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1 Introduction

Formation of a uranyl hydroxide hydrate via hydration
of [(UO,F,)(H,0)]; -4H,0"

Marie C. Kirkegaard,*” Tyler L. Spano,* Michael W. Ambrogio,* J. L. Niedziela,* Andrew
Miskowiec,” Ashley E. Shields,* and Brian B. Anderson®?:*

Hydrated uranyl fluoride, [(UO,F,)(H,0)]; -4H,0, is not stable at elevated water vapor pressure,
undergoing a complete loss of fluorine to form a uranyl hydroxide hydrate. Powder x-ray diffraction
data of the resultant uranyl hydroxide species is presented for the first time, along with Raman
and infrared (IR) spectra. The new uranyl hydroxide species is structurally similar to the layered
uranyl hydroxide hydrate minerals schoepite and metaschoepite, but has a significantly expanded
interlayer spacing (c=15.12 vs. 14.73 A), suggesting that additional H,O molecules may be present
between the uranyl layers. Comparison of the Raman and IR spectra of this new uranyl hydrox-
ide hydrate and synthetic metaschoepite ([(UO,),O(0OH)g]-5H,0) suggests that the equatorial
environment of the uranyl ion may differ and that H,O molecules in the new species participate
in stronger hydrogen bonds. In addition, the interlayer spacing of both this new uranyl hydroxide
species and synthetic metaschoepite is shown to be sensitive to the environmental humidity,
contracting and re-expanding with desiccation and rehydration. Structural distinction between
the new uranyl hydroxide species and synthetic metaschoepite is confirmed by a comparison of
the thermal behavior; unlike metaschoepite, the new hydrate does not form a—UO,(OH), upon
dehydration.

necessitating the production of a bulk sample of the new material.

We previously demonstrated that hydrated uranyl fluoride,
[(UO,F,)(H,0)],-4H,0, is not stable at elevated water vapor
pressure but rather transforms into a uranyl hydroxide hydrate
and eventually, a uranyl peroxide hydrate. At the time, the uranyl
hydroxide product was identified as such based on Raman and
scanning electron microscopy with energy-dispersive x-ray spec-
troscopy (SEM-EDS) data consistent with known uranyl hydroxide
species.! In particular, Raman peaks at 845 cm~! and 550 cm™!
were noted to be consistent with other studies of uranyl hydrox-
ide hydrates.?3l However, vibrational spectra of uranyl hydroxide
species vary significantly in the literature, complicating a more
rigorous characterization of the hydration product based on vibra-
tional spectroscopy alone. This motivated a follow-up study with
structural characterization via powder x-ray diffraction (XRD),
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1 Electronic Supplementary Information (ESI) available: XRD patterns of initial
material, vibrational spectral fits, computationally predicted vibrational spectra,
additional in-situ XRD data. See DOI: 00.0000,/00000000.

In the absence of single-crystal diffraction data, this new uranyl
hydroxide hydrate can be characterized in part via comparison
to known uranyl hydroxide structures like the mineral schoepite,
[(UO,),(0)(OH)4]-6H,0,5© (Figure and its dehydration prod-
uct metaschoepite, [(UO,),(0)(OH)4]-5H,0 7| These species
have similar structures, and differ primarily in the number and
arrangement of interlayer H,O molecules.”8 Despite structural
similarities, schoepite and metaschoepite can be distinguished by
their a and b lattice parameters.4Z A survey of crystallographic
studies of schoepite®®211 and metaschoepite® 211413l finds that
while the @ and b lattice parameters are both statistically distinct
(p-value=5.5% 10> and 0.026, respectively), the ¢ lattice parame-
ter, which defines the interlayer spacing, is not statistically distinct
(p-value=0.48). This is illustrated in Figure Thus, removal
of interlayer H,O molecules in the transition from schoepite to
metaschoepite does not change the interlayer spacing.

An additional uranyl hydroxide hydrate mineral, paraschoepite,
was identified by Schoep and Stradiot in 194714 and later par-
tially characterized via powder XRD by Christ and Clark in
1960 as a component of a mixed-phase mineral sample./ No
further evidence of paraschoepite has been presented. The
existence of paraschoepite was more recently questioned by
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Fig. 1 (Left) Top-down and (Right) side views of the crystal structure
of schoepite, [(UO,)4(0)(OH)g]-6H,0, as determined by Finch et al.®
Oxygen atoms in between the layers of uranyl polyhedra correspond to
H,O molecules; hydrogen atoms are omitted as their location was not

solved experimentally.
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Fig. 2 Average lattice parameters reported from structural characteriza-
tion of schoepite®®911 and metaschoepite* 711713, Error bars are +o.
For consistency, lattice parameters for both schoepite and metaschoepite
are defined as reported for schoepite, which belongs to the Pbcn space
group. The ¢ parameter is normal to the uranyl layers.

Burns et al., who suggested that the extraneous diffraction max-
ima in a schoepite sample that Christ and Clark assigned to
paraschoepite may have been due to crystallographically oriented
inclusions of the mixed-valence uranium oxide hydrate ianthinite,
[U24+ (U0,) 404 (0H) 4 (H,0)41-5H,0. 13 Thus, there remains lin-
gering uncertainty over the number of different uranyl hydroxide
hydrate species that exist, whether as minerals or produced syn-
thetically. The identification of a uranyl hydroxide hydrate species
formed from the hydration of uranyl fluoride is particularly in-
teresting in this light, and further characterization of this species
is motivated to elucidate how this species is distinct from other
known or predicted species.

2 Experimental Methods

2.1 Material production

Uranyl fluoride starting material was prepared through the hy-
drolysis of UFg (UF; +2H,0 — UO,F, +4HF) in a reaction
chamber containing approximately 20% relative humidity (RH) at
23 °C. Uranyl fluoride particulates were collected on silicon plates
at the bottom of the chamber. The powder material was then
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ground and left exposed to silica desiccant beads for two weeks to
remove residual surface water. The powder XRD pattern of the re-
sulting pale yellow powder was consistent with the uranyl fluoride
hydrate identified by Mikhailov et al.,2® [(UO,F,)(H,0)],-4H,0
(Figure S1).

