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Aspects of the structure and bonding in binary and ternary uranium oxides are considered
using group theoretical and geometrical ideas. A 13-orbital sd5f 7 bonding manifold for the
uranium atoms is sufficient for regular octahedra having six double bonds, elongated “reverse
uranyl” octahedra having four equatorial bonds of average order 21/2, and flattened uranyl
octahedra or pentagonal bipyramids having two axial triple bonds. This is consistent with
the uranium-oxygen bond lengths in ternary uranium oxides (uranates) exhibiting these
structures. A key factor in determining structural features of uranates UXOY

Z- is the formal
negative charge per uranium atom (Z/X). A Z/X ratio of 2 corresponds to the tetraoxo-
uranates M2

IUO4 and MIIUO4, which have structures consisting of chains or layers of flattened
UO2

aO4/2
e uranyl octahedra or layers of UO2

aO6/3
e uranyl hexagonal bipyramids with the

interstitial counterions bonded to 3-8 oxygen atoms. Most cation-poor uranates with Z/X
< 2 have layered structures related to those of UO3 or U3O8 consisting of equatorial planes
containing quadrilaterals and/or pentagons, short strong axial uranium-oxygen bonds, and
interstitial cations between the layers. Cation-rich uranates with Z/X > 2 contain either
chains of UO4

eO2/2
a “reverse uranyl” elongated octahedra (e.g., Ca2UO5 or Na4UO5) or regular

UO6 octahedra (e.g., Ca3UO6 or Li6UO6).

Introduction

Binary and ternary uranium-oxygen compounds are
of interest from both fundamental and practical points
of view. Thus uranium, like its neighboring actinides
neptunium, plutonium, and americium, has the unusual
property of forming strong covalent bonds in one dimen-
sion and weak electrostatic bonds in the other two
dimensions. This is exemplified by the numerous uranyl
derivatives having short strong “primary” uranium-
oxygen multiple covalent bonds in the axial direction
coupled with labile electrostatic “secondary” bonds to
ligands in the equatorial plane.1 This directional ani-
sotropy can lead to low-dimensional materials consisting
of chains or layers constructed from uranium-oxygen
networks. Furthermore, uranium-oxygen compounds
are of obvious practical importance in view of the
important role of uranium oxides in nuclear reactor
fuels. In addition uranium-oxide-based catalysts includ-
ing U3O8 have been shown to be useful for the oxidative
destruction of hydrocarbon and chlorine-containing
organic pollutants.2

Several years ago,3 the properties of the 12-orbital
d5f 7 manifold from actinide 6d and 5f orbitals were
examined for forming the strong covalent bonds in
certain types of actinide derivatives such as the actinyl
derivatives, AnO2

2+, and the actinocenes (C8H8)2An.
Subsequently, Denning4 published an extensive review

on the electronic structure and bonding in actinyl ions.
Relevant uranium chemistry has been reviewed by
Morss5 as well as van Egmond.6 More recently, Burns,
Ewing, and their collaborators have made an extensive
survey of the crystal structures of uranium(VI) minerals
and related inorganic uranyl phases7 including studies
of their polyhedron geometries, bond-valence param-
eters, and polymerization of their fundamental poly-
hedral building blocks.8 Their work led to a novel
approach for the description and classification of ura-
nium oxide hydrate sheet anion topologies.9

This paper extends the approach of my earlier paper3

to the infinite solid-state structures of uranium-oxygen
derivatives with the need to consider the 7s as well as
the 6d and 5f orbitals to account for some covalency of
all of the uranium-oxygen bonds, thereby leading to a
13-orbital sd5f 7 manifold. In addition, some relevant
geometrical aspects of the considerable variety of binary
and ternary uranate structures are discussed. The range
of uranate structures considered in this paper includes
not only structures containing discrete uranyl units
(UO2

2+) treated by Burns, Ewing, and collaborators7-9

but also more cation-rich structures with the uranium-
(VI) atoms in other environments not found in mineral
structures. Quaternary and higher structures contain-
ing elements other than uranium, oxygen, and an
electropositive metal such as an alkali or alkaline earth
metal are not considered in this paper.
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Group Theory and Bonding

The group-theoretical treatment of the covalent bond-
ing in uranium-oxygen derivatives supplements the
d5f 7 manifold used in the previous paper2 with the 7s
orbital, leading to a 13-orbital sd5f 7 manifold. With the
exception of the pentagonal bipyramid, the uranium
coordination polyhedra found in uranium oxide struc-
tures, namely, the octahedron and hexagonal bipyramid,
are centrosymmetric. For this reason the 12-orbital sd5f 6

and 10-orbital sd4f 5 submanifolds are used in which the
number of gerade s and d orbitals equals the number
of ungerade f orbitals.2,10,11 Table 1 summarizes the
uranium orbitals from the sd5f 7 manifold for the fol-
lowing uranium coordination polyhedra that are avail-
able for σ- and π-bonding based on symmetry consid-
erations:

(1) Oh Regular UO6 Octahedron Found in Some
Cation-Rich Uranates Such as Li6UO6 and the
Perovskite-like Ca3UO6. If the U-O π-bonding in a
regular octahedron is distributed equally to all six
oxygen atoms, then each uranium-oxygen bond is a
double 1σ + 1π bond. This leads to a total of 12 bonds
from the central uranium atom to the six oxygen atoms,
thereby using a 12-orbital sd5f 6 submanifold.

(2) D4h Elongated “Reverse Uranyl” UO4
eO2/2

a

Octahedron Found in Ca2UO5 and Na4UO5. In the
“reverse uranyl” octahedron the two axial U-O bonds
are longer than the four equatorial U-O bonds. Distri-
bution of the U-O π-bonding to the shorter equatorial
uranium-oxygen bonds leads to an average bond order
of 21/2 (i.e., 1σ + 3/2π) for these bonds. This corresponds
again to a total of (4)(21/2) + (2)(1) ) 12 bonds from the
central uranium atom to the six oxygen atoms and a
12-orbital sd5f 6 submanifold.

