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Abstract

We report a novel production method for uranium oxyfluoride [(UO,).F,,(H,0)-] -
4H,0, referred to as structure D. Structure D is produced as a product of hydrating
anhydrous uranyl fluoride, UO,F,, through the gas phase at ambient temperatures fol-
lowed by desiccation by equilibration with a dry environment. We follow the structure
of [(UO,),F,(H,0),] - 4H,0O through an intermediate, liquid-like phase, wherein the
coordination number of the uranyl ion is reduced to 5 (from 6 in the anhydrous struc-
ture), and a water molecule binds as an equatorial ligand to the uranyl ion. Quasielas-
tic neutron scattering results compare well with previous measurements of mineral
hydrates. The two groups of structurally distinct water molecules in D perform re-
stricted motion on a length scale commensurate with the O-H bond (r = 0.92 A). The
more tightly bound equatorial ligand waters rotate slower (D, = 2.2 ps~!) than their
hydrogen-bonded partners (D, = 28.7 ps~!).

Keywords: uranium, neutron scattering, mineral hydrates, actinides

Introduction

Owing to its IV, V, and VI oxidation states, uranium can accommodate a huge number of
mineral species. ™ In particular, the uranyl ion ([UO,]?>") can be coordinated with a variety
of anions to form complex structures. Mikhailov et al. initially described a particular crystal
(D) with the chemical formula [(UO,),F,,(H,0),]-4 H,O, whose structure is a series of edge-
and vertex-sharing rings of UO,F,(H,0) pentagonal bipyramids.? The crystal structure of
D (Figure 1) is monoclinic, with a = 13.843, b = 9.801, ¢ = 24.970 A, 8 = 104.94°, and
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space group C2/c. The material was obtained originally via wet chemistry during an effort
to produce an optically active uranyl ion by coordinating it with n—perfluoropropoxy-1-
perfluoropropionic acid ((C3F,O0C,F,COO)"). The original reaction occurred above 100°C,
resulting in yellow-green crystals that were measured and solved via X-ray diffraction with
MoK, radiation. There are two distinct populations of water molecules in the asymmetric
unit of D. Seven water molecules are directly bound as ligands to the uranyl ion and four

waters are hydrogen bonded to those ligand waters.

Figure 1: The original crystal structure of uranyl fluoride hydrate ([(UO,).F,,(H,0),] -
4H,0), as suggested by Mikhailov et al., with oxygens omitted.? The structure, solved with
MoK, radiation, was not sensitive to the hydrogens associated with crystallgraphic water
molecules. Each divalent uranyl ion is coordinated with five equatorial ligands: four fluorides
and one water molecule. A total of seven water molecules per formula unit are coordinated
directly with the uranyl cations. Four additional water molecules are hydrogen bonded to
the ligand water molecules and reside inside the 5x15 A pore that runs the b translation.

We previously investigated the influence of humidity exposure on samples of anhydrous



uranyl fluoride (A), whose crystal structure (R3m, a = 5.755 A, a = 42.5°) has significantly
higher symmetry than D.5 We reported, based on neutron diffraction and quasielastic neu-
tron scattering (QENS), that water entered the structure through the gas phase at 32%
relative humidity (RH) at 25°C but did not affect the crystal structure. This water interca-
lates over time into highly confined regions which we speculated were localized between the
layers of the 3-layer hexagonal structure. Compelling evidence for this suggestion included
the significant line broadening associated with stacking faults along the hexagonal (003)
direction and the extremely slow diffusion rate of associated water.

In previous works, two unknown crystal structures simply referred to as a-UO,F, and
B-UO,F, were considered. Morato et al. reported a simultaneous X-ray diffraction and ther-
mogravimetric analysis study of these compounds and concluded that the a-UO,F, structure
was stable above 90°C and could hold up to 0.4 H,O/U, while the 8-UO,F, could support
as many as 1.5 H,O/U below 90°C.% The authors concluded that the water vapor pressure
was the primary determinant for the transition temperature between v and 3; however, the
proposed reaction was a solid state reaction. Especially unusual was the observation that the
nominally anhydrous structure could be converted back into the S-UO,F,, containing 1.5
H,0/U, under an atmosphere of nitrogen. On the other hand, other authors used a similar
isopiestic approach in which the water vapor pressure itself is controlled, concluding that
the a-UO,F, could support up to 1.5 H,O/U and was stable at room temperature.” Our
investigations were consistent with this latter picture, suggesting that the anhydrous uranyl
fluoride structure, while susceptible to water intercalation at low humidity, did not convert
to any of the previously proposed hydrate crystal structures of the form UO,F, (H,0),,
where z = 1/3,2/3.8°10

It is generally agreed that the so-called a-UO,F, is exactly structure A, but the identity
of the 3-UO,F, phase is unknown.® Investigations of the solid state chemistry of uranyl
fluoride hydrates were published prior to the publication of structure D; here, we suggest

that D is the heretofore unidentified structure S-UO,F,.



If it is true that D is the unknown S-UO,F,, insight into the chemical reaction, nominally
of the form 7UO,F,+11 H,0 — [(UO,).F,(H,0)-]-4 H,O, can be gained by investigating
its structure. Simply based on the stoichiometry, symmetry, and unit cell dimensions, a
rather large number of uranium-centered polyhedra must be involved in the reaction, such
that a solid-state reaction is unlikely.

