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Single crystals of three new layered uranium phosphate fluorides, A(UO,)F(HPO,)-xH,0 (A = Cs*, Rb*, and K*;
x = 0-1) have been synthesized by hydrothermal reactions using UO3, HsPO,, HF, and corresponding alkali metal
halides as reagents. Although all three new materials have layered structures, each of them contains different
structural motifs within the layer. While Cs(UO,)F(HPO,)-0.5H,0 and Rb(UO,)F(HPO,) reveal noncentrosymmetric
crystal structures, K(UO2)F(HPO,)-H,0 crystallizes in a centrosymmetric space group. In addition, the ion-exchanged
phases for all three materials are highly crystalline. Crystal data: Cs(UO,)F(HPO,)-0.5H,0, orthorhombic, space
group Pca2; (No. 29), with a = 25.656(5) A, b = 6.0394(12) A, ¢ = 9.2072(18) A, and Z = 4; Rb(UO,)F(HPO,),
orthorhombic, space group Cmc2; (No. 36), with a = 17.719(4) A, b = 6.8771(14) A, ¢ = 12.139(2) A, and Z =
8; K(UO2)F(HPO,)-H,0, monoclinic, P2y/n (No. 14), with @ = 6.7885(14) A, b = 8.7024(17) A, ¢ = 12.020(2) A,

B = 94.093)°, and Z = 4.

Introduction

Hydrothermal reaction techniques for the synthesis of new
materials containing various structural motifs have been well-
established:® In this synthetic method, both acids and bases
are often used as mineralizers to increase the solubility of
the reagent®i® Moreover, either organic or inorganic
structure-directing agents play a profound role to influence
a variety of framework formations and subsequent physical
properties-?1! It has proven possible to synthesize a vast

range of layered or framework materials, by careful control
of the synthesis conditions as well as introducing proper
electronic and steric template materials. Among many
structurally versatile cations,%has been used widely owing

to its rich structural diversity with a higher coordination
sphere; excellent ability to accommodate different polyhedral
units; and potential applications such as catalysis, ion-
exchange, and intercalation properfi&s? To date, one of

the most studied uranyl material fields is uranyl phosphate
compounds, in which the phosphate group shares its corner
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Meanwhile, the fluoride anion from hydrofluoric acid has aqueous HF (40%), and 6 mL of deionized water. For RoBO
also been used in the hydrothermal synthesis reactions as &HP0s) (LUPF-2), 0.572 g (2.00< 10-* mol) of UO; and 0.379 g

mineralizer?3-3° Larger amounts of Fions often lead to it

(3.63 x 1073 mol) of RbF were combined with 0.8 g of aqueous

being incorporated into the reaction product, which increasesHsPO: (85%), 0.1 g of aqueous HF (40%), and 6 mL of deionized

the possibility for new and varied structure types, with
fluoride providing an extra coordination mode for th&"U
centers. Interestingly, although a number of natural and
synthetic uranium phosphate materials have been reported

water. For K(UQ)F(HPQy)-H,O (LUPF-3), 0.572 g (2.0« 1073
mol) of UO; and 0.274 g (3.6& 1072 mol) of KCIl were combined
with 0.8 g of aqueous PO, (85%), 0.1 g of aqueous HF (40%),
and 6 mL of deionized water.

' The respective solutions were placed in 23-mL Teflon-lined

uranium phosphate fluoride materials are rarely observed. 5 ioclaves that were subsequently sealed. The autoclaves were

In fact, to the best of our knowledge, synthetic,(H 4] -

[(UO2)s(H20):F2(POy)o(HPQy)4] - 4H,0* and the mineral ura-

nospathite Al x3,[(UO2)(PQy)]2(H20)z0+axF1-3*! are the only

heated to 200C, held for 48 h, and cooled slowly at a rate of 3
°C h™1to 150°C, and then at 8C h™! to room temperature. After
cooling to room temperature, the autoclaves were opened and the

known uranium phosphate fluoride materials. Here, we report products were recovered by filtration and washed with water. For
the synthesis, structures, characterizations, and ion-exchangeUPF-1, LUPF-2, and LUPF-3, yellow plate crystals, the only
properties of three new series of uranium phosphate fluoride Product from the reaction, were recovered in 93%, 76%, and 84%

materials, Cs(UgF(HPQ)-0.5H,0, Rb(UQ)F(HPQ,), and

K(UO2)F(HPQy)-H,O. These compounds are designated a:

