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Sr;U,,054: Crystal Structure and Thermal Stability
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The crystal structure of Sr;U;;Os has been determined by X-ray, electron, and neutron diffraction.
The structure is related to a-U;Og, with uranium in both octahedral and pentagonal bipyramidal
coordination. The enthalpy of formation has been determined and is discussed in relation to the other

strontium uranium oxides.

1. Introduction

In the system Sr—U-O several hexavalent
compounds have been identified: SrU,O,;,
Sr,U,04,, SrUOQ,, Sr,UO;, and Sr,UO¢ (1);
the structures of the last three compounds
have been determined (2, 3). Although the
structure and physicochemical properties of
the first mentioned compound SrU,O; ap-
pear to be closely related to U;Oq, up to this
time only the dimensions of its orthorhom-
bic subcell could be determined (/). A re-
newed study showed its composition to be
slightly different, corresponding with the
formula Sr;U;;04. A structure determina-
tion of this phase is described in the present

paper.

2. Experimental

The title compound was prepared by heat-
ing a stoichiometric mixture of SrO and
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U,04 in a gold boat in oxygen at 1000°C for
20 hr. After repeated grindings and heatings
a phase-pure compound was obtained; no
indication of the presence of U,0; was
found by X-ray diffraction. A chemical anal-
ysis of the final product yielded the follow-
ing results: Sr 7.59 = 0.02%(calcd. 7.605),
Utotal) 75.76 = 0.04%(calcd. 75.74%),
UIV) 0.34 = 0.01%.

The enthalpy of formation of Sr;U,,;04¢
was derived from its enthalpy of solution
which was measured calorimetrically in 5 M
HCI, according to the procedure described
before (4).

The X-ray powder diffraction patterns
were recorded with a focusing Guinier cam-
era (Table I) using CuKa, radiation, and a-
SiO, as an internal standard. The presence
of the repetition of a similar structural mo-
tive is evident from the intensity distribution
of a small set of strong reflections and a large
set of weak reflections. The former set is
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TABLE 1
X-Ray DIAGRAM OF SryU; Oy (a = 28.508(3), b = 8.3806(9), ¢ = 6.7333(9) A; Pmmn)

dlexp) h k| d(calc) 1 dlexp) h kI d(calc) 1 d(exp) h k1 d(cal) 1
8.058 110 8.044 25 2.304 730 2305 <5 1.8314 1420 1.8321 30
6.573 101 6.553 8 2.296 622 2298 5  1.7959 741 1.7963 50
6.303 310 6.288 <§ 2.245 003 224 <5 1.779% 723 1.7798 50
6.095 201 6.088 <5 2.237 103 2237 <5 042 1.7794
5.264 011 5.250 20 2.224 912 2225 <5 1.7652 1421 1.7678 <5
4.750 600 4.753 10 2.216 203 2217 <5 242 1.7657
4.594 311 4.595 5 2.1672 013 21679 <5 1.7423 140 2 1.7427 25
4.199 020 4.192 90 2.1443 132 2.1443 <5 1.7297 823 1.7299 <5
3.878 601 3.883 <S5 213 21433 1.7204 333 1.7210 5
3.663 710 3.664 10 2.1124 313 21137 S 1.6996 433 1.6995 <5
3.489 701 3.485 100 2.0964 040 2.0961 40 1.6828 004 1.6832 20
3.371 002 3.366 60 1121 20937 1322 1.6832
3.147 620 3.144 8 2.0845 1301 2.0856 5  1.6245 1512 1.6240 5
3.108 112 3.105 8 2.0732 413 20741 <5 1.6087 1422 1.6092 25
3.054 212 3.052 <5 2.0592 432 20587 <5 414 1.6077
3.015 521 3.019 <5 2.0365 140 0 2.0368 30 1.5609 024 1.5620 20
2.950 8§11 2.949 10 1.9971 041 20014 <5 124 1.5597
2.865 412 2.861 8 931 20012 1.4329 7473 1.4339 30
2.849 1000 2.851 8 1.9656 703 19657 30 1.3962 060 1.3974 20

621 2.849 1.9507 140 1 1.9496 <5
2.781 130 2.782 <5 1.9168 640 19179 <5
2.747 602 2.747 5 1.8998 803 1.8992 5
2.682 721 2.680 80 1.8667 1321 1.8673 8
2.627 022 2.625 50 1.8533 151 0 1.8540 8
2.582 222 2.582 8 813 1.8522

031 2.581
2.491 331 2.491 <5
2.479 712 2.479 <5
2.326 1111 2.324 5

givenby h(= Tpdk l,p + | = 2n,and k =
2n. This motive is also seen in the electron
diffraction patterns, Fig. la & b.