Synthetic metaschoepite was produced from the hydration of
amorphous UO, for comparison to the newly identified uranyl
hydroxide species. Uranyl nitrate hexahydrate crystals (depleted,
from SPI-Chem) were first ground into a powder and then heated
in air at 300 °C for 24 h to produce dark red x-ray—amorphous
UO;. The heat was then reduced to 80 °C, and deionized water
was introduced while stirring continuously. After the solution
turned bright yellow (approximately 10 min), it was removed
from the heat and allowed to evaporate in ambient conditions
(approximately 22 °C and 60% RH). Once dry, the bright yellow
powder was rinsed twice with deionized water to remove resid-
ual nitrates and again allowed to dry at ambient conditions. The
XRD pattern of the resulting material (Figure S2) was consistent
with synthetic metaschoepite, [(UO,),0(0H)4]-5H,0, 7 with a
minor component attributable to anhydrous uranyl hydroxide,
UO, (OH),. Because synthetic metaschoepite was found to be un-
stable to dehydration at moderate and low humidity,# the uranyl
hydroxide material was stored in a sealed glass bell jar and ex-
posed to the headspace of a NaCl saturated salt solution, providing
approximately 75% RH at ambient temperature (22-23 °C).

2.2 Sample production

Two uranyl fluoride samples were produced by depositing a few
milligrams of uranyl fluoride hydrate ([(UO,F,)(H,0)],-4H,0)
onto zero-background silicon XRD plates along with a small
amount of silicon powder to act as a standard. No solvent was
used in the preparation of the XRD plates to prevent dehydration
or other alteration of the material. The two plates were then
placed on top of mounts in separate sealed plastic containers that
were filled with a small amount of a KClI saturated salt solution
(83-84% RH). The two samples were stored in two different in-
cubators, set to 25 and 35 °C (£0.5 °C), respectively. Samples
were removed from their hydration containers for periodic XRD
and Raman analysis, and measurements were carried out under
ambient conditions.

2.3 X-ray diffraction

XRD measurements were obtained on a Proto AXRD using Cu
K¢ radiation (A=1.5406 A). Data were collected using a 0.5 mm
divergence slit over the angular range 26 = [10,50] in steps of
626 = 0.02°. The total time for each scan ranged from 45 min
to 14 h. Where appropriate, Rietveld refinement of XRD data was
performed with GSAS 1117

2.4 Raman spectroscopy

Raman spectra were collected using an inVia™ micro-Raman spec-
trometer (Renishaw) with an excitation wavelength of 785 nm
and a 1200 1/mm grating (3 cm~! resolution). A low incident
laser power of <1.5 uW, corresponding to a power density of
<100W/ cm? (laser beam waist = 1.28 um), was used because syn-
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thetic metaschoepite was previously shown to be very sensitive to
alteration via laser heating at higher laser power.! Reported spec-
tra are the sum of 50 accumulations, each with a 3 sec exposure
time. Prior to analysis and fitting, all Raman spectra were baseline
corrected using the asymmetric least squares approach.1812 Ra-
man spectra were fit to pseudo-Voigt functions with both Gaussian
and Lorentzian components using the LmFit curve-fitting package
in Python2?,

2.5 Infrared spectroscopy

Infrared (IR) spectra were collected using a Nicolet iS50 FTIR
(Thermo Scientific) with a HeNe laser and ABX Automated Beam-
splitter (1.5 cm~! resolution). All spectra were collected using
a diamond attenuated total reflectance (ATR) attachment, with
background spectra first collected on the empty ATR attachment.
Reported spectra are the sum of 32 accumulations, each with a 2
sec exposure time. IR spectra were fit to pseudo-Voigt functions
with both Gaussian and Lorentzian components using the LmFit
curve-fitting package in Python'??,

2.6 Density Functional Theory

The relationship between water content and interlayer spacing
was explored via complementary Density Functional Theory (DFT)
calculations. The full unit cell of schoepite (344 atoms) was opti-
mized using the Perdew-Burke-Ernzerhof (PBE) 21l functional with
the plane-wave code VASP22 in the same manner as previously
presented for metaschoepite.”! Due to the large unit cell, all cal-
culations were performed at the I" point, with a cut-off energy
of 600 eV. Varying numbers of interlayer H,O molecules were
removed from the unit cell, the structure of which was then re-
optimized until the forces on each ion were less than 0.001 eV/A.

3 Results and Discussion

3.1 Formation of uranyl hydroxide via hydration of uranyl
fluoride
The transformation of uranyl fluoride hydrate to the previously
identified uranyl hydroxide material was monitored by periodi-
cally collecting XRD and Raman spectroscopy data on two samples
of uranyl fluoride stored at 25 °C/84% RH and 35 °C/83% RH,
respectively. Both samples were observed to undergo a chemical
transformation upon hydration, as characterized by both XRD and
Raman spectroscopy. At 25 °C and 84% RH (Py,=2.67 kPa), this
hydration reaction proceeded very slowly over the course of the
140-day experiment, as visible from both the XRD pattern and the
uranyl stretching region of the Raman spectrum (Figure [3). At
35 °C and 83% RH (Py,p=4.67 kPa), however, a complete transfor-
mation occurred over this time frame, as shown in Figure[4} The
changes in the Raman spectra were consistent with the reaction
from uranyl fluoride to a uranyl hydroxide hydration product pre-
viously identified in hydrated [(UO,F,)(H,0)],-4H,O particles,
although the hydration reaction was found to occur much more
slowly in the bulk. For comparison, complete transformation of
uranyl fluoride particles to uranyl hydroxide at 75% RH at ambient
temperature (20-22 °C) was observed to take approximately 50
days,! while the same reaction had barely progressed after 140
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days at 84% RH and 25 °C for the bulk sample. Increasing the
temperature was found to significantly accelerate the reaction such
that conversion of a bulk sample was attainable in several months
(Figure ).

