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Radiolysis of water in high radiation fields generates a variety of reactive oxygen species that influence the
chemical behavior and complexation of hexavalent uranium. This study investigates the behavior of inter-
action of a uranyl cation (U022+(VI)) with a series of free radicals that are formed in situ via activation of
the free radical initiator persulphate (5,0g27), which releases both SO4*~ and "OH species in the solution.
Electron Paramagnetic Resonance (EPR) and Raman spectroscopy were used to evaluate the presence of
the hydroperoxyl radical (HO,") and superoxide radicals (O,"7) that are formed within the solution through
radical cascade reactions. In addition, a uranyl peroxide cluster solid (NaU,4) was crystallized and charac-
terized using single crystal X-ray diffraction (SCXRD), vibrational spectroscopy, and EPR spectroscopy. The
presence of the hydroperoxyl radical (HO,") and superoxide radicals (O,"") was also observed in the solid-
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state compound, but spectroscopic evidence suggests that it was associated with the Na* network and
not the cluster itself. Density functional theory (DFT) calculations were also utilized to further confirm the
radical species produced and determine the potential stabilization of radicals detected within the cluster
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Introduction

When aqueous solutions are subjected to ionizing radiation, a
diverse array of free radicals are formed in the solvent that can
react with actinide elements present in nuclear materials and
influence their chemical behavior." As a nuclear material
emits ionizing radiation, nearby water molecules can undergo
excitation or ionization reactions, resulting in reactive species
such as e;q"~, 'OH, H', and HO,’ radicals.? Additional reactions
with other water molecules, free radicals, or dissolved oxygen
can result in the formation of reactive oxygen species (ROS),
such as peroxide (0,>7), the hydroperoxyl anion (OOH),
hydrogen peroxide (H,0,), and the superoxide anion radical
(0,"7)." These species can influence the redox behavior of acti-
nides, such as uranium, thereby influencing the corrosion of
fuel pellets,” hampering radiochemical separations,*” and
creating soluble actinide phases that will influence environ-
mental fate and transport.®*°

In addition to changes in the oxidation state, free radicals
formed during water radiolysis may complex with the actinide
cation, changing the chemical speciation and overall behavior
of the system. For example, McNamara et al. reported that the
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uranyl peroxide phase, studtite, (((UO,)O0,(H,0),)-2H,0) was
formed on the surface of spent nuclear fuel due to alpha radi-
olysis of water."'* Sattonnay et al. also discovered that metas-
tudtite, ((UO,)0,(H,0),), formed on the surface of UO, after
irradiation with alpha particles, which again takes place
through the in situ production of H,O, through radiolysis of
water.'®> More recent studies by Kravchuk et al. and Scherrer
et al. indicated that the O,"” radical can be stabilized within
U(vi) triperoxide coordination complexes and Lottes et al
suggested that "OH radicals are incorporated into U(vi) per-
oxide clusters formed through hydrothermal methods. *®
The major challenge with understanding radicals and reac-
tive species produced during irradiation studies is the complex
mixture of radiolysis products that are formed during exposure
to « or y radiation; thus, we have previously utilized chemical
radical initiators to initially simplify the system. Kravchuk
et al. and Scherrer et al. created peroxyl radicals in situ through
the autoxidation of benzaldehyde in benzyl alcohol to under-
stand the behavior of superoxide in these systems.'”'® This
previous work demonstrated the direct coordination of the
superoxide radical to the U(vi) cation, suggested increased
stability of the radical in solution, and indicated that the
superoxide anion engaged in additional cascade reactions
with other substrates (e.g. CO, from direct air carbon capture
and the formation of PO, from an aminophosphonate
ligand)."*"? This work demonstrated that fundamental knowl-
edge regarding interactions between actinide metal cations
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and radiolysis products can be gained from using chemical
radical initiators.

In this study, we set out to expand our understanding of
U(vi) interactions with ROS species by turning our attention to
the "OH radical through the use of persulphate (S,05>7) as the
chemical initiator. Persulphate is widely utilized in advanced
oxidation processes due to its ability to form sulphate radicals
(S0, 7)*>*' through activation by heat, UV light, transition
metals, and microwave irradiation.>** Upon activation under
neutral and basic conditions, persulphate triggers a secondary
reaction, leading to the formation of ‘OH radicals in
solution.>>*>?° For the current work, the behavior of U(vi) in
the presence of activated persulfate was explored using Raman
spectroscopy and electron paramagnetic resonance (EPR) spec-
troscopy. Through these experiments, we successfully isolated
a solid-state material (NaU,,), which was further characterized
using single-crystal X-ray diffraction, Raman spectroscopy, and
EPR spectroscopy. Additionally, density functional theory
(DFT) calculations were conducted to confirm the intermediate
complexes and free radical species formed throughout the
radical cascade.

