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ABSTRACT
Over the past four decades, the number of inorganic oxide and oxy-salt phases containing stoichiometric quantities of
hexavalent uranium has increased exponentially from a few dozen to well over 700, and these structures have become wellknown for their remarkable compositional diversity and topological variability. Considering the entirety of these compounds
(i.e., crystal structures, conditions of synthesis, and geological occurrences) offers significant insight into the behavior of
uranium in the solid state and in the nascent (typically aqueous) fluids. The structure hierarchy approach adopted here aims
specifically to facilitate the recognition of useful patterns in the crystal-chemical behavior of hexavalent uranium (U6þ). This
work represents the third attempt at a structure hierarchy of U6þ compounds, with the first two being those of Burns et al. (1996)
and Burns (2005), which considered 180 and 368 structures, respectively. The current work is expanded to include the
structures of 727 known, well-refined synthetic compounds (610) and minerals (117) that contain stoichiometric quantities of
U6þ. As in the previous works, structures are systematically ordered on the basis of topological similarity, as defined
predominantly by the polymerization of high-valence cations. The updated breakdown is as follows: (1) isolated polyhedra (24
compounds/0 minerals); (2) finite clusters (70 compounds/10 minerals); (3) infinite chains (94 compounds/15 minerals); (4)
infinite sheets (353 compounds/79 minerals); and (5) frameworks (186 compounds/13 minerals). Within each of these major
categories, structures are sub-divided on the basis of increasing connectivity of uranium (nearly always uranyl) polyhedra. In
addition to elucidating common trends in U6þ crystal chemistry, this structure hierarchy will serve as a comprehensive
introduction for those not yet fluent in the domain of uranium mineralogy and inorganic, synthetic uranium chemistry.

Keywords: Structure hierarchy, actinides, crystal chemistry, uranium mineralogy, crystal structures, uranyl ion,
nuclear waste.

INTRODUCTION
The modern societal importance of uranium
originates with the discovery of ﬁssion in 1938 and
the subsequent development of electricity generation
from ﬁssion reactors, as well as the production of
nuclear weapons on a massive scale. The exploration
for, and exploitation of, uranium is important to many
economies around the globe. The use of uranium as an
energy source is almost certain to be a critical part of

§

meeting future global demand, while also serving to
reduce CO2 emissions. Subsurface and aeolian uranium transport are serious ecological threats, and risks
associated with uranium as a radiotoxin and heavy
metal have many potential negative consequences to
human health. The development of safe, long-term
disposal strategies for spent nuclear fuel (~96% UO2)
and other forms of nuclear waste remain largely
unrealized. Recent work has shown myriad examples
of how the remarkably versatile chemistry of uranium
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can be used to develop novel materials, with
potentially useful functional properties. Central to the
safe and effective use of uranium as a resource is our
ability to understand its chemical, mineralogical, and
geochemical behavior.
In the solid state, uranium is most commonly
present in 6þ or 4þ valence states, with 5þ rather rare
and difﬁcult to stabilize in the presence of water. U4þ,
the most common uranium oxidation state in the solid
crust of Earth by volume, forms a relatively small
number of compositionally and structurally simple
mineral species (e.g., uraninite, cofﬁnite, euxenite).
U6þ, although less common overall in the crust, is
essential in nearly 200 mineral species that show an
extensive range of compositions and structures. Owing
to the efforts of mineralogists and synthetic chemists,
the quantity of characterized inorganic compounds of
U6þ has increased nearly exponentially.
Here we present an updated and expanded structure
hierarchy of U6þ compounds, in which inorganic
structures containing U6þ are systematically organized
on the basis of the increasing dimensionality of their
structural units. We limit ourselves to extended
structures, choosing to exclude the structurally diverse
category of uranyl-peroxo nanoclusters that have been
reviewed elsewhere recently (Burns 2011, Qiu &
Burns 2013). This is the third presentation of a
structure hierarchy for inorganic uranyl compounds,
after Burns et al. (1996; 180 structures) and Burns
(2005; 367 structures). The near doubling of known
structures over the past decade alone prompts this
reexamination. This current hierarchy examines the
structures of 727 well-characterized inorganic crystal
structures containing U6þ, 117 of which are minerals.
Consistent with the basic classiﬁcation scheme proposed in the previous structure hierarchies, these are
placed into ﬁve structural classes that are based on the
dimensionality of polymerization within their structural units: isolated polyhedra (24 compounds, no
minerals), ﬁnite polyhedral clusters (70 compounds, 10
minerals), inﬁnite chains (94 compounds, 15 minerals), inﬁnite sheets (353 compounds, 79 minerals), and
frameworks (186 compounds, 13 minerals). The
number of species with sheets and frameworks has
grown considerably since 2005. Where possible,
subdivisions are introduced to further highlight
structural comparisons and facilitate the extraction of
useful information.
The structure hierarchy approach
The concept of the structure hierarchy has existed
for nearly a century, and was codiﬁed by Hawthorne
(1983) who stated, ‘‘crystal structures may be ordered
or classiﬁed according to the polymerization of those

coordination polyhedra (not necessarily of the same
type) with the higher bond valences.’’ This concept has
been applied to the development of hierarchies for
several mineral groups, such as silicates, uranyl oxidehydroxides (Burns et al. 1996, Burns 2005), copper
oxysalts (Eby & Hawthorne 1993), borates (Hawthorne et al. 1996), berrylates (Hawthorne & Huminicki 2002), sulfates (Hawthorne et al. 2000), and
phosphates (Huminicki & Hawthorne 2002). More
recently, Hawthorne (2014) states that a structure
hierarchy has two functions: (1) to coherently organize
knowledge of crystal structures; and (2) to facilitate
the recognition of linkages between the mechanistic
details of crystal stability and behavior and the
interaction of those features with the environment.
This structure hierarchy is compiled with this explicitly in mind. The categories initially proposed by
Burns et al. (1996) and Burns (2005) are retained;
however, we attempt to create useful sub-divisions
within these categories to facilitate recognition of
common topological features within a wide array of
structures. It is also noteworthy that the striking
increase in the number of known structures in certain
categories (particularly frameworks) necessitates the
implementation of some degree of sub-division, as
grouping such a large number of structures together
seems in violation of Hawthorne’s proposed functions.
It is noted that the function of this structure hierarchy
of uranyl phases differs profoundly from those
developed for the other oxyanion mineral phases in
that the number of known uranyl phases continues to
increase rapidly. Hence, it serves not only as an
epistemological tool, but also (hopefully) as a source
of inspiration to synthetic chemists.

URANYL COORDINATION POLYHEDRA
In nearly all crystal structures, U6þ occurs as the
collinear uranyl ion, UO22þ. This ion consists of a
central U6þ cation that is triple-bonded to two apical
oxygen atoms with short bond distances of ~1.8 Å
(Fig. 1). The U–Oyl bonds provide between 1.6 and 1.7
vu to the oxygen atom, nearly satisfying its bond
valence requirements. Thus, the yl oxygen atoms are
most often terminal, interacting with low-valence/
highly-coordinated cations or (H2O) present in the
interstitial complex. The formal charge of the uranyl
ion is þ2, which impacts its incorporation into
coordination polyhedra. In these, ligands (usually
anions) are located in an equatorial plane that is
perpendicular to the axis of the uranyl ion, such that
bipyramidal polyhedra result with the uranyl ion
oxygen atoms deﬁning the bipyramid apices. In the
majority of structures, oxygen (as O, OH, or H2O) is
the coordinating ligand; however, compounds with
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FIG. 1. Uranyl (Ur) coordination polyhedra observed in the compounds discussed in this work. Top row: uranyl bipyramids [(a)
square, (b) pentagonal, and (c) hexagonal] containing only single anions at each equatorial position [U ¼ O2–, (OH)–, (H2O),
Cl, Br, F]. Bottom row: three conﬁgurations of uranyl hexagonal bipyramids with peroxide (O2) at the equatorial positions
[(d) Ur(O2)2U2, (f–g) graphical isomers of Ur(O2)3].

variable numbers of equatorial halogens are also
known (e.g., Nazarchuk et al. 2011).
Three types of coordination polyhedra are commonly observed: (1) square bipyramids (four equatorial ligands), (2) pentagonal bipyramids (ﬁve
equatorial ligands), and (3) hexagonal bipyramids
(six equatorial ligands); these are illustrated in Figure
1. Burns et al. (1997a) examined ~100 well-reﬁned
U6þ structures and discussed the distribution of
observed bond lengths in each coordination polyhedron in detail, and derived reﬁned bond-valence
parameters, focusing only on polyhedra in which all
of the equatorial ligands are O, (OH), or (H2O). Burns
(2005) updated the inventory of bond lengths and

angles to 222. The ﬁndings from these works are
brieﬂy summarized here, as aspects are germane to the
discussions below.
A bimodal distribution of bond lengths is observed
for uranyl pentagonal and hexagonal bipyramids. For
both, the U–Oyl bond lengths in the uranyl ion are
signiﬁcantly shorter than the U–Oeq bonds. The
average [7]U6þ–Oyl is 1.793 Å (r ¼ 0.035 Å); [7]U6þ–
Oeq is 2.368 Å (r ¼ 0.100 Å). The average [8]U6þ–Oyl
is 1.783 (r ¼ 0.030 Å); U6þ–Oeq is 2.460 Å (r ¼ 0.107
Å).
The situation regarding [6]U6þ is more complicated.
Most commonly, the UO22þ cation is coordinated by
four equatorial ligands with an average U–Oyl of 1.816
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Å (r ¼ 0.050 Å) and U–Oeq of 2.264 (r ¼ 0.064 Å).
However, well-reﬁned structures also contain U6þ in
regular (or distorted) octahedral coordination, where
the average bond lengths are ~2.1 Å. Further, in at
least two reported structures (Wu et al. 2009, Unruh et
al. 2010), [6]-coordinated U6þ adopts an unusual
tetraoxido core, wherein the four equatorial bonds of
the octahedra are short, at ~1.8 Å, and the polar bonds
are long, at ~2.3 Å.
Furthermore, [6]U6þ coordination geometries range
between the speciﬁc cases of uranyl square bipyramids, tetraoxido, and octahedral, deﬁning coordination
geometry structural pathways (Weng et al. 2012). The
corresponding U–O bond valences for the three most
common uranyl coordination polyhedra, given in
Burns (2005) using the parameters of Burns et al.
(1997a), are shown in Figure 1a–c and listed here:
[6] 6þ
U –Oyl ¼ 1.59 valence units (vu), [6]U6þ– Oeq ¼
0.71 vu, [7]U6þ–Oyl¼ 1.64 vu, [7]U6þ–Oeq ¼ 0.53 vu,
[8] 6þ
U –Oyl ¼ 1.67 vu, [8]U6þ–Oeq ¼ 0.44 vu. Hence, the
signiﬁcant residual bond valence to the equatorial
anions results in the tendency for uranyl polyhedra to
polymerize, forming structures with higher dimensionality (i.e., chains, sheets, and frameworks).
The uranyl ion readily bonds with the peroxide
molecule (O2), forming hexagonal bipyramids with O2
at the equatorial anion positions. The resulting
polyhedra have the general formula [Ur4(O2)xU6–2x],
and those observed in the structures presented in this
work are illustrated in Figure 1e–g. Research over the
past decade (Kubatko & Burns 2006a, Kubatko et al.
2007, Unruh et al. 2009) has shown that these peroxide
coordination polyhedra may occur in synthetic,
extended inorganic structures of varying dimensionality (i.e., isolated polyhedra, ﬁnite clusters, and sheets).
Inﬁnite chains of edge-sharing di-peroxide polyhedra
occur in two known mineral phases: studtite and
metastudtite (Burns & Hughes 2003). Further, the
uranyl peroxide polyhedra are essential to the
formation of an ever-growing class of discrete, soluble
nanostructured materials referred to as uranyl peroxide
nanoclusters (see Qiu & Burns 2013 and references
therein).
Although rare in compounds containing U6þ, one or
both of the yl oxygen atoms occasionally bridge to
other uranyl ions, with the interaction referred to as a
cation-cation interaction (CCI) for historic reasons
(Sullivan et al. 1961). The current work lists 21
structures with cation-cation interactions in Table 18
and illustrates these in Figure 19. Cation-cation
interactions are much more common in Np5þ compounds, owing to the decreased electrostatic repulsion
as well as the weaker bonds in the Np(V) neptunyl
cation (Forbes et al. 2008).

THE POLYMERIZATION

OF

URANYL POLYHEDRA

Crystal structures can be divided into two components: (1) the structural unit, which consists of the
strongly bonded, usually anionic, portion of the
structure, and (2) the interstitial complex, which
consists of the weakly bonded, usually cationic,
portion of the structure. Following the approach
proposed by Hawthorne (1983) and previous uranyl
oxo-structure hierarchies (Burns et al. 1996, Burns
1999a, Burns 2005), structures of inorganic compounds are arranged here on the basis of increasing
topological dimensionality and complexity of the
structural unit. The structural units readily separate
into ﬁve classes that are deﬁned by the dimensionality
of polyhedral connectedness in the structural unit.
Isolated clusters (0-dimension) consist of isolated
uranyl polyhedra that share no polyhedral elements
with any other uranyl polyhedra or polyoxo-anions.
Finite clusters (also 0-dimensional) contain one or
more uranyl polyhedra linked to various oxyanions, or
in some cases, groups of linked uranyl polyhedra.
Inﬁnite chains (1-dimensional) contain chains of
uranyl polyhedra either linked directly to one another
or via a ligand polyhedron, or both, such that they
extend to inﬁnity. Inﬁnite sheets involve the polymerization of uranyl and other high-valence cation
polyhedra in 2-dimensions. Frameworks show polymerization of uranyl polyhedra and other higher
valence cation polyhedra in 3-dimensions.

CHEMICAL

STRUCTURAL TRENDS
CRYSTAL CHEMISTRY

AND

IN

URANYL

Figure 2a shows the systemic changes in the
number of known inorganic phases that contain U6þ
over the past 75 years and demonstrates the nearly
exponential increase in the number of synthetic phases
starting in the early-to-mid 1990’s. The number of
minerals whose structures and compositions have been
characterized has also increased substantially since
this time (nearly 300%), but now represents only about
15% of the total uranyl phases known. Figure 2c
illustrates the relative frequency of compounds in
which uranyl is paired with various ligands; larger
circles represent a larger number of known compounds. Research into the synthetic inorganic chemistry of uranyl has been heavily inﬂuenced by the
potential interaction of nuclear waste with groundwater in a geological repository. As such, it is likely that
the compositional distribution of phases in Figure 2b
exhibits a bias for chemical species that are common
constituents of natural groundwater (e.g., SiO44–,
CO32–, SO42–, PO43–, Liþ, Naþ, Kþ, Mg2þ, and Ca2þ)
and nuclear waste packages (e.g., IO3–, Mo, Csþ, Ba2þ,
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FIG. 2. General information regarding the known U6þ compounds. (a) Changes in the number of characterized U6þ compounds
(synthetics and minerals) since the year 1950. (b) Changes in the number of U6þ placed in the structural classes since the
publication of hierarchy of Burns (2005). (x) Relationship between the frequency (circle size) and composition of the 727
U6þ discussed in this work.

and Sr2þ). Certain elements, common in spent nuclear
fuel from light water reactors, such as the lanthanides,
are currently under-represented, although research in
this area appears to be increasing steadily (Pobedina &
Ilyukhin 1997, Chapelet-Arab et al. 2005, 2006, Mer
et al. 2012).
Figure 2b shows the evolution of structure types
since the hierarchy of Burns (2005). The structures in
which the uranyl ion occurs in sheets continue to
dominate the inventory; the next most extensive class,

frameworks, has nearly 130 fewer members. The
number of sheet- and framework-bearing species has
increased far more than the other, less-polymerized
classes (although more than 60 uranyl peroxide clusters
are excluded from consideration here). The number of
sheets has less than doubled, whereas the number of
frameworks has more than tripled. Previously, the
development of sub-classes for framework structures of
uranyl compounds received no attention, as they were
both few in number and topologically difﬁcult to group
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TABLE 1. U(VI) COMPOUNDS WITH STRUCTURES CONTAINING ISOLATED POLYHEDRA

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Van Duivenboden & Ijdo (1986); (2) Ijdo (1993b); (3) Wolf & Hoppe (1987); (4) Wolf & Hoppe (1985);
(5) Wolf & Hoppe (1986); (6) Wilson et al. (2011); (7) Tutov et al. (1991); (8) van den Bossche et al. (1987); (9) Anson
et al. (1996); (10) Knyazev et al. (2011); (11) Roof et al. (2010b); (12) Fischer (2003); (13) Debets (1968); (14)
Crawford et al. (2004); (15) Lychev et al. (1986); (16) Zehnder (2008); (17) Alcock (1968); (18) Kubatko et al. (2007);
(19) Nyman et al. (2010).

in a coherent manner. However, as will be elaborated
upon in subsequent text, the proliferation of framework
structures has prompted development of a more
sophisticated framework classiﬁcation scheme.
In the recent past, compounds incorporating halogens
(F–, Cl–, Br–) at equatorial positions of uranyl polyhedra
have been synthesized. To date, there are 56 oxyhalogen
uranyl compounds with reported structures. In general,
these elements tend to occur in lower-dimensionality
structures, but the oxyhalogen uranyl compounds are
well represented in all ﬁve of the structural classes; of
the 56, 21% have isolated polyhedra, 27% have ﬁnite
clusters, 14% have inﬁnite chains, 32% have sheets, and
5% are framework structures.

STRUCTURES CONTAINING ISOLATED POLYHEDRA
There are 24 compounds (Table 1) for which the
structural unit consists solely of isolated uranyl

polyhedra (as illustrated in Fig. 1), corresponding to
only 3.3% of the total U6þ structures; none are
minerals. Only uranyl square (14 compounds) and
pentagonal bipyramids (ﬁve compounds) occur isolated in these structures.
UrU4 polyhedra (Fig. 1a) in these structures have
either the composition UrO4 or UrX4 (X ¼ Br–, Cl–).
Seven compounds contain equatorial halogen atoms
(Cl–, Br–, F–), yet no polyhedra have mixed oxygen
and halogen ligands. The isolated UrU4 polyhedra
occur in either anhydrous or hydrous structures.
Wilson et al. (2011) investigated this issue for the
aqueous (UO22þ)–Br system. These authors compared
structural information derived from single crystal Xray diffraction and high-energy X-ray scattering
(HEXS) data for an aqueous precursor and found no
compelling evidence for the occurrence of (UO2)Br4
aqueous complexes.
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Three compositions of isolated UrU5 polyhedra
(Fig. 1b) are listed in Table 1: Ur(H2O)5, Ur(H2O)3X2
(X ¼ Br, Cl), and UrX5 (X ¼ F). All but one of these
contain (H2O) as one or more equatorial ligands.
K2(UO2)F5 is the only compound with an isolated
pentagonal bipyramid as well as a cation in the
interstitial complex. In the structures of [(UO2)X2
(H2O)3] (X ¼ Cl, Br), the individual polyhedra are
stabilized solely by a network of hydrogen bonds
between equatorial (H2O) and Cl (or Br) atoms of
adjacent polyhedra. These structures are the only
known inorganic uranyl dihalides, of which there are
many other examples with organic molecules in the
interstitial complexes (see Crawford et al. 2004 and
references therein).
The structures of [(UO2)(H2O)5](ClO4)2(H2O)2 and
[(UO2)(H2O)5](ClO4)2 both contain the perchlorate ion
(ClO4–) as isolated interstitial polyhedra and are
synthesized in low temperature environments. This is
consistent with the observation that interactions
between uranyl and perchlorate ions are unlikely in
aqueous environments, although other solid-state
structures suggest otherwise (see below).
The uranyl hexagonal bipyramid does not occur as
isolated polyhedra in any known extended structure.
However, structures are known to contain isolated diperoxide ([Ur(O2)U2]; one compound; Fig. 1e) and triperoxide ([Ur(O2)3]; four compounds; Fig. 1g) hexagonal bipyramids; these are also listed in Table 1. The
isolated di-peroxide hexagonal bipyramid occurs in the
compound Na6[(UO2)(O2)2(OH)2](OH)2(H2O)14, and
here the peroxo linkages occur in the equatorial plane
in a trans conﬁguration. The two non-peroxide
equatorial anion positions are occupied by (OH). In a
tri-peroxide hexagonal bipyramid, all six equatorial
anion positions are occupied by the peroxide molecules (Fig. 1g) in the four compounds listed in Table 1.

STRUCTURES CONTAINING FINITE CLUSTERS
POLYHEDRA

OF

Finite clusters of polyhedra consist of a grouping of
either vertex-sharing or edge-sharing polyhedra (or
both) that do not polymerize in any direction.
Currently, there are 70 known U6þ compounds that
contain ﬁnite clusters of polyhedra, an increase from
the 43 structures discussed in Burns (2005). Despite
this increase, only ﬁve new clusters have been added
(although the large family of uranyl peroxide cage
clusters is excluded from discussion here).
The general formula for ﬁnite clusters in U6þ
compounds and minerals is designated UrxLy, where
Ur is the uranyl cation in any coordination and L is an
oxo-anion such as PO4, SO4, or SiO4. We distinguish
between two types of L polyhedra: bridging and non-
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bridging. Bridging ligand polyhedra are elementsharing with more than one U6þ polyhedron, whereas
non-bridging ligand polyhedra are terminal. The
subscripts x and y denote the number of U6þ and
ligand polyhedra in the cluster. We use this notation to
facilitate hierarchical classiﬁcation. Structures are
grouped on the basis of the value of x and are subordered on the basis of y. This approach naturally
groups graphical isomers and facilitates the comparison of structures that may be related by addition (or
deletion) of ligand polyhedra.
The majority of synthetic compounds containing
either isolated polyhedra (Table 1) or ﬁnite clusters
(Table 2) were prepared in aqueous media, at either
room temperature or under mild hydrothermal conditions (,100 8C). Hence, there may be a relationship
between the conformation of the polyhedral unit of
ﬁnite polyhedral clusters in the aqueous and crystal
matrices. In aqueous solution, the uranyl ion is well
known to interact strongly with many species of
counterions, such as halogens (Wilson et al. 2011),
hydroxides (Soderholm et al. 2007), carbonate (Nguyen-Trung et al. 1992, Allen et al. 1995, Clark et al.
1995), nitrate (Nguyen-Trung et al. 1992, de Jong et
al. 2005), sulfate (Moll et al. 2000, Neuefeind et al.
2004, Hennig et al. 2007), selenate (Sladkov 2010),
arsenate (Rutsch et al. 1999), and phosphate (Sandino
& Bruno 1992).
Graphical representations of ﬁnite clusters
The topological complexity of crystal structures can
often be reduced to its essential elements using a
graphical representation. Following the methodology
initially proposed by Hawthorne (1983) and Hawthorne
et al. (1996), implemented by Burns (2005) for uranyl
compounds, the graph of each ﬁnite cluster is drawn
(Fig. 3). Each is constructed by representing Ur and L
polyhedra as solid black and solid white circles,
respectively. A solid line depicts every anion common
to more than one polyhedron; as such, vertex-sharing
and edge-sharing between polyhedra are represented by
single and double lines connecting the corresponding
circles, respectively.
U1Ly-type ﬁnite clusters of polyhedra
Ten topologically unique clusters of polyhedra
containing one uranyl polyhedron form the structures
of 70 compounds listed in Table 2 and illustrated in
Figure 3. These clusters may be decorated by either
vertex- or edge-sharing polyhedra. The anhydrous
structure of Cs2[(UO2)Cl3(NO3)] contains a ﬁnite
cluster of the type U1L1 (Fig. 3a). Here three of the
ﬁve equatorial ligands are Cl– that are non-bridging,
whereas two O2– serve to bridge the triangular NO3 to
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TABLE 2. U(VI) COMPOUNDS WITH STRUCTURES CONTAINING FINITE CLUSTERS OF POLYHEDRA
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TABLE 2 (CONTINUED). U(VI) COMPOUNDS WITH STRUCTURES CONTAINING FINITE CLUSTERS OF
POLYHEDRA

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
b
Structure contains multiple cluster types.
References: (1) Nazarchuk et al. (2011); (2) Krivovichev (2008a); (3) Fischer (2003); (4) Taylor & Mueller (1965); (5)
Dalley et al. (1971); (6) Hughes & Burns (2003b); (7) Shuvalov & Burns (2003); (8) Zehnder et al. (2005); (9) Goff et
al. (2008); (10) Mereiter (1982b); (11) Mereiter (1986a); (12) Mayer & Mereiter (1986); (13) Mereiter (1986e); (14)
Mereiter (1986f); (15) Plášil et al. (2013); (16) Li & Burns (2001a); (17) Mereiter (2013); (18) Juan et al. (2010); (19)
Kubatko & Burns (2004b); (20) Serezhkin et al. (1983); (21) Anderson et al. (1980); (22) Mereiter (1986d); (23)
Krivovichev & Burns (2004b); (24) Mereiter (1988); (25) Mereiter (1986c); (26) Li et al. (2001b); (27) Li & Burns
(2002); (28) Krivovichev & Burns (2004a); (29) Kubatko & Burns (2004a); (30) Effenberger & Mereiter (1988); (31)
Vochten et al. (1994); (32) Zalkin et al. (1989); (33) Backer & Mudring (2010); (34) Belomestnykh et al. (2011); (35)
Jouffret et al. (2011); (36) Kapshukov et al. (1971); (37) Belomestnykh et al. (2011); (38) Krivovichev & Burns (2003g);
(39) Krivovichev & Burns (2002b); (40) Krivovichev & Burns (2002a); (41) Bray et al. (2006); (42) Hayden & Burns
(2002a); (43) Burns & Hayden (2002); (44) Hayden & Burns (2002b); (45) Kampf et al. (2014); (46) Krivovichev &
Burns (2001a); (47) Behm (1985); (48) Crawford et al. (2004); (49) Aberg (1969); (50) Wilson et al. (2011); (51) Huys
et al. (2010); (52) Ivanov et al. (1982); (53) Kubatko et al. (2007); (54) Kubatko et al. (2007); (55) Karimova & Burns
(2007); (56) Perrin (1976); (57) Villa et al. (2013a); (58) Mikhailov et al. (1977); (59) Krivovichev & Burns (2003c); (60)
Plášil et al. (2014b); (62) Unruh et al. (2009). (63) Aberg (1978); (64) Aberg (1976); (65) Perrin (1977); (66) Perrin &
Le Marouille (1977).

the uranyl ion. The structure of the compound
(H2O)2[(UO2)(SeO4)(H2O)3] contains a graphically
isomeric cluster (Fig. 3b); here the ligand polyhedron
is of irregular geometry.
The UL2-type cluster shown in Figure 3c in
[(UO2)(ClO4)2(H2O)3] contains two perchlorate anions

that vertex-share with a uranyl pentagonal bipyramid.
This compound is the only example of a direct linkage
between U6þ and (ClO4)–, and its synthesis in
concentrated perchloric acid suggests that high activities of (ClO4)– are required to promote the formation of
this linkage. Whereas it is generally assumed that
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FIG. 3. Finite clusters (graphical and polyhedral representations) of polyhedra observed to occur in the 79 U6þ compounds listed
in Table 2. As with all following ﬁgures, U6þ are shown in yellow, and ligand polyhedra are colored according to geometry
with TU4 tetrahedra (blue-purple), DU3 triangles (pink), irregular DU3E tetrahedra (light green), where E corresponds to
lone-pair electrons, and regular MU6 octahedra (orange). Green spheres indicate Cl– anions.
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FIG. 3. Continued.

perchlorate does not coordinate uranyl in aqueous
solution, the existence of [UO2(ClO4)2(H2O)3] suggests
caution with this interpretation, especially at high
perchlorate concentrations.
In the structures of four different types of hydrous
uranyl nitrates, there are two graphical isomers of UL2type clusters with the formula (UO2)(NO3)2O2 (Fig.
3d–e). In both, a central uranyl hexagonal bipyramid
shares two equatorial edges with two triangular nitrate
polyhedra. In the structure of [(UO2)(NO3)2(H2O)2]
(H2O), the decorating NO3 triangles are located cis to
each other (Fig. 3e), whereas in (UO2)(NO3)2(H2O)x (x
¼ 2, 3, 6), they are in a trans conﬁguration (Fig. 3d).
Each of the non-bridging equatorial ligands in these
clusters is (H2O). The ﬁnite cluster found in the
compounds [K 4 [U(CO 3 ) 2 O 2 (O 2 )](H 2 O) 2 . 5 and
K4[UO2(O2)(CO3)2](H2O)] is graphically isomeric
with the cis UL2-type. There are two signiﬁcant
differences: (1) (CO3) triangles substitute for the
(NO3) triangles, and (2) a peroxide molecule (shown
as red spheres in Fig. 3f) occurs at the position of the
remaining two equatorial anions.
The UL3-type cluster, with formula (UO2)(DO3)3
(Fig. 3g) (where D ¼ C4þ or N5þ), is, by a signiﬁcant
margin, the most common ﬁnite cluster topology
observed, occurring in 28 compounds (eight minerals
and 20 synthetics). The cluster is always anhydrous,
yet the interstitial complex of the structure is often
hydrous: 13 of these structures are anhydrous, whereas
15 are hydrous. This is the most common mode for
(CO3) incorporated into the structures of uranyl
compounds, occurring in 23 of the 31 total uranyl
carbonate phases. Further, of the 11 known uranyl
mineral phases containing carbonate, eight are based
on these clusters. The analogous tri-nitrate cluster,

