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the bounded component may represent water trapped in subnanometer “pockets” formed
by the space between uranium-centered polymerization units. Complementary neutron and
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1. Introduction

The divalent uranyl cation [UO,|?>" is a component of a variety of mineral struc-
tures and is often the fundamental structural element in such compounds. Uranyl
fluoride (UO,F,) in particular is important from an environmental standpoint be-
cause it is the product of the hydrolysis of uranium hexafluoride (UFy) which is
anthropogenically sourced. Uranyl fluoride can support several solid hydrate states
between the anhydrous phase and deliquescence at high relative humidity (RH).
[1-3] Its high solubility is important from an environmental impact perspective due
to the potential for migration. [4, 5| In the aqueous phase the uranyl ion can co-
ordinate with as many as six water molecules, depending on pH, though it usually
does so with five, and as such is highly soluble. [6-§]

The uranyl cation is nearly always linear (both in solution and in solid states) and
complexed with equatorial anions. [9-11] The anhydrous UO,F, structure, whose
spacegroup (R3m) is conserved with other actinyl fluorides (NpO,F,, PuO,F,,
and AmO,F,), is rhombohedral with a = 5.755 A and a = 42.5°. [12] The orig-
inal anhydrous structure of UO,F,, which is more conveniently described by the
three-layer hexagonal unit cell with a = 4.206 A and ¢ = 15.69 A was solved by
Zachariasen in 1954 (Fig. 1). [13] He initially noticed significant line broadening
in the X-ray diffraction patterns along crystal planes associated with the c-axis,
along which the linear [UO,]*" ions point. Atoji and McDermott expounded on
the broadening by applying a stacking fault model that explored all possible stack-
ing arrangements. [14] They found that the structure could be described by four
different layering arrangements of the three layers. However, these arrangements
were equally probable and generally supported an interpretation that UO,F, has
a high degree of stacking disorder along the c-axis.

On the other hand, Taylor and Wilson in 1973 studied the same system and con-
cluded that the observed line broadening could not be distinguished from a simple
finite size effect resulting from the small particle size and preferential growth in the
hexagonal (110) direction. [15] Taylor could not reject the more complicated stack-
ing fault model of Atoji and McDermott, nor the possibility of a planar fluorine
ring (as opposed to the slightly off-center arrangement in the original structure),
essentially leaving the question unresolved. As a consequence of this disorder, pro-
duction of single-crystals of UO,F, has remained elusive.

[Figure 1 near here]

Uranyl fluoride is hygroscopic and at a given RH is in equilibrium in the solid
state with a certain number of water molecules. The equilibrium structure of UO,F,
with a humid environment appears to be a combination of several stoichiometric
hydrates with definite water per uranium (H,O/U) ratios and “thermodynamic”
hydrates, structures which can support a variable number of waters.[3, 16] Early
results indicated that UO,F, could support up to five water molecules per uranium
before completely dissociating to the liquid state. [17, 18] At that time, several un-
known crystal structures, simply labeled «, £, and v that could support between
0 and 1.5, 0.6 and 1.5, and 1.6 and 2.5 H,O/U, respectively, were proposed. The
coexistence ratio of these phases depended strongly on temperature, with the high-
est hydrates (up to 3-5 H,O/U) existing only below 50°C. There is controversy
concerning whether the o or 5 crystal structure is thermodynamically favorable at
room temperature and ambient humidity, and there may be a conversion from the
« to the J structure over the course of days or weeks. [16] Stoichiometric hydrates,
in which water molecules themselves may act as ligands to the [UO,]?T ion, were
later suggested by X-ray diffraction, but their structures could not be solved. [19]
This system is further complicated by the apparent existence of “thermodynamic”
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hydrates, whose thermogravimetric analysis signature demonstrates not only sharp
changes in mass (as one would expect from a stoichiometric hydrate) but also re-
gions of continuous mass loss. [3, 16]

Adding uncertainty, a more recent crystal structure of the hydrate
[(UO,),F,(Hy0),] - 4H,0, whose space group was determined to be C2/c with a
= 13.843, b = 9.801, and ¢ = 24.970 A and B = 104.47°, has also been published.
[2] This structure may have been observed in the earlier works as a metastable
form resulting from rapid dehydration of the higher hydrates but was dismissed
because it was not possible to isolate it. [16]

The most likely scenario merging the literature reports is the replacement of F
ligands with H,O ligands, giving rise to the stoichiometric hydrates (1.5, 2, and
possibly 3 and 4 H,0/U), with additional water present between the hexagonal
layers allowing for a range of H,O/U ratios while preserving the crystal symmetry.
This ligand replacement should give rise to the presence of fluorine, but such an
investigation has not been reported. The so-called « phase is likely the same as the
“anhydrous” structure solved by Zachariasen, while the 8 phase is probably the first
stoichiometric hydrate (1.5 H,O/U). Currently, the solid hydrate phase diagram
of UO,F, is not fully understood. The original X-ray diffraction measurements
have not been reproduced for several decades, and the so-called 8 and ~ crystal
structures have never been solved.

