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Abstract: Due to the high solubility of uranyl sulfate and selenite minerals, the investigation
involving the determination of the crystal structures and physical properties of these minerals
is essential in actinide environmental chemistry for the simulation of uranium migration from
uraninite deposits and nuclear waste repositories. However, the determination of the complete
crystal structures of the uranyl sulfate minerals johannite (Cu(UO3)2(SO4),(OH), -8H,O) and
pseudojohannite (Cuz(UO;)4(SO4),04(0OH), -12H,0) and the uranyl selenite mineral derriksite
(Cuy[((UO,)(SeO3),(OH)¢]) has not been feasible so far. In this work, the crystal structures of
these minerals, including the positions of the hydrogen atoms, are determined using first princi-
ples solid-state methods based on periodic density functional theory using plane wave basis sets
and pseudopotentials. The lattice parameters and associated geometrical variables as well as the
corresponding X-ray diffraction patterns derived from the computed crystal structures are in excel-
lent agreement with their experimental counterparts, derived from the corresponding experimental
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¥ structures lacking the hydrogen atom positions. The complete crystal structure of derriksite is also
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determined by refinement from X-ray diffraction data, the resulting structure being consistent with
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only because they define the corresponding hydrogen bond networks holding together the atoms in
the structures, but also because it allows for the efficient, inexpensive and safe determination of the
physical properties using first principles methods. This feature is particularly important in the case
of uranium-containing minerals due to their radiotoxicity, complicating the handling of the samples
and experimental measurements. In this work, from the computed crystal structures, the elasticity
tensors of these minerals are computed using the finite displacement method and a rich set of elastic
properties including the bulk, Young’s and shear moduli, the Poisson’s ratio, ductility, anisotropy and
hardness indices and bulk modulus derivatives with respect to pressure derivatives are determined.

Accepted: 20 October 2022
Published: 22 October 2022 Keywords: uranyl sulfate minerals; uranyl selenite minerals; crystal structures; X-ray diffraction;

Publisher’s Note: MDPI stays neutral mechanical properties; periodic density functional theory

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.

1. Introduction

Investigations on the chemistry of aqueous uranyl sulfate ions under hydrothermal
conditions, powered by the nuclear industry, has been mainly driven by the Generation
IV nuclear reactor program [1,2]. However, the research involving the determination
of the crystalline structures and physical properties of uranyl sulfate and uranyl selenite
minerals is less developed despite its crucial role in actinide environmental chemistry for the
simulation of the uranium migration from uraninite deposits and nuclear waste repositories
due to their high solubility in aqueous solutions. While uranyl selenite minerals are less
abundant, these minerals are also very interesting from radiochemical and geochemical
points of view. Fission products contain 53 g per ton [3] of the 7’Se isotope, having
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a half-life of 1.1 x 10° years [4] three years after nuclear fuel irradiation. Therefore,
understanding the formation processes of natural and synthetic selenites is important for the
processing of spent nuclear fuel. Following a previous study on the structure and physical
properties of the uranyl sulfate oxyhydroxide tetradecahydrate mineral uranopilite [5], the
hydrated copper uranyl sulfate minerals johannite [6-20] (Cu(UO;)2(SO4),(OH), -8H,0)
and pseudojohannite [21-25] (Cuz(UO;)4(504),04(OH), -12H,0) and the copper uranyl
selenite hydroxide mineral derriksite (Cuy[((UO;)(SeO3),(OH),) [26-31] were selected for
this study. These minerals, whose complete crystal structures are unknown, are well-known
secondary minerals, important for studying the oxidative dissolution processes occurring in
spent nuclear fuel repositories and uranium deposits [32-34]. The study of these minerals
is also important in environmental investigations of acid mine drainage, since they are also
found after the oxidative dissolution processes of sulfide and selenide minerals, commonly
found in uranium mineral deposits, occurring when they are exposed to air, water, and
microorganisms [35-38]. These processes result in the formation of solutions with low
pH, containing high concentrations of metals and toxic elements which are extremely
harmful for flora and fauna. The term “complete crystal structures” means that the unit
cell parameters and fractional coordinates of all atoms in the unit cell of these minerals are
fully specified. The previous crystal structures lack the positions of the hydrogen atoms
due to the insufficient quality of the X-ray diffraction patterns. Without these positions,
it is impossible to describe the forces holding together the atoms in the corresponding
crystal structures because hydrogen bonding is one of the most important bonding forces
in these minerals.

The uranyl sulfate mineral group displays an extremely large structural and com-
positional variety and contains more than thirty different mineral species [32]. Mineral
uranopilite [5] belongs to uranyl sulfate Group I, not containing metallic cations. This min-
eral is of primary importance, since it one of the earliest uranyl sulfate minerals appearing
in the paragenetic sequence of uranyl-containing minerals appearing after the corrosion
of uraninite ore deposits when uraninite is exposed to sulfur-rich solutions with low pH.
Johannite belongs to Group II, appearing rapidly where uraninite or Group I minerals are
associated with primary copper sulfide minerals (as chalcopyrite and tennantite). Finally,
pseudojohannite, despite its name, is structurally unrelated to johannite [23], and belongs
to the zippeite group (III), whose component minerals are later in the paragenetic se-
quence. Selenite mineral group, while important [30], is much less numerous and contains
only nine minerals, the most important ones, together with derriksite, being guilleminite,
demesmacekerite, and marthozite [30].