Due to the role of water in the crystal structure and chemistry of both D and A, X-
ray scattering methods are of limited utility because of the dominance of uranium in the
scattering as well as its absorption of low energy (E < 60 keV) X-rays. On the other
hand, neutrons are unusually sensitive to both isotopes of hydrogen, allowing for isotopic
substitution, and can also probe hydrogen dynamics via inelastic scattering on extremely
long (ns) timescales. Motivated by the identification of D and its similarity to literature
descriptions of 5-UO,F,, we employed neutron scattering techniques to study the structure
and dynamics of water during the chemical transition from A to D. To do this, we used
powder diffraction on the Powder Diffractometer (POWGEN), QENS on the Backscattering
Silicon Spectrometer (BASIS), and neutron total scattering on the Nanoscale-Ordered Ma-
terials Diffractometer (NOMAD), all at the Spallation Neutron Source (SNS), in addition to

complementary thermogravimetric analysis and X-ray diffraction. ™13

Sample Production

Anhydrous Uranyl Fluoride. Anhydrous uranyl fluoride was formed by flowing uranium
hexafluoride (UFy) in the gas phase into an enclosed chamber of approximately 30% RH
at ambient temperature (29°C). Over the course of eight production runs, each producing
approximately 700 mg of material, the RH of the collection chamber remained below 40%.
The UF; hydrolyzed with ambient water molecules, precipitating from the gas phase onto a
series of silicon plates.

The collected powder was then placed in a dehydration chamber, where it was slowly



evacuated to 10 Torr and received a 10 cm®/s N, purge. The temperature was elevated
to 170°C over 60 min and then held at 170°C for 165 min. The sample was then cooled
overnight through convection with the N, purge. The original 5.6 g of material massed 4.6
g after dehydration, corresponding to approximately 3 waters per uranium (assuming the
resulting material was UO,F,). The result was a non-self-adherent and small-grained powder
with a pale grey color.

Neutron Diffraction Samples. For neutron diffraction measurements, we took an addi-
tional step to ensure that H,O had been replaced with D,0O. In a separate glovebox, we
loaded approximately half of the dehydrated material into a bell jar with Drierite that had
been specially prepared by partially hydrating it with D,O and then drying it.

After the initial measurements, which confirmed the sample’s structure as anhydrous
UO,F,, we hydrated the material through controlled equilibration with a humid environ-
ment. The diffraction sample was placed in a bell jar, inside the glovebox reserved for D,O
samples, with D,O-saturated K,CO,, which is in equilibrium with 40% RH of H,O at ambi-
ent conditions. We note that we could not determine if the environment inside the bell jar
was 40% RH of D,O because the response of the humidity sensor to D,O was not known;
however, it is probable that the chemical potential of water in the uranium sample was sim-
ilar for both the H,O and D,O cases. For desiccation after the second round of diffraction
measurements, the sample was placed back into the bell jar with D,0-exchanged Drierite as
in the initial desiccation step.

The diffraction sample was measured under four conditions: after initial dehydration,
after rehydration with D,O, and after desiccation both at room temperature and at 10 K. It
was packaged after the initial dehydration in a standard 8 mm diameter vanadium “PAC”
sample can with a copper gasket, provided to us by the POWGEN instrument team. The
POWGEN sample remained in the can with the lid removed for each of the subsequent
hydration steps. Thus, all data collected represent exactly the same batch of material.

Quasielastic Neutron Scattering Samples. The other half of the initial, dehydrated batch



was placed in a bell jar with H,O-saturated K,CO; for 72 h. After hydration, the sample
was equilibrated with regular Drierite. After the sequence of hydration and desiccation, the
QENS sample was packaged in a 30 mm wide flat-plate can, also provided by the BASIS

instrument team, and sealed with a vanadium O-ring.

Experiment

Neutron Diffraction

Measurements were taken at room temperature, with the exception of an additional mea-
surement on structure D that occurred at 10 K after the cell had been backfilled with He.
For each sample, two scans were taken with incident neutron energies of 1.066 and 2.665 A,
together covering an accessible d-spacing range of 0.3 to 9.2 A.

The initial measurement of the anhydrous uranyl fluoride (Figure 2, black points, A)
confirmed that it matched the known crystal structure of the anhydrous uranyl fluoride
published by Zachariasen.®!* This sample also contained the characteristic line broadening
at d = 2.6,3.6, and 5.2 A that was originally noticed in X-ray diffraction patterns.'®'6 The
broadening is associated with stacking faults in the hexagonal (003) direction. The lineshape
of the broadened peaks is a cosine Fourier series and is distinct from Gaussian or Lorentzian
broadening resulting from instrumental effects, finite crystallite size, or strain.!”

After hydration (Figure 2, red curve, L), the sample lost much of its crystallinity. While
some of the peaks remained with much lower intensity (2.1 and 2.6 A), others may have
shifted to higher d-spacings (3.5, 1.18, and 1.25 A). Overall, the structure appeared more
similar to a saturated solution or a melt, and it could not be refined. The significant back-
ground increase likely represented a non-crystalline structure.

The desiccated structure (Figure 2, blue curve, D) matches the crystal solved by Mikhailov

et al. with formula [(UO,).F,,(H,0),] - 4H,0.?

Rietveld refinement was performed on A and D (shown in Figure 3) using the General
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Figure 2: Neutron diffraction curves of anhydrous uranyl fluoride (A, black curve), hydrated
quasi-liquid uranyl fluoride (L, red curve), and desiccated uranyl fluoride (D, blue curve).

Table 1: Results of Rietveld refinement of A and D. All distances in A. All
angles in degrees.