In the anhydrous structure, the distance between uranyl oxygen atoms was found
to be 2.984+0.02 A. There is significant space between hexagonal layers and around
adjacent uranyl oxygens which may allow for water diffusion. Between layers the
U-F distance is at least 5 A. In fact, water diffusion between similarly struc-
tured clays and mineral compounds has been studied extensively with quasielastic
neutron scattering (QENS), molecular dynamics, nuclear magnetic resonance, and
neutron spin echo. [20-22] These studies indicate that an interlayer spacing of 5 A
is sufficient to allow water diffusion. Motion of water in cements, in particular its
time dependence as the materials cure, has also been studied with QENS. Gener-
ally, water intercalates into the structure over the course of weeks or months. In
addition, the dynamics of the remaining mobile water appears to slow down over
the same time period. [23, 24]

We motivate this study of water dynamics in UO,F, in several ways. First, the
interaction of water with mineral surfaces is an important factor in determining ion
adsorption which itself is important for mobility and erosion in the environment.
[25, 26] Second, the structure of the anhydrous UO,F, is a model system for study-
ing water diffusion in “tight” layers (about 3-5 A) in mineral structures, whereas
previous studies have focused on larger, 10-15 A pores such as in vermiculite. [27].
Third, the uncertainty in the structure of the anhydrous UO,F,, especially con-
cerning the line broadening observed in X-ray and neutron diffraction patterns,
has not been fully explained. We suggest that one mechanism for the broadening
is the presence of water between hexagonal layers. If water is present inside the
layers themselves, it may be a clue to elucidating the dynamics of structural phase
changes. To investigate this possibility, we employ high-resolution QENS from the
Backscattering Silicon Spectrometer (BASIS) and time-of-flight neutron powder
diffraction from the POWGEN instrument, both at the Spallation Neutron Source
(SNS) at Oak Ridge National Laboratory (ORNL), to measure the motion of wa-
ter in and the structure of partially hydrated UO,F, over 4 weeks for potential
changes in the amount of or dynamics of water motion. [28, 29|
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2. Sample Production

Four samples of UO,F, were produced under three hydration conditions. For neu-
tron diffraction measurements on POWGEN, we produced samples of anhydrous
UO,F,, partially D,O-hydrated UO,F,, and partially H,O-hydrated UO,F,. For
QENS measurements we prepared a sample of partially H,O-hydrated UO,F,. All
samples were loaded in standard sample cans: 6-mm-diameter cylindrical vanadium
cells for POWGEN and a flat-plate aluminum cell with 30 mm x50 mm neutron
window for BASIS. Cells for BASIS were also gold plated to protect from possible
exposure to HF during decomposition of UO,F,.

[Figure 2 near here]

Commercial UO,F, was acquired from International Bio-Analytics. Its hydration
state was not initially known, though reported to be anhydrous. The H,O-hydrated
samples were taken from this commercial material without further purification. The
H,O-hydrated sample for neutron diffraction from this batch massed 1.13 g and
the sample for QENS massed 1.33 g.

To produce the D,0O-hydrated sample, it was necessary to dehydrate the UO,F,
and rehydrate with D,O (99.8% isotopically pure, from Acros Organics) by equili-
brating in an environment of known RH. A saturated salt solution of CaCl, (from
Sigma-Aldritch) was chosen to provide 32% RH (of H,O) at standard temperature
and pressure.

Dehydration took place in a glovebox by heating 4.502 g of UO,F, in an alu-
minum pan to 130°C for 5.5 h, well below the reported decomposition temperatures
of >700°C. [30, 31] The mass after dehydration was 4.384 g, suggesting that the
original material lost 0.46 H,O/U. The anhydrous material was small-grained and
not self-adherent. An amount of this anhydrous UO,F, equal to 1.69 g was loaded
into a vanadium can for neutron diffraction.

