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’ INTRODUCTION

The early actinides, unlike the early lanthanides, possess a
number of oxidation states and chemistry similar to their transi-
tion metal homologues, an observation that initially frustrated
the placement of the actinide series in the periodic table.1,2 The
early actinides Th through Pu exhibit a stable tetravalent oxida-
tion state3 and trends within their chemical behavior can gen-
erally be ascribed to the systematic decrease in ionic radii across
the series.4,5 These small changes in ionic radii can dramatically
impact the coordination chemistry of these tetravalent ions in
solution and the effects can be quantified in the metal cations0
hydration states, hydrolysis behavior, and tendency to form
inner- and outer-sphere interactions. The acidity and complex
forming tendency generally decreases in the order Pu(IV) >
Np(IV) > U(IV) > Th(IV), and the stability constants for many
M(IV)�ligand systems highlight this trend, as shown by the
An(IV) nitrates.6�8

M(IV) sulfate complexes in aqueous solution also follow
the trend mentioned above, where Th is the weakest complex
former.6�8 Equilibrium constant values for the reaction M(IV) +
HSO4

�/MSO4
2+ + H+ are 4.91, 4.87, 4.6, and 4.19 for Pu(IV),

Np(IV), U(IV), and Th(IV), respectively. In a series of recent
articles, Hennig et al. explored the structural chemistry of the
tetravalent actinides with sulfate in aqueous solution and found a
change in the distribution of the sulfate coordination mode with
respect to the An(IV) ion.9�11 Monodentate sulfate linkages
were predominately observed for Th, whereas bidentate sulfate
complexation was more favorable for the later actinides.9 This
phenomenon cannot be extrapolated from inspection of the
stability constants. Surprisingly, little is known about An(IV)�
sulfates systems. Unlike simple ligand systems such as the halides,

sulfate provides a multitude of metal ion coordination modes and
sulfuric acid (a diprotic acid), allows for an indirect probing of the
effects of metal ion acidity and polarization on these coordination
modes (i.e., monodentateHSO4

� versusmonoor bidentate SO4
2-).

Recently, Wilson demonstrated limited correlation among the
tetravalent actinides, Ce(IV), and the group IV metals in a study
of the solid-state chemistry of the Pu(IV) sulfates.12 The nine
structures reported for the softest member of the tetravalent ions,
Th(IV),13�20 showed very little structural similarity in the solid
state with any of the other tetravalent cations in the periodic
table. In fact, there is only one actinide sulfate, M(OH)2SO4, for
which Th, U, and Np form an isomorphic series.19,21,22 The
chemical reasons for this are unclear and motivate this study.

Thorium is the largest, chemically softest, and least polarizing
of the tetravalent metal ions.23 Relative to the other tetravalent
cations, Th is least likely to undergo hydrolysis and complex for-
mation for a given ligand. These chemical properties of thorium
allowed for the isolation of the homoleptic deca-aqua complex, to
date the only homoleptic aqua complex of a tetravalent ion.24

Using thorium, the end member of this periodic group of tetra-
valent metal ions, can we identify and correlate the periodic solu-
tion state behavior and structures observed in the An(IV) sulfates
with that observed in the solid state, and with the remainder
of the M(IV) sulfates? Toward this goal, we have synthesized
a series of thorium sulfate compounds described herein. In an
effort to inform current and future synthetic strategies, we used
high-energy X-ray scattering (HEXS) to ascertain and quantify
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ABSTRACT: Three Th(IV) sulfates, two new and one previously reported, have been
synthesized from aqueous solution. In all of the compounds, the sulfate anions coordinate
the Th4+ metal center(s) in a monodentate manner with Th�S distances of 3.7�3.8 Å.
Th(SO4)2(H2O)7 3 2(H2O) (1; P21/m, a = 7.224(1) Å, b = 12.151(1) Å, c = 7.989(1) Å,
ss =98.289(2)�) and Th4(SO4)7(H2O)7(OH)2 3H2O (2; Pnma, a = 18.139(2) Å, b =
11.173(1) Å, c = 14.391(2) Å) each contain 9-coordinate monomeric (1,2) and dimeric (2)
Th(IV) cations in monocapped square antiprism geometry. Alternatively, Th(OH)2SO4 (3;
Pnma, a = 11.684(1) Å, b = 6.047(1) Å, c = 7.047(1) Å) is built from chains of hydroxo-
bridged, 8-coordinate Th4+ centers. Whereas 1 adopts a molecular structure, 2 and 3 both
exhibit 3D architectures. Differences in the dimensionality and the topology of 1�3 are
manifested in the local coordination environment about the Th(IV) centers, the formation of
oligomeric Th4+ species, and the extended connectivity of the sulfate ligands. Herein, we
report the syntheses and characterization of 1�3 as well as the atomic correlations of 1 in
solution, as determined by high-energy X-ray scattering (HEXS).
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metal�metal, metal�solute, and metal�solvent correlations in
the solution from which crystals of 1 formed.