Mineral johannite has been known since the earliest years of 19th century and was
first described by John in 1821 [6] under the name “uranvitriol”, and later named by
Wilhelm Karl Ritter von Haidinger 1830 [7,8]. Its name was coined after Archduke John of
Austria (1782-1859), the founder of the Landesmuseum Joanneum (Styria, Austria) and
has long been investigated [6—20]. Its chemical composition was first established in 1935 by
Novacek [10], although the number of water molecules per unit cell was not correct. The
correct composition was later inferred by Mereiter [15,16] (eight water molecules and two
hydroxyl ions) and confirmed on natural and synthetic johannite [18-20]. Its symmetry
was shown to be triclinic by Hurlbut [12] and later by Donnay [13], and its structure was
finally described by Mereiter [15,16]. However, this important mineral is highly hydrated
and, unfortunately, the positions of the hydrogens in its structure are not known. Itis a
widely distributed mineral, the main localities including Argentina, Czech Republic, Gabon,
Germany, Greece, France, Italy, Switzerland, United Kingdom and the United States. The
type locality is “Elias Mine” in Jachymov (Czech Republic). Pseudojohannite, however,
was first described at the end of the 20th century by Ondrus et al. in 1997 and later in
2003 [21,22] from samples from Jachymov ore district (St. Joachimsthal, Western Bohemia,
Czech Republic). These authors showed it to be triclinic. Its name was coined on the basis
of the common elemental composition with johannite. However, based on the characteristic
U:S ratio of 2:1, Brugger et al. [23] showed it to belong to the zippeite mineral group from a
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synchrotron powder diffraction study without full structure determination. This feature
was confirmed by Plasil et al. [24,25], which reported its final formula and studied the
structure from a sample from Widowmaker mine, White Canyon, San Juan County, Utah,
USA, using single-crystal X-ray diffraction. However, the data quality was not sufficient
to reveal the hydrogen positions. Pseudojohannite is much less widely distributed than
johannite, with the type locality being Jachymov (Czech Republic). Finally, derriksite has
low abundance, although it has been found in multiple localities in Congo, USA, France,
Switzerland and Spain [31]. Derriksite was first found in the oxidized zone of the of
Musonoi (Katanga, Democratic Republic of Congo) copper—cobalt deposit and named after
Jean-Marie Francois Joseph Derriks, a Belgian geologist and administrator of UMHK (Union
Miniere du Haut-Katanga). The crystal structure of derriksite, lacking the positions of
hydrogens, was reported by Ginderow and Cesbron in 1984 [27]. Several studies concerning
this mineral and the uranyl selenite mineral group have been published [26-31].

In this work, the crystal structures of the minerals johannite, pseudojohannite and
derriksite, including the positions of the hydrogen atoms, are determined using first princi-
ples theoretical methods based on periodic density functional theory (DFT). The complete
crystal structure of derriksite is also determined by refinement from X-ray diffraction data.
The knowledge of the positions of the hydrogen atoms defining the corresponding hydro-
gen bond networks holding together the atoms in the structures, is important because it
allows for the efficient and safe determination of the physical properties of these minerals
using first principles methods [5,39-42]. This feature is particularly important in the case of
uranium containing minerals due to their radiotoxicity, complicating the handling and ex-
perimental measurements. In this work, from the computed crystal structures, the elasticity
tensors of these minerals are computed using the finite displacement method and a rich
set of mechanical properties including the bulk, Young’s and shear moduli, the Poisson’s
ratio, ductility, hardness and anisotropy indices and bulk modulus pressure derivatives
are determined.

2. Materials and Methods
2.1. Experimental

A derriksite natural crystal from Musonoi (Democratic Republic of the Congo) was
studied by means of single-crystal X-ray diffraction. A dark green prismatic crystal (approx-
imately 1 mm in length) was used for room temperature X-ray diffraction data collection
with a Rigaku SuperNova single-crystal diffractometer using MoKa radiation from a micro-
focus X-ray tube collimated and monochromatized by mirror-optics and detected by an
Atlas S2 CCD detector). The crystal structure determination led, in accordance with previ-
ous structure refinements [27], to the results that derriksite is orthorhombic, space group
Pn2ym (no. 31) with a = 5.9655(2) A, b = 5.5755(2) ¢ = 19.0960(5) A, & = B = 7 =90.0,
V =635.15(4) A’ (Z =2). The integration of X-ray diffraction data, including polarization,
background and Lorentz and absorption corrections, was conducted with the CrysAlis
RED proGram [43]. The structure of derriksite was solved by the Intrinsic Phasing method
using the SHELXT computer proGram [44]. The structure was then refined employing
Jana2006 software with the full-matrix least-squares refinement based on F2 [45]. The posi-
tion of all atoms except hydrogens were revealed in the structure solution. The positions 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 and with the atomic displacement
parameter, Ueq, of each H set to 1.2 times that of the donor O atom. The crystallographic
and refinement data, together with the final fractional coordinates and anisotropic dis-
placement parameters in the crystal structure of derriksite are given in Tables S1-S3 of the
Supplementary Material (SM). The final structure is also given in the SM as a file of the
CIF (Crystallographic Information File) type. It must be noted that, in the current setting,
derriksite has the space group Pmn2;.
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2.2. First Principles Solid-State Methods

