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Structure of uranium(VI) oxide dihydrate,

UO;-2H,0; synthetic meta-schoepite

(UO2),0(0OH)6-5H,0

The structure of uranium oxide dihydrate, also known as meta-
schoepite (UO,),O(OH)s-5H,0, has been determined from a
synthetic single crystal. The structure, at 150 K, space group
Pbcn, lattice constants a = 14.6861 (4), b = 13.9799 (3) and ¢ =
167063 (5) A, consists of layers of stoichiometry
(UO,)4O(0OH)g, formed from edge-sharing UO, pentagonal
bipyramids, interleaved with hydrogen-bonded water mole-
cules. Three of the layer hydroxyl groups are linked through
hydrogen bonding to single water molecules and the three
remaining OH units form interactions with water molecules
that each act as acceptors in two hydrogen bonds. One of the
water molecules in the inter-layer region is disordered over
two symmetry-related sites and forms hydrogen-bonded
interactions only within the layer and with the uranyl O
atoms. The relationship of the structure of meta-schoepite to
that of schoepite is discussed in detail.

1. Introduction

The chemistry of the hydrated oxides of uranium(VI) is
extremely complex and approximately 20 such phases have
been described. All the structures of these materials are based
on polyhedral sheets of the composition (UO,),(O),(OH),,
consisting of uranyl groups linked by oxide and hydroxide
ions; for the higher hydrates these layers may be interleaved
by water molecules. The structures of many of these materials
have recently been described in detail by Finch et al. (1996)
and the inter-relationships between these phases also
described (Finch et al., 1998).

Many of the uranium oxide hydrates occur naturally.
Schoepite [(UO,)s0,(0OH),](H,0),, (= UO3-2.25H,0) was
first described by Walker (1923) and subsequently investigated
by many other workers (Schoep, 1932; Billet & de Jong, 1935;
Christ & Clark, 1960) culminating in the full structure deter-
mination, from a naturally occurring sample, by Finch et al.
(1996). The two related phases para- and meta-schoepite have
remained less  well characterized.  para-Schoepite
UO;5-~1.90H,O (Schoep & Stradiot, 1947) has not been
synthesized and little is known of its structure. Meta-schoepite
may be readily synthesized using a variety of methods, but
until now only in a form not suitable for full structural char-
acterization. For example meta-schoepite can be obtained by
the action of water on uranium oxides or alpha uranium(VI)
oxide monohydrate UO;-0.8H,O at high temperatures
(Debets & Loopstra, 1963), by precipitation from uranyl
solution (Hoekstra & Siegel, 1973) and by partial dehydration
of schoepite. The latter route has recently been investigated in
detail by Finch ez al. (1998). The ease of this process indicates
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Figure 1

The structure of (UO,);O(OH)s-5H,0 viewed down b, showing the interleaved uranium oxide hydroxide

sheets and water layers.

that the two materials schoepite and meta-schoepite are very
closely structurally related through the loss of eight molecules
of water (per unit cell) from the structure, the
(UO,)«x(0),(OH), sheets being essentially unchanged in the
process. Finch et al. (1998) also described a likely scheme for
the inter-conversion of the schoepite and meta-schoepite
structures based on consideration of the hydrogen-bonding
schemes within the schoepite structure.

The uranium oxide hydrates, as well as being of importance
in the geochemistry of uranium, are also significant phases in
terms of materials generated during the aqueous corrosion of
uranium-based nuclear fuels. For this reason interest in the
chemistry and structures of such compounds has recently been
re-established. The laboratory growth of single crystals of
many of these phases of a size and quality suitable for struc-
ture determination has proved impossible, until now, and most
structural work has been undertaken on naturally occurring
samples. Even so, the structural complexity inherent in
uranium systems and the facile interconversion of one struc-
ture to another (for example, schoepite readily converts to
meta-schoepite under the application of mechanical pressure)
has proved a significant hurdle to structure elucidation.
However, with the advent of high intensity X-ray sources and
area detectors it has now become possible to determine
structures from very small crystals, which may be the only
suitable material obtainable. In this paper we describe the
synthesis of single-crystal uranium(VI) oxide dihydrate (meta-
schoepite), its structure determination by single-crystal X-ray
diffraction and the relationship between the structures of
schoepite and meta-schoepite.

