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U(vi) peroxides are important within the nuclear fuel cycle, but
reactive oxygen species (ROS) can form upon oxidation. Herein,
we identified the spectral signatures of a U(vi) diperoxosuperoxide
complex (KUPS-1) and observed that the transformation of U(vi)
triperoxide (KUT-1) to superoxide forms occurred with trace-level
Cr. U(v) superoxide complexes were identified in EPR solution
spectra without the use of spin-traps.

Uranyl peroxides are important corrosion phases that form on
the surface of spent nuclear fuel due to alpha-radiolysis of
water.'™ H,0 molecules interact with the inherent radiation field
around nuclear fuel, starting with ionization and excitation
events and then propagating through ion-molecule reactions,
dissociative relaxation, and solvation of electrons to form free
radical species (i.e. OH®, H*).>® In the presence of dissolved
molecular oxygen (O,), these free radicals can generate reactive
oxygen species (ROS), such as superoxide (O,*"), hydroperoxyl
radical (OOH®), hydroperoxyl anion (OOH ) and hydrogen per-
oxide (H,0,).”® The peroxide anion is considered to be the
longer-lived form of such ROS and readily complexes with U(vi)
to form the uranyl peroxide solids.”"® These solids, particularly
studtite ((UO,)(0,)(H,0), * 2 H,0), are stable for years and can be
observed in natural ore deposits;'*** thus, the peroxide anion is
the only ROS that has typically been considered for long term
stability. However, Scherrer et al. recently demonstrated that the
amount of O, present in the studtite lattice increases with
specific activity of the U present in the solid and age of the
sample.”® This suggests peroxide oxidation and some level of
superoxide ingrowth needs to be considered within the material.

In the current study, we evaluated the presence of O, in
fresh and aged samples of a potassium uranyl triperoxide
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material (KUT-1: K,[UO,(0,%);](H,0,)4(H,0),) by electron
paramagnetic resonance (EPR) spectroscopy in both the
solution and solid state. Initial materials were characterized for
purity via X-ray diffraction and Raman spectroscopy (Fig. S1-S9,
ESIt). The related potassium uranyl diperoxosuperoxide solid
(KUPS-1:  K4[UO,(0,2™ 7);](O0H/H,0,)4(H,0);) was previously
isolated and characterized with EPR,* but the nature of the free
radical signatures were not clear. We have now completed density
functional theory (DFT) calculations to provide an in-depth under-
standing of the spin states and contribution of the free radical
species. These computational studies were used to understand
spectral signatures during aging of KUT-1 and the spin density
within the molecule. In addition, we explore the behaviour of the
KUT-1 compound upon dissolution in water and observe surpris-
ing in-growth and stability of the free radical species.

Prior structural characterization of the KUPS-1 compound
indicated the presence of the uranyl (UO,>") cation with one
0,*” and two O,>” anions bound in the equatorial plane.**
Potassium cations are located around the uranyl complex and
are coordinated to both ligated water and H,0, molecules. The
previously reported EPR spectra of solid-state KUPS-1 that was
stored under Ar for 3.5 weeks identified five g-factors at 1.951,
1.983, 1.994, 2.017, 2.05 (Fig. 1A)."* Presence of the superoxide
ligand in the complex lowers the point group symmetry from
the D, expected for the uranyl triperoxide [(UO,)(0,> )s]*~
down to C,, for the [(UO,)(0,>7),(0,* )]’ 7, technically resulting
in a rhombic magnetic moment. The ambiguities in bond
lengths and close structural relationship between the super-
oxide and peroxide anions will likely result in an axial signal
observed experimentally. Still the additional features in the EPR
spectrum suggested the presence of other radical species pre-
sent in the system.

DFT studies were performed to predict the EPR sighatures
for the KUPS-1 complex (two peroxide and one superoxide
ligand) and provide additional insights into the nature of the
molecular species. Predicted bond distances for the U=O0 axial,
U-Operoxide and U-Ogyperoxide €quatorial bond distances asso-
ciated with [(UO,)(0,%7),(0,°7)]*~ are 1.868, 2.265, and 2.531 A
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Fig. 1 (A) Solid-state EPR of KUPS-1. (B) DFT simulation of the uranyl
diperoxosuperoxide complex with spin density, % orbital contribution
(localization of unpaired e7), and calculated g-tensors. Isosurfaces of spin
densities have iso values of 0.0012 e~ Bohr—>.