LUPF-1, LUPF-2, and LUPF-3, respectively (LUPE

layered uranium phosphate fluoride). Although each of these

yields, respectively, based on W®owder X-ray diffraction (XRD)

s patterns on the synthesized phases are in good agreement with the

generated pattern from the single-crystal data (see the Supporting
Information). Elemental microanalysis for LUPF-1 obsd (calcd):
U, 45.21% (45.26%); P, 5.86% (5.89%); Cs, 25.21% (25.22%).

compounds reveals similar stoichiometry with layered ge- | ypr_2 obsd (caled): U, 50.18% (50.59%); P, 6.59% (6.58%);
ometry, all crystallize in different space groups with dis- Rp, 18.24% (18.17%). LUPF-3 obsd (calcd): U, 53.47% (53.96%);
similar structural morphologies. Thus, the effect of templating P, 6.91% (7.02%); K, 8.73% (8.84%).

cations on the structural variations is also discussed.

Experimental Section

Caution: Although all uranium materials used in these experi-
ments were depleted, extra care and good laboratory practice

should always be used when handling uranicomtaining materi-
als. HF is toxic and corrosie.

Reagents.UO; (99.8%, Strem), CsCl (99%, Aldrich), RbF
(99.8%, Aldrich), KCI (99.0%, Aldrich), HF [40% (aq), BDH], and

H3PO, [85% (aq), BDH] were used as received.
Syntheses.For Cs(UQ)F(HPQ,)-0.5H,0 (LUPF-1), 0.572 g

(2.00 x 103 mol) of UOz; and 0.337 g (4.0 103 mol) of CsClI

were combined with 0.8 g of aqueousRO, (85%), 0.1 g of
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Crystallographic Determination. The structures of LUPF-1,
LUPF-2, and LUPF-3 were determined by standard crystallographic
methods. Data were collected using an Enraf Nonius FR 590 Kappa
CCD diffractometer with graphite monochromated Ma. Kadia-
tion. Crystals were mounted on a glass fiber using N-paratone oil
and cooled in situ using an Oxford Cryostream 600 Series to 150
K for data collection. Frames were collected, indexed, and processed
using Denzo SMN and the files scaled together using HKL GUI
within Denzo SMN?2 The heavy atom positions were determined
using SIR972 All other sites were located from Fourier difference
maps. All heavy atoms were refined using anisotropic thermal
parameters using full-matrix least-squares procedures,bwith
I > 30(1). All calculations were performed using the WinGX 98
crystallographic software packaéfe Crystallographic data and
selected bond distances for LUPF-1, LUPF-2, and LUPF-3 are given
in Tables 1-4.

Powder X-ray Diffraction. Powder XRD patterns were recorded
on a PANalytical X'Pert Pro diffractometer using CuKadiation
at room temperature with 40 kV and 40 mA. Samples were mounted
on aluminum plates and scanned in th range 5-60° with a
step size of 0.02and a step time of 1 s.

Infrared and Raman Spectroscopy. Infrared spectra were
recorded on a Bio-Rad FTS 6000 FT-IR spectrometer in the-400
4000 cn! range, with the sample intimately contacted by a
diamond as an attenuated total reflectance crystal. Raman spectra
were recorded on a Jobin Yvon spectrometer (Labram 1B) equipped
with a microscope, through a 50-fold magnification objective
(Olympus company). A 40 mW argon-ion laser (514 nm) was used.
The 1800 L/mm grating provides a resolution starting from 1.5%cm
at 200 cn1! up to 1.0 cnm! at 3600 cm!. The abscissa was
calibrated with the 520.7 cm peak of a silicon standard, and the
sharp Raman shifts are accurate within the limits of the resolution.

Nonlinear Optical Measurements. Powder second harmonic
generation (SHG) measurements for the noncentrosymmetric

(42) Otwinowski, Z.Data Collection and Processingaresbury Labora-
tory: Warrington, U. K., 1993.

(43) Cascarano, G.; Giacovazzo, C.; GuagliardiJAAppl. Crystallogr.
1993 26, 343.