(3) D4h Flattened “Uranyl” UO2
aO4/2

e Octahedron
Found in Tetraoxouranates of the Type MIIUO4
and M2

IUO4. Distribution of the U-O π-bonding to the
two axial uranium-oxygen bonds leads to the maximum
σ + π bond order of 3 ()1σ + 2⊥π) and accounts for the
relatively short axial uranium-oxygen distances in such
derivatives. The central uranium atom forms a total of
(2)(3) + (4)(1) ) 10 bonds, corresponding to a 10-orbital
sd4f 5 manifold.

(4) D5h Pentagonal Bipyramid UO2
aO5

e. This is
the most prevalent coordination polyhedron in uranyl
complexes other than those containing small bidentate

ligands such as nitrate and peroxide or π-bonding
ligands such as halides.12 Such pentagonal bipyramidal
coordination is rare in infinite solid uranate structures
apparently because an equatorial plane cannot be tiled
exclusively with regular pentagons (see below). A pen-
tagonal bipyramidally coordinated central uranium
atom having triple bonds to the two axial oxygens and
single bonds to the five equatorial oxygens uses a total
of (2)(3) + (5)(1) ) 11 orbitals, corresponding to an sd5f 5

manifold.
(5)D6hHexagonalBipyramidUO2

aO6
e(orUO2

aO6/3
e

in Uranate Structures Such as CaUO4). Note from
Table 1 that appropriate orbitals are not available from
an sd5f 7 manifold to form triple bonds to both axial
oxygen atoms and single bonds to all six equatorial
oxygen atoms. Thus, the two E2u f {xyz, z(x2 - y2)}
orbitals and the B2u f {y(3x2 - y2)} orbital13,14 are of
unsuitable symmetries for σ-bonding or π-bonding to
axial ligands, thereby leaving only a 10-orbital manifold
available, corresponding to an average axial uranium-
oxygen bond order of 2 ()1σ + 1π). In terms of group
theory this corresponds to the need for E1u orbital pairs
both for equatorial σ-bonding and axial π-bonding but
the availability for only one such orbital pair, namely,
the f {xz2, yz2} orbitals, in the sd5f 7 13-orbital manifold.
However, axial uranium-oxygen triple bonding in
covalent hexagonal pyramid 2+6-coordinate uranyl
derivatives becomes possible by symmetry if the rela-
tively high energy E1u 7p {x, y} orbitals become available
for π-bonding.

These group theoretical predictions of uranium-
oxygen bond orders in uranates are in approximate
agreement both with experimentally observed uranium-
oxygen bond distances as summarized in Table 2 and
quasirelativistic pseudopotential Gaussian 90 computa-
tions by Pyykkö and Zhao.15 In this connection the
following should be noted:

(1) Uranium-oxygen distances of ≈1.7 Å (e.g., uranyl
complexes), ≈2.1 Å (e.g., Ca3UO6 and Li6UO6), and ≈2.2
Å (e.g., equatorial U-O bonds in uranates with short
axial U-O bonds) can be taken as representative of
triple, double, and single bonds, respectively.

(2) The lengthening of the short axial uranium-
oxygen bond from ≈1.7 Å in uranyl complexes to ≈1.9
Å in the tetraoxouranates may be viewed as a conse-
quence of the coordination of the axial oxygens to the

Table 1. Bonding Possibilities in Uranium-Oxygen Derivatives Using the sd5f 7 13-Orbital Manifold

octahedral derivatives

regular
Oh UO6

elongated
D4h UO4

eO2/2
a

flattened
D4h UO2

aO4/2
e

D5h pentagonal
bipyramidal UO2

aO5
e

D6h hexagonal
bipyramidal UO2

aO6
e

orbitals involved in
σ-bonding (Γσ)

A1g(s)
Eg(x2 - y2, z2)

T1u(φδ)

2A1g(s, z2)
B1g(x2 - y2)

A2u(z3)
Eu[x(x2 - 3y2, y(3x2 - y2)]

2A1g(s, z2)
B1g(x2 - y2)

A2u(z3)
Eu(x(x2 - 3y2, y(3x2 - y2))

2A1g(s, z2)
E1′(x(x2 - 3y2, y(3x2 - y2))

E2′(x2 - y2, xy)
A2′′(z3)

2A1g(s, z2)
E2g(x2 - y2, xy)

A2u(z3)
B1u[x(x2 - 3y2]

E1u(xz2, yz2)
orbitals involved in

π-bonding (Γπ)
T1g

T2g(xy, xz, yz)
T1u (used for σ)

T2u(φε)

A2g
B2g(xy)

Eg(xz, yz)
A2u(used for σ)
B2u(z(x2 - y2)
Eu(xz2, yz2)

Eg(xz, yz)
Eu(xz2, yz2)

E1′(xz2, yz2)
E1′′(xz, yz)

E1g(xz, yz)
E1u(used for σ)

oxygen atoms involved
in π-bonding

6(all) 4(equatorial) 2(axial) 2(axial) 2(axial)

average π-bond order
per oxygen atom

6/6 ) 1 3/4 π (|)
3/4 π (⊥)

6/4 ) 3/2 π (total)

4/2 ) 2 4/2 ) 2 2/2 ) 1

total bond order for
π-bonded oxygen atoms

2 21/2 3 3 2
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positive counterions of the tetraoxouranates. This re-
quires some of the electron density in the two perpen-
dicular p components of the axial uranium-oxygen
multiple bonds, thereby reducing the apparent bond
order and lengthening the bond.

