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Haylie L. Lobeck,? Hrafn Traustason,? Patrick A. Julien,¢ John R. FitzPatrick,? Sara Mana,? Jennifer
E.S. Szymanowski,? and Peter C. Burns * &b

Aqueous solutions containing the nanoscale uranyl peroxide cage clusters Ug, [(UO,)(0,)(OH)]e®*, and UgyOxsg,

[{(UO,)(0,)}60(C504)30]%%, were monitored by in situ Raman spectroscopy during stepwise heating to 180°C. In solutions

containing Ugo, clusters persist to 120°C, although conversion of Ug to U,,, [(UO,)(0,)(OH)],4%*, occurs above 100°C. UgoOxso

persisted in solutions heated to 150°C, although partial conversion to smaller uranyl peroxide clusters species was observed

beginning at 100°C. Upon breakdown of the uranyl peroxide cage clusters, uranium precipitated as a compreignacite-like
phase, K,[(UO,);0,(0H)s],(H,0),, and metaschoepite, [(UO,)s0,(OH)1,](H,0)10. The role of the countercations, oxalate bridge,
and solution pH are examined in order to better understand the mobility of these species at elevated temperatures.

Introduction

Understanding actinide aqueous chemistry is essential for
managing nuclear fuel cycles and their potential environmental
impact. Under oxidizing conditions, uranium exists as the
soluble uranyl ion (UO,)?*.! Uranyl ion complexation with
peroxide, which is produced by alpha-radiolysis of water,? and
organics, such as oxalates,? is important in the nuclear fuel
cycle. Nanoscale cage clusters built from uranyl peroxide
polyhedra rapidly self-assemble in alkaline aqueous solutions
containing uranyl ions and hydrogen peroxide.*~® More than 65
reported uranyl peroxide nanoclusters have diameters ranging
from 1.5 to 4 nm and contain from 16 to 124 uranyl ions bridged
by peroxide and other linkers including oxalate, pyrophosphate,
nitrate, phosphite, iron, and vanadate.? ~ ¢ Actinide materials
may interact with water at elevated temperatures during
storage of spent nuclear fuel in a geologic repository in which
temperatures could exceed 100°C for thousands of years,” and
in environments where water is used to cool damaged reactor
cores during reactor accidents, like at Fukushima-Daiichi.® °
Extensive studies of the structures and formation of uranyl
peroxide cage clusters have been conducted at room
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Electronic Supplementary Information (ESI) available: Fig. S1 PXRD pattern of
synthetic compreignacite. Fig. S2. Custom made sapphire tube and Teflon stopper
with wire closure created by Rayotek Scientific, Inc. Fig. S3 Measured thermograph
of the heating cycle used for in situ Raman experiments. Fig. S4 Observed Raman
shifting of the most intense sapphire peak verses temperature. Fig. S5 PXRD
Patterns of solids resulting from heating Ug, solutions between 120°C and 180°C.
Fig. S6 SEM images of solids resulting from heating Ug, solutions between 120°C and
180°C.Fig. S7 SEM images of solids resulting from heating Ug,Ox3o solutions between
130°C and 180°C. See DOI: 10.1039/x0xx00000x

temperature,* however only two studies have addressed their
behaviour at elevated temperatures.’® 11 In these, Uy and Usg
were crystallized from aqueous solutions that had been heated
to 80°C!! and release of phosphate from U,,Ppi, (Pp:
pyrophosphate) dissolved in water was observed by nuclear
magnetic resonance spectroscopy at 70°C.1° A single study
demonstrated persistence of Ugg to very high pressures.'?2 The
overall behaviour of uranyl peroxide cage clusters over a range
of temperature, pressure, and radiation fields is of interest
relative to their potential applications in nuclear fuel cycles.!3 -
16 Here we investigate the fate of two uranyl peroxide cage
clusters dissolved in water at increasing temperatures up to
180°C wusing in situ Raman spectroscopy. Solutions and
precipitates resulting from different heat treatments above
80°C were characterized in detail.

