been shown [83] to produce negative results in the reac-
tion of 208Pb with 136Xe where an upper cross section 
limit of 1.2 χ 10" 3 0 cm2 was obtained for half-lives be-
tween 10"1 2 and 104 s, and in the reaction of 2 0 8 Pb with 
2 3 8 U using a rotating wheel system (Wheel), the gas-jet 
method (Gas-Jet) and off-line chemistry (Chemistry) [84], 
see Fig. 11. The continuation of experiments along this 
line appears to be the least promising because i) there is no 
evidence for production of known nuclei through this 
mechanism [85], ii) "fast fission" does not seem to occur 
at near barrier energies [86], and iii) fusion of an uranium 
fission product with a 2 0 8 Pb nucleus is dynamically hin-
dered at near-barrier energies, see section 4.4.2. 

4.4. New results on heavy-ion reaction mechanisms 

Many of the above mentioned investigations, while failing 
to synthesize SHE's, have provided as a by-product valuable 
data on heavy-ion reaction mechanisms. Also, there is a 
growing body of relevant data emerging from concurrent 
studies of reaction mechanisms concerned with the limita-
tions of complete fusion by the barrier and by entrance 
channel effects, with the production of cold heavy nuclei 
in transfer reactions, and with the survivability of excited 
heavy nuclei. These new results seem to provide highly 
significant guidance for future attempts to synthesize SHE. 

4.4.1. Coldfusion through barrier penetration 

Fusion above the classical barrier is reasonably well de-
scribed by conventional one-dimensional fusion models 
using conservative nucleus-nucleus potentials [87], How-
ever, from recent experiments [88-91] it follows that 

ECM I MeV] 

Fig. 12. Experimental fusion cross sections for 4 0Ar + l î J S n 
from REISDORF et al. [911. The solid curve is a transmission 
calculation (WKB) using a proximity potential and assuming 
rigid sphercity for both target and projectile. The conventional 

fusion barrier is indicated by the arrow 

fusion well below the barrier (involving the quantum-mecha-
nical penetration of the fusion barrier) cannot be described 
with such one-dimensional models of colliding rigid spheres 
involving WKB theory or the Hill-Wheeler expression for 
the transmission through a potential barrier. As a general 
rule one observes unexpectedly large cross sections below 
the barrier. More specifically, there is evidence that the 
cross section enhancement is dependent on the nature of 
the amalgamating nuclei. In a comparative study [88, 89] 
it was shown, first, that the cross section enhancement 
was larger for deformed target nuclei (154Sm) than for 
spherical nuclei, and, second, that the global effect was 
much stronger if a heavier projectile (40Ar) was used in-
stead of a light one ( 1 6 0) . As shown in a particularly clear 
way by R E I S D O R F et al. [91] in the fusion of 4 0 Ar with 
112,116,122 s n there is a striking gain in cross sections 
relative to the fusion cross sections calculated for rigid 
spheres even for spherical target nuclei, see Fig. 12. For 
statically deformed and "soft" nuclei the gain is larger. 
For even heavier projectiles than 4 0 Ar this trend is further 
accentuated [92], Similar trends are likely to hold for 
superheavy target-projectile combinations. Thus, Fig. 12 
tells us that lowering of the centre-of-mass bombarding 
energy below the barrier by 10 MeV reduces the fusion 
cross section by a factor of ~ 13 or less, whereas conven-
tional fusion models predict a decrease by about 5 orders 
of magnitude. Since lowering of the entrance channel 
kinetic energy decreases the compound nucleus excitation 
energy by the same amount of MeV and since the sur-
vivability of a heavy, highly fissile compound nucleus de-
pends so dramatically on its excitation energy the net 
result of chosing a bombarding energy ~ 10 MeV below 
the one-dimensional barrier will be a gain in the cross sec-
tion for surviving superheavy evaporation residues by 
several orders of magnitude. Quantitative estimates of 
these gain factors are difficult to obtain because the sur-
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vivability of a SHE (section 4.4.3.) depends also one the 
rate of weakening of the shell effects near Ζ = 114 and 
Ν = 184 by excitation energy and compound nucleus de-
formation, both factors being poorly known at present. 

The cross section enhancements for fusion below the 
barrier is far from being theoretically understood. Quali-
tatively, as the size of the projectile becomes comparable 
to that of the target, dimensions other than the separation 
of the centers of two rigid nuclei are expected to become 
important. Among the additional degrees of freedom that 
have to be considered we mention deformations, both 
static or momentary as a result of the zero-point motion 
of low-lying surface vibrations and the rapid formation of 
a neck between target and projectile which make the bar-
rier penetration problem multidimensional. 

4.4.2. Dynamical limitations of fusion near the barrier 

The above statement on the time scale for the necking 
degree of freedom comes from low-energy fission studies 
[93] where fully paired even-even fragmentations into the 
ground states of the fission fragments have not been detec-
ted. The finding of pair breaking even for the coldest frag-
mentations allows to estimate a time for the necking-in 
process of at most 3 χ 10 - 22 s. This time is short compared 
to the equilibration time for the mass asymmetry degree 
of freedom which is known from deep-inelastic heavy-ion 
collisions to be about 4 χ IO - 2 1 s. The time for formation 
of a neck in a fusion reaction, i.e. the transition time from 
a binary system to an elongated saddle point shape (the 
barrier crossing time) is, therefore, believed to be also 
much smaller than the time required for the dissappearance 
of the mass asymmetry of the entrance channel. Therefore, 
it makes sense to study the dynamics of fusion at frozen 
mass asymmetry as a function of the separation of the 
colliding nuclei and as a function of the neck-size as pro-
posed by S W I A T E C K I [94]. Then, in analogy to fission 
where the fissility of the system is governed by the ratio 
between repulsive Coulomb forces and attractive nuclear 
forces, the fusability of two touching nuclei will be gov-
erned by an effective value of Z2 ¡A defined as the ratio 
of forces in the entrance channel as 
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if centrifugal forces are ignorded. The latter is justified for 
the formation of very heavy fusion-evaporation-residues 
where only the lowest partial waves contribute. ( Z 2 / A ) e f f 
is a measure for the depth of the potential pocket which 
is required for fusion. Using a proximity potential and a 
Coulomb potential one can calculate that the pocket dis-
appears for (Z21A )eff — 46. Unfortunately, however, 
there is a geometrical limitation of fusion in the entrance 
channel which is given by the elongation of the "condi-
tional" saddle point shape with respect to the elongation 
associated with the touching point of projectile and target, 
as schematically illustrated in Fig. 13. In the upper part 

S E P A R A T I O N 

Fig. 13. Schematic representation of one-dimensional two-center 
potentials, V (R), showing a reaction barrier and a pocket behind 
it. These quantities are defined in the one-dimensional space of 
two spheres separated by a variable distance R. Also shown are 
potential curves appropriate to two deformable bodies with fixed 
masses connected by a neck. Such curves represent cuts in a multi-
dimensional deformation space, but there is in general a well-de-
fined saddle point, named the "conditional" saddle to emphasize 
the condition of fixed mass asymmetry at variable neck size and 
variable separation R. The top figure illustrates the cases where 
the conditional saddle is more elongated than two spheres in con-
tact. In the lower figure the conditional saddle point is more 
compact than two spheres in contact. Here the existence of a 
pocket in the one-dimensional potential is not sufficient for the 
system to get trapped. An extra inward push of kinetic energy is 
required to bring the system inside the conditional saddle [94] 

of the Figure the touching point lies within the separation 
R appropriate for the conditional saddle point, thus allow-
ing the system to fall into the pocket and to fuse. For a 
system with (Z2 /A )eff being larger than a threshold value 
(Z21A the system is not trapped unless an extra a-
mount of kinetic energy is provided which brings the sys-
tem inside the conditional saddle point. This "extra push", 
if supplied, results in additional excitation of the com-
pound nucleus which, in turn, reduces its survivability. 
The extra push for systems with (Z21A )eff > (Z2 ¡A )jjjf 
increases quadratically as 

A£push= α2π0[(Ζ2/Α)βίΐ-(Ζ2/Α)^]2 

where the parameter a is the rate at which the extra push 
increases and η0 is a dimensional constant. An important 
task for the experimeters was now to find out the value 
of (Ζ 2 1 and to check whether this value is inde-
pendent of the fissility of the compound system. S A N N 

et al. [95] and S W I A T E C K I [94] asserted on the basis of 
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Fig. 14. Extra push of kinetic energy required to fuse given tar-
get projectile combinations [96). The "fusability" of a given sys-
tem is characterized by the entrance channel model parameter 
( 2 2 IA ) eff for angular momentum 1 = 0 h. Systems that have 
been shown to fuse and to produce detectable amounts of eva-
poration residues are 4 0 Ar + 1 0 6 P b (97], 5 0 Ti + 2 0 , P b and S 0Ti 
+ 1 0 ' B i [98] , " K r + ' " S b and " Z r + l i 4 S n [99] ,and 7 6 Ge + 
' 7 " E r [96]. No evaporation residues could be detected for , 6 K r 
+ , 6 0 G d and 1 3 6 X e + 1 1 0 P d [96] indicating the existence of a 
"thud wall" for fusion beyond (Z2 [A )eff — 38. The solid line 
and the dashed lines are the result of a fit of SwlATECKI's mod-
el to symmetric fission cross sections (94, 95] using angular mo-
mentum dependent values of (Z2 /A)eff with (Ζ2 ¡ A ( 1 = o) 
= 33 ± 1 and a — 12. The latter model [94] assumes tnat barrier 

crossing is a highly viscous process involving one-body friction 

measurements of the cross sections for symmetric fission 
in a large number of target-projectile combinations [95] 
that the threshold is located at (Ζ2/Α)*$ — 33 ± 1 and 
the slope is a ^ 12. One may argue that the observation 
of symmetric fragmentation does not prove that a com-
pound nucleus was existing. Therefore, measurements of 
compound nucleus evaporation residue cross sections are 
a more stringent test of the location of the dynamical 
threshold for fusion. Fig. 14 shows the experimentally 
determined extra push & E p m h relative to the one-dimen-
sional barrier for touching spheres as a function of 
(Z2/A)eff [96]. Several important conclusions can be draw 
from the data shown in Fig. 14: i) The concept of a con-
ditional saddle point allowing scaling of the fusability of 
different target projectile combinations with the entrance 
channel parameter (Z2/A)eff has been confirmed for sys-
tems with very different fissility ( Z \ ¡ A Ü ) . This confirms 
that the barrier crossing time (the time for formation of 
a neck) is short compared to the equilibration time for 
the mass asymmetry, ii) Up to (Z2 /A)eff ~38 fusion has 
been observed unhindered with compound nucleus excita-
tion energies as low as 15 —20 MeV. iii) Below (Z2 /A )eff 

~ 38 fusion of two nuclei which are very gently brought to-
gether with zero relative velocity and negligible angular 
momentum seems to be possible without the release of 
intrinsic energy due to friction, whereas one-body dissipa-
tion [94] already predicts "extra push" energies of up to 
20 MeV. For ( Z 2 / A ) t f f < 38 at the lowest possible bom-
barding energies the neck formation or barrier crossing is 
a friction-less transition, iv) Beyond (Z 2 /i4) e f r ~38 there 
seems to be a "thud wall" preventing heavy target-projec-
tile combinations from being fused at low excitation ener-
gies. 

The messages concerning the production of SHE's in 
fusion reactions that we get from these conclusions are 
as follows: Among the reactions listed in Table 1 that 
were hoped to form compound nuclei with possible sur-
vival all class 2 reactions are characterized by values of 
(Z 2 /A) e f f > 38 so that compound nucleus formation did 
not take place at the near-barrier energies used in the 
experiments. Inasmuch as the class 1 reactions did not 
seriously test the existence of SHE's because of too un-
stable, neutron-deficient landing places, none of the many 
class 2 reactions can be seen as a serious test of the exist-
ence of the predicted island of stability because the syn-
thetic route that was chosen does not exist. 

The only access to the SHE island in fusion reactions 
is possible by combining heavy targets with Ζ - 88—98 
with medium size projectiles with Ζ < 27 ("class 3 " reac-
tions). When considering the required availability of weigh-
able amounts of both projectile and target material with 
(Z2 / A) eff < 38 we find only a few combinations using 
4 8 Ca and 5 0 Ti beams with 2 4 4 Pu, 2 4 8 Cm and 2 5 2 C f tar-
gets that fulfill the requirement of unhindered fusion into 
compound nuclei with possible survival. 

But why did the extensive attempts with the 4 8 Ca + 
2 4 8 Cm reaction fail? Both in Berkeley [ 2 8 , 6 6 - 6 8 ] and 
at Dubna [55] on the basis of some indirect hints for 
entrance channel limitations in heavy-ion fusion reactions 
[53] it was decided that some tens of MeV of extra push 
had to be provided to fuse 4 8Ca with 2 4 8 Cm so that the 
compound system was formed with excitation energies 
between 34 and 54 MeV, which probably reduced their 
overall survival rates to hopelessly small values [53]. Today, 
in view of the results of the recent high-precision and high-
sensitivity fusion studies mentioned above, we conclude 
that this decision was wrong. The reasons for this conclu-
sion are summarized in Table 2 which compares some of 
the reactions investigated with the three most promising 
combinations reaching the island of stability. The excita-
tion energies at the fusion barrier, £ 3 , are calculated from 
the experimentally determined barrier heights which are, 
for ( Z 2 / A ) < 38, in agreement with calculated barriers 
using the promixity theory and reducing the resulting 
barrier heights by 4% [94], The same recipe was used to 
predict fusion barriers for the three most promising super-
heavy target-projectile combinations and to estimate the 
respective compound nucleus excitation energies at the 
barrier, Eg . The column ¿TJ^ lists the lowest excitation 
energies at which evaporation residues were observed or 
are expected due to barrier penetration. Thus, it should 
be possible to form the superheavy compound systems at 
about 15 MeV of excitation energy. Their entrance channel 
parameters are very similar to those, e.g., of the 9 4 Zr + 
1 2 4 Sn reaction. However, there exists an important differ-
ence. 2 1 8 T h has a liquid drop barrier of 4—5 MeV at rather 
large deformations while the superheavy nucleus 29® ows 
its stability entirely to shell stabilization with a fission bar-
rier at much smaller deformations. The important question 
to be asked is how shell-stabilized narrow fission barriers 
of spherical nuclei are preserved at higher excitation energy. 
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Table 2. Entrance and exit channel parameters for several heavy-ion fusion reactions with (Z1 /A )eff < 38. The height of the fis-
sion barrier at zero excitation energy is given as Ef = Bf - S U, if an additional (small) shell effect at the barrier is ignored 

Reaction Compound Fission barrier Fusability Fissility 
nucleus B$> δ í/b) (Ζ2/A)tt{ (Zl/A0) 

Fusion barrier Excitation energy (MeV) 
Β (MeV) El ¿T*in 

lowest 
xn channel 
observed 

Reference 

;;Ar + 2 « P b 1 4 6 Fm 1.5 - 2 . 3 31.3 40.7 162 ± 3 33 19 2 η 97 
f^Ti + 2 ; ;pb 251 

104 0.8 - 2 . 9 34.4 41.9 191 ± 3 22 18 1 η 98 
»•TI + 2 HBi 25» 105 0.6 - 3 . 0 34.7 42.6 190 ± 3 15 12 1 η 98 
*JCr + 2J5Bi 263 107 0.4 - 2 . 9 36.6 43.5 ~ 209 20 15 1 η 62, 98 

•jKr + ' ^ S b 20» Fr 17 7.2 - 4 . 6 35.6 36.2 209 ± 3 40 28 3 η 99 
;;Zr + "JSn 2!»Tt1 »0 111 5.3 - 4 . 3 37.0 37.2 219 t 3 31 20 1 η 99 

2*Ca + ' " C m 2»6 11 6 0 - 4 . 9 33.9 45.5 196 e) 25 d) < 15 
Ϊ;·Π + " i Pu 294 

116 0 - 3 . 6 36.2 45.8 212C) 28 Ί) < 18 
2îTi + 2 ; ; c m 2»< 

11· 0 - 5 . 7 36.6 46.7 216e) 28 d) < 18 

a ) empirical liquid drop fission barriers, from Ref. [104] 
b) ground state shell correction, from Ref. [105] 
c ) calculated using the proximity theory and reducing the barrier height by 4% 
d ) relative to the droplet model ground state in the absence of shell effects, Ref. [105] 

4.4.3. A comment on the survivability of shell-stabilized 
compound nuclei 

SAHM et al. [100-102] have studied the deexcitation by 
neutron emission of 214-220^ produced by fusion of 
4 0Ar with i78-isojjf and of 9 ° - 9 6 Z r with 124Sn. The 
deduced relative neutron decay widths < Γη /Tf >, i.e. 
the average values of Γη /Tf over the neutron cascade, or 
the cross sections, show no increase at the magic neutron 
n u m b e r 1 2 6 for 4η or 3η channels. For 2n and In 
channels being observed at much lower excitation energies 
there is a small increase. As already pointed out by 
SCHMIDT et al. [102] these results are consistent with a 
reduction of the spherical ground state shell effect to 1 / e 
of its full strength by an excitation energy of less than 
10 MeV. On the other hand many actinide and trans-
actinide isotopes with Ζ <106 have been produced [103] 
in 4n reactions at 35 to 45 MeV of excitation energy. These 
nuclei are deformed in their ground state and their shell 
effects seem to be much more stable against intrinsic exci-
tation than those of spherical nuclei. This is dramatically 
illustrated by Fig. 15 showing the ratio of measured to 
calculated 2 n - 5 n cross sections for a large number of 
deformed and spherical compound nuclei [101], The upper 
part, where the calculations included the ground state shell 
effect, shows that for nuclei with deformed ground states 
the measured cross sections are fairly well reproduced by 
the calculations. In contrast, for nuclei with spherical or 
almost spherical ground states, the measured cross sections 
are much lower than predicted and are reproduced much 
better by calculations (middle part of Fig. 15) where the 
shell effects are completely neglected. This is to say that 
the stabilizing effect of spherical shells on the survival 
probability of compound nuclei is, if existing at all, extreme 
ly weak. One can appreciate the consequences of this result 
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Fig. 15. Ratio of measured and calculated xn cross section for 
2 < χ < 5 as a function of the residual neutron number from 
Ref. [1011. Upper part: o c l i c includes ground state shell effects. 
Middle part: <Jclic calculated by neglecting ground state shell ef-
fects. Lower part: Ground state shell effects for spherical nuclei 
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if one realizes that our test cases, i.e. the spherical com-
pound nuclei near Ν = 126 have solid (liquid drop) barriers 
of several MeV even in the complete absence of stabilizing 
shell effects. Nevertheless, their cross sections in fusion 
reactions are reduced by up to four orders of magnitude by 
the damping-out of their shell effects. Superheavy elements 
near Ν = 184, on the other hand, have no stability at all 
from the liquid drop. Thus, their survival rates will depend 
entirely on the residual shell strength at the minimum exci-
tation energy possible and at the unavoidable deformation 
introduced by the entrance channel of the fusion reaction. 
It is clear that future attempts to synthesize SHE's in the 
fusion reactions listed in Table 2 will have to be performed 
at energies 10 to 15 MeV below the calculated fusion bar-
rier energies. The expected excitation energies are then 
similar to those in the S4Cr + 209Bi reaction so that there 
is some hope for the formation of a superheavy evapora-
tion residue by the evaporation of one neutron. 

4.4.4. New results on deep-inelastic transfer reactions 

After the original optimistic extrapolations [70—73] of 
production rates of SHE's in deep-inelastic collisions the 
question has been raised [86, 75] whether the heavy frag-
ments produced in these collisions are formed in statistical 
equilibrium and, thus, decay by a neutron evaporation cas-
cade typical for an equilibrated compound nucleus, or, 
whether they are deformed (under the influence of the 
large angular momenta involved) to or beyond the fission 
saddle point. The latter situation would result in a fast 
non-equilibrium fission process which might be detectable 
experimentally. 

Two very different types of experiments have addressed 
themselves to this important question. By using 1 m2 large 
position-sensitive counters GLÄSSEL et al. [86] performed 
kinematically complete investigations of deep-inelastic col-
lisions followed by sequential fission of the heavy reaction 
product in 2 3 8U + 2 3 8U and 2 3 8U + 248Cm collisions. 
These experiments provided no evidence for a fast sequen-
tial break-up of the heavy fragments. Even for the largest 
mass transfers leading to heavy fragments with Ζ > 110, 
the data are still compatible with a two-step reaction 
mechanism where fission of the heavy fragment follows 
the deep-inelastic collisions with minimum scission-to-
scission times of > 10" 2 0 sec. However, the observed 
fission fragment angular distributions were found [86] to 
be incompatible with the usual statistical distribution of 
states at the liquid drop saddle point. Also, in the region 
of the heaviest elements, GLÄSSEL et al. observed a con-
siderable broadening of the fission fragment mass distribu-
tion. A possibly related broadening in the mass distribu-
tion has also been observed in fusion-fission reactions of 
lighter elements when the fission barriers reach zero be-
cause of very high angular momenta. Irrespective of the 
apparent two-step nature of the observed fission phenom-
ena, GLÄSSEL et al. concluded [86] that non-equilibrated 
systems may be involved. It is important to note here, that 
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Fig. 16. Cross section for the formation of tianscurium isotopes 
in the 2 3 1 U + 2 4 1 Cm reaction at 7.4 MeV/nucleón incident ener-
gy, from Ref. [106]. Also plotted for comparison are data for the 

23»U + 2 3 , U reaction from Ref. [72] 

their results refer to values of total kinetic energy loss 
(TKEL) of > 150 MeV in the first reaction step. Similar 
investigations of the fission phenomena of Ζ > 110 frag-
ments at much lower values of TKEL are highly desirable. 

The second type of experiments related to the basic 
question of a statistical equilibrium of the heavy frag-
ments in deep-inelastic collisions was performed by SCHÄ-
DEL et al. [72,76,106] by using the extreme sensitivity 
of radiochemical techniques. In the 2 3 8U + 2 3 8U reaction 
the steep decrease in the element yields beyond urani-
um, see Fig. 7, was followed over eight orders of magnitude 
up to fermium (Z = 100) [72], Analyses of these actinide 
cross sections indicated that the surviving transuranium 
isotopes were produced in the low-energy tails of the broad 
excitation energy distributions at average excitation ener-
gies on the order of 35 MeV. In order to reproduce the 
residual Cf- through Fm-yields relative neutron decay 
widths r n / r f a factor of two smaller than the empirical 
values by SlKKELAND [107] have to be used [76], This 
reduction is in agreement with semi-quantitative estimates 
of the influence of the angular momenta on r n / r f , how-
ever, alternatively, a loss of yield due to non-equilibrium 
fission could not absolutely be excluded. Here, the forma-
tion cross sections for transuranium isotopes in the 2 3 8U 
+ 248Cm reaction have helped to exclude the latter pos-
sibility. These data are shown in Fig. 16, where they are 
compared to the cross sections observed in the 2 3 8U + 
2 3 8U reaction. The cross sections for Fm, Es, and Cf in the 
238y + 248çm reaction are three to four orders of magni-
tude higher than in the 2 3 8U + 2 3 8U reaction. These in-
creases are qualitatively expected because fewer nucléons 
have to be transferred to the target nucleus 248Cm to 
make Cf, Es, Fm or Md isotopes than need to be trans-
ferred to 2 3 8U in order to produce the same product 
nuclei. Because the number of transferred nucléons and 
the intrinsic excitation of the product are correlated it 
is expected that Cf-, Es- and Fm-fragments produced in 
238υ + 238y collisions have on the average much higher 
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excitation energies than the same fragments originating 
from 2 3 8 U + 2 4 8Cm collisions. The resulting larger loss 
of yield to sequential fission explains the reduced yields 
of surviving actinides in the 2 3 8 U + 2 3 8 U reactibn relative 
to the 2 3 8 U + 2 4 8Cm reaction, see Fig. 16. A quantitative 
analysis of the observed yield ratios [106] revealed that on 
the average 3 to 4 neutrons were evaporated in the de-
excitation chains leading to surviving heavy actinides in 
the 2 3 8 U + 2 4 8Cm reaction implying average excitation 
energies of about 30 MeV. This is entirely consistent with 
the earlier findings for the 2 3 8 U + 2 3 8 U reaction [72] and 
largely excludes losses of yield to fast non-equilibrium fis-
sion processes. Based on these results and on the great 
similarities that exist in the reaction mechanisms of 2 3 8 U 
+ 2 3 8 U and 2 3 8 U + 2 4 8Cm collisions SCHÄDEL et al. [106] 
have asserted that a cross section of 10" 3 2 cm2 at excita-
tion energies of 25 —30 MeV is expected for Ζ = 114 in 
the 2 3 8 U + 2 4 8Cm reaction. This is a factor of 30 higher 
than the estimate for the 2 3 8 U + 2 3 8 U reaction. 

If excited SHE's can be formed with < 15 MeV of ex-
citation energy and with millibarn cross sections in fusion 
reactions such as 4 8Ca + 2 4 8Cm the deep-inelastic transfer 
approach appears to be clearly inferior. However, we 
should keep in mind that with deep-inelastic 2 3 8 U + 2 4 8Cm 
collisions we are capable of reaching neutron-rich areas in 
the island of stability inaccessible to fusion reactions, see 
again Fig. 8. If these neutron-rich species can be formed 
with little deformation, the chances of surviving their 
formation may be much better than those of any super-
heavy compound nucleus produced in a fusion reaction. 
Thus, at present, continued efforts along both alternative 
synthetic routes are neccessary as well as continued studies 
of both reaction mechanisms which are of great interest in 
themselves. 

5. Outlook 

After more than a decade of extensive experimental efforts 
to search for SHE's in nature and to synthesize SHE's in 
heavy-ion reactions the anticipated massive extension of 
the periodic table of the elements has not been achieved. 
Still, the original reasons for this attempt are valid and 
motivate for further effort. There is the opportunity to 
test the predictive power of modern theories describing 
the stability of atomic nuclei. And there is still hope to 
test the predictions of chemical properties of the SHE's, 
predictions based on relativistic rules whose consequences 
are just becoming apparent in the atomic properties of the 
heaviest known elements. Experimental tests of these 
physical and chemical predictions would greatly expand 
our understanding of the periodic table of the elements. 

The failure to observe SHE's has been interpreted [53] 
as an indication for considerably lower fission barriers of 
these elements than those predicted in the early "optimis-
tic" calculations. This would preclude their observation in 
nature and diminish our expectations for the possible pro-
duction of SHE's in the laboratory. However, as we have 

discussed in this review, recent insight into heavy-ion reac-
tion mechanisms behooves us to believe that perhaps none 
of the heavy-ion experiments performed to date has pro-
vided a real test for the existence of the predicted island 
of stability. This is connected i) with a general lack of 
ultra-sensitive detection techniques for very short-lived 
species, ii) with the threshold for fusion reactions at 
(Z2 M) e f f > 38 which precludes formation of superheavy 
compound nuclei in all "class 2" reactions and which 
leaves only very few target-projectile combinations for 
meaningful future experiments, and iii) with the extreme 
sensitivity of the ground state shell effect of spherical 
nuclei towards intrinsic excitation which may have reduced 
the overall production rates of any residual SHE formed 
either in complete fusion reactions or in deep-inelastic 
transfer reactions to undetectable values. 

For the near future we anticipate 

1) Further studies on the de-excitation of spherical nuclei. 
2) Further studies on energy- and system-dependences of 

heavy actinide production in deep-inelastic heavy-ion 
collisions 

3) Developments of new methods for the detection of very 
short-lived SHE's and their application in future 2 3 8 U 
+ 2 4 8Cm bombardments. 

4) A repetition of the 4 8 Ca + 2 4 8 Cm fusion experiments at 
substantially lower bombarding energies (4.5 - 4 . 9 MeV 
/nucléon) as well as attempts with the 4 8Ca + 2 4 4Pu 
and S0Ti + 248Cm reactions at comparably low energies. 

None of these experiments will be simple because we 
need tens of milligrams of exotic target materials such as 
highly enriched 2 4 4Pu and 2 4 8 Cm, large quantities of iso-
topically separated 48Ca and S0Ti, for which the world-
wide supply is very limited, powerful heavy-ion accelera-
tors producing intense beams of these exotic projectiles, 
highly sophisticated experimental techniques, and a con-
siderable amount of man power. In none of the competing 
laboratories all these prerequisites are simultaneously ful-
filled. This clearly calls for international collaboration. 

If the new experiments fail we should keep in mind that 
in a fusion reaction there is a long way from the deformed 
configuration at the barrier showing no shell stabilization 
to the spherical ground state which is shell stabilized. Also 
deep-inelastic collisions are likely to produce SHE's in de-
formed shapes. How to bridge this gap is a question for 
which an answer is not at hand. 
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Abstract 

The redox and complexation behavior of the actinide ions in aque-
ous solution is reviewed. An equation is offered to calculate the 
ionic radii of actinide cations in different oxidation states and co-
ordination numbers. The models for hydration are reviewed with 
emphasis on one involving long range ordering of a solvent sheath. 
Some selected values for hydrolysis constants reflect the problems 
of studying actinide ions in near-neutral or basic solutions. 

A simple modified BORN equation is shown to provide values 
of the complexation constants in very good agreement with ex-
perimental values. Interpretation of the entropy and enthalpy 
changes for complexation is discussed in terms of a model of de-
solvation plus cation-anion combination. Some general observa-
tions on redox and complexation kinetics are offered to indicate 
possible directions for further studies. 

I. Introduction 

Since the earliest days of the Manhattan Project, much of 
the interest in the solution chemistry of the actinide ele-
ments has been directly associated with the separation 
science of these elements. Whether dealing with a few 
kilograms of plutonium or a few atoms of mendelevium, 
the primary motive in most studies of actinide solutions 
was the isolation and purification of these elements rather 
than expansion of our knowledge about their fundamen-
tal chemical behavior. International interest in nuclear 
fuel reprocessing methods, which typically involves acid 
solutions, is a continuing motivation for actinide research. 
Lately, studies of actinide behavior in neutral and basic 
solutions have attempted to provide answers on the fate 
of these elements in potential nuclear waste disposal sites 
and in the environment. Even beyond these applied con-
cerns, the actinides have a richly diverse chemistry in solu-
tion which provides sufficient justification to the solution 
chemist for their continuing study. In this review, the 
focus is on the fundamental aspects of actinide solution 
chemistry; if well understood, these can serve as the basis 
for direction of the studies of a more applied nature. 

ly increase the apparent redox stability of the M (VI) spe-
cies compared to M(III). Pu (III) is stable to air and water 
in acid solutions but in the presence of acetate or EDTA 
(pH 3.5), it partially oxidizes to Pu(IV) [1], Similarly, the 
greater tendency to hydrolysis of Pu (IV) causes Pu (III) 
in aqueous solution to be oxidized to Pu (IV) in neutral 
media (III) (IV) = - 0.98 ν in 1 M HC104 vs. 
+0.63v at pH 7] [2]. Methods of preparation of the dif-
ferent oxidation states have been discussed recently by 
AHRLAND et al. [3 ] and MYASOEDOV [4], 

Disproportionation reactions, leading to several oxida-
tion states simultaneously in solution is a significant aspect 
of actinide chemistry, particularly for some IV and V spe-
cies. Such reactions have been discussed also in ref. [3, 4, 
and 5]. In the following section, the various oxidation 
states found in aqueous solution for the different actinides 
are briefly reviewed. 

M(I) 
The existence of Md(I) has been reported by MlKHEEV 
and coworkers [6] but studies by other groups [7] have 
failed to provide confirmation. 

M (II) 
Both Md(II) and No(II) form readily in aqueous solution 
and No (II) is the most stable species of that element. 
Cf(II), Es(II) and Fm(II) have been shown to have much 
lower stability than the III state [4]. Am(II), Cm(II) and 
Cf(II) were produced in acid solution for periods of Ι Ο -
Ι 00 msec by pulse radiolysis [8, 9]. 

M(III) 

This is the most stable oxidation state in aqueous solu-
tions for the actinides Am-Md and Lw. However, as noted 
previously, other states can be made predominant in 
basic or in strongly complexing solutions. Pu (III) and 
Np(III) are rather easily obtained although U(III) is such 
a strong reducing agent that it is difficult to maintain in 
solution. 

II. Oxidation states in solution 

The actinide ions exhibit an unusually broad range of 
oxidation states in aqueous solution — from II to VII. 
Following the normal pattern for polyvalent cations, 
lower oxidation states are stabilized by more acidic con-
ditions while high oxidation states are more stable in basic 
solutions. Of course, this generalization can be negated by 
other factors, such as complexing, and these trends in the 
relative stability of different oxidation states can be re-
versed. For example, the greater strength of complexing 
of M (IV) cations relative to that of M (III) can significant-

M(IV) 
Th(IV) is the common and stable state for that element. 
Pa(IV), U(IV) and Np(IV) do not react with water but 
are oxidized by 0 2 . Pu(IV) is stable only in concentrated 
acids and at low concentrations of Pu (IV). The IV state 
of Am, Cm, Bk and Cf can be produced in alkaline solu-
tions by persulfate oxidation. The presence of potassium 
phosphotungstate, K 1 0 P2W, 7 O 6 i , stabilizes these species 
by complexation [4]. Am(IV) and Bk(IV) are relatively 
stable and can be produced by a variety of oxidation tech-
niques. Am(IV), Cm(IV) and Cf(IV) have also been pro-
duced in aqueous solution by pulse radiolysis. 
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M(V) 
The MO2 ion can be formed in solution by the actinides 
Pa through Am. This is the most stable state for Pa al-
though it is uncertain whether the better formulation of 
the aqueous species is Pa02 or PaO(OH>2 [10]. NpC>2 
is stable except at high acidities and high concentrations 
under which conditions it disproportionates. UO£ and 
PuC>2 increase in stability as the pH is increased but have 
a strong tendency to disproportionate. AmOj is a strong 
oxidant; it also disproportionates in highly acid solutions. 
There is evidence that PuOj may be the predominant plu-
tonium species in solution in natural waters [11]. 

