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THE SHARING OF AN EDGE BETWEEN A URANYL PENTAGONAL BIPYRAMID
AND SULFATE TETRAHEDRON IN THE STRUCTURE OF KNa5[(UO2)(SO4)4](H2O)
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ABSTRACT

The new uranyl sulfate compound KNa5[(UO2)(SO4)4](H2O) has been synthesized and its structure has been determined. It is
monoclinic, space group C2/c, a 16.917(1), b 5.5999(5), c 35.340(3) Å, � 90.437(2)°, V 3347.7(5) Å3, Z = 8. The structure has
been solved and refined on the basis of F2 for all unique data collected with monochromatic MoK� X-radiation and a CCD-based
detector to an agreement factor R1 of 3.6%, calculated using 4981 unique observed reflections (Fo ≥ 4�F). The structure contains
an unusual uranyl sulfate cluster with composition [(UO2)(SO4)4]6–. The cluster is composed of a uranyl pentagonal bipyramid
and four sulfate tetrahedra. Three sulfate tetrahedra are linked to the uranyl pentagonal bipyramid by the sharing of vertices, and
the other shares an equatorial edge of the uranyl pentagonal bipyramid. The uranyl sulfate clusters are linked through bonds to K
and Na cations, and by H bonding. The uranyl sulfate cluster, which was recently also found in two Na uranyl sulfates, is unusual
in the sharing of an edge between a uranyl polyhedron and a M6+O4 tetrahedron.
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SOMMAIRE

Nous avons synthésisé un nouveau composé sulfaté à uranyle, KNa5[(UO2)(SO4)4](H2O), et nous en avons déterminé la
structure. Il s’agit d’une phase monoclinique, groupe spatial C2/c, a 16.917(1), b 5.5999(5), c 35.340(3) Å, � 90.437(2)°, V
3347.7(5) Å3, Z = 8. La structure a été résolue et affinée en tenant compte des facteurs F2 de toutes les données uniques en
diffraction X, prélevées avec rayonnement monochromatique MoK� et un détecteur à charges couplées, jusqu’à un facteur de
concordance R1 de 3.6%, calculé avec 4981 réflexions uniques observées (Fo ≥ 4�F). La structure contient un groupement de
sulfate à uranyle inhabituel, ayant la composition [(UO2)(SO4)4]6–. Le groupement contient une bipyramide pentagonale à uranyle
et quatre tétraèdres de sulfate. Trois de ces tétraèdres sont liés à une bipyramide pentagonale à uranyle par partage de coins, tandis
que le quatrième partage une arête équatoriale d’une de ces bipyramides pentagonales. Les groupements de sulfate d’uranyle sont
liés par liaisons avec les cations K et Na, et par liaisons hydrogène. Le groupement de sulfate d’uranyle, découvert récemment
dans deux sulfates d’uranyle contenant le sodium, est inhabituel à cause du partage d’une arête entre un polyèdre à uranyle et un
tétraèdre M6+O4.

(Traduit par la Rédaction)

Mots-clés: sulfate d’uranyle, cristallochimie de l’uranium, sulfate d’un actinide.
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INTRODUCTION

Uranyl sulfate minerals are important constituents of
many uranium deposits, although they typically are not
abundant. Fifteen uranyl sulfates have been described
as minerals (Mandarino 1999), but many uncertainties
persist concerning their chemical compositions, struc-
tures and properties. Their fine grain-size and occur-
rence as admixtures of species make uranyl sulfates
difficult to study. The structures are known for only four
uranyl sulfate minerals; natural crystals were used to

refine the structures of schröckingerite (Mereiter 1986),
johannite (Mereiter 1982) and uranopilite (Burns 2001),
whereas that of zippeite (Vochten et al. 1995) was re-
ported on the basis of a synthetic crystal.

Uranyl sulfates may significantly control the mobil-
ity of uranium in rocks and aquifers that contain sulfate.
The alteration of nuclear waste could give rise to uranyl
sulfates, owing to the presence of sulfur as an impurity
in some of the steel alloys used in waste containers. As
such, uranyl sulfates may affect the mobility of radio-
nuclides in a geological repository by directly incorpo-
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rating them into their crystal structures. Thus, uranyl
sulfates are of considerable importance from an envi-
ronmental perspective.