Experimental methods
Solution conditions for the persulfate reaction with U(vi)

The persulfate activation was initiated by adding 2.5 ml of 0.5
M sodium persulphate (Alfa Aesar, 99%) and 2.5 ml of a 0.3 M
sodium fumarate (Alfa Aesar, 99%) buffer to a 20 ml scintil-
lation vial and heating to 70 °C for one hour. At this point,
0.2 ml of 0.02 M uranyl nitrate hexahydrate (Bio-Analytical
Industries Inc., 99%) dissolved in water was added to the acti-
vated solution and the pH of the reaction mixture was
measured at 7.5. CAUTION: This synthesis contains radioactive
238U; therefore the experiments were performed by trained person-
nel in a licensed research facility with special precautions taken
during handling, monitoring, and safe disposal of radioactive
materials. The scintillation vial was then capped and allowed
to age over a course of three weeks in the dark. Light yellow
blocky crystals appeared in the bottom of the vial within 3
weeks and reached the maximum production of the solid
occurring within 4 weeks.

Single-crystal X-ray diffraction

Structural characterization of the resulting solid material
(NaU,,) was performed using single-crystal X-ray diffraction. A
subsample of the product was placed on a glass slide, isolated
from the mother liquor, and coated with NVH immersion oil.
High-quality single crystals were isolated and mounted on a
Bruker Quest single-crystal X-ray diffractometer equipped with
Mo Ka radiation (4 = 0.7107 A), CMOS detector, and a low
temperature cryostat (Oxford Cryosystems, Cryostream 800) set
at 100 K. All diffraction data were collected, integrated, and
corrected (i.e. Lorentz, polarization, absorption and back-
ground effects) using the Bruker APEX4 software.”” Structure
determination was performed using direct methods and least
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squares refinement of the partial structure was conducted
using APEX4 software.”” U atoms were located during the
initial structure determination and the O and Na atoms were
observed in the residual electron density map following refine-
ment of the partial structure. The O atoms associated with the
U,, cluster were well resolved and could be refined anisotropi-
cally in all cases. Na 1, 2, and 3 were also refined in discrete
positions, but Na 4, 5, and 6 were more disordered and the
atoms were prolate when refined anisotropically. Disorder for
Na5 could be modeled using a split site with a partial occu-
pancy of 0.125. Final modeling of the partial occupancy for the
Na sites was also compared to the charge balancing require-
ment of the overall compound formula. Oxygen atoms associ-
ated with water and hydrogen peroxide in the interstitial
lattice region were well resolved but could not be refined aniso-
tropically. Two positions (020 and 024) were disordered and
modeled as split sites with partial occupancy. Hydrogen atoms
were not included in the structural model due to difficulties in
locating the positions in the residual electron density map.
The Crystallographic Information File for NaU,, can be found
in the Cambridge Structural Database by requesting number
2433767.

Raman spectroscopy

Raman spectra were collected for relevant solutions including
the initial reagents and the mother liquor over a 3-week crystal-
lization period. Aliquots of the solution were placed into glass
vials and the solution phase Raman spectra were collected
using an SnRI High Resolution Sierra 2.0 Raman spectrometer
equipped with 785 nm laser energy and a 2048 pixel TE cooled
CCD detector that measured data from 200 to 2000 cm™". Data
were collected in multi-acquisition mode by averaging three
spectra with an acquisition time of 5 seconds and the
maximum power of the excitation laser at 15 mW. Solid-state
Raman spectroscopy was also performed on single crystals iso-
lated during structural characterization of the product. These
crystals were transferred to a glass slide and placed under a
ReniShaw inVia Raman microscope. Both the unwashed and
hexane washed crystalline products were analyzed by Raman
spectroscopy. Samples were imaged under a confocal micro-
scope at 50x magnification and then the data were collected
using a 785 nm excitation source operating at its highest
power at 15 mW. The 1200 mm grating results in a resolution
of 2 em™ over a scan range of 200-2000 cm ‘. Data were
acquired in multi-acquisition mode where the spectra were
automatically reiterated three times. Both solid-state and solu-
tion spectra were background-subtracted and fitted using the
peak analysis protocol in OriginPro 9.60 (OriginLab,
Northampton, MA) 64-bit software. Lorentzian or PseudoVoigt
functions were employed in fitting peaks and the fitting para-

meters converged to y” values of less than 107%.%®

Infrared spectroscopy

IR spectra of the solid-state materials formed during the reac-
tion were collected with a Bruker VERTEX 70v FTIR spectro-
meter equipped with a platinum ATR microscope objective.

This journal is © The Royal Society of Chemistry 2025
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The spectra were collected in the region of 500-4000 cm™
region and the IR bands were fitted with Lorentzian and
Gaussian functions with > converged to values of less than
10~° using OriginPro 2024 software.

Electron paramagnetic resonance spectroscopy

Both solid and solution samples were analyzed using electron
paramagnetic resonance spectroscopy. Approximately 10 mg of
the isolated crystals were placed into a 5 mm quartz EPR tube
for analysis of the solid-state materials. For solution studies,
the solid product was dissolved in 1 ml of water and 100 mM
DMPO (5,5-dimethyl-1-pyrroline-N-oxide) was added as the
spin trap. In both cases, room temperature EPR spectroscopic
data were collected on a Bruker EMX spectrometer equipped
with an HS EPR cavity. The magnetic field was centered at
3509 G with a microwave frequency of 9.854 GHz at 20.00 mW
power. The sweep width was 80.00 G and the sweep time was
20.972 s with an 81.920 ms signal channel. The receiver gain
was equal to 1.00 x 10° and the modulation frequency and
amplitude were 100 kHz and 1.00 G, respectively. All spectra
were collected in the additive mode using 50 scans. Observed
signals were integrated using the Bruker WIN-EPR acquisition
software (V. 4.33.12.50.1 2008) and data were plotted using
OriginPro 2024 software.

