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The solid form of the uranyl peroxide cage (UPC) cluster LiU,g (Li>g[(UO2)28(05)42]) was irradiated by 5 MeV
He?* ions to achieve doses up to 42 MGy. An intermediate compound formed that reacts with atmospheric
CO, to form uranyl carbonates. The role of water in the UPC to uranyl carbonate transformation was
studied by flowing either dry or hydrated Ar over samples during He?* irradiation, and by storing samples in
dry and humid environments before and after irradiation. Raman, infrared, and X-ray photoelectron spectro-
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scopies and electrospray ionization mass spectrometry were used to characterize solid Li—U,g salts before
and after He?* irradiation. The highest yield of uranyl carbonates occurred when hydrated Ar gas was flowed
across the sample during He?* irradiation. Electron paramagnetic resonance spectroscopy provided evi-
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Introduction

Uranyl peroxides are currently attracting attention in diverse
areas such as direct air capture of CO,,' stabilization of
hydroxyl and superoxide radicals,”® the nuclear fuel cycle,*®
studies of gelation,” and environmental impact."® The
response of uranyl peroxide materials to ionizing radiation is
important for nuclear waste storage and the environment.'*
Studtite, [(UO,)(0,)(H20),](H,0),, and its lower hydrate metas-
tudtite, are the only known peroxide-bearing minerals. Studtite
is used to recover uranium during in situ leach mining pro-
cesses, precipitates on spent nuclear fuel immersed in water in
laboratory studies, and has formed on Chernobyl’s “lava” that
resulted from the core-melt accident.">'*">

Uranyl carbonates are an important group of minerals,
some of which form in nuclear waste environments, in close
association with studtite.">™” Recently, a uranyl superoxide
was observed to convert to a uranyl peroxo-carbonate species
in atmospheric conditions.’®'® Another study reported that
the uranyl peroxide Na,(UO,)(0,);-9H,0 converts to Na,(UO,)
(CO,); after exposure to ionizing radiation.” Although nuclear
waste occurs in various environments, all experience ionizing
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dence of hydroxyl and superoxide radicals in both unirradiated and y-irradiated Li—U_sg.

radiation.'>7+2°

degradation of uranyl peroxides has been explore
Studies of radiation-induced solid-state transformations of
Ca,[U0,(0,);]-9H,0 (CaUT) and Liy[(UO,)(0,);]-10H,O (LiUT)
revealed that terminal peroxide ligands in CaUT are replaced
by hydroxyl groups through an interaction with lattice waters,
whereas LiUT transforms to a uranyl oxyhydrate phase.*®

An extensive family of uranyl peroxide cage clusters self-
assemble in alkaline aqueous solutions containing uranyl and
hydrogen peroxide.* One of these, Li-Up; (Lin[(UO,)(0,)
(OH)],4) formed when an aqueous solution containing the Li-
uranyl tri-peroxide monomer (LiUT) was y-irradiated, likely due
to production and recombination of hydroxyl radicals to form
hydrogen peroxide from water radiolysis.>® Upon further
y-irradiation, Li-U,, degrades to a uranyl oxide hydroxide
hydrate phase. The behavior of other uranyl peroxides including
studtite, Uso (LissKi6[(UO2)(02)(OH)]s0), UsoOX30 (Li12Kas[{(UO,)
(02)}60(C204)30]), and UpyPpiy (LizgNans[(UO,)24(02)24(P205)12])
has been studied under He** ion irradiation.”” These were done
using dry solid material that was subsequently characterized by
powder X-ray diffraction (PXRD) and Raman spectroscopy. He*"
irradiation induced X-ray amorphization and a visible color
change of the materials.

Li-Uyg (Lizg[(UOy)28(02)42]) is a fullerene-topology cage
cluster comprised of 28 uranyl ions bridged through peroxide
ligands (Fig. 1). Properties of Li-U,g have been investigated pre-
viously in part due to its relative simplicity and its readily repro-
ducible synthesis that yields pure material.>® >’ Due to the exten-
sive characterization of Li-U,g, it serves as a model system for
this study. This investigation includes He>" irradiation of Li-Usg
under dry or hydrated argon flow, with three types of sample
storage (ambient, desiccated, and 75% relative humidity (RH)).

