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Abstract

Despite its use in PuO, production, the structure of anhydrous Pu(C,0,), is still not completely
understood. Recently, two candidate structures for Pu(C,0,), were proposed via density functional
theory (DFT), after which the first experimental optical vibrational spectra were reported. Here,
we calculated the lattice dynamics of the candidate structures using DFT and found that the
primary difference between them is the presence of a vibrational mode near 1380 cm™ in one
structure. The frequency and optical activity of this mode agree well with the published
experimental results, providing strong support for this calculated structure as that of anhydrous
PU(C204)2.
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Introduction

The preferred method for producing plutonium dioxide (PuQ,) in nuclear fuel reprocessing
plants is through the conversion of Pu(IV) oxalate (Pu(C,04);) to PuO, via high-temperature
calcination—a process commonly referred to as the Pu(IV) oxalate method. This method dates
back to the 1940s and is also widely used to recover Pu from waste solutions and residues.! Despite
over 80 years of studies involving the Pu(IV) oxalate method, uncertainties still surround the exact
chemical structures of species formed as Pu(C,04), thermally decomposes en route to PuQ,.>10
These uncertainties and more are well summarized in several reports and reviews.” 12

In 2021, South and Roy used density functional theory (DFT) to propose two distinct
structures for anhydrous Pu(C,0,),.° Subsequently, Christian et al. performed a series of
experiments to describe the breakdown of Pu(C,0,),*6H,0 during calcination en route to PuO,.!?
Through this experimental investigation, Christian et al. heated multiple samples of hydrated
Pu(IV) oxalate to various temperatures and collected detailed information on the breakdown of
Pu(C,04),°6H,0 using Raman spectroscopy, infrared (IR) spectroscopy, and powder x-ray
diffraction measurements (pXRD). The spectroscopic results of this investigation are referenced
below; however, the powder x-ray diffraction patterns obtained by Christian et al. were too broad
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to compare directly to DFT-derived patterns, and as such, the experimental pXRD pattern of
anhydrous Pu(C,0,), remains elusive.

Fortunately, a compelling investigation method remains. Christian et al. reported a wealth
of spectroscopic information which, in conjunction with the proposed structures published by
South and Roy, provides a foundation for exploring the experimentally obtained vibrational spectra
using computational methods. Recognizing the need to definitively confirm the chemical structure
of Pu(C,0,),, we extended the work of South and Roy by calculating phonons for anhydrous
Pu(C,0,), based on their initial geometry optimizations. Starting from the proposed structures,’
we calculated the phonons of two potential Pu(C,0,), structures using DFT implemented via the
Vienna ab initio Simulation Package (VASP 6.1)13-15 performed on the Compute and Data
Environment for Science (CADES) cluster located at Oak Ridge National Laboratory (ORNL).

South and Roy investigated the energetics of the oxalate structures, and although sufficient
for their purposes, the forces were not converged tightly enough to calculate high-fidelity phonons.
In the present work, the interatomic interactions were described by the exchange-correlation
functional of Perdew, Burke, and Ernzerhof modified for solids (PBEsol),!¢ which generally
provides lattice constants in better agreement with experiment than the unmodified version.!”-!8 To
delocalize the electrons on Pu, the Hubbard +U correction was used with an effective U value of
6 ¢V on Pu and 0 eV on O and C, within the range reported by Pegg et al. for PuO,!%!° and
consistent with the work of South and Roy.? Both optimizations and phonon calculations used a
450 eV cutoff energy of the plane-wave basis set, increased slightly from that used by South and
Roy to account for simultaneous relaxations of unit cell volume and atomic positions.” A 6 x 6 x
6 k-point mesh was used for the optimizations based on the mesh used in the final single point
energy calculations of South and Roy,” and a 3 x 3 x 3 k-point mesh was used for the phonon
calculations because the phonons were calculated using a 2 x 2 x 2 supercell to reduce self-
interactions within the finite displacement method implemented in Phonopy.?’ Consequently, the
number of irreducible k-points in the optimizations were 80 and 108 for the oxalate-1 (ox-1) and
oxalate-2 (0x-2) structures, respectively (Fig. 1), and 14 in the phonon calculations for both
structures. Atomic positions of all atoms were relaxed until the forces were less than 1 meV/A and
energies for the optimization and phonon calculations were converged to less than 1x10-% eV in
the absence of dispersion corrections. Magnetic moments and all other parameters are consistent
with the optimization inputs in South and Roy.’

