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Structure of the Homoleptic Thorium(IV) Aqua Ion [Th(H,0),,]Br**
Richard E. Wilson, S. Skanthakumar, Peter C. Burns, and L. Soderholm*

Fundamental to the aqueous chemistry of an element is the
structure of the solvated ion. The coordination number and
bond lengths, together with ligand-exchange rates and
mechanisms are necessary for a predictive and comprehensive
understanding of chemical processes occurring in solution.!
The structures of numerous di- and trivalent transition metals,
metalloids, and lanthanide and actinide homoleptic aqua
complexes have been elucidated by the isolation of their
solid-state aqua salts using various sulfonate and bromate
ligands.”) The structural studies carried out on both the solid-
and solution-state ions have resulted in a greater predictive
ability and understanding regarding the forces governing ion
solvation. Absent in this class of structures are any homo-
leptic aqua complexes of the tetravalent cations.

The inherent difficulty in isolating such structures stems
from the Lewis acidity and hardness of these highly charged,
small cations, which results in a propensity to inner-sphere
anion coordination along with a tendency to undergo
hydrolysis reactions. Thorium(IV) is the softest tetravalent
ion that is stable in aqueous solution and therefore least
susceptible to hydrolysis.”! Guided by periodic trends in
bonding and coordination, together with results from our
earlier studies with actinide solution coordination and
hydrolysis in nitrate and chloride media, we hypothesized
that a softer anion, such as Br~, would behave as a non-
coordinating but stabilizing ion in aqueous solution.] A
simple, monoatomic anion such as bromide is particularly
attractive in such structural studies because it is easily
represented in any complementary theoretical work.

Herein we report the structure of decaaquathorium(IV)
bromide, [Th(H,0),,|Br, (Figure 1), isolated from a solution
of Th" in concentrated hydrobromic acid. Crystal data reveal
that the thorium ion is homoleptic and ten-coordinate; the
first coordination sphere is occupied solely by water mole-
cules.”! The thorium atom resides on a special position with
multiplicity of 2 and with 422 site symmetry (D, point
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a)

Figure 1. a) ORTEP of [Th(H,0),.]Br,. Thermal ellipsoids are set at
50% probability; hydrogen atoms are omitted for clarity. b) Crystal
packing projected down the ¢ axis. The thorium decaaqua moiety is
shown as a polyhedron, and the bromide ions are black dots. The
broken line indicates the unit cell.

symmetry). The first coordination shell has a bicapped
square-antiprismatic geometry; eight water molecules give
rise to a Th—O bond length of 2.492(3) A and two marginally
longer capping water molecules with Th—O bond lengths of
2.520(5) A. The shorter Th—O bond corresponds to the eight
prismatic oxygen atoms on the general site, and the two
longer bonds from the capping oxygen atoms lie on a special
position with fourfold rotational symmetry. As a consequence
of the site symmetry for the capping oxygen atoms, the
refined hydrogen positions reflect half occupancy. The
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charge-balancing bromide ions are located on a special
position of eightfold multiplicity and twofold rotational
symmetry. Significant hydrogen bonding between the bro-
mide ion and the coordinated water exists, with six Br---H
distances of 2.30-2.38 A. Whereas high symmetry is exhibited
by the water about the thorium atom, the water distribution
about the Br™~ ion is considerably asymmetric.

The water coordination number and geometry in the solid
state is unequivocally demonstrated from the crystal data.
However, this does not necessarily mean the same structure
occurs with the dissolved thorium cation. X-ray absorption
spectroscopy (XAS) studies of thorium aqua coordination in
aqueous solutions have provided coordination numbers
ranging from nine to twelve.”! Wide-angle X-ray scattering
experiments (WAXS) have determined a coordination
number as low as eight, while semi-empirical and modern
theoretical methods have suggested aqua coordination
between nine and twelve™ Using the high-energy
(92 keV) X-rays available at the Advanced Photon Source,
Sector 11-ID-B," we obtained scattering data from a dis-
solved sample of [Th(H,0),,|Br, in water. The advantages of
using high-energy X-rays include a wider (-space range
available and lower absorption, which permits transmission
experiments on aqueous solutions.'y] Thorium near-neighbor
correlations are clearly visible from the pair-distribution
function (PDF, Figure 2), which was obtained following a
Fourier transform of scattering data after subtracting corre-
lations not involving thorium.!"”
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Figure 2. Pair-distribution function g*(r) for a 0.76 molal solution of
[Th(H20)1]Br.