3. Composition and Stability

Cordfunke and Loopstra (/) prepared a
compound with a Sr/U ratio = 0.25, but
some U;Oq appears always to be present in
samples with this composition. A pseudo-
subcell with a’ = 6.734, b’ = 4.193, and
¢’ = 4.065 A, B = 90°16', was found. Al-
though this subcell is closely related to -
U,0q, indexing of the whole pattern was not
possible.

A careful study of samples with Sr/U ra-
tios varying from 0.25 to 0.33 by X-ray and
electron diffraction showed that at the com-
position Sr/U = 0.273 a phase-pure product
was obtained. Since almost all uranium is
present in the hexavalent state, the compo-
sition of this phase is Sr,U,,05.

The enthalpy of solution of the compound
was measured calorimetrically in a 5.0
M HCl solution. By combining the enthalpy
of solution, —(794.9 + 1.2) kJ - mole~},
with the enthalpy of solution of SrCl,,
—(34.19 = 0.49) kJ - mole™!, and the en-
thalpy of formation of SrCly(s) (§), the en-
thalpy of formation of Sr;U,,0,; was calcu-
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F1G. 1. (a) Electron diffraction pattern of SryU,; O, taken with incident beam along [010], (b) Electron
diffraction pattern of Sr;U ;054 taken with incident beam along [100].
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FIG. 2. (a) Section of a-U,04 at z = 0, after Ref. (8). (b) Section of Sr;U; 055 at y = 1.

lated to be —(15,905.6 + 22.5) kJ - mole™".
When heated in air above 1130°C Sr;U;,05
decomposes into Sr,U,0;, and U;04 (1).

4. Structure Determination

The true unit cell of Sr;U,,05¢ was deter-
mined by means of electron diffraction, us-

ing a Siemens Elmiscop 102 fitted with a
double tilt and lift cartridge. All patterns
could be interpreted with an orthorhombic
unit cell with a = 7¢’, b = 2b', ¢ = a’.
Systematic absences indicate the space
group Pmmn (59). The unit cell under inves-
tigation contains 28 metal atoms leading to
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TABLE 1I

CORDFUNKE ET AL.

Atom  Site x y z
Srl 2b 0.75 0.25 0.793(4)
Sr2 4f 0.5997(8) 0.25 0.707(3)
Ul 2a 0.25 0.25 0.334(3)
u2 4f 0.3868(5) 0.25 0.224(3)
U3 4f 0.6805(6) 0.25 0.228(2)
U4 4f 0.3180(6) 0.25 0.785(2)
uUs 4f 0.4676(5) 0.25 0.780(2)
[0/ 4f 0.5265(5) 0.25 0.228(2)
01 4e 0.25 0.464(3) 0.311(3)

the space group and by reducing the oxygen-
to-metal ratio from 2.667 for U,O4 to 2.571
by combining the folded structure of a-U;O4
with a linear part of this structure (Fig. 2).
The distribution of Sr and U was derived
from the X-ray and electron diffraction in-
tensities of the #00 and 402 reflections, as-
suming the metal atoms form (close-)
packed layers. In the refining of the neutron
diffraction data the program DBW3.28S, ver-
sion 8802, was used (9).

The final refinement was made using 423

02 8g 0.3839(4) 0.476(2) 0.263(3)
03 8g 0.5344(5) 0.515(2) 0.214(2)
04 8g 0.6810(5) 0.523(2) 0.226(3)

(03] 4f 0.3144(8) 0.25 0.099(3)
06 4f 0.4609(8) 0.25 0.132(3)
07 Af 0.5987(7) 0.25 0.270(3)
08 2b 0.75 0.25 0.111(4)
09 2a 0.25 0.25 0.685(4)
010 4f 0.3929(8) 0.25 0.898(3)
011 af 0.5409(9) 0.25 0.932(3)
012 4f 0.6709(7) 0.25 0.963(3)
013 4f 0.3287(9) 0.25 0.467(3)
014 4f 0.4264(9) 0.25 0.538(4)
015 Af 0.5220(7) 0.25 0.520(3)
016 4 0.6846(8) 0.25 0.492(3)

Note. R, = 3.87%; R,, = 5.09%.

the probable formula Sr;U,,0,4 with a Sr/U
ratio of 0.273, assuming a formal valency of
6 for uranium.