Sample Temperature Spacegroup a b c Q I} v
A 300 K R3m 5.7717(5) 5.7717(5) 5.7717(5) 42.72(8) 42.72(8) 42.72(8)
D 300 K C2/c 13.842(8)  9.810(2)  24.986(9) 90 104.5(0) 90
D 10 K C2/c 13.704(7)  9.776(0) 24.40(1) 90 104.3(2) 90
Sample Temperature U-Oy U-F Oy1-U-Oyy U-uU U-Oyig F-F
A 300 K 1.73(9) 2.43(5) 180 4.2(1) - 2.45(7)
D 300 K 1.75(9) 2.31(2) 175.(2) 4.4(4) 2.51(5) 2.71(3)
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Figure 3: Rietveld refinement of anhydrous [panel (a), A], and desiccated [panel (b), D]
uranyl fluoride.

Structure Analysis Software (GSAS); the major results are listed in Table 1.!%19 Sample D

was also measured at 10 K, which revealed a significant asymmetry in the average linear

1 dL

Tavs 0T where Loy = M is the average lattice

thermal expansion coefficient, ay =
constant. The thermal expansion coefficients along the three lattice directions are oy, =
11.97 + 0.02, a, = 81.83 + 0.95, and oy, = 34.55 £ 0.17 x 107% K~!. While the values
for ar, and oy . are typical for mineral species, oy, is significantly higher than average for
zeolites.?® The 12- and 7-member [UO,|F,(H,0) rings are organized normal to the a and
¢ planes, respectively, perhaps contributing to the comparably lower thermal expansion in
those directions.

The anhydrous structure, A, in hexagonal coordinates, has in-plane lattice spacing
4.205(2) A and out-of-plane spacing 15.708(8) A. The U-O,; distance in A is slightly smaller
than in D and, as shown in the next section, than in the quasi-liquid L phase, which implies
a somewhat more charged uranyl ion in A. It has been shown that the uranyl bond distance,
charge configuration, and vibrational frequencies depend highly on the equatorial ligands;

therefore, differences in the uranyl bond are not very surprising.?! With the inclusion of a

water molecule in the fundamental polymerization unit, the U-U distance is 20 pm larger



in D, as well. In general, the bond distances of the refined experimental structure of D
are very similar to the same distances computed for the UO,F,(H,0O) unit in an aqueous
environment from extended X-ray absorption fine structure (EXAFS) and density functional
theory (DFT) methods.?? Also notable is the slightly non-linear Oy~U-Oy; unit in D, a trait
that has been seen in a variety of uranyl systems. 23

The positions of deuterons associated with water molecules in D could not be solved with
the given structure. Based on QENS results on comparable samples, the space-averaged
disorder of deuterons is too large to contribute significantly to Bragg peaks at 300 K. At 10
K, where motion is expected to be suppressed, there is probably not a preferred orientation
for the hydrogen bonded waters, such that the average scattering probed by diffraction is not
sensitive to their positions. Ultimately, the best model for D included deuteriums in logical
positions (0.95 A from their associated oxygens with D-O-D = 104.5°), but their relative

orientations were arbitrary, as evidenced by the refined occupancy for deuterons being about

0.3.

Pair Distribution Function for L
The reduced pair distribution function (PDF) is defined as

Qmax
G(r) = ampur(o(r) 1) = = [ (S(Q) - DQsin(@r)aQ )

Qnmin
where pg is the macroscopic average number density and S(@) is the total scattering
structure function, in general containing both Bragg peaks and diffuse scattering.?* The
quantity ¢(r) is the pair distribution function, and it is the Fourier transform of S(Q).
The reduced PDF is a direct measurement of the atomic distances and is independent of the
macroscopic density. In Figure 4 we plot G(r), and an associated radial distribution function

R(r), for L collected on NOMAD at the SNS.

Such a PDF measurement is a complementary tool to neutron diffraction curves shown
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Figure 4: Reduced pair distribution function, G(r), top panel, and radial distribution func-
tion, R(r), bottom panel, of L as collected on NOMAD at 300 K. Peaks and valleys in G(r)
represent deviations from the average scattering. For example, the peak at 1.77 A indicates
a higher probability to find atoms (U and O in particular) separated by 1.77 A in the sample.
At larger r values, G(r) oscillates around zero, and the intensity of peaks becomes smaller,
indicating little long-range order. R(r) represents the number of atoms (weighted by their
scattering lengths) in a shell of radius r around a particular central atom, averaged over all
central atoms. At large r values, R(r) goes as r2.

=
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in Figure 2 for samples that do not demonstrate a large degree of long-range order. Beyond
about 8 A, the PDF of L approaches zero, indicating disorder at this length scale. Some
scattering is observed at multiples of 4.45 A, perhaps indicating repeating uranium units.
However, the peaks below r = 6 A suggest that a fundamental uranyl coordination unit is
still intact. Peaks associated with the U-Oy,, U-F, F-F, and U-U distances are observed.
The labels in Figure 4 are not exhaustive, but represent the dominant atomic associations
at each of the peaks. We make these identifications based on a large body of previous DFT
work and the coordination of the structure of A, but we note that the peak near 4.45 A has
also been suggested to be a second water coordination shell in aqueous complexes and so we
cannot exclude this possible identification.!3222526 Via the method of total scattering, we
measure the nucleus-nucleus distance directly. The value of 1.77 A is exactly equal to the
central location of the O-1s orbital as determined by X-ray absorption spectroscopy.?”

