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Abstract

A H,0, vapor diffusion method resulted in the successful synthesis of uranyl peroxide,
UO,(03)(H20),-2H,0 (studtite) crystals, enabling the first direct structural refinement of
synthetic material. Subsequent controlled dehydration of these crystals produced crystalline
metastudtite, UO,(0O;)(H;0),, allowing for the experimental determination of its atomic structure.

Uranyl(VI) peroxide phases, studtite (UO,(O,)(H,0),-2H,0) and its dehydrated

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

analogue, metastudtite (UO,(0O,)(H,0),), play a significant role in the behavior of uranium in high

radiation fields, such as those encountered during the corrosion of spent nuclear fuel (SNF).!-3
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These two phases are the only naturally occurring peroxide bearing mineral phases and have

(cc)

previously been identified within the oxidation rind of uraninite (UO,) ore bodies.** Formation of
the uranyl peroxide minerals likely occurs via alpha irradiation of surface-adsorbed water, which
could produce H,O, concentrations as high as 3.5 x 10-3 M.”-® The higher radiation field associated
with the SNF enables water radiolysis to occur much more readily and studtite has previously been
observed within laboratory-based corrosion studies's > *!! and on the surface of fuel debris
associated with the Chernobyl site.!> Metastudtite forms from the direct dehydration of studtite

and is the thermodynamically stable uranyl peroxide phase.!* While less commonly encountered
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as an alteration phase on SNF, metastudtite may play a role in the long-term evolution of uranyl
peroxide solids under repository-relevant conditions due to this thermodynamic favorability.

Despite the importance of studtite and metastudtite, structural characterization of these
phases, particularly metastudtite, has been limited. Reports with proposed unit cell parameters
associated with studtite and metastudtite date back to the mid-1940s,'4 but the crystal structure of
studtite was originally determined from a natural mineral specimen by Burns and Hughes in 2003.3
No synthetic methods capable of yielding studtite crystals suitable for single-crystal X-ray
diffraction (SCXRD) have been reported in literature. Similarly, metastudtite has only been
structurally characterized using powder X-ray diffraction (PXRD) techniques, leaving its precise
atomic structure unresolved through experimental methods.? '3 16 Significant computational
efforts reported by Weck et al. in 2012, resulted in the proposal of a computationally derived
structure of metastudtite and remains the only reported structural description of this phase.!”

Herein, we report a synthetic route that enables the growth of single crystals of studtite via
vapor diffusion of hydrogen peroxide into acidified uranyl nitrate solutions. These crystals were
of sufficient quality for SCXRD analysis, allowing us to confirm and refine the structure of
studtite. Furthermore, we demonstrate that controlled dehydration of these crystals at low humidity
yields single crystals of metastudtite, enabling the first SCXRD-based determination of its
structure.

Laboratory-based studtite has previously been synthesized by adding an excess of H,0,
directly to acidified (10° - 2 M HNOs3) solutions of uranyl nitrate, but this method results in
polycrystalline (<10 wm) materials (Electronic Supporting information (ESI), Fig. S1a).> 7 14
1824 Given that U(VI) is known to complex with peroxide anions even at concentrations as low as

104 M,’ we sought to control the growth of studtite crystals by slowly introducing H,O, to the
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solution through vapor diffusion at 20 ° C, using solutions contained in nested vials as described
by Sommer.? 1 mL of 25 mM uranyl nitrate in varying concentrations of nitric acid (0.1 - 2 M)
were first placed in a 3.5 mL glass vial. This vial was then nested in a 20 mL glass scintillation
vial containing 1.5 mL of 30% H,0O, and the container was sealed with a lid. Over time, studtite
crystals formed on the bottom of the small glass vial and the rate of crystal formation was found
to depend on the acid concentration (ESI, Fig. S1b-d). Onset of crystallization for studtite from
solutions containing 0.5 M HNOj; occurred at 4 days and was completed after approximately 2
weeks. In contrast, a small amount of crystalline product formed in the 2 M HNOj after 2 weeks,
but complete crystallization took up to 2 months. As one may expect, there was also a correlation
between the rate of crystallization and the size and crystal quality of the product, with slower rates
of crystallization leading to larger, higher-quality crystals. Single crystals as large as 10 x 10 x 200
um were able to be reproducibly grown from H,0, vapor diffusion with uranyl nitrate in 2 M nitric

acid (ESI, Fig. S1d). Attempts to grow single crystals from solutions with nitric acid