2. Experimental

UO5-2H,0, as meta-schoepite, was prepared using a method
similar to that described originally by Hoekstra & Siegel
(1973), where lanthanum hydroxide was slowly dissolved in a
solution of uranyl ions in order to increase the pH to a level
where precipitation just occurs. The rate of precipitation of the
uranium oxide hydrate depends critically on the pH of the

solution and in order to
produce single crystals of the
material this needs to be set
only just above the precipita-
tion point. As lanthanum
oxide slowly hydrates in
contact with water this was
substituted for lanthanum
hydroxide in this work. 0.58 g
of La,0O; was added to 50 ml
of 0.2 M UO,(NO3),-6H,0 at
room temperature. The
suspension  was  shaken
frequently over a 24 h period
until the solid had fully
dissolved. The resultant solu-
tion was then allowed to stand
for several months in the
dark, at room temperature, over which time the product slowly
crystallized. The small amount of product was highly crystal-
line and included numerous small tabular, hexagonal crystals
of dimensions 20 x 20 x 1-5 um. The largest of these were
selected as suitable candidates for single-crystal structural
study.

3. Structure refinement

Data were collected on a Nonius Kappa CCD area-detector
diffractometer at the window of a rotating anode FR591
generator (50 kV, 85 mA) using images of 1° thickness and
120 s with a detector-to-crystal distance of 50 mm (360° ¢ scan
and w scans to fill the Ewald sphere). Data collection and cell
refinement: Collect (Hooft, 1998) and Denzo (Otwinowski &
Minor, 1997); structure solution: SHELXS97 (Sheldrick,
1990); structure refinement: SHELXL97 (Sheldrick, 1997). All
U and O atoms were located directly, with the exception of
one water molecule oxygen. This final O atom, O21, was
located from Fourier syntheses on a disordered site near (0.5,
0.75, 0.25), but with a significant displacement in the z direc-
tion. A refined site occupancy close to 1 was obtained. Refined
lattice parameters are distinctly shorter in the b (by 0.05 A)
and a (by 0.14 A) directions compared with literature values at
room temperature (Finch et al., 1998) given for meta-schoe-
pite, obtained by partial dehydration of schoepite, or for
powdered meta-schopeite synthesized from solution. No
attempt was made to locate the 16 hydrogen sites. Isotropic
displacements only were refined for the O atoms. Details of
data collection and refinement are summarized in Table 1.

4. Results

The refined atomic coordinates are summarized in Table 2
with the O atoms distinguished according to type; anisotropic
displacement parameters for the U atoms are summarized in
Table 3. Uranium(VT) oxide dihydrate is better represented by
the formula (UO,),O(OH)4-5H,O (Figs. 1 and 2). Puckered
layers of the composition (UO,),O(OH), (Fig. 2) are formed
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Table 1

Experimental details.

Crystal data

Chemical formula H,;0,,U,
Chemical formula weight 1288.25
Cell setting Orthorhombic
Space group Pbcn
a(A) 14.6861 (4)
b (A) 13.9799 (3)
c(A) 16.7063 (5)
V (A% 3429.97 (16)
V4 8
D, (Mg m™3) 4.989
Radiation type Mo Ko
Wavelength (A) 0.71073
No. of reflections for cell para- 16 680

meters
0 range (°) 2.01-25.75
# (mm~1) 37.752
Temperature (K) 298 (2)
Crystal form Tablet
Crystal size (mm) 0.025 x 0.020 x 0.007
Crystal colour Yellow

Data collection
Diffractometer

Data collection method

Enraf-Nonius KappaCCD area
detector

Y and 6 scans to fill Ewald sphere

scans

Absorption correction Empirical

Toin 0.5189

T ax 0.7780
No. of measured reflections 16 680
No. of independent reflections 3255
No. of observed reflections 2106
Criterion for observed reflections I >20(I)
R 0.0904
By () 2575
Range of A, k, [ —16 - h — 17

—12 > k —> 17
—20—>1—20
Refinement
Refinement on F
R[F?>20(F?)] 0.0482
wR(F?) 0.1035
S 0.951
No. of reflections used in refine- 3255
ment

No. of parameters used 119
H-atom treatment None

Weighting scheme

w = 1[0*(F,?) + (0.0470P) +
0.0000P], where P = (F,% +

2F2)/3
(A/0) s 0.001
APy (€ A7) 2978
Appin (€ A7) —2.839
Extinction method None

Source of atomic scattering factors

International Tables for Crystallo-

graphy (1992, Vol. C, Tables
4.2.6.8 and 6.1.1.4)

from vertex-sharing UO, pentagonal bipyramids in the bc
plane; the UO; units in each case consist of uranyl groups
(U—-0 1.75-1.79 A, O atoms O1—O08 in Table 2) oriented
perpendicular to a UOs pentagon (U—O 2.18-2.63 A, O
atoms 09-0O15 in Table 2). These layers are separated by
sheets of water molecules hydrogen-bonded to themselves, the
OH groups within the layers and the uranyl O atoms. Each of
these features is discussed in turn.