The radiolytic facilitated formation and
d.21_23
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Fig. 1 (a) ESI-MS spectra of Li—U,g dissolved in water after storage
prior to irradiation. (b) Polyhedral representation of the UPC Li—Upg.

The material was characterized before and after He*" irradiation
by Raman, infrared, and X-ray photoelectron spectroscopies. We
identify the formation of uranyl carbonate species, likely resulting
from a reactive radiation induced intermediate. The influence of
water content on the formation of uranyl carbonates was observed
through spectroscopic characterization. We also identify the pres-
ence and y-radiolytic production of oxygen radicals in Li-U,g with
electron paramagnetic spectroscopy.

Experimental methods

Caution: Although depleted uranium was used in this study, it
is a radioactive alpha emitter, and its daughters emit beta radi-
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ation. Depleted uranium should only be handled by trained
individuals in appropriate facilities.

Synthesis

Li-U,g was synthesized by combining an aqueous solution of
uranyl nitrate hexahydrate (0.5 M, 10 mL) and hydrogen per-
oxide (30%, 10 mL) in a Falcon centrifuge tube, yielding stud-
tite, [(UO,)(0,)(H,0),](H,0),, as a precipitate. LIOH monohy-
drate (2.38 M, 6 mL) was added, and the solution was stirred
until the precipitate fully dissolved, resulting in a transparent
yellow solution. Using a 1:1 ratio of methanol to reaction
mixture, Li-U,g was crystallized by slow methanol diffusion.
Four vials, each of which contained 0.75 g of reaction solution,
were placed in a parafilm-covered beaker containing 3.00 mL
of methanol. Crystals with dimensions of ~100 pm formed
within three days and were harvested by vacuum filtration. The
identity of the Li-U,g crystals was confirmed by single crystal
X-ray diffraction while the crystals were cooled in a nitrogen
gas stream (Table S1t). Loss of lattice water during exposure to
the ambient atmosphere quickly reduces long range order, ren-
dering further crystallographic analysis impractical. After
drying the material, Raman spectroscopy and electrospray
ionization mass spectrometry (ESI-MS) confirmed the persist-
ence of the Li-Uyg cluster (see below).

Irradiation

The Li-U,g material was adhered to carbon tape on an alumi-
num stub for He*" irradiation. Ion radiolysis was performed
using the 9S accelerator at the Nuclear Science Laboratory at
the University of Notre Dame to produce 5 MeV He*" ions,
which mimic most a-particles. This method achieves high
local doses in the MGy range with a beam current of approxi-
mately 25 nA and a beam diameter of 0.635 cm. The sample
area is significantly larger than the beam. After irradiation,
pristine material remains for comparison to the portion of the
sample that was impacted by the beam. It is straightforward to
visually discern pristine and irradiated material owing to a
change in sample color resulting from He?" irradiation.

The SRIM/TRIM software was used to estimate the beam
penetration depth of approximately 30 pm using material com-
position, density, and beam energy.>® Dose was accounted for
by combining the incident energy with the integrated beam
current. The Li-U,g average particle size, approximately
170 pm, exceeds the beam penetration depth, leaving the bulk
of the Li-U,g material unirradiated. Samples were irradiated to
doses of 8, 13, 21, and 42 MGy. To minimize indirect effects
from the atmosphere, argon (Ar) gas (either dry or hydrated)
flowed over the surface of the sample during He*" irradiation.
Hydrated Ar flow was used to prevent dehydration of the
samples during He®" irradiation, which occurs with the dry Ar
flow.

Samples of solid Li-U,g were y-irradiated up to 20 kGy
using a sealed Shepherd 109-68R ®°Co y-source located at the
University of Notre Dame Radiation Laboratory for EPR experi-
ments. y-Irradiation was used to induce similar radiolysis pro-
ducts that likely form during He®" irradiation. Samples were

This journal is © The Royal Society of Chemistry 2024
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irradiated in quartz glass tubes sealed under vacuum. Fricke
dosimetry was used to calculate a dose rate of 50 Gy min~* and
was adjusted accounting for natural decay at the time of the
experiment. No conversion was made for differences in elec-
tron density due to the uncertainties involved in photon
absorption cross sections.