Coupled herein are the syntheses of three thorium sulfates,
their solid-state structural characterization,19,25 and the Th spe-
ciation in one of the solution preparations. These compounds all
exhibit exclusively monodentate sulfate linkages yet Th(SO4)2-
(H2O)7 3 2(H2O) (1) adopts a molecular structure in which the
SO4

2� ligands are terminal whereas Th4(SO4)7(H2O)7(OH)2 3
H2O (2) and Th(OH)2SO4 (3) adopt higher dimensional struc-
tures due to the bridging nature of the SO4

2� unit. The SO4
2-

coordination in a solution prior to crystallization of 1 reveals the
presence of both monodentate and bidentate Th ligation as well
as evidence for sulfate bridging two Th, a bonding motif seen in
the solid state.

’EXPERIMENTAL METHODS

Synthesis. Caution: 232Th is an alpha-emitting radionuclide and
standard precautions for handling radioactive materials should be followed
when working with the quantities used in the syntheses that follow.

Compound 1, Th(SO4)2(H2O)7 3 2(H2O), was synthesized at room
temperature from the reaction of Th(ClO4)4 3 nH2O (100uL of a 2.69M
solution, 0.26 mmol) and concentrated H2SO4 (0.0139 mL, 0.26 mmol)
in 0.463 mL of distilled water. Colorless crystals formed after several
days. Compound 1 can be synthesized after a few hours by increasing the
sulfate concentration. For example, crystals of 1 can be prepared from
the room temperature reaction of Th(ClO4)4 3 nH2O (100uL of a 2.69M
solution, 0.26 mmol) and concentrated H2SO4 (0.027 mL, 0.52 mmol)
in 0.463mLof distilled water. Upon addition ofH2SO4 to theTh(ClO4)4
solution a white precipitate is formed. The precipitate redissolves and
crystals of 1 can be isolated after a few hours. FTIR: 3420 (O�H), 1660
(H�O�Hbending), 1110 (O�SO3), 1050 (O�SO3), 992 (O�SO3),
and 606 cm�1. Raman: 1137, 1047, 1007, 619, 445, 387, 332, 265, 245,
219, 178, 153, and 123 cm�1.

Compound 2, Th4(SO4)7(H2O)7(OH)2 3H2O, was synthesized hy-
drothermally. Amorphous Th(OH)4 was precipitated with NH4OH
from a 1 mL solution of 0.1 M Th(NO3)4 in H2O. The resulting white
precipitate was washed several times with distilled water until the pH of
the supernatant was near neutral. The pellet was dissolved in 0.25 M
H2SO4 (1 mL, 0.25 mmol) and transferred to a 3 mL Teflon linear that
was placed in a 45 mL Teflon lined Parr bomb. The reaction vessel was
backfilled with 5 mL of H2O, sealed and then heated statically at 180 �C.
After 6 days, the reaction was removed from the oven and cooled to
room temperature over 4 h. Clear, colorless plates were obtained. Yield:
57% based on thorium. FTIR: 3390 (O�H), 1660 (H�O�Hbending),
1100 (O�SO3), and 595 cm

�1. Raman: 1232, 1188, 1115, 1102, 1065,
1054, 1027, 651, 630, 608, 456, 350, 321, 241, 227, 203, 188, 162, 151,
141, and 123 cm�1.

Compound 3, Th(OH)2SO4, was prepared from the hydrothermal
reaction of 0.1 M Th(NO3)4 (0.5 mL, 0.05 mmol) and 0.5 M H2SO4

(0.5 mL, 0.25 mmol). The reactants were added to a 3 mL Teflon cup
that was placed into a 45mLTeflon lined Parr bomb. The reaction vessel
was backfilled with 5 mL of H2O, sealed and then heated statically at
180 �C for 6 days. Colorless plates were obtained after cooling the reac-
tion to room temperature. Yield: 63% based on thorium. FTIR: 3570
(O�Hbridging), 3370 (O�H), 1660 (H�O�Hbending), 1110 (O�SO3),
764 and 585 cm�1. Raman: 1182, 1146, 1131, 1098, 1081, 1042, 852,
813, 741, 647, 626, 609, 474, 463, 449, 381, 343, 223, 183, 156, 144, and
123 cm�1.
X-ray Structure Determination. Reflections were collected at

100 K on a Bruker AXS SMART diffractometer equipped with an
APEXII CCD detector usingMoKR radiation. The data were integrated
and corrected for absorption using the APEX2 suite of crystallographic

software.26 All structures were solved using direct methods and refined
using SHELXL-97.27 Satisfactory refinements as well as tests for missing
symmetry, using Platon,28 indicated that no obvious space group changes
were needed or suggested. Crystallographic data for 1�3 are provided in
Table 1 and CIF data are available as Supporting Information.