Table 2
Fractional atomic coordinates and equivalent isotropic displacement
parameters (A?).

Uy = (1/3)Z,E/-Ui/aiaja,.aj.

X y z Uy

Ul 0.23453 (4) 0.74724 (4) 0.36301 (4) 0.01561 (18)
U2 0.29656 (5) 0.77012 (4) 0.59321 (4) 0.01655 (19)
U3 0.25426 (5) 0.51155 (4) 0.22973 (4) 0.01706 (19)
U4 0.25432 (5) 0.51460 (4) 0.50131 (4) 0.01630 (19)
o1 0.1802 (9) 0.7479 (7) 0.5935 (8) 0.032 (3)
02 0.1438 (8) 0.4529 (7) 0.2244 (7) 0.028 (3)
03 0.1293 (8) 0.7449 (7) 0.4127 (7) 0.026 (3)
04 0.4167 (7) 0.7849 (7) 0.5914 (7) 0.022 (3)
05 0.3642 (8) 0.5633 (7) 0.2359 (7) 0.026 (3)
06 0.1416 (7) 0.5579 (7) 0.5179 (7) 0.023 (3)
o7 0.3385 (8) 0.7524 (7) 0.3101 (8) 0.034 (3)
08 0.3692 (8) 0.4724 (7) 0.4845 (7) 0.025 (3)
09 0.2652 (7) 0.9236 (7) 0.6079 (7) 0.019 (3)
010 0.2028 (8) 0.3615 (6) 0.4591 (7) 0.019 (3)
O11 0.3125 (7) 0.6719 (6) 0.4737 (6) 0.016 (3)
012 0.2152 (7) 0.5667 (7) 0.3635 (7) 0.021 (3)
013 0.3121 (7) 0.6007 (7) 0.6270 (6) 0.019 (3)
014 0.1846 (7) 0.6852 (7) 0.2342 (7) 0.022 (3)
O15 0.1863 (7) 0.8888 (6) 0.3066 (6) 0.018 (3)
0o16 0 0.7609 (12) 1/4 0.049 (5)
017 0.5015 (9) 0.4409 (9) 0.1386 (9) 0.048 (4)
018 —0.0253 (10) 0.6223 (10) 0.5870 (10) 0.060 (4)
019 0.0314 (9) 0.5621 (8) 0.3391 (8) 0.046 (4)
020 —0.0119 (11) 0.8529 (11) 0.5792 (10) 0.081 (5)
021 0.517 (3) 0.758 (2) 0.287 (2) 0.096 (13)

4.1. Uranium—oxygen layers

The network within the uranium oxide hydroxide layers is
essentially the same as in schoepite and many other
uranium(VI) complex oxides, such as fourmarierite
Pb[(UO,),05(0OH)4]-4H,O (Piret, 1985), consisting of edge-
sharing (UO,)(O,0H)s pentagonal bipyramids (Fig. 3). All the
O atoms in the layers form part of the hydroxyl groups, with
the exception of O9 which is a three-coordinate oxide ion. The
hydroxyl groups are also shared as vertices to three
U(O,0H),, with the exception of O15 which is bridging
between Ul and U2 alone.

Figure 2
Part of the (UO,),O(OH); layer.
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Table 3 )
Anisotropic displacement parameters (A x 10%).

The anisotropic displacement factor exponent takes the form: —27°[h*a**U""
+ ...+ 2hka*b*U").

Ull U22 U33 U23 U13 U12
Ul 28 (1) 14 (1) 5(1) —1(1) 0(1) 0 (1)
U2 29 (1) 13 (1) 7(1) -1(1) -1(1) 1(1)
U3 32 (1) 14 (1) 6 (1) 0 (1) 0 (1) 0 (1)
U4 30 (1) 13 (1) 7(1) 1(1) 2 (1) —1(1)

The linking of these units within the layer has been
described in detail by Finch er al (1996) and references
therein. The sections of the layers not occupied by the
pentagons of the UO; groups have a bow-tie-like motif (Fig. 3)
connected centrally at the doubly bridging hydroxyl and the

Figure 3

Comparison of the (UO,),O(OH)g layers in schoepite and meta-schoepite showing the ‘bow-tie’ motif. The
positions of two equivalent uranyl O atoms are marked in each diagram to demonstrate the degree of change

between the two structures.