DFT calculations

The Gaussian 16>° software package was used to perform all
geometry optimizations on molecular species. The B3LYP
(Becke, 3-parameter, Lee-Yang-Parr)*®*! hybrid function was
used to model exchange correlation effects and van der Waals
dispersion correction methods DFT-D3 with the Becke-
Johnson damping term were also utilized.>> A polarized triple
zeta (def2-TZVP)*? basis set was utilized to represent the O, H,
and S atoms, while the SDD effective core potential and the
corresponding valence basis sets were used to represent U
atoms.**?> All structures were optimized with no symmetry
constraints to a tight convergence criterion with a Root Mean
Square (RMS) force criterion of 1 x 10~ Hartrees per radian.
Results of calculated vibrational frequencies from these geo-
metric optimizations were monitored to ensure that structures
were optimized to a true minimum with no imaginary frequen-
cies. When calculating reaction energies, the Conductor-like
Polarizable Continuum solvation Model (CPCM)***” with
water as the solvent was used during both geometry optimiz-
ation and in final single point calculations.

Single point calculations with the Gaussian 16 optimized
structure were performed to determine the theoretical g-value
using ORCA 6.0.1.>® B3LYP hybrid functionals were used in
these calculations,*®*" and relativistic effects were included by
the Zeroth-Order Regular Relativistic =~ Approximation
(ZORA)*>** in combination with ZORA-recontracted*' versions
of the def2 basis sets.”>** The H, O, and S atoms were rep-
resented using the ZORA-def2-TZVP basis set while U atoms
were represented using the SARC-ZORA-TZVP basis set
together with SARC/J coulomb-fitting auxiliary basis sets.*'™*?
Tight SCF convergence was used throughout the calculations

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

of all EPR parameters. Visualization of spin densities was con-
ducted using the Chemcraft program.**

Results and discussion
Characterization of the initial reaction in solution

The addition of U(vi) to the activated persulfate solution
initially resulted in the formation of a clear solution that then
formed a crystalline product upon aging. Persulphate (S,05>")
was chosen as a chemical initiator because it readily forms
sulfate radicals (SO,>*7) with heat, UV light, transition metals,
alkalis, ultrasound or microwaves® (rxn (1)) that react with
water to create reactive oxygen species. Within aqueous solu-
tions the sulfate radicals can further react with water to form
sulphate anions and hydroxide radicals (rxn (2)). After thermal
activation of the persulphate, the addition of uranyl nitrate
changes the color of the resulting solution to light yellow, but
overall, the mixture remains transparent. This solution is
stable over the course of approximately three weeks, wherein a
solid crystalline material begins to form on the bottom of the
vial. The formation of crystalline materials continued for four
weeks, where total yields of the solid product were 80-85%
based on U.

S,08%" — 2804"~ (1)
SO, ~ + H,O0 — H" +S0,%~ + "OH (2)

To confirm the activation of the persulfate in solution, we
first evaluated the reaction mixture over time using Raman
spectrometry (Fig. 1a and Table S1). Raman spectra of the
initial solution after heating contained five bands in the spec-
tral region of interest (700-1200 cm™'). The most intense
feature at 1077 cm ™" was associated with the S-O stretching in
S,05”~ whereas peaks at 835 and 801 cm™" represent hydro-
lyzed products such as peroxomonosulfate (SOs>7), confirming
the activation of the radical initiator.*>*” Additional features at
904 and 981 cm™' are associated with C-C stretching
vibrations*® of the fumarate molecule, but we also note that
SO,>” is also observed at approximately 980 cm™" as well.*®
The band at 819 cm™" corresponds to the v; uranyl symmetric
stretching of the UO,>" cation that results from the addition of
the uranyl nitrate to the solution. Normally an acidic solution
that contains uranyl nitrate would have a band at 870 cm™,
corresponding to the uranyl pentaaqua species; however, the
v; mode in the U(vi) persulfate solution is red shifted by
50 cm™1.*°7! As the solution pH for the activated persulphate
is near neutral, uranyl hydrolysis can cause a red shift for the
v, uranyl stretching band.”® Alternatively, the presence of the
chelating fumarate molecule may also result in the observed
changes in the spectral features.

