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The crystal structure of lead uranyl-oxide hydroxy-hydrate mineral curite, ideally
Pbs(H,0),[(UO,)404(0OH)3l,, was studied by means of single-crystal X-ray diffraction and theoretical
calculations in order to localize positions of hydrogen atoms in the structure. This study has
demonstrated that hydrogen atoms can be localized successfully also in materials for which the
conventional approach of structure analysis failed, here due to very high absorption of X-rays by the
mineral matrix. The theoretical calculations, based on the Torque method, provide a robust, fast real-
space method for determining H,O orientations from their rotational equilibrium condition. In line with
previous results we found that curite is orthorhombic, with space group Pnma, unit-cell parameters a =
12.5510(10), b = 8.3760(4), c = 13.0107(9) A, V = 1367.78(16) A%, and two formula units per unit cell. The
structure (R; = 3.58% for 1374 reflections with | > 3al) contains uranyl-hydroxo-oxide sheets of the
unique topology among uranyl oxide minerals and compounds and an interlayer space with Pb>* cations
and a single H,O molecule, which is coordinated to the Pb-site. Current results show that curite is
slightly non-stoichiometric in Pb content (~3.02 Pb per unit cell, Z = 2); the charge-balance mechanism
is via (OH) < O, substitution within the sheets of uranyl polyhedra. Disproving earlier predictions, the
current study shows that curite contains only one H,O group, with [4]-coordinated oxygen. The
hydrogen bonding network maintains the bonding between the sheets in addition to Pb—O bonds;
among them, a H-bond is crucial between the OH group on an apical Oyany atom of an adjacent sheet

that stabilizes the entire structure. The results show that the combination of experimental X-ray data and
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crucial for the assessment of their role and behavior during
long-term storage of SNF and the non-desirable migration of
uranium and transuranic elements in the environment.”®

Introduction

Uranyl-oxide hydroxy-hydrate minerals (further called as UOH)

are important products of oxidizing weathering of primary
uranium minerals, namely uraninite (UO,.,), and one of the
major constituents of the oxidized parts of uranium deposits.™*
These minerals form in the initial stages of uraninite alteration,
commonly replacing it in situ.>> Weathering of uraninite is of
great interest because of its analogy to the alteration of UO,., in
spent nuclear fuel, SNF.® Therefore, the precise knowledge of
physical-chemical properties of UOH and the uranyl mineral is
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To date, about twenty-eight UOH minerals are known to
occur in nature and a dozen more compounds have been
synthesized.>*'* In general, their crystal structures are based
upon sheets of U(vi) coordination polyhedra, where the ligands
comprise O atoms or (OH)~ groups, less frequently also H,0
molecules. Among sheets of uranyl-polyhedra we can discern
various uranyl-anion topologies, following previous work."*
Between the sheets, mono-, di-, or trivalent cations and H,O
molecules are located.>** There are just four minerals known to
contain H,O molecules in the interlayer only; their structures
are stabilized by an extensive network of H-bonds (schoepite,
metaschoepite, paulscherrerite and heisenbergite).'**

In general, the thermodynamic stability of the structures of
layered hydrated oxysalts is driven by the weak bonding inter-
actions taking place between the rigid parts of the structure
(called structure units) and interlayer regions usually

This journal is © The Royal Society of Chemistry 2019
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containing only hydrated cations or H,O molecules."®>*
Resolving hydrogen locations in crystal structures of hydrated
uranium oxysalts is thus crucial for advancing our under-
standing of the thermodynamic stability and thus potential
release of uranium into the environment. This is the case of
complex uranyl-oxide phases and minerals, which are known
for their extensive H-bonding, which drives their stabilities and
affecting their occurrence in nature.* Despite of the impor-
tance, a complete crystallographic data set (including positions
of H atoms) are available only for few of these minerals. The
major challenges in direct determination of H-atoms positions
are the high absorption of X-ray and small or poorly developed
crystals available for the structure analysis. Therefore, the
combination of methods, usually comprising XRD structure
determination and with the parameter from Density Functional
Theory (DFT) optimization of crystal structure, has become to
be used more widely.>**

The current study demonstrates the possibility of elucida-
tion H atoms in the structure of highly-absorbing material for X-
rays, where the localization of hydrogens remains poorly
constraint. Here, we demonstrate the successful hydrogen atom
localization by combining X-ray diffraction and a recently
developed Torque method.”

