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ABSTRACT: Uranium compounds a-Ba,[UO,(PO,),] (1),
p-Ba,[UO,(PO,),] (2), and Ba,[UO,(AsO,),] (3) were
synthesized by H;BO;/B,0; flux reactions, though boron is
not incorporated into the structures. Phases 1 and 2 are
topologically identical, but 1 is heavily distorted with respect to
2. An unusual UO, pentagonal bipyramid occurs in 1,
exhibiting a highly distorted equatorial configuration and
significant bending of the uranyl group, due to edge-sharing

with one neighboring PO,*” tetrahedron. Compound 2 contains more normal square bipyramids that share corners with four
neighboring PO,>” tetrahedra, but the uranyl cation UO,*" is tilted relative to the equatorial plane. Experimental evidence as well
as density functional theory (DFT) calculations suggest that 1 is more stable than 2. In theory, 1 and 2 can interconvert by
forming/releasing the shared edge between the uranyl polyhedron and the phosphate tetrahedron. Similar fundamental building
blocks in $-Ba,[UO,(PO,),] and Ba,[UO,(AsO,),] indicate a possible evolution of uranyl-based structures from chain to layer

type and formation of an accretional series.

1. INTRODUCTION

The development of uranium solid-state chemistry enhances our
understanding of mineralogical, geological, environmental, and
technological issues of nuclear legacy."” In 2005, Burns' pointed
out that at least 368 structures of inorganic uranyl compounds
(including 89 minerals) were known. Since then, more than 250
additional inorganic uranyl compounds and minerals have been
reported. Of all these structures, less than 20% contain chains of
polyhedra, but more than 50% are layered structures. Although a
novel approach for describing and classifying uranyl phases has
been developed,"” the relationship between uranyl chain
structures and layered structures has not been fully realized.
Uranium(VI) is the most frequent valence state of uranium, in
both natural uranyl minerals and synthetic compounds."* It is
most commonly found to have short distances from two oxygen
atoms to form an approximately linear uranyl ion (UO,**) with
an O=U=0 angle close to 180°. The uranyl ion is typically
coordinated by 4, S, or 6 additional atoms (mostly O, but also C,
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N, etc.) in the equatorial plane to form a uranyl square,
pentagonal, or hexagonal bipyramid, respectively. If appropriate,
uranyl and equatorial oxygen atoms will be denoted Oy, and O,
henceforth. Normally, the O,y atoms within a given bipyramid
form a flat plane with similar U—L (L = O, C, N, etc.) bond
distances, which are usually longer than the U=Oy; bonds in
UO,*". There are also some exceptions with unusual uranium
coordination such as the uranium(VI) tetraoxido core, UO,*,
which is, however, more common for An*" (An = Np, Pu).5 Ina
uranium(VI) tetraoxido core square bipyramid, the equatorial
bonds are shorter than the bonds within the UO,** group.”
Uranyl phosphates and arsenates form two important groups
in the family of uranyl minerals and mineral-like compounds.
Because of the close relationship between the crystal chemistry of
P(V) and As(V), their corresponding compounds often show
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Table 1. Crystallographic Data for 1, 2, and 3

a-Ba,[UO,(PO,),] (1)

molecular weight

color, shape

734.63

green, prism

crystal system triclinic
space group P1

a(A) 6.774(2)
b (A) 8.634(3)
c(A) 9.030(4)
a (deg) 104.55(3)
B (deg) 93.87(2)
y (deg) 112.13(3)
V(A% 465.7(3)
z 2

T (K) 293

A (A) 0.71073
max 20 (deg) 56.56
Peaea (grem™) 5239
u(Mo Ka) (em™) 260.86
R(F) for F,2 > 26(F,%)* 0.0398
R,(F2)® 0.1442

“R(F) =XIIF,| — IFMl/YIF,. °R(F,?) = [w(F,* = F2)*/ Zw(F})]"2

ﬁ—Baz[UOZ(PO4)2] (2) Baz[Uoz(ASO4)2] (3)

734.63

yellow, prism

822.53
green, tablet

monoclinic monoclinic
C2/m P2,/n
12.6020(9) 11.1033(5)
5.3875(4) 8.7704(3)
6.9527(3) 21.3572(8)
102.621(4) 104.686(3)
460.64(5) 2011.83(14)
2 4

293 293
0.71073 0.71073
56.56 57.56
5.297 5.431
263.74 303.66
0.0315 0.0293
0.0716 0.0626

similar crystal structures. A common topology is that of autunite/
metautenite, where each uranyl square bipyramid is connected to
four tetrahedra, and vice versa.' These phases are typically
synthesized under hydrothermal conditions. Recently, Alekseev
1°~F and Renard et al.%® significantly extended the range of
the uranyl phosphate/arsenate family by employing high-
temperature solid-state reactions. Notably, all the phases were
obtained by direct reactions of uranium oxide/nitrate,
phosphorus/arsenic oxide, and A'"*" (where A is, for example,
alkali or alkaline earth elements) nitrates/carbonates without the
use of fluxes.

Herein, we report on our study of a new U(VI)-based system
with composition Ba,[UO,(TO,),] (T = P, As) synthesized
from borate fluxes. The members of this system exhibit an
unusual coordination environment of uranium(VI) in a-
Ba,[UO,(PO,),] and an interesting 1D/2D structural relation-
ship between $-Ba,[UO,(PO,),] and Ba,[UO,(AsO,),].

2. EXPERIMENTAL SECTION

2.1. Syntheses. UO,(NO;),-6H,0 (Merck), Ba(NO,), (Alfa
Aesar), BaCO; (Alfa Aesar), H;BO,; (Alfa Aesar), BPO, (Alfa Aesar),
B,0; (Alfa Aesar), and NH,H,AsO, (Alfa Aesar) were used as received.
All syntheses used high-temperature fluxes and were performed in
platinum crucibles. After the reactions were cooled to room temper-
ature, singe crystals were harvested mechanically with a small knife and
picked up with a stainless steel needle previous to crystallographic study.
Caution! Uranium is a radioactive element, and all operations have to be
performed in the frame of radiation safety instructions.