(3) The ≈2.0 Å equatorial uranium-oxygen distances
in the elongated octahedral uranates having UO4

eO2/2
a

structural units predicted by group theory to correspond
to bonds of order 21/2 are shorter than the ≈2.1 Å
uranium-oxygen distances in Ca3UO6 and R-Li6UO6
predicted to correspond to double bonds but not as short
as the axial bonds in UO2

aO4/2
e and UO2

aO6/3
e units

interpreted as triple bonds (before reduction in bond
order by oxygen coordination to the positive counterion
as noted above).

(4) This group-theoretical approach to uranium-
oxygen bond order is not unrelated to classical ap-
proaches of Zachariasen16 and Zachariasen and Penne-
man17 using correlations between bond length and bond
strength. However, these earlier methods, while of
unquestionable pragmatic value, are difficult to relate
directly to group theory and properties of atomic and
molecular orbitals.

Geometry and Coordination Number

The uranium oxide and uranate structures do not
consist of discrete molecules but are infinite in all three
dimensions. The uranium-oxygen subnetworks of the
uranates may consist of infinite chains (Figure 1) or
infinite layers (Figure 2). The infinite layers are of two
fundamental types, tetragonal and hexagonal. In an

ideal tetragonal layer, the plane is tiled into UO4/2
squares with each square vertex corresponding to an
oxygen atom shared by two uranium atoms. Each
uranium atom has octahedral coordination after count-
ing the two axial uranyl oxygen atoms. There are empty
spaces between the UO4/2 squares that can accommodate
the positive counterions (e.g., alkali or alkaline earth
metals). In an ideal hexagonal layer, the plane is tiled
into UO6/3 hexagons with each hexagon vertex corre-
sponding to an oxygen atom shared by three uranium
atoms. Each uranium atom has hexagonal bipyramidal
coordination after counting the two axial uranyl oxygen
atoms. There are no empty spaces between the UO6/3
hexagons so that the positive counterions must be
located between the UO6/3 layers. Frequently, the UO6/3
hexagons in hexagonal layers are buckled with oxygen

Table 2. Some Uranium(VI)-Oxygen Bond Distances

compound
uranium

coordinationa axial equatorial
literature
reference

(A) Uranyl Complexes
UO2Cl2(Ph3PO)2 2 + 4 1.76 6
[UO2(O2C2H4CO2)‚H2O]n 2 + 5 1.70 6
UO2(NO3)2(Ph3PO)2 2 + 6 1.76 6

(B) Tetraoxouranates
BaUO4 2 + 4 1.87 2.20, 2.23 15
â-SrUO4 2 + 4 1.89 2.19, 2.21 16
MgUO4 2 + 4 1.92 2.18 14
PbUO4 2 + 4 1.85 2.18, 2.20 17
CuUO4 2 + 4 1.90 2.15, 2.24 20
R-Na2UO4 2 + 4 1.90 2.19
â-Na2UO4 2 + 4 1.91 2.18 22
Li2UO4 2 + 4 1.92, 1.97 2.19 23
â-UO2(OH)2 2 + 4 1.82 2.24, 2.43 25, 26
R-UO2(OH)2 2 + 6 1.71 2.46, 2.51 24
R-SrUO4 2 + 6 2.07 2.30
CaUO4 2 + 6 1.96 2.30 18

(C) Cation-Poor Structures
K2U2O7 2 + 6 1.86 1.93-2.34 35
Na2U2O7 2 + 6 1.87 2.28 34
K9U6O22.5 2 + 4 1.69 2.18 42

(D) Cation-Rich Structures
Sr2UO5 U(1): 2 + 4 2.22 2.01 18
Sr2UO5 U(2): 2 + 4 1.97 2.12, 2.19 18
Ca2UO5 U(1): 2 + 4 2.25 2.01, 2.03 18
Ca2UO5 U(2): 2 + 4 1.95 2.13, 2.21 18
PbO‚Pb2UO5 2 + 4 2.17, 2.21 1.99, 2.04, 2.05, 2.06 39, 40
Na4UO5 2 + 4 2.32 1.99 38
Li4UO5 2 + 4 2.23 1.99 38
Ca3UO6 6 2.08 41
R-Li6UO6 6 2.09 43
K2Li4UO6 6 2.07 44

a a + e in this column means a axial atoms and e equatorial atoms.

Figure 1. Schematic representations of flattened octahedral
uranyl UO2

aO4/2
e (e.g., Mg2UO4) and elongated octahedral

“reverse uranyl” UO4
eO2/2

a (e.g., Ca2UO5 and Na4UO5) infinite
chain structures.
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atoms alternately above and below the mean plane so
that such layers are not strictly planar.

The pentagonal bipyramid is the most prevalent
uranium(VI) coordination polyhedron in discrete mol-
ecules and ions. However, because regular pentagons
cannot exclusively tile a plane, infinite layers cannot
simply be constructed from pentagonal bipyramidal
uranium atoms. Nevertheless, the hexagonal layers can
be converted to layers containing pentagons and tri-
angles by removing 1/6 of the equatorial oxygen atoms
(the right oxygen atom of each pair of doubly circled
oxygen atoms in Figure 3). This generates the “ar-
rowhead” chains discussed by Miller, Finch, Burns, and
Ewing.9 If the initial hexagonal layers are the UO2/2

aO6/3
e

units of “ideal” R-UO3, this process of removing 1/6 of
the oxygen atoms corresponds to deoxygenation of
R-UO3 to R-U3O8. In such a process each of the uranium
atoms corresponds to the center of a pentagon in Figure
3 so that all of the uranium atoms in R-U3O8 have
pentagonal bipyramidal coordination (i.e., R-U3O8 )
UO2/2

aO5/3
e). A more complicated way of removing 1/6 of

the equatorial oxygen from R-UO3 by replacing each pair
of double circled oxygen atoms by a single oxygen atom
equidistant between their locations (Figure 3) leads to
a more complicated layer structure consisting of pen-
tagons, rectangles, and triangles having twice the
number of pentagons as rectangles. Placing uranium
atoms in the centers of the pentagons and rectangles
leads to the structure of â-U3O8 in which 1/3 of the
uranium atoms have D2h distorted octahedral coordina-
tion and the other 2/3 of the uranium atoms have D5h
pentagonal bipyramid coordination. Such layers con-
taining both pentagons and quadrilaterals (e.g., Figure
3) may be characterized by the ratio p/q, where p is the
number of pentagons and q is the number of quadrilat-
erals. Thus, p/q ) ∞ and 2, respectively, for the
structures of R- and â-U3O8 depicted in Figure 3.