Since no single crystals were available,
Rietveld’s method (6) for refinement of neu-
tron powder diffraction data on the powder
diffractometer at the Petten high flux reactor
was used. A wavelength of 2.570(1) A from
the (111) plane of a copper monochromator
was used with 30’ collimation. The angular
range 5° < 20 < 154° in steps of 0.1° was
used. The collected data from 20 g of the
compound were corrected for absorption
(7), uR = 0.098. Preferred orientation was
assumed to be absent.

The trial model was constructed from the
structure elements of a-U,Oy (8) (@ =
6.716(1), b = 11.960(2), ¢ = 4.1469(5) A,
C2mm) and modified by the requirements of

TABLE III
AToMic DiSTANCES AT 298 K oF Sr3U, O34

Pentagonal bipyramids Octahedrons
Srl U3
01 2.49Q2) 2% 04 2.282) 2x
08 2.14(3) o7 2.35(3)
012 2.53(2) 2x 08 2.132)
016 2.75(3) 2x 012 1.80(3)
016 1.78(3)
Sr2 U4
02 2.35(2) 2% 04 1.912) 2x
o7 2.94(3) (05 2.12(3)
o11 2.26(3) 09 2.05(2)
012 2.67(3) 010 2.26(3)
015 2.54(3) 010  2.16(3)
Ole6 2.82(3)
Ul U6
01 1.80(2) 2 X 03 2.232) 2x
05 2.42(3) 2 X 06 1.98(3)
09 2.36(4) 07 2.08(3)
013 2.42(3) 2x Ol11 2.03(3)
015 1.97(3)
U2
02 1.91(2) 2 %
05 2.23(3)
06 2.20(3)
010 2.20(2)
013 2.33(3)
014 2.40(3)
us
03 1.97(2) 2%
06 2.38(3)
010 2.27(3)
(o181 2.33(3)
014 2.01(3)
015 2.33(3)




STRUCTURE AND STABILITY OF Sr;U,;05 17

reflections (the 63 variables include a scale
factor, six background parameters, three
half-width parameters defining the Gaussian
peak shape, the counter zero error, an asym-
metry parameter, the unit cell dimensions,
the atomic position parameters, and an
overall thermal parameter). The final coor-
dinates are listed in Table II, the atomic
distances in Table III.

5. Discussion

The structure of Sr;U;,04 consists of lay-
ers with the metal atoms in octahedral (U3,
U4, and U6) and pentagonal bipyramidal
(Sr1, Sr2, U1, U2, and US) coordination.
The layers are connected by vertex sharing
to give a three-dimensional structure as in
a-U;04 (8). The structural relation with a-
U,04 (Fig. 2a) is evident from the intersec-
tion of the unit cell at y = § given in Fig. 2b,
showing a layer of Sr;U,;04.

The layer is a combination of the a-U,04
chain indicated by s—s in Fig. 2b together
with the smaller linear motive of «-U;04
indicated by t—t. In this way a folded chain
of eight edge-sharing pentagonal bipyramids
connected by six octahedrons is formed.
The folded chain gives a unit cell with seven
polyhedra in [100]. The folding introduces a
mirror plane; the other mirror plane is in the
middle of the linear motive.

The strontium atoms replace the uranium
atoms in the linear motive of a-U;Oy . Neigh-
boring layers are related viainversion centra
(at 144 in Fig. 2b), resulting in alternation of
Sr1 and Sr2 with Ul and U2, respectively,
in [010]. Moreover, U3 and US alternate
with U4 and U6, respectively. The same
structure is found in the compounds
M;U,,05, with M = Pb, Ca, and Cd (10).

The SrO-UOQ, system is interesting in that
it has no less than five uranates with uranium
in the hexavalent state. Of these, Sr;U ;054
and Sr,U,0,, have structures which are
closely related to U;04 or a-SrUQ, (1), in
which sixfold and sevenfold coordination of
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FiG. 3. The enthalpies of formation of strontium ura-
nates as a function of the SrO/UO; ratio.

uranium by oxygen is found in the (pseudo-)
hexagonal layers. In 8-SrUQ,, Sr,UOs, and
Sr;UQ a different coordination is found (3),
uranium being 6-coordinated in (pseudo-) te-
tragonal layers. The difference in coordina-
tion is reflected in the enthalpies of forma-
tion of these uranates (11, 12), as is shown
in Fig. 3.
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