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Abstract

Aqueous solutions of lithium uranyl triperoxide, Lis|UO2(O2)3] (LiUT), were irradiated
with gamma rays at room temperature and found to form the uranyl peroxide cage cluster,
Li2a[(UO2)(02)(OH)]J24 (Li-Ua4) . Raman spectroscopy and 'O labeling were used to identify the
Raman-active vibrations of LiUT. With these assignments the concentration of LiUT was tracked
as a function of radiation dose. A discrepancy between monomer removal and cluster formation
suggests that the reaction proceeds by the assembly of an intermediate. Non-negative matrix
factorization was used to separate Raman spectra into components and resulted in the identification
of a unique intermediate species. Much of the conversion appears to be driven by water radiolysis
products, particularly the hydroxyl radical. This differs from the 30 labeled copper catalyzed
formation of U»4 which progresses at a steady rate with no observation of intermediates. Li-U24 in
solution decomposes at high radiation doses resulting in a solid insoluble product similar to Na-

compreignacite, Nax(UO2)s04(OH)s- 7H20, which contains uranyl oxy hydroxy sheets.



Introduction

The structures of complex macroions that spontaneously form in solution, or self-assemble,
are typically studied after crystallization. One class of complex macroions are polyoxometalates
(POMs) that consist of multiple metal-oxo species connected by bridging oxygen atoms yielding
a finite cluster.!> High oxidation state metals, such as W, Nb, Mo, and Ta form POMs because
they can coordinate to multiple anions and link to doubly-bonded “yl” oxygen atoms that act as
passivating ligands, stabilizing the surfaces of the clusters.> POMs can reach a nuclearity of up to
at least 368, despite containing a small number of unique building blocks.>* To better understand
their solution properties, mass spectrometry is used to identify prominent species present,>>S but
this provides only limited insight into formation mechanisms. The formation mechanism of POMs
has been long-sought after>® and recent efforts have emphasized formation kinetics of POMs and
how fragments of these clusters combine to form larger species.”!”

Currently lacking is a detailed mechanistic understanding of the formation of actinyl
peroxide cage clusters, first introduced in 2005.'! More than 70 uranyl (UO2?") peroxide clusters
have been reported to date'>!3 that assemble in aqueous solution over a wide pH range and that
can also contain transition metals, phosphate, and organic ligands.'>!* Potential applications
include incorporating actinides, such as plutonium, into uranyl peroxide cage clusters by ion
exchange to create a precursor for mixed oxide nuclear fuels.!> Uranyl peroxide clusters can also
be used to separate actinides from fission products using a size separation via ultrafiltration'¢ as
well as being used as components of solid-state electrodes.!” Recent applications of mass
spectrometry and small angle X-ray scattering have led to better solution characterization of uranyl

peroxide clusters and POMs, but typically do not reveal their formation pathway.”!®!” Knowledge



of the mechanism of uranyl peroxide phase formation in a variety of conditions will aid in cluster
discovery and prediction of speciation in synthetic and natural environments.

Under specific aqueous solution conditions, uranyl triperoxide monomers ([UO2(02)3]*,
UT) assemble into uranyl peroxide clusters at room temperature.?*?! The rate of the reaction is
significantly influenced by the specific counter cation present, the pH, solvent, and the presence
of uncoordinated hydrogen peroxide.?'* Conversion of UT in solution to the [(UO2)0.0H]24**
(U24) uranyl peroxide cluster, with Li counter cations, requires about a month at room temperature
even at millimolar concentrations of the monomer,?® when excess peroxide and lithium are present.
The assembly reaction can be catalyzed (peroxide decomposition) by micromolar concentrations
of copper that decreases reaction time to twelve hours.?? Isolation of intermediate products during
the catalyzed assembly process is challenging as the reaction, once initiated, proceeds to fully
assembled clusters. An improved mechanistic understanding of the assembly process requires
better control over the reaction.

Here, using the well-studied LiUT to Li-U»4 reaction as an example we examine the use of
ionizing radiation to promote this reaction. Exploiting radiation energy to promote reactivity, we
can pause the assembly by removing samples from the ionizing gamma radiation for
characterization of reaction intermediates and determination of the cluster assembly process. The
response of nanoscale metal oxide clusters to high doses of ionizing radiation is poorly explored
in general, and in the case of uranyl peroxide cage clusters is important for potential applications
in nuclear fuel cycles.?* The effects of ionizing radiation on selected uranyl peroxide species have
been explored in the solid state>>® but not in solution. Thus, the degradation of Li-U24 in solution

is also reported.