An important question in uranate structural chem-
istry is the relationship between the coordination num-
bers of the uranium atoms, the positive counterions, and
the oxygen atoms. Thus, the sum of the oxygen coordi-
nation numbers must equal the sum of the metal

coordination numbers of any metal oxide structure.
Table 3 illustrates this calculation for the uranium oxide
and uranate structures discussed in this paper.

The limitation of oxygen covalent bonding to the four-
orbital sp3 manifold suggests a maximum oxygen coor-
dination number of four using normal two-center U-O
and M-O covalent bonds. However, for cation-rich
structures containing monovalent cations such as Na4-
UO5 and Li6UO6, four-coordinate oxygen atoms do not
provide enough bonds from oxygen to the metal atoms
to give the individual metal atoms reasonable coordina-
tion numbers. Thus, hypercoordinate oxygen atoms with
apparent coordination numbers of five (in Li6UO6) or
six (in Na4UO5) become necessary. Such hypercoordi-
nate oxygen atoms in uranate structures may be re-
garded as similar to the central octahedrally coordinated
µ6 oxygen atom in M6O19

2- (M ) Mo, W) or M6O19
8- (M

) Nb, Ta), which may be viewed as an encapsulated
O2- ion rather than a covalently bonded oxygen atom.18

A key factor in determining structural features of
uranates UXOY

Z- is the formal negative charge per
uranium atom of the uranium-oxygen subnetwork,
designated as Z/X. A Z/X ratio of 2 corresponds to the
tetraoxouranates M2

IUO4 and MIIUO4, which have
structures consisting of UO2O4/2 chains (Figure 1),
UO2O4/2 layers (Figure 2), or UO2O6/3 layers (Figure 2).
In these structures the cations are located in the
interstices and bonded to various numbers of oxygen
atoms as indicated in Table 3. Cation-poor uranates
with Z/X ratios below 2 have structures either derived
from layered structures of cation-free uranium oxides
(e.g., Cs4U5O17 or Cs2U15O46) or defect structures derived
from other ternary uranium oxides. Cation-rich uran-
ates with Z/X ratios above 2 have either “reverse
uranyl” UO4

eO2/2
a chains (Figure 1) or discrete UO6

Figure 2. Schematic representations of tetragonal UO2
aO4/2

e

and hexagonal UO2
aO6/3

e infinite layer structures.

Figure 3. Relation of the hexagonal “ideal” R-UO3 lattice to
the lattices of R-U3O8 in which all of the uranium atoms are
pentagonal bipyramidal (p/q ) ∞) and â-U3O8 having both
pentagonal bipyramidal and octahedral uranium atoms and
a p/q ratio of 2.
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octahedra in which all six U-O bonds have the same
lengths.

Tetraoxouranates with Z/X ) 2
The structures of all tetraoxouranates contain flat-

tened uranium octahedra of the type UO2
aO4/2

e or
uranium hexagonal bipyramids of the type UO2

aO6/3
e.

In these structures there are two short axial “primary”
uranium-oxygen bonds and four or six long equatorial
“secondary” uranium-oxygen bonds shared with a total
of two or three uranium atoms, respectively. The short
axial uranium-oxygen bonds in tetraoxouranates have
lengths of 1.87-1.98 Å (Table 2) and are thus signifi-
cantly longer than the 1.70-1.76 Å axial uranium-
oxygen bonds in discrete uranyl complexes. This con-
siderable lengthening of the axial uranium-oxygen
bonds in going from discrete uranyl complexes to
tetraoxouranates may be related to the bonding of the
uranyl oxygen atoms in tetraoxouranates to the positive
counterions in accordance with the ideas of Zachari-
asen.16 In addition, the longer axial uranium-oxygen
bonds in tetraoxouranates relative to discrete uranyl
complexes lead to a number of fundamental chemical
differences as summarized by Chaikhorskii.19

Tetraoxouranates of bivalent metals have the stoi-
chiometry MIIUO4 and exhibit a variety of structures
as follows:

(1) MgUO4:20 UO2
aO4/2

e chains (Figure 1) with octa-
hedrally coordinated Mg atoms bonded to six oxygen
atoms belonging to four different chains.

(2) BaUO4,21 r-SrUO4,22 and PbUO4:23 Tetragonal
UO2

aO4/2
e layers (Figure 2) with the divalent counterion

(Ba, Sr, or Pb) unsymmetrically located in the square
interstices so that it is coordinated to seven oxygen
atoms in approximate capped trigonal prismatic coor-
dination.

(3) CaUO4
24 and â-SrUO4:25,26 Hexagonal UO2

aO6/3
e

layers (Figure 2) in which the divalent counterion (Ca
or Sr), like the uranium atom, is eight-coordinate with
puckered hexagonal antiprismatic coordination, being
bonded to six uranyl (axial) oxygen atoms and two
equatorial oxygen atoms. This structure may be con-
sidered to be a distorted version of the fluorite (CaF2)
structure because in CaUO4 and â-SrUO4 all of the
cations (U and Ca or Sr) are eight-coordinate and all of
the anions (O) are four-coordinate.