The uranyl peroxide nanoclusters studied here are Ug,
[(UOy)(03)(0OH)160®%, and UgoOx3p (Ox =  oxalate),
[{(UO2)(0,)}60(C204)3016%. Both contain 60 uranyl ions arranged
in a fullerene topology identical to that of Buckminsterfullerene
Ceo (Fig. 1).17-1° Each (UO,)?* uranyl ion in Ugg is coordinated by
two peroxide and two hydroxyl groups in the equatorial plane
of a hexagonal bipyramid (Fig. 1, B).1”> 8 The uranyl ions in
UgoOx3p are coordinated by two bidentate peroxide groups and
one edge-on bidentate oxalate group (Fig. 1, D).2° K* and Li*
countercations balance the charges of the anionic cages.!” The
K* cations are mostly bound to pentagonal windows of the
cluster wall and Li* cations tend to be disordered and perhaps
are mobile in some cluster crystals even at room
temperature.l”> 18 21 - 23 |n solution, some counter cations
dissociate from uranyl peroxide cage clusters, yielding clusters
with negative charges that are dependent on dissolved cluster
concentration.1® 24 25> The solubility of salts of Ug in water has
been measured and is very high, and the persistence of Ugg in
water at ambient temperatures for more than one year has
been observed.* 22 24
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Fig. 1 Polyhedral configuration and uranyl ion units of Ug, (A, B) and UgyOxso (C, D)

clusters. Uranium = yellow, oxygen = red, and carbon = black.

Experimental Section

Synthesis of Uggand UgyOx3o

Crystals containing Ugo, LissKi6[(UO,)(O,)(OH)]lgo®nH,0, were
synthesized using previously established methods.'”- 2! In a 20
mL scintillation vial, 1 mL of a 0.5 M (UO,)(NOs3),(H,0)s aqueous
solution was combined with 250 uL of a 0.4 M KCl solution.
While stirring, 1 mL of 30% H,0, was added, followed by 750 uL
of a 2.38 M LiOH solution in 50 pL aliquots. The resulting clear
yellow solution had a pH of ~ 9.3. The vial was left uncovered
for two weeks, during which diffraction quality crystals formed
during slow evaporation of the solvent.

Crystals containing UgoOXao,
Li12Kag[{(UO,)(02)}60(C204)30] *nH>0, were prepared by
combining 100 pL of a 0.5 M (UO,)(NO3),(H,0)s aqueous
solution with 100 pL of 30% H,0,, followed by 100 pL of a 2.38
M solution of LiOH in a 5 mL vial. Once bubbling had stopped,
50 pL of 0.5 M oxalic acid was added to the vial followed by 400
uL of 0.25 M aqueous potassium hydrogen phthalate solution.
The vial was covered with parafilm with a few small holes to
allow slow evaporation. Diffraction quality single crystals began
forming after two weeks.

The nanocluster crystals were harvested from their mother
solutions by vacuum filtration and rinsed lightly using ultrapure
(18 MQ) water. The crystals were subsequently dissolved in
ultrapure water to make 30 mg mL? cluster solutions. A new
solution was made for each trial performed to ensure solution
age was constant.

Synthesis of Compreignacite

Compreignacite, K;[(UO;)30,(0H)3],(H,0),, was prepared using
previously published methods.?® In a 23 mL Teflon — lined
stainless steel Parr reaction vessel, 0.21 g UO,(CH3CO0),(H,0),
and 0.03 g K,CO3; were combined with 5 mL of ultrapure water.
The pH of the solution was adjusted to ~5 using dilute solutions
of KOH or HCI, and heated to 100°C in a Fisher Scientific Isotemp
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oven for 24 hours. After cooling to room temperature, the
precipitate was recovered by vacuum filtration and thoroughly
washed twice with ultrapure water. Powder X-ray diffraction
data (see below) confirmed the purity of the compreignacite
(Fig. S1).

In Situ Raman Spectroscopy

A 2 mL aliquot of a 30 mg mL™ Ugg or UgyOxag solution was added
to a custom-built 4 mL sapphire vial (Rayotek Scientific, Inc.)
(Fig. S2). A custom-built Teflon stopper was secured to the tube
using a wire and clamp to ensure the vessel would remain
sealed during the heating experiment. The sapphire vial was
placed into a custom-built Parr reaction vessel equipped with
temperature and pressure probes and two sapphire windows
(Fig. 2). A heating jacket was wrapped around the Parr vessel
and temperature was controlled by a Parr 4838 heater. A
Raman probe was positioned near one of the sapphire windows
aligned with the sample vial. The vessel was slowly heated from
30°C to 180°C in a stepwise fashion over the course of 61 hours
(Fig. S3). The temperature inside the vessel was measured by a
thermocouple every 30 seconds and recorded and Raman
spectra were collected every thirty minutes over the duration
of the experiment. Each 10°C temperature increment between
60°C and 180°C was maintained for three hours to ensure that
a representative series of Raman spectra were collected at each
temperature. Solution pH was recorded prior to and after
heating. Solutions and solids recovered at room temperature
after the heating experiment were analysed as described below.

