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One of the unusual features of some of these compounds
is that they adopt acentric structures. The uranyl periodates,
K2[(UO2)2(VO)2(106)20]-H,0* and A[(UO,)3(HIOg)2(OH)-
(O)(H,0)]-1.5H,0 (A = Li — Cs, Ag)}* both crystallize in
polar space groups, whereas the uranyl molybdatgs; §N],-
[(UO2)s(M0O4)7(H20)2](H20)2,*2 (UO2)0.6CeHz0N]o.2d(UO2)e-
(M0O4)7(H20)2](H20)n,** [CeH14N2][(UO2)6(M0O4)7(H-0)]
(Hz())m,l5 and [(CQH5)2N H2]2[(U02)4(MOO4)5(H20)](H20)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, 8)0,(VO,)2(POy),]-0.59H0
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One of the current challenges in uranium chemistry is the  The preparation of GRJO2(VO,)o(POy)2]-0.59H0 (UVP-
preparation of solids with three-dimensional framework 1)was achieved by reacting YUOs),-6H,O with V metal,
structures for possible applications as selective-oxidation phosphoric acid, and CsCl under mild hydrothermal condi-
catalysts;3 nonlinear optical (NLO) materials} ion- tions!® This reaction results in the formation of large clusters
exchange materiafdpnic conductorg,and storage materials ~ of yellow crystals with individual crystals exceeding 3 mm
for radionuclide$. The challenge in this chemistry lies in in length. The key feature of this reaction is the use of
the fact that most U(VI) compounds are layePéfl This vanadium metal as the source of vanaditim.
feature can be ascribed to the terminal nature of the oxo The structur& of C5[UO2(VO,)o(PQy)2]-0.59H0 (UVP-
atoms of the uranyl cation that are typically aligned in a 1) consists of uranyl cations bound by phosphate to yield
parallel fashion within the layefs'® However, recent work  UQs tetragonal bipyramids. These units are bridged by
has demonstrated several routes to preparing three-dimenphosphate to yield one-dimensional chains that run down
sional structures that include the use of octahedral building thec axis. This basic one-dimensional topology is recognized
units (e.g., in the periodatesKU0O2),(V0)2(106).0]-H-0* to occur in several uranyl phases including QD ,(PQ),].2°
and A[(UQ,)3(H106)2(OH)(O)(H:0)]-1.5H,0 (A = Li — Cs, The uranyl phosphate chains are fused with chains of corner-
Ag)'* and in the gallium phosphate fi&JO,),(GaOH)- sharing VQ distorted square pyramids that run down the
(PQy)4]-H:0°% and the use of organic structure-directing axis into a novel open-framework structure. There are
agents (e.g., in molybdatesd@idN]2[(UO,)s(M0O4)7(H-0),]- intersecting channels that occur along thendc axes as is
(H20)2'? and [(GHs)2NH2]2[(UO2)4(M0O,)s(H20)](H:0)* shown in Figure 1a,b. The channels running downttigis
and in the fluorophosphate §814N2]2[(UO2)e(H20)FA(PQy)-- are approximately 5.5 10.9 A, whereas those running down
(HPQy)4]-4H,0). the c axis are 5.0x 9.5 A. These channels are occupied by
Cst cations and water molecules. One the most apparent
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prism, crystal dimensions 0.1690.128x 0.105 mm, orthorhombic,
Cme@y, Z =4, a = 20.7116(14)b = 6.8564(5),c = 10.5497(7) A,

V = 1498.13(18) & (T = 193 K), u = 170.76 cm%, R; = 0.0265,
WR; = 0.0602. Bruker APEX charge-coupled device diffractometer:
Omax= 56.62, Mo Ka, A =0.710 73 A, 0.8 w scans, 6369 reflections
measured, 1811 independent reflections, all of which were included
in the refinement. The data were corrected for Lorentz-polarization
effects and for absorption, solutions were solved by direct methods,
anisotropic refinement df2 was by full-matrix least-squares, and there
were 105 parameters. (b) Sheldrick, G. BHELXTL PC Version
6.12; an integrated system for solving, refining, and displaying crystal
structures from diffraction data; Siemens Analytical X-Ray Instru-
ments, Inc.: Madison, WI, 2001.
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Figure 1. Two views of the structure of GRIO,(VO,)2(POs),]-0.59H0 (UVP-1) that consist of uranyl cations bound by phosphate (shown in yellow) to
yield UGs tetragonal bipyramids (shown in green). These units are bridged by phosphate to yield one-dimensional chains that runcdaxism fhee
chains are in turn linked by chains of é@quare pyramids (shown in blue) that run down bhexis into an open-framework structure that has intersecting
channels that occur along tle(a) andc (b) axes.

