Utilizing an in situ Reduction in the Synthesis of BaMoOF;
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Abstract: A new molybdenum containing oxyfluoride, BaMoOFs, space group Cmcm
with lattice parameters of a = 7.1445(3), b = 6.7894(3), ¢ = 10.1969(4), was synthesized via
a mild hydrothermal crystal growth method. The synthesis resulted in high-quality
single crystals of the title material, which were characterized by single-crystal X-ray

diffraction. The structure is discussed in detail.
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1. Introduction

Hydrothermal synthesis is an extremely versatile tool for synthetic chemists that can
utilize a wide range of conditions to synthesize an impressive variety of solid-state
products, ranging from oxides[1-5], to halides[6-10], to inorganic-organic hybrid
materials[11-16]. Hydrothermal synthesis can be used in so many ways primarily
because it can utilize a wide temperature range, with a wide variety of compatible
precursors. Temperatures ranging from 50° C to 150° C have been used to great effect
synthesizing many soft materials like hybrid organic-inorganic crystals[17-19].
Increasing the temperature range slightly from 170° C to 250° C can yield a wide variety
of products including zero-dimensional crystals[20] to dense 3D frameworks[21-23].
Hydrothermal techniques can even be taken to extremes: 500° C and beyond, which can
yield complicated structures grown from highly refractory materials[24-26].

The versatility of hydrothermal synthesis couples perfectly with the fact that many
real-world problems faced by society today involve complicated aqueous systems. One
such problem is the storage of nuclear waste resulting from spent nuclear fuel [27]. In the
United States, much of this waste has accumulated from the production of nuclear
weapons, and continues to accumulate from the use of commercial nuclear reactors to
produce electricity. Currently, this waste is vitrified and stored in special containers,
which has many advantages, including immobilization and a reduction in waste
volume[28-30]; however the vitrification process is complicated by low solubility of
certain species in borosilicate glasses used to vitrify the waste.

One such species is the tetrahedral molybdate [MoO,]* ion[31]. The molybdate ion
has low solubility in borosilicate glass, and so it tends to form species such as
CsLiMoO,[32] which forms regions of high crystallinity within the vitreous product. This
serves to limit the amount of waste that can be vitrified, and inhibits the integrity of the
waste glass itself. This problem has motivated us to begin to use mild hydrothermal
synthetic routes as a laboratory to explore the interactions of molybdenum and uranium
(the primary component of spent nuclear fuel) in aqueous conditions. Reported herein is
the synthesis and structure of BaMoOFs, which resulted from our early explorations of

this chemistry.

2. Discussion

2.1 Synthetic Considerations



The title molybdenum compound was obtained serendipitously while targeting
the Ba-U-Mo-F phase space, due to the high molybdenum content of nuclear waste
streams. The reaction products include blue product crystals and a green solution,
suggesting that the uranium precursor was dissolved and reduced to U(IV), however did
not precipitate. While this is unusual in our experience, this suggests a potential way to
remove molybdenum selectively from nuclear waste streams. While the uranium did not
precipitate, the end product of BaMoOFs; is a testament to the versatility of the in situ
reduction typically employed to synthesize reduced oxides and fluorides
hydrothermally.

Attempts were made to synthesize the title compound without using uranium,
however these trials resulted in no precipitation of any crystalline products. This suggests
that the uranium plays some role in the formation of BaMoOFs; crystals. It is possible that
the uranium species was reduced, and the poorly soluble U(IV) species helps saturate the
mother liquor, encouraging the crystallization of the title phase.

2.2 Crystal Structure

The structure of BaMoOFs; is a dense three-dimensional oxide-fluoride framework
consisting of corner-shared barium polyhedra decorated by Mo(V) octahedra. The
molybdenum units are isolated from each other. Figure 1 shows a view of the overall
structure. Each barium atom is coordinated by 10 fluorine atoms in a slightly distorted
pentagonal antiprismatic environment, which can be seen in Figure 2. These barium
antiprisms connect by sharing a fluorine vertex to form chains running in the c direction.
These chains are cross-linked by edge sharing forming a three-dimensional barium

network, shown in Figure 3.

Figure 1: An overall structural representation of BaMoOFs. The Mo(V) octahedra are isolated from each
other, but connected via barium atoms. Each barium is coordinated to 10 F atoms. Molybdenum ions are
shown as blue polyhedra, barium as purple spheres, oxygen as red spheres, and fluorine as green spheres.
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Figure 2: Left: The barium pentagonal antiprism shown from the side. Right: The same antiprism shown
from the top-down. Each barium is coordinated by 10 fluorine atoms in this squashed pentagonal
antiprism. Barium is shown as purple polyhedra and fluorine as green spheres.