Raman data was collected using a Bruker Sentinel system
equipped with a fibre optic probe, thermoelectric cooled CCD
detector, and a 785 nm excitation source. Spectra were
collected over the range of 80 — 3200 cm™! using ten 60-second
exposures at 400 mW laser power. Baseline corrections were

Fig. 2 Schematic of the custom Parr reaction vessel equipped with sapphire
windows used in the in situ heating experiment.

This journal is © The Royal Society of Chemistry 20xx
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performed on each data set using the Sonneveld and Visser
algorithm implemented in MATLAB.?”

Oven Experiments

To better characterize the solutions and solids that resulted
from heating to each soak point studied by in situ Raman
spectroscopy, multiple experiments were conducted in which 2
mL of a 30 mg mL? Ugy or UgyOxzp solution was added to a 23
mL Teflon-lined Parr reaction vessel and was subsequently
heated in a Fisher Scientific Isotemp oven from 30°C to the
specified soak temperature between 80°C and 180°C at a rate
of 0.1°C min. The reactions were held at the soak temperature
for three hours, then the vessels were allowed to cool to room
temperature before the products were removed and separated
by centrifugation. The pH of the solution was recorded and any
precipitate formed was rinsed twice with ultrapure water and
left on the benchtop to dry.

Inductively Coupled Plasma — Optical Emission Spectrometry (ICP-
OES)

Elemental analyses were performed using a Perkin Elmer Avio
200 Inductively Coupled Plasma Optical Emission Spectrometer
(ICP-OES). Solid samples were prepared by dissolving 2 mg of
solid in 1 mL of 5% HNO3. The solutions were further diluted in
a 5% HNO3 matrix for analysis. Solution samples were prepared
by diluting aliquots of each reaction solution in a 5% HNO;
matrix. Ten calibration standards were prepared with U
concentrations from 0.01 to 40 ppm, Li concentrations from 1
to 5 ppm, and K concentrations from 0.1 to 9 ppm. An internal
standard of 0.5 ppm Y was added to each standard, sample, and
blank to monitor for instrumental drift. Uncertainties reported
are derived from the standard deviation of replicate reactions.

Powder X-Ray Diffraction (PXRD)

Powder X-ray diffraction (PXRD) measurements
conducted on a Bruker D8 Davinci diffractometer equipped with
CuKow radiation and a solid-state detector. Samples were
prepared by dry mounting approximately 10 mg of finely ground
powder on a zero-background oriented quartz slide. Patterns
were collected using a sample rotation speed of 15°m, a 20
range from 5 - 55°, a step size of 0.01°, and a scan rate of 1.0

second per step.

were

Electrospray lonization Mass Spectrometry (ESI-MS)

Electrospray ionization mass spectra (ESI-MS) were acquired
using a Bruker Compact QqTOF high-resolution mass
spectrometer in negative ion mode (3800 V capillary voltage, an
endplate offset of -500 V, 0.8 bar nebulizer gas, 4.0 L min® dry
gas, 180°C dry gas temperature). Samples were diluted to a
uranium concentration less than 100 ppm and were introduced
into the spectrometer by direct injection at a rate of 180 uL hr
1. Spectra were collected over a 500-5000 m/z range with data
averaged over five minutes. Data deconvolution was performed

This journal is © The Royal Society of Chemistry 20xx
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using the MaxEnt feature of the Bruker DataCompass data-
analysis software.

Scanning Electron Microscopy (SEM)

Secondary electron images were collected on a JEOL JCM-
6000Plus scanning electron microscope (SEM). Images were
collected under high vacuum using 10kV accelerating voltage
and a 50 pA probe current at x4000 magnification. Samples
were pressed onto double-sided carbon tape and mounted on
a 12.7 mm aluminium SEM stub.