All non-hydrogen atoms were located using difference Fourier maps
and were ultimately refined anisotropically. Hydrogen atoms of the
bound water molecules in 1 were found during refinement. Whereas the
hydrogen atoms of O1�O3 were freely refined, those of O4 and O5
were refined withO�Hdistance restraints of 0.82 Å. Hydrogen atoms of
the solvent water were located in the difference Fourier map however
their assignment did not support a satisfactory refinement. Similarly,
hydrogen atoms of the bridging hydroxide groups (O2�O3) were
located in the structure of 2 but assignment did not support a satisfactory
refinement. Hydrogen atoms of the bound and solvent water molecules
were not found. Additionally, hydrogen atoms of the bridging water
molecule (O4) were not found but a lengthened Th�O bond distance
of 2.678(7) Å as well as bond valence values29 are consistent with our
assignment of O4 as a water molecule. The hydrogen atom of the hy-
droxide group (O4) in 3was located and refined with a distance restraint
of 0.82 Å.

Powder X-ray diffraction data were collected for 1�3 using a Scintag
X1 diffractometer (Cu KR, 3�40�). Rietveld refinement of the powder
patterns was performed using EXPGUI,30 a user interface to GSAS,31

wherein the initial structure parameters were those obtained from single
crystal data. Agreement between the calculated and observed patterns
(Figures SI4�SI6 of the Supporting Information) confirms that the
single crystals used for structure determination were representative of
the bulk sample.
High-Energy X-ray Scattering (HEXS). High-energy X-ray

scattering data of the 1:1 Th:SO4 solution from which 1 was prepared
(prior to crystallization) were collected at the Advanced Photon Source
(APS), ArgonneNational Laboratory on beamline 11-ID-B. Background
solutions, containing no Th4+ were also prepared so that only Th
correlations remained after subtraction of the scattering data from the
background solution from that of the solution fromwhich 1was isolated.
The incident beam of 91 keV corresponds to a wavelength of 0.13702 Å.

Table 1. Crystallographic Data and Structure Refinement for
1�3

1 2 3

formula H18O17S2Th H18O38S7Th4 H2O6STh

MW 586.30 1778.72 362.12

temperature (K) 100 100 100

λ (Mo KR) 0.71073 0.71073 0.71073

cryst syst monoclinic orthorhombic orthorhombic

space group P21/m Pnma Pnma

a 7.2244(9) 18.1390(20) 11.6838(10)

b 12.1506(14) 11.1729(14) 6.0470(5)

c 7.9889(9) 14.3913(19) 7.0471(6)

R 90 90 90

β 98.289(2) 90 90

γ 90 90 90

V 693.95(14) 2916.7(7) 497.89(7)

Z 2 4 4

Dcalcd (g cm
�3) 2.806 4.051 4.831

μ (mm�1) 11.133 20.979 30.310

R1
a [I > 2σ(I)] 0.0305 0.0328 0.0192

wR2
a 0.0620 0.0777 0.0458

a R1 =Σ||Fo|� |Fc||/Σ|Fo|;wR2 = {Σ[w(Fo
2� Fc

2)2]/Σ[w(Fo
2)2]}1/2.
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Samples were loaded in Kapton capillaries with epoxy plugs and further
contained as required for actinide samples. Scattered intensity was
measured using an amorphous silicon flat panel X-ray detector mounted
in a static position (2θ = 0�) providing detection in momentum transfer
spaceQ (Å�1) up to 32Å�1.Datawere treated as described previously.32,33

IR and Raman Spectroscopy. IR spectra were collected on a
Nicolet Nexus 870 FTIR system. The samples were diluted with dried
KBr and pressed into a pellet. Scans were collected over 4000�
400 cm�1 with 64 scans and 2 cm�1 resolution. Raman spectra of
powder samples of 1�3 were collected on a Renishaw inVia Raman
Microscope with an excitation line of 532 nm.

’RESULTS

Structure Descriptions. Compounds 1�3 all contain sulfate
groups that coordinate each individual Th4+ center in a mono-
dentate manner.19,25 Differences in dimensionality and topology,
however, are observed in 1�3 due to variation in the coordina-
tion environment about the Th(IV) centers as well as the co-
ordination behavior of the sulfate anions. Selected bond dis-
tances and angles are listed in Table 2.
Compound 1, Th(SO4)2(H2O)7 3 2H2O, adopts a molecular

structure, shown in Figure 1, that is built from one crystallographically

unique thorium(IV) metal center, one unique SO4
2- group and

six crystallographically unique water molecules (O1�O5 and
OW1). Overall, Th(1) exhibits a monocapped square antiprism
geometry resulting from its coordination to nine oxygen atoms
from seven bound water molecules and two monodentate sulfate
anions. Sulfate oxygen atoms O7�O9 remain unbound, thus
limiting dimensionality. The average thorium�oxygen bond dis-
tances for coordinated water molecules and monodentate sulfate
groups are 2.468 Å and 2.379 Å, respectively. The Th�O�S
bond angle of 157.7� and a Th�S distance of 3.79 Å are
consistent with other Th�SO4 structures containing monoden-
tate sulfate linkages.13,16 As depicted in Figure 2, hydrogen
bonding interactions between the bound water molecules O1,
O2, and O4 and distant sulfate oxygen atoms from adjacent
Th(H2O)7(SO4)2 units are present in structure of 1; O�H 3 3 3O
distances range from 2.722 to 2.768 Å. Also highlighted in
Figure 2 are correlations between thorium and four sulfur
atoms from distant thorium bound sulfate ligands which occur
at 5.336�5.349 Å.
Compound 2, Th4(SO4)7(H2O)7(OH)2 3H2O, adopts a 3D

architecture. As shown in Figure 3, sheets of sulfate bridged
ThO9 monomers (bolded in black and highlighted in part a of
Figure 4) are connected along [100], via bridging SO4