As summarized in Table 1, the tighter value of convergence coupled with denser k-point
meshes and no dispersion corrections did not significantly change the symmetry of the structure
from that reported by South and Roy;? however, differences in the lattice vectors were noted. In
particular, for ox-1, the a and ¢ vectors were longer, and the b lattice vector was slightly shorter,
whereas for 0x-2, the a lattice vector was shorter, and b and c lattice vectors were longer. These
differences resulted in notable changes in the volume, especially for the ox-2 structure in which a
volume 58 A3 larger than the volume in South and Roy was calculated.

The primary difference between the ox-1 and ox-2 structures involves the orientation of
the oxalate ligands. In ox-1, the oxalate C—C bonds lie along the [001] direction, and the Pu atoms
are collinear in the ab plane (Fig. 1¢). In 0x-2, the oxalate ligands are rotated relative to the [001]
plane (Fig. 1b). Also, in 0x-2, the Pu atoms are not collinear but instead form a zigzag structure
with every other atom offset by £ 20° from b relative to its neighboring Pu atoms (Fig. 1d).
Consequently, although ox-1 has C2/m symmetry, ox-2 has Pl symmetry using the default
symmetry tolerance in Phonopy (1 x 105 A-!). Loosening the symmetry tolerance to 1 x 10 A-!
increases the symmetry of 0x-2 to 2/m.
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Figure I: Optimized structures of proposed Pu(C,0,), structures: (a, ¢) ox-1 and (b, d) ox-2.

Table 1. Relaxed cell dimensions for ox-1 and ox-2 determined in the present work compared with
those from South and Roy.’

ox-1 ox-1 ox-2 0x-2

Value (Ref. 9) (present) Change (Ref. 9) (present) Change
a (A) 8.51 8.62 +0.11 9.19 8.75 —0.44
b (A) 8.87 8.83 ~0.04 7.07 8.14 +1.07
c(A) 5.19 5.47 +0.28 4.28 4.71 +0.43
a (%) 90.0 90.0 0.00 90.04 89.99 —0.05
B (°) 107.1 106.9 —0.19 90.29 90.03 -0.26
7 (©) 90.0 90.0 0.00 85.51 89.86 4.35
Space C2/m C2/mt - P1 P1t -
group

V‘(’Ilg)“e 391.76 398.13 +6.37 278.08 336.13  +58.05

TSpace groups with a symmetry tolerance of 1 x 10-5 AL,

The phonons of both candidate oxalate structures were calculated to determine their
stability. The band structures and phonon density of states (pDOS) for ox-1 and ox-2 are given in
Fig. 2. Both structures show distinct bands that are relatively flat across the Brillouin zone,
especially for energies above approximately 300 cm!. Notably, the ox-1 structure has a sizeable
imaginary mode (52.6 cm!) at T, indicating a structural instability that is absent in the ox-2
structure. The eigenvector of the imaginary 52.6 cm™! mode (Fig. 3) was visualized using VESTA?!
and reveals that the instability involves the orientation of the oxalate ligands relative to the ab



plane. Specifically, the mode is a rotation of the oxalate ligands that would transform ox-1 into the
ox-2 structure, clearly showing that ox-2 is the preferred structure of Pu(C,0,); at 0 K.
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The pDOS for ox-1 and ox-2 (Fig. 4) were used to identify any distinguishing differences
in the lattice dynamics of the two structures that may be optically active for comparison with recent
experiments at finite temperatures.!?> The most significant difference in the pDOS between ox-1
and ox-2 is seen around 1400-1450 cm!. In the calculated pDOS of ox-1, a vibrational band is
centered at 1450 cm™! and is 60 cm™! wide . The corresponding band in ox-2 is centered at 1420
cm! and spans 100 cm™!. Inspection of the vibrational frequencies at the I' point, the relevant region
of the Brillouin zone for comparing to the spectra of Christian et al., shows that 0x-2 has a mode
at 1383 cm! that involves coupled C—C and C-O stretches (Fig. 5). In this mode, the two sets of
stretches on the left side of the molecule are antisymmetric with the two sets of stretches on the
right side of the molecule. More specifically, as the C—C bonds on the left contract, the C—C bonds
on the right are elongated. Additionally, as the C—O bonds on the left are elongated, the C—O bonds
on the right contract. The same mode in 0x-1 is located at 1456 cm™'. In Figures 1c and 1d, the Pu—



