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Abstract

The thermal decomposition of plutonium oxalate to oxide is one of the most studied
reactions in actinide chemistry but the intermediates have been the subject of debate for decades.
Recent experimental data suggest that the decomposition of Pu(IV) oxalate in air undergoes
dehydration first, then reduction to Pu(Ill) oxalate. The precise structural modifications that take
place are unknown as experiments have not been able to fully characterize the intermediates at the
microscopic level. To rectify this, we employed solid state density functional theory calculations
atthe PBE-D3 level with a Hubbard U correction to model the structures and energetics of potential
dehydrated Pu(IV) and Pu(IIl) oxalate intermediate compounds. Based on the theoretical study
presented here, the anhydrous analogues of the known hydrated Pu(IV) and Pu(IIl) oxalates are
the preferred crystal structures formed through an overall exothermic reaction process. However,
decomposition could proceed through the formation of a higher energy, more complicated 3D
lattice structure with frustrated oxalate binding. It is expected that the intermediates presented
here could be identified using spectroscopic techniques to enable further insight into the reaction
mechanism.



1: Introduction

The complex mechanism associated with the conversion of actinide oxalates to oxides
presents an interesting scientific and technological problem given its importance in nuclear
separations. Similar to transition metal chemistry, the simple decomposition reaction is
complicated by not only rich redox chemistry afforded by the metal center, but also the
atmospheric conditions during the reaction. The most studied reaction in the actinide series
involves plutonium which is particularly interesting since it straddles the series with respect to
bonding and oxidation state. The chemical route starts from plutonium oxalate in either the +3 or
+4 oxidation state leading to the formation of Pu(IV) dioxide and other gaseous products (H,O,
CO,, CO). However, identificationof the intermediates has beenan area of debate in the literature,
especially when starting from Pu(IV) oxalate.! Myers was the first to note reduction to a Pu(III)
oxalate intermediate after initial dehydration.2 Rao, Subramanian, and Welch partially agreed with
an observed Pu(Ill) intermediate but identified the species as Pu,(C,04),(CO3).?> Later work by
Jenkins and Waterman presented contradictory evidence that decomposition does not undergo a
reduction step and instead proposed a Pu(IV)(COs;), species.* Glasner then added that these
observed differences in the stabilities of the Pu(Ill) intermediate are a result of the decomposition
reaction occuring in the presence or absence of air.> Nissen also proposed that Pu,(C,04); is an
intermediate product in the decomposition reaction occurring under argon.¢

Most recently, Vigier ef al. analyzed the conversion of Pu(IV) oxalate to oxide under both
air and argon using thermogravimetric analysis.” Interestingly, the diagrams show that there are
differentreaction pathways forthe two differentatmospheres. Infraredand UV-vis spectroscopies
were used to identify several intermediates, including Pu,(C,04)3 as a transitory species under both
air and argon. The proposed mechanism can be found in Scheme 1, with Vigier noting that the
anhydrous species couldnotbe rigorously isolated and characterized due to the hygroscopic nature
of the material.” As shown, the presence of a Pu(Ill) oxalate intermediate implies that metal
reduction plays a vital role in the calcination reaction pathways.® With additional work by de
Almeida et al. on the calcination of Pu(IIl) oxalate, the reaction pathway is assumed to proceed
through complete dehydration of the oxalate intermediate prior to ligand decomposition.?
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Scheme 1: Proposed reaction pathway for the calcination of Pu(IV) oxalate.”® Species of
interest noted in red.