2.1.3. Synthesis of a-Ba,[UO,(PO,),] (1). BaCO; (197.34 mg, 1
mmol), B,O; (34.81 mg, 0.5 mmol), BPO, (105.78 mg, 1 mmol), and
UO,(NO;),-6H,0 (125.5 mg, 0.25 mmol) (molar ratio Ba:B:P:U =
4:8:4:1) were ground in an agate mortar and placed into a platinum
crucible. The mixture was heated to 1000 °C at a rate of 200 °C/h, kept
at this temperature for 120 min, slowly cooled down (7 °C/h) to 300 °C,
and finally quenched to room temperature. The product contained
green prismatic crystals of 1 in a glassy mass.

2.1.2. Synthesis of f-Ba,[UO,(PO,),] (2). BaCO; (789.36 mg, 4
mmol), H;BO; (245.52 mg, 4 mmol), BPO, (211.56 mg, 2 mmol), and
UO,(NO;),-6H,0 (10042 mg, 2 mmol) (molar ratio Ba:B:P:U =
2:3:1:1) were ground in an agate mortar and placed into a platinum
crucible. The mixture was heated to 1300 °C at a rate of 180 °C/h, kept
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at this temperature for 2 h, slowly cooled down (7 °C/h) to 300 °C, and
quenched. The product contained yellow prismatic crystals of 2 in a
glassy mass.

2.1.3. Synthesis of Ba,[UO,(AsO,),] (3). Ba(NO;), (261.37 mg, 1
mmol), B,0; (69.62 mg, 1 mmol), NH,H,AsO, (317.96 mg, 2 mmol),
and UO,(NO;),-6H,0 (125.5 mg, 0.25 mmol) (molar ratio Ba:B:As:U
= 4:8:8:1) were ground in an agate mortar and placed into a platinum
crucible. The mixture was heated to 1000 °C at a rate of 200 °C/h, kept
at this temperature for S h, slowly cooled (S °C/h) to 300 °C, and
quenched. The resulting mixture contained green tablet crystals of 3 in a
glassy mass.

2.2. Pure Phase Preparation of a-Ba,[UO,(PO,),]. The only
phase we were able to prepare in pure form was a-Ba,[UO,(PO,),].
Ba(NO,),, UO,(NO;),-6H,0, and NH,H,PO, were taken in molar
ratio equivalent to 2:1:2, ground, placed in a Pt crucible, and heated up
to 850 °C for 12 h. This resulted in a yellowish powder of pure a-
Ba,[UO,(PO,),]. The other components, including nitrate, ammo-
nium, and water, were volatilized during the heating. Several attempts to
prepare the second polymorph, -Ba,[UO,(PO,),], by use of lower or
higher temperatures or B,Oj as a flux remained unsuccessful.

2.3. Powder X-ray Diffraction. We used standard room-temper-
ature X-ray powder diffraction to test the purity of the obtained a-
Ba,[UO,(PO,),]. A Bruker D4 Endeavor diffractometer, 40 kV/40 mA,
Cu Ka radiation (4 = 1.541 87 A), equipped with a linear silicon strip
LynxEye detector (Bruker) was used. Data were recorded in the range
260 = 10—80° with 10 s/step and a step width of 0.02°. The aperture of
the fixed divergence slit was set to 0.2 mm and the aperture of the
receiving slit to 8.0 mm. In order to reduce possible fluorescence effects,
the discriminator of the detector was set to an interval 0.16—0.25 V. The
experimental and calculated powder patterns are provided in the
Supporting Information (Figure S1). No phase other than 1 could be
observed.

2.4. Crystallographic Studies. Crystals selected for data collection
were mounted on a Nonius charge-coupled device (CCD) four-circle
diffractometer. All data were collected by use of monochromatic Mo Ko
radiation (4 = 0.710 73 A). The unit-cell dimensions for all compounds
(Table 1) were refined by least-squares techniques against the positions
of all measured reflections. More than one hemisphere of data was
collected for each crystal, and the three-dimensional (3D) data were
integrated and corrected for Lorentz, polarization, and background
effects by use of Evall4 procedures,” as implemented in the supporting
programs for the diffractometer. Data were scaled and corrected for
absorption effects by use of SADABS.® Additional information pertinent
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Figure 1. Polyhedral view of crystal structures of (a) 1 and (b) 2, and (c, d) their infinite chain structures with topological representation. Uranium and
phosphorus polyhedra are shown in yellow and green, respectively, while blue spheres represent Ba atoms.

to data collection is given in Table 1. The SHELXL-97 program was
used for the determination and refinement of the structures.” The
structures were solved by direct methods and refined to R, = 0.0398 for
1, 0.0315 for 2, and 0.0293 for 3.

2.5. Computational Method. In order to supplement and better
understand the experimentally obtained data we performed an ab initio
investigation of the polymorphic structures of 1 and 2. Calculations were
performed by density functional theory (DFT), which is nowadays a
widely used method for the computation of extended, many-particle
systems such as the ones investigated here. In order to account for strong
correlations, we applied the DFT+U method with fixed Hubbard U of
4.5 eV. This parameter describes the on-site Coulomb repulsion
between f electrons and its value has been derived from spectroscopic
data.'® DFT+U has been used successfully in many previous
computational studies of uranium-containing compounds.'’ We used
the plane-wave, periodic quantum-espresso code'* and PBE and PBEsol
exchange—correlation functionals,'* which are known to provide good
equilibrium structures, even for uranium compounds.'* Two different
DFT functionals and the DFT+U method have been applied in order to
better constrain the calculated structures and energies. The crystalline
solids were treated as continuous in all three spatial dimensions by
applying periodic boundary conditions. The supercells of both a- and -
Ba,[UO,(PO,),] contained 30 atoms (two formula units). We applied
an energy cutoff of 60 Ryd, and 2 X 3 X 3 Methfessel—Paxton k-point
grids,"® resulting in 10 k-points for the @ structure and 8 k-points for the
B structure, which was sufficient to provide energy convergence within
0.025 kJ/mol pfu (per formula unit). We performed two kinds of
calculations: (1) fixing the lattice parameters to the ones determined
experimentally and reported in Table 1 and (2) relaxing the lattice
parameters to a given pressure. In both calculations the ionic
configurations were relaxed to the equilibrium positions, so that the
maximum component of the residual forces on the ions was less than
0.00S eV/A. The fixed-pressure calculations were performed by relaxing
the lattice parameters and ionic positions so that the resulting pressure
was 0 GPa with a tolerance of 0.01 GPa. The core electrons of the
computed atoms were replaced by ultrasoft pseudopotentials'® and the
252 2p* electrons of oxygen and 6s* 6p® 5f> 6d' 7s? electrons of uranium
were treated explicitly. The vibrational frequencies used to estimate the
free energies were computed with density functional perturbation
theory and PBEsol exchange—correlation functional as implemented in
the quantum-espresso code.

3. RESULTS AND DISCUSSION

3.1. H;B03/B,0; Flux as a Reaction Medium for the
Preparation of New Uranium Compounds. H;BO,/B,0,
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fluxes have been widely used to prepare borate compounds'” and
have been employed here, too. H;BO; decomposes at high
temperatures to form B,O;. Therefore, in the present study with
synthesis temperatures of 1000 or 1300 °C, the actual flux
material was B,0;. From 1987 to 1991, Gasperin and co-
workers'® synthesized several actinide (U, Th) borates by use of
B,O; flux at high temperatures (1080—1200 °C). Recently,
Wang et al."”*™™ and Polinski et al.'"”™° expanded the knowledge
of the actinide borate family by using H;BOj; flux at much lower
temperatures (190—240 °C). It is worth noting that, in these
syntheses, borate was incorporated into the structures as the
major ligand. In the present work, despite the fact that all the
compounds were synthesized in the presence of H;BO; or B,0;,
no borate was incorporated into the structure under the
experimental conditions used. In the course of our previous
study, it was found that a pure uranyl borate, 5-UO,B,0,,'*® is
easily formed at high temperatures (up to 1200 °C) despite the
presence of other anions in the system. It is interesting to note
how changing experimental parameters are able to direct the
phase formation. With the same molar ratios as for the
preparation of 2, but using a lower temperature of 1000 °C
instead of 1300 °C, we obtained the complex nanostructured
Ba,[(UO,)(PO,),(Bs0,)]-nH,0 (BaBPU1).*° Therefore, we
suppose that 2 forms following the thermal decomposition of
BaBPUL. In the arsenate system we have not found any mixed B/
As phases and only compound 3 formed in the reactions.

3.2. Structure of @-Ba,[UO,(PO,),] (1) and Distortion of
Uranium Coordination. A fragment of the crystal structure of
1 is shown in Figure la. Atomic positions and displacement
parameters are given in Table S1 in Supporting Information. The
structure contains one symmetrically independent U, two Ba,
and two P atoms. It is based on infinite 1D chains with a cation
topology shown in Figure lc. A ball-and stick representation of
one of these chains is shown in Figure 2. The chains are
composed of UO, pentagonal bipyramids and PO, tetrahedra.
Each UO; polyhedron is connected to three PO, tetrahedra by
corner-sharing and to one PO, tetrahedron by edge-sharing
(Figures 1c and 3a). The uranyl polyhedra are isolated from each
other, as are the phosphate tetrahedra. P(1)O, is connected to
uranyl polyhedra only by corner-sharing, whereas P(2)O, is
connected to uranyl polyhedra via both corner-sharing and edge-
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Figure 2. Ball-and-stick view of uranyl phosphate chain in 1. U is shown
in yellow, P in green, and O in red.

sharing (Figures lc and 2). Similar coordination has been
reported earlier for isolated UO,(SO,),* clusters (Figure S2,
Supporting Information);*"** however, 1 is the first uranium
compound with an infinite chain that exhibits such mixed
coordination. Note that rings R1 [UO,—P(2)0,—UO,—P(2)-
0,4] and R2 [UO,—P(1)0,—UO,—P(1)0,] alternate along the
chain direction. The Ba atoms are located in the space between
the uranyl phosphate chains.

At 1.770(1) A, the U=0y, bond lengths of UO,*" are in the
expected range. By way of contrast, the Oy =U=Oy;, bond
angle [173.67(4)°] (Table S3, Supporting Information) is rather
unusual and indicates that the normally fairly linear, rod-shaped
uranyl ion is significantly bent (Figure 3c). Three of the
equatorial bonds are relatively short (around 2.30 A) and belong
to O atoms O(2), O(3), and O(6), which link uranyl and
phosphate polyhedra via common corners. Two longer bonds
involve O,q atoms in the shared edge, viz., O(5) [2.430(1) A] and
0(10) [2.749 (2) A] (Table 2). The O,q—U=O0y; angles deviate
significantly from the normally found approximately 90°; in
particular, Oeq(IO)—U(1)=OUr(9), with its value of 70.15(5)°,
is much lower compared to others (Table S3, Supporting
Information). The remarkable geometrical features of O(10) are
the consequence of the particular orientation of the edge-sharing
P(2)O, tetrahedron with respect to the UO,**. Usually shared
edges, if any, between uranyl bipyramids and tetrahedral groups
are more or less perpendicular to the UO,*" axis. In 1, however,
the bidentate P(2)O, group is tilted by approximately 45°
relative to UO,*" (Figures 2 and 3a). A least-squares plane
calculated for the O,y atoms O(2), O(3), O(5), and O(6) shows
that these atoms define a fairly flat plane with deviations from the
plane on the order of 0.05 A. However, O(10) has a distance of
about 1.5 A from this plane (see Table S4 in Supporting
Information). This is of the same order of magnitude as the
deviations of the apical Oy, atoms O(7) (=1.61 A) and O(9)
(1.89 A). Each ring, R1 and R2, transforms under the action of an
inversion at its center relating two opposite UO,, bipyramids and
P(2)O, or P(1)O, tetrahedra, respectively. If we now consider
ring R1, we find that triples O(10)—0(9)—0(7) and inversion-

(d)

Figure 3. Uranium coordination in (a, ¢) 1 and (b, d) 2. U is shown in yellow, P in green, and O in red.
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Table 2. Selected Bond Distances for 1 and 2

bond distance, A bond distance, A
a-Ba,[UO,(PO,),] (1)