Pu orientation and oxalate coordination normal to the [100] plane are shown. In 0x-2, the Pu atoms
are noncollinear along the [010] axis, and every other atom lies 20° off the b-axis relative to its
neighbor. This buckling along [010] also pulls the oxalate ligands toward +b or —b, breaking the
degeneracy of the different mode symmetries compared with the planar ox-1 structure.
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Figure 4: pDOS of the ox-1 and ox-2 structures generated with a 14 x 14 x 14 mesh.
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Figure 5: Phonon eigenvectors of the 1383 cm™! mode in ox-2.

Group theory analysis revealed the space group of the ox-2 structure to be P1 when using
the default symmetry tolerance of Phonopy (1 x 105 A-'), which has only one irreducible
representation that predicts all modes to be both IR and Raman active. Reducing the symmetry
tolerance to 1 x 10 A-! increases the symmetry to 2/m, corresponding to the C,;, point group.
Under this symmetry, the irreducible representation of the 1383 cm™! mode is B, and is expected
to be Raman active but not IR active. Modes that are not optically active in the 2/m space group
likely have very low intensities when they become active through small structural distortions that
reduce the symmetry to P1. As such, this mode is expected to have nonnegligible activity in the
Raman spectrum, and the IR activity is expected to be small.

The Raman and IR frequencies of Pu(IV) oxalate thermal degradation products were
recently reported by Christian et al.'> While isolation of the hygroscopic compounds
Pu(C,04),°H,0 and Pu(C,0,), is challenging, Pu(C,0,4),°6H,0 clearly forms at low temperature,



Pu(C,04),°2H,0 is formed by partial dehydration of Pu(C,04),°6H,0 at slightly elevated
temperatures, and PuO, is formed as the temperature increases further. Because we
computationally investigated an anhydrous Pu(IV) oxalate, our results compare best with the 220
and 250 °C experimental data (i.e., Pu-220 and Pu-250) reported in Christian et al. In those
products, most or all of the water had likely evaporated from the material en route to PuQO,.
Inspection of the experimentally measured peaks reported in Table 1 of Christian et al.!> shows a
Raman-active mode at 1382 cm™! for the Pu-220 and Pu-250 data that was assigned to a C-O
stretch. Our calculated vibrational mode at 1383 cm™! involves both C—C and C-O stretches and,
as previously discussed, is expected by theory to be Raman active and in excellent agreement with
the experimentally measured feature. Thus, we conclude that the 0x-2 structure is likely present in
the thermal degradation products of Pu(IV) oxalate. An optical vibrational feature around 1380
cm! was reported for experimental measurements at all temperatures investigated in Christian et
al., but the activity changes from Raman active to IR active above 250 °C. Additional DFT
calculations would be needed to provide insights into the nature of the modes at 1386 and 1362
cm! for the Pu-350 and Pu-450 data, respectively, because the oxalate has largely degraded at
these temperatures.

Although our calculations reveal a structural instability in 0x-1, this structure could coexist
with 0x-2 in a mixed phase at finite temperature. This work did not reveal any vibrational modes
that are present in ox-1 but absent in 0x-2 which could be used to determine the presence of the
ox-1 structure. Raman and IR peak intensities could reveal further information about the presence
or absence of the ox-1 phase. However, simulating the peak intensities via DFT is computationally
intensive, and these calculations are currently intractable using standard high-performance
computing resources.

In conclusion, we calculated the lattice dynamics of two Pu(IV) oxalate structures
previously identified as possible structures for anhydrous Pu(C,0,),. These calculations revealed
that one structure, ox-1, contains a structural instability. The eigenvectors of the imaginary mode
are consistent with conversion to the second structure, ox-2, in which the Pu oxalate sheets are
buckled by 20° and the oxalate ligands are not coplanar with any lattice plane. By comparing the
pDOS of the two structures, we find that the o0x-2 structure is expected to contain a Raman-active
mode at 1383 cm™! that is absent in ox-1. This mode is in excellent agreement with recent
experiments that observed a Raman-active mode at 1382 cm! for Pu(C,04),*6H,0 heated to 220
or 250 °C, strongly supporting the presence of the 0x-2 structure in thermal degradation products
of Pu(IV) oxalate.
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