A portion (2.610 g) of the dehydrated UO,F, was then place in an enclosed
chamber, still in its aluminum pan, in the presence of a saturated solution of D,O
and CaCl,. The RH of the rehydration environment was measured to be 24.3+£0.1%
for the 10 days of rehydration. However, we make note of three points during the
rehydration step: (1), it was later realized that the MadgeTech DAQ module for
measuring RH disagreed with another identical model by about 5-10% on the low
side; (2), the response of the RH sensor to D,O is not known; and (3), the RH of a
D, O vapor in equilibrium with a saturated D,0+CaCl, salt may not be the same
as for H,O. In particular, the vapor pressure of D,O at 25°C is 13.5% lower than
H,O. [32] Because of these uncertainties, we consider the RH of 24.3+0.1% to be
an indication primarily of a constant RH environment but perhaps not an absolute
measurement. Overall, the material gained 0.106 g after 10 days, corresponding to
0.63 D,O molecule per uranium. A small portion of this material was segregated for
X-ray diffraction measurements, and 1.944 g of D,O-hydrated material was loaded
for neutron diffraction.

If the original material was completely dehydrated, then the partially H,O-
hydrated samples contained at least 0.46 H,O/U. After rehydrating with 0.63
H,0/U, we considered all samples “anhydrous” given that UO,F, hydrate crystal
structures are reported at H,O/U ratios of 1.5, 11/7, 2, 3, and 4, but not as low
as 0.63. [1, 2, 19]

3. Neutron Diffraction

We initially measured the X-ray and neutron diffraction patterns of UO,F, in all
three hydration conditions (anhydrous, D,O hydrated, and H,O hydrated). The
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X-ray pattern suggested that the structure of all three samples conformed to the
published anhydrous UO,F, structure but absorption due to uranium and a strong,
nonlinear background limited the utility of this data. [12] We then measured the
anhydrous, D,O-hydrated, and H,O-hydrated samples with neutron diffraction on
POWGEN. We also had the opportunity to remeasure the D,O-hydrated UO,F,
sample 6 months after the initial neutron diffraction measurement. Between mea-
surements the sample remained in its can, isolated from the environment. The
resulting diffraction patterns are shown in Fig. 3.

[Figure 3 near here]

The partially D,O-hydrated sample appears to match the anhydrous sample,
both of which conform to the literature structure for anhydrous UO,F,. [12] We
find, in hexagonal coordinates, a = 4.200 A and ¢ = 15.703 Ao, in agreement with
Zachariasen (a = 4.17 A and ¢ = 15.68 A). We also find U-O = 1.74 A and U-F =
2.43 A in agreement with previous results. [13] The lack of additional Bragg peaks
in the D,O-hydrated pattern indicates that if water is present in the structure, it is
likely amorphous. A second possibility is that the material simply did not uptake
any water through the rehydration process. However, in addition to gaining mass,
the partially H,O-hydrated sample showed a significant incoherent background
originating from the large incoherent cross section of hydrogen in water. As such,
we are confident in our diagnosis that although water is present in both the D,0O-
and H,O-hydrated samples, it is not structural. Furthermore, the Bragg peaks in
the H,O-hydrated sample matched the anhydrous pattern such that we believe the
QENS samples were structurally similar to the anhydrous crystal structure and
not, for instance, the sesquihydrate. [2]

The partially D, O-hydrated sample experienced a slight swelling after 6 months,
with @ = 4.230 A and ¢ = 15.740 AD, corresponding to an approximately 1.7% larger
unit cell by volume. It is interesting to note that the expansion of the lattice is
mostly in the ab plane.

All samples also reproduced the peak broadening associated with stacking faults
along the hexagonal c axis. The deconvoluted lineshape associated with these peaks
is neither Gaussian nor Lorentzian, but is in fact a more complicated form as sug-
gested by Warren. [33] We did not attempt to improve on the original stacking
fault model of Atoji, except to confirm that our material also demonstrated this
effect. [14] We did attempt to perform a Rietveld refinement with the General
Structure Analysis System (GSAS) of the data explicitly with a finite size broad-
ening (as suggested by Taylor and Wilson) but could not reach a satisfactory fit.
[15] The fit was better with a stacking fault broadening along the [003] family of
reflections. We note that the lineshape associated with a finite size effect is, to a
good approximation, Gaussian, whereas the stacking fault lineshape is not.

