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Abstract: Thermal expansion of the mineral soddyite,
(U0,),8104(H;0),, and structurally related synthetic compound
Na,(U0,),Si04F, (NAUSIF) has been studied by means of
high-temperature single-crystal and powder X-ray diffraction.
The mineral is orthorhombic, Fddd, while NAUSIF is tetrag-
onal, I4;/amd. The framework structures of both compounds
are comprised of either neutral [(UO,),(Si04)(H,0),] or nega-
tively charged [(U0,),(Si04)F,]* chains of similar topology. In
the structure of soddyite, the chains cross at the angle of 72°,
while in NAUSIF of 90°. Upon increasing temperature,
the acute inter-chain angles in soddyite increase due to hinge
deformations, the overall symmetry approaching tetragonal.
The mineral is stable below 325 + 25 °C; between 325 and 640 °C,
the decomposition products cannot be identified unambigu-
ously and contain significant amount of amorphous phases;
at higher temperatures, a mixture of U30g polymorphs is
formed. NAUSIF is stable until its melting point of 625 + 25 °C.
The thermal expansion of both compounds is strongly aniso-
tropic; for NAUSIF, it is due to difference in bond strength
in the uranium and sodium polyhedra. Anisotropic thermal
expansion of soddyite is controlled by shear deformations of
the structure upon the temperature rise.
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1 Introduction

Investigations of the oxidation products of uraninite U0,
are of essential importance for proper understanding
the evolution of both mineral formation upon oxidation of
uranium deposits and alteration of spent nuclear fuel*
Temperature is one of the key parameters affecting the sta-
bility of uranium compounds. Thermodynamic modeling
of uraninite dissolution in silica-saturated groundwaters
indicate that the process is controlled by formation of several
uranyl compounds including soddyite (U0,),8104(H,0),.°
Studies of mineral associations of uranium deposits oxidation
areas demonstrate that interaction of fluids with rocks
upon weathering produces several uranyl silicates including
uranophane Ca[(UO»)(SiOs0H)],(H,0)s, boltwoodite (K,Na)
[(UO,)(Si0s0H)](H,0), 5, haiweeite Ