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The reaction of UO,(NOs),+6H,0 with Cs,CO;3 or CsCl, HsPO4, and Ga,O3 under mild hydrothermal conditions
results in the formation of Cs4[(UO,),(GaOH),(PO4)4]*H.0 (UGaP-1) or Cs[UO,Ga(PQ,),] (UGaP-2). The structure
of UGaP-1 was solved from a twinned crystal revealing a three-dimensional framework structure consisting of
one-dimensional [Ga(OH)(PO,),J*~ chains composed of corner-sharing GaOs octahedra and bridging PO,
tetrahedra that extend along the ¢ axis. The phosphate anions bind the UO,?* cations to form UO; pentagonal
bipyramids. The UO; moieties edge-share to create dimers that link the gallium phosphate substructure into a
three-dimensional 2[(UO,),(GaOH),(PO4),]*~ anionic lattice that has intersecting channels running down the b and
c axes. Cs* cations and water molecules occupy these channels. The structure of UGaP-2 is also three-dimensional
and contains one-dimensional 1[Ga(PO4),]*~ gallium phosphate chains that extend down the a axis. These chains
are formed from fused eight-membered rings of corner-sharing GaO, and PO, tetrahedra. The chains are in turn
linked together into a three-dimensional 2[U0,Ga(P0,),]*~ framework by edge-sharing UO; dimers as occurs in
UGaP-1. There are channels that run down the a and b axes through the framework. These channels contain the
Cs* cations. lon-exchange studies indicate that the Cs* cations in UGaP-1 and UGaP-2 can be exchanged for
Ca?* and Ba?*. Crystallographic data: UGaP-1, monoclinic, space group P2;/c, a = 18.872(1), b = 9.5105(7), c
= 14.007(1) A, p = 109.65(3)°, Z = 4 (T = 295 K): UGaP-2, triclinic, space group P1, a = 7.7765(6), b =
8.5043(7), ¢ = 8.9115(7) A, o = 66.642(1)°, B = 70.563(1)°, ¥ = 84.003(2)°, Z = 2 (T = 193 K).

Introduction trigonal bipyramids (e.g., in [NiJ[Ga(OH)(PQ)]” and Ga-
PQy)3-C3HgN-H,08), and GaQ@ octahedra (e.g., in [Nk
%GaQ(PQl)SF and Rb(GaPg)»(OH)(H.0)-H,0°). In fact, there
are examples of compounds where Ga exhibits multiple
geometries in the same compound as has been found for Na-
[Gag(OH)(PQ)Q] 0and NQGB{,(PO4)4OQ(OH)2'2H20,11 which
contain Ga@trigonal bipyramids and Gaf®ctahedra. These
fundamental building units can combine with phosphate
tetrahedra in a vast number of permutations to create zero-
dimensional structures in [Ga(HR@Qy)(OH)]-[(C2H7N)3sN]-

The syntheses, structures, and physicochemical propertie
of gallium phosphates have been the subjects of intense
interest for two decades because of their enormously rich
structural chemistry that is particularly well noted for the
forming microporous open-framework topologies that in
some cases are similar to the AlPf@mily of compounds$:4
The diversity in this class of compounds finds its origins in
the fundamental coordination chemistry of Ga(lll), which
occurs as Gaptetrahedra (e.g., in [#N(CH,)sNHs][GaH-
(PQy)]° and [Ga(HPQ(PQy)(OH)]-[(C2H/N)sN]-H0P), GaGy
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Three-Dimensional Framework Uranyl Gallium Phosphates

H,08 and [GHsNH],[HsGaP4O,1],*? one-dimensional chains

(H20)F2(POy)2(HPOy)4]-4H,0,27 arsenates, for example,

as found in the organically templated gallium phosphates [NH(C;Hs)3][(UO2)2(AsO,)(AsO:0H)],?> vanadates, for ex-