(Fig. S10, ESIt) respectively, which match well with the experi-
mentally derived values."* We note that the calculated values
associated with the superoxide anion are shorter than what is
observed (CCDC 1359847)™ in the structural data due to the
average bond distance obtained from the single-crystal X-ray
diffraction data representing the average of that site and likely
contains contributions from geometries with multiple reactive
oxygen species (i.e. O,>7, 0,*”). Spin density maps of the
molecular complex indicate that 99.4% of the unpaired electron
is localized on two equatorial O atoms; thus, the spin solely
remains on the ligand with no additional spin noted on the
metal centre (Fig. 1B). This confirms that the U(vi) is not redox
active even in the presence of the superoxide anion and we
should not expect any contributions from U(V). Predicted
spectral signals for the KUPS-1 complex are observed at g, =
2.016, g, = 2.017, and g, = 2.057 (gjso = 2.032). These values
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suggest the likely presence of an axial signal that matches two
of the experimentally observed values (g, = 2.05, g, = 2.017) for
the KUPS-1 compound. These g-factors are different from
calculated and known superoxide phases (Tables S2 and S3,
ESIY),"'® including KO,, indicating that it is not a signature
from the K'/H,0, network.

While we can account for EPR signals at gy =2.05 and g, =
2.017 as arising from the coordinated O,* ", the nature of g-factors
at 1.951, 1.983, 1.994 remained ambiguous, especially since
O-centred radicals are unlikely to appear in that range. Interest-
ingly, we were able to match the resonance at g = 1.983 to the
paramagnetic chromium(v) peroxo complex [Cr(v)(O)(O,)(OH,),]",
with features at g = 1.951 and 1.994 matching well with hyperfine
coupling signals for this form."”” We used inductively coupled
plasma mass spectrometry (ICP-MS) to confirm the presence of
trace chromium (ppb) across the stock solutions used in the
KUPS-1 synthesis (Table S4, ESIt). This contaminant was not
observed in the case of studtite,"® but the nature of the KUPS-1
lattice and the alkaline conditions used in the synthesis of the
material likely enables the Cr(vi) and Cr(v) to incorporate into the
solid phase."” In the stock solutions, it is expected that Cr(vi) is
present, but this metal cation will react with H,0, to form a variety
of species, including [Cr(v))O(O,),OH] ", four different Cr(v) peroxo
complexes, and even Cr(m) peroxo intermediates. The Cr(vi)/H,O,
reaction is complicated by catalytic decomposition of H,O, and
specific reaction conditions (i.e. pH, H,0, concentration).” Given
the prevalence for trace-level transition metals in uranium materi-
als, this finding potentially has implications for the chemistry of
reactive oxygen species within the uranyl peroxide systems, and
may serve as a forensic marker during processing of uranium
based fuel.

KUT-1 is synthesized in the same manner as KUPS-1 and
when the EPR spectra of the KUT-1 compound was collected 24 h
after synthesis of the solid (Fig. 2A), the only g-factors present in
the spectrum were at g = 1.983 and 1.973. These features are
assigned to Cr-centred [Cr(v)(O)(0,)(OH,),]" and [Cr(v)(O.)]>~
species®,"”” with no evident resonances associated with the
0,*” and confirming that the solid is a triperoxide phase.
Interestingly, one of the K' sites within the crystal structure of
KUT-1 is exclusively coordinated by four side-on n*-0,>" ligands,
which appears to be the most likely substitutional site for the
[Cr(v)(0,)s]>~ species. After aging for 3 weeks under Ar, the
signature at g = 1.983 grows in while the feature at g = 1.973
decreases, indicating partial transformation of [Cr(v)(0,),]’~ into
[Cr(v)(0)(0,)(OH,),]". A new resonance at g, = 2.016 is also
present, consistent with the uranyl superoxide, however the
g = 2.05 is less resolved. To remove the trace contaminant metals
from our uranyl nitrate stock solution and minimize the Cr(v)
signature, we performed a liquid-liquid extraction using
tributylphosphate.’® In this case, the fresh material contained
no EPR signatures, but after three weeks weak features at g =
1.973, 1.983, 1.990 and 2.016 appeared in the spectrum (Fig. 2B).
This indicates that the sub-ppb level Cr(vi) in the material
reduced to Cr(v) over time."”

