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centers range from tetrahedral Gan Cs[UO,Ga(PQ),],°

to square planar Ctiin Cs4[(UO2)sCuH;_y(POy)s]-H,0 1°

to square pyramidal ¥ in Cs[(UOx(VO,)(PQy)7]-0.59H0 1

to octahedral G4 and Cé* in Cs[(UO,)2(GaOHX(POy)4]*

H,0° and Cg{(UO,)4[Co(H20),]2(HPOy)(PQy)4}.1° The re-
cently reported uranyl niobates AUNBQA = Na, K, Cs)

also fit well within this group of compoundsd.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 structurgroperty relationships
have been established, including ionic conductivity in
A(UO,)4(VO,)3 (A = Li, Na),*® selective ion exchange in

Uranium-based open-framework materials continue to Cs(UO2)AGaOHK(PO)]-H,0.2 NLO optics in Ke[(UO5)-
captivate material chemists because of their remarkably(\/O)Z(loﬁ)zo],H2014and CS[UO(VO,)5(PQ);]-0.59H0 1t

diverse architectures. The challenge in obtaining three-

and chirality in [(GHs)2NH2]2[(UO2)4(MoO,)s(H,0)](Hz0).*°

dimensional framework structures is that most U(VI) com- The magnetic properties of mixed-metal uranyl phosphates

pounds are found to be layered because of the terminal natur

of the uranyl, UG*", oxo atoms that are seldom involved in
bridging to additional metal centers, effectively terminating
one direction of structure propagatibiSeveral 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(C@4][(U02)2F5]2 and [QHlZNz][U 204F5],3
as well as by the phosphate and fluorophosphates- [Et
NH2]2[(UO2)s(POy)4* and [GH1aN2]o[(UO,)6(H20)Fo(POy) -
(HPQy)4]-4H,0 5 There is also a family of uranyl silicates
with alkali metal cations, such as RbNa(k)(®i,0s)-H,O’
and RR(UO,)x(SisOy0),2 that are known to adopt open-
framework structures.

The addition of main group and transition metal building
units into both purely inorganic and orgasimorganic

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
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$have yet to be reported. In this communication, the synthe-

sis}6 structure, magnetic properties, and"@elective ion
exchange of the three-dimensional framework uranyl vanadyl
phosphate, Asd(UO2)(VO)H15{POy)s] (A = K, Rb), are
reported.

The synthesis of K4d(UO2)(VO)4H15{POy)s] (K—UVP—

2) was achieved by reacting Y O3),*6H,0 with V metal,
phosphoric acid, and KCI under mild hydrothermal condi-
tions!® This reaction results in the formation of large clusters
of blue prisms oK —UVP—2. The synthesis o0JVP—2 is
very similar to that of Cg4(UO,(VO2)(POy),]-0.59H0
(UVP—1), with the exception of replacing CsCl with KE&\.
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 structur€ of Ks4d(UO2)(VO)4H15{POy)s] consists
of two-dimensional vanadyl phosphate layers in thg] [

(9) Shvareva, T. Y.; Sullens, T. A.; Shehee, T. C.; Albrecht-Schmitt, T.
E. Inorg. Chem.2005 44, 300.

(10) Shvareva, T.Y.; Albrecht-Schmitt, T. Faorg. Chem2006 45, 1900.

(11) Shvareva, T. Y.; Beitz, J. V.; Duin, E. C.; Albrecht-Schmitt, T. E.
Chem. Mater2005 17, 6219.

(12) Surble S.; Obbade, S.; Saad, S.; Yagoubi, S.; Dion, C.; Abraham, F.
J. Solid State Chen2006 179 3238.

(13) Obbade, S.; Dion, C.; Rivenet, M.; Saadi, M.; AbrahamJ.FSolid
State Chem2004 177, 2058.

(14) Sykora, R. E.; Albrecht-Schmitt, T. Ehorg. Chem2003 42, 2179.

(15) Krivovichev, S. V.; Cahill, C. L.; Nazarchuk, E. V.; Burns, P. C;
Armbruster, Th.; Depmeier, WMicroporous Mesoporous Mate2005
78, 209.