2- units, to
chains of sulfate linked Th2O15 dimers (bolded in red) that
extend infinitely along [010] (parts b and c of Figure 4). The
structure is built from three crystallographically unique Th(IV)
metal centers and four unique SO4

2- units. Each of the Th(IV)
metal centers exhibits monocapped square antiprism geometry.
Sulfate units S(1)O4 and S(4)O4 are coordinatively saturated,
whereas S(2)O4 and S(3)O4 each have one oxygen atom (O14
and O21, respectively) that remains unbound. Th(2) and Th(3)
are each coordinated to 9 oxygen atoms from sevenmonodentate
sulfate ligands and two bound water molecules to form Th-
(SO4)7(H2O)2 units. These monomers are connected via sulfate
linkages into 2D sheets highlighted in part a of Figure 4. Alter-
natively, Th(1) is bound to nine oxygen atoms from five mono-
dentate sulfate anions, two hydroxide groups (O2 and O3), one
bound water molecule (O1) and one bridging water molecule
(O4) at distances of 2.395�2.473 Å, 2.358�2.392Å, 2.478 Å and
2.678 Å, respectively. A rare linkage (part c of Figure 4) consist-
ing of hydroxide oxygen atoms O2 and O3 and one water mole-
cule, O4, bridges two Th(1) cations into face sharing dimers
(parts b and c of Figure 4) that have Th(1)�Th(1) distances of

Table 2. Selected Distances and Angles.a

1

Th(1)�O(1) 2.504(5) Th(1)�S(1) 3.793(1)

Th(1)�O(2) 2.477(5) O(1)�H(1A) 3 3 3O7
i 2.778(5)

Th(1)�O(3) 2.468(3) O(2)�H(2) 3 3 3O7
ii 2.740(5)

Th(1)�O(4) 2.485(3) O(3)�H(3A) 3 3 3O9
ii 2.722(5)

Th(1)�O(5) 2.439(4) O(3)�H(3B) 3 3 3O9
iii 2.768(5)

Th(1)�O(6) 2.379(3) O(5)�H(5A) 3 3 3OW1 2.658(6)

O(6)�S(1) 1.482(3) Th(1)�O(6)�S(1) 157.67�
O(7)�S(1) 1.474(3)

O(8)�S(1) 1.467(3)

2

Th(1)�O(1) 2.472(5) Th(3)�O(13) 2.357(5)

Th(1)�O(2) 2.391(4) Th(3)�O(17) 2.573(8)

Th(1)�O(3) 2.357(5) Th(3)�S(3) 3.726(2)

Th(1)�O(4) 2.678(6) S(1)�O(7) 1.476(5)

Th(1)�O(7) 2.456(5) S(2)�O(13) 1.461(5)

Th(1)�Th(1) 3.884(1) S(2)�O(14) 1.473(5)

Th(1)�S(1) 3.770(1) S(3)�O(19) 1.477(5)

Th(1)�S(2) 3.834(1) S(3)�O(21) 1.451(5)

Th(2)�O(10) 2.380(7) S(4)�O(8) 1.464(5)

Th(2)�O(16) 2.596(7) Th(1)�O(7)�S(1) 145.83�
Th(2)�S(1) 3.861(2) Th(2)�O(10)�S(1) 175.48�

3

Th(1)�O(1) 2.462(3) Th(1)�S(1) 3.707(1)

Th(1)�O(2) 2.453(3) Th(1)�S(1)vi 3.786(1)

Th(1)�O(3) 2.467(4) S(1)�O(1) 1.463(4)

Th(1)�O(4) 2.348(3) Th(1)�Th(1)iv 3.967(1)

Th(1)-O4iv 2.356(3) Th(1)�O(1)�S(1) 140.22�
a Superscript denotes symmetry transformations (1) i = �x + 2, �y,
�z + 1; ii = �x + 2, �y, �z + 2; iii = x � 1, y, z (3) iv = �x, �y, �z;
vi = �x, �y, �z + 1.

Figure 1. Illustration of 1 showing the local coordination environment
of Th(1). Hydrogen atoms have been omitted for clarity. Superscript
denotes symmetry transformations i = x, �y + 1/2, z.
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3.884 Å. The Th�O bond distances of the bridging hydroxide
are significantly shorter (2.357�2.391 Å) than that of the
bridging water molecule (2.678 Å). As illustrated in part b of
Figure 4, S(1)O4

2- units link the resulting dimers into chains that
run along [010]. Each S(1)O4

2- group additionally coordinates
one Th(2) and one Th(3) metal center thereby linking the
Th(1) dimers to the sheets of sulfate bridged Th(2)O9 and
Th(3)O9 monomers described above (part a of Figure 4). The
dimers are additionally connected to the sheets via sulfate groups
S(2)O4�S(4)O4.
Compound 3, Th(OH)2SO4, has been previously reported by