Results
In Situ Raman Spectroscopy of Ug in Water Heated to 180°C

In situ Raman spectroscopy provides insights into the local
bonding environments of uranyl peroxide species in solution as
they are heated. Ugg in solution has two Raman active bands at
804 cm™ and 842 cm, assigned to the symmetric stretch of the
uranyl, vs(UO,)?*, and the second vibrational mode of bound
peroxide, v,(0,)%, respectively.’? Fig. 3 illustrates 128 Raman
spectra of a 30 mg mL? Ugg solution heated stepwise from room
temperature to 180°C over 61 hours. Bands at 378 cm™, 417 cm-
1,429 cm?, 448 cm’l, 576 cm, 644 cm™, and 749 cm™ are
Raman active signals of the sapphire vessel and windows of the
heating apparatus.?® 2° Previous studies?® 3° have found that
there is a known temperature — dependent shift of Raman
Stokes and anti-Stokes peaks in the sapphire spectrum. As
temperature increases, the bond lengths within the sapphire
crystal lattice change, which result in an observed red shift of
the Stokes peaks.?® 31 |n this experiment, a red shift from 417
cm to 414 cm was observed for the most intense sapphire
peak between spectra taken at room temperature versus
spectra acquired at 180°C (Fig. S4). In order to normalize to
temperature and better interpret the wuranyl peroxide
nanocluster data, each spectrum collected was shifted and
centred relative to the 417 cm sapphire signal.

The Raman band at ~842 cm™ is assigned to peroxide that
bridges two uranyl ions, with the peroxide bidentate to each
uranyl ion. Although some uranyl species other than uranyl
peroxide cage clusters contain similar peroxide environments,
loss of this signal in the current case indicates that the uranyl
peroxide cage cluster has decomposed. The band due to uranyl
will persist in the Raman spectra unless reduction occurs,
although the mode is expected to shift if the bonding
environment changes.3? The v,(0,)? band of aqueous Ug at 842
cm is unchanged during heating from 30°C to 100°C. Between
110°C to 120°C, the band begins to broaden and weaken, and
by 130°C the signal is lost (Fig. 4). A blue shift of the uranyl band
from 804 cm™to 812 cm™ begins at 110°C (Fig. 4) and indicates
shortening of the O=U=0 bond lengths.3% 33 Raman spectra
collected for solutions at 130°C to 180°C (Fig. 3) are very similar.

Ugo persists up to 100°C in solution, begins to decompose by
110°C, and is destroyed by 130°C. The breakdown products of
Ugo present at 120°C appear unchanged up to 180°C and
through cooling to room temperature.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Colour graph composed of in situ Raman spectra collected of a Ug solution heated to 180°C.

Characterization of Ug, Solutions

Elemental analyses of heated Ug, solutions are summarized in
Fig. 5. The concentration of each element in solution was

90 P measured before and after the heating cycle in the oven and

13500 results are displayed as the percentage of each element

o100 13000 remaining in solution at each temperature. Elemental

i == 90”? DE,’ _— concentrations in Ug solutions heated to 80°C through 100 °C
:2 : Ifgﬂg §110 - are similar to those of unheated solutions. Upon heating to
g ) —120c 2 110°C a visible precipitate forms, and the solution uranium
£ \ —1300c 2120 1500 concentration drops to ~10% of the original concentration.
i 10 1000 Potassium and lithium concentrations in solution decrease to

500 roughly half of their original concentrations. For solutions

74 45\ 140 0 heated to 120°C, most of the uranium has precipitated, and
780 800 820 840 860 780 800 820 840 860 lithium and potassium concentrations remain at half of their
Wavenumber (cm™) Wavenumber (cm ") original concentrations. For solutions heated between 130°C

and 180°C, uranium and potassium concentrations approach
zero, and lithium concentrations remain steady at ~40% of the
original concentration. The pH of the original Ugg solutions was
10.17 £ 0.47. Ugg solutions heated between 80°C and 100°C had
a measured pH of 10.77 = 0.51 upon cooling, and the pH of

Fig. 4 Averaged Raman spectra of Ug, solution at temperatures between 90°C and
140°C (left) and overhead view of Raman spectra between 780 and 860 cm™ as
temperature increases (right).

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Fig. 5 Elemental analyses of 30 mg mL? Ug, solutions after being heated to
temperatures between 80°C and 180°C.

solutions heated between 110°C and 180°C increased, and was
measured to be 12.09 = 0.30 upon cooling.