(44) Farrugia, L. JJ. Appl. Crystallogr.1999 32, 837.
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Table 1. Crystallographic Data for Cs(UgF(HPQ,)-0.5H,0 (LUPF-1), Rb(UQ)F(HPQ;) (LUPF-2), and K(UQ)F(HPQy)H.O (LUPF-3)

formula CQ(UOz)ze(HPQ)z'HzO Rb(UQ)F(HPQ) K(UOz)F(H PQ)'Hzo
fw 1053.82 470.47 44212
space group Pca2; (No. 29) Cma; (No. 36) P2:/n (No. 14)
a(h) 25.656(5) 17.719(4) 6.7885(14)
b (A) 6.0394(12) 6.8771(14) 8.7024(17)
c(A) 9.2072(18) 12.139(2) 12.020(2)

p (deg) 90 90 94.09(3)

V (A3) 1426.6(5) 1479.2(5) 708.3(2)

z 4 8 4

T(°C) 150.0(2) 150.0(2) 150.0(2)

2 (A 0.710 73 0.71073 0.71073
Pealcd (g €nT3) 4.907 4.306 4.146

w (mm-Y) 28.012 28.704 23.743
R(F)2 0.0491 0.0584 0.0411
Ru(FAP 0.1201 0.1325 0.0999

AR(F) = 3IFol — IFll/ZIFol. P Ru(Fo?) = [SW(Fo? — FA Y W(Fe?)Z Y2

Table 2. Selected Bond Distances (A) for LUPF-1

U(1)-0(1) 1.801(15) U(@2)y0(6) 1.795(14) P(BO(3) 1.526(14)
U(1)-0(2) 1.783(16) U(2ro(7) 1.781(14) P(HO(5) 1.511(14)
U(1)-0(3) 2.318(13) U(2r0(8) 2.294(16) P(10(10) 1.526(14)
U(1)-0(4) 2.324(15) U(2»0(9) 2.350(15) P(H0(11) 1.574(16)
U(1)-0(5) 2.343(14) U(2-0(10) 2.355(13) P(2)O(4) 1.501(16)

U(1)—F(1) 2.334(13) U(2FF(1) 2.388(13) P(2)0(8) 1.527(16)
U(1)—F(2) 2.347(13) U(FF(2) 2.391(14) P(2)0(9) 1.518(16)
P(2-0(12) 1.611(15)

Table 3. Selected Bond Distances (A) for LUPF-2 with excess HO, and dried in air for 1 day. The extent of the ion
U(L)-0(1) 1.873(18) P(HO@) 1.54(2) exchaqge was investigated by inductively coupled plasma (ICP)
U(1)-0(2) 1.667(17) P(HO(4) 1.527(16) analysis.

U(1)—0(3) 2.339(19) P(HO(5) 1.528(18) Elemental Analysis.The compositions of the reported materials
U(1)-0(4) 2.279(15) P(H0(6) 1.85(2) and the ion-exchanged solids were determined by ICP analysis using
38:2((15)) g:gzgg;) a Thermo Jarrell Ash Scan 16 instrument.

U(1)-F(2) 2.357(11)

Results and Discussions

Table 4. Selected Bond Distances (A) for LUPF-3 LUPF-1 has a layered structure consisting of seven-

38;:88 g-ggggg ﬁ&j‘}ggg iggigg coordinated UGF, and four-coordinated P{DH) units
U(1)-0(3) 2.360(7) P(1}O(3) 1.521(7) connected by PO—U and U—_F—U bqnds (see_ Flggre 1).
U(1)—0(4) 1.775(7) P(1}O(6) 1.603(7) There are two crystallographically uniqué'tations in the
U(1)—-0(5) 1.783(7) LUPF-1 structure. Both & cations are bonded to five
ngigg %;gggg oxygen atoms and two fluorine atoms, resulting in distorted

pentagonal bipyramidal environments. While the axia+ U

O distances for each UB, unit range from 1.781(14) to
materials were performed on a modified Kurtz-NLO system with 1.801(15) A, the equatorial HO distances range from 2.294-
1064 nm light®> A detailed description of the equipment and (16) to 2.355(13) A. The UF distances range from 2.334-
methodology used has been published elsewfereCrystalline (13) to 2.391(14) A. The two unique®P cations are
Si(_)z was used t_o make rele\_/ant SHG intensity. No index matching connected to four oxygen atoms. One of the oxygen atoms
fluid was used in the experiments. bonded to the P cation is an OH group; thus, the four-
coordinate asymmetric R(DH) tetrahedral moiety is ob-
served around the®Pcation. In fact, the lengths of the-fD
bonds range from 1.501(16) to 1.527(16) A. However, longer
distances of 1.574(16) and 1.611(15) A are observed from
the P-OH bonds. To identify the positions of ' the