Collection of multiple micro-Raman spectra during each analysis
revealed that the sample did not hydrate homogeneously. This
is illustrated in Figure |5} While the initial uranyl fluoride mate-
rial was found to be homogeneous as characterized via Raman
spectroscopy, formation of the uranyl hydroxide product occurred
more rapidly in some regions than others, potentially due to varia-
tions in the surface morphology of the sample. This is consistent
with prior observations that the rate of hydration varied somewhat
among different particles on the same sample.ll After 140 days,
the sample hydrated at 35 °C had completely transformed from
uranyl fluoride to uranyl hydroxide as evidenced from the XRD
data (Figure[4). At this point, as shown in Figure[5} the Raman
spectra were once again consistent across the sample, with no
evidence of remaining [(UO,F,)(H,0)],-4H,0. There was also
no evidence of the uranyl peroxide species that was previously
observed to form in hydrated particulate samples, which would be
evidenced by a peroxo stretching mode near 865 cm~!.124 The
absence of this second hydration product of uranyl fluoride is not
surprising given the much slower hydration rate observed for the
bulk vs. particle samples.

Particles of the uranyl hydroxide hydration product formed after
140 days of hydration were also analyzed via SEM-EDS. These
particles were transferred from the initial silicon XRD plate to
another silicon substrate prior to EDS analysis. Multiple particles
were analyzed on the sample and found to be relatively consistent.
Figure [f] shows a representative EDS spectrum. Uranium, oxygen,
and silicon (from the background) are identified as the major
elemental components, as expected. A small peak near 0.68 keV is
attributed to residual fluorine, which is not unexpected since this
material was produced from the hydration of uranyl fluoride and
likely still contains a minor component of uranyl fluoride. This
peak would be expected to disappear upon further hydration.

3.2 Structure of the uranyl hydroxide hydration product

As shown in Figure |4} after 140 days of hydration at 35 °C and
84% RH, the [(UO,F,)(H,0)], -4H,0 starting material has un-
dergone an essentially complete conversion to a new species. The
diffraction maxima of this hydration species are similar to those ex-
pected of schoepite, [(UO,),(0)(OH)4]-6H,0. The most notable
difference between the two patterns is a shift in the (002) and
(004) reflections near 26 = 12° and 24°, respectively, indicative
of an expanded layer spacing. Rietveld refinement was used to
determine the lattice parameters of the uranyl hydroxide hydration
product using schoepite as an initial structure (Figure S3). The
refined lattice parameters are shown in Table [1|compared to other
uranyl hydroxide hydrates. The primary distinction of the uranyl
hydroxide hydration product from the known structures schoepite
and metaschoepite is an expanded c lattice parameter (the ¢ di-
rection has been redefined to be perpendicular to uranyl sheets
in both schoepite and metaschoepite). This lattice parameter is
15.1214 A in the uranyl hydroxide hydration product, compared

Journal Name, [year], [vol.], 1{14] | 3
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Fig. 3 (Left) XRD patterns (A=1.5406 A) over time of a sample of [(UO,F,)(H,0)]; - 4H,0 stored at 84% RH at 25 °C (Py,0=2.67 kPa) compared to
the expected patterns of uranyl fluoride hydrate ([(UO,F,)(H,0)];-4H,O, PDF 01-074- 3593'23') and schoepite ([(UO,),(0)(OH)g]-6H,0, PDF 00-050-
160123). Dashed lines show the position of peaks corresponding to the silicon standard added to the sample. (Right) The uranyl stretching region of
the Raman spectrum of the same sample over time. Spectra are normalized by the area under the curve in the region shown. Dashed lines at 868
and 846 cm~! highlight the location of the dominant uranyl stretching modes of [(UO,F,)(H,0)]; -4H,O and the uranyl hydroxide hydration product,

respectively.
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Fig. 4 (Left) XRD patterns (1=1.5406 A) over time of a sample of [(UO,F,)(H,0)]; -4H,0 stored at 83% RH at 35 °C (Py,0=4.67 kPa) compared to the
expected patterns of uranyl fluoride hydrate ([(UO,F,)(H,O)]; -4H,0O, PDF 01-074-3593=%) and schoepite ([(UO,),O(OH)¢]-6 H,O, PDF 00-050- 1601@).
Dashed lines show the position of peaks corresponding to the silicon standard added to the sample. (Right) The uranyl stretching region of the Raman
spectrum of the same sample over time. Spectra are normalized by the area under the curve in the region shown. Dashed lines at 868 and 846 cm™!
highlight the location of the dominant uranyl stretching modes of [(UO,F,)(H,0O)]; - 4H,O and the uranyl hydroxide hydration product, respectively.
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Fig. 5 The uranyl stretching region of the Raman spectrum over time
of a sample of [(UO,F,)(H,0O)];-4H,0 stored at 83% RH at 35 °C
(Pu,0=4.67 kPa). Five Raman spectra were collected from random re-
gions of the sample on each day, with the exception of after 18 days of
hydration, when only two spectra were collected. Spectra are normalized
by the area under the curve in the region shown. Dashed lines at 868 and
846 cm~! highlight the location of the dominant uranyl stretching modes
of [(UOsF,)(H,0)];-4H,0 and the uranyl hydroxide hydration product,
respectively.

with approximately 14.73 A in both schoepite and metaschoepite.
The expanded layer spacing in the uranyl hydroxide hydra-
tion product relative to schoepite or metaschoepite is reminiscent
of the proposed mineral paraschoepite.1# As shown in Figure|[7]
the diffraction maxima of the uranyl hydroxide hydration prod-
uct match reflections of paraschoepite reported by Christ and
Clark from a mixed-phase mineral sample.lY While ianthinite
has a similarly expanded layer spacing relative to schoepite and
metaschoepite, the presence of ianthinite in this sample seems
unlikely due to lack of prominent peaks in the 26=26-27° re-
gion of the powder diffraction pattern. The diffraction maxima of
the uranyl hydroxide hydration product cannot be attributed to
a mixture of schoepite and its dehydration products either. The
sharpness of the diffraction maximum at 20=12° as well as the
homogeneity of collected Raman spectra after complete hydration
suggests that the uranyl hydroxide hydration product is a single
phase. While it is impossible to confirm whether the uranyl hydrox-
ide hydration product is a synthetic analog of paraschoepite, the
existence of a uranyl hydroxide hydrate with similarly expanded
layer spacing adds weight to claims that this mineral may exist.
There is additional evidence of synthetic uranyl hydroxide hy-
drate species with expanded layer spacing. Weller et al. found
that a crystal of metaschoepite cooled to 150 K and then warmed
to room temperature and left at ambient conditions for several
months transformed to a distinct structure with an expanded layer
spacing (Table[I). A full structural solution of this species was
not made, and the relationship between metaschoepite and this
distinct species is unclear. However, the composition of the aged
sample was determined to be UO;-2.25H,0, with more water
per unit cell than metaschoepite, which has the empirical formula
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Fig. 6 SEM-EDS spectrum of a representative particle of the uranyl
hydroxide hydration product on a silicon substrate. Peaks are attributed to
U, O, F, and Si as shown.