(UO2)(NO3)3, occurs in only ﬁve synthetic compounds.
All synthetic compounds that contain the uranyl
triscarbonato cluster formed from aqueous solutions,
and minerals containing it dissolve readily in water
(e.g., Finch & Murakami 1999). As such, crystals grow
due to the prevalence of the [(UO2)(CO3)3]4– complex
in the nascent solution. Carbonates are among the most
well-characterized of the uranyl complexes, occurring
as (UO2)(CO3)n where n ¼ 1, 2, 3. These have been
studied by EXAFS, O-17/C-13 NMR, Raman, and IR
spectroscopy (Nguyen-Trung et al. 1992, Allen et al.
1995, Clark et al. 1995) and are stable at near-neutral
to alkaline pH. The tricarbonates result from evaporative conditions where the pCO2 is well above
atmospheric levels. In contrast, the monocarbonates
(rutherfordine, joliotite, blatonite, urancalcarite, and
wyartite) appear to precipitate from fresh water with
elevated pCO2 values. In phases where the isolated
complex occurs, the solubility is relatively high.
Where the carbonate is present in chain or sheet
structural units (see below), the compounds are less
soluble. Analogous nitrates are also known in synthetic
compounds but have received less attention (NguyenTrung et al. 1992, de Jong et al. 2005). These have no
mineral analogues, likely owing to their very high
solubility (e.g., the uranyl nitrate hexahydrate solubility is 2.5 M).
Ten structures contain U1L4-type clusters. The
cluster found in the isostructural compounds
X2[(UO2)(NO3)4] (X ¼ Rb, (NH4)2) (Fig. 3h) bears a
topological similarity to that shown in Figure 3d, but it
also shares vertices with two additional triangular
polyhedra, also in trans conﬁguration. The UL4-type
cluster shown in Figure 3i consists of a central uranyl
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square bipyramid in which each of the four equatorial
vertices are shared with tetrahedral polyhedra. The
structures of K8[(UO2)(CrO4)4](NO3)2, Cs6[(UO2)
(MoO4)4], and Rb6[(UO2)(MoO4)4] contain graphically isomeric clusters; however, the structures in which
they occur are not isotypic. The structure of
Na 2 [(UO 2 )(IO 3 ) 4 (H 2 O)] contains the cluster
(UO2)(IO3)4(H2O) (Fig. 3j), which is the only example
of a ﬁnite cluster containing polyhedra with a lone-pair
stereoactive cation, curiously enough crystallizing in a
chiral space-group.
The cluster shown in Figure 3k occurs in the three
uranyl sulfates listed in Table 2. Each was grown
under relatively low temperature (~70 8C) hydrothermal conditions, indicating that the cluster is
sufﬁciently stable to overcome the electrostatic
repulsion expected between the U6þ and S6þ cations
owing to their shared polyhedral edge. This is
consistent with work showing the existence of mono(Neuefeind et al. 2004) and bi- (Hennig et al. 2007)
dentate uranyl sulfate complexes in low-temperature
aqueous solutions. Of further interest, Hennig et al.
(2007) also presented DFT calculations that suggested that mono- and bidentate uranyl sulfate complexes
in aqueous solution differ energetically by only ~16
kJ, approaching the limit of the uncertainty of the
DFT calculation.
The cluster occurring in belakovskiite, Na7[(UO2)
(SO4)4(SO3OH)](H2O)3, is shown in Figure 3l. Here, a
central uranyl cation is in pentagonal bipyramidal
coordination; four equatorial anions are vertex-sharing
with four (SU4) tetrahedra, with the remaining
equatorial anion position occupied by (H2O).
Only one isolated UL5 cluster topology is observed,
which occurs in Na6[(UO2)(MoO4)4] (Fig. 3m). It
consists of a central uranyl pentagonal bipyramid
wherein each equatorial anion is shared with a MoO4
tetrahedron. The UL16 cluster is also unique, occurring
only in the complex borate structure of K6[(UO2)
(B16O24)(OH)8](H2O)12 (Fig. 3n); it is the most highly
decorated ﬁnite cluster known. The uranyl hexagonal
bipyramid is centered in an [8]-membered ring of
vertex-sharing borate tetrahedra, four of which are
connected to uranyl polyhedra via edge sharing. An
additional [8]-membered ring of borate triangles links
to the borate tetrahedra via vertex-sharing; the
terminal anions on the BO3 groups are (OH) groups.
Despite its topologic complexity and high degree of
connectivity, this structure crystallizes under aqueous
conditions at room temperature.
Ux.1Ly-type ﬁnite polyhedral clusters
Isolated ﬁnite clusters also occur in which
multiple uranyl polyhedra are either bridged by an

additional polyhedron or are linked directly via the
sharing of vertices or edges. Most are dinuclear
clusters, with x ¼ 2 (15 structures); there are six
structures with clusters wherein x . 2. The simple
clusters are of U2L0-type, with two uranyl pentagonal
bipyramids linking via edge-sharing (Fig. 3o–q, 7
structures). The ﬁrst four clusters of this type listed in
Table 2 contain two halogen ions at non-bridging
uranyl polyhedra equatorial positions (one per
polyhedron), with the non-halogen equatorial position being occupied by either (H2O) or (OH). None of
these compounds contain interstitial cations, hence
the structures are stabilized only by hydrogen bonds
emanating from the clusters. The structure of
Ni[(UO2)F4(H2O)7] contains a cluster with the same
topology shown in Figure 3o; however, in this
structure, two uranyl ions are bridged by two F
anions, with the remaining three vertices of each of
the uranyl pentagonal bipyramids also occupied by
F–. The peroxide-bearing structures K6[(UO2)(O2)2
(OH)]2(H2O)7 and Na2Rb4[(UO2)2(O2)5](H2O)14 both
contain topologically similar U2L0 clusters of edgesharing dimers of uranyl peroxide hexagonal bipyramids. In the cluster observed in K6[(UO2)(O2)2
(OH)]2(H2O)7 (Fig. 3p), the two uranyl polyhedra are
di-peroxide types and are bridged by two (OH)
groups. In the cluster observed in Na 2 Rb 4
[(UO2)2(O2)5](H2O)14 (Fig. 3q), the two clusters are
tri-peroxide types and are bridged by the peroxide
ligand.
Of the three uranyl perrhenates currently known,
the structures of two are based on ﬁnite clusters (the
third being an inﬁnite chain structure). The compound
[(UO2)(ReO4)2O(OH4)(H2O)7](H2O)5 (Table 2) contains clusters with two different topologies. One
consists of two edge-sharing uranyl pentagonal
bipyramids that are decorated by two vertex-sharing
tetrahedra (one per cluster; Fig. 3r). The other consists
of a trimer of edge-sharing uranyl pentagonal bipyramids with one equatorial anion bridging to a single
(ReO4) tetrahedron (Fig. 3aa).
The unusual cluster in Figure 3s is found only in
[(UO2)2(OH)2(NO3)2(H2O)3](H2O). This is the only
ﬁnite cluster that contains uranyl ions in both
pentagonal and hexagonal bipyramidal coordinations,
linked by a shared edge. Two of the remaining
equatorial edges on the hexagonal bipyramid share
edges with (NO3) groups. The two bridging oxygen
atoms are (OH) and the remaining three ligands are
(H2O). The structure contains no interstitial cations,
and is thus held together solely by hydrogen bonding.
The structure of Ba2[(UO2)2(HPO3)4](H2O)5 contains
the unique ﬁnite cluster shown in Figure 3t. Here, the
two uranyl pentagonal bipyramids are linked directly
by vertex-sharing. Two irregular polyhedra of hydro-
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phosphite (HPO3) groups further link the polyhedra,
(1) via vertex-sharing, and (2) via edge-sharing.
The ﬁnite clusters illustrated in Figure 3u through
3w contain two uranyl pentagonal bipyramids that are
linked by two vertex-sharing polyhedra. In Figure 3u,
the tetrahedra are (SO4) groups, and two additional
tetrahedra are located at the opposite ends of the
uranyl cluster. The (SO4) tetrahedra are edge sharing
with the uranyl polyhedra, and this cluster is found in
the anhydrous structure of K4[(UO2)(SO4)3]. In the
U2L6-type cluster illustrated in Figure 3v, four
additional tetrahedra are linked to the uranyl core via
the sharing of vertices; two equatorial anions (one per
bipyramid) are non-bridging. This cluster is found only
in the structures of Na[(UO2)(ReO4)3](H2O)2. A
graphical isomer of this cluster, with the non-bridging
tetrahedra located at different equatorial anion positions (Fig. 3w) is found in the structure of Na3Tl3
[(UO2)(MoO4)4]. Attaching two additional vertexsharing tetrahedra to the non-bridging equatorial
anions results in the cluster topology observed in the
synthetic compounds Na3Tl3[(UO2)(MoO4)4] and
Na6[(UO2)(MoO4)4] as well as bluelizardite, Na7
[(UO2)(SO4)4]Cl(H2O)2(Fig. 3x).
Clusters in which x . 2
There are only four cluster topologies in which
more than two uranyl polyhedra are directly linked;
three have x ¼ 3, whereas the fourth has x ¼ 4. The
U3L0-type cluster that occurs in the peroxide-bearing
structure of K2(Mg(H2O)6)4[(UO2)3(O2)](H2O)2 is
illustrated in Figure 3y and consists of a linear,
vertex-sharing trimer of uranyl hexagonal peroxide
polyhedra. This cluster consists of two uranyl triperoxide hexagonal dipyramids (cf. 2f) bridged by a
central cis di-peroxide hexagonal dipyramid (cf. 2e).
The non-peroxide anions of the central di-peroxo
polyhedron link directly to the peroxo-anions of the
tri-peroxo polyhedrons at either side. It is noteworthy
that this is the only peroxide-bearing compound
(extended or caged cluster) to polymerize by vertexsharing of a peroxide molecule.
The ﬁnite clusters shown in (Fig. 3z and 3aa) both
consist of trimers of edge-sharing uranyl pentagonal
bipyramids; the U3L0 cluster in the structure of
[(UO2)3O(OH)3(H2O)6](NO3)(H2O)4 and the U3L1
cluster in the structure of [(UO2)4(ReO4)2O(OH)4
(H2O)7](H2O)5 differ only in the presence of a single
vertex-sharing tetrahedral decoration. In both structures the non-bridging equatorial ligands are (H2O)
groups. In the former structure, the (NO3) triangles are
located within the interstitial complex where they are
only attached to the cluster via hydrogen bonds
emanating from it. The only cluster topology in which
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a ¼ 4 has the stoichiometry (UO2)4U10 and is shown in
Figure 3ab. This cluster is always observed to contain
halogen ions. It occurs in the structures of three
compounds, [(UO 2 ) 4 Cl 2 O 2 (OH 2 )(H 2 O) 6 ](H 2 O) 4 ,
Rb 4 [(UO 2 ) 4 O 2 Cl 8 (H 2 O) 2 ](H 2 O) 2 , and K 2 [(UO 2 ) 4
Cl4O2(OH)2(H2O)4](H2O)2; curiously, none of these
are isostructural. The ﬁrst is held together by H
bonding from the interstitial complexes, whereas the
latter two are stabilized by both H bonds and linkages
to interstitial cations.

STRUCTURES CONTAINING INFINITE CHAINS
OF URANYL POLYHEDRA
Burns (2005) listed 57 compounds (14 unique chain
topologies) containing inﬁnite chains consisting of
uranyl polyhedra, whereas there are currently 94
compounds (23 chain topologies) known (Table 3).
Burns (2005) noted that the increased number of chain
structures since the publication of Burns et al. (1996)
was largely attributable to research focused on the
crystal chemical behavior of ligands based on
tetrahedrally coordinated Mo6þ, S6þ, and Cr6þ and
lone-pair stereoactive Se4þ and I5þ cations, all of
which seem to promote the formation of inﬁnite
chains. With respect to lone-pair stereoactive cations,
43% of uranyl compounds containing these have chain
structural units, however 45% have sheets; hence, the
structural role of lone-electron-pair stereoactivity
remains ambiguous. Below, we separate structures
based on the connectivity of uranyl polyhedra. With
respect to inﬁnite chains, there are three categories: (1)
chains based on the polymerization of only uranyl
polyhedra; (2) chains based on the inclusion of
bridging ligand polyhedra between uranyl polyhedra;
and (3) chains based on the linking of discrete clusters
of uranyl polyhedra.
Graphical representation of inﬁnite chains
Similar to the approach taken with respect to ﬁnite
clusters, the topological complexity of inﬁnite chains
can be effectively reduced to its essential elements by
a graphical approach. For inﬁnite chains, only a single
repeatable unit of the chain is represented, and color
distinguishes between bridging (black) and nonbridging ligand polyhedra (red) (Fig. 4).
Chains based on vertex sharing uranium polyhedra
Structures in this category contain chains based on
U polyhedra that directly share either a vertex or an
edge; these are shown in Figures 4a to 4m. In chains
where polyhedral decorations are present (Figs. 4b–c,
f, l, m), they are designated as non-bridging, as their
removal does not disrupt the connectedness of the
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TABLE 3. U(VI) COMPOUNDS WITH STRUCTURES CONTAINING INFINITE CHAINS BASED
OF URANIUM POLYHEDRA
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TABLE 3 (CONTINUED). U(VI) COMPOUNDS WITH STRUCTURES CONTAINING INFINITE CHAINS BASED OF
URANIUM POLYHEDRA

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Wolf & Hoppe (1986); (2) Loopstra & Rietveld (1969); (3) Kovba (1972); (4) Sterns et al. (1986); (5)
Roof et al. (2010a); (6) Roof et al. (2010a); (7) Alekseev et al. (2007a); (8) Forbes et al. (2007); (9) Shishkina et al.
(2001); (10) Plášil et al. (2012b); (11) Taylor & Wilson (1974); (12) Swihart et al. (1993); (13) Bean et al. (2001b); (14)
Burns & Hughes (2003); (15) Deliens & Piret (1983); (16) Ivanov et al. (1981); (17) Nguyen et al. (1981); (18) Bean et
al. (2002); (19) Allpress & Wadsley (1964); (20) Bean et al. (2001c); (21) Bean & Albrecht-Schmitt (2001); (22)
Mereiter (1982c); (23) Krause et al. (1995); (24) Pushcharovsky et al. (1996); (25) Tali et al. (1993); (26) Guesdon et
al. (2002); (27) Krivovichev & Burns (2003h); (28) Ginderow & Cesbron (1983b); (29) Almond & Albrecht-Schmitt
(2002a); (30) Fawcett et al. (1982); (31) Tabachenko et al. (1979); (32) Plášil et al. (2015); (33) Ling et al. (2010b);
(34) Tanner & Mak (1999); (35) Mercier et al. (1985); (36) Gesing & Ruscher (2000); (37) Krivovichev & Kahlenberg
(2005c); (38) Krivovichev & Kahlenberg (2005a); (39) Alekseev et al. (2005a); (40) Ginderow & Cesbron (1983a); (41)
Koskenlinna et al. (1997); (42) Mistryukov & Mikhailov (1983); (43) Krivovichev & Burns (2003e); (44) Krivovichev &
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TABLE 3. (CONTINUED).
Burns (2003g); (45) Krivovichev & Burns (2003c); (46) Plášil et al. (2013d); (47) Vlček et al. (2009); (48) van der
Putten & Loopstra (1974); (49) Zalkin et al. (1978); (50) Krivovichev & Burns (2003f); (51) Serezhkin & Trunov (1981);
(52) Serezhkin et al. (1981b); (53) Marukhnov et al. (2008b); (54) Brandenburg & Loopstra (1973); (55) Sykora et al.
(2004a); (56) Sykora et al. (2002a); (57) Sykora et al. (2002b); (58) Sykora et al. (2002a); (59) Karimova & Burns
(2007); (60) Alekseev et al. (2011); (61) Krivovichev & Burns (2001a); (62) Krivovichev & Burns (2002a); (63)
Alekseev et al. (2006a); (64) Yagoubi et al. (2011); (65) Alcock et al. (1980); (66) Siidra et al. (2012b); (67) Mills et al.
(2008); (68) Shvareva et al. (2005c); (69) Villa et al. (2013a); (70) Serezhkina et al. (2009); (71) Almond et al. (2002b);
(72) Almond & Albrecht-Schmitt (2004); (73) Burns (2000); (74) Locock et al. (2005a); (75) Burns (2001b); (76)
Gurzhiy et al. (2009).

corresponding chain. Figures 4a through 4c contain
chains based on corner-sharing uranium polyhedra.
The basic undecorated [UO5] chain, formed where
octahedrally coordinated U6þ cations are successively
linked by trans anions of the octahedron (Fig. 4a),
occurs in seven structures listed in Table 3. In each of
these, the U6þ cation occurs in relatively undistorted
octahedra, in which bond lengths range from ~2.0 Å
to 2.2 Å (mean ~2.1 Å); short bonds associated with
the linear uranyl ion are absent. The structure of
Cs2[(UO2)O(MoO4)] (Fig. 4b) also consists of the
basic corner-sharing [UO5] chain; however, in this
instance the linking vertices are in a cis arrangement to
the centrally coordinated U6þ atom. This chain
contains non-structural decorating polyhedra
(MoO42–) that link every third polyhedron in the
chain, and it has a bond-length distribution consisting
of two short (~1.8 Å) bonds located on directly
opposite sides of the U6þ cation and four long (~2.3–
2.4 A) bonds, typical of the uranyl ion.
The mineral adolfpateraite, K[(UO2)(SO4)(OH)]
(H2O), as well as the isostructural compounds
X[(UO2)(SO4)(OH)(H2O)] (X ¼ K, Rb) contains the
only well-characterized isolated chain of cornersharing uranyl pentagonal bipyramids (Fig. 4c). Here
(SO4) anions link adjacent uranyl polyhedra, resulting
in a zigzagged kink in the chain. The bridging anion is
(OH) and the remaining equatorial ligands, not bonded
to another element of the chain, are (H2O). Figures 4d
through 4g show chains based on a single-width of
edge-sharing uranyl polyhedra. The structures of
[(UO 2 )Cl 2 (H 2 O)] (Fig. 4d) and moctezumite,
Pb[(UO2)O3(Te2O3)] (Fig. 4e), each contain edgesharing uranyl pentagonal bipyramids. In [(UO2)Cl2
(H2O)], uranyl polyhedra are bridged by [2]Cl– ions.
The chain is hydrous, with (H2O) groups at the nonbridging equatorial position. The chain is electroneutral and the structure is stabilized by H-bonds
emanating from the equatorial (H2O) groups and
linking to the Cl anions on an adjacent chain. In
moctezumite, one of the few anhydrous uranyl
minerals, each pentagonal bipyramid in the chain is

decorated by edge-sharing [Te4þO4] and cornersharing [Te4þO3] oxyanions, forming the structural
unit [(UO2)O3(Te2O3)]2–. The moctezumite chains are
arranged to form pseudo-sheets that are held together
by [6]-coordinate Pb2þ in the interstitial complex that
weakly bond to the –yl oxygen atoms and the oxygen
atoms of the Te4þ polyoxoanions.
The chain illustrated in Figure 4f occurs in the
structure of [UO2(IO3)2] and consists of edge-sharing
uranyl hexagonal bipyramids. Lone-pair stereoactive
(IO3)– groups decorate two of the equatorial edges (in
trans conﬁguration; cf. 3d) of each bipyramid. The
structure is anhydrous and contains no interstitial
complex; it is stabilized only by weak electrostatic
interactions occurring between the I5þ ion and the yl
O2– of the adjacent chain.
Studtite, [(UO2)(O2)(H2O)2](H2O)4, and its lesshydrated form metastudtite, [(UO 2 )(O 2 )(H 2 O) 2 ]
(H2O)2, are the only minerals known to contain the
peroxide (O2)2– anion. The structures of both are based
on inﬁnite chains of edge-sharing uranyl hexagonal
bipyramids that are bridged by the peroxide group
(Fig. 4g). The chain is hydrous and electroneutral, with
two equatorial (H2O) groups on each uranyl polyhedron. H bonds emanating from the chains that link to
interstitial (H2O) groups stabilize the structure. When
viewed parallel to the (O¼O) axes, a distinct kinking of
the chain is observed with a U–O2–U dihedral angle of
~1268. This feature, a characteristic of the uranyl
peroxo-system, has been exploited to develop a novel
class of compounds, uranyl peroxo cage clusters
(Burns 2011, Qiu & Burns 2013), where the curvature
induced by the O2 ligand ultimately forms spherical
cage clusters with diameters ranging from ~1.4 to ~3
nm. Further, a considerable amount of work has been
done to develop a more extensive catalogue of
extended structures wherein the uranyl ion is coordinated by the peroxide ligand (Kubatko & Burns 2006a,
Kubatko et al. 2007) (see below). The peroxide in
studtite and metastudtite results from the alpharadiolysis of water in uranium-rich geochemical
environments (Kubatko et al. 2003).
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The compounds Ni(H2O)6[(UO2)2F7)2] and Na3
(H2O)6[(UO2)2F7] contain the chain shown in Figure
4h, which is the only single-width chain that contains
uranyl polyhedra linked by both edge- and cornersharing. The chain is anhydrous, with all equatorial
positions of the uranyl bipyramids corresponding to F–
anions. In the structure of Ni(H2O)6[(UO2)2F7)2], H
bonds emanating from the (H2O) of the Ni(H2O)6
interstitial complex link to the structural unit. In
contrast, in the structure of Na3(H2O)6[(UO2)2F7], the
chain is directly bonded to Na in the interstitial
complex, with additional stabilizing H bonding from
(H2O) groups bonded to the Na.
The chains in the structures of Cs 2[(UO2) 3
Cl2(IO3)(OH)O2)](H2O)2 (Fig. 4i), (Li(H2O)2)[(UO2)2
Cl3O(H2O)] (Fig. 4j), and Cs0.9(UO2)OCl0.9 (Fig. 4k)
are all greater than one uranyl polyhedron wide and the
equatorial ligands are dominated by chlorine. Each chain
consists of somewhat irregularly shaped uranyl pentagonal bipyramids that link together predominantly via
edge-sharing. The adjacency of the two large Cl– anions
(radii ~1.8 Å; Shannon 1976) appears to possibly
facilitate the observed distortion of the uranyl polyhedra.
The two similar chains shown in Figures 4l and 4m
occur in the closely related compounds X[(UO2)2
(IO 3 ) 2 O 2 ](H 2 O) (X ¼ Ba, Sr, and Pb) and
X2[(UO2)3(IO3)4O2] (X ¼ Rb, Tl, K). Both chains are
anhydrous and contain fragments of more complex
uranyl oxyhydrate sheets. For example, these chains
are fragments of extended sheet topologies found in
structures based on the sayarite topology and b-U3O8type sheets, receptively. It is noteworthy that this chain
is only known to exist with two electron lone-pair
stereochemically active (IO3) decorations, suggesting
that the lone-pair conﬁguration may limit polymerization in the second dimension.
Chains containing bridging ligand polyhedra
All chains present in this category contain bridging
ligand polyhedra. As such, these ligand polyhedra
contribute directly to the structure of the chain – if
these were to be removed, the chains would no longer
be inﬁnite. Similar to the approach taken for the
organization of ﬁnite clusters, we distinguish between
groups of chains based on the UxLyþz form of the
smallest repeat unit, where the subscript y þ z
distinguishes the number of bridging and non-bridging
ligand polyhedra, respectively.
The U1L2þz-type chain and its structures
The topologically simplest chain that contains
uranyl polyhedra bridged through other ligand polyhedra is the U1L2þz chain. In this chain type, the uranyl
ion is either in square (Figs. 4n–o) or pentagonal (Figs.
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4p–s) bipyramidal coordination. In the former, each
equatorial anion is linked to a bridging polyhedron and
z ¼ 0; whereas, in the latter, one of the ﬁve equatorial
anions does not link to a bridging polyhedron and may
link to a non-chain-forming ligand (z ¼ 0 and 1). In
these types, ligands can be regular tetrahedra (e.g.,
AsO4, MoO4, SeO4) or irregular, lone-electron-pairbearing (SeO3). The structure of the compound
[UF2O2(SbF5)3] contains the unique UL2 chain type
illustrated in Figure 4p. Here, all anion positions
(except those in the –yl positions) are occupied by F–,
and the ligand polyhedra are regular-shared SbF6
octahedra.
The U1L2þz chain occurs in 28 known structures
(including ﬁve minerals), none of which are isostructural. A greater number of phases are known to contain
the pentagonal (19 compounds) than the square (nine
compounds) bipyramids. Chains of this type are
sufﬁciently versatile to allow their incorporation into
crystals with diverse structures and compositions. We
speculate that some of the stability of these chain types
results from: (1) the low degree of cation-cation
repulsion that would originate from an edge-sharing
connectivity; (2) the lack of steric constraints imposed
on the ligand polyhedra – either tetrahedra, triangles,
or modiﬁed electron lone-pair stereoactive tetrahedra
are possible; and (3) the ability of cations with various
formal valences to satisfy the local bond valence
requirements of the bridging anion. For instance, the
bonding conﬁguration at the bridging oxygen is [X]U6þ
–U ¼ [Y]Mbþ, where X is either 6 or 7. As discussed
above, the bond valence contribution to U from U6þ is
either 0.44 (X ¼ 6) or 0.53 vu (X ¼ 7) and from M can
be approximated as b/Y. Commonly observed b/Y
values are 1.25 (for As5þO4 and P5þO4), 1.50 vu (for
S6þO4 and Mo6þO4), and 4/3 ¼ 1.33 vu (for Se4þO3).
Where X ¼ 6, the incident bond valence sums are 1.69,
1.94, and 1.77 vu, respectively; where X ¼ 7, they are
1.78, 2.03, and 1.86 vu, respectively. Two of these
conﬁgurations, [4]S–O–[6]U and [4]S–O–[7]U, result in
bond valence sums that are sufﬁciently close to 2.0
(required for the most common case where U ¼ O2–)
that a stable conﬁguration exists. The other conﬁgurations are sufﬁciently close to 2.0 that modest
reductions in bond lengths or donation of incident
bond valence from cations (or H bonds) in the
interstitial complex results in stable conﬁgurations.
Examples of each of these compositions are listed in
Table 3. Further, Figure 4n (inset) illustrates that the
U1L2þz chain can either adopt a conﬁguration wherein
an approximate mirror plane bisects the chains, or a
[2]-fold axis extends along its axis. The UL2 chain may
also twist in a helical fashion, as is observed in the
structure of Na13–xTl3x[(UO2)(MoO4)3]4(H2O)6–x.
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FIG. 4. Inﬁnite chains (graphical and polyhedral representations) consisting of polyhedra of uranium and other high-valence
cations that occur in the 97 compounds listed in Table 3.