[NH3(CH,)aNH3][Ga(PQ)(PO:0H)],* [(1R 2R)-CeHio(NHa)]-
[Ga(OH)(HPQ),]-H2:0,** and [NH(CHy)2(NHs)l[Ga(H-
PQy)(P:0)],%5 two-dimensional sheets in §8sN][Ga(HPQ)--
(H20);]*¢ and [NH]Ga(OH)(PQ)],” and three-dimensional
networks in NaG#OH)(PQ),,° NasGas(POy)40o(OH),*
2H20,1:L and [NFb(CHz)g(NH3)][G33(PO4)3(H20)]17

The structural complexity and properties of gallium

phosphates can be expanded through the inclusion of

ample, A(UQ)4(VOy4)s (A = Li, Na),®® and oxides, for
example, (NH)3(H20)x{ [(UO2)10010(OH)][(UO4)(H20)]} .2°
Herein, we report the preparation and characterization of the
first examples of actinide-containing gallium phosphates,
Csi[(UO,)o(GaOHX(PQOy)4-H,O (UGaP-1) and Cs[UQ-
Ga(PQ);] (UGaP-2), both of which possess three-dimen-
sional framework structures.

transition metals into the anionic lattice. The incorporation EXPerimental Section

_of transition metals. into gaII.ium pho;ph_ates can taI_<e place  synthesesUO,(NO3),-6H,0 (98%, Alfa-Aesar)Ga0s (99.99%,
in several ways. First, partial substitution at Ga sites can Alfa-Aesar), CsCO; (99.99%, Alfa-Aesar), PO, (98%, Aldrich),
take place to yield disordered compounds, which is illustrated KCI (99%, Aldrich), NaCl (99%, Aldrich), CsCl (99.9%, Cerac),

by [CsHsNH][CoGaPs0,7, where CoQGaQ, disorder
exists!® Anomalous X-ray scattering is a powerful tool in

CaClh (99%, Aldrich), and BaGl (99%, Aldrich) were used as
received. Reactions were performed in the PTFE-lined Parr 4749

this regard and has been used to establish the distribution ofutoclaves. Distilled and Millipore filtered water with a resistance

Zn?t and G&" in a series of zinc-substituted gallium

phosphated’ Second, the transition metal centers can force
the adoptions of new structure types to accommodate

additional building units as occurs in Rb[(VO}{B)Ga-
(POy)2]?° and Mny(H,0)sGau(POy)e,?! the latter of which
forms gallium phosphate channels to house;(¥180)sOs

of 18.2 MQ-cm was used in all reactions. Standard precautions
were performed for handling radioactive materials during work with
UO,(NO3),*6H,0 and the products of the reactions. Semiquanti-
tative SEM/EDX analyses were performed using a JEOL 840/Link
Isis instrument. Cs, U, Ga, and P percentages were calibrated against
standards.

Csq[(UO3)2(GaOH)2(POq4)]*H-0 (UGaP-1). UOy(NO;3),6H,0

clusters. This compound also exhibits superexchange interac{o.238 g, 0.47 mmol), G®; (0.112 g, 0.94 mmol), sPO; (0.186
tions between Mn(ll) centers, illustrating the one of many g, 1.88 mmol), CsCO; (0.464 g, 1.41 mmol), and 1 mL of water
properties that can be added to gallium phosphates bywere loaded into a 23 mL autoclave. The autoclave was then heated

incorporating transition metafs.

to 180°C in a box furnace for 12 d and slow cooled at@h to

We have recently initiated a program for preparing uranyl "00m temperature. The product mixture consisted of a colorless

compounds with three-dimensional open-framework struc-
tures, with a particular focus on the use of octahedral anions

such as periodate, ¥, as building unit€>23The formation

solution and a bright yellow precipitate. The solid was washed with
water and methanol and allowed to dry. Rectangular shape tablets

'of UGaP-1 were then separated, with a yield of 130 mg (55%

yield based on the U), from the mixture for further study. The

of three-dimensional network structures incorporating the Cs:U:Ga:P ratio determined from EDX analysis was approximately

approximately linear uranyl, U®", cation is not common

2:1:1:2.