Experimental

Warning: Even though depleted uranium was used in these experiments it is still radioactive and
care should be taken to ensure work done does not lead to radioactive exposure. Only trained
personal in approved areas should handle radioactive materials.

Synthesis. Solid lithium uranyl triperoxide (LiUT) [Lis(UO2)(O2)3-10H>0O] was synthesized
according to previously reported methods (See supporting information).??*?’ Crystals of LiUT
were collected using vacuum filtration, dried, and stored at 4°C. The polycrystalline LiUT was
analyzed using powder X-ray diffraction (Figure S1), inductively coupled plasma optical emission
spectrometry, electrospray ionization mass spectrometry, and Raman spectroscopy to characterize
purity. Isotopic labeling of uranyl nitrate hexahydrate with '*O was done according to a reported
procedure?® using 97% H,'®0 (Cambridge Isotope Laboratories, Inc.). The labeled uranyl nitrate
was then used to make '30-yl labeled LiUT.

The Li analog of compreignacite was synthesized through modification of a reported
synthesis for compreignacite [K2(UO2)s04(OH)s-7H20].%’ A 5 mL aqueous solution containing
0.21g of uranyl acetate dihydrate and 0.1 g of lithium chloride (=99%, Macron Fine Chemicals)
was placed in a 23 mL Parr reaction vessel in a Teflon liner and heated in an oven at 100°C for 24
h. The yellow powder was collected by vacuum filtration and was washed with deionized water.
Irradiation. Gamma irradiations were performed using an enclosed Shepherd °Co source at the
University of Notre Dame. The dose rate was determined via Fricke dosimetry to be approximately
89 Gy/min and has been corrected for decay since calibration. Solutions of 50 mg/mL (~0.1M)
LiUT, produced by dissolving LiUT in ultrapure water, were flame-sealed in Pyrex tubes (1 cm
diameter by 10 cm long) that were either under ambient conditions, purged with nitrous oxide, or

purged with argon prior to irradiation. Control samples were prepared using the same method but



were then left on the benchtop for the duration of the irradiation experiment to ensure no temporal
changes occurred. No significant changes were seen in the Raman spectra collected for the control
samples over the timeframe of the radiation experiments (Figure S2). Irradiation in the *°Co source
causes samples to heat slightly. To determine the effect of heat on samples, solutions were sealed
under atmospheric conditions and heated to 30°C in an oven (Figure S3, S4, and supporting
information for more details). No effects due to heating were observed in the irradiated samples.
Raman Spectroscopy. Raman spectra were collected using a Renishaw inVia spectrometer. A
785 nm 300 mW laser with a spot size of 30 um was used for all measurements. A mirror was used
to direct the laser 90° to a cuvette holder that ensured the cuvette was the same distance from the
lens for each measurement (Figure S5). The sample tubes were broken open and the liquid, along
with suspended precipitate, was transferred to a centrifuge tube to separate the solid and liquid.
The liquid was transferred to a glass cuvette for spectral measurement. Static scans were taken
using a laser power of 100%, 10 second scans, and 12 accumulations for all solutions. Cosmic ray
removal was used for all spectra. Peaks were background subtracted using a Sonneveld and Visser
fitting® then fit using a Lorentzian/Gaussian function, all in Matlab.?!

Electrospray ionization mass spectrometry (ESI-MS). Spectra were collected using a Bruker
QTOF Compact LC-MS high-resolution mass spectrometer in the negative ion mode with 3700 V
capillary voltage, endplate offset of -500 V, 0.8 bar nebulizer gas, 4.0 L/min dry gas, and 180°C
dry gas temperature. Solutions were diluted with ultrapure water to uranium concentrations of less
than 100 ppm. Spectra were collected and averaged over a 5S-minute period.