Methods

Sample

The phase of interest in our study is the mineral curite, origi-
nally described in 1921 by Alfred Schoep from Shinkolobwe
mine, Shaba province, Democratic Republic of Congo, Africa, as
2PbO-5U0;-4H,0.*® Curite is an important product of uraninite
weathering, occurring at the very mature stages or uraninite
alteration. It is characteristic for the high molar proportion of
(Me*" + U) and a low H,O content. The most recent crystal-
structure determination on a series of natural crystals and its
Sr-dominant synthetic analogue demonstrated that curite is
slightly non-stoichiometric, with the general structural formula
Pbs.,(H,0),[(UO,)404:x(OH)3_],, where x = 0.08 for case of
natural crystals.”>®® Those studies suggested a charge-balance
mechanism in the structure, however, they were not able to
resolve positions of the H atoms within the structure. The
structure of curite is based upon the uranyl-oxo-hydroxide
sheets of the curite topology (Fig. 1a with /Pb;,,2"(H,"l0),
complex between the sheets (Fig. 1c). These sheets consist of
infinite chains of equatorial edge-sharing pentagonal bipyra-
mids and highly distorted square bipyramids (in an unusual
ratio of 3 : 1); that are corner-linked with intermittent triangular
motifs (Fig. 1b). The diffraction studies along with electron-
microprobe analysis revealed that the Pb content in curite is
somewhat variable and balanced by a charge compensating
change of the (OH) content within the sheets.

X-ray diffraction

Long-prismatic fragment (0.074 x 0.028 x 0.008 mm) of curite
crystal from the locality Shinkolobwe, the Shaba province,
Democratic Republic of Congo was used for single-crystal X-ray
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Fig. 1 (a) Uranyl-oxy-hydroxide (UOH) sheet present in the structure
of curite, and (b) its corresponding sheet uranyl-anion topology. (c)
Crystal structure of curite view down [010] with corrugated UOH sheet
and Pb atoms (grey) in interlayer. Voids in the structure (marked in
blue) are populated by H atom of the OH groups. H atoms omitted for
better clarity.

diffraction experiment. The X-ray data collection was done at
room temperature with a Rigaku SuperNova single-crystal
diffractometer (MoK, radiation from a micro-focus X-ray tube
collimated and monochromatized by mirror-optics and detec-
ted by an Atlas S2 CCD detector). In line with previous structure
determinations it has been found that curite is orthorhombic,
space group Pnma, with a = 12.5510(10), b = 8.3760(4), ¢ =
13.0107(9) A, V = 1367.78(16) A®, and Z = 2. Integration of the
diffraction data, including corrections for background, polari-
zation and Lorentz effects and absorption correction was
carried out with the CrysAlis RED program. Crystallographic
data and experimental details are given in Table 1. The structure
of curite was solved by the charge-flipping algorithm using the
SHELXT program.® The structure was then refined using the
software Jana2006 with the full-matrix least-squares refinement
based on F>.*? Structure solution revealed position of all atoms
except of hydrogens. The position of hydrogen atoms were
ascertained from the difference Fourier maps. The H atoms
were refined using a mix of soft constraints on O-H distances,
0.98(4) A, and with the U, of each H set to 1.2 times that of the
donor O atom. Details on the H atoms refinement from the X-
ray data are below. Final atom coordinates and displacement
parameters as obtained from the refinement and selected
interatomic distances can be found as ESI.} Results of the bond-
valence analysis*® are given in Table 2; the bond-valence
parameters were taken from recent review by Gagné & Haw-
thorne.* The summary of the H-bonds geometry is given in
Table 3, along with the fractional coordinates obtained both
from X-rays and calculations.