Lundgren,19 but for the purposes of discussion a brief descrip-
tion is given. As shown in Figure 5, the structure is built from

[Th(OH)2]n
2n+ chains that extend infinitely down [010]. The

chains are further connected via sulfate linkages along [100] and
[001] into a 3D architecture (Figure 6). The Th(IV) center
adopts a square antiprism coordination geometry as it is coordi-
nated to four hydroxide oxygen atoms (O4 and its symmetry
equivalents) and four oxygen atoms from four monodentate sul-
fate ligands. Th�O(H) and Th�O(SO3) bond distances range
from 2.348 to 2.356 Å and 2.453�2.467 Å, respectively. The
Th�Th distance within the hydroxo bridged units is 3.967 Å.
IR and Raman Spectroscopy. The IR spectra of 1�3

(Figures S7�S9 of the Supporting Information) show bands
consistent with metal-bound sulfate ligands with stretches ap-
pearing around 1100 cm�1.34 The peaks at 3400 cm�1 and
1660 cm�1 are indicative of�OH inH2O. Additionally, the peak
at 3570 cm�1 in the spectrum of 3 is consistent with a bridging
�OH.22,34 The Raman spectra (Figures S10�S12 of the Sup-
porting Information) are similarly indicative of thorium bound
sulfate with strong bands centered at approximately 1100�
1050 cm�1, and weaker bands appearing at 650 cm�1 and
450 cm�1.20

High Energy X-ray Scattering. The Fourier transformed
(FT) HEXS data obtained from a solution containing 0.5 m
Th(ClO4)4 and 0.5m SO4

2-, after subtraction of solvent�solvent
interactions, are presented in Figure 7. Crystals of Th(SO4)2-
(H2O)7 3 2(H2O) (1) form from these solutions upon standing.
The sulfate data are compared in the figure with HEXS data from
the Th homoleptic aqua ion in dilute HBr/HClO4.

24As previ-
ously described, peaks in the FT were fit with Gaussians to
quantify Th solution correlations,35 a summary of which is pro-
vided in Table 3. Although the two patterns are similar, in
addition to the peaks seen in the Th aqua ion PDF, notable
correlations are also observed in the sulfate data at 3.19(5) Å,
3.75(3) Å, and 5.9(2) Å.
The first peak in the thorium sulfate patterns, centered at

2.47(2) Å, is attributed to Th correlated to nine oxygen atoms.
This solution coordination compares with a previous HEXS

Figure 2. Packing diagram of 1 highlighting the hydrogen bonding interactions (black dotted lines) between oxygen atoms of the bound water
molecules and the unbound sulfate oxygen atoms from adjacent Th(H2O)7(SO4)2 units. Also shown (green dashed lines) are the correlations between
Th and the sulfur atoms of distant sulfate ligands.

Figure 3. Polyhedral representation of 2 viewed down the [010]
direction. 2D sheets (bolded in black) of sulfate bridged Th(2) and
Th(3) monomers are connected along [100], via SO4

2- units, to chains
of sulfate linked Th(1)�Th(1) dimers (bolded in red). Bolded sections
are highlighted in Figure 4. Blue polyhedra are Th(IV) in monocapped
square antiprism geometry and yellow polyhedra represent SO4

2-

anions. Solvent water molecules have been omitted for clarity.
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study of the aqua ion, which has 10.1(3) O at an average of
2.46(1) Å24 and an EXAFS study that finds one O shell, with an
average coordination number of 9.3(14) at 2.43 Å.11 The Th�O
weighted average from the single crystal structure is 2.448 Å,
slightly shorter than the distance observed in solution.
Following previous precedent, the scattering tail to higher r of

the Th�O peak in the PDF is attributed, at least in part, to the H
atoms associated with the first coordination sphere waters.36,37 In
this case the scattering tail is represented by two Gaussians with
positions that refine to 2.91(4) Å and 3.19(4) Å, as depicted in
Figure 8. Because of the difficulty in resolving the scattering
intensities from these two peaks, their intensities are summed for
assignment. Taking guidance from the X-ray structure, there
would be 14 H atoms assigned to this peak, based on the seven
waters associated with Th in the solid state. Similar scattering
from actinide coordinated waters has been previously
observed.24,36,37 The peak at 3.19(4) Å, which is not present in
the aqua ion data, occurs at a distance consistent with Th�
bidentate sulfate coordination in solution. This coordination
mode does not occur in the solid state structure of 1, in which
only monodentate sulfate ligation is seen. The peak at 3.75(3) Å
in the PDF is at a distance representative of Th�S correlations
for monodentate sulfate coordination. For example, EXAFS studies

of Th sulfate solutions find a Th�S interaction at 3.81(2) Å for
monodentate sulfate ligation.11 Expected in the same r region are
the two Th�O correlations from the bidentate sulfate anion.
There is no evidence for the presence of water- or hydroxo-