(4) CuUO4:27 Tetragonal UO2
aO4/2

e units (Figure 2)
in which the copper atom is bonded to four oxygen atoms
(Cu-O ) 1.95-1.96 Å) in approximate square planar
coordination. There are two much longer (2.59 Å) Cu-O
distances to each copper atom (not considered in Table
3), suggestive of the expected extreme Jahn-Teller
distortion28 of a CuO6 octahedron for d9 Cu(II).

These diverse structures for MIIUO4 tetraoxouranates
noted above are undoubtedly related to the diverse
coordination preferences of the divalent counterion,
particularly the square planar coordination of d9 Cu-
(II), the octahedral coordination of Mg, and the higher
coordination numbers (>6) of the heavier alkaline
earths and lead.

Tetraoxouranates of univalent metals, such as the
alkali metals, have the stoichiometry M2UO4. Because
there are twice as many positive counterions per UO4
unit as in the bivalent metal tetraoxouranates MIIUO4,
the counterion coordination numbers in the monovalent
metal tetraoxouranates, M2UO4, must be considerably
lower. In both R- and â-Na2UO4 the uranium-oxygen
subnetwork consists of UO2

aO4/2
e layers,29,30 which,

however, unlike those in BaUO4
21 are no longer rigor-

ously planar. The sodium counterions may be inter-
preted as three-coordinate (Na-O distances ranging
from 2.33 to 2.46 Å for R-Na2UO4 and from 2.29 to 2.41
Å for â-Na2UO4). However, with four longer Na-O
distances in R-Na2UO4 (2.51-2.72 Å) and three longer
Na-O distances in â-Na2UO4 (2.53-2.88 Å), not con-
sidered in Table 3, the sodium coordination numbers
increase to seven and six, respectively. The Li2UO4
structure31 is less symmetrical than that of Na2UO4
because the two short axial uranium-oxygen distances
are different (1.92 and 1.97 Å) and there are two
different types of lithium atoms. One type of lithium
atom (Li(2) in ref 22) is tetrahedrally coordinated to four
oxygen atoms (Li-O ) 1.93 Å) and the other type of
lithium atom (Li(1) in ref 22) is linearly bonded to two
oxygen atoms (Li-O ) 2.06 Å). However, the linear
lithium atom (Li(1)) has four oxygen atoms situated at
longer distances (2.21 and 2.29 Å) not considered in
Table 3. These additional oxygen atoms increase the
coordination of Li(1) to that of an octahedron, which
necessarily must involve some type of multicenter
bonding because lithium does not have accessible d
orbitals for the usual sp3d2 octahedral hybridization.20

Table 3. Balancing the Oxygen and Metal Coordination Numbers in Uranium(VI)-Oxygen Derivatives

numbers of oxygen atoms
with coord. numbers:

M-O bonds from oxygen
atoms with coord. numbers: M-O bonds to metal atoms

compound 2 3 4 5 6 2 3 4 5 6 total

metal
coordination
number(s) M U total

R-UO3 1 2 0 0 0 2 6 0 0 0 8 8 8
â-UO3 3 0 0 0 0 6 0 0 0 0 6 6 6
R-U3O8 3 5 0 0 0 6 15 0 0 0 21 21 21
â-U3O8 4 4 0 0 0 8 12 0 0 0 20 20 20
BaUO4 0 3 1 0 0 0 9 4 0 0 13 7 7 6 13
MgUO4 0 4 0 0 0 0 12 0 0 0 12 6 6 6 12
CaUO4 0 0 4 0 0 0 0 16 0 0 16 8 8 8 16
CuUO4 2 2 0 0 0 4 6 0 0 0 10 4 4 6 10
Na2UO4 0 4 0 0 0 0 12 0 0 0 12 3 6 6 12
Li2UO4 1 2 1 0 0 2 6 4 0 0 12 2, 4 6 6 12
Sr2UO5 0 0 5 0 0 0 0 20 0 0 20 7 14 6 20
2(PbO‚Pb2UO5) 0 3 9 0 0 0 9 36 0 0 45 5, 6 33 12 45
Na4UO5 0 0 0 0 5 0 0 0 0 30 30 6 24 6 30
Ca3UO6 0 0 6 0 0 0 0 24 0 0 24 6 18 6 24
Li6UO6 0 0 0 6 0 0 0 0 30 0 30 4 24 6 30
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The hypothetical parent acid of the tetraoxouranates,
H2UO4, is known as uranyl hydroxide, UO2(OH)2, which
exists in three different crystalline forms, the structures
of which exemplify the layer structures (Figure 2) found
in the tetraoxouranates. The structure32 of orthorhombic
R-UO2(OH)2 of density 6.73 g/cm3 has hexagonal
UO2

a(OH)6/3
e layers with Oa‚‚‚H-Oe hydrogen bonding

(O(1)-O(2) ) 2.88 Å), involving uranyl oxygens of one
layer and hydroxyl oxygens of another layer and leading
to an ≈5 Å interlayer separation. The structure33,34 of
the less dense (5.73 g/cm3) â-UO2(OH)2 has tetragonal
UO2

a(OH)4/2
e layers with Oa‚‚‚H-Oe hydrogen bonding

(O(1)-O(2) ) 2.88 Å). The lower density of â-UO2
a-

(OH)4/2
e relative to R-UO2

a(OH)6/3
e clearly relates to the

larger empty spaces in the tetragonal UO2
a(OH)4/2

e layer
structure relative to the hexagonal UO2

a(OH)6/3
e layer

structure. The structure35 of monoclinic γ-UO2(OH)2 of
density 5.56 g/cm3 is very similar to that of orthorhombic
â-UO2(OH)2 containing tetragonal UO2

a(OH)4/2
e layers

and 2.77 Å Oa‚‚‚H-Oe hydrogen bonds. The structures
of â- and γ-UO2(OH)2 differ only by relatively subtle
displacements of the hydrogen atoms.