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

concentrations greater than 2 M were unsuccessful and no solid material precipitated even at long
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reaction times (>1 year).
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It is assumed that the slow diffusion of H,O, vapor, mediated by the low vapor pressure of
hydrogen peroxide, allows for hydrogen peroxide to be introduced to the acid solution slowly
enough to nucleate and grow high quality single crystals. Semi-quantitative analysis of 2 M nitric
acid samples set up for peroxide vapor diffusion showed that the peroxide concentration in the
samples remained below approximately 0.2 uM for at least 64 days (ESI, Fig. S2). In addition to
the slow introduction of H,0,, the overall peroxide concentration could also be impacted by

autocatalytic decomposition, although this typically occurs in > 8 M HNO;.2226.27
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Structural characterization of the crystals formed from the H,O, vapor diffusion method
was performed by SCXRD, resulting in data with good agreement to natural studtite reported by
Burns et al.? The unit cell parameters of the synthetic studtite crystals, refined in the monoclinic
space group C2/c with a =13.999(1) A, b= 6.7481(7) A, c = 8.4848(9) A, p = 123.143(3)° (ESI,
Table S1), are all within 1% of the previously reported values. Notably, the structure of synthetic
Studtite was analyzed at 100 K, whereas the structure reported by Burns ef al.? was determined at
293 K. This difference in temperature may contribute to minor variations in refined structural
parameters due to thermal contraction at lower temperature. The structure contains U(VI) with two
strong bonds to oxygen atoms to create the nearly linear dioxo cation (UO,)>". The U(VI) cation
is further bound to six O atoms arranged at the equatorial vertices of a distorted hexagonal
bipyramid, with two opposing vertices corresponding to aqua ligands and the other four vertices
corresponding to two bidentate peroxide ligands (Fig. 1a). Adjacent uranyl moieties are linked
through bridging p,-peroxide groups, creating 1-D chains that propagate parallel to the c-axis (Fig.
1¢). The U-O,-U dihedral angle within the chains is 126.3°, which is within 1% of the previously
reported structure by Burns ef al.> Within the interstitial regions between adjacent chains, there are
also two additional water molecules that mediate interaction between nearby chains through a
series of hydrogen bonds. Each interstitial water molecule accepts two hydrogen bonds from aqua
ligands, with donor-acceptor (D...A) distances of 2.687(8) A and 2.691(8) A, and each donates a
hydrogen bond to a uranyl oxo and a peroxide group on adjacent chains (D...A of 2.876(9) and
2.74(1) A, respectively). Comparison of the bond lengths between the two structures reveals that
all the U-O bond lengths (U=0.y;, U-Operoxo-, and U-O,qya) are within 1.2% of the previously
reported values (ESI, Table S2). The largest deviation in bond length between the synthetic and

natural studtite is that of the O-O peroxide bond, which is shorter in the natural sample by 2.4%,

Page 4 of 15


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ce00118a

Page 5 of 15 CrystEngComm

View Article Online
DOI: 10.1039/D6CE00118A

from 1.50(1) to 1.46(1) A. Recent results from Scherrer ef al. could support the hypothesis that the
0-0 bond may be contracted due to the accumulation of superoxide (O,™) in place of the peroxide
(0,%) as a result of self-radiolysis of natural specimens, but additional EPR spectroscopy would

be necessary to provide confirmation.??

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Figure 1. (a) Structural characterization of synthetic studtite indicates the formation of one-
dimensional uranyl peroxide chains. The U, O, and H atoms are represented by the yellow, red
and white thermal ellipsoids, respectively. (b) Each chain is further engaged in hydrogen bonding
(indicated by the dashed line) between the ligated and interstitial water molecules. (c) The three-
dimensional lattice is formed through additional hydrogen bonding interactions between the
interstitial water and the uranyl oxo and peroxide ligands.
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With the ability to reliably grow single crystals of studtite, we sought to elucidate the
crystal structure of metastudtite by dehydrating synthetic material. Heating studtite crystals to
80 C for 18 hrs resulted in dehydration, but also degraded the crystallinity of the material, such
that it was functionally impossible to manipulate single crystals to collect structural data. Although
dehydration at elevated temperatures (50-100 °C) is the most reported synthetic strategy for
dehydrating studtite to metastudtite,! 15 23, 2931 reports by Huttig et al. and Li et al. suggest
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exposure to a low humidity environment could also cause dehydration of solid-state material.3% 33
Therefore, a 400 mg sample of the crystalline studtite was placed into a sealed jar containing
calcium sulfate desiccant to create a low relative humidity (<5%) environment for dehydration.
After one week, the reacted material was evaluated using PXRD (ESI, Fig. S3) and Raman
spectroscopy (ESI, Fig. S4 and Fig. S5), and this analysis confirmed that the initial studtite
converted to metastudtite after exposure to these conditions. For structural characterization of
metastudtite, single crystals of studtite were isolated, dehydrated, and analyzed according to the
procedure outlined in ESI, Section 3. Analysis of the studtite crystals exposed to the low relative
humidity environment resulted in a change in the unit cell parameters from the monoclinic setting
to the orthorhombic space group Immm where a = 4.1946(5) A, b=6.5143(9) A, and ¢ = 8.733(1)
A (see ESI, Table S1 and Table S3 for crystallographic details).