The crystal structures and mechanical properties of johannite, pseudojohannite and
derriksite were modeled using first principles solid-state methods based on Density Func-
tional Theory (DFT) using basis sets composed of plane waves and pseudopotential func-
tions to describe the inner electrons [46]. All the calculations were performed using the
Cambridge Serial Total Energy ProGram (CASTEP) computer code [47] interfaced with
the Materials Studio proGram package [48]. The Perdew—Becke-Ernzerhof (PBE) energy-
density functional [49] complemented with D2 Grimme empirical correction [50] was
used. All the computational works were performed using standard norm-conserving
pseudopotentials [51] for all atoms, except for uranium. In this case, a high-quality new
scalar-relativistic norm conserving pseudopotentials developed in a previous work [52]
was employed. The material data and calculation parameters of the three minerals stud-
ied are collected in Table 54 of the SM. The BFGS (Broyden-Fletcher-Goldfarb—Shanno)
method [53] was employed to optimize completely their crystal structures, that is, all the
atomic positions and unit cell parameters, were determined. The structure optimizations
were performed using the experimental structures reported by Mereiter [16], Plasil et al. [24]
and Ginderow and Cesbron [27] for johannite, pseudojohannite and derriksite, respectively,
as starting point. Since these structures, lack the hydrogen atom positions, they were
supplemented by initial values of these positions using a simple procedure. The closest
oxygen atoms to each water molecule or hydroxyl oxygen atom in the crystal structure
were found. Then, two hydrogen atoms were placed along the lines linking the water
oxygen atoms and two near oxygen atoms with the condition that the geometry of a water
molecule is approximately satisfied. For the hydroxyl oxygen atoms, only one hydrogen
atom must be introduced. The hydrogen atoms were put at a distance from the water or
hydroxyl oxygen atoms of about 1.1 A. These distances are only used to provide reasonable
initial position of the H atoms which are later submitted to unconstrained full optimization.
BFGS method was then used to fully optimize all the possible structures resulting from the
different initial positions of the hydrogen atoms. These optimizations yielded several final
structures. The positiveness of the energy hessian matrix for these structures was checked.
All structures except one were discarded using energy criteria. All geometry optimizations
were performed using stringent convergence tolerances. The thresholds in the variation of
the total energy, maximum atomic force, maximum atomic displacement, and maximum
stress were of 2.5 x 107 eV /atom, 0.005 eV /A, 2.5 x 107* A and 0.0025 GPa, respectively.
The X-ray diffraction patterns [54] of the minerals under study were derived from the
experimental and computed crystal structures using CuK« radiation (A = 1.540598 A) using
the REFLEX software included in Materials Studio program suite [48].

The elements of the stiffness matrix [55], the so-called elastic constants, needed to
assess the mechanical stability of their crystal structures and to evaluate the elastic prop-
erties of the minerals considered, were determined using the finite deformation method
(FDM) [56]. In this method, the individual elastic constants are determined from the stress
tensors resulting from the response of the material to finite programmed symmetry-adapted
strains [56] using stress-strain relationships. This technique has been successfully employed
to describe the elastic properties many solid materials, such us uranium-containing com-
pounds [5,39,41,42], organic crystals [57,58] and metal-organic compounds [59-61]. The
reliability of the computed elastic properties has been established recently by the experi-
mental confirmation of the negative area compressibility effect in silver oxalate [60], which
was predicted using first principles methods [59]. The EIAM computer program [62] was
employed to generate 3D representations of the elastic properties as a function of the
orientation of the applied strain. The structures of the uranyl minerals studied in this
work were fully optimized under the effect of fifteen different external isotropic pressures
in the range going from —1.0 to 9.0 GPa. The pressure-volume (PV) data obtained were
then fitted to a Birch-Murnaghan equation of state of 4th order (4-BM-EQOS) [63]. From the
values of the fit parameters, the derivatives of the bulk-modulus with respect to pressure
were derived. Angel's EOSFIT 5.2 software [64,65] was employed to fit the PV-data to the
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selected equation of state. The BFGS method was also used for performing the full structure
optimizations under pressure.

3. Results and Discussion
3.1. Crystal Structures
3.1.1. Johannite

The computed crystal structure of johannite mineral is displayed in Figure 1. Uranium
injohannite displays pentagonal bipyramidal, UO,[O3(OH);] coordination. Uranyl polyhe-
dra are composed of a nearly linear uranyl ion and five equatorial ligands [O3(OH),]. Thus,
hydroxyl ions are placed in equatorial positions. Likewise, the sulfur atom displays tetra-
hedral coordination, SOy, and the copper exhibits octahedral coordination, CuO;[(OHy)4].
As can be observed in Figure 1, the structure of johannite is layered (Figure 1A), with
the interlayer space between the sheets being occupied by copper polyhedra. Johannite
sheets (Figure 1B) consist of pairs of pentagonal bipyramids sharing an equatorial edge,
which are linked through the vertices of SO, tetrahedra to form uranyl sulfate layers with a
composition [(UO;)(OH) 2(SOL)]*. Copper ions are linked up and down with the uranyl
sulfate layers through the oxygen ions in the apical positions. The layers in johannite are
obtained from the phosphuranylite anion topology by populating each pentagon with a
uranyl ion and each triangle of the anion topology with the face of a SO, tetrahedron, the
hexagons being vacant in johannite [32].