From these results, we believe the changes in the K/Cr
peroxide framework around the uranyl triperoxide monomer
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Fig. 2 (A) Solid-state EPR of KUT-1 (~24 h) and aged for 3 weeks
indicates the presence of Cr(v). (B) Purification of the uranyl nitrate reactant

resulted in no evidence of Cr(v) in the initial KUT-1 sample (~24 h) but the
Cr(v) and U(vi) superoxide signatures appear after 3 weeks of aging.

in KUT-1 induces the in situ formation of uranyl superoxide
species (KUPS-1). Interestingly, the synthesis of a similar potassium
uranyl triperoxide K, [UO,(0,);]-4H,0 was reported by Dembowski
et al."® who noted a formation of a transient “bright-yellow micro-
crystalline solid” with unexpected spectroscopic signatures that
converted into the desired K,[UO,(0,);]-4H,O phase within one
week under ambient conditions. The physical properties (i.e. color
and morphology) of this transient phase resemble the KUPS-1
compound, but this would suggest that the superoxide phase
converts into the triperoxide form. However, this particular system
has not been characterized by EPR spectroscopy, so it is unclear
what ROS is present in the material.

It is also important to note that redox chemistry of coordi-
nated peroxide ligands appears to be linked to trace-level Cr in
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the sample that serves as an electron sink. This is supported by
the fact that the superoxide signature at g = 2.05, g, =2.016 is
more intense when more Cr(v/vi) is present in the material. In
addition, previous work by Orhanovic and Wilkins*® demon-
strated that Cr(vi) will reduce to Cr(v) peroxides in acidic
solutions. This suggests that both Cr(vi) and Cr(v) may be
present in the KUPS-1 compound but Cr(vi) will be EPR silent.
Presence of trace transition metals with uranium solids is
expected, including in UO, fuel pellets.”" This adds an addi-
tional layer of complexity to the ingrowth and fate of ROS
species within these materials and related solutions.

We also explored the change in spectral signals for KUT-1 in
solution. In this case, fresh, purified KUT-1 was dissolved in
water (30 mM), which resulted in a solution pH of 12. Initially
the only EPR signature (Fig. 3) was located at g = 1.973,
corresponding to the presence of the residual [Cr(v)(O,)s >~
complex upon dissolution.”” After 24 h, the signal associated
with the Cr(v) peroxo moiety disappeared, likely due to oxidation
to Cr(vi). After 48 h, a persistent new signature is observed at
g = 2.031 and the intensity continues to increase with 72 h of
aging under ambient conditions. This g-factor matches well
with the calculated gis, value (2.032) for the U(vi) superoxide
anion and is shifted from the expected value for a free super-
oxide (g = 2.062) anion calculated using DFT (Table S2, ESIf).
This result indicates that the uranyl triperoxide species alters to
some amount of the U(vi) superoxide form in solution.

Identifying the presence of O,* " in solution by EPR spectro-
scopy without the use of a molecular spin-trap, such as
5,5-dimethyl-1-pyrroline N-oxide (DMPO), is very unusual
because the half-life of the superoxide anion is ~1.25 seconds
at pH 10-12.>*>* Control experiments of solutions containing
potassium hydroxide (pH 12) and H,0, demonstrate this issue,
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Fig. 3 Solution EPR spectra of fresh, purified KUT-1 dissolved in water
(pH = 12) at 0, 24, 48 and 72 h.
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as no EPR signatures for superoxide were observed for the
entire 72 h (Fig S11, ESIf) without the addition of DMPO
(Fig. S12 and S13, ESIf). To the best of our knowledge, the
U(vi)-0,°~ signature is the only instance of superoxide reso-
nance being observed in aqueous solution at room temperature
without the addition of a spin-trap molecule. This highlights
that the U(vi) cation stabilizes the superoxide radical longer
than a free O,*" anion in solution to enable detection by EPR
spectroscopy at room temperature.

The results demonstrate that the 0, anion can oxidize to
0,*" even after binding to the U(vi) cation and formation can be
enhanced by the presence of trace metals in the system. This
has important implications in considering the long-term stabi-
lity of uranyl peroxide materials as Kravchuk et al. demon-
strated that U(vi) materials containing superoxide radicals
engage in direct-air carbon capture and formation of peroxo-
carbonate phases."*** Within alkaline solutions, the oxidation
of peroxide occurs more readily to form superoxide radicals
that enhance carbonation reactions and our results suggest
that this can be further influenced by the presence of U(vi) and
Cr(vi/v) in solution. In addition, high radiation fields may
promote the formation of superoxide from U(vi) peroxide com-
plexes that can lead to additional reactivity over time."?

Overall, the current study demonstrates that U(vi) triperox-
ide solids and related soluble molecular species will change
over time to form the superoxide species and may be further
influenced by trace metals (i.e. Cr, Fe) that are commonly found
in nuclear materials. Evidence of superoxide in solution with-
out the addition of spin-traps demonstrates the stability of O,*~
under these conditions for several days. This level of stability
has yet to be demonstrated for any other metal cation and has
implications for the carbonation process within alkaline con-
ditions and the transformation of U(vi) peroxide solid phases in
high radiation fields.
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