Torque method calculations

The orientation of H,O molecule was optimized with the Torque
method, a robust and fast real-space method for determining

RSC Adv., 2019, 9, 10058-10063 | 10059
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Table 1 Miscellaneous crystallographic data for curite

a (&) 12.551(1) Radiation MoK,
b 8.3760(4) Reflections 15 611
c 13.0107(9) Independent reflections 1732
v (A% 1367.78(16) Independent reflections with I > 3a(I) 1374
zZ 2

Space-group Pnma Rint (%) 6.33
Deate. (g cm ™) 7.404 R (obs.) 3.58
Crystal size (mm) 0.074 x 0.028 x 0.008 WwR (obs.) 7.16
w(mm™1) 65.78 GOF 1.56

H,O orientations from rotational equilibrium.?” The same study
showed that Torque predicted equilibrium orientations and
experiment lead to the same hydrogen bond topology. In the
Torque method, the H,O molecules are placed such that its
oxygen matches the location known from experiment. In
contrast the locations of the two hydrogens are not required.
They are chosen according to the water model that provides the
charges of the oxygen and hydrogen in the water molecules,
here TIP3P.* The initial orientation of the H,O molecule(s) is
(are) randomly chosen. The charges of the remaining ions, Pb,
U, O, and H were taken from two models: the first model is
based on common oxidation states; the second model utilizes
Brown bond-valence charges® as obtained for the refined curite
structure (Table 2). The partial occupancies of the two Pb sites
(Table S1t) have been taken into account, by modeling fully
occupied sites but multiplying the Pb charges with the site-
occupancy. Therefore, the charges remain consistent with the
chosen charge model, and the site contribution to electrostatics
is rescaled by the site-occupancy, as explained in ref. 27. With
these definitions we have a complete electrostatic model that
allows deriving forces and computing torques. The torques are
used to guide the water orientation toward rotational equilib-
rium. We tested each charge model for 500 randomly chosen
initial orientations, in total 1000 configurations. The results of
the Torque method reported below refer to the statistical anal-
ysis of the Torque predicted rotational equilibrium
orientations.

Table 3 Hydrogen-bond geometry (in A and °) in the structure of
curite and corresponding coordinates for the H atoms from the two
sets obtained from the Torque method refinement

D-H--A D-H H--A DA D-H-A (%)
05-H5---02 0.98(3) 2.08(12) 2.915(15) 141(13)
012-H12---011 0.97(4) 1.91(5) 2.831(18) 158(11)
0O4-H4a---01 1.00 2.00 2.97 164
0O4-H4b---09 0.95 1.92 2.87 170
Results

Structure revealed from X-ray data

General crystal architecture is in line with previous structure
determinations.””?® The current structure refinement (Table 1)
provided nearly the same results regarding the occupancy of the
two interlayer Pb sites. There are two OH sites within the
structural unit, associated with O5 and O12 atom, and one H,O
site (O4) in the structure according to the bond-valence analysis
(Table 2). The site-scattering refinement and the bond-valence
considerations resulted in the structural formula
IPb, 05> (H,10),[(U0,)104.02(OH):.0], Z = 2.