Thermogravimetric Analysis. Thermogravimetric analyses were
carried out on a TGA 2950 thermogravimetric analyzer (TA
Instruments). The samples were contained within platinum crucibles
and heated at a rate of 2@ min~ from room temperature to 800
°C in static air.

lon-Exchange Experiments.lon-exchange reactions were per- )
formed by stirring ca. 200 mg of polycrystalline LUPF-1, LUPF- hydrogen bonds in the structure were analyzed. We observe

2, and LUPF-3in 10 mL bl M aqueous solution of the following that hydrogen bonds occur from O(11) and O(12) to the
metal salts: LiCl, NaN@ KNOs, and RbF. The reactions were ©XYgen atoms of the occluded water molecule [O%1)
performed at room temperature for 24 h and then atG@or 48 O(w1) 2.718(18) A, O(12)-O(w1) 2.609(18) A; see Figure

h. The ion-exchanged products were recovered by filtration, washed2]. Moreover, bond valence calculations on these terminal

oxygen sites reveal very similar values of 1.30 and 1.37 for

(45) Kurtz, S. K.; Perry, T. TJ. Appl. Phys1968 39, 3798. 0O(11) and O(12), respectively, which are also consistent with

(46) Orlf' K.zlé)/ld; Blfguv%r;esh, N. S. P.; Halasyamani, PJSSolid State our model. Finally, the IR spectrum confirms the presence
47) I%o(retg]r', Y.;]bk, I](q M.'; Bhuvanesh, N. S. P.; Halasyamani, Zi&m. of a P-~OH group (see spectroscopic studies). The 1o U

Mater. 2001, 13, 1910. cations share their edges through F(1) and F(2) atoms
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Figure 1. (a) Polyhedral representation of the uranium phosphate layer
in theac plane and (b) ball-and-stick representation in aébeplane of the
LUPF-1. Note the [(UQ)Os]2F, dimers and HPQtetrahedra generate four-
and five-membered rings within the layer.

Figure 2. Hydrogen-bonding interactions between the water molecule and
hydroxyl group in LUPF-1.

resulting in the formation of [(UQQOs].F, dimers. These
dimers are further connected by HP®trahedra within the

Ok et al.

Figure 3. Polyhedral and ball-and-stick representations for the uranium
phosphate layer of the LUPF-2 (a) in thb plane and (b) in thac plane.
Note the [(UQ)Os].F, dimers and HP@tetrahedra generate four- and six-
membered rings within the layer. Hydrogen-bonding interactions between
O(1) and O(6) have all the HR@etrahedra align along the [001] direction.

LUPF-2 exhibits a two-dimensional layered structure, with
UOsF, polyhedra linked to asymmetric HRQetrahedra
through oxygen atoms (see Figure 3). In examining the
thermal ellipsoid for LUPF-2, we determined that the Rb(1)
atom could be split over two sites, Rb(1) and Rb(2), and
fractional occupancy must occur in the Rb(3) to retain charge
balance. In doing so, fractional occupancies of 0.549(18),
0.531(18), and 0.544(7) were refined for Rb(1), Rb(2), and
Rb(3), respectively. Each® cation is bonded to five oxygen
atoms and two fluorine atoms, in a distorted pentagonal
bipyramidal environment with the axial €0 distances
ranging from 1.667(17) to 1.873(18) A, the equatoriat©®
distances ranging from 2.279(15) to 2.363(17) A, and the
U—F distances ranging from 2.348(9) to 2.357(11) A. One
of the axial uranyl =0 bond distances in LUPF-2 [1.873-
(18) A] seems longer than those of previously reported uranyl

layer to generate four- and five-membered rings (see Figurebonds. As we discuss later, the elongation of the uranyl bond

la). A 2 screw axis is observed along the potaaxis. In

might be due to strong hydrogen bonds between O(1) in the

connectivity terms, the entire layer can be described as auranyl group and O(6) in the HR@roup (see Figure 3b).

{[U02/103/2F2/2]27[P03/2(OH)]+}7 sheet. The anionic Iayers
are separated by Cations and occluded @ molecules.
Bond valence calculatioffs> on LUPF-1 resulted in values
5.78-5.87 and 4.9%5.01 for U’" and P*, respectively.

