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Abstract

The reaction of UO3 and TeO3 with a KCl flux at 800 1C for 3 days yields single crystals of K4[(UO2)5(TeO3)2O5]. The structure of

the title compound consists of layered, two-dimensional 21½ðUO2Þ5ðTeO3Þ2O5�
4� sheets arranged in a stair-like topology separated by

potassium cations. Contained within these sheets are one-dimensional uranium oxide ribbons consisting of UO7 pentagonal

bipyramids and UO6 tetragonal bipyramids. The ribbons are in turn linked by corner-sharing with trigonal pyramidal TeO3 units to

form sheets. The lone-pair of electrons from the TeO3 groups are oriented in opposite directions with respect to one another on each

side of the sheets rendering each individual sheet nonpolar. The potassium cations form contacts with nearby tellurite units and axial

uranyl oxygen atoms. Crystallographic data (193K, MoKa, l ¼ 0:71073 (A): triclinic, space group P 1, a ¼ 6:8514ð5Þ (A,

b ¼ 7:1064ð5Þ (A, c ¼ 11:3135ð8Þ (A, a ¼ 99:642ð1Þ1, b ¼ 93:591ð1Þ1, g ¼ 100:506ð1Þ1, V ¼ 531:48ð7Þ (A3, Z ¼ 1;RðF Þ ¼ 4:19% for

149 parameters and 2583 reflections with I42sðIÞ.
r 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The uranyl tellurite system is remarkably rich and was
first known from a few rare minerals including
cliffordite, UO2(Te3O7) [1], moctezumite, PbUO2

(TeO3)2 [2], and schmitterite, UO2(TeO3) [3]. The
application of hydrothermal synthetic methods has
resulted in a substantial expansion of this group to
include Pb2UO2(TeO3)3 [4], K[UO2Te2O5(OH)] [5],
Tl3{(UO2)2[Te2O5(OH)](Te2O6)} � 2H2O [5], a-Tl2[UO2

(TeO3)2] [6], b-Tl2[UO2(TeO3)2] [5], Sr3[UO2(TeO3)2
(TeO3)2] [5], and Na8[(UO2)6(TeO3)10] [6]. Most recently
we have shown that unlike iodates, mild hydrothermal
conditions are not required from a thermodynamic
standpoint to synthesize these compounds, and that
e front matter r 2005 Elsevier Inc. All rights reserved.
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relatively high-temperature molten salts can be used to
facilitate the crystal growth of novel uranyl tellurites as
demonstrated in our report on A2[(UO2)3(TeO3)2O2]
(A ¼ K, Rb, and Cs) [7].

Continued interest in the uranyl tellurite system stems
from the fact that these compounds defy normal
topological trends in uranium oxides. The expectation
is that extended structures containing uranyl cations will
be layered, and contain U(VI) in the form of a UO7

pentagonal bipyramid with an approximately linear
UO2

2+, uranyl, core [8]. However this is simply not the
case in this system. For example, K[UO2Te2O5(OH)],
b-Tl2[UO2(TeO3)2] and Sr3[UO2(TeO3)2(TeO3)2] contain
UO6 tetragonal bipyramids [5,6]; while UO2(Te3O7)
incorporates UO8 hexagonal bipyramids [1]. PbUO2

(TeO3)2, UO2(TeO3), Pb2UO2(TeO3)3, a-Tl2[(UO2)(TeO3)2],
Na8[(UO2)6(TeO3)10], and Tl3 {(UO2)2[Te2O5(OH)](Te2O6)} �
2H2O all contain the more common UO7 pentagonal
bipyramid. It is also possible for multiple U(VI)-
containing polyhedra to be present as was found for

www.elsevier.com/locate/jssc
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A2[(UO2)3(TeO3)2O2] (A ¼ K, Rb, and Cs), which
possess both UO6 tetragonal bipyramids and UO7

pentagonal bipyramids [7].
This system is made even more intricate by examining

the coordination environment around the Te(IV) centers.
PbUO2(TeO3)2 [2], Pb2UO2(TeO3)3 [4], b-Tl2[UO2(TeO3)2]
[5], Sr3[UO2(TeO3)2(TeO3)2] [5], Na8[(UO2)6(TeO3)10] [6],
and A2[(UO2)3(TeO3)2(O)2] (A ¼ K, Rb, and Cs) [7] all
possess approximately C3v tellurite, TeO3, units. Whereas
UO2(TeO3) [3], K[UO2Te2O5(OH)] [5], and Tl3{(UO2)2
[Te2O5(OH)](Te2O6)} � 2H2O [5] contain one-dimensional
chains of corner-sharing, square pyramidal TeO4 units.
Finally, TeO5 moieties are found in UO2(Te3O7) [1]. The
structure a-Tl2[(UO2)(TeO3)2] is particularly interesting in
that it contains both TeO3 and the rarely observed Te2O6

