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One of the current challenges in uranium chemistry is the
preparation of solids with three-dimensional framework
structures for possible applications as selective-oxidation
catalysts,1-3 nonlinear optical (NLO) materials,4,5 ion-
exchange materials,6 ionic conductors,7 and storage materials
for radionuclides.8 The challenge in this chemistry lies in
the fact that most U(VI) compounds are layered.9,10 This
feature can be ascribed to the terminal nature of the oxo
atoms of the uranyl cation that are typically aligned in a
parallel fashion within the layers.9,10 However, recent work
has demonstrated several routes to preparing three-dimen-
sional structures that include the use of octahedral building
units (e.g., in the periodates K2[(UO2)2(VO)2(IO6)2O]‚H2O4

and A[(UO2)3(HIO6)2(OH)(O)(H2O)]‚1.5H2O (A ) Li - Cs,
Ag)11 and in the gallium phosphate Cs4[(UO2)2(GaOH)2-
(PO4)4]‚H2O6) and the use of organic structure-directing
agents (e.g., in molybdates [C6H16N]2[(UO2)6(MoO4)7(H2O)2]-
(H2O)212 and [(C2H5)2NH2]2[(UO2)4(MoO4)5(H2O)](H2O)13

and in the fluorophosphate [C6H14N2]2[(UO2)6(H2O)2F2(PO4)2-
(HPO4)4]‚4H2O14).

One of the unusual features of some of these compounds
is that they adopt acentric structures. The uranyl periodates,
K2[(UO2)2(VO)2(IO6)2O]‚H2O4 and A[(UO2)3(HIO6)2(OH)-
(O)(H2O)]‚1.5H2O (A ) Li - Cs, Ag),11 both crystallize in
polar space groups, whereas the uranyl molybdates [C6H16N]2-
[(UO2)6(MoO4)7(H2O)2](H2O)2,12 (UO2)0.82[C8H20N]0.36[(UO2)6-
(MoO4)7(H2O)2](H2O)n,15 [C6H14N2][(UO2)6(MoO4)7(H2O)2]
(H2O)m,15 and [(C2H5)2NH2]2[(UO2)4(MoO4)5(H2O)](H2O)13

are all chiral. The noncentrosymmetric nature of these
structures allows for the observation of key physical proper-
ties including second-harmonic generation (SHG) of laser
light. Herein we report on a remarkable open-framework
uranyl phosphate, namely, Cs2[(UO2(VO2)2(PO4)2]‚0.59H2O
(UVP-1).

The preparation of Cs2[UO2(VO2)2(PO4)2]‚0.59H2O (UVP-
1) was achieved by reacting UO2(NO3)2‚6H2O with V metal,
phosphoric acid, and CsCl under mild hydrothermal condi-
tions.16 This reaction results in the formation of large clusters
of yellow crystals with individual crystals exceeding 3 mm
in length. The key feature of this reaction is the use of
vanadium metal as the source of vanadium.17

The structure18 of Cs2[UO2(VO2)2(PO4)2]‚0.59H2O (UVP-
1) consists of uranyl cations bound by phosphate to yield
UO6 tetragonal bipyramids. These units are bridged by
phosphate to yield one-dimensional chains that run down
thec axis. This basic one-dimensional topology is recognized
to occur in several uranyl phases including Cu2[UO2(PO4)2].19

The uranyl phosphate chains are fused with chains of corner-
sharing VO5 distorted square pyramids that run down theb
axis into a novel open-framework structure. There are
intersecting channels that occur along theb andc axes as is
shown in Figure 1a,b. The channels running down theb axis
are approximately 5.5× 10.9 Å, whereas those running down
thec axis are 5.0× 9.5 Å. These channels are occupied by
Cs+ cations and water molecules. One the most apparent
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features of this structure is that the VO5 units are oriented
so that the single terminal oxo atoms of these polyhedra are
all aligned along thec axis as is shown in Figure 1a.UVP-1
crystallizes in polar orthorhombic space groupCmc21. As
such,c is the polar axis, and the origin of this polarity lies
in the alignment of the vanadyl units. The alignment of the
vanadyl units is reminiscent of the alignment of titanyl units
in the key NLO material KTiOPO4 (KTP).20

The UO6 units in UVP-1 display two short UdO bond
distances of 1.772(7) and 1.781(8) Å, that define the uranyl
cation. These bond distances are within the typical range
for UdO distances.21 The lack of imposed inversion sym-
metry on the uranyl site allows for the observation of both
ν1 andν3 modes in the IR at 869 and 886 cm-1, respectively.
Longer UsO bonds to the equatorial oxygen atoms from
the phosphate anions range from 2.250(6) to 2.256(5) Å.
These distances were used to calculate a bond-valence sum
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Figure 1. Two views of the structure of Cs2[UO2(VO2)2(PO4)2]‚0.59H2O (UVP-1) that consist of uranyl cations bound by phosphate (shown in yellow) to
yield UO6 tetragonal bipyramids (shown in green). These units are bridged by phosphate to yield one-dimensional chains that run down thec axis. The
chains are in turn linked by chains of VO5 square pyramids (shown in blue) that run down theb axis into an open-framework structure that has intersecting
channels that occur along theb (a) andc (b) axes.
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for the U center of 6.32, which is consistent with U(VI).21

