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The hydrated neutral uranyl phosphate, (UO2)3(PO4)2(H2O)4,
was synthesized by hydrothermal methods. Intensity data were
collected using MoKa radiation and a CCD-based area detector.
The crystal structure was solved by direct methods and re5ned by
full-matrix least-squares techniques to agreement indices
wR2 5 0.116 for all data, and R1 5 0.040, calculated for the 2764
unique observed re6ections (DFoD54rF). The compound is or-
thorhombic, space group Pnma, Z 5 4, a 5 7.063(1)As , b 5
17.022(3)As , c 5 13.172(3)A_ , V 5 1583.5(5)A_ 3. The structure
consists of sheets of phosphate tetrahedra and uranyl pentagonal
bipyramids, with composition [(UO2)(PO4)]2 and the ura-
nophane sheet anion topology. The sheets are connected by
a uranyl pentagonal bipyramid in the interlayer that shares
corners with a phosphate tetrahedron on each of two adjacent
sheets, resulting in an open framework with isolated H2O groups
in the larger cavities of the structure. ( 2002 Elsevier Science

Key Words: uranyl phosphate tetrahydrate; crystal structure
re5nement; powder X-ray di4raction.

INTRODUCTION

Uranyl minerals and compounds have received consider-
able attention recently owing to their importance to the
environment (1). They are common in the oxidized portions
of U deposits and the mine and mill wastes generated as
by-products of utilization of U resources (2). They form in
soils contaminated by actinides (3), and are expected to be
abundant alteration products of nuclear wastes in a geologi-
cal repository (4}7). Actinide compounds also possess
a range of physicochemical properties that provide for tech-
nological uses, and numerous recent studies have focused on
the synthesis of inorganic and mixed organic}inorganic
uranyl compounds (8}10, and references therein).

More than 40 uranyl phosphates have been described as
minerals (2). Most species have structures that contain
autunite-type sheets of vertex-sharing phosphate tetrahedra
and uranyl square bipyramids, or phosphuranylite-type
1To whom correspondence should be addressed. Facsimile: 219 247
06. E-mail: alocock@nd.edu.
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sheets of polymerized phosphate tetrahedra and uranyl pen-
tagonal and hexagonal bipyramids (11, 12), although some
involve chains of uranyl and phosphate tetrahedra (13).
Uranyl phosphate minerals impact the mobility of U in
phosphate-rich rocks and aquifers, such as in the Koon-
garra U deposit in Australia (14), and the soils of the
Fernald site in Ohio (3). Despite the signi"cance of these
minerals, fewer than half of the known species have had
their structures re"ned.

The compound (UO2)3(PO4)2(H2O)4 has been known for
at least half a century (15). It is the stable crystalline phase in
the system UO3}H2O}H3PO4 at standard temperature and
pressure and low phosphate concentrations, (0.014 M
+PO3~

4
(16, 17). It is easily produced by boiling

(H
3
O)[(UO

2
)(PO

4
)](H

2
O)

3
(the mineral chernikovite) in

water followed by drying in air (18}20), or by washing with
toluene or acetone (20). The ease of synthesis by alteration
of chernikovite leads us to suspect that (UO

2
)
3
(PO

4
)
2

(H
2
O)

4
may be an important phase in some natural systems,

although it has not been reported as a mineral, and that it
may form due to alteration of nuclear waste in the presence
of phosphate.

Numerous studies of (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
have investi-

gated its chemical composition (16, 17, 19}21), powder X-
ray di!raction characteristics (17, 20}22), di!erential ther-
mal and thermogravimetric behavior (17, 20, 21, 23), infrared
spectra (17, 20, 21), Raman spectra (20), and crystal morpho-
logy (20). Satisfactory crystals for a single-crystal study have
apparently not been previously obtained, and the structure
has never been reported. We have developed a new synthesis
method that yields excellent single crystals of (UO

2
)
3
(PO

4
)
2

(H
2
O)

4
and we report its crystal structure herein.