group [6].
While there is a general tendency for uranyl com-

pounds to adopt layered structures [8], there is a
propensity for uranyl compounds containing a main
group element with a stereochemically active lone-pair
of electrons, e.g. Se(IV) and I(V), to adopt one-
dimensional topologies, although there are many
exceptions to this [9–23]. This might be because the
lone-pair of electrons blocks one dimension of propaga-
tion. True to the other oddities of uranyl tellurites, they
do not follow expected dimensionality trends for either
simple uranyl compounds, or for those with oxoanions
containing a lone-pair of electrons. PbUO2(TeO3)2 [2],
b-Tl2[UO2(TeO3)2 [5], and Sr3[UO2(TeO3)2(TeO3)2] [5]
are one-dimensional, UO2(TeO3) [3], a-Tl2[UO2(TeO3)2]
[6], K[UO2Te2O5(OH)] [5], Tl3{(UO2)2[Te2O5(OH)]
(Te2O6)} � 2H2O [5], and A2[(UO2)3(TeO3)2O2] (A ¼ K,
Rb, and Cs) [7] are two-dimensional, and UO2(Te3O7)
[1], Pb2UO2(TeO3)3 [4], and Na8[(UO2)6(TeO3)10] [6]
have three-dimensional network structures. Clearly not
enough information is known about uranyl tellurites to
establish any structural trends. In this paper we further
expand the uranyl tellurite system through the applica-
tion of a molten salt route that yields single crystals of a
new potassium uranyl tellurite, K4[(UO2)5(TeO3)2O5].
2. Experimental

Syntheses. UO3 (99.8%, Strem), TeO3 (99.9%, CER
AC), and KCl (99.9%, Fisher) were used as received.
SEM/EDX analyses were performed using a JEOL 840/
Link Isis instrument. K, U, and Te percentages were
calibrated against standards. Caution! While UO3

contains depleted U, standard procedures for handling

radioactive material should be followed.

K4[(UO2)5(TeO3)2O5]. The reactants UO3 (177mg,
0.620mmol), TeO3 (73mg, 0.413mmol), and KCl
(250mg, 3.35mmol) were loaded into fused alumina
crucible. The crucibles were heated in a box furnace at
800 1C for 3 days. The heating rate was 5 1C/min and the
cooling rate was 0.50 1C/min. The resultant mixture in
the crucible consisted of well-formed yellow prisms of
K4[(UO2)5(TeO3)2O5] as well as poorly formed orange
crystals of an undefined product.

2.1. Crystallographic studies

A yellow prism of K4[(UO2)5(TeO3)2O5] (0.030	
0.043	 0.165mm3) suitable for single crystal X-ray
diffraction experiments was selected using a stereomi-
croscope and mounted on a thin glass fiber with epoxy.
The mounted crystal was secured on a goniometer head,
cooled to �80 1C with an Oxford Cryostat, and optically
aligned on a Bruker SMART APEX CCD X-ray
diffractometer using a digital camera. A rotation photo
was taken, and a preliminary unit cell was determined
from three sets of 30 frames with 10 s exposure times
using SMART software. All intensity measurements
were performed using a graphite monochromator
utilizing MoKa radiation ðl ¼ 0:71073 (AÞ from a sealed
tube with a monocapillary collimator. The intensities of
reflections of a sphere were collected by a combination
of 3 sets of exposures. Each set had a different f angle
for the crystal, and each exposure covered a range of
0.31 in o. A total of 1800 frames were collected with an
exposure time per frame of 30 s.

Determination of integrated intensities and global cell
refinement were performed with the Bruker SAINT (v.
6.02) software package using a narrow-frame integra-
tion algorithm. A face-indexed numerical absorption
correction was initially applied using XPREP [24].
Individual shells of unmerged data were corrected
analytically and exported in the same format. These
files were subsequently treated with a semi-empirical
absorption correction by SADABS [25]. The program
suite SHELXTL (v 5.1) was used for space group
determination (XPREP), direct methods structure solu-
tion (XS), and least-squares refinement (XL) [24]. The
final refinement included anisotropic displacement
parameters for all atoms and a secondary extinction
parameter. Crystallographic details are listed in Table 1,
atomic coordinates and isotropic thermal parameters
are provided in Table 2, and selected bond lengths and
angles are available in Table 3. Additional details can be
found in Supporting Information.
3. Results and discussion

3.1. Structure of K4[(UO2)5(TeO3)2(O)5]

The structure K4[(UO2)5(TeO3)2O5] consists of
layered, two-dimensional 2

1½ðUO2Þ5ðTeO3Þ2O5�
4� sheets

extending in the [bc] plane separated by K+ cations. The
sheets are comprised of uranyl oxide chains connected
by corner-sharing, trigonal pyramidal TeO3

2– ligands.
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Table 1

Crystallographic data for K4[(UO2)5(TeO3)2O5]

Formula K4[(UO2)5(TeO3)2O5]

Formula mass (amu) 1937.75

Color and habit Yellow prism

Crystal system Triclinic

Space group P 1

a (Å) 6.8514(5)

b (Å) 7.1064(5)

c (Å) 11.3135(8)

¼ (deg.) 99.642(1)

b (deg.) 93.591(1)

g (deg.) 100.506(1)

T (1C) –80

V (Å3) 531.48(7)

Z 1

l (Å) 0.71073

Maximum 2y (deg.) 56.60

rcalcd (g cm–3) 6.054

m(MoKa) (cm–1) 415.26

R(F) for Fo
242s(Fo

2)a 0.0419

Rw(Fo
2)b 0.1313

aRðF Þ ¼
P

jjFoj � jF cjj=
P

jFoj .
bRwðF

2
oÞ ¼ ½

P
½wðF 2

o � F2
c Þ

2
�=
P

wF 4
o�

1=2.

Table 2

Atomic coordinates and equivalent isotropic displacement parameters

for K4[(UO2)5(TeO3)2O5]

Atom x y z Ueq (Å2)a

U(1) 0.1242(1) 0.5686(1) 0.1805(1) 0.011(1)

U(2) 0 0 0 0.011(1)

U(3) 0.2231(1) 0.1234(1) 0.3156(1) 0.012(1)

Te(1) 0.6825(1) 0.3196(1) 0.5147(1) 0.013(1)

K(1) 0.5627(3) 0.2947(3) 0.0830(2) 0.022(1)

K(2) 0.3036(3) 0.1630(3) 0.7327(2) 0.020(1)

O(1) 0.3799(12) 0.6189(11) 0.1327(8) 0.021(2)

O(2) �0.1228(13) 0.5212(11) 0.2376(9) 0.023(2)

O(3) 0.0817(10) 0.8734(9) 0.1635(7) 0.014(1)

O(4) 0 1
2

0 0.039(3)

O(5) 0.1306(10) 0.2466(9) 0.1517(7) 0.014(1)

O(6) 0.2542(12) 0.0091(12) �0.0490(7) 0.019(2)

O(7) 0.4708(11) 0.1220(11) 0.2643(7) 0.017(2)

O(8) �0.0146(12) 0.1266(11) 0.3787(8) 0.022(2)

O(9) 0.4080(11) 0.2288(11) 0.5089(7) 0.020(2)

O(10) 0.7098(12) 0.5292(10) 0.6427(7) 0.022(2)

O(11) 0.7631(12) 0.1771(10) 0.6264(7) 0.021(2)

aUeq is defined as one-third of the trace of the orthogonalized Uij

tensor.

Table 3

Selected bond distances (Å) for K4[(UO2)5(TeO3)2O5]

U(1)–O(2) 1.843(8) U(2)–O(3)0 2.271(7)

U(1)–O(1) 1.856(8) U(2)–O(6)0 1.854(8)

U(1)–O(4) 2.1048(4) U(3)–O(8) 1.820(8)

U(1)–O(5) 2.266(6) U(3)–O(7) 1.829(7)

U(1)–O(3) 2.274(6) U(3)–O(3)0 2.280(7)

U(1)–O(10)0 2.499(7) U(3)–O(5) 2.282(7)

U(1)–O(11)0 2.567(8) U(3)–O(11)0 2.352(6)

U(1)–O(2) 1.843(8) U(3)–O(10)0 2.387(7)

U(1)–O(1) 1.856(8) U(3)–O(9) 2.388(8)

U(2)–O(6)0 1.854(8) U(3)–O(8) 1.820(8)