Aging the U(vi)-bearing solution resulted in subtle changes
in the Raman spectrum over time. After one week, the same
features were observed within the spectral window of interest;
however, there is a significant increase in the intensity and
sharpness of the peak at 984 cm™" and a red shift in the U(v)

Dalton Trans., 2025, 54,13129-13142 | 13131
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Fig. 1 (a) Raman spectra of the initial solution containing uranyl nitrate, sodium persulfate and sodium fumarate after aging for 1 h, 1 week, 3 weeks

and 4 weeks. (b) EPR spectrum of the initial reactants with 100 mM DMPO added as a spin trap agent. The orange circles correspond to the presence
of the "OH radical and pink triangles indicate the presence of sulphate radicals. (c) EPR spectrum of the reaction mixture when the solid product
appears in the solution (after 4 weeks) indicates a mix of radical species that includes "OH and O,"~ species.

v, symmetry mode by 6 cm™'. Changes in the band at

984 cm ™" are likely attributed to the gradual conversion of per-
sulphate to sulphate over time, whereas the shift in the U(vi)
mode corresponds to change in the coordination environment
around the metal cation. After 3 weeks, we see the ingrowth of
a peak at 877 cm™" that we attribute to the formation of free
H,0, within the reaction medium. This spectral feature then
disappears upon the formation of a solid yellow product at 4
weeks of aging the reaction solution. Given the appearance of
a peak at 813 ecm ™' in the U(vi) containing solution and evi-
dence of peroxide formation, the solution Raman data suggest
the formation of a U(vi) peroxide nanocluster in solution prior
to crystallization.

The EPR spectra of the activated persulphate solution and
100 mM DMPO spin trap contain two splitting patterns that
were deconvoluted to identify the free radicals present in the
solution (Fig. 1b). We have identified DMPO-SO, adducts with
a 1:1:1:1 splitting (Ax = 13.84 and Ay = 10.08, 1.48) and
DMPO-OH adducts with a 1:2:2:1 splitting (Ayg = Ay = 14.89)
as the two major contributors to the spectra. EPR spectral fea-
tures for the initial solutions also matched those proposed by
Yang et al. when the persulphate system was activated through
interaction with vanadium complexes.>® The hyperfine split-
ting constants also matched the values for the DMPO adducts
reported by Buettner et al., where for DMPO-OH, Ay = Ay at
14.9 G, and for DMPO-SO, Ay = 13.82 and Ay = 10.1, 1.42.5%°
These results indicated that the expected SO,~ and "OH rad-
icals are generated during the persulphate activation in the
system. After the formation of the solid product (4 weeks), the
solution was again analyzed using EPR spectroscopy and the
DMPO spin trap. The analysis revealed the presence of a
mixture of SO,””, 'OH, and O, radicals, (Fig. 1c) with the
presence of O, confirmed by the hyperfine splitting con-
stants (Ay = 14.39 G and Ay = 11.30 G).>**°

Our results support previous work indicating that a cascade
reaction occurs in the presence of aqueous persulfate at
neutral and alkaline pH when the reaction is activated by

13132 | Dalton Trans., 2025, 54, 13129-13142

heat,>*”*® but it is further modified by the presence of U(v).
EPR spectroscopy clearly demonstrates the formation of SO,™™
and 'OH radicals in the initial solution, which according to
kinetic studies performed by Johnson et al is the initial reac-
tion and is the rate-determining step.>’ Previous work also
indicated that other sulfur-based radicals (e.g. SOs~ and
SO;77), may also be generated, but we found no evidence of
their formation in our experiments.’® After the initial reaction,
SO, and "OH radicals generated in situ can either complex
with the U(vi) cation or further react with water or other co-
solutes in the solution. There are no obvious changes in the
Raman spectra to suggest that there is a change in speciation
for the U(vi) cation; however, there is significant overlap in the
spectral features of the radical initiators and the U(vi) sym-
metric stretch that precludes us from confirming this fact. The
Raman spectra exhibit an additional feature at 875 cm™" after
three weeks of aging that corresponds to free H,O, in the
system. Formation of peroxide can be rationalized by inter-
actions between the "OH radicals formed through the initial
persulfate decomposition (rxn (3)) or alternatively, the hydrox-
ide radicals can also interact with the H,0, produced within
the system to form hydroperoxyl (HO,") radicals (rxn (4)). The
hydroperoxyl radical can then undergo deprotonation to form
the superoxide radical (0,”) (rxn (5)), demonstrating that a
range of reactive oxygen species can be formed under these
conditions.

2°0H — H202 (3)
‘OH + Hzoz — H'Oz + Hzo (4)
HO, = "“0,+H" (5)

This mechanistic reasoning indicates that O, gas is not
necessary for the formation of peroxide; however, additional
reactions performed under N, gas showed no evidence of sig-
nificant H,O, ingrowth in the Raman spectrum (Fig. S1 and
S2). This result leads us to conclude that peroxide is generated

This journal is © The Royal Society of Chemistry 2025
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in situ when the sulfate radicals initiate the cascade reaction
and the presence of O, gas is necessary for its formation. The
importance of dissolved oxygen has been previously noted in
irradiation studies by Jegou et al., where aerated solutions sub-
stantially increase the presence of H,0, in the system com-
pared to those purged with argon gas because of interactions
of the solvated electron with dissolved O, gas.®® However, a
solvated electron is not generated during the activation of the
persulphate radical initiator, suggesting that a different
mechanism must be in play for the current system.