UO, - 2H,0.7 This suggests that the layer spacing expands to in-
corporate additional H,O molecules. Since the uranyl hydroxide
hydration product in this work was formed at high RH, it may
have a similarly elevated water content in comparison to schoepite
and metaschoepite.

3.3 Hydration of synthetic metaschoepite

The hypothesis that the uranyl hydroxide hydration product
may contain more interlayer H,O molecules than schoepite and
metaschoepite raises the question of whether or not it is possible
to form this species via the hydration of these known materials.
Synthetic metaschoepite can be readily produced for such a hydra-
tion experiment. It was demonstrated previously that the structure
of bulk synthetic metaschoepite is not altered by long-term ex-
posure to a 75% RH environment.# To further hydrate synthetic
metaschoepite, an XRD sample was stored in a container with a
KNO; saturated salt solution at 35 °C (91% RH, Py,0=5.11 kPa)
for 127 days. XRD and Raman data were collected periodically
over this time period. While collecting XRD data necessitated
removing the sample from the hydrating environment, scans were
limited to 45 min to minimize potential dehydration during mea-
surement.

Figure [8| shows the XRD pattern of this sample over time. There
is no evidence of a significant change in interlayer spacing. The
interlayer spacing was actually observed to contract slightly be-
tween O and 70 days of hydration, although this was likely the
result of slight dehydration during measurement. This finding led
to a more thorough investigation of the humidity dependence of
the interlayer spacing discussed in this work.

While the XRD pattern of this hydrated sample was not indica-
tive of a major structural change, Raman spectra collected on
the sample over time showed changes in the uranyl stretching
region (Figure[9). In particular, the initial uranyl stretching mode
near 868 cm~! was observed to redshift significantly upon hy-
dration, while uranyl stretching modes at 845 cm~! and below
were observed to broaden slightly but did not shift notably. As
demonstrated in Figure[9] collection of multiple spectra in differ-
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Table 1 Lattice parameters obtained from Rietveld refinement of the XRD pattern of the uranyl hydroxide hydration product compared to other uranyl
hydroxide hydrates. Lattice parameters are oriented so that the c-axis is perpendicular to the uranyl sheets. All distances are in A, and all lattice angles

are 90°.

Sample a b c

Schoepite 8 14.337(3) 16.813(5) 14.731(4)
Synthetic metaschoepite'Z 14.050(2) 16.709(2) 14.7291(2)
Aged metaschoepiteZ? 14.112 16.768 15.143
Synthetic metaschoepite 4 13.9828(4) 16.7038(5) 14.6964(5)
Paraschoepite 1P 14.12 16.83 15.22
Uranyl hydroxide product, this work 14.1457(7) 16.7757(8) 15.1214(9)

||| || || paraschoepite

ianthinit
b e

metaschoepite

Intensity / arb.u.

} . u“ h ‘ A ‘schoe;?ite

NW.V

a-— UOZ(OH)Z
S SN S WY B
10 15 20 25 30 35 40 45 50

260

Fig. 7 XRD pattern (1=1.5406 A) of the uranyl hydroxide hydra-
tion product compared to the reflections reported for the debated
species “paraschoepite”™ (also referred to as schoepite-Ill by Christ
and Clark) and the known patterns of ianthinite™® (PDF 04-014-40693),
metaschoepite (PDF 04-011-392023), schoepite® (PDF 00-050-160123),
and anhydrous uranyl hydroxide® (o—UQ,(OH),, PDF 04-007-537323) .

ent regions of the sample on each date of analysis revealed that
these changes did not occur homogeneously across the sample.

No changes were observed in the lower energy region (100-
600 cm~!) of the Raman spectrum, suggesting that the equatorial
environment of the uranyl ion remains unchanged.® Instead, it
appears that the local environment of a subset of the uranyl ions
changes without any effect on the long-range structure or equa-
torial bonding. This is consistent with a change in the interlayer
water structure that strengthens hydrogen bonding interactions to
some of the uranyl oxygens. The nature of these changes deserves
additional study, but is beyond the scope of this paper.

3.4 Comparison of the vibrational spectra of the uranyl hy-

droxide hydration product and synthetic metaschoepite
The full Raman spectrum of the uranyl hydroxide hydration prod-
uct, obtained on the same material on which XRD data were

6| Journal Name, [year], [vol.],1

collected, is shown in Figure[10} The Raman spectrum of synthetic
metaschoepite, as previously reported,® is shown for compari-
son. A list of the Raman peaks and their assignments is shown
in Table [2} pseudo-Voigt fits are included in the ESI. The uranyl
stretching region of the Raman spectrum of the uranyl hydrox-
ide hydration product is characterized by a dominant peak at
846 cm~! with a shoulder centered at 830 cm~!. The presence of
two uranyl stretching modes indicates the existence of multiple
uranyl ion environments that may differ by equatorial coordina-
tion or hydrogen bonding interactions.2® Additional Raman peaks
appear at 555, 515, 459, 400, 330, 257, 199, 158, and 127 cm™".
Many of the peaks in this lower-energy region are distinct from
those observed in synthetic metaschoepite, suggesting that the
arrangement of equatorial hydroxy and oxide ligands in the two
structures may differ. This potentially explains why the uranyl
hydroxide hydration product cannot be formed via the hydration
of synthetic metaschoepite, as discussed in the previous section.