bridged Th�Th dimeric interactions, which would appear at
about 3.9 Å in the FT of solution HEXS data.38 The peak at 4.6 Å
is at a similar distance to that seen for the Th homoleptic aqua
ion, where it is attributed to second-coordination sphere
waters.24 However, the sulfate data appear to have less of a
shoulder to higher r for this outer-sphere water peak and also
have a much more defined peak even farther from the Th, at a
distance of about 5.9 Å. Because these features are absent in
sulfate-free Th solutions, including those containing perchlorate
as a counterion, the scattering at 5.9 Å is attributed to either to an
outer sphere Th�S correlation or a Th�Th correlation miti-
gated by a bridging sulfate. Th correlations to a second coordina-
tion sphere sulfate have been previously observed at 5.884 Å,13

the connectivity involving a Th-bound water hydrogen bonding
to a sulfate oxygen. Similar bonding connectivity occurs in
compound 1, where six sulfur atoms are located at a distance
of 5.336�5.349 Å. A more likely contribution to the HEXS
scattering peak at 5.9 Å would be a Th�Th interaction involving
a bridging sulfate, similar to that seen in the crystal structure of

Figure 4. Illustration of 2 showing the (a) topology of the 2D sheets that are built fromTh(2)O9 andTh(3)O9 polyhedra connected via sulfate linkages,
(b) chains of Th2O15 dimers linked along [010] by S(1)O4

2- units, and (c) local structure of the Th(1)�Th(1) dimers. Blue polyhedra are Th(IV) in
monocapped square antiprism geometry and yellow polyhedra represent SO4

2- anions. Blue, yellow and red spheres represent Th4+, sulfur, and oxygen,
respectively.

Figure 5. Illustration of 3 showing (a) zigzag chains of [Th(OH)2]n
2n+ that are connected by SO4

2- units into an extended network, (b) a polyhedral
representation of the hydroxo bridged [Th(OH)2]n

2n+ chains and (c) a ball and stick representation of the hydroxo bridged Th(IV) centers.
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K4Th(SO4)4(H2O)2 at 5.884 Å.
13 Assigning an accurate electron

count to the 5.9 Å peak is difficult but the intensity is consistent

with an average of at about 0.2 Th�Th bound in this fashion.
The Th�S correlations observed at 3.19(5) Å, 3.75(3) Å and the
Th�Th correlation at 5.9(2) Å proposed to result from mono-
dentate, bidentate, and bridging sulfate respectively are illu-
strated in Figure 9.
The overall assignment of Th�S interactions, approximately

0.8 with bidentate coordination at 3.19(4) Å, about 0.2 mono-
dentate (either bridging or not) at 3.75 Å, and a possible con-
tribution to the peak at 5.9(2) Å are constrained by the Th:SO4

ratio of 1:1 in solution. The HEXS data measure an average spe-
ciation in solution and therefore the total Th�S interactions can-
not exceed this ratio. Interpreting this constraint is somewhat
complicated by the possible inclusion of Th�Th and Th�S
interactions observed at 5.9(2) Å, which would also contribute to
other observed correlations. In the absence of a series of samples
with varying Th:SO4 ratios, the assignments of the PDF peaks
remain somewhat uncertain. Such a series of data are precluded

Table 3. Results of Fitting the Background Subtracted FT
HEXS Data to a Series of Gaussians, As Shown in Figure 8;
Peak Assignments Are Discussed in the Text

peak position (Å) electrons assignment

2.47(2) 72(2) 9 oxygen

2.91(4) 23(4) 16 hydrogen+

3.19(4) 5.7(10) ∼0.8 sulfur

101 102 total

3.75(3) 20(2) 2 oxygen + ∼0.2 S

4.6(1) 96(5) 11�12 oxygen/waters

5.9(2) 25(8) ∼0.2 Th + sulfur

6.7(2) ∼140

Figure 9. Illustration of the proposed types of Th correlations seen in
solution. TheTh (blue) is surrounded by nineO atoms (red) fromwater
molecules, monodentate, and bidentate sulfate ions (sulfur, yellow).
There is also a Th�Th interaction at 5.9 Å, consistent with that arising
from a bridging sulfate group.13

Figure 6. Polyhedral representation of 3 viewed down the [010]
direction. Chains of hydroxide bridged ThO8 units that run infinitely
down [010] are linked via sulfate ligands along [100] and [001] into a
3D structure. The section bolded above is shown in part a of Figure 4.

Figure 7. Fourier transformed high-energy X-ray scattering (HEXS)
data from the solution that produced 1 (top) after subtraction of
solvent�solvent interactions33,35 compared with a solution pattern of
the Th(IV) aqua ion (bottom).24

Figure 8. Fit (brown) of the PDF obtained from a solution of 1 after
subtraction of solvent�solvent interactions. The peaks represent Th
correlations with other solute and solvent ions. The pattern is fit with a
series of Gaussians attributed to Th�O (blue), Th�H (purple), and
Th�S, O, Th (red) as discussed in the text.
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here because of the insolubility of Th�sulfates under the condi-
tions necessary to obtain HEXS data.