The U2L2 chain and its structures
The U2L2 chain, shown in Figure 4t, is the second
most common chain topology amongst all the
structures listed in Table 3, occurring in 10 structures
in which bridging ligands are all tetrahedra and the
uranyl ion is always in pentagonal bipyramidal

coordination. This chain is not observed to contain
decorating tetrahedra, but it often contains (H2O) at
equatorial positions of the uranyl polyhedra. In
contrast to the U1Lx chains, the U2L2 chains contain
tetrahedra that bridge three individual uranyl pentagonal bipyramids. The compositional variability
observed in the U2L2 chains (Table 3) shows that

STRUCTURE HIERARCHY OF HEXAVALENT URANIUM COMPOUNDS

FIG. 4. Continued.
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they are also relatively free from steric and
compositional constraints and can accommodate a
wide range of geometries and compositions. It is
noteworthy that in all U2L2 chain-type structures, the
interstitial complexes are devoid of cations, and
hence each of these structures is stabilized by H
bonds. In all the U2L2 structures, H bonds emanate
from both the structural unit and the interstitial
complex; however, in the structure of [(UO2)(SO4)]
(H2O)2.5, the only H present is as (H2O) in the
interstitial complex.
Four conformational variants of the U2L2 chains are
observed in the corresponding compounds listed in
Table 3; these are illustrated (in the order discussed
below) in Figure 4t. The ﬁrst type occurs in the
structures of [(UO2)(SO4)(H2O)2.5], [(UO2)(SO4)
(H 2 O) 2 ](H 2 O) 0.5 , [(UO 2 )(SO 4 )(H 2 O) 2 ] 2 (H 2 O) 3 ,
[(UO2)(CrO4)(H2O)2], and [(UO2)(CrO4)(H2O)2]4
(H2O)9 and in it the apical anions of successive ligand
tetrahedra point directly out of the plane of projection
(i.e., in the same direction). Hence, a (pseudo) glide
plane runs along the chains axis and is related to the
orientations of the tetrahedral ligands. In the second
chain type, which occurs in the structures of
[(UO2)(CrO4)(H2O2](H2O), [(UO2)(CrO4)(H2O)2]4
(H2O)9, [(UO2)(CrO4)(H2O)2](H2O)5.5, [(UO2)(CrO4)
(H2O)2](H2O), and [(UO2)(CrO4)(H2O)2]4(H2O)2, the
tetrahedra are oriented such that their 4 axes are all
perpendicular to the plane of the projection. In the
third chain type, which occurs only in the structure of
[(UO2)(SeO4)][(D2O)1.65(H2O)0.35], the apical anions
of successive tetrahedra alternate in orientation
(denoted UDUDUD in Figure 4t). In the second and
third chain type, a (pseudo) [2]-fold screw axis
operates along the chain axis (with the repeat distance
corresponding to the distance between every third
uranium atom). Note that these structures differ only
by the (H2O) content of the interstitial complexes. The
fourth chain occurs in the structure of [(UO2)(SO4)
(H2O)2](H2O)1.5, and has an unusual UUDDUUDD
orientation pattern of successive tetrahedra.
U2L4þz chains
The double-width chains shown in Figures 4u
through 4y have the general formula U2L4þz (where z
denotes the number of non-chain-forming polyhedra).
These chains, although having signiﬁcantly different
graphical representations, are dominated by vertexsharing between uranyl polyhedra and other bridging
ligand polyhedra. The structure of K 3 [(UO 2 ) 2
(IO3)6(IO3)](H2O) contains a U2L4þ2 chain, where
uranyl pentagonal bipyramids are linked by vertexsharing with lone-pair electron stereoactive (IO3)
polyhedra (Fig. 4u). Both the U2L4þ2 and U2L2 chains

consist of uranyl pentagonal bipyramids arranged in a
similar (zig-zag) manner. However, in the U2L4þ2
chain, each chain-forming ligand polyhedron is [2]coordinated with respect to uranyl pentagonal bipyramids, whereas in the U2L2 chain the ligand polyhedra
are each [3]-coordinated. Also, in comparison with the
other U2L4þz chains shown (Fig. 4v–y; see below), any
two adjacent bipyramids in the chain are bridged by a
single ligand polyhedron.
The U2L4þz-type chains shown in Figures 4v
through 4y are all based on pairs of uranyl pentagonal
bipyramids that are cross-linked to each other by two
strongly bonded polyhedra. This basic unit is highlighted by the grey box in Figure 4v; note the
topological similarity to the ﬁnite clusters shown in
Figures 3s–t; these pairs are, in turn, bridged by
vertex-sharing with additional polyhedra along the
chain length to form the resulting inﬁnite chain. In the
structures of Rb[UO2(CrO4)(IO3)(H2O)] (Fig. 4v) and
X2[UO2(CrO4)(IO3)2] (X ¼ Rb, Cs, K) (Fig. 4w), the
dimeric units are bridged by (IO3) polyhedra. Here, the
lone electron pairs associated with the bridging (IO3)–
groups are directed towards each other and the central
chain axis, an usual behavior not observed in other
chains that contain lps-elements (cf. 4l–m, u). In the
structure of [(UO2)2(ReO4)4(H2O)3] (Fig. 4x), these
dimeric units are linked via additional monomeric
uranyl pentagonal bipyramids. This structure contains
no interstitial complexes and the only (H2O) group is
located at an equatorial position of a uranyl polyhedron. Lastly, in the structure of Ba[(UO2)2(As2O7)3]
pairs of bipyramids are linked by pyroarsenate groups,
and in this anhydrous phase, the chains (Fig. 4y) are
arranged in parallel to form pseudo sheets, held
together by Ba2þ ions.
Chains based on clusters of vertex-sharing uranyl
polyhedra
There are six chain topologies that include discrete
clusters of directly linked uranyl polyhedra that are
further linked by bridging polyhedral ligands along
one dimension to form inﬁnite chains (Figs. 4z–4ah).
We designate the basic stoichiometry of these types of
chains as X[(UxLy)Lz], where x and y are the number of
uranium atoms and ligand polyhedra in the cluster,
respectively, and z is the number of bridging ligand
polyhedra that are involved in linking the clusters
together. The superscript X indicates whether the
cluster is oriented transvers (T) or longitudinal (L) to
the chain axis. Hierarchically, we organize these
chains on the basis of the cluster topology, i.e.,
increasing values of x and y. As the cluster is entirely
deﬁned by the connectivity of uranyl polyhedra, all
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ligand polyhedra within the clusters (those described
by subscript y) are designated as non-bridging.
Figures 4z and 4aa show two variants of the
[L]
[(U2L2)L2] chain. The former occurs in the structures of X6[(UO2)2O(MoO4)4] (X ¼ K, Rb) and the
latter occurs in Rb 6 [(UO 2 ) 2 O(WO 4 ) 4 ] and
Cs[(UO2)2(MoO4)3(MoO5)]. Both of these chains are
based on vertex-sharing dimers of uranyl pentagonal
bipyramids. In both, the dimer is bridged by two
tetrahedra. Further, both chains contain non-bridging
ligands that link the dimeric uranyl polyhedra. This
type of conﬁguration is not observed in any other
chain, possibly due to the strain resulting from the
deformation of adjacent bipyramids that is required to
accommodate the linking tetrahedra. In the chain
shown in Figure 4aa, the uranyl polyhedra in the
dimeric cluster are linked by vertex-sharing MoO4
polyhedra and edge-sharing MoO5 polyhedra. This
conﬁguration is topologically related to the ﬁnite
cluster shown in Figure 2t.
The [L][(U2L0)L2]-type chain (Fig. 4ab) occurs in
the structure of K2[(UO2)F2(SO4)]H2O; here the
uranyl polyhedra are bridged by F– ions and (H2O)
groups are located at the non-bridging equatorial
positions. Adding two edge-sharing polyhedra to the
dimers results in the [L][(U2L2)L2]-type chain shown in
Figure 4ac (and 4ad). This basic chain occurs with
either L ¼ TO4 (e.g., CrO4, PO4) or L ¼ DO3E (e.g.,
SeO3) in ﬁve synthetic compounds [X2(UO2)(CrO4)2
(X ¼ K, Rb); Cs[(UO2)Ga(PO4)2], and Sr[(UO2)
(HPO3)2](H2O)2)], as well as lakebogaite (CaNa
(Fe3þ)2[(H(UO2)2(PO4)4(OH)2](H2O)8). In the compounds where L ¼ SeO3 [Na3(H3O)[(UO2)(SeO3)]2
(H 2 O), Sr[(UO 2 )(SeO 3 )] 2 (H 2 O) 2 , and Sr[(UO 2 )
(HPO3)](H2O)2] the lone electron pairs (E) point away
from the chain axis (Fig. 4ad).
Figures 4ae and 4af show [T][(U2L2)L2] type chains.
These chains contain the same cluster observed in the
longitudinal [L] chains, rotated 908. Here the edgesharing ligands become bridging, whereas the vertexsharing ligands become decorating; this results in
double-wide chains. This chain type occurs with L ¼
SeO3E(X[(UO2)(SeO3)2]; X ¼ Ca, Sr) and L ¼ TO4
tetrahedra in the structure of the minerals parsonite
[Pb 2 [(UO 2 )(PO 4 ) 2 ] and hallmondite [Pb 2 [(UO 2 )
(AsO4)2](H2O)n].
The complex chain shown in Figure 4ag occurs in
the isostructural anhydrous compounds X8[(UO2)4
(WO4)4(WO5)2] (X ¼ Rb, Cs) and has the general
stoichiometry (U4L3)L3. It consists of tetrameric
clusters of vertex-sharing uranyl polyhedra that
coordinate a central WO5 pyramid. The basic fourmembered cross-shaped topology observed in these
chains is also observed in the unusual sheets found in
mathesiusite (Fig. 12n) and the synthetic compounds

K8[(UO2)8(MoO5)3O6] (Fig. 9ah) and Cs6[(UO2)4
(W5O21)(OH)2(H2O)2] (Fig. 12o). The chain shown
in Figure 4ah has the general formula [T][(U6L0)L1] and
is only observed in uranopilite, [(UO 2 ) 6 (SO 4 )
O2(OH)6(H2O)6]. Here complex clusters of six edgesharing uranyl pentagonal bipyramids are linked by a
solitary sulfate tetrahedron in which all the apexes
participate in linking the chain. In each cluster there
are six (OH) and six (H2O) groups. This complex
structure is devoid of interstitial cations or (H2O)
molecules. As such, its stability is solely maintained
by the complex array of H bonds that link adjacent
chains. If the uranopilite chain was extended perpendicular to the axis, the zippeite-type sheet (see Fig.
9aa) would be generated.

STRUCTURES CONTAINING INFINITE SHEETS
POLYHEDRA

OF

URANYL

A total of 353 compounds (47%) containing
stoichiometric quantities of U6þ have structural units
based on inﬁnite sheets of polyhedra, making this the
most commonly observed type of structural unit in
uranyl compounds (Tables 4–11). These sheets contain
U6þ (nearly always as the uranyl ion) and (commonly)
other high-valence cations. The preponderance of
sheet structures was also observed in previous
hierarchies of Burns et al. (1996) and Burns (2005)
where they were noted to occur in 24% and 55% of
known compounds of U6þ, respectively. The incorporation of uranyl polyhedra into sheet structures is a
consequence of the residual bond valences of the
apical yl oxygen atoms being sufﬁciently low (~0.3
vu) to preclude bridging to additional uranyl polyhedra
in the third dimension, whereas the residual bond
valences of the equatorial anions are sufﬁciently high
(~1.5 vu) that the opposite is true. Thus, successive
linkages with other uranyl polyhedra and/or with
polyhedra containing other high-valence cations results in inﬁnite sheets. These commonly incorporate
different chemical species and occur with remarkable
compositional and topological diversity.
The current hierarchy builds upon the classiﬁcation
proposed by Burns et al. (1996) and Burns (2005),
relying heavily on the concept of a sheet-anion
topology. To reveal the sheet-anion topology of nearly
any polyhedral sheet, all cations and (most often) yl
oxygen atoms associated with uranyl polyhedra, as
well as other non-bridging anions, are removed and
lines are drawn to link the remaining anions, up to
distances of ~3.5 Å. In doing this, for example, a
uranyl pentagonal bipyramid becomes simply a
pentagon. The array of lines connecting the anions
deﬁnes the anion topology in three dimensions,
although projection onto a two-dimensional plane is
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TABLE 4. (CONTINUED). U(VI) COMPOUNDS WITH SQUARE SHEETS DOMINATED BY VERTEX-SHARING
WITH {4.4.4.4} GRAPHS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Roof et al. (2010a); (2) Kampf et al. (2010); (3) Ling et al. (2011); (4) Gebert et al. (1978); (5) Reis et
al. (1976); (6) Loopstra & Rietveld (1969); (7) Siegel et al. (1972a); (8) Cremers et al. (1986); (9) Sawyer (1972); (10)
Kovba (1971); (11) Taylor & Bannister (1972); (12) Morosin (1978); (13) Fitch et al. (1983); (14) Fitch et al. (1982);
(15) Locock et al. (2004a); (16) Fitch & Fender (1983); (17) Ross & Evans (1964); (18) Rastsvetaeva et al. (2008);
(19) Alekseev et al. (2005c); (20) Miller & Taylor (1986); (21) Locock et al. (2004b); (22) Yakubovich et al. (2008); (23)
Fitch & Cole (1991); (24) Locock & Burns (2003b); (25) Makarov & Ivanov (1960); (26) Plášil et al. (2009); (27) Plášil
et al. (2010a); (28) Locock & Burns (2003c); (29) Plášil et al. (2010b); (30) Locock et al. (2005b); (31) Pushcharovskii
et al. (2003); (32) Khosrawansazedj (1982a); (33) Khosrawan-Sazedj (1982b); (34) Locock et al. (2005c); (35) Linde
et al. (1980); (36) Ling et al. (2009); (37) Locock & Burns (2003f).

necessary for illustration. Taking this approach for
many sheets, nearly all can be placed into one of
several categories on the basis of which geometric
shapes occur and the speciﬁcs of their arrangement,
and this is how structures are grouped here (i.e., sheets
consisting of triangles-pentagons; triangles-squarespentagons; triangles-squares-pentagons-hexagons;
hexagons-triangles; and miscellaneous shapes). These
categories are further subdivided on the basis of the
connectivity of uranyl polyhedra (i.e., sheets of uranyl
polyhedral clusters, sheets of linked chains of uranyl
polyhedra, and sheets formed by the polymerization of
uranyl polyhedra). Such subdivisions are useful in that
they allow more structure to be imposed upon the
increasingly populous sheet category, facilitating both
the comparison of known structures and the addition of
new ones. We add the category of ‘complex sheets’ to
the current hierarchy, into which those sheet structures
that contain multiple linked sheets are placed.
A noteworthy exception to the sheet-anion topology classiﬁcation scheme described above is the large
group of sheets based on vertex-sharing clusters. For
these sheets, the sheet-anion topology approach fails to
effectively differentiate between the subtle topological
differences that exist. Thus, these are hierarchically
organized on the basis of nodal connectedness as
explained below.
Sheets dominated by vertex-sharing polyhedra
Tables 4 through 6 list the 140 compositionally
distinct compounds that contain sheets that are solely

based on the linkage of polyhedra via vertex sharing
(i.e., with no sharing of polyhedral edges). Classifying
these structures in a useful fashion is challenging, as
the topological variability distinguishing each sheet is
remarkably subtle and, in contrast, the chemical
variability is extensive. A cursory examination of the
structures listed in Tables 4–6 shows that the uranyl
ion may by present as both uranyl square and
pentagonal bipyramids, although the latter is signiﬁcantly more common. Ligand polyhedra are predominantly tetrahedral, occurring mostly as regular
tetrahedra (PO43–, AsO43–, MoO42–, SO42–, CrO42–,
SeO42–), and less often as irregular tetrahedra
containing an electron lone-pair at one vertex (e.g.,
IO3, SeO3) or tetrahedra with a protonated vertex
(HPO3, HSeO3).
Consistent with the approach taken by Burns
(2005), the structures dominated by vertex-sharing,
where no polyhedra of the same cation species share
any vertex, are hierarchically organized on the basis of
the connectedness parameter, s, initially proposed by
Krivovichev & Burns (2003a). Krivovichev (2004)
showed that sheet topologies dominated by vertexsharing can be effectively represented with graphical
nets, wherein each net consists of two node types.
Black nodes represent the uranyl ion and white nodes
represent the ligand polyhedra, and a single line drawn
between these nodes represents a shared vertex.
Krivovichev (2004) showed that it is possible to
represent any topology in this manner. The resulting
graphs will contain rings of linked nodes. Such graphs
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TABLE 5. (CONTINUED).
Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (—)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
b
Mineral: Leydetite.
References: (1) Krivovichev et al. (2002a); (2) Ross & Evans (1960); (3) Siidra et al. (2013); (4) Bachet et al. (1991);
(5) Mistryukov & Mikhailov (1985); (6) Gurzhiy et al. (2012); (7) Krivovichev et al. (2002b); (8) Krivovichev & Burns
(2004b); (9) Krivovichev & Kahlenberg (2005d); (10) Villa et al. (2012); (11) Krivovichev & Burns (2003f); (12) Strobel
& Schleid (2004); (13) Krivovichev & Kahlenberg (2005e); (14) Krivovichev & Kahlenberg (2004); (15) Krivovichev &
Kahlenberg (2005f); (16) Krivovichev & Burns (2003g); (17) Sykora et al. (2004c); (18) Mikhailov et al. (2001b); (19)
Serezhkin et al. (1981a); (20) Alcock et al. (1982); (21) Niinisto (1979); (22) Serezhkina et al. (2004); (23) Alekseev et
al. (2006c); (24) Serezhkin et al. (2010); (25) Plášil et al. (2013e); (26) Ling & Albrecht-Schmitt (2007); (27) Bean et al.
(2001b); (28) Shvareva et al. (2005a); (29) Verevkin et al. (2010); (30) Krivovichev & Burns (2003c); (31) Krivovichev
& Burns (2005); (32) Sadikov et al. (1988); (33) Krivovichev & Burns (2002a); (34) Khrustalev et al. (2000); (35)
Krivovichev et al. (2005i); (36) Almond & Albrecht-Schmitt (2002b); (37) Mikhailov et al. (2001a); (38) Krivovichev
(2008b); (39) Koskenlinna et al. (1997); (40) Koskenlinna & Valkonen (1996); (41) Burns & Ibers (2009); (42)
Marukhnov et al. (2008a); (43) Krivovichev (2009); (44) Gurzhiy et al. (2014); (45) Ling et al. (2010b); (46) Niinisto et
al. (1978); (47) Gurzhiy et al. (2011); (48) Krivovichev (2008a); (49) Krivovichev & Kahlenberg (2005b); (50) Bougon
et al. (1979); Krivovichev & Burns (2004c).

can be characterized by three parameters: (1) a
connectedness vector (s), which indicates the coordination number of each node; (2) the U/L ratio, which
indicates the relative ratio of uranyl to ligand
polyhedra in the sheet; and (3) the ratio of ring sizes
given as AxBy, which indicates the relative frequency
(x:y) of which rings of size A and B occur in the sheet.
The parameters U/L and AxBy are independent of each
other; however, a graph with a given U/L ratio may

correspond to multiple AxBy values, as shown by the
compounds listed in Table 6.
Taking this approach, the complexity of the initial
136 structures is distilled down to 19 different
structure topologies, each of which is relatable to
one of three parent graph topologies. The s ¼ {4.4.4.4}
parent graph consists solely of square [4]-membered
rings (i.e., Ax ¼ 41), wherein each node is [4]coordinated (Fig. 5a, g). The s ¼ {5.3.5.3}{5.3.5.4}

TABLE 6. U(VI) COMPOUNDS WITH STRUCTURES CONTAINING MISCELLANEOUS SHEETS BASED ON
VERTEX-SHARING

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Alekseev et al. (2007b); (2) Linde et al. (1981); (3) Alekseev et al. (2009b); (4) Alekseev et al.
(2009b); (5) Alekseev et al. (2009b); (6) Alekseev et al. (2008a); (7) Almond & Albrecht-Schmitt (2002a); (8) Almond &
Albrecht-Schmitt (2002b); (9) Brandstatter (1981).
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TABLE 7. U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES CONSISTING OF TRIANGLES AND
PENTAGONS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Mit’kovskaya et al. (2003); (2) Forbes et al. (2007); (3) Ling et al. (2009); (4) Ok et al. (2006); (5)
Mikhailov et al. (2002a); (6) Pagoaga et al. (1987); (7) Burns & Li (2002); (8) Hill & Burns (1999); (9) Li & Burns
(2001b); (10) Burns (1998c); (11) Cahill & Burns (2000); (12) Burns & Hanchar (1999); (13) Burns (1998b); (14)
Loopstra, (1977); (15) Finch et al. (2006); (16) Li et al. (2001a); (17) Serezhkin et al. (1981a); (18) Alcock et al. (1982);
(19) Niinisto (1979); (20) Burns & Deely (2002); (21) Piret (1985); (22) Weller et al. (2000); (23) Finch et al. (1996);
(24) Burns (1997); (25) van Egmond (1976).

[41, U/L ¼ 2/3] parent graph (Fig. 5m) contains two
nodal ring types, with the coordination numbers of the
nodes being {5.3.5.3} and {5.3.5.4}. The s ¼ {3.6.3.6}
[41, U/L ¼ 1/2] parent graph topology (Fig. 5o) is not
observed in any known phase; however, by selectively
deleting linkages, all other sheet topologies observed
in compounds and minerals listed in Table 5 and
illustrated in Figures 5p through 5as can be derived.
Sheets related to the {4.4.4.4} parent graph. There
are 65 compounds corresponding to this graph type, all
containing U6þ in [6]-coordination. Of these, all but
K2[UO4] contain uranyl square bipyramids. There are
two basic variants of this graph. First, octahedral
polyhedra may link directly to each other to form the
sheet (Fig. 5a–f). This sheet is in the 11 compounds
(one mineral) listed in Table 4. These octahedra may
all be uranyl polyhedra, or may alternate with different

chemical species (e.g., markcooperite and Pb2[(UO2)
(TeO6)]). Amongst the structures with only uranium
polyhedra, considerable positional variability is observed. The edges of the vacant squares are geometrically perfect in the structure of K2[UO4] (Fig. 5b),
whereas they are slightly distorted in the structures of
Ba[UO4], Sr[UO4], Pb[UO4], c-[(UO2)(OH)2], and
Li2[(UO2)O2] (Fig. 5d). Diamond-shape vacancies
occur where uranyl polyhedra have either rotated
about the axis of the uranyl ion (b-Na2[(UO4)]) (Fig.
5e) or adopt a sheared distortion (b-[(UO2)(OH2)])
(Fig. 5f) relative to the undistorted sheet. In the two
compounds lacking an interstitial cation (c- and b[(UO2)(OH2)]), the uranyl polyhedra are bridged by
(OH) groups and the sheets are stabilized by H bonds.
The well-known and mineralogically important
autunite-type sheet occurs where the uranyl square
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bipyramid is bridged to four ligand polyhedra (Fig.
5g–i), such that the U/L ratio is always 1/1. In a review
article, Locock (2007) listed a total of 109 inorganic
compounds that contain the autunite-type sheet (or
compounds in which it can be conﬁdently inferred). Of
these, 33 are transuranium compounds (not addressed
here), 40 are minerals (though not all are currently
approved by the International Mineralogical Association), and 36 are other synthetic, inorganic compounds.
At the current time, the number of synthetic compounds has increased to 38, and of the 40 proposed
minerals, 15 have well-characterized crystal structures
and are included in Table 4; these constitute the 53
compounds listed in Table 4. Autunite-type minerals
are commonly associated with regions of high uranium
concentration (i.e., U deposits or contaminated sites)
and can be signiﬁcant in impacting the mobility of U
in vadose zones. The low solubility of these phases
retards the movement of uranium from areas of high
contamination and such compounds can be readily
precipitated by bacteria (Basnakova et al. 1998,
Macaskie et al. 2000, Martinez et al. 2007).
In all autunite-group minerals, the uranyl square
bipyramids are linked by vertex-sharing with either
AsO4 (24 species) or PO4 (29 species) tetrahedra. The
sheets are separated by an interlayer region consisting
of H2O groups and/or monovalent (17 compounds),
divalent (30 compounds), or trivalent (ﬁve compounds) cations. The sheets are linked by a complex
network of H bonds and bonds to the interlayer
cations, the precise geometry of which varies from
compound to compound, as does the alignment of
adjacent sheets. The ideal autunite sheet has tetragonal
symmetry; however, the space group symmetry of the
minerals varies, depending on the ligand tetrahedra
(i.e., PO4 versus AsO4), composition of the interlayer
(cation species and hydration state), and the temperature at which the structural data were collected.
Figures 5h and 5i contrast the orthogonal and sheared
forms of autunite sheets. Examination of Table 5
shows that the sheared form of the autunite sheet
occurs commonly in autunite phases.
Locock (2007) discussed trends in the autunite-type
phases on the basis of the formal valence of the
interlayer cation, and Table 5 is structured accordingly. A comprehensive discussion of the crystalchemical factors that inﬂuence these trends exceeds
the scope of the current work, and interested readers
are referred to Locock (2007) and references therein.
The sheets of polyhedra in the compounds
K4[(UO2)(PO4)2] (Fig. 5k) and Cs2[(UO2)2(PO4)2
(Fig. 5l) correspond to the graphical representation
shown in Figure 5j. This graph is derived from the
autunite topology by deleting half of the uranyl ions.
Due to the general orthogonal nature of the structures,
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they appear similar to the autunite sheets, and hence
are included in this category. However, it is important
to note that this graph can also be derived from the
{3.6.3.6} parent graph and that it is graphically
isomeric with the [81] graphs shown in Figures 5z–ab.
Sheets related to the {5.3.5.3}{5.3.5.4} parent
graph. Table 5 lists four structures that contain this
graph type. The {5.3.5.3}{5.3.5.4} graph and its
corresponding structures show the highest possible
degrees of connectivity involving only sharing of
vertices, with each equatorial anion of the uranyl
pentagonal bipyramid bridging to a ligand tetrahedron,
and ł of the ligand tetrahedra linking to three uranyl
polyhedra, and the remaining ¼ of the ligand
tetrahedra linked to four uranyl polyhedra. The sheets
in three structures are anhydrous, and their interlayers
contain Cs. Cs 2[(UO 2 ) 2(SO 4) 3 ] and Cs 2 [(UO 2 ) 2
(CrO4)3] are isostructural, differing only in the
composition of the tetrahedral species. Here the sheets
are aligned, corresponding to a c-parameter repeat
distance of ~8 Å. In the compound b-Cs2[(UO2)2
(MoO4)3], adjacent sheets are related by an inversion
center, resulting in a doubling of the c cell parameter.
Sheets related to the {3.6.3.6} parent graph.
Krivovichev (2004) lists 34 derivative graphs of the
{3.6.3.6} parent with U:L ratios of 1/2, 2/3, 4/3, 13/18,
3/8, 5/8, 3/5, and 1/1. The graphs are enumerated with
the designator I x/y n, where I indicates isolated uranyl
polyhedra (referred to as ‘islands’), x/y corresponds to
the U/L ratio in the sheet, and n distinguishes different
graph topologies. For the most part, the sheet
topologies observed in the compounds listed in Table
6 coincide with the 34 initial graphs proposed by
Krivovichev (2004), and hence the appropriate ‘n’
designator is maintained. However, there are an
inﬁnite number of possible {3.6.3.6} offspring graphs
that can be derived if the size of the unit cell is allowed
to vary, and correspondingly, additions to this class
correspond to new sheet topologies. Where this occurs,
the ‘n’ designator is omitted.
Burns (2005) lists 29 structures with topologies
derived from the {3.6.3.6} parent graph. There are 62
structures currently; of these, 38, six, and nine
correspond to U:L ratios of 1/2, 2/3, and 3/5,
respectively. Only the structure of K6[(UO2)4(CrO4)7]
(H2O)6 contains sheets with a U/L ratio (4/7) not
previously observed. The ring compositions facilitate
comparison between the various structures, and Table
5 lists compounds in order of the size and relative
frequency of the largest ring.
Structures derived from the {3.6.3.6} parent show
considerable variability in their water content. Of the
66 structures listed in Table 5, 35 contain anhydrous
sheets. Of these, 21 contain hydrous interlayers. Only
11 of these compounds are anhydrous, and were
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TABLE 8. U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES CONSISTING OF TRIANGLES, SQUARES,
AND PENTAGONS

STRUCTURE HIERARCHY OF HEXAVALENT URANIUM COMPOUNDS

TABLE 8 (CONTINUED). U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES CONSISTING OF
TRIANGLES, SQUARES, AND PENTAGONS

