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In recent years there has been considerable progress in
understanding the chemistry of low-valent actinides and in
the synthesis techniques for their compounds. A significant
number of new compounds'!! has improved our knowledge
about actinide-ligand bonds,” as well as establishing exciting,
novel organouranium redox chemistry.’! Progress has also
been made in An**/Ln*" (An=actinide; Ln = lanthanide)
complexation and separation chemistry® and in the field of
coordination and structural chemistry of hydrated An** ions
in the solid state® and in solution.’®! Detailed information
about the solution properties is essential, especially for
predictions of actinide migration in natural aquifers near a
nuclear waste repository. The aqueous chemistry of these
An*"ions is very similar to that of the Ln*" ions; both are hard
Lewis acids and interact mainly electrostatically with water,
where their hydration numbers are governed largely by their
ionic radii.

The decrease in the ionic radii across the An*' series
owing to the actinide contraction is believed to give rise to a
change in the hydration numbers from nine to eight (between
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Cm** and Es*")[ similar to that in the Ln*" series.”’ This
situation means that the corresponding decrease in the An—O
bond lengths for these An’*'(aq) ions across the series is
slightly larger than the actual actinide contraction. A more
appropriate structure probe for the actinide contraction
would therefore be an isotypic series of crystalline com-
pounds comprising [An(H,0),]*" ions. To date, only three
such compounds have been reported, [An(H,0),](CF;SO5);
(An=Pu, Am, Cm),” which belong to the isotypic rare-earth
triflate series, [M(H,0),_,](CF;S0;); (M=Ln, Y, Sc).®
However, in contrast to the stable Ln'" triflates, the number
of accessible An™ triflates is limited because Th*" and Pa**
are not stable in their trivalent states,'” U*" and Np** are
extremely oxidation sensitive,''! Cm**, Bk**, and Cf** are
very scarce, and the transeinsteinium elements are too short-
lived and do not exist in sufficient amounts. Recent attempts
of obtaining U(CF;SO;); by an earlier published method by
treating UH; with neat triflic acid,['™ resulted in oxidation
and hydrolysis owing to traces of water in the acid."*! From
those results it may be argued that 1(U) is too unstable to be
isolated; however, we show herein that this compound as well
as 1(Np) and 1(Pu) are stable (even though the former two
must be protected from air to avoid oxidation) and can be
prepared from aqueous solutions in high yields. Herein, we
report their synthesis, X-ray single-crystal structures along
with that of 1(Cf),"”! their electronic spectra and magnetic
behavior. We also discuss their likeness to the Ln'™ triflates
and their significance as structural probes for An**(aq), which
we back up with two series of density functional theory
(DFT)-optimized clusters, 2(M) and 3(M), the former of
which mimic well the nona-hydrated cation structure in 1(M),
while the latter provide a reasonable model for nona-
hydrated An*" and Ln*" aqua ions.

[M(H,0)y_J(CF5S805); 1(M)

M = An (U — Cm, Cf), Ln

[La(H,0)o*" - - - IM(H,0)y - - - (CF;805),]°” - - - [La(H,0),]*" 2(M)
M = An (Ac — Cf), Ln (La, Nd, Gd, Er, Lu)

[M(H,0),** - - - (H,0)15 3(M)

M = An(Ac — Cf), Ln (La, Gd, Eu)
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The synthesis scheme for 1(U-Pu) was specially designed
for obtaining single crystals of these oxidation-sensitive
compounds in high yields, whereas a micro-preparation
strategy was required for 1(Cf) owing to the paucity and the
hard gamma emission of ***Cf. Although 1(Pu) has also been
obtained previously by dissolving Pu metal in dilute triflic
acid followed by concentration and crystallization,* this
procedure failed for 1(U) because of oxidation and hydrolysis
problems.?*! We avoided these problems by reducing higher
oxidation states of the actinide ions to their trivalent states
using zinc amalgam; the reduction is clearly seen by color
change of the solutions (see the Supporting Information,
Figure S1-S2). These solutions were then added to frozen
triflic acid and the mixture slowly brought to room temper-
ature to obtain deep-blue/purple crystals of 1(U-Pu) (Sup-
porting Information, Figure S3).

