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Detailed structural studies of plutonium complexes are rare.
Thus, the coordination chemistry basics, such as ligand affinities,
preferred coordination numbers, and geometries of plutonium
complexes, are inferred from d- and f-block ions that are thought
to be similar or related. To improve chemical separations
processes and enhance ion-specific ligand design, direct deter-
mination of actinide molecular structures and bond distances is
needed. Because of their simplicity and prevalence in nuclear
materials processing and environmental chemistry, agueous
complexes are particularly important to fully characterize.

The hydration numbers for the actinide ions have been
investigated using a number of methods, including luminescence,
extended X-ray absorption fine structure (EXAFS), and nuclear
magnetic resonance (NMRJ5tudies using luminescence lifetimes
have estimated 9.2 0.5 bound waters for curium(lIf.For
americium(lll), Carnall concluded a hydration number of 9 based
on similarities in optical spectra of AmgIAm(lIl) doped in
LaCls, and Am(lll) aqueous solutiorisEfrom EXAFS studies, a  Figure 1. Thermal ellipsoid plot (40%) of [Pu(#D)e][CFsSOys.
value of 8-10 has been estimated for aqueous plutonium{his).
Detailed relativistic density functional calculations suggest 8 or
possibly 9 ligating water moleculés.

Like the lanthanides, actinide metals are very easily oxidized;
however, unlike the lanthanides, the resulting actinide ions can
easily vary in oxidation states from Ill to VI and even, with some
difficulty, VII. Classically, most plutonium chemistry starts with
dissolution of the metal in hydrochloric, perchloric, or nitric acid.
This produces a stock solution of plutonium(lll) from which other

comparison within the lanthanide series. Preparation of the
analogous actinide compounds would allow for comparison within
the actinide series and between 4f and 5f ions.

The plutonium triflate molecule reported here was prepared
by simple dissolution of plutonium metal in triflic acid followed
by concentrating the resultant solutidfhe crystals are isotypic
to the lanthanide triflates, crystallizing in the hexagonal space
groupP6y/m with a = 13.9283(6) A and = 7.3816(4) A” The

S . . plutonium(lll) is coordinated by 9 water molecules arranged in
oxidation states and compounds can be made. Dissolution ofy ey tricapped, trigonal-prismatic (TCTP) geometry (Figure
plutonium metal in trn‘louromet.hanesgIf0n|c. (triflic) acid also 1). The two unique plutonium aquo bond distances are to O(1),
produces a plutonium(lll) solution. Triflic acid has advantages 2574(3) A (capping), and O(2), 2.476(2) A (prismatic). The

?nvci:et\?vi;ﬁpr:c?grlgi#;teig aﬁ:gﬁ kéﬁf;lij;s;zz tr?i?r?t?e er‘]'gr(;'ose?ﬁg?weighted average of the plutonium to water distances of 2.51 A
y 9 compares very well to those reported in two separate EXAFS

hgve }he potenttial haﬁa(rjds of psrcf:jlora’;](_a.hAdditianall){h tri{)latg studies of plutonium(lll) in dilute chloride solutions of 2.51 and
]? en orrpsg (sjrgng] é’ roger: OE ' Vé Ic ”pr%w eosl ?d aslS 5 49 AlbeThe plutonium to water distance is, as expected, longer
oran extended H-boncing nework and Well-ordered sollos. 5 thoge within a plutonium(1VV) complex. The recently reported
Isostructural triflates have been prepared and crystallized for 9-coordinate distorted TCTP Pu(lV) complex, [AlB)-
nearly all the lanthanide ior’sThis allows for direct structural [PU(DFE)(HO)sJo[CF:SOys, contains Pu(IV) bounoi to prismatic
waters at 2.461(12), 2.472(11), and 2.456(12) Aheoretical
calculations have closely predicted the plutonium to water
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Table 1. Selected Interatomic Distances in [Pu@o][CF3:SO;]5