Cation-Poor Structures with Z/X < 2
The ultimate cation-poor structures are the uranium

oxides, UO3 and U3O8. Because no counterions need to
be accommodated between the uranium-oxygen layers,
the distance between layers is far less than that in
layered uranate structures. For this reason the axial
oxygen atoms in UO3 and U3O8 are shared between two
uranium atoms rather than bonded to a single uranium
atom as in the uranates.

Uranium trioxide has two major modifications: R-UO3
with hexagonal equatorial layers and octacoordinate
uranium36,37 and cubic â-UO3 with tetragonal equatorial
layers and hexacoordinate uranium,38 thereby providing
examples of both types of uranium-oxygen layers
depicted in Figure 2. Because all oxygen atoms in â-UO3
()UO2/2

aO4/2
e) are shared by two equivalent uranium

atoms, the symmetry of â-UO3 increases to cubic,
leading to the ReO3 structure.36

Deoxygenation of the ideal R-UO3 structure in two
different ways leads to the structures of both forms of
U3O8 (Figure 3). In R-U3O8 all of the uranium atoms
have pentagonal equatorial planes. In â-U3O8

1/3 of the
uranium atoms have rectangular equatorial planes and
the other 2/3 of the uranium atoms have pentagonal
equatorial planes. A more precise neutron and electron
diffraction study39 on R-UO3 suggested a more compli-
cated structure based on R-U3O8 ()UO2/2

aO5/3
e) with

disordered uranium vacancies, leading to the UO3
stoichiometry rather than an ordered structure with
UO6/3 equatorial planes as noted above (e.g., Figure 3).

Layer structures similar to those in the uranium oxide
structures are found in cation-poor alkali metal uran-
ates6,40 such as Cs2U15O46, Cs2U7O22, and Cs4U5O17 and
bivalent metal uranates such as M3U11O36 (M ) Sr41

and Pb42), as summarized in Table 4. Because the
spacing between the layers must be large enough to
accommodate interlayer alkali metal and sometimes
uranyl ions coordinated to appropriate numbers of
oxygen atoms, the axial oxygen atoms are now bonded
to only a single-layer uranium atom. The equatorial
planes in such structures may contain pentagons and/
or quadrilaterals of equatorial oxygen atoms (Figure 4)
and are characterized by their p/q ratios as noted above.

A single-crystal X-ray diffraction study43 on the
cation-poor derivative Li2U3O10 (Z/X ) 2/3) indicates
infinite chains of pentagonal bipyramidal units of the
type UO2

aOeO4/2
e with infinite chains of uranium octa-

hedra in a diagonal direction with a p/q ratio of 1/2. This
leads to overall anionic stoichiometry UqO2

aO4/3
e +

UqOaO1/2
aO4/3

e + UpO2
aO4/3

eO1/2 ) U3O10 using the
designations in Table 4.33 The equatorial quadrilaterals
of the uranium octahedra are not coplanar with the
equatorial pentagons of the uranium pentagonal bi-
pyramids because the unique equatorial oxygen of the
pentagonal bipyramids is an axial oxygen of an octa-
hedron.

The cation-poor uranates of divalent metals M3U11O36
(M ) Sr,41 Pb,42 Z/X ) 6/11) exhibit more complicated
structures with uranium in both octahedral and pen-
tagonal bipyramidal environments and a p/q ratio of 5/6.
There are six different types of uranium atoms in the
ratio 2/2/1/2/2/2 having coordination numbers of 7/7/7/
6/6/6, respectively. The anion stoichiometry arises from

Table 4. Layered Uranium Oxide Structures Containing Pentagonal Bipyramidal Uranium Atoms

p/q compound layer formula and structurea layer Oe/U interstitial ions

∞ R-U3O8 3UpO2/2
aO5/3

e ) U3O8 1.67 none
4 Cs2U15O46 8UpO2

aO5/3
e + 2UqO2

aO4/3
e ) U10O36

12- 1.60 2Cs+ + 5UO2
2+

4 Cs2U7O22 4UpO2
aO5/3

e + UqO2
aO4/3

e ) U5O18
6- 1.60 2Cs+ + 2UO2

2+

2 â-U3O8 2UpO2/2
aO4/3

eO1/2
e + UqO2/2O4/3 ) U3O8 1.67 none

1 M2U2O7 UpO2
aO5/3

e + UqO2
aO4/3

e ) U2O7
2- 1.50 2M+

5/6 M3U11O36 2UpO2/2
aO2/3

eO3/2
e + 2UpO2/2

aO4/3
eO1/2

e + UpO2/2
aO5/3

e + 2UqO2/2
aO4/3

e

+ 2UqO2/2
aOeO2/2

eO1/3
e + 2UqO2/2

aO2/2
eO2

e ) U11O36
6-

1.27 6M2+

1/4 Cs4U5O17 UpO2
aO5/3

e + 4UqO2
aO4/3

e ) U5O17
4- 1.40 4 Cs+

a Up ) pentagonal bipyramidal uranium atom surrounded by a pentagon of five oxygen atoms in the equatorial plane; Uq ) distorted
octahedral uranium atom surrounded by a quadrilateral of four oxygen atoms in the equatorial plane.