The coordination geometry of the [M(H,O),]’" ions in
1(M) is a tricapped trigonal prism (TTP) of Cj, symmetry,
with six equidistant water oxygen atoms in the prismatic
positions and three in the capping positions at markedly
longer distances. Each of the nine water ligands donates two
hydrogen bonds to the adjacent triflate anions (Figure 1a).

side-view

top-view
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Figure 1. Molecular structures of a) the [M(H,0),_,+(CF;S0;7)4]*"
entity in 1(M) (thermal ellipsoids are set at 50% probability;
T=200K), b) the [La(H,0)s]""+[M(H;0)s-+(CF;SO;7)g]* -[La(H,0)o]*
cluster of 2(M) (in the top view the [La(H,0)s]*" entities are omitted
for clarity), and c) the M(H,0)o*"--(H,0);5 cluster of 3(M). In (a)—(c)
the structures shown are for M=U.
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This hydrogen-bond arrangement is the main reason for the
C;, symmetry, for the large difference between the prismatic
and capping M-O distances, and for the particular orientation
of the water ligands.®3°! It is worth noting that the hydrogen
bonding in 1(M) is similar to that in [M(H,0),](HsC,SO,);,14
both of which feature almost identical stereochemistry of the
hydrated cations. In contrast, owing to the different hydrogen-
bond structure in [M(H,O),](BrOs;);, the stereochemistry,
local symmetry (Dj,), and M—O bond lengths are quite
different.'! These conclusions are confirmed by the DFT-
optimized clusters of 2(M), where the inner [M(H,O)y
(CF;80;7),]° moieties mimic well that of the respective
crystal structure (Figure 1b). Replacing the triflate ions in
2(M) for water molecules we obtain the aqua-ion-like clusters
of 3(M), in which the capping water molecules are turned 90°
with respect to their initial positions (the displacements of the
prismatic water molecules are smaller), resulting in a change
of the local symmetry of the [M(H,O),]*" entity from Cj, to
D; (Figure 1c). On the other hand, if we consider only their
local MO, structure the two clusters are comparable. This
result is supported by the similarity of the 5f electronic
absorption spectra of 1(U-Cm) and their respective aqueous
solutions (see Figure S3a—c in the Supporting Information
and Figures 3 and 4 in Ref. [5b]), which suggest a similar time-
averaged coordination geometry of the aqua ions to that of
the static TTP geometry in the crystals. In addition, in a recent
extended X-ray absorption fine-structure (EXAFS) spectros-
copy study it was shown that 1(Ln) mimic well the first
hydration spheres of the respective Ln**(aq) ions.”

Figure 2a shows the prismatic and capping metal-oxygen
distances in 1(M). For the lanthanides the decrease in the
prismatic distances along the series follows roughly the Ln**
contraction.®**! Only at the end of the series are deviations
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Figure 2. a)-d) Prismatic and capping M-O distances (d) in the [M-
(H.0)g** (M=Ln, An) ions of 1(M), 2(M), and 3(An) (n=number of
electrons in 4f or 5f orbitals). Distances calculated by DFT are
overestimated. For comparison with experimental data, the theoretical
values are offset by —0.058 A for the f-in-core data and by —0.025 A for
the small-core data. The dashed lines show estimated Ln/An-O
distances obtained by adding the Ln*"/An*" ionic radii"**" to the
water oxygen atom radius (2.34 A).*d
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from this trend apparent. The capping distances are approx-
imately 0.1 A longer than the prismatic ones in the beginning
of the series, but this difference increases markedly in the
second half of the series owing to the increasing steric
crowding between the water ligands.”™ For the actinides the
prismatic and capping distances follow their lanthanide
counterparts rather closely, although the capping distances
in 1(U) and 1(Np) are slightly shorter (0.02+0.005 A). This
shortening may be due to a minor contraction of the cell
volume at 200 K, which seems to be the reason for the
appreciably shorter capping distance in 1(Cm) at 100 K
(2.545(1) A compared to 2.565(8) A at 293 K).*> In the f-in-
core DFT-optimized clusters of 2(M) the prismatic and
capping distances show similar trends as in the crystals
(Figure 2b—c). This agreement is further improved for the
lighter actinides by employing the small-core approximation
(see Experimental Section for details). Particular good
agreement is seen for the lanthanides, although the functional
and the Ln/An f-in-core approximations slightly overestimate
(0.06-0.07 A) these distances. For the An-O distances in
2(An) and 3(An) the prismatic distances are identical for a
given actinide (Ac—Cf), while the capping distances are longer
in the 2(An) series than in the 3(An) (Figure 2d). Similar
results were found for the Ln—O distances (not shown).
Temperature-dependent magnetic susceptibility data,
%(T), were collected for 1(U-Am) in the 2-300 K range in
an applied field of 1 T; the data are shown in Figure 3a for
1(U) and 1(Np) and in Figure S6 in the Supporting Informa-
tion for 1(Pu) and 1(Am). The upturns in the y(7) curves of
1(Np) and 1(Am) at low temperature were attributed to
paramagnetic impurities; the overall behavior along the series
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Figure 3. a) Temperature-dependent magnetic susceptibility and
inverse of magnetic susceptibility (inset) for 1(U) (m) and 1(Np) (0),
and their corresponding LF-calculated data (—). The small amount
of paramagnetic impurity in 1(Np) is accounted for by adding a C/T
term to the susceptibility; the curve calculated without this term for is
shown with a dashed line. b) The lowest-energy 5f spectra of 1(U-
Cm); the four-fold ®S;, ground state splitting of Cm** in 1(Cm) is
assumed to be very similar to that of Cm*" in 1(La)."
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is consistent with that expected for non-interacting An** ions.
According to Hund’s rules the Am*' energy spectrum is
characterized by a null total angular momentum J = 0. Hence,
the non-magnetic behavior shown by the experimental curve
is reasonable. The first magnetic states for Am>" in 1(Am)
belong to the °F; multiplet approximately 1740 cm™' above
the ground state, which is too high in energy to be populated,
even at room temperature. Conversely, Np** in 1(Np) can
carry a magnetic moment since its low-energy multiplet is *H,;
however, the fact that its susceptibility converges to a
constant, finite value for 7—0 K indicates that also in this
case the ground state is non-magnetic. In fact, in the case of a
non-Kramers ion (i.e., one with an even number of electrons
in its unfilled shell, or equivalently with an integer J quantum
number) a ligand field (LF) of low symmetry can split the low-
energy J manifold in at most 2J+1 levels, potentially
removing the free-ion degeneracy to result in a non-magnetic
singlet ground state. On the contrary, for the Kramers ions
U*" and Pu®" time-even interactions, such as the LF, can only
split a J (half-integer) manifold in at most (2J + 1)/2 doublets,
which in general carry a magnetic moment. This situation is
consistent with the divergence of the susceptibility curves
(and the Curie-like behavior, ™' linear in 7) for 1(U) and
1(Pu) at low temperature. The magnetic susceptibilities of
1(U-Am) can be quantitatively reproduced by ligand field
calculations using an intermediate-coupling Hamiltonian and
Cj;;, local symmetry (see the Supporting Information), which
generate the energy level schemes shown in Figure 3b.