Uranyl sulfates are also interesting from a crystal-
chemical point of view, as they combine uranyl polyhe-
dra with M6+O4 tetrahedra (M = S, Cr, Mo). Burns et al.
(1997) noted that the sharing of vertices only between
Ur�n polyhedra and M6+O4 tetrahedra dominates the
structures of such compounds, and that edge-sharing
between Ur�n polyhedra and M6+O4 tetrahedra is very
unusual, with only one example known. Burns et al.
(1997) proposed that the lack of this mode of polymer-
ization is associated with repulsion between the U6+ and
M6+ cations. In contrast, studies of uranyl sulfate com-
plexes in solution indicate that bidentate coordination
of sulfate to uranyl, characterized by a U–S distance of
3.11 Å, is common (Moll et al. 2000). Crystal-structure
analyses of uranyl sulfate compounds have the poten-
tial of providing insight into complexes in solution from
which the crystals grew. In order to gain a more detailed
understanding of the mineralogy and geochemistry of
uranyl sulfates, we have undertaken studies of minerals
from several localities, and synthetic crystals grown
under a range of conditions. The purpose of the current
contribution is to report the synthesis and structure of
the compound KNa5[(UO2)(SO4)4](H2O), and to discuss
the crystal-chemical implications of its unusual struc-
ture.

EXPERIMENTAL

Crystal synthesis

A uranyl sulfate solution was prepared by dissolv-
ing 5.78 g UO3 (Alfa Aesar) in a solution containing 40
mL ultrapure water and 5.2 mL concentrated sulfuric
acid. Five mL of the solution was placed in a test tube,
0.306 g of KHSO4 (Merck) was added, and the pH was
adjusted to 4.0 using sodium hydroxide. The resulting
solution was placed in a Fisher Scientific Isotemp oven
at 70ºC until evaporation was complete. Acicular light
yellow crystals of KNa5[(UO2)(SO4)4](H2O) up to ~1
mm in length were recovered.

Single-crystal X-ray diffraction

An acicular single crystal of KNa5[(UO2)(SO4)4]
(H2O) with dimensions 240 � 40 � 30 �m3 was se-
lected and mounted on a glass fiber, and diffraction data
were collected using a Bruker APEX SMART CCD
diffractometer with a crystal-to-detector distance of 4.7
cm and MoK� X-radiation. A sphere of three-dimen-
sional data was collected using frame widths of 0.3° in
�, with 20 seconds spent counting per frame. The unit-
cell dimensions (Table 1) were refined from 946 reflec-
tions using least-squares techniques. The data were
reduced and corrected for Lorentz, polarization and
background effects using the Bruker program SAINT.

A semi-empirical absorption correction was applied on
the basis of equivalent reflections by modeling the crys-
tal as an ellipsoid, which reduced RINT of 2365 intense
reflections from 6.1  to 4.2%. A total of 34,335 intensi-
ties was collected, of which 6972 were independent,
with 4981 classed as observed reflections (|Fo| ≥ 4�F).

STRUCTURE SOLUTION AND REFINEMENT

The Bruker SHELXTL Version 5 system of pro-
grams was used for the determination and refinement of
the crystal structure. Scattering curves for neutral atoms,
together with anomalous-dispersion corrections, were
taken from International Tables for X-Ray Crystallog-
raphy, Vol. IV (Ibers & Hamilton 1974). The system-
atic absences of reflections observed are consistent with
space groups C2/c and Cc. The structure was solved in
space group C2/c by direct methods, which gave the
positions of the U and S atoms. The Na, K and O atoms
were located on difference-Fourier maps calculated
following refinement of the model. The structure model
included refined atom-coordinates, anisotropic displace-
ment parameters for all atoms, and a weighting scheme
of the structure factors. It was refined on the basis of F2

for all unique reflections, and gave a final agreement
index (R1) of 3.6%, calculated for the 4981 unique
observed (|Fo| ≥ 4�F) reflections. In the final cycle of
refinement, the mean parameter shift/esd was 0.000. The
final atomic coordinates and anisotropic displacement
parameters are given in Table 2; selected interatomic
distances and angles are presented in Table 3. A bond-
valence analysis is presented in Table 4. Observed and
calculated structure-factors are available from the
Depository of Unpublished Data, CISTI, National
Research Council, Ottawa, Ontario K1A 0S2, Canada.
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RESULTS

Cation polyhedra

The structure of KNa5[(UO2)(SO4)4](H2O) contains
a symmetrically unique U site. Consideration of the
geometry of the coordination polyhedron (Table 3) and
the sum of bond-valences incident upon the site (5.99
valence units, vu, Table 4) indicates that the uranium is
hexavalent. The U6+ cation is strongly bonded to two
atoms of O, forming an approximately linear (UO2)2+

uranyl ion (designated Ur) with a <U–OUr> bond-length
of 1.765 Å. The uranyl ion is coordinated by five atoms
of O arranged at the equatorial vertices of a pentagonal
bipyramid that is capped by the OUr atoms. The <U–
Oeq> bond-length of 2.396 Å is in good agreement with
2.37(9) Å, the average value obtained for uranyl pen-
tagonal bipyramids in many well-refined structures
(Burns et al. 1997).