Figure 1. Views of the crystal structure of johannite mineral: (A) view of the unit cell from the [0 1 0]
direction; (B) view of a johannite uranyl sulfate sheet. Color code: Cu—orange; U—blue; S—yellow;
O—red; H—white.

The computed and experimental unit cell parameters of johannite are presented in
Table 1. As can be observed, these parameters are well reproduced, theoretically, with the
unit cell volume being underestimated by 2.6%. As can be noticed in the first row of Table 1,
in the present case, the PBE functional, without dispersion corrections, overestimates the
unit cell volume by 4.6%. Thus, dispersion corrections improve the results significantly. The
calculated interatomic distances are compared with their experimental counterparts [16] in
Table S5 of the SM. The U — O distances are well reproduced, with the differences in the
average U — O apical and equatorial distances being about 0.02 A. The Cu — O distances
are also satisfactorily obtained, with the differences being at most 0.07 A. Finally, the differ-
ences in the interatomic distances in the sulfate tetrahedra are reproduced within 0.02 A.
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From the computed and experimental crystal structures of johannite, the X-ray diffraction
pattern of johannite was derived. The resulting patterns, shown in Figure 2, are consistent.
A detailed comparison of the positions of the most intense reflections in the experimental
and computed patterns is provided in Table S8 of the Supplementary Materials.

Table 1. Calculated lattice parameters of johannite, pseudojohannite and derriksite minerals.

Parameter a(d) b (A) c(A) « (deg) B (deg) v (deg) Vol. (A%) p (g/cm3)

Johannite

PBE 9.4683 9.6198 6.8980 110.80 111.46 102.37 502.0302 3.220

DFT-D2 8.9602 9.4402 6.7871 109.27 110.56 103.14 467.5905 3.458

Exp. [16] 8.9030 9.4990 6.8120 109.87 112.01 100.40 480.1969 3.367

Pseudojohannite

PBE 8.6934 9.0300 10.1807 74.56 71.74 75.88 720.2325 4.097

DFT-D2 8.6160 8.9516 10.0226 76.61 71.09 75.86 699.2791 4.220

Exp. [24] 8.6744 8.8692 10.0090 72.11 70.54 76.04 682.6059 4.323
Derriksite

PBE 6.1425 5.9530 5.9530 90.00 90.00 90.00 697.2246 5.480

DFT-D2 6.1180 5.8027 18.8629 90.00 90.00 90.00 669.6411 5.706

Exp. (This work) 5.9655 5.5755 19.0960 90.00 90.00 90.00 635.1452 6.016

Exp. [27] 5.570 5.965 19.088 90.00 90.00 90.00 635.15(2) 6.025
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Figure 2. X-ray diffraction patterns of johannite, pseudojohannite and derriksite derived from
experimental [16,24,27] and theoretical crystal structures.
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Hydrogen Bonding Network

There are four non-equivalent water molecules in the unit cell of johannite—W8, W9,
W10 and W1l—and one hydroxyl ion, OH3. W8 and W9 form part of the coordination
environment of the copper atom and W10 and W11 are free water molecules. OH3 enters in
the coordination sphere of U atom in its equatorial structure. The hydrogen bond structure
derived from the computations is shown in Figure 3. As can be observed in Table 2, there
are nine non-equivalent hydrogen bonds in the structure of johannite. In the first hydrogen
bond, OW8-H8WB-: - - OW10, the donor oxygen atom, OWS, is from water molecule W8
(belonging to Cu coordination structure) and the acceptor oxygen atom, OW10, is from a
free water molecule, W10. The next H bond is also from W8, and the acceptor O atom, O7,
is from a S tetrahedron. The hydrogen bonds from OW9 are similar, one links W9 with the
free water molecule W1 and the other W9 with O7 from an S tetrahedron. The hydrogen
bonds arising from the free water molecule OW10 as hydrogen bond donor links W10 with
the free water molecule W11 and W10 with an O atom (O1) of U coordination polyhedra.
The free OW11 links W1 with OW9 from Cu coordination structure and the hydroxyl
ion OH3 from U coordination structure. Finally, the hydroxyl OH3 links U polyhedra
with a free water molecule. Thus, two hydrogen bonds link Cu octahedra with free water
molecules, two hydrogen bonds link Cu octahedra with S tetrahedra, three hydrogen bonds
link U bipyramids and free water molecules, one hydrogen bond links U bipyramids with
Cu octahedra, and one hydrogen bond links two free water molecules. Consequently,
the hydrogen bond structure in johannite servers to hold the full structure together by
linking: (1) Cu octahedra, S tetrahedra and U bipyramids, (2) Cu octahedra with free water
molecules and (3) Free water molecules with other free water molecules.

o .