In summary, we have reported the synthesis, crystal
structures, and magnetic data of the isotypic six-member
series 1(U-Cm, Cf).5¥ In terms of redox stability, 1(Pu) is
fairly stable whereas 1(U, Np) are extremely sensitive to
oxidation. Nevertheless these compounds could be obtained
in high yields using a specially designed synthesis scheme. X-
ray structure analysis and, for the later actinides, f-in-core
DFT calculations showed that the [Ln/An(H,O),]*" ions in
1(Ln/An) are virtually identical for similar Ln**/An*" radii,
which reflects the electrostatic nature of the Ln/An—O bonds.
For the lighter actinides though, the small-core approach gave
more reliable data in better agreement with experiment.
From these results we conclude that not only the heavier An*"
ions but also the lighter ones are lanthanide-like in their aqua
complexes. The magnetic susceptibilities of 1(U-Am) were
fully reproduced by ligand field calculations from which the 5f
electronic level structures could be derived. Finally, we note
that 1(U) may be an important alternative precursor to
Ul(thf),,07 UL, and U(CF,;S0;)3,[*); Ul,(thf), has
played a central role for the recent development in uranium
coordination and organometallic chemistry.™-

Experimental Section

Sample Preparation: All syntheses and manipulations of the **U,
“"Np, **Pu, *’Pu, and **Am samples were performed in Ar-filled
glove boxes at the Institute for Transuranium Elements, Karlsruhe.
The **Cf sample was handled at the Transuranium Research
laboratory, Oak Ridge National Laboratory. Identical procedures
were used for the synthesis of 1(U-Pu). 3% zinc amalgam (0.5 mL;
prepared as in Ref. [18] from Zn and Hg of Puratronic (AlfaAesar)
grades in 0.25M HCF;SO;) was added to closable (Teflon cap) quartz
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cuvettes containing the An (2.5 mL, 20-30 mg; 0.08-0.12 mmol) in 1M
CF,SO;H (An=>*U, *'Np, *?Pu; note that the starting An oxidation
state may be U™/UY!, Np"Y/NpY/NpY!, or Pu'V/Pu™"). After this step,
the closed cuvette was shaken for several minutes, upon which
reduction to An*" took place almost instantly, as seen by the color
changes (Supporting Information, Figure S1-S2). UV/Vis spectros-
copy was used to check that the reductions to An’‘(aq) were
complete (Supporting Information, Figure S3). The An*' solutions
were then added carefully to Schlenk tubes (precooled in liquid-
nitrogen) containing Ar-degassed 80 % CF;SO;H to give a final acid
concentration of 50 %. It is crucial that the acid is approximately 80 %
since high concentrations generate an undesired exothermic reaction
when mixed and could cause an oxidation of the An*" ions produced.
The solutions were brought to room temperature while the tubes were
gently shaken. Color changes should not be observed during this step.
Crystals grow slowly from these solutions. To recrystallize, crystals
and the supernatant solutions were gently heated up to 50°C to form
clear colored solutions (U*"(aq): dark green-purple; Np*(aq) and
Pu’'(aq): dark-purple). These solutions were then cooled slowly (3 h)
in a water bath to room temperature, whereupon needle-like crystals
of 1(U-Pu) were formed. The crystals were washed with small
aliquots of cold diethyl ether, followed by mild drying under vacuum
(<10 Torr). The 1(Np) and 1(Pu) compounds were nearly identical,
dark-purple in color, while 1(U) (as well as U*(aq)) had a dark
green-purple tint (dark-green in sunlight and dark-purple in neon
lights; see Supporting Information, Figures S1-S3). All the crystals
were air-sensitive: 1(U) oxidized within an hour, seen as a slight color
change; 1(Np) was stable for about a day before it turned from purple
to green; and 1(Pu) was stable. Owing to the scarcity and hard gamma
emission of *Cf, a micro-preparation strategy was used for 1(Cf).