205

206

THE CANADIAN MINERALOGIST

TABLE 8 (CONTINUED). U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES CONSISTING OF
TRIANGLES, SQUARES, AND PENTAGONS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Gasperin (1988); (2) Gasperin (1990); (3) Ginderow (1988); (4) Burns (1998a); (5) Burns (1999b); (6)
Rosenzweig & Ryan (1975); (7) Ryan & Rosenzweig (1977); (8) Rosenzweig & Ryan (1977a); (9) Piret & Piretmeunier
(1994); (10) Bachet et al. (1991); (11) Kubatko & Burns (2006c); (12) Viswanathan & Harneit (1986); (13) Kolitsch &
Giester (2001); (14) Villa et al. (2013b); (15) Krivovichev & Burns (2000); (16) Alekseev et al. (2007c); (17) Saine
(1989); (18) Dickens et al. (1993); (19) Meunier & Galy (1973); (20) Gasperin (1987b); (21) Alekseev et al. (2005b);
(22) Surble et al. (2006); (23) Siegel et al. (1972b); (24) Obbade et al. (2003a); (25) Krivovichev & Burns (2003i); (26)
Krivovichev & Burns (2000); (27) Krivovichev & Burns (2002c); (28) Lee & Jaulmes (1987); (29) Serezhkina et al.
(1990); (30) Serezhkina et al. (2010); (31) Ok et al. (2006); (32) Rosenzweig & Ryan (1977b); (33) Hughes et al.
(2003); (34) Mereiter (1986b); (35) Alekseev et al. (2004); (36) Borene & Cesbron (1971); (37) Appleman & Evans
(1965); (38) Piret et al. (1980); (39) Borene & Cesbron (1970); (40) Dickens et al. (1992); (411) Gasperin (1987d); (42)
Locock et al. (2004c); (43) Wallwork et al. (2006); (44) Rivenet et al. (2007); (45) Burciaga-Valencia et al. (2010); (46)
Krivovichev & Burns (2002b); (47) Ling et al. (2011); (48) Woodward et al. (2004); (49) Dion et al. (2000); (50) Obbade
et al. (2003b); (51) Woodward & Albrecht-Schmitt (2005); (52) Obbade et al. (2003a); (53) Alekseev et al. (2011); (54)
Nazarchuk et al. (2009); (55) Krivovichev & Burns (2003d); (56) Krivovichev (2014); (57) Burns et al. (2003); (58)
Plášil et al. (2013c); (59) Brugger et al. (2003); (60) Peeters et al. (2008); (61) Plášil et al. (2011b); (62) Plášil et al.
(2011a); (63) Obbade et al. (2003c); (64) Plášil et al. (2014a); (65) Spitsyn et al. (1982); (66) Alekseev et al. (2007e);
(67) Krivovichev & Burns (2003b); (68) Alekseev et al. (2006d); (69) Saad et al. (2008); (70) Piret et al. (1983); (71)
Kovba (1972); (72) Burns (1999c); (73) Loopstra (1970); (74) Burns et al. (1997b); (75) Brugger et al. (2004); (76)
Belai et al. (2008); (77) Burns & Finch (1999); (78) Hawthorne et al. (2006); (79) Unruh et al. (2010); (80) Duribreux et
al. (2003); (81) van Egmond (1976); (82) Saad et al. (2009); (83) Yagoubi et al. (2005); (84) Burns & Hill (2000b); (85)
Glatz et al. (2002); (86) Li & Burns (2000a); (87) Burns & Hill (2000a); (88) Krivovichev (2008c).
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TABLE 9. U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES CONSISTING OF TRIANGLES, SQUARES,
PENTAGONS AND HEXAGONS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Demartin et al. (1991); (2) Piret & Declercq (1983); (3) Piret et al. (1988); (4) Piret et al. (1990); (5)
Piret & Piretmeunier (1988); (6) Locock & Burns (2003f); (7) Piret & Deliens (1982); (8) Atencio et al. (1991); (9) Piret
et al. (1979); (10) Piret & Deliens (1987); (11) Locock & Burns (2003a); (12) Hughes & Burns (2003a); (13) Cooper &
Hawthorne (2001); (14) Cooper & Hawthorne (1995); (15) Chukanov et al. (2004); (16) Almond & Albrecht-Schmitt
(2004); (17) Mereiter (1982a); (18) Serezhkin et al. (1982); (19) Yu et al. (2009); (20) Ok et al. (2006); (21) Plášil et al.
(2012a); (22) Serezhkina et al. (2010); (23) Ginderow & Cesbron (1985); (24) Shvareva & Albrecht-Schmitt (2006).

synthesized at elevated temperatures (i.e., . 200 8C).
There is no obvious correlation between the interlayer
composition and the ring size within the sheet,
suggesting that the interlayer cations, where they are
present, do not serve to ‘template’ the sheet topology.
The topological differences that distinguish the
vertex-sharing sheets are subtle. Correspondingly, a
detailed discussion of each type adds little to our
understanding of these structures. Instead, a series of
generalized observations are presented. In the
{3.6.3.6} parent graphs, all the U6þ is present as
uranyl ions. In the 62 structures based on the {3.6.3.6}
parent graph the following ligands occur: SeO4 (15
structures), SeO3 (10), PO4 (2), SO4 (7), CrO4 (8),
HPO3 (4), MoO4 (10), and IO3 (2). Trends between
ligand speciation and sheet topology are ambiguous.
For instance, (SeO4) tetrahedra occur in seven
structure topologies, (CrO4) tetrahedra occur in four,
and (SeO3) distorted tetrahedra occur in four. In
contrast, (MoO4) tetrahedra all occur in sheets with the

I1/2d (Fig. 5ag) topology (except for one) and (SO4)
tetrahedra are all in sheets with the I1/2b (Fig. 5z)
topology.
Structures with a U:L stoichiometry of 1:2 are the
most common (as observed in Burns 2005), with major
types of graphical arrangements being I1/2b (Fig. 5aa)
and I1/2d (Fig. 5ah–aj); these correspond to 13 and 21
compounds, respectively. Krivovichev & Kahlenberg
(2004) list at least 12 different topologies of 1:2
graphs. Of these, only three contain eight-membered
rings of nodes, and two are I1/2b and I1/2d.
In some cases, the arrangement of uranyl bipyramids, irrespective of the ligand tetrahedra, may be
related to the topologies of other known sheets. For
example, Rb4[(UO2)3(SeO4)5(H2O)] (Fig. 5s) consists
of uranyl pentagonal bipyramids that are linked by
either four or ﬁve tetrahedra via vertex-sharing.
Removing the tetrahedra and connecting the bipyramids results in the a-U3O8 topology (Fig. 5h).
Similarly, the sheet topology shown in Figure 5aa,
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TABLE 10. U(VI) COMPOUNDS WITH SHEET ANION TOPOLOGIES WITH TRIANGLES AND HEXAGONS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Finch et al. (1999); (2) Loopstra & Brandenburg (1978); (3) Plášil et al. (2014c); (4) Gasperin (1987a);
(5) Wang et al. (2010c); (6) Wang et al. (2011a); (7) Wang et al. (2010b); (8) Wang et al. (2010a).

which occurs in nine compounds (Table 5), equates to
the a-U3O8 topology with the pentagonal chains
removed, and the topologically identical sheet shown
in Figure 5ap differs only in the orientation of the
bipyramids.
Various sheets contain features that are noteworthy.
The sheet in (H3O)[(UO2)(SeO4)(SeO2OH)](H2O)6
(Fig. 5aj) is the only vertex-sharing sheet known that
contains two types of ligand polyhedra, SeO4 tetrahedra and SeO3H tetrahedra, wherein the lone electron
pair in the latter occupies the fourth tetrahedral apex.
The compound [UF4O(SbF5)2] contains the only sheet
in this class with octahedral ligands (Fig. 5as). Here,
the shared polyhedral elements correspond to F anions.
The compound K[(UO2)(IO3)3] (Fig. 5ad) contains a
sheet topology closely related to the I1/2b graphs in
Figure 5aa–ab but is the only sheet of this group that
contains a decorative (i.e., non-structural) ligand that
does not bridge two distinct uranyl polyhedra.
Miscellaneous sheets based on vertex-sharing
polyhedra
Table 6 and Figure 6 list and illustrate, respectively, nine compounds (seven sheet topologies) that
contain sheets based predominantly on the sharing of

vertices, but with topologies that cannot be derived
from either of the three parent graphs discussed above.
All of these contain isolated uranyl polyhedra that are
linked to the remainder of the structural unit via
vertex-sharing. Hence, the structures in this category
can be arranged with increasing topological complexity of the linkages of non-uranyl polyhedra.
The isostructural compounds K2[(UO2)(As2O7)]
and Cs2[(UO2)(P2O7)] contain the sheet shown in
Figure 6a. This contains uranyl square bipyramids
linked through pyroarsenate or pyrophosphate tetrahedral dimers. This sheet can be derived from the
autunite sheet topology by replacing the normally
observed (TU4) groups with (T2U7) groups.
The isostructural compounds Na 6 [(UO 2 ) 2
(AsO4)2(As2O7)] and Ag6[(UO2)2(AsO4)2(As2O7)]
contain the sheet illustrated in Figure 6b. These
consist of uranyl pentagonal bipyramids linked via
vertex-sharing with monomeric and dimeric tetrahedral groups. The compound Ag6[(UO2)2(AsO4)(As4
O13)] contains uranyl pentagonal bipyramids that are
linked to form sheets by (TU4) tetrahedra occurring as
both dimers of polyhedra and vertex-sharing tetramers
of tetrahedra (Fig. 6c). Both the dimeric and tetrameric
units link four isolated uranyl polyhedra. Similarly, the
structure of K[(UO2)(P3O9)] contains uranyl pentago-
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TABLE 11. U(VI) COMPOUNDS CONTAINING SHEETS WITH MISCELLANEOUS TOPOLOGIES

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Loopstra & Cordfunke (1966); (2) Taylor (1971); (3) Koster et al. (1975); (4) Mijlhoff et al. (1993); (5)
Loopstra & Rietveld (1969); (6) Yamashita et al. (1981); (7) Kovba et al. (1958); (8) Jove et al. (1988); (9) Chevalier &
Gasperin (1969); (10) Chevalier & Gasperin (1968); (11) Duribreux et al. (1999); (12) Sykora et al. (2004b); (13) Bean
et al. (2001a); (14) Obbade et al. (2004b); (15) Siidra et al. (2012a); (16) Almond & Albrecht-Schmitt (2002a); (17)
Trombe et al. (1985); (18) Krivovichev & Burns (2002d); (19) Plášil et al. (2014d); (20) Sykora & Albrecht-Schmitt
(2004); (21) Serezhkina et al. (2011); (22) Blatov et al. (1989); (23) Plášil; et al. (2013a); (24) Li et al. (2000); (25) Dao
et al. (1979); (26) Yagoubi et al. (2005); (27) van Egmond (1976); (28) Kubatko & Burns (2006a); (29) Gorbunova et
al. (1980); (30) Lee et al. (2010).

nal bipyramids that are linked by ﬁve-membered
chains of vertex-sharing tetrahedra (Fig. 6d). Each
chain links four separate uranyl pentagonal bipyramids, three by monodentate and one by bidentate
connections. The structure of K[(UO2)(Te2O5)(OH)]
contains uranyl square bipyramids that are linked to
inﬁnite chains of very irregular vertex-sharing (TeU4)
tetrahedra (Fig. 6e). The structure of Pb[(UO2)(SeO3)2] contains uranyl pentagonal bipyramids edgesharing with lone-pair electron stereoactive (SeO3)
groups (Fig. 6f). Although this edge-sharing, in the
strict sense, violates the rules for inclusion into this

class, it is listed here because the [(UO2)(SeO3)] edgesharing clusters are linked exclusively by vertexsharing. These U¼L clusters link to form inﬁnite,
parallel chains; these chains are in turn linked to each
other via vertex-sharing with additional SeO3 groups.
The structure of Pb[(UO2)(TeO3)] exhibits a similar
structure (Fig. 6g). Here, irregular lone-pair electron
stereoactive (TeO3) polyhedra link uranyl pentagonal
bipyramids to form the observed sheet. For each
bipyramid, two of the equatorial anions are shared
with (TeO3) groups and three additional (TeO3) groups
link to the equatorial anions via vertex-sharing.
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FIG. 5. Sheets dominated by vertex-sharing between uranyl and other ligand polyhedra (containing high-valence cations) found
in the synthetic compounds and minerals listed in Tables 4 and 5. Graphic representations (and nomenclature) are according
to the guidelines of Krivovichev (2004).
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FIG. 5. Continued.
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FIG. 5. Continued.

Topologically complex sheets classiﬁed by sheet-anion
topologies
The remaining sheets structures are grouped on the
basis of their sheet-anion topologies.
Sheet anion topologies containing triangles and
pentagons (TrPt sheets)
Table 7 lists the 27 compounds (seven topologies)
that contain sheets with anion topologies based solely
on triangles and pentagons.

TrPt sheets based on clusters of uranyl polyhedra
(H 3O)[(UO 2)3 O(OH) 3(SeO 4)2] anion topology
(Fig. 7a–b). This structure consists of isolated clusters
of three edge-sharing uranyl pentagonal bipyramids
that are similar to the ﬁnite cluster illustrated in Figure
3z. These clusters are linked by vertex-sharing with
the tetrahedra to form sheets in which the non-bridging
anions of the tetrahedra are oriented such that half
point out of the plane of projection while the others
point in the opposite direction. In the structure,

STRUCTURE HIERARCHY OF HEXAVALENT URANIUM COMPOUNDS

213

FIG. 6. Sheets with topologies that are dominated by vertex-sharing between uranyl and other ligand polyhedra (containing highvalence cations) found in the synthetic compounds and minerals listed in Table 6. In contrast to those shown in Figure 5,
these cannot be represented by the scheme proposed by Krivovichev (2004).

adjacent sheets are linked via H bonds emanating from
the (H3O)þ cations in the interlayer.
TrPt sheets based on chains of uranyl polyhedra
K[(UO2)(SO4)(OH)] anion topology (Fig. 7c–f).
This sheet anion topology consists of chains of edgesharing pentagons separated by edge-sharing dimers of
triangles. The polyhedral representation of the corresponding sheet shows that half of the pentagons are
occupied by uranyl ions and half of the triangles are
occupied by (SO4) tetrahedra, such that inﬁnite vertexsharing chains of uranyl polyhedra result. These chains
are linked to form the sheet by vertex-sharing with the
sulfate tetrahedra. On the basis of tetrahedral orientation,
there are three different graphical isomers that occur
(Fig. 7d–f), where the orientation of tetrahedra is
differentiated by color (light blue: up, dark blue: down).
In the structure of K[(UO2)(SO4)(OH)], the uranyl
pentagonal bipyramids are linked by (OH) groups,
whereas in the structures of Ba[(UO 2 )F(PO4 )],
K[(UO2)F(HPO4), and Rb[(UO2)(SO4)F] they are linked
by F anions. Low-valence cations in the interlayer of
each of these structures link adjacent sheets.
TrPt sheets based on sheets of uranyl polyhedra
Protasite anion topology (Fig. 7g–h). The protasite
sheet-anion topology is shown in Figure 7g and is the

basis of the sheets in eight minerals as well as eight
synthetic phases. The polyhedral representation of the
protasite sheet (Fig. 7h) shows that each pentagon is
populated by a uranyl ion, whereas all the triangles are
vacant. The triangles are isolated from each other in
the sheet, in contrast to other sheets in the class, and
are all orientated in the same direction. A wide range
of interlayer constituents occur in phases with the
protasite topology (e.g., Naþ, Ca2þ, Kþ, Csþ, Ba2þ, and
Pb2þ); some phases contain interstitial (H2O) groups.
The net charge of the sheet is variable owing to
adjustments of the number of (OH) groups, with four
different arrangements of hydroxyl ions observed for
the protasite topology. If the inﬁnite chains of parallel,
edge-sharing uranyl bipyramids in protasite are
removed, the remaining, isolated bipyramids can be
connected through vertex-sharing by tetrahedra to
generate the topology observed in Figure 7i, which is
known to occur in the three compounds listed.
Na[(UO2)4O2(OH)5](H2O)2 anion topology (Fig.
7j–k). Two synthetic compounds adopt this anion
topology, Na[(UO2)4O2(OH)5] and [(UO2)4O(OH)6]
(H2O)12, which shows variability in hydroxyl content.
The polyhedral representation shows that, as for the
protasite topology, all pentagons are occupied by
uranyl ions, with the triangles vacant. Here, the
triangles occur as vertex-sharing dimers that resemble
‘bowties’, all of which are in the same orientation.
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FIG. 7. Sheet-anion topologies, and corresponding polyhedral representations, consisting of triangles and pentagons (TrPtsheets). The corresponding synthetic compounds and minerals are listed in Table 7.

Fourmarierite anion topology (Fig. 7l–m). Sheets
based on the fourmarierite anion topology occur in
three minerals: fourmarierite [Pb[(UO2)4O3(OH)4]
(H2O)4], schoepite [[(UO2)8O2(OH)12](H2O)12], and
metaschoepite [[(UO2)4O3(OH)6](H2O)5]. In the fourmarierite sheet, each pentagon of the corresponding
anion topology is occupied by a uranyl ion, whereas all
the triangles are vacant. The triangles share vertices,
forming bowtie-like pairs that are in two orientations.
The (OH) content of the sheet varies; in fourmarierite
the sheet carries a net negative charge requiring the
presence of Pb2þ in the interlayer, but it is electro-

neutral in both schoepite and metaschoepite and only
(H2O) is located in the interlayer in each case. Li &
Burns (2000b) reported a synthetic phase compositionally intermediate between fourmarierite and schoepite (i.e., signiﬁcant variability in interstitial Pb and
H2O content), suggesting the possibility of a solidsolution series between the three phases with the
general formula Pb(1–x)[(UO2)4O(3–2x)](H2O)4.
Vandendrisschiete anion topology (Fig. 7n–o).
Vandendrisschite, Pb1.57[(UO3)10O6(OH)11](H2O)11,
contains sheets with an underlying anion topology that
is the most complex observed for simple combinations
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FIG. 7. Continued.

of pentagons and triangles (Fig. 7n). The primitive bcell parameter in the plane of the sheet is ~41 Å. All of
the pentagons in the anion topology are occupied by
uranyl ions in the corresponding sheet, whereas the
triangles are vacant. Triangles occur both as isolated
units and as vertex-sharing dimers resembling bowties.
Despite the apparent complexity of this sheet, Burns
(1997) demonstrated that the vandendrisschiete topology consists of modules of the protasite (i.e., a-U3O8)
topology in two different orientations.
a-Cs2[(UO2)2O3] anion topology (Fig. 7p–q). All
pentagons of the anion topology are occupied by
uranyl ions in the corresponding sheet, and all
triangles are vacant. The sheet consists of inﬁnite
chains of edge-sharing uranyl pentagonal bipyramids
that are topologically similar to those observed in
zippeite-group sheets. These chains link via edgesharing to form the bulk sheet, and adjacent sheets are
linked via Csþ in the interlayer.
Sheet anion topologies containing triangles, squares,
and pentagons (TrSqPt sheets)
A total of 112 compounds (29 minerals) are based
on 26 unique sheet-anion topologies containing

triangles, squares, and pentagons, as listed in Table
8. Such TrSqPt sheets are the most common sheetanion topology known. The corresponding phases are
illustrated in Figures 8 and 9.
Uranophane anion topology. The uranophane sheet
anion topology is shown in Figure 8a; it consists of
chains of edge-sharing pentagons that are separated by
chains of edge-sharing triangles and squares. There are
27 chemically distinct compounds that contain sheets
based upon this anion topology: 17 synthetic and 10
minerals. For simplicity, we divide this group on the
basis of the occupancy of the anion topology;
speciﬁcally, into those in which the triangles are
occupied and the squares are vacant, those in which
the squares are occupied and the triangles are vacant,
and those in which the triangles and the squares are
both vacant.
Uranophane sheet-anion topologies with occupied
triangles. The triangles in the sheet-anion topology are
either occupied by triangular BO3 groups, or by the
face of a tetrahedron. Structures where triangles are
present, Na[(UO2)(BO3)] and Li[(UO2)(BO3)] (Fig.
8b), are anhydrous, with the sheets linked by the large
monovalent cation in the interlayer. The crystal
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FIG. 8. Sheets based on the uranophane-type topology consisting of polyhedra of uranyl and other high-valence cations. In
addition to the parallel, edge-sharing chains of pentagons, these sheets contain either triangles or squares. The
corresponding compounds are listed in Table 8.
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chemistry of the uranophane-type sheets containing
tetrahedra is much more complex. In structures where
the tetrahedrally coordinated cation is Si4þ (a-, buranophane, boltwoodite, curposklowdoskite, sklodowskite, oursinite, kasolite), the tetrahedron contains
an (OH) group as the apical anion, except in the case
of kasolite. The H-bond network was resolved for
oursinite, [(Co0.8Mg0.2)[(UO2)(SiO3OH)]2(H2O)6] by
Kubatko & Burns (2006c), who proposed that the H
bond emanating from the tetrahedral hydroxyl links to
a yl oxygen atom of the same chain, and that the H
bonds emanating from the interstitial (H2O) link to the
chain via the yl oxygen as well. Several tetrahedronbearing phases with uranophane topology sheets do
not contain an (OH) group in the tetrahedron, such as
kasolite, Pb[(UO2)(SiO4)](H2O), seelite, Mg[(UO2)
(AsO3)0.7(AsO4)0.3]2(H2O)7, and ulrichite, CaCu
[(UO2)(PO4)2](H2O)4. It is possible to substitute
various tetrahedral cations (e.g., AsO4, PO4) into the
uranophane sheet, but this group remains dominated
by uranyl silicates, although a series of uranyl
phosphates with framework structures containing
uranophane topology sheets has recently emerged
(see below). Graphical isomerism commonly arises
in sheets based upon the uranophane topology via the
orientation of the tetrahedra in the sheet, either up or
down relative to the plane of the page. Table 8 lists
these structures arranged on the basis of their
tetrahedral orientation and Figure 8 distinguishes
tetrahedral orientation by coloring the ‘up’ and ‘down’
tetrahedra differently. Three variants are observed: auranophane (Fig. 8c), b-uranophane (Fig. 8d), and
oursinite (Fig. 8e). Ulrichite (Fig. 8f) also displays a
unique pattern of tetrahedral orientation, in addition to
every second pentagon of the anion topology being
occupied by irregular CaO8 coordination polyhedra.
Uranophane anion topologies with occupied
squares. These compounds contain sheets in which
the triangles of the corresponding anion topology are
vacant, but the squares are occupied. Note that
polyhedra corresponding to the topological squares
share vertices with each other, as well as edges with
two different uranyl pentagonal bipyramids. Five
different populations of the squares of the anion
topology are observed: (1) octahedrally coordinated
cations in umhoite, [[(UO2)(MoO4)(H2O)](H2O)1.45],
and Li4[(UO2)2(W2O10)] (Fig. 8g); (2) uranyl square
bipyramids in K2[(UO2)2O3] (Fig. 8h); (3) both uranyl
square bipyramids and regular Cu-octahedra in
[(UO2)(CuO4)] (Fig. 8i); (4) polyhedra distorted by
lone-pair stereoactive electrons in schmitterite
[(UO2)(TeO3)] (Fig. 8j); and (5) [5]-sided, distorted
pyramids in K[(UO2)(NbO4)], c-Rb(NbUO6)(H2O),
and Li[(UO2)(NbO4)] (Fig. 8k). Anhydrous schmitterite and [(UO2)(CuO4)] contain electroneutral sheets
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and no interstitial cations. In schmitterite, adjacent
sheets are held together solely by van der Waals
forces. Schmitterite is the only uranyl tellurite to adopt
the uranophane topology. In [(UO2)(CuO4)], the sheets
are bonded directly to one another through the apical
anions of Jahn-Teller distorted CuO6 octahedra, which
are also oxygen atoms of the uranyl ions. Structures
with the formulae X2[(UO2)(W2O8)] (X ¼ K, Na, Ag)
contain the sheet illustrated in Figure 8m. This sheet is
related to the uranophane-type sheets shown in Figures
8j–l, wherein the single chain of vertex-sharing
octahedra is replaced by a double chain.
Uranophane topologies with vacant squares and
triangles. The only sheet based upon the uranophane
anion topology in which both the topological triangles
and (half of the) squares are empty is in [H2(UO2)3O4]
(Fig. 8l), which also contains no interlayer cations.
TrSqPt sheets of clusters of uranyl polyhedra
Iriginite anion topology (Fig. 9a–b). This sheet
anion topology occurs in iriginite [(UO2)(Mo2O7)2]
(H2O), as well as synthetic [(UO2)(Mo2O7)(H2O)2]
and [Ca(UO2)(Mo4O7)2]. In the latter compound, the
pentagons of the topology are populated by both Ca
and uranyl ions. The resulting sheet consists of
monomers of uranyl pentagonal bipyramids bridged
by edge-sharing dimers of octahedra, with (H2O)
groups at the non-bridging apices of the octahedra. All
examples of sheets based on this topology are
electroneutral. In iriginite, the sheets are linked
through (H2O) groups in the interlayer. In [(UO2)
(Mo2O7)(H2O)2], the sheets are held together solely by
H bonds emanating from the (H2O) groups within the
sheet, as there are no interlayer constituents. In
[Ca(UO2)(Mo4O7)2] the sheets are directly bonded to
each other. In iriginite, the sheets stack with an ABAB
order (i.e., every second sheet is directly on top of each
other with respect to the c-axis), consistent with a short
repeat distance of 12.7 Å. In the synthetic phase the
sheets stack with an ABCDEFA sequence, giving the
signiﬁcantly longer repeat distance of 35.1 Å.
Cs[(UO2)F(HPO4)](H2O)0.5 anion topology (Fig.
9c–f). This sheet-anion topology contains groups of six
edge-sharing pentagons, with groups of triangles and
squares between them. The polyhedral representation
of the corresponding sheet shows that half of the
pentagons are occupied by uranyl ions, giving edgesharing dimers. The triangles correspond to faces of
tetrahedra, and the squares are vacant. The dimers of
uranyl pentagonal bipyramids are interconnected by
six vertex-sharing tetrahedra that link to the uranyl
ions at the equatorial positions. Each tetrahedron is
coordinated by three different uranyl polyhedra. On
the basis of the orientation of the apical (non-bridging)
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FIG. 9. Sheet-anion topologies, and corresponding polyhedral representations, consisting of triangles, squares, and pentagons
(TrSqPt sheets). The corresponding synthetic compounds and minerals are listed in Table 8.
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FIG. 9. Continued.

tetrahedral anion, three graphical isomers are observed
(Fig. 9d–f). The uranyl dimers are either bridged via
pairs of F anions, as in Cs[(UO2)F(HPO4)](H2O)0.5, or
pairs of hydroxyl anions, as in Cs[(UO2)(OH)(SeO4)]
(H2O) and K[(UO2)(OH)(CrO4)](H2O).
Vandenbrandeite anion topology (Fig. 9g–h). This
sheet anion topology is only known from vandebrandeite, [Cu(UO2)(OH)4]. The corresponding sheet
consists of dimers of edge-sharing uranyl polyhedra
linked via dimers of edge-sharing CuO5 square
pyramids with apical anions oriented in opposing
directions. This sheet is electroneutral and adjacent

sheets are directly linked by the yl oxygen atoms of the
uranyl ions that are apical ligands of the CuO5 square
bipyramids of the adjacent sheet.
Francevillite anion topology (Fig. 9i–j). The
francevillite anion topology consists of edge-sharing
dimers of pentagons and edge-sharing dimers of
squares. In the corresponding sheet, all of the
pentagons are occupied by uranyl ions. In the structure
of uranosphaerite, [Bi(UO2)(OH)], the squares are
occupied by irregular (BiU4) polyhedra. Note that this
sheet is the only francevillite-type sheet to contain an
(OH) group, which is located at the vertex-shared
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FIG. 9. Continued.