M (VI) 
U, Np, Pu and Am form MO^2 ions in solution with the 
stability decreasing in the order U > Pu > Np > Am. U0 2

 2 

is the most stable uranium species while AmO^2 is a 
strong oxidizing agent although it can be formed quanti-
tatively in basic solutions of phosphotungstates. 

M (VII) 
In acid solutions, Np(VII) and Pu (VII) are reduced rapid-
ly by water but the reduction is considerably slower in 
basic solution. Am (VII) is reported to form but is so un-
stable even in alkaline solution that it oxidizes Np(VI) 
and Pu (VI) to their VII state in 1 - 2 M NaOH [12]. How-
ever, research at Argonne and Los Alamos have failed to 
produce Am (VII) under the conditions reported earlier 
[12]. The M(VII) species seems to be trinegative, cor-
responding most simply to MO Ζ3 but the more likely 
correct formulation is M02 (OH)«3 [14], 

The rates of the disproportionation reactions as well 
as the rates of many of the redox reactions of the actinides 
can be markedly influenced by the chemical nature of the 
reactants and the products. For example, the reduction 
of M (VI) to M(IV) requires extensive rearrangement of 
the primary coordination sphere of Μθ£2 (i. e. change of 
the linear dioxo structure) prior to electron transfer. 
This results in an activation barrier such that a dispropor-
tionation reaction such as 

3Pu + 4 + 2 H 2 0 = 2 P u + 3 + P U O 2 2 + 4 H + 

requires about 200 hours in 0.5 M HCl to attain equilibri-
um. By contrast, the reaction: 

Ν ρ + 3 + Ν ρ θ £ 2 = Np+ 4 + NpO^1 

is very fast, presumably because it occurs via rapid elec-
tron exchange in two half reactions: Np+ 3 Np+ 4 and 
NpO^2 -*• NpO£1 • 

Photochemically induced redox reactions of U, Np 
and Pu were reviewed recently by TOTH et al. [15]. For 
U(VI) and Pu(VI) the general reaction: 

MO22 + R + ^ M O £ + R+ 

has been found to take place when R is an alcohol, an 
aldehyde, hydrazine or hydroxylamine. The M02 species 
disproportionates to M + 4 and MO£2 with a rate which is 
dependent on acidity and M02 concentration. The quan-

tum efficiency in 1 M acid with C2 Hs OH present is 50 
times greater for UO22 (250-600 nm) than for PuOj 2 

( < 350 nm). Direct photochemical reduction occurs in 
this same system: 

P u + 4 + i ? P u + 3 + Ä + 

Neptunium in the III, IV and V states is oxidized in 
sequential one electron transfer reactions to Np(VI) by 
absorption of 300 nm radiation in perchloric acid solu-
tions. However, photochemical reduction can occur also 
in acid solutions when ethanol is present whereby Np(VI) 
is reduced in steps to Np(III). In HN03 solutions, these 
photochemical redox reactions are complicated by the 
photolytic reduction of NO J. As a result, Np(VI) and 
Np(IV) solutions can be converted completely to Np(V)· 
The redox photochemistry of the actinides would seem 
to be a promising research field for both basic and applied 
interest. 

Fig. 1 gives the oxidation potentials for U, Np and Pu 
at pH 0 [3] and, as estimated by ALLARD et al. [16], at 
pH 8 and 14. 

U(III) 
- 0 . 6 3 1 ν 
-1.95 ί 0.17 
-2.78 ±0.35 

U(IV) + 0.08 ± 0.12 
-0. 03 » 0. 24 

UCV) 
-0.23* 0.05 
-0.69 ± 0.24 

u(vn 

•0.338 
-0.U7 ± o.oa 
-0.36 i 0.12 

Np(III) 
+ 0.155 ν 
-1.13 i 0.14 
-1.88 I 0.24 

Np(IV) 
• 0.15 i 0.13 
-0.09 i 0.24 

Np (V) ->1.136 

+0.81 » 0.08 
• 0.38 i 0.24 

Np(VI) 

•0.938 
+U.4H • 0.uy 
•0.15 + 0 . 1 2 

Pu(III) 
+ 0.982 V 
-0.39 : 
-1.04 : 

0.15 
0.24 

Pu (IV) 
• 0.70 i 0.12 
• 0.52 ί 0.24 

Pu(V) •0.916 

•0.60 î 0.04 
• 0.16 i 0.24 

Pu(VI) 

•1.043 
•0.65 i D.Π8 
•0.34 ± 0.12 

Fig. 1. Redox potential diagram for U, Np and Pu. The reduction 
potentials as listed are for the pH values: pH = 0; pH = 8; pH = 14. 

III. Coordination number and radii 

The actinide cations are "hard acids" - that is, their 
bonding in complexes is rather well described by an elec-
trostatic model and they show strong preference for oxy-
gen donor atoms. There is evidence for some greater 
degree of covalency in actinide-ligand bonds than in 
analogous lanthanide-ligand bonds, but, for both groups 
of metals, the ionic character of the bonding is predomi-
nant. This is true for the metal-oxygen and metal-nitrogen 
donor bonds prevalent in complexes in aqueous solution 
[17] as well as for the metal-carbon bonds in organometal-
lic compounds [18]. 

As a result of the ionic nature of the bonding, actinide 
cations do not display the restricted sterochemistry typical 
of the d transition elements. The coordination number and 
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the geometry of the coordination sphere in the d elements 
are strongly influenced by the overlap of the metal and 
ligand orbitals. By contrast, in the ionic interactions of 
actinide complexes, the number and arrangement of the 
ligands are determined primarily by steric and electro-
static factors. This leads to a range of coordination num-
bers from 6 to 12 observed for complexes with simple 
actinide cations while for the oxygenated cations, such as 
UOÎ2 , coordination numbers of 2 to 8 are reported. 

Little direct evidence can be found on the coordination 
number of actinides in aqueous solutions. However, co-
ordination numbers of 8 and 9 are the most likely for tri-
valent lanthanide systems [17], and it is reasonable that 
this is also true for trivalent actinides. Even in polydentate 
complexes such as AmEDTA"1^, the coordination sphere 
of the actinide cation probably includes 3 or 4 water 
molecules. For tetravalent species, the smaller cation size 
may result in smaller values — 7 and 8. 

Directly tied to the question of coordination number is 
that of the proper radius to assign the actinide cations. 
Solid state structural determinations have been concerned, 
for the most part, with CN = 6 compounds, although 
other systems such as Th(IV) of CN = 6 - 1 2 and U(VI) 
of CN = 2, 4 , 6 - 8 have been studied. SHANNON [19] has 
published the most comprehensive list of such data and 
used them to calculate the "effective ionic radii" which 
include consideration of coordination number, electronic 
spin, covalency, repulsive forces and polyhedral distortion. 
These radii are assumed to be independent of the coordi-
nation sphere symmetry and are directly additive (to the 
donor atom radius) for ionic bonds. The values of the ef-
fective radii of SHANNON for CN = 6 are listed in Table 1. 

Table 1. Effective ionic radii 
Coordination number = 6 

Actinide Oxidation state Actinide 

III IV V VI 

Th _ 0.94 _ — 

Pa 1.04 0.90 0.78 -

U 1.025 0.89 0.76 0.73 
Np 1.01 0.87 0.75 0.72 
Pu 1.00 0.86 0.74 0.71 
Am 0.975 0.85 - -

Cm 0.97 0.85 - -

Bk 0.96 0.83 - -

Cf 0.95 0.82 - -

These CN = 6 radii, r6, can be converted to radii for other 
coordination numbers, r , by using the following relation-
ships: 

'4 = r6 - 0 . 2 1 

r? = r6 + 0.06 

= r6 + 0.12 

r9 = r6 + 0.17 

rio = r6 + 0.22 

ri2 = r6 + 0.27 

Comparison of the radii derived by SHANNON with those 
calculated by these equations show that r 4 , rn, and r8 

agree to ± 0.01 Â while r9,rl0 and rl2 to ± 0.02 Â. 

IV. Hydration and hydrolysis 

Several authors have proposed hydration numbers for 
trivalent actinides. LEBEDEV [20] estimated values of 

for the An (III) ions, obtaining values in reasonable 
agreement with those reported by FUGER and OETTING 
from a critical evaluation of the literature values [21]. The 
values were used to obtain an estimate of the hydration 
number of 7.0 ± 0 . 1 . GOLDMAN and MORSS [22] re-
ported a value of 5.1 from a semiempirical calculation 
based on an electrostatic hydration model. Experimental 
measurements of the ionic migration velocities in an elec-
tric potential gradient were used with STOKES' Law 
equation [23] to calculate values from 13.6 (Am) to 16.9 
(Fm). These values agree with the net hydration numbers 
(first + second sphere) of trivalent lanthanide cations ob-
tained by various techniques [24]. These numbers are 
related to a first sphere hydration of 8 to 10 [25, 26] for 
the trivalent cations. 

The values of the hydration numbers in the proceed-
ing paragraph are based on calculations which assume that 
the experimental data are related to a cation species with 
a definite, small number of waters attached in one (or, 
at most, two) layers. An alternate model of hydration is 
based on the orienting effect of the cation on a larger 
volume of water molecules. The structuring imposed by 
this cationic orientation competes with that of the normal 
3-dimensional hydrogen-bonded order of water [27] to 
produce a net hydration effect. 

Support for a model of this longer range cationic 
ordering effect has been offered for trivalent lanthanides 
based on the crystal field splitting of Gd(III)aq [28], 
These splittings are attributed to second order crystal 
field operators whose coefficients converge slowly with 
distance. The conclusion is that the hydration effect on 
the water structure extends over a volume as large as 50 Â 
around each cation. Moreover, the symmetry at the rare 
earth cation site is very low and C2v at maximum. 

Further support for a model of a long range, more 
general structuring effect in hydration of cations is found 
in Fig. 2. The correlation of with the ionic charge 
density is consistent with a regularly increasing hydratio-
nal structuring as the cationic orienting effect, propor-
tional to Z2/r, increases. Such a model is not inconsistent 
with data such as the cationic electromigration velocities 
but is not consistent with interpretation of such data in 
terms of definite "hydration numbers". 

If the model of large hydrate "icebergs" is accepted, 
the correlation in Fig. 2 suggests that the tetravalent 
actinides have even larger solvated structures — perhaps 
twice as large as the trivalent cations. Also, for MO^2 

species, Fig. 2 suggests that the hydration structure is 
smaller than for the M(III) species and the low charge 
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Fig. 2. The correlation between and Z2 /r; for the radius, r, 
the C.N. = 6 values are used for Na(I), Ca (II) and PuOÍ 2 , that of 
C.N. = 8 for Pu (IV), that of C.N. = 9 for Pu (III) and that of 

C.N. = 4 for PuOj' · 

density of M0 2
1 cations has relatively little structuring 

effect on the solvent. 
The importance of the extensive hydration of the III, 

IV and VI species is seen in the values of the thermo-
dynamic parameters of complexation reactions. For many 
complexation reactions, the entropy and enthalpy changes 
are both positive, but since |Δ51 > | AH | in most cases, 
the result is a favorable (negative) free energy change. 
The positive values for AS and AH are interpreted to be 
a result of the dehydration which accompanies complexa-
tion. Thus, the thermodynamic driving force for many 
actinide complexation reactions is the increased entropy 
resulting from the disruption of the hydrate structure 
associated with the metal cation when it interacts with a 
ligand [17, 29]. These thermodynamic parameters are 
discussed more extensively in a later section. 

A significant aspect of actinide hydration is the im-
portance, as the pH increases, of hydrolysis reactions such 
as: 

M+rt +m H 2 0 = M(OH)+ ( n~m ) +mH+ 

The strength of hydrolysis follows the pattern: 

Λ / + 4 > Μ 0 2 2 > Μ + 3 > Μ 0 Ϊ 

which differs from that in Fig. 2 for the hydration 
entropies, i.e., 

Pu+4 > P u + 3 > P u O j 2 > P u O j . 

The hydrate entropies are related simply to the net posi-
tive charge on the cationic species. However, the hydrol-
ysis reaction is the result of interaction of a water mole-
cule with the metal atom itself - i.e., Pu in PuO*2. The 
hydrolysis order indicates that the charge on Pu in PuO*2 

is actually between +3 and +4 and probably about +3.3. 

The variation of the concentration of free (non-hydro -
lyzed) cation with pH is shown for plutonium in Fig. 3. 
These curves are based on estimated values of the hydro-
lysis constants [16] but are of sufficient accuracy to indi-
cate the pH values at which hydrolysis becomes signifi-
cant (e.g., ~ 6 - 8 for Pu+ 3 , < 0 for Pu+ 4 , 9 - 1 0 for 
PuO+ a n d 4 - 5 forPuO*2 . 

¿ 
σ> o 

Fig. 3. The effect of hydrolysis, as a function of pH, on the con-
centration of hydrated Pu cationic species. The initial (log [Pu] at 
pH = 0) concentrations are those at pH > 8 which correspond to 

the Kjp values of the hydroxide precipitate of each species. 

Hydrolysis constants of the actinides reported by dif-
ferent authors are rarely in agreement. Some values which 
seem to be the most reliable are listed in Table 2. SULLI-
VAN and coworkers [30] used a technique involving pulse 
radiolysis + transient conductivity to obtain their data in 
Table 2 while the M(III) values were measured by a sol-
vent extraction technique which minimizes the experi-
mental problems encountered in hydrolysis studies [31 ]. 
Other estimated and experimental values can be found in 
ref. [3,16,32 and 33]. 

Table 2. Hydrolysis constants 
An + HjO = An(OH) + H; K¡ 

An pK¡ Concentration of An Ref. 

UO+2 5.2 ±0.1 2 - 5 Χ 1 0 - 4 M (1 = 0) 30 
NpOj 2 5.4 ±0.1 2 - 5 Χ ΙΟ"4 M (1 = 0) 30 
PuO+2 6.3 ±0.1 2 - 5 Χ IO"4 Μ (I = 0) 30 
NpO+ 8.75 5 Χ ΙΟ'4 M (1 = 0) 30 
Np+4 2.3 ±0.1 2 X 1 0 - 3 M (I = 2.0 M) 32 
NpOH+ 3 4.5 2 - 5 X 1 0 " 4 M (1 = 0) 30 
Am+3 7.84 ±0.05 Tracer (I = 0.7 M) 31 

The hydrolysis of M+4 and MO*2 species follows a 
stepwise pattern 

M M (OH) M(OH)2 ->· etc. 

However, the M+4 and MO*2 species are reported also to 
form oligomers (i.e., [M(OH)f. ]n ). The competition be-

I ' I ' I ' I 1 I ' I ' I — ' l ' I 

Pu (E) 

pH 
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tween monomer and oligomer is dependent on the actinide 
concentration. For example, using the hydrolysis values 
of ref. [16], at pH 5 and (U02 )T o t a l ~ 0.05 M, the ratio 
of U in (U02 )2 (ΟΗ)ΐ2 to that in U02 (0H)+ 1 isca.4 
while at pH 5 and (U02 )To ta , ~ 10"8 M, the ratio is ca. 
0.004. 

The hydrolysis of Pu+4 can result in the formation of 
polymers which are rather intractable to reversal to simp-
ler species. As a result of this irreversible polymerization, 
the validity of Κ values for Pu(OH)4^ should be 
questioned. For [Pu(IV)]T > IO-6 M, hydrolytic polymers 
of a wide range of molecular weights can be formed even 
in moderately acid solutions. Initially, such polymers can 
be readily decomposed to simple species in solution by 
acidification or by oxidation to Pu (VI). However, as the 
polymers age, the decomposition process requires in-
creasingly rigorous treatment. The rate of such irreversible 
aging varies with temperature, Pu (IV) concentration, the 
nature of the anions present in solution, etc. A reasonable 
model would involve initial formation of aggregates with 
hydroxy bridging (Fig. 4a) which age to structures with 
oxygen bridging (4b). The relative percentage of oxygen 
bridges presumably determines the relative inertness of 
the polymer. These polymers are sorbed on vessel walls, 
ion exchange resins, etc. Their depolymerization depends 
on the conditions of formation as well as on their age and 
is best accomplished for aged solutions by treatment first 
with a strong oxidant [to form Pu (VI)] followed by a 
strong reductant [to form Pu (III)]. 

o o 
\ / \ / \ / 
/M\ /M\ /M\ 

o o o 
H H 

(α) 

o o 
Y M 7 \ / 
/ M \ / M \ 0 o 

(b) 

Fig. 4. Possible model for the 'irreversible' aging of hydrolyzed 
polymers wherein hydroxy bridges (a) are replaced by oxo 

bridges (b). 

V. Complexation 

The limitations on this review present any attempt to 
survey in depth the rather extensive literature on com-
plexation reactions of the actinides. Instead, the general 
principles involved in the formation of actinide complexes 
are discussed with consideration of a few ligand systems as 
examples. 

Perhaps the most basic aspect of actinide cations is 
their "hard acid" property. This means that their bonding 
to ligands is well described as electrostatic interaction 
with covalency playing a quite minor role. As hard acids, 
these cations interact preferentially with hard bases such 
as oxygen or flouride atoms rather than softer bases such 
as nitrogen, sulfur or phosphorous donors. The actinides 
do interact with these soft bases in organic solvents of low 
solvating power but, except for nitrogen, do not do so in 
aqueous solution where the soft base would have to re-

place water, which is a hard base. Interaction of actinide 
cations with nitrogen donors in aqueous systems usually 
occurs when one or more oxygen donor sites are also 
present, as in the aminocarboxylates. In these systems, it 
is likely that the oxygen donors have produced sufficient 
desolvation that the nitrogen donor can interact without 
further displacement of H20. 

There is strong evidence that the entropy of complexa-
tion of actinide cations primarily reflects the desolvation 
of the cation [34]. Fig. 5 shows the relationship between 
the measured entropy for Am (III) chelation and the num-
ber of carboxylate groups in the ligand. Although the data 
for Am (III) is limited,the fact that the trend for Am (III) 
parallels that of the more extensive data for Sm(III) sup-
ports the same interpretation for both, i.e., the same 
degree of dehydration of the cation by each of the car-
boxylate groups of the ligands. The nitrogen in the amino-
carboxylate ligands seems to play no role in the AS value 
[35]. However, the enthalpy values show no such correla-
tion for the aminocarboxylate complexation and are more 
exothermic than expected from carboxylate complexation 
alone, indicating the effect of actinide-nitrogen interaction. 
Further evidence for Ln—Ν bonding in aminocarboxylate 
complexes is provided by NMR spectra [36] which, by 
implication, also argues for An-N bonding in actinide 
complexes. 

400 

ε 
—3 

cö" < 

Fig. 5. The correlation of AS, the entropy of complexation [35], 
and n, the number of carboxylate groups in the ligand: Θ = Sm(III); 
χ = Am (III); 1 = acetate; 2 = a-picolinate; 3 = malonate; 4 = dipico-

linate; 5 = NTA; 6 = HEDTA; 7 = EDTA. 

While optical spectroscopy and magnetic measure-
ments have been of great value in the study of transition 
metal complexes, they are much more limited tools for 
the actinides since the f-*f transitions are much less sen-
sitive to the effect of complexation. There is a class of 
spectral bands — the "hypersensitive bands" — which do 
show more significant perturbations upon complexation 
and some use has been made of these spectral transitions 
[37, 38, 39]. 
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The radioactive nature of the transuranium elements 
places limitations on the techniques which can be used to 
study complexation in solution since the radiolysis ac-
companying macroscopic concentrations of the cations 
can perturb seriously the measurements. Consequently, 
many complexation studies have used tracer concentra-
tions with a two-phase distribution technique such as ion-
exchange or solvent extraction. 

In studies where different oxidation states of an acti-
nide have been complexed by the same ligand, the se-
quence of complexing strength most commonly observed 
is that discussed for the hydrolysis reactions; i.e.: 

M + 4 > M O + 2 > M + 3 > M O ^ 

The sequence M + 4 > M + 3 is expected from the ionic 
nature of the M + " - - Xm interaction which should in-
crease with η for constant m. The observation that the 
complexing strength of the MO22 cations is greater than 
the M+3 cations can be understood by assuming that the 
central metal atom, M, in the linear [0-M-0]+2 cation has 
an effective charge that is greater than +3. It is this effec-
tive charge that determines the strength of complexing 
since the ligand binds in the equatorial positions about 
the linear MOj 2 . WADT [40] recently analyzed UO|2 by 
the relativistic core potential method and obtained a value 
of + 2.4 for the atomic charge on the uranium. However, 
the effective charge in the equatorial plane would be ex-
pected to exceed this value and an estimate of an effective 
charge of +3.3 (±0.1) was obtained from analysis of com-
plexation by F - anions [41]. Similar evaluation of the 
stability constants for Np02F and NPO2SO41 lead to an 
estimated effective charge on the Np atom in the linear 
NpOj species of 2.3 ± 0.2. 

The free energy 

The ionic nature of actinide complexes is supported by 
the correlation between the experimental free energy of 
complexation and that calculated by an equation which is 
based on electrostatic interaction between cation and 
anion. MUNZE [42] proposed the use of a modified BORN 
equation which included a temperature dependent di-
electric constant. In our laboratory we use this equation 
but with an empirical dielectric constant which is depend-
ent only on the cationic charge. For the complexation 
reaction: 

d l 2 = internuclear distance in the ion pair M—X in 
Â ( = r 1 + r 2 ) 

_ Ζ Α ζ ^ 5 ΐ Μ ! 1 _ Α 1 ΐ 2 _ Ό Ι 

l + Bal/2 
Δ Ζ 2 = Ζ Μ Χ - ( Ζ ? + Ζ 2 ) 

Β =0.33, C = 0.75, D = -0.015, a = 4.3 

The second term (ΛΓι Ίη 55.5) accounts for the effect of 
two species reducing to one ('cratic effect') and the final 
term corrects for the ionic strength of the solution. The 
correlation of experimental values with the calculation 
o f - A G j by equation 1 for fluoride complexation 
(Z 2 = 1.0) is shown in Fig. 6 [41 ] where Dg = 80 for 

M + 2 cations, 57 for M + 3 and 41 for M + 4 . 

ε 
~3 

O 
< 
ι 

-10 

I /d 12 
o , 

(A ' ) 

M ; z · (aq) 
+ x , z J = MX; 

+(Z 1 -Z 2 ) 
(aq) (aq) 

the equation has the form (AG in kJ · m - 1 ): 

(1.387 χ Ι Ο ^ Ζ , Ζ 
AG = - -

V 1 2 

D = effective dielectric constant 
e 

Ζ y - Z 2 = ionic charges of cation and anion 
ν = - 1 

Fig. 6. The correlation of experimental values of - AG for forma-
tion of MF complexes with the values calculated by equation (1). 
The solid lines show the calculated values as a function of 1/du 

(ref. [41]). 

Equation 1 has been found to be useful also for calcu-
lation of the free energy of complexation by organic 
ligands. In these systems, the value of Z 2 is set proportio-
nal to the acid constant of the donor sites (or to ΣρΚ 

aii 
for polydentate ligands). Fig. 7 is the relation between 
Z 2 and 2pKa which we obtained by using equation (1) 

- RTvln 55.5 +ΛΓΣ1η/ with experimental free energies of protonation, holding 
(1) all values constant except Z2- These values of Z 2 , in turn, 

were used with equation (1) to estimate the AG j of com-
plexation of Am (III ) and Np(IV) by aminocarboxylate 
ligands, of Am(III) and Th(IV) by acetate and of Th(IV) 
by malonate. The comparison of experimental and cal-
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ΣρΚαη 

Fig. 7. The variation of Z2 and Σ ρ Κ „ η for organic ligands used in 
equation (1). 
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Fig. 8. Comparison of the AG calculated by equation (1) and the 
AG from experiment: · = Am (III); χ = Th(IV); • = Np(IV). The 

solid line represents AG(calc) = AG(exper.). 

culated values is shown in Fig. 8. The value used for Dg 

was 57 for Am ( I I I ) and 50 for Th ( IV ) and Np( IV ) ; for all 
the ligands, r2 = 1.55 Â while r^ was obtained from 
Table 1 (CN = 8). The calculated and experimental values 
for U O j with acetate and malonate show similar agree-
ment when Z j ( U 0 2 2 ) = 3.2 and De = 55. For NpC^MaT 1 

when Z j ( N p O p = 2.3 and Dg = 65, the calculated AG 
agreed with the experimental value. 

All of the polydentate ligand systems which showed 
agreement between experimental and calculated Δ G val-
ues involved 5 or 6 membered chelate rings. By that 
criterion, poor agreement between the calculated and 
experimental value [35] f o r U 0 2 N T A _ 1 indicates that 
the experimental value is probably incorrect. The experi-
mental values for complexes of chelate rings of 7 or more 
members were progressively lower than the calculated val-
ues as the ring size increased. 

Enthalpy and entropy changes 

The thermodynamic parameters (i.e., AG, AH, and Δ 5 ) 

of complexation of trivalent actinide cations are similar 
to the analogous data for the trivalent lanthanide com-
plexation. Since the models developed from the lanthanide 
data are based on ionic interaction, it is not surprising to 
find that they also explain actinide data rather satisfactori-
ly. In general, the enthalpy and entropy changes on com-
plexation of the actinide cations are associated largely with 
changes in the hydration of these cations and of the anion-
ic ligands. Complexation results in a decrease in the hydra-
tion of the ions which provides a positive entropy con-
tribution as a result of the increase in the randomness of 
the system. This dehydration makes an endothermic (posi-
tive) enthalpy contribution as a result of the breakage of 
the ion-water and water-water bonding in the hydrated 
species. Generally, the joining of cation and ligand in the 
complex results in an enthalpy and an entropy contribu-
tion that is negative in both instances since such complexa-
tion forms cation-anion bonds (AH = — ) and decreases 
the randomness of the system (AS = - ) . The observed 
net changes, positive or negative, reflect the relative ex-
tent of the opposed contributions of dehydration and 
cation-ligand combination. 

40 

30 

20 

- 2 0 

"30 

Fig. 9. Correlation of AH and AS of formation of 1 :1 actinide-
ligand complexes. 

Fig. 9 shows the linearity of the relationship between 
the enthalpy and entropy of complexation for a variety 
of monoligand complexes. It has been proposed that such 
a linear relationship between AH and AS is evidence 
that the major factor(s) determining the value o f these 
terms has a common base, thereby leading to a systematic 
variation [43]. In actinide complexation, the common 
factor is most probably the dehydration step. This cor-
relation of AH and AS has also been described in terms 
of a compensation effect. For the net complexation reac-
tion, two steps can be written: 

1. M(H20)*+ + X ( H 2 0 ) ¿ - - M ( H 2 0 ) - + + X ( H 2 0 ) ¿ -

+ (n-m+p-q)H20 

2. m(h2o)*+ + x(h2o)*~ 
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Denoting step (1) as d (= dehydration) and step (2) as 
c (= complexation), we can write: 

-AG = -AGd - AGC = -AHd - AHC + TASd + TASC 

The compensation effect assumes —AGd 0 (since all the 
hydrated systems remain in equilibrium with bulk solvent 
[44]), thus 

AHä » TASd 

Moreover, since AH and AS are positive for most com-
plexation reactions, 

I AHd I > I AHCI and I ASd I > IAS C |. 

different values by different techniques. Based on the 
previous discussion of the thermodynamic parameters, 
AH and AS values can be used, with caution, to obtain 
insight into the outer vs. inner nature of actinide com-
plexes. For inner sphere complexation, the hydration 
sphere is insufficiently disrupted and the net entropy and 
enthalpy changes are usually positive. This is particularly 
true for polydentate chelation. In outer sphere complexes, 
the dehydration sphere appears to be only partially dis-
rupted, since the net enthalpy is exothermic. The cor-
responding entropy change is also negative due to the 
ordering of ionic charges without a compensating dis-
ordering which could result from extensive disruption of 
the hydration sphere. 

This leads to the interesting situation in which the entropy 
and enthalpy changes are reflective primarily of step (1), 
(the dehydration), while AG is related almost completely 
to step (2), (the complexation). This model also explains 
why eq. (1) is so successful even though it seemingly ig-
nores the dehydration part of the reaction. | 

Inner vs. outer sphere formation 

EIGEN [45] has proposed that the formation of com-
plexes proceeds sequentially as: 

M ( a q )
+ X ( a q ) — [ M ( H 2 0 ) n X ] ( a q ) Ä [ M ( H 2 0 ) X ] ( a q ) 

The first step is diffusion controlled while the second re-
presents the formation of an "outer sphere" complex in 
which the metal ion and the ligand are separated by at 
least one molecule of water. In the final step, this outer 
sphere complex ejects the water and forms an "inner 
sphere" complex in which the metal and ligand are direct-
ly associated. Some ligands cannot displace the water and 
complexation apparently terminates with the formation 
of the outer sphere complex. Actinide cations form both 
inner and outer sphere complexes. 

For the labile actinide complexes, it is often quite dif-
ficult to distinguish between inner and outer sphere com-
plexes. This situation is complicated further by the fact 
that formation constants for some of these complexes 
when determined by optical spectrometry are often lower 
than those of the same system determined by other means 
such as potentiometry, solvent extraction, etc. This has 
led some authors to identify the former as "inner sphere" 
constants and the latter as "total" constants. However, 
others have shown that such assignments cannot be cor-
rect [46, 47] even if the optical spectra of the solvated 
cation and the outer sphere complex are indistinguishable 
while that of the inner sphere complex is different. In all 
these techniques, the "total" stability constant should be 
obtained and, as yet, no explanation can be given for the 

0 

-0.5 

Fig. 10. Relationships between log 0total (experimental), 
log 0inner (calculated) and log (3o u te r (calculated) and the 

pK a for the ligands C1„CH 3 -„C02 ' (n = 0 ~ 3 ) . 

These considerations lead, for trivalent actinides, to 
assignment of a predominant outer sphere character to 
the halide, nitrate, sulfonate and trichloroacetate com-
plexes and an inner sphere character to the fluoride, 
iodate, sulfate and acetate complexes. The complexes 
of Cln CH 3 _ n CO" ligands were studied by 1 3 9La(III) 
nmr spectroscopy [48] and the estimated fraction of inner 
sphere complexation agreed well with that calculated 
using a value of 0(inner) obtained with equation (1). For 
Am (III), the log ß{ (i = inner) calculated by eq. (1) al-
lowed estimation of log ßQ (o = outer) from: ßT (experi-
mental) = ß i + ß 0 · The curves in Fig. 10 are based on the 

and ßQ so calculated and indicate that for monobasic 
ligands with pKa < 2, outer sphere complexation is 
dominant for trivalent actinides while for pKa > 2, an 
inner sphere nature is expected. A similar study of com-
plexation by these same ligands of other actinide cations 
[49] indicates that the change from predominantly inner 
sphere to predominantly outer sphere complexation is as-
sociated with ligand pKa as follows: 

outer sphere p K a inner sphere 
M (IV): < ~ 1.0 > 
M O j 2 : < ~ 1.7 > 
M (III): < ~ 2 > 

PKa 
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Since the | AH\ and | AS \ values for inner sphere com-
plexation are larger than for outer sphere formation, the 
experimental values would be likely to be endothermic 
for systems in which both types of complexes are present 
unless the inner sphere complex is present to less than 
10-30% of the total complexation. 

Cation-cation complexes 

A rather unique aspect of actinide solution chemistry is 
the formation of "cation-cation" complexes. SULLIVAN 
et al. [50] first reported the existence of complexes be-
tween pentavalent actinides, M0 2

1 , and multiply charged 
cations such as Cu(II), Fe (III), Th(IV), as well as oxy-
genated species like UO^2· A recent study using Raman 
spectroscopy [51] confirmed the existence of these com-
plexes as well as demonstrating the presence of NpOj 
dimers in acidic solutions. These dimers are not sensitive 
to pH and, obviously, are not hydrolytic polymers of the 
type formed in MO2 2 solutions. 

Two models for these cation-cation complexes have 
been proposed: 

0 = M ( V ) = 0 -

0 
II 

• —m' 
II 
0 

0 

(VI) 

O 
II, 

II 
o 

II 

II 
0 

Model I has been supported by SULLIVAN [52] and 
VADAVATOV [53]. The second structure is that proposed 
in solution and in the solid for the hydrolytic dimers of 
MO22 species where L = OH~ or II20. However, the ex-
perimental data, including recent studies by wide angle 
X-ray scattering [54], do not provide a firm basis to choose 
either model. 

VI. Kinetics 

Redox 

Generally, redox reactions of actinide species have, for 
discussion of kinetic effects, been divided into two groups 
— those which involve electron transfer only (e.g. Pu+ 3 

-* Pu+ 4) and those which also require formation and/or 
rupture of metal-oxygen bonds (e.g. Pu+4 -»-PuO^1)· In 
most systems studied, the first group of reactions of 
simple electron exchange are fast. By contrast, these redox 
reactions which also involve metal-oxygen bond changes 
tend to be slower. These are, indeed, generalizations and 
reactions observed in the first group (e.g. Pu+3 + Pu0 2

2 

-*· Pu+4 + PuOj1) can be slower than some in the second 
group (e.g. U+ 4 + NpO+2 = U0 2 + NpOp. The wide 
variation in rates within the second group can be illustra-

ted by the disproportion reaction 2M0 2 M+4 + MO2 2 

in 1.0M acid: U0 2 , k = 4 χ IO2 ; Np02 , k = 9x 10 - 9; 

Pu02> A: = 3.6 χ 10"3 [55, 56,57]. 
The simple electron exchange reactions would be ex-

pected to show no rate dependency on hydrogen ion con-
centration. However, in some reactions studied, it seems 
probable that the activated complex involves a bridged 
hydrolyzed species, e.g. [M+3 (OH)2Fe+3] - which could 
have some dependency on the pH of the medium. For the 
second type of redox reactions, if formation of a metal-
oxygen bond occurs, a negative dependency on (H+) is 
expected. Such a reaction would be: 

Np+4 + Fe+3 + 2 H 2 0 = NpO* + Fe+ 2 + 4H+ 

for which the rate expression is found to have a (H+)~3 

term [58], By contrast, reactions in which Μ—O bonds 
are broken are found to have rate expressions in which a 
term for hydrogen ion concentration occurs with a positive 
exponent as, e.g., 

Np02 + Fe+2 + 4H+ = Np+4 + Fe+3 + 2 H 2 0 

whose rate expression has a (H+)+1 term [58]. 
In the presence of complexing anions an acceleration 

of the reaction rate is observed. The degree of acceleration 
is found to follow that of the tendency to form complexes, 
i.e.: 

CIO" < C Γ < s o 4
2 < c 2 o ~ 2 

The complexation of reactants would facilitate the forma-
tion of binuclear bridged activated complexes (e.g., 
M+3 - - CI - - M02

2) by reducing the cation-cation electro-
static repulsion, thereby lowering AG * and increasing the 
forward rate. In weakly complexing systems such as Per-
chlorate, hydroxyl bridging accomplishes this. Complexa-
tion of the products also would increase the net rate of the 
forward reaction by decreasing the reverse reaction. 