Our interest in this topic centers on how dehydration and metal reduction influence the
structure and ultimately the mechanistic pathway imposed during decomposition. The inability to
directly interrogate the intermediate Pu(IIl) and Pu(IV) oxalate structures (highlighted in red in
Scheme 1) presents an interesting challenge for theoretical methods to confirm their stability.
While little is known about these anhydrous species, insights can be gleaned from their hydrated
counterparts, shown in Figure 1. Pu(IIl) oxalate decahydrate is best characterized as forming a 2D
honeycomb structure and crystallizes in the P2 ,/c space group.® On the other hand, the structure
of Pu(IV) oxalate hexahydrate is not known but thought to be isostructural to the known U(IV)
and Np(I'V) analogs which crystallize in the C2/m space group with a 2D square lattice.!9 Other
interesting structural changes are noted in the uranium and thorium analogs of the Pu(IV) oxalate
hydrated species.!® As seen in transition metal-organic frameworks, the angle of the oxalate
molecules allow for geometric distortions duringdehydration. In the case of the U(IV) and Th(IV)
oxalate systems, a change from a nearly cubic AnOg geometry to a square antiprism geometry has
been observed during dehydration. In the U(IV) oxalate dihydrate, the distance between the
oxygen planes becomes shorter and the water molecules integrate into the coordination
environment of the U, allowing for a bicapped square antiprism geometry.!! The monohydrate
U(IV) oxalate structure shows that the uranium atom is moved from the center of the AnO,
framework towards the oxygen atom of the water to form a mono-capped square antiprism.
Finally, in Th(IV) oxalate tetrahydrate, the bidentate oxalate units form two types of chains that
interconnect to build a 3D framework.!?

Figure 1: Two-dimensional networks of Pu(Ill) oxalate decahydrate (left) and U(IV) oxalate
hexahydrate (right). Uncoordinated water molecules and hydrogen atoms are omitted for clarity.
The color scheme for plutonium, carbon, and oxygen atoms as blue, black, and red, respectively,
are carried throughout the paper.

Using the hydrate structures as a starting point, this paper will focus on the crystallographic
and structural changes occurring for dehydrated Pu(IV) and Pu(Ill) oxalates. The resulting



energies will then outline the most likely reaction pathway based on thermodynamics. The
structural parameters will also be analyzed and compared to identify trends in the bonding
character of the ligands attached to the central plutonium atoms.

2: Computational Methodology

All calculations were performed using Kohn-Sham DFT calculations via the VASP 5.4
solid state chemistry program,!? as integrated in the MedeA® computational environment.
Exchange correlation potentials were described using the dispersion-corrected Perdew, Burke,
Ernzerhof (PBE-D3) generalized gradient approximation (GGA) density functional.!*  The
projector augmented wave (PAW) potentials described the valence electrons with the effective
core, treating plutonium with 16 valence electrons (6s26p%7s25£36d!), carbon with 4 valence
electrons (2s22p?) and oxygen with 6 valence electrons (2s22p*). The Pu potential included scalar
relativistic effects for the core electrons. Electron correlation effects were accounted for through
use of an effective Hubbard parameter Uy'> of 6 €V and J of 0 eV applied to the 5f orbitals on
plutonium within the Dudarev formalism.!® The integration in the reciprocal space over the
Brillouin zone (BZ) was performedusing a 2 x 2 x 2 Monkhorst-Pack mesh and a plane wave
cutoff value 0f400 eV wasused forall calculations. Once the structure was fully relaxed, a denser
I"-point-centered 6 x 6 x 6 k-point grid was utilized to better describe the energies. The Pu ions
were assumed to be antiferromagnetically coupled for all calculations based on the expected
magnetic interaction of actinide ions coupling though an oxalate group. The magnetic moments
were set to be antiparallel based on the 5/ configuration ofthe Pu oxidation state for each structure.

3: Results and Discussion
3.1: Pu(lV) oxalate structural optimization

Although unknown, two possible structures are expected for dehydrated analogs of Pu(IV)
oxalate, both exhibita square lattice topology and are distinguished by the angle of the oxalate
units linking the metal center.!? The firststructure is an analog of uranium(I'V) and neptunium(IV)
oxalate hexahydrate crystallizing in the C2/m space group wherein the metal center is surrounded
by a nearly cubic coordination sphere of the oxygen atoms.!” The second structure is an analog of
the dihydrated oxalates possessing square antiprism geometry of the oxygens surrounding
coordination center.!-18 These structures acted as the basis for optimization of the anhydrous
forms labeled Pu(IV)Ox-1 and Pu(IV)Ox-2 in Figure 2. In addition, the oxalate ligand allows for
K denticity with the metal center, as illustrated in Scheme 2.
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Scheme 2: Diagram of k!, k!,x!, and «? denticity exhibited by the oxalate ligands in the
optimized structures.

