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Uranium-based open-framework materials continue to
captivate material chemists because of their remarkably
diverse architectures. The challenge in obtaining three-
dimensional framework structures is that most U(VI) com-
pounds are found to be layered because of the terminal nature
of the uranyl, UO2

2+, oxo atoms that are seldom involved in
bridging to additional metal centers, effectively terminating
one direction of structure propagation.1 Several strategies
have been adopted for overcoming this hurdle. The first of
these is to use organic structure-directing agents, especially
organoammonium cations, to influence the formation of
uranyl-containing frameworks. In particular, some of these
agents cause perpendicular alignment of uranyl polyhedra
to create framework structures, which is aptly illustrated by
the oxyfluorides [N(CH3)4][(UO2)2F5]2 and [C4H12N2][U2O4F6],3

as well as by the phosphate and fluorophosphate, [Et2-
NH2]2[(UO2)5(PO4)4]4 and [C6H14N2]2[(UO2)6(H2O)2F2(PO4)2-
(HPO4)4]‚4H2O.5 There is also a family of uranyl silicates6

with alkali metal cations, such as RbNa(UO2)(Si2O6)‚H2O7

and Rb4(UO2)2(Si8O20),8 that are known to adopt open-
framework structures.

The addition of main group and transition metal building
units into both purely inorganic and organic-inorganic
hybrid materials has been shown to lead to the formation of
three-dimensional framework compounds with vastly dif-
ferent topologies. In uranyl phosphates alone, the metal

centers range from tetrahedral Ga3+ in Cs[UO2Ga(PO4)2],9

to square planar Cu2+ in Cs3+x[(UO2)3CuH4-x(PO4)5]‚H2O,10

to square pyramidal V5+ in Cs2[(UO2(VO2)2(PO4)2]‚0.59H2O,11

to octahedral Ga3+ and Co2+ in Cs4[(UO2)2(GaOH)2(PO4)4]‚
H2O9 and Cs2{(UO2)4[Co(H2O)2]2(HPO4)(PO4)4}.10 The re-
cently reported uranyl niobates AUNbO6 (A ) Na, K, Cs)
also fit well within this group of compounds.12 Although
these materials have answered the synthetic and structural
challenges of preparing three-dimensional framework uranyl
compounds, it is of equal importance to demonstrate that
these structures lend themselves to important physicochem-
ical properties. Indeed, these compounds have risen to this
test as well, and a variety of structure-property relationships
have been established, including ionic conductivity in
A(UO2)4(VO4)3 (A ) Li, Na),13 selective ion exchange in
Cs4[(UO2)2(GaOH)2(PO4)4]‚H2O,9 NLO optics in K2[(UO2)2-
(VO)2(IO6)2O]‚H2O14 and Cs2[UO2(VO2)2(PO4)2]‚0.59H2O,11

and chirality in [(C2H5)2NH2]2[(UO2)4(MoO4)5(H2O)](H2O).15

The magnetic properties of mixed-metal uranyl phosphates
have yet to be reported. In this communication, the synthe-
sis,16 structure, magnetic properties, and Cs+-selective ion
exchange of the three-dimensional framework uranyl vanadyl
phosphate, A3.48[(UO2)(VO)4H1.52(PO4)5] (A ) K, Rb), are
reported.

The synthesis of K3.48[(UO2)(VO)4H1.52(PO4)5] (K-UVP-
2) was achieved by reacting UO2(NO3)2‚6H2O with V metal,
phosphoric acid, and KCl under mild hydrothermal condi-
tions.16 This reaction results in the formation of large clusters
of blue prisms ofK-UVP-2. The synthesis ofUVP-2 is
very similar to that of Cs2[(UO2(VO2)2(PO4)2]‚0.59H2O
(UVP-1), with the exception of replacing CsCl with KCl.11

The alkali metal cations not only have a structure-directing
effect, but also control the ultimate oxidation state of the
vanadium in these compounds (vide infra). The Rb analog
of UVP-2 can also be prepared.

The structure17 of K3.48[(UO2)(VO)4H1.52(PO4)5] consists
of two-dimensional vanadyl phosphate layers in the [ab]
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plane, depicted in Figure 1, that are joined by UO6 tetragonal
bipyramids in thec direction into a three-dimensional
framework structure (Figure 1A). The structure has small
channels extending down thec-axis that are filled by K+

cations (Figure 1B). The individual layers are complex and
consist of distorted octahedral VO6 units that share faces to
form dimers, which are in turn bridged by phosphate anions
into a 2D network. The complexity and nonstoichiometry
of K3.48[(UO2)(VO)4H1.52(PO4)5] is the result of two important
features. The first of these is that one of the phosphate anions
is disordered with four different orientations. These layers
and their inherent problems with disorder are similar to those
found in [NH4][Zn(H2O)(VO)2(PO4)2(H2PO4)18 and MZn-
(H2O)(VO)2(PO4)2(H2PO4) (M ) K, Rb, Cs).19 The second
feature leading to a nonideal stoichiometry is that there are
two crystallographically distinct K+ sites. Those in the
channels appear to be fully occupied, whereas the second
K+ cation coincides with the disorder phosphate anion and

has an occupancy of 0.624(7). The remaining positive charge
needed to counterbalance the anionic framework is ac-
complished by protonating the terminal oxo atoms on the
disordered phosphate anion in a method similar to that of
Cs3+x[(UO2)3CuH4-x(PO4)5]‚H2O.10