ESI-MS data for heated solutions that initially contained Ugg
are shown in Fig. 6. Solutions containing Ugg produce broad
signals centred at 1820, 1980, and 2190 m/z and are highlighted
in red. Charges of -12, -11, and -10 are assigned to the
respective signals, and are consistent with a single 20.4 kDa
species in solution. At 100°C, in addition to Ugg, a smaller cluster
species is detected with MS signals at 1340, 1620, and 2040 m/z
(highlighted in blue). Charges of -6, -5, and -4 were assigned to
these signals and are consistent with a uranyl peroxide cluster
with an average mass of 8.3 kDa, likely U4, [(UO,)(0,)(OH)]542*
.34, 35 Spectra of solutions heated between 110°C and 130°C
indicate U,4 as the only cluster in solution, and solutions heated
at and above 140°C contain no cluster signals (Fig. 6).

Replacement of Ugg by U4 in solution upon heating between
100 and 120°C is accompanied by blue shifts of the uranyl (804
to 810 cm?) and bound peroxide (842 to 845 cm™t) bands in the
Raman spectra (Fig. 4). Previously reported Raman data of
solutions of U,4 contain signals for vi(UO,)?* and v,(0,)? at 810
cm™ and 847 cm™.35 36 For solutions heated above 130°C, the
signal from bound peroxide is no longer detected, and uranyl
signals in the Raman spectra are attributed to the precipitate
formed.

Characterization of Solid Phases

Powder X-ray diffraction indicates the same canary yellow
microcrystalline precipitate forms from all solutions of Ugg
heated above 120°C (Fig. S5), and its diffraction pattern is
compared with those of known uranyl oxide hydroxy-hydrate
phases in Fig. 7. The observed pattern is similar to those of
schoepite, [(UO,)g0,2(0OH)15](H20)12, metaschoepite,
[(UO,)s02(0OH)1,](H,0)10, leesite, K[(UO,)40,(0OH)s](H,0)s, and
compreignacite, K;[(UO;)30,(0OH)s]5(H,0);.2% 37~ 3% SEM images
of the precipitate and synthetic compreignacite reveal similar
microcrystalline morphologies (Fig. 8, S6). Both materials are

This journal is © The Royal Society of Chemistry 20xx
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Fig. 6 ESI-MS spectra of a Ug, solution heated between 80°C and 140°C. Bands
highlighted in red at 1820, 1980, and 2190 m/z are assigned charges of -12, -11,
and -10, respectively, and correspond to Ug in solution. Bands highlighted in blue
at 1340, 1620, and 2040 m/z are assigned charges of -6, -5, and -4, respectively,
and correspond to Uy, in solution.

Precipitate Formed from
Ugp Heated to 180°C

Schoepite
[(UO2)505(0H)12](H20)12

b "

Metaschoepite

P
JJ._JLL [(UO2)502(0OH)121(H20)10
— IPST, TR (] (—_—

Leesite
- KI(UO2)402(0H)sI(H=0)s

Inteinsty (a.u.)
L
=

Compreignacite, syn.
Ko[(UO2)302(0H)alo(H20)7

LR L P L L B (R P L TR LD |
5 10 15 20 25 30 35 40 45 50
2 Theta (°)
Fig. 7 PXRD patterns of solid formed from heating a Ug, solution to 180°C versus
known uranyl oxide hydroxy-hydrate mineral phases schoepite (COD # 9004444),
metaschoepite (COD # 9010196), leesite (simulated pattern)®®, and synthetic
compreignacite.

J. Name., 2013, 00, 1-3 | 5
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Fig. 8 SEM images of solid formed from heating a U, solution to 180°C (top) and
synthetic compreignacite (bottom) at x4000 magnification.

composed of 5 — 20 um subhedral hexagonal and triangular
plates. Elemental analysis of the precipitate and synthetic
compreignacite along with the calculated weight percent of
each elementin the known phases are presented in Table 1. The
composition of the precipitate is similar to compreignacite,
potassium uranyl-oxide hydroxy-hydrate, perhaps with some
incorporation of Li in the interlayer.