Figure 4

Comparison of the water molecule layers in schoepite and meta-schopite, showing how they can be related
through removal of four water molecules (shaded) per unit-cell layer and small displacements of the

remaining O atoms.

Table 4 .

Uranium-oxygen bond lengths (A).

U1—03 1.754 (12) U2—01 1.737 (13)
U1—07 1.766 (13) U2—04 1.777 (11)
U1—-015 2.303 (9) U2—09 2.208 (9)
U1-011 2.416 (10) U2—011 2.434 (10)
Ul—014 2.433 (11) U2—013 2.446 (9)
U1-010' 2.445 (10) U2—014" 2.452 (11)
U1—-012 2.540 (9) U2—010' 2.578 (10)
U3—05 1.773 (11) U4—06 1.784 (11)
U3—02 1.820 (11) U4—08 1.810 (11)
U3—09t 2.246 (11) U4—09" 2.207 (10)
U3—015" 2.315 (10) U4—010 2.378 (10)
U3—012 2.433 (11) U4—011 2.403 (9)
U3—013" 2.475 (10) U4—012 2.481 (11)
U3—014 2.636 (10) U4—013 2.565 (11)
Symmetry  codes: (i) —x+i,y+1,z () —x+i-y+3.z4+% (i)

—x+3,-y+3z-5 ) —x+iy -5z -y+lz-4

arrangement of these can be
seen to be identical in the layers
of schoepite and meta-schoe-
pite (Fig. 3). The uranium-
oxygen distances are summar-
ized in Table 4 and the bond
angles around uranium given in
Table 5; as with schoepite, it is
clear from the bond-valence
calculations (Table 7) that Q9 is
the oxide ion and all other O
atoms in this layer are part of
the hydroxide ions oriented
roughly perpendicular to the
sheets. The bond-valence sums,
using the values of Brown &
Wu (1976), are reasonable for
all atoms, although, as noted
previously, the literature values
for uranium-oxygen bond-
valence parameters are gener-
ally poor at representing both
the strong uranyl group and the
weaker uranium-oxygen inter-
actions. Calculations using the
more recent bond-valence
descriptions, for example that
of Brown & Altermatt (1985),
show the same trends, but with
slightly modified individual
values, strengthening the uranyl
bonds and weakening the single
uranium to oxygen bonds.
Small differences between
schoepite and meta-schoepite
exist in the orientations of the
pentagonal bipyramids and
specifically the directions of the
UO, groups with respect to the

T 020

o188

021
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Table 5

Bond angles (°) within the (UO,),O(OH); sheets.

03—-U1-07
03—-U1-015
07—U1-015
03-U1-011
07—-U1-011
015—U1-011
03-U1-014
07-U1-014
015—U1-014
011-U1-014
03—U1-010'
07—U1-010
015—U1-010'
011—U1—010
014—U1—010'
03-U1-012
07—-U1-012
015—U1-012
011-U1-012
014—U1-012
010'—U1-012
03—-U1-U2
07—U1-12
015—-U1-102
011-U1-U2
014—U1-1U2
010'—U1—-12
0o12—-U1-U2
03—-U1-U3
07—-U1-U3
015—U1-U3
011-U1-U3
014—U1-U3
010'—U1-U3
012—U1-U3
U2—-U1-U3
03—U1-U4
07—U1-U4
015—U1-U4
011-U1-U4
014—U1-U4
010'—U1—-U4
012—U1-U4
U2—U1-U4
U3—Ul1-U4
01-U2—04
01-U2—-09
04—U2—09
01-U2-011
04—U2-011
09—U2—011
01-U2-013
04—1U2-013
09—U2—013
011-U2—-013
01—-U2—014"
04—U2—014t
09—U2—014"
011—-U2—014"
013—U2—014"
01—-U2—010'
04—U2-010'
09—U2—010
011—-U2—010
013—U2—010'
0141 -U2—010'
01—-U2—U4!
04—U2—U4
09—U2—U4
o11—U2—Uu4
013—U2—U4!
O14" —U2— U4
010'—U2—U4!