There are three notable features in the PDF, the assign-
ment of which are assisted by the structure of the solid-state
sample. The first intense peak centered at 2.46(1) A is
attributed primarily to Th-O,,., correlations. Also easily
discernable are correlations at about 4.6 and 6.6 A, which are
assigned to thorium second- and third-coordination shells
with water, as demonstrated in molecular dynamics simula-
tions.”

Analysis of the peak at 2.46 A establishes correlation of
the thorium coordination in solution with that of the solid
state. The distance for the Th—O,,., bond in solution is
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slightly shorter than the average bond length of 2.498(4) A
found in the crystal structure. This slight contraction in
solution versus solid-state distances is not uncommon and is
not indicative of a change in coordination number.'?l A
quantitative assessment of the coordination number can be
made by integrating the scattering peak, the intensity of which
is dependent upon the number of electrons contributing to the
scattering pair. Integrating over the distance range of 2.16—
3.22 A determines that there are 101(3) electrons contributing
to the peak. Thus, the 101(3) electrons correspond to 10.1(3)
water molecules coordinating to thorium in the solution,
which is consistent with the solid-state structure. From these
data, we see no evidence for the inner-sphere coordination of
bromide to thorium, though chloride inner-sphere coordina-
tion is known to occur.”

The high-energy X-ray scattering (HEXS) data from
solution measurements confirm that the first coordination
sphere of the homoleptic thorium aqua ion in the solid state is
conserved upon dissolution in water. Although the agreement
in coordination number is excellent, it is not possible to rule
out an equilibrium in solution of 9-, 10-, and/or 11-coordinate
thorium. Molecular dynamics simulations and quantum
mechanical calculations presented by Tsushima et al.%*! find
there to be only very small differences in energy between the
9-, 10-, and 12-coordinate structures. As can be seen in
Figure 2, the HEXS data show strong thorium correlations in
solution beyond the first coordination sphere, at 4.6 A and
6.60 A. The necessity of including such correlations in
calculations of solute energetics has been clearly demon-
strated, particularly when only small energy differences exist
between different coordination environments.!"”!

With the exception of the compound reported herein, the
highest coordination number for homoleptic aqua complexes
is nine, observed universally for the lanthanide ions in the
solid state. Complex hydrates of thorium have been observed
previously, such as the nine coordinate tricapped trigonal-
prismatic heptaaqua complex [ThCL(H,0),]*" and the ten-
coordinate bicapped square-antiprismatic hexaaqua complex
[Th(SO,),(H,0)s]-2H,0."! Additionally, several mono-, tri-,
and tetraaqua complexes of U" are known, as well as a nine-
coordinate octaaquabromouranium(IV) complex, [UBr-
(H,0)s]BryH,0.'"! However, the homoleptic tenfold aqua
coordination reported herein is unique among aqua-ion
crystal structures. We have demonstrated that the tenfold
coordination for the thorium aqua ion is common to both the
solution and solid state, indicating its inherence to the
chemistry of the thorium ion itself. Therefore, the magnitude
and balance of the forces (such as ion—dipole, dipole-dipole,
coulomb) thought to govern the coordination of the solvated
ion must be quantified for a predictive and comprehensive
understanding.

Refinement and development of theoretical models in
concert with continued experimentation will provide valuable
developments for increased predictive capability for metal-
ion aqueous chemistry. To this end, further scattering experi-
ments are underway to quantify the second-shell correlations
of thorium in aqueous hydrobromic acid.
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Experimental Section

Caution! *’Th is an alpha-emitting radioisotope and as such is
considered a health risk. Its use requires appropriate infrastructure
and personnel trained in the handling of radioactive materials. The
compound [Th(H,0),|Br, (1) was synthesized by the dissolution of
B Th(NO;),xH,0 (1g) in water followed by precipitation with
aqueous ammonia, and then washing of the precipitate with water
until the supernatant was neutral. The precipitate was dissolved in
concentrated HBr (5 mL). Reducing the solution volume to 1 mL by
boiling produced crystals of 1 upon cooling the solution. The crystals
were collected by filtration and dried in air. An FT-IR spectrum of 1is
available in the Supporting Information.

For HEXS experiments, compound 1 (278 mg) was dissolved in
water (0.5 g) and placed in a Kapton capillary and further contained,
as required for actinide samples. Scattering data were collected at the
Advanced Photon Source, Argonne National Laboratory, on wiggler
beamline 11-ID-B, BESSRC. Scattered intensity was collected at two
detector distances, corresponding to Q.= 15 A'and35A! using
an amorphous silicon flat-panel X-ray detector (GE Healthcare).
Final data treatment reflects a merging of these two data sets followed
by treatment described previously.!'*)
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