anion position between the uranyl dimers. In the
remaining francevillite-type phases, the squares are
occupied by the basal plane of square pyramids of
(VO5), (Cr5þO5), (NbO5), or (TiO5). As in vandenbrandeite, the apical anions of these polymeric dimers
are oriented in opposing directions. Only (VO5) groups
occur within this sheet in minerals. There are four
differently oriented triangles in this topology, all of
which are vacant. The francevillite-type sheet is
observed in ﬁve minerals and 11 synthetic phases. In
each, the sheets are anhydrous and, with few

exceptions (e.g., sengierite, metatyuyamunite, and
Mg2[(UO2)(Cr2O8)](H2O)4), so is the interstitial complex; hence the sheets are linked solely by cations in
the interlayer. These cations may be either large and of
low valence, or octahedrally coordinated metals (e.g.,
Mg2þ or Ni2þ).
Sheets formed by inﬁnite chains of uranium polyhedra
Cs 4 [(UO 2 ) 3O(MoO 4) 2(MoO 5 )] anion topology
(Fig. 9k–l). This sheet-anion topology occurs only in
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the structure of the synthetic phase Cs4[(UO2)3O
(MoO4)2(MoO5)]. In the corresponding sheet, trimers
of edge-sharing uranyl pentagonal bipyramids are
linked via vertex-sharing to form inﬁnite chains.
MoO5 pyramids link to adjacent trimers by edgesharing. The resulting chains are linked to form inﬁnite
sheets via vertex-sharing MoO4 tetrahedra. This
anhydrous phase contains only Csþ in the interlayer.
Ag[(UO2)(HTeO5)] anion topology (Fig. 9m–n).
This sheet anion topology exists only in the synthetic
phase Ag[(UO2)(HTeO5)]. The topology contains
uranophane-type chains of pentagons, all of which
are occupied by uranyl ions in the corresponding sheet.
These chains are linked by dimers of edge-sharing
octahedra. These octahedra share one edge with one
chain and two vertices with the other. The apical
oxygen positions of the octahedra each contain a
hydroxyl group. The Agþ cation in the interlayer links
the sheets together.
K2[(UO2)3(TeO3)2O2] anion topology (Fig. 9o–p).
Sheets of this topology occur in the three isostructural
compounds X2[(UO2)3(TeO3)2O2] (X ¼ K, Rb, Cs).
The anion topology has chains of edge-sharing
pentagons and squares linked together to form inﬁnite
sheets that are separated by inﬁnite chains of edgesharing triangles. The polyhedral representations of the
corresponding sheets show that the squares and
pentagons are occupied by uranyl square and pentag-

onal bipyramids, respectively. Chains of edge-sharing
uranyl pentagonal and square bipyramids are linked
together via vertex-sharing tetrahedra. This same chain
(Fig. 4m) exists as an isolated unit in the three
compounds X2[(UO2)3(IO3)4O2] (X ¼ Rbþ, Tlþ, Kþ). In
the sheet structure, basal planes of lone-pair stereoactive electron-bearing tetrahedra occupy ¼ of the
triangles. No graphical isomerism with regard to the
orientation of tetrahedra is observed in these phases,
although this appears likely to be discovered in future
compounds. Each phase is anhydrous, and the sheets
are linked solely by the monovalent cations located in
the interlayer.
Na6[(UO2)5(VO4)2O5] anion topology (Fig. 9q–s).
This sheet topology occurs in three synthetic phases:
Na6[(UO2)5(VO4)2O5, b-Rb6[(UO2)5(VO4)2O5], and
K4[(UO2)5(TeO3)2O5 (Table 8). It consists of fragments of the b-U3O8 topology linked by chains of
edge-sharing triangles and squares (similar to those
observed in the uranophane topology). The polyhedral
representation of the corresponding sheets shows that
the squares and pentagons are occupied by uranyl ions,
the triangles are occupied by the basal plane of
tetrahedra (either VO4 or TeO3), and the squares are
vacant. The resulting sheet consists of chains of edgesharing uranyl pentagonal bipyramids that are fragments of the b-U3O8 sheet topology. Two graphical
isomers can be distinguished. The compounds corre-
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sponding to Figure 9r contain regular tetrahedra,
whereas those corresponding to Figure 9s contains
irregular tetrahedra with a lone-electron pair at one of
the tetrahedral vertices. Considering the orientation of
tetrahedra between any two uranyl chains, these sheets
can be distinguished further; the sheet in Figure 9r
shows that these are all oriented in the same direction,
whereas that in Figure 9s shows these to alternate. All
phases containing this sheet (regardless of tetrahedral
orientation) are anhydrous and are held together solely
by monovalent interstitial cations.
a-Rb[(UO2)5(VO4)2O5] sheet-anion topology (Fig.
9t). This sheet-anion topology is nearly identical to the
Na6[(UO2)5(VO4)2O5] topology, differing only in one
signiﬁcant way. The central chain of uranyl polyhedra
corresponds to a fragment of the protasite (or a-U3O8)
sheet (Fig. 7h). Hence, there are fewer squares and
more pentagons than in the Na6[(UO2)5(VO4)2O5]
sheet-anion topology.
(Ba5Ca)[(UO2)8(AsO4)4O8] sheet-anion topology
(Fig. 9u–w). This anion topology occurs only in
CsNa3[(UO2)4O4(Mo2O8)] and Ba5Ca[(UO2)8(AsO4)4
O8]. The sheet-anion topology consists of inﬁnite
chains of edge-sharing pentagons separated by parallel
chains of edge-sharing triangles and squares. The
polyhedral representation of the corresponding sheet
shows that all pentagons are occupied by uranyl ions
and some triangles correspond to bridging tetrahedra;
the squares are vacant. The orientation of the linking
tetrahedra differs such that two graphical isomers
result (Fig. 9v and 9w). The phases are anhydrous, and
the sheets are held together solely by the cations in the
interlayer.
Ag10[(UO2)8O8(Mo5O20)] anion topology (Fig. 9x–
y). Chains of pentagons are separated by complex
chains of edge-sharing squares and triangles. Sheets
with this anion topology occur in the isostructural
compounds X10(UO2)8O8(Mo5O20)] (X ¼ Ag, Na). The
polyhedral representation shows all pentagons of the
topology are occupied by uranyl ions and the squares
are occupied by (MoO5) ﬁve-sided pyramids, all of
which have apices directed in the same orientation.
Adjacent sheets are linked by monovalent cations in
the interlayer; additionally, an isolated tetrahedron
exists between every second group of sheets.
Zippeite anion topology (Fig. 9z–ab). The zippeite
anion topology consists of zig-zag chains of edgesharing pentagons that are separated by inﬁnite chains
of squares and triangles. There are 18 compositionally
distinct phases that contain sheets that are based on
this topology (ﬁve minerals), and in all of these the
pentagons are occupied by uranyl ions, the triangles
remain vacant, and half of the squares are occupied by
sulfate tetrahedra. The sulfate tetrahedra link to four
unique bipyramids (Fig. 9aa). The hydroxyl content of

the zippeite sheet varies, as the ligands shared between
uranyl ions can be either O or OH. Interstitial cations
and a network of H bonds emanating from interstitial
(H2O) groups link the sheets. Only the phase
(NH4)[(UO2)2(SO4)O2] lacks (H2O) in the interlayer.
The synthetic zippeite-like compound K0.5Zn0.75
[(UO2)2(SO4)O2](H2O)3 is unusual in that it contains
Zn in octahedral coordination (in the interlayer) as
well as in irregular tetrahedral coordination. Two of
the tetrahedral apices are yl oxygen atoms of uranyl
ions in the sheet (Fig. 9ab).
Rb2[(UO2)2(MoO4)O2] sheet-anion topology (Fig.
9ac–ad). This sheet topology contains the same
arrangement of chains of pentagons as the zippeite
anion topology. Here the chains are again linked by
vertex-sharing with tetrahedra, but only three tetrahedral vertices participate, with the fourth being oriented
towards the interlayer.
TrSqPt sheets of connected uranyl polyhedra
The 28 compounds in this class all contain sheets of
uranyl polyhedra, polymerized either by edge-sharing
or vertex-sharing to form inﬁnite sheets. Although
such sheets may contain additional high-valence
cations, removing these from the polyhedral representation would not interrupt the two-dimensional continuity of the sheet structure.
K2[(UO2)2(WO5)O] anion topology (Fig. 9ae–af ).
This anion topology contains clusters of eight edgesharing pentagons, each of which is connected to four
identical clusters by vertex-sharing. Between these
clusters, topological squares and triangles occur. In the
polyhedral representation of the corresponding sheet,
the pentagons are occupied by uranyl ions, the
triangles are vacant, and the squares are occupied by
the basal plane of [5]-sided pyramids of MoO5 or
WO5. Squares in this topology exist in three different
local environments: one shares three edges with three
bipyramids, another shares one edge and two vertices
with three bipyramids, and the third shares two edges
with bipyramids and two edges with squares (these are
vacant). The sheets are linked only via cations located
in the interlayer.
K8[(UO2)8(MoO5)3O6] anion topology (Fig. 9ag–
ah). This sheet topology consists of a complex array of
pentagons that are linked by either edge- or vertexsharing, with triangles and squares between the
pentagons. In the polyhedral representation of the
corresponding populated sheet, each pentagon contains
a uranyl ion, and ł of the squares correspond to the
basal plane of a [5]-sided MoO5 pyramid. The sheet
contains squares in two distinct types of local
environments; one sharing four edges with adjacent
pentagons and another sharing three edges with
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pentagons and one edge with a triangle. Half of the
former square types are occupied, whereas all of the
latter square types are occupied. The sheets are linked
solely through Kþ cations located in the interstitial
complex.
Cs9[(UO2)8O4(NbO5)(Nb2O8)] (Fig. 9ai–aj). This
sheet anion topology occurs only in Cs9[(UO2)8O4
(NbO5)(Nb2O8)]. Similar to the sheet discussed in the
previous section, the topology consists of a complex
arrangement of edge- and vertex-sharing pentagons,
with squares and triangles located between the
pentagons. Squares occur as monomeric units, where
they share all four edges with pentagons, or as dimeric,
edge-sharing units. Each dimer shares three edges with
uranyl bipyramids and three edges with vacant
triangles. Each pentagon contains a uranyl ion and
each square contains a NbO5 [5]-sided pyramid.
Where these are present as edge-sharing dimers, the
apical anions point in opposing directions. The sheets
are held together solely by the Cs cations.
Sayarite anion topology (Fig. 9ak–al). In the
sayrite sheet, each square and pentagon of the
corresponding anion topology is occupied by a uranyl
ion, and the triangles are vacant. This sheet is known
from sayerite, Pb2[(UO2)5O6(OH)2](H2O), and the
synthetic compounds K 6 [(UO 2 ) 5 (VO 4 ) 2 O 5 ] and
K2[(UO2)5O8](UO2)2. In sayerite, (OH) groups are
present in the sheet and (H2O) molecules are in the
interlayer; along with Pb2þ, these serve to link the
adjacent sheets. In K6[(UO2)5(VO4)2O5], only K is
located in the interlayer, however in K2(UO2)2
[(UO2)5O8] the interlayer contains uranyl ions with
irregular [7]-fold coordination.
Wölsendorﬁte anion topology (Fig. 9am–an).
Despite its relatively simply composition, wolsendorﬁte contains the most topologically complex sheet of
uranyl polyhedra known. The primitive repeat distance
of ~56 Å is the largest cell parameter of any uranyl
mineral. The complex wolsendorﬁte sheet-anion
topology is composed of fragments of the simpler
protasite (a-U3O8) and b-U3O8 topologies (Burns
1999c). In the corresponding sheet, all of the triangles
remain vacant, occurring as either vertex-sharing
dimers or as monomers. All pentagons and squares
are populated by uranyl ions. The interstitial complex
consists of divalent cations (Pb2þ and Ba2þ) as well as
H2O groups.
b-U3O8-sheet topology (Fig. 9ao–as). The b-U3O8sheet-anion topology consists of inﬁnite chains of
edge-sharing pentagons that are similar to those in
uranophane-type phases. However, in b-U3O8, these
chains are linked by vertex-sharing such that triangles
and squares occur between the chains. The polyhedral
representation of the corresponding sheet shows that in
b-U3O8 each pentagon and each square are occupied
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by uranium ions, whereas the triangles are empty. The
basic b-U3O8-type sheet occurs in four minerals
(wyartite, dehydrated wyartite, ianthinite, and spriggite) and one synthetic phase (b-U3O8). b-U3O8
contains U in multiple valence states.
In spriggite, all of the U is hexavalent, and in the
sheet, both the squares and pentagons of the b-U3O8
sheet topology are occupied by uranyl ions (Fig 9ap).
Wyartite (and its dehydrated analogue) is the only
mineral reported to contain stoichiometric amounts of
pentavalent uranium, although synthetic U5þ phases
are well known (Burns & Finch 1999). Pentavalent
uranium is unstable relative to the tetravalent and
hexavalent oxidation states under most aqueous
conditions, and most synthetic compounds containing
it were produced in the absence of water (Lee et al.
2010, Chen et al. 2012). The polyhedral sheet in
wyartite retains the basic b-U3O8 sheet topology,
wherein the chains of pentagons are occupied by
U6þO7 uranyl pentagonal bipyramids and the squares
are occupied by irregular U5þO7 polyhedra (Fig 9aq).
The (CO3) groups share edges with the U5þ polyhedra
and extend into the interlayer. Adjacent sheets are
linked via the Ca cations and H bonding from (H2O)
groups present in the interlayer.
Ianthinite is reported to contain both hexavalent
and tetravalent uranium. However, Burns (2005)
suggested that the initial reﬁnement reported in Burns
et al. (1997b) may have lacked the precision needed to
completely distinguish between U4þ and U5þ, hence
pentavalent uranium may also be present. Several
attempts to acquire superior diffraction data have been
unsuccessful owing to the quality of available crystals.
The U6þ occurs as uranyl pentagonal bipyramids,
whereas the U4þ occurs as distorted octahedra,
occupying the square spaces in the sheet-anion
topology (Fig. 9ar).
The isostructural synthetic phases K[(UO 2) 2
(UO4)(OH)(NO3)2](H2O) and Ba[(UO2)4(UO4)2(OH)2
(NO3)4](H2O)2 also contain sheets based on the bU3O8 anion topology. In these phases, the pentagons of
the topology are occupied by uranyl ions, but the
squares are occupied by U6þ showing an unusual
tetraoxido core conﬁguration (Fig. 9ar). In the
tetraoxido polyhedron, the central U6þ cation is
coordinated to four equatorial anions at relatively
short bond lengths (~1.95–2.0 Å); in addition, two
bidentate (NO3) groups are located at either end of the
coordination polyhedron with bond lengths ~2.5–2.7
Å.
The two phases Cs7[(UO2)8(VO4)2ClO8] and
Rb7[(UO2)8(VO4)2ClO8] contain sheets with novel
populations of the b-U3O8 anion topology (Fig. 9as).
In these sheets, half of the squares of the topology are
vacant and half the triangles are populated by the basal
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planes of (VO4)3– tetrahedra. The pentagonal chains
are linked together via Cl anions.
Cs4[(UO2)5O7] sheet topology (Fig. 9at–au). This
sheet consists of uranyl square and pentagonal
bipyramids linked by the sharing of equatorial edges
and vertices, and occurs in X4[(UO2)O7] (X ¼ Cs, Rb).
The edge-sharing polyhedra form complex inﬁnite
chains. These are linked by vertex-sharing, such that
chains of vacant triangles are present, as well as
isolated triangles. The interstitial complex consists
only of Cs.
Rb8[(UO2)9O31] anion topology (Fig. 9av–aw).
This sheet is topologically very similar to that
observed in Cs4[(UO2)5O7] with inﬁnite chains of
equatorial edge-sharing uranyl square and pentagonal
bipyramids. The distinction is the width of the chains,
which are doubled with respect to that of
Cs4[(UO2)5O7]. The topology contains both isolated
triangles located inside these inﬁnite chains as well as
inﬁnite chains of vertex-sharing triangles that are
present between the chains of uranyl polyhedra. In this
anhydrous phase, the adjacent sheets are linked
together via Rb cations in the interlayer.
The following three sheet anion topologies consist
of inﬁnite chains containing both edge-sharing squares
and pentagons. In each corresponding phase, these are
populated by uranyl ions in pentagonal bipyramidal
and irregular square bipyramidal coordination, respectively. The exact arrangement of these differs subtly,
such that the anion topologies are also different. The
individual chains link together by (predominantly)
vertex-sharing to form the observed inﬁnite sheets. In
each case, linear arrangements of vertex-sharing
triangles exist in the topologies between the chains.
These are either of ﬁnite length [e.g., K5[(UO2)10O8
(OH)9](H2O)] or inﬁnite length [e.g., Ca[(UO2)4O3Plášil(OH)4](H2O) and curite].
K5[(UO2)10O8(OH)9](H2O) anion topology (Fig.
9ax–ay). In this sheet-anion topology, squares and
pentagons occur with a ratio of 1:6, and there is only
one type of chain of pentagons. These chains are
connected by sharing vertices and edges to form the
topology, and all are populated by uranyl ions to form
the sheet. Between the resulting chains of uranyl
pentagonal bipyramids, triangles occur as isolated
units, as well as four-membered and six-membered
truncated groups. The interlayer is occupied by Kþ
cations as well as (H2O).
Ca[(UO2)4O3(OH)4](H2O)2 anion topology (Fig.
9az–ba). In this sheet-anion topology, two types of
inﬁnite chains occur, one consisting of edge-sharing
pentagons and distorted squares (with a 2:1 ratio,
respectively), the other consisting of only edge-sharing
pentagons. These chains alternate and are linked only
by edge sharing to form the topology. The pentagons

are populated by uranyl ions, giving chains of uranyl
polyhedra, between which inﬁnite chains of vertexsharing triangles are observed. Calcium cations and
(H2O) groups are present in the interlayer and attach
adjacent sheets.
Curite, Pb3[(UO2)8O8(OH)6](H2O)3, sheet-anion
topology (Fig. 9bb–bc). The curite sheet-anion topology occurs in both curite and the synthetic Srsubstituted analogue. Curite contains inﬁnite chains
of equatorial edge-sharing pentagonal bipyramids and
highly distorted square bipyramids (in a ratio of 3:1);
these are linked only by vertex-sharing such that
inﬁnite chains of vertex-sharing triangles exist between them. The general formula Pb3þx (H 2O)2
[(UO2)4O4þx(OH)3–x]2 was proposed by Li & Burns
(2000a) for curite, suggesting that the variability in
interstitial Pb2þ is balanced by variability in the
hydroxyl content of the interlayer.
Sheet anion topologies containing triangles, squares,
pentagons, and hexagons (TrSqPtHx sheets)
There are 24 compounds (18 minerals) based on
sheet-anion topologies containing triangles, squares,
pentagons, and hexagons. These are listed in Table 9
and illustrated in Figure 10. All except for one,
Cs2[(UO2)4(Co(H2O)2)2(HPO4)(PO4)], are topologically related to the phosphuranylite sheet topology,
with the signiﬁcant differences being in how the
phosphuranylite-type chains link to form the observed
sheet.
Phosphuranylite anion topology
The phosphuranylite sheet-anion topology (Fig.
10a) is the basis of the sheets in the 24 compositionally
distinct phases listed in Table 9. This topology
contains two types of inﬁnite chains of polygons.
The ﬁrst consists of dimers of edge-sharing pentagons
that are further linked by edge-sharing hexagons, and
the second consists of edge-sharing triangles and
squares which form a zig-zag pattern. The phosphuranylite anion topology is formed by successive linked
edges of these two chain types. The sheets that result
from the population of this anion topology (Fig. 10b–l)
occur in two general types of graphical isomers, both
of which have vacant squares. The ﬁrst type is
observed in the 16 phosphuranylite-group minerals
(and one related synthetic compound) (Figs. 10b–i).
Both the pentagons and hexagons of the anion
topology are occupied by uranyl ions. The triangles
are occupied by either (1) faces of PO4 or (more
rarely) AsO4 tetrahedra, (2) triangular CO3 groups
(Fig. 10g), or (3) the basal plane of irregular
tetrahedra containing stereoactive lone-electron pairbearing-cation oxyanions such as SeO3 (Fig. 10h–i).
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The second type is observed in three minerals and
four synthetic compounds, and corresponds to the
sheets illustrated in Figures 10j–l. In these compounds, the hexagons of the anion topology are
vacant, resulting in isolated, edge-sharing dimers of
uranyl pentagonal bipyramids that are bridged by
vertex-sharing tetrahedra. In both modes of anion
topology population, graphical isomerism results
from differences in the orientation of the apical nonbridging anions (or lone-electron pairs in the case of
Se4þO3 polyhedra) of the tetrahedra. In phases
containing uranyl hexagonal bipyramids and tetrahedral ligands (i.e., PO4 or AsO4), there are ﬁve
graphical isomers (Figs. 10b–f). In phases with
irregular tetrahedra with lone-electron pairs, there
are two graphical isomers (Figs. 10h–i). The uranyl
selenite minerals (marthozite, guilleminite, and
larisaite) have sheets that correspond to one
graphical isomer, in which tetrahedra on either side
of any uranyl hexagonal bipyramid are oriented in a
similar manner. In the synthetic uranyl selenate
phase, Sr[(UO2)3(SeO3)2O2](H2O)4, a different isomer occurs, wherein the tetrahedra on either side of
a hexagonal bipyramid are oriented differently. The
orientations of tetrahedral apices are distinguished
in the corresponding Figures by color shading.
Phosphuranylite group minerals (and synthetic
compounds) contain complex interlayers. All of these
include (H2O) and (at least) one species of cation.
Althupite is noteworthy as it contains Al, Th, and
(UO22þ) in the interlayer. The Al3þ is present in dimers
of octahedra that are linked by edge-sharing to two
ThO9 polyhedra. The two (ThO9) polyhedra link to
adjacent sheets by sharing vertices with uranyl
pentagonal bipyramids (via the yl oxygen atom) and
PO4 tetrahedra. Each interstitial uranyl pentagonal
bipyramid shares vertices with two different PO4
tetrahedra. Phosphuranylite and vanmeersscheite contain uranyl square bipyramids in the interlayer, and
they are amongst the rare examples of compounds
containing uranyl ions in all three common coordinations. In phosphuranylite, the four equatorial anions of
the interlayer uranyl square bipyramid link to vertices
of phosphate tetrahedra, two of which are on each
adjacent sheet. In vanmeersscheite, only two equatorial vertices of the uranyl square bipyramid are linked
to the vertices of phosphate tetrahedra on adjacent
sheets. Each of phosphuranylite, vanmeersscheite, and
althupite could be grouped with open three-dimensional frameworks, owing to the strong bonds that
serve to link adjacent sheets. This statement also
applies to upalite in which the apices of PO4 tetrahedra
on adjacent sheets are linked by AlO6 octahedra.
The sheets observed in johannite Sr[(UO 2)2
(CrO 4 ) 2 (OH) 2 ](H 2 O) 8 and [Hg 5 O 2 (OH) 4 ][(UO 2 )
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(AsO4)2] can be derived directly from the phurcalitetype sheet by removing the uranyl ions from the
hexagonal bipyramids and replacing the tetrahedra
(Fig. 10j). The graphical isomers in the sheets present
in Rb1.08[(UO2)F(PO3(OH))] (Fig. 10k), deliensite
(Fig. 10l), and Cs[(UO2)(OH)(SeO4)](H2O)1.5 (Fig.
10m) are unique. In the former, all the tetrahedra are
similarly oriented, whereas in the latter two, the
improper four-fold tetrahedral axis is orientated
orthogonal to the plane of the sheet. However, close
inspection of the sheets in Figures 10l and 10m reveal
differences in the orientation of the tetrahedra.
Burns (2005) noted that the absence of the
hexagonally coordinated uranyl ion in Sr[(UO2)2
(CrO4)2(OH)2](H2O)8 and Cu[(UO2)2(SO4)2(OH)2]
(H2O)8 may be promoted by what would be short
[2þ6] 6þ
U –Cr6þ and [2þ6]U6þ–S6þ distances. However,
recently three additional phosphuranylite-types phases
with vacant anion topology hexagons have been
reported (deliensite, [Hg5O2(OH)4](UO2)(AsO4)2, and
Rb1.08[(UO2)F(PO3(OH)], none of which contain
hexavalent tetrahedral cations, suggesting that other
factors contribute to differentiating between the two
types of phosphyranylite sheets.
Roubaultite anion topology (Fig. 10n–o). The
roubaultite anion topology consists of the same inﬁnite
chains of edge-sharing pentagon dimers linked by edgesharing hexagons that is observed in the graphical
isomers of the phosphuranylite-types phases. However,
in roubaultite, these are separated by chains of edgesharing squares that are ﬂanked by trimers of edgesharing triangles. The polyhedral representation of the
corresponding sheet shows that all the pentagons and
hexagons are occupied by uranyl ions, and one of the
triangles (per trimer) is occupied by (CO3) groups. This
results in chains that are identical to those in fontanite.
The squares are occupied by (CuU6) octahedra,
resulting in trans edge-sharing (CuU4) chains. The
inﬁnite chains of octahedra share vertices with those of
the uranyl pentagonal bipyramids and with the (CO3)
triangles; these two features are further linked by (CO3)
groups, which occupy one triangle per ﬂanking trimer
of triangles. Adjacent sheets in roubaultite are linked
only by H bonds to interlayer (H2O) groups.
Cs2[(UO2)4(Co(H2O)2)2(HPO4)(PO4)] anion topology (Fig. 10p–q). In this sheet topology, each of the
triangles are occupied by (PO4) tetrahedra, where the
pentagons and hexagons are occupied by the uranyl ion.
All the squares remain vacant. The polyhedral representation shows that the sheets consist of a centrally
located hexagonal bipyramid that is edge-sharing with
the pentagonal bipyramids, and three (PO4) tetrahedra
that are linked by vertex-sharing through the tetrahedra.
CuO6 octahedra are linked to the surface of the sheet
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FIG. 10. Sheet-anion topologies, and corresponding polyhedral representations, consisting of triangles, squares, pentagons, and
hexagons (TrSqPtHx sheets). The corresponding synthetic compounds and minerals are listed in Table 9.
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FIG. 10. Continued.

(not shown) and the sheets are stabilized by the
presence of (H2O) and Cs in the interlayer.
Sheet topologies containing triangles and hexagons
(TrHx sheets)
The hierarchy of Burns (2005) did not include
TrHx sheets, as only three structures would have been

eligible for consideration at that time, and these were
simply grouped with miscellaneous sheets. Now, 19
structures corresponding to four sheet anion topologies
(and multiple graphical isomers) that are based solely
on triangles and hexagons are known. These are listed
in Table 10 and illustrated in Figure 11.
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FIG. 11. Sheet-anion topologies, and corresponding polyhedral representations, consisting of triangles and hexagons (TrHx
sheets). The corresponding synthetic compounds and minerals are listed in Table 10.