Build-up of peroxide to levels that are observable by Raman
spectroscopy occur weeks after initiation of the experiment
and this spectral feature does not occur unless U(vi) is present
in the system. This result suggests that peroxide formation
occurs after the initial persulphate activation step and the
presence of the actinide cation may also influence the radical
initiator. Previous work on persulfate chemistry indicated that
transition metals can also activate the molecule through a one-
electron reduction step and we have previously noted the pres-
ence of trace metals in our U(vi) peroxide systems.'®®" While
we cannot entirely rule out trace metals in this system, the
overall yield of the peroxide makes other mechanisms more
likely. The formation of U(vi) peroxide has also previously been
linked to photochemical reactions;®*"®> however, aging of the
U(vi) persulfate solutions occurred in the dark, confirming
that the formation of peroxide did not occur through a photo-
chemical mechanism.®® After four weeks, the peroxide signal
disappeared from the Raman spectra, and this can be traced
to the consumption of the U(vi) and the formation of a solid
product.

Identification of the product

The solid crystalline product that formed from the persulfate
radical initiator was initially characterized by single-crystal
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X-ray diffraction and structural determination of the solid indi-
cated the presence of U(vi) peroxide clusters (Fig. 2a). Selected
crystallographic information and bond distances are provided
in SI Tables S2 and S3, respectively. The molecular clusters
identified by structural characterization consisted of 24 U(vi)
cations bound to two oxygen atoms to create the nearly linear
dioxo uranyl cation (UO,**) with axial U=0 bond distances
ranging from 1.787(10) A to 1.819(11) A. Each uranyl cation is
further bound to two 1,-0,>~ and two OH™ ligands within the
equatorial plane to create an overall hexagonal bipyramidal
coordination about the U(vi) cation. Average equatorial U-O
bond distances range between 2.334(8) and 2.457(10) A and
peroxide anions contain O-O bond lengths of 1.473(10) and
1.479(11) A, which are comparable to the ~1.5 A bond distance
that is commonly observed in solid state peroxides.®”®® The
uranyl complexes link together into tetrameric and hexameric
rings and create the larger molecular cluster with a sodalite
topology and overall formula of [(UO,),4(OH)p4(02)24]* ™ (Uss).
The U,, species was one of the first characterized uranyl per-
oxide molecular clusters and has since been identified as one of
the most common species to exist in solution. Discovered by the
Burns group in 2005, the cluster was synthesized by combining
uranyl nitrate with 30% H,0, in LiOH.®® These clusters have
since been observed as a primary product in the self-assembly of
monomeric species and as the breakdown product of other uranyl
peroxide clusters (i.e. Uyg and Us).%*”° The Li-U,, complexes have
also been studied using a range of chemical techniques that
demonstrate the stability of uranyl peroxide clusters in aqueous
solutions and the importance of the Li* counter cations trapped
within the cage structure.””> Cation exchange of the Li-U,,
species can occur through the addition of saturated sodium
acetate. Overall yields of the Na* bearing U,, material using the
cation exchange method were reported to be approximately 30%
and it crystallizes in a monoclinic, C2/m space group with a =

Fig. 2

(a) NaU,4 crystals are formed after aging the U(v) containing activated persulfate solution for four weeks. (b) The NaU,,4 solid contains

[(UO2)24(0H)24(02)541*~ molecular clusters in the crystalline lattice. U(vi) positions are represented as yellow polyhedra to build the overall U,y
cluster. (c) The U,4 molecular clusters are ordered within the crystalline lattice and are charge balanced by networks of Na* cations (teal polyhedra).
Only the ordered Na* networks are shown as additional disordered Na* cations and water molecules have been removed for clarity.

This journal is © The Royal Society of Chemistry 2025
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26.184(2) A, b = 26.175(2) A, ¢ = 18.415(2) A, and S = 132.259°.
Structural characterization of this compound indicated that the
formula was Li,Na;¢[Nag(H,0)g][(UO,)24(OH)24(05)24] 72H,0.7>7
Zanonato et al. also reported a Na-U,, species during the explora-
tion of F~ doping of the uranyl peroxide clusters that crystallizes
in the tetragonal I4/m space group with a = 19.3480(8) A and ¢ =
25.551(4) A7

The compound formed in this current study crystallizes
with different unit cell parameters than the previously reported
structures (tetragonal I4/m, a = 19.7190(5) A and ¢ = 22.1550(9)
A) and this change is caused by differences in the Na" network
(Fig. 2c). A Nag(H,0)g core (Na(1) and Na(2)) occurs within the
center of the U,, cluster and is identical to the previous Na-
bearing U,, solids (Fig. 3a). However, the arrangement of the
alkali cations on the exterior of the cluster differs between the
previous solid and the one characterized herein (Fig. 3b).
In the Na-U,, clusters reported by Nyman,”>”* the Na* cations
are linked through bridging H,0 molecules and a central Li"
tetrahedron to form a linear pentameric chain within the
interstitial regions. Three crystallographically unique Na*
cations are observed on the exterior of the cluster reported by
Zanonato et al. but the crystallographic information file is una-
vailable for further analysis of the structural differences in the
sodium network.” In the current Na-U,, cluster, only Na* is
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observed on the exterior of the clusters and forms an octa-
meric unit through both bridging H,O and peroxide units
(0-0 distance 1.57(7) A) that are captured by the Na' cation.
This is similar to the presence of H,0,/HO, in the
potassium network that surrounds the U(vi) peroxosuperoxo
complex (KUPS) previously reported by Kravchuk et al., which
was synthesized through the use of benzaldehyde as the
radical initiator."* Based on the structural characterization of
the material, we determined that the overall formula
of the compound is Na;o(Nag(H,0)sNag(H;0)z2(H205)4)
[(UO,),4(0OH)24(05)24]-22H,0.