IR spectroscopy was performed to assess higher energy water
and hydroxy related modes. These modes were not visible in
the Raman spectrum due to the low incident laser power used
to avoid unintentionally altering the sample via laser heating
and because water is a weak Raman scatterer. Figure|11|shows
the IR spectrum of the uranyl hydroxide hydration product, again
compared to that of synthetic metaschoepite.” Pseudo-Voigt fits are
again included in the ESI; a list of IR peaks and their assignments
appears in Table 2| OH stretching modes appear between 2500
and 3700 cm~!. The 3569 and 3483 cm™! peaks are attributed
to the OH stretching mode of interlayer H,O molecules, while
the remaining peaks are attributed to the OH stretching mode
of hydroxy ligands. The presence of multiple stretching modes
for both water and hydroxy groups suggests that some water and
hydroxy ligands in the structure participate in stronger hydrogen
bonding than others.2Z In general, the OH stretching modes in
the uranyl hydroxide hydration product are slightly redshifted
compared to synthetic metaschoepite, suggesting the presence
of stronger hydrogen bonds.2? Stronger hydrogen bonding also
explains the broadening of peaks between 3400 and 3600 cm ™!
relative to metaschoepite.

The peak at 1624 cm ™! is attributed to the bending mode of the
interlayer H,O molecules. The frequency of this mode is consistent
with the frequency of the same mode in synthetic metaschoepite.
However, the §(U-O—H) bending mode is blueshifted in the
uranyl hydroxide hydration product (1043 cm™!) compared to

Page 6 of 15
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Fig. 8 (Left) XRD pattern (1=1.5406 A) of synthetic metaschoepite upon increasing time spent exposed to 91% RH at 35 °C. (Right) Expanded view of
the (002) reflection. The dashed line at 26=12.043 corresponds to the previously measured value for synthetic metaschoepite (PDF 04-01 1-3920'2"2').IZI

Intensity / arb.u.

800 820 840 860 880 900
Raman shift / cm™1!

Fig. 9 Raman spectra collected on a sample of synthetic metaschoepite
equilibrated for increasing amounts of time in a 95% RH, 35 °C envi-
ronment. The multiple spectra at each point of hydration correspond to
Raman spectra collected on different regions of the sample on the same
day. Dashed lines at 868 and 845 cm~! show the initial location of the two
dominant uranyl stretching modes.

synthetic metaschoepite (1005 cm~!). Based on a comparison of
the computationally predicted vibrational spectra of schoepite and
metaschoepite (Figure S6), this mode is demonstrated to be the
most sensitive to differences in the interlayer water structure and
hydrogen bonding network.

A peak at 1423 cm ™! in the experimental IR spectrum cannot
be assigned. A much smaller peak in this region was noted pre-
viously in the IR spectrum of synthetic metaschoepite.® Since no
peaks were predicted in this region in the computational study of
metaschoepite, this peak, along with a small peak at 1335 cm™!,

.
WWAAA

100 200 300 400 500 600 700
Raman shift / cm™!

Intensity / arb.u.

800 900 1000

Fig. 10 Comparison of the Raman spectrum of the uranyl hydroxide
hydration product (bottom) and synthetic metaschoepite (top). The lower
energy region of the spectra is scaled by a factor of five. Dashed lines
show the location of peaks in the uranyl hydroxide hydration product

(Table[B).

was previously attributed to the presence of impurities in the sam-
ple, possibly unreacted uranyl nitrate.# However, the presence of
the peak at 1423 cm~! in the present study cannot be attributed
to uranyl nitrate, since uranyl nitrate was not used in the synthe-
sis. Curiously, a peak near 1400 cm™~! was also noted by Urbanec
and Cejka in a natural sample of schoepite, although it was not
assigned.?8 The energy of this peak is similar to that of the v;
vibrational mode of the carbonate ion in the uranyl carbonate
minerals rutherfordine and sharpite. However, the absence of a
symmetric carbonate stretching mode in the Raman spectrum near
1000-1100 cm™~ 29 and lack of carbon signal in the EDS spectrum
(Figure S6) suggests that this peak cannot be attributed to the
carbonate group. The origin of this peak thus remains unknown
and deserves further study.

Journal Name, [year], [vol.], 1 |7
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Fig. 11 Comparison of the IR spectrum of the uranyl hydroxide hydration
product (bottom) and synthetic metaschoepite (top). Dashed lines show
the location of peaks in the uranyl hydroxide hydration product (Table .

The uranyl stretching region of the IR spectrum can be fit to
three curves at 921, 890, and 830 cm~!. The peaks at 921 and
890 cm~! are assigned to asymmetric uranyl stretching modes.
The presence of two modes again indicates multiple uranyl envi-
ronments. The peak in the IR spectrum at 830 cm~! matches the
location of the uranyl stretching shoulder in the Raman spectrum.
Hydrogen bonding interactions are known to break the symmetry
of the uranyl ion, causing a symmetric stretching mode to appear
in the IR spectrum.=% We thus tentatively assign this peak to the
symmetric stretch of uranyl ions that are characterized by strong
hydrogen bonding interactions with interlayer H, O molecules. The
corresponding asymmetric mode appears at 890 cm~!. In contrast,
uranyl ions that are not characterized by strong hydrogen bonding
have a symmetric stretching mode at 846 cm~! and asymmetric
stretching mode at 921 cm™.

3.5 Humidity dependence of uranyl hydroxide hydrates

In a previous study of synthetic metaschoepite,# variation was
noted in the crystal structure as determined by XRD as a function
of the environmental conditions of the sample. In particular, the
interlayer spacing was demonstrated to be sensitive to the RH dur-
ing the sample study. In-situ humidity-controlled XRD experiments
were carried out to further probe this behavior. Figure [12|shows
the interlayer spacing, determined from the position of the (002)
reflection, as a sample of synthetic metaschoepite was exposed
to increasing humidity at 30 °C. The interlayer spacing is clearly
humidity dependent, increasing by roughly 0.025 A as the RH
was increased from 40 to 60%. Expansion of the layer spacing
occured rapidly as the humidity was increased, and remained fairly
stable over 12 h at each humidity level. The interlayer spacing
determined at 40% RH (~7.384 A) is still expanded relative to
literature values for schoepite and metaschoepite, which range be-
tween 7.31 and 7.375 AR and 7.3065 and 7.365 A4Z1IHLS,
respectively (Figure S8). However, these values were all measured
under undefined ambient RH.

8| Journal Name, [year], [vol.],1

Table 2 Raman and IR spectroscopy peaks for the new uranyl hydroxide
species.