Vibrational spectroscopy

Fourier transform infrared (FTIR) spectra were collected using
an attenuated total reflectance (ATR) objective on a Bruker
Lumos FT-IR. All spectra were collected from the He®' irra-
diated material on Al stubs with a spectral acquisition range of
600-3998 cm ™' and a resolution of 3.0 cm™". Spectra were col-
lected for unirradiated material, as well as for unirradiated
portions of each irradiated sample that were exposed to gas
flow conditions but not the He*" beam, in addition to the irra-
diated portions.

Raman spectra were collected using a Renishaw inVia
Raman microscope outfitted with a 785 nm laser using a ther-
moelectrically-cooled CCD detector. Across all samples,
exposure times and accumulations were varied for optimal
signal over an extended scan range of 100-2000 cm ™" with the
power of the 300 mW laser at 0.01-0.1%. Cosmic ray removal
was done for all Raman spectra. Spectra were collected across
multiple spots for each sample.

X-ray photoelectron spectroscopy (XPS)

XPS was performed on a PHI VersaProbe II X-ray photoelectron
spectrometer equipped with a monochromatic Al Ko X-ray
source. Survey scans were collected over the binding range of
0-1486 eV using a pass energy of 187.85 eV. High resolution
scans were taken of uranium, oxygen, and carbon binding
envelopes using a pass energy of 23.5 eV. The surface was then
sputtered for 30 s using an Ar ion gun, and another high-
resolution scan was collected. Spectra were calibrated to the
adventitious carbon (C-C) peak at 284.8 eV. Data analysis was
completed using the PHI Multipak software.

Electrospray ionization mass spectrometry (ESI-MS)

ESI-MS was used to confirm cluster identity and purity prior to
irradiation experiments. Salts containing Li-U,g were dissolved
in 18 MQ ultrapure water for a U concentration of ~200 ppm
and the pH was adjusted to ~9.6 using tetraethylammonium
hydroxide (1%), yielding a pale-yellow solution. Data were col-
lected in negative ion mode using a Bruker Compact
Quadrupole Time-of-Flight (QTOF) ESI-MS at an electrospray
voltage of —3.5 to —4.0 kV. The solution containing dissolved
Li-U,g was injected into the instrument at a rate of ~6 pL per
minute with a collection time of 15 minutes, using N, nebuli-
zer gas. Collision induced dissociation tandem MS measure-
ments were done following published methods for cluster
identification.*®

Electron paramagnetic resonance (EPR)

EPR spectra were collected on a Bruker EMX spectrometer for
y-irradiated Li-U,g. Five scans were collected and averaged at

This journal is © The Royal Society of Chemistry 2024
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room temperature in the X-band frequency range (~9.8 GHz)
on solid Li-U,g sealed under vacuum in quartz glass tubes.
The magnetic field was centered at 3500.00 G, with a sweep
width of 1000 G. To investigate the decay of radical species
after y-irradiation to 20 kGy, the samples were maintained in
the sealed tubes for 24 hours and then the EPR spectra were
re-collected. After 24 hours and collection of the EPR spectra,
one sample was opened and exposed to air for an additional
day while the other sample remained sealed, and EPR spectra
were taken again for each of these samples.

Sample storage

Samples of Li-U,g labeled ‘ambient storage’ were maintained
on the bench top in a plastic sample holder before and after
He®" irradiation. To control for fluctuating atmospheric
humidity in subsequent experiments, samples were contained
in perfluroalkoxy (PFA) jars with either a saturated salt solu-
tion, ~75% relative humidity (RH), or a desiccant to reduce
humidity before and after He*" irradiation. To achieve 75%
RH, a slurry of NaCl and 20.0 mL of water was used.>® Samples
were elevated above the salt solution or desiccant. Samples
were exposed to the ambient atmosphere during
characterization.