To further explore the composition of the solid-state
material, a Raman spectrum was collected from NaU,, single
crystals that were formed from the activated persulfate solu-
tion. The spectrum featured four prominent peaks, where the
band at 798 cm™" was assigned to the v; uranyl symmetric
stretching of UO,** and the two broad bands at 816 and
845 cm™' correspond to v, and v, stretching of O,>~ bound to
U (Fig. 4a). These features agree well with the previously
reported Raman-active bands for U,, that have been previously
reported by Burns et al.”® A shoulder at 856 cm™" confirms the
presence of H,0O, within the solid-state material. Bands for
pure Na,O, are observed at 736 cm ™", so the peak at 857 cm™*
likely corresponds to a O-O stretch associated with a hydrated

019
[ ]
b 022 |
027
[
024
Na-U24 8;;
(current
study)
/ - °
/
° o
(]
Na-U24
(Nyman) ‘ .
o ©

Fig. 3

(a) Arrangement of the Nag(H,O)g core in the NaU,4, compound isolated from the activated persulfate mixture (top) is identical to the core

observed in the previous work by Nyman”>7# (bottom). (b) The cation network in the NaU,, compound isolated herein contains a Na* octamer that

also contains H,O, molecules (top). The previous work by Nyman’374

atoms and Li atoms are given in teal, red and orange, respectively.
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includes chain structures of both Na and Li cations (bottom). Na atoms, O
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1084 cm™ and a relative increase in the band at 857 and 819 cm™.

peroxide form.”” The band at 1084 cm ™" could be attributed to
residual solvent or O,/ HO,  as the literature suggests the
Raman peak for free superoxide to be near 1090 cm™" in alkali
halide lattices.”®”® In addition, Stoin et al. reported the in situ
generation of NaO, in concentrated NaOH leads to a band in
the Raman spectra at 1082 cm™".*° However, Na,CO; also con-
tains a major feature at 1080 cm™"' *° and uranyl peroxides are
known to engage in direct air carbon capture.'*'® Once the
solid crystals were washed with hexane, the peak at 1084 cm™"
disappeared and the intensity of the peaks at 857 and
819 cm ™" increased compared to the uranyl symmetric stretch-
ing band (Fig. 4b). This suggests that during the washing step,
the solvent is removed or O,” radical may have reacted with
the solvent and formed the HO,™ molecule.

Solid-state IR spectra of the unwashed samples also contain
evidence of the hydroperoxyl radical (Fig. S3-S8). More specifi-
cally, features at 3453, 1394, and 1145 cm™" agree well with
previous literature results for HO,.®" In addition, there is evi-
dence of H,0, in the lattice with features at 3220, 2852, 1415,
1377, and 892 cm™ "% In addition, the uranyl antisymmetric
stretch can be identified at 915 cm™" and ligated peroxide
stretching features at 861 and 852 em ™', which is comparable
to previously reported values for U(vi) peroxide clusters.®?
Thus, the IR spectrum provides additional evidence that the
NaU,, compound contains the hydroperoxyl radical and H,0,
in the solid-state lattice.

This journal is © The Royal Society of Chemistry 2025

(@) Raman spectra of the solid NaU,4 cluster as synthesized and
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(b) after being washed with hexane show a decrease in the band at

To further confirm the presence of HO, in the solid-state
phase, EPR spectra were also collected on the solid-state material
(Fig. 5a). A single, weak isotropic signature can sometimes be
observed for NaU,, at g = 2.019 but it is not consistently reprodu-
cible. The g value for solid state KO, is found at g = 2.04 but the g
tensor varies from 2.015-2.106 depending on the coordination
environment.?* In addition, the gis, value for the HO,  radical has
previously been reported at 2.016, which is in agreement with
what is observed in the NaU,, solid.*® The EPR signature is
different from what is observed for the U(vi) triperoxide species
(gL = 2.017 and g, = 2.05) and for the extended U(vi) peroxide,
studtite [UO,(0,)(H,0),]-2H,0 (g, = 2.014 and g = 2.039) as both
typically contain an axial signature when the free radical is com-
plexed to the metal cation.*'>'® We have noted in previous work
that the g, is sometimes so weak that it cannot be readily
observed from the background,'® but the features in this previous
U(v) superoxide study are broader than what is observed within
the solid state NaU,,. Lottes et al. have previously reported the
presence of a radical in the UgyOx3, cluster with an isotropic g =
2.016, which they suggested was linked to an "OH located within
the U(vi) cluster itself.'® Overall, the solid-state EPR spectra con-
firms the presence of an oxygen free radical (most similar to
HO,") but does not definitely locate it specifically within the U,,
cluster or the charge balancing Na" network.