Figure 4. Layers consisting of pentagons and/or quadrilater-
als found in uranium oxides and cation-poor uranates with
their p/q ratios.
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2UpO2/2
aO2/3

eO3/2
e + 2UpO2/2

aO4/3
eO1/2

e + UpO2/2
aO5/3

e +
2UqO2/2

aO4/3
e + 2UqO2/2

aOeO2/2
eO1/3

e + 2UqO2/2
aO2/2

eO2
e

) U11O36.
The cation-poor (Z/X ) 1) alkali metal diuranates

M2U2O7 exhibit several types of structures. The X-ray
powder patterns for M2U2O7 (M ) Na,44 K,45 Rb46) were
originally interpreted to indicate a CaUO4-type of
structure with 1/4 of the oxygen atoms missing in the
equatorial plane, leading to the UO2

aO4.5/3
e ) U2O7

stoichiometry of the anion and a theoretical p/q ratio of
1 (Table 4). However, a subsequent single-crystal X-ray
diffraction study by Gasperin47 on a fortuitously ob-
tained Na2U2O7 crystal from a UO2/Nb2O5/Na2CO3 melt
showed that the oxygen vacancies were located in the
axial (uranyl) sites rather than the equatorial sites so
that the uranium-oxygen network in Na2U2O7 is
UO1.5

aO6/3
e ) U2O7. A single-crystal X-ray diffraction

study on the monoclinic form of potassium diuranate,
K2U2O7,48 indicated a different structure from its so-
dium analogue with octahedral rather than hexagonal
(bi)pyramidal coordination of the uranium. The anion
unit is UO2

aO3/3
eO1/2

e corresponding to U2O7. Similar
structures were inferred from X-ray and neutron dif-
fraction powder studies49 for both monoclinic forms of
Cs2U2O7.

Cation-Rich Structures with Z/X > 2
The cation-rich uranates M2

IIUO5 (M ) Ca, Sr)24 and
M4UO5 (M ) Li, Na)50,51 contain infinite chains of
elongated UO4

eO2/2
a “reverse uranyl” octahedra (Figure

1). In the alkaline earth derivatives M2UO5 the oxygen
atoms are all four-coordinate, leading to seven-coordina-
tion for the alkaline earth counterions (Table 3). In the
tetragonal alkali metal derivative50 M4UO5 all metal
and oxygen atoms are six-coordinate so that this struc-
ture may be derived from the familiar cubic NaCl
structure by elongating the uranium octahedron in one
direction to give the UO4

eO2/2
a “reverse uranyl” struc-

tural units. The orthorhombic lead uranate of stoichi-
ometry Pb3UO6 also contains chains of elongated
UO4

eO2/2
a octahedra52,53 and is more accurately repre-

sented as PbO‚Pb2UO5. Two of the eight types of oxygen
atoms in the structure of PbO‚Pb2UO5 are bonded only
to lead atoms. Although the uranium-oxygen subnet-
work in PbO‚Pb2UO5 consists of typical UO4

eO2/2
a

chains, the overall structure is very complicated, con-
taining five different types of lead atoms in relative
quantities 1/1/1/1/2 having coordination numbers of 5/6/
6/6/5, respectively, counting Pb-O distances of 2.91 Å
or less as bonding and Pb-O distances 3.14 Å or greater
as nonbonding. The oxygen lead ratio in PbO‚Pb2UO5
is 2/1 and the details of the lead-oxygen subnetwork
may be summarized as Pb(1)O1/4

(3)O2/2
(7)O2/3

(8) + Pb(2)O1/2
(2)-

O1/4
(4)O4/3

(6) + Pb(3)O1/2
(2)O1/4

(4)O2/3
(5)O2/3

(6) + Pb(4)O1/1
(1)-

O1/4
(3)O2/3

(5)O2/3
(8) + 2Pb(5)O1/4

(3)O1/4
(4)O1/3

(5)O1/3
(6)O1/2

(7) )
PbO23/12 + PbO25/12 + PbO25/12 + PbO31/12 + Pb2O40/12 )
Pb6O12 in which O(1) and O(7) are bonded to three metal
atoms (counting both lead and uranium); O(2), O(3),
O(4), O(5), O(6), and O(8) are bonded to four metal
atoms (lead in all cases and uranium in the cases of
O(2), O(5), O(6), and O(8)); and the atom numbering in
the original papers52,53 is used.

A cation-rich strontium uranate of stoichiometry
Sr5U3O14 ) SrUO4‚2Sr2UO5 (Z/X ) 10/3) is known
containing both regular uranyl and “reverse uranyl”

octahedra in the same structure.54 The single regular
uranyl uranium atom (U(1) in ref 54) has UqO2

aO4/2
e

coordination whereas the two “reverse uranyl” uranium
atoms (U(2) in ref 54) have UqO2

aO2
eO2/2

e coordination,
leading to the observed stoichiometry. The two types of
uranium atoms in this structure are readily recognized
by the different axial U-O distances.

Cation-rich uranate structures are also known in
which the UO6 octahedra are essentially regular and
do not share their oxygen atoms with other uranium
atoms. The alkaline earth derivatives Ca3UO6

55 and Sr3-
UO6

56 have rhombohedral perovskite structures repre-
sented as M2(MU)O6 (M ) Ca, Sr) in which all metals
atoms are six-coordinate and all oxygen atoms are four-
coordinate. A much more complicated perovskite-derived
structure is found in the slightly cation-poor (Z/X ) 1.5)
alkali metal uranate of stoichiometry57 K9U6O22.5 de-
rived from a hypothetical K10U6O24 perovskite in which
the uranium octahedra are flattened and there are
partial occupancies of both potassium and oxygen sites.