Results and discussion

Powder X-ray diffraction is not effective for establishing the
identity and purity of the material under study because the
solid form of U,z is prone to dehydrating with loss of crystalli-
nity. To confirm that harvested material contains the Uy
cluster, solid material was dissolved in water that was then
injected into an electrospray ionization mass spectrometer.
Previous studies have established that ESI-MS gives broad
peaks at high m/z when uranyl peroxide cage clusters are
present.>® The spectrum for dissolved U,g collected during the
current study contains the expected broad m/z envelopes that
indicate the Us,g cluster [(UO,),5(0,)42]*®” travels to the detec-
tor with various combinations of Li", H" and H,O with charge
states of —7 and —6 (Fig. 1).

He”" irradiation of samples under flowing dry or hydrated Ar

Samples of Li-U,g that were He®" irradiated at the onset of the
current investigation had been stored under ambient atmos-
pheric conditions on the benchtop. Samples were irradiated to
8 to 42 MGy under flowing dry or hydrated Ar gas. Raman
spectra were collected as soon as possible after irradiation,
typically within two hours (Fig. 2a) The Raman microscope
used is in a different building than the accelerator and
samples were exposed to the ambient atmosphere after
irradiation prior to collection of Raman spectra.

Raman spectra were collected for samples that had been
subjected to progressively higher doses of radiation (Fig. 2a)
The peroxo (O-O) symmetric stretch at 840 ecm™" gradually
decreases with increasing dose, and is eventually lost, indicat-
ing breakdown of the peroxide bridges present in U,g. Peroxide

Dalton Trans., 2024, 53,17169-17178 | 17171
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Fig. 2 (a) Normalized Raman spectra of He?* irradiated Li—U,gs. (b) Normalized FTIR spectra of He?" irradiated Li—U,g. Dashed lines between
1600-1300 cm™ correspond to locations of carbonate binding motifs whereas the dashed line at 860 cm™ highlights the shifted uranyl asymmetric
stretch. For (a) and (b), stack plots show increase in dose, and red and blue traces indicate dry or hydrated Ar gas flow during irradiation, respectively.

is an essential component of U,g and it is unlikely that U,g
clusters remain following peroxide breakdown. The uranyl
(U=0) symmetric stretch at 809 cm™" broadens with increas-
ing dose but maintains its position, indicating persistence of
the uranyl ion. Upon further He®" irradiation, a shoulder
appears around 743 cm™~" that continues to grow with increas-
ing dose. Carbonate (CO;>7) in-plane bending (v;) modes
occur in the range 700-800 cm™"' and may be responsible for
the ingrowth of the shoulder at 743 cm™".>*"*? The expected v,
vibrational mode of carbonate is present but weak and is high-
lighted in Fig. S11.1 Raman spectra were collected as extended
scans ultimately impacting relative intensities of the present
spectral features. Data collection was optimized for observing
a large spectral window and details of the uranyl symmetric
stretch, which greatly overshadows the carbonate symmetric
stretch. IR spectra for irradiated material also contain modes
assigned to carbonate vibrations (see below). It is likely that
the irradiated material rapidly reacts with the ambient atmo-
sphere to form uranyl carbonate complexes by capturing CO,,
which has been observed in other reactive uranyl phases and
irradiation studies.">'® Carbonate out of plane bending
modes (v,), if present, overlap with the intense uranyl sym-
metric stretch.°

The sharp peak at 1553 cm™ " in the Raman spectrum for
Li-U,g; He®" irradiated under dry Ar gas is absent in the spec-
trum for material irradiated under a hydrated Ar gas flow. This
peak is assigned to O, gas trapped in the solid or possibly
adsorbed on the surface.>® The O, may arise from decompo-
sition of peroxide or recombination of radiolytic radical
species. The O, is liberated upon addition of water, as con-
firmed visually and by gas chromatography (Fig. S3t). The
absence of the signal at 1553 cm™" for material irradiated
under flowing hydrated Ar further establishes the role of water
in O, gas release.