U(2)–O(6) 1.854(8) Te(1)–O(11) 1.864(7)

U(2)–O(5)0 2.246(7) Te(1)–O(9) 1.867(7)

U(2)–O(5) 2.246(7) Te(1)–O(10) 1.869(7)

U(2)–O(3)0 2.271(7)
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The chains, extending along the b axis, are composed of
pentagonal bipyramidal UO7 and tetragonal bipyrami-
dal UO6 moieties. Oxygen atoms from TeO3 moieties
and bridging oxo ligands coordinate each of the uranyl
units equatorially. The chains consist of corner-sharing
pentagonal bipyramidal UO7 dimers edge-shared to
trimers consisting of UO7 pentagonal bipyramids edge-
shared with intermediary UO6 tetragonal bipyramids.
The bridging TeO3 units join the UO7 units of both the
dimers and trimers on adjacent chains and simulta-
neously form the edges and two opposite corners of UO7

pentagonal bipyramids. The coordination polyhedra of
the uranium atoms are completed by m2-O

2– ligands that
bridge the UO7 dimers and m3-O

2– ligands that are
shared by both the UO7 moieties and the intermediary
UO6 tetragonal bipyramids. Thus, each UO7 unit from
the dimer forms three U–O bonds with the oxo ligands
and two bonds with the TeO3

2– anions. In contrast, the
peripheral UO7 units from the trimer each form two
U–O bonds with the oxo ligands and three bonds with
the tellurite groups while the UO6 moieties each form
four U–O bonds with the oxo ligands. The chains of
tellurite ligands have their stereochemically active lone-
pair of electrons oriented in opposite directions with
respect to one another on each side of the sheet,
rendering the individual sheets non-polar. The basic
building unit of K4[(UO2)5(TeO3)2O5], depicting the
coordination environment of the uranium and tellurium
atoms, is given in Fig. 1. A polyhedral representation of
part of a single two-dimensional 2

1½ðUO2Þ5ðTeO3Þ2O5�
4�

sheet is shown in Fig. 2.
The UQO bond lengths from the tetragonal bipyr-

amidal UO6 units are 1.854(8) Å. These bond lengths are
similar to those in the pentagonal bipyramidal UO7

moieties, which have UQO bond lengths of 1.856(8) Å
and 1.843(8) Å for U(1) and 1.820(8) Å and 1.829(7) Å
for U(3). It is noteworthy that the uranyl bonds in this
compound are slightly longer than expected. This has
been observed before in other uranyl compounds with
oxoanions containing a lone-pair of electrons [5]. The
equatorial bond lengths in the pentagonal bipyramidal
UO7 units show significant variations of the U–O
distances, ranging from 2.1048(4) Å to 2.567(8) Å for
U(1) and 2.280(7) Å to 2.388(8) Å for U(3). The UO6

groups are also distorted with equatorial bond lengths
of 2.271(7) Å (	 2) and 2.246(7) Å (	 2). These
distortions are due to differences in the coordination



ARTICLE IN PRESS

Fig. 1. A view of the fundamental building units in K4[(UO2)5
(TeO3)2O5] consisting of two crystallographically unique pentagonal

bipyramidal UO7 units, a tetragonal bipyramidal UO6 unit, and

trigonal pyramidal TeO3 groups. A 50% probability ellipsoids are

shown.

Fig. 2. An illustration of the 2
1½ðUO2Þ5ðTeO3Þ2O5�

4� sheets in

K4[(UO2)5(TeO3)2O5]. The one-dimensional uranium oxide chains

extending along the b-axis, shown in polyhedral form, consist of

corner-sharing pentagonal bipyramidal UO7 dimers edge-shared to

trimers econsisting of UO7 pentagonal bipyramids edge-shared with

intermediary UO6 tetragonal bipyramids. The chains are linked by

corner-sharing trigonal pyramidal TeO3 units, shown in ball-and-stick

form, to form the sheets.

Fig. 3. A depiction of the structure of K4[(UO2)5(TeO3)2O5] viewed

perpendicular to the two-dimensional sheets along the a-axis showing

the location of the interlayer K+ cations.
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of the TeO3 moieties to the uranyl units versus
coordination by the m2-O

2– and m3-O
2– oxo anions.

The U–O bonds from the tellurite oxygen atoms
represent the long equatorial bonds while the m2-O and
m3-O atoms produce the short U–O equatorial bonds.