. ! -
Hw g o1 \

-
®

/ \\ /
‘ Y04 HW]0B
awi A \ ' 4 ( '
. . /.

e /
~ V4
L

e
Rt
. QW9
AN /

Figure 3. Hydrogen bonding structure in the crystal structure of johannite. (A) Hydrogen bonds
donated by OW8 and OW9; (B) Hydrogen bonds donated by OW10 and OW11.

Table 2. Hydrogen bond parameters in johannite (distances are given in A and angles in degrees).

Hydrogen bond (O1-H. - -02) 01---02 H---02 «(O1-H- - -02)
OW-H.--O
OWS8-H8WB- - - OW10 2.664 1.712 157.73
OWS-H8WA. - - 07 2.700 1.721 167.48
OWO9-HOWB. - - 07 2.721 1.748 165.69
OWO9-H9WA. - - OW10 2.672 1.710 160.12
OW10-H10WA. - - OW11 2.774 1.797 168.34
OW10-H10WB-. - - O1 2.794 1.810 177.88
OWI11-HW11A. - - OW9 2.734 2.258 139.47
OW11-HW11B. - - OH3 3.164 1.868 166.67
OH3-H3: - - -OW11 2.734 1.738 174.00
OH-H.--O

OH3-HO3- - - OW11 2.734 1.738 174.00
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3.1.2. Pseudojohannite

The computed crystal structure of pseudojohannite is shown in Figure 4. The unit cell
contains two non-equivalent uranium atoms, two non-equivalent Cu atoms and one distinct
S atom. Uranium atoms display pentagonal bipyramidal coordination, UO;. The S atoms
are tetrahedrally coordinated, SO4. The coordination structure of the non-equivalent Cu
atoms is shown in Figure 5. The non-equivalent Cul atoms display octahedral coordination,
Cu(OHy) ¢ with four shorter equatorial bonds and two longer axial bonds (see Table S6),
typical of Jahn—Teller effect in Cu(Il) [66]. However, the Cu2 atoms are coordinated by
five ligands only (Cu(OH,);(OH),), with one long and four shorter bonds leading to a
square pyramidal coordination, also typical for the Jahn-Teller distortion in Cu(Il) [66].
Pseudojohannite possesses a layered structure. The uranyl bipyramids form chains by
sharing equatorial edges with the other two uranyl bipyramids, as shown in Figure 4.
Adjacent uranyl bipyramid chains are then linked by sharing equatorial vertices with
the sulfate tetrahedra to form sheets with a composition [(UO;),04(SOy4) 2]47, typical of
zippeite topology [32]. The interlayer space is occupied by Cu2 atom pyramids forming
chains with composition [Cuz(OH),(H,0);,]** running parallel to [1 0 0], joined through
the pyramid apices through corner-sharing with the Cul octahedra. The interlayer structure
in pseudojohannite is described in detail in the work by Plasil [25].

Figure 4. Views of the structure of pseudojohannite mineral: (A) view of the full unit cell from the
[0 0 1] crystallographic direction; (B) view of a johannite uranyl sulfate sheet. Color code: Cu—orange;
U—blue; S—yellow, O—red, H—white.
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Figure 5. Structure of the Cu coordination polyhedra in mineral pseudojohannite: (A) Cul coordi-
nation polyhedron; (B) Cu, coordination polyhedron. Color code: Cu—orange; S—yellow; O—red;
H—white.

The computed lattice parameters of pseudojohannite are given in Table 1. As in
johannite, the unit cell parameters are also well reproduced. The unit cell volume is
overestimated by 2.4%, and the PBE functional without dispersion corrections overestimates
the unit cell volume by 5.5%. The calculated interatomic distances are contrasted with the
experimental ones [24] in Table S6 of the SM. The average U — O apical and equatorial
interatomic lengths are reproduced within 0.02 A. The Cu — O and Se — O distances are
also satisfactorily obtained. The X-ray diffraction patterns of pseudojohannite derived
from the computed and experimental crystal structures are shown in Figure 2, and, as can
be observed are in good agreement. The positions of the most intense reflections in the
computed and experimental patterns are compared in detail in Table S9 of the SM. The
largest difference is observed in the [0 3 3] reflection, A = 0.01°.