Small Angle X-ray Scattering (SAXS). Solution scattering was recorded using a Bruker
NANOSTAR SAXS. Solutions were placed in 1.5 mm capillary tubes and the ends were sealed

with vacuum resistant glue. Data was collected for one hour per sample with a Cu Ko microfocus



source at 45kV and 650pA. Backgrounds were collected using the same capillaries containing
ultra-pure water. Data was collected with DIFFRAC.SAXS and preliminary processing, such as,
background subtraction, integration, and Guinier analysis were also performed. The IRENA3?
package for IGOR Pro was used to fit the data with a core-shell model to give the radius of gyration
reported. The scattering curve of Uxs was calculated using single crystal data in SolX.*
Inductively coupled plasma optical emission spectroscopy (ICP-OES). Chemical analyses
were performed using a PerkinElmer Avio 200 ICP-OES. Data were collected using 1400 pW
power, 8 uL/min plasma flow rate, and a 0.6 L/min nebulizer flow rate. Prior to analysis
compounds were dissolved in 2% nitric acid and diluted to appropriate concentrations of each
analyte. Matrix matched standards and internal standards were used to calibrate and monitor for
instrument drift. Molar ratios of U and Li were calculated from the results with an analytical
uncertainty of ~3.5%. Experimental molar ratio (Li:U) of the degradation product (1:1.127)
Powder X-Ray Diffraction (PXRD). Patterns were collected using a Bruker D8 Advance Davinci
powder X-ray diffractometer equipped with a Cu Ko X-ray source. Scans were collected from 5-
507 26, with 0.04° scan step, and 1 second per step while the sample was rotated at 15 rpm about
phi.

Gas Chromatography (GC). Data was collected using a SRI 8610 gas chromatograph with a 3
m molecular sieve column and helium carrier gas. Samples were sealed under vacuum to exclude
oxygen from the atmosphere. If signals corresponding to nitrogen were observed a correction was
made to remove the appropriate amount of oxygen at the end of the calculation. Calibration was

done by injecting a known amount of air into the GC.



Results and Discussion

Conversion of UT to Uz4 in aqueous solution as a function of ionizing radiation dose was
monitored by ex situ Raman spectroscopy as uranyl and peroxide both yield strong Raman bands.**
The Raman bands of UT and Ua4 overlap at 815 cm™! but a band at 715 cm™ is unique to UT
(Figure 1). Previous assignments of these uranyl triperoxide bands to vibration modes are not in

agreement.’>%-¢ Thus, the vibrational assignments were investigated using isotopic labeling.
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Figure 1. Raman spectra of lithium uranyl triperoxide (LiUT) and Li>4[(UO;)020H]24 (LiU24). Spectra are normalized to 1. The 715
cm™ peak is unique to LiUT and can be used to track concentration in solution.

The self-assembly of isotopically labelled uranyl ions into U»4 was studied using an

1.3 A solution of LiUT in which the oxygen atoms of

approach similar to that of Dembowski et a
the linear uranyl (UO,%") ion were labelled with %0 ('0-yl) was reacted with Cu?* to catalyze UT
assembly into Uas. The reaction was monitored in-situ by Raman spectroscopy every thirty minutes
(Figure S6). The '#0 label was lost due to proton exchange between the axial uranyl oxygen atoms
and equatorial hydroxide under basic conditions,*” so the experiment was repeated with H»'*0O and
the 'O label was retained (Figure 2). The solution containing '*0-yl UT (Figure 2, ‘0 Hours’)

produces a Raman peak at 686 cm™ instead of 715 cm™! for the unlabeled material, with this red-

shift indicating that the peak corresponds purely to the uranyl symmetric vibration of UT.
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Similarly, the spectrum of Ua4 with '30 labeled uranyl (Figure 2, 10 Hours) has a peak at 774 cm™!
instead of 815 cm™! for the unlabeled material, corresponding to the uranyl symmetric vibration of
the cluster. In the spectra of nonlabelled Ua4 (Figure 1), there is a slight shoulder at 860 cm™ that
becomes much less pronounced in the spectra of labelled Uz4 and the peak at 848 cm™! is much
more intense. This change is most likely due to a shift of the bridging hydroxyl between uranyl
ions that is present in U4 but definite assignment is beyond the scope of this paper. These shifts
are in agreement with previous labeling studies done on uranyl peroxides.’®>® The assembly
reaction proceeds directly from monomer to cluster as shown by the isosbestic point just under
800 cm™! in Figure 2 and does so at a consistent rate as seen by the uniformly changing intensities

of the bands over time.
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Figure 2. Conversion of lithium uranyl triperoxide (LiUT) to Li»4[(UO3)0,0H]24 (LiU24) with 180 labeled uranyl (UO,2*) performed in
H>'80 over time.