EXPERIMENT

Crystal Synthesis

Single crystals of (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
were obtained by

hydrothermal reaction of 0.079 g of natural #uorapatite,
ideally Ca

5
(PO

4
)
3
F, from the Liscombe Deposit, near Wil-

berforce, Ontario, Canada, with 0.15 g of concentrated
HNO

3
(Fisher), 0.047 g of UO

2
(NO

3
)
2
(H

2
O)

6
(Alfa), and
5
0022-4596/02 $35.00
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TABLE 1
Crystallographic Data and Details of the Structure

Re5nement for (UO2)3(PO4)2(H2O)4

a (As ) 7.063(1)
b (As ) 17.022(3)
c (As ) 13.172(3)
< (As 3) 1583.5(5)
Space group Pnma
Temperature (K) 293(2)
Formula (UO

2
)
3
(PO

4
)
2
(H

2
O)

4
Formula weight (g/mol) 1072.09(8)
Z 4
Wavelength (A_ ) 0.71073
F(000) 1832
k (mm~1) 30.90
D

#!-#
(g/cm3) 4.497(2)

Crystal size (mm) 0.02]0.02]0.33
h range of data collection 1.95 to 34.503
Data collected !114h411, !274k426,!20

4l420
Total re#ections 30,538
Unique re#ections 3413
R

*/5
0.056

Unique DF
0
D54p

F
2764

Completeness to h"34.53 99.0%
Re"nement method Full-matrix least-squares on F2

Parameters varied 112
R1,a for DF

0
D54p

F
0.040

R1,a all data 0.048
wR

2
,b all data 0.116

Goodness of "t, all data 1.322
Max., min. peaks (e/A_ 3) 3.94, !2.55

a R1"[+EF
0
D!DF

#
E]/+DF

0
D. bwR

2
"[+[w(F2

0
!F2

#
)2]/+[w(F2

0
)2]]0.5.
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4.75 g of ultrapure H
2
O. The reactants were weighed into

a Te#on-lined Parr bomb and heated at 140(1)3C in a Fisher
Isotemp oven for 13 days. The Parr bomb was then removed
to air and allowed to cool to room temperature. The prod-
ucts were "ltered and washed with ultrapure water, and
consisted of a feltlike mass of pale yellow translucent needles
of (UO

2
)
3
(PO

4
)
2
(H

2
O)

4
. The needles range up to 0.5 mm in

length, and #uoresce a weak greenish-yellow color under
short-wave ultraviolet (254 nm) illumination, but remain
dark under long-wave ultraviolet light (365 nm). The yield
of the reaction was calculated on the basis of uranium
content to be 70%.

Powder X-Ray Diwraction

An aliquot of the (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
needles was

ground under acetone and mounted onto an o!-cut single-
crystal Si wafer. A powder X-ray di!raction pattern was
collected from 5 to 6032h using a Rigaku Mini#ex di!rac-
tometer at room temperature and the following conditions:
CuKa radiation, Ni "lter, NaI(Tl) detector, h/2h geometry,
continuous scan at 23 2h/minute, sampling width 0.013 2h,
30 keV, 15 mA, variable divergence slit, and 0.3 mm receiv-
ing slit. The pattern obtained was examined using JADE 3.1
software and compared to the ICDD's Powder Di!raction
File Database Sets 1}47.

Optical Properties

A Zeiss binocular petrographic microscope, white light,
and Cargille refractive index #uids were used to determine
the refractive indices of (UO

2
)
3
(PO

4
)
2
(H

2
O)

4
by the immer-

sion method. The principal refractive indices deter-
mined*na"1.600(4) and nc"1.638(4)*are in contrast to
those previously reported for this compound (21): na"1.57
and nc"1.581. However, these latter refractive indices per-
fectly match those of chernikovite, (H

3
O)[(UO

2
)(PO

4
)]

(H
2
O)

3
(24), which was reported to occur together with

(UO
2
)
3
(PO

4
)
2
(H

2
O)

4
in the same synthesis (21).