The V-O bond distances in the distorted VO6 octahedra
are classical for a VO5+1 polyhedron where there is one long
bond trans to a vanadyl VdO group. In this case, the short
VdO bond distance is 1.590(4) Å, whereas thetrans-V-O
bond distance is 2.297(5) Å. The remaining four V-O
distances are 1.958(3) (×2) and 2.061(3) (×2) Å. These bond
distances were used to arrive at a bond-valence sum of 4.13,
which is consistent with V(IV).20,21

As a result of the face-sharing between two VO6 octahedra,
the V centers are pushed away from the center of the
octahedra toward opposite edges of the dimer. Nevertheless,
there is a short V‚‚‚V distance of 3.0352(18) Å. The UO6
tetragonal bipyramids shows normal U-O bond distances
with two terminal UdO distances of 1.786(6) Å, and four
longer distances of 2.260(4) Å in the equatorial plane. The
uranyl oxo atoms are terminal. Using the bond-valence
parameters of Burns et al., we found a BVS of 6.22 for U(1)
that is typical for a U(VI) compound.22

Further confirmation of the+4 oxidation state for vana-
dium is provided by magnetic susceptibility measurements
on Rb-UVP-2. Magnetization measurements, obtained at
5 K, increase linearly with magnetic field up to the highest
measured field, 10 000 G. About 75% of the magnetic signal
arises from the background at high temperatures, necessitat-
ing susceptibility data acquisition in a 10 000 G field. The
temperature dependence of the magnetic susceptibility,
together with its inverse, is depicted in Figure 2. The data
show complex behavior with temperature. Susceptibility data
obtained at lower fields, 500 and 2000 G, show a similar
temperature dependence. The data indicate a long-range
ordering of the moments at 52(2) K. Above that temperature,
the sample appears paramagnetic. The data between 100 and
320 K are fit to the modified Curie law; the effective
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Figure 1. (a) View down thea-axis of two-dimensional vanadyl phosphate
layers that extend in the [ab] plane in the structure of K3.48[(UO2)(VO)4H1.52-
(PO4)5]. These layers are joined by UO6 tetragonal bipyramids in thec
direction into a three-dimensional framework structure. (b) Depiction of
the small channels that extend along thec-axis (2.8× 4.4 Å2). VO6 units
are shown in blue, UO6 in green, and PO4 in yellow. Oxygen atoms are
depicted in red, and K+ cations in magenta.

Figure 2. Magnetic susceptibility ofRb-UVP-2 as a function of
temperature. Line is the fit to Curie-Weiss behavior. Inset shows the
temperature dependence of the inverse magnetic susceptibility. The line is
also the fit to Curie-Weiss behavior.
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magnetic moment is determined to be 1.73(10)µB, which is
consistent with this compound containing V(IV).øTIP andθ
are also determined from the modified Curie law fit as
-0.00008(4) emu/mol and-41(8) K, respectively. The large
negative Weiss constant is consistent with an antiferromag-
netic component to the ordering, as is the shape of theø vs
T plot. There is an additional feature in the data that occurs
at about 15(1) K that could be a reordering of the moments
as the temperature is lowered through the ordered state from
52 K, or it could be a paramagnetic impurity phase. The
effective moment at 5 K, determined from the M vs H curve,
is 0.34µB.

The presence of K+ cations in the channels of the
framework in K3.48[(UO2)(VO)4H1.52(PO4)5] lends this com-
pound well to ion-exchange studies. These measurements
were conducted using a combination of ion-selective elec-
trodes and atomic absorption (AA). There is no uptake of
Ca2+ or Sr2+ from 1× 10-2 M and 1× 10-3 M solutions of
CaCl2 and SrCl2. A small exchange with Na+ cations with
an uptake value of 0.25(6) meq/g was observed in a 1×
10-2 M NaCl solution. In mixed 1:1 molar ratio solution
pairs of NaCl:CaCl2 and NaCl:SrCl2, slightly smaller Na+-
exchange capacities of 0.18(5) and 0.17(5) meq/g, respec-
tively, were detected. Ca2+ and Sr2+ uptake were not found
in the mixed solutions either. Ion-exchange experiments with
Cs+ from a 1 × 10-2 M CsCl solution reveals a notable
uptake value of 0.87(10) meq/g. We suggest that the small
size of the channels that extend along thec-axis (2.8× 4.4
Å2) precludes their involvement in exchange unless the
framework is highly flexible. However, channels are also
present as the result of the orientational disorder of the
phosphate anions within the layers. The selectivity can be
explained in terms of radii and hydration energy for

competing cations. In the hydrated state, the radii of K+ and
Cs+ are the same and correspond to 3.3 Å. Because of its
lower dehydration energy, Cs+ is able to lose its hydration
sphere and enter the channels more easily than K+.23 PXRD
data taken before and after ion exchange do not suggest
significant structural changes. Taken together, these data
suggest that K3.48[(UO2)(VO)4H1.52(PO4)5] is a Cs+-selective
ion-exchange material that might play a key role in137Cs
sequestration.

In conclusion, we have shown that K3.48[(UO2)(VO)4H1.52-
(PO4)5], a compound readily available from common starting
reagents, is a multifunctional material undergoing both
magnetic ordering and Cs+-selective ion exchange. This work
also provides further expansion of the structural building
units that can be used to construct three-dimensional uranyl-
containing frameworks. Future work on this compound will
investigate whether or not the luminescence from the uranyl
units can be used as a straightforward probe of ion exchange.
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