’DISCUSSION

The structures described here exhibit many features consistent
with previously reported Th(IV) sulfates. The Th�O�S bond
angles in 1�3 range from 140.22 to 175.48� and average 152.31�.
Such values are typical for compounds containing monoden-
tate coordinated sulfate groups. Alternatively, Th�O�S bond
angles for chelating bidentate sulfate units such as those found in
Th(SO4)2 3 8H2O

15 or K4[Th(SO4)4(H2O)2]
13 average approxi-

mately 100�. Additionally the distribution of bond distances in
1�3 is comparable to that found in other Th(IV) sulfates. Tho-
rium oxygen bond distances for monodentate coordinated sul-
fate and bound water molecules range from 2.357 to 2.473 Å and
2.438 to 2.505 Å, respectively.

The aqua ion, [Th(H2O)10]Br4, contains ten water molecules
in the first coordination sphere of Th4+.24 By comparison, as
highlighted in Table 4, thorium(IV) sulfates show a distribution
of metal ion coordination numbers with values ranging from 8 to
10. Interestingly, with the exception of K4Th(SO4)4(H2O)2,
bidentate sulfate coordination seems to be coincidental with
higher coordination about the metal center. That is, Th(IV)�
sulfate compounds that contain chelating sulfate units tend to
form ten coordinate complexes. This is likely due to steric effects.

Compounds 1�3 contain sulfate units that bind each Th4+

center exclusively in a monodentate manner. Of the eight known
thorium(IV) sulfates, three (Na2[Th(SO4)3(H2O)3] 3 3H2O,

16

Th(OH)2SO4,
19 and Th3(SO4)6(H2O)6 3H2O

20 contain solely
monodentate Th�SO4 linkages. The remaining five compounds
contain a combination of monodentate and bidentate coordina-
tion. In some cases, differences in metal�sulfate coordination
modes have been attributed to sulfate/metal ratios. For example,
Hennig and co-workers investigated Th(IV)�, U(IV)�,
U(VI)�, and Np(IV)�sulfate systems under ambient conditions
and found that the proportion of monodentate/bidentate
linkages was a function of [SO4

2-]:[Ann+] ratio.11 Sulfate

coordination and the fraction of bidentate linkages were found
to increase with increasing sulfate concentration. Our results are
consistent with this finding. As reported here, the solid state
structure of 1was synthesized at a [SO4

2-]:[Th4+] ratio = 1 and it
contains onlymonodentate linkages. At [SO4

2-]:[Th4+] ratio > 8,
as reported by Hennig, monodentate and bidentate coordination
is observed in solution.11

Metrical analysis of a HEXS pattern obtained from a solution
from which compound 1 crystallizes provide information that
may guide directed syntheses of Th sulfate compounds. For
comparison, in the solid-state structure of 1 Th is also nine
coordinate, bound to the oxygen atoms from two monodentate
sulfate units, instead of the one seen in solution, and seven bound
water molecules, with average bond lengths of 2.379 and 2.468 Å,
respectively . The solution PDF data do not show any splitting of
the first coordination sphere oxygen atoms between those arising
from sulfate and those of water, likely the result of the data resolu-
tion and not from distance averaging in solution. A similar result
was observed in the trigonal bipyramidal coordination of Cm3+,
which has a subshell splitting of 0.092(2) Å determined from the
crystal structure. Solution HEXS data were unable to resolve the
two subshell aqua coordination about the Cm3+, whereas EXAFS
data from the same solution were able to do so but only when
including data out to very large k (Å)�1. Similar to the Th work
herein, the HEXS distance obtained from theCm solution agreed
with the weighted average from the solid-state structure.36

The HEXS data suggest a polynuclear thorium complex in
solution where the two thorium centers are bridged by a mono-
dentate sulfate anion. This type of bridging motif is common to
the solid state structures of the heavier tetravalent actinides U to
Pu,39�41 Zr,42 and Ce(IV)43 of the formula M(SO4)2(H2O)4.
However, an isostructural complex of Th has yet to be reported,
perhaps indicating a break in what one would expect to be a per-
iodic structural family. Additionally, the evidence from the PDF
of solution HEXS data of more distant Th correlations at about
5.9(2) Å is particularly interesting and suggests intermediate-
range organization prior to crystallization. Such behavior has been
previously reported in aqueous solutions from which hydroxo-

Table 4. Summary of the Overall Coordination Number and Environment about the Metal Centers in Currently Known Th(IV)
Sulfatesa