features of this structure is that the Y Onits are oriented The UG units in UVP-1 display two short B=O bond

so that the single terminal oxo atoms of these polyhedra aredistances of 1.772(7) and 1.781(8) A, that define the uranyl
all aligned along the axis as is shown in Figure 1dVP-1 cation. These bond distances are within the typical range
crystallizes in polar orthorhombic space groOm@;. As for U=0 distanceg! The lack of imposed inversion sym-

such,c is the polar axis, and the origin of this polarity lies metry on the uranyl site allows for the observation of both

in the alignment of the vanadyl units. The alignment of the v; andvs modes in the IR at 869 and 886 cinrespectively.
vanadyl units is reminiscent of the alignment of titanyl units Longer U—O bonds to the equatorial oxygen atoms from

in the key NLO material KTIOPQ(KTP).20 the phosphate anions range from 2.250(6) to 2.256(5) A.
These distances were used to calculate a bond-valence sum

(20) (a) Masse, R.; Grenier, J. Bull. Soc. Fr. Mineral. Cristallogr1971,
94, 437. (b) Tordjman, |.; Masse, R.; Guitel, J. Z. Kristallogr., (21) Burns, P. C.; Ewing, R. C.; Hawthorne, F. Can. Mineral. 1997,
Kristallgeom., Kristallphys., Kristallchen1974 139, 103. 35, 1551.
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Figure 2. View of the fundamental building units in g802(VO,).-
(POy)2]-0.59H0 (UVP-1). Fifty percent probability ellipsoids are shown.

for the U center of 6.32, which is consistent with U(¥1).
The VG; units contain V@' vanady! cations with two short B
V=0 bonds of 1.600(6) and 1.696(5) A. The shorter of these
bonds is to the terminal oxo atom. The remaining three V
O bonds range from 1.921(5) to 1.999(5) A, yielding a bond-
valence sum for the V atom of 5.6823 The tetrahedral

phosphate anion shows typicat® distances ranging from C:AB
1.518(6) to 1.552(6) A. Finally, the charge balance for the

anionic lattice formed by the UOVOs, and PQ units is

maintained by the Cs cations that form contacts with T T
surrounding oxygen atoms that occur from 3.105(6) to 3.395- 280 300 320 340 360 380 400 420

(6) A. There are also disordered water molecules with partial Field (mT)

occupancy within smaller channels in the structure. There rig e 3. EPR spectra of polycrystalline samples of[0©(VO)x(PQy)]-
are 0.59 water molecules per formula unit. The fundamental 0.59H0 (UVP-1; A) and RRCS[UOx(VO)4(OH)x(PQy)a]-nH20 (B). Di-

buiIding units inUVP-1 are shown in Figure 2. ference spectrum of A and B (C). EPR conditions: microwave frequency,
o 9434.95 MHz; microwave power, 2.0 mW; modulation amplitude, 0.60 mT;
One of the consequences of the polarity in the structure temperature, 298 K.