IR/ cm™! Raman / cm™! Assignment

3569 v(OH) (water)

3482 v(OH) (water)

3258 v(OH) (hydroxy)

3037 v(OH) (hydroxy)

2833 v(OH) (hydroxy)

1624 6(H,0)

1423 ?7??

1043 6(U-0—H)

921 Vas (UO052T)

890 Vas (UO,2T)
846 vs(UO,2H)

830 830 vs(UO,2T)
555 V(U:Oeq) / v(U=(OH))
515 v(U=0,y) / v(U=(OM)
459 v(U=(0OH)) / y(U—(OH)—-U)
400 v(U=(OH)) / y(U-(OH)-U)
330 v(U=(0OH)) / y(U—-(OH)-U)
257 §(U0,2%) / §(U—(OH)-U)
199 8(U0,2Y) / §(U—(OH)-U)
158 8(U0,2%) / lattice modes
127 1) (U022+) / lattice modes

The lower limit of the interlayer spacing was explored by des-
iccating another sample of synthetic metaschoepite under dry air
at 30 °C. One hour XRD scans were again collected consecutively.
As shown in Figure the interlayer spacing was observed to
contact upon desiccation, as indicated by shifts in the (002) and
(004) reflections. A rapid re-expansion of the layer spacing oc-
curred when the humidity was increased to 50%. In addition,
as the sample was rehydrated at 50% RH for several hours, a
second peak became visible at 26=11.6°. The position of this
peak matches the position of the (002) reflection of the uranyl hy-
droxide hydration product at 50% RH (see Figure [16)), suggesting
that a component of the synthetic metaschoepite is converted to a
species with an expanded layer spacing consistent with that of the
new uranyl hydroxide species. This peak cannot be definitively
attributed, however, due to the absence of a corresponding (004)
reflection near 20=23.43°. It is plausible that desiccation induces
some disorder in the uranyl layers such that the hydrogen bond-
ing interactions that link the layers via interlayer H,O molecules
are weakened. This would allow the interlayer to be more easily
expanded via absorption of additional H,O molecules.

The relative stability of the a and b lattice parameters, as well
as the observed reversibility of this change in interlayer spacing,
suggests that there is no significant structural change in the uranyl
layers. The contraction and expansion of the ¢ lattice parameter
is presumably due to the removal and replacement of a portion
of the interlayer H,O molecules, explored computationally in the
next section.

After the RH was held at 50% RH for 24 h, the desiccation/
rehydration cycle was repeated a second time (24 h 0% RH, 24 h
50% RH). The contraction and expansion of the ¢ lattice parameter
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Fig. 12 Interlayer spacing of synthetic metaschoepite at 40%, 50%, and
60% RH at 30 °C, as determined from the position of the (002) reflection.
A series of 1 h XRD scans were collected consecutively at each humidity
level after equilibrating the sample for 1 h.

was found to be reversible over both cycles, as demonstrated in Fig-
ure which shows the three lattice parameters over the course
of the experiment, as calculated via sequential Rietveld refinement.
In contrast, the b lattice parameter was found to be very constant
throughout the experiment, and while the sudden RH changes
seem to have a small effect on the a parameter, this effect does not
appear to be correlated to the direction of the humidity change
and is much smaller in magnitude than the observed variation in
the ¢ lattice parameter.

The humidity dependence of the uranyl hydroxide hydration
product of uranyl fluoride was investigated for comparison to
synthetic metaschoepite. An XRD sample of the uranyl hydrox-
ide species was desiccated and rehydrated two times as in the
experiment with synthetic metaschoepite, and a similar reversible
contraction and expansion of the interlayer spacing was evidenced
from shifts in the (002) and (004) reflections (Figure. While
this species undergoes similar behavior to synthetic metaschoepite,
the interlayer spacing can be re-expanded to its initial value upon
hydration. This provides additional evidence that the uranyl poly-
hedral layers are distinct in the two species, and that the newly
identified uranyl hydroxide species is not simply extra-hydrated
metaschoepite. In addition, while contraction of the interlayer
spacing occurred continuously in synthetic metaschoepite, the con-
traction of the interlayer spacing in the uranyl hydroxide product
occurred in two steps, with a discrete shift between (Figure [15).
This is proposed to be due to a reorganization of the interlayer
water network that occurs after some of the H,O molecules are
removed.

Table [3| compares the refined lattice parameters of synthetic
metaschoepite and the uranyl hydroxide product after equilibra-
tion at 50% and 0% RH. The ¢ lattice parameter of the uranyl
hydroxide product remains expanded relative to metaschoepite
at 0% RH after the first desiccation cycle. Metaschoepite did not
contract as much on the second desiccation cycle, likely due to the
introduction of disorder in the metaschoepite uranyl layers, and

Dalton Transactions
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Fig. 13 (Left) XRD pattern (1=1.5406 A) of synthetic metaschoepite
upon dessication under dry air and then rehydration at 50% RH. Peaks
at 26=21.36, 30.38, and 37.44° correspond to the LaBg standard added
to the sample. Dashed lines show the expected location of the (002)
and (004) reflections of synthetic metaschoepite (PDF 04-011-392023)
at 26=12.043° and 20=24.2216°. (Right) Expanded view of the (002)
reflection.”

reached a minimum similar to that of the new uranyl hydroxide
species. The a and b lattice parameters of the uranyl hydroxide
product are more sensitive to changes in RH than observed for
metaschoepite, shrinking by 0.5 and 0.4%, respectively. This is
potentially explained by a less rigid hydrogen bonding network
of interlayer H,O molecules in the uranyl hydroxide hydration
product relative to synthetic metaschoepite.