compound Th(IV) CN N SO4
2- Mono N SO4

2- Bi N H2O N OH ref

Th(SO4)2(H2O)6 3 2H2O 10 0 2 6 0 15

Cs2Th(SO4)3(H2O)2 10 2 3 2 0 17

[PIP][Th3(SO4)6(H2O)6] 3H2O 10 5 2 1 0 18

10 5 2 1 0

9 7 0 2 0

[DABCO]2[Th2(SO4)6(H2O)2] 3 2H2O 9 7 0 2 0 18

9 6 0 3 0

K4Th(SO4)4(H2O)2 9 4 1 3 0 13

Na2Th(SO4)3(H2O)3 3 3H2O 9 6 0 3 0 16

Th3(SO4)6(H2O)6 3H2O 9 7 0 2 0 20

Th(H2O)7(SO4)2 3 2H2O 9 2 0 7 0 this work, 25

Th4(SO4)7(H2O)7(OH)2 3 2H2O 9 5 0 2 2 this work, 25

9 7 0 2 0

9 7 0 2 0

Th(OH)2(SO4) 8 4 0 0 4 19
aWe note that [Th(SO4)2(CH4N2O)4(H2O)] 3 2H2O

14 has been omitted from the table as it contains urea ligands in the inner coordination sphere of
Th(IV). PIP is piperazine and DABCO is 1,4-diazabicyclo[2.2.2]octane.
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bridged Th complexes precipitate.44 Although the thermody-
namic stability constants for both Th sulfate and bis(sulfate) are
fairly large (log K approximately 4 and 8, respectively),6,45 thus
indicating strong complexation, it is not possible to assume any-
thing about inner- versus outer-sphere sulfate from these values,
as has been recently demonstrated by HEXS studies of metal ion
correlations in solution.35,37 Following this precedent, a similar
study of Th sulfate correlations in solution as a function of sulfate
ion concentration, when compared with known stability constants,
may provide more detailed information to complement both the
work described herein and previously published EXAFS studies.11

Interestingly, 2 and 3 contain exclusively monodentate sulfate
units despite having been synthesized atmuch higher [SO4

2-]:[Th4+]
ratios than 1. Unlike 1, however, 2 and 3 were synthesized with
heating or under hydrothermal conditions raising the prospect
that temperature plays a role in product formation. Bidentate
chelation of the Th(IV) centers by the sulfate anion requires the
dissociation of the bisulfate anion (HSO4

�). Temperature is
known to impact the properties of solvent water, specifically
the dielectric constant for water decreases with increasing tem-
perature. As such electrolytes that are completely dissociated
under ambient conditions tend to associate with rising solvent
temperature. The dissociation of HSO4

� (pKa ∼2) is tempera-
ture dependent and the degree of dissociation for bisulfate has
been found to decrease with increasing temperature.46 This
would suggest a predominance of monodentate HSO4

� linkages
but instead monodentate SO4

2- units are observed in the crystal
structures of the reported compounds.

Monodentate SO4
2- units formed under acidic conditions,

below the pKa of HSO4
�, are also present in the architecture of

Na2[Th(SO4)3(H2O)3] 3 3H2O.
16 Moreover, the metal�sulfate

coordination mode found in this material cannot be explained by
either [SO4

2-]:[Th4+] ratios or temperature considerations. The
compound reported by Habash and Smith was synthesized at
room temperature at [SO4

2-]:[Th4+] ratios greater than 1 yet the
structure is built from nine-coordinate Th4+ centers bound to six
monodentate sulfate groups and three water molecules. Such
examples indicate that variables other than pH, temperature, and
reactant ratios play a definitive role in product formation. Un-
doubtedly, relative solubilities play a role in crystal formation,
which may not be representative of relative solution speciation.
The structures may also suggest that the ability of the metal ion to
stabilize bisulfate versus sulfate contributes to the coordination
mode of the sulfate unit. If such were the case, we would expect
that the prevalence of monodentate versus chelating bidentate
coordination would decrease with increasing charge density of the
metal ion and more polarizing metal cations would be more likely
to stabilize the SO4

2- anion below its pKa. Hennig et al. examined
aqueous An(IV) sulfate systems under comparable conditions
using EXAFS and found that the spectrum of Th(IV) sulfate
exhibited larger FT peaks from monodentate sulfate as compared
to that of U(IV).11 Moreover, comparison of the EXAFS FT of
Th(IV), U(IV), and Np(IV) sulfate solutions showed an increase
in bidentate sulfate coordination along the series Th(IV)�
U(IV)�Np(IV).9 Such a trend is not entirely discernible upon
examination of reported An(IV) solid state structures, however,
and thus warrants continued investigation.

’CONCLUSIONS

The syntheses a characterization of three thorium sulfates,
Th(SO4)2(H2O)7 3 2(H2O), Th4(SO4)7(H2O)7(OH)2 3H2O, and

Th(OH)2SO4, have been described. In 1�3, the sulfate units
bind each Th4+ metal center exclusively in a monodentate man-
ner. Such coordination has been observed previously in two other
Th(IV) sulfates including Na2[Th(SO4)3(H2O)3] 3 3H2O

16 and
Th3(SO4)6(H2O)6.

20 The structures of the remaining Th4+�SO4
2-

compounds contain a combination of monodentate and chelat-
ing bidentate sulfate coordination. Factors that likely contribute
to the prevalence of monodentate versus bidentate coordination
include [SO4

2-]:[Th4+] ratios, pH, temperature, and the charge
density of the metal cation. However, a general trend that
accounts for the metal�sulfate coordination mode observed in
all of the reported Th�sulfates crystal structures including those
described herein is not yet clear. The coordination behavior of
the sulfate anions to Th in solution prior to the crystallization of 1
highlights the difficulty in predicting speciation and it relation-
ship to stability and solubility. In fact, our inability to rationalize
or predict the coordination mode of the sulfate unit under vari-
ous synthetic conditions emphasizes the need to explore such
systems with much more depth.
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