4. Quasielastic Neutron Scattering

Quasielastic neutron scattering spectra were collected on the BASIS instrument
at the SNS on a sample of partially H,O-hydrated (to approximately 0.6 H,O/U)
UO,F,. The sample was measured once initially (“O weeks”) and again after 4
weeks, both at 300 K. Between measurements, samples remained in their cans and
were not exposed to the environment; the cans represented thermodynamically
closed systems. The instrument was operated with a dynamic range of +120 peV
and an energy resolution of £1.8 peV half-width at half-maximum (HWHM), the
latter corresponding to approximately 360 ps. Spectra were binned in nine mo-
mentum transfer, or @), groups in increments of 0.2 A~! between 0.3 and 1.9 A~L.
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Due to an uncorrectable asymmetry in the resolution at the two highest () points,
we report the areas of the Lorentzian terms but excluded them from the modeling
due to poor resolution. The resolution function itself was collected independently
during each run by cooling the sample to 20 K and measuring its spectrum. An
example of a fitted spectrum is shown in Fig. 4.

[Figure 4 near here]

In this experiment, the measured intensity is proportional to the convolution
over the energy, hw, of the dynamic structure factor, S(@Q,w), with the resolution
function. The dynamic structure factor was fit according to

S(Q,w) = Ad(w) + BLy(w) + CLy(w) (1)

where §(w) represents elastic scattering and L;(w) and Lo(w) are Lorentzian func-
tions centered at zero energy transfer. A linear background was added after con-
volution with the resolution function. The two Lorentzian terms of the form

I Q)

™ I2(Q) +w? 2)

Lz(w) =

are fit with special attention to their HWHM, I';, whose @-behavior is indicative
of the type of motion. Essentially all of the inelastic signal originates from the
incoherent scattering of hydrogen in water as the incoherent cross sections of U, O,
and F are negligible. The elastic signal can originate both from coherent scattering
from the U, O, and F (o¢on = 26.8 b per structural unit) and incoherent scattering
from immobile hydrogen (cinc = 96 b per structural unit at 1 H,O/U). The elastic
signal from the incoherent scattering from hydrogen is weighted by the elastic
incoherent structure factor, which is a value between 0 and 1 depending on the
type of water motion. However, the lack of significant Bragg scattering at 1.2
A~! corresponding to the (003) Bragg peak, suggests that we can assume elastic
scattering originates from the water component only.

4.1. Modeling of Translational Component

The quasielastic spectra contained two contributions which were fit with Lorentzian
terms. Of the two Lorentzian components, the intensity of the broad component
was approximately Q-independent. Its width, I'g, was proportional to Q? at low
@ and constant at high (). We employed a simple jump-diffusion model to fit the
broad quasielastic width,

"1 exp(— Q22 /2)], (3)

I'p=—]|

-
where 7‘3 is proportional to the mean square jump length (r?) = 37”[2) and 7 is the
average residence time between jumps. [34] The jump length and residence time
can be combined to determine the microscopic self-diffusion coefficient,



July 20, 2015

Molecular Physics UOFMolPhys

Rotational motion of water is too fast to be observed in this measurement at 300
K.

4.2. Modeling of Bounded Motion

The narrow Lorentzian component’s intensity was not constant with @ and in fact
approached zero at low . In addition, the HWHM of the narrow component was
approximately 1-3 peV, corresponding to about 2-300 ps, and independent of Q.
Both features are characteristic of spatially bound motion. We modeled the narrow
component according to the method proposed by Volino and Dianoux for diffusion
of small molecule in a spherical, impermeable surface. [35] The scattering law for
such a motion is given by

S(Quw)=AQ8(Q)+ > 2+ 1)CL(Q)Ln(w). (5)
{l,;n}#{0,0}

The half-width of the Lorentzian term is given by ', = A, * D, AL being the
solutions of the differential equation describing the wavefunction of a particle inside
a one dimensional infinite potential with Dy the relevant diffusion coefficient. As
we have defined the total scattering law, Y.  (2141)C!, = C. Fortunately, the

{t,n}#{0,0}
area of Lorentzian terms higher than C& are very small for @r < 1 and we needed
only a single Lorentzian term (the narrow component) to fit it.