Cation-rich alkali metal uranates with Z/X ) 6 of the
general formula MI

6UO6 are known only when all or a
substantial amount of the alkali metal is lithium6

apparently because of the necessarily low average
coordination number of the alkali metal counterion
relative to the oxygen atoms in view of the O/MI ratio
of only 1. A single-crystal X-ray study58 of Li6UO6
indicates regular octahedral coordination of the uranium
(U-O ) 2.09 Å), tetrahedral coordination of the lithium
(Li-O ) 1.94-2.02 Å), and five-coordinate oxygen
atoms. A single-crystal study59 of K2Li4UO6 also indi-
cates regular octahedral uranium coordination (U-O )
2.07 Å) and rather unusual coordination of the alkali
metal counterions. Thus, 3/4 of the lithium atoms have
square planar coordination (Li-O ) 2.15 Å) and 1/4 of
the lithium atoms have octahedral coordination (Li-O
) 2.30 Å) with the rather long Li-O distances indicat-
ing fractional bond orders. The coordination polyhedron
of the potassium atoms is even harder to define. There
is a clearly defined KO12 polyhedron with the topology
of a cuboctahedron. However, the 12 potassium-oxygen
distances forming this distorted cuboctahedron vary so
widely (i.e., 3K-O ) 2.87 Å, 6K-O ) 3.21 Å, 3K-O )
3.65 Å, preserving a C3 axis) that their bond orders are
obscure. It is probably much more realistic to consider
ionic formulations [M+]2 [Li4UO6

2-] for these M2Li4UO6
(MI ) K, Rb, Cs) derivatives in view of the highly ionic
character of almost all derivatives of the heavier alkali
metals.
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(15) Pyykkö, P.; Zhao, Y. Inorg. Chem. 1991, 30, 3787.
(16) Zachariasen, W. H. J. Less Common Met. 1978, 62, 1.
(17) Zachariasen, W. H.; Penneman, R. A. J. Less Common Met. 1980,

69, 369.
(18) Pope, M. T. Heteropoly and Isopoly Oxometallates; Springer-

Verlag: Berlin, 1983.
(19) Chaikorskii, A. A. Soviet Radiochem. 1987, 29, 435.
(20) Zachariasen, W. H. Acta Crystallogr. 1954, 7, 788.
(21) Reis, A. H., Jr.; Hoekstra, H. R.; Gebert, E.; Peterson, S. W. J.

Inorg. Nucl. Chem. 1970, 38, 1481.
(22) Sawyer, J. O. J. Inorg. Nucl. Chem. 1972, 34, 3268.
(23) Cremers, T. L.; Eller, P. G.; Larson, E. M.; Rosenzweig, A. Acta

Crystallogr. 1986, C42, 1684.
(24) Loopstra, B. O.; Rietveld, H. M. Acta Crystallogr. 1969, B25,

787.
(25) Fujino, T.; Masaki, N.; Tagawa, H. Z. Kristallogr. 1977, 145,

299.
(26) Takahashi, K.; Fujino, T.; Morss, L. R. J. Solid State Chem. 1993,

105, 234.
(27) Siegel, S.; Hoekstra, H. R. Acta Crystallogr. 1968, B24, 967.
(28) Cotton, F. A.; Wilkinson, G. Basic Inorganic Chemistry; Wiley:

New York, 1976; pp 373-374.
(29) Cordfunke, E. H. P.; Ijdo, D. J. W. J. Solid State Chem. 1995,

115, 299.
(30) Gasperin, M. J. Solid State Chem. 1985, 60, 316.
(31) Gebert, E.; Hoekstra, H. R.; Reis, A. H., Jr.; Peterson, S. W. J.

Inorg. Nucl. Chem. 1978, 40, 65.

(32) Taylor, J. C. Acta Crystallogr. 1971, B27, 1088.
(33) Roof, R. B., Jr.; Cromer, D. T.; Larson, A. C. Acta Crystallogr.

1964, 17, 701.
(34) Bannister, M. J.; Taylor, J. C. Acta Crystallogr. 1970, B26, 1775.
(35) Siegel, S.; Hoekstra, H. R.; Gebert, E. Acta Crystallogr. 1972,

B28, 3469.
(36) Wells, A. F. Structural Inorganic Chemistry, 3rd ed.; Oxford,

1962; p 965.
(37) Zachariasen, W. H. Acta Crystallogr. 1948, 1, 265.
(38) Wait, E. J. Inorg. Nucl. Chem. 1955, 1, 309.
(39) Greaves, C.; Fender, B. E. F. Acta Crystallogr. 1972, B28, 3609.
(40) Kovba, L. M. Strukt. Khim. 1972, 13, 256.
(41) Cordfunke, E. H. P.; Van Vlaanderen, P.; Onink, M.; Ijdo, D. J.

W. J. Solid State Chem. 1991, 94, 12.
(42) Ijdo, D. J. W. Acta Crystallogr. 1993, 49C, 654.
(43) Spitsyn, V. I.; Kovba, L. M.; Tabachenko, V. V.; Tabachenko, N.

V.; Mikhailov, Yu. N. Izv. Akad. Nauk SSSR 1982, 807.
(44) Kovba, L. M. Soviet Radiochem. 1972, 14, 746.
(45) Kovba, L. M. Soviet Radiochem. 1970, 12, 486.
(46) Kovba, L. M.; Trunova, V. I. Soviet Radiochem. 1971, 13, 796.
(47) Gasperin, M. J. Less Common Met. 1986, 119, 83.
(48) Saine, M.-C. J. Less Common Met. 1989, 154, 361.
(49) Mijlhoff, F. C.; Ijdo, D. J. W.; Cordfunke, E. H. P. J. Solid State

Chem. 1993, 102, 299.
(50) Hoekstra, H. R.; Siegel, S. J. Inorg. Nucl. Chem. 1964, 26, 693.
(51) Bickel, M.; Kanellakopulos, B.; Powietzka, B. J. Less Common

Met. 1991, 170, 161.
(52) Sterns, M. Acta Crystallogr. 1967, 23, 264.
(53) Sterns, M.; Parise, J. B.; Howard, C. J. Acta Crystallogr. 1986,

C42, 1275.
(54) Cordfunke, E. H. P.; Huntelaar, M. E.; Ijdo, D. J. W. J. Solid

State Chem. 1999, 146, 144.
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