Single-Crystal X-Ray Diwraction

A suitable crystal of (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
was mounted

on a Bruker PLATFORM three-circle X-ray di!ractometer
operated at 50 keV and 40 mA and equipped with a 4 K
APEX CCD detector with a crystal to detector distance of
4.7 cm. A sphere of three-dimensional data was collected
using graphite-monochromatized MoKa X-radiation and
frame widths of 0.33 in u, with 40 seconds count-time per
frame. Data were collected for 43(2h(693 in &30.5
hours; comparison of the intensities of equivalent re#ections
measured at di!erent times during data collection showed
no signi"cant decay. The unit cell (Table 1) was re"ned with
7981 re#ections using least-squares techniques. The inten-
sity data were reduced and corrected for Lorentz, polariza-
tion, and background e!ects using the Bruker program
SAINT. A semiempirical absorption correction was applied
by modeling the crystal as an ellipsoid, and lowered R

INT
of

4741 intense re#ections from 0.096 to 0.042. Systematic
absences of re#ections were consistent with space groups
Pna2

1
and Pnma, and assigning phases to a set of nor-

malized structure factors gave a mean value of DE2!1D of
1.004, consistent with space group Pnma. A total of 32,351
intensities was collected, of which 1813 were discarded as
being inconsistent with the space group; 13 of these
intensities were classi"ed as observed, corresponding to
4 unique re#ections. Of the 30,538 remaining intensities,
3413 were unique (R

INT
"0.056), of which 2764 were

classi"ed as observed re#ections (DF
0
D54p

F
). Scattering

curves for neutral atoms, together with anomalous
dispersion corrections, were taken from International
¹ables for X-ray Crystallography, Volume IV (25).
The Bruker SHELXTL Version 5 (26) series of programs
was used for the solution and re"nement of the crystal
structure.



TABLE 2
Atomic Coordinates ( 3 104) and Displacement Parameters (A_ 2 3 103) for (UO2)3(PO4)2(H2O)4

x y z ;
%2

;
11

;
22

;
33

;
23

;
13

;
12

U(1) 7408(1) 5210(1) 1773(1) 12(1) 9(1) 18(1) 10(1) 0(1) 0(1) 0(1)
U(2) 6564(1) 7500 4789(1) 21(1) 28(1) 14(1) 20(1) 0 0(1) 0
P(1) 7421(3) 5397(1) 4158(2) 10(1) 10(1) 13(1) 8(1) 0(1) 0(1) 1(1)
O(1) 7363(11) 6243(5) 1725(6) 21(2) 22(4) 21(4) 21(4) 0(3) 1(3) !2(3)
O(2) 7419(10) 4799(4) 5032(5) 15(1) 15(3) 19(3) 10(3) 3(3) !1(2) 0(3)
O(3) 5726(10) 5247(5) 3429(5) 17(1) 8(3) 34(4) 11(3) 0(3) !1(2) 3(3)
O(4) 9103(10) 5246(5) 3433(5) 17(1) 7(3) 34(4) 11(3) 0(3) 2(2) !3(3)
O(5) 7403(14) 4158(5) 1840(8) 31(2) 40(5) 19(4) 34(5) 2(4) !2(4) !1(4)
O(6) 7443(13) 6223(5) 4541(7) 25(2) 36(5) 13(3) 26(4) !6(3) 1(4) 1(3)
O(7) 7710(20) 7500 6005(11) 33(3) 39(8) 21(6) 39(8) 0 !11(6) 0
O(8) 5370(20) 7500 3639(11) 36(3) 40(8) 31(7) 36(8) 0 !11(6) 0
O(9) 4022(16) 6695(6) 5585(9) 43(3) 45(6) 24(5) 59(7) !3(5) 11(5) !9(4)
O(10) 9700(20) 7500 3929(15) 51(5) 50(9) 13(6) 91(14) 0 33(10) 0
O(11) 1530(30) 7500 6847(16) 97(10) 51(13) 200(30) 42(11) 0 7(10) 0

Note. ;
%2

is de"ned as one-third of the trace of the orthogonalized ;
ij

tensor. The anisotropic displacement parameter exponent takes the form !2
n2[h2a*2;

11
#2#2 hka*b*;

12
].
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STRUCTURE SOLUTION AND REFINEMENT