In Situ Raman Spectroscopy of UgOx3, in Water Heated to 180°C

An aqueous solution containing 30 mg mL™ UgyOx3g produces
three Raman bands at room temperature. The bands at 816 cm-
1 and 832 cm™ are assigned as the symmetric stretch of the
uranyl ion v¢(UO,)?* and the second vibrational mode of the
bound peroxide v,(0,)%, respectively. The band at 846 cm™ is
similar to those in spectra of aqueous uranyl oxalate

Journal Name

complexes,*® 4! and is assigned here to the uranyl-oxalate
bridges within the nanocluster. Fig. 9 illustrates 130 Raman
spectra collected for a 30 mg mL?! UgOxzo solution heated
stepwise from room temperature to 180°C over 61 hours (Fig.
S3). The bound peroxide and oxalate signals at 832 cm™ or 846
cm™ are indicative of the nanocluster, and the uranyl ion band
at 816 cm is expected to persist and red or blue shift upon
cluster breakdown.3% 40 41 Upon heating, all three of these
Raman bands decrease in intensity (Fig. 10). Between 140°C and
150°C, the peroxo and oxalate bands are slightly red shifted and
disappear by 160°C, and the uranyl band shifts from 816 cm™ to
821 cm™ due to shortening of the O=U=0 uranyl bonds. The
Raman spectra collected for solutions and solids resulting from
the decomposition of UgyOxzp (Fig. 9) remain mostly unchanged
between 160°C to 180°C and upon cooling to room
temperature.

Characterization of UgyOx3q Solutions

Heating experiments, similar to those described above for Ugg
solutions, were performed by heating a 30 mg mL? UgOxso
solution in an oven at 0.1°C min! to between 100°C and 180°C.
Solutions were soaked at target temperatures for three hours.
Elemental analyses of the resulting UgOxzg solutions are
reported in Fig. 11. The compositions of UgOx3y solutions
heated to 140°C remain constant. At 150°C, ~20% of the original
uranium remains in solution and both potassium and lithium
concentrations are ~60% of their original concentrations. By
180°C, ~10% of the original uranium remains in solution, while
potassium and lithium remain at ~60% of their original
concentration. The average initial and final pH values of the
reaction solutions were 7.11 + 0.17 and 6.63 + 0.35,
respectively.

ESI-MS of a UggOx3q solution heated to between 100°C and
180°C are shown in Fig. 12. Unheated solutions of UggOxzg
produce five broad signals at 1540, 1710, 1880, 2050, and 2250
m/z. These correspond to charges of -13 to -9 and yield an
average mass of 21.0 kDa. The UguOx3g MS signals persist for
solutions heated to 150°C, and are absent for solutions heated
at 160°C. Broad MS signals at 1660, 1820, 1970, 2010, and 2150
m/z are produced by solutions heated between 100°C and
150°C, and are taken to indicate a mixture of smaller species
ranging between 9.3 kDa and 18.9 kDa.

Table 1 Elemental compositions of unknown precipitate and known uranyl oxide hydroxy-hydrate mineral phases.

Phase Chemical Formula wt. % U wt. % K wt. % Li wt. % O References
Unknown Phase - 70.3+6.6 48+2.8 0.7+0.2 - Measured*, this work
Schoepite [(UO,)s0,(0OH)1,](H;0)1, 72.9 - - 25.7 Calculated?®
Metaschoepite [(UO,)50,(0OH)1,](H;0)10 73.9 - - 24.8 Calculated?®:38
Leesite K[(UO,),0,(0OH)s](H,0)s 71.8 3.0 - 24.1 Calculated?”-3°
Compreignacite K>[(UO,)30,(0H)3],(H,0); 71.8 3.9 - 23.3 Calculated?®:37
Compreignacite, syn. K5[(UO;)30,(0H)s],(H,0); 71.8%+25 46+1.0 - - Measured*, this work