U(1)-0(2) 2.297(1) P(1)-0(1) 1.524(1)
U(1)-0(3) 2.308(1) P(1)-0(2) 1.557(1)
U(1)-0(5) 2.430(1) P(1)-0(3) 1.559(1)
U(1)-0(6) 2.314(1) P(1)-0(4) 1.510(1)
U(1)=0(7) 1.771(1) P(2)-0(5) 1.548(1)
U(1)=0(9) 1.770(1) P(2)-0(6) 1.554(1)
U(1)-0(10) 2.749(2) P(2)-0(8) 1.510(1)

P(2)-0(10) 1.524(1)
Ba(1)-0(4) 2.697(1) Ba(2)-0(4) 2.631(1)
Ba(1)-0(10) 2.760(1) Ba(2)-0(8) 2.671(1)
Ba(1)—0(1) 2.828(2) Ba(2)—0(5) 2.790(2)
Ba(1)-0(8) 2.863(1) Ba(2)-0(1) 2.841(1)
Ba(1)—0(6) 2.920(1) Ba(2)-0(2) 2.924(1)
Ba(1)-0(6) 2.924(1) Ba(2)-0(3) 2.960(1)
Ba(1)-0(7) 2.934(1) Ba(2)—0(3) 2.999(1)
Ba(1)—0(5) 2.936(1) Ba(2)—0(9) 3.070(1)
Ba(1)—0(1) 2.947(1) Ba(2)—0(10) 3.264(2)
Ba(1)-0(2) 23.002(2)

ﬂ'Baz[UOz(PO4)2] (2)

U(1)=0(1) x 2 1.787(9) P(1)-0(3) 1.497(7)
U(1)-0(2) x 4 2.294(6) P(1)-0(4) 1.526(8)
Ba(1)-0(1) X 2 3.230(5) P(1)-0(2) X 2 1.538(6)
Ba(1)-0(4) 2.667(8) Ba(1)-0(2) x 2 2.948(6)
Ba(1)-0(4) 2.755(10) Ba(1)—O(2)# X 2 2.952(6)
Ba(1)—0(3) 2.820(8) Ba(1)-O(3)# x 2 2.986(3)

related O(10)*—0(9)*—0(7)* lie on opposite sides of the
least-squares planes with similar distances +1.5—1.9 A. This
brings O(10) and O(10)* into close contact with the Oy, on
their respective side of the equatorial plane with distances
0(10)—0(9) =2.72 Aand 0(10)—0O(7) = 2.80 A. Note that, for
a given O(10) or O(10)*, the partners [O(9) and O(7) or
0(9)* and O(7)*, respectively] belong to opposite UO,
bipyramids in R1. Let us restrict to the case of O(9) and its
contact with O(10) and, for the sake of argument, let us suppose
that the uranyl ion in the UO, bipyramid was ideally linear. In this
case O(9) had to take the position O(9’), provided all other
oxygens were fixed (Figure 4). Then, however, the distance

Figure 4. Cartoon showing the proposed steric hindrance between
0(10) and O(9)" in 1 (left) and its release (right-hand side). A similar
interaction occurs between O(7) and a symmetry-related O(10) (not
shown). The combined interaction leads to the observed bending of the
uranyl cation with an angle O(9)=U=0(7) of about 173°. U is shown
in yellow and O in red.

0(9')—0(10) would be 2.53 A, which is too short for normal
nonbonded O—O distances. (Note that distances between
oxygens in the same, rather rigid, PO, tetrahedra are not
considered here.) Therefore, repulsive forces could be expected
that push O(9’) away from O(10) into the position of O(9),
resulting in the actually observed longer distance of 2.72 A
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between O(9) and O(10) (Figure 4). This increased distance can
be considered to result in an energy gain (cf. Figure 4)2 A
similar argument applies for the interaction between O(10) and
O(7). As O(9) and O(7) on one side of the least-squares planes
belong to two opposite UO, bipyramids, the respective
repulsions emanating from O(10) act in opposite directions,
and because of the inversion symmetry, these oppositely oriented
repulsions occur also on the other side of the equatorial planes,
and as a result, the uranyl ions are bent away from O(10) and
0O(10)*, such that the angle O(7)=U(1)=0(9) becomes the
observed 173.67(4)° (Table S3, Supporting Information).

The O—P—O angles are in the range from 104.83(7)° to
114.04(7)°, with the largest one occurring at the shared edge of
P(2)O,. This stretching can be supposed to be due to the
described repulsive interactions between oxygens at the shared
edge and the apical uranyl oxygens. The P—O bond lengths range
from 1.510(1) to 1.559(1) A in P(1)O, and from 1.510(1) to
1.554(1) A in P(2)O, (Table 2).

Ba(1) and Ba(2) are coordinated by 10 or 9 oxygens,
respectively, whereby each one contains one Oy, in its
coordination sphere. The Ba—O bond distances range from
2.697(1) to 3.001(2) A in Ba(1) and from 2.631(1) to 3.264(2)
Ain Ba(2), where the latter value pertains to Ba(2)—0(10). The
bond valence sums (BVS) are 5.91 for U(1)* and 4.80, 4.84,
2.09, and 1.92, for P(1), P(2), Ba(1), and Ba(2), respectively
(Table S5, Supporting Information).”*