because uranyl-containing polyhedra typically condense with Cs[UO,Ga(POs);] (UGaP-2). UO,(NOs),*6H,0 (0.307 g, 0.61
uranyl units parallel to one another, and, because the uranylmmol), GaOs (0.144 g, 1.22 mmol), PO, (0.239 g, 2.44 mmol),
oxo atoms are typically terminal, layered structures most and CsCl (0.309 g, 1.83 mmol) were loaded into the 23 mL

often resul&* Despite this structural propensity, a number

autoclave followed by the addition of 2 mL of water. The autoclave

of different uranyl systems have been shown to adopt three-was heated fo4 d at 180°C in a box f.urnace and then cooled to
dimensional framework structures including phosphates suchroom temperature at 9C/h. The solid product consisted of a

as [GH1:N2J(UOL)[(UO2)(PQ)] 4 2H,O?° and [(UQ)s(POy)O-
(OH)(H20),](H20),?8 the fluorophosphate [El14N5][(UO2)s-
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(21) Hsu, K.-F.; Wang, S.-LInorg. Chem.200Q 39, 1773.

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

(23) Sullens, T. A.; Jensen, R. A.; Shvareva, T. Y.; Albrecht-Schmitt, T.
E.J. Am. Chem. So2004 126, 2676.
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845. (b) Burns, P. C. Iidranium: Mineralogy, Geochemistry and
the Environment Burns, P. C., Finch, R., Eds.; Mineralogical Society
of America: Washington, DC, 1999; Chapter 1. (c) Burns, RVi&ter.
Res. Soc. Symp. Pro2z004 802, 89.

(25) Locock, A. J.; Burns, P. Q. Solid State Chen2004 177, 2675.

mixture of white and green-yellow crystals. After the mother liquor
was decanted, the product was washed with water and methanol
and allowed to dry. Rectangular shape yellow green tablets of
UGaP-2 were then separated from the white precipitate. The
isolated yield was 46 mg (15% yield based on the U). EDX analysis
provided a Cs:U:Ga:P ratio of 1:1:1:2.

Crystallographic Studies. Crystals of Cg(UO2),(GaOH)-
(POQy)4]-HO (UGaP-1) and Cs[UQGa(PQ),] (UGaP-2 were
mounted on glass fibers and aligned on a Bruker SMART APEX
CCD X-ray diffractometer. Intensity measurements were performed
using graphite monochromated Maadiation from a sealed tube
and monocapillary collimator. SMART (v 5.624) was used for
preliminary determination of the cell constants and data collection
control. The intensities of reflections of a sphere were collected

(26) Burns, P. C.; Alexopoulos, C. M.; Hotchkiss, P. J.; Locock, Andrg.
Chem.2004 43, 1816.

(27) Doran, M. B.; Stuart, C. L.; Norquist, A. J.; O'Hare, Dhem. Mater.
2004 16, 565.

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

(29) Li, Y.; Cahill, C. L.; Burns, P. CChem. Mater2001, 13, 4026.
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Table 1. Crystallographic Data for GEUO2)2(GaOH)(POy)4]-H20
(UGaP-1) and Cs[UQGa(PQ),] (UGaP-2

formula Cg[(UO)2(GaOH)-  Cs[UOGa-
(PQs)4]-H20 (POy)]
formula mass 1641.04 662.60
color and habit yellow tablet yellow-green tablet
space group P2;/c (No. 14) P1(No. 2)
a(A) 18.872(1) 7.7765(6)
b (A) 9.5105(7) 8.5043(7)
c(A) 14.007(1) 8.9115(7)
a (deg) 90 66.642(1)
p (deg) 109.65(3) 70.563(1)
y (deg) 90 84.003(2)
V (A3) 2367.5(3) 509.96(7)
z 4 2
T(K) 295 193
A (A) 0.71073 0.71073
maximum 2 (deg) 56.64 56.60
Pcaled (g €M3) 4,598 4,315
u(Mo Ka) (cm?) 223.20 223.65
R(F) for Fe?2 > 20(F,?)2  0.0424 0.0283
Ru(Fo)P 0.0973 0.0626

AR(F) = Y |IFol — IFclI/YIFol. ® Ra(Fo?) = [S[W(Fo? — FA Y w12,

by a combination of three sets of exposures (frames). Each set ha

Shvareva et al.