With a better understanding of the assignments of the Raman bands produced by solutions
of UT and U4 revealed by isotopic labelling studies in hand, the concentration of the UT monomer
can be monitored using the intensity of the 715 cm™ peak during irradiation studies. The Raman
spectra for samples of irradiated UT solutions are shown in Figure 3a. The intensity of the peak
at 715 cm™! does not uniformly decrease with increasing radiation dose as was observed in the Cu-
catalyzed 30 labeling experiment (Figure 2). Additionally, there is a delay in the increase of the
intensity of the 848 cm™ peak that is correlated to U4 formation.

A peak fit of the LiUT uranyl vibration (715 cm™) was used to derive the concentration of

the monomer as a function of radiation dose as shown in Figure 3b. The initial rate of decay of
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Figure 3. a) Raman spectra of lithium uranyl triperoxide (LiUT) converting to Liz4[(UO3)0:0H]24 (LiU24) with increasing dose. The
peak at 715 cmis unique to LiUT and can be used to track concentration in solution. b) Plot of lithium uranyl triperoxide (LiUT)
concentration with respect to dose. Error bars are shown in red and represent standard deviation.

UT is faster than it is subsequent to ~80 kGy, and the intensity of the 848 cm™ peak is almost
constant at doses below ~80 kGy. This dose dependence indicates that monomer is not
immediately converting to U4 as it was with our 30 Cu-catalyzed reaction. This delay is
consistent with the formation of a fragment of U4 such as the theorized uranyl peroxide tetramer,

Lis[UO2(02)OHa]4, shown in Scheme 1.2



To better interpret the Raman spectra a non-negative matrix factorization (NMF)
algorithm*! was used to separate each spectrum into a sum of components as seen in Figure 4a.
The first and third components match the spectra of LiUT and Li-U»4 respectively. The second
component resembles that of LiUT but instead has a band shifted from the 715 cm™ of LiUT to
743 cm’!. A similar shift was seen when a solution of potassium uranyl triperoxide formed a
building block of uranyl peroxide cage clusters, Kio[(UO2)s(O2)10], in solution.?* This would
suggest component two is an intermediate that exists in solution for an extended period of time
(hours) before converting to Uza. This would also explain why the Raman peak at 715 cm™ seems
to shift to higher wavenumbers as seen in the spectra of the ‘19.7kGy’ solution (Figure 3a). Instead
of being one peak it is the sum of two peaks, causing the appearance of a peak shift where one
does not exist. Uranyl Raman bands of solutions can shift due to changes in pH but the supposed
shift to higher wavenumbers observed in Figure 3a would correspond to a decrease in pH (Figures
S7 and S8) which is not the case. Figure 4b shows the relative amounts of each component in
solution as a function of dose. The intermediate forms quickly with a low dose but as a higher dose

is given, we see more and more Li-Uz4 in solution.
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Figure 4. a) Components of the Raman spectra from Figure 3a from a non-negative matrix factorization. Vertical lines show the
shift in the broad peak between components 1 and 2. b) The relative amount of each component from Figure 4a contained in
each Raman spectrum from Figure 3a. There is a fourth component that omitted here for clarity (Figure S ). Residuals for the
fitting are shown in the supporting information.

When a peroxide bridge is formed between two uranyl ions in solution, lithium hydroxide is
formed, making the solution more basic (Scheme 1). The pH was measured at each dose point and
was found to increase steadily up to a dose of 40 kGy where the pH levels off around 12.85 (Figure
S9). The formation of the tetramer of uranyl ions produces four hydroxide ions for each LiUT
monomer consumed, explaining the sharp increase in pH at low doses (Scheme 1). It also correlates
well to the NMF component analysis as there is a sharp increase of the intermediate at low dose
which in turn increases the pH. There are multiple ways to balance the equation in Scheme 1, such
as by having the terminal peroxides of LiUT dissociate instead of disproportionate leading to ‘free’
peroxide in solution. A Raman peak seen at 875 cm™! corresponding to hydrogen peroxide can be
seen until 80 kGy implying the peroxide is dissociating up to this dose with disproportionation

then being favored after 80 kGy.
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Another way to balance the formula in Scheme 1 would be for the tetramer to have a
terminal peroxide instead of two hydroxides per uranyl. This would result in half as much
hydroxide and oxygen gas formation per mole of LiUT. GC measurements were performed to
record oxygen production and determine which scheme was correct. Solutions of LiUT were
irradiated to 80 kGy, when approximately half of the LiUT in solution is depleted and free peroxide
is no longer observed in the Raman. We would expect to measure ~0.5 moles of oxygen gas per
mole of LiUT at this dose. Measurements gave an O»(g)/LiUT molar ratio of 0.546 + .034
indicating that terminal hydroxides are favored over terminal peroxides during intermediate

formation.