The radial distribution function (RDF) is defined as R(r) = 4mwr?pog(r). Of particular

interest is the coordination number, N., which is related to R(r) by

N, = jR(r)dr, (2)

where r; and 7y are thought of as defining a spherical coordination “shell”.?* The integral
under R(r) is equal to V.. Because we do not have a measurement of the macroscopic density
of L, we cannot use the absolute formalism; however, we know with rather high certainty
that the peak at 1.77 A in R(r) is related to the uranium-to-uranyl oxygen coordination
only. Thus, we use the 1.77 A peak to calculate the coordination number of the other bonds.

In many cases, specifically involving multispecies solutions, the RDF is a sum of partial
RDFs, each representing the individual contribution of an atomic species.?® For samples with
less well-defined shells, the contributions from multiple partial RDFs significantly compli-
cates the analysis. However, the peaks in Figure 4 are quite well defined, and there are no

other reasonable candidate atom pairs that could reasonably contribute to the 1.77 A U-Oy
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peak. We therefore define the coordination number for the 1.77 A peak to be 4, including
the U-Oy11, Oy1,1-U, U-Oyi 9, and Oy 5-U bonds.

There are several methods for determining the limits r; and 7, in Equation 2.2 One
approach is to identify local minima between peaks in the RDF. Another method is to
calculate the integral from a minimum in R(r) to its associated maximum and, assuming the
peak shape is symmetric, multiply by two. Finally, it is also possible to use minima in G(r)
instead to determine r; and ry under the belief that it is easier to identify these locations in
G(r). Motivation for the last approach is provided by the clear difference in peak positions
in G(r) and R(r) in Figure 4. We take the approach of using all three methods, as reported

in Table 2.

Table 2: Coordination number of the major peaks in R(r) for L

T2
Method Coordination Unit r ro [ R(r)dr N,
Min.-Min.(R(r)) (A) (A)
U-0,, 1.60 1.96  1.147 4
U-F 2.15 2.59 2.99 10.4+0.13
F—F/F—Oyl 26 3.29 6.65 23.2+0.29
2(Min.—Max.) (R(r))
U-Oy 1.60 1.77 0.856 4
U-F 2.15 2.31 1.88 8.40+0.11
F*F/F*Oyl 26 2.93 6.10 27.2+0.35
Min.—Min. (G(r))
U-Oy 1.33 1.98 1.39 4
U-F 1.98 2.59 3.50 10.140.13
F*F/F*Oyl 2.59 3.40 7.71 22.2240.28

Both methods using the minima-to-minima approach to determining r; and 9 yield sim-
ilar results. The minima-to-maxima approach does not agree, likely because the assumption
of symmetric peak shapes is not valid. We include this result because asymmetric peak
shapes can be indicative of non-harmonic bonds.?® For the uranyl ion, this anharmonicity
is not surprising given that the uranyl bond involves ¢ and 7 bonds with a large number
of electrons.?¥ Another possibility is that the ligand fluorides (or waters) have measurable

dynamics.
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The coordination number for the 2.35 A peak, associated with the distance between U
and its ligands, is closer to 10 than to 12 or 8, suggesting pentagonal uranyl coordination
in L. The (coherent) scattering length for F and O are too similar to discern their differ-
ence (5.654 and 5.803 b, respectively), so that it is not possible to determine whether the
pentagonal coordination necessarily includes a water oxygen, as the final crystal D requires.
Nevertheless, pentagonal coordination in L indicates that, at least, one of the hexagonal
fluoride ligands from the predecessor structure, A, is already removed (or rearranged) upon
transition to L. Pentagonal coordination is the most common form of uranyl coordination

in aqueous environments so this is not surprising. 1:2¢

Quasielastic Neutron Scattering on D

A desiccated sample that underwent the same treatment as the desiccated diffraction sam-
ple was measured on BASIS at the SNS. Neutron diffraction measurements (not shown)
confirmed that the crystal structure of the QENS sample was also D but with a higher
background due to the presence of H. The sample was measured at 300 K and then cooled
to 20 K in order to measure the associated resolution function.

In contrast to diffraction measurements, QENS is sensitive to the motion of individual
nuclei. Therefore, the incoherent scattering cross section of hydrogen is the dominant com-
ponent of the total cross section of the sample. Per formula unit, it is 6.7 times larger than
the total cross sections of U, F, O, and the coherent scattering from H together. Thus, neu-
tron counts are proportional to the incoherent dynamic structure factor, Siy.( @, w), where ¢
is the magnitude of the wave-vector transfer (in the powder average) of the neutron, F = hw
is the energy transfered to the sample, and the subscript inc indicates the incoherent part
of S(Q,w) only. We omit the subscript for the balance of this section but wish to empha-
size that this quantity is different than the S(Q,w) in Equation 1. The length scale of the
experiment is defined by the maximum wave-vector transfer, given by 4%, with A = 6.271 A

A

equal to the lattice spacing of the Si(111) Bragg reflection of the analyzer crystals.'! At this
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wavelength, the accessible length scale is about 3-20 A. The available timescale is given by
the minimum and maximum energy transfer, +3.5 and +120 ueV, respectively, which cor-
respond to 1.2 ns >t > 40 ps. The data were reduced into a total of 16 ) groups between
0.35 and 1.85 A~ for analysis.