In general it is not possible to use the elastic incoherent structure factor (EISF),
defined as the ratio of elastic scattering to total scattering, to aid in modeling when
multiple quasielastic components of different origin are present; however, because
the EISF of the translational component is defined to be 0 for all @), we can define
a reduced EISF:

, 2
EISFs:(la)A/(AwLC)Jra:(la)‘ZhC()de)' + a, (6)

where d is the radius of the impermeable sphere. While the neutron diffraction re-
sults do not suggest the presence of crystallographically immobile water molecules,
we cannot discard the possibility of spatially disordered water molecules that are
fixed on the timescale of the BASIS instrument (>1 ns). In order to account for
these water molecules, an additional term, which has no () dependence because
the incoherent scattering is isotropic, must be added to the EISF. The parameter
«, therefore, represents the fraction of hydrogens fixed on timescales greater than
1 ns, and was found to be about 0.82.

4.3. Results

The intensities A, B, and C' can be compared directly and are plotted in Fig. 5
having been normalized in ¢ with a vanadium standard. The elastic component
(top panel) is proportional to the amount of stationary hydrogen and shows a
characteristic drop with @ but only a 1% increase over 4 weeks (summed over @
58.0340.04 initially and 58.64+0.04 after 4 weeks). Likewise, the broad component
is 10% larger when summed over @ but it is much weaker than the elastic compo-
nent. These values are also summarized in Table 8, having been summed over all
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Q.

[Figure 5 near here]

However, the narrow quasielastic component is clearly more intense after 4 weeks
(4.43+0.09 vs 5.79+0.09, summed over ). This 30% increase in intensity does not
correspond with a similar increase in the other components, as one might expect
from the sample having been shifted or rotated between measurements.

The broad quasielastic component (width shown in Fig. 6) was translational in
nature and fit to a jump-diffusion model. The parameters of the fits are summarized
in Table 8, including the extracted diffusion constants. The average residence time
increases after 4 weeks, reducing the diffusion constant significantly, from 6.5x 1076
to 4.4x107% cm?/s. Both of these values are also significantly lower than bulk
water at the same temperature (Dpu = 25 x 1079 cm?/s). However, the average
jump length remains unchanged, suggesting that the structure of the water’s local
environment is largely similar.

[Figure 6 near here]

[Figure 7 and 8 near here]

The narrow quasielastic component is characteristic of spatially bounded mo-
tion. Its width is approximately independent of ) and its area increases with @,
indicative of restricted motion. The fit to the restricted diffusion model of Volino
and Dianoux of the reduced EISF indicates that the radius of diffusion is on the
order of 1-2 A; slightly larger than the 0.95 A O-H distance in a water molecule.
[35]

The HWHM of the narrow component is on the order of 3.1 and 1.75 ueV for the
0 week and 4 week measurement (averaged over @), respectively, corresponding to
timescales of 212 and 375 ps. The extracted diffusion constant follows the same
pattern, slowing by 50% over the 4 week time window. Combined with the 30%
increase in intensity, the narrow component represents more water after 4 weeks,
but slower diffusion.

5. Discussion

The interpretation of quasielastic signal originating from water, even in the simple
case of bulk diffusion, remains controversial despite a half century of development.
[36-39] Commonly, the approach is to propose the decoupling of water rotation
and translation based on the argument that water rotation is significantly faster
than translation. In our particular experiment, we are limited to measuring energy
transfers between +120 eV, corresponding to about 5 ps. In this experiment, we
expect that the rotational part of the motion associated with the broad Lorentzian
is seen only in the linear background term. Furthermore, because we observe a
translational component (which must be slower than its associated rotational com-
ponent), the narrow Lorentzian must represent a distinct type of water. The narrow
Lorentzian cannot represent the rotational part of the broad component.

The UO,F, morphology is in small particles, on the order of 1-100 ym in size and
with high polydispersity (see Fig. 2). If one assumes a minimum amount of water
(0.5 H,0/U) is present on the surface of relatively small particles (5 pm radius),
the resulting water film would be several hundred nanometers thick. We find this
implausible, and we believe that, based on the observed quasielastic signal, both
types of water are inside the structure, as opposed to diffusing on the surface of
small particles.

If the entire signal (elastic, broad, and narrow components) is interpreted as orig-
inating from water, the 3% increase in total intensity from 0 to 4 weeks represents
an increase of only 0.03 H,O/U. However, although UO,F, is hygroscopic and can
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uptake water from the surrounding environment over the course of days, the en-
closed sample volume does not contain enough water in the gas phase to account
for this increase in narrow component intensity. [16] Conservatively assuming a 5
ml total sample volume, the gas phase can only hold approximately 0.001 H,O/U
assuming 100% RH.