The VO5 units contain VO2
+ vanadyl cations with two short

VdO bonds of 1.600(6) and 1.696(5) Å. The shorter of these
bonds is to the terminal oxo atom. The remaining three Vs
O bonds range from 1.921(5) to 1.999(5) Å, yielding a bond-
valence sum for the V atom of 5.08.22,23 The tetrahedral
phosphate anion shows typical PsO distances ranging from
1.518(6) to 1.552(6) Å. Finally, the charge balance for the
anionic lattice formed by the UO6, VO5, and PO4 units is
maintained by the Cs+ cations that form contacts with
surrounding oxygen atoms that occur from 3.105(6) to 3.395-
(6) Å. There are also disordered water molecules with partial
occupancy within smaller channels in the structure. There
are 0.59 water molecules per formula unit. The fundamental
building units inUVP-1 are shown in Figure 2.

One of the consequences of the polarity in the structure
of UVP-1 is that the compound should exhibit the SHG of
laser light; that is, it should act as a NLO material. SHG
was investigated using 1064 nm excitation laser pulses from
a Q-switched Nd:YAG laser.24 SHG at 532 nm was observed
from a polycrystalline sample ofUVP-1. The response is
substantially weaker than that of a commercial ceramic
frequency doubling laser beam finder (Kentek View-It). It
should also be noted that it is unlikely that a radioactive
compound would be used commercially as a NLO material.

It was noted during the course of these studies that some
batches of crystals ofUVP-1 had a slightly greenish tint.
We speculated that this coloration was due to incomplete
oxidation of all of the vanadium sites to V(V) and that trace
amounts of V(IV) were present in the samples. Not surpris-
ingly, X-ray diffraction results show virtually identical
metrics for both the yellow and the slightly green samples.
To test for the presence of V(IV) in the samples we used
electron paramagnetic resonance (EPR) spectroscopy (Figure
3).25 In fact, a low concentration of V(IV) sites reduces
dipole-dipole interactions and allows for the observation

of relatively sharp signals with hyperfine interactions between
the 3d1 electron and the51V nucleus (I ) 7/2, 99.75%).26

Spectrum A (Figure 3) shows a typical EPR spectrum for a
bright yellow-colored sample. This spectrum is a mixture
of EPR spectra due to isolated paramagnetic species (sharp
peaks) and species that show extensive spin-spin interaction
(broad feature) between the paramagnetic species present.
The ratio of the broad signal to the sharp signals increases
in greenish polycrystalline samples indicating greater spin-
spin interactions with increasing V(IV) concentration. This
broad feature is similar to that found for the pure V(IV)
compound, Rb3Cs[UO2(VO)4(OH)2(PO4)4]‚nH2O (Figure 3B).
The spectrum of isolated V(IV) species can be obtained by
subtracting the broad EPR spectrum (Figure 3B) from the
mixed spectrum (Figure 3A). The resulting EPR spectrum
shows the typical eight-line spectrum, consistent with the
presence of V(IV) sites within this formally V(V) compound.
The line shape of the EPR signal is axial withgxy > gz.
Accurateg values could not be obtained due to second-order
effects that can mainly be detected as an unequal spacing of
the hyperfine lines. The second-order effects can be mini-
mized by measuring at higher frequencies. These measure-
ments are planned for the near future.

There are two potential explanations for the presence of
V(IV) sites inUVP-1. First, it is possible that there is a slight
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Figure 2. View of the fundamental building units in Cs2[UO2(VO2)2-
(PO4)2]‚0.59H2O (UVP-1). Fifty percent probability ellipsoids are shown.

Figure 3. EPR spectra of polycrystalline samples of Cs2[UO2(VO2)2(PO4)2]‚
0.59H2O (UVP-1; A) and Rb3Cs[UO2(VO)4(OH)2(PO4)4]‚nH2O (B). Dif-
ference spectrum of A and B (C). EPR conditions: microwave frequency,
9434.95 MHz; microwave power, 2.0 mW; modulation amplitude, 0.60 mT;
temperature, 298 K.
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deficiency in the occupancy of Cs+ to counterbalance the
reduction in positive charge at the vanadium site. This
deficiency is not observed in a refinement of the occupancy
of the Cs+ site. Second, it can also be envisioned that protons
are introduced into the structure, most likely at the bridging
oxide position in the vanadyl phosphate chains. Such
protonation occurs in the gallium phosphate chains in the
structure of Cs4[(UO2)2(GaOH)2(PO4)4]‚H2O (UGaP-1).6

This work has demonstrated that a remarkable polar
mixed-metal uranyl phosphate with an open-framework
structure can be prepared under mild hydrothermal condi-
tions. The polarity of the structure allows this compound to
display SHG of 532 nm light from a 1064 nm source. A
second intriguing feature of this compound is that some of
the vanadium can be trapped as V(IV) within the structure,
even though this is a formally V(V) compound. Future

reports will detail a series of Ti(III/IV), V(IV), Co(II), and
Cu(II) uranyl phosphates that can be isolated from similar
reactions.
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