Hydrogen Bonding Network

There are six water molecules in the unit cell of pseudojohannite that are non-equivalent,
W1, W4, W7, W9, W10, and W13, and one hydroxyl ion, OH3. W1, W4, and W9 form
part of the coordination structure of the copper Cul atom, and W10, W13, W4 and OH3
form part of the coordination structure of the copper Cu2 atom. Thus, W4 connects the
coordination polyhedra of the two copper atoms. Water molecule W7 does not belong to
the coordination structure of any atom and, therefore, is a free water molecule. As has
been said, OH3 forms part of the coordination sphere of Cu2 atom. The hydrogen bond
structure derived from the computations is displayed in Figure 6. As can be observed
in Figure 6 and Table 3, there are thirteen non-equivalent hydrogen bonds. In the first
hydrogen bond, OW1-HIWA. - - OW16, the donor oxygen atom, OW1, is from a W1 water
molecule (belonging to Cul coordination structure), and the acceptor oxygen atom, O16,
belongs to a S-coordination polyhedron. The second H bond is from W1, and the acceptor O
atom is from OH3, belonging to Cu2 coordination environment. The hydrogen bonds from
OWH4 link Cul polyhedra with O atoms from S tetrahedra (O15) and a free water molecule
(W7). The hydrogen bonds from free water molecule W7 include one with water molecule
OW10 from the Cu2 coordination structure, while the other links W7 with an O atom (O6)
of the U1 coordination polyhedra. The hydrogen bonds from W9 link Cul with O8 and
O11 from Ul and U2. The hydrogen bonds from OW10 link Cu2 with O6 and O14 from
Ul and U2. The hydrogen bonds from W13 link Cu2 with O8 from U1l and with the free
water molecule W7. Finally, OH3 links Cu2 polyhedra with O17 from U2. Consequently,
the hydrogen bond structure in pseudojohannite serves to hold the full structure together
by linking: (1) Cu octahedra, S tetrahedra and U bipyramids and (2) Cu octahedra and U
bipyramids with free water.
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Figure 6. Hydrogen bonding structure in the crystal structure of pseudojohannite. Hydrogen bonds
donated by OW1 and OW4 and OH3.

Table 3. Hydrogen bond parameters in pseudojohannite (distances are given in A and angles
in degrees).

Hydrogen bond O1-H- - -O2 O1---02 H---02 « (O1-H- - -02)
OW-H:--O
OWI1-H1IWA. - - O16 2.805 1.837 167.15
OW1-H1WB-. - - OH3 2.601 1.598 168.62
OW4-H4WA. - - OW7 2.736 1.754 169.12
OW4-H4WB-. - - 015 2.946 1.999 162.49
OW7-H7WA. - - 06 3.029 2.400 157.18
OW7-H7WB-. - - OW10 2.955 2.196 133.82
OWO9-HW9A. - - 011 2.904 1.928 171.65
OW9-HWOIB-. - - O8 2.699 1.712 172.23
OW10-HW10A. - - O6 2.802 1.928 146.71
OW10-HW10B. - - 014 2.662 1.664 174.05
OW13-HW13A. - - O8 2.776 1.834 158.62
OW13-HW13B- - - OW7 2.751 1.807 156.94
OH-H---O
OH3-HO3. - - 017 2.797 1.811 175.00

3.1.3. Derriksite

The crystal structure of derriksite is displayed in Figure 7. There is one non-equivalent
uranium atom and three and two nonequivalent copper and selenium atoms in the der-
riksite unit cell. Uranium atoms in derriksite display tetragonal bipyramidal coordination
and copper atoms display octahedral coordination. Selenium atoms are arranged in the
form of trigonal pyramids, SeOs, where the upper apex is occupied by the selenium atom
(Figure 3). The crystal structure of derriksite is constructed from one-dimensional uranyl
selenite chains directed along the [1 0 0] crystallographic direction. In between two uranyl
selenite chains, the copper octahedral layers are arranged parallel to the (110) plane, in
which each Cu atom has four OH groups shared with the neighboring Cu atoms. The chains
and octahedral layers are linked through selenite coordination polyhedra as displayed in
Figure 3. Two subsequent uranyl polyhedra in a given uranyl selenite chain are linked by
sharing adjacent vertices with selenite groups. The oxygen atoms in the two opposed SeOs
pyramids are disposed up and down relative to the plane of the chain of the U bipyramids.
The stereochemically active lone-electron pair in Se atom is thus disposed down or up of
the chain plane. In a given uranyl selenite chain the selenite lone pairs are always disposed
in the same way, for example, (ud)-(ud) ..., and in the next chain (to the right in Figure 7A)
they take the opposite form, (du)-(du). Therefore, in a selenite group, two of the oxygen
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triangle vertices connect two uranyl bipyramids and the remaining one link uranyl selenite
chains and copper layers.

Figure 7. Structure of mineral derriksite: (A) view of the full unit cell from [0 1 0]; (B) copper
octahedpral layer; (C) selenium trigonal pyramids. Color code: U—blue; Cu—orange; Se—yellow;
O—red; H—white.

The computed lattice parameters of derriksite, given in Table 1, have larger differences
with respect to experiment than those of johannite and pseudojohannite. The unit cell
volume is overestimated by 5.5%. The overestimation of the unit cell volume obtained using
the PBE functional without dispersion corrections is 9.9%. The most probable reason for the
larger differences in the computed unit cell parameters with respect to their experimental
counterparts in derriksite compared to in johannite and pseudojohannite is the inferior
quality and transferability of the norm-conserving pseudopotential employed to describe
the inner electrons of selenium atom in derriksite. The calculated interatomic distances
agree well with the experimental ones [27], as can be appreciated in Table S7 of the SM. The
X-ray diffraction patterns derived from the calculated and experimental crystal structures,
given in Figure 1 and Table 510, are also in good agreement.