To further explore the behavior of the free radical within
the NaU,, solid, the crystals were dissolved in water for

Dalton Trans., 2025, 54,13129-13142 | 13135
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Fig. 5 EPR spectra are reported for (a) solid NaU,4, (b) NaU,4 dissolved in water, (c) NaU,4 dissolved in water and spectra collected after 30 minutes

of aging, and (d) NaU,4 dissolved in water with the DMPO spin trap agent.

additional analysis by EPR spectroscopy. When the clusters
were dissolved in water and immediately measured on the EPR
spectrometer (Fig. 5b), we observed an isotropic signature at g
= 2.024. If a second EPR spectrum is recorded after aging the
solution for 30 minutes, the signature disappears from the
spectrum (Fig. 5¢), and after 24 h., the sample remains EPR
silent. This is different from what was previously observed for
uranyl superoxide/peroxide phases, where no signature was
initially observed, but an isotropic feature at g = 2.032
appeared after aging for several days.'® A control experiment
was also performed, where the EPR spectra were collected in
solution with sodium superoxide at a pH of around 7 and no
signal was observed, which is expected based on the half-life
of the superoxide or other reactive oxygen species under these
conditions.?” This suggests that the radical is initially stabil-
ized in solution for a short period of time, but then the
species degrades rapidly in solution. When the cluster is dis-
solved in water with the DMPO spin trap present in the solu-
tion, then there is evidence of hydroxide radicals present in
the sample (Fig. 5d).The hyperfine splitting constants that
were measured (Ay = 14.89, Ag = 14.99) with a 1:2:2: 1 split-
ting pattern were consistent with the previously reported
DMPO-OH adduct in water as the solvent.”® However, it is

13136 | Dalton Trans., 2025, 54, 13129-13142

unclear if this is caused by the presence of "OH radicals in the
original solid or the reactivity of HO,  or H,0, during
dissolution.

DFT insights into observed radicals

To elucidate the experimental solid-state and solution-state
EPR observations from the NaU,, cluster, we turned to DFT
calculations of related molecular models and calculated
theoretical g values. First, we examined the potential stabiliz-
ation of the superoxide anion within the uranyl peroxide
cluster framework. Performing DFT calculations on the full
U,, cluster was deemed computationally prohibitive; therefore,
we utilized two uranyl hydroxy peroxo dimers cleaved from the
larger cluster (Fig. 6). The selection of dimers, rather than a
larger oligomer, is supported by our prior studies on extended
uranyl peroxides, such as studtite and metastudtite, where
uranyl dimers were shown to provide accurate g-tensor calcu-
lations for the superoxide complexed with the uranyl cation.'®
The first dimer, U-Dimer 1 (Fig. 6a), features two terminal
peroxo groups on each uranyl center and two bridging hydroxyl
groups. In contrast, U-Dimer 2 (Fig. 6b) contains two terminal

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Calculated g-factors and spin densities of uranyl hydroxo peroxide dimers cleaved for the U4 cluster were determined for (a) U-Dimer 1 and
(b) U-Dimer 2, respectively. The isosurfaces of the spin densities were generated with a contour value of 0.015.

hydroxyl groups and one terminal peroxo group on each uranyl
center, along with a bridging peroxo group. In both dimers,
the removal of an electron results in the conversion of one of
the terminal peroxo groups to a superoxide. The calculated
g-tensor values for U-Dimer 1 and U-Dimer 2 exhibit axial sig-
natures, with g, = 2.061, g, = 2.003 and g = 2.045, g, = 2.023,
respectively (Fig. 6). The shape and numerical values of the cal-
culated g-tensors align well with previous experimental solid-
state EPR measurements of superoxide stabilized within
uranyl peroxide environments,'® but the calculated values do
not agree well with the results from the experimental EPR
measurements of the NaU,, solid or solution.

It is also important to note that the formation of a bridging
or terminal "OH radical could not be achieved in any of the
modeled actinyl compounds. In all cases, the unpaired spin
density localized on a peroxide ligand, resulting in the for-
mation of a superoxide anion. The only exception was observed
in calculations performed on a uranyl hydroxide complex in
the absence of peroxide ligands, i.e., [UO,(OH),]*". Even in

this case, the spin density was delocalized across the entire
molecule rather than being confined to a specific hydroxo
ligand (Fig. S8). These results further support the conclusion
that the formation of a uranyl-coordinated hydroxyl radical is
highly unlikely.