3.6 DFT study to assess structural effect of interlayer H,O
molecules
The removal of a subset of the interlayer H,O molecules in both
synthetic metaschoepite and the uranyl hydroxide hydration prod-
uct upon short-term desiccation was somewhat unexpected given
the strong hydrogen bonding network in uranyl hydroxide hy-
drates. >3l Interlayer H,O molecules are hydrogen bonded not
only to each other, but to the hydroxy groups in the uranyl layers
as well. The removal of each of these H,O molecules would thus
require the breaking of multiple fairly strong hydrogen bonds.
DFT calculations were carried out to better understand the struc-
tural effect of removing a subset of the interlayer H,O molecules.
Schoepite was used in place of metaschoepite for this study be-
cause the increased symmetry lessened the computational effort. A
series of calculations were carried out in which the schoepite unit
cell was re-optimized upon the removal of different numbers of
H,O molecules. The 48 interlayer H,O molecules in the schoepite
unit cell are organized in 12 symmetrically distinct positions. One
or more of these 12 groups of H,0 molecules were removed in
each calculation. Selection among the 12 groups was random.
Because the choice of the specific H,O molecules removed was
expected to affect the resulting interlayer spacing, three separate
calculations were run at each water content. An additional two cal-
culations were run with 40 and 44 H,O molecules removed due to
greater variation in the optimized structures at this water content.
Structural optimization was done in two steps. Following removal

Journal Name, [year], [vol.], 1{14] | 9
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Table 3 Lattice parameters obtained from Rietveld refinement of synthetic metaschoepite and the uranyl hydroxide hydration product after equilibration at
50% RH and 0% RH (30 °C). Lattice parameters are oriented so that the c-axis is perpendicular to the uranyl sheets. All distances are in A, and all lattice

angles are 90°.

Sample a b c \Y%
Syn. metaschoepite, 50% RH 13.985(7) 16.684(9) 14.728(8) 3436(2)
Syn. metaschoepite, 0% RH 13.9985(1) 16.7179(1) 14.17017(9) 3316.18(7)
Percent change 0.1% 0.2% -3.8% -3.5%
Uranyl hydroxide product, 50% RH 14.156(1) 16.786(2) 15.183(2) 3608.8(5)
Uranyl hydroxide product, 0% RH 14.080(9) 16.716(8) 14.387(5) 3386(2)
Percent change -0.5% -0.4% -5.2% -6.2%
17.0 7.7
+ @ 50% RH 0% RH 50% RH
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Fig. 14 Lattice parameters of synthetic metaschoepite with the environ-
mental humidity cycled between 0% and 50% RH (30 °C), as determined
via sequential Rietveld refinement. One hour XRD scans were collected
consecutively throughout the entire experiment, with no delay between.

of the H,O molecules, the atomic positions of the remaining atoms
were optimized while keeping the lattice parameters fixed. Once
the atomic positions were optimized, the lattice parameters were
allowed to relax as well, and the atomic positions were optimized
for a second time.

The optimized interlayer spacing of each of these calculations is
shown in Figure|17|as a function of the number of H,O molecules
removed. As H,0 molecules are removed from the structure, the
interlayer contracts as expected. When all or almost all of the
interlayer H,O molecules are removed, the structure collapses in
the c-direction and hydrogen bonds form directly between the
uranyl oxygens and hydroxy groups in adjacent layers. This full de-
hydration was previously observed experimentally upon extended
exposure to a desiccating environment. This irreversible phase
transition is distinct from the reversible contraction and expansion
of the layer spacing that occurs more quickly upon changes in the
humidity. Figure [17|suggests that the removal of about half of
the H,O molecules in the unit cell of schoepite would result in
the 2-3% interlayer contraction observed experimentally, without
causing the irreversible collapse of the structure. The average
water dissociation energy over all of the calculations was 0.686 €V,
likely an underestimate as the PBE functional underestimates the
strength of long-range van der Waals interactions.2:33

10| Journal Name, [year], [vol.], 1

Fig. 15 Interlayer spacing of synthetic metaschoepite (blue circles) and
the uranyl hydroxide hydration product (green triangles) over a portion of
the rehydration and second desiccation cycle. The RH was set to 50%
(at 30 °C) for the first 10 h, and then 0% for the remainder for the time
shown. One hour XRD scans were collected consecutively throughout
the entire experiment, with no delay between. The interlayer spacing of
synthetic metaschoepite was calculated via sequential Rietveld refinement,
while the interlayer spacing of the uranyl hydroxide hydration product was
calculated from the position of the (002) reflection. The dashed line at
7.165 A shows the approximate interlayer spacing of both desiccated
structures.

3.7 Thermal stability of uranyl hydroxide hydrates
Differences between the uranyl hydroxide product and synthetic
metaschoepite were further assessed by studying the thermal de-
hydration of each species via in-situ XRD experiments with tem-
perature control. Figure [18|shows the XRD pattern of synthetic
metaschoepite with increasing temperature. Two hour XRD scans
were collected every 10 °C between 30 and 100 °C, then every
20 °C up to 200 °C, and at 250 and 300 °C. The temperature
was ramped 1 °C/min between scans, and the sample was equi-
librated at each temperature for 30 min prior to data collection.
The dehydration reaction occurs in two steps. Between 30 and
70 °C, the metaschoepite structure contracts in the ¢ direction,
while expanding slightly in the a and b directions (Figure [T9). At
80 °C and above, a phase transition to anhydrous uranyl hydroxide
(a—U0,(0H),) occurs.

The same in-situ XRD experiment was repeated with samples
of the uranyl hydroxide product to compare the thermal stability
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Fig. 16 (Left) XRD pattern (1=1.5406 A) of the uranyl hydroxide product
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at 260=28.443 corresponds to the Si standard added to the sample. (Right)
Expanded view of the (002) reflection.

7.50
L N9
7254 ° . . . 0%
s

7.00 °c F-5%
< H
6751 : ®
% s F-10% 5
8 6.50 . £
2 z
2. 6.257 F-15% 8
& 3
[9) o
£ 6.001

. F-20%

5.75 .

5.501 o [-25%

5.25

0 10 20 30 40 50
Number of waters removed

Fig. 17 DFT-optimized interlayer spacing of schoepite with varying number
of H,O molecules removed from the unit cell.

of this new material to synthetic metaschoepite (Figure[20). The
dehydration of this species also involves a contraction of the layer
spacing similar to that observed upon desiccation, followed by a
discrete phase transition that begins around 60 °C. Distinct from
synthetic metaschoepite, the a and b parameters of the new uranyl
hydroxide hydration product contract along with the ¢ lattice
parameter prior to the phase transition (Figure 1)), suggesting
that the uranyl polyhedra begin to buckle as H,O molecules are
removed. The contraction of the ¢ lattice parameter occurs more
rapidly between 25 and 40 °C and at the same slower rate as
synthetic metaschoepite between 40 and 70 °C. If this species is
hydrated relative to synthetic metaschoepite, and there are more
H, 0O molecules than hydroxy ligands, the excess H,O molecules
cannot form strong hydrogen bonds with hydroxy groups. These
H, 0O molecules may be removed from the structure more easily,
leading to the initial rapid contraction of the interlayer spacing.
While the new uranyl hydroxide species undergoes a discrete
phase transition following this contraction, similar to synthetic
metaschoepite, the dehydration product is not o—(UO,(OH),.