177.8 (5)
86.5 (4)
91.5 (4)
92.7 (5)
89.5 (5)

146.5 (3)
98.4 (5)
80.4 (5)
81.4 (3)

131.6 (3)
91.9 (4)
88.6 (5)
799 (3)
66.6 (3)

1580 (3)
83.2 (4)
98.0 (4)

145.1 (4)
67.5 (3)
67.4 (3)

1335 (3)
752 (4)

106.5 (4)

1135 (3)
353 (2)

162.9 (2)
39.1 (2)
95.9 (3)

1082 (3)
72.0 (3)

1202 (3)
91.9 (2)
400 (2)

1515 (2)
358 (3)

126269 (19)
77.0 (3)

105.0 (3)

1632 (3)
338 (2)

104.1 (2)
97.1 (2)
36.7 (3)
59.246 (14)
69.231 (16)

1763 (5)
88.2 (4)
95.5 (4)
89.7 (5)
87.5 (4)

1313 (4)
85.3 (4)
91.4 (4)

159.2 (4)
68.5 (3)
98.9 (5)
82.8 (5)
70.7 (4)
157.0 (3)
90.8 (3)
95.4 (5)
85.6 (4)
67.4 (3)
64.3 (3)

132.8 (3)

135.1 (3)
88.2 (3)
94.8 (3)
30.1 (3)

1012 (2)

167.8 (3)

1004 (2)
377 (2)

05—-U3-013"
02—U3-013"
09 -U3—013"
015V —U3-013"
012—U3—013"
05-U3-014
02—-U3-014
091 _U3—-014
015V —U3—-014
012—U3—014
013'—U3—014
05—U3—U4"
02—U3—U4"
09" —U3—U4"
015V —U3—U4"
012—U3—U4"
013'—U3—U4"
014—U3—U4"
05—-U3—U2i
02—-U3-U2%
09 _y3—U2i
015V —U3—U2'
012—U3—-U2%"
013'—U3—U2i
014—U3—U2
U4'—Uu3—U2i
05-U3-U1
02—U3—Ul
09" -U3-U1
015V —U3—Ul1
012—U3—Ul1
013'—U3—U1
014—U3—U1
U4'—U3-U1
U2 _U3—u1
06—U4—08
06—U4—09"
08—U4—09"
06—U4—010
08—U4—010
09¥—U4—010
06—U4—011
08—U4—011
09V —U4—011
010—U4—011
06—U4—012
08—U4—012
09V —U4—012
010—U4—012
011-U4—012
06—U4—013
08—U4—013
09" —U4—013
010—U4—013
011-U4—013
012—U4—013
06—U4—1U2"
08—U4—12Y
09" —U4—1U2"
010—U4—1U2"
011—U4—1U2"
012—U4—1U2"
013—U4—1U2"
06—U4—U3"
08—U4—U3"
09v—U4—U3"
010—U4—U3"
011—-U4—U3"
012—U4—U3%
013—U4—-U3"
u2v—u4—U3™
06—U4—12
08—U4—U2

89.2—(4)
89.2 (4)
70.8 (3)
77.6 (4)
156.7 (3)
88.6 (4)
94.0 (4)
66.7 (3)
144.5 (3)
65.8 (3)
1375 (3)
95.5 (4)
84.8 (4)
303 (2)
1188 (3)
160.9 (2)
414 (2)
96.7 (2)
83.6 (4)
98.9 (4)
29.1 (2)
168.9 (3)
1042 (2)
99.0 (2)
385 (2)
59.353 (15)
723 (3)
109.5 (4)
99.4 (2)
1093 (3)
37.6 (2)
159.4 (2)
36.4 (2)
129.40 (2)
70.394 (17)
1792 (5)
87.1 (4)
93.4 (4)
93.2 (4)
87.6 (4)
71.3 (4)
92.8 (4)
86.4 (4)
136.7 (4)
151.6 (4)
80.2 (4)
99.6 (5)
1525 (4)
852 (3)
68.6 (3)
91.2 (4)
88.4 (4)
69.7 (3)
1404 (3)
67.1 (3)
134.3 (3)
93.4 (3)
87.3 (3)
30.1 (3)
415 (3)
164.8 (3)
1262 (2)
98.9 (2)
83.0 (4)
97.1 (4)
30.9 (3)
102.1 (3)
106.2 (2)
162.0 (2)
39.6 (2)
60.965 (16)
772 (3)
102.1 (3)

Table 5 (continued)