1

17172 | Dalton Trans., 2024, 53,17169-17178

FTIR spectra were collected the day after He*" irradiation of
the samples (Fig. 2b). The spectra of the unirradiated Li-U,g
control samples contain major features including the -OH
stretching mode between 3700-3000 cm ™", the water bending
mode at 1632 cm™ ", and the uranyl antisymmetric stretch (v3)
at 910 cm™". FTIR spectra collected for samples that were irra-
diated all contain carbonate wv; peaks between
1600-1300 cm™'. The uranyl v; stretch of the irradiated
materials has shifted to 862 cm™" in each case. This is attribu-
ted to weakening of the uranyl bonds caused by equatorial
coordination by CO;*~.>*** The broadening of the uranyl v,
stretch following irradiation is consistent with the presence of
multiple bonding environments. In general, peaks in the car-
bonate v; region are more intense in FTIR spectra collected for
samples He”" irradiated under hydrated Ar than those irra-
diated under dry Ar, suggesting that water influences for-
mation of the intermediate phase(s) and perhaps radical
species that facilitate the capture of carbon dioxide from the
atmosphere. Symmetry reduction increases the number of car-
bonate v; peaks, as would the occurrence of additional symme-
trically distinct (UO,)*" or (CO;)>".%°

FTIR spectra of Li-U,; He®" irradiated under dry Ar gas
contain peaks at 1574 and 1426 cm™". Spectra for samples irra-
diated under hydrated Ar gas contain the same peaks, as well
as peaks at 1515 and 1370 cm™'. Bidentate carbonate coordi-
nation to a metal center causes a splitting of the v; mode (Av;)
of ~150 em %37 Ay, between 1574 and 1426 cm™* is
148 ecm™}, and between 1515 and 1370 cm ™ is 145 cm ™!, both
of which are consistent with bidentate coordination of carbon-
ate to uranyl. He*" irradiation under hydrated Ar followed by
contact with the atmosphere yields two structurally distinct
bidentate carbonate groups, in contrast to irradiation under
dry Ar, which only produces one. Spectroscopic peak assign-
ments are summarized in Table 1.

This journal is © The Royal Society of Chemistry 2024
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Table 1 Spectroscopic peak assignments for Raman (R) and infrared
(FTIR) spectra

Uy %) U3 Vg

Unirradiated Li-U,g

(UOL)** 809 (R) 910 (FTIR)
(0-0) 840 (R) 835 (FTIR)
He?" irradiated Li-U,g
(U0, 808 (R) 204,300 862 (FTIR)
®)
(COs)*~ 1089 (R) 1370, 1426, 1515, 1574 743
(FTIR) (FTIR) [®)

Data collected from the first set of He®" irradiations indi-
cates that the solid form of Li-U,s undergoes significant
changes during He”" irradiation, and the resulting “damaged”
material reacts with ambient air to rapidly capture CO, as car-
bonate, particularly with the use of hydrated Ar. The break-
down of Li-U,g during irradiation likely results in several
uranyl environments that are difficult to characterize, unlike
crystalline Li-U,g that only contains uranyl ions coordinated
by three bidentate peroxide groups. The uranyl and peroxide
spectroscopic signals diagnostic of Li-U,g diminish markedly
with increasing dose, with eventual complete loss of the signal
at 840 cm™" that corresponds to peroxide that is bridging two
uranyl ions within the cage cluster. Breakdown of peroxide
produced O, gas that was trapped in the solid and later
detected by spectroscopy. Peroxide breakdown doomed the U,g
clusters as no uranyl peroxide cluster contain less than a
1:1 molar ratio of peroxide to uranyl (the ratio is 1.5 for pris-
tine Uyg).

He?" irradiation of samples stored in humid and desiccated
environments

Initial He*" irradiation experiments described above were done
for samples of Li-U,g that had been stored under ambient con-
ditions. To better understand the impact of water in the con-
version of irradiated UPCs into uranyl carbonates, samples of
Li-U,g were pre-treated in either a high humidity atmosphere
or a desiccated atmosphere prior to He*" irradiation to 42 MGy
and storage in the same conditions afterward. Raman and
infrared spectra for samples that had been stored in these two
types of atmospheres prior to and post irradiation are in
Fig. 3a and b, respectively.