It has been shown that a correlation exists between 
AG0 (standard reaction free energy) and AG* (activation 
free energy) when formation or rupture of Μ—O bonds are 
involved in the redox reaction [59]. However, no such cor-
relation exists for simple electron exchange reactions. 
However, for both groups of reactions, there is a strong 
"compensation" effect between AH1 and AS*. As a 
result, AG* does not vary greatly for the majority of the 
actinide redox systems studied. This relative constancy of 
AG* is important as it means that various competing reac-
tion mechanisms are likely to have similar values of AG* 
(and, hence, similar rates). A set of similar values of AG* 
explains the fractional exponents often observed for vari-
ous terms in actinide redox rate equations as any particu-
lar system may have several paths, each contributing signif-
icantly to the total rate. Also, reactions which are ap-
parently similar may have quite dissimilar rates if the pos-
sible paths are influenced differently by relatively "minor" 
effects (the rate for Np+3 + NpOt2 is almost 10 times 
greater than that for Pu+3 + NpOÍ2). This possibility of 
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several competing paths and of significant variation in the 
contribution of each in apparently similar systems makes 
the study and interpretation of actinide redox reactions 
complicated indeed. 

The formation of the cation-cation complexes discussed 
earlier no doubt plays a role in the redox reactions of such 
systems but this role remains to be explored and defined. 

Complexat ion 

The rate determining step in the EIGEN mechanism for 
the formation of complexes is assumed to be a transition 
from outer sphere to inner sphere. Although problems of 
radioactivity, etc., make it very difficult to verify the 
validity of this mechanism for formation of actinide 
complexes of simple ligands, it is reasonable to assume 
such validity since the lanthanides seem to follow this 
mechanism [60, 61]. 

The kinetics of slower systems have been studied in a 
few cases. A tracer method was used to study the reaction 
[62]: 

An!3 + EuEDTA"!., = AnEDTA71, + Eu+3 
(aq) (aq) (aq) (aq) 

where An = Am, Cm, Bk and Cf. 
The exchange of An (III) with EuEDTA" is a first-

order reversible reaction and the forward and reverse rate 
constants each contain an acid-dependent and an acid-
independent term: 

+ 3i 
k = k [EuEDTA-] [An+3][H+1 

[Eu 3 + 1 

+ ytB [EuEDTA" ] [An+3] 

kK = kc [H+] [AnEDTA" ] [Eu+3] [ AnEDTA" ] 

may be represented schematically as follows (where EDTA 
is represented by Y): 

EuY+An ^ Eu ξ γ - An - Eu=Y = An 
11 

Eu + An Y ^ Eu-ΥΞΑη 

The lines between Y and the cations indicate the number 
of carboxylate groups which are bonded to each metal 
ion (ionic charges have been omitted). For the acid-cata-
lyzed mechanism it was proposed that the first step is a 
rapid equilibrium in which one of the carboxylate groups 
of the EDTA complex is protonated. The slow step is 
either (1) the dissociation of a second carboxylate group 
from the metal ion or (2) the transfer of a proton from 
the carboxylate oxygen to the nitrogen. The ligand is 
then able to dissociate rapidly from the metal ion. In 
either case the free europium and actinide ions compete 
for the free, protonated EDTA. Schematically this mecha-
nism is given by: 

Eu Y + H - HEuY - "HEuY - Eu + Η χΥ + An 
u 

AnY + H - HAnY - *HAnY 

Macroscopic level concentrations of Am(III) were used to 
study the rates of formation and dissociation of AmDCTA-

(DCTA = trans, 1,2-diaminocyclohexanetetraacetate), 
respectively, by stopped-flow and conventional spectro-
photometric methods [63]. A mechanism was proposed 
which involves coordination of Am (III) to three acetate 
groups of Hn (DCTA)" - 4 to form the relatively long-
lived intermediate *AmHDCTA which subsequently loses 
a proton. The slow step of the formation reaction was 
postulated to be associated with the formation of an ameri-
cium-donor nitrogen bond. 

VII. Conclusions 

This review has attempted to provide some understanding 
of the diversity and complexity of actinide solution chemis-
try. It is obvious that significant progress has been made in 
all areas of this field but it is equally obvious that much re-
mains to be done. The problems of working with radio-
activity unfortunately has limited the number of laborato-
ries which study these elements. Nevertheless, continuing 
and vigorous research programs in actinide solution chemis-
try are needed to further our fundamental knowledge and 
to answer the questions in applied areas. 

The preparation of this review was supported in part by 
contracts with the U.S.D.O.E. Offices of B.E.S. and H.E.R. 
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Abstract 

The modern state of the analytical chemistry of the transplutoni-
um elements (TPE) ranging from Americium to Lawrencium are 
reviewed. The main characteristics of the most important isotopes 
are given, and properties of metals and oxides are discussed. Spe-
cial attention is paid to the TPE properties in unusual oxidation 
states in solutions, the methods of production and stabilization, 
and current methods of isolating and separating of these elements. 
In conclusion the principal methods of determining TPE and im-
purities in them are considered. 

I. Introduction 

Studies on TPE are currently in progress in different count-
ries. This is due to the great scientific interest in the ele-
ments, the chemical and physical properties of which have 
not been studied in detail and also to the great progress 
of nuclear power. 

TPE are produced in connection with the processing of 
highly radioactive materials a containing mixture of heavier 
elements in special reactors. For this reason effective and 
simple highly sensitive and selective methods of TPE deter-
mination in different samples including natural ones, are 
of great importance. The problems of the analytical chem-
istry of TPE have been most fully systematized in previous-
ly published monographs [1 —3], and specific questions 
have been discussed in transactions of different confer-
ences [ 4 - 6 ] . 

In the present survey the authors tended to generalize 
recent achievements in analytical chemistry of TPE, espe-
cially in connection with the discovery of the capacity of 
some of those elements to exist in unusual oxidation 
states (both the highest, and the lowest ones). 

II. TPE general characteristics 

1. I s o t o p e s and the i r p r o p e r t i e s 

About 170 nuclides among elements with ζ = 95 - 1 0 3 
are known. They are all radioactive and have half-lives 
from several ns to ~ 107 years [7 ,8] . Table 1 gives the 
nuclear properties of some isotopes used in practice. (The 
table also shows isotopes Np and Pu since these elements 
are impurities or daughter decay products during TPE 
analysis.) The overwhelming majority of nuclides given 
in Table 1, decay by emitting α-rays with energy within a 

range 4.6—7.2 MeV; thus the main radiometric method 
of quantitative determination of TPE is to measure their 
α-activity (total counting and α-spectrometry). Only a 
few nuclides have no α-rays ( 2 3 8 Np, 2 3 9 Np) or have small 
probability of α-decay ( 2 4 l P u , 2 4 9 Bk), in this case 0-activ-
ity counting methods are used for their quantitative deter-
mination. About half the nuclides have practically notice-
able rate of spontaneous fission, allowing them to be deter-
mined on the basis of counting the neutrons or fission 
fragments. The emittion of characteristic γ-ray quanta (X-
ray or nuclear) takes place in the process of all the nucli-
des decay, and this also used in their qualitative and quan-
titative determination. Experiments were recently carried 
out in some countries to introduce clarity into the half-
life of a number of important isotopes of U, Pu, Am, Cm, 
Bk, Cf. As a result of using improved measuring apparatus 
and perfectly pure specimens of nuclides, it became pos-
sible to measure those values with errors less than a por-
tion of a per cent. 

2. Metals and ox ides 

Only Am, Cm, Bk, Cf and Es are obtained in metallic 
states as yet. They all represent shining silver metals, well-
dissolving in acids [2]; the main physical properties of TPE 
metals are given in Table 2. 
The thermodynamic properties of TPE metals are charac-
terized in detail in [49]. 

These elements form two main types of oxides: dioxide 
( M 0 2 ) and sesquioxide ( M 2 0 3 ) . Dioxides are stable at low 
temperatures and are formed as a result of air calcination 
of many TPE compounds, oxalates, for instance. They re-
present dark powders, which once heated, hardly dissolve 
in acids. In the case of californium, air calcination of 
C f 2 0 3 results in oxide composition C f 7 0 J 2 , which is iso-
structural with T b 7 0 1 2 [63]. The reduction of dioxides 
by hydrogen with strong calcination forms weak-coloured 
sesquioxides, which are easily dissolved in acids [64 - 68] 
and melt without decomposition (the melting point of 
C m 2 0 3 is 2260°C, B k 2 0 3 - 1920°C, C f 2 0 3 - 1750° [65], 

TPE Properties in aqueous solutions 

The 5f-series elements, namely transplutonium elements 
are characterized by a much greater number of oxidation 
states, than the analogous 4f-elements-lanthanides (Table 
3). In acidic aqueous media without oxidizers and reducers 
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Table 1". Nuclear properties os some TPE isotopes 

Nuclide Atomic Half-life2 Specific Mode and energy Energy of principal Neutron Reference 
massi activity, of particles, gamma-quanta. activity, (addition.) 

Bq/mg MeV (yield, %)3 keV (yield, % Γ n/(s-mg)5 

1 2 3 5 6 7 8 

2 3 7 N p 237.048 2.14 10 ' y 2.607 104 a: 4.769 29.6(13); 86.6(13) _ _ 
2 3 , N p 238.051 2.117 d 9.587 10 ' 2 β: 1.26(45) 984(24); 1028(17.4) - -
2 3 ' N p 239.053 2.35 d 8.60 1012 β: 0.33(42); 0.44(35) 106(27.8); 278(14.5) - -
2 3 6 Pu 236.046 2.851 y 1.965 10'° α: 5.755 47.6(0.03); 109(0.012) 33.8 -
2 3 7 Pu 237.048 45.4 d 4.489 1 0 " α: 5.36+5.65 (0.0033) 59.6(5) - -
2 3 , P u 238.050 87.58 y 6.344 10 ' α: 5.487 43.5(0.04); 99.9(0.007) 2.675 [17 -21] 
2 3 ' P u 239.052 24111 y 2.295 10' α: 5.148 51.6(0.02); 38.7(0.006) 2.2 · 10"5 [22--27] 
2 4 0 Pu 240.054 6537 y 8.429 10 ' α: 5.157 45.2(0.045); 104(0.007) 0.897 -
2 , 1 Pu 241.057 14.44 y 3.800 10* β: 0.0208 148(0.022); 103.5(0.01) - [ 2 1 , 2 8 - 3 2 ] 

α: 4.89 (2.3· 10" 3) 
2 4 2 Pu 242.059 3.755 10s y 1.455 105 α: 4.889 44.9(0.033); 103.5(0.007) 1.71 [33--35 ] 
2 4 4 Pu 244.064 8.26 ·107 y 6.561 102 α: 4.580 44(0.015) 1.878 -
2 4 1 Am 241.057 432.6 y 1.268 10' α: 5.480 59.54(35.9); 101(0.054) 1.2-10"3 [36--39 ] 
2 4 2 m A m 242.060 141 y 3.88 10» α: 5.20+5.37(0.45) 49.3(0.2); 86.7(0.038) 0.15 [401 
2 4 3 Am 243.061 7369 y 7.385 10' α: 5.270 74.7 (66); 43.5 (5.5) 4 . 3 1 0 " 3 [37 ,41 ,42] 
2 4 2 Cm 242.059 162.8 d 1.226 1 0 " α: 6.089 44.1(0.03); 101.9(0.004) 2.09· 104 -
24 3 Cm 243.061 28.5 y 1.909 10 ' α: 5.779(87); 6.03(13) 277.6(14); 228.2(10.6) - -
2 4 4 Cm 244.063 18.11 y 2.992 10' a : 5.795 42.8(0.02); 99(0.0013) 1.08 -10* -
24 5 Cm 245.065 8532 y 6.326 10' α: 5.355 174(14); 133(13.7) - -
2 4 6 Cm 246.067 4730 y 1.136 107 α: 5.376 44.5(0.024) 8.72-103 -
2 4 7 Cm 247.070 1.56 107 y 3.43 103 α: 4.866(79); 5.24(21) 402.4(72); 84(23) - -
2 4 1 Cm 248.072 3.39 105 y 1.57 10s α: 5.070(91.74) 45(0.02) 4.09· 104 -
24*Bk 249.075 327 d 5.93 10'° β: 0.124 327(0.000024) 94.6 [43,44] 

α: 5.41(1.45·ΙΟ"3) 
2 4 'C f 249.075 351 y 1.513 10* α: 5.82(96); 6.19(4) 388.3(66); 333.4(14.4) 2.675 -
250CT 250.076 13.08 y 4.044 10' α: 6.024 42.9(0.016) 1.09· 107 _ 
2 5 1Cf 251.079 900 y 5.853 IO7 α: 5.916(50); 5.68(50) 177(19); 225(7.4) - -
2 S 2Cf 252.082 2.631 y 1.994 10'° α: 6.111(96.9) 43.4(0.015); 100.2(0.013) 2 .30-10 ' 145--48] 
2 S 3 Es 253.085 20.47 d 9.326 1 0 " α: 6.627 42(0.038); 388(0.05) 3.2 ·105 -
2 5 4 Es 254.088 276 d 6.89 IO10 ο: 6.427 63(2) - -
2 S S Es 255.090 39.8 d 4.76 1 0 " (3:0.38(91.5) α: 6.3(8.5) 7.1 ·107 -
2 S 4 F m 254.087 3.24 h 1.41 IO14 α: 7.185 41(0.2) 3.3 1 0 " -
2 5 S F m 255.090 20.07 h 2.26 IO13 α: 7.02 81.3(1.1); 58.4(0.78) 2.2 ·107 — 
2 5 6 F m 256.092 2.63 h 1.72 IO14 α: 6.905(8.1) 5.9 ·101 4 — 
2 5 7 F m 257.095 100.5 d 1.87 1 0 " α: 6.517(96); 6.70(3.8)242(10); 180(8.5) 1.5 10 ' -
2 S ' M d 256.093 1.25 h 3.62 IO'4 α: 7.19(9) et al. 400(10) - _ 
2 S , M d 257.095 5.0 h 9.0 IO13 a: 7.064(10) _ _ 
2 5 , M d 258.098 56 d 3.3 1 0 " α: 6.74 _ 
2 S S No 255.093 3.1 m 8.8 IO15 α: 8.11(36); 7.94(14) 187.2(5.5) — 
2 5 6 Lr 256.098 27 s 6.0 1 0 " α: 8.44 -

s - second, m - minute, h - hour, d - day, y - year 
Notes: 1) The calculation is done on the defects of masses values, shown in [2|. 2) Mainly on [7 - 9]. Some new data on 

the half-life of isotopes P u ( 2 3 8 - 242), Am(241 - 2 4 3 ) , Bk(249) and Cf(252) are taken from the papers, 
named in column 8, and averaged. 3) See [7], The average energy value of the α-particles, which are not re-
solved in the SSD-spectrum is given. The yield, if not indicated, is 100%. 4) See [7,10). Some new data on 
Am, Cm, Cf isotopes are taken from [ 1 1 - 1 4 ) . 5) The spontaneous fission yields are taken from (8, 9], the 
average number of neutrons per fission - from [15,16]. 

Table 2. Physical properties of TPE metals 

Am Cm Bk CT Es, Fm, Md 

Density (room, 
ί°) , g /cm 3 

13.78* [50] 13.71** [51] 14.80 [52] 15.12 [531 -

Melting point, °C 1177 [49] 1358 [54] 1050 [55] 900 [56] -

Boiling point, °C 2011 [57] 3110 [54] 2587 [551 1472 [581 -

Metallic radius, nm 0.173 [59] 0.174 (60] 0.170 [60] 0.169 [60] -

Metallic valence + 3 [61] + 3 (61] + 3 [61] + 3 [61] 
+ 2 [62] 

+ 2 [61,62] 

* 2 4 3 Am 
** " « C m 
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Table 3. Oxidation states of TPE 

Am Cm Bk σ Es Fm Md No Lr 

+ 1 ± 
+ 2 + + ± + ± + + Φ 
+ 3 ® ® ® Φ ® ® ® + Φ 
+4 + + + ± ± 
+5 + + 

+6 + + 

+ 7 + 

® - the most stable oxidation state in aqueous solutions; 
+ - rather stable in aqueous solutions, can be used for analytical 

purposes; 
± - unstable oxidation state, exist in specific conditions, or is 

produced by special methods, or is known in solid state. 

most TPE are in a trivalent oxidation state, however Am, 
Cm, Bk, Cf may exist in the highest oxidation states, 
though Md reduces rather easily to Md2+. The most stable 
oxidation state for No in aqueous solutions is +2. Recent-
ly the existence of Am(VII) [69], Cm(VI) [70], Cf(IV) 
[71] and Cf(V) [72], Es(IV) [73], Md(I) [74, 75] in differ-
ent conditions has been proved. 

Most solvent extraction and sorption methods of TPE 
separation are based on the small difference in the proper-
ties of those elements in the +3 oxidation state and this 
difference usually increases due to the complex forma-
tion. Information on the TPE complex-formation is given 
in the monograph [76]. A more efficient TPE separation 
is ensured by methods based on their different oxidation 
state, which are discussed below. 

Americium may exist as Am(III), Am(IV), Am(V) and 
Am(VI) in acidic aqueous media. In a highly alkaline solu-
tion Am(VII) is produced [69, 77—79]; in a non-aqueous 
medium (acetonitrile) [80] and in a chloride melt [81] -
Am(II) is found. The existence of the unstable Am(II), 
which is produced by pulse-radiolysis of Perchlorate solu-
tions of Am, containing butanol, is shown in [82-84]. 
The most stable oxidation state in solutions is Am(III), 
which is produced at the solution of a metal or Am oxides 
in acids, and by the reduction of other oxidation states. 
The possibilities of Am(III) oxidation to the highest oxi-
dation states can be estimated with the help of the formal 
oxidation potential values, which are given in Table 4. 

Americium(IV), which practically does not exist in 
strong acid media due to its immediate disproportiona-
tion [2], can be stabilized in the presence of strong com-
plexing agents. In recent years convenient practical meth-
ods of Am(III) oxidation up to Am(IV) in 8 - 1 5 M H3P04 
electrochemically [107,108] and by the mixture Ag3P04 
+ (NH4 )2 S2 Og [ 108 - 1 1 2 ] have been worked out, and 
the stability of Am(IV) in phosphoric acid solutions has 
been studied in detail [109-110,112,113], The oxida-
tion of Am(III) up to Am(IV) can also be carried out in 
solutions of unsaturated heteropolytungstates K7PW! 1039 
orKioPîW^Oei - by persulfate-ions on heating [114-
116], or by the electrochemical method [116]. In these 
conditions Am(IV) is stable in the presence of an oxidizer 
during several days [114]; without an oxidizer it reduces 

at a low speed (about 1 % per hour) [116,117], probably 
by the radiolysis products and water [118]. 

It has also been proved that Am(III) can be oxidized 
up to Am(IV) by the mixture of AgN03 + (NH4 )2S2 0 8 
without heating in 0.1 —6Μ HN03 solutions, containing 
K I O P Î W ^ O Ô I (4-fold is in excess of Am) [119]; in such 
solutions (with the HN03 concentration < 3 M) Am(IV) 
is stable during 5—7 days. Obtaining of the stable Am (IV) 
in phosphotungstate solutions undoubtedly gives the op-
portunity to use it for analytical purposes. The possibility 
of Am(III) electrochemical oxidation up to Am(IV) in 
carbonate solutions has also been shown [103]. In diluted 
solutions of Am(C104)3 containingN2 O, S2Og " or Xe03 , 
under the influence of γ-rays or the pulse of electrons, a 
non-stable Am (IV) can appear, which transforms into 
Am(V) and Am(VI) very quickly ( ~ 10"3 s) [82, 84, 
120-122], 

The oxidation of Am (III) up to Am(V) and Am (VI) 
is used in a number of methods of americium isolation and 
determination, which have been described [3]. Recently 
new methods of producing Am (VI) in HN03 solutions by 
sodium bismuthate oxidation [123], in phosphoric acid 
media by the electrochemical method [107,108] and oxi-
dation with the mixture of Ag3P04 +(NH4)2S208 [108, 
110,124], in HC104 solutions with a small addition of 
H3P04 - by the electrochemical method [125]; and in 
HNO3 solutions with an addition of K]0P2 Wi706i — by 
the mixture of AgN03 + (NH4)2 S2 0 8 [119] have been 
worked out. The studies on Am(VI) stability in aqueous 
solutions of various chemical composition [ 119,123 -132] 
have proved that in most cases Am(VI) gradually reduces 
up to Am(V) by own α-radiation. In H3P04 solutions 
[132] and in the presence of K10P2W17O61 [119,130] 
Am(VI) is most stable, in the latter case it practically does 
not reduce for several days. A convenient method of elec-
trochemical production of Am(V) by reduction of Am(VI) 
in diluted HC104 + H3P04 solutions [125] has been 
worked out. In weak acid solutions Am(V) is generally 
more stable than Am(VI) [126-129,133], but with in-
creasing acidity the stability of Am(V) falls due to the in-
creasing disproportionation rate (the same effect is ob-
served with increasing P04~-ion concentration [134]). The 
trace amounts of Am(V) reduce quickly in the presence 
of CH3COO", SO!"-, er- , BrOj-, I", S03~-ions and 
H202 [133], In the solutions of most acids Ara(V) is 
immediately oxidized by Am(IV) up to Am(VI) [135], 
but in K10P2Wi7O6i solution this reaction does not come 
to an end, and it is possible to observe the existence of 
Americium in four oxidation states III, IV, V and VI simul-
taneously [99,130], In 5AÍ NaOH, Am(III) fully oxidizes 
by the electrochemical method up to Am(V) (the anode 
potential is +1 V) and then up to Am(VI) [104], The inter-
action between H202 and Am(V, VI) in 1M NaOH results 
in unstable Am(V) peroxide, which transforms into un-
soluble Am(IV) peroxide [136]. Al metal reduces Am(VI) 
in 1M NaOH up to Am(III) [137], The Am(III) oxidation 
by persulphate-ions on heating in carbonate solutions 
results in Am(V) and Am(VI), the kinetics of the process 
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Table 4. The formal redox potentials of TPE reversible pairs in aqueous solutions (V, vs' NHE), ai 20-25°C. Values in 
parentheses are the solution concentrations 

Medium Americium Curium Berkelium 

IV/III VI/V VII/VI IV/III IV/III 

HCIO, - 1.60(1M) [2] - - 1 .59-1 .74 ( 1 - 9 M ) 
[85, 86] 

HNO3 - - 1 .54 -1 .60 ( 1 - 1 6 M ) 
[85, 87 -901 

H a S0 4 - - 1 .43 -1 .33 (0 .05-10M) 
[ 8 7 , 9 1 - 9 3 ] 

H ,P0 4 1 .79 -1 .75 ( 1 0 - 1 5 M ) 1 .58-1 .45 ( 1 - 5 M ) - - 1.12 (7.5M) [88] 
[94, 95] [94, 96] 

Κ 1 ( ) Ρ 2 \ ν ΐ 7 0 6 1 1 . 65 -1 .40 (6 - 1 3 m M , 1.52(0.016M, - 2 . 1 - 2 . 3 0 . 8 5 - 0 . 6 4 (6mM, 
pH = 0 - 6 ) [97,98] pH = 0 .7)[99] [98] pH = 0 - 6 ) [ 9 8 1 

K , C 0 3 0.86 (1M) [100] 0 . 9 7 - 0 . 7 7 ( 0 . 1 - - 1.6 (1M) 0.26 (2M) [88] 
- 2.7 M) [101, 102] [1001 

Na 2C0 3 0.92 (2M) [103] 0.90 ( 0 . 2 - 2 . 1 M) - -
[102] 

NaOH 0 . 2 5 - 0 . 1 8 0 .68 -0 .63 (1 - 1 0 M ) 1.05 (1M) 
(1 - 10M) [104] [104,105] [79,106] 

have been studied in detail [138]. The electrochemical 
oxidation of Am(III) in I M K 2 C 0 3 (the potential is +1 V) 
produces Am(VI), which by the electrochemical method 
reduces to Am(V) under +0.9 V [101 ]. A partial oxida-
tion of Am(III) to Am(V) and Am(VI) in 3 - 5 . 5 M K 2 C 0 3 

by acute irradiation of the solution has also been observed 
[139]. 

Curium is very stable in aqueous solutions in +3 state of 
oxidation, and in most cases it is not oxidized in the con-
ditions when Am(III) oxidation is observed. This can be 
explained by the high values of the oxidation potential 
of the Cm(IV)/Cm(III) pair - which is about 0 . 7 - 0 . 8 V 
higher than that of the Am(IV)/Am(III) pair (see Table 4). 
This factor is widely used in the methods of separation of 
Cm from Am, Bk and lighter actinides. However Cm(III) 
can be oxidized to Cm(IV) by potassium persulphate on 
heating in KioP 2W 1 70 6 1 solution [114,116]; though the 
stability of Cm(IV) in such conditions is not strong, it 
fully reduces in 1.5 — 3 hours. The appearance of a very 
unstable ( ~ 10"5 s) Cm (IV) resulting from irradiation by 
the electrons of the Cm(III) Perchlorate solution saturated 
with N 2 0 has also been observed [82]. In the presence of 
tert-butyl alcohol, which connects the oxidizers (OH-radi-
cals), the irradiation of Cm(III) solution by electrons 
results in the appearance of unstable Cm(II) (10~6s) [82]. 

According to the theoretical calculations [140], the 
standard oxidation potential of the Cm(VI)/Cm(V) pair 
is not high (+1.5 V), and Cm(VI) can exist in aqueous solu-
tions. But its direct production by Cm(III) oxidation is 
difficult due to the high potential of the Cm(IV)/Cm(III) 
pair. It has been proved [70] that Cm(VI) (in form of 
Cm02

 + ) appears as a result of 2 4 2 AmO^ |3"-decay in solid 

K3 Am0 2 (C03)2 and exists in the solution after the dis-
solving of americium carbonate in 0.1 M NaHC03 . 

Berkelium like cerium can be oxidized rather easily to 
Bk(IV) in aqueous solutions by various oxidizers [3], 
Recently some new methods of Bk(III) oxidation have 
been suggested, many of which have been studied on large 
quantitites of Bk. Berkelium can be oxidized by ozone in 
HN0 3 [89 ,141 ,142] ,K 2 C0 3 [141] and H 2 S0 4 [143] 
media by KBr03 on heating or without heating in HN0 3 , 
H 2 S 0 4 and HCl solutions (not completely) [89,144,145]; 
by AgO or the mixture of AgN03 + (NH 4 ) 2 S 2 O g in solu-
tions of HN03 [ 112 ,146 -148 ] and H 2 S0 4 [149]; by 
( N H 4 ) 2 S 2 0 8 on heating; by K 2 C r 2 0 7 , N a B i 0 3 andPb0 2 

in HNO3 solutions [145,148]; by the electrochemical 
method in HN03 solutions [85, 88, 90,142], K2 C0 3 [88], 
H 2 S 0 4 [93]andKi 0 P 2 W 1 7 O 6 i [98], In acidic solutions 
in the presence of such oxidizers as K B r 0 3 , ( N H 4 ) 2 S 2 0 8 , 
ozone, Bk(IV) is stable during several days [142,144, 146], 
and in pure solutions of HN0 3 and H2 S0 4 it reduces as a 
result of its interaction with radiolysis products and water 
at the rate of 15 -20% per hour [93,142], The stability 
of Bk(IV) in HN03 solutions in the presence of AgN03 + 
(NH 4 ) 2 S 2 0g decreases greatly while increasing the tem-
perature [112]. In K2 C0 3 solution the oxidation poten-
tial of the Bk(IV)/Bk(III) pair is so low (see Table 4), 
that a radiolytic oxidation of Bk(III) to Bk(IV) is ob-
served [88], 

Various reductants are used to reduce Bk(IV) to Bk(III): 
hydrogen peroxide [89,145], hydroxylamine, ascorbic 
acid [89] —inHN03 solutions,hydrazine-nitrate [150]— 
for Bk(IV) reextraction from HDEHP solutions. The elee-
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trochemical reduction of Bk(IV) in HN03 [90,142] and 
H2 SO4 [93] solutions has also been studied. 

In the melt of chlorides (NdCl2 + NdCl3 + SrCl2 ) the 
cocrystallization of Bk with Nd3+ (in the form of NdOCl) 
decreases while increasing the ratio of Nd(II) to Nd(III), 
that indicates the reduction of Bk to Bk(II) [81 ]. 

Californium, Einsteinium and Fermium in aqueous solu-
tions under ordinary conditions are stable only in the +3 
oxidation state like curium. However, in acidic aqueous-
ethanol solutions (1 - 8 M H 2 0 , 0 . 2 - 7 M HCl) those ele-
ments are reduced by Mg metal to divalent state [151,152]. 
The stability of +2 state of oxidation on the whole in-
creases with rising TPE atomic number [151], and the 
Fm(III)/Fm(II) pair has the same oxidation potential as 
the Yb(III)/Yb(II) pair [153], It has been shown [154] 
that Fm(III) can be reduced to Fm(II) by electrolysis on 
mercury cathode. 

On the other hand, Cf(III) is oxidized to Cf(IV) by 
heating with K 2 S 2 0 8 in K 1 0 P 2 W 1 7 0 6 i solution [71,116], 
but as in the case of Cm(IV), Cf(IV) is unstable and re-
duces completely during 2 — 3 hours [116]. 

In accordance with Cm(VI) the existence of Cf(V) was 
proved as a result of ß~-decay of 249Bk(IV) [72]. Using 
TPE gaseous fluorides on the thermochromatograph col-
umn has proved that in such conditions Es is an analogue 
to Pu, Am, Cm, Bk, Cf, which form tetrafluorides, i.e. it 
probably has the +4 oxidation state [73]. 

Mendelevium, much like the previous TPE, is most stable 
in aqueous solutions in the +3 oxidation state, though 
many strong reducers(Zn, Cr2+, V2+, Yb2+, Eu2 +) in 
HCl solution reduce it to Md(II) [2]. The electrochemical 
reduction of Md(III) on mercury cathode in the presence 
of acetate- or citrate-ions also results in producing Md(II), 
which later reduces to the metallic state [155]. The most 
interesting property of Md is its capacity to reduce to 
Md(I) in ethanol HCl solutions by Mg, Eu2+ and Yb2+ 

[74, 75, 156], Md(I) has the ionic radius 0.117 nm [157] 
and does not form either stable complexes with Cl"-ions 
or low-soluble chloride, similar to alkaline cations [75, 
157], The attempts to oxidize Md(III) to Md(IV) by 
NaBiOs failed [158], 

Nobelium, which ends the 5f-shell formation is the most 
stable in aqueous solutions in the +2 oxidation state (an 
ion with the 5f14 electron configuration). The usual strong 
oxidizers (persulphate in the presence of Ag+ ions, brom-
ate, etc.) oxidize No(II) to No(III) [2]. The existence of 
nobelium in the form of No(II) in aqueous solutions has 
been proved by the study of its extraction and ion-ex-
change properties [159]; these data have made it possible 
to measure the No2 + ionic radius (0.10-0.11 nm). These 
results, as well as the study of No(II) complexing with 
citrate- and oxalate-ions [160] have proved that No2+-ion 
has identical properties with the Ca2+- and Sr2+-ions. 

Lawrensium, the last element in the actinide series, should 
theoretically only exist in the +3 oxidation state in aque-
ous solutions. The chemistry of Lr has not been studied 
in depth, the data of its extraction from acidic solutions 
prove its existence in the form of the Lr3+-ion [2], Accord-
ing to new calculations [161 ], the Lr main atomic configu-
ration is not 5f147s26d (by analogy with Lutecium), but 
5f147s27p. 

Separation methods of some TPE in the radiochemical 
pure state 

Modern analytical methods, such as radiometric, neutron-
activation, spectral, electrochemical and several other 
methods, especially in combination with the automatic 
experimental data processing on the electron computer 
make possible the direct determination some TPE isotopes 
in various objects. However, while solving numerous prac-
tical problems connected with TPE determination, the es-
sential preliminary step is to separate, concentrate and 
isolate them from other elements. Extraction and chroma-
tography, extraction chromatography, deposition and co-
deposition, chromatography on paper, the methods of 
sublimation and electrophoresis are mainly used with that 
end in view [2, 3]. However, the best effect in the separa-
tion is produced by the methods based on using different 
TPE oxidation states [162]. 