01-U2—-U3" 87.1 (4) 09"V —U4—U2 1032 (3)
04—U2-U3" 96.3 (3) 010—U4—12 169.3 (3)
09—U2—U3" 29.6 (3) 011—U4—U2 35.8 (2)
011—-U2—U3" 160.7 (2) 012—U4—1U2 97.6 (2)
013—U2—-U3" 130.1 (3) 013—-U4—U2 37.1(2)
o14'—u2—us3t 4.0 (2) U2V—U4—U2 133.30 (3)
010'—U2—U3" 97.0 (2) U3 -u4—02 72.447 (18)
U4 —U2—U3t 59.682 (16) 06—U4—U1 753 (3)
01—-U2—U4 71.6 (3) 08—U4—U1 104.1 (3)
04—U2—U4 104.8 (3) 09v—U4—Ul1 157.7 (3)
09—U2—U4 153.1 (3) 010—U4—U1 122.5 (3)
011—U2—U4 353 (2) 011—U4—U1 34.0 (2)
013—U2—U4 39.3 (3) 012—U4—U1 377 (2)
014" —U2—U4 128.6 (2) 013—U4—Ul1 96.6 (2)
010'—U2—U4 96.4 (2) U2V—U4—U1 160.95 (2)
U4 -U2-U4 128.62 (2) U3“—U4—U1 130.73 (2)
U3i_U2—U4 155.78 (2) U2—U4—Ul 59.933 (15)
01—-U2—U1 76.2 (4) U4 —09—U2 119.8 (5)
04—U2-U1 102.8 (4) U4 —09—U3" 118.8 (4)
09—U2—-Ul1 98.0 (3) U2—-09—U3" 121.3 (5)
011—U2—U1 35.0 (2) U4—010—U1"Y 131.5 (5)
013—U2—U1 99.6 (3) U4—010—1U2" 100.8 (4)
014" —U2—U1 168.0 (2) U1v—010—U2" 104.2 (3)
010'—U2—U1 36.7 (2) U4—011-U1 112.2 (4)
U4 —U2—-U1 68.745 (17) U4—011-102 108.9 (4)
U3si-U2—U1 126.09 (2) Ul1—-011-U2 109.7 (4)
U4—U2—-U1 60.820 (15) U3—012—U4 134.8 (4)
05—U3—02 177.3 (5) U3—012—U1 106.6 (4)
05-U3—09' 90.2 (5) U4—012—Ul1 105.6 (4)
02—U3—09% 91.4 (5) U2—013—-U3" 137.9 (5)
05—U3—015" 85.8 (4) U2—013—-U4 103.6 (4)
02—U3-015" 91.7 (4) U3“-013—U4 99.0 (3)
09 _U3—015" 148.2 (4) Ul—014—U2f 136.4 (4)
05—U3—012 91.8 (5) U1—014—U3 103.7 (4)
02—-U3-012 88.7 (5) U2 -014—U3 99.4 (4)
09 _U3—-012 132.4 (3) U1—015—U3' 138.4 (5)
015v—U3—012 793 (3)

Symmetry  codes: (i) —x+i,y+1,z () —x+i—y+3.z+% (i)
X+, =y +iz—5 (V) —x+iy =5z () x—y+lLz—g5 ) x,—y+1lz+3
(vii) —x+1,y, —z + 1.

layers. For example in Fig. 3, the positions of two of the On
atoms on one U atom as marked are tilted towards each other
in meta-schoepite, but away from each other in schoepite. This
results from the differences in the distributions of the inter-
leaving water molecules which hydrogen bond to the uranyl
units. In schoepite the number of hydroxide groups in
(UO,),O(0OH)s is equivalent to the number of water mole-
cules between the layers and consequently each hydroxide is
strongly hydrogen-bonded to a different water molecule. In
meta-schoepite, (UO,);O(OH)s5H,0, with one less water
molecule in the formula unit there are insufficient water
molecules to form links with all the hydroxide ions on a 1:1
basis. By consideration of the oxygen (hydroxide ions) to
oxygen (water molecules; Table 6) distances it can be seen that
two water molecules O16W and O17W both have two inter-
actions with hydroxide groups in different layers. O16W,
which is sited on the higher symmetry fourfold site, interacts
with two O14(H) and O17W interacts with O13(H) and
O15(H). The nature of these interactions agrees well with the
bond-valence scheme presented for the hydroxyl O atoms in
Table 7. The weakest U—O link (bond-valence sum, b.vs.,
0.95) occurs for O14, presumably because this has a stronger
OH bond as the acceptor water molecule O16 performs this
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Table 6

Potential hydrogen bonding O- - -O contacts (A) to 34 A for the uranyl O
atoms O1-08, the hydroxyl O atoms O10-O15 and the water O atoms
016-021.