Overall, the Raman spectra of materials after He®"
irradiation are similar among the samples stored in desiccated
or humid conditions, especially in the uranyl symmetric
stretching region (Fig. 3a). The most notable differences occur
in the low wavenumber regions. Samples irradiated under
hydrated Ar flow produced almost identical spectra regardless
of how they were stored prior to irradiation. However, irradiat-
ing samples under the dry Ar flow resulted in spectra that
differed significantly depending on the sample storage, with
less prominent features in the low wavenumber range for the
spectrum collected for material that had been stored in a

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

desiccated environment. Also, the corresponding spectrum
contains a peak at 1553 cm™ ' indicative of O, gas in the
sample, which is absent in the spectrum in which the sample
was stored in a humid atmosphere. Evidently, the high humid-
ity storage pre and post irradiation results in sufficient
hydration of the sample to liberate oxygen generated during or
after irradiation.

The low wavenumber signals in the Raman spectra provide
some insights into chemical environments. The peak at
123 cm™" may be due to lattice vibrations, indicating increased
crystallinity despite irradiation, as some prior studies have
observed.>* It is also possible that the peak at 123 cm™ is
due to in-plane bending of the equatorial ligands, which has
been observed in other uranyl complexes.*® There is some
ambiguity in the assignment for the peak between
200-250 cm™ ', In uranyl chloride complexes, this has been
attributed to the rocking vibrational mode (v4,) of the uranyl
ion.*® Other literature suggests this peak could be bending (v,)
of the uranyl ion, which can become Raman active when the
site symmetry of the uranyl ion is lowered.>**° Those between
300-500 cm ™" are attributed to U-O vibrations in the equator-
ial positions of the uranyl bipyramids.*°

FTIR spectra collected for samples stored in either desic-
cated or humid conditions emphasize the importance of
hydrated versus dry Ar flow during He®" irradiation (Fig. 3b).
The spectrum of Li-U,s subjected to hydrated Ar during He**
irradiation and humid storage contains intense peaks at 1429
and 1500 cm™" with a Ay; of 71 em™, likely indicating a
monodentate bound carbonate.®® This might arise from an
equatorial site of the uranyl bipyramid being occupied by
excess water or a hydroxyl group. This spectrum also contains
peaks corresponding to bidentate carbonate binding motifs
(140 Av;), which present as shoulders to the intense peak at
1429 cm™ . Conversely, the spectrum for the sample subjected
to hydrated Ar during He®" irradiation and desiccated storage
contains intense peaks at 1522 and 1362 cm ™" with a 160 Avs,
indicative of only bidentate CO;>~ binding motifs. The excess
water provided by both the high-humidity storage and
hydrated gas flow during irradiation impacts how CO;>~ binds
to UO,>" in the final products. Both spectra for samples irra-
diated under dry Ar flow contain analogous peaks to the
spectra of the samples irradiated under the hydrated Ar flow
with much less intensity regardless of the type of storage. The
extent of alteration to a uranyl carbonate species depends on
the amount of water associated with the material. Some trans-
formation occurs in the dry Ar flow systems because Li-U,g
has water inherently associated with the structure (Fig. 1a), as
well as exposure to any atmospheric humidity during sample
transfer and characterization, however, the dry Ar flow dries
the surface while the hydrated Ar flow maintains surface water
content during irradiation. Drying of the material exposed to
the dry Ar flow during He®" irradiation explains why the
material stored in the humid environment does not alter
nearly to the same extent as the samples exposed to hydrated
Ar during irradiation. A weak v, symmetric carbonate stretch is
visible in the FTIR spectra for the samples exposed to the

Dalton Trans., 2024, 53,17169-17178 | 17173
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asymmetric stretch.

hydrated gas flow condition at 1090 cm™". In a symmetric car-

bonate group, this stretch should be Raman-only active,
however, it can become IR-active when symmetry is lowered.*®