We modeled the dynamics of hydrogen in this sample by the model of Dianoux et al. for
continuous rotational diffusion on a circle.? We found it was necessary to include two inde-
pendent rotations. It was found that the radius of rotation was identical for each rotation,

corresponding to the O-H bond distance. In this case,

1 D1m2

7 (D1m?)? + w?

1 D2m2

7 (Dam?)? + w?’

S(Q,w) = AJ3(Qrsin(0))d(w) + 2By Y Jo(Qrsin(h)) x

m=1

+ 2B, i J2(Qrsin(f)) x (3)

where J,, are the Bessel functions of the first kind of order m. The delta function in en-
ergy represents elastic scattering. The Lorentzian terms are the quasielastic broadening
components, whose width in energy is constant and proportional to the rotational diffusion
constant. The scattering law represents two independent rotations, whose diffusion constants
are independent. Their magnitudes, representing the number of hydrogen atoms participat-
ing in each rotation, are given by B; and Bs. Because they do not have the same quasielastic
width, they can be separated; however, the relative contribution of each rotation to the elas-
tic peak cannot be separated, so we have only a single A value. We expect A = 2(B; + By) if
all quasielastic components from m = 1 to oo are measured. In our case, it was only possible
to identify a single term for each rotation.

Because a circle is not isotropic in 3-D, the angle between the scattering vector Q and
the normal to the circle, 6, must be averaged numerically. The averaging over 6 is simply
an additional multiplicative factor (independent of ()); we omit it in the following section.

A linear background term is added to the fit after convolution with the resolution function.

15



An example of a fitted spectrum is reproduced in Figure 5.
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Figure 5: Example of a fitted spectrum on BASIS. Two quasielastic components (broad: blue
dash-dot-dot line; narrow: green dash-dot-dot line) and the elastic line (red dashed line) are
convoluted with the instrumental resolution function. A linear background term (magenta
short-dashed line) is added to the fit after convolution. Their sum is shown in solid blue.

First, we can fit the individual components of S(Q,w) to ensure that our assumption
that r is identical for both quasielatic components is reasonable. We extract the radius of
diffusion by fitting the intensity of the individual components of S(Q,w) to their expected

values, with the addition of a multiplicative constant, as shown in Figure 6. In particular,

Is = AJ5(Qr), (4)

16



INaurrow = 2B1J12(Q7’), (5)
Ibroad = QBQJE(QT) (6)

are fit with the two parameters for each data set: the intensity (A, By, and Bs) and radius
of diffusion r. The @-dependence of each component is fully determined by the radius of
diffusion.

The flat-plate aluminum sample can was oriented 90° to the incident neutron beam such
that the thickest part of the can was in the path between the sample and the detectors
corresponding to Q = 1.25 to 1.45 A. The additional absorption and scattering from the
aluminum cell is clearly seen as a systematic drop in intensity in all components of S(Q,w)
in these detectors. Because fitting S(Q,w) requires fitting the absolute values, we excluded
these points from the fit.

The fits to the components of S(Q,w) themselves indicate that the radius of rotation for
both the broad and narrow components was identical, with the elastic component likewise
following the same ()-behavior. The narrow component was approximately 25% more intense
than the broad component; however, together 2(B; + By) = 5.8, about half of A. The addi-
tional “missing” quasielastic intensity originates from the higher order terms, proportional

2

to J2(Qr);m > 1 and with quasielastic widths proportional to m?. These terms are both

too wide and too weak to be observed at low @); yet, they contain about half of the actual
QENS intensity.

The Elastic Incoherent Structure Factor (EISF) is commonly used as an indicator of the
type of motion as each model predicts an (instrument-independent) value for the EISF. An
additional advantage is that the EISF, as it is defined as the ratio of elastic scattering to
total scattering, eliminates systematic changes in intensity (such as the additional aluminum
sample can scattering). The EISF can be used to determine the radius of rotation more
accurately because it includes all sources of neutron counts (elastic and inelastic). In our

specific case, the EISF is given by

17



Elastic B AJi(@r)
Elastic + QENS AJR(Qr) + > 2(B1+ B2)J2(Qr)

m=1

EISF =

(7)

The measured quasielastic contribution to the EISF includes only the JZ(Qr) component,
but we can extrapolate the missing intensity because the values of By, By, and r are known
from fitting the components of S(Q,w). The true quasielastic intensity (including m =1 to

o0) is proportional to the measured quasielastic intensity (only the m = 1 term):

S J2(Qr)

ENS = QENS S
QENS =Q T2

meas | 1T
This correction is necessary to determine the proper ()-dependence of the EISF.

Fitting to Equation 7 in Figure 7, r is slightly lower than calculated from S(Q,w) in
Figure 6, but is within 10 pm and is consistent with the O-H distance in water. The lower
value of r calculated from Equation 7 is explained by the Lorentzian terms in S(),w) being
partially sensitive to the m = 2 terms.