The rutherfordine [(UO2)(CO3)] anion topology
(Fig. 11a–c). The corresponding sheet-anion topology
consists of parallel chains of edge-sharing hexagons
separated by dimers of edge-sharing triangles. These
dimers of vertex-sharing triangles link such that they
form inﬁnite chains between the hexagons. In the
polyhedral representation of the corresponding sheet,

each of the hexagons is occupied by a uranyl ion, and
half of the triangles (one per dimer) are occupied by a
(CO3) group, such that all the (CO3) triangles are
oriented in the same direction with respect to the plane
of projection. The sheet is electroneutral and there are
no interlayer species, with sheets linked only by van
der Waals bonds.
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FIG. 11. Continued.
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The sheets in [(UO2)(SeO3)] (Fig. 11c) are also
based on the rutherfordine anion topology. The
hexagons are occupied by uranyl ions in the same
manner as in rutherfordine, and triangles are occupied
by the basal plane of (Se4þO3) tetrahedra, with the
fourth vertex corresponding to the lone-electron pair.
In each edge-sharing dimer of triangles, only one of
these is occupied. Here the occupied triangles are
oriented in two directions. Further, all of the triangles
pointing either up or down in the sheet are oriented
such that the apex (electron lone-pair) portion of the
tetrahedron is oriented in the same direction. These
sheets are also electroneutral, and are held together
only by van der Waal bonds.
Pb1.85[(OH)1.7(H2O)0.15][(UO2)(CO3)2] anion topology (Fig. 11d–e). This anion topology is similar to
that observed in rutherfordine. Here each of the six
hexagonal vertices is shared with another hexagon, and
each hexagon shares edges with six triangles. In the
polyhedral representation of the corresponding sheet,
each hexagon is occupied by a uranyl ion, and half of
the triangles (those oriented in the same direction) are
occupied by (CO3) groups. The UO2:CO3 ratio of this
phase is 1:2 and therefore these sheets carry a charge of
2. This charge is balanced by a complex arrangement
of variable amounts of Pb2þ, (OH), and (H2O) in the
interlayer, which also serve to link the sheets.
[(UO2)(B2O3)O] anion topology (Fig. 11f–g). This
anion topology consists of inﬁnite chains of edgesharing hexagons that are separated by inﬁnite chains
of zig-zagging, edge-sharing triangles. In the populated topology, each hexagon is occupied by a uranyl ion,
and half the triangles are occupied by (BO3) groups.
This sheet is electroneutral, and adjacent sheets are
held together solely by van der Waal interactions.
Table 10 lists two reports of the same chemical
compound. The ﬁrst, by Gasperin (1987a), crystallizes
in space group C2/c, while the more recent, reported
by Wang et al. (2010c), crystallizes in the uncommon
(chiral) space group C2.
Na[(UO 2 )(B 6 O 19 (OH)](H 2 O) 2 anion topology
(Hx1Tr7 sheets) (Fig. 11h–y). There are 15 species
containing sheets with this anion topology (Table 10),
corresponding to at least seven graphical isomers, as
illustrated throughout Figure 11. It contains isolated
hexagons that are surrounded by a complex network of
edge-sharing triangles. Each hexagon is surrounded by
a total of 18 edge-sharing triangles, with a hexagon:
triangle ratio of 1:7. In the polyhedral representation of
the corresponding sheet each hexagon is occupied by a
uranyl ion and half of the triangles are occupied by
either ﬂat, triangular (BO3) groups, or by the basal face
of BO4 tetrahedra; the other half remain vacant.
Extensive graphical isomerism is observed in these
sheets, resulting from variations of the location of BO3

and BO4 polyhedra as well as the orientation of the
apical non-bridging anions of the BO4 tetrahedra. With
only two exceptions (discussed below), each of these
sheets have BO3:BO4 ratios of 1:3, although decorating
(non-sheet) polyhedra may also be present, where they
extend into the interlayer. Compounds that crystallize in
centrosymmetric space groups contain enantiomorphic
sets of any given Hx1Tr7 sheet. All of the uranyl borate
phases that adopt the Hx1Tr7 sheet were synthesized in
ﬂuxes of boric acid at ~200 8C, resulting in the
complex topological arrangement of BOx polyhedra.
The Tr1Hx7 sheets exist in the compounds as
isolated (seven compounds; Fig. 11i–o), double (ﬁve
compounds; Fig. 11r–y), or inﬁnitely linked sheets
forming open frameworks (one compound; Fig. 11z).
Amongst those containing isolated sheets, K11
[(UO2)6(B24O36)F22][BO(OH)2] has the unusual BO3:
BO4 ratio of 1:11 and contains an additional isolated
BO(OH)2 triangle in the interlayer that does not bond
directly to either of the adjacent structural sheets. The
remaining ﬁve compounds with isolated Tr1Hx7 sheets
have the ratio BO3:BO4 ¼ 1:3, and correspond to three
graphical isomers. In each sheet, BO4 tetrahedra occur
as vertex-sharing [3]-member ring trimers, wherein the
apical anion of two tetrahedra points in one direction,
and the third points in the opposite direction. The apical
anions of the pair of commonly oriented tetrahedra are
bridged by (BO3) triangles, and the apical anion of the
third tetrahedron is typically ﬂuorine.
Seven compounds occur with Tr1Hx7 double sheets
linked by complex networks of BO3 triangles (Figs.
11p–z). In each, the Tr1Hx7 sheet occurs with a
BO3:BO4 ratio of 1:3. The same [3]-membered ring
trimers of BO4 groups are observed in all compounds
except [(UO2)B13O20(OH)3](H2O)1.25 (Fig. 11p, q), in
which they occur as linear trimers. No halogen anions
occur in these compounds, and all apical anions are
either O2– or (OH)–. The adjacent double sheets are
linked into the overall structure by a complex network
of H bonds that emanate from adjacent sheets and by
the presence of interstitial cations in the cases of
K2[(UO2)2B12O19(OH)4](H2O)0.3 and Rb2[(UO2)2
B 13 O 20 (OH) 5 ]. Interestingly, Rb[(UO 2 ) 2 B 10 O 16
(OH)3](H2O)0.7 contains Rb cations located between
the linked sheets and not in the interlayer between
adjacent double sheets. In the structure of Na[(UO2)
(B6O19)(OH)](H2O)2 each adjacent Tr1Hz7 sheet is
link by vertex-sharing BO3 groups and by interstitial
Na. This linkage results in an open three-dimensional
framework structure.
Miscellaneous sheet-anion topologies
Of the known compounds that contain inﬁnite
sheets of uranyl polyhedra, 31 do not ﬁt into the
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above-presented categories (Table 11). Fourteen are
based on sheet anion topologies that contain hexagons.
The remaining 17 are based on sheet anion topologies
that contain shapes other than the triangles, squares,
pentagons, and hexagons used to classify the previous
~250 sheet-based structures. Many of these sheets are
based on sufﬁciently complex topologies that the sheet
anion topology approach is ineffective; thus, these are
not presented for each of the sheets discussed below.
Miscellaneous sheet topologies with hexagons
a-UO3 anion topology (Fig. 12a–b). The a-UO3
sheet anion topology consists solely of hexagons that
tile the plane to completion. In a-UO3, each of these is
occupied by a uranium atom. The published structure
of a-UO3 reports U–O bond lengths that are all in
excess of 2 Å, and hence they do not contain uranyl
ions. The a-UO3 sheets are linked directly via bridging
anions, and thus this structure can also be described as
a closed framework formed by condensed sheets.
However, the eight additional structures that contain
the a-UO3 sheet (Table 11) all have U–O bond length
distributions characteristic of uranyl compounds;
sheets in these phases are separated by an interlayer
that is occupied by (OH) emanating from the sheet
(e.g., a-[(UO2)(OH)2]) or by mono- or divalent
cations.
[(UO2)Nb3O8] anion topology (Fig. 12c–d). This
sheet-anion topology consists of hexagons, squares,
and triangles. Each hexagon shares its six edges with
squares and six vertices with triangles, forming
discrete Hx1Tr6Sq6 clusters. In the polyhedral representation of the corresponding sheet (Fig. 12d), each
hexagon is occupied by a uranyl ion and each square is
occupied by either distorted [5]-sided pyramids
[(NbO5) or (VO5)] or octahedra (NbO6 or TiO6); the
triangles are always vacant. The resulting clusters of
polyhedra are linked into sheets. In the three
compounds containing these sheets, the manner in
which adjacent sheets are linked varies considerably.
In [(UO2)(TiNb2O8)], the squares of the sheet-anion
topology are occupied by both octahedra and tetrahedra. There are no interlayer cations and adjacent sheets
are bridged directly via apical anions of the NbO5 and
TiO6 polyhedra. In [(UO2)(NbO5)], all niobium is
octahedrally coordinated. Adjacent sheets are bridged
via the apical anions of the octahedra in different
sheets. In Cs[(UO2)(VO3)3], two types of linkages
occur; Csþ is present as an interlayer cation between
half of the sheets, and successive sheet-Cs-sheet
blocks are linked only by van der Waals bonding.
[(UO2)(Sb2O4)] anion topology (Fig. 12e–f). This
sheet-anion topology consists of inﬁnite chains of
edge-sharing hexagons that are separated by inﬁnite
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chains of squares, and it is known from one compound.
In the polyhedral sheet the hexagons are all occupied
by uranyl ions, and the squares are occupied by highly
irregular SbO4 polyhedra (Fig. 12f). The stereoactive
lone electron pair associated with the Sb3þ cations
projects away from the basal plane of four oxygen
atoms that form the square outline. The adjacent sheets
are held together via van der Waals bonding ampliﬁed
by the presence of the lone electron pairs.
Ag4[(UO2)4(IO3)2(IO4)2O2] anion topology (Fig.
12g–h). This sheet-anion topology contains inﬁnite
chains of edge-sharing hexagons (similar to those
observed in the rutherfordine, Fig. 11a–b, and
[(UO2)(Sb2O4)], Fig. 12e–f, anion topologies). Pentagons are attached to these hexagons on either side, and
the topology is completed by triangles and squares.
The hexagons and pentagons of the anion topology are
all populated by uranyl ions, producing chains that are
linked together via IO4 and IO3 polyhedra. The
distorted (IO4) polyhedra attach to the edge of the
chains of bipyramids and the (IO3) polyhedra link
adjacent chains via vertex-sharing. Agþ cations occupy
the interlayer.
Cs4[(UO2)2(V2O7)O2] sheets (Fig. 12i). This structure consists of sheets of uranyl square bipyramids that
are linked via vertex-sharing to form inﬁnite UU5-type
chains, similar to those found as isolated chains in the
X2–5[(UO2)O3]-type compounds listed in Table 3.
These parallel chains are linked by vertex-sharing
with dimeric tetrahedral pyrovanadate (V2O7)4–
groups.
Miscellaneous sheet topologies lacking hexagons
Structures gathered here contain sheets with
geometrical shapes other than triangles, squares,
pentagons, and hexagons. There are 16 structures in
this category (including bijvoetite and haiweeite) that
correspond to 13 unique sheet anion topologies.
K[(UO2)(CrO4)(NO3)] sheet (Fig. 12j). This unusual topology is observed in the isostructural
compounds K[(UO2)(CrO4)(NO3)] and Rb[(UO2)
(CrO4)(NO3)]. The sheets are formed of uranyl
pentagonal bipyramids, each of which is vertexsharing with three CrO4 tetrahedra. Each tetrahedron
is [3]-coordinated by uranyl polyhedra. The remaining
equatorial edge of each uranyl polyhedron is shared
with a (NO3) triangle. The (NO3) triangle contains one
non-bridging ligand. The sheets are linked by Rbþ or
Kþ cations in the interlayer.
Tl3{(UO2)2[Te2O5(OH)](Te2O6)}2H2O sheet (Fig.
12k). This compound contains sheets of uranyl
pentagonal bipyramids that are isolated from other
bipyramids within the sheet. Inﬁnite chains of vertexsharing, highly distorted (Te4þU4) pyramids are also
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FIG. 12. Sheets with miscellaneous anion topologies and corresponding polyhedral representations. (a–i) Sheets with anion
topologies containing hexagons. (j–v) Sheet-anion topologies lacking hexagons. The corresponding synthetic compounds
and minerals are listed in Table 11.

present. Uranyl pentagonal bipyramids link to these
chains by both edge- and vertex-sharing of equatorial
anions. In the interlayer, Tlþ cations serve to link
adjacent sheets.

[(UO2)(Se2O5)] topology (Fig. 12l). This sheet is
based on dimers of edge-sharing uranyl pentagonal
bipyramids. These are arranged in a similar conﬁguration to that observed in the sheets shown in Figure
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FIG. 12. Continued.
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FIG. 12. Continued.

10j–m, but the manner in which these are linked is
very different. Here, vertex-sharing (Se2O5) groups
link the uranyl dimers lengthwise and widthwise
through vertex-sharing. The structure is anhydrous
and lacks interstitial cations; the electroneutral sheets
are linked by electrostatic interactions associated with
the lone electron pair emanating from the (Se2O5)
groups.
Ag6[(UO2)3O(MoO4)5] topology (Fig. 12m). This
sheet consists of edge-sharing trimers of uranyl
pentagonal bipyramids linked by (MoO4)2– tetrahedra
via vertex-sharing. Each trimer is linked to nine
tetrahedra, eight of which are directly involved in
bridging adjacent trimers, whereas the remaining
tetrahedron shares two vertices with each pentagonal
trimer. Each bridging tetrahedron links two distinct
clusters in the sheets, and two tetrahedral coordination
environments are observed: one type links only two
polyhedra, and in the other type one vertex is bonded
to two uranium centers and the other bonds to only
one. The structure is anhydrous, and interstitial Agþ
cations link adjacent sheets.
Mathesiusite and Cs 6 [(UO 2 ) 4 (W 5 O 21 (OH) 2 )]
(H2O2) sheet topologies (Fig. 12n–o). These sheet
topologies are very similar. Both are based on edgesharing Sq1Pt4 ‘iron cross’ conﬁgurations observed in
other chain [(e.g., X8[(UO2)4(WO4)4(WO5)2] (X ¼ Rb,
Cs); Fig. 4ag] and sheet [Cs9[(UO2)8O4(NbO5)
(Nb2O8)2]; Fig. 9ai) compounds. In both, the square
is occupied by the basal plane of ﬁve-sided pyramids
of VO5 and WO5 groups, respectively. However, the
two structures differ in how these Sq1Pt4 are linked to
form inﬁnite sheets. In mathesiusite-type sheets, they
are linked by vertex-sharing (SO4) tetrahedra. Each
sulfate tetrahedron coordinates three unique uranyl
polyhedra, two from the same cross structure, and one
from a different cross. In each polyhedron, the three
equatorial anions that are not linked to the centrally
coordinated [5]-sided pyramid each link to a (SO4)
group. In mathesiusite, the iron crosses are arranged to
form an oblique [2]-dimensional net. By contrast,
topologically identical crosses in the sheet of
Cs6[(UO2)4(W5O21(OH)2)](H2O2) are linked by edgesharing dimers of WO5 [5]-sided pyramids, consisting
of opposite-oriented apical anions. These dimers each

link two cross conﬁgurations to form the complex
sheet, resulting in a face-centered [2]-dimensional net.
In both compounds, a network of monovalent cations
(Kþ or Csþ) and (H2O) link adjacent sheets.
[(UO2)(SeO4)F](H2O) (Fig. 12p). This sheet occurs in the isostructural compounds X[(UO2)(SeO4)F]
(H2O) (where X ¼ Rbþ, NH4þ). It consists of uranyl
pentagonal bipyramids that are vertex-linked to form
inﬁnite parallel chains. These chains are linked,
forming inﬁnite sheets, via vertex-sharing tetrahedra
such that each tetrahedron is bridged to three
individual uranyl pentagonal bipyramids. Both Rb
and (H2O) are present in the interlayer.
Haiweeite, Ca[(UO2)2Si5O12(OH)2](H2O)3 (Fig.
12q). The structure of haiweeite contains uranophane-type chains of edge-sharing uranyl pentagonal
bipyramids with edge-sharing (SiO4) tetrahedra. However, the linkages between these chains differs sharply
from that of the uranophane group. In haiweeite, a
complex network of (SiO4) tetrahedra links these
chains of uranyl pentagonal bipyramids and silicate
tetrahedra, whereas in the uranophane group, the
chains are linked directly by sharing vertices. Reﬁning
the conﬁguration of this tetrahedral network, however,
has required several attempts over the past two
decades. Rastsvetaeva et al. (1997) reported the ﬁrst
structure of haiweeite (with a cell corresponding to: a
14.263(2) Å, b 17.988(3) Å, c 18.395(2) Å, P212121)
and showed that it contains a new type of uranyl
silicate sheet. Burns (2001a) proposed a revised
orthorhombic structure (cell: a 7.125 Å, b 17.973 Å,
c 18.342 Å, Cmcm) and showed that the uranophane
type chains were linked by ‘crankshaft’-like chains of
vertex-sharing silicate tetrahedra. Several of the Si
positions were designated as partially occupied.
Recently, Plášil et al. (2013a) argued that these
partially occupied Si sites occur because the cell of
Burns (2001a) corresponds to an averaged structure.
These authors proposed an updated orthorhombic cell
(a 18.3000(5) Å, b 14.2331(3) Å, c 17.9192(5) Å,
Pbcn) after observing weak reﬂections corresponding
to a doubling of the a-parameter reported by Burns
(2001a). In the doubled cell of Plášil et al. (2013a), all
Si, U, and Ca positions are fully occupied, resulting in
continuous chains of vertex-sharing (SiO4) tetrahedra
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that link the uranophane-type chains to produce the
observed sheets. Both Ca and (H2O) are present in the
interlayer and link adjacent sheets.
Bijvoetite, [M3þ(H2O)25(UO2)16O8(OH)8(CO3)16]
(H2O)14 (Fig. 12r). The complex sheet of bijvoetite
consists of inﬁnite chains of edge-sharing uranyl
pentagonal and hexagonal uranyl bipyramids, as well
as trivalent-cation polyhedra and carbonate groups.
Each hexagonal bipyramid shares edges with two
triangular (CO3) groups. The inﬁnite chains are linked
by irregularly coordinated cation positions that are
occupied by variable amounts of rare-earth elements,
Y3þ, and Nd3þ. The sheet is extensively hydrated, with
two (OH) groups occupying the equatorial positions of
each uranyl pentagonal bipyramid and (H2O) groups
linked directly to the large M3þ cation sites. The
interlayer contains many (H2O) molecules, resulting in
a complex network of H bonding that ultimately serves
to stabilize the adjacent sheets. Bijvoetite is a rare
example of a mineral that contains uranyl carbonate
sheets (in addition to rutherfordine, fontanite, and
wyartite), as most uranyl carbonates contain the
isolated uranyl triscarbonato [i.e., (UO2)(CO3)3] cluster.
K2[(UO2)3F8(H2O)](H2O)3 (Fig. 12s). This sheet
consists of edge-sharing uranyl pentagonal bipyramids
linked by F– anions to form [6]-membered rings of
polyhedra. In each ring, ﬁve of the six uranyl
pentagonal bipyramids contain only F– at the equatorial positions. Those of the remaining bipyramid,
however, contain F4(H2O), with the (H2O) extending
towards the center of the ring. Successive rings are
themselves linked by vertex-sharing to form the
observed sheet. Potassium cations and (H2O) groups
occupy the interlayer and link the adjacent sheets.
Rb2[U2O7] anion topology (Fig. 12t). This sheetanion topology is the only one known that consists
solely of squares and triangles. The squares occur as
edge-sharing dimers that are linked together through
vertex-sharing. These occur in two different orientations, angled at approximately 458 relative to each
other. Between these are isolated triangles. In the
polyhedral representation of the corresponding sheet,
each square is occupied by a uranyl ion and each
triangle is vacant. Only Rb is present in the interlayer
to link adjacent sheets.
b-Cs2[(UO2)2O3] anion topology (Fig. 12u). This
sheet-anion topology consists of two types of squares.
The ﬁrst is relatively large, with a fairly regular
geometry, and the second is distorted with one edge
slightly shortened. The irregular squares form parallel,
zig-zag chains by edge-sharing, whereas the regular
squares form parallel chains by vertex-sharing. In the
polyhedral representation of the corresponding sheet,
the irregular squares are occupied by uranyl ions

resulting in distorted uranyl square bipyramids that are
very similar to those in the sheets illustrated in Figures
9ba and bc. Cesium cations are located in the
interlayer.
Na5[(UO2)3(O2)4(OH)3](H2O)13 anion topology
(Fig. 12v). The sheet observed in the compound
Na5[(UO2)3(O2)4(OH)3](H2O)13 consists solely of
edge-sharing uranyl di-peroxo hexagonal bipyramids.
These polyhedra are linked by hydroxyl bridges to
form dimers of the type observed in Figure 3p.
Successive dimers link via peroxo bridges to form the
complete sheet. A complex network of Na and (H2O)
in the interstitial region stabilizes the adjacent sheets.
Lastly, the structure of Na5.5[(UO2)3(H0.5PO4)
(PO4)3] contains the sheet topology shown in Figure
12w. Here, UL-L2 clusters link successively to form a
uranophane-type sheet wherein every second pentagon
is vacant. A uranyl square bipyramid serves to link
doublets of these sheets together. Sodium, present in
the region between these doublets, then serves to
stabilize the structure.

STRUCTURES BASED

ON FRAMEWORKS
POLYHEDRA

OF

URANIUM

Framework structures are those in which relatively
strong bonds (i.e., .0.2 vu) are directed throughout the
structure in all three dimensions. A framework may
contain only vertex-sharing uranium (usually uranyl)
polyhedra or may include an assortment of other highvalence polyhedral species. There are 186 known
compounds (and only 13 minerals) with stoichiometric
quantities of U6þ that are classiﬁed here as frameworks. In Burns (2005), 56 framework structures are
listed in categories based primarily on the chemical
composition of ligand polyhedra, hence frameworks
of: (1) uranium polyhedra; (2) uranium polyhedra with
silicate tetrahedra; (3) uranium polyhedra with phosphate, arsenate, or vanadate tetrahedra; (4) uranium
polyhedra with molybdate tetrahedra; and (5) miscellaneous frameworks. The nearly four-fold increase in
framework structures now requires a more sophisticated approach to classiﬁcation, in part because
compositionally based subdivisions hinder useful
comparison of common structural features. Here,
structures are divided into classes that emphasize
common topological features that link to form the
complete framework. Hence, frameworks are grouped
as: (1) only uranium polyhedra; (2) UL-clusters; (3)
linked chains (parallel and interpenetrating); (4)
strongly linked sheets; (5) cation-cation interactions;
and (6) miscellaneous topologies. We attempt to order
these structures on the basis of their increasing
connectivity of uranium polyhedra. For example,
Table 18 lists the frameworks containing cation-cation
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TABLE 12. U(VI) COMPOUNDS CONTAINING FRAMEWORKS BASED ON ELEMENT-SHARING URANYL
POLYHEDRA

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Weller et al. (1988); (2) Gasperin et al. (1991); (3) Saine (1987); (4) Roof et al. (2010b); (5) Fu et al.
(2008); (6) Padel et al. (1972); (7) Pinacca et al. (2005); (8) Pinacca et al. (2007); (9) Chernorukov et al. (2010); (10)
Roof et al. (2010c); (11) Knyazev et al. (2011); (12) Reynolds et al. (2013); (13) Bertaut et al. (1962); (14) Siegel &
Hoekstra (1968); (15) Omaly & Badaud (1972); (16) Yamashita et al. (1981); (17) Bacmann & Bertaut (1966); (18)
Knyazev & Kuznetsova (2009); (19) Debets (1966); (20) Loopstra et al. (1977); (21) Mikhailov et al. (2002b); (22)
Galuskin et al (2011).

interactions, and these are further subdivided into CCI
structures wherein uranium polyhedra form chains,
sheets, and true inﬁnite frameworks.
Frameworks of vertex-sharing uranium polyhedra
There are 32 compounds (one mineral, vorlanite)
corresponding to nine structure types with framework
structures that are based on vertex-sharing uranium
polyhedra; these are listed in Table 12 and illustrated
in Figure 13. These are sub-divided into frameworks
formed of (1) only vertex-sharing (28 compounds), (2)

both vertex and edge sharing (three compounds), and
(3) only edge-sharing (one compound). These phases
are either composed solely of uranium polyhedra (e.g.,
d-UO3), or have additional cations existing in a
coordination environment that is identical to U6þ
(shown in red) (e.g., K9[BiU6O24]). Although all
contain U6þ, most lack uranyl ions.
Many structures are [3]-dimensional arrays of
vertex-sharing octahedra (Table 12) in which each
octahedral vertex bridges to an additional octahedron.
This creates [12]-coordinated voids, which may (or
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FIG. 13. Framework structures formed by element-sharing uranium polyhedra. The corresponding synthetic compounds and
minerals are listed in Table 12.

may not) be occupied by additional cations of the
interstitial complex. In the simplest of these, the
structure of d-UO3 (Fig. 13a), uranium octahedra are
regular (no uranyl ion) and the voids are vacant. The
structure of K9[BiU6O24] is the same basic topology
(Fig. 13b) with three departures: (1) two-thirds of the
octahedral positions are uranyl square bipyramids, and
the remaining one-third are octahedrally coordinated
U6þ; (2) one-seventh of the UO6 octahedra are instead
occupied by BiO6 octahedra that are located at the
body center of the isometric cell; and (3) the
octahedral environment next to the –yl oxygen atom
contains a [12]-coordinated Kþ cation. The structures
of (Ba2K6)[CaU6O24] and (BaK4)[U3O12] (Fig. 13c)
have the same topology as the d-UO3 framework, with
two-ﬁfths of the octahedral positions occupied by lowvalence cations (i.e., K, Ba) in octahedral coordination. Similarly, the 16 compounds corresponding to
Figure 13d have the basic d-UO3 topology with no

uranyl ions present. In these structures, half of the
octahedra are occupied by a divalent cation (e.g.,
Mg2þ, Co2þ, Zn 2þ, Fe2þ, etc.), and each [12]coordinated void is occupied by two large divalent
cations (e.g., Sr2þ, Ba2þ, Pb2þ). The size difference
between these two cations is overcome by inducing a
shearing distortion and rotation of the uranium
octahedra. The irregular polyhedra coordinating the
large divalent cations are, in turn, linked together by
edge-sharing, thus forming interpenetrating chains.
The ﬁve compounds corresponding to Figure 13e
are isostructural with the rock-forming rutile-group
minerals. The structure contains inﬁnite parallel chains
of trans-edge-sharing (M,U)O4 octahedra. Adjacent
chains are linked by shared vertices such that the
chains are oriented at right angles with respect to one
another. This arrangement forms the very compact
framework shown in Figure 13e. There are three
sequences of octahedral occupancy observed in the
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(MO4)-type chains of the rutile-type phases. In
[CdUO4], [MnUO4], and [CoUO4], all the octahedrally
coordinated cations in any particular chain are of the
same species; two chains are observed, MO4 (where M
is either Cd, Mn, or Co) and UO4. The structures of
[CuUO4] and [Rh2UO4] both contain only one type of
chain. In [CuUO4] Cu and U alternate, and in
[Rh2UO4], the sequence Rh-Rh-U-Rh-Rh-U occurs.
In all but one of the rutile-type structures, the axis of
the uranyl ion is oriented perpendicular to the plane
formed by the sharing of the trans octahedral edges.
The compound [CuUO4] is unusual in that both the
axis of the uranyl ion and the elongated Cu–O bonds
(of the Jahn-Teller distorted octahedra) are in the edgesharing plane.
The isostructural compounds Cs[TaUO6] and
Cs[SbUO6] consist of inﬁnite UO4-type chains of
uranium octahedra linked by vertex sharing to form a
complex network of linked parallel chains that form
irregularly shaped channels occupied by Csþ cations of
the interstitial complex (Fig. 13f). The structure
reﬁnements for each of these compounds indicate that
the elemental pairs of either Ta5þ–U6þ or Sb–U6þ are
disordered over the octahedra with a 1:1 ratio. In both
compounds, octahedra are formed by six equidistant
bonds, with no uranyl ions.
There are three compounds with frameworks that
are based on both edge- and vertex-sharing uranium
polyhedra. The structures of b-UO3 (Fig. 13g) and cUO3 (Fig. 13h) both consist of vertex- and edgesharing uranyl bipyramids that form very complex
topologies. In the structure of [(UO2)F2(H2O)], uranyl
pentagonal bipyramids occur as edge-sharing dimers
that are bridged by pairs of F– anions, or as single
polyhedra with only H2O groups at the equatorial
positions. The dimers and monomers are linked by
vertex-sharing to result in the complex [3]-dimensional topology shown in Figure 13i.
The structure of vorlanite, [(Ca1.06U0.94)O4], is the
only framework structure that is based solely on edgesharing uranium polyhedra (Fig. 13k). Vorlanite has
the ﬂuorite structure that also occurs for uraninite,
UO2. Calcium and U6þ are disordered over [8]coordinated cubic sites. Galuskin et al. (2011) noted
that the black color of vorlanite is uncharacteristic of
phases with hexavalent uranium, and that there is a
marked discrepancy between the crystallographic
symmetry ( fm33m) and crystal morphology (3m),
suggestive of pseudomorphism. In the reﬁned structure
the U–O bond length is ~2.3 Å, but high reﬁned
displacement factors for the uranium site, in combination with Raman spectra, correspond to shorter body
diagonals (1.98 Å), and suggest disorder of uranyl
ions. Galuskin et al. (2011) also showed that when
vorlanite is heated above 750 8C the structure

transforms into rhombohedral CaUO4 with an ordered
distribution of Ca and U. Such a phase could form in
high-temperature skarns and undergo a phase transition to vorlanite upon cooling, with the transformation
perhaps aided by the a-decay of uranium.
Frameworks based on ULx clusters with only vertexsharing
In addition to forming the complex array of [2]dimensional sheets illustrated in Figure 5, the ULx-type
clusters polymerize into topologically complex frameworks. The majority of these structures contain a
single species of tetrahedrally coordinated (e.g., SiU4,
SU4, PU4, GeU4), or less commonly octahedrally
coordinated (e.g., MgU6, AlU6) ligands. Burns (2005)
lists only 15 compounds in this category, whereas
there are currently 46.
All the structures included in this category (Table
13) contain uranyl polyhedra that are in either square
or pentagonal bipyramidal coordination. Uranyl polyhedra are never element-sharing with other uranyl
polyhedra in these structures, but adjacent ligand
polyhedra can be vertex-sharing. These structures are
organized on the basis of the ligand-ligand connections
into groups wherein tetrahedra exist as monomers (i.e.,
bridged only to non-tetrahedral species), dimers,
trimers, inﬁnite chains, or complex sheets.
The framework structures grouped here involve
linkages of clusters in the [2]-dimensional sheets listed
in Tables 4–5. The graphical connectedness approach
was an efﬁcient tool in the hierarchical organization of
these [2]-dimensional sheets (Krivovichev 2004);
however, it is difﬁcult to extend this approach to
higher dimensionality because (1) there is a nonunique choice of nodal ‘rings’, and (2) it is difﬁcult to
represent [3]-dimensional connectivity with a [2]dimensional projection. However, if we consider each
uranyl bipyramid and each tetrahedron as a framework
node, it is straightforward to calculate the average
coordination number, which informs on the degree of
connectedness in a [3]-dimensional framework and
facilitates comparison. These values are presented in
Table 13 for each structure in the form AiBjNk. Here,
the structures are reduced to a three-dimensional
graphical representation, wherein each polyhedron is
represented by a connection node, and each polyhedron-polyhedron linkage (vertex-sharing) is represented by a connecting line. The number of connecting
lines for each node is tabulated and corresponds to the
values of A, B, . . .N. The relative frequency in which
similar nodal conﬁgurations occur is represented by
the subscripts i, j, k; note that the coordination number
of the high-valence cations (i.e., tetrahedral, octahedral) is disregarded. Such an approach facilitates the

