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Abstract
The metatorbernite [Cu(UO2)2(PO4)2·8H2O] structure comprises autunite-type sheets of cornersharing uranyl square bipyramids and phosphate tetrahedra, with the interlayer region occupied by
Cu2+ ions and molecular water. Previous studies have shown that heating induces stepwise dehydration
and reduction in basal spacing. Structures of the lower hydrates have not been determined previously
because suitable single crystals of these phases have yet to be prepared.
We have used synchrotron X-ray diffraction data collected during in situ, continuous heating of
powdered metatorbernite to elucidate structures of its lower hydrates. Using Rietveld analysis, we
have determined that autunite-type sheets remain intact through the first dehydration event above
room temperature (onset 102 °C). We have discovered that the second dehydration event (onset 138
°C) triggers a major reconstruction to uranophane-type sheets, composed of chains of edge-sharing
uranyl pentagonal bipyramids linked to one another by sharing edges and vertices with phosphate
tetrahedra. This reconstruction enables the structure to overcome steric constraints on the minimum
possible basal spacing, while maintaining Cu within the interlayer.
Four distinct phases have been identified with increasing temperature: Cu(UO2)2(PO4)2·8H2O,
space group P4/n, a = 6.96519(23), c = 17.3102(8) Å; Cu(UO2)2(PO4)2·6.1H2O, space group P4/n,
a = 6.95510(29), c = 16.6604(9) Å; Cu(UO2)2(PO4)2·3H2O, space group P21, a = 14.4979(23), b =
7.0159(9), c = 6.6312(10) Å, β = 107.585(14)°; and a lower hydrate with monoclinic or triclinic
symmetry, a ≈ 6.7, b ≈ 7, c ≈ 11 Å, β ≈ 100°. As shown here, in situ heating experiments and the
Rietveld method provide fundamental insights into the crystal chemistry and structural behaviors of
the important meta-autunite mineral group.
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Introduction
Uranium phosphate minerals of the meta-autunite group
[M(UO2)2(PO4)2·nH2O], including metatorbernite (M = Cu, n
= 8), are significant hosts for uranium in both natural and anthropogenically contaminated environments (Buck et al. 1995,
1996; Sato et al. 1997; Murakami et al. 1997, 2005; Jerden et al.
2003; Jerden and Sinha 2003; Stubbs et al. 2006, 2009; Catalano
et al. 2006; Arai et al. 2007; Zachara et al. 2007; Singer et al.
2009). The metatorbernite structure comprises autunite-type
sheets of corner-sharing uranyl square bipyramids and phosphate
tetrahedra, with the interlayer region occupied by Cu2+ ions and
molecular water (Ross et al. 1964; Stergiou et al. 1993; Locock
and Burns 2003) (Figs. 1a–1b). Like other members of the metaautunite group, metatorbernite is variably hydrous, with the prefix “meta-” denoting the partially dehydrated variant that is stable
at room temperature in air. Further dehydration occurs when the
mineral is heated, and this is accompanied by collapse of the basal
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(i.e., sheet-to-sheet) spacing (Suzuki et al. 1998, 2005). Similar
dehydration can also occur in the high-vacuum environments
of instruments (e.g., the transmission electron microscope, or
TEM) used to study fine-grained uranium phosphates in soils
(Suzuki et al. 1998). Even the moderate heating from specimen
interaction with X-rays that occurs during a room-temperature
X-ray diffraction experiment can result in dehydration in some
meta-autunite minerals (Locock et al. 2005).
Previous studies have addressed the dehydration behavior
of metatorbernite and other meta-autunite-group minerals using powder X-ray diffraction (XRD) from heated samples, with
patterns recorded both at elevated temperature and at room
temperature after heating (Beintema 1938; Takano 1961; Butt
and Graham 1981; Suzuki et al. 1998, 2005; Sowder et al. 2000).
In all of these studies, only changes in basal spacing were measured, and the authors did not determine or refine the full crystal
structures. This is because crystals of the lower hydrates that are
suitable for single-crystal diffraction have yet to be prepared,
and in powder form the samples suffer from severe preferred
orientation effects due to their perfect cleavage parallel to the
sheets. It has been generally assumed that the structures of the
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