Extraction methods using Am(V) and Am (VI) are the 
most effective to separate americium from other TPE and 
fission products. Such methods are especially promising 
for the separation of Am(V) tracers for further determina-
tion [163,164]. Am(V) can be recovered from aqueous 
solutions by the extraction of TTA [165], PMBP [166] 
and by ammonium pyrrolidinedithiocarbaminate [167], 
The solvent extraction of tri- and tetravalent actinide ions 
is completely suppressed in the presence of potassium 
phosphotungstate but penta- and hexavalent americium 
extract quantitatively into the organic phase (0.05 M 
PMBP in iso-butanol). The separation factor of Am and 
Cm makes ~ 2.5 · 103 [168], Am(V) can be separated 
from actinide and lanthanide elements by mixtures of 
picrolonic acid and sulphoxides from nitric acid solutions, 
as Am(V) extraction is negligible in such conditions [169], 

The hexavalent americium having a concentration of 
> 2mg/ml, extracts by solutions of HDEHP [173-176], 
TOPO [176], d-(2,6-dimethyl-4-heptil) phosphoric acid 
[170] and by mixture of HDEHP and TBP [171 ] or TOPO 
[172] in cyclohexane. On using mixtures of PMBP and 
TOPO [164] and TTA and TOPO [172] in cyclohexane as 
extractants Am and Cm can be separated. The americium 
is previously oxidized up to the hexavalent state; during 
extraction it reduces to the unextracted pentavalent state; 
and curium and other tri-valent elements with a high dis-
tribution coefficient in such, transfer into organic phase. 
The method provides quantitative extraction of americi-
um and a high degree of its purification from curium 
( > 103) and fission fragments [164], Using electrochemi-
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cal oxidation of americium instead of oxidation by per-
sulphate-ions, the radiometric determination of americi-
um becomes more exact [125], 

For the determination of americium and plutonium in 
natural samples the combined methods are described [177]. 
Pu and Am together with rare earths and other actinides 
are isolated from the solution analysed by coprecipitation 
on B a S 0 4 . Then the actinides are extracted by 15 % 
HDEHP in n-heptane, and due to reextraction of 4 M 
HNO3, Pu remains in the organic phase. The actinides and 
rare earths are separated from Am chromatographically. 
The purification factor of Pu and Am both from each 
other and from Th, U, Po and Pa is 104 - 1 0 s . The method 
is used to determine the contents of americium and pluton-
ium in soils, dust sediments and natural water. 

A sinergistic extraction of tri-valent Am, Cm, Bk and 
Cf by a mixture of TTA and TBP has been studied in the 
paper [178]. 

Lately, for the selective isolation of berkelium a num-
ber of effective methods, based on the extraction of ber-
kelium in the tetra-valent state have been worked out. The 
conditions of tetravalent berkelium extraction by HDEHP 
[89, 179] and the conditions of its reextraction from the 
organic phase have been studied in detail [150], TOPO and 
TPPO solutions extract Bk(IV) quantitatively from 1—12 
M UNOS [180], and TBP solutions - from 8 - 1 2 M H N 0 3 

[181 ]. The extraction of Bk(IV) by TOPO from sulphuric 
acid solutions is less efficient, and TBP practically do not 
extract it at all. The high-molecular amines are also used 
for the extraction of Bk(IV). The influence of the acid 
concentration and the nature of the oxidizer and diluent 
on the completeness of Bk(IV) extraction by TOA [149, 
182] and by aliquate-336 [183] has been studied. Potassi-
um bromate and bichromate as well as the mixture of 
silver nitrate and ammonium persulphate [184] have been 
used as oxidizers in those works. The quantitative extrac-
tion of berkelium after its oxidation by bichromate-ions 
of 0 .4 M TOA in CC14 takes place in 10 M H N 0 3 . The 
usage of the mixture of silver nitrate and persulphate-ions 
for the extraction by TOA makes it possible to separate 
berkelium from cerium as in these conditions berkelium 
reduces to the tri-valent state and remains in aqueous 
phase. During the extraction of berkelium by 30% aliquate 
in CCI4 from 10 - 1 2 M HNO 3 , after its oxidation by bi-
chromate-ions, a separation from the other TPE and rare-
earths is achieved. In the presence of heteropolianions 
Bk(IV) is quantitatively extracted from nitric acid solu-
tions by the primary, secondary, tertiary amines and quar-
ternary ammonium bases. Heteropolianions do not only 
stabilize the tetra-valent berkelium but also enter the com-
position of extracted compeunds. 

One of the efficient methods of TPE separation is ex-
traction chromatography. On using of HDEHP as an ex-
tradant applying on different supports americium and 
curium separation [ 1 3 3 , 1 7 3 ] and of selective extraction 
of Bk(IV) [ 1 7 9 , 1 8 5 ] have been worked out. During the 
quantitative extraction of americium and curium the sepa-
ration factor of Am(VI) from Cm is 2 102 and that of Cm 

from Am - 102 . Using penta-valent americium the purifi-
cation from Cm is ~ 5 · 10 3 , and the purification of Cm 
from Am is worse ( ~ 60) [173], As a stationary phase a 
mixture of TTA and TBP was used [187] for the rapid 
separation of tri-valent Am and Eu [186] and the complex 
mixture of elements including Am, Cm, Cf, U, Th and 
others. 

The separation of Am(V) and Cm(III) on Dowex-A 
1 x 8 resin has been studied in the work [188]. It was 
proved that the separation coefficient of Am and Cm 
strongly increases with increasing pH from 2.5 to 3.2, 
and with falling temperature and with increasing the 
quantity of resin. The mechanism of Bk(IV) and Ce (IV) 
separation on Dowex-I-anionite has been studied in the 
work [189], The separation of TPE in tri-valent state on 
the ion-exchange resins using aqueous organic solutions 
has given the most interesting results [190 ,191 ]. In aque-
ous alcoholic solutions in the presence of a-oxybutyric 
acid the separation factor of americium and curium on 
Dowex-Ix 8 resin is — 6 [192], 

Zirconium phosphate is most widely spread among the 
inorganic sorbents which separate TPE. This sorbent has 
been used to separate Am(IV) [193], Am(V) [ 1 9 4 - 1 9 7 ] 
and Am(VI) [195] from curium, and for selective isola-
tion Bk(IV) from mixture of actinide elements and fission 
products [198], The separation of Am(VI) and Cm(III) 
on the calcium fluoride sediment ( f ° = 800°C) is described 
in the work [199], 

To separate TPE in different states the methods of 
precipitation and co-precipitation are also useful. The study 
of Am (III, V, VI) co-precipitation on sediments of lantha-
num, thorium and cerium fluorides, and on bismuth and 
zirconium phosphates [200] has proved that all the sedi-
ments studied, except as zirconium phosphate, fully cap-
ture Am(III), and Am(VI) remains in the solution. Am(V) 
is partially captured by the sediments of lanthanum and 
thorium fluorides. A different method of americium sepa-
ration in different oxidation has been used to study its 
stability in the presence of oxidizers [128], The penta-
valent americium can be separated from Am (III) and 
Am (IV) in acetate solutions by co-precipitation with the 
sediment of pyrrolidinedithiocarbaminate [167]. 

For the separation of fermium from Cf, Es and lanthan-
ide, an efficient method has been suggested, which is based 
on the co-crystallization of Fm, reduced in the presence 
of Yb(II), with sodium chloride from aqueous ethanolic 
solutions. When a practically quantitative extraction of 
Fm is going on, the degree of purification from most at-
tendant elements achieves 103 —104 [201 ]. In the presence 
of di-valent europium Md(I) is fully recovered, with sedi-
ments of chlorides Κ or Na, the purification from the other 
actinides and lanthanides reaches ~ 5 · 102 [202], 

Methods of TPE determination 

Radiometr i ca l m e t h o d s 

Thanks to a considerable improvement in measuring equip-
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ment and half-life revision, the radiometric methods of 
TPE determination achieve at present the precision meth-
ods level. First of all this relates to the methods of TPE 
determination using α-activity in which the best metrologi-
cal characteristics (low detection limit, high efficiency and 
small errors) are reached using the silicon semiconductor 
detector and liquid scintillator. The alpha-spectrometer 
with a semiconductor detector (area 1 —3 cm2) has an ef-
ficiency of nearly 50% and the detection limit 10~3 Bq 
(in sample) [203-204]; the efficiency is 85% using two 
detectors [205], As the energy resolution of such detec-
tors reaches 20-30 keV, it is possible to determine the 
usual mixture of americium and curium (2 4 1 Am,2 4 3 Am, 
242 Cm, 2 4 4 Cm) without separation of those elements. 
In case of complex α-spectra with superposing lines, dif-
ferent mathematical methods processing are used [206, 
207], A number of methods, based on precipitation, ex-
traction and ion-exchange procedures have been worked 
out to isolate TPE from the environment, irradiated nuc-
lear fuel industrial solutions, etc. [177, 203, 204,207-
210]. The electrodeposition of radionuclides on the back-
ing from aqueous [211 —213] or organic solutions (ethan-
olic [205], iso-propanolic [214,215], iso-butanolic [216] 
or mixed [217] solutions) solutions) which gives the thin 
uniform coating on target and the high resolution under 
measuring α-particles, is used more often on target for a-
spectrometry. However, good samples can be received 
without electrodeposition if a fine membrane filter is used 
as a backing [208]. If the α-activity of analysed solution is 
high enough, the use of α-counter (on the basis of SSD) 
with a small solid angle gives good results: for example, 
while determining Am in a solution with americium con-
tent ~ 1.7 · 10"4 mg/ml by a counter with the solid angle 
of 6 · 10"3 steradian, the analysis reproducibility is 0.34 
per cent with a systematic error of less than 0.5% [218], 

If a sample contains only one α-active nuclide, or one 
α-active element with a certain isotopie compound (or a 
total α-activity is determined), it is possible to use the 
methods of integral α-counting. The methods in which the 
active sample is placed into the detector are most efficient: 
a flow porportional 2 π- or 4w-counter for dry samples, a 
liquid scintillation counter for solutions. The proportional 
counters have a count efficiency of 50 % and a very low 
background (about 10"3 c/s) making it possible to meas-
ure the absolute α-activity with an error of 0.3 % [219]. 
Though the LS-counter demands a high activity of the 
sample measured (as its background is over ~ 10 fold the 
background of the proportional counter), it is also used in 
measuring the α-activity of the TPE isotopes. The advan-
tages of the LS-method consists in the high efficiency of 
the counting (practically 100 per cent) and in the elimina-
tion of such a labour-consuming stage as the preparation 
of a dry sample for measuring. There are two methods of 
samples preparing for LS-measuring: (1) directly adding 
thè aqueous or organic solution of sample to LS; (2) an 
extraction of the radionuclide from the sample by LS. In 
the latter case an extractant is added to the LS solution. 
The mixtures containing the scintillating materials such 

as 5 g/1 p-terphenyl and 0.05 g/1 POPOP, and as extrac-
tante 20% HDEHP [220, 221 ], or 43.5% nonylphosphate 
[222] (diluent-toluene) are used for TPE determination. 
Such LS makes it possible to concentrate the element as 
well, and to separate it from impurities. For instance, LS 
together with HDEHP extract Pu from the solutions with 
high content of HCl or HN03 , isolating it from most non-
active impurities [220] and Am, Cm [222], This LS ex-
tracts Am, Cm and Cf from solutions with low acidity, 
separating them from anions [221]. LS with nonylphos-
phate can completely extract Am and Cm from NH03 

solutions up to 2 M; the methods of the analysis on Am 
and Cm content in the biological samples with the help of 
the LS is characterized by the detection limit up to 3 · 10"3 

Bq/ml [222], 
To determine of small quantities of Pu, Am and Cm in 

aqueous solutions, the co-precipitation of these elements 
with the lanthanum hydroxide in the presence of a solid 
scintillator (ZnS, activized Ag) is suggested [223]. The 
glass with a thin layer of sediment on the bottom, in which 
the radionuclides are fully mixed with the scintillator, put 
on the photocathode of the photomultiplier and measure 
the count rate. The counting efficiency reaches 80%, the 
detection limit (if the volume of the initial sample is 1 1) 
is 4 · 10"5 Bk/ml. 

Lately, for the determination of α-active TPE directly 
in solutions, "immersed" SSD has been widely used [224 
-228], An ordinary silicon SD (without the gold coat) in 
a glass [225] or stainless steel [228] casing, is immersed in-
to the solution containing the nuclides under determina-
tion, and the counting rate is measured, which is propor-
tional to the nuclide concentration (the proportionality 
factor depends on the α-particle energy). Such a detector 
has a small counting efficiency (1 per cent or less) and is 
convenient for measuring high α-activity ; the polished 
surface of silicon is fully purified from α-active pollution 
by HNO3 solution. The presence of non-volatile macro-
impurities in the solution usually prevents the preparation 
of samples with a thin layer for α-counting, it practically 
does not effect measuring with an "immersed" detector. 
In combination with the multichannel analyzer, the "im-
mersed" SSD makes it possible to do a a-spectrometrical 
analysis: a separate determination of α-active nuclides in 
solutions containing such mixtures as 244Cm, 252Cf, 2S3Es 
[226] or 241 Am, 243Am, 242Cm, 244Cm [227, 228] is 
described. An energy resolution of such an α-spectrometer 
is usually 50-100 keV [226, 228], though it can reach 18-
20 keV [226]. Determination is possible in solutions con-
taining NaN03 up to 7 M [228]. 

The possibility of applying the α-spectrometric method 
to the analysis of the mixture of α-active nuclides is usually 
restricted by two factors: the difference in α-particles ener-
gy and the correlation of nuclides activity. The analysis 
becomes practically impossible if the peaks made in the a-
spectrum by two or more nuclides, are overlapped strongly 
enough. Such mixtures as 238Pu and 241 Am, 242Cm and 
2S0 ,2S2Cf, 244Cm and 249Cf may serve as an example. 
The possibility of determining of one of the elements de-
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teriorates in the presence of an element with higher energy 
and intensity of α-rays, as a low-energetic α-peak slope with 
a higher energy increases to a great extent the background 
in the α-peak field with a lower energy. In some cases the 
method of α-γ-coincidences is used. The design for the 
measurement of the spectrum of α-γ-coincidences [229] 
consists of an ordinary semiconductor α-spectrometer com-
bined with a unichannel γ-spectrometer, tuned in the γ -
rays of the nuclide with the lower α-particles energy. With 
such a method one may determine 2 4 3 Am in 2 4 3 Am and 
2 4 4 Cm mixtures up to 1 % (3 · 1 0 - 3 % 2 4 3 Am according to 
the α-activity), even in the presence of γ-active fission 
products [229]. The method of α-γ-coincidences is also 
used to measure the absolute α-activity of nuclides, ex. 
2 4 1 Am with a very small error (0.1 - 0 . 2 % ) [218, 219], 

In the process of radiometric determination a nuclide as 
an impurity is preliminarily separated. The most effective 
separation is achieved using the different oxidation states 
of elements. Thus, for instance, t o determine 2 4 3 A m in the 
mixture with 2 4 4 Cm, americium should be electrochemi-
cally oxidated up to Am(VI) and curium should be re-
moved by extraction, then the α-spectrum determination 
of americium becomes possible [125], If the solution of 
0.05 M phenyl-methyl-benzoyl-pyrazolone and 0.025 M 
tributylphosphineoxide in cyclohexane is used for the ex-
traction, the double extraction provides the purification 
of Am f rom Cm over 3 • 104-fold, with about 2%-loss of 
americium. 

The counting problem of /3-particles with low energy 
comes up in the analytical chemistry of TPE in connection 
with the analysis of samples containing 2 4 9 Bk. As a rule 
the proportional flow counter (the counting efficiency is 
5 0 - 1 0 0 % , the background is about 1 c /s ) or the LS 
counter is used for this purpose. The use of the LS-method 
for 2 4 9 Bk determination is complicated by the fact that 
most substances quench relatively weak scintillations, in-
duced by jS-particles of 2 4 9 Bk. The dependence of count 
coefficient of 2 4 9 Bk by the LS-counter upon HNO3 and 
H2SO4 concentration has been determined [230]. For 
the j3-spectrometric determination of 2 4 9 Bk, an "im-
mersed" drift (Si(Li)-detector may be used, the detection 
limit of berkelium in the solution is ~ 2 · 104 Bq/ml [226]. 

The convenient determination method for nuclides with 
spontaneous fission is to measure the neutron activity. 
Even isotopes of plutonium, curium and californium are 
regarded to be nuclides with high neutron activity. The 
neutron counting method makes it possible to determine 
the content of those nuclides in samples of various configu-
rations without destroying them. The influence of other 
α-active nuclides are taken into account which give the 
additional flux of neutrons at the expense of nuclear reac-
tions on light nucleus of mode ( a , n). Counters of neutron-
neutron coincidences do not have those drawbacks, as they 
exclude the background of ( a , n)-reactions and provide 
the identification of distinct neutron-active nuclides as 
for the value of the average number of neutrons per fis-
sion [231,232]. The determination of microgrammic quan-
tities of 2 4 4 Cm is described with the help of those plants 

in samples containing only this nuclide [231, 232], and in 
the mixture with 2 4 0 Pu [231 ]. The error in the determina-
tion of neutron-active nuclides by this method is 1—2% 
[231, 232], the detection limit of 2 4 4 C m is 3 · 1 0 - 9 g [232], 
In the analysis of the mixture of neutron-active nuclides 
rather precise results are gained if the specific neutron activ-
ity of all the nuclides is nearly equal in quantity [231 ]. 

Physical methods 

X-ray spec t ra l a n d X-ray f l u o r e s c e n c e m e t h o d s 

The presence of X-radiation of the daughter nuclide appear-
ing during the decay of the mother radionuclide is the 
specific peculiarity of radioactive elements. The α-decay of 
americium isotopes is followed by the characteristic X-
radiation of Np, the α-decay of curium isotopes - by Pu 
etc. Energies of the most intensive X-quanta of transurani-
um elements are presented in Table 5. (On the whole, the 
values are calculated from the bond energies of electrons 
[233], the data for the K-series are taken f rom the paper 
[234], for the L^-radiation of Np-Am — from [235], for 
the M-series of Np-Am — from [236].) Their relative yields 
are given in parentheses [234, 237, 238], they are consider-
ably dependent upon the type and energy of the decay of 
the mother nuclide. 

X-radiation can be used both for qualitative identifica-
tion of individual nuclides and for their quantitative deter-
mination. The analysis method of 2 4 9 Bk and 2 4 9 Cf mix-
ture using Z,a-band of californium has been described [238]. 
The X-ray spectrometer with silicon detector, possessing 
the counting efficiency of about 1 % and energy resolution 
1 7 0 - 3 0 0 eV in the area of 5 . 9 - 2 6 . 4 keV is used for the 
detection of X-radiation. This method permits determina-
tion to 0.01 μ% of 2 4 9 Bk in 1 Mg o f 2 4 9 Cf. 

The ordinary X-ray fluorescence method can be applied 
for the determination of TPE. The fluorescence yields of 
the K-level for Np-Es are about 97.2% [239]. The relative 
yields of X-rays of M-series for Np-Am have been deter-
mined in the paper [236], It is recommended to use M-
series for X-ray fluorescence determination of americium, 
so this radiation is in the low background region of the X-
ray tube [235]. The detection limit of americium in this 
case reaches 0.046 μ%, while it is equal to 0.93 Mg in the 
determination of La-lines. 

Mass s p e c t r o m e t r i c ana lys i s 

Sensitive techniques of mass-spectrometric determination 
of TPE in the samples of uranium, plutonium, americium, 
curium, berkelium and californium have been developed 
[240 — 242]. If the mass of analysed sample is equal to 
0.1 —10 pg, it is possible to determine plutonium and 
americium in curium at the level of 10" 2 %, and plutoni-
um, americium and curium in berkelium and californium — 
at the level of 0.5%. In this case the detection error is 
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Table 5. X-ray ofTPE (energy, keV, and yield, per cent) 

Line Np Pu Am Cm Bk α Es Fm Md 

101.05 103.71 106.43 109.3 
(100) 

112.1 
(100) 

115.0 
(100) 

118.0 
(100) 

120.75 123.77 

97.06 99.50 101.99 104.6 
(63.2) 

107.2 
(64.3) 

109.8 
(65.7) 

112.5 
(66.6) 

115.06 117.80 

114.24 117.20 120.24 123.4 
(23.0) 

126.6 
(22.2) 

129.8 
(25.9) 

133.2 
(24.2) 

136.24 139.61 

113.31 116.22 119.2 122.3 
( l t . 2 ) 

125.5 
(12.6) 

128.6 
(13.3) 

131.8 
(13.4) 

134.89 138.19 

L
a 13 .759-

- 1 3 . 9 4 2 
(13 .2 -27 .5 ) 

1 4 . 0 8 4 -
- 1 4 . 2 7 6 

( 3 . 3 3 - 4 9 . 8 ) 

14 .411-
- 1 4 . 6 1 5 

--1.4.74-
- 1 4 . 9 6 

( 3 . 0 9 - 5 . 3 ) 

1 5 . 0 9 -
- 1 5 . 3 2 

1 5 . 4 3 -
- 1 5 . 6 7 
(0.0055) 

1 5 . 7 8 -
- 1 6 . 0 3 

1 6 . 1 3 -
- 1 6 . 4 0 

1 6 . 4 9 -
- 1 6 . 7 7 

Lß 1 6 . 8 3 8 -
- 1 7 . 9 9 2 

(19 .25 -30 .6 ) 

1 7 . 2 5 5 -
- 1 8 . 5 4 0 

( 3 . 7 1 - 4 7 . 6 ) 

17 .676-
- 1 9 . 1 0 5 

1 8 . 1 0 -
- 1 9 . 6 8 

(3 .80 -3 .85 ) 

1 8 . 5 5 -
- 2 0 . 2 7 

1 8 . 9 8 -
- 2 0 . 8 6 
(0.0027) 

1 9 . 4 4 -
- 2 1 . 4 8 

1 9 . 8 9 -
- 2 2 . 1 0 

2 0 . 3 6 -
- 2 2 . 7 5 

Ly 2 0 . 8 2 8 -
- 2 1 . 3 3 8 

( 4 . 8 5 - 7 . 6 9 ) 

2 1 . 4 6 5 -
- 2 1 . 9 8 1 

( 0 . 8 6 - 1 2 . 5 ) 

2 2 . 1 1 6 -
- 2 2 . 6 3 8 

2 2 . 7 8 -
- 2 3 . 3 1 

(0 .85 -0 .93 ) 

2 3 . 4 6 -
- 24.00 

2 4 . 1 5 -
- 2 4 . 6 9 

2 4 . 8 6 -
- 2 5 . 4 1 

2 5 . 5 8 -
- 2 6 . 1 4 

2 6 . 3 3 -
- 2 6 . 8 9 

h 11.882 
( 0 . 8 6 - 1 . 8 ) 

12.139 
( 0 . 2 1 - 3 . 2 ) 

12.389 12.65 
(0 .21 -0 .23 ) 

12.92 13.18 13.45 13.72 13.99 

Ln 15.872 16.349 16.829 17.33 17.83 18.35 18.87 19.41 19.96 

3.263 3.350 3.442 3.536 3.635 3.734 3.842 3.940 4.048 

Mß 3.436 3.532 3.633 3.737 3.842 3.947 4.062 4.177 4.292 

about 10-20% [241, 242], but in the case of a higher 
content of the analysed element (about 1 % of plutonium 
and curium in the americium) error can be reduced up to 
4-5%. 
Determination of Bk by neutron-activation analy 
sis [243] 

2s0Bk with half-life of 3.32 h, and intensive 7-radiation 
(Ey = 989 keV, yield 45.6%) is produced during the irradi-
ation of 249 Bk by thermal neutrons, the activation cross-
section being equal to 1400-1700 barns. The sensitive 
method of 249 Bk determination in the mixture with curi-
um and californium is based on this phenomenon. The 
mixture is irradiated by thermal neutron flux with a den-
sity of 1 1013 n/(cm2 sec) for several hours, and after a 
short time the intensity of γ-line of 989 keV is measured 
on a ̂ -spectrometer with semiconductor detector. The 
detection limit of berkelium in samples of 2 ßg is equal 
to 1.8 · 10"4 %. 

Neutron-spectrometric determination of trans-
plutonium elements [244] 

This method is based on the fact, that nuclei of heavy 
elements selectively absorb neutrons of definite energy in 
the range of 0.1-30 eV. The neutron "absorption spec-
trum" of a sample containing transplutonium elements 
has characteristic peaks, their height being proportional 

to the content of the corresponding nuclides. The neutron 
spectrometer is used for this purpose. If permits working 
with 5 -100 mg of substance, the detection limit of 244Cm 
reaches 0.2 mg/cm2, 243Am - 3 mg/cm2. The accuracy 
of determination is limited by the accuracy of resonance 
parameters of the corresponding nucleus and in the case 
of americium and curium is about 5 — 10%. 

Determination of americium in curium by the 
emission spectrometry method [245] 

The spectrograph^ method of americium detection using 
hot hollow cathode is based on the measurement of the 
intensity of the Am emission line of 351,0 13 nm. Nitric 
acid solution, containing to 0.1 mg of curium, is intro-
duced inside the carbon hollow electrode and after drying, 
the emission spectrum is made in the He atmosphere (7 mm 
of Hg). The detection limit of americium is equal to 
1 · 10"7 g, error is not more than 25%. As the intensity of 
the americium line depends on the curium content, it is 
necessary to use standards with a known content of curium. 

Chemical methods 

Coulometric determination of americium and 
curium 

In most cases americium determination is carried out by 
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the method of coulometry, with the potential controlled 
by pair Am(VI)/Am(V). In the determination of americi-
um in sulphuric acid solution [246, 247] the detection 
limit is about 0.4 mg, the interference of curium is noticed. 
U, Np and Pu interfere in the determination americium in 
carbonate solution (oxidation of Am(III) to Am(V) [248]). 

Americium determination in the solution of 2 M 
H3PO4 + 0.1 M HCIO4, allowing determination to 5 - 1 0 
μ% of Am in the sample [249] is elaborate. Am(III) is 
electrochemically oxidized to Am(VI) under the anode 
potential of 2.0 V and then the coulometric determination 
is carried out, reducing Am(VI) to Am(V) under the po-
tential of 1.27 V. Hundred-fold quantities of Al, Ni, Cu, 
Cr, Zr, lanthanides (except Ce), commesurable quantities 
of Pu, Cd, Fe do not interfere to determine americium. 
The great quantities of curium usually interefere with the 
determination of americium [246, 247], due to the reduc-
tion of Am(Vl) by the α-radiation of curium. Curium does 
not interfere in phosphoric acid solutions, since the forma-
tion of reductants during a-radiolysis of these solutions is 
negligible [250]. The determination error of 10 -20 jug of 
Am is 3—4%, and it decreases to 1.5% if the americium 
content in the sample exceeds 30 jug. 

It is possible to determine americium from 5 to 100 
Mg by pair Am(IV)/Am(III) in 6 1 0 " 3 M K 1 0 P 2 W 1 7 0 6 1 

+ 0.1 M HCIO4 solution [251 ]. In this solution Am(III) is 
completely oxidized to Am(IV) for 15 minutes under 
potential 1.7 V. Coulometric determination is carried out 
reducing Am(IV) to Am(III) under 1.17 V. Am(IV) is very 
stable in K10P2Wi7O6i solution, so ten-fold excess of 
curium does not interfere. Many of the elements being 
oxidized in these conditions (Pu, Ce, and others) also do 
not interfere, since they are not reduced below the poten-
tial of 1.17 V. The determination error does not exceed 
3% even in the presence of 100-fold quantities of other 
metals. 

An indirect coulometric method of americium deter-
mination with high accuracy has been suggested [252]. 
This method is based on the substitution reaction of Hg2+ 

by Am from its complex with EDTA, with the next 
coulometric determination of mercury (reduction to metal) 
The analysis time is 1 hour, the determination error of 
0 .3-0 .7 mg of Am is 0.1 -0.2%. This method can be re-
commended for the standardization of pure solutions of 
americium, since it is not distinguished by selectivity; all 
the lanthanides, actinides in oxidation states +3 and +4, 
many of divalent cations (Pb2+, Zn2+, Cd2+, Cu2+ etc.) 
as well as anions, forming stable complexes with Am3+ , 
interfere in the determination of americium. 

An analogous method has been used for the accurate 
determination of ~ 100 jug of 2 4 8 Cm in nitric acid solu-
tion [253]. In this case the known quantity of EDTA (in 
the excess) was added to the solution of curium in an 
acetate buffer, and uncomplexed EDTA was titrated with 
Hg2+ electrochemically generated from metallic mercury. 
The curium content in the sample was calculated from the 
quantity of eletricity necessary for the generation of Hg2+. 
The determination error does not exceed 1 %. 

Titrimetric methods 

Complexometric titration is most frequently used for the 
determination of macro amounts of TPE. Americium and 
curium are known to form very stable complexes with the 
usually applied complexons - EDTA (β = IO17 [254]), 
DTPA ( β = I O 2 2 - IO23 [255]). By titration with solution 
of EDTA in the presence of xylenol orange as an indicator 
and spectrophotometric fixation of the end point, it is pos-
sible to determine about 1 mg of americium and curium in 
a sample with an accuracy of about 1.4 jug [256]. 

Methods of determination of microgram amounts of 
americium and curium by titration with a solution of 
DTPA have been developed [257, 258]. By Potentiometrie 
indication of end point, the determination error is ~ 2%, 
by spectrophotometric indication - 0.5% [257], In another 
version of this method, an electrochemically generated 
complex of Fe(II) with DTPA serves as a titrant, permitting 
out analysis with the help of an automatic coulometric 
titrator [259], The determination error of 20-200 μ% of 
americium is about 3 - 5 % [258]. 

Spectrophotometric titration is used for the quantita-
tive determination of americium (VI, V and III) when they 
are jointly present [260]. Titration is executed in nitric 
acid solution. Firstly Am(VI) is titrated with standard 
solution of NaN02, the end of titration is detected by 
the change of optical density under 996 nm (Am (VI)) 
or 717 nm (Am(V)). In this case Am(VI) is reduced to 
Am(V), which is stable in these conditions. The total a-
mount of Am(V) is titrated by the solution of U(IV), 
which reduces Am(V) to Am(III) and from this the con-
tent of Am(V) in the original sample is calculated. The 
americium(III) content at the end of titration is found 
from the optical density of 813 nm. The determination 
error is 2 —3% if the americium concentration in the solu-
tion is ~ 6· ΙΟ"3 M (1.5 mg / ml). 

Methods determining impurities in transplutonium 
elements 

Spectrographs determination of impurities in Am-Cf [261]. 
An emission spectrographic method to determine impuri-
ties at the level of 10~3 —10~2 % has been developed for 
quality characterizing TPE samples produced for use in 
different branches of science and technology. The method 
is used in two versions: direct spectrophotometric deter-
mination (for Am and Cm samples) and determination 
with preliminary separation of the main component, 
allowing the limits of detection to be decreased consider-
ably. In the first case the sample of 0.05 ml volume, con-
taining 0.2 mg of the main substance is applied on carbon 
electrode and then an emission spectrum, irritated in an 
alternating current arc, is taken in the range of 250-450 
nm. Analyzed elements and their limits of detection are 
given in Table 6. In the second case impurities are isolated 
from analyzed samples of TPE (mass of 5 — 10 mg) by the 
extraction - chromatography method on silica gel with 
HDEHP. Separation of TPE from rare-earth elements is 
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Table 6. Limits of detection of impurities in americium and curium oxides by direct spectrographs 
method [261] 

Element Al Si Cd Β Na Ca Mg Ni Cr 

Limit of detection, 
weight % 

0.0025 0.005 0.025 0.006 0.025 0.005 0.002 0.008 0.008 

Fe Ce Pr Nd Sm Eu Gd 

0.008 0.08 0.07 0.05 0.07 0.02 0.008 

executed by the solution of 0.03 M DTPA + 0.3 M citric 
acid (pH = 2.9). Fractions, containing impurities are eva-
porated and then analyzed. In this case, the limits of detec-
tion average one-fifth of their previous values, and besides 
the elements, enumerated in Table 6, Li, K, Pb, Cs, Sr, Ba, 
Be, Y, La, Mn and Co are determined as well. The deter-
mination error is about 4 — 20%. 

Determination of impurities of rare earth elements 

In mass-spectrometric analysis of TPE samples [240-242] 
La, Ce, Pr, Nd, Sm and Eu are determined simultaneously 
with Pu, Am and Cm. If the weight of the Cm and Am 
sample is 5 - 1 0 μg, lanthanides are determined at the level 
of 10"3 % [241, 262], for Bk and Cf samples equal to 0.1 
jug - on the level of 3 · 10~2 % [242]. The determination 
error is 10-20%. 

During the complexometric determination of Am(III) 
and Cm(III) [257] in the presence of lanthanides in solu-
tion, titration gives the total content of TPE and lanthan-
ides. It is possible to calculate the content of lanthanides 
proceeding from the difference, if the content of Am and 
Cm is determined by another means (spectrophotometry, 
radiometry). Nd concentration found in this way in the 
solution containing 1.935 • 10"3 M of Am, Cm and Nd (in-
cluding 0.279 · ΙΟ"3 M of Nd), differed from the true one 
by 0.4%. 