Figure 3: The three-dimensional network formed by barium atoms in BaMoOFs. The network is formed by
corner-shared chains of barium polyhedra. The chains are cross-linked by edge-sharing in the [ab] plane.
Barium polyhedra are shown in purple, and fluorine atoms are shown in green.

Molybdenum ions reside in a MoOF; octahedron, where the oxygen atom resides
on a split site. The octahedron is only slightly distorted (edges 2.8 A x 2.6 A x 2.6 A),
however the molybdenum atom is offset from the center by 0.19 A (closer to oxygen),
which is caused by it’s proximity to barium polyhedra which share two faces below the

equatorial plane. The equatorial fluorine atoms also share edges with barium polyhedra,



leaving the axial oxygen as the only non-shared vertex. Figure 4 depicts the local

coordination of molybdenum as well as its coordination to barium.

Figure 4: Left: The coordination of Mo with Ba shown from the top-down. Mo polyhedra offset from the
barium polyhedra are corner shared, but face share with un-shown barium polyhedra. Right: The same
unit, rotated to show the Mo polyhedra face sharing with Ba polyhedra. Center: The MoOFs polyhedron
with the Mo center offset. In all frames, molybdenum is shown in blue, barium in purple, fluorine in green,
and oxygen in red.

3. Experimental

3.1 Materials and Methods

The following reagents were used as received, with no further modification:
Ba(CH;CO,), (99%, Alfa Aesar), MoO;(99.5%, Alfa Aesar), UO,(CH;CO,), (ACS grade, IBI
Labs), and HF (48%, EMD).

Caution: Hydrofluoric acid is toxic and corrosive, and must be handled with extreme caution and

the appropriate protective gear! If contact with the liquid or vapor occurs, proper treatment

procedures should immediately be followed.

Caution: Although the uranium precursor used in this synthesis contains depleted uranium,
proper procedures for handling radioactive materials should be observed. All handling of
radioactive materials were performed in labs specially designated for the study of radioactive

actinide materials.

A one-step hydrothermal synthesis was performed. First, 1 mmol amounts of each
starting reagent was added to 1mL of distilled water in a PTFE liner. 1 mL of HF was

added slowly to the reagent mixture, immediately followed by capping the liner. The



PTFE liner was loaded into a stainless steel autoclave and then placed into a
programmable convection oven. The oven was programmed to ramp to 200° C at a rate
of 10°/minute, hold at 200° C for 24 hours, the cool slowly to 40° C at a rate of
0.1°/minute. Once at 40° C the oven was shut off and allowed to cool naturally to room

temperature.

Once cool, the autoclaves were opened and the liners removed. The liners
contained blue crystals of the product phase BaMoOFs; in a green solution. The mother
liquor was decanted off and the crystals were collected by vacuum filtration. The product
crystals were washed thoroughly with water, then acetone, and allowed to dry under

vacuum for 10 minutes before collection.
3.2 Single-Crystal X-ray Diffraction (SXRD)

X-ray intensity data from a light blue fragment cleaved from a polyhedral crystal
were collected at 300(2) K using a Bruker D8 QUEST diffractometer equipped with a
PHOTON 100 CMOS area detector and an Incoatec microfocus source (Mo Ka radiation,
A =0.71073 A) [33]. The data collection covered 99.9% of reciprocal space to 26y = 75.6°
with an average reflection redundancy of 24.5 and R;,; = 0.026 after absorption correction.
The raw area detector data frames were reduced and corrected for absorption effects
using the SAINT+ and SADABS programs [33]. Final unit cell parameters were
determined by least-squares refinement of 9952 reflections taken from the data set. An
initial structural model was obtained with SHELXS using direct methods [34].
Subsequent difference Fourier calculations and full-matrix least-squares refinement
against F> were performed with SHELXL-2014 [34] using the ShelXle interface [35].

Details about the single-crystal refinement are given in Table 1.



Table 1: Crystallographic and Refinement Data

Empirical Formula Ba Fs Mo O
Formula Weight (g/mol F.U.) 344.28
Temperature (K) 300(2)
Wavelength (A) 0.71073
Crystal System Orthorhombic
Space Group Cmcm

a (A) 7.1445(3)

b (A) 6.7894(3)

c(A 10.1969(4)
Volume (A3 494.62(4)

Z 4

Density (Mg/m°) 4.623
Absorption Coefficient (mm™) 10.465

F(000) 604

Crystal Size (mm) 0.08 x 0.06 x 0.05

Theta range for data collection

3.997¢ - 37.802°

Reflections 18632

Unique reflections 739

Completeness to 6 = 32.575° 99.9%

Data/Restraints/ Parameters 739/0/29

Goodness of Fit on F? 1.199

Final R Indices R, =0.0126, wR, = 0.0315

R indices (all data) R, =0.0137, wR, = 0.0317
Extinction coefficient 0.00193(17)
Largest diff. peak and hole (e"/ A% 0.895 and -0.486