The infrared spectra collected for the variously treated
samples shown in Fig. 3b indicate that significant water is
present in all cases, as indicated by the water bending mode
and large envelope of peaks in the H bonding region. Storage
of material in a desiccated environment without subsequent
irradiation may have caused modest dehydration relative to the
sample stored in a humid environment. The sample stored in
a humid atmosphere is expected to contain much more
surface water. Regardless, the intermediate compound pro-
duced by He*" irradiation under flowing hydrated Ar was most
effective in capturing CO, from the atmosphere. CO, readily
dissolves in water to form H,CO; that can further speciate to
HCO;~ and CO,>”, providing a mechanism for how the irra-
diated material uptakes carbon that is dependent on the pres-
ence of surface water, rather than just structurally bound
water. The reactivity of the intermediate exhibits a dependency
on water content, particularly in the case of the hydrated Ar
flow during He>" irradiation. This dependency could suggest
increased radical production during He*" irradiation, as the
UPC and associated water is undergoing radiolysis. We exam-
ined radical species generated by y-irradiation in Li-U,g with
EPR experiments (see below).

X-ray photoelectron spectroscopy (XPS)

XPS was used to characterize the C 1s, O 1s, U 4f;),, and U 4f5,,
binding envelopes after He®" irradiation for samples stored in
a 75% RH or desiccated atmosphere. The binding energy was
calibrated using the signal for adventitious carbon (C-C) at
284.7 eV (Fig. 4). The C 1s envelopes for unirradiated materials

17174 | Dalton Trans., 2024, 53, 17169-17178

with humid and desiccated atmosphere storage conditions are
largely comprised of the signal for adventitious carbon. In all
cases after irradiation a carbonate (O—=C(-O-),) binding envel-
ope is present at 289.7 eV.

XPS spectra for the O 1s, U 4f,),, and U 4f;;, binding envel-
opes are in the ESL{ The O 1s envelope is impacted by both
irradiation and storage environment. The signal at 529.7 eV
assigned to equatorial U-O bonds linking uranyl polyhedra
(U-0-U), decreases in intensity in spectra for the irradiated
samples relative to spectra for unirradiated samples, however,
it persists due to oxygen atoms still comprising the equatorial
sites as (CO;)*". At 531.6 eV, the carbonate (O=C(-0-),)
bonding environment is notably larger after irradiation. Uranyl
(O=U=O0) and hydroxide (-OH) bonding environments are
also present in all O 1s fits.

Electron paramagnetic resonance spectra

Radical oxygen species formed during He®" irradiation of Li-
U,g are potentially key in subsequent reactions that capture
CO, from the ambient atmosphere. The increased reactivity
observed in more hydrated samples suggests that more radical
oxygen species are forming during He®" irradiation in these
systems due to the additional water. Surprisingly, the EPR
spectrum of unirradiated solid Li-U,g contains small peaks
indicative of oxygen radicals with g-factors of 2.0167, 2.032,
2.0235, 2.0079. The EPR signals at g = 2.032, 2.0235, and
2.0079 can be attributed to superoxide (O,"”) in the unirra-
diated Li-U,s sample.>*"**> In samples of studtite, similar
g-factors were observed, including g = 2.015, which was attribu-
ted to O, "; however, computations predicted the value to be
around g = 2.023.> Another group of researchers showed that
U oxalate (a UPC with sixty uranyl ions bridged by peroxide

This journal is © The Royal Society of Chemistry 2024
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and oxalate ligands) stabilizes "OH radical species for up to
ten days in the solid state (g = 2.016), likely resulting from the
breakdown of H,0, in a Fenton-like process during synthesis.”
The principle component for the EPR spectra of unirradiated
Li-U,g has a g-factor of 2.0167. This g-factor matches that of
the hydroxyl radical ("OH) identified in the Uy, UPC as well as
that of "OH in magnesium oxide.>** The presence of ‘OH in
the unirradiated UPC could be explained by the radical being
trapped in defect sites within the material, allowing it to
persist despite the material being handled on the benchtop in
air. We have also considered that the peak at 2.0167 could be
due to an oxygen radical (O7), as these are longer lived radical
species and have been observed in aluminum oxide and
hydroxide compounds.**** Despite ambiguity in the identities
of oxygen radicals, the EPR spectra reported herein are the
first evidence that solid Li-U,g contains radical oxygen species.