Hydrogen Bonding Network

There are four non-equivalent hydroxyl ions in derriksite, OH1, OH2, OH3 and OH4.
All of them belong to the copper coordination structure. The hydrogen bonds in derriksite
are given in Table 4 and shown in Figure 8. There are four types of hydrogen bonds in
derriksite: OH2-HO2- - - O9, OH3-HO3- - - 09, OH4-HO4- - - O1 and OH5-HO5- - - O8. In
the first and second hydrogen bonds, the donor atoms are the hydroxyl oxygen atoms HO2
and HO3, forming part of copper coordination octahedra, and the acceptor oxygen ion is
09 from a selenite group. Thus, the O9 atom receives two hydrogen bonds donated by the
hydroxyl oxygen atoms OH2 and OH3. The third and fourth hydrogen bonds are donated
by OH4 and OH5 from Cu octahedra and are received by O1 and O8 from U1 bipyramids.
Thus, the hydrogen bond structure in derriksite serves to link Cu octahedra with Se and
U polyhedra.

Table 4. Hydrogen bond parameters in derriksite (distances are given in A and angles in degrees).

Exp. (This Work) Calc.
Hydrogen Bond
01---02 H --02 a(O1-H- - -02) 01---02 H---02 «(01-H- - -02)
OH2-HO2. - - 09 3.144 2.399 135.87 3.174 2.425 133.45
OH3-HO3-: - - 09 2.839 2.046 139.79 2.757 1.803 159.93
OH4-HO4- - - O1 2.820 1.883 170.66 2.719 1.759 160.68
OH5-HOS- - - 08 3.091 2.173 161.53 2.938 1.957 177.37
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Figure 8. Hydrogen bonding structure in the crystal structure of derriksite.

3.2. Mechanical Properties

3.2.1. Elastic Constants and Mechanical Stability

The computed elastic tensors of johannite, pseudojohannite and derriksite are given in
Table 5. Since johannite and pseudojohannite are triclinic, all the elastic constants are non-
vanishing. However, derriksite is monoclinic and has only nine non-vanishing elastic con-
stants. The general Born mechanical stability condition is that the elastic matrices of these
minerals should be positive definite, that is, all their eigenvalues are non-vanishing [67,68].
Therefore, all these tensors were diagonalized using numerical methods. Since all the
computed eigenvalues were positive, it follows that the structures of the three minerals are

mechanically stable.

Table 5. Computed elastic constants of johannite and pseudojohannite. All the values are given

in GPa.

ij Cij
Johannite Pseudojohannite Derriksite

11 36.85 99.90 110.55
22 82.02 97.70 45.29
33 24.97 56.62 63.19
44 23.43 14.72 10.97
55 7.19 21.02 9.44
66 8.67 28.99 21.78
12 8.42 41.27 24.48
13 8.42 31.41 29.23
14 2.59 0.29 0.0
15 3.71 14.56 0.0
16 5.33 —5.64 0.0
23 82.02 17.12 16.13
24 6.08 15.67 0.0
25 3.10 6.72 0.0
26 —0.64 —5.92 0.0
34 7.13 0.80 0.0
35 4.04 —7.05 0.0
36 6.38 0.66 0.0
45 —0.59 5.53 0.0
46 2.24 5.38 0.0
56 1.38 0.69 0.0
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3.2.2. Mechanical Properties

The elastic properties for polycrystalline aggregates of these minerals were obtained
in terms of the calculated elastic constants, using the Reuss [69], Voigt [70] and Hill [71]
approaches. The best approximation, defined as that giving the best approximation of the
bulk modulus to the bulk modulus obtained from the 4-BM EOS, was found to be, as in
many previous cases [39,41,42,57-61], the Reuss approximation. The computed mechanical
properties obtained using this approximation are given in Table 6. The mechanical proper-
ties of mineral uranopilite, determined in a previous work [5], are also included in the table
for comparison. While uranopilite and johannite have a low bulk modulus of the order of
B ~ 20 GPa and, therefore, are quite compressible (compressibility is the inverse of bulk
modulus), pseudojohannite and derriksite have larger bulk modulus. Similarly, uranopilite
and johannite are less shear-resistant than pseudojohannite and derriksite in accordance
with the values of the shear moduli, G. As can be seen, as uranopilite, the three minerals
are ductile because the computed ductility index [72] is larger than 1.75 [73]. Furthermore,
the three minerals are weak, because the Vickers hardness [74] is small. Reference values
of the Vickers hardness (H), measuring the resistance of a material to indentation, may
be found in a previous paper [61]. Finally, while johannite and pseudojohannite are quite
mechanically anisotropic, their universal anisotropy index, AY [75], is much smaller than
that of uranopilite (AU values are 3.28 and 3.19, respectively, in johannite and pseudo-
johannite). Derriksite is quite isotropic (AY= 1.36). The dependence of the mechanical
properties of johannite, pseudojohannite and derriksite are displayed in Figure 9. As can
be seen, no mechanical anomalies, easily detected by analyzing these graphs [57-61], are
present in these minerals. The presence of mechanical anomalies, such as the negative linear
compressibility [76] and the negative Poisson’s ratio [77], is usually correlated with the
mechanical anisotropy [57-62]. The fact that the universal anisotropy index of uranopilite
is almost double than in johannite and pseudojohannite is in accordance with the presence
of negative mechanical phenomena in the first and the absence of them in the latter ones.

Table 6. Calculated mechanical properties of uranopilite, johannite, pseudojohannite and derriksite
in the Reuss approximation. The values of the bulk, Young’s and shear moduli (B, G and E) are
given in GPa units. The computed bulk modulus and its first two derivatives with respect to pressure
derived from the 4-BM-EOS are also given.