The compound crystallizes in the orthorhombic system. Systematic absences were
consistent with space groups Ama2, Cmc2; and Cmcm, the latter of which was confirmed
by structure solution. The asymmetric unit in Cmcm consists of five atoms: one barium
atom (Bal, site 44, site symmetry 2/m), one molybdenum atom (Mo(1), site 4c, symmetry
m2m), one oxygen atom (O(1), site 8f with symmetry m.. and disordered over site 4c), and
two fluorine atoms (F(1) on a general position, site 16/; F(2) on site 4c). All atoms were
refined with anisotropic displacement parameters. If refined with a single position, the
Uj; parameters for the unique oxygen atom O(1) describe a somewhat prolate ellipsoid,
with U/ U, = 5.2, suggesting a deviation from a single average oxygen atomic position.

Several structural models were refined to investigate this: (a) simple two-site disorder



across the mirror plane perpendicular to [001], (b) various lower symmetry space groups
(Cmc2,, Ama2, C2/m, C2). The disorder model (a) with O(1) on site 8f (site symmetry 1)
is stable and yields a more spherical oxygen ellipsoid (Us/U; = 2.5). This generates two
equivalent Mo-O bond distances of 1.667(3) A, slightly longer than the Mo-O distance in
the 'ordered' single-site model, 1.659(3) A. The apparent shortening of the Mo-O distance
in the latter case is then due to libration. R-factors and difference map features were
essentially identical between the two models. Lowering the symmetry (models (b)) did
not produce satisfactory refinements. In the orthorhombic space groups Cmc2; and Ama2,
and the monoclinic space group C2/m, the anisotropic displacement parameters of O(1)
are still elongated across a mirror plane, with U;/ U, values > 5.0. Decreasing the space
group symmetry to C2, where oxygen is on a general position, resulted in an unstable
refinement and O(1) U/ U; remaining high (7.9). Considering the above observations, the
best structure description, reported herein, is in space group Cmcm with a disordered,
two-site oxygen model. The oxygen displacement is modest, with O(1)-O(1)* = 0.37 A.
There is no indication of O/F site mixing from the data. Refined site occupation factors
(sofs) for O(1), F(1), and F(2) were 0.508(5), 1.02(1) and 1.02(1), within experimental error
of full occupancy. The oxygen atom was therefore refined with a fixed sof of 0.5 and the
F atoms as fully occupied. The Ba and Mo sofs refined to 1.004(2) and 0.993(2),

respectively. The largest residual electron density peak and hole in the final difference

map are +0.89 and -0.49 e/ A3, located 0.80 A from F(2) and 0.62 A from Mo(1),
respectively. Final atomic coordinates were standardized with the Structure Tidy

program, and are shown in Table 2 [36-38]. Selected bond distances are given in Table 3.

Table 2: Atomic coordinates (x10%) and equivalent isotropic displacement parameters
(A% x10%

Occupancy X y z Ueq
Ba(1) 1 0 0 0 17(1)
Mo(1) 1 0 4080(1) 2500  14(1)
o(1) 0.5 0 6521(4) 2319(8) 29(2)
F(1) 1 1329(1) 3580(2) 1114(1) 27(1)
F(2) 1 0 1002(3) 2500 21(1)

"Ueq is defined as one third of the trace of the orthogonalized Uj tensor.



Table 3: Selected interatomic distances (A) and bond angles (°)

Ba(1) - F(2) 2.6384(5) x2
Ba(1) - F(1) 2.7116(5) x4
Ba(1) - F(1) 2.9843(11) x4
Mo(1) - O(1) 1.667(3) x1
Mo(1) — F(1) 1.9545(9) x4
Mo(1) - F(2) 2.0902(17) x1
O(1)-Mo(1)-O(1)#8  12.7(6)
F(1)#6-Mo(1)-F(1)#8 159.96(6)
F(1)#6-Mo(1)-F(1)#9 92.59(6)
F(1)#8-Mo(1)-F(1)#9 83.93(6)
F(1)#6-Mo(1)-F(2) 79.98(3)

5. Conclusions

The Mo(V) oxyfluorides compound BaMoOFs was synthesized viz a mild
hydrothermal route. The molybdenum was reduced in situ from a starting oxidation state
of 6+ to 5+ utilizing a method previously employed to synthesize U(IV) fluorides.
Although the target of this synthesis was to synthesize uranium/molybdenum
containing crystals, the precipitation of the Mo(V) crystals is a positive result due to the
high amount of molybdenum present in nuclear waste streams. This shows that
selectively precipitating Mo-containing crystals could be used as a way to remove

molybdenum from these streams.

Supplemental Information: The CIF for the reported composition has been deposited in
both the ICSD: Number Pending and the CCDC: 1588566.
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