It is instructive to consider in slightly more detail the situation
around the two symmetrically independent PO, tetrahedra and
their bonding. Both tetrahedra are related by a t/2 pseudo-
translation along the chain (see Figure 2), where ¢ is the chain
periodicity. P(1)O, contains the oxygen atoms O(1), O(2),
0O(3), and O(4), and P(2)O, contains atoms O(S), O(6), O(8),
and O(10). Pairs of pseudotranslationally related O atoms can be
distinguished, viz., O(1)/0(8), 0(3)/0(6), O(2)/0(S), and
with some reservation, O(4)/0(10). O(1) and O(8) make two
bonds with Ba atoms, in addition to the bond with the respective
P; O(3) and O(6) are bound with two Ba, one P, and one U.
0O(2) and O(S) are also bound with two Ba, one P, and one U,
whereby O(S)—U (2.43 A) is considerably longer than O(2)—U
(2.30 A). If the two PO, tetrahedra were equivalent, then O(4)
and O(10) should have the same coordination. However, O(4) is
similar to O(1) and O(8) in that it forms two bonds with Ba in
addition to its bond with P(1), but O(10) diverges sharply. It
makes a short bond with P(2), as expected, but only one short
bond with Ba (2.76 A) and its uncommon bond with U of 2.75 A.
The second Ba is at a distance of 3.26 A, which is at the limit of
what may be accepted as a bond. Disregarding its bond with U,
0O(10) would be severely underbonded [about 1.5 valence units
(vu); for bond valences see Table SS in Supporting Information]
and this might be the reason why O(10) tries to make some
“good” distance from the uranyl group, even at the expense of a
distortion of the latter. The bond U—O(10) adds about 0.25 vu
to the BVS of O(10) (1.84) and the long bond U—Ba(2) adds
another 0.07; thus it seems that O(10) can still be considered as
underbonded. This lends itself to the speculation that some
contribution to the BVS of O(10) stems from the interaction
between O(10) and the Oy, atoms O(9) and O(7) as described
above. The contributions of the “real” O, atoms O(2), O(3),
and O(6) to the BVS of U(1) are about 0.6 each; O(S) has to
share its contribution with O(10) (0.2S vu) and donates only
0.46 vu. Each Oy, donates about 1.7 vu to the BVS of U, a value
that is not significantly different from what is observed in 2 (see
below).
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Table 3. Crystallographic Data for 1 and 2

a-Ba,[UO,(PO,),] (1)

ﬂ'Baz[Uoz(PO4)z] (2)

caled® caled”

exptl PBE PBE+U PBEsol PBEsol+U exptl PBE PBE+U PBEsol PBEsol+U
a(A) 6.774(2) 6.651 6.733 6.558 6.623 12.6020(9) 12,510 12.549 12.347 12372
b (A) 8.634(3) 8.739 8.694 8.508 8.427 5.3875(4) 5.536 5.637 5441 5.538
c () 9.030(4) 9.321 9.255 9.159 9.100 6.9527(3) 7.103 6.963 6.875 6.791
a (deg) 104.55(3) 105.884 104.147 105.070 103.001
f (deg) 93.87(2) 95.275 95.140 95.131 94.087 102.621(4) 103.111 103.294 103.386 103.618
¥ (deg) 112.13(3) 108.752 110.571 109.254 111.442
vV (A3) 465.7(3) 484.558 483.573 457.889 454.1184 460.64(5) 479.077 479.310 449.299 452.284

“Data were derived by DFT and DFT+U methods with relaxation of lattice parameters to P = 0 GPa at T = 0 K. The four calculated numbers
represent results obtained with PBE, PBE+U, PBEsol, and PBEsol+U methods.

Table 4. Selected Bond Distances for 1 and 2 Computed by DFT Methods

calcd distance® (A)

calcd distance® (A)

bond PBE PBE+U PBEsol PBEsol+U bond PBE PBE+U PBEsol PBEsol+U
a-Ba,[UO,(PO,),] (1)
U(1)-0(2) 2.311 2.353 2.286 2.327 P(1)-0(1) 1.546 1.547 1.543 1.543
U(1)-0(3) 2.331 2.392 2.303 2.361 P(1)-0(2) 1.534 1.540 1.577 1.575
U(1)—-0(5s) 2.502 2.571 2469 2.528 P(1)-0(3) 1.588 1.586 1.588 1.585
U(1)-0(6) 2.316 2.383 2.288 2.353 P(1)-0(4) 1.534 1.540 1.532 1.538
U(1)=0(7) 1.833 1.794 1.826 1.788 P(2)-0(5) 1.572 1.572 1.572 1.572
U(1)=0(9) 1.826 1.788 1.818 1.778 P(2)-0(6) 1.585 1.585 1.584 1.584
U(1)=0(10) 2.517 2.593 2.479 2.582 P(2)-0(8) 1.531 1.539 1.529 1.537
P(2)-0(10) 1.561 1.561 1.560 1.556
B-Ba,[UO,(PO,),] (2)
U(1)-0(1) 1.815 1.784 1.806 1.776 P(1)-0(3) 1.535 1.538 1.532 1.536
U(1)-0(2) 2.309 2.367 2.288 2342 P(1)-0(4) 1.539 1.544 1.538 1.542
P(1)-0(2) 1.586 1.584 1.585 1.582

“The four numbers represent results obtained with PBE, PBE+U, PBEsol, and PBEsol+U methods.

It is interesting to compare the described situation around
O(10) with that of the pseudotranslationally related O(4) in ring
R2. The distances O(4)—0(7) and O(4)—0(9) are 3.12 and
2.97 A, respectively. Bond valences for O(4) are —1.29 from
P(1), —0.33 from Ba(1), and —0.40 from Ba(2), giving a BVS of
—2.02 (Table SS, Supporting Information). This demonstrates
that O(4) is, indeed, well-behaved.

3.3. Structure of -Ba,[UO,(PO,),] (2). The situation in 2
appears to be simpler. A fragment of its crystal structure is shown
in Figure 1b. It is based on 1D chains parallel to the b axis. The
structure of the chains and their cationic topology in the form of
two-dimensional (2D) black and white graphs are shown in
Figure 1d. The chains are based on UOg square bipyramids and
PO, tetrahedra. Each equatorial oxygen atom in the UO4 square
bipyramid is corner-connected with a PO, tetrahedron; thus one
UOg4 square bipyramid is connected to four phosphate
tetrahedra, and vice versa (Figures 1d and 3b). The PO,
tetrahedra on each side of the chain are related by inversion.
This is topologically the same situation as in 1, where, however,
we have the described extra bonding and subsequent distortion.
The Ba atoms reside in the space between uranyl phosphate
chains and are coordinated by 11 oxygen atoms.