The model for continuous diffusion on a circle predicts -independent quasielastic widths
that are related to the rotational diffusion constant by I' = D,m?2, where m is the order
of the Lorentzian in the summation in S(Q,w) and 2T is the full-width at half-maximum
(FWHM) of the Lorentzian. The widths are shown in Figure 8, along with their average
values, and, approximately demonstrate the expected ()-independent behavior typical of
spatially-restricted motion. These widths, as well as an estimate of the number of waters
that participate in each rotation (obtained by multiplying the fraction of the QENS intensity

for each component by 11 H,O per formula unit), are summarized in Table 3.
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Figure 6: Quasielastic components as a function of @ collected on BASIS at 300 K. The
grey shaded area is excluded from the fit due to additional absorption from the aluminum
sample can (see text). Each of the components of S(Q,w) (elastic, top panel, black open
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can predict the value of . With no enforcement that r be the same for the broad and narrow
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Table 3: Parameters of the fit of S(Q,w).

r r Dr NH0
(A) (ueV) (ps™)  (per fu.)
1.006 + 0.03 - - -
Narrow 1.023 = 0.05 3.65+0.89 22403  6.27
1.061 £0.05 47+7 287+43 473
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Discussion

a- and S-UO,F,

In the original exposition, structure D was produced via wet chemistry at high tempera-
tures in an effort to produce an optically-active uranyl ion.? We have demonstrated that D
is accessible via simple hydration of the anhydrous structure from the gas phase. Impor-
tantly, the conversion of A to D occurs at room temperature, suggesting that D is a stable
uranyl fluoride hydrate crystal structure at room temperature. The two previously unsolved
structures (a-UO,F, and 5-UO,F,) were both considered to be stable at room temperature
under varying conditions.®” However, it was clear that the a— and S—UQO,F, structures were
extremely sensitive to water vapor pressure, as thermogravimetric and isopiestic measure-
ments indicated that both structures could absorb water from the environment and that the
transition between them occurred at different temperatures under different vapor pressures.

It is likely that the well-known anhydrous UO,F,, first identified in 1948, is in fact the
a-UO,F,. In Figure 9 we plot the X-ray diffraction pattern of samples of A and D. The
samples were affixed to a zero-scatter Si plate and measured in the Bragg-Brentano geometry
and then measured with Cuk, radiation in a PANalytical X'Pert® powder diffractometer.
Figure 9 is meant to be compared directly to Figure 7(a) in Morato et al. in which the authors
measure the X-ray patterns of samples of a- and S-UO,F, as a function of temperature in
the same angle range and wavelength.® It is clear that the patterns collected in Figure 9
and in Figure 7(a) of Morato et al. are identical, such that we can definitively say that the
unknown S-UO,F, crystal structure is the one solved by Mikhailov et al..?

The anhydrous phase could hold up to 1.5 H,O/U while conserving its crystal structure,
in agreement with measurements showing a clear plateau in the mass of samples as they
are exposed to environments with increasing relative humidity.® Furthermore, our recent
QENS measurements suggest a high degree of non-bulk-like translational water mobility in

samples of A, indicating that, while water is not a part of the stoichiometry of A, it is
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Figure 9: Background subtracted X-ray diffraction patterns of A and D collected on a PAN-
alytical X'Pert?® powder diffractometer with Cuk, radiation. The red curve (A) matches the
anhydrous uranyl fluoride structure of Zachariasen.!* Likewise, the blue curve (D) matches
the more recent crystal structure solved by Mikhailov et al.? Morato et al., prior to the
publication of the crystal structure of D, referred to the same structure as 3—UO,F,.5
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clearly interacting with the structure.® We previously proposed that the line-broadening at
the (003) peak position in A is caused by intercalation of water into the hexagonal layers
themselves, contributing to stacking faults. While DFT calculations have indicated that the
energy required to form a stacking fault in the ideal UO,F, structure was on the order of 1

eV per formula unit, the addition of water molecules to that structure was not considered.??

Phase Transitions in Uranyl Fluoride Hydrate

The thermodynamics of water uptake in A have not been elucidated. In particular, the
reversibility of adding water and its chemical potential in A is unknown. The original X-ray
diffraction measurements by Morato et al. did show a conversion from D back to A upon
heating to 90°C, but the anhydrous structure was never observed at room temperature after
having been converted to D. Neutron diffraction measurements in Figure 2 clearly show that
water is chemisorbed to A, implying that uptake of water in A is not reversible once the
conversion to L has occurred. We specifically did not observe a return to A by lowering
the humidity of the environment at room temperature, suggesting further that the phase
transition is not reversible by water vapor pressure only.

Indeed, the simplest explanation for the thermogravimetric plot in Figure 10 is that most
of the water in D cannot be removed until 127°C, after which the sample converts back into
A. The smaller substep at 75°C may be related to the removal of the four hydrogen-bonded
water molecules inside the pore that may be more loosely bound than the uranium ligand
waters. Morato et al. also measured the thermogravimetric signal of 5-UO,F, (that is, D)
and observed a large decrease in mass at 92°C [which the authors attributed to the reaction
(B-UO,F, - 1.3H,0)—(B-UO,F, - 0.4 H,0)] and two subsequent smaller decreases near 95°C
corresponding to (S-UO,F, - 0.4 H,O)—(a-UO,F,). However, the measurement occurred at
ambient conditions wherein the hygrometry was allowed to vary between 40% and 80%.
Furthermore, while the authors did observe a multistep process, and attributed them to the

same stoichiometric differences that we suggest, the observed temperatures of these steps
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Figure 10: Thermogravimetric (black squares) and differential thermal analysis (red circles)
of D collected under 100 mL/min Ar flow. Temperature was ramped at 0.48°C/min against
an Al,O4 standard. The initial step in mass below 60°C is likely related to non-structural,
loosely bound water on the surface of individual particles. At 75°C, the four waters inside
the pore are likely removed; finally, the large step near 127°C is related to the decomposition
back to A. The decrease in differential voltage indicates that the transition is endothermic.
The value 1.65 H,O/U is calculated assuming the final 262.1 mg of material has the chemical

formula UO,F,.
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do not appear to correspond with the steps in Figure 10. This difference highlights the
sensitivity of uranyl fluoride to ambient hygrometry. Clearly, the chemical potential of water
molecules must be considered in addition to the latent heat of the solid—solid phase transition.
The transition near 127°C is endothermic.