All three of the equatorial oxygen atoms are further bonded
to Pt cations. The distances for the-B® bonds range from
1.527(16) to 1.55(2) A. Similar to LUPF-1, one of the oxygen
atoms bonded to thePcation in LUPF-2 is an-OH group.

(48) Brown, I. D.; Altermatt, DActa Crystallogr., Sect. B985 41, 244.
(49) Brese, N. E.; O'Keeffe, MActa Crystallogr., Sect. B991, 47, 192.
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We observe that hydrogen bonds occur from the terminal
oxygen atom, O(6), to the axial uranyl oxygen atom [O(1)
--O(6) 2.808(1) A]. Bond valence calculations [1.34 for O(6)]
and the IR spectrum confirm the presence of theOP
group (see spectroscopic studies). Twé' tations are
sharing their edges through fluorine atoms and are forming
[(UO,)Os]2F, dimers that are similarly observed in LUPF-
1. However, unlike LUPF-1, the connectivity of the [(Y©
O4],F, dimers and HPQ tetrahedra within each layer
generates four- and six-membered rings along the [001]
direction (see Figure 3). This similar layer topology has been
observed in the naturally occurring mineral johannite and
some synthetic uranyl compounts®® However, all of the
tetrahedral units surrounding the [(Y)/Qs].F, dimers in the
johannite-like materials are coordinated on both sides, that
is, above and below, which make the structure centrosym-
metric. The main difference occurring in LUPF-2 is that all
of the asymmetric HPOtetrahedra align and point along
the [001] direction and make the structure noncentrosym-
metric, which is the most interesting structural characteristic
of LUPF-2 (see Figure 3). This asymmetric alignment of
HPQ, tetrahedra might be due to the hydrogen-bonding
interactions between the axial uranyl oxygen atom, O(1),
and the terminal oxygen atom, O(6) (see Figure 3b). In
connectivity terms, the structure can be written as
{[UO21032F22)2 [POs2(OH)] '}, with the charge neutrality
maintained by the Rbcation. RE cations reside between
the layers. Bond valence calculati¢hs® on LUPF-2 resulted
in values of 6.06 and 4.98 for® and P*, respectively.
LUPF-3 crystallizes in centrosymmetric space gré2pn
and also has a two-dimensional layered crystal structure
consisting of U@F, pentagonal bipyramids linked to HRO
tetrahedra through oxygen atoms (see Figure 4). The axial
U=0 dIStar_lceS are _ranglng from 1'7_75(7) to 1.783(7) A, Figure 4. (a) Polyhedral representation of the uranium phosphate layer
the equatorial B-O distances are ranging from 2.308(7) t0 in theab plane and (b) ball-and-stick representation in &ikglane of the
2.360(7) A, and the UF distances are ranging from 2.365- LUPF-3.Note the UG, infinite chains and HPgXetrahedra generate three-
(6) to 2.382(5) A. While in LUPF-1 and LUPF-2, the g & five-membered rings within the layer.

pentagonal bipyramids share_ their edges through fluorine observed from [NHI[UO,F(SeQ)]-H;0% and [NeCsH1gl-
g?oms to_([j)rqduli:sgg %O 3312':2 d;[]ngrs, the Ugt:ﬁ pent?gﬂonal_ [UO,F(SQ)]2rH20.%8 In connectivity terms, the structure
atoms and form infinite chains along the [010] direction. The 22 De Witen 86UOz:0yaFord? [POw(OH)I) -, with
distances for the PO bonds range ?rom 1.521(7) to 1 603_ the charge neutrality maintained by thée Kation. Between
9 ' : the layers are the Kcations and occludedJ @ molecules.

(7b) A Sl(;nlllar to Cs afntthb phases,t atOHbgr%u%f aﬁlﬁo P Bond valence calculatioffs®° on LUPF-3 resulted in values
observed from one ot the oxygen atoms bonded 1o W€ ¥ ¢ 5 99 and 4.90 for & and P, respectively.

caton ;:‘O;Utzz'f’e'r\rg’ii;’lbosfrv‘;r:h;tof:‘i’:gthgyaﬁgonubO”dS Although LUPF-1, LUPF-2, and LUPF-3 are stoichiomet-
Y9 b, rically similar, the structures of the materials are different.