In contrast to 1, the square bipyramid in 2 appears to be well-
behaved with U=Oy;, bond distances between 1.787(9) and
2.294(6)A for all U~O, distances in the equatorial plane (Figure
3d, Table 2). The angle Oy, =U=O0y, is 180°, by symmetry.
The angles O,;—U=O0Oy,, however, are not 90°, as could have
been expected for a perfect bipyramid, but deviate by 4.7° from
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this value in such a way that the Oy, atoms at opposite apexes of
the uranyl cation are tilted in opposite directions, without
changing the angle Oy, =U= Oy, from 180° (Table S3,
Supporting Information). This is the effect of a putative repulsive
interaction between O(4) of the PO, tetrahedra and the apical
O(1), similar to the situation described for 1, resulting in a
distance of about 2.90 A. The difference is here that the
interactions on opposite sides of the uranyl group are directed
into opposite directions. In 1 the interaction was in the same
direction, which resulted in bending of the uranyl group, while
here it is directed in the opposite direction, resulting in the tilting.
P—O bond distances are quite normal and range from 1.497(7)
to 1.538(6) A with O—P—O angles from 105.5(4)° to 110.6(3)°.
BVS are 5.74 for U** and 4.96 for P.** The coordination number
(11) of barium is greater than in 1 (see above).”> The Ba—O
bond distances range from 2.666(9) to 3.230(5) A, which results
in a bond valence sum of 2.02 for Ba(1) in 2 (Table SS,
Supporting Information).**

3.4. Computational Study of Ba,[UO,(PO,),] Poly-
morphs. At first glance, one might think intuitively that the
energy needed to distort the uranyl bipyramid and the phosphate
tetrahedron in the structure of 1 would penalize this phase in
favor of 2. Experimentally, however, only 1 could be obtained as a
pure phase under various conditions, and even a heat treatment
at 1000 °C for 24 h did not change it. Therefore, it was interesting
to get some deeper insight into the relative stabilities of 1 and 2.
In order to achieve this goal, a set of DFT and DFT+U
calculations with PBE and PBEsol exchange—correlation func-

dx.doi.org/10.1021/ic500965v | Inorg. Chem. 2014, 53, 7650—7660



Inorganic Chemistry

Table S. Total Energies E and Free Energies F of Ba,[UO,(PO,),] Phases Computed by Different DFT Methods”

PBE PBE+U PBEsol PBEsol+U ST (kJ/mol)
phase E(kJ/mol)  F(kJ/mol) E(kJ/mol) F(kJ/mol) E(kJ/mol) F(kJ/mol) E(kJ/mol) F(kJ/mol) ZPE (kJ/mol) at300K at 1000K
a 0 0 0 0 8.5 140.4 206.2
a (relaxed) 0 0 0 0 8.5 140.4 206.2
s 16.7 134 9.6 6.3 20.2 16.9 12.8 9.5 8.4 144.4 209.4
B (relaxed) 16.9 13.6 3.7 0.4 23.6 20.3 9.8 6.5 8.4 144.4 209.4

“a-Phase is taken as a reference. The last three columns indicate zero-point energy (ZPE) and computed vibrational entropy at T = 300 K and 1000
K. Free energy is computed according to F = E — TS (T = 1000 K). The contribution from change in volume at ambient condition is below 0.1 kJ/
mol and therefore is not considered here.

tionals was performed. It is well-known that, of the two chosen and 4). The O,q—U=O0y; angle is 85.6°, which is in excellent
functionals, PBEsol results in better structural parameters while agreement with the measured value. Similar to a-
PBE gives better energies. We will therefore elaborate on the Ba,[UO,(PO,),], the computed P—O distances in f-
performance of these functionals for the prediction of structural Ba,[UO,(PO,),] are ~0.04 A longer than the measured bond
properties of the measured polymorphs. This will allow us to lengths, while the O—P—0 angles range from 104.3° to 112.0°,
better assess the energy differences between the two materials. which show good consistency with the experimental data.

First, we compared the lattice parameters derived with the 3.4.3. Comparison between a- and p-Ba,[UO,(PO,),]. In
aforementioned methods under the assumption that P = 0 GPa Table S, the energies and free energy differences between the two
and T = 0 K. The results are given in Table 3. In terms of volume, polymorphs are reported. With DFT calculations, it was found
the PBE functional overestimates its value by up to 4%, which is a that the difference in energy between the a- and S-phases ranges
well-known property of this functional,>® while PBEsol under- from 9.6 to 20.2 kJ/mol pfu depending on the computational
estimates it by up to 3%. Regarding the individual lattice method, indicating the a-Ba,[UO,(PO,),] phase is energetically
parameters, the PBEsol functional-derived results match the favored. Upon relaxation of the lattice parameters to P =0 GPa,
experimental numbers better in most cases. Therefore, for the energy difference is slightly different, ranging from 3.7 to 23.6
further discussion we will use results obtained with the PBEsol kJ/mol pfu. When one considers the free energy instead, also all
+U method. Although neither method gives superior prediction the applied methods predict the a-Ba,[UO,(PO,),] phase to be
of the individual lattice parameters, because the PBEsol more stable than 5-Ba,[UO,(PO,),]. It is known that, because of
functional-based methods slightly better reproduce the exper- bad handling of systems containing strongly correlated d and f
imental volumes, in further discussion we will use results electrons, DFT energies can carry significant error. PBE
obtained with the PBEsol+U method. functional also results in a large error (~60 kJ/mol) for the

3.4.1. a-Ba,[UO,(PO,),] (1). Selected bond lengths obtained atomization energies26 and enthalpies of reactions involving U-
from DFT and DFT+U calculations are reported in Table 4. The bearing molecules.*® For example, for uranium fluorides, oxides,
PBEsol+U equilibrium structure results in almost the same and oxofluorides, it overestimates the reaction enthalpies by as
values obtained from the diffraction experiment, namely, U= much as 50%."* We note that the investigated structures of a- and
Oy, bond lengths for UO,*" range from 1.778 to1.788 A, and the f-Ba,[UO,(PO,),] are rather similar, with a being a distorted
Oy, =U=O0y, angle of 174.5° shows the same distortion as version of f, and only significant differences between their
found experimentally. The distances between uranium and O electronic structures could lead to a significant error in the
are from 2.327 t02.582 A, with U(1)—O(2) being 0.03 A longer derived energy difference. In order to search for potential
and U(1)—0(10) 0.167 A shorter than the values reported in differences in the electronic structures of the two considered
Table 2, although the average of these two bonds agrees well phases, we performed a Loewdin population analysis of the
(within 0.04 A) with experiment. Interestingly, DFT+U charge distribution between different atomic orbitals. The result
significantly outperforms DFT in this aspect, with PBEsol giving is given in Table 6. The occupations projected on the atomic
an average of these bonds that is 0.12 A shorter. The O(9)= orbitals are very similar in both cases, which indicate very similar