Determination of Pu 

The determination of small quantities of plutonium in 
samples of TPE represents an important problem, since in 
most cases in real mixtures a- and γ-activities of transplu-
tonium elements are greater those of plutonium. It was 
mentioned above that mass-spectrometric analysis permit-
ted to determine to 10"2 % of plutonium in the prepara-
tion of Cm [122] and to 0.3% in the preparation of Bk 
and Cf [242]. For plutonium determination in 241 Am, the 
method based on registration of neutron-neutron coinci-
dences of spontaneous fission of 2 3 8Pu, 2 4 0Pu and 2 4 2Pu 
has been suggested [263]. Such determination is possible 
in solids and solutions containing > 1 μg/ml of Pu, in the 
presence of comparable quantities of americium. Deter-
mination of very small quantities of plutonium in 241 Am 
can be carried out after chemical separation of plutonium 
by sorption on i-okthylmethyl-phosphonate of Fe(III) 
[264]. Pu is isolated from nitric acid solution by 30 mg 
of sorbent with subsequent washing and α-radiometric 
determination of plutonium. Purification of Pu from Am 
exceeds 10s, detection limit of 2 4 9 Pu is equal to 3 · 10"4 

It is possible to determine to 0.05% of 2 3 9 Pu in 241 Am. 
The neutron-spectrometric method of heavy elements 

determination [244] allows the non-destructive determina-
tion of plutonium isotopes in TPE samples. The detection 
limit of 2 4 0Pu is close to the detection limit of 244Cm, 
that of 2 4 9Pu to the detection limit of 2 4 3 Am. It is pos-
sible to determine quantities of Pt and Sm comparable 
with quantities of 243 Am. The determination error of 
plutonium isotopes reaches 2 — 5%. 
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Abstract 

The paper deals with the latest data on physico-chemical proper-
ties of actinides in the lower oxidation states. Based on the meas-
urements of the oxidation potentials of Me3 + /Me2 + couples it 
was proved that elements of the first half of lanthanides and the 
second half of actinides are characterized by similar changes in 
the 2+ oxidation state stability with an increase in the atomic 
number of an element. Far actinides in this oxidation state show 
likeness with alkaline-earth elements. Of all actinides, up to now 
only mendelevium has been obtained in the 1+ oxidation state. 
The ionic radius of Md1 + , equivalent to 1.20 A, lies within the 
range of those of K+ and Na+, while the solubility product of 
MDCL in aqua-ethanolic solutions is close to that of KCl. Based on 
these and other data a certain similarity between MD1 + and alka-
line metal ions was established. 

According to SEABORG'S actinide concept in which the 
actinide group is viewed as a second rare-earth series the 
oxidation state 3+ cannot be considered a lower one for 
elements of the actinide series since the 3+ oxidation state 
is basic for rare-earth elements. At the same time, it should 
be mentioned that of the elements of the first half of 
actinides, f rom torium to americium, only the last ele-
ment was, until recently, known in the oxidation state 2+. 
On the contrary, elements of the first half of lanthanides 
from cerium to europium are known in the divalent state. 
Such dissimilarity between the two element groups contra-
dicts the "pair analogy" of the two families, formulated 
by SEABORG in his actinide concept [1]. It is only the 
"americium-europium" pair which coincides with the 
"pair"-analogy" principle. Thus, when considering the 
problem of lower oxidation states of actinides prime 
attention should be given to the second half of this family, 
i.e. to the elements from curium to nobelium. 

Elements of the second half of actinides, unlike those 
of the first one, are characterized by less availability and 
shorter half-lifes. They have also been less studied. While 
it is possible to carry out studies on elements from curium 
to californium using ultramicrochemical techniques and 
to operate with small, though weighable, quantities of 
these elements, such studies become more difficult in the 
case of einsteinium; and for elements f rom fermium to 
nobelium the use of weighable quantities appears impos-
sible. That is why only trace quantities and radiochemical 
techniques are used for studying the chemistry of far 
actinides. 

There are cocrystallization, extraction, chromatographic 
(including gas chromatography), and electrochemical meth-
ods applied in investigating far actinides in the lower oxi-
dation states. Each of them has its merits and disadvan-
tages. It should be taken into consideration, when assessing 

either of these methods, that only nobelium is quite stable 
in the oxidation state 2+. All the remaining actinides 
show negative values of the i^[e3+/Me2+ couple and, 
being present in trace quantities, can maintain a lower 
oxidation state in the solution only in the presence of a 
reducer. For actinides in the oxidation states from 4+ 
to 2+ lanthanides in respective oxidation states are the 
best carriers. Because studies on lower valence forms of 
actinides not only require water solutions but also non-
water ones, and melted salts in some cases, the use of 
extraction and chromatographic methods is limited. In 
this regard, the cocrystallization method seems most uni-
versal [2]. This method makes it possible to identify the 
oxidation state of an actinide, determine the standard 
oxidation potential value of the -^Me3 + /Me(3^n)+ 

couple, the complex stability constant, the solubility prod-
uct of an actinide salt, its volatility, ionic radius and many 
other characteristics. 

At the same time, the use of the cocrystallization meth-
od for solving the above-mentioned problems requires the 
determination of equilibrium values of the cocrystalliza-
tion coefficients and the cocrystallization mechanisms. In 
other words, there is the problem of whether the cocrys-
tallization occurs due to the formation of isomorphic 
solid solutions (when actinide microquantities and carrier 
macroquantities are in the same oxidation state) or to the 
formation of anomalous mixed crystals when heterovalent 
macro- and microcomponents enter into the solid phase 
matrix. The recently developed methods enable us to 
successfully solve this problem which ensures the applica-
tion of the cocrystallization technique in studies on the 
chemistry of actinides in the lower oxidation states. 

Regularity of Stability Change for Divalent Actinides 
with an Increase in Atomic Number 

In the late 1960-s American scientists carried out studies 
on observing divalent nobelium [3] and mendelevium [4], 
It was established on the basis of ion-exchange chromato-
graphic techniques that the main oxidation state of nobeli-
um is 2+. As for mendelevium it followed, based on ex-
traction chromatographic experiments and data on co-
precipitation of mendelevium with barium sulphate, that 
mendelevium reduces from the 3+ oxidation state in the 
presence of V(II). Based on the coprecipitation of reduced 
mendelevium with BaS0 4 , the authors [4] came to the 
conclusion that in these conditions mendelevium is pres-
ent in the divalent state. They did not consider the pos-
sibility of cocrystallization of mendelevium 1 +, though 
alkaline metal ions are known to cocrystallize with BaS0 4 
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forming anomalous mixed crystals [5], Since thulium and 
ytterbium-electron analogues of mendelevium and nobeli-
um are known in the divalent state it should be admitted, 
according to SEABORG'S "pair analogy" concept, that 
Cf(II) can possibly exist because its electron analogue, 
dysprosium (II) also exists. 

To prove the possibility of existence of divalent actini-
des French scientists provided studies on actinides and 
lanthanides extraction into the amalgam phase of alkaline 
metals from water solutions containing organic acids 
[ 6 - 9 ] . The authors proceeded from the fact that europi-
um, ytterbium and samarium which are easily reduced to 
the divalent state, comparatively quickly transit into the 
amalgam phase. It should be mentioned, however, that 
this process takes place in thermodynamically nonequilib-
rium conditions and is accompanied by free hydrogen 
formation which results in permanently increasing pH of 
the solution. The extraction mechanism is complex and 
inadequately studied. There are a lot of factors influencing 
the transition of a microelement into the amalgam phase: 
the stability of microelement-organic acid complexes, the 
stability of microelement hydroxicomplexes, the kinetics 
of decomposition of the first and of formation of the 
latter, the energy of amalgam formation by a microele-
ment, the value of the oxidation potential of a microele-
ment, and its possibility to form intermediate oxidation 
states. Thus, not only the ability of a microelement to be 
reduced to the divalent state but rather a multitude of 
factors influence the kinetics of the extraction of a micro-
element by an amalgam. Since all these factors influencing 
the extraction process are difficult to consider, sometimes 
unexpected results may appear. So it was found out that 
in the lanthanide series the elements not obtained in the 
divalent state such as lanthanum and cerium are extracted 
by an amalgam far better than neodymium and thulium. 
Therefore, if the last three elements were not obtained 
in the divalent state then according to the data on alkaline 
metal extraction by an amalgam, the wrong conclusion — 
that for these elements the oxidation state 2+ is not real-
ized, might be drawn. 

Now considering the actinide group, based on the data 
on extraction into the amalgam phase, one would admit 
that the existence of divalent plutonium is more likely than 
that of americium since plutonium is extracted by an amal-
gam twice as easily as americium [ 6 - 7 ] , At the same time, 
experiments provided with macroquantities of both ele-
ments prove opposite results. By now various compounds 
of divalent americium [10, 11] have been obtained while 
many attempts to obtain divalent plutonium have failed. 
The same high'extraction levels of actinium and californi-
um make it possible, if based on data of work [8], to con-
clude that while californium reduces to the divalent state 
actinium must exist in the oxidation state 2+. But this 
contradicts reality [12]. 

Thus, based on high levels of actinide and lanthanide 
extraction into the amalgam phase the possibility of the 
existence of the 2+ oxidation state for them can only be 
supposed but not definitely states. To study the possibility 

of the existence of californium, einsteinium and fermium 
in the divalent state the method of cocrystallization of 
these elements with samarium dichloride from acid ethanol-
ic solutions was used [13 -17 ] . So it was established that 
californium, einsteinium, fermium, as well as strontium 
and some other actinides and lanthanides, present in micro-
quantities, cocrystallize with the solid phase of samarium 
dichloride. The cocrystallization coefficient value for each 
studied element was calculated relative to the cocrystal-
lization of 85Sr microquantities with SmCl2 according 
to the equation: 

In — — = λ In b 

α- χ b - y (1) 

where a and b — the content of microelement and stronti-
um in system, χ and y - their quantities in the solid phase 
and λ — cocrystallization coefficient. 

In the conditions of complicated oxidation-reduction 
reactions, occuring in the system studied, such approach 
to calculating cocrystallization coefficients ensured reliable 
experimental result interpretation since the microelement 
behaviour in the cocrystallization process was compared 
each time with that of strontium microquantities, whose 
state in the solution left no doubts. 

The data obtained (see Table 1) show that not only 
lanthanides and actinides, which are known in the divalent 
state and whose cocrystallization can occur due to true 
isomorphism or isodimorphism, but also certain elements 
unknown in the divalent state, cocrystallize with samarium 
dichloride. Obviously, the cocrystallization of the latter 
occurs due to the formation of anomalous mixed crystals 
without the lower mixing limit. Thus, in order to differen-
tiate cases when actinides and/or lanthanides cocrystalliza-
tion occurs due to isomorphism and through the forma-
tion of anomalous mixed crystals it was necessary to use 
the methods which enable a distinction between the two 
types of cocrystallization processes. 

It was shown based on HAHN'S works [18] that iso-
structural salts have a similar ability to form anomalous 
mixed crystals. Therefore, it was necessary to provide co-
crystallization of lanthanide and actinide microquantities 
with the solid phase of a salt isostructural to samarium di-
chloride, though different from it by the fact that when it 
cocrystallize s no sufficiently low oxidation potential at 
which reduction of actinides can be expected is achieved. 

In this regard, a most appropriate salt is europium di-
chloride whose crystal lattice parameters differ from those 
of samarium dichloride as in hundredths of an angstrem 
[19]. At the same time, the oxidation potential ¿EU3+/EU2+ 

= - 0.35 V while ^ m 3 + / S m 2 + = " 1.55 V [20], In other 
words, at the europium reduction potential all actinides 
and lanthanides (except europium) will be present in the 
trivalent state. 

The results obtained are given in Table 1. It follows 
from Table 1 that Cf, Es, Fm and Yb do not cocrystallize 
with EUC12 though they transit into the solid phase of 
SmCl2. So at the Eu2 + —»• Eu3 + + e~ reduction potential 
all the above-mentioned elements do not reduce to the 
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Table 1. Co crystallization coefficients with SmCl2 and EuC12 of 
microquantities of some actinide and lanthanide elements in re-

spect to strontium microquantities 

Co crystallizing 
element 

Cocrystallization coefficient in 
the solid phase 

SmClj EuClj 

Eu 1.3 ±0.2 
Yb 0.28 ±0.02 0.005 ± 0.001 
Fm 1.0 ± 0.2 0.015 ± 0.001 
Es 0.15 ±0.01 0.006 ± 0.002 
α 0.026 ± 0.003 0.006 ± 0.002 
Np 0.46 ±0.03 0.23 ±0.07 
Pu 0.40 ±0.08 0.11 ±0.03 
Am 0.13 ±0.03 0.070 ± 0.005 
Cm 0.11 ±0.02 0.11 ± 0.05 
La 0.55 ±0.05 0.64 ±0.03 
Ce 0.27 ±0.08 0.43 ±0.01 
Gd 0.004 ± 0.001 0.003 ± 0.001 
Y 0.004 ± 0.001 - 0 1,0 2,0 3,0 4,0 5,0 6,0 7,0 8,0 9,0 10,0 

[u 3 + ] , mg/ml -

divalent state, nor do they cocrystallize with europium 
dichloride. However, at the potential of reduction of 
samarium to the divalent state these elements reduce to 
the 2+ oxidation state and cocrystallize with SmCl2 due 
to true isomorphic or isodimorphic cocrystallization. 

On the contrary La, Ce, Np, Pu, Am, and Cm cocrystal-
lize both with EUC12 and SmCl2 in the oxidation state 3+ 
due to the formation of anomalous mixed crystals [21,22]. 
All these elements, however, show different inclination to 
form anomalous mixed crystals. For the actinide series, 
for example, the ability of elements to form anomalous 
mixed crystals both with SmCl2 and EUC12 declines with 
an increase in the atomic number. This results in the de-
creasing of the cocrystallization coefficient for the Np —*• 
Cm row, and getting down to Cf and the next elements 
this ability completely disappears. 

Besides this method of proving isomorphic cocrystalliza-
tion of Cf, Es, and Fm with SmCl2, another one - the in-
dependent criterium — was used. Anomalous mixed crys-
tals without the lower mixing limit are known, in the 
majority of cases, to have the upper mixing limit. This is 
connected with the fact that when entering into the crys-
tal lattice of an anomally cocrystallizing component 
Schottky defects, whose number is limited, appear which, 
in turn, leads to a limited intrusion of a heterovalent ion 
into the macrocomponent lattice. In such cases the cocrys-
tallization coefficient of an anomally cocrystallizing com-
ponent decreases with an increase in its concentration [23], 
This shows well in the case of the cocrystallization of 
NpCU with SmCl2 [21, 22] (Table 2). 

Table 2. Influence o f 1 3 7 Np concentration on its cocrystallization 
coefficient with SmCl, 

, 3 7 N p concentration 
(mg /ml) 

Cocrystallization 
coefficient 

Fig. 1. The dependence of the coefficient of cocrystallization of 
LA CI 3 with SmCl2 (I) and EUC12 (2) on its concentration 

To prove the character of the cocrystallization of Cf, 
Es, and Fm with SmCl2 the investigation on the depend-
ence of the cocrystallization coefficient on the element 
concentration do not seem possible. However, it turned 
out possible to solve this problem by introducing LaCl3 

macroquantities into the system. Forming anomalous 
mixed crystals with SmCl2 and EuCl2 (Fig. 1) LaCl3 

competes with heterovalent elements leading to decreased 
coefficients of their cocrystallization. Nonetheless, the 
cocrystallization coefficient of isomorphically cocrystal-
lizing components does not diminish (see Table 3). As it 
follows from Table 3, the coefficient of cocrystallization 
of Np, Pu, Am and Cm with SmCl2 and EUC12 decreases 
in the presence of LaCl3, however, this does not occur in 
the case of Cf and Fm as well as Eu and Yb cocrystalliza-
tion. 

Table 3. Cocrystallization coefficients with SmCl, of microquan-
tities of some actinide and lanthanide elements in respect to co-

crystallization of strontium microquantities 

microquantity 
0.025 
0.05 

0.46 ± 0.03 
0.24 ± 0.02 
0.09 ± 0.01 

Cocrystallizing 
microelement 

Cocrystallization coefficients with SmCl3 
from the solution 

Cocrystallizing 
microelement 

without Lad, with concentration of 
La3+ 1 mg/ml 

Eu 1.3 ±0.2 1.5 ± 0.3 
Fm 1.0 ± 0.2 0.71 ±0.1 
Es 0.15 ±0.01 0.26 ±0.04 
α 0.026 ± 0.003 0.048 ± 0.012 
Np 0.46 ±0.03 0.06 ±0.01 
Pu 0.40 ±0.08 0.06 ±0.01 
Am 0.13 ±0.03 0.04 ±0.01 
Cm 0.11 ±0.02 0.007 ± 0.002 
La 0.55 ±0.05 0.15 ±0.01 
Ce 0.27 ±0.08 0.06 ±0.015 
Gd 0.004 ± 0.007 0.003 ± 0.001 
Y 0.004 ± 0.001 -
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Thus, based on studies using two independent criteria, 
we can come to an explicit conclusion that Cf, Es and Fm 
cocrystallize with samarium dichloride by means of iso-
morphic cocrystallization i.e. these elements being present 
in the 2+ oxidation state. 

The cocrystallization technique was also successfully 
applied for determining the£ ,^ le3+yMe2+ oxidation poten-
tials for actinides. The use of this technique may be illus-
trated by determining £ 'pm3+^F m 2 + [24], In order to solve 
this problem the cocrystallization of Fm(II) with SrCl2 

was studied. The latter compound was precipitated by 
lithium chloride from the SrCl2 -saturated aqua-ethanolic 
solution containing Yb(II) as a reducer. So it was estab-
lished that Fm(III) as well as Yb(II) and Yb(III) are not 
captured by the SrCl2 precipitate. 

The H e n D E R S O N - K r a c e k equation could be used to 
calculate the coefficient of cocrystallization of Fm(II) 
with SrCl2 if full reduction of Fm(III) to Fm(II) and 
equilibrium between the crystal phase and the solution 
are achieved. 

D 
_ *FmCl, m SrCl, 

(2) 

Κ 
FmCl, m SrCl, 

xStC\Sm 

As it follows from equation 2 and 3, 

FmClj + m FmCl,) 
(3) 

With the help of equations 5 and 6 the difference between 
the oxidation potentials of fermium and ytterbium can be 
determined: 

AE° Fm, Yb ^Fm 3+/pm2+ - F° 
£ Y b 3 + / Y b 2+ 

*SrCl2 ' WFmCl2 

where χ — the components content in the solid phase, 
m — the components quantity in the solution. 

If under these conditions, fermium is only partly reduced 
to the divalent state its distribution coefficient is expressed 
by equation 3: 

To do so it is necessary to know, besides D, the value of 
Κ which corresponds to respective ratios of Yb3+ / Yb2+ 

concentration in the solution. Table 4 shows Κ values at 
various Yb3 + /Yb2 + ratios. 

The processing of experimental data, given in Table 4, 
by use of the least squares method gave the value of 
D = 0.55 ± 0.05 V a n d t f ^ ^ = 0.003 ± 0.002 V. It 
may be assumed, considering the closeness of the ionic 
radii of Fm and Yb in the same oxidation states, that the 
product of their activity coefficient ratios (Equation 6) 
is close to one. Even if to assume that the product of 
these ratios is in the interval of 0 . 5 - 2 the error in the 
difference of standard oxidation potentials of fermium 
and ytterbium would only be ± 0.02 V. Thus, since the 
standard oxidation potential £^,3+/γ^2+ = - 1.15 V it 
follows that the standard oxidation potential•£'pm3+ /pm2+ 
= 1.15 ±0.02 V. 

Table 4. ^Fm.SrCl values at different concentration relation-
ship of bivalent and trivalent ytterbium 

Relationship 
m Y b 3 + / m Y b 2 + 

*Fm,SrCl 2 

0.088 0.62 ± 0.24 
0.091 0.78 ± 0.45 
0.130 0.45 ± 0.04 
0.160 0.64 ± 0.24 
1.57 0.24 ± 0.03 
2.87 0.15 ± 0 .03 

10.20 0.05 ± 0.01 

1 = ι Λ , " W 1 3 
K D * mFmCl, 

Therefore, 
m FmCl, _ D j 
"F ind , K 

Because for the state of equilibrium 

Fo +RI = 

. n o +
 gFmCl3 

" m3+/Fm2+ F a* 'FmCl, 
it follows that 

exp 
AF° Fm, Yb 

RT/F 

!FmCl, ' mYbCl, I T±FmCl m 

m Yba 2 ' mFrnCl3 
7±YbCl, 

(5) 

^ t Y b C l a 

V7±FmCl, 

Getting back to the Table 1 data, one cannot help 
(4) noticing an essential difference in the coefficients of co-

crystallization of Cf, Es, and Fm with SmCl2. This can 
only be accounted for by the fact that in the presence of 
Sm(II) Cf and Es, unlike fermium, do not completely 
reduce. Based on the Cf, Es, and Fm cocrystallization 
coefficient values we calculated oxidation potentials 

= - L 5 V a n d £ q 3 + / a 2 + = - 1 6 v t r i -
sóme time later the oxidation potential 2+ 

was determined by American scientists [26] with the use 
of the polarography technique and operating with weigh-
able quantities of californium. The value obtained by 
them £,Q-3+/Cf2+ = - 1.58 V is close to the value deter-
mined by us. 

It is difficult to study the possibility of the existence 
of the oxidation state for elements with atomic number 
less than that of californium by using water and non-
water solutions since the oxidation potential ££„3+ /An2+ 
for these elements is substantially lower than that of 
californium. In this regard, melted salt systems with di-
valent neodymium and praseodymium, acting as a reducer, 
were used in order to clarify the possibility of existence 

(6) of the 2+ oxidation state for these elements. 
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As a result of studying many systems trivalent lantha-
nides and actinides were established to cocrystallize with 
lanthanide oxichlorides (LnOCl), however, oxichloride 
precipitates do not, practically, capture these elements in 
an oxidation state lower than 3+. So we can identify 
lower oxidation states of actinides and lanthanides and 
determine the standard oxidation potential value for the 
Me 3+/Me2+ couple based on the cocrystallization coeffi-
cient changes depending on the oxidation potential of 
the system. 

Seemingly, it is important to consider the methodology 
of experimenting with melted salts. All the experiments 
were provided in hermetic molybdenum crucibles in argon 
atmosphere at the temperature of 1173 °K. The mixture 
containing lanthanide oxichloride, di-, and trichlorides, 
the studied actinide or lanthanide, and SrCl2 (which was 
introduced to keep the constant Me3+/Me2+ ratio in dif-
ferent experiments) were melted for 20 minutes. So, as 
a result of multiple recrystallization the oxichloride solid 
phase came in equilibrium with the melted salt phase. 
After cooling the crucible the content was taken out in an 
argon-filled chamber and dissolved in 0.1 M HCl. In these 
conditions an oxichloride of a rare-earth element does not 
dissolve while a lanthanide chloride, strontium chloride 
and a microelement portion, present in the melt phase, 
transit into the solution .The amount of divalent lanthanide 
was determined according to the hydrogen quantity formed, 
when the dichloride dissolving occurred as in the reaction: 

2 LnCl2 + 2 HCl —• 2 LnCl3 + H21 

An equilibrium distribution of the microcomponent be-
tween a lanthanide oxichloride and the melt containing 
lanthanide di- and trichloride mixture is described by the 
following equation: 

Κ = 
Γ α π 3 + Ί I~Ln3+ + Ln2+1 

[_Ln3 +J 
Λ 

LnOCl .An3+ + An21". melt 
(7) 

The microcomponent distribution in the absence of re-
ducer is described by a well-known Henderson-K raCek ' 
equation: 

D = 
[An3+1 Γ Ί Η 3 + Ί 

L L n 3 + J 
X 

LnOCl L_An3+J melt 
(8) 

Based on equation 7 and 8 and N e r n s t ' s equation for 
the oxidation potential of a system, the difference of 
standard oxidation potentials Δ ϋ ^ A n = ^£n3+/i n2+ ~~ 
-^An3+/An(3~")+ an(* number of electrons ( V i ) 
taking part in the reaction of microcomponent reduction 

, can be determined according to An3+ + ne 
equation 9: 

I L n ^ L 

i l ^ L 
Κ 

= η In [ ί η 2 Ί 
[Ln3+] 

+ In 

D exp 
Δ F° Ln,An 
RT/nF 

(9) 

With the help of calculations it is possible to find the 
oxidation state of a reduced microelement and the dif-
ference in standard oxidation potentials ΔΖΓ£η Α η· Ob-
viously, the closer the standard oxidation potentials of 
the potential-determining lanthanide and the studied 
microelement are, the smaller would be the error in deter-
mining AE°. In this regard, while studying Bk, Am, and 
Pu, Nd(II) was used as a reducer ( - Ê ^ 3+/Nd2+ = " 2 . 6 2 V 
[27]), and for studying Cm and Pu-Pr (2+) was chosen as 
a reducer = - 2 . 8 4 ± 0.04 V [28]). Finally as 
a result of numerous studies the existence of all elements 
from Bk to Pu in the oxidation state 2+ was established 
and the value of ΔΕ0 for them was determined. The data 
obtained are given in Table 5. 

Table 5. Difference of oxidation potentials AE = ^j je 3 + /Me 2 + ~ 
E_ ->+, î+ in molten salts (Me - macroelement, me - micro-

element) 

Pairs of elements A E ~ E M e 3 + / M ¿ + £me3+/me 2+ 

Pr-Nd - 0 . 2 2 ± 0.04 
Pr-Ce + 0.08 ± 0.04 
Pr-Pu - 0 . 2 0 ± 0.01 
Pr-Cm - 0 . 0 6 ±0.02 
Pr-Gd + 0.01 ± 0.03 
Pr-Tb - 0 . 0 1 ± 0.03 
Nd-Pm - 0 . 1 8 ± 0.03 
Nd-Am - 0 . 3 4 ± 0.02 
Nd-Bk - 0 . 1 0 ±0.01 
Nd-Pu - 0 . 0 4 ± 0.03 

Table 6. Difference of oxidation potentials ^Ln3+/L.n2+ sama~ 
rium, ytterbium and europium in aqueous solutions and melts 

Pairs of 
elements 

Difference of Oxidation Potentials 

in solution in melts 

Sm-Yb 
Sm-Eu 
Y b - E u 

- 0 . 4 0 
- 1 . 2 0 
- 0 . 8 0 

- 0 . 3 6 
- 1 . 1 8 
- 0 . 8 2 

Based on the values of ^Me3+/Me2+ anc* those of the 
standard oxidation potentials -£Nd3+/Nd2+ and •£pr3+/pr2+ 
it becomes possible to calculate the values of ¿?Me3+/Me2+ 

for elements given in Table 5 if AE° for melts and water 
solutions is the same. In work [29] the values of oxida-
tion potentials £¡Jie3+/Me2+ f ° r Eu, Yb, and Sm in sys-
tems containing melted chlorides were determined. As can 
be seen from Table 6 the AE° values obtained in systems 
with melted chlorides practically coincide with the AE° 
values obtained in water solutions for the same element 
couples. Thus, this gives ground to calculate £"Jfe3+/Me2+ 

for all studied elements and to compile a table of the 
^Me3+/Me2+ standard oxidation potential values for acti-
nides and lanthanides using the values of ^Me3+/Me2+ 

tained for water solutions, and ^Me3 +/Me2 + f ° u n d f° r 

chloride melts (see Table 7). 

The data on plutonium (3+) reduction to the divalent 
state are of special interest [30]. Attempts to obtain di-
valent plutonium by the interaction between melted 
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Table 7. Oxidation potential values £ " 3 + , M e 2 + ofactinides and lanthanides 

Element Experimental Nugent's Element Experimental Nugent's 
data data [38] data data [38] 

Ac Unknown - 4 . 9 ± 0.2 La Unknown - 3 . 1 ±0 .2 
Th Unknown - 4 . 9 ± 0.2 Ce - 2 . 9 ± 0 .08(33] - 3.2 ± 0.2 
Pa Unknown - 4 . 7 ± 0.2 Pr - 2 . 8 4 ± 0.04 [28] - 2 . 7 ±0 .2 
U Unknown - 4 . 7 ± 0.2 Nd - 2 . 6 127] - 2 . 6 ±0.2 
Np Unknown - 4 . 7 ± 0.2 Pm - 2 . 4 4 ±0 .02 [31] - 2 . 6 ±0 .2 
Pu - 2 . 6 [30] - 3.5 ± 0.2 Sm - 1 . 5 5 [20] - 1 . 6 ± 0.2 
Am - 2 . 2 8 ± 0.03 [31] - 2 . 3 ± 0.2 Eu - 0 . 3 5 [20] - 0 . 3 ±0.2 
Cm - 2 . 7 8 ± 0.07 [32] - 4 . 4 ± 0.2 Gd - 2 . 8 5 ±0.05 [34] - 3.9 ± 0.2 
Bk - 2 . 5 2 ± 0.01 [31] - 2 . 8 ± 0.2 Tb - 2 . 8 3 ±0 .06 [34] - 3 . 7 ±0 .2 
Cf - 1 . 6 0 [25, 26] - 1 . 6 ±0 .2 Dy - 2 . 4 5 ±0 .2 [35] - 2 . 6 ±0.2 
Es - 1 . 5 5 [25] - 1 . 3 ±0 .2 Ho - 2 . 7 ±0 .2 [35] - 2 . 9 ±0 .2 
Fm - 1 . 1 5 [24] - 1 . 1 ± 0.2 Er - 2 . 8 ±0 .2 [35] - 3 . 1 ±0.2 
Md - 0 . 2 [4] 0 ± 0.2 Tm - 2 . 3 ±0.2 [38] - 2 . 3 ± 0.2 
No + 1.5 [38] + 1.3 ± 0.2 Yb - 1 . 1 5 [20] - 1 . 1 ± 0.2 

metallic plutonium and its melted trichloride turned out 
unsuccessful [31]. In another work [32] the same system 
was used for reducing microquantities of Am(III) to Am(II). 
It was shown that melted metallic plutonium reduces 
Am(III) to the divalent state. Therefore, the electrode 
potential of the Pu 3 + /Pu° couple approximately equals 
^ A M 3 + / A M 2 + = _ 2 . 2 8 . So using N E R N S T ' S equation we 
are able to assess the Pu 3 + /Pu 2 + ratio in equilibrium with 
melted metallic plutonium: 

[Pu3 +] 
(10) 

Table 8. Excitation (transition) energy s* -* spand sJ sd 
(Kcal/mole) 

- 2 . 2 8 = 
RT 

-2.6 In 
F [Pu2 ] 

Transition Bk Cf Es Fm Md 

sJ sp 49 51 54 55 57 
sJ sd 54 60 65 74 80 

This ratio Pu3+ /Pu2 + = 24.5. Thus, the melt of plutonium 
tri- and dichloride, being in equilibrium with melted metal-
lic plutonium contains about 4 mole percent of pluton-
ium dichloride. 

Table 7 shows experimentally-obtained values of 
^Me3+ /Me2+ an<^ oxidation potentials theoretically 
calculated by N U G E N T [ 3 8 ] based on the excitation energy 
of an ion when transiting from an f " into f " 1 d state. 
For a majority of actinides and lanthanides (see Table 7) 
the calculated and the experimentally obtained oxidation 
potential values satisfactorily coincide. Substantial dif-
ferences between these two kinds of data for actinides 
are in the cases of Bk and Pu especially Cm and for lan-
thanides - in the cases of Gd, Tb and Ce. All these ele-
ments are characterized by relatively low values of the 
energy of excitation of double charged ions from an f " 
into f " _ 1 d state. This causes derealization of f-electrons 
which results in the appearance of metallic conductivity 
for CeJ2, ThJ 2 , and some other dihalogenides in the solid 
phase. 

The calculation of hybridization energy for divalent 
actinides [39] shows that for all elements from Bk to Md 
the sp-hybridization state is more preferable than the sd-
state (Table 8). Because the difference between the sp-
and sd-hybridization states is slight for Bk it, apparently, 
has along with the sp-hybridization also the spd- and sd-
hybridizations. The appearance of the spd and/or sd-
hybridization for near actinides would influence the geo-
metrical shape of molecules. Instead of the linear shape 

(corresponding to the sp-hybridization) the molecule 
would become angled. All the above-mentioned features 
cannot help leading to differences in chemical properties 
of near and far actinides in the same oxidation state 2+. 
Thus, similarities in chemical properties of divalent ele-
ments should, in the case of actinides, be expected in the 
row from Cf to No, and in the case of lanthanides - from 
Pr to Eu, and from Dy to Yb. 

Fig. 2. Regularity of the change in the ^ e 3 + / M e 2 + w i t h a n in" 
crease in the atomic number for the second half" of actinides, as 

well as for the first and second halves of lanthanides 
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Since lanthanide terms in f" or f " + 7 configurations 
coincide with those of actinides in an f " + 7 configuration, 
the actinide group from Cf to No can be compared with 
elements of the second half of lanthanides from Dy to Yb. 
Fig. 2 shows changes in ^Me3+/Me2+ a n ^crease in 
atomic number of an element for actinides and lanthanides. 

It follows from the figure that elements of the second 
half of actinides and those of the first half of lanthanides 
complete likeness in the increase of the 2+ oxidation state 
stability with an increase in the atomic number of an ele-
ment which is not observed when comparing the above-
mentioned groups of elements with elements of the second 
half of lanthanides. The found regularity in likeness be-
tween elements of the first half of lanthanides and the 
second half of actinides is accounted for by a similar lower-
ing of f-electron energy with an increase in the atomic 
number of an element. Therefore, it would be interesting 
to consider the f-electron energy change for lanthanide 

Table 9. Transition energy of Ln+ from the fn+l s° electron con-
figuration to fn s1 

Ln η ¿¡car 10"3 
^meas'10 3 

cm"1 cm"1 

La 1 -41.36 -40.959 
Ce 2 -33.84 -34.341 
Pr 3 -34.20 
Nd 4 -34.87 
Pm 5 -27.87 
Sm 6 -18.40 -18.289 
Eu 7 -56.85 
Gd 8 -46.91 
Tb 9 -40.44 
Dy 10 -42.74 
Ho 11 -45.46 
Er 12 -39.79 
Tm 13 -30.71 

Table 10. Transition energy of An+ from thef"+l s° electron con-
figuration to fn s' 

An η Seal" 10"3 

cm"1 

Ac I -38.4 
Th 2 -29.9 
Pa 3 -27.4 
U 4 -25.3 
Np 5 -17.8 
Pu 6 -9.6 
Am 7 -28.4 
Cm 8 -18.7 
Bk 9 -11.7 
Cf 10 -11.4 
Es 11 -11.5 
Fm 12 -5.6 
Md 13 + 2.7 

and actinide single charged ions [40] when changing from 
an f n + 1 s° into f" s1 configuration with an increase in 
the atomic number of an element (see Tables 9 and 10). 
It follows from Tables 9 and 10 that an f" s1 configuration 
is more preferable than f"+ 1s° for single charged ions of 
all lanthanides and actinides with the exception of men-
delevium. Since a one unpaired s-electron configuration 
characterizes high reaction ability of an atom the obtain-
ing of a monovalent state of all lanthanides and most 
actinides (except for mendelevium and, possibly, fermium) 
in condensed media is hard to expect. However, apart from 
the problem of the possibility of existence of monovalent 
lanthanides and actinides in condensed media the f " + 1 s° 
—*• f" s1 transition energy characterizes the energetics of 
an f-level of a single charged atom. 