Instead, we suggest that a conversion of faster water, already in the system but
not observable due to the limited dynamic range of the instrument, may account
for the increase in narrow intensity after 4 weeks. This water may be on the surface
of the particles, diffusing in a manner similarly to bulk water, or on the walls of
the sample container. In such a case, we may expect the linear background term
to decrease after 4 weeks, but we could not determine the background term to
sufficient accuracy to support this hypothesis.

With that in mind, water in pores of various sizes and in restricted geometries
has been studied extensively with QENS. [40-46] Among the systems that have
been investigated with this technique are porous alumina, Vycor glass, a meso-
porous silica material called MCM-41, and Nafion. Generally, water dynamics can
deviate strongly from bulk behavior in confined systems. Another general feature
in confined systems is the reduction of the translational diffusion constant com-
pared to bulk water at the same temperature. The greatly reduced diffusion rate of
the translational water component in our samples (approximately 4-5 times slower
than bulk) is consistent with similar results for two-dimensional, film-like diffusion.
[47, 48]

For example, in samples of similarly-structured hydrated bentonite (a clay mate-
rial composed of mostly lamellae of montmorillonite), tracer diffusion results indi-
cate that a significant fraction of the mobile water diffuses in regions between stacks
of montmorillonite lamellae, with the balance diffusing between layers within the
montmorillonite structure itself. [40, 49] A similar scenario may exist in the UO,F,
system, with accessible pore volumes between disordered crystallites contributing
to the quasielastic signal. However, the number of water molecules in the transla-
tional component in our system is on the order of 0.04 H,O/U, at least an order of
magnitude lower than in such layered systems. Such a film-like diffusion would not
be distinguishable in our system from the proposed jump-ditfusion model. The in-
tensity of the translational component is too weak; and, a more restricted diffusion
model would include an (inseparable) elastic component. As such, we emphasize
that water in this system does mot behave like bulk translational motion and is
much slower (the exact details of the motion are probably not resolvable), which
is consistent with other studies of restricted water.

With respect to the narrow, bounded scattering component, this more intense
component represents water trapped between UO,F, layers. The interlayer bonding
in anhydrous UO,F, is extremely weak, originating from tenuous bonds between
the uranyl oxygens and ligand fluorides and O-O van der Waals forces. Water
molecules may intercalate into these regions and cause a local rearrangement of
the layer structure, creating a “pocket” of neighboring F and [UOQ]2Jr ions in
which to diffuse. These pockets may perhaps only be 3-5 A and originate because
of the relative stability of a water-bridged layer structure and the tenuousness
of the interlayer forces. This distance is in line with the radius extracted from
the reduced EISF (on the order of 1-2 A). Estimating from the reduced EISF,
the number of water molecules participating in this motion is about 0.07 H,O/U,
which is reasonable given that the diffraction patterns indicate that no chemistry
is occurring.

However, by far the largest contribution to the signal is the elastic component.
Based on the same argument concerning the thickness of an equivalent film of wa-
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ter, water in the elastic line must also be inside the particles. Probably, these water
molecules are in the same small regions between uranyl polymerization units, but
are stationary on the experimental timescale. It is also feasible, but not verifiable
with the available timescale, that all water molecules in the narrow and elastic
component are undergoing the same type of restricted motion and that the narrow
component only represents the fastest term in a very slow motion.

The possibility of water molecules as an intrinsic, but non-structural, part of
the UO,F, structure has not been considered by previous investigators. Previous
studies are largely in agreement that, from the anhydrous form, up to a total of 1.5
H,0O/U can enter the material without significantly changing the lattice spacing or
crystal symmetry as measured by X-ray diffraction. [16, 17, 19] But it is also known
that, once hydrated, about 0.6 water molecules cannot be removed at low temper-
ature; in fact, complete dehydration requires temperatures of about 230°C. [50]
Thus, previous X-ray and neutron diffraction measurements of anhydrous UO,F,
that identified line broadening along the hexagonal ¢ axis likely contained at least
0.6 H,0/U. [12, 14, 15] Interestingly, the number of water molecules associated
with the elastic component corresponds to approximately 1 H,O/U.