01—021"d 3.12 (4) 016—03"i 3.324 (12)
01—020 319 (2) 016—03 3.324 (12)
02—019 2.954 (18) 017—08" 2.833 (18)
02—019" 3.174 (17) 017-013" 2.849 (17)
02—021"™ 3.30 (4) 017—015" 2.955 (17)
03-019 3.180 (16) 017—020" 3.052 (19)
03—-016 3.324 (12) 017—05 3.104 (17)
04—019* 2.959 (16) 017—016% 3.130 (18)
04—018" 3.360 (19) 017—05" 3.348 (17)
04—016" 2.987 (12) 018—0104 2.727 (18)
05—017 3.104 (17) 018—021" 2.77 (4)
05—-021% 3.26 (4) 018—019 2.860 (18)
05—017¢ 3.348 (17) 018—07" 3.167 (19)
06—018 2.855 (18) 018—020 323 (2)
06—019 3.397 (18) 018—04" 3.360 (19)
07—021 2.66 (4) 019—012 2.731 (17)
07—021¢ 2.66 (5) 019—0184 2.860 (18)
07—018* 3.167 (19) 019—04* 2.959 (16)
07—020 323 (2) 019— 019" 312 (3)
08—017* 2.833 (18) 019—02" 3.174 (17)
08—020" 311 (2) 019—016 3.186 (19)
08— 020" 3.184 (19) 019—06 3.397 (18)
010—018* 2.727 (18) 020—011" 2.75 (2)
011—020* 2.75 (2) 020—021"" 276 (4)
012—019 2.731 (17) 020—017" 3.052 (19)
013—017" 2.849 (17) 020—-08" 3.11 (2)
014—016 2.922 (12) 020—08" 3.184 (19)
015—017* 2.955 (17) 020—07"% 323 (2)
016—014" 2.922 (12) 018—020 323 (2)
016—014 2.922 (12) 021—-07" 2.66 (5)
016—04"t 2.987 (12) 021—-07 2.66 (4)
016— 04 2.987 (12) 021—020* 276 (4)
016—0174 3.130 (18) 021—018" 277 (4)
016—017 3.130 (18) 021—-01* 312 (4)
016—019"" 3.186 (19) 021—05% 3.26 (4)
016—019 3.186 (19) 021—-02% 3.30 (4)

Symmetry  codes: (i) —x+i,y+1z (i) —x+i,-y+3.z4+% (i)

x4+ —y+3 =% (v) —x+iy-L (V) —y+1lz=% (vi) x,—y+1,z+%
(i) x—1,—y+3, —z+1; (vii) —xy,—z4+L i) x—iy-i-z+L (x

x4+, -y+3,—z+1 x) —x+1,y,—z+% i) —x,—y+1,—z+1; (xii)
x—Iy+i —z4+hEiv)x+iy -t —z+E xv)x+iy+1 2 +1

task for two hydroxyl groups at moderately long distances
2.9 A). Similarly, the b.v.s. for O13 and O15, which also share
an accepting water molecule, are at the bottom end of the
range found. The use of two water molecules as acceptors for
two hydroxyl groups, rather than that required from the
compound stoichiometry, leaves one water molecule oxygen,
021, free of interactions with the uranium oxygen layers,
except in terms of a donor function to the uranyl O atoms. This
hydrogen-bonding arrangement is discussed further below.

4.2. Water molecule layers

In terms of the formulae the only difference between
schoepite and meta-schoepite is eight molecules per unit cell.
By consideration of the hydrogen-bonding schemes Finch et
al. (1998) predicted the loss of the water molecule containing
his W(5) and W(11) (highlighted in Fig. 4) as these units
cannot be tetrahedrally coordinated, in terms of four donor or
acceptor functions, in schoepite. However, the actual
arrangement of the water molecules in meta-schoepite shows

Table 7
Bond-valence arrangement in meta-schoepite.