The energy differences (ΔΕ, 103 cm -1 ) of lanthanide 
and actinide single charged ions in configurations f " + 1 s° 
and f s 1 are given in Table 11. As seen from Table 11, the 
excitation energy differences for respective ions of the 
first half of lanthanides and the second half of actinides 
maintain a higher constancy than in the case of elements 
of the second halves of both groups. 

Thus, irrespective the charge of an atom the energy of 
f-electrons similarly change with an increase in the atomic 
number for elements of the first half of lanthanides and 
the second half of actinides. So the studies on regularities 
of stability change of lower oxidation states of An and Ln 
with an increase in the atomic number of an element made 
it possible to solve the problem of "pair analogy" between 
actinides and lanthanides, however, differently from what 
SEABORG had predicted [1 ], believing the elements of the 
second halves of actinides and lanthanides to be the closest 
analogues. 

Ionic Radii of Actinides in the Lower Oxidation States 

Because chemical properties of an element in a certain 
valence state depend on its ionic radius we provided calcu-
lations of the ionic radii of actinides in the lower oxida-
tion states [41]. These calculations were based on the ionic 
radius value of Ln3+, An3+, and limited and insufficient-
ly reliable data on the ionic radii of Am2+ [10] and No2+ 

[42,43]. In this connection it seemed advantageous to 
carry out calculations of ionic radii of actinides in the 
lower oxidation states using most reliable data of work [44]. 

Quantum chemical methods are known to enable calcu-
lation of the distance from a nucleus to the part of an ion 
where the maximum electron density is realized (i?max)· 
SLATER established [45 ] that the value of ÄMAX for single 

Table 11. Energy differences (Aß 10" ' , cm"1 ) of monocharged ions of lanthanides and actinides in the 
/"s1 and / r t+1s° states 

Ln--An Ει-II Ln--Ln El-II An -An El -II Ln--An El-II Ln--An Ει-II Ln--An Ει -II 

La--Cm -22.7 Gd--La -5.55 Ac -Cm -19.7 La--Ac -2.9 Gd--Cm -28.2 Gd--Ac - 8.5 
Ce--Bk -22.1 Tb--Ce -6.60 Th -Bk -18.2 Ce--Th -3.9 Tb--Bk -28.7 Tb--Th -10.5 
Pr- Cf -22.8 Dy--Pr -8.54 Pa-- σ -16.0 Pr- Pa -6.8 Dy--Cf -31.3 Dy -Pa -15.3 
Nd--Es -23.4 Ho--Nd -10.59 U- Es -13.8 Nd--U -9.6 Ho--Es -34.0 Ho--U -20.2 
Pm -Fm -22.3 Er- Pm -11.92 Np -Fm -12.2 Pm -Np -10.1 Er- Fm -34.2 Er- Np -22.0 
Sm -Md -21.1 Tm -Sm -12.34 Pu -Md -12.3 Sm -Pu -8.8 Tm -Md -33.4 Tm -Pu -21.1 
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charged ions is related to the ionic radius of an element 
by a simple equation: 

R = C n - S . O D 

It may be assumed that the Cn value remains constant for 
f-elements within one series and in the same oxidation 
state. To prove this statement we used the ionic radii val-
ues of lanthanides in the oxidation state 3+ (coordination 

Table 12. Cn coefficient values for Ln3 + 

Element Ionic "max Cn 
radius A A 

Ce 1.01 0.82 1.23 
Pr 0.99 0.81 1.22 
Nd 0.98 0.79 1.24 
Pm 0.97 0.78 1.25 
Sm 0.96 0.77 1.25 
Eu 0.95 0.76 1.25 
Gd 0.94 0.74 1.27 
Tb 0.92 0.73 1.26 
Dy 0.91 0.72 1.26 
Ho 0.90 0.71 1.27 
Er 0.89 0.70 1.27 
Tm 0.88 0.69 1.27 
Yb 0.87 0.68 1.28 

Table 13. Cn coefficient values for Ln2 + 

Element Ionic "max Cn 
radius (A) (A) 

Eu 1.17 0.76 1.54 
Dy 1.07 0.72 1.49 
Tm 1.03 0.69 1.49 
Yb 1.02 0.68 1.50 

Table 14. Ionic radii values of An 3 + 

Ionic radius of An 3 + (A) 
An "max Cn 

from work [44] calculated (A) 
values 

Pu 1.00 _ 0.84 1.190 
Am 0.975 - 0.83 1.175 
Cm 0.97 - 0.82 1.183 
Bk 0.96 - 0.81 1.185 
σ 0.95 - 0.80 1.187 
Es - 0.94 0.79 
Fm - 0.94 (0.93) 0.79 
Md - 0.92 0.78 
No - 0.91 0.77 

Table 15. Calculated values of ionic radii of An 2 + (coordination 
number 6), Cn = 1.34 

An2 + 
"max Ionic 

A radius (A) 

Pu 0.89 1.19 
Am 0.88 1.18 
Cm 0.87 1.16 
Bk 0.86 1.15 
a 0.80 1.07 
Es 0.79 1.06 
Fm 0.79 1.06 
Md 0.78 1.045 
No 0.77 1.03 

number = 6) [44] and HARTREE-FOCK R m a x [46]. The 
data obtained through calculations are given in Table 12. 
As it is clear from Table 12 the Cn value remains constant 
for all lanthanide elements in the trivalent state. 

Similar calculations were also made for Ln2+ using < 
relatively limited data on the Ln2+ ionic radii (correspond-
ing to the same coordination number 6) [44] and the /?m a x 

values for Ln2+ [46]. In this case the Cn constancy is also 
observed (see Table 13). 

The constancy of Cn values obtained for lanthanides 
gives ground for calculating ionic radii of actinides in 
various oxidation states. Firstly, we made this calcula-
tion only for trivalent actinides using the known ionic 
radii values (c. η = 6) [44], and i?m a x values [46] (see 
Table 14). As can be seen from Table 14, the Cn coeffi-
cient remains constant for all elements from plutonium 
to californium. With the use of this coefficient, we cal-
culated ionic radii of An3+ from Es to No. Unfortunate-
ly, the data on An2+ ionic radii are limited to those of 
americium. Am2+ ionic radius (c. n. = 6) is equivalent to 
1.18 Â [44], Using this value and Rmax = 0.88 A we ob-
tained Cn = 1.34. Based on the latter we calculated ionic 
radii of An2+ (see Table 15). The obtained value of nobeli-
um ionic radius coincides with the authors of [42, 43] 
idea that nobelium holds an intermediate position be-
tween calcium and strontium in regard to the ionic radius. 

PAULING'S equation can be used to calculate the ionic 
radii of actinide single charged ions [47]: 

2 
R Z+l R η- 1 (12) 

where R - ionic radius, Ζ - ion charge, η - BORN's repul-
sion coefficient (η * 9). Using the No2+ ionic radius, iso-
electronic with Md+, it is possible through equation 12 to 
calculate the Md1 + ionic radius, which is equivalent to 
1.22 Â. Besides, the Fm1+ ionic radius can also be calcu-
lated through equation 12 and using the No3+ ionic radius, 
since NO3+ as well as Fm1+ have a 5 f 1 3 electron configura-
tion. It appeared thatÄ(Fm 1 +) = 1.20 A. Using Rmax 

for Fm1+ [46], equivalent to 0.84, it is possible to deter-
mine Cn = 1.43. Because Ä m a x for Md+ equals 0.83, 
Ä(Md1 +)= 1.19 A. 
Thus, using the No2+ and No3+ ionic radii for the above-
mentioned calculations we obtained well coinciding Md1 + 

ionic radius values which, in turn, proves the accordance 
between the ionic radii of di- and trivalent actinides. The 
used calculation schemes enable, apparently, the determi-
nation of ionic radii of other actinides in the 1+ oxida-
tion state and an fn+1 s° electron configuration, however, 
it makes sense only if these elements can, in general, exist 
in the monovalent state in condensed media. 

Monovalent Mendelevium and its Physico-Chemical 
Properties 

Based on the studies on cocrystallization of Md with 
alkaline metal salts it was established [48,49] that men-
delevium can exist in the 1+ oxidation state in aqua-
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ethanolic solutions. The existence of monovalent men-
delevium, discovered in this work and proved by further 
investigations thereafter [50 — 52], coincides with the 
theoretical calculations by VÁNDER SLUIS and NUGENT 
[40]. According to these Md(I) in the main free ion state 
has an f " + 1 s ° configuration, and its transition into the 
first excited state ( f " s1 ) requires an excitation energy 
equivalent to 2.7 · 103 c m - 1 . Unlike mendelevium, for 
all actinides with a lower atomic number an f " s1 configu-
ration is the main state, and a transition from it into an 
f " + 1 s ° state requires excitation energy equivalent to 
5.6 χ 103 cm - 1 for fermium and about 11.5 χ IO3 cm"1 

for einsteinium, californium and berkelium (see Table 10). 
That is why the 1+ oxidation state in an f " + 1 s° configura-
tion is expected to be realized much harder for actinides 
with an atomic number lower than that of mendelevium. 

In order to study the possibility of existence of Md(I) 
the cocrystallization technique is most frequently used. 
However, it is impossible to formulate an explicit con-
clusion about the oxidation state of an element based 
purely on the fact of its cocrystallization. It was estab-
lished, for instance, that Md cocrystallizes with samari-
um dichloride. From this fact a conclusion was drawn 
that at the Sm 2 + potential mendelevium is present in 
the divalent state [53]. And the fact that cesium also 
cocrystallized with samarium dichloride in the same ex-
periments was ignored. If the precipitation of RbCl is 
provided along with the crystallization of SmCl2 the 
coefficient of cocrystallization of Md with RbCl turns 
out about tenfold higher than that of F m 2 + [53], Thus 
analyzing the results of the cocrystallization of Md with 
SmCl2 and RbCl we come to a completely opposite con-
clusion that at the Sm 2 + potential Md reduces to the 1 + 
oxidation state. 

In the same work [53] data on the cocrystallization 
of Md with samarium difluoride are given. Based on 
these data the authors also drew the conclusion about 
the nonobservance of Md1 + . Deriving from the assump-
tion that Md 2 + cocrystallizes with SmF 2 it follows, ac-
cording to the isomorphic cocrystallization theory that 
the Md cocrystallization coefficient should not depend 
on the S m 2 + concentration in the solution: 

S m F 2 ( S ) + M d F 2 ( L ) * M d F 2 ( S ) + S m F 2 ( L ) 

MdF. 
Κ = 

2(S) [ Sm 2 + ] · [ F - ] M T ± S m F ) j-12 
± S m F , 

S m F 2 . S i [Md 2 + ] [ F - ] 2 ( 7 i M d F ) 2(S) ±M<UV 

Because the cocrystallization coefficient equals: 
MdF 2(S) · I S M 2 + L 

S m F 2 ( S ) · [Md 2 + ] 

it follows that: 

D = 

D =K 
(TtMdF,)3 

frtSmF,)3 

(13) 

(14) 

(15) 

Since the ratio of activity coefficients of components in 
the region of diluted solutions is close to one, D = K, 

the Md 2 + cocrystallization coefficient is a constant value 
which does not depend on the Sm 2 + concentration in 
the solution. Actually, the coefficient of cocrystalliza-
tion of Md with SmF2 and YbF2 grows with an increase 
in the Me 2 + concentration [52], which contradicts the 
conditions of isomorphic cocrystallization of Md 2 + with 
MeF2 . However, this dependence caters to the formation 
of anomalous mixed crystals MeF2 —MeF. Deriving from 
a heterogeneous reaction 

M e F 2 ( S ) + M d F ( L ) M d F ( S ) + M e F 2 ( L ) 

D 

we obtain: 

K (TtMdF)2 1 

' ( % M e F j ) 3 > - ] 
Because AP^ = [Me 2 +] · [F"] 2 -(ytMéP)3 

D = K'· 

(16) 

(17) 

Figure 3 shows the dependence of the coefficient of co-
crystallization of Md with SmF 2 and Y b F 2 , and that of 
Ag 1 + with SrF2 on the Me 2 + concentration. As follows 
from Figure 3, a satisfactory correspondence of experi-
mental data with the cocrystallization coefficient change 
regularities (expressed by equation 17) is observed for all 
the three systems. It proves that monovalent mendelevium 
cocrystallizes with SmF2 and YbF 2 . 

o SrFj-AgF 

SmF2-MdF 

y I Mel', VmMol/f 

Fig. 3. The dependence of the coefficient of cocrystallization ( D ) 
of Ag + and Md + with MeF ; on the M e 2 + concentration 

Because the Md 1 + ionic radius equivalent to 1.20 Â, 
lies within the range of those of potassium (1.37 Â) and 
sodium (1.02 Â) [44], the cocrystallization of Md with 
NaCl and KCl in aqua-ethanolic solutions was studied [57], 
It appeared that trivalent Md, Fm and Es are not, practi-
cally, captured by the solid phase of potassium and sodium 
halogenides. HULET believes that Md reduces to the di-
valent state in the presence of divalent europium [4], 
however, unlike E u 2 + , S r 2 + and Y b 2 + , Md acquires an 
ability to cocrystallize with NaCl and KCl. If it is assumed 
that Md cocrystallizes with NaCl and KCl in the divalent 
state then its distribution between the phases should be 
accounted for by one of the exchange reactions: 

1) MeCl ( S ) + M d C l 2 ( I y M d C l 2 ( S ) + M e C l ( L ) 
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This process is accompanied by the intrusion of an anion 
into the lattice intersticial areas and by the formation of 
Frenckel defects. 

2) 2 MeCl (S ) + MdCl 2 ( L ) MdCl 2 ( S ) + 2 MeCl ( L ) 

which is related to the formation of Schottky defects in 
the cation part of the lattice. 

Here, value D is expressed respectively by the following 
equations: 

D = Kx • 

D = Κι 

fotMdCl,)3 

frtMeCl)2 

(Ύ± MdCl, ) 3 

[CI"] 

1 

Because A P. 

( W i ) 4 t M e + ] 

: [Me+ ] 

(18) 

( 1 9 ) 

Ϋ ν > MeCI ~~ l " l v J [ C 1 " l '^±MeCl- ' 
equation 18 is identical to equation 19. Therefore, despite 
the mechanism of the anomalous mixed crystal formation 
the An2 + cocrystallization coefficient is described by one 
and the same equation 18. 

On the contrary, if Md cocrystallizes with NaCl and 
KCl in the monovalent state its cocrystallization will be 
accounted for by the reaction: 

MeCl (S ) + MdCl ( L ) - MdCl (S ) + MeCl ( L ) 

and the cocrystallization coefficient will be as in equa-
tion 20: 

D = Κ 
(TtMdCl)2 

MeCl)2 
(20) 

As shown in work [54] the activity coefficients of KCl 
and NaCl in solutions of equal ionic strength are, practical-
ly, the same within the ionic strength change up to 2 — 3. 
Since the Md1 + ionic radius lies within the range of those 
of K+ and Na+ it follows that y± NaC1 « y± Mda « y± κα, 
so the equation becomes simpler: 

D = Κ = const. 

Therefore, if monovalent mendelevium cocrystallizes with 
NaCl and KCl its cocrystallization coefficient does not 
depend on the chloride-ion concentration. Thus, the deter-
mination of the dependence of the coefficient of cocrys-
tallization of reduced forms of actinides with KCl and 
NaCl on the chloride-ion concentration enables to explic-
itly distinguish An 2 + from An1 + . 

In work [51] data are given on cocrystallization of Md 
with NaCl and KCl in aqua-ethanolic solutions in the 
presence of Eu 2 + as a reducer. 

In work [55] the cocrystallization of Fm with KCl in 
the same conditions, but with Sm2 + as a reducer, was 
studied. Fig. 4 shows the influence of the chloride-ion 
concentration on the value of the coefficient of cocrystal-
lization of Md and Fm with MeCI. As seen from Fig. 4, 
the coefficient of cocrystallization of Md with NaCl and 
KCl does not depend on the chloride-ion concentration 

KCl 

1.5 

1.0 

0.5 

NaCl 

3.0 

Fm (KCl) 

- 2.0 -

- LO 

0 

Md (KCl) 

2 I C D 

Fig. 4. The influence of the change in the chloride-ion concentra-
tion on the values of the coefficients of cocrystallization of Md 

and Fm with MeCI 

while the Fm 2 + cocrastallization coefficient linearly grows 
with an increase in the chloride-ion concentration. So a 
conclusion follows that in the presence of Eu 2 + mendelevi-
um reduces to the oxidation state 1+ and isomorphically 
cocrystallizes with alkaline metal halogenides. Unlike Md, 
Fm in the presence of Sm 2 + reduces only to the divalent 
state and its cocrystallization with KCl is accounted for 
by the formation of anomalous mixed crystals. 

We can, based on the data of Fig. 4, make another im-
portant conclusion. Because the lowering of the cocrystal-
lization coefficient with an increase in the chloride-ion 
concentration is not observed it follows that neither Md1 + 

nor Fm 2 + form stable chloride complexes. 
Based on the values of the coefficient of cocrystalliza-

tion of mendelevium with NaCl and KCl, respectively equi-
valent to 2.2 ± 0.4 and 0.22 ± 0.03, we can calculate the 
ionic radius of Md1 + and the solubility product of MdCl. 
As proved by URUSOV [56—57], the cocrystallization 
coefficient (D) is related to the solubility product (SP) 
of macrocomponent (1) and microcomponent (2) and to 
their interatomic distances (."?) in the following way: 

SPi (t-T)a /Ri'Ri 
lg£> = lg SP, 

(t-T)a 
2.303 RGtT Rx 

(21) 

where RG - gas constant, t - correlation factor, equiv-
alent to 2800°K, Τ - absolute temperature, a - param-
eter whose value depends on the crystallo-chemical charac-
teristics of solid solution. For alkaline metal halogenides 
a = 1510 KJ/mole. If macrocomponents NaCl and KCl 
are indicated as by the respective I and II indexes we could 
put down the following: 

lg D Md,NaCl ' lg 
SP{ 
SP2 2.303 RGt Τ 

lg D Md.KCl = ig 
s p P 

S P , 

(t-T)a 
ν R\ ) 

(22) 

(t-T)a 
2.303 R, 

)a (RÏ ~J<2\ 
;tT \ Rn J 

(23) 
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Subtracting equation 23 from equation 22 we obtain: 

lg 
Md.NaCl 

Md.KCl 

= lg 
SP? (t-T)a 
SP}1 2.303 RGtT .1 R\ / V I 

NaCl 

Solubility product 

KCl MdCl 

5 . 0 7 6 - 1 0 " 3 5 . 4 4 7 - 1 0 " 4 

Calculated according 
to 5P(NaCl) 

3 . 3 5 - 1 0 " 4 

Calculated according 
to SP(KCl) 

3 . 7 5 - 1 0 " 4 

As follows from work [58], the SP1, /SP\l ratio is equiv-
alent to 9.4. Given the K+ , Na+, and CI" ionic radii, respec-
tively equivalent to 1.37 Â, 1.02 Â, and 1.81 Â [44], it 
becomes easy to calculate interatomic distances R} and 
Rli. As calculated through equation (24), R2 (MdCl) = 
2.995 Â and, therefore, the Md1+ ionic radius at the co-
ordination number = 6 equals 1.19 Â. This well coincides 
with the theoretically calculated value (see p. ). 

If R 2 (MdCl) is known it is possible to calculate through 
equation (21) the solubility product of MdCl in an aqua-
ethanolic solution of the same composition as when the 
NaCl and KCl solubility products were determined. The 
results obtained are given in Table 16. As seen from 
Table 16 the MdCl solubility product value, found with 
the use of SPNaC1 and SPKQ> well coincides with and is 
close to the KCl solubility product. 

Table 16. Solubility products of NaCl, KCl and MdCl in 89.6% 
ethanol 

alkaline-earth elements. The An2+ stability for the second 
half of actinides grows with an increase in the atomic num-
ber of an element. In the series from Cf to No the oxida-
tion potential £,JIe3+^Me2+ increases with an increase in 
the atomic number of an element similarly with a growing 
oxidation potential in the Pr Eu direction, and in an 
opposite manner relative to the oxidation potential of 
elements from Dy to Tm. Likeness between elements of 
the first half of lanthanides and those of the second half 
of actinides is shown not only in the oxidation state 2+ 
but in other anomalous oxidation states as well. The dis-
covered likeness represents similar decreasing of f-electron 
energy for the first half of lanthanides and the second half 
of actinides with an increase in the atomic number of an 
element. 

As for monovalent mendelevium, it is analogous, by its 
properties, to alkaline metal ions. The MdCl solubility prod-
uct in aqua-ethanolic solutions is close to that of KCl. The 
low f-electron energy accounts for the likeness between 
divalent far actinides and the alkaline-metal ions. 

On the contrary, it is hard to expect a similarity be-
tween alkaline-earth element ions and Cm2+. Curium atom 
in the main state is known to have an f 7 ds2 configuration, 
So, obviously, Cm2+ must have an f 7 d configuration, 
which is analogous to gadolinium. It was recently estab-
lished that Gd and Tb form cluster compounds of the 
LnCl and Ln2Cl3 types, isostructural with corresponding 
compounds of zirconium in the lower oxidation states 
[60-61] . Cm and, possibly, Pu and Bk, can be expected 
to show ability to form analogous compounds. If so they 
will turn out to be similar to d-elements. Studies provided 
in this direction would certainly open up a new direction 
in the chemistry of actinides in the lower oxidation states. 

Thus, resulting from the studies on the cocrystalliza-
tion of Md with NaCl and KCl, it was proved that Md 
reduces to the monovalent state in the presence of Eu2 + , 
and that MdCl, by its properties, is close to sodium and 
potassium chlorides [59]. These data are in a good accord-
ance with the results of the No2+ properties studied. 
Works [42—43] proved that in a number of compounds 
divalent nobelium shows likeness with respective calcium 
and strontium compounds. 

Summary 

Summing up the results of the experimental studies on the 
lower oxidation states of actinides it should be noted that 
only mendelevium has been obtained in the monovalent 
state, while most actinides have been obtained in the oxida-
tion state 2+. All actinides from Cf to No can exist in the 
divalent state in aqua-ethanolic and water solutions. Other 
An2+ are unstable in water and ethanolic solutions. The 
existence of Bk2+, Pu2+, and Cm2+ was established in 
melted salts. All elements from Cf to No in the 2+ oxida-
tion state are analogous to Eu2 + , Yb 2 + , and Sm2+ and to 
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Abstract 

Actinide redox properties have important implications for nuclear 
waste form selection. Valence changes induced by chemical and 
self-irradiation effects can alter site preferences significantly, and 
thus could deleteriously influence actinide retentivity in waste 
forms unless proper provision is made. Bond strength formalism 
can provide a useful basis for assessing the fit of actinide cations in 
various host sites. Structural effects in some actinide perovskites 
are also examined. 

Two optimal crystalline systems, which should provide both 
long-term chemical and radiological stability for either the tri- or 
tetravalent actinides, are considered. We propose Th02 -MoF and 
LnP04 -MSi04 as systems which should have excellent accom-
modation for both trivalent and tetravalent actinides, especially 
Pu, Am and Cm, and be extremely resistant to metamictization 
and leaching as well. 

Litroduction 

There is sparse information regarding the valence stabili-
ties of the transuranium elements Np, Pu, Am and Cm in 
solids important to nuclear waste storage. Indeed, during 
much of their brief (recent) existence of ca. 40 years, 
valence stabilities and specific occurrence in solids were 
determined largely incidental to other studies, often in 
micro samples prepared for X-ray confirmation of chemical 
constitution. We shall approach the solution to this prob-
lem from the point of view of aqueous chemistry, com-
plexation effects and crystal chemistry considerations. We 
believe that a much stronger and more quantitative case 
than that based simply on ion sizes can be made on which 
to base predictions of long term storage stability of acti-
nides. Specifically, it is critical to deal successfully with 
the enormous range of chemical stabilities of the tri- and 
tetravalent aquo actinide ions from uranium through curi-
um, which react with water to discharge hydrogen at the 
uranium end and to discharge oxygen at the curium end 
[i.e., U(III) U(IV); Cm(IV) Cm(III)]. 

Actinide ions are Chatt-Ahrland Class A cations, and 
strongly attract Class A anions such as F" and 0 = . There 
is no doubt that the actinide(III) and (IV) ions can be 
incorporated into structures providing cavities of the 
proper (large) size, even in those furnishing oxide coordina-
tion as low as six (although the preferred coordination is 
certainly eight or greater). However, it is likely that a 
radiation and ejected electrons will affect some actinide 
valences, which, as noted, have widely differing stabilities. 
To cite a rather extreme example, Am(III) is converted 
reversibly to Am(II), when host CaF2 is held at low tem-
peratures [1]. This occurs even though Mössbauer studies 

show that the Np daughters of americium are generally in 
an oxidation state higher than that of the americium 
parent [2]. Lattice disruption can result because of acti-
nide valence changes, e.g. reduction (IV->-III) can cause 
Μ—O distances to increase by ~ 0.15 Â [3,4]. This could 
well add to the effects of nuclear recoils, known to cause 
metamictization in some structures. 

In particular, we wish to point out the contrast be-
tween the stabilities of Th(IV) and U(IV) as observed in 
natural minerals and the low chemical stabilities of 
Am(IV) and Cm(IV), which can produce different conse-
quences when these heavier actinides are placed in similiar 
storage media. 

To approach a solution to the problem, we shall draw 
on the large body of quantitative data concerning stabili-
ties of the actinide aquo ions. We shall also use these data 
and the newer data which provide a measure of the in-
creased stability of the tetravalent state over the trivalent 
state, as one goes from the aquated ions to those ions 
with oxygen coordination in solids. The M (IV) and M (III) 
ions are coordinated with oxygen in aqueous solution as 
well as in all proposed waste forms (glass, synthetic min-
erals, etc.). We believe that oxygen coordination is the 
common key and that it is legitimate to draw parallels 
which allow prediction of chemical and radiation stabili-
ties in oxo-coordinated solids. The thrust of our argument 
for long term actinide valence stability in storage media is 
summarized as follows: 
1) For long term valence stability, the actinide must be 

inserted initially into the host in the valence state 
which is best accommodated by size and coordination 
in the host lattice, and 

2) the initial actinide valence state selected should be the 
one most stable to oxidation or reduction in a radiation 
field. We suggest that this choice can be based in part 
on the empirical observation that there is an approxi-
mate one-volt stabilization of the tetravalent ion in 
solid oxygen-coordinating hosts compared to the 
M(IV)/M(III) potentials in aqueous solutions. * 

While the obvious break in aqueous stabilities of the 
tetravalent over the trivalent states comes for elements 
past plutonium, the chemical stability of the penta- and 
hexavalent states in certain solids cannot be disregarded. 

Actinides of major significance which are present in 
TRU (/ranswranium) wastes are given in Table 1. Many 

* Throughout this paper we will use M for actinide instead of An 
to avoid confusing An with Am (the symbol for americium). 
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Table 1. Half lives of isotopes important in transuranic waste Table 2. Redox properties of actinides in aqueous media 

hn 
(y) 

2 3 7 Np 2.2 X 10 ' 
" ' P u 2.4 X 104 

2 4 0 Pu 6.8 X 103 

2 4 1 Am 4.3 X 102 

2 4 3 Am 8.0 X 103 

2 4 2 Cm 0.45 
2 4 4 C m 18 

Two conditions limit stabilities in water: 
1) Oxidation of water to H 2 0 2 or O, 
2) Reduction of water to H2 

Acid 
potential 
(volts)* 

Comments 

are long-lived isotopes which constitute the major long 
term alpha radiation hazard that must be contained if no 
further separation is envisioned. Of particular significance 
are 2 4 1 Am and 2 4 3 Am which lead the hazard index in 
typical TRU wastes, for times from ~ 500 years to about 
50,000 years [5], 

General considerations 

At the high temperatures encountered in preparations of 
most proposed storage media, two conditions need to be 
controlled: 
1) Strongly reducing environments are to be avoided 
since reduced species such as Am(II) or highly volatile 
Am metal could be formed. The latter might distill out 
in high temperature waste processing. 
2) From the chemical viewpoint, actinide valences higher 
than four should be avoided since the actinides could 
leach as acid soluble, monomeric aquo cations. Further, 
since actinide oxides are increasingly acidic as valence in-
creases, an excess of strongly basic oxides and high oxygen 
fugacity which would stabilize high valences should be 
avoided. It underlines these arguments to point out that 
whereas americium is tetravalent in BaAm0 3 , excess BaO 
and oxygen lead to the hexavalent state and formation of 
Ba3 Am0 6 . Furthermore, the general stability of the (V) 
state in solid fluorides and oxides is often overlooked; 
indeed Li3 Am0 4 [containing Am(V)] is stable to ~ 1000°C, 
a much higher temperature than displayed by alkali metal 
Am (VI) compounds whose thermal stability extends only 
to 500—600°C [6], 

We conclude that for greatest long term stability the 
trivalent or tetravalent states should be chosen. Restricting 
our discussion to these two valences, we now consider the 
relative stabilities of the tri- and tetravalent states of the 
actinide elements, focusing on Pu, Am and Cm. 

Chemical redox properties in aqueous solution and in 
solid oxide-coordinating hosts 

S I 
t 
a 
b 
i 
1 
i 
t 
y 
of 

IV 

V 
a 
1 
e 
η 
c 
e 

U IV/III - 0 . 6 3 U(III) strongly reducing-can 
reduce water. 

Np IV/III + 0 . 1 6 Np(III) easily oxidized to IV. 

Pu IV/III + 0 . 9 8 Both valences are stable. 

Am IV/III ~ + 2.4 Am(IV) can oxidize water and 
disproportionate; Am(IV) is 
unknown as aqueous ion, but 
is stable in F " , PO J " and 
phosphotungstate. 

Cm IV/III ~ + 3 Cm(IV) readily oxidizes water; 
Cm(IV) is metastable in aque-
ous F " , PO J " and in hetero-
poly anions. 

IUPAC convention. 

ions. A solid line is drawn between Pu and Am to empha-
size the limit of aqueous stability of aquo-complexed 
(IV)'s. A dotted line is drawn between Am and Cm to indi-
cate that Am (IV) can be sufficienty stabilized by strong 
complexation, both in solution and in oxygen-coordinating 
hosts, to display stability towards chemical reduction by 
water. From the estimate of the Am(IV)/(III) redox poten-
tial couple, a value of ~ 1 volt stabilization would be 
necessary ( ~ 101 6 reduction in Am(IV) activity) to bring 
Am (IV) within the bounds of aqueous stability (approxi-
mately that of the cerium(IV)/(III) couple). Although 
such stabilization has been demonstrated with americium, 
the much greater stabilization needed for curium has not 
yet been achieved, and reduction of Cm (IV) by water 
(that is, reduction of Cm(IV) to Cm(III) faster than can 
be accounted for by self-radiolysis alone) has been ob-
served in all cases involving contact with aqueous solutions. 

In Table 3 we show the preparation of Am (IV) in vari-
ous oxide and fluoride coordinated solids. In the 8-coordi-
nated oxygen site provided by phosphotungstate ion, the 
Am(IV)/(III) redox potential has been found to be 
~ + 1.5 volts [7]. This corresponds to an estimated overall 

Table 3. Preparation of stable Am(IV) in fluoride and oxide-
coordinating hosts 

Am(OH), + NaOCl 

In Table 2 we show the redox potentials of the actinide aquo Am (OH) 4 + NH4 F 
ions. There is a striking trend in the potentials of the M(IV) / 
M(III) aquo couples, with greatly increasing difficulty in 
oxidizing M (III) to M(IV) apparent in the higher actinides. 
Indeed, the Am(IV) and Cm(IV) ions are such powerful 
oxidizing agents that they are unknown as simple aquo 

slurry 

90°C 

slurry 

R . T . 

Am(OH)4 

(NH 4 ) 4 AmF, 

[Ref. 9] 

[Ref. 10] 

230°C 
Am(0H) 4 + SiOj -aq — • AmSi04 (zircon type) [Ref. 11] 

7 days 

A m ( I V ) / ( I I I ) ( i n P 1 W 1 7 0 6 1 ) - n £ = +1 .52V [Ref. 7] 
(vs. ~ + 2.4 in aq. soin.) 
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stabilization of the (IV) state by ~ 1 volt compared to the 
aquo species. In the analogous Pu(IV)/Pu(III) and Ce(IV) 
/Ce(III) cases the simple aquo (IV)/(III) couples are 
directly measurable, and it is known in those cases that 
phosphotungstate complexation produces a net stabiliza-
tion of 0.9 volts for their tetravalent states over the 
trivalent [8]. 

With curium(IV)/(III), one volt stabilization is clearly 
not sufficient as shown by the work of KOSYAKOV et al. 
[7], Indeed, curium in the tetravalent state is known only 
in a few cases, e.g., in the tetrafluoride and in the fluorite-
type compound C m 0 2 . Even in this generally stable type 
of lattice, curium (IV) is both radiation sensitive and heat 
sensitive, losing oxygen at moderate temperatures 
( > 300 °C), to yield Cm (III) in the "CmO'2' host [6]. (We 
will discuss later the consequences of this behavior and 
its probable basis.) In Table 4 we show the lower stability 
of Cm0 2 vs. A m 0 2 , in parallel to the trend in stabilities 
of their tetravalent states in aqueous media shown in 
Table 2. 