Figure 1. A view of the one-dimensional[Ga(OH)(PQ);]*~ chains
composed of corner-sharing Ga@ctahedra and bridging RQetrahedra
that extend along the axis in Cs[(UO2)2(GaOHY(POy)4]-H20 (UGaP-

1). 50% probability ellipsoids are depicted.

Results and Discussion

Synthesis.While the syntheses of ¢J§UO,),(GaOH)-
(POy)4]-HO (UGaP-1) and Cs[UQGa(PQ),;] (UGaP-2
appear superficially similar, the reaction stoichiometries,
durations, and perhaps most importantly pH are dramatically
different. For the preparation of both compounds, we noted

A reduction in pH between the starting reaction mixtures and

a different¢ angle for the crystal and each exposure covered a that of the final mother liquor. The pH decreased from 9.1

range of 0.3in w. A total of 1800 frames were collected with an
exposure time per frame of 30 s foiGaP-1and 120 s folJGaP-
2.

Crystals ofuGaP-1suffered from two problems. First, the crystal

to 7.1 during the crystallization da#GaP-1and from 2.4 to
1.9 during the formation ofJGaP-2 The substitution of
CsCO; by CsCl in the preparation olGaP-2 plays a
significant role in controlling the pH of these reactions. The

cracked when cooled to 193 K, and the data were therefore collectedsynthesis ofJGaP-1andUGaP-2also proved to be highly
at 295 K. Second, all of the crystals examined proved to be twinned. sensitive to tempera‘[ure, and Changes by as little a¥xC10
GEMINI was used to separate the individuals components of the a4 dramatic effects on yield, product crystallinity, and

twin, and the structure was solved as follows.
ForUGaP-1landUGaP-2 determination of integrated intensities

and global refinement were performed with the Bruker SAINT

crystal size.
Structure of CS4[(U02)2(GaOH)2(PO4)4]‘Hzo (UGaP-
1). The structure ofJGaP-1was solved to reveal a three-

(v 6.02) software package using a narrow-frame integration di . | Kof i d di . |
algorithm. A face-indexed analytical absorption correction was imensional framework of interconnected one-dimensiona

initially applied using XPREP, where individual shells of unmerged 9allium phosphate and uranyl phosphate chains that run
data were corrected analyticafly These files were subsequently ~approximately perpendicular to one another. The gallium
treated with a semiempirical absorption correction by SADABS.  phosphate chain is composed of corner-sharing (GsGa-
The program suite SHELXTL (v 6.12) was used for space group hedra and bridging P{tetrahedra that extend along the
determination (XPREP), direct methods structure solution (XS), and gxis, can be formulated ab[Ga(OH)(PQ)Z]4—, and are
least-squares refinement (XE).The final refinements included depicted in Figure 1. We propose on the basis of charge
anisotropic displacement parameters for all atoms. Secondafybalance considerations and bond-valence sums that the Ga
extinction was not noted for either crystal. Some crystallographic O—Ga backbone that runs down the gallium phosphate
details are given in Table 1. Additional details can be found in the S

chains is protonated. The bond-valence sums for the O(21)

Supporting Information. . . - -
lon-Exchange StudiesAn Accumet Basic AB 15 pH meter was and O(22) atoms in this chain are 1.12 and 1.16, which are

used for potentiometric measurements. The ion-exchange propertieyalues expected for hydroxyl sités**Not surprisingly, given

of UGaP-1and UGaP-2 were evaluated to determine the uptake the presence of cesium and uranium in this structure, the
values of N&, K+, C&", and B&* ions from NaCl, KCI, CaGl hydrogen atoms could not be reliably located. This type of
and BaC} solutions, respectively, in the range of the concentrations chain is similar to that found in the aluminophosphate mineral
from 0.0001 to 0.1 M. The release values of"Gsns were also  Tancoite, LiNaH[AI(PO,4),(OH)],35*¢ and has been recog-
measured. The concentrations of the solutions before and afternized in a large number of aluminum, gallium, and transition
uptake and release were determined using ion-selective electfodes. metal phosphate$:3”42 The Ga-O bond distances range

The volume-to-mass ratio was 200:1 (2 mL of the solution for 0.01 {qm 1.940(7) to 2.036(7) A. The-FO bond distances show
g of sample).
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A. K. J. Solid State Chen1995 118 412.
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36, 2187.

(30) Sheldrick, G. MSHELXTL PC, Version 6.12, An Integrated System
for Sobking, Refining, and Displaying Crystal Structures from Dif-
fraction Datg Siemens Analytical X-ray Instruments, Inc.: Madison,
WI, 2001.

(31) Sheldrick, G. M.SADABS2001, Program for absorption correction
using SMART CCD based on the method of Blessing: Blessing, R.
H. Acta Crystallogr.1995 A51, 33.
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Table 2. Selected Bond Distances (A) and Angles (deg) for
Cs[(UO2)x(GaOHR(PQy)] (UGaP-1)

Distances (A)

U1)—0(@3) 2.364(7) Ga(2y0(6) 1.984(7)

U(1)—0o(3Y 2.503(7) Ga(2)r0(10) 2.036(7)

U(1)—-0(4) 2.400(7) Ga(2)0(15) 1.982(7)

U)—0(5) 2.255(8) Ga(2y0(21) 1.930(7)

U(1)—0(7) 2.307(7) Ga(2Y0(22) 1.924(7)

U(1)—-0(17) 1.805(7) P(HO(1) 1.526(7)

U(1)—-0(18) 1.794(7) P(H0(2) 1.516(8)

U(2)—0(9) 2.306(7) P(1}O(3) 1.574(7)

U(2)—0(11) 2.223(7) P(1yO(4) 1.544(8)

U(2)—0(13) 2.390(7) P(2YO(5) 1.523(8)

U(2)—0(14) 2.376(7) P(2Y0(6) 1.515(7)

U(2)—0(14) 2.606(7) P(2}0(7) 1.542(7)

U(2)—0(19) 1.795(7) P(2Y0(8) 1.529(7)

U(2)—0(20) 1.786(7) P(3Y0(9) 1.546(8)

Ga(1>-0(2) 1.971(7) P(3Y0(10) 1.531(7)

Ga(1)-0(8) 1.948(7) P(3)0(11) 1.546(8)

Ga(1)-0(12) 1.971(7) P(3Y0(12) 1.545(7)

Ga(1)-0(16) 1.988(7) P(4Y0(13) 1.547(7)

Ga(1)>-0(21) 1.962(7) P(4Y0(14) 1.571(8) 01)2]*” chai
Ga(1)-0(22) 1.940(7) P(4Y0(15) 1.532(7) Cs[(UO,)2(GaOHR(PQy)4] -H20 (UGaP-1). 50% probability ellipsoids are
Ga(2)-0(1) 1.973(7) P(4y0(16) 1.521(7) depicted.

Angles (deg)
O(18)-U(1)—0(17) 178.3(3) 0O(20yU(2)—0(19) 178.1(3)