While several models have been used to fit the resulting data, the only expla-
nation for the line broadening itself was provided by Taylor and Wilson, who sug-
gested that the broadening was due to a preferential growth direction of rod-like
particles [along the (110) direction] which resulted in a finite size effect along the
(001) direction. [15] The evidence for this possibility as suggested by Taylor and
Wilson is the interpretation of electron micrographs showing clusters of rod-like
particles on micron-length scales. Our own investigations of nominally anhydrous
UO,F, do not indicate any preference for rod-like structures on the SEM-length
scale nor do they suggest an average particle size that is appropriate to induce a
finite particle size broadening. Another possibility is the induction of finite crys-
tallite size broadening, associated with preferential growth of crystalline domains
on smaller (10-100 nm) length scales. Certainly, it is logical to suppose that there
is some degree of preferential growth along the strongly-binding (110) direction
given the weakness of interlayer binding. However, the dominant effect, based on
the lineshape of the reflections along the (001) direction in our data, cannot be
attributed to a finite size effect.

Therefore, we consider the origin of the stacking fault question an open one.
The weak interlayer O-F and O-O interactions, coupled with the reality that a
significant number of water molecules must exist inside the structure (as opposed
to on the surface), suggest that the water molecules themselves may be partly
responsible for inducing the stacking disorder in the hexagonal ¢ direction.

To summarize, we propose the following picture. The UO,F, structure is layered
with the linear uranyl ions, coordinated by six equatorial fluoride ions, forming
the primary polymerization unit. Between these weakly bound layers, and between
disordered crystallite domains, there is sufficient space for water molecules to un-
dergo translational diffusion, which we observe in the broad component. However,
the layers are not smooth but instead contain “pockets” between uranyl structural
units which may trap water molecules. Inside these pockets, water molecules un-
dergo a slow, restricted diffusion (the narrow/elastic component). The number of
these water molecules appears to increase over 4 weeks as water elsewhere in the
system, perhaps on the surface of the micron-sized grains, slowly intercalates into
the structure. The slight expansion of the unit cell over 6 months may also be an
indirect indication of an intercalation of water molecules in the closed system.

The trapped water molecules themselves contribute to the structural disorder re-
sulting in the lineshape broadening observed in both X-ray and neutron diffraction
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measurements of UO,F,. The intercalation of water also provides an explanation
for the ability of the “anhydrous” structure to apparently support as many as 1.5
water molecules per uranium, yet retain the same crystal structure. Another con-
troversy surrounding the crystal structure is the question of whether the equatorial
fluoride ligands form a planar ring or are instead located slightly out of the equa-
torial plane. One possibility is that water molecules in pockets could contribute to
a distribution of fluoride locations in the c-direction.

6. Conclusion

While UO,F, is known to be soluble and highly hygroscopic, the pathway from
anhydrous powder to saturated solution, and the intermediate solid hydrate struc-
tures, are poorly understood. We have used quasielastic neutron scattering mea-
surements, coupled with neutron and X-ray diffraction, to study the dynamics of
water in partially-hydrated UO,F, over the course of 4 weeks in an attempt to
begin to understand details of the deliquescence process. We identify two differ-
ent types of water motion. One component was identified as translational and was
modeled with a jump-diffusion model. [34] The associated diffusion constant de-
creased by approximately 50% after a subsequent measurement 4 weeks later and
was approximately 5 times slower than bulk water at the same temperature. We
assign this slow translational motion to water diffusing either between the weakly
bound hexagonal layers or in pores between crystallites. A second component was
identified as a slow (about 2-300 ps timescale), spatially-bounded diffusive motion
which increased in intensity by 30% after 4 weeks, which we speculate is due to wa-
ter entering the interior of the micron-sized UO,F, particles and intercalating into
pockets formed by the space between uranyl-centered polymerization units. The
diffusion constant of this water also slowed by 50% after 4 weeks. The two types of
water motion are connected: the spatially restricted water motion occurs between
jumps in the translational component. We propose that water in these pockets is
the explanation for the anhydrous UO,F, crystal structure supporting up to 1.5
water molecules per uranium and is also responsible for the line broadening in X-
ray and neutron diffraction measurements due to a concomitant disordering of the
hexagonal layers.