Table 4. Radiation and thermal stability of curium (IV) oxide, 
CmO, 

CK 
2 4 4 Cm 2 0 3 ( f 1 / 2 = 18y , a ) — C m 0 2 - x 

2 4 , C m 2 0 3 ( t l / 2 = 5 X 105 y, a) Cm02 

2 4 , C m 0 2 >• Oxygen loss ca. 300 °C 

Note: AmOj is stable to ~ 1000°C for both 241 Am and 2 4 3Am. 

Self-irradiation effects 

The profound influence which self-radiation effects can 
have not only on macroscopic properties (e. g. swelling 
and microfracturing) but also on microscopic properties 
(e. g. crystalline order and valence states) is well known. 
In this discussion we are chiefly concerned with actinide 
valence stability in TRU waste forms. The main effects 
derive from ionized nuclei and free electrons, which are 
produced by α-particles and recoil nuclei. A few examples 
will suffice to show that such effects can be quite large. 
Perhaps the most directly relevant example is that the 
stoichiometric fluorite-like curium dioxide has been pre-
pared only with the 5 χ 10 s y isotope 2 4 8 Cm. With the 
shorter lived isotopes 2 4 4 C m (18 y) and 2 4 2 Cm (0.45y) 
oxygen deficient "dioxides" are found. One can reasonably 
expect Cm(IV) diluted in oxide waste forms to show a 
similar tendency to undergo radiation-induced reduction 
and become trivalent. On the long time scale required for 
TRU waste storage, Am(IV) would also be expected to 
undergo some degree of radiation-induced reduction to 
the trivalent state. 

It is pertinent to point out that the eight equivalent 
Μ—O bond lengths comprising the metal coordination in 
the M0 2 lattices should each increase by ca. 0.15 A on 
reduction from M (IV) to M (III) (see below). Clearly, if 
a significant proportion of the cations are reduced in a 

lattice designed to accommodate M (IV) cations, the ori-
ginal structure would be severely stressed and probably 
could not be maintained. However, if the reduction is 
limited to a small percentage of the cations, or if oxygen 
loss is permitted (e.g., M0 2 M 0 2 _ x ) , compounds of 
high lattice stabilities could allow M (III) incorporation 
without drastic structural alteration. The M0 2 lattice type 
is especially forgiving in this regard, as we shall point out. 

Bond length-bond strength considerations 

ZACHARIASEN's bond length-bond strength formalism is 
expressed as 

D(s) = D ( l ) — Β ln(s) 

where D(s) is the bond length for a bond of strength 
(s) [3]. £>(1) and Β are empirical parameters obtained by 
analysis of many well-determined crystal structures. For 
structures in which actinide-oxygen bonds predominate, 
this approach usually works quite well [3, 12]. However, 
the actinide ions are larger than d-block elements and 
good agreement is frequently not obtained on comparing 
the known actinide valence with the sum of the "com-
puted" bond strengths based on the bond distances to 
sites for d-block elements which they replace in the pure 
host. 

In many of the structures dominated by elements 
other than actinides, but proposed as host lattices, we 
know the coordination number and bond distances to 
structural elements such as Zr, Ti, and Ca. For such cases, 
we have simply taken the distances observed in the host 
lattice and calculated actinide valence sums, as if the acti-
nide could be substituted without structural change. Ob-
viously, this approach will give a ridiculous valence sum 
if the actinide is substituted for a much smaller or much 
larger cation. Nonetheless, some interesting observations 
can be drawn from such a tabulation as given in Table 5. 
1) The valence sums suggests that in the CaOg site of zir-

conolite, the Am(III) distances are satisfied and that 
Am (III) would fit nicely, and better than Am(IV). 
Neither Am(III) nor Am(IV) should be accommodated 
very well in the Zr(IV) site (without lattice distortion 
or expansion). 

2) In perovskite, the CaO J2 site is clearly too large for 
either Am valence. (We address the fit of Pu(IV) in the 
M(IV) site later in the text). 

3) Not surprisingly, Am(III) should fit nicely in the mona-
zite lattice. We find the fit of Am(IV) to be poorer, 
though Th(IV) and U(IV) are known to occur in ap-
preciable amounts in monazites likely as coupled sub-
stituents with divalent cations. 

4) The fit of Th(IV) in tetragonal thorite is apparently 
better than in the rarer huttonite (monazite-type) form. 

5) Am(IV) is smaller than Th(IV). The addition of Am0 2 

to T h 0 2 results in a continuous solid solution, with de-
creasing d spacings ending with the smaller end member, 
A m 0 2 . 
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Table 5. Bond length-bond strength calculations for selected structures pertinent to waste forms 

Host and 
coordination 

site 

Observed 
metal-ligand 
distance (A) 

in host 

Actinide Computed Ref. 

zir conolite 
eight coordinate 
Ca site 

tir conolite 
eight coordinate 
Ca site 

zir conolite 
seven coordinate 
Zr site 

zir conolite 
seven coordinate 
Zr site 

perovskite 
(CaTiOj) 
12 coordinate 
Ca site 

perovskite 
(CaTiOj) 
12 coordinate 
Ca site 

monazite 
(monoclinic LaP04) 
nine coordinate 
La site 

thorite 
(tetragonal ThSiOJ 
eight coordinate 
Th site 

huttonite 
(monoclinic ThSi04) 
nine coordinate 
Th site 

Th0 2 
cubic eight 
coordinate site 

Am02 
cubic eight 
coordinate site 

2.37 - 2.60 

2.37 - 2.60 

1 .99 -2 .45 

1 .99- 2.45 

2.85 

2.85 

2.45 - 2.78 

2.37 - 2.47 

2.40 - 2.81 

2.42 

2.33 

Am(III) 

Am(IV) 

Am(III) 

Am(IV) 

Am(III) 

Am (IV) 

Am(III) 

Th(IV) 

Th(IV) 

Th(IV) 

Am(IV) 

2.9 

2.5 

6.3 

5.5 

1.6 

1.4 

3.1 

4.1 

3.7 

4.0 

4.0 

[20] 

[20] 

[20] 

[20] 

[21] 

[21] 

[171 

[18] 

[181 

[ 3] 

[ 3] 

Ion sizes and structural effects in actinide perovskites 

At the beginning of this part of the discussion it is useful 
to recall that actinide ions are much larger than some of 
the d-block ions whose compounds have been mentioned 
as storage media hosts. For example, in comparable com-
pounds the thorium-oxygen bond length in eight coordina-
tion is 0.24 Â longer than the zirconium-oxygen bond 
length (see Fig. 1). Compared with the 4f lanthanides, the 
earlier members of the 5f actinides are larger, with ap-
proximate size parity being obtained by moving the lan-
thanides three elements to the right in the periodic chart 
so that lanthanum is compared with uranium and praseo-
dymium with plutonium (Fig. 2). 

From ZACHARIASEN^ formula [3] we find that in 
cubic coordination the Pr(IV)—0» distances should be 

Zr 

I . 
+0.16 A 

i Ce -

+0.08 

1 
Th - -0.11 

-0.10 - • T b — 
I 

(+0.07) 

1 
- » Bk - -

-0.06 

Zr 

-0.01 Δ 
1 

+ Hf 

--• 104 

Fig. 1. Trends in differences of M - O, distances for some tetra-
valent elements. [Size data from Ref. 3.] 
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4f 
5f 

I 
PrIV-Oe=2-32 

PuIV-0g=2.34 

Fig. 2. Approximation of actinide-lanthanide ion-size equality. 
For approximate size equivalence, 4f /5f , slide 4f series about 

three elements to right. (Size data from Ref. 3.] 

2.32 A and the P u ( I V ) - 0 8 distance should be 2.34 A. 
For ideal six coordination, the bonds will be shorter since 
the bond strengths are greater. Thus, 

Pr(IV)—06 = 2.23 A P u ( I V ) - 0 6 = 2.24 Â. 

In classic perovskites, the M (IV) — 0 6 distance is exactly 
one-half the edge of the cubic cell since the Μ—O bond 
vectors of the octahedra lie along it (Fig. 3). For BaPr03 

the edge of the putative cubic cell is 4.354 Â giving a 
P r - 0 distance of 2.177 Â. Similarly, the edge of the 
ßaPu03 cell is given as a = 4.36 [6], yielding a P u - O 
distance of 2.18 Â. From our estimates of the preferred 
Pr(IV)—06 and P u ( I V ) - 0 6 distances, it is clear that both 
Pr(IV) and Pu (IV) are too large to fit into the classic 
cubic perovskite structure, given these cell dimensions. 

We conclude that the so-called cubic constants for BaPu03 

are incorrect, and that the true lengths of the P u - 0 6 

bonds will be found to be nearer to 2.24 Â. (See Fig. 3.) 
There is a further problem with the perovskites. In this 

structure type the large tetravalent actinides are coordina-
ted to only six oxygens; the actinides are simply too large 
to be completely "enclosed" in six oxygen coordination 
(i.e. coordinatively unsaturated) and hence are vulnerable 
to oxide addition and oxidation. Atmospheric oxygen, 
together with an additional basic oxide such as BaO, yields 
hexavalent actinides (e.g., BaAm03 -»• Ba3 Am0 6 ) [6]. We 
conclude that oxygen coordinations as low as six are not 
likely to retain tetravalent actinides as well as structures 
furnishing higher coordination values. 

Alternative storage media for tri- and tetravalent actinides 

We now wish to propose two systems which we believe of-
fer many advantages as hosts for TRU waste disposal. The 
first comprises a mixed Th02—MOF matrix; the second 
is a mixed orthosilicate-phosphate matrix which should 
be particularly good for stabilizing Pu (IV). 

A. The T h 0 2 — MOF matr ix 

EBB-
I Ac I Th I Po I 

La Ce Pr4+ Nd • 
U3+ Np Pu4+ Am-

Lam-V2.42 
Um-Fe=2.42 

BaPrOj 
BaPuO, 

a «4.3541 
a» 4.357 Â 

if - CUBIC, Pr-0^* 4 | M · 2.I77A 

OUR ESTIMATE FOR Pr(IV)Q 2.23Â 

OBSERVED Pr-O» 2.22(3) ANO 2.23(6) A 
(NEUTRON DIFFRACTION) 

Fig. 3. The perovskite structure. In BaPrOj the Pr06 octahedra 
are rotated and tilted away from the cell edges (13]. 

A solution to this difficulty is furnished by a recent, ac-
curate structure determination for the praseodymium 
case [13]. 

The neutron diffraction study showed that the sym-
metry of BaPr03 is lower than cubic, and that the P r - 0 
vectors are not constrained to lie along the cell edge but 
are rotated and tilted off the cell edges allowing for longer 
P r - 0 bonds. JACOBSON et al. [13] found values of 2.23 
and 2.22 Â for the Pr—O distances — nearly identical with 
the values we obtained from ZACHARIASEN' s formula. 

It is worthwhile to recall that in the Oklo natural uranium 
reactors, urania (U0 2 ) was found to retain the trivalent 
rare earth fission products for two billion years [14]. Since 
thoria (Th02) is stable to oxidation in circumstances in 
which urania is not, we believe that thoria would be an 
even more stable host for trivalent actinides than urania. 

Considerable information is available on radiation-stabi-
lity of thoria-like phases. The behavior of Cm(IV)/Cm(III) 
in the dioxide under self irradiation can be explained by 
the application of ZACHARIASENS formula. We estimate 
that the M(I I I ) -0 6 bond distance should be nearly the 
same as the M(IV)—08 bond distance. For example, with 
oxygen vacancies we estimate the La—06 bond length 
should be 2.43 Â, which is nearly identical to the ob-
served Th-Og bond length of 2.42 A in Th0 2 [3]. Clear-
ly both trivalent and tetravalent lanthanide and actinide 
ions should be well accommodated in the M0 2 lattice 
(M02 and M 2 0 3 in Th02) . The reduction of Cm (IV) to 
Cm (III) in Cm02 by radiation or heat is accompanied by 
an increase in the number of oxygen vacancies to achieve 
charge compensation. Such lattices are known to be very 
resistant to metamictization; for example, F. CLINARD 
at the Los Alamos National Laboratory [15] reports swel-
ling of 2 3 8PU0 2 but retention of crystallinity at an alpha 
dose of 1026 aim3. 

The above observations underscore the great stability 
of the M0 2—Μ0 2_ χ structure and provide a basis for 
predicting the accommodation of trivalent actinide oxides. 
We believe that it would be advantageous to use the ex-
tremely stable Th02 structure type as a host to retain both 
tri- and tetravalent actinides but to avoid oxygen defi-
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ciencies for insertion of trivalent actinides. This line of 
reasoning led us to suggest a yet untried storage medium 
- the structurally similar pair M 0 F - T h 0 2 . In this sys-
tem, the oxygen vacancies are not needed for charge 
balance; rather, the vacancies are occupied by singly 
charged F ~ ions. Such a mixture should be able to host 
both trivalent and tetravalent actinides. The actinides 
which are normally trivalent must be added as their oxy-
fluorides, e.g., CmOF, while ions (like Pu) which are ex-
pected to remain tetravalent would be added as M02 . The 
M 0 F - T h 0 2 mixture should be radiation (metamictiza-
tion) resistant, and highly resistant to leaching. Miscibility 
of LaOF and Th02 has recently been demonstrated in our 
laboratory. 

B. The Huttonite-Monazite ( M S i 0 4 - L n P " 0 4 ) 
Matrix 

A B R A H A M , B O A T N E R et al. [ 1 6 ] at Oak Ridge have pre-
pared a series of rare earth orthophosphates LnP04 (mona-
zites) by dissolving the lanthanide sesquioxides in molten 
lead pyrophosphate. In an elegant experiment using ESR 
measurements they were able to establish unequivocally 
the presence of highly unusual trivalent lead as a sub-
stituent in some of the trivalent lanthanide sites. 

Some specimens of natural monazite have been repor-
ted to contain a significant percentage of thorium and 
uranium, presumably as tetravalent ions [17]. We have col-
lected in Table 6 the measured gaseous ionization poten-
tials for lead and uranium. Clearly, the lattice energy 
established by the LnP04 host is sufficient to stabilize 
trivalent lead, which in the gas phase, is about 17 e volts 
less stable than divalent lead. Note that this is also the dif-
ference between U(III)(g) and U(IV)(g), and indicates 
that U(IV) should be greatly stabilized over U(III) - again 
in the general stabilization direction which favours U(IV) 
over U(III). 

In addition to redox potentials, a further consideration 
is that M (III) must fit into the LnP04 lattice; the size of 
Pb(III) (estimated from known Pb(II) and Pb(IV) sizes) 
is very close to that of Ln(III). 

The OAK RIDGE workers doped 1 % trivalent americi-
um into their synthetic monazite using americium sesqui-
oxide; the americium remained trivalent, in accord with 
the Am(IV)/(III) potential. A clue toward predicting the 
behavior of uranium, plutonium and americium in solid 
oxide matrices such as monazite can be derived from their 
behavior as oxygen coordinated aquo ions. 

Ua4q+ -*Ua3q+ E = " ° ' 6 3 V 

E = + 0 9 8 v 

A < A < £ ~ + 2 . 4 V 

In the uranium case, the tetravalent aquo ion is already 
preferred over the trivalent ion and, therefore, the tetra-
valent state should be even more stable in oxide coordi-

nated solids. It still might be possible, by providing a pow-
erful reducing agent such as europium metal or U metal, 
to get U3+ in monazite. However, we note that pure U(III) 
compounds with only oxygen coordination are rare. 

From the viewpoint of radiation stability, we have the 
report that huttonite (monoclinic, monazite-like ThSi04) 
is far more resistant to metamictization than is thorite 
(ThSi04 in the often metamict, tetragonal zircon form ) 
[18]. We noted previously that, in spite of the high oxi-
dizing power of Am (IV), the orthosilicate AmSi04 can 
be prepared hydrothermally at 230°C. Since AmSi04 in-
volves a tetravalent cation and a tetrahedral anion, an ob-
vious extension is suggested: AmSi04 insertion in the 
LnP04 lattice. It is true that AmSi04 prepared as above 
is in the tetragonal ZrSi04 form. However, Si04~ should 
substitute nicely for the similarly-sized and shaped P04 ~ 
tetrahedron, and thus AmSi04 should fit nicely into 
the LnP04 matrix. In essence, this could stabilize AmSi04 

in the radiation-resistant monoclinic huttonite lattice type. 
We note that MCCARTHY, et al originally suggested 
MSi04 in LnP04 hosts [19]. 

Comparing the different stabilities of Am (IV) and 
Cm (IV), it is clear that Cm (IV) is less likely to show long 
term stability in a radiation field than Am (IV), whose 
stability we believe is borderline. Thus, we conclude that 
certainly curium (and perhaps americium) should best be 
inserted in their trivalent states. In the case of plutonium, 
PuSi04 in LnP04 should have extraordinary stability, 
given that the stabilization of Pu (IV) over Pu (III) should 
bring the Pu(IV)/(III) potential nearly to zero. 

Conclusion 

In this paper we have attempted to show that actinide 
redox properties have important implications for waste 
form selection. Valence changes induced by chemical and 
self-irradiation effects can alter site preferences significant-
ly, and thus could deleteriously influence actinide reten-
tivity in waste forms unless proper provision is made. A 
basis for selection of actinide valences is given. ZACHARI-
ASENS bond-length-bond-strength formalism provides a 
useful means for assessing the fit of actinide cations in 
various host sites. Structural effects in some actinide 
perovskites are also examined. 

Two optimal crystalline systems, which should provide 
both long-term chemical and radiological stability for 
either the tri- or tetravalent actinides, are considered. We 
propose Th02 —MOF as a new system which not only 
should have excellent accommodation for both trivalent 
and tetravalent actinides but also be extremely resistant 
to metamictization and leaching. The LnP04-MSi04 

system is especially appealing for PuSi04. 
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Actinides/Plutonium/Ecosystems/Environmental transport / Food-
webs 

Summary 

A review of actinide behavior in the environment is presented with 
emphasis on chemical, physical, and biological factors that influ-
ence actinide mobility in ecosystems. Available data from terrestri-
al and fresh water ecosystems suggest that physical processes 
which result in the transport of soils and sediments dominate in 
the translational movement of plutonium and, as well, dominate 
in the transport of this element through lower trophic levels. Ex-
ceptions to that statement occur in arctic ecosystems and in deep 
oceans. Regardless of mode of transport, plutonium levels in higher 
trophic levels including man are very low indicating the low solu-
bility of this element in the environment. Very few data on the 
behavior of the other actinides in the environment are currently 
available although theoretical considerations and limited labora-
tory experiments suggest that many of the actinides are more 
mobile than plutonium. 

Introduction 

Li the actinide series, the elements of greatest interest as 
environmental contaminants are uranium, neptunium, 
plutonium, americium, and curium because the presence 
of these elements at relatively high concentrations in eco-
systems would represent potential health problems. The 
purpose of this paper is to review current knowledge on 
the distribution and transport of those elements in terres-
trial and aquatic environments under a variety of site and 

source conditions. Based on available data, none of the 
actinides discussed herein are currently present, in an avail-
able form in the general environment, at concentrations 
considered to be a health hazard. Among those elements, 
only uranium occurs naturally in any significant quantity. 
The natural isotopes of uranium are so long-lived that 
their specific activity is very low; thus chemical toxicity 
involving kidney damage takes precedent over radiotoxi-
city in considerations of health [1]. However, the isotopes 
232 U and 2 3 3 U, which have higher specific activities, can 
be produced in the thorium breeder cycle and could re-
present a potential environmental health problem [2]. 

With current reactor technology, the isotopes of nep-
tunium, plutonium, americium, and curium are formed 
during neutron bombardment of uranium through a com-
plicated series of neutron capture and radioactive decay 
reactions (Fig. 1, [3]). The importance of those elements 
as environmental contaminants depends upon factors re-
lated to their production, half life, chemistry, mode of 
dispersion, and biological availability. The transuranic 
nuclides which may be of interest as environmental con-
taminants are listed in Table 1. 

Neptunium 237, by nature of its long half-life, is the only 
isotope of neptunium that could be considered a possible 
long-term hazard in the environment. Until recently, very 
little consideration was given to 237Np as a radiological 
problem because of its low production and relatively low 
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Fig. 1. Formation schemes for important actinides (réf. [3]). 
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Table 1. Nuclear properties of long lived transuranic elements 

Element Isotope Emission Half life 

Neptunium J 3 7 N p a 2.1 X 1 0 ' y . 
Plutonium 2 3 , P u a 86.4 y . 

" ' P u α 24,400 y . 
2 4 0 Pu α 6580 y . 
2 4 1 Pu ρ 13.2 y . 

Americium 2 4 1 Am α 458 y. 
Curium 2 4 4 C m α 17.6 y. 

specific activity. However, recent data indicate that nep-
tunium is the most mobile of the subject group of trans-
uranic elements in ecosystems and mammalian organisms 
[4, 5]. This reported mobility could be a compensating 
factor for the low production and low specific activity of 
2 3 7Np when considering the potential radiological conse-
quences of release to the environment. 

Plutonium has been produced in greater quantity than any 
other transuranic element. Plutonium has also been the 
subject of the most biological and ecological research be-
cause atmospheric weapons testing, routine waste disposal 
and various accidents have made it more prevalent than 
the other subject elements in the environment. The four 
isotopes of plutonium (Table 1) that are of most concern 
as environmental contaminants are 238Pu, 239Pu, 240Pu 
and 2 4 1 Pu. Plutonium chemistry is complicated because 
this element can form relatively stable compounds in sev-
eral oxidation states under various environmental and 
biological conditions. 

Americium 241, with a half-life of over 450 years is the 
second most prevalent transuranic element in the environ-
ment and results primarily from nuclear weapons testing. 
The complete decay of 241 Pu from present worldwide 
fallout should produce an amount o f 2 4 1 Am about equiv-
alent to 2 3 9 '2 4 0Pu. Under environmental conditions, the 
chemistry of americium is relatively simple with only the 
Am (III) oxidation state being of importance in the en-
vironment [6]. 

Curium is the least important of the transuranic elements 
as a gobal environmental contaminant because very little 
of its longer lived isotope, 2 4 4 Cm, has been released to 
the environment through weapons testing. However, this 
element is significant in power reactor wastes [7]. With a 
half life of 18 years, 2 4 4 Cm can persist in the environment 
for several human generations. As with americium, only 
one oxidation state, Cm (III), is important under environ-
mental conditions [6]. 

All of the transuranic elements are considered to be 
boneseekers, when inhaled or ingested, with about equal 
distribution between the skeleton and the liver [8]. In ex-
perimental animals receiving large radiological doses of 
transuranic elements, the principal cause of death has 
been from bone cancer [9,10]. 

Sources and distribution in the environment 

Only uranium among the actinides of interest occurs 
naturally in the environment in easily measureable con-
centrations. It is essentially ubiquitous and concentrations 
in soil range from 1 to 10Mg/g [11]. Uranium concentra-
tions in soil tend to reflect the base materials from which 
they are derived although there is a tendency for the urani-
um content of organic rich horizons to be greater than 
other horizons in a soil profile [12]. Concentrations in sea-
water are reported in the range of 0.3 to 6 μ% 11 [13] with 
an average concentration of 3 Mg II [14]. Continental sur-
face waters range from 0.1 jug// to 500ßg/l depending on 
the amount and solubility of the uranium in the parent 
watershed or aquifer. Concentrations of uranium in deep 
ocean sediments range from 0.4 to 3.0 μ%/g and vary in-
versely with the calcium carbonate content of the sedi-
ment [15]. 

Extremely small amounts of the transuranic elements, 
principally 239Pu, are formed naturally by neutron cap-
ture in uranium ores [16, 17,18]. The ratio of 239Pu 
relative to uranium under those circumstances is 3 χ IO"12. 
Even higher occurrence ratios have been found in volcanic 
rock [19]; however, the major sources of plutonium in the 
environment are due to human activities. 

The ubiquitous distribution of man-made plutonium is 
due to the detonation of nuclear weapons in the atmos-
phere. In particular, the testing of thermonuclear devices, 
which began in 1952, produced the greatest amount of 
airborne plutonium. The large energy releases in these ex-
plosions injected nuclear debris into the stratosphere 
where it remained long enough to be distributed globally. 
An estimated 360,000 curies (Ci) of the isotopes 239-240Pu, 
and after complete decay an almost equal number of curies 
of 2 4 1 Am, and smaller amounts of other transuranic ele-
ments entered terrestrial and aquatic environments by 
this route (Table 2, [7]). Most of those radionuclide in-
ventories have deposited in the northern hemisphere due 
to the tests conducted by the United States and the Soviet 
Union. Environmental concentrations of fallout radio-
nuclides, including plutonium, are highest at mid-latitudes 
with attenuated concentrations occurring at higher and 
lower latitudes as shown in Table 3 [20]. 

About 16 kCi of 238Pu were dispersed in the upper 
atmosphere of the southern hemisphere in April 1964 
when a navigational satellite with its SNAP 9 A generator 

Table 2. Estimated amounts of transuranium elements that have 
been injected into the atmosphere [7] 

Radionuclide Total injected kCi 

2 3 , P u 24® 
2 3 , P u 154 
2 4 0 Pu 209 
2 4 1 Pu 9720 
2 4 1 Am 336 b 

a Represents 16 kCi from SNAP 9A and 8 curies from weapons 
tests. 

b Americium-241 formed on total decay of 2 4 1 Pu. 
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Table 3. Average latitudinal distributions of cumulative Pu-239, 240 and Pu-238 fallout [20] 

Southern 

mCi per km2 

Pu-238 

Hemisphere Latitude Pu-239,240 Weapons SNAP-9A 
Band 

Northern 9 0 - 80 (0.10 ±0.04)® (0.002 ± 0.001) « 0 . 0 0 1 ) 
8 0 - 70 0.36 ± 0.05 0.009 ± 0.001 < 0.001 
7 0 - 60 1.6 ± 1.0 0.038 ± 0.025 0.026 ± 0.015 
6 0 - 50 1.3 ±0 .2 0.031 ± 0.004 0.013 ± 0.004 
5 0 - 40 2.2 ±0.5 0.053 ±0.011 0.026 ± 0.011 
4 0 - 30 1.8 ±0 .6 0.042 ± 0.014 0.025 ± 0.015 
3 0 - 20 0.96 ± 0.07 0.023 ± 0.002 0.011 ± 0.004 
2 0 - 10 0.24 ± 0.10 0.006 ± 0.002 0.003 ± 0.002 
1 0 - 0 0.13 ± 0.06 0.003 ± 0.001 <0 .001 

0 - 10 0.30 ± 0.20 0.007 ± 0.005 0.010 ± 0.007 
1 0 - 20 0.18 ±0.05 0.004 ± 0.001 0.036 ± 0.021 
2 0 - 30 0.39 ± 0.16 0.009 ± 0.004 0.070 ± 0.042 
3 0 - 40 0.40 ±0 .12 0.009 ± 0.003 0.061 ± 0.020 
4 0 - 50 0.35 ± 0.21 0.008 ± 0.005 0.069 ± 0.038 
5 0 - 60 (0.20 ± 0.09) (0.005 ± 0.002) (0.044 ± 0.023) 
6 0 - 70 (0.10 ±0.04) (0.002 ± 0.001) (0.022 ± 0.012) 
7 0 - 80 (0.03 ± 0.01) (0.001 ± 0.001) (0.008 ± 0.005) 
8 0 - 90 (0.01 ± 0.004) « 0 . 0 0 1 ) (0.004 ± 0.002) 

Results in parentheses were derived by extrapolation; error terms are standard deviations. 

failed to achieve orbit and vaporized upon reentry. Essen-
tially all of the 2 3 8Pu released by this event has reached 
the surface of the earth; about 75 percent of this material 
deposited in the southern hemisphere (Table 3). 

Localized sources of plutonium were created by acci-
dents involving aircraft that were carrying nuclear weap-
ons. An explosion during mid-air refueling of a U.S. Air 
Force B-52 occurred on January 16, 1956, above Palo-
mares, Spain. The high explosives in two unarmed nuclear 
weapons detonated on impact near Palomares scattering 
the plutonium into the surrounding area. The plutonium 
was reduced to acceptable concentrations in soil by de-
contamination procedures [21]. On January 21, 1968, 
another B-52 carrying unarmed nuclear weapons crashed 
and burned on the ice near Thüle, Greenland. Most of the 
plutonium contained in the weapons was recovered, how-
ever, an estimated 25 Ci deposited in marine sediments of 
Bylot Sound and an additional 1 to 5 Ci were dispersed to 
nearby shore areas [22], 

Plutonium 239, 240 and americium 241 are the primary 
alpha emitters resulting from nuclear explosions, however, 
under longer irradiation times such as incurred in nuclear 
reactors, neptunium and curium will also be produced in 
considerable quantities [23]. Although neptunium and 
curium are present in irradiated reactor fuel, releases of 
transuranic elements during chemical separation of pluto-
nium from reactor fuel primarily involve plutonium and 
americium. Part of the releases from such facilities has 
been in the form of aerosols from ventilation systems 
where absolute retention of particles cannot be achieved 
or where air cleaning equipment has failed [24, 25]. Those 
airborne releases result mainly in localized contamination 
in terrestrial ecosystems. Transuranic elements also have 

been distributed in localized terrestrial systems through 
release of liquid wastes in such places as the White Oak 
Creek flood plain at Oak Ridge, Tennessee [26], and the 
waste disposal canyons at Los Alamos, New Mexico [27]. 
Dispersal of transuranic elements into aquatic environ-
ments occurs during planned releases of low-level liquid 
wastes into river [28, 29] or marine waters [30, 31] in ac-
cordance with national and international regulations and 
guidelines. 

The distribution of transuranic elements from point 
sources at nuclear facilities typically produces decreasing 
concentrations with distance from the source. As a result, 
much of the readily detectable material is located within 
the controlled boundaries of nuclear facilities. In those 
areas and in areas with limited public access, concentra-
tions of those elements in soils and sediment may exceed 
fallout levels but generally are still low with respect to 
levels that would constitute a hazard to animals and 
humans [26,29,31,32,33,34,35 ]. Controlled areas such as 
the Nevada Test Site, where plutonium was scattered by 
high explosives to simulate accident conditions, may be 
an exception to the latter statement. As much as 200 Ci 
may still be distributed in relatively small areas after de-
contamination procedures removed most of the material 
[36]. 

A range of concentrations of plutonium in soils, sedi-
ments, and water are given in Table 4. An interesting ob-
servation from the table is that the concentrations of plu-
tonium in water are quite low compared to soils and sedi-
ments. In fact in several terrestrial ecosystems which have 
been studied, more than 99 percent of the plutonium 
inventory is ultimately associated with soil and less than 
1 % is associated with biota (Table 5). There are unique 
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Table 4. Plutonium in soils, sediments and water 

Source and locations Concentration Reference 
( " ' . " » P u ) 

Soils and sediments3 

(pCi/g dry wgt) 

Nuclear weapons testing 
Global Fallout (Soil) 
Debris (NTS, Soil) 
Bikini Atoll (Soil) 
Lake Michigan (Sediment) 
Trinity Site Fallout (Soil) 

Chemical processing 
Savannah River, S. C. (Soil) 
Hanford, Wash. (Soil) 
Rocky Flats, Colo. (Soil) 
Irish Sea (Sediment) 
Los Alamos, NM (Alluvium) 

Nuclear weapons testing 
Enewetak Atoll (groundwater) 
Lake Michigan 
Atlantic Ocean 

Chemical processing 
Savannah River, S. C. 

(freshwater) 
Savannah River, S. C. 

(treated drinking water) 
Irish Sea 
Los Alamos, NM (treated 

effluent, surface and 
ground water, Mortandad 
Canyon) 

a pCi = 10"12 curie 

Table 5. Inventory ratios for plutonium in soil at terrestrial research sites 

Site Compartment Reference 

Los Alamos (Mortandad Canyon) 0.997 49 
Oak Ridge (White Oak Creek Flood Plain) 0.999 49 
Rocky Flats > 0.99 50 
Nevada Test Site 0.997 51 
Trinity Site 0.99 35 

5 X IO"4 - 2X 10"2 37 
80 - 5 X 104 38 

0.5 - 400 39 
0.09 - 0.40 40 
0.02 - 0.32 35 

6 X 10"3 - 3.7 24 
4 X IO' 3 - 0.7 41 
4 X 10 ' 3 - 70 42 

0.3 - 50 30 
1 - 290 35 

Water, (pCi/ liter) 

2 X 10"4 - 0.7 43 
2 X 10"4 - 3 X 10"4 44 
1 X 10"4 45 

2 X 10"' 46 

1 Χ ΙΟ'4 46 
0.05 - 0.5 30 

0.14 - 17 47 

ecosystems in which plutonium behavior can differ from 
the norm. For example, fallout plutonium in arctic eco-
systems can be retained by dense lichen mats that effec-
tively delay the transfer of plutonium to soil by several 
years due to an effective weathering half time of plutoni-
um from lichens of about 6 years [22,48]. Although such 
circumstances can have short term significance in terms 
of entry of plutonium into food webs (i.e. lichen-caribou-
eskimo), the final repository of fallout plutonium in those 
ecosystems will also be soil. In aquatic ecosystems, the 
transuranic elements may vary in distribution between 
water and sediment depending upon the chemical environ-
ment, the volume of water relative to sediment surfaces, 
and the size and type of sediment material. In relatively 
shallow water such as Lake Michigan [52], Buzzards Bay 
[53], the Irish Sea [54], and Trombay Harbor [55] greater 
than 95% of the Pu is associated with sediments. In the 
open ocean, a smaller proportion of the plutonium may be 

in sediments because of the long settling time of particu-
late matter or slow diffusion of soluble forms to great 
depths [45], Data for americium are limited but indicate 
a distribution between water and sediment that is similar 
to plutonium [54], A similar inference can be made for 
curium; however, neither curium nor neptunium have 
been measured in aquatic environments in sufficient a-
mounts to provide reliable inventories. 