The structure was solved by direct methods and was
re"ned successfully based on F2 for all unique data in space
group Pnma. A structure model including anisotropic dis-
TABLE 3
Selected Interatomic Distances (A_ ) and Angles (3)

for (UO2)3(PO4)2(H2O)4

U(1)}O(1) 1.759(8)
U(1)}O(5) 1.793(9) O(1)}U(1)}O(5) 178.6(4)
U(1)}O(2)a 2.297(7) O(1)}U(1)}O(2)a 88.4(3)
U(1)}O(4)b 2.351(7) O(1)}U(1)}O(4)b 87.3(3)
U(1)}O(3)c 2.359(7) O(1)}U(1)}O(3)c 89.3(3)
U(1)}O(3) 2.484(7) O(1)}U(1)}O(3) 89.9(3)
U(1)}O(4) 2.493(7) O(1)}U(1)}O(4) 90.9(3)
SU(1)}OT 2.219

U(2)}O(8) 1.734(14)
U(2)}O(7) 1.794(14) O(8)}U(2)}O(7) 177.7(7)
U(2)}O(6)d 2.284(8) O(8)}U(2)}O(6)d 90.4(3)
U(2)}O(6) 2.284(8) O(8)}U(2)}O(6) 90.4(3)
U(2)}O(10) 2.489(16) O(8)}U(2)}O(10) 92.0(8)
U(2)}O(9)d 2.490(10) O(8)}U(2)}O(9)d 91.0(5)
U(2)}O(9) 2.490(11) O(8)}U(2)}O(9) 91.0(5)
SU(2)}OT 2.224

P}O(6) 1.495(8) O(6)}P(1)}O(2) 111.7(5)
P}O(2) 1.537(7) O(6)}P(1)}O(4) 110.9(5)
P}O(4) 1.546(7) O(6)}P(1)}O(3) 111.8(5)
P}O(3) 1.556(7) O(2)}P(1)}O(3) 110.7(4)
SP}OT 1.533 O(2)}P(1)}O(4) 110.7(4)

O(4)}P(1)}O(3) 100.5(4)

Note. Symmetry transformations used to generate equivalent atoms:
a"!x#3

2
, !y#1, z!1

2
; b"x!1

2
, y, !z#1

2
; c"x#1

2
, y, !z#1

2
;

d"x, !y#3
2
, z.
placement parameters for all atoms converged, and gave an
agreement index (R1) of 0.040, calculated for the 2764 ob-
served unique re#ections (DF

0
D54p

F
). The "nal value of wR

2
was 0.116 for all data using the structure factor weights
assigned during least-squares re"nement: a"0.0245 and
b"56.66, where wR

2
"[+[w(F2

0
!F2

#
)2]/+[w(F2

0
)2]]0.5,

w"1/(p2(F2
0
)#(aP)2#bP), and P"1

3
max(0, F2

0
)#2

3
F2
#
.

In the "nal cycle of re"nement the mean parameter shift/esd
was 0.000, and the maximum peaks in the "nal di!erence
Fourier maps were 3.94 and !2.55 e/A_ 3. The atomic posi-
tional parameters and displacement parameters are given in
Table 2, and selected interatomic distances and angles are
given in Table 3. The locations of the H atoms in the unit
cell were not determined. Observed and calculated structure
factors are available from the National Auxiliary Publica-
tions Service.2

The powder X-ray di!raction pattern of (UO
2
)
3
(PO

4
)
2

(H
2
O)

4
was calculated using the program ATOMS version

5.1 (27) and the structural parameters from the single-crystal
structure re"nement. The simulated pattern yielded d-spac-
ings whose positions are in agreement with the measured
pattern (Table 4) and with the ICDD's Powder Di!raction
File cards 37-0369, 30-1405, and 13-0039. The relative inten-
sities of the measured d-spacings are in good agreement
with previously published patterns (17, 20}22), but di!er
2See NAPS document No. 05606 for 10 pages of supplementary mater-
ial. This is not a multiarticle document. Order from NAPS c/o Micro"che
Publications, 248 Hempstead Turnpike, West Hempstead, NY 11552.
Remit in advance in U.S. funds only $7.75 for photocopies or $5.00 for
micro"che. There is a $25.00 invoicing charge on all orders "lled before
payment. Outside U.S. and Canada please add $4.50 for the "rst 20 pages
and $1.00 for each 10 pages of material thereafter, or $5.00 for the "rst
micro"che and $1.00 for each micro"che thereafter.