Dalton Transactions

This is clearly illustrated in Figure which compares the inter-
layer spacing of the new uranyl hydroxide species and synthetic
metaschoepite as a function of temperature. The dehydration
product of the new uranyl hydroxide species has an interlayer
spacing between that observed for uranyl hydroxide hydrates and
anhydrous uranyl hydroxide that continues to contract upon heat-
ing unlike anhydrous uranyl hydroxide. The observed XRD pattern
does not match any known uranyl hydroxide species. While Sow-
der et al. previously noted formation of “partially dehydrated
metaschoepite", with an intermediate layer spacing of 5.9 A after
heating synthetic metaschoepite at 105 °C,2# it is unclear how
this species could relate to the dehydration product in this study,
which was not produced from metaschoepite.

The expanded interlayer spacing of the dehydration product
in this study relative to anhydrous uranyl hydroxide is possibly
explained by buckling of the uranyl polyhedra that prevents them
from stackly as tightly as observed in anhydrous uranyl hydrox-
ide. The a and b lattice parameters of the dehydrated structure
cannot be adequately determined to evaluate this hypothesis due
to the limited number of broad reflections. It is also possible that
there exists an interstitial complex between the layers preventing
them from collapsing completely. If a subset of the interlayer H,O
molecules were not removed in the phase transition, the interlayer
spacing of the dehydration product would be expanded relative
to anhydrous uranyl hydroxide. As the layers compress, H,O
molecules could become trapped in the voids between uranyl poly-
hedra, forming strong hydrogen bonds that could prevent their
removal even at high temperature. Above 200 °C, the structure
becomes x-ray amorphous, suggesting that the dehydration prod-
uct does not have the same organized hydrogen bonding scheme
as anhydrous uranyl hydroxide. This disorder promotes stability
at higher temperatures. The reversibility of this phase transition
was not explored in this study but deserves future attention.

4 Conclusions

In summary, uranyl fluoride can be hydrated with water vapor
to form a uranyl hydroxide species that is distinct from well-
characterized uranyl hydroxide hydrates. The XRD pattern of this
species suggests that it is structurally similar to schoepite, but pos-
sesses an expanded interlayer spacing. Comparison of the Raman
and IR spectra of the new uranyl hydroxide species and synthetic
metaschoepite suggest that the uranyl layers in each differ slightly
and that the new species is characterized by stronger hydrogen
bonding interactions between interlayer H,O molecules. The dis-
tinctions between these two species are clarified by a comparison
of their behavior upon desiccation and dehydration. While both
the new uranyl hydroxide species and synthetic metaschoepite
undergo a reversible contraction and expansion in the ¢ direction
upon desiccation and rehydration, the fact that the new uranyl
hydroxide species retains its expanded layer spacing upon rehy-
dration is further evidence that the uranyl layers are distinct from
synthetic metaschoepite (i.e., that these two structures differ in
more than just the number of interlayer H,O molecules). This is
further supported by the fact that the new uranyl hydroxide species
does not form anhydrous uranyl hydroxide (a—(UO, (OH),) upon
dehydration, but rather undergoes a phase transition to a dis-

Journal Name, [year], [vol.],1 [11



Dalton Transactions

tinct dehydration species with a significantly expanded interlayer
spacing.

Further characterization of this new uranyl hydroxide species
is necessary to clarify the structure and relationship to the pro-
posed uranyl hydroxide mineral paraschoepite. Presently, further
characterization is limited by the slow formation reaction from the
hydration of uranyl fluoride. Identification of a different synthetic
route to produce this species, or ways to accelerate the known
formation mechanism, could enable additional elucidation of the
water content and structure via thermogravimetric analysis and
neutron scattering experiments.
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Fig. 18 XRD pattern (1=1.5406 A) of synthetic metaschoepite at increas-
ing temperature, from 30 to 300 °C. The temperature was ramped 1 °C/min
between scans, and the sample was equilibrated at each temperature
for 30 min prior to data collection. Each XRD pattern was collected over
2 h. The expected patterns of metaschoepite (PDF 04-01 1-3920
and anhydrous uranyl hydroxide (PDF 04-007-5373 are shown for
comparison.
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Fig. 19 Lattice parameters of synthetic metaschoepite between 30 and
70 °C, as determined via sequential Rietveld refinement.
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Fig. 20 XRD pattern (1=1.5406 A) of the uranyl hydroxide product at
increasing temperature, from ambient to 300 °C. The temperature was
ramped 1 °C/min between scans and the sample was equilibrated at each
temperature for 30 min prior to data collection. Each XRD pattern was
collected other 2 h. The previously determined expected pattern of the
uranyl hydroxide product structure is shown for comparison, as well as
that of anhydrous uranyl hydroxide (PDF 04-007-5373@).
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Fig. 21 Lattice parameters of the uranyl hydroxide hydration product
between 30 and 70 °C, as determined via sequential Rietveld refinement.
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Fig. 22 Interlayer spacing of synthetic metaschoepite (blue circles) and
the uranyl hydroxide product (green triangles), as determined by the posi-
tion of the (002) reflection (or corresponding reflection in the anhydrous
species), as a function of temperature. The spacing at each temperature
was determined by the position of the (002) reflection (or (020) in anhy-
drous uranyl hydroxide, which is oriented with the uranyl layers normal
to the b-direction22). In the cases where multiple (002)/(020) reflections
were observed due to a phase mixture, both corresponding interlayer
spacings are shown.
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[(UO,F;)(H,0)];*4H,0 undergoes a transformation at high humidity to a novel uranyl hydroxide hydrate
with structural similarities to schoepite and metaschoepite.