U(1)—0O(10) angle is 75.2° and only slightly larger than the electronic structures of the two phases.
measured value. It is particularly satisfying to see that the
experimentally observed long distances for U(1)—0(S) (2.43 A) Table 6. Loewdin Population Analysis of U Atoms in 1 and 2
and U(1)—0(10) (2.75 A) are well reproduced by the

computational approach. The same is true for the critical ) i3 (5 o (5

0(9)—0(10) distance (computed 2.74 A, measured 2.72 A). a-Bay[U0,(PO,),] (1) 218 5.69 244 2.87
The P—O bond lengths range from 1.538 to 1.585 A. These B-Ba,[UO,(PO,),] (2) 218 5.68 243 2.90
bond lengths are ~0.03 A longer than the measured values.
However, such an overestimation of P—O bond length is a We also compare the electronic density of states computed for
common feature of DFT functionals.”” On the other hand, the the two structures (Figure S). The results are also very similar in
O—P—O angles range from 104.7° to 114.2° which is again in terms of the energies and shapes, which shows that the two
excellent agreement with the experimental structure. phases indeed have very similar electronic structure. The only
3.4.2. p-Ba,[UO,(PO,),] (2). The computed DFT structure of difference is a peak between —6 and —5 eV, which is of lower
P phase is in excellent agreement with the measured structure energy by 0.33 eV in the case of the a polymorph. The analysis of
parameters. The U=0 bond in the uranyl group is 1.776 A, partial densities of states shows that in both polymorphs this peak
which is almost the same as the measured value, and the arises mainly from 2s and 2p orbitals of the oxygens of UO,*". In
computed U—O distance of 2.342 A in the equatorial plane is the case of a-phase, the energy of these orbitals is lowered

only slightly larger than the measured values of 2.294 A (Tables 2 because of the decrease in O(9)—0(10) (2.74 A) and O(7)—
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Figure S. Electronic density of states (DOS) for a- (black) and - (red)
Ba,[UO,(PO,),] computed with PBEsol+U method. (Inset) Con-
tributions to the —5.5 eV peaks from 2s (dashed line) and 2p (dotted
line) states of O(7) and O(9) atoms in case @ and O(1) atom in case /3.

0(5) (2.75 A) bond lengths compared with O(1)—0(2) (2.83
A) in the B-phase. This seems to result in more attractive
interaction between the oxygen atoms involved and makes the a
polymorph more stable.

We note that both PBE+U and PBEsol+U calculations, which
by correcting for strong correlations should give more reliable
energies, resulted in smaller energy differences between o and f
polymorphs than PBE and PBEsol functionals. Nevertheless, all
the applied methods give lower energies for the a-phase and thus
predict that it is more stable than the S-phase. This seems to be in
accordance with the laboratory experiments.

3.5. Structure of Ba,[UO,(AsO,),] (3). A fragment of the
crystal structure of 3 is shown in Figure 6a. This structure
contains [UO,(AsO,),]*” 2D layers and Ba atoms residing
between the layers. There are two similar coordinated U sites and
four As sites in 3. The layers are based upon UOg square

bipyramids and AsO, tetrahedra. Each UOg square bipyramid
connects to four AsO, tetrahedra via corner-sharing to form a
[UO,(AsO,),] cluster, and each AsO, tetrahedron is shared with
two UQg square bipyramids. Every two [UO,(AsO,),] clusters
connect to each other via sharing two AsO, tetrahedra to form a
[(UO,),(AsO,)s] block, which is the fundamental building block
(FBB) of 3. Each FBB is connected to another four FBBs through
sharing the corner AsO, tetrahedra, resulting in a herringbone-
type pattern of the FBBs. On each side of the FBBs, the AsO,
tetrahedra in the FBBs point in the same direction. An alternative
description of the structure of 3 is that six UOy tetragonal
bipyramids and six AsO, tetrahedra are linked together to form a
12-membered oblong ring (Figure 6b). The cationic topology is
shown in Figure 6c and is similar to some known structures.
However, despite the topological identity with known phases,
one has to note that the uranium environment in 3 is a square
bipyramid UQg, whereas in all previously described phases with
the same topology there are pentagonal bipyramids UO.,.

The U—O bond distances are quite normal in 3, from 1.771(3)
to 1.802(3) A for bonds within UO,** ion and from 2.253(3) to
2.323(3) A for U-O,, bonds (Table 7). Note that the angle
0u=U(1)=0y, is around 180° by symmetry, whereas Oy,=
U(2)=O0y; is 176° (Table S3, Supporting Information), thus
indicating that this uranyl group is also bent, although to a lesser
extent than in 1. The bond valence sums for U(1) and U(2) are
5.71 and 5.82, respectively.”> The As—O bonds ranges from
1.660(3) to 1.715(3) A in AsO, tetrahedra with bond valence
sums of 4.96, 4.95, 5.00, and 5.01 for As(1), As(2), As(3), and
As(4) sites, respectively (Table S6, Supporting Information).**
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(c)

Figure 6. (a, b) Polyhedral representation of the crystal structure of 3 and (c) its topological representation. Uranium and phosphorus polyhedra are
shown in yellow and green, respectively, and blue spheres stand for Ba atoms.
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Table 7. Selected Bond Distances for Ba,[UO,(AsO,),] (3)

bond distance (A) bond distance (A)
U(1)=0(17) 1.786(3) As(1)-0(4) 1.660(3)
U(1)=0(9) 1.792(3) As(1)-0(13) 1.666(3)
U(1)-0(20) 2.253(3) As(1)—0(6) 1.712(3)
U(1)-0(1) 2.295(3) As(1)-0(1) 1.714(3)
U(1)-0(16) 2.320(3) As(2)—-0(7) 1.661(3)
U(1)-0(2) 2.323(3) As(2)-0(5) 1.669(3)
U((2)-0(14) 1.771(3) As(2)-0(2) 1.710(3)
U(2)-0(8) 1.802(3) As(2)-0(3) 1.715(3)
U(2)-0(10) 2.256(3) As(3)-0(18) 1.658(3)
U(2)-0(12) 2.268(3) As(3)—-0(15) 1.672(3)
U(2)-0(6) 2.281(3) As(3)-0(20) 1.695(3)
U(2)-0(3) 2.308(3) As(3)-0(12) 1.714(3)