Scheme 1. Reaction of lithium uranyl triperoxide with water to form a uranyl peroxide hydroxide tetramer, lithium
hydroxide, and oxygen gas. The reaction can be balanced using oxygen radicals such as hydroperoxyl instead of water, but
this emphasizes the formation of lithium hydroxide when a peroxide bridge is formed between two uranyl ions.

L14 0 / \/O
Al o <l N|_on
\U<c'> FSHO — 3 \U\ U< + 16 LIOH + 4 Oy(g)
o o N ol o
R A 0 OSj—0©
HO/|C|)|\OH

To better understand the effect of pH, a solution of LiUT was irradiated to 65 kGy, after
which the pH was increased by adding 4M lithium hydroxide dropwise (Figure S10). The Raman

peak at 715 cm™

corresponding to the uranyl vibration of UT increased in intensity following
addition of lithium hydroxide but the peak at 845 cm™, corresponding to U4 formation, did not
change. The intensity of the Raman peak at 875 cm™ assigned to hydrogen peroxide also increases

upon addition of LiOH, suggesting that the terminal peroxide of LiUT and tetramers exist in an

equilibrium with hydroxide in solution. However, after 80 kGy of irradiation, when no Raman
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mode corresponding to hydrogen peroxide in solution is observed, the excess hydroxide and low
peroxide concentration causes Ua4 formation to be favored.

To assess the impact of these radicals on the conversion rate of UT to Ua4, a LiUT solution
was purged with argon and a second was purged with nitrous oxide prior to irradiation. During
irradiation, energy is deposited in the entire system, the vast majority of which is absorbed by
water, producing reactive species that induce decomposition of LiUT. This process, termed water
radiolysis, produces various species, most prominent of which are reducing hydrated electrons and
oxidizing hydroxyl radicals. The argon purge removes oxygen gas that would react with solvated
electrons formed during gamma irradiation, a precursor to the hydroxide radical. The nitrous oxide
purge also removes oxygen gas prior to irradiation but goes further by reacting with the solvated
electrons to form a stoichiometric amount of hydroxyl radicals, increasing the radical
concentration further than for argon.*> These samples were then irradiated side-by-side to 58.7
kGy and Raman spectra were taken for each solution. Compared to the spectrum of the irradiated
solution that was sealed under an ambient atmosphere, less LiUT was observed for the sample
purged with argon, and even less so for the solution purged with N>O (Figure S11). These results
indicate that hydroxyl radicals are the main radiolysis product inducing the decomposition of
LiUT. Presumably, they react with the terminal peroxide of LiUT to enhance production of the

tetramer intermediate.
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Figure 5. Mass spectra of a solution of lithium uranyl triperoxide (LiUT) irradiated to ~235 kGy showing the presence of
Liza[(UO3)O20H]24 (LiU24) clusters. The red bars are simulated masses for anhydrous LiUzs (Lizg[(UO2)020H]24)% and
(Liz9[(UO2)O20H]24)>". The blue bars are simulated masses for LiU,4 with an additional fourteen coordinated water molecules.

ESI-MS and SAXS were used to further characterize speciation for each irradiated solution.
No signals in the ESI-MS data corresponding to U»4 were observed for solutions irradiated to less
than 80 kGy of gamma. We then attempted to pre-concentrate clusters using centrifugation and a
3k Dalton mass filter, but again no clusters were detected. Solutions irradiated to ~80 kGy
produced ESI-MS spectra indicating the presence of U4, and at higher doses it is a dominant
species. The simulated isotopic distribution was compared to the experimental data (~235KGy)
and was found to match well (Figure S12). The mass spectra are consistent with the simulated
anhydrous Li-Uy4 cluster and previously reported Li-Uz4 structure containing fourteen water
molecules within the cluster (Figure 5).** SAXS was collected for a sample irradiated to ~235 kGy,
when the Li-U»4 concentration is highest (Figure 6). Using a core-shell model to fit the data gives
a radius of gyration of 5.54 A which is slightly smaller than the expected 6.6 A.'® This smaller

radius of gyration is likely due to the subsequent breakdown of Li-Uboa.
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Figure 6. Small angle X-ray scattering plot of a solution of lithium uranyl triperoxide (LiUT) given a dose of 235 kGy in red and the
simulated pattern for Uz Using a core-shell model to fit the data gives a radius of gyration of 5.54 A.