Further structural refinement of the metastudtite diffraction data indicates the presence of
disordered one-dimensional chains of repeating [UO,(0O,),(H,O),] subunits, linked through
bridging peroxide ligands (Fig. 2). Disorder of the one-dimensional chains can be accounted for
by the presence of mirror planes within the /mmm space group, but modeling the structure in a
lower symmetry space group or with a supercell did not resolve the issue (see ESI, Section 3.2 for
additional details regarding these evaluations). Disorder can be resolved by separating the
overlayed canting direction of the uranyl peroxide chains (Fig. 2a), which results in structural
parameters that resemble that of the studtite. The crystallographically unique (UO,)>" moiety
contains U=0 bond lengths of 1.80(2) A and a linear (180°) O=U=0 bond. Six equatorially-bound
O atoms represented by two unique positions, O2 and O3, corresponding to trans- peroxo and aqua

ligands, respectively. U-O2 and U-O3 bond lengths are 2.35(1) and 2.42(2) A, respectively, and
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the 02-02 peroxide bond distance of 1.47(4) A and U-O2-U dihedral angle of 125.6° are within

the expected range for bridging peroxide bonds in uranyl peroxide materials.34 33

’ O1A 02A

093 >

O1B

u1x
¢ 02B

Figure 2. (a) Structural characterization of synthetic metastudtite indicates the formation of
disordered uranyl peroxide chains extending in the [100] direction. The disorder can be resolved
by considering the superimposing two chains that are canted in opposite directions with O1(A and
B) and O2 (A and B) at half occupancy. The U, O, and H atoms are represented by the yellow,
red and white spheres, respectively. (b) Absence of interstitial water molecules results in no
hydrogen bonding interactions between the uranyl peroxide chains located in the same plane (020).
(¢) Hydrogen bonding between ligated water molecules and the uranyl oxo and peroxide ligands
in neighboring chains is depicted as dashed lines.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Dehydration results in the removal of the interstitial water molecules, resulting in hydrogen
bonding occurring directly between the aqua ligands and the axial oxo or bridging peroxo ligands
of the adjacent uranyl peroxide chains with donor to acceptor distances of 2.92(2) A and 2.75(2)
A (Fig. 2b and c). Although the formal oxidation state of uranium remains U(VI) through the
dehydration, the removal of interstitial water and reorganization of the hydrogen-bonding network
are expected to subtly influence the local uranium bonding environment. In particular, the shift to

more direct hydrogen bonding interactions with uranyl oxo and peroxo ligands may modify the
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electron density distribution at these sites. This is consistent with the observed increase in the v,
uranyl stretching frequency and suggests a modest strengthening of the U=O bond despite minimal
changes in the refined bond lengths. Due to the disordered nature of the metastudtite structure,
multiple configurations of adjacent uranyl peroxide chains exist within the structure. The two
adjacent chains to a given aqua ligand can either be corrugated in sync or out of sync, giving rise
to three possible hydrogen bonding conformations for each aqua ligand (ESI, Fig. S7). Over the
entire structure this results in the aqua ligands on average participating in three hydrogen bonding
interactions with adjacent chains, two with oxo ligands and one with a peroxo ligand, regardless
of the conformation of adjacent chains. This essential equivalence in the hydrogen bonding
networks between chains provides a possible explanation for why the chains are disordered, as the
hydrogen bonding networks would not be expected to appreciably stabilize or destabilize any
specific chain conformation. This is different than what is observed for the studtite structure, where
the interstitial water molecules provide additional hydrogen bonding that may guide the specifics
of the uranyl chain configuration. The increase in hydrogen bonding contacts for the ligated water
in metastudtite may also be a sound rationalization for increased thermodynamic stability and the
irreversibility of the dehydration process.