Determination of H atoms from X-ray data

Localization of the H atoms in the structure of curite based on
X-ray data appeared to be relatively straightforward in case of H
atoms associated with the (OH) groups within the structural

Table 2 Bond-valence analysis for curite (values in valence units, vu; x2|, x2—: multiplicity; > BV: sum of bond-valences)

U1 U2 U3 Pb1 Pb2 H5 H12 H4a H4b > BV
01 1.55 0.21 x 2 0.24 x 2| 0.08 2.07
02 1.51 0.18 1.76
03 0.56 0.61 x 2| 0.89 x 2| 0.08 x 2 0.07 2.07
04 0.25 x 2] 0.83 0.92 2.08
05 0.59 0.54 x 2| 0.86 2.00
06 0.71 X 2— 0.67 0.11 2.19
o7 1.45 0.34 0.12 1.91
08 1.56 0.22 x 2| 0.16 x 2 1.94
09 1.57 0.07 0.25 0.10 1.98
010 0.59 x 2— 0.58 0.26 2.03
011 1.59 0.06 0.10 1.75
012 0.36 0.59 0.89 1.84
>"BV 5.92 6.02 6.04 1.87 1.85 0.93 0.99 0.91 1.01
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units. There are two difference Fourier maxima, first localized
0.99 A (charge 0.43e) from 012 (OH group), and second local-
ized 1.08 A (charge 0.32¢) from O5 (OH group). These two can be
successfully refined providing a reasonable bonding-geometry
(Table 3).

Additionally, there is a difference Fourier electron density
associated with atom 04, which according to the bond-valence
analysis (Table 2) belong to a H,O group. Nevertheless, the best
attempts to assign H positions resulted in unreasonably large
H-O-H angles. The refinement with a single H atom associated
to the O4 site, which lies at the inversion-center, returned two
symmetrically related H4 and H4' atoms, that both belong to
the Pnma (8d) site, with an implied H4-O-H4' angle of 180°,
assuming full occupancy of the (8d) site. To conclude, structure
refinement from powder data provided a reasonable position
for hydrogen in the O-H groups while the positions of water and
the induced hydrogen bonding network remained unresolved.
The Torque method does not rely on the hydrogen locations of
water and was initialized from the final X-ray refinement
results, exclusive the (8d) site hydrogen atoms of H,O, and
proceeded as described in the previous section on Torque
method calculations.

Torque predicted H,O orientations in curite

The oxidation state of Pb is consistent with inferences from
ionic radii. Pb**-0 is expected to be ~2.6 A and Pb**-O is ex-
pected to be ~2.2 A. Comparing these values with ESI (Table
S37) for the experimental bond length supports that Pb is in a 2+
oxidation state, a finding that is also consistent with BV results
(Table 2). The first charge model for the Torque method
consists of common oxidation states, +2, +6, —2, and +1, for Pb,
U, O, and H, respectively. The second charge model uses the BV
charges as derived for the refined structure (Table 2). The unit
cell for model 1 is charge neutral while for model 2 it carries
a small net charge of approximately —0.25¢ per unit cell. The
detailed analysis of the rotational equilibrium orientations ob-
tained from 500 random initial orientations for each of the two
charge models (1000 initial orientations in total) shows that
they converge to five distinct final orientations, irrespective of
the charge model. The distribution of the converged orienta-
tions over these 5 configurations is dominated by one configu-
ration (Fig. 2), that occurs with a frequency of =80% and
hydrogen in sites H4a and H4b (Fig. 2 and Table 3). H4a and
H4b represent two distinct rotational equilibrium orientations
about the same oxygen. The detailed analysis of these two
configurations shows that they are related to each other through
inversion symmetry. For both water orientations one O-H bond
is sub-parallel to the (linear) H4-O-H4' direction, as identified
in our X-ray refinements. In addition, the Torque method
allowed identifying the orientation of the remaining O-H bonds
and to clarify the nature of the hydrogen bonding network.
Thus, the Torque method results strongly suggest that the
hydrogen (8d) site is only half occupied, in agreement with our
X-ray structure refinement. The same two orientations domi-
nate in both charge models, showing that the Torque method is

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 Hydrogen-bonds network in the structure of curite as
proposed from X-ray data and the Torque method. The O4 atom of
the H,O group is blue, H---acceptor bonds are displayed in light blue
color.

robust even in cases where the net charge of the unit cell is not
exactly zero and corroborating our experimental findings.