Solutions were then monitored past 250 kGy, when no monomer signal is detected in the
Raman spectrum (Figure 3b) to 400 kGy, when nearly all uranium has precipitated from solution.
The Raman spectrum of a LiUT solution irradiated to 288 kGy exhibits a shoulder at ~780 cm™!
(Figure S13). After a 400 kGy dose when nearly all uranium is in a precipitate, designated the
degradation product henceforth, the solid was collected and dryed for analysis. The PXRD pattern
of the microcrystalline degradation product was found to be similar to the reported diffractogram
of Na-compreignacite, Nax(UO7)sOs(OH)s-7H2O (Figure S14). Na-compreignacite contains
anionic sheets of uranyl pentagonal bipyramids with Na and water in the interlayer. Compounds
with a similar structure, termed uranyl oxyhydroxide sheets, can be synthesized with other cations
in the interlayer such as potassium and lead, but a lithium analogue has not yet been reported. The
reported synthesis of Na-compreignacite?” was altered to synthesize a Li-compreignacite solid to
determine if this was indeed the identity of the degradation product. The diffraction pattern
obtained from the synthetic ‘Li-compreignacite’ phase is similar to that of the Na-compreignacite

but the degradation product from the irradiated LiUT differs from both (Figure 7).
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Figure 7. Powder X-ray diffraction pattern of synthetic sodium and lithium compreignacite and the precipitate that forms from
irradiated Lizs[(UO3)020H]24 (LiU24) solutions.

Analysis (ICP-OES) of the irradiation precipitate yielded a U:Li molar ratio of 1:1 rather
than the expected 3:1 of a Li-substituted compreignacite, further differentiating the degradation
from reported structures. This ratio indicates that there are more oxides in the sheet than hydroxides
giving a formula more similar to the mineral spriggite, Pb3(UO2)sOs(OH)>-3H>0, where the three
2+ lead ions would be replaced by six 1+ lithium ions. Numerous uranyl oxyhydroxide hydrates
with anionic and neutral sheets of uranyl bipyramids have been reported that differ in their
distributions of oxo and hydroxyl at equatorial positions of the bipyramids, giving the sheets
different overall charges.*** As such, we propose that the precipitate formed during irradiation is
a lithium uranyl oxide hydroxide hydrate with a structure that is similar, but not identical, to that
of the Li analog of compreignacite.

It is possible that the precipitate formed during irradiation is a dehydrated Li-
compreignacite causing a further shift in X-ray diffraction peaks as seen for schoepite and its
dehydrated forms.*® Regardless of definite assignment, the d-spacing of the strongest reflection

(001) of the precipitate indicates that the layer repeat is 7.44 A. There are dozens of unique uranyl
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oxide hydroxy-hydrate sheet structures,*’ but results suggest that it most likely has the a-UsOs

sheet topology.
Conclusion

In this work the uranyl peroxide cage cluster Li-Uo4 was synthesized from an aqueous
solution of lithium uranyl triperoxide under ionizing radiation. Radiation was shown to promote
the formation of the cage cluster through reaction with hydroxyl radicals formed via water
radiolysis. The aqueous Li-Ux4 cluster decomposes when further exposed to gamma irradiation
forming a uranyl hydroxide oxide hydrate similar to that of compreignacite. This study
demonstrates that ionizing radiation can be used as a tool to promote formation of uranyl peroxide
clusters and materials via mechanisms that differ from purely chemical methods. Future work
needs to be done to identify the structure of the lithium uranyl hydroxide oxide hydrate. Varying
the counter cation and equatorial ligands of the clusters would also allow further insight into how

ionizing radiation can diversify and broaden this family of materials.
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TOC Graphic: Polyhedral representations of lithium uranyl triperoxide convert to uranyl peroxide tetramers which then assemble
into the lithium uranyl peroxide cage cluster U,4. The graph in the middle shows the relative concentration of each of these
species in solution as a function of dose. Finally, U4 precipitates to form a uranyl oxyhydroxide sheet structure. This is all induced
by gamma radiation which is shown in the background.
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