Ul U2 U3 U4 Sum
o1 2.08
02 1.70
03 1.99
04 1.88
05 1.90
06 1.85
o7 1.94
08 1.74
09 0.74 0.69 0.74 217
010 0.48 0.38 0.54 1.40
O11 0.50 0.49 0.54 1.50
012 0.41 0.49 0.45 1.35
013 0.48 0.45 0.39 1.32
014 0.49 0.47 0.35 1.31
O15 0.62 0.60 1.22
Total 6.42 6.52 6.18 6.22

that the transformation of the crystal structure is rather more
complicated than the simple removal of specific water mole-
cules. Not unexpectedly, the complete water sublattice and to
some degree the orientations of the uranyl groups shift to
accommodate the lower level of water.

Consideration of the water molecule layers in the two
structures show that some correspondence exists and the
structures can be related by partial removal of oxygen water
molecules from certain sites within the schoepite layers.
However, the symmetries of schoepite (P2ica) and meta-
schoepite (Pbcn) are such that it is not possible to develop a
model that simply removes individual water molecules from
one structure to obtain the other.

Fig. 4 demonstrates how some water molecules may be
removed and others slightly shifted so as to transform
schoepite to meta-schoepite. Within the unit cell, outlined
removal of the highlighted O atoms [W(1) and W(7) in Finch et
al.’s, 1998) description] and replacement of four O atoms
[W(9), W(10), W(3) and W(4)] by the half-filled sites close to
(0.5,0.75,0.29) results overall in the removal of four water
molecules in the unit-cell layer, consistent with the formulae
(U0,)40(0OH)6-6H,O and (UO,),0(0OH)s-5H,0. The small
shifts that occur in the remaining oxygen positions produce a
new hydrogen-bonded network. The potential interactions in
the new hydrogen-bonded network are summarized in Table 6
and shown for each of the six water molecule environments in
detail in Figs. 5(a)—(f) (deposited).

For the partially occupied water oxygen site, O21W,
consideration of the higher-symmetry adjacent symmetric site
at (0.5,0.75,0.25), that this water molecule might be expected
to occupy, shows that an overly short distance to O7 (uranyl
oxygen) of 2.54 A would be obtained. By displacing this atom
to the refined position this interaction is extended to a much
more reasonable 2.69 A while maintaining reasonable
hydrogen-bonding links to all other acceptor/donor O atoms.

! Supplementary data for this paper are available from the IUCr electronic
archives (Reference: CF0009). Services for accessing these data are described
at the back of the journal.
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5. Conclusions

The structure of meta-schoepite consists of layers of identical
composition to those of schoepite, and water molecules are
removed and relocated within the interleaved sheets so as to
form a new hydrogen-bonded array.

The lattice parameter changes that occur in the schoepite to
meta-schoepite have been reported as 14.337 to 13.99, 16.813
to 16.72 and 14.731 to 14.68 A. Room-temperature values for
the meta-schopeite material studied in this work were
14.050 (2), 16.709 (2) and 14.7291 (2) A. The values of the
lattice parameters found in this study at 150 K show a distinct
contraction on cooling in the a and ¢ directions to 13.980 (1)
and 14.686 (1) A (these are b and a, respectively, using the
standard Pbcn description used in this work), but little change
in b [16.706 (1) A, equivalent to ¢ in this work]. The main
contraction between schoepite and meta-schoepite is in the
direction perpendicular to the plane (2.8% compared with 0.6
and 0.9% in the other directions). This presumably reflects an
improved registration of the water molecule and uranium
oxide hydroxide sheets, and the bridging of the sheets by the
dual acceptor nature of the two water molecules.

The ease of dehydration and rehydration of phases in the
meta-schoepite system has been discussed by Finch er al
(1998) and similar effects were observed in this study. Several
crystals of meta-schoepite were investigated during this study
and were found to adopt the crystal structure described in this
article. One crystal, which had been cooled to 150 K, allowed
to warm to room temperature and then left under ambient
conditions, was studied again several months later. This crystal
had undergone a transformation to a material of the compo-
sition (UO;)4-9H,0 or UO3-2.25H,0, space group Pbna, a =
15.143, b = 14.112, ¢ = 16.768 A (at 150 K). A further crystal

from the original batch, which had been stored under ambient
conditions, was found to have the composition
(UOs)4-8.5H,0, space group Pbcn, a = 14.627, b = 14.031, ¢ =
16.702 A (at 150 K). It is clear that additional structural and
compositional complexities exist in the UO;(2 £+ x)H,O
system and we intend to report these in a later article.

We thank Professor M. B. Hursthouse for access to the
Enraf-Nonius Kappa CCD diffractometer.
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