As(4)—0(11) 1.670(3)

As(4)-0(19) 1.673(3)
Ba(1)—-0(7) 2.622(3) As(4)—0(10) 1.692(3)
Ba(1)-0(7) 2.718(3) As(4)-0(16) 1.702(3)
Ba(1)—0(19) 2.873(4) Ba(3)-0(4) 2.645(3)
Ba(1)—-0(6) 2.892(3) Ba(3)-0(18) 2.702(4)
Ba(1)—0(13) 2.912(3) Ba(3)—0(4) 2.705(3)
Ba(1)—-0(6) 2.935(3) Ba(3)—0(5) 2.784(3)
Ba(1)-0(10) 3.039(4) Ba(3)—0(3) 2.857(3)
Ba(1)—0(5) 3.048(3) Ba(3)-0(2) 2.910(3)
Ba(1)-0(1) 3.128(3) Ba(3)-0(2) 3.034(3)
Ba(1)—0(8) 3.194(4) Ba(3)—0(13) 3.250(3)
Ba(2)—0(15) 2.639(3) Ba(4)—-0(11) 2.652(3)
Ba(2)-0(15) 2.678(3) Ba(4)-0(11) 2.661(3)
Ba(2)—-0(19) 2.760(3) Ba(4)—0(18) 2.771(3)
Ba(2)-0(13) 2.874(3) Ba(4)-0(12) 2.876(3)
Ba(2)—0(16) 2.875(3) Ba(4)-0(9) 2.884(3)
Ba(2)-0(1) 2.934(3) Ba(4)—-0(3) 2.984(3)
Ba(2)—0(8) 2.972(3) Ba(4)—0(5) 3.010(4)
Ba(2)-0(17) 3.143(4) Ba(4)—0(20) 3287(4)

3.6. Structural Relationship in the Ba,[UO,(TO,),] (T =
P, As) Family. As noticed previously, 1 and 2 are polymorphic
structures, the only difference being that one out of four
phosphate tetrahedral surrounding the uranyl group is edge-
connected. Thus, conceptually 1 can be transformed into 2 by
cutting the longest U—O bond in 1 with subsequent readjust-
ment of bond lengths and angles. A reverse procedure would
transform 2 into 1.

The same chain topology as in the structure of 2 has been
found in several other compounds containing uranyl square

bipyramids corner-linked with TO, tetrahedra (T = P, Mo, As).
Polyhedral representations of these chains are given in Figure S3
in Supporting Information. They demonstrate the highly variable
geometry of these chains due to the flexible corner linkage
between uranyl group and the corresponding TO, tetrahedra.
With due reservation, the chain occurring in 1 could also be
included in this series, however, as an extreme case.

The structural relationship between such 1D chains and the
2D layers in 3 is quite interesting and lends itself to a speculation
whether a modular approach might be possible to explain the
relationships between chain and layer types of this kind of
compounds. This approach is illustrated by the structural
relationships between 2 and 3 as shown in Figure 7a, where a
chain of 2 is shown and blocks [(UO,),(TO,)s] (group A, red
dashed outline) and [(UO,),(TO,),] (group B, blue dashed
outline) are emphasized. When the chain is cut appropriately
(arrows), group B rotated by 180° as shown by the red arrow in
Figure 7a, and the pieces joint together periodically, then the
zigzag chains of Figure 7b are obtained. When finally neighboring
zigzag chains are connected as indicated by green arrows in
Figure 7b, the layer shown in Figure 7c is obtained, which is, of
course, identical with the 2D layer of 3 (cf. Figure 6b). It is
conceivable that the chains (Figure 7a) could be cut into blocks
of different sizes than A and B and recombined in a way similar to
what has been described before. In other words, an accretional
series of chains can be imagined that, by combination, would
result in a series of different 2D layers.

4. CONCLUSIONS

Both polymorphs of Ba,[ UO,(PO,),] contain nonideal uranium
environments: In a-Ba,[UO,(PO,),] (1) there is an edge-
sharing PO, tetrahedron in addition to three corner-sharing PO,
tetrahedra, leading to steric hindrance between one of the PO,
oxygens [O(10)] and the uranyl oxygens O(9) and O(7). The
resulting distances O(10)—0(9) and O(10)—O(7) correspond
roughly to the minimum of the potential curve for pairs of
nonbonded oxygens. The particular spatial distribution leads to
bending of the uranyl group. The situation in -Ba,[UO,(PO,),]
(2) is simpler in that a similar interaction as in 1, but with
different spatial distribution, leads to tilting of the uranyl group
with respect to the equatorial plane of the uranyl square
bipyramids. The observed distortions of the uranyl polyhedra in
both 1 and 2 are probably independent of any specific electronic
property of the uranium atoms present.
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Figure 7. One/two-dimensional structural relationship between structural types of 2 and 3 (uranyl polyhedra are shown in yellow, TO, tetrahedra in
green), and the proposed formation of one member of an accretional series.
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It seems that there is a trade-off between 1 and 2 as both
cations, UO,*" and Ba®*, compete for bond valences from the
phosphate oxygens. In 1, the UO,*" gets an extra contribution by
formation of a shared edge with one of the PO, tetrahedra at the
expense of a smaller coordination number of the Ba atoms (9 or
10). In 2, UO,*" does not have such an extra contribution, but the
coordination number of Ba is higher, viz., 11.

These small differences, together with experimental evidence
and the results of DFT calculations, suggest that both
polymorphs represent two distinct minima on the free energy
hyperplane, whereby the minimum of the a-phase is lower than
that of the -phase.

A structural relationship between the chain structure of 2 and
the layer structure of 3 has been identified and the possibility of
forming an accretional series is indicated.
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