*Measured by ICP-OES

6 | J. Name., 2012, 00, 1-3
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Fig. 9 Colour graph composed of in situ Raman spectra collected of a UgyOx3 solution heated to 180°C.
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Fig. 10 Averaged Raman spectra of UgOxso solution at temperatures between Fig. 11 Elemental analyses of 30 mg mL* UsOx3 solutions after being heated to
110°C and 160°C (left) and overhead view of Raman spectra between 780 and 860 temperatures between 100°C and 180°C.
cmtas temperature increases (right).
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Fig. 12 ESI-MS spectra of a UgOxsg solution heated between 100°C and 160°C.
Bands highlighted in red at 1540, 1710, 1880, 2050, and 2250 m/z are assigned

charges of -13, -12, -11, -10, and -9 respectively, and correspond to UgOxso in
solution.
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ICP-OES and ESI-MS data indicate that some UggOx3 clusters
remain intact through heating to 150°C and a mixture of smaller
cluster species form and are detected upon the partial
breakdown of the UgyOxzq cluster. No nanoclusters are present
in solution above 160°C, although reaction solutions still contain
10% of the original uranium as smaller aqueous species.
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Characterization of Solid Phases

As for Ug solutions described above, PXRD indicates that the
canary yellow microcrystalline precipitate formed in solutions
containing UgoOx3g heated above 130°C are the same
compreignacite-like material (Fig. 13). Metaschoepite,
[(UO;)g0,(0OH)13](H20)10, is also precipitated from UgoOxsp
solutions heated between 160°C and 180°C. The precipitate
formed from the decomposition of UgyOx3¢ contains 67.5 + 3.1
wt. % U, 1.7+0.8wt. % K, and 0.6 + 0.1 wt. % Li, and is a mixture
of materials (Fig. 14, S7). Hexagonal and triangular plate-like
crystals, similar to those in found in the Ug, system (Fig. 8),
ranging in size from 5 — 30 um were observed for solutions
heated above 130°C, and the second phase has an acicular
morphology in the UggOxzg system.

Discussion

An in situ Raman spectroscopy technique was implemented to
probe the persistence of two uranyl peroxide nanoclusters in
aqueous solutions heated stepwise to 180°C. Each cluster was
exposed to the same temperature and pressure conditions
inside the heating vessel, so the differences observed between
the Ugy and UgOx3y systems at each temperature can be
attributed to factors including countercation effects, solution
pH, and the behaviour of the bridging peroxide and oxalate
ligands on the clusters at elevated temperatures. In the solid
state, Ugy can withstand pressures approaching 17.4 GPa,?
which are dramatically higher than the pressure of ~0.001 GPa
for solutions at 180°C in the current experiments. Changes of
the properties of water including reduction of the dielectric
constant, an increased ion product, and reduced hydrogen
bonding occur for temperatures approaching 200°C*2 and may
influence the stability and reactivity of uranyl nanoclusters.
The counter cations in salts of both Ugg and UggOx3g are Li*
and K*. Elemental analysis of each 30 mg mL? stock solution
studied here produced molar ratios of 60 U: 24 + 2 K: 43 + 1 Li
(Ugp) and 60 U: 45 + 4 K: 12 + 2 Li (UggOx3p). Counter cations
associated with uranyl clusters impact the solubility and
aggregation of uranyl peroxide nanoclusters in solution.8 2% 25,
34,43 Counter cations with larger hydrated radii (Na* and Li*) do
not associate as strongly with the anionic cage clusters in
solution as K* and Cs*.* After Ugg and UgyOxsp clusters break
down in solution upon heating in the current experiments,
lithium remains in the range of 40 to 60% of its original

Precipitate Formed by
Heating Ugy to 180°C

A

Precipitate Formed By
Heating UgyOx3y Between
130°C and 150°C

| J

Precipitate Formed By
Heating UgyOx4o Between

160°C and 180°C
_____Jl -

Metaschoepite
[(UO2)g02(OH)+2](H20)10

W‘Fﬁrﬁ%%_ﬁ 1 of Chemistry 20xx

10 20 30 40 50
2 Theta (°)

Fig. 13 PXRD patterns collected of solids formed from a Ug,Ox3, solution heated between 130°C and 180°C (left). Comparison of PXRD patterns|
from solid formed between the Ug heating reactions, Ug,Ox3o heating reactions, and metaschoepite (COD # 9010196) (right).
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Fig. 14 SEM image of solid formed from heating a Ug,Ox3, solution to 160°C at
x4000 magnification.

concentration in solution (Fig. 5 and 11). For solutions
containing Ugy above 130°C, K* and U are precipitated into a
compreignacite-like phase. A similar phase is formed from
solutions containing UggOxag, although some of the clusters
remain intact until above 150°C. At this temperature, most of
the uranium and 50% of the original potassium in solution
precipitates. The UgOx3g solution contains nearly double the
amount of K* with respect to U as that of Ug, and formation of
a compreignacite-like compound requires only half of the
original K* of the UgyOx3g solution. The presence of more K* in
the UgoOxszg system may help stabilize the nanocluster and
allowed it to persist to temperatures 40°C higher in solution
relative to Ugg. At lower temperatures, K* cations are bonded to
the cage clusters inside the five-membered rings.'”