The TeO3 ligands deviate significantly from idealized
C3v symmetry, exhibiting Te–O bond length variations
consistent with their bridging modes to the uranium
centers. The shorter Te–O bonds are to the m2-O(9) and
m3-O(11) atoms (1.866(7) Å and 1.864(7) Å) while the
longer Te–O bonds are to the m3-O(10) atoms
(1.869(7) Å). The Te–O bond lengths are similar to
those found in other uranyl tellurites [1–7]. Bond
valence sum calculations provide values of 5.88, 5.85,
5.91, and 4.05 for 1 for U(1), U(2), U(3), and Te(1),
respectively. These bond valence sums support that this
compound contains U(VI) and Te(IV) centers [26,27].
Parameters for six- and seven-coordinate U(VI) atoms
from Burns et al. were used in this calculation [28].

The K+ cations are found between the 2
1½ðUO2Þ5

ðTeO3Þ2O5�
4� sheets. The cations interact with oxygen

atoms from the UO2
2+ and TeO3

2– anions between
adjacent sheets. Depending on where one establishes
the maximum length for K+?O contacts, there are
between seven and eight interactions with K+?O
distances ranging from 2.614(8) to 3.347(2) Å. The
shortest separation between the Te(IV) centers and the
K+ cations is 3.837(2) Å. These distances are similar to
those found in K[UO2Te2O5(OH)] [5]. Based on this
long distance, there is no evidence for interactions
between the lone-pair of electrons and the alkali metal
cations; in fact, the lone-pairs are directed opposite to
the cations. A view depicting the cation-separated sheets
of K4[(UO2)5(TeO3)2O5], within the [ac] plane, is shown
in Fig. 3. The Te atoms are not coplanar with adjacent
U atoms that comprise the uranium oxide one-dimen-
sional chains, thus giving rise to stair-like topology of
the sheets.

The structure of K4[(UO2)5(TeO3)2O5] is similar to
that observed in compounds with the guilleminite sheet
topology, which is known for Ba[(UO2)3(SeO3)2O2] �
3H2O (guilleminite) [22], marthozite, Cu[(UO2)3
(SeO3)2O2] � 8H2O [23], and Sr[(UO2)3(SeO3)2O2] � 4H2O
[29]. Layers in these compounds are composed of chains
of edge-sharing UO7 pentagonal bipyramids and UO8

hexagonal bipyramids that are bridged by SeO3
2– anions.

The linking of the uranium oxide substructure in these
sheets by the selenite groups also yields a staircase
structure as found for K4[(UO2)5(TeO3)2O5]. The
structures of A6(UO2)5(VO4)2O5 (A ¼ Na, K) [30] and
a- and b-Rb6U5V2O23 [31] also contain the same kind of
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uranium oxide ribbon as found in K4[(UO2)5(TeO3)2O5],
but these are instead linked by vanadate tetrahedra.
There are also four uranyl compounds that con-
tain sheets of edge-sharing [UO7] units linked by
[UO6] polyhedra similar to the uranium oxide ribbons
in K4[(UO2)5(TeO3)2O5]. These compounds include
b-U3O8 [32], Wyartite, CaU(UO2)2(CO3)O4(OH)(H2O)7
[33], Ianthinite, [U2(UO2)4O6(OH)4(H2O)4](H2O)5 [34],
and Spriggite, Pb3[(UO2)6O8(OH)2](H2O)3 [35]. The
sheets in K4[(UO2)5(TeO3)2O5] can be viewed as con-
taining ribbons that have been excised from the sheet
topology of these compounds that are linked by TeO3

units.
4. Conclusions

The recent massive expansion of uranyl-containing
inorganic compounds from 180 in 1996 to over 350 in
2005 might lead one to speculate that most new
structure types have been discovered, particularly for
those with two-dimensional topologies. The successful
preparation of the novel layered alkali metal uranyl
tellurite, K4[(UO2)5(TeO3)2O5], together with many
other recent examples, demonstrates that this is far
from the case, and that there is likely much more to be
discovered. This goal will be realized by the application
of hydrothermal methods, molten salt fluxes, high-
temperature solid-state syntheses, and room-tempera-
ture crystallization.

Auxiliary Material: Further details of the crystal
structure investigation may be obtained from the
Fachinformationzentrum Karlsruhe, D-76344 Eggen-
stein-Leopoldshafen, Germany (Fax: (+49)7247-808-
666; Email: crysdata@fiz-karlsruhe.de) on quoting
depository numbers CSD 415463.
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