(16) K344 (UO2)(VO)4H15{POs)s]. UO3(NO3)2-6H,0 (0.395 g, 0.787
mmol), V (0.080 g, 1.60 mmol), #PO, (0.231 g, 2.36 mmol), KCI
(0.293 g, 3.94 mmol), and 1 mL of Millipore-filtered water were loaded
into the 23 mL autoclave. The reaction was run at $180in a box
furnace for 5 days and then cooled at a rate of(3h to room
temperature. Clusters of bright blue prismatic crystals 9f{UO>)-
(VO)4H15{POy)s] were isolated, washed with methanol, and allowed
to dry. Yield: 340 mg (40.5% yield based on U). EDX analysis
provided a K:U:V:P ratio of 4:1:4:5. The Rb analog of this compound
can also be prepared by replacing KCI with RbCI. Elemental analysis
results for the Rb-analog showed (calcd/found): P 11.86/11.66, V
15.61/15.53. Rb content from refinement of occupancy is 3.40.
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Figure 2. Magnetic susceptibility ofRbo—UVP—2 as a function of
temperature. Line is the fit to Curi@Neiss behavior. Inset shows the
temperature dependence of the inverse magnetic susceptibility. The line is
also the fit to Curie-Weiss behavior.

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
@ o o el ohosah Cs4x[(UO2)3CuH;s—«(PQy)s] -H,0.10
Figure 1. (a) View down thea-axis of two-dimensional vanadyl phosphate - : ; :
layers that extend in thep)] plane in the structure of ¥d(UO2)(VO)4H1 52 The Vv _O bond distances in the distorted VO_ctahedra
(PQy)s]. These layers are joined by YQetragonal bipyramids in the are classical for a V@1 polyhedron where there is one long
direction into a three-dimensional framework structur(?&. (b) Depiction of phond trans to a vanadyl=O group. In this case, the short
the small channels that extend along thaxis (2.8 x 4.4 A2). VOg units — : : _
are shown in blue, UPin green, and PQin yellow. Oxygen atoms are V=0 b(?nd dISta_'nce IS 1'590(4) A’ Wherea,s _tl’m‘lS-V O
depicted in red, and K cations in magenta. bond distance is 2297(5) A The remaining four-@
distances are 1.958(3%@) and 2.061(3)%2) A. These bond
plane, depicted in Figure 1, that are joined bydi€ragonal distances were used to arrive at a bond-valence sum of 4.13,

bipyramids in thec direction into a three-dimensional which is consistent with V(IV¥22t

framework structure (Figure 1A). The structure has small  As a result of the face-sharing between twogd@tahedra,
channels extending down theaxis that are filled by K the V centers are pushed away from the center of the
cations (Figure 1B). The individual layers are complex and octahedra toward opposite edges of the dimer. Nevertheless,
consist of distorted octahedral {@nits that share faces to  there is a short -V distance of 3.0352(18) A. The U0
form dimers, which are in turn bridged by phosphate anions tetragonal bipyramids shows normaH® bond distances
into a 2D network. The complexity and nonstoichiometry with two terminal U=0 distances of 1.786(6) A, and four

of K344 (UO2)(VO)4H15{PQy)s] is the result of two important  |onger distances of 2.260(4) A in the equatorial plane. The
features. The first of these is that one of the phosphate anionsurany| oxo atoms are terminal. Using the bond-valence
is disordered with four different orientations. These layers parameters of Burns et al., we found a BVS of 6.22 for U(1)
and their inherent problems with disorder are similar to those that is typical for a U(VI) compoung?

found in [NHJ[Zn(H20)(VO)(POy)o(HPQy)'® and MZn- Further confirmation of the+4 oxidation state for vana-
(H20)(VO)(PO)o(HoPO) (M = K, Rb, Cs):* The second gy s provided by magnetic susceptibility measurements
feature leading to a nonideal stoichiometry is that there are 5, Rp—UvP—2. Magnetization measurements, obtained at
two crystallographically distinct K sites. Those in the 5k increase linearly with magnetic field up to the highest
channels appear to be fully occupied, whereas the seconqneasyred field, 10 000 G. About 75% of the magnetic signal
K™ cation coincides with the disorder phosphate anion and gjses from the background at high temperatures, necessitat-
ing susceptibility data acquisition in a 10 000 G field. The

17) (@ X-E?y Struc:)ural a?all%s_es: S,M(U(%Z)é\ésogétgzlgipoo‘gfa blrt%e temperature dependence of the magnetic susceptibility,
prism (fragment), crystal aimensions 0. . x 0. mnd, . . . . . . .
orthorhombicjmmm Z = 2, a = 7.3803(7) Ab = 9.1577(8) Ac = together with its inverse, is depicted in Figure 2. _T'h.e data
17.0898(16) AV = 1155.04(18) A (T = 193 K), u = 96.41 cm?, show complex behavior with temperature. Susceptibility data
R = 0.0258WR, = 0.0622. Bruker APEX CCD diffractometefimax obtained at lower fields, 500 and 2000 G, show a similar