TABLE 4
Calculated and Measured d-Spacings and Relative Intensities for

the 25 Most Intense Lines Calculated

h k l d
#!-#

I
#!-#

d
.%!4

I
.%!4

0 1 1 10.417 22 10.285 5
0 2 0 8.511 64 8.412 37
1 0 1 6.224 13
1 1 1 5.846 43 5.781 1
0 3 1 5.211 14
0 2 2 5.209 100 5.169 78
1 2 1 5.024 16
1 0 2 4.817 22
0 4 0 4.255 71 4.228 100
1 3 1 4.193 25
1 2 2 4.192 61
1 1 3 3.643 22 3.615 1
2 0 0 3.531 42
0 5 1 3.296 15 3.279 18
2 2 0 3.262 28
0 2 4 3.071 11 3.054 9
1 0 4 2.985 49 2.967 4
2 2 2 2.923 17
1 2 4 2.816 29 2.799 3
2 4 0 2.718 16
1 5 3 2.514 18 2.502 3
1 4 4 2.444 19 2.433 7
1 7 1 2.265 13 2.256 6
3 2 4 1.868 18 1.862 22
1 9 3 1.687 13 1.683 8

Note. Blank spaces indicate that the intensity of the line was below
detection.

FIG. 1. Polyhedral representation of the uranyl phosphate sheet of
(UO

2
)
3
(PO

4
)
2
(H

2
O)

4
projected along [010]. The sheets have the composi-

tion [(UO
2
)(PO

4
)]~. The uranyl polyhedra are shown in light gray and the

phosphate tetrahedra are shown in dark gray.
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substantially from the simulated pattern; this is interpreted
to be a result of severe preferred orientation of the
(UO

2
)
3
(PO

4
)
2
(H

2
O)

4
needles in the powder examined.

RESULTS

Structure Description

There are two symmetrically independent U atoms in
(UO

2
)
3
(PO

4
)
2
(H

2
O)

4
, each of which are part of an approx-

imately linear (UO
2
)2` cation. Both uranyl ions are coor-

dinated by "ve additional anions arranged at the equatorial
positions of pentagonal bipyramids, with the uranyl
O atoms at the apices of the bipyramids. The equatorial
anions of U(1) consist of "ve O atoms, whereas the equato-
rial anions of U(2) consist of two O atoms and three H

2
O

groups.
The U(1) pentagonal bipyramids share equatorial edges,

giving a chain of bipyramids that is one polyhedron wide.
Topologically identical chains of uranyl polyhedra are com-
mon in uranyl compounds (11). Phosphate tetrahedra are
attached to either side of the chains by sharing edges with
the uranyl polyhedra (Fig. 1); within any uranyl phosphate
chain, the orientations of all phosphate tetrahedra are iden-
tical. Translationally equivalent uranyl phosphate chains
are joined by the sharing of equatorial vertices of uranyl
pentagonal bipyramids with phosphate tetrahedra from ad-
jacent chains, resulting in sheets that are parallel to (010).
The anion topology of the uranyl phosphate sheet, derived
by the method of Burns et al. (11), is the same as that of
uranophane, Ca[(UO

2
)SiO

3
(OH)]

2
(H

2
O)

5
, and is shown in

Fig. 2. Many structures of uranyl compounds contain sheets
based upon this anion topology (11), with the pentagons
populated by uranyl ions, and the triangles by tetrahedra or
triangles, or the squares by distorted tetrahedra or oc-
tahedra. However, the cant of the phosphate tetrahedra in
(UO

2
)
3
(PO

4
)
2
(H

2
O)

4
is novel; for a given uranyl polyhedral

chain within the sheet, all of the tetrahedra point in the same
direction, in contrast to the alternating geometry of the
tetrahedra observed in other compounds with the ura-
nophane sheet anion topology (11).