The EPR spectra of unirradiated Li-U,g and y-irradiated Li-
Uys (20 kGy) are shown in Fig. 5a. The unirradiated (black
trace) and y-irradiated (red trace) Li-U,g produce spectra with
the same g-factor values for O,”” and ‘OH or O~ with much
greater intensity in the case of the y-irradiated sample.
F-center defects from y-irradiation of the quartz tube are in the
EPR spectra with a g-factor of 2.0004 and as expected, this

This journal is © The Royal Society of Chemistry 2024

signal is absent in the spectrum of the unirradiated material.
y-Irradiation results in increased concentrations of both "OH
or O and O,"” compared to the spectrum of the unirradiated
material. The presence and formation of O, ™ in Li-U,g is par-
ticularly interesting in the context of this investigation because
only one uranyl superoxide compound has been shown to
transform into a uranyl carbonate bearing phase."®"’

The decay of radical species in y-irradiated material was
also examined using EPR spectroscopy. The two samples of Li-
U,s that were y-irradiated to 20 kGy remained sealed for
24 hours after which EPR spectra were taken again. After
24 hours and collection of the EPR spectra, one sample was
opened and exposed to air for an additional day while the
other sample remained sealed. The resulting spectra indicate a
gradual decrease in intensity of radical species over two days
when the sample is under vacuum, and an immediate quench-
ing of radicals upon exposure to air. The radiation-induced
radicals readily react with air, in contrast to the radical species
stabilized in the unirradiated Li-U,g. The reduction of radicals
present in the aerated sample indicates that a majority of the
y-induced radical oxygen species are near the surface of the
material, and therefore able to react with the atmosphere. This
contrasts with other aeration experiments that conclude the

Dalton Trans., 2024, 53,17169-17178 | 17175
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reactive species can reside in the subsurface of various
materials.*>** Li-U,s synthesized and handled on the bench-
top stabilizes oxygen radicals, as shown in the EPR of the uni-
rradiated material, but once irradiated and exposed to the
atmosphere again, this capacity is lost. These results indicate
that small doses of ionizing radiation impact the material
enough to prevent any subsurface trapping and increase the
susceptibility of interacting with the atmosphere. The uranyl
species present after He?" irradiation induced Li-U,s break-
down are likely varied. However, it is evident from the EPR
spectra that y-irradiation creates oxide and hydroxide radicals
in the material, which can be reactive toward atmospheric CO,
to form carbonates. Our experimental sets with added
hydration during He** irradiation, likely form a greater
amount of radical oxygen species that then react to form
uranyl carbonates. Further EPR investigations varying water
content are needed to confirm this.

Conclusions

Herein we expanded upon previous investigations on the be-
havior of various uranyl peroxides subjected to high doses of
ionizing radiation.>** He®" irradiation of Li-U,s produced a
reactive intermediate that captured CO, from the ambient
atmosphere to form uranyl carbonate species. The peroxide
units that bridge uranyl ions in Li-U,g degraded by 42 MGy,
resulting in binding of CO;>” ligands in a bidentate fashion in
the equatorial plane of the uranyl ion shown by infrared spec-
troscopy. Li-U,s exposure to water pre and post He>"
irradiation by storage in 75% RH facilitated the alteration to a
uranyl carbonate post-irradiation. The use of a hydrated Ar gas
flow over the sample surface during He*" irradiation was the
most impactful factor in conversion of Li-U,g to a uranyl car-

17176 | Dalton Trans., 2024, 53, 17169-17178

bonate phase, regardless of the storage environment. The least
amount of uranyl carbonate formed in samples stored in desic-
cated conditions and irradiated under a dry Ar gas, further
demonstrating the importance of water in material alteration.
Increased water content at the surface likely dissolves atmos-
pheric CO,, followed by speciation to carbonate. EPR spec-
troscopy elucidated that unirradiated Li-U,g solid stabilizes
hydroxyl or oxygen and superoxide radicals; however, this
capacity is lost upon vy-irradiation. Irradiation induces for-
mation of superoxide and hydroxyl or oxygen radicals, which
likely play a role in uranyl peroxide degradation and sub-
sequent carbonate formation. Further studies on the radiolytic
mechanism and role of oxygen radicals in material alteration
to form uranyl carbonate compounds are warranted.
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