Transport and fate in the environment 

In general the actinide elements show a strong association 
with soils and sediments. That degree of association in-
fluences the concentrations that are available for abiotic 
and biotic transport processes. In most cases the mobile 
or soluble fraction is small relative to the amount adsorbed 
on solid matter, however, solubility is highly dependent 
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upon the chemistry of the element and upon the chemical 
environment to which the element is exposed. 

One of the most important aspects of chemical behav-
ior of the actinide elements is the stability of the various 
oxidation states in the ranges of oxidation-reduction po-
tentials (Eh from 0.6 V to - 0 . 2 V ) and pH [ 4 - 9 ] found 
in most environments [56]. The actinide elements display 
similar behavior when they are in the same oxidation 
state, but, chemical characteristics can be markedly dif-
ferent if oxidation states are changed [26], Those changes 
in chemistry are very important for plutonium, neptuni-
um and uranium because they display multiple oxidation 
states in aqueous solutions within the natural range of 
conditions. The oxidation states for those elements in the 
environment may be U(IV) , U(VI) , Np(IV), Np(V), 
Pu (III), Pu (IV), Pu(V) and Pu(VI). The stability of their 
oxidation states varies considerably as demonstrated by 
the Eh-pH diagrams for uranium (Fig. 2) [57] and plutoni-
um (Fig. 3) [58]. Uranium is capable of maintaining the 
more soluble uranyl (+6) species at lower Eh values within 
the natural pH range than is plutonium in maintaining the 
plutonyl species (+6). However, over a fairly large Eh-pH 
region PuO^ (+5) appears to be stable. The higher oxida-
tion state for neptunium, Νρθ£, is intermediate in stabil-
ity to those of uranium and plutonium and reduction to 
Np(IV) begins at an Eh of about 0.3 V at pH 6 [59] 
which means that Np(V ) can exist over much of the 
normal environmental range of Eh and pH. 

Stability field diagrams are useful for establishing the 
boundary parameters for the existence of chemical species 
in the environment but they are limited in predictive capa-
bility because they can only be valid for the conditions 
under which they were measured. The presence of com-
plexing ligands and competing reactions in environmental 
media may modify the predicted oxidation state of actin-
ides in soils and natural waters. However, americium and 
curium appear to remain in the (+3) oxidation state over 
the normal range of environmental conditions. 

Measurements in the Irish Sea [60], Lake Michigan [61], 
North Pacific [62] and a Marshall Islands lagoon [63] 
show that 50 to 90 percent of the dissolved plutonium in 
oligotrophic water (low in plant nutrients, high in oxygen), 
with pH greater than 7, exists as an oxidized form. The 
lower percentage is typical of measurements made at the 
surface and at intermediate depths in the open ocean. The 
higher percentages were measured in Lake Michigan, the 
Irish Sea near Windscale, near the deep ocean bottom, 
and in lagoon water where interactions with sediment are 
more likely. NELSON and ORLANDINI [64] adapted a 
method developed bylNOUE and TOCHIYAMA [65] for 
determining the presence of Np (V ) to measure Pu(V) at 
environmental concentrations; they demonstrated that the 
oxidized form in several natural waters was in fact PuO^. 
BONDIETTI, using a different procedure, produced con-
firmatory evidence for the existence of Pu(V) in a pond 
at Oak Ridge [66]. Calculations based on the data in Table 
4 suggest that Pu(V) is present in aqueous environments 
at concentrations of 10~13 to 10~17 M. 

Fig. 2. Eh-pH diagram for uranium oxidation states at an equilibri-
um temperature of 25 °C and total uranium concentration of 

10"' M (réf. [57]). 

Fig. 3. Equilibrium diagram of Eh-pH at 25°C showing stability 
fields of different aqueous Pu species. Dashed lines represent one 
atmosphere O j (upper) and one atmosphere H2 (lower). Shaded 
areas represent regions of known uncertainty. Data points repres-
ent Eh values measured at given pH for Pu ( IV) hydroxide and 
PuO, (crystalline) in control with 0.0015 M CaCl, (ref. [58]). 

Actinide concentrations often will be increased in water 
due to the presence of ligands that produce soluble com-
plexes. Those complexes may compete with redox and 
hydrolysis reactions that result in sorption of the actinide 
to soil and/or sediment. It is clear that carbonate com-
plexes of UO2 2 enhance uranium solubility. The forma-
tion of soluble complexes likely accounts for higher plu-
tonium concentrations in some lake water compared with 
water from oligotrophic lakes (Table 6) [67]. Higher con-
centrations in natural waters may be due to ligands such 
as sulfate ion or functional groups associated with dissolved 
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Table 6. Comparison of plutonium concentrations and chemical 
variables in freshwater lakes [67, 68, 69) 

SO4 Pu 
Lake PH DOC Mg/1 ML"' X101 7 

Lake Michigan 8.2 Oligo trophic 16 2.1 

Last Mountain 
(Saskatchewan) 

8.4 Oligotrophic 1300 4.5 

Little Manito 
(Saskatchewan) 

8.0 10 s 47 

Banks 
(Georgia) 

3.9 20 

Okeefenokee 
(Florida) 

5.0 35 ppm 15.4 

Mono Lake >9.0 high 130 

organic carbon (DOC). The enhanced solubility of Pu, 
which has been observed in certain waters, seems to be 
best correlated with DOC. NELSON et al. [68], in a sum-
mary of available field data, showed an inverse relationship 
between the sediment to water distribution ratio, K¿ , and 
the concentration of DOC. Further experiments, in which 
the amount of natural DOC was varied in the water, con-
firmed the inverse dependency of K¿ on DOC and de-
monstrated that the binding capacity for plutonium may 
vary between sources of DOC. Measurements at Mono 
Lake (California), which has a pH > 9 and is high in car-
bonate ion, has an elevated plutonium concentration in 
water, however, the oxidation state of this material has 
not yet been determined [69]. The conditions in the lake 
appear to be appropriate for the presence of PuO^2 as a 
soluble carbonate complex. 

The sorption of actinides on sediments and soils re-
presents one of the most important processes related to 
environmental mobility. The stability with which actinides 
are bound to sediment and soil particles determines their 
concentration in natural waters, the relative importance 
of leaching and erosional processes in their movement in 
watersheds, and the ease with which they can transfer to 
plants through root uptake. Sorption processes are com-
plex in environmental media and may include various 
chemical reactions such as ion exchange reactions on soils 
and organic matter, surface adsorption mechanisms, oxi-
dation reduction reactions and coprecipitation phenomena. 
In a series of experiments using pond sediments contami-
nated with 2 38 Pu, E D G I N G T O N et al. [ 7 0 ] demonstrated 
that the sorption-desorption of 2 3 8 Pu in contact with 
Lake Michigan water was an equilibrium process. 

Sorption of actinides with soils and sediments is signifi-
cantly affected by the oxidation state as shown by studies 
with clay (Table 7) [26] and ocean sediments (Table 8). 
In the absence of stabilizing ligands, actinides in the lower 
oxidation states are more readily removed from aqueous 
solutions than those in the higher oxidation states because 
of their high ionic charge and tendency to hydrolyze to 
sparingly soluble forms. 

The mobile forms in soils and sediments, where both 
organic matter and microbial activity produce a low oxi-
dation-reduction potential, are likely to be the (III) and 
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Table 7. Sorption of actinides to Miami silt loam clay (26] 

Actinide % Sorbed® Kd b 

2 3 7Pu(IV) 
2 3 3U(VI) 
2 3 , Np(V) 

99.9 
95.6 
61.8 

300000 
4400 
320 

a At pH 6.5 and in 5 mM Ca(N0 3 ) 2 solutions 
, „ conc. on sorbent 
o K¿ = , units ml! g 

conc. in solution 

Table 8. Distribution coefficients (Kd) for Pu (III and IV) and 
Pu(V and VI) in windscale suspended sediments [60] 

Sample station Pu(III + IV) Pu(V + VI) 

1 
2 
3 
4 
5 surface 
5 bottom 
6 
7 

3.4 X 105 

2 X 106 

1 X 10' 
6 X 106 

1.7 X 10' 
3 X 106 

5.4 X 10' 
5 X 105 

8 X 103 

1.4 X 104 

9 X 103 

6 X 103 

1.4 X 104 

2.8 X 104 

2.5 X 104 

( IV) s ta tes . NELSON a n d LOVETT [60, 7 1 ] d e t e r m i n e d 
that the plutonium adsorbed on sediments in the Irish Sea 
near Windscale was in the reduced state and that most of 
the Pu in interstitial water was also in the reducèd state 
DAHLMAN et al. [26] in experiments with fulvic acid 
extracted from soil demonstrated the reduction of Pu(VI) 
and the stabilization of soluble species of Pu (IV). WLL-
DUNG a n d GARLAND [72 ] p rov ided evidence t ha t soil 
microflora produce soluble complexes with reduced plu-
tonium through direct metabolic processes or indirectly 
by combination with microbial metabolites which may 
be present in soil. 

Physical transport processes 

The importance of wind and water as transport mecha-
nisms for actinides results from the fact that soil is a major 
repository of these elements in terrestrial ecosystems and 
that these elements are strongly sorbed to soils [73]. Con-
sequently, processes which transport soil have a direct 
impact on transport of soil-associated contaminants. Past 
studies have suggested a strong relationship between con-
taminant concentration and soil particle size for agricul-
tural chemicals [74. 75] and for plutonium [76, 77, 78]. 
Because specific surface area (m2 per g of soil) increases 
markedly with decreasing particle size [79] and because 
different chemical associations are influenced by particle 
size [80], much higher contaminant concentrations are 
usually associated with particles in the silt-clay size range 
than with larger particles. Wind and water driven erosional 
processes result in particle sorting [81, 82]. The combina-
tion of particle sorting by erosional processes and the dif-
ferential association of contaminants by sediment particle 
size produce complex relationships for contaminant trans-
port in terrestrial ecosystems. The physics of sand trans-
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port by wind is described in detail by BAGNOLO [81] and 
climatic factors affecting wind erosional processes, espe-
cially in arid and semiarid areas, are described by MAR-
SHALL [83]. Prediction of actinide transport by physical 
processes is not a well developed technology at the present 
time because of the highly variable nature of the driving 
force and a lack of understanding of the relationships that 
govern these processes. Studies of plutonium transport by 
wind in arid and semi-arid regions are reported else-
where [84, 85, 86]. Recent advances in the ability to 
predict plutonium transport by hydrologie processes 
will be discussed further to illustrate relationships that 
govern physical transport of actinides. 

Hydrologie transport processes of particular importance 
in the physical transport of soil-associated actinides include 
soil detachment by raindrop splash [87, 88, 89] and soil 
detachment and transport by overland flow [90,91, 92]. 
Soil particles detached by raindrop impact are important 
because they can be deposited on vegetation surfaces and 
thus provide a pathway for movement of soil-associated 
actinides to plants (see section on transport to vegetation). 
Sediment transported by overland flow is important be-
cause it can redistribute contaminants and also deliver 
them to stream channels for subsequent transport to down-
stream areas. 

The combined phases of runoff, erosion, sediment 
transport, and deposition on upland areas and in stream 
channels usually result in enrichment of smaller sediment 
particles and organic matter in the transported sediment 
[82] and enrichment in concentration of sediment associa-
ted contaminants [74, 75, 93]. This enrichment, which 
results from particle sorting and differential association of 
contaminants by particle size, is often expressed as an en-
richment ratio: the concentration of contaminant in the 
transported sediment divided by its concentration in the 
residual or uneroded soil. Enrichment ratios tend to in-
crease as the amount or rate of soil erosion (or runoff 
velocity) decreases [74] and have been related by regres-
sion analysis to sediment concentration, sediment discharge 
rate, and sediment yield [74, 75], By analyzing sediment 
transport rates by particle size classes in alluvial channels, 
LANE and HAKONSON [93] derived the following analytic 
expression for enrichment ratio in alluvial channels: 

= Σ Cs(di) Qs(di) 
Cs Σ Qs(di) (1) 

be a function of contaminant concentrations in the soil 
by particle size classes, the particle size distribution, and 
the sediment discharge rates by particle size classes. Equa-
tion 1 supports the empirical observation that enrichment 
ratio increases with decreasing sediment discharge rates. 
For example, at very low sediment discharge rates (those 
associated with low runoff velocities) the bedload (coarse 
sediment particles) discharge rate is low and most of the 
transported sediment is in the smaller particle size classes. 
Under those conditions, ER in Equation 1 would approach 
the ratio of concentrations in the finest size classes 
(Cs(di)) to the mean concentration over all size classes 
(Cs). At high sediment discharge rates (those associated 
with high runoff velocities) more of the bed sediments are 
in transport. In the limit, if all of the bed sediments were 
in transport in the same proportion as they exist in the 
bed material, ER in Equation 1 would be unity. 

Field measurements of enrichment ratios for several 
elements at several locations in the United States are listed 
in Table 9. The first four entries in Table 9 represent en-
richment ratios for soil nutrients in runoff from small agri-
cultural areas; mean values vary from 2.6 to 7.1. The next 
two entries in Table 9 represent enrichment of fallout plu-
tonium in runoff from small agricultural watersheds; values 
range from about 1 to 4. The last two entries in Table 9 
represent enrichment of plutonium in runoff in stream 
channels representing larger watersheds. Enrichment ratios 
observed at Los Alamos ranged from 1.4 to 13.3 with a 
mean of 5.5. Based on Equation 1, predicted enrichment 
ratios for Los Alamos stream channels ranged from 2.9 
to 7.0 with a mean of 5.2. The rather close agreement be-
tween observed and predicted enrichment ratios suggests 
that particle sorting alone can account for the enrichment 
ratios observed at Los Alamos. Although other factors un-
doubtly influence the observed enrichment ratios, recent 
analyses [75, 79, 93] suggest that particle sorting alone 
can produce enrichment ratios on the same order as those 
that are observed under field conditions. In spite of wide 
differences in watershed size, hydrologie regime, and chem-
ical characteristics inherent in the data in Table 9, enrich-
ment ratios resulting from sediment transport are quite 
similar for several sediment associated contaminants. Al-
though transport processes undoubtedly differ between 
locations and contaminants, we suggest that particle sort-
ing is one of the important factors involved in transport 
of sediment associated contaminants. 

where: 

ER = alluvial channel enrichment ratio, 
Cs(di) = Concentration of contaminant in sediment 

particles of size class i, with representative 
diameter di in millimeters. 

Qs(di) = Sediment transport (mass/time) for particles 
in size class i, with representative diameter di 
in millimeters. 

Cs = Mean concentration of contaminant over all 
particle size classes. 

Thus enrichment ratio was shown to be a variable and to 

Transport of biota 

The importance of actinides as environmental contaminants 
depends on whether these materials enter biological path-
ways, and if so, do these pathways lead to man. Consider-
able insight has been obtained on the behavior of plutoni-
um and to a lesser extent, americium in terrestrial eco-
systems. The postulated behavior of the other actinides 
in the terrestrial environment is weakly supported by a 
few laboratory studies and by essentially, no field studies. 
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Table 9. Approximate enrichment ratios for nutrients and plutonium associated with sedimentai various locations in the 
United States 

Land use Approximate Comments References 
and location enrichment ratios 

mean range 

Cropland, USAa 4.5 2 .5 - 7.4 Nitrogen 75 Cropland, USAa 

3.6 2 .6 - 6.0 Phosphorus 75 

Rangeland, USAa 2.6 1.1 - 6.7 Nitrogen 75 
7.1 2.7 - 17 Phosphorus 75 

Cropland, USA*> 1.6 1.1 - 2.5 Fallout Plutonium 94 

Pasture, USAb 2.3 0 . 8 - 4.0 Fallout Plutonium 94 

Mixed Cropland, USAC 2.5 1 .2 - 4.0 Fallout Plutonium, 95 Mixed Cropland, USAC 

Transport in Perennial River 
Semiarid, USAd 5.5 1 .4-13 .3 Waste Effluent Plutonium, 93, 96 Semiarid, USAd 

Transport in Ephemeral Streams 

a Small agricultural watersheds (5.2 - 1 8 ha) at Chickasha, Oklahoma 
b Small agricultural watersheds ( 2.6 - 2.9 hg) near Lebanon, Ohio 
c Great Miami River (Drainage area = 1401 km2) at Sidney, Ohio 
d Los Alamos Watersheds (176- 15,000 ha) near Los Alamos, New Mexico 

By nature of the wide diversity of conditions under 
which plutonium studies have been conducted in terres-
trial ecosystems, we are in a position to evaluate the behav-
ior of this element under a wide spectrum of study site and 
plutonium source conditions. Climatic conditions ranging 
f rom arid to humid and involving plutonium from weapons 
fallout, industrial waste effluents and accidental spills have 
been investigated [73]. 

T r a n s p o r t to vege ta t ion 

The two processes controlling actinide content of terres-
trial plants are: 

physiological availability to plant roots with subsequent 
translocation to plant parts, and 
the deposition of particles on foliage surfaces with or 
without subsequent absorption into plant tissues. 

The physiological availability of plutonium, americium 
and to a lesser degree, curium, and neptunium have been 
studied under a variety of controlled laboratory conditions 
[97, 98, 99 ,100] . 

Based upon theoretical considerations the postulated 
availability of the actinides to plants [6 ,101 ] is as follows: 

Np(V) > U(VI) > Am (III) « Cm(III) > Pu(IV) « 
« Th(IV) « Np(IV) 

Pot culture studies tend to support that order of plant 
availability of the actinides to plants [6 ,101 ] is as follows: 
tion in plant over that in soil [97]. The concentration ratio 
as applied to the actinides has been defined [102] as: 

Activity /mass of receptor 
Activity/mass of donor 

In terrestrial systems the donor compartment is usually 
considered to be soil. Concentration ratios range from 10 - 4 

to 10"8 for plutonium and 10"1 to 10~7 for americium. 

Limited data for other actinides show concentration ratios 
of 10"3 to 10"4 for curium and 10"1 to 10~2 for nep-
tunium. 

The physiological availability of any one actinide can 
be increased or decreased by at least an order of magnitude 
by soil amendments and indigenous soil factors. For ex-
ample, the addition of a chelating agent (DPT A) generally 
increases availability of plutonium and americium to 
plants, while liming treatment of the soil has been shown 
to reduce plant availability of americium [97], The im-
portance of understanding the influence of soil amend-
ments and indigenous soil factors on actinide availability 
to plants results from the fact that wastes from nuclear 
industries and fertilizers applied to agricultural lands often 
contain chemicals (e.g. chelators) that can modify actinide 
mobility [97], 

Reduced plutonium that passes the root membrane 
migrates to the shoots of plants in the xylem in associa-
tion with organic ligands [72]. Differences in the gastro-
intestinal absorption of plutonium deposited in leaves versus 
stems, suggest that the chemical form of plutonium in these 
two plant tissues differ [72]. Based on pot culture studies, 
available data on actinide distributions in various plant 
parts suggest that concentration patterns are as follows: 

roots > leaf-stem > seed-fruit 

Concentrations ratios (plant/soil) of plutonium, americi-
um, curium, and neptunium in seed-fruits generally average 
from 1 to 2 orders of magnitude lower than the ratio for 
stem-leaves [4, 98, 99]. Thus, in situations where root up-
take predominates in actinide movement to agricultural 
crops, food chain transport of the actinides to humans 
through ingestion of fruits and seeds will be diminished. 

Despite the host of chemical, biological and physical 
factors which can modify the physiological availability of 
actinides and subsequent transport within plant tissues 
[72, 97, 103], field studies in contaminated sites suggest 
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Table 10. Comparison of plutonium concentration ratios for 
field and glasshouse conditions [51] 

Soil source Field Glasshouse 

NTS8 Area IIB 1.3 X 10" 2 to 1.6 X 10"' 1.5 X 10"4 

NTS Area 11C 4.5 X 10" 2 to 3.4 X 10"' 1.8 X 10~4 

NTS Area 13 7.8 X 10" 2 to 4.4 X 10"' 1.1 χ i o - 4 

a NTS (Nevada Test Site) 

that contamination of foliage surfaces with particles con-
taining actinides is the dominant transport mechanism in 
the environment under many conditions of climate for 
varied sources. Comparative studies of plant uptake of 
plutonium under both field and laboratory conditions 
generally yield the relationships shown in Table 10. Studies 
focused specifically on root uptake of plutonium from 
soils yield plant-soil concentration ratios which are at least 
one order of magnitude lower than the ratios observed 
under comparable conditions at field sites. Those differen-
ces in concentration ratios imply that a mechanism exists 
in the environment for delivering at least 10 times more 
plutonium to vegetation than transport across root mem-
branes. The higher ratios observed at field sites are general-
ly attributed to the presence of surficial contamination on 
field site vegetation. That conclusion is supported by the 
obvious presence of soil on foliage surfaces and by the 
ability to remove some of the plutonium contamination 
from vegetation by washing [34,104]. 

Plutonium from a reprocessing plant atmospheric efflu-
ent serves as the major source of contamination on adja-
cent vegetation at a site in the humid southeast U.S. [105]. 
However, in most terrestrial sites contaminated with plu-
tonium, direct fallout sources of plutonium are minimal 
relative to terrestrial sources such as wind and water re-
suspended soil. 

Studies in semi-arid regions of New Mexico demonstra-
ted that rain-splash of soil particles with subsequent depo-
sition on foliage surfaces can contribute essentially all of 
the plutonium measured in field-site vegetation [47]. 
More importantly, those studies, which employed a 
labeled-soil particle technique and the scanning electron 
microscope, have shown that relationships that govern 
translational movement of plutonium by erosion processes 
in soil also govern transport of plutonium to foliage sur-
faces. For example, impacting raindrops caused an enrich-
ment of small soil particles ( < 105 /un) on foliage sur-
faces. In general, only the highly transportable silt-clay 
particles ( < 53 μιη diameter), which generally contain 
higher concentrations of plutonium [106], are retained by 
plant surfaces. Calculations based on the mass and plutoni-
um content of soil measured on plants demonstrated that 
the rainsplash mechanism could easily account for the plu-
tonium concentration ratios of 5 χ IO - 2 that were ob-
served at this field site [34]. 

The absorption of plutonium through leaf surfaces has 
been demonstrated [103] but is considered to be a low order 
process in contaminated field sites particularly with annual 
or deciduous vegetation species. 

Studies on the uptake of plutonium by vegetable crops 
grown in contaminated field sites show that as much as 
50% of the plutonium in crop samples was surficial con-
tamination that could be removed by standard food pre-
paration procedures [34], Plutonium that cannot be re-
moved from vegetable crop surfaces by washing does not 
necessarily reflect plutonium incorporated into plant tis-
sues. CATALDO and VAUGHN [103] have shown that sub-
micron particles on foliage surfaces are extremely difficult 
to remove by either simulated wind or rain. 

Under large-scale agricultural conditions, a major source 
of actinides in crops may result from harvesting practices. 
For example, most of the plutonium in grain grown in a 
contaminated field site at Savannah River Laboratory was 
attributed to cross-contaminatiòn with dust generated 
during mechanical threshing [24], 

Transport to animals 

The transport of actinides to animals is governed by the 
same processes that control the transport of these ele-
ments to plants. That is, the actinides can be incorporated 
into animal tissues and/or they can be deposited on tis-
sues exposed directly to the environment (i.e. lung, pelt-
skin, and gastro-intestinal tract). 

Based upon theoretical considerations and the assump-
tion of similar conditions in the gut, actinide absorption 
from the gut [67] should follow: 

Np(V) > Cm (III) « Am (III) > Pu (IV) 

Laboratory experiments on the physiological availability 
of actinides to animals generally follow the pattern listed 
above; plutonium is least available to animals, americium 
and curium are intermediate in availability, and neptuni-
um is most available [10]. However, many factors influ-
ence gut availability of the actinides such that rankings of 
availability are not rigid [67]. For example, Pu(IV), which 
is complexed by microbial and/or plant tissues, may be 
more available for gut absorption than uncomplexed 
plutonium [107,108] while P(VI) added to the gut con-
taining food residues is reduced to P(IV) and thus becomes 
less available for gut absorption [109]. The current ICRP 
[8] recommendation for gut absorption of plutonium by 
man is 1 χ IO - 4 . 

The concentrations of plutonium in animals collected 
from field sites indicates that gut availability of this ele-
ment in the environment is low as shown by the low con-
centrations in internal organs and tissues. In addition, 
highest concentrations of plutonium are invariably meas-
ured in tissues exposed to contamination with soil parti-
cles. Plutonium in the pelt, gastro-intestinal tract and to 
a lower degree, lungs accounts for nearly all of the ani-
mal's body burden [35, 50,110]. 
Various assessments of the critical pathways of plutoni-
um movement into man suggest that inhalation is the 
dominant pathway contributing to internal tissue dose 
[26, 111]. While ingestion contributes as much as 10 times 
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more plutonium to man than inhalation, the low gut ab-
sorption (based on ICRP [8]) reduces the significance of 
the ingestion pathway in contributing to internal dose. 
However, the recommended gut absorption factor of 
1 χ 10"4 [8] is based on laboratory studies with rats that 
were fed plutonium. In light of recent concerns [112], 
a closer examination of gut absorption values for plutoni-
um and other actinides, under environmental conditions 
is needed. 

The high mobility of large herbivores coupled with 
natural elimination processes provides a mechanism for 
actinide transport across the landscape. Studies in nuclear 
fallout areas at Nevada Test Site [113] and in a nuclear 
spill area at Rocky Flats, Colorado [104] show that large 
herbivores (deer and cattle) ingest substantial quantities 
of plutonium-contaminated soil (i.e. several hundred grams 
per day for range cattle). Although the amount of plutoni-
um transported across the landscape by this mechanism 
is considered to be small in areas where the extent of 
contamination is large (i.e. fallout areas) relative to the 
home range of the animal, there are circumstances where 
this transport mechanism becomes important. For exam-
ple, in a nuclear waste burial site at Hanford Washington, 
jack rabbits (Lepus californicus) which gained access to 
buried waste, ingested radioactive salts and subsequently 
excreted the salts on the surface of the site and surround-
ing area [114]. 

Studies on pocket gophers ( Thomomys bottae) in-
habiting a low-level waste site at Los Alamos, New Mexico 
[115], show that the burrowing activities of this animal 
can greatly perturb cover profiles placed over low-level 
radioactive waste disposal trenches. Over a one year peri-
od, gophers excavated about 11 metric tons of soil per 
hectare from within the trench cover and created about 
3000 m of tunnel system in the cover profile. Animal 
burrowing activities can alter actinide distributions within 
the soil profile, as has been shown for pocket gophers in 
contaminated sites at Rocky Flats, Colorado [116] and 
for other small mammals at the Radioactive Waste Manage-
ment Complex at Idaho National Engineering Laboratory 
[117]. 

Burrowing activities by animals can have a significant 
effect on the structure and output of dose assessment 
models for the actinides. For example, at low-level waste 
sites, that use shallow-land burial methods, radionuclides 
brought to the surface along with soil casts become sub-
ject to physical transport processes as well as to physio-
logical processes associated with root uptake. As discussed 
previously, physical processes transfer at least 10 times 
more plutonium to vegetation than do physiological 
processes. 

Studies with honeybees at Los Alamos [118] demon-
strated that small amounts of plutonium present in treated 
liquid wastes used by bees appear in honey. Considering 
that most of the plutonium in the effluent is associated 
with particles ( < 30% is associated with the fraction 
< 0.05 jum [119]), honeybees may be capable of trans-
porting actinides that are both in solution and in associa-
tion with particles in a liquid source to the honey. 

Based upon the analysis of available concentration 
ratios for the actinides, both chemical and physical proces-
ses contribute to the contamination of biological compo-
nents of ecosystems. Physical processes that cause soil to 
be transported to plants and animals dominate in the 
transport of plutonium and perhaps to a lesser degree, 
americium through food webs. Although the plutonium 
and americium passing through an animal may be largely 
associated with particles, the relative importance of this 
source of actinide compared to that incorporated into 
food-stuffs in contributing to internal tissue burdens is 
unknown. However, it is a fact, in the case of plutonium, 
that physical processes can deliver at least 10 times more 
plutonium to plants than root uptake. That fact would 
suggest the need to determine the relative importance of 
plutonium deposited on plants versus that incorporated 
into plants as a source of contamination to plant consum-
ers. 

The general lack of data on curium, neptunium, urani-
um and thorium in terrestrial ecosystem components 
precludes any conclusions on food web transport. All 
available data from laboratory studies indicate that those 
elements are more mobile than plutonium. 

Recent field studies at Oak Ridge [120, 121] show 
that the availability of actinides to plants and animals in 
two terrestrial study sites was: 

U > Cm > Am > Th « Pu 

Uranium was about 10 times more available to plants and 
animals than plutonium and thorium. Further field studies 
are needed to place bounds on the degree of transport of 
those elements to biota. 

Aquatic 

Distr ibut ion and t r anspor t 

Assessing the transport of actinides to aquatic biota by 
the conventional concentration ratio, as defined previous-
ly [102], presents a dilemma in that it is not always clear 
which aquatic component serves as the donor of the acti-
nides to receptor components. Concentration ratios for 
aquatic systems are usually based on water as the donor 
compartment. Thus, CR's reported for plutonium sug-
gest that aquatic organisms highly concentrate this ele-
ment. 

As an example of the problem, a comparison of con-
centration ratios based on water versus those based on 
sediment as the donor compartment is given in Table 2 
for several biotic components of Lake Michigan [122]. 

Regardless of how the ratio is calculated, it is clear that 
plutonium is attenuated as it passes through successively 
higher trophic levels. Based upon observations in both 
freshwater and marine environments, it appears that con-
centration ratios decrease about one order of magnitude 
at each succeeding trophic level. There is strong evidence 
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Table 11. Comparison of plutonium concentration ratios for 
biological components of Lake Michigan using water versus 

sediment as the donor compartments (Adapted from réf. [ 122] 

Donor compartment 
Compartment Watera Sediment 

Mixed plankton 6300 5X 10"2 

Benthic invertebrates 1300 1 X 10"2 

Zooplankton 250 2X 10"3 

Benthic fish 250 2X 10" ' 
Planktivorous fish 60 5X IO"4 

Piscivorous fish 0.5 3X 10"' 
Water 1 8 Χ 10"6 

Sediment 130000 1 

pCi Pu/g receptor a concentration ratio = — ; data in table 
pCi Pu/g donor 

based on wet weights. 

that physical processes (i.e. surface attachment and/or 
ingestion of suspended particles and/or sediments) play 
an important role in contaminating aquatic biota with 
plutonium [112]. Organisms living in close association 
with bottom sediments generally have the highest plutoni-
um concentration ratios (Table 11). 

The small amount of data on americium in aquatic 
biota do not provide a sufficient basis for comparison 
with corresponding plutonium data. Some studies suggest 
that americium is more available than plutonium in the 
aquatic environs [123,124] while other studies show no 
such patterns [125, 126]. Field data on the other actinides 
appear to be completely lacking. 

Summary and conclusions 

The chemical characteristics of the actinide elements 
cause them to be sorbed to soils and sediments to a large 
extent. The stability of the sorption largely controls how 
mobile these elements will be in food chain processes 
such as root uptake in plants, gill transfer in fish, or 
ingestion via food or water. 
Although plutonium and americium are tightly bound 
to soils and sediments in the environment, a very small 
fraction of these elements is soluble and enters biological 
tissues. The limited time-span (< 40 years) over which we 
have observed actinide behavior in the environment serious-
ly limits our ability to forecast their behavior over the 
centuries and millenia during which many of these ele-
ments will be present in the environment. However, pre-
liminary observations on naturally occurring analog ele-
ments indicate that actinide solubility will likely not 
change appreciably with time. 

Present data demonstrate that soils and sediments serve 
as the major repository of plutonium in freshwater and 
terrestrial ecosystems and that processes which redis-
tribute soils and sediment can also cause major changes 
in the environmental distribution of this element. Al-
though data-bases for the other actinides are small, physi-
cal processes will also provide a potentially important 
transport mechanism for these elements. 

It is clear that there is a need to determine the relative 
importance of actinides associated with soil and sediment 
as a source of contamination to biota. Available data on 
actinides in terrestrial and fresh water ecosystems point 
to the potential importance of soil and sediment move-
ment through food webs. 

Because physical transport processes operate at the soil-
air or sediment-water interface, changes in the distribu-
tion of plutonium within the soil-sediment profile will 
alter the importance of this transport pathway. Present 
distributions of plutonium in soil profiles from sites con-
taminated up to 35 years ago [35, 50] indicate that with 
time plutonium is depleted from the soil surface either 
from losses with eroding soil or from transport into the 
soil profile. Whether those changes in plutonium distribu-
tion will change the relative importance of, what at pres-
ent, are low order chemical processes is unknown. In 
many aquatic systems, plutonium migration into the 
sediments through sedimentation and / or chemical proces-
ses may isolate the plutonium from the biosphere. In ter-
restrial systems, losses of plutonium into the soil profile 
may create conditions more favorable for root uptake. 

Any phenomena which retain actinides in contact with 
the biosphere for extended times such as has been observed 
in arctic ecosystems will increase risks due to exposure to 
these elements. The interception properties of vegetation 
cover, action by organisms living in the soil, and processes 
which resuspend sediments in aquatic ecosystems all con-
tribute to maintaining actinides within the biosphere. 

With few exceptions, all present sources of actinides 
in terrestrial and aquatic ecosystems have resulted in very 
low transfer of these elements into food webs regardless 
of the transport process. Doses to humans resulting from 
ingestion of food-stuffs contaminated with the actinides 
have been uniformly low — much below doses incurred 
by humans from natural sources. 
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