Next, we calculated the g-tensors of oxygen-based radicals
that may be present within the crystal structure or in the
adsorbed water on the crystal surface (Table 1). These radicals
could reside within the cluster itself (occupying the internal
space of the cluster) or in the interstitial spaces between clus-
ters. Within the solid-state material, the experimental gis,
value for HO,  (2.019) is similar to the predicted value (2.014),
and the previously reported experimental gy, value for HO,’
(2.016) is even closer to the experimental observation.®>®°
Differences between the calculated and the experimental
values have previously been shown to be associated with vari-
ations in the second sphere coordination environment
between the model and the actual compound.®® The presence
of an isotropic feature instead of the anisotropic signature

Table 1 Calculated and reported experimental g-factors of oxygen base radicals

Calculated Experimentally reported
Radical 8l g Ziso 2 41 iso
0, 2.175 2.006 2.062 2.034-2.168%° 2.005-2.075"° 2.015-2.106"*
H,0™" 2.015 2.004 2.008 — — 2.0093%%%
HO' 2.067 2.005 2.025 2.057-2.060"° 2.003-2.009%° —
HO, 2.033 2.005 2.014 2.039 2.004 2.016%°
NaO,’ 2.067 2.006 2.026 - - —
SO, 2.005 2.017 2.013 2.0046%* 2.0325%%* —

“Irradiation of potassium persulfate to form SO, ™ pairs.

This journal is © The Royal Society of Chemistry 2025
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usually observed for U(vi) compounds supports that the HO,"
is not coordinated to the actinide cation. Therefore, the com-
putational results suggest that the hydroperoxyl radical
observed from Raman and IR spectroscopy is either found
within the Na' network or associated with surface-bound
species on the crystal face.

Within the solution phase, the experimentally observed iso-
tropic feature at 2.024 closely aligns with the calculated gis
values of HO" (2.025) and NaO," (2.026). This suggests that
hydroxyl radicals or superoxide radicals are released into solu-
tion when the crystals are dissolved in solution. The presence
of HO" aligns with the EPR spectroscopy results, where signa-
tures for DMPO-OH adducts were detected in the solution.
However, the isotropic signature at g = 2.025 in solutions
without DMPO suggests that it must be complexed to a metal,
like U(v1) because the lifetime of free 'OH in solution prohibits
its detection without a spin trap. The challenge with dissolving
crystals into the solution for EPR analysis is that there is break-
down of the lattice that can induce a wide range of reactivity,
including degradation of the interstitial peroxide groups or
decomposition of the U,, cluster into smaller molecular com-
ponents. During this decomposition, it is possible that there is
a U(vi) stabilized "OH or HO," species that can be analyzed by
EPR spectroscopy without the DMPO spin trap before reacting
to form a diamagnetic species.

This work has implications for understanding the behavior
of U(vi) in the presence of free radicals produced by water radi-
olysis. We do not see evidence that the U(vi) coordinates with
the sulfate radical under these conditions. Considering that
formation coefficients (log B) for the UO,(SO,)° range between
3.03 and 3.67, the decreased charge of SO," would likely lower
the favorability of this interaction further.”> We also do not
specifically observe the U(vi) coordination to the "OH radical in
either experimental or computational data, which is somewhat
surprising given that the formation constants for UO,(OH)"
are log B = 9.5 at pH and 23.6 at pH 12°° and it was previously
suggested to exist within U(vi) peroxide clusters by Lottes
et al.'® However, the lower charge on the radical species com-
pared to the OH™ anion may decrease the likelihood of
binding or stabilization by the uranyl cation. Under these
experimental conditions, the "OH radical can react to form
H,0,, which does bind strongly to the U(vi) species and
support the formation of the NaU,, cluster. However, the
breakdown of NaU,, may also follow a pathway that forms "OH
radicals, demonstrating the continuing cascade reactions that
can occur from the formation of reactive oxygen species in
these systems.

Conclusions

Overall, the persulfate initiator released both sulfate and
hydroxide radicals that resulted in the formation of a U(vi) per-
oxide cluster through a radical cascade mechanism. We found
no evidence that the sulfate or hydroxide radicals generated
from the persulfate activation formed stable complexes with

13138 | Dalton Trans., 2025, 54, 13129-13142
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the U(vi). Instead, these species further reacted in solution to
form a peroxide that complexed with U(vi) and formed a larger
NaU,, species. Evidence of radicals was found in the solid-
state materials using Raman, EPR, and IR spectroscopy, but
the exact nature of the radicals was difficult to determine from
these techniques. DFT was used to calculate predicted EPR sig-
natures for both bound and free radical species and suggested
that these species are associated with the sodium peroxide
network or the surface of the material. Dissolution of NaU,,
does result in the formation of additional "OH radicals, which
we believe are formed from the reactivity of the "OH or HO,"
species in the presence of water.

Use of chemical initiators provides insights into how
different radicals associated with water radiolysis may interact
with actinides, but additional efforts are needed to confirm
these interactions within high radiation fields. This study
suggests that peroxide and potentially superoxide will outcom-
pete hydroxide radicals for actinide binding, but this may be
pH dependent and warrants further study. In addition, our
results suggest that the breakdown of U(vi) peroxide clusters
may induce the formation of other radicals in solution and
result in secondary chemical reactions. However, in high radi-
ation fields, the presence of solvated electrons and other
highly reactive species may influence the overall behavior, and
this cannot be accounted for with chemical initiators.
Therefore, pairing radiation experiments with radical initiator
studies and computational efforts offers the best options for
obtaining a fundamental understanding of actinide behavior
in high radiation fields.
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