IOf UVF_ﬁti_S ;c]hat.the. cor:n p?dund tShOUIdNeLX Ohibit the. SlHSHcg of relatively sharp signals with hyperfine interactions between
aser light; that is, It should act as a material. the 3d electron and théV nucleus ( = 7/2, 99.75%}°

was inyestigated using 1064 nm excitation laser pulses from Spectrum A (Figure 3) shows a typical EPR spectrum for a
a Q-switched Nd:YAG lase# SHG at 532 nm was observ_ed bright yellow-colored sample. This spectrum is a mixture
iroma p_olycrystallme sample diVP-1 The rESponse IS ot Epr spectra due to isolated paramagnetic species (sharp
substantially we.aker than that 9f a commeruql ceramic peaks) and species that show extensive-sgpin interaction
frequency doubling laser bga_m fmc_ler (Kentek V|e\./v-|t).. It (broad feature) between the paramagnetic species present.
should also be noted that it is unl|!<ely that a radloact|ye The ratio of the broad signal to the sharp signals increases
compound would be used commercially as a NLO material. in greenish polycrystalline samples indicating greater-spin

It was noted during the course of these studies that somegpin interactions with increasing V(IV) concentration. This
batches of crystals afVP-1 had a slightly greenish tint.  proad feature is similar to that found for the pure V(IV)
We speculated that this coloration was due to incomplete compound, RECS[UOAVO)4(OH)(PQy)4]-nH:0 (Figure 3B).
oxidation of all of the vanadium sites to V(V) and that trace The spectrum of isolated V/(IV) species can be obtained by
amounts of V(IV) were present in the samples. Not surpris- syptracting the broad EPR spectrum (Figure 3B) from the
ingly, X-ray diffraction results show virtually identical mixed spectrum (Figure 3A). The resulting EPR spectrum
metrics for both the yellow and the slightly green samples. shows the typical eight-line spectrum, consistent with the
To test for the presence of V(IV) in the samples we used presence of V(IV) sites within this formally V(V) compound.
electron paramagnetic resonance (EPR) spectroscopy (Figurerhe line shape of the EPR signal is axial witly > g..
3)% In fact, a low concentration of V(IV) sites reduces Accurateg values could not be obtained due to second-order
dipole—dipole interactions and allows for the observation effects that can mainly be detected as an unequal spacing of
the hyperfine lines. The second-order effects can be mini-

g% Brese, N. E.; OI’Keefe, MActa %rystallllogr-, SSect- ngl 47, %92. mized by measuring at higher frequencies. These measure-

Brown, I. D.; Altermatt, D Acta Crystallogr, Sect. B1985 41, 244.

(24) SHG was investigated using 1064 nm excitation laser pulses from a ments are planned for t,he near futgre.
Q-switched Nd:YAG laser (Continuum Surelite 1-10). A Scientech There are two potential explanations for the presence of
volume absorbing calorimeter was used to measure average Iasew(|v) sites in UVP-1. First, it is possible that there is a inght
power. SHG at 532 nm was visually observed in a darkened room
from a polycrystalline sample dfVP-1 contained in a glass tube
and was quantified using a band-pass optical filter, IR insensitive (25) EPR spectra at X-band (9.4 GHz) were obtained with a Bruker EMX-

photomultiplier (1P28), and a signal averaging digital storage oscil- 6/1 EPR spectrometer composed of the EMX-113 console, ER-041-
loscope (Tektronix TDS 640A), as the intensity of the unfocused laser XG bridge with built-in microwave frequency counter, ER-070 magnet,
beam was increased above the SHG threshold. At a beam cross section and ER-4119-HS, high-sensitivity perpendicular-mode cavity. All
averaged intensity of 3.6 MW/cinthe SHG intensity fromUVP-1 spectra were recorded with a field modulation frequency of 100 kHz.
was 1500 times weaker that the signal observed from a commercial All samples studied were polycrystalline in nature.

rare-earth-based ceramic frequency upconverting laser beam finder (26) Garces, N. Y.; Stevens, K. T.; Foundos, G. K.; Halliburton, LJE.
(Kentek View-It). Phys.: Condens. MatteR004 16, 7095.
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deficiency in the occupancy of Cdo counterbalance the reports will detail a series of Ti(lll/IV), V(IV), Co(ll), and

reduction in positive charge at the vanadium site. This Cu(ll) uranyl phosphates that can be isolated from similar

deficiency is not observed in a refinement of the occupancy reactions.

of the Cs site. Second, it can also be envisioned that protons

are introduced into the structure, most likely at the bridging  Acknowledgment. This work was supported by the Chemi-
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