little variation and occur from 1.515(7) to 1.574(7) A.
Selected bond distances and angles are given in Table 2.
There are two crystallographically unique uranium centers
in UGaP-1. Both of these U atoms are found as part of
uranyl, UGQ2?*, cations with short 8O bond distances of
1.794(7) and 1.805(7) A to U(1), and 1.786(7) and 1.795(7)
A'to U(2). In both cases, the uranyl cations are nearly linear
with O(18)-U(1)—0(17) and O(20)U(2)—0(19) bond
angles of 178.3(3)and 178.1(3), respectively. The phos-
phate anions bind the U cations to form U@ pentagonall :
bipyramids with U(1)}-O and U(2)-O distances being found  Figure 3. An illustration of the three-dimensiong[[(UO,)x(GaOH)-
from 2.255(8) to 2.503(7) A and 2.223(7) to 2.606(7) A, (PQ)4* anionic lattice of Cg(UO2)2(GaOHY(PQs)4]-Hz0 (UGaP-1) that
respeciively. These bond distances Gan be used to calculat§s MeSeEing channels unning down Vande aces. Tnese channct
bond-valence sums for the U(1) and U(2) centers of 5.94 pentagonal bipyramids are shown in green, aGtahedra are in blue,
and 5.96, which are consistent with hexavalent urarfiti4 and PQ tetrahedra are in yellow.
The bond angles in the pentagonal plane show substantialfo[UOZ(POLl)z]“*. There are two different uranyl phosphate
variation because the phosphate anions are found in bothchains: one chain exclusively contains U(1) and the other
chelating and bridging modes. Therefore, there is an acutecontains U(2). These chains are illustrated in Figure 2. The
angle of 58.9(3) in the equatorial plane ascribed to the one-dimensional topology of these chains is similar to that
chelation of the uranyl cation containing U(1) by a phosphate found in SI{UQ(SeQ),]-2H.,0, where one of thePO bonds
anion. The remaining angles in this plane range from on each phosphate anion has been replaced by a stere-
63.1(3) to 81.7(3}. The same situation occurs for U(2) with  ochemically active lone-pair on Se(I¥9.These chains are
an acute angle of 57.6(2and the other angles ranging from  distinct from those found in the one-dimensional uranyl
61.9(3Y to 84.8(3). The UQ moieties edge-share to create phosphate, parsonite, HO,(PO,);].46
dimers that are bridged by phosphate anions to create one- The interconnection of thel[Ga(OH)(PQ);]* and
dimensional chains that can be formulated as l[U0,(PQ,),]4 substructures creates a three-dimensional
. . . 3[(UO,)(GaOHY(POy),)4~ anionic lattice that has inter-
(39 Letrordge, 2. 2 2 ,ooot, P Morts, R £ Wag, 2.5+ secting channels running down teand ¢ axes. Small
142, 455, tunnels also extend down [111]. A view showing the largest

(40) Walton, R. |.; Millange, F.; O'Hare D.; Paulet, C.; Loiseau, T e i i
G. Chern. Mater2000 12. 1977 channels, which measure approximately 35 7.3 A,

(41) Mahesh, S.; Green, M. A.; Natarajan,J5 Solid State Chen2002 extending alongb is shown in Figure 3. There are four
5 165, 33|4.S G _ 8 Solid State Chen00 crystallographically unique Cscations and a water molecule
(“42) 1\"7a7”1a1i7." reen, M. A Natarajan, 5.Solid State Chen2004 in UGaP-1that occupy these channels. The"@ations form
(43) Harvey, H. G.; Teat, S. J.; Tang, C. C.; Cranswick, L. M.; Attfield,
M. P. Inorg. Chem.2003 42, 2428. (45) Almond, P. M.; Peper, S. M.; Bakker, E.; Albrecht-Schmitt, TJE.
(44) Burns, P. C.; Ewing, R. C.; Hawthorne, F. Can. Mineral. 1997, Solid State ChenR002 168 358.
35, 1551. (46) Burns, P. CAm. Mineral.200Q 85, 801.
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Figure 4. A view of the one-dimensiond|[Ga(PQ)2]3~ gallium phos-
phate chains in Cs[UBa(PQ)] (UGaP-2 formed from fused eight- Figure 5. An illustration of the one-dimensiona[UO(PQy)2]4~ chains

membered rings of alternating corner-shared gat@l PQ tetrahedra. 50% : } o ™ Lo .
probability ellipsoids are depicted. in Cs[UO;Ga(PQ);] (UGaP-2. 50% probability ellipsoids are depicted.