The structure contains four symmetrically distinct
S6+ cations, each of which is tetrahedrally coordinated
by O atoms. The <S–O> bond-lengths range from 1.468
to 1.473 Å, values that are typical of sulfate in solids

(Hawthorne et al. 2000). There are seven low-valence
cation sites in the structure, one of which contains domi-
nantly K, whereas the others contain Na. Refinement of
the site occupancies of these sites indicated that Na(1)
to Na(6) are 100% occupied by Na, whereas the K(1)
site contains 69(1)% K and 31(1)% Na. Substitution of
Na for K in this site is reflected by the relatively large
displacement-parameters for the site, which suggest that
Na assumes a slightly different position than K. The
K(1) site is coordinated by eight ligands, two of which
are H2O groups, with a <K(1)–�> (�: O, H2O) bond
length of 2.892 Å. The Na sites are coordinated by ei-
ther six or seven ligands. The Na(5) coordination poly-
hedron contains the single symmetrically distinct H2O
group in the structure. The <Na–�> bond lengths, which
range from 2.415 to 2.542 Å, are significantly shorter
than the average bond-length for the K(1) polyhedron.

Structure connectivity

Projection of the structure along [010] reveals that it
contains finite clusters of uranyl pentagonal bipyramids
and sulfate tetrahedra, with K and Na cations located
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between the clusters (Fig. 1). The details of the uranyl
sulfate cluster are shown in Figure 2. It involves the link-
age of four sulfate tetrahedra to the equatorial vertices
of the uranyl pentagonal bipyramid, three by the shar-
ing of vertices only, and one by the sharing of an edge.
The U(1)–S(1) separation is only 3.090(1) Å as a con-

sequence of the sharing of polyhedron edges. The ura-
nyl sulfate clusters are linked by bonding to K and Na
cations, as well as by hydrogen bonding associated with
the single symmetrically distinct H2O group, which is
bonded to one Na and one K cation.

DISCUSSION

Burns et al. (1996) developed a structural hierarchy
of uranyl minerals and inorganic compounds that is
based upon the polymerization of polyhedra of higher
bond-valence. The uranyl sulfate cluster found in
KNa5[(UO2)(SO4)4](H2O) places this compound in the
class of structures that are based upon finite clusters of
polyhedra of higher bond-valence. There are relatively
few structures in this class, as there is a strong tendency
for uranyl compounds to adopt structures based upon
sheets of polyhedra, owing to the strongly asymmetric
distribution of bond valences within uranyl polyhedra
(Burns et al. 1997). The uranyl sulfate cluster in
KNa5[(UO2)(SO4)4](H2O) is remarkable in that it in-
volves the sharing of an equatorial edge of the uranyl
pentagonal bipyramid with a sulfate tetrahedron. Until
recently, the only known structure that involved the
sharing of an edge of any tetrahedron containing a
hexavalent cation with a uranyl polyhedron was
K4[(UO2)(SO4)3] (Mikhailov et al. 1977) (Fig. 3).

We have recently found uranyl sulfate clusters that
are topologically identical to that in KNa5[(UO2)
(SO4)4](H2O) in the structures of Na6[(UO2)(SO4)4]
(H2O)2 (Hayden & Burns 2002) and Na10[(UO2)(SO4)4]
(SO4)2(H2O)3 (Burns & Hayden 2002). All three of
these compounds were grown under similar conditions,
specifically by the evaporation of uranyl sulfate solu-
tions in air at 70°C. The rapid growth of mm-sized crys-
tals of these compounds is in contrast to our findings
for most other uranyl sulfates, such as zippeite and re-
lated compounds, for which it is difficult to grow crys-
tals larger than a few tens of �m in maximum dimension
(unpublished results). The existence of clusters involv-
ing the sharing of an edge between a uranyl pentagonal
bipyramid and a sulfate tetrahedron in these structures,
with U–S separations of ~3.1 Å, is consistent with the
presence of uranyl sulfate complexes in solution with
bidentate coordination of sulfate to uranyl, character-
ized by a U–S distance of 3.11 Å, as reported by Moll et
al. (2000). These clusters are apparently stable, despite
the relatively short U–S distance. The absence in min-
erals of any clusters involving the sharing of an edge of
a uranyl polyhedron with any tetrahedron containing a
hexavalent cation is interesting, and could conceivably
reflect the lower stability of such clusters, as compared
to the sheets of polyhedra, which are prevalent.
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FIG. 1. Polyhedral representation of the structure of KNa5[(UO2)(SO4)4](H2O) projected along [010]. Uranyl pentagonal
bipyramids and sulfate tetrahedra are colored yellow and blue, respectively. Na and K cations are shown as black and blue
balls, respectively, and the O atoms of the H2O group are shown as red balls.

FIG. 2. The uranyl sulfate cluster of composition [(UO2)
(SO4)4]6– in the structure of KNa5[(UO2)(SO4)4](H2O).

FIG. 3. The uranyl sulfate cluster of composition [(UO2)
(SO4)3]2

8– in the structure of K4[(UO2)(SO4)3]. Legend as
in Figure 1.
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