STRUCTURE HIERARCHY OF HEXAVALENT URANIUM COMPOUNDS

organization of complex, three-dimensional structures
based on the complexity of the connecting network. As
example, in the structure of K5[(UO2)(Si4O12(OH))],
each uranyl square bipyramid bridges to four SiO4
tetrahedra via the equatorial anions, and each tetrahedron links to two additional tetrahedra and a uranyl
polyhedron; the former occurs three times as often as
the latter. Hence, we designate this connectivity 4331.
The structures in Table 13 are ranked on the bases of
increasing coordination number and occurrence in the
structure.
The connectedness data in Table 13 show that
nearly all of these compounds contain tetrahedral
ligands in which all four apices link to additional
polyhedra. This is in contrast to the analogous sheets
of polymerized UL clusters, wherein few sheets (only
those corresponding to the {5.3.5.4}{5.3.5.3} parent
graph) contain [4]-coordinated nodes corresponding to
tetrahedral ligands. In both sheets and frameworks of
UL clusters, the coordination of the uranyl nodes
typically varies between four and ﬁve. This shows that
the primary difference in connectivity between the UL
sheets and UL frameworks is the increased coordination of the tetrahedral ligands, and not of the uranyl
ion. Structures with the {41} nodal designation are the
most common, corresponding to 19 out of the 46
compounds listed in Table 13. In these compounds, all
polyhedra are located at [4]-coordinated nodes. For
most, uranyl is present in square bipyramidal coordination, whereas in only Na2[(UO2)(SiO4)], [(UO2)
(MoO4)(H2O)2], (NH4)2[(UO2)6(MoO4)7(H2O)2], and
Rb2[(UO2)6(MoO4)7(H2O)2], U6þ occurs in pentagonal
bipyramidal coordination.
There are 31 compounds in which tetrahedra are
present as monomers (23 compounds), dimers (ﬁve
compounds), linear trimers (two compounds), or linear
tetramers (one compound). The frameworks with
monomers (Fig. 14a–v) either result from the linking
of vertex-sharing sheets (topologically similar to those
illustrated in Table 5) or by other modes of linkage.
Those of the ﬁrst type (Figs. 14k–v) contain UL
clusters linked into sheets of vertex-sharing uranyl and
ligand polyhedra, with adjacent sheets linked by
uranyl bipyramids that act as pillars. The uranyl ions
between the sheets are typically oriented approximately perpendicular to those in the sheets. Throughout
Figure 14 dotted grey boxes outline the sheet portion
of the structure for clarity. This type of construction
frequently results in the formation of open channel
spaces that contain interstitial cations and (H2O).
The isostructural compounds Mg[(UO2)3(MoO4)4
(H2O)8] and Zn[(UO2)3(MoO4)4(H2O)8] are the only
UL-based frameworks with octahedral ligands (MgU6
and ZnU6). Their structures contain sheets of UL
clusters that are linked by pillars to form channels,
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with the octahedra on the sides of the channels (Fig.
14p).
Structures that do not contain sheets or pillars are
illustrated in Figure 14a–j, where individual UL
clusters are linked to form a relatively dense network
of polyhedra. The compound Ca[(UO2)6(MoO4)7
(H2O)2]H2O7.6 is unique here in that it consists of
channels [occupied by Ca(H2O)x complexes] through
the structure deﬁned by vertex-sharing UL clusters.
The compound Na8[(UO2)6(TeO3)10] is the only
uranyl tellurate with a framework of this type. It is
also the only vertex-sharing framework to contain
ligands with lone-pair stereoactive electrons.
The structures based on dimers, trimers, and
tetramers of ligand tetrahedra are illustrated in Figures
14s–x. The structures of X[(UO2)3(Si2O7)2]F (X ¼
K3Cs4, NaRb6; Fig. 14s) and Cs6 [(UO2)3(Ge2O7)2]
(H2O)4 (Fig. 14t) are both based on uranyl polyhedra
linked by dimers of tetrahedra. The structure results
from the intersection of identical sheets of vertexsharing polyhedra (grey boxes), forming channels
throughout the structure. The compound [(UO2)
(S2O7)] is also based on dimers of tetrahedra and
occurs in two distinct polymorphs (Figs. 14t–u). These
two frameworks have the same nodal connectivity, but
crystallize with different symmetries at different
temperatures of hydrothermal syntheses (175 versus
300 8C).
There are ﬁve compounds in which vertex-sharing
tetrahedral ligands form inﬁnite chains that link uranyl
bipyramids into frameworks. In each structure, the
tetrahedral chains are oriented parallel to each other,
and these are linked via edge-sharing with uranyl
polyhedra. The compounds Cs2[(UO2)(Si2O6)] and
X2[(UO2)(Si2O6)](H2O)0.5 (X ¼ Rbþ, Csþ) are nearly
isostructural (differing only by the presence of H2O in
the interlayers) and contain tetrahedra linked to form
inﬁnite helical crankshaft-type chains with repeat
distances corresponding to eight (SiO4) units (Fig.
14y). In the structure of [(UO2)H(PO3)3], phosphate
tetrahedra are linked to form similar helical crankshaft
type chains (Fig. 14z) with a repeat distance of six
tetrahedra. The structure of b-K[(UO2)(P3O9)] also
contains helical chains, repeating every six tetrahedra
(Fig. 14aa). These chains link to uranyl pentagonal
bipyramids, resulting in a structure with discrete
channels occupied by Kþ.
Seven structures (six structure types) contain
isolated rings of vertex-sharing tetrahedra. In the
structure of Cs8U(UO2)3(Ge3O9)3(H2O)3, [3]-membered rings of germanate tetrahedra link successive
uranyl square bipyramids to form the elaborate chain
structure shown in Figure 14ab. These chains are
linked by irregular polyhedra containing U4þ. Fourmembered rings are the most common type of vertex-
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TABLE 13. U(VI) COMPOUNDS CONTAINING FRAMEWORK STRUCTURES BASED ON VERTEX-SHARING

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Alekseev et al. (2008b); (2) Nazarchuk et al. (2005a); (3) Shashkin et al. (1974); (4) Almond et al.
(2002a); (5) Almond et al. (2002b); (6) Betke & Wickleder (2012); (7) Tanner & Mak (1999); (8) Krivovichev et al.
(2002a); (9) Krivovichev & Burns (2002a); (10) Nazarchuk et al. (2005b); (11) Baeva et al. (2006); (12) Villa et al.
(2012); (13) Serezhkin et al. (1980a); (14) Tabachenko et al. (1984a); (15) Krivovichev & Burns (2001b); (16)
Tabachenko et al. (1984b); (17) Ling et al. (2010b); (18) Tabachenko et al. (1983); (19) Krivovichev et al. (2003); (20)
Tabachenko et al. (1984c); (21) Lee et al. (2009); (22) Lin et al. (2009); (23) Alekseev et al. (2008a); (24) Alekseev et
al. (2009c); (25) Chen et al. (2005b); (26) Chen et al. (2005a); (27) Huang et al. (2003); (28) Sarin et al. (1983); (29)
Nguyen et al. (2011); (30) Ling et al. (2010a); (31) Wang et al. (2002); (32) Linde et al. (1978); (33) Burns et al. (2000);
(34) Li & Burns (2001b); (35) Liu et al. (2011); (36) Nazarchuk et al. (2005c).
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sharing tetrahedral rings observed in the structures
listed in Table 13, with the tetrahedral cations either Si
(three structures), Ge (one structure), or P (one
structure). These occur in Cs2[(UO2)(Ge2O6)](H2O)
(Fig. 14ac), RbNa[(UO2)(Si2O6)(H2O)] (Fig. 14ad),
Cs2[(UO2)(Ge2O6)]H2O (and isostructural Rb2[(UO2)
(Si2O6)]H2O) (Fig. 14ae), and Rb2[(UO2)3(P2O7)
(P4O12)] (Fig. 14af). In the ring, the basal planes of
the linked tetrahedra lie along approximately the same
plane, and with respect to the orientation of apical
tetrahedra, all the [4]-membered rings adopt a [X-X-YY] pattern, where X and Y designate apical tetrahedral
anions with similar orientations. The latter structure
also contains pyrophosphate (P2O7) dimers. The
compound Cs[(UO2)(PO3)3] (Fig. 14ag) is the only
one to contain [6]-membered rings of phosphate
tetrahedra. In it each ring is distorted and links directly
to six unique uranyl polyhedra to form the framework
structure.
The structures of three compounds contain tetrahedra that link to form topologically complex inﬁnite
sheets, with uranyl square bipyramids between the
sheets that link them together to create the framework.
These structures could be considered as ‘inverted’
sheet structures, wherein uranyl cations are the
relatively weakly bonded (by comparison to the strong
Si–O bonds) interstitial cations. In the isostructural
compounds X[(UO2)2(Si4O10)2](H2O)4 (X ¼ KNa3,
K4), sheets consist of [4]- and [8]-membered rings of
tetrahedra that link to form two-dimensional sheets
(Fig. 14ah). In Cs2[(UO2)(Si10O22)], sheets consist of
arrangements of [5]- and [6]-membered rings of
tetrahedra showing remarkable topological complexity
(Fig. 14ai). These rings are stacked to form complex
three-dimensional sheets with empty channels. The
channels in the tetrahedral sheets are too narrow (3.5–
5.5 Å) to contain the large Csþ (r ¼ ~1.6 Å) interstitial
cations that are instead located between the uranyl
square bipyramids.
Frameworks based on UL clusters with edge-sharing
Table 14 lists 12 compounds with framework
structures based on inﬁnite (UL) clusters that contain
edge-sharing polyhedra. There are two sub-classes of
structures: (1) those containing the UL-L3 cluster (Fig.
15a), wherein a central uranyl pentagonal bipyramid
shares one edge and three vertices with tetrahedral
ligand polyhedra; and (2) those containing the L2LUUL-L2 cluster (Fig 15b), wherein uranyl pentagonal
bipyramids occur as an edge-sharing dimer, each of
which shares one edge and two vertices with
tetrahedral ligand polyhedra.
The ﬁve structures that contain UL-L3 clusters are
listed in Table 14. All of these contain T2U7 groups
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that are either pyrophosphate, pyroarsenate, or pyrovanadate. The structure of Na2[(UO2)(P2O7)] is
topologically similar to the structure of the uranophane-group phases. Every second uranyl polyhedron
in the uranophane chain is absent and the ‘sheets’ are
directly linked via pyrophosphate groups (Fig. 15d). In
the structures of Na 2[(UO2 )(P2O 7)] (Fig. 15d),
Ba3[(UO2)2(AsO4)2(AsO7) (Fig. 15e), and Pb[(UO2)
(V2O7)] (Fig. 15f) the uranyl ion occurs only in UL-L2
clusters, and the frameworks result from the dense
interconnectivity of only these cluster types. The
structures of Li2[(UO2)3(P2O7)2] (Fig. 15g) and
Ba3[(UO2)2(HPO4)2(PO4)2] (Fig. 15h), however, contain the uranyl ion in two cluster topologies. In
addition to the UL-L2 cluster, the uranyl ion also
occurs in square bipyramidal coordination where the
four equatorial anions belong to tetrahedra (i.e., UL4
cluster; Fig. 15c). These two cluster types link together
to form the resulting framework.
There are seven structures that contain the more
complex L2-LUUL-L2 cluster type. Only two of these,
Cs[(UO 2 )Ga(PO 4 ) 2 ] (Fig. 15i) and Cs 4 [(UO 2 ) 2
(GaOH)2(PO4)4](H2O) (Fig. 15j), contain a single
uranyl cluster. Both structures are built from two
topologically distinct chain types. Common to both
phases are the inﬁnite chains resulting from the
polymerization of the cluster L2-L[U¼U]L-L2 (of the
type observed in Fig. 3ac). Cs[(UO2)Ga(PO4)2] also
contains chains of vertex-sharing [GeO6] octahedra,
with overall [GeO5] stoichiometry. In both compounds, the two chains are linked together directly at
high angles. The compound Rb2[(UO2)U4þ(PO4)2
(HPO3)2](H2O) contains both U6þ and U4þ (Fig.
15k). Here, the U6þ occupies the uranyl pentagonal
bipyramids in the L2-L[U¼U]L-L2 clusters, whereas the
U4þ is [7]-coordinated and is vertex-sharing with four
phosphate tetrahedra and two phosphonate groups. The
frameworks observed in Cs 3.14 [(UO 2 ) 3 CuH 3.86
(PO4)5](H2O) (Fig. 15l), a-Li[(UO2)(AsO4)], aLi[(UO2)(PO4)] (Fig. 15m), and Rb4[(UO2)6(P2O7)4
(H2O)] (Fig. 15n) consist of both L2-L[UU]L-L2 and
UL4 clusters. The two clusters share vertices to form
the dense frameworks observed in the compounds.
Frameworks of parallel chains of uranium polyhedra
The 18 compounds listed in Table 15 contain
framework structures based on inﬁnite chains of
element-sharing uranium polyhedra. These chains are
oriented such that their lengths are parallel and they
are linked together to form the complete framework by
either the direct sharing of polyhedral elements or by
additional high-valence polyhedra present between the
chains. Many of these chains are topologically related
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FIG. 14. Framework structures dominated by vertex-sharing between uranyl and other ligand polyhedra (containing highvalence cations) found in the compounds listed in Tables 13.

to those observed in the compounds and minerals
listed in Table 3.
The structures of Cs2[(UO2)(VO2)2(PO4)2](H2O)0.59
(Fig. 16a), Ni7B4[(UO16], and Cs11Eu4[(UO2)2(P2O7)6
(PO4)] consist of inﬁnite chains of uranyl square
bipyramids linked by two ligand tetrahedra (UL2 chains,
Fig. 4n). These chains are not directly linked together in

the structure, but instead are strongly bonded to the
complex network of octahedra that constitutes the rest
of the structural unit. The structure of Cs2[(UO2)
(VO2)2(PO4)2](H2O)0.59 contains UL2 chains (where L
¼ PO4 tetrahedra) as well as vertex-sharing (VO5)
pyramids. The axes of these two chain types are
perpendicular to one another. The structure of [Ni7
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FIG. 14. Continued.

B4UO16] contains similar UL2 chains, wherein uranyl
square bipyramids are linked by (BO4) tetrahedra.
These chains exist in a dense framework of edgesharing (NiO6) octahedra and (BO3) triangles, separated
by ~4 Å and ~10 Å along the z- and y-axes,
respectively. Further, if viewed in slices parallel to the
(100) plane, these chains are linked to edge-sharing
(NiO6) octahedra that are arranged in ribbon-like
fragments of gibbsite-type sheets (Fig. 16b). In the
structure of Cs11Eu4[(UO2)2(P2O7)6(PO4)], uranyl
square bipyramids are linked by pyrophosphate (P2O7)
groups to form inﬁnite chains (Fig. 16c) that are linked
to a network of irregular EuO7 polyhedra and phosphate
tetrahedra to form the framework. Unlike the other
structures in this category, the uranyl chains are in two
different orientations, one with long axes along [010]
and stacked along [100], the other being oriented along
[100] and stacked along [010].
There are four compounds with structures in which
parallel chains link to form discrete parallel channels
in the structure. The structures of Li5[(UO2)13

(AsO4)9(As2O7)] (Fig. 16d) and Li6[(UO2)12(PO4)8
(P4O13)] (Fig. 16e) both contain uranophane-type
chains of edge-sharing uranyl pentagonal bipyramids.
Dimeric T2O7 tetrahedral units link these chains
together into groups of four, deﬁning inﬁnite tubes
that extend through the structure. In both structures,
these discrete tubes are linked to a complex arrangement of UL-type clusters to form the resulting
framework.
The structures of Ag[(UO2)2(I2O7)](H2O) (Fig.
16f), Ag2[(UO2)3(GeO4)2](H2O)2 (Fig. 16g), and
K[NbUO6] (Fig. 16h–i) all contain uranophane-type
chains of edge-sharing uranyl pentagonal bipyramids.
In the structures of Ag[(UO2)2(HGe2O7)](H2O) and
Ag2[(UO2)3(GeO4)2](H2O) the chains or bipyramids
are linked by dimeric [Ge2U7] groups that replace the
typically observed isolated [SiO3(OH)] tetrahedra in
uranophane-type structures. The manner in which the
chains link together in the structures differs considerably. In the former and latter structures, respectively,
the tetrahedral dimers are oriented perpendicular and
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FIG. 14. Continued.

parallel to the axis of the uranyl chains, and the
resulting channels consists of four and six individual
chain units.
The structure of K[NbUO6] (Fig. 16h) is based on
edge-sharing chains of uranyl pentagonal bipyramids,
and chains of dimers of Nb2O10 edge-sharing octahedra are stacked by vertex-sharing. These two chains
are parallel and are linked by polyhedral edge-sharing,
resulting in the sheet shown in Figure 16h. These
sheets stack to form the structures corresponding to

Figures 16i–j. There are six compounds that are
structurally related to K[NbUO6], differing only in the
symmetric relationship between the two chains. In the
structures of K[NbUO 6 ], Cs 0.07 Na 0.92 [NbUO 6 ],
Tl[Nb2U2O11.5], and Rb0.5[NbUO2] (Fig. 16i), chains
are arranged asymmetrically without a mirror plane. In
the structures of Cs0.75K0.25[NbUO6] and Cs 0.5
[NbUO6] (Fig. 16j), the chains are arranged with a
mirror plane bisecting the Nb2O10 chain. In the
structure of Li2(UO2)(WO4)2 (Fig. 16k) the edge-
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TABLE 14. U(VI) COMPOUNDS CONTAINING FRAMEWORK STRUCTURES WITH EDGE-SHARING URANYL
CLUSTERS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Linde et al. (1984); (2) Alekseev et al. (2011); (3) Obbade et al. (2004c); (4) Alekseev et al. (2008b);
(5) Ling et al. (2009); (6) Shvareva et al. (2005c); (7) Villa et al. (2012); (8) Shvareva & Albrecht-Schmitt (2006); (9)
Alekseev et al. (2009c).

sharing chains of uranyl pentagonal bipyramids are
between inﬁnite sheets of vertex-sharing (WO6)
octahedra.
The structure of holfertite, [(UO2)1.77TiCa0.25
O3.61(OH)0.67](H2O)3 (Fig. 16l), contains chains with
disordered cations (Sokolova et al. 2005). In the
structure, uranyl square bipyramids are arranged into
inﬁnite chains with shared trans equatorial edges.
These chains are ﬂanked on either side by inﬁnite
chains of edge-sharing TiU5 trigonal bipyramids. The
two types of chains are arranged to form wide (~12 Å)
channels, each deﬁned by six chains, that are occupied
by a complex array of positionally disordered Ca2þ and
(H2O) groups.
The structures of X3[(U2O4)(Ge2O7)] (X ¼ Cs, Rb)
and [(UO2)(B3Al4O11(OH))] consist of chains of
uranyl polyhedra linked together in a relatively dense
framework. The isostructural compounds Cs3(U2O4)
(Ge2O7) and Rb3(U2O4)(Ge2O7) both consist of
[MO5]-type chains of vertex-sharing uranyl square
bipyramids. Dimeric (T2O7) tetrahedral ligands link
successive uranyl polyhedra in each chain and the
chains are kinked (Fig. 16m). The tetrahedral dimers
also link the adjacent chains. The structure of
[(UO2)(B3Al4O11(OH)] is illustrated in Figure 16n,
and a slice projected along (201) shows the complex
nature of the chain of uranyl polyhedra that exists
within the framework. Uranyl tris-boranato units
(analogous to the tris-carbonato complexes illustrated

in Fig. 3g) are linked together by a common edgesharing (BO3) unit. A chain consisting of trans edgesharing AlU6 octahedra is located between the chains
of uranyl bipyramids, and the apical anions of
successive octahedra are linked by (BO4) tetrahedra
and (BO3) triangles. The two chains are linked to form
an inﬁnite sheet by sharing oxygen atoms of the (BO3)
groups, and AlU6 octahedra located between the
hexagonal bipyramids also serve to link the chains
together. The resulting framework arises by stacking
these inﬁnitely.
Frameworks of interpenetrating chains of uranyl
polyhedra
Fifteen structures (corresponding to six structure
types) are grouped here based on the cross-linking of
chains (Table 16). In each, the chain topology has been
encountered previously. The topologically simplest of
these is Cs3[(UO2)2(PO4)O2], which consists of inﬁnite
chains formed by the sharing of trans vertices of
uranyl square bipyramids (Fig. 17a). A (PO4) tetrahedron bridges alternating polyhedra in the chain. These
tetrahedra link adjacent chains such that their chain
lengths are orientated at right angles to each other. The
Cs cations occupy interstitial voids.
Twelve compounds listed in Table 16 are based on
interpenetrating uranophane-type chains. Each chain
consists of edge-sharing uranyl pentagonal bipyramids
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FIG. 15. Framework structures dominated by the polymerization of discrete clusters containing edge-sharing polyhedra found in
the compounds listed in Table 14.
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TABLE 15. U(VI) COMPOUNDS CONTAINING FRAMEWORK STRUCTURES BASED ON PARALLEL CHAINS OF
URANIUM POLYHEDRA

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Shvareva et al. (2005b); (2) Gasperin (1989); (3) Pobedina & Ilyukhin (1997); (4) Alekseev et al.
(2009a); (5) Ling et al. (2010a); (6) Surble et al. (2006); (7) Gasperin (1987b); (8) Gasperin (1986); (9) Obbade et al.
(2004d); (10) Sokolova et al. (2005); (11) Lin & Lii (2008); (12) Wu et al. (2012).

in combination with tetrahedra [(SiO4), (GeO4),
(VO4), (PO4), (AsO4)] that share edges with uranyl
polyhedra, alternating along the sides of the chain. The
compounds have these chains in approximately
perpendicular arrangements. The mechanism by which
they are linked varies. In the topologically simplest
case, that of soddyite, [(UO2)2(SiO4)(H2O)2], the
chains link directly through the sharing of tetrahedral
edges (Fig. 17b). In structures of the other seven
compounds, sheets of polyhedra exist between crosslinked chains. Two types of sheets (sheet A/sheet B;
Fig. 17), both of which are topologically related to
autunite-type sheets, are observed: sheet A contains a
‘doubling’ of tetrahedra at half the tetrahedral
positions; sheet B has half the uranyl square bipyramids missing. Structures corresponding to the illustrations in Figures 17c–e can be described by modular
combinations of these types of chains; the colored
arrows indicate the location of the corresponding sheet
in the structure. The structures of Li2[(UO2)3(VO4)2O]
and Li2[(UO2)3(PO4)2O] (Fig. 17c) are based on the
sequence A{LUph}A–{TUph}–A{LUph}A (where TUph
and LUph indicate uranophane-type chains oriented in
and perpendicular to the plane of the page, respectively). Similarly, the structures of Li[(UO2)4(PO4)3],
Li[(UO2)4(AsO4)3], and Na(UO2)4(VO4)3 (Fig. 17d)

correspond to B{LUph}B–{TUph}–B{LUph}B, and the
structures of Li 3 [(UO 2 ) 7 (PO 4 ) 5 O], Li 3 [(UO 2 ) 7
(AsO4)5O], Ag3[(UO2)7(VO4)5O], and Li3[(UO2)7
(VO4)5O] (Fig. 17e) correspond to A{L Uph}B–
{TUph}–A{LUph}B. Lastly, two structures in this class
are based on phosphuranylite-type chains. In the
structures of [(UO2)3(PO4)O(OH)(H2O)2](H2O) and
nielsborite, K[(UO 2 ) 3 (AsO 4 )(OH) 4 (H 2 O)], these
chains link directly, analogous to the simple uranophane-type chain framework case above (Fig. 17f).
Frameworks of sheets
Within the framework category overall, structures
have been organized on the basis of the increasing
connectivity of uranium polyhedra, i.e., frameworks of
element-sharing polyhedra, clusters of polyhedra,
chains, and sheets of polyhedra. We now turn our
attention to the last group, speciﬁcally frameworks
built from sheets. Sheets dominated by uranium
polyhedra can be connected into a framework through
polyhedra containing high-valence cations located
between the sheets, or directly by sharing polyhedral
vertices. Previously, we placed such structures into the
category corresponding to the appropriate sheet
topology, rather than grouping them with frameworks.
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FIG. 16. Framework structures dominated by the interconnection of parallel chains of uranium polyhedra found in the
compounds listed in Table 15.
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TABLE 16. U(VI) COMPOUNDS CONTAINING FRAMEWORKS BASED ON INTERPENETRATING CHAINS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Yagoubi et al (2013); (2) Demartin et al. (1992); (3) Legros & Jeannin (1975); (4) Blaton et al. (1999);
(5) Obbade et al. (2007); (6) Renard et al. (2009); (7) Alekseev et al. (2009a); (8) Obbade et al. (2004a); (9) Obbade et
al. (2009); (10) Walenta et al. (2009); (11) Burns et al. (2004).

We maintain this approach here, such that framework
structures created by the linkage of sheets are
presented in the appropriate sheet category. However,
as the known number of these structures has increased
signiﬁcantly recently (currently 36), it is also useful to
present them as a distinct type of framework, to
facilitate comparison with structures sharing similar
topological elements. As such, those compounds with
frameworks consisting of strongly connected sheets
are also listed in Table 17.
Frameworks of sheets linked by non-sheet (interstitial)
polyhedra
Inﬁnite sheets based on uranium polyhedra (and
other high valence cations) may be linked directly by
element-sharing with polyhedra located between the
sheets. There are 22 known compounds that satisfy this
criterion. Linkages with these non-sheet cations are
strong (.0.2 vu), and they are usually included in the
deﬁned structural unit, as they stabilize the structure.
Their presence between the sheets therefore results in a
framework of linked sheets. Table 17 lists the 22
compounds in this class, the majority of which are
based on sheets with previously encountered topologies; 12, six, and two compounds are based on the
linkage of uranophane, phosphuranylite, and b-U3O8

type sheets, respectively. The remaining two compounds contain sheets that are novel.
Linked uranophane-type sheets. In sklodowskite,
(MgU6) octahedra, along with a network of H bonds
from (H2O) groups, link the apices of (SiU4) tetrahedra
from adjacent sheets (Fig. 18a). Eight compounds have
framework structures corresponding to that shown in
Figure 18b. In it, uranyl pentagonal bipyramids link
uranophane-type sheets through vertex-sharing with
(TU4) units of the sheets. Variable amounts of (H2O)
are between the sheets, and low-valence cations are
also often present that balance the net charge of the
framework. The structure of (UO2)[(UO2)(AsO4)]2
(H2O)5 is also based on uranophane-type sheets, but
here they display an unusual, highly zig-zagged
conﬁguration (Fig. 18c).
In the structure of weeksite, K2[(UO2)2(Si5O13)]
4H2O (Fig. 18d), chains of edge-sharing pentagonal
bipyramids are linked by chains and sheets of vertexsharing (SiO4) tetrahedra. The sheets consist of [6]and [14]-membered (TO4) rings that are oriented
perpendicular to the approximate plane formed by
the equatorial anions of the bipyramids. Hence, these
sheets both serve to link the pentagonal chains into
sheets and to directly link adjacent sheets together.
The weeksite structure of Jackson & Burns (2001) was
solved in an orthorhombic space group (Cmmb) and
showed several Si positions with partial vacancy. A
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FIG. 17. Framework structures dominated by the interconnection of interpenetrating chains of uranium polyhedra
found in the compounds listed in Table 16.

more recent investigation of weeksite from the same
locality (Fejfarová et al. 2012), however, suggests that
the true symmetry is monoclinic (C2/m) with twinned
crystals. It has also been suggested that the recently
discovered mineral coutinhoite, ThxBa1–2x(H2O)y
[(UO2)2(Si5O13)](H2O)3 (Atencio et al. 2004) is
isostructural with weeksite, but a detailed structure
has yet to appear in the literature.