Discussion

Results from both X-ray experiments and the Torque method
revealed hydrogen bonds network in the mineral curite. While
the orientation of the OH groups is more or less reliable from
the X-ray data, the meaningful orientation of the H,O molecule
in the structure was only possible with the help of Torque
calculations. The H-bond network is schematically given in
Fig. 2. The H-bond associated with the O5 (OH) atom is
accepted by the O2 atom. The H-bond emanating from 012
(OH) atom is accepted by O11 atom. Both bonds provide bond-
valence contributions that stabilize the otherwise undersatu-
rated O atoms, in terms of its bond-valence requirements (Table
2). Two hydrogen bonds emanating from the H,O molecule (04)
are as follows O4-H4a---O1 and O4-H4b---09. All H---A bond-
lengths are reasonable, resulting in a bond-strength of ~0.10
VU

Nevertheless, the charge-balance mechanism that takes
place in the curite structure, in order to balance the non-
stoichiometry of the Pb content, has remained unclear. Yet
previous structure determinations excluded a H,O — (OH)
substitution in the interlayer; a mechanism that is supported
and favored by the results of our study. Most likely the balance
is kept by the local (OH) <> O, substitution; however, resolution
of such process is far beyond the possibilities of the refinement
from X-ray data.

One of the classifications of molecular H,O in the structures
of inorganic solids is following their role in the structure
bonding.*"***” Particular types of H,O can be distinguished
based on the coordination number of O atoms in these H,O
groups: there are transformer, non-transformer, and inverse
transformer H,O groups with [3], [4], and [5]-fold coordinated O
atoms, respectively. Their role is generally to transfer the bond-

RSC Adv., 2019, 9, 10058-10063 | 10061
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valence from cations (Lewis acids) to anions (Lewis bases),
keeping the structure together, as the strengths of these
components are equal or similarly matching, following the
valence-matching principle of the bond-valence theory.>**” In
the structure of curite, there is a single H,O group, where the
coordination number of the donor O atom is [4]; therefore it is
expected to involve a non-transformer H,O group. This finding
is in disagreement with the composition predicted by a theo-
retical approach, which is based on bond-valence calculations,
used previously.”” According to that, curite should contain at
least one inverse-transformer group. Nevertheless, the current
finding that, most probably there is not any inverse-transformer
H,0 group similar to the case of lead-uranyl-silicate mineral
kasolite, which was also predicted to contain
transformer H,0 group.”**® Thus, the combination of experi-
ment and theory, provides access to the previously lacking
crystallography of the hydrogen bonding network in curite.
Therefore, our study provides an important pre-requisite for
understanding the mechanisms that stabilize the structure of
this hydrated uranium oxysalt mineral.

inverse-

Conclusions

Previous experimental studies on the crystal structure of lead-
uranyl-oxide mineral curite, ideally Pb;(H,0),[(UO,),s-
0,4(OH);],, lacked the positions of hydrogen atoms as it was not
possible to localize them from single-crystal X-ray diffraction
data due to high absorption of the mineral phase (4 ~ 66 mm "
for the Mo-radiation). In the present study, the complete crystal
structure of curite has been determined by using a combination
of X-ray diffraction data and rotational equilibrium simulations
(Torque method). This method was shown previously to be
a robust and simple approach for determining the orientation
of H,O molecules in complex inorganic structures. Current
results show that curite is slightly non-stoichiometric in Pb
contents and a charge balance mechanism via (OH) < O,
substitution within the structural sheets. Unlike earlier
prediction, the current study shows that curite contains only
one non-transformer H,O group. The hydrogen bonding system
maintains the bonding between the sheets additionally to Pb-O
bonds; among them a H-bond between the OH group and an
apical Oyrany1 atom in the adjacent sheet (Fig. 2) is crucial for
thermodynamic stability. Thus, the combination of experiment
and the rotational equilibrium condition provides new insights
into H,O bond networks in complex structured oxides that are
needed to advance our understanding of SNF materials and
their interaction with the environment.
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