Comparing our current results to previously reported structural information of metastudetite,
indicates that the unit cell agrees well with previous values provided by PXRD* 436 compared to
the computational analysis by Weck et al.!”-37 Table 1 summarizes the structural parameters for
metastudtite provided by SCXRD, PXRD, and computational analysis. The single-crystal and
powder X-ray diffraction analysis both indicate an orthorhombic, Immm, space group with unit
cell differences related to the specific cell setting. Differences to the computational data result

from a doubling of one of the axes and lowering the orthorhombic setting from an I-centered to a
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primitive unit cell. These differences are also apparent in the calculated PXRD patterns from
Weck et al., with additional features at 21.1, 27.2, 29.4, 34.8, 39.9, 44.2, and 45.2° 26 (Fig. 3).
These features are absent in the calculated pattern from the SCXRD data as well as the PXRD
pattern of the metastudtite solid synthesized herein. We also more broadly evaluated previously
reported metastudtite PXRD found in the literature, such as the data from Rodriguez et al.’’, and

found that it more closely matched the simulated pattern obtained from the SCXRD data.

Table 1. Structural parameters for metastudtite determined from SCXRD analysis, powder X-ray
diffraction (PXRD) analysis by Debets'4, and computational evaluation by Weck et al.!’

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.
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Compound Present work—  Debets — Weck et al. —
SCXRD PXRD Computational

Structural Formula (UOz)Oz(HzO)z UO42H20 (UOz)OZ(Hzo)z
Formula weight (g) 338.06 338.06 338.06
Crystal system orthorhombic orthorhombic orthorhombic
a(A) 4.1946(5) 6.50(2) 8.45
b (A) 6.5143(9) 4.211(5) 8.72
c(A) 8.733(1) 8.78(1) 6.75
a () 90 90 90
B 90 90 90
Y (©) 90 90 90
Unit cell volume (A3) 238.65(6) 240(1) 497.4
Space group Immm Immm Pnma
4 2 2 4
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Calculated Pattern, metastudtite (present work)
== Calculated Pattern (Weck et al. 2012)
i = Metastudtite (Rodriquez et al. 2016)
= \etastudtite (present work)
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Intensity (counts)

° 20
Figure 3. Comparison of the PXRD patterns of metastudtite with calculated powder patterns based
on the CIF files obtained by Weck et al.’” and the present work. Identity of traces (from bottom to
top): experimental PXRD pattern of metastudtite collected as a part of the present work (black),
experimental PXRD pattern of metastudtite reported by Rodriguez et al.3” (blue), calculated PXRD
pattern based on metastudtite reported by Weck et al.!” (red), and calculated PXRD pattern based
on metastudtite reported in the present work (dark yellow).

The major differences between the theoretical (Weck et al.) and experimental (SCXRD)
structures stem from ordering of adjacent uranyl peroxide chains rather than specific differences
in bonding within the solid material. The DFT calculations accurately captured the one-
dimensional chain structure and the U-O,-U dihedral angle, but predicted that the cant direction
would be ordered throughout the crystalline lattice. This ordering requires that the unit cell axis
is doubled along the length of the chain to account for the two different orientations of the uranyl
cation and peroxide anion. DFT calculation will provide the energy minimized structure, which
likelyis an ordered arrangement of the uranyl peroxide chains. However, experimentally, we arrive
at metastudtite via a dehydration reaction, which may lead to disorder of the structure as the
hydrogen bonding network is disrupted throughout the process. This reaction would not be

captured in the theoretical study and even accurately calculating changes in hydrogen bonding
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networks is inherently challenging for DFT without special treatments such as van der Waals
dispersion correction schemes and Hubbard U corrections.?® This does potentially suggest that
there could be restructuring of the metastudtite structure upon aging for it to reach the possible
energy minimum structure that is predicted by Weck et al., but further studies are necessary to
confirm this hypothesis.

The current study provides a reliable method to grow single crystals of studtite through the
vapor diffusion of hydrogen peroxide, representing an advancement in the synthetic chemistry of
insoluble peroxide materials. This technique overcomes the longstanding limitations in the
analysis of synthetic studtite samples with poor crystallinity and can be successful dehydrated to
form metastudtite. Analysis of metastudtite with SCXRD, represents the first experimental
structural characterization and revealed disorder in the 1-D chain that differs from previous
computational results. Overall, these results not only expand experimental abilities for studying

uranyl peroxide phases, but also expand our understanding of the structural transformations that

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

occur during the formation of alteration phases of uranium-containing materials, with implications

for nuclear waste management and repository science.
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