We suggest the following picture for the reaction from A to D. In the presence of sufficient
water during formation, D is the most stable crystal structure. The “anhydrous” structure
can be produced only by dehydrating at high temperature (above 130°C). Once in A, at
ambient temperature a “threshold” number of water molecules must be present to precipitate
the reaction from A to D, with the intermediate L state being required for the reaction to
occur. The previously reported maximum value of 1.5 H,O/U in A is probably this threshold
value.

Fundamentally, the reaction from A to D involves the removal of two fluoride ligands and
the addition of one water molecule in each of the uranium-centered polymerization units,
rearrangement of the U valence electrons, and a significant increase in configurational en-
tropy associated with the C2/¢ space group. It is difficult to see how the reaction could
occur in the solid state, as it requires both uranyl ligand exchange and a reogranization of
the resulting UO,F,(H,O) units. An intermediate product composed of UO,F,(H,0) pen-
tagonal bipyramids cannot exist in the R3m space group for symmetry reasons. As such, by
definition the ligand replacement and configurational reorganization must occur simultane-
ously in the liquid-like L state. While previous authors did not discuss this possibility, X-ray
measurements could not have been sensitive to L.%!? We suggest that the intermediate L
is a mecessary transition state and that the previously proposed solid state reaction is not

possible.

Possible Structure of L

The structure of L cannot be determined by the PDF measurements alone. To wit, while it

is clear that L is a necessary intermediate state between A and D, it cannot be composed of
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a series of individual UO,F,(H,0) units due to the stoichiometry. However, previous com-
putational studies offer some insight into candidate compositions. Density functional theory
calculations by Wang and Pitzer show that, in an aqueous environment, UO,F, forms the
hexacoordinated uranyl complex UO,F,(H,0),.! This complex is exceptionally stable due to
hydrogen bonding but it does not, itself, match the ratio of U-Oy to U-(ligand) coordination
numbers suggested by the PDF. However, a mixture of uranyl species is not forbidden. Com-
putational studies have shown UO,F,(H,0)?" to be unstable in the gas phase but stabilized
by hydrogen bonding in solution.???® While further computational and experimental work is
needed to support this picture, we note that a mixture of UO,F,(H,0),, UO,F,(H,0)* , and
free UO,*" ions in the appropriate mixture can give an average pentagonal uranyl coordina-
tion and preserve stoichiometry, mass, and charge. Importantly, UOQF647, UO,F;(H,0)*,
and U02F52’ have been shown via DFT to be unstable in aqueous solution and are probably
not in L.?233

The presence of UO,F,(H,0),, UO,F,(H,0)*, and UO,*" in L could provide a mecha-
nism for the formation of D during desiccation, as the fundamental units are available. The
UO,F,(H,0)? is stable only when surrounded by other water molecules in a second solva-
tion shell. Infante and Visscher computed the charge transfer from the UO,F,(H,0)* ion to
the surrounding solvent as a function of the water ligand distance from the uranium. They
found that there is an additional charge transfer by the coordinated water to the solvation
shell in the coordinated structure and hypothesized that it is this increased charge transfer
that allows the water oxygen to move between the fluoride ligands and form the pentagonal
system. This charge transfer is a possible mechanism for the formation of the pentagonal
UO,F,(H,0)? unit in L. Furthermore, while the exact role of this charge transfer remains
unclear, the same shift in charge density was shown by Biihl to stabilize the UO,F,(H,0)*
unit in the solid [UO,F,(H,O)[NMe,], - 2 (H,0)] complex, suggesting an extension to the
solid state.®!

Unfortunately, such computational studies in the solid state are limited by the size and
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complexity of the unit cell. Computational advances have recently allowed this challenge
to be overcome and, in addition to the study by Biihl, solid state DFT has been used
to probe uranyl oxide and peroxide hydrates.?>36 The treatment of crystal hydrates is an
additional challenge for DFT because traditional functionals do not adequately account for
the contribution of the dispersion energy to the stabilization energy. A nonlocal correlation
energy can help correct this effect, but at the expense of computational time.3” In short, the
combination of uranium and hydrogen bonded water in a large unit cell, as in D, offers a
challenge for modern DF'T, but would be an excellent tool for future research in light of the

apparent structural disorder of hydrogens as indicated by the QENS results.

Water Mobility in D

Essentially, there are two types of water molecules in the ideal crystal structure of D pro-
posed by Mikhailov et al.. There are seven water molecules per formula unit that are bound
as ligands to the [UO,]** ion along with four fluoride ligands. An additional four water
molecules are inside the pore-like feature along the b translation. The oxygen atoms asso-
ciated with these four water molecules are closest to the ligand oxygens and participate in
hydrogen bonding. >

Based on the two distinct populations of water molecules, it is logical to assign each
of the types of motion identified in the QENS to one of these populations. If there are
11 water molecules per formula unit contributing to the QENS intensity, the narrow and
broad components correspond to 6.27 and 4.73 water molecules, respectively, as suggested in
Table 3. We tentatively assign the slower rotational motion to the (7) ligand waters rotating
about their O-H bond and the faster motion to a similar rotation of the (4) pore waters.
Two explanations for the mismatch between the ratio of the intensities and the stoichiometric
amount of water can be suggested. One, some of the hydrogens in the ligands may be moving
too slowly to be observed, contributing to the elastic peak instead. Two, the intensity of

the broad component may be overestimated because we do expect, in the proposed model
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of S(Q,w), higher order Lorentzian terms to contribute to the narrow component. These
higher order terms may be mixed together with the broad component.