= 56.58, MoKa, 4 = 0.71073 A, 0.3  scans, 5940 reflections o
measured, 843 independent reflections, all of which were included in t€mperature dependence. The data indicate a long-range

the refinement. The data were corrected for Lorentz polarization effects ordering of the moments at 52(2) K. Above that temperature,

and for absorption, solutions were solved by direct methods, anisotropic .
refinement of F2 was completed by full-matrix least-squares, 105 the sample appears paramagnetic. The data between 100 and

parameters. (b) Sheldrick, G. HELXTL PC, An Integrated System 320 K are fit to the modified Curie law; the effective
for Sobing, Refining, and Displaying Crystal Structures from Dif-
fraction Datg version 6.12; Siemens Analytical X-Ray Instruments,

Inc.: Madison, WI, 2001. (20) Brese, N. E.; O’Keefe, MActa Crystallogr., Sect. B991, 47, 192.
(18) Le Fur, E.; Péa, O.; Pivan, J. YJ. Mater. Chem2002 12, 132. (21) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244.
(19) Messaoudi, S.; Furet, E.; Gautier, R.; Le Fur, E;;&éh,; Pivan, J. (22) Burns, P. C.; Ewing, R. C.; Hawthorne, F. Can. Mineral. 1997,

Y. Chem. Mater2004 16, 435. 35, 1551.
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magnetic moment is determined to be 1.73(28)which is competing cations. In the hydrated state, the radii ofikd
consistent with this compound containing V(I\r and 6 Cs" are the same and correspond to 3.3 A. Because of its
are also determined from the modified Curie law fit as lower dehydration energy, €ss able to lose its hydration
—0.00008(4) emu/mol anet41(8) K, respectively. The large  sphere and enter the channels more easily that# RXRD
negative Weiss constant is consistent with an antiferromag-data taken before and after ion exchange do not suggest
netic component to the ordering, as is the shape of the significant structural changes. Taken together, these data
T plot. There is an additional feature in the data that occurs suggest that K4d(UO,)(VO)4H1 s{PQy)5] is a Cs-selective

at about 15(1) K that could be a reordering of the moments ion-exchange material that might play a key role'#fCs

as the temperature is lowered through the ordered state fromsequestration.

52 K, or it could be a paramagnetic impurity phase. The In conclusion, we have shown that i{(UO)(VO)sH1 5
effective moment at 5 K, determined from the M vs H curve, (PQy,)s], a compound readily available from common starting

is 0.34ug. reagents, is a multifunctional material undergoing both
The presence of K cations in the channels of the magnetic ordering and Csselective ion exchange. This work
framework in Kg 4d(UO2)(VO)4H1 5{POy)s] lends this com- also provides further expansion of the structural building

pound well to ion-exchange studies. These measurementsunits that can be used to construct three-dimensional uranyl-
were conducted using a combination of ion-selective elec- containing frameworks. Future work on this compound will
trodes and atomic absorption (AA). There is no uptake of investigate whether or not the luminescence from the uranyl
Cé&" or SPt from 1 x 102M and 1x 102 M solutions of units can be used as a straightforward probe of ion exchange.
CaCl and SrCJ. A small exchange with Nacations with

an uptake value of 0.25(6) meg/g was observed insa 1 Acknowledgment. This work was supported by the Chemi-
102 M NaCl solution. In mixed 1:1 molar ratio solution cal Sciences, Geosciences and Biosciences Division, Office of
pairs of NaCl:CaGland NaCl:SrGj, slightly smaller Na- Basic Energy Sciences, Office of Science, Heavy Elements

o Program, U.S. Department of Energy, under Grant DE-FG02-
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uptake value of 0.87(10) meqg/g. We suggest that the small

size of the channels that extend along thexis (2.8x 4.4 Supporting Information Available: X-ray crystallographic file
A?) precludes their involvement in exchange unless the for Ksad(UO,)(VO)sH15APQy)s] in CIF format. This material is
framework is highly flexible. However, channels are also available free of charge via the Internet at http:/pubs.acs.org.
present as the result of the orientational disorder of the cpmos2a90L

phosphate anions within the layers. The selectivity can be
explained in terms of radii and hydration energy for (23) Nightingale, E. RJ. Phys. Chem1959 63, 1381.