The neutron diffraction patterns of partially-hydrated UO,F, indicated a slight
swelling of the lattice after 6 months, but retained the same symmetry, indicating
that the underlying structure remains unchanged under closed conditions. However,
this similarity does eliminate the possibility of chemical changes occurring in the
samples.
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Table 1. Intensities of the quasielastic components summed over all @

Sample Elastic (A) Broad (B) Narrow (C) Sum (A+B+C)
Hy0 + UO,F, - 0 week 58.03+£0.04  3.094+0.19  4.434+0.09 65.6+0.3
H,0 + UO,F, - 4 week 58.64+0.04 3.35+0.13  5.7940.09 67.8+0.3

Table 2. Parameters of the fit to the jump-diffusion model for the broad spectral component, collected at 300

e Residence  Mean jump length  Translational diffusion
time, 7 (r2) coefficient, Dy
Sample (ps) (A) (ﬁ x1075)
H,0 + UO,F, — 0 week 14.7%0.6 2.3950.29 0.6520.08
H,0 + UO,F, — 4 week 21.1+0.7 2.37+0.24 0.44+0.08
Bulk water (295 K)[27] 1.4 1.4 2.5

Table 3. Parameters of the fit to the spherically-restricted diffusion model, collected at 300 K.

Diffusion radius Half-width at Diffusion

r half-maximum I'  coefficient, Dg

Sample (A) (peV) (ﬁ x1076)
Hy,O + UO,F, — 0 week 1.3940.6 3.09+0.45 2.6+0.9
H,0 4 UO,F, — 4 week 1.7940.2 1.7540.32 1.7+0.8
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Figure 1. Structure of anhydrous UO,F, viewed along (a) the (110) hexagonal direction and (b) the (001)
direction. In (a) the hexagonal bipyramid polyhedra are uranium-centered with uranyl oxygens forming
the apices in the ¢ direction and fluoride ligands in the a-b plane. In (b), oxygen (red) is representative of
the linear O-U-O group, with fluoride (green) hexagonally coordinated.

Figure 2. Typical SEM image of UO,F, on silicon. The particle size ranges from submicron to several
tens of microns and is highly polydisperse.
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Normalized Neutron Counts

Figure 3. Neutron diffraction patterns of dehydrated (black squares), rehydrated with D,O initially (red
circles) and after 6 months of aging (blue downward triangles), and partially hydrated with H,O (magenta
triangles) UO,F, samples. The sample rehydrated with D,O is almost identical to the anhydrous sample,
both of which fit well with the known structure. However, the H,O sample contains a significantly higher
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background, indicating that water is in the sample but that it is not structural.
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Figure 4. Example of a fitted spectrum collected at 300 K and @ = 0.7 A~1 of the “0 week” sample. The
blue “fit” line is the sum of elastic, broad, and narrow components, all having been convoluted with the
resolution function, and the linear background term.
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Figure 5. Vanadium-normalized intensity of the elastic and two quasielastic scattering components as a
function of momentum transfer, @, for a sample measured once initially (red circles) and again after 4
weeks (black squares) in a constant relative humidity environment. The intensity of the elastic component,
A, (top) is primarily proportional to the number of hydrogen nuclei which are moving on a timescale
slower than 400 ps, corresponding to the energy resolution of BASIS. The broad quasielastic component,
B, (middle) was somewhat more intense after 4 weeks, although the intensity of this component is more
difficult to determine. However, the narrow component, C, (bottom) was approximately 30% more intense
at all @ values after 4 weeks. The shape of the intensity of the narrow component as a function of @ is
consistent with a spatially-bounded motion, whereas the broad component is independent of @, which is
characteristic of translational motion.
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Figure 6. Half-width at half-maximum (HWHM) of the broad component of the quasielastic scattering
vs. Q2 for partially hydrated UO,F,. The sample was measured once initially (red circles) and again after
4 weeks (black squares). The linearity of the HWHM with Q2 at low Q is characteristic of translational
motion, in this case of water. The transition to a constant value of the broadening at high @ indicates a
caging effect. Each data set is fit with a non-linear least-squares fit to the function I' = % [L—exp(—Q%*r2/2)].
The resulting fits are shown in the red (0 week) and black (4 week) lines.
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Figure 7. Reduced EISF (see text) of the narrow quasielastic component vs. @ for the initial measurement
(red circles) and after 4 weeks (black squares). The non-linear least-squares fit is matched to the theoretical
EISF for a particle diffusing in an infinite spherical potential: EISF = |21 (Qr)/Qr|?, where r is the radius
of the sphere. While the uncertainty is large due to the uncertainty in the area of the narrow Lorentzian
component, the trend is clearly towards higher mobility after 4 weeks. The resulting fits are shown in red
(0 week) and black (4 week) lines.
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Figure 8. Half-width at half-maximum (HWHM) of the narrow component of the quasielastic scattering
vs. Q2 for partially hydrated UO,F,. The sample was measured once initially (red circles) and again after
4 weeks (black squares). The HWHM is approximately constant for all @, as expected for bounded motion.
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