82\?\%;; :,2_:25 (i);))/g};\a]n(saégmpiézrt:f;)wgit;r“g:c;lc?iﬂi|£(.31((;)n d All three phases share a two-dimensional layered structure

LUPF-2, bond valence calculations [1.31 for O(6)] and the coqta|n|ng .UQFZ and HPQ units, and the aIkap metal

IR specirum support the presence of aBH group (see cations reside betwegn the layers. However, Whl|e. LUPF-1
and LUPF-2 crystallize in the noncentrosymmetric space

spectroscopic studies). The R infinite chains are further . g |
interconnected to HPQetrahedra through oxygen atoms and groupsPcazl andeQl, respectively, LUPF 3'crystall|zes
Jn the centrosymmetric space gro@g,/n. Obviously, the

produce a sheet that consists of three- and five-membere : . . o
rings (see Figure 4). This similar layer topology has been size of alkali metal cations plays a role in determining the
9 9 ' Y pology centricity of the materials. It has been known that larger

cations tend to adopt an asymmetric coordination environ-

(51) Mereite, K.Tschermaks Mineral. Petrogr. Mitl.982 30, 49.

(52) Halasyamani, P. S.; Francis, R. J.; Walker, S. M.; O’'Hardnbrg.
Chem.1999 38, 271. (54) Blatov, V. A.; Serezhkina, L. B.; Serezhkin, V. N.; Trunov, V.Zh.

(53) Doran, M. B.; Cockbain, B. E.; O'Hare, Dalton Trans.2005 1774. Neorg. Khim.1989 34, 162.
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Table 5. IR and Raman Vibrations (cm) for LUPF-1, LUPF-2, and

LUPF-3
LUPF-1 LUPF-2 LUPF-3
IR

v(U—F) 421 422 412
452 451 450

471 472 472

487

r(U=0) 825 817 821
840 902

879 902
va{U=0) 910 921
v(P—0) 1029 1029 1026
1126 1122 1123
o(P—OH) 1225 1245 1264
6(0O—H) 1635 1612
(O—H) 3518 3550
Raman

S(F—U—F) 142 142 139
187 183 183

213 219 228

6(0—-U-0) 239 250 256
267 280 267

vadU—F) 340 310 340

387

. i - . v(U—F) 399

Figure 5. Hydrogen-bonding interactions between the water molecule and v{U=0) 336 824 833

hydroxyl group in LUPF-3.

ment such as acentric dodecahedron or square antiprismtion metals or lone-pair cations are incorporated in the
which induces a macroscopic noncentrosymmetric Crysta' materials. HOWeVer, the SHG SIgI’lE'l|S confirm the acentI’ICIty
structure®® The size of alkali metal cations can also affect Of the space group for both materials.

the interlayer spacing, which subsequently affects the contact The vibrational modes of the Us moiety have been
limits of other linkers, structure dimension, and overall Well-established®**The infrared and Raman spectra of the

centricity 5657 Similarly, the alkali metal cations between the Materials revealed 80 and U-F stretches at ca. 82020
layers in LUPF-1, LUPF-2, and LUPF-3 reveal different and 140-480 cnt*, respectively. The stretches of-® are
cation arrangements, which influence the hydrogen-bonding Observed around 103@120 cnt™. In addition, the deforma-
mode and define the centricity for each material. With LUPF- tion of the P-O—H unit for each material was observed
1, to effectively maintain charge neutrality by largertCs around 1250 cmt, which confirms the presence of the HPO
cations, the layers adapt staggered and zigzag environmentsgroup. Finally, vibrations attributable to,8 were observed

By doing so, hydrogen-bonding interactions between the at ca. 1616-1630 and 3500 crt. The IR and Raman
water molecules and hydroxyl groups are possible, which vibrations and assignments are listed in Table 5. The
induce LUPF-1 to contain a unique polar axis such as 2 assignments are consistent with those previously reprtéd.
along thec axis. With LUPF-2, relatively bigger Rbcations The thermal behaviors of all the reported materials were
drive interlayer arrangement to an eclipsed manner to retaininvestigated using thermogravimetric analysis. In each case,
the Charge ba|ance, which gives inter|ayer oxygen hydrogen_a loss of occluded water molecules and/or HF occurred. For
bonding interactions between uranyl and phosphate oxygenLUPF-1, an occluded water molecule is lost between
atoms (See Figure 3). Now, one can clearly find the approximately 270 and 30TC, calculated (experimental):
alignment of asymmetric HPQetrahedra pointing along the ~ 1.71% (1.64%), and then HF is lost between 370 and 520
¢ axis, which makes the structure crystallize in noncen- °C, calculated (experimental): 5.51% (4.25%). LUPF-2
trosymmetric space group:mczl_ Fina”y’ the smaller reveals a WEight loss of 4.78% between 230 and 280
interlayer spacing in LUPF-3 allows the'ations to interact which is attributed to the loss of the HF molecule from the
Symmetrica”y with oxygen atoms in adjacent |ayers and material (CalCUlated 425%) For LUPFE-3, the occluded water
make the structure centrosymmetric. Powder SHG measurenolecule is lost between approximately 240 and 300
ments for the two noncentrosymmetric materials, LUPF-1 calculated (experimental): 4.07% (3.92%), and then HF is
and LUPF-2, were performed. The SHG test on pure lost between 370 and 46TC, calculated (experimental):
ungraded samples exhibited an SHG response of about 5098-60% (8.61%). The calcined products for all three reported
that of the Si@ standard for both materials. The observation Materials revealed amorphous phases based on the powder
of low SHG intensity from both of the products is not XRD measurements.