The first structure Pu(IV)Ox-1 (Figure 2a) optimized to a monoclinic C2/m crystal
structure with cell parameters a=8.51 A, »h=8.87 A, ¢=5.19 A, and f=107.10°. The structure was



further relaxed to P/ and maintained the monoclinic parameters. Comparing to its hexahydrate
analog, contraction alongthe (0 0 1) plane leads to a volume reduction of ~42% and interlayer
distance of ~2.28 A, suggestingno significantchemical interactionbetweenthe layers. The oxalate
ions are nearly perpendicular to the (0 0 1) Miller plane and form a nearly cubic geometry around
the Pu atom. Figure 3 shows the Pu-O bond distances of ~2.35 (0.03) A with «!,k!-binding mode
of the oxalate ligands.

The second structure, Pu(IV)Ox-2, is 8.2 kJ-mol! higher in energy and retains a 2D
topology. The structure first optimized in a monoclinic P2/c system and then relaxed to a triclinic
system with lattice parameters of a=9.19 A, b=7.07 A, c=4.28 A, 0=90.04°, p=90.29°, and
v=85.51° (Figure 2b). Structurally, the metal center is located on the face of a distorted square
antiprism formed by the oxygen atoms on the oxalate groups. The substantial tilt from the oxalate
ions causes significant variationin the Pu-O bond distances. The charge bond oxygens all sit within
2.32-2.35 A from their bonding plutonium atoms. The remaining Pu-O distances are within the
ranges of 2.41-2.43 A and 2.67-2.69 A (Figure 3), more closely corresponding to a dative and/or
nonbonding relationship of monodentate k! binding versus the clear k!,k! binding scheme in
Pu(IV)Ox-1. The more compact structure leads to layers that are tightly stacked with a distance
of ~1.57 A. Comparison of the two suggests that the latter will have stronger chemical interaction
between the layers based on the tighter crystal packing.

a) Pu(IV)Ox-1 b) Pu(IV)Ox-2




Figure 2: Comparison of optimized structures of a) Pu(IV)Ox-1 and b) Pu(IV)Ox-2 showing
the 2D sheet topology and layer stacking (top and bottom, respectively).

Figure 3: Representative Pu-O bond distances for Pu(IV)Ox-1 (left) and Pu(IV)Ox-2 (right).

3.2: Pu(lll) oxalate structural optimization

During the first decarboxylation step under air (Scheme 1), an oxalate ligand decomposes
to form CO, and a presumed Pu(III) structure. The aforementioned Pu(IV) structures were used
to optimize two Pu(Ill) intermediates depending upon CO, release, labeled Pu(III)Ox-1 and
Pu(IIl)Ox-2 in Figure 4. Pu(IIT)Ox-1 optimized to a monoclinic P2,/c system with lattice
parameters of a=11.14 A, b=8.65 A, ¢c=9.67 A, and p=118.08°; the structure remained monoclinic
upon further relaxation of symmetry constraints (Figure 4a). It is structurally reminiscent of the
plutonium(III) oxalate decahydrate crystal structure with a 19% volume reduction and shorter Pu-
O bonds by ~0.1 A. The 2D honeycomb topologies are shifted in the subsequent layers and there
is an interlayer distance of 1.64 A. The Pu-O bond distances range from 2.4-2.6 A with the oxalate
ligands exhibiting k!,x! binding.

The second structure Pu(IIT)Ox-2 (Figure 4b) is best described as 2D sheets conjoined via
bridging oxalates to form a 3D network. Itis 27.3 kJ-mol-!' higher in energy with monocyclic P2 /c
lattice parameters of =9.58 A, b=7.92 A, ¢=9.83 A, and p=125.95°; it was further relaxed but
retained the unit cell parameters. It still has void spaces but is more compact than Pu(IIT)Ox-1 by
~200 A3. Further examination of the 2D sheet shows an unusually frustrated network of oxalate
ligands binding to four Pu centers (Figure 5) ranging from ionic (~2.34 A) to dative (~2.78 A)
bonds. The oxalate ligands exhibit both k!,x! and k> binding.



a) Pu(Il[)Ox-1 b) Pu(IlI)Ox-2

Figure 4: Comparison of optimized structures of a) Pu(III)Ox-1 and b) Pu(III)Ox-2 along the
(0 10) and (0 0 1) Miller planes (top and bottom, respectively).




Figure 5: Pu-O distances of the frustrated oxalate binding to Pu in Pu(IIT)Ox-2.