metal complex M-O(1) (cap) M-0O(2) (prism) O(1)--0(3) 0O(2)--0(3) 0O(2)--0(4) ref
La 2.611(2) 2.513(2) 2.932(2) 2.843(3) 2.753(2) 4b
Nd (X-ray) 2.571(2) 2.451(2) 2.945(2) 2.841(2) 2.754(2) 4b
(neutron) 2.572(2) 2.469(2) 2.945(2) 2.816(2) 2.752(2) 4b
Sm 2.548(2) 2.418(2) 2.953(2) 2.831(3) 2.755(2) 4b
Lu 2.519(5) 2.287(4) 3.012(4) 2.797(6) 2.739(5) 4b
Pu 2.574(3) 2.476(2) 2.927(3) 2.833(3) 2.759(3) this work

2.451(2) A (prism) from X-ray studies and 2.572(2) and
2.469(2) A from neutron diffraction studiés.

All of the bound waters hydrogen bond to triflate anions: O(1)
with O(3) and O(2) with O(4) and O(3) of another triflate. Table
1is a summary of the bond distances for the plutonium complex

Abs and three of the lanthanide complexes. In the lanthanide series,
the hydrogen bond to the capping water lengthens (weakens)
across the series, while the prismatic water hydrogen bonding
somewhat shortens (strengthens). The Pu(lll) and Nd(lll) com-
plexes have the same (within error)-ND(1) bond distances;
however, the M-O(2) distance is ca. 0.02 A longer in the Pu(lll)
structure. This suggests that on a relative basis, Nd has stronger
interactions with the tetrahedrally configured waters than Pu does.
) ] ] These differences are also reflected in a shorter hydrogen bond
e e e e ook ks eyl " the oI siruciure between O(1) and O() The prismai

' 9 gle crystals- \vater (O(2)) in the Pu(lll) structure has a hydrogen bond
interaction comparable to that in the Nd(lll) structure, consistent
with the similar metal to O(1) distance.

This single-crystal X-ray structure verifies the nonacoordinate
plutonium(lil) ion in the solid state. To infer the hydration number
of plutonium(lll) in solution we measured the solid-state diffuse
reflectance spectrum of ground single crystals and compared it
with the solution UV/vis/near-IR spectrum of plutonium(lll) in
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distances of 2.585 and 2.491 A for the prismatic and capping
waters, respectivelf.

The study of the lanthanide triflate salts has shown that the
difference in distances between the capping waters and the
prismatic waters increases from 0.1 to 0.2 A across the series,
suggesting that with the lanthanide contraction, nonacoordination
becomes less stablé.This was attributed to the differential - . .
contraction of the lanthanide to water bonds as a consequence of”ﬂ'c acid (Figure 2). L ) .
an electronic influence of the metal cenftetThe capping waters The spectra suggest similar chromophores in solution and the
which are bound in a trigonal fashion (in contrast to the SOlid state, supporting the conclusion that plutonium(ill) in
tetrahedrally oriented prismatic waters) have a repulsive contribu- 24u€ous acidic solutions is predominantly 9-coordinate.
tion because across the series the polarization of the electron This compound is important not only because it is the first
density at the metal center increases more rapidly in the direction Single-crystal X-ray discrete molecular structure containing plu-
of the capping waters. The analogous difference in the title tonium(lll), but also because it is an easily prepared starting
compound is 0.098 A, which compares well with the beginning Material. The crystals are prepared in quantitative yield. And in
of the lanthanide series. Neodymium and europium(lil) are often contrast with most actinide salts isolated from acid solutions, the
used as surrogates for the trivalent light actinides Q) because triflate salt is acid free. Thus, this compound provides a preferred
of comparable ionic radii. Our data show that the metal to water entry into plutonium chemistry, particularly for extractions,
bond distances for the plutonium compound (vide supra) do Synthesis, and solution thermodynamic studies.
compare most favorably with those in the neodymium com-
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