surprising, because no polarizable cations sucH asdsi-

(58) Flint, C. D.; Tanner, P. Al. Chem. Soc., Faraday Trans1981, 77,

2339.
(55) Bergman, J. G., Jr.; Boyd, G. D.; Ashkin, A.; Kurtz, S. X.Appl. (59) Flint, C. D.; Tanner, P. Al. Chem. Soc., Faraday Trans1284 80,
Phys.1969 70, 2860. 219.
(56) Sykora, R. E.; Ok, K. M.; Halasyamani, P. S.; Albrecht-Schmitt, T. (60) Bazan, B.; Mesa, J. L.; Pizarro, J. L.; Lezama, L.; Pena, A.; Arriortua,
E.J. Am. Chem. So2002 124, 1951. M. I.; Rojo, T.J. Solid State Chen2006 179, 1459.
(57) Goodey, J.; Ok, K. M.; Broussard, J.; Hofmann, C.; Escobedo, F. V.; (61) Chena, C.; Yi, Z.; Bi, M,; Liu, Y.; Wang, C.; Liu., L.; Zhao, Z.; Pang,
Halasyamani, P. Sl. Solid State Chen2003 175, 3. W. J. Solid State Chen2006 179, 1478.
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Figure 6. Ball-and-stick representations to show how the structural moieties in each layer transform by the ion-exchange reactions from (a) LUPF-1, (b)
LUPF-2, and (c) LUPF-3 to (d) A(U®(PQy)-xH0O (A = Rb", K, Na*, or Li*; x = 3 or 4).

The layered nature of LUPF-1, LUPF-2, and LUPF-3 cations (see Figure 6). The powder X-ray diffraction patterns
suggested that the materials may be able to undergo ion-revealed that the exchanged materials are highly crystalline
exchange reactions in which the alkali metal cations are and have very similar XRD patterns. The ion-exchanged
replaced by other cationic species. Thus, all three host materials may be indexed on a tetragonal unit cell. This unit
materials’ suspensions were stirred in-d& M solution of cells as well as the powder X-ray diffraction patterns match
the appropriate cationic salts for 1 day at room temperaturewell with A(UO2)(PQy)-xH.0 (A = Li, Na, K, or Rb;x =3
and then an additional 2 days at 3D. ICP analyses of the  or 4)828 All of the XRD patterns as well as unit-cell
ion-exchanged products revealed that 100% of thé Cs refinements for the ion-exchanged materials are deposited
cations in LUPF-1 were exchanged for KWith LUPF-2, in the Supporting Information. As can be seen in Figure 6,
Rb" was exchanged for K (96%), Na (42%), and Li : :

(87%) cations. Finally, with LUPF-3, we were able to (22) eideh i Hffmeans, G LessCommon uetiore 2458,
exchange the Kfor Rb* (100%), N& (43%), and Li (72%) 1995 64, 913.
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different morphologies of each layer can be easily trans- responses. Of particular interest are the ion-exchange proper-
formed by ion-exchange reactions in mild conditions. Our ties for all three materials, which provide a facile route for
experiments demonstrate that the ion exchange of AJBO  the low-temperature synthesis of new alkali-metal uranium
(HPQO,)-xH,O materials not only provide a facile route for oxides.

the low-temperature synthesis of layered alkali-metal uranium
phosphate materials but also suggest how the structural
diversity of the uranium layered materials can be tuned with
different cations.
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