Property Uranopilite Johannite Pseudojohannite Derriksite
Elastic constants
B Bulk modulus 21.52 £1.33 20.90 £ 0.62 39.34 £ 0.51 33.47 + 1.06
G Shear modulus 10.94 11.57 15.01 14.91
E Young’s modulus 28.06 29.30 39.95 38.95
v Poisson’s ratio 0.28 0.27 0.33 0.31
D Ductility index 1.97 1.81 2.62 2.24
H Hardness index 0.67 1.19 0.22 0.77
AU Universal anisotropy 6.65 3.28 3.19 1.36
4-BM-EOS
B (GPa) Bulk modulus 20.74 + 0.44 21.97 + 0.42 4197 +0.77 33.06 + 0.29
B’ Bulk modulus first derivative 7.30 £ 0.58 2.56 4 0.66 2.27 +1.07 12.05 £+ 0.46
B'(GPa™) Bulk modulus second derivative —2214+050  1.87 +043 0.75 + 0.56 —6.30 £ 0.60
x2 x> parameter (fit) 0.004 0.002 0.002 0.001
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Figure 9. Elastic properties of (A) johannite, (B) pseudojohannite and (C) derriksite minerals as
a function of the orientation of the applied strain: (x) Compressibility; (E ) Young’s modulus;
(G ) Shear modulus; (v ) Poisson’s ratio. The largest values of the compressibility, Young’s mod-
ulus, shear modulus and Poisson’s ratio are 36.42 TPa’l, 45.35 GPa, 27.59 GPa and 0.87 for johannite,
19.98 TPa~!, 91.59 GPa, 35.37 GPa and 0.93, for pseudojohannite, and 17.03 TPa~!, 31.06 GPa,
26.39 GPa and 0.66 for derriksite, respectively.

4. Conclusions

The complete crystal structures of johannite, pseudojohannite and derriksite, contain-
ing the positions of the hydrogen bonds, were determined by employing first principles
theoretical methods based on periodic density functional theory employing basis sets com-
posed from plane-waves and norm-conserving pseudopotentials. The calculated unit cell
parameters, interatomic distances and X-ray powder patterns were in very good agreement
with the experimental information. For derriksite, the crystal structure was also determined
by refinement from X-ray diffraction data, with the resulting structure being consistent
with the structure determined theoretically. The availability of these crystal structures
made it possible to theoretically determine its elastic tensor and equation of state, because
knowledge of optimized complete crystal structures is required for the application of first
principles methods. The mechanical stability of johannite, pseudojohannite and derrik-
site, and a rich set of important mechanical properties were derived from the calculated
elasticity matrix and equation of state. The values of the bulk, Young’s and shear moduli,
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the Poisson’s ratio and the ductility, anisotropy and hardness indices, as well as the bulk
modulus derivatives with respect to pressure were predicted since these properties have
not been measured experimentally. The unit cells of johannite and pseudojohannite are
highly hydrated, containing eight and twelve water molecules per formula unit. Thus,
a large fraction of the atoms in their unit cells belongs to water molecules or hydroxyl
ions (61 and 62%). The study of highly hydrated materials using theoretical methods is a
great challenge due to the weak nature of the interactions between the water molecules
themselves and with the remaining constituents in the unit cells. The excellent quality
of the results obtained in this and previous works [5,39,41-43] for this kind of materials
indicate that, indeed, stafe of the art first principles methodologies are capable of accurately
describing the crystal structure and properties of highly hydrated materials.

The present results should be extended to study the vibrational spectra and thermody-
namic properties of these minerals. The infrared and Raman spectra of these minerals are
fundamental for their identification, and their computation using first principles methods
must allow for their rigorous assignment, as shown in previous works [5,41,42]. Fur-
thermore, the knowledge of their thermodynamic functions is crucial for studying their
formation processes and understanding the paragenetic sequence of these minerals arising
due to the oxidation/hydration processes occurring in uranite deposits and spent fuel
nuclear waste repositories. Their Gibbs free energies and entropies determine fundamental
parameters, such as solubility and reaction constants [40,78,79], that are required for the sim-
ulation of the migration of uranium from uraninite deposits, nuclear waste repositories, and
uranium-contaminated sites. The knowledge base acquired in previous studies [40,78,79]
should allow for the study of the relative thermodynamic stability of these minerals relative
to a wide series of secondary phases of nuclear fuel as a function of temperature.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/cryst12111503/s1, Table S1. Crystallographic and refinement data for
derriksite; Table S2. Fractional atomic coordinates in the unit cell of derriksite; Table S3. Anisotropic
displacement parameters in the unit cell of derriksite; Table S4. Material data and calculation parame-
ters; Table S5. Interatomic distances in johannite; Table S6. Interatomic distances in pseudojohannite:
Table S7. Interatomic distances in derriksite; Table S8. Most intense reflections in the X-ray diffraction
pattern of johannite; Table S9. Most intense reflections in the X-ray diffraction pattern of pseudojohan-
nite; Table S10. Most intense reflections in the X-ray diffraction pattern of derriksite. References [16,24]
are citied in supplementary materials.
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