The oxalate groups that bridge uranyl ions may help to
stabilize UgpyOx3o to higher temperatures than Ugg. Di Bernardo
et al.® investigated the aqueous complexation of the uranyl ion
to oxalate and found that as the temperature of the solution
increased from 30°C to 70°C, the uranyl oxalate complexes
became more thermodynamically stable due to their increasing
positive  entropies of complexation. While current
thermodynamic studies of uranyl peroxide cage clusters do not
include UggOxzp,% #* future calorimetric work could provide
valuable insight on the heats of formation of this cluster
compared to Ug.

Beyond the intrinsic stability and dynamics of the clusters
themselves, the degradation of clusters has a significant effect
on the solution environment. The pH of each experiment was
measured before heating and upon cool down for each U60 and
U600x30 solution. An unheated aqueous solution of U60 had a
pH of ~10, where solutions heated between 80°C and 100°C had
pH values of ~11 after cooling. The measured final pH values of
U60 solutions heated at and above 110°C increased to ~12.
Interestingly, in the UgoOxz systems, the pH remained at ~7 for
both unheated solutions and final solutions of experiments
heated up to 180°C. Oxalate is a weak base and tends to form
strong chelating complexes with uranyl.3 Oxalic acid is often
used to stabilize pH in the synthesis of uranyl peroxide
clusters,*> 46 and could also stabilize the pH in the heated
aqueous solution of UggOxzg. The Ugg system lacks such a buffer,
and this may result in the cluster destruction observed at lower
temperatures. Both the Ugy and UgyOx3p stock solutions were
prepared under ambient conditions, so further pH change in the
systems could occur from reactions between water and carbon
dioxide in the atmosphere. Raman bands in the 1063 cm™ to
1073 cm™ region were detected in both cluster solutions at
room temperature and are attributable to the symmetric

This journal is © The Royal Society of Chemistry 20xx
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stretch of free carbonate in solution, v,(CO3)% (Fig. 3 and 9).%’
The free carbonate signals decreased for heated solutions and
were absent from the spectra collected between 120°C and
180°C before returning upon cooling the reaction. Upon
heating, the free carbonate in solution is converted to CO,(g) and
moves to the headspace of the reaction vessel.*® Since the
vessel is sealed, the COyg remains in the system, and once
cooled, the carbonate returns to solution to restore
equilibrium. Carbonate may therefore impact the pH and
speciation of uranyl in solution.

The observation that Ugq is replaced by U,; and a partial
conversion of UgOx3g to smaller species upon heating the
cluster-bearing solutions to 100°C (Fig. 6 and 12) suggests that
further in situ Raman and thermodynamic studies on heating
uranyl peroxide nanoclusters could illuminate the speciation
and reactivity of clusters and provide insight on how cluster
topology relates to stability.

Conclusions

Uranyl peroxide nanoclusters have been studied
experimentally,?%: 24 49 50 computationally,?®: 2> 51 - 53 and
thermodynamically,** 3% though information on their
behaviours in solution at elevated temperatures is currently
lacking. This study investigated the behaviours of two
nanoclusters, Ugy and UgyOxsg, in aqueous solutions heated to
180°C. Under similar heating conditions, UgoOx3o persists in
water at temperatures 40°C greater than Ug. The role of the
countercations, oxalate bridges, and solution pH may be
important for the stability of uranyl peroxide nanoclusters in
solution at elevated temperatures. Both oxalate and peroxide
are relevant in the production of plutonium and uranium oxide
precursors for the fabrication of mixed-oxide fuels (MOX).4 5>
Understanding the behaviour of uranyl peroxo and peroxo-
oxalate clusters in aqueous solutions at relevant temperatures
is important in determining their potential role in the fuel cycle.
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TOC Summary (Max 20 words)

The behaviours of two uranyl peroxide nanoclusters in water heated to 180°C were examined
by in situ Raman spectroscopy.
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