The compound [La(UO2)(V2O7)][(UO2)(VO4)]
(Fig. 18e) contains a complex, REE-bearing structure
based on sheet topological related to uranophane.
Uranophane-type sheets, wherein half of the pentagons
are occupied by irregular, [9]-coordinated La3þO8
polyhedra (La3þ is illustrated as green spheres), are
directly linked by vertex-sharing dimers of V2O7
tetrahedra to form doublets. In between these doublets
are sheets with the basic a-uranophane topology. Both
types of sheets are bridged by vertex-sharing with Lapolyhedra.
Linked phosphuranylite-type sheets. These frameworks are connected in a manner similar to those
formed by the linkage of uranophane-type sheets.
Speciﬁcally, apical anions of the tetrahedra of adjacent
sheets are bonded to various cations located between
the sheets. In phosphuranylite (Fig. 18f), uranyl
pentagonal bipyramids with their equatorial planes
oriented at right angles to the plane of the sheets are
the bridges. In the structure of upalite, (AlU6)
octahedra provide linkages between the sheets (Fig.
18g). Half of these octahedra share vertices with both
adjacent sheets, whereas the others are interstitial and
are not linked to either sheet. The sheets in francoisiteNd (Fig. 18h) are linked by irregular (NdO9)
polyhedra. Each (NdO9) polyhedron shares vertices
with one (PO4) tetrahedron and one yl oxygen atom (in
each sheet). In the structure of vanmeerscheiteite (Fig.
18i), U[(UO2)3(PO4)4(OH)6(PO4)2](H2O)7, distorted
U6þ octahedra (without a uranyl ion) share apical
vertices with (PO4) tetrahedra to link adjacent sheets
together. In the structures of phuralumite (Fig. 18j) and
althupite (Fig. 18k), adjacent sheets are linked by
complex clusters of polyhedra (illustrated in the inset).
In the former, a [4]-membered cluster of edge- and
vertex-sharing aluminum octahedra and tetrahedra
occurs, whereas in the latter, two (AlO6) and two
(Th4þO9) polyhedra form a complex cluster that links
adjacent sheets.
There are two compounds with structures based on
the linkage of sheets with the b-U3O8 topology. In the
structure of (NH4)3[(UO2)10O10(OH)][(UO4)(H2O)2]
(H2O)2, b-U3O8-type sheets are linked by uranyl
hexagonal bipyramids located between the sheets
(Fig. 18l). Four of the equatorial edges of the
hexagonal bipyramid are linked to (Oyl–Oeq) edges
of four different in-sheet pentagonal bipyramids (two
in the sheet above and two in the sheet below), such
that a CCI conﬁguration occurs. The (NH4) is present
in interstitial positions in the framework, located
between the sheets (Fig 18l). Similarly, the structure
of [Ni(H2O)4]3[U(OH)(H2O)][(UO2)8O12(OH)3] contains b-U3O8-types sheets that are linked by (NiU6)
octahedra that share vertices with the yl oxygen atoms
of the sheet (Fig. 18m).
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TABLE 17. U(VI) COMPOUNDS CONTAINING FRAMEWORKS OF SHEETS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Ryan & Rosenzweig (1977); (2) Locock & Burns (2002a); (3) Locock & Burns (2003d); (4) Locock &
Burns (2003e); (5) Locock & Burns (2002b); (6) Locock & Burns (2004); (7) Saadi et al. (2000); (8) Jackson & Burns
(2001); (9) Mer et al. (2012); (10) Demartin et al. (1991); (11) Piret et al. (1983); (12) Piret et al. (1988); (13) Piret &
Deliens (1982); (14) Piret et al. (1979); (15) Piret & Deliens (1987); (16) Li et al. (2001a); (17) Rivenet et al. (2009);
(18) Wu et al. (2009); (19) Nazarchuk et al. (2009); (20) Loopstra & Cordfunke (1966); (21) Loopstra (1977); (22)
Gasperin (1987e); (23) Chevalier & Gasperin (1969); (24) Chevalier & Gasperin (1968); (25) Ling et al. (2010a); (26)
Tancret et al. (1995); (27) Benard et al. (1994); (28) Loopstra (1970); (29) Siegel et al. (1972b); (30) Dickens et al.
(1993); (31) Gasperin (1987c); (32) Ijdo (1993a); (33) Cordfunke et al. (1991).

The structure of Ba4[(UO2)7(UO4)(AsO4)2O7] is
the only example in this class that has a sheet-anion
topology that is not observed in structures based on
discrete sheets (Fig. 18n). In this sheet, half of the
squares of the corresponding anion topology are
occupied by uranyl ions, giving square bipyramids

with the uranyl ions oriented in the plane of the sheet
with CCIs present. Each of the equatorial anions of the
uranyl square bipyramids are shared with a (AsO4)
tetrahedron, which bridges to the adjacent sheet. The
structure of Cs2Na8[(UO2)8O8(Mo5O20)] (Fig. 18o)
contains sheets with the same anion topology as in
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FIG. 18. Framework structures dominated by sheets connected by: (a–m) high valence cations in the interstitial region and (n–t)
direct sharing of polyhedral elements. The corresponding compounds are listed in Table 17.
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FIG. 18. Continued.

X10[(UO2)8O8(Mo5O20)] (X ¼ Ag, Na) (Fig. 9y), but
otherwise their structures are signiﬁcantly different. In
Cs2Na8[(UO2)8O8(Mo5O20)], the squares in the corresponding sheet-anion topology are occupied by
(MoO6) octahedra. (MoO4) tetrahedra also are located
between the sheets, where they bridge the two (MoO6)
octahedral apices. The remaining two tetrahedral
vertices link in the same fashion to an adjacent sheet.
In contrast, in X10[(UO2)8O8(Mo5O20)] the squares in
the sheet-anion topology are occupied by [5]-sided
(MoO5), distorted square pyramids. Although (MoO4)
tetrahedra again occupy the region between the sheets,
these are not directly element-sharing with the
proximal sheets, and they occur only between every
second set of sheets.
Frameworks of directly linked sheets
The 14 compounds in this category (Table 17) have
frameworks of sheets of uranyl polyhedra that are
predominantly linked through equatorial edges. In six
of these, cation-cation interactions are involved in the
linkage of adjacent sheets. As such, these compounds
are also listed in Table 18 and illustrated in Figure 19.
The structures of a-UO3 (Fig. 18p) and a-U3O8
(Fig. 18q) are based on directly linked sheets of
uranium (mostly uranyl) polyhedra. In a-UO3, sheets
consist only of closely packed hexagonal bipyramids
that are stacked directly on top of each other and that
are linked via bridging of the apical anions. If the
structure is viewed perpendicular to the plane of the
sheets, inﬁnite chains of vertex-sharing hexagonal
bipyramids are visible. In contrast, the sheets in aU3O8 consist only of pentagonal bipyramids and
vacant triangles, each oriented in the same direction.
These sheets are stacked directly on top of each other
such that the apical anions of each pentagonal
bipyramid link to two others, resulting in triangular
channels and orthogonal-to-sheet chains of vertexsharing pentagonal bipyramids.
The structure of [MgB2(UO2)O5] contains a sheet
with an anion topology consisting of triangles, squares,
and pentagons (Fig. 18r) that is not observed in any

phase as a discrete sheet. The pentagons and squares of
the anion topology are occupied by uranyl ions and
(MgO6) octahedra, respectively, whereas half of the
triangles are occupied by (BO3) groups. The sheets are
stacked such that the apical anion of the (MgO6)
octahedron is also a yl oxygen atom belonging to the
adjacent sheet.
The compounds [UTiNb2O10] and [UNb3O10] (Fig.
18s–u) contain directly connected sheets with the
topology shown in Figure 18s. These compounds are
nearly isostructural, with the local bond topology
differing only slightly. In the structure of [UTiNb2O10],
Nb5þ and Ti4þ occur in [5]-sided pyramids (which
alternate with respect to the direction of the apical
anions) and regular octahedra, respectively. These two
polyhedra (each in different, but adjacent, sheets) share
an apical anion, forming the framework structure. In
this structure, the yl oxygen atoms do not bond to any
additional cation. In contrast, in the structure of
[UNb3O10], Nb5þ is present only in octahedral coordination, and adjacent sheets are bridged via apical anions
of octahedra and yl oxygen atoms (with the conﬁguration U6þ ¼ Oyl–Nb5þ). This highly unusual linkage
appears to be responsible for the considerably elongated
U–Oyl bond lengths of 1.87 Å in this compound.
The structure of Ag[(UO2)2(HGe2O7)](H2O) contains sheets with a corrugated uranophane-type
topology (Fig. 18v). Dimeric groups of vertex-sharing
Ge2O6(OH) tetrahedra replace the typically observed
SiO3(OH) polyhedra of the uranophane sheet and act
to bridge adjacent sheets. The corrugated topology
facilitates inclusion of inﬁnite chains of face-sharing
(AgO6) octahedra. These chains, however, link only to
one of the two adjacent sheets. The structure of
[(UO2)2V2O7] (Fig. 18w) and the mixed-valence
compound U4þ(UO2)(PO4)2 (Fig. 18x) both consists
of directly linked uranophane-type sheets. In the
former compound, the separate sheets are linked by
vertex-sharing dimers of (V2O7) tetrahedra, resulting
in narrow, open channels throughout the structure. In
the latter compound, U4þ occupies half of the
pentagonal polyhedra, and these link directly to the
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TABLE 18. U(VI) COMPOUNDS CONTAINING FRAMEWORK STRUCTURES WITH CATION–CATION
INTERACTIONS

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
Could also be considered as frameworks of (b) indirectly linked sheets and (c) condensed sheets.
References: (1) Brandenburg & Loopstra (1978); (2) Serezhkin et al. (1980b); (3) Taylor & Wilson (1973); (4) Sullens
et al. (2004); (5) Alekseev et al. (2006b); (6) Kubatko & Burns (2006b); (7) Obbade et al. (2004d); (8) Siegel et al.
(1972b); (9) Dickens et al. (1993); (10) Ijdo (1993a); (11) Cordfunke et al. (1991); (12) Gasperin (1987c); (13)
Alekseev et al. (2007d); (14) Morrison et al. (2011); (15) Li & Burns (2000c).

(PO4) groups of the adjacent sheet to stabilize the
structure.
The remaining compounds listed in Table 17 all
contain cation-cation interactions that directly contribute to the linking of the adjacent sheets. A detailed
discussion of these compounds is thus deferred to the
following section, which focuses on the more detailed
topological consequences of the CCI conﬁguration.
Frameworks containing cation-cation interactions
Crystalline uranyl compounds containing cationcation interactions are relatively rare. A so-called
cation-cation interaction (CCI) occurs where the yl
oxygen atom of one actinyl anion directly bonds to an
additional actinyl cation, serving as an equatorial
ligand of the latter. In a CCI, the actinyl ion associated
with the yl bond is considered to be the ‘donor’,
whereas the actinyl ion that is coordinated by the
oxygen atom in the equatorial plane is the ‘receiver’.
Although U6þ uranyl cation-cation interactions are

rare, there is a growing body of literature that identiﬁes
these as important in U5þ compounds (Jones et al.
2013, Jones & Gaunt 2013, Chatelain et al. 2014), as
has long been recognized for Np5þ compounds
(Grigoriev et al. 1988, Grigoriev et al. 1989). The
interested reader is directed to a review article
provided by Krot & Grigoriev (2004) as well as the
structural hierarchy of Np5þ compounds presented by
Forbes et al. (2008).
Burns (2005) lists only six U6þ compounds that
contain CCIs, and there are currently 20 reported in the
literature (Table 18). Figure 19 illustrates schematically, via the direction of the arrow, the three types of
donor conﬁgurations (Dc-I through Dc-III) and three
types of receiver conﬁgurations (Rc-I through Rc-III)
that are observed in the compounds listed in Table 18.
Consistent with the approach used elsewhere in this
article for other structural classiﬁcations, the CCI
compounds have been separated into structures based
on chains, sheets, and complex frameworks.
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FIG. 19. Framework structures that contain cation-cation interactions. The corresponding compounds are listed in Table 18.
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FIG. 19. Continued.

Five compounds have CCIs that are incorporated
into inﬁnite chains of uranyl polyhedra. The three
isostructural compounds a-[(UO2)(SeO4)], a-[(UO2)
(SO4)], and a-[(UO2)(MoO4)] (Fig. 19a) are based on
inﬁnite chains of vertex-sharing CCI-linked uranyl
polyhedra. The compound [(UO2)Cl2] is also based on
inﬁnite chains of edge-sharing uranyl pentagonal
bipyramids (Fig. 19b), but in this case the CCIs are
not directly part of the inﬁnite chains, but instead the
edge-sharing chains are linked via the CCI bond. In
this compound, all the equatorial anions are halogens
(Cl), with the important exception of the equatorial
oxygen atom that participates in the CCI interaction.

Topologically complex chains occur in the isostructural compounds [X(UO2)3(HIO6)(H2O)(OH)O]1.5H2O (X ¼ Li, Na, K, Rb, Cs; Fig. 19c). These chains
are formed by edge-sharing trimers of uranyl pentagonal bipyramids and are directly linked to each other
by CCIs. Additional linkages in each chain are
provided by (IO6) octahedra with both vertex- and
edge-sharing conﬁgurations. Consequently, this structure may also be considered as a framework of
interpenetrating chains.
There are eight compounds that are based on
inﬁnite sheets of uranyl polyhedra that are linked into a
framework by CCIs. The compound Na 2 Li 6
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[(UO2)11O12(WO5)2] contains sheets with the b-U3O8
anion topology in which the squares are occupied by
(WO6) octahedra (Fig. 19d). These sheets are linked
by uranyl hexagonal bipyramids via edge-sharing (two
edges shared above, two edges shared below).
Similarly, the structure of Sr 5 [(UO 2 ) 20 (UO 6 ) 2
O16(OH)6](H2O)6 (Fig. 19e) contains sheets with the
b-U3O8 anion topology that are linked by edge-sharing
dimers of uranyl pentagonal bipyramids. The compound Li2[(UO2)4(WO4)4O] (Fig. 19f) contains sheets
of vertex-sharing polyhedra that are linked into a
framework by uranyl square bipyramids, where the
equatorial bonds link to the yl oxygen atoms of uranyl
polyhedra of the sheets.
The compounds [H2U3O10] and [CuU3O10] contain
sheets based on the uranophane anion topology, with
the squares vacant in the former compound (Fig. 19g).
The anion positions of these squares are occupied by
(OH) groups, and the H bonds contribute to sheet
stability by both inter- and intra-sheet bonding. In the
latter compound (Fig. 19h), the squares of the anion
topology are occupied by the equatorial planes of
Jahn-Teller distorted CuO6 octahedra. In both structures, the sheets are directly linked to each other by a
CCI that exists between the two uranyl ions of the
adjacent sheets across the bridging anion.
The structure of [Ca(UO2)(BO3)2] (Fig. 19i)
contains sheets with a novel sheet topology. Triangles
and squares of the topology are occupied by (BO3)
groups and uranyl ions, respectively. Half of the uranyl
ions occupying the squares are oriented perpendicular
to the sheet, whereas the other half are oriented within
the plane of the sheet. Although all of the pentagons
are occupied, half correspond to the pentagonal plane
of irregular CaO7 bipyramids. These sheets are stacked
on top of each other, such that the uranyl square
bipyramids are linked by vertex-sharing to form
inﬁnite chains oriented perpendicular to the plane of
the sheets. The orientation of the uranyl ion thus
alternates in each second polyhedron, such that a CCI
occurs.
The isostructural compounds [Sr3(U11O36)] and
[Pb3(U11O36)] contain the complex interrupted sheets
topologies shown in Fig. 19j. The divalent cations are
both [7]-coordinated in pentagonal bipyramids. Fragments of the b-U3O8 structure in the sequence form
continuous, ribbon-like chains within each sheet. The
adjacent sheets are linked by both CCIs and vertexsharing with Sr2þ (or Pb2þ).
There are seven CCI-containing compounds that
have structures best described as complex [3]-dimensional frameworks. The compound Li4[(UO2)10O10
(Mo2O6)] (Fig. 19k) consists of sheets of edge-sharing
uranyl pentagonal bipyramids that intersect at 908,
forming a complex framework structure in which the

CCI occurs at the point where the sheets intersect. The
structures of X[(UO6)2(U2O2)9(GeO4)(GeO3(OH)] [X
¼ (NH4)þ, Ba2þ, Kþ] (Fig. 19l) are complex frameworks of edge-sharing uranyl pentagonal bipyramids
and U6þ in a distorted octahedral coordination. These
structures show considerable topological complexity.
Sheets of uranyl pentagonal bipyramids and UO6
octahedra exist that contain CCIs. These sheets are
linked by additional uranyl pentagonal bipyramids and
by chains of (GeO5) polyhedra. However, the exact
conﬁgurations of the GeOx polyhedra are ambiguous.
The two Ge sites are positionally disordered with half
occupancy, and thus correspond to either isolated
GeO4 tetrahedra or inﬁnite chains of vertex-sharing
GeO5 trigonal bipyramids along [001].
The structure of (Pb2(H2O))[(UO2)10UO12(OH)6
(H2O)2] (Fig. 19m) contains topologically complex
chains of uranyl polyhedra oriented in both the [110]
and [110] directions and that consist of edge- and
vertex-sharing uranyl pentagonal and square bipyramids, as well as distorted U6þO6 octahedra. These two
chains are linked into a framework of interpenetrating
chains with elongated channels between the chains that
are occupied by Pb2þ. The structure contains a single
CCI that links the chains together. Lastly, the structure
of Cs[(UO2)9U3O16(OH5)] (Fig. 19n) consists of an
extremely complex topology of vertex- and edgesharing uranyl square bipyramids and irregular
(U6þO6) octahedra.
Frameworks based on miscellaneous topologies
There are 12 compounds with framework structures
gathered here as miscellaneous types, and these are
listed in Table 19. The isostructural compounds
[X3UO9Cl3] (X ¼ La, Pr, Nd) have the complex,
densely packed framework topology illustrated in
Figure 20a. The complete structure is generated by
the direct stacking of the illustrated slice perpendicular
to the plane of projection. Here U6þ is coordinated in
unusual trigonal prismatic polyhedra that are edgesharing with (XU10) polyhedra.
The structure of [U2Ta6O19] (Fig. 20b) consists in
part of sheets of bi-capped trigonal prisms that are
occupied by U6þ and that are linked by edge sharing.
Viewed perpendicular to this sheet, the prisms have
hexagonal outlines, and one-third of the hexagons are
vacant. The structure also contains sheets of irregular
(TaO6) octahedra that are linked by vertex-sharing.
These sheets are linked via polyhedral edge sharing
such that each uranium sheet is sandwiched between
two (TaO6) sheets. These larger sheets are, in turn,
linked to each other via vertex-sharing to form the
framework structure. In the structure of [Na3Ca1.5
(UO6)] (Fig. 20c), all cations occur in octahedral
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TABLE 19. U(VI) COMPOUNDS CONTAINING FRAMEWORK STRUCTURES WITH MISCELLANEOUS
TOPOLOGIES

Note: Double lines (¼) indicate major differences in the stoichiometry of the structural unit, as indicated by the
corresponding header in the table; single lines (–) indicates different topologic configurations; and dotted lines (- -)
separate graphical isomers.
a
Synthesis column data. HT[T] and SS[T] correspond to hydrothermal and solid state synthesis, respectively, at
maximum reported temperature T (8C); V-Cl: vapor phase chlorination; A, aqueous (Ae denotes evaporation to
dryness); Ac, concentrated acid; Flx, molten flux; SDg, slow diffusion in gel.
References: (1) Henche et al. (1993); (2) Schleifer et al. (2000); (3) Roof et al. (2010b); (4) Shvareva et al. (2007); (5)
Sykora & Albrecht-Schmitt (2003); (6) Lee & Jaulmes (1987); (7) Hoekstra & Siegel (1971); (8) Nguyen & Lii (2011);
(9) Galy & Meunier (1971); (10) Wang et al. (2011b).

coordination, and there is no uranyl ion. The octahedra
are close-packed in a halite-like (NaCl) structure and
show an extremely complex, yet fully ordered,
occupancy pattern.
Although the ﬁnal seven compounds listed in Table
19 are placed in the category of miscellaneous
frameworks, they all contain uranium polyhedra that
are isolated in a complex framework of additional
edge- and vertex-sharing polyhedra containing highvalence cations. The structure of K3.48[(UO2)H1.52
(VO)4(PO4)5] (Fig. 20d) contains uranyl square
bipyramids in which the four equatorial anions bridge
to tetrahedral ligand polyhedra. These ﬁnite clusters
are directly linked to edge-sharing dimers of (VO5)
pyramids to form the complete framework. This
arrangement results in the presence of channels
throughout the structure that are occupied by Kþ.
In two compounds, the isolated uranium polyhedra
are linked to the structural unit via edge-sharing chains
of non-uranium polyhedra. The structure of K2[(UO2)2
(VO)2(IO6)2O](H2O) (Fig, 20e) consists of uranyl
square bipyramids that link (by vertex-sharing) to
inﬁnite parallel chains of edge-sharing (IO6) octahedra. This conﬁguration results in wide, somewhat
rectangular-shaped channels that are occupied by Kþ
cations. In the structure of Ca[UMo6O16] (Fig. 20f),
dimers of edge-sharing (MoO6) octahedra are stacked
directly on top of each other to form inﬁnite chains.
Both the uranyl ions and Ca2þ cations occur in
pentagonal bipyramidal coordination. Each yl oxygen

links to a (CaO7) polyhedra, and vice versa, forming
an inﬁnite chain of stacked pentagonal bipyramids.
These two types of chains are linked together by
sharing equatorial edges with uranyl pentagonal
bipyramids.
The structure of [Cr2UO6] (Fig. 20g) consists of
uranium octahedra (without uranyl) that occupy space
between gibbsite-types sheets of (CrO6) octahedra. In
the gibbsite-type sheets, one-third of the octahedra are
vacant, and the (UO6) octahedra are located directly
above these vacancies, with the sheets linked by
vertex-sharing.
In the structure of Cs[Ge8UO20] (Fig. 20h), U6þ is
present in irregular octahedral coordination without
uranyl ions present. Each octahedron vertex-shares
with six (GeO4) tetrahedra. To form the complete
framework, tetrahedra are linked together into threemembered rings. Dimers of edge-sharing (GeO5)
polyhedra link the [3]-membered rings together to
form [8]-membered polyhedral rings. Cesium occupies
the center of these larger rings.
Cliffordite, (UO2)(TeO7) (Fig. 20i) is among the
few anhydrous uranyl minerals. Here, each uranyl
hexagonal bipyramid shares six edges with irregular
TeO4 polyhedra. Adjacent clusters, in turn, link via
both edge- and vertex-sharing to form a topologically
complex, dense framework. In the structure of
[(UO2)(B8O11(OH)4)] (Fig. 20j) uranyl hexagonal
bipyramids each share three edges with boron
polyhedra (two BO4 tetrahedron and one BO 3
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FIG. 20. Framework structures based on miscellaneous topologies (i.e., failing to ﬁt in the preceding categories). The
corresponding compounds are listed in Table 19.
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FIG. 21. Selected examples of nanostructured uranyl materials; (a) uranyl selenate tubules; (b) {U60}; and (c) {U24Py12}.

triangle). These clusters are linked through a complex
network of additional BOx polyhedra to form the
resulting framework. It is noteworthy that in both
pervious structures, there is sufﬁcient linkage between
the ligand polyhedra to form a coherent framework,
i.e., with the uranyl bipyramids essentially located in
the interstices.

NANOSTRUCTURED MATERIALS
Recent research has shown a growing number of
inorganic compounds that contain uranyl polyhedra
arranged to form discrete macromolecular structures
(typically on the scale of nanometers). For example,
inﬁnite sheets of vertex-sharing uranyl pentagonal
bipyramids and selenate tetrahedra (with topology
derived from the {3.6.3.6} parent graph shown in 5o)
can wrap onto themselves, forming inﬁnite [(UO2)10
(SeO4)17(H2O)]14– nanotubules (Krivovichev et al.
2005g, h). These tubules have very large effective
diameters (~12.6 Å) and arrange themselves in a
parallel, close-packed manner to form crystals, as
shown in Figure 21a.
The ﬁrst uranyl peroxo-nanoclusters were reported
by Burns et al. (2005). Since this publication,
approximately 60 additional clusters have been
synthesized and are summarized in Qiu & Burns
(2013) and Burns (2011). Each of these contains
uranyl-peroxide bipyramids (of the type illustrated in
Fig. 1). The polymerization of such bipyramids,
bridged by the peroxide ligand, induces the necessary
curvature to promote the formation of discrete, caged
clusters. The known clusters vary considerably in size
and composition. The two examples shown in Figure

21 illustrate this point. Figure 21b shows the {U60}
cluster (Li40K20[UO2(O2)(OH)]60(H2O)214). The outer
cage of this cluster consists solely of edge-sharing
uranyl di-peroxo hexagonal bipyramids (diamter ~25
Å). This icosahedral cluster is topologically identical
to the well-known C60 buckminsterfullerene (Kroto et
al. 1985), with each carbon atom replaced by the
uranyl ion. The cluster consists of 12 pentagonal and
20 hexagonal rings or uranyl ions. In contrast, the
{U24Py12} cluster (Na8[(UO2)24(O2)24(P2O7)12]) is
shown in Figure 21c. Here, the outer cage consists of
six [4]-membered rings of uranyl di-peroxo hexagonal
bipyramids, linked by the peroxo bridges. These are
linked by 12 vertex-sharing pyrophosphate (P2O7)
groups. The diameter is ~18 Å. The development of
nanostructured materials greatly adds to the diversity
of uranyl chemistry and offers new promises for novel
useful technologies.

SUMMARY
Uranium is a geologically, economically, and
technologically important element. Demand for uranium to fuel the global nuclear energy industry will
almost certainly continue to increase in the future. An
advanced understanding of the crystal chemical
behavior of uranium is critical to developing efﬁcient
and effective methods of exploration, exploitation, and
eventually disposal that are essential to meeting this
demand.
Owing to the efforts of many groups of dedicated
scientists worldwide, our knowledge of the crystal
chemical possibilities and complexities of U6þ has
vastly improved over the past decade, with a near
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doubling of the number of known structures. Many of
these contributions have come from laboratories
focused on synthetic chemistry, but the efforts of a
few dedicated mineralogists are also fueling discovery
of new and fascinating uranyl minerals. Some of these
have structures that were initially discovered by
synthetic chemists, and others further demonstrate
the uniqueness and complexity of geochemical
conditions that result in their formation. Some of the
newly discovered compounds and minerals will be
important in fuel cycle applications, environmental
remediation, nuclear reactor accidents, and our
understanding and optimization of geological repository performance for nuclear waste. Studies of the
crystal chemistry, solid-state chemistry, synthetic
chemistry, and nanoscience of U6þ are vibrant and
important today, and will be for the foreseeable future.
Indeed, the high rate of discovery of new compounds
continues to accelerate as researchers move into
different synthetic realms and geochemical environments.
The continued development of a structure hierarchy
of inorganic U6þ compounds is a necessary step
towards ordering and reﬁning our understanding of
U6þ solid-state chemistry. It facilitates comparison
between the behaviors of seemingly disparate chemical systems and allows a better understanding of the
governing mechanisms that promote phase stability,
moving us closer to being able to predict how U6þ will
behave in complex, potentially ecologically sensitive
environments.
Behavior prediction is a key issue in overcoming
one of the greatest challenges involving uranium
geochemistry – the long-term disposal of spent nuclear
fuel and other highly radioactive wastes in geologic
repositories. Successful disposal requires the immobilization of the waste package upon failure of
engineered barriers and the eventual introduction of
groundwater. Current models used to predict uranium
transport over time are often restricted to the more
common uranyl phases (e.g., uranophane, autunite),
although new uranyl minerals continue to be discovered even from classic localities. The enormous
number of phases presented here, however, indicates
that focusing on a few uranyl compounds is likely an
oversimpliﬁcation, and reﬁned models will require
incorporation of additional potential phases (as either
kinetic or thermodynamic products) as well as nanostructured materials (e.g., soluble cage clusters).
The following key statements and observations can
be made:
During the past decade there has been a near twofold increase in the number of fully-characterized
inorganic U6þ structures (up from the 368 structures
described in Burns 2005), with the majority of the

increase corresponding to structures containing sheets
and frameworks.
Sheet structures continue to be the most common
structural unit observed, with these occurring either as
discrete sheets (separated by an interstitial complex of
weak bonds), sheets linked by polyhedra containing
high valence cations, or sheets that are directly linked.
The latter two categories may also be considered as
framework structures.
The number of compounds with framework
structures has shown the greatest proportional increase
over the past decade, prompting the development of
the more comprehensive framework classiﬁcation
scheme presented here. The current hierarchy now
separates frameworks into the following categories:
(1) of element-sharing polyhedra; (2) of clusters linked
by vertex-sharing; (3) of linked chains (parallel and
cross-linked); (4) of linked sheets; and (5) containing
cation-cation interactions. The rapid increase in
framework structures appears to arise from exploration
of new synthetic realms that are often at higher
temperatures or pressures.
For most elements in the periodic table, crystalline
compounds containing U6þ have been characterized
(minerals and synthetics). Despite this, a relatively
small number of ligands (and cations) dominate our
understanding of uranium crystal chemistry (e.g., Naþ,
Kþ, Rbþ, Csþ, Ca2þ, Sr2þ, Pb2þ, Cu2þ, Mo6þ, V5þ, PO4,
SO4, SeO3/4, AsO4, SiO4, CrO4). This is no doubt due
to an intentional bias towards those elements that are
important in environmental and nuclear waste realms.
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