Table 3. Selected Bond Distances (A) and Angles (deg) for
Cs[UQ,Ga(PQ),] (UGaP-2

Distances (A)

U(1)-0(1) 1.774(5) P(1}O(3) 1.512(5)
U(1)—0(2) 1.779(5) P(1)0O(4) 1.538(5)
U(1)-0(3) 2.482(5) P(BO(5) 1.534(5)
U(1)—0(4) 2.385(5) P(10O(6) 1.546(5)
U(1)—0@4y 2.501(5) P(2)-0O(7) 1.552(5)
U(1)—0(9) 2.283(5) P(20(8) 1.552(5)
U(1)-0(10) 2.295(5) P(2y0(9) 1.505(5)
Ga(1)»-0(5) 1.807(5) P(2y0(10) 1.519(5)
Ga(1)-0(6) 1.824(5)
Ga(1)-0(7) 1.801(5)
Ga(1)»-0(8) 1.822(5)
Angles (deg)
0(1)-U(1)-0(2) 177.2(2)

Figure 6. A depiction of the three—dimensioneﬂ[UOzGa(PQ)z]1*
) ) framework in Cs[UQGa(PQ),] (UGaP-2) with intersecting channels
between 8 and 10 long contacts with oxygen atoms in the running down thea andb axes. Cs is shown in magenta, Y@entagonal

structure with average distances of 3.254(8), 3.374(8), bipyramids are shown in green, Gatrahedra are in blue, and PO
3.171(8), and 3.243(8) A to Cs(1), Cs(2), Cs(3), and Cs(4), ranedra are in yellow.

respectively. There is a short interaction of 2.869(13) A UOr pentagonal bipyramid. There are two shortO bonds
between the water molecule and Cs(3). In addition, the water Of 1.774(5) and 1.779(5) A that make up the approximately
molecule forms hydrogen-bonding interactions of 2.740(8) linear uranyl cation with an ©U—0 angle of 177.2(2)
and 2.821(8) A with phosphate oxygen atoms in the gallium The equatorial U-O distances range from 2.283(5) to
phosphate chain. 2.501(5) A and are within normal limits. Bond-valence sum

Structure of Cs[UO,Ga(POy),] (UGaP-2). The structure calculations on U yield a value of 5.97, which is consistent
of UGaP-2is three-dimensional, being constructed from one- With U(V1).3%4The UG units edge-share to create dimers

dimensionall[Ga(PQ),]*~ gallium phosphate chains and with a central inversion center. These dimers are bridged by
one-dimensional uranyl phosphate chains, the former of phosphate anions to create one-dimensional chains, whose
which extend down the axis. These gallium phosphate formula can be described aﬁUOZ(PO‘l)Z]“_; and are
chains are formed from fused eight-membered rings of illustrated in Figure 5. As can be seen from this figure, these

alternating corner-shared Ga@nd PQ tetrahedra as shown ~ chains are essentially the same as those fourdGaP-1

in Figure 4. These types of rings are important building units ' "€ gallium phosphate and uranyl phosphate chains run
in gallium phosphate chemistry and have been Observedapproxmatesly perpendicular to one another _to c_reateathree-
before in compounds such as [Ga(HP@®O)(OH)]- dimensional [UO.Ga(PQ). 1= framework with intersect-
[(C2HN)sN]-H,08 and [NHy(CHy)aNH3][Ga(PQy)(HPOy)]. 4 ing ch:_;mnels running down treeandb axes, one view of
The Ga atoms are the sites of ring fusion for these chains. Which is shown in Figure 6. These channels at their largest
The Ga and P sites are easily distinguished from one anothe@'® 3.1x 6.7 A and are of the size expected to house Cs
in these rings with average G® and P-O bond distances ~ cationsin the absgnge of occludeq water molecul_es. The Cs
of 1.814(5) and 1.532(5) A, respectively. The two crystal- cations fprm Ilong ionic contacts Wlth the surrounding anionic
lographically unique P@~ anions each use two oxygen lattice with eight contacts ranging from 3.115(5) to 3.440-
atoms to bridge between Ga centers. The oxygen atoms thaf®) A. _

are not used in this fashion instead bind the uranium centers 0n-Exchange Studies on C4(UO2),(GaOH)x(POu)d]-

in the structure. Selected bond distances and angles fori20 (UGaP-1) and Cs[UQGa(POy),] (UGaP-2). The
UGaP-2 can be found in Table 3. exchange and mobility of interlayer cations in two-

dimensional uranyl compounds have been studied in great
detail, particularly for layered uranyl phosphaté$Both
layered® and open-framework uranyl vanadates, such as