CF,SO;H (2 mL; ca. 10 %) was added to **Cf,0; powder (1 mg; 3.7 x
10°mol). A colorless solution was obtained after heating to
approximately 80°C. Large, pale green crystals of 1(Cf) were
obtained after slow evaporation of this solution at room temperature.
All the 1(An) salts were hygroscopic; 1(U-Cf) are soluble in non-
oxidizing, oxygen-free dilute acids, and in many organic Lewis base
solvents (e.g. THF, DMSO, DMF, CH;CN, pyridine). Further details
of the experimental procedures, crystallographic studies,'*) UV/NIR/
Vis, IR spectroscopy, and magnetic susceptibility data including LF
calculations are given in the Supporting Information.
Computational details: a) The 2(M) clusters were optimized
under restriction to the Cj, point group at the Resolution-of-the-
Identity (RI) DFT-level using the BP86-functional as implemented in
the TURBOMOLE package.”" For H, C, O, F, S, and La*" we used
def2-TZVP basis sets in TURBOMOLE,™ and for La the corre-
sponding large-core pseudopotential.'>*! For the An** we used the
recently developed f-in-core pseudopotentials and corresponding
basis sets of AVTZP-quality!" and the latest small-core pseudopo-
tentials and corresponding segmented basis sets.'"™" By using
pseudopotentials we include relativistic effects and by using the f-
in-core approach we also avoid dealing with open-shell systems, thus
allowing the calculations to be carried out on a Linux-cluster in single-
node mode. For H, C, O, F, S, An*" (small-core) and La*" optimized
auxiliary basis sets are provided with TURBOMOLE,"*! while for
An** with f-in-core we used auxiliary basis sets derived locally from
the auxiliary basis set for La®>*. As La®* has the same number and type
of explicitly treated electrons, augmenting with further steep and
diffuse functions (later tested on small model systems) was sufficient.
The errors in the An—O distances arising from this approximation
were negligible. The f-in-core approximation for An*' leads to
somewhat too long An-O distances compared to more rigorous
approximations, but the main, rather systematic distance deviations
derived from X-ray diffraction can be attributed to limitations of the
BPS86 functional employed. As pointed out in Ref. [191], the f-in-core
approach may be too crude for the earlier An’" ions. We thus carried
out calculations using the small-core approach for An*' ions using
otherwise the same basis sets for the other elements and the same
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functional as in the calculations with the f-in-core approach. It is not
unambiguous which of the possible 5f" configurations best represents
the ground state; we investigated several possible configurations for
each An*' cluster. A more thorough study would require the inclusion
of spin-orbit coupling. The occupation scheme, energies, and the An—
O distances are given in Table S5 in the Supporting Information. The
An-O distances in Figure 2c¢ for the f-in-core data are those of the
lowest energy configurations. Despite some scattering in the data, it is
not evident that the lowest energy configuration is the right one.
There is an overall better agreement with experiment for the lighter
An’" ions (especially for Np*") with the small-core than with the f-in-
core approach. We thus confirm that the latter approach may lead to
results of doubtful validity for the lighter An*" ions as indeed seen for
their complexation with N-donor ligands."””! b) For 3(M) the same
method, basis sets, and pseudopotentials were used as for 2(M). The
geometry was restricted to Dj, otherwise all the parameters were
relaxed. Despite such a structure not being at a true minimum, this
model is considered to be adequate for nine-coordinated aqua
complexes with a highly symmetric second coordination shell.
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