When comparing the structures and calculating reaction energetics, differences among the
sets are small with the lowestenergy structures, Pu(IV)Ox-1 and Pu(III)Ox-1, being the presumed
local minima for the decomposition pathway. Table 1 shows the calculated reaction energies for
each structure combination with the preferred reaction pathway being -133.8 kJ mol-!. In all cases,
the exothermicity of the reaction is consistent with experimental observations in the lack of a
barrier toward the decomposition of the Pu(IV) oxalate to form the target intermediate Pu(1I)
oxalate.

Table 1: Calculated reaction energies for the reaction Pu(IV)Ox — Pu(Il)Ox + CO; in kJ mol-!.

Pu(IIT)Ox-1 Pu(II1)Ox-2
Pu(IV)Ox-1 -133.8 -106.5
Pu(IV)Ox-2 142.0 114.7

Interestingly, Pu(IV)Ox-2 is only 8.2 kJ mol'! higher in energy, leading to a total reaction energy
of-142.0 kI mol-! forthe conversionof Pu(IV)Ox-2 to Pu(II)Ox-1. PBE-D3 has a mean absolute
error on the order of kcals for atomization energies and is unfortunately not a rigorous enough
computational method to be able to resolve these small energy difference.'® Hence we expect a
dehydrated Pu(IV) oxalate is dictated by the AnOg geometry and interlayer separation, and in the
following reduction step to Pu(Ill) oxalate, there is a preference to lose CO; radical fragments
within the 2D sheets rather than between crystal planes. This leads to an interesting consequence
during the decomposition of Pu(IV) oxalate. As shown in Figure 2a, the 2D honeycomb lattice is
shifted in the subsequent layers of Pu(IIT)Ox-1. Neither optimized Pu(IV) oxalate possesses this
kind of repeat unit among the layers and as a result, would be expected to undergo a glide plane
shift upon reduction to the Pu(IIT)Ox-1 structure. Additionally, the Pu(IV)(C,04), formula units
would have to break/recombine to form the honeycomb lattice found in Pu(IIT)Ox-1. Therefore,
it is difficult to expect a significant geometric rearrangement within the plane or in the 2D lattice
for either Pu(IV)Ox-1 or Pu(IV)Ox-2 structure in order to generate Pu(IIT)Ox-1 even at
temperature ranges of 200-250°C. However, if these same lattice arguments were applied to the
higher energy structure Pu(III)Ox-2, no such rearrangements of the plutonium ions would be
required save for small perturbations resulting from the new crystal field interactions surrounding



each plutonium ion. The difference would be arguments favoring the formation of'a 3D structure
with a frustrated oxalate binding to the Pu(Ill); a scenario entirely plausible during structure
decomposition. Additional calculations are necessary to quantify either energy pathway and
whether the path is thermodynamically or kinetically driven.

4: Conclusions

In summary, this work examined the dehydrated structures of plutonium oxalate to better
understand the structural transition which could occur and highlighted important features which
may outline the thermodynamic/kinetic pathways leading to decomposition to PuO,. The
dehydrated Pu(IV) oxalate results suggest the structure could be dictated by the AnOg geometry
and interlayer separation. However, these structural differences are relatively small and reside on
the same energy scale. On the other hand, the dehydrated Pu(IIl) oxalate structure could be akin
to its decahydrate analog and exhibit a 2D honeycomb-like structure or lose CO, in the crystal
plane to form a complicated 3D lattice structure with frustrated oxalate binding. These structural
changes are key points in the decomposition. The energetics suggest the overall decomposition of
Pu(IV) oxalate tentatively proceeds from Pu(IV)Ox-1 to Pu(IIT)Ox-1 based on thermodynamic
arguments. However, one of the crystal planes of the former will need to undergo a shift and bond
breaking/recombination in order to properly assume the crystal structure of the latter. More
significantly, the reaction could proceed to form Pu(III)Ox-2, which is higher in energy but
structurally very similar to the Pu(IV) oxalate identified in this study. Based on these results,
continuing work will examine the structural pathway including entropic effects, transition state
calculations, and kinetic studies to identify the intermediate species in plutonium oxalate
decomposition.
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The intermediate structures PulV(C,04); and Pul,(C,04); during the thermal
decomposition of Pu(IV) oxalate to PuO, was modeled in the solid state using DFT and an
empirical correction for the band gap. The calculated energies for the target structures were then
compared and used to identify the key crystal structures involved in the decomposition reaction.
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