(47) Kissick, J. L.; Cowley, A. R.; Chippindale, A. M. Solid State Chem. A_(UOZ)4(_VO.4)3 (A= Li., Na) ¢ have been shown to exhibit
2002 167, 17. high cationic conductivities. We have also shown that the

Unlike UGaP-1, there is only one crystallographically
unigue U center ilJGaP-2that is found in the form of a
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layered uranyl iodate, K[UgIO3)s], shows selective ion-
exchange of K for Cs".50 Given the three-dimensional
framework structures otJGaP-1 and UGaP-2 we were
interested in evaluating the potential exchange of ®@&h

H*, Na", K, C&*, and B&" ions. lon-exchange values were
determined by potentiometric measurements using ion-
selective electrode®:?° This technique allows for the de-
termination of both uptake and release of different ions by
using different ion-selective electrodes.

Direct measurement of cation uptake often over- or

underestimates actual ion-exchange values because of th

typically large concentration of the exchanging ion in solution
relative to the ion initially present in the material, as well as
simple sorption by the material. Therefore, more realistic

values can be obtained by measuring the concomitant releas

of Cs" cations into solution. FouGaP-1andUGaP-2 no
exchange of Cswas noted with H, Na', or K*. However,

the C¢ cations inUGaP-1andUGaP-2 can be exchanged
for both C&" and B&" cations. FotGaP-1, a C&" uptake

of 0.43(1) mequiv/g was found. Measurement of €ation
release for this process yielded a similar value of 0.57(1)
mequiv/g. When Cscations are exchanged for Bacations,

a release value of 0.36(1) mequiv/g was found. The smaller

channel size olUGaP-2 apparently better accommodates
C&* than doesUGaP-1, and a large uptake value of
1.79(1) mequiv/g was found; the Cselease was 1.06(1)

(48) (a) Dieckmann, G. H.; Ellis, A. BSolid State lonic4989 32/33 50.
(b) Vochten, RAm. Mineral.199Q 75, 221. (c) Benavente, J.; Ramos
Barrado, J. R.; Cabeza, A.; Bruque, S.; Martinez,Gblloids Surf.
1995 A97, 13.

(49) Obbade, S.; Dion, C.; Saadi, M.; Abraham JFSolid State Chem.
2004 177, 1567.

(50) Shraveva, T.Y.; Almond, P. M.; Albrecht-Schmitt, T.ESolid State
Chem.2004 in press.

mequiv/g.UGaP-1 and UGaP-2 show a similar ability to
exchange Csfor Ba&?™, and a release of 0.31 mequiv/g was
measured foldGaP-2

Conclusions

In this work, we have demonstrated that uranyl gallium
phosphates can be prepared under mild hydrothermal condi-
tions. Our original goal was to prepare three-dimensional
framework compounds by incorporating octahedral &aO
building units. The crystal structure of &JO,),(GaOH)-
?PO4)4]-H20 (UGaP-]) indicates that this strategy was
successful. However, the structure of Cs[iBa(PQ),]
(UGaP-2), which contains tetrahedral Ga@Qnits, demon-
strates that octahedral gallium is not necessary for the
Ronstruction of open-framework uranyl gallium phosphates.
lon-exchange experiments show that the" @ations in
UGaP-landUGaP-2can be exchanged with €aand B&*
cations, but that appreciable exchange does not take place
with alkali metal cations. We are currently investigating
methods for preparing uranyl gallium phosphates with larger
channels than those found WGaP-1 or UGaP-2
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