The U(2) pentagonal bipyramid is located in the inter-
layer, between the uranyl phosphate sheets. Two equatorial
oxygens of the U(2) pentagonal bipyramid are shared with
phosphate tetrahedra, linking the uranyl phosphate sheets,
and resulting in an open-framework structure (Fig. 3). The
coordination polyhedron about U(2) is completed by three



FIG. 2. Sheet anion topology of (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
; it is identical to

that of uranophane, Ca[(UO
2
)SiO

3
(OH)]

2
(H

2
O)

5
.

FIG. 3. Polyhedral representation of the structure of (UO
2
)
3
(PO

4
)
2

(H
2
O)

4
projected along [100]. The uranyl polyhedra are shown in light

gray and the phosphate tetrahedra are shown in dark gray. The isolated
water molecules in the structure are shown as spheres shaded pale gray to
indicate displacement toward the observer, and dark gray to indicate
displacement away from the observer.
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H
2
O groups, and additional H

2
O groups occupy the larger

cavities of the structure.

Bond Valence Analysis

The bond valence sums at the cation sites, calculated
using the parameters of Burns et al. (28) for *7+U6`, and
Brown and Altermatt (29) for P, are 5.93, 5.98, and 5.03
valence units for U(1), U(2), and P, respectively. These
results are consistent with formal valences of U6` and P5`.
The bond valence sums for the H

2
O groups are 0.42, 0.42,

and 0.00 valence unit for O(9), O(10), and O(11), respective-
ly, in accord with their assignment as water. The bond
valence sums of the remaining O atoms ranged from 1.63 to
2.02 valence units.

DISCUSSION

The structure of (UO
2
)
3
(PO

4
)
2
(H

2
O)

4
possesses a novel

uranyl phosphate open-framework structure. It is the "rst
inorganic structure with uranyl phosphate sheets based on
the uranophane sheet anion topology. Several nonphos-
phate uranyl compounds contain sheets based upon an
identical anion topology (11, 12). These sheets invariably
involve population of the pentagons of the underlying anion
topology with uranyl ions, resulting in uranyl pentagonal
bipyramids. In the majority of the structures, the triangular
sites of the anion topology are populated by triangles or
tetrahedra, as is the case in (UO

2
)
3
(PO

4
)
2
(H

2
O)

4
, with the
tetrahedra oriented such that one face of the tetrahedron
corresponds to the triangle in the anion topology, and one
tetrahedral ligand is only singly connected within the sheet.
In a few structures, the triangle in the anion topology is
vacant; in these cases, the square site is occupied by a dis-
torted tetrahedron, or corresponds to the equatorial vertices
of an octahedron (12, 30).

The uranyl phosphate sheets found in the mixed or-
ganic}inorganic compounds [NHEt

3
][(UO

2
)
2
(PO

4
)

(HPO
4
)] and [NPr

4
][(UO

2
)
3
(PO

4
)(HPO

4
)
2
] (8) are also

based upon the uranophane sheet anion topology. The
sheets di!er from those found in (UO

2
)
3
(PO

4
)
2
(H

2
O)

4
in the

orientation of the phosphate tetrahedra, which alternate up
and down along either side of the uranyl polyhedral chain in
these organic}inorganic compounds.

Uranyl phosphate frameworks, such as that found in
(UO

2
)
3
(PO

4
)
2
(H

2
O)

4
, are uncommon; we are not aware of

others having been produced synthetically. However, there
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are natural examples, including the minerals phosphuranylite
[KCa(H

3
O)

3
(UO

2
)[(UO

2
)
3
(PO

4
)
2
O

2
]
2
(H

2
O)

8
], althupite

[AlTh(UO
2
)[(UO

2
)
3
(PO

4
)
2
O(OH)]

2
(OH)

3
(H

2
O)

15
], van-

meersscheite [U(OH)
4
[(UO

2
)
3
(PO

4
)
2
(OH)

2
]
2
(H

2
O)

4
], and

metavanmeersscheite [U(OH)
4
[(UO

2
)
3
(PO

4
)
2
(OH)

2
]
2

(H
2
O)

2
], which contain sheets of uranyl pentagonal and

hexagonal bipyramids that are linked into a framework by
sharing vertices with uranyl polyhedra located in the inter-
layer of the structure. The various structural sites in cavities
within the frameworks of these minerals are occupied by
low-valence cations and H

2
O groups.
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