In unconstrained bulk water, the rotational components of water motion are significantly
faster than the observable timescale on BASIS, with the short-time rotational relaxations on
the order of 65 meV.?® In fact, there are three rotational terms corresponding to each of the
three available axes of rotation in a water molecule, but the difference in timescale of these
terms is related to their moments of inertia, which is a factor of three, not the factor of nearly
1,000 between our result and bulk water. However, the case of molecular water in minerals
is much different. To wit, Line et al. studied analcime (NaAlSi,O - (H,0)), a similar zeolite
structure, using QENS on the comparable IRIS spectrometer (energy resolution 8.5 peV).3?
They chose to model the water reorientations using a more simple isotropic rotational diffu-
sion model.“? The scattering law for this model is nearly identical, including the same infinite
sum of Lorentzian terms whose areas are proportional, in this case, to the spherical Bessel
functions. Indeed, they make the identical note that the higher order terms are much weaker
and not observable. Importantly, the quasielastic width observed in analcime was 10-30 peV
with a radius of rotation equal to 0.84 A, in close agreement with the results presented here.
In certain lithiated clay systems, a similar two-rotation motion was observed; a fast rotation
of protons around the water axis (240 peV) and a slower reorientation of the entire hy-
drate complex (30 peV).* The natural zeolite harmotome (Ba,[(A10,),(SiO,);,] - 12 (H,0))
demonstrates comparably slow (100 peV) motions associated with restricted diffusion.*? Fi-
nally, as an extreme example, Kamitakahara and Wada observed broadening on the order of
8 peV at room temperature in the common zeolites NaA and NaX, a result that confirmed
an earlier report of exceptionally slow dynamics in NaA.*34 They interpreted their result in
the context of a confined cage model that shows a characteristic flattening of the quasielastic
width at high Q.

Far from being unusual, the narrow quasielastic widths observed in Figure 8 are in line

with previous studies of similar mineral structures.?® Clearly, water in these mineral struc-
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tures is chemically distinct from bulk water, or water with translational mobility in general,
and as such so are its dynamics. Modeling of the slow dynamics in incoherent inelastic
neutron scattering experiments has not converged to a single solution, due either to the
limited energy resolution, accessible () space, or dynamic range of the instruments used.
It is often not possible to distinguish between different models, but the isotropic rotational
diffusion model, confined cage model, and our diffusion on a circle model essentially predict
an identical form for S(Q,w) in the accessible time window,3!:38:40,43:46

A reasonable interpretation of the motion in this system is a slow reorientation of the
protons about the O—H bonds, distinct from the high-frequency (meV+ range) vibrational
modes in water.4” However, the most important result from the QENS study of D is that,
despite the suggestive nature of its crystal structure, and, despite its origin as a liquid-like
system in L, there is no translational water motion in D.

The diffraction data include a high background term despite attempts to dehydrate the
samples and rehydrate them with D,O. For the liquid-like L sample, decoherence and a
high background are not surprising; however, D does not have any mobile water. The
thermogravimetric analysis (Figure 10) clearly shows that heating to >170 C° is sufficient
to dehydrate the sample prior to rehydration with D,O. Yet the diffraction pattern of D
demonstrates a nearly @-independent background consistent with the presence of hydrogen.
Furthermore, Bragg peaks expected from the D positions are unusually weak, as indicated
by the refinement of the occupancy yielding near zero values. The scattering length of H and
D are -3.74 and 6.67 b, respectively. If H,O was intercalated into the structure somehow,
or could not be removed during the initial dehydration step, a combination of H,O and
D, O mixing might be responsible for the unusually high background in Figure 2. Especially
if the non-removable waters were preferentially located in the 11 available uranium ligand
positions, the apparently paradoxical combination of high background and low occupancy
could be resolved by an unfavorable ratio of H,O to D,0O. The original crystal structure did

not include the locations of hydrogen atoms associated with water molecules due to their
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low scattering power by X-rays. Additional theoretical work must be done to solve their
positions in light of their high degree of disorder and also to shed light on the energetics of

the transition from A to L, and the mechanism for reduction of uranium ligand number.

Conclusion

The phase diagram of crystallographic uranyl fluoride hydrates has been unsolved despite
decades of study.!® We have shown, based on neutron scattering methods, that the hereto-
fore unsolved B-UO,F, structure is likely the zeolite-like uranyl fluoride hydrate solved by
Mikhailov et al. in 2001. Furthermore, the pathway to this structure, via hydration and
desiccation through the vapor phase, can be achieved at room temperature through an inter-
mediate, quasi-liquid-like phase with pentagonal uranium coordination. We have shown that
the mobility of hydrogens in the desiccated crystal can be described by a spatially-restricted
rotation (rotation on a circle), commensurate with previous studies of crystallographic water
molecules in minerals, of the two species of water molecules (seven ligands to the uranium
atom and four hydrogen bonded to those ligand waters).?%** The two timescales, 2.2 and
28.7 ps~ !, arise due to the stronger binding of the ligand water molecules compared to the
hydrogen bonded waters. No translational motion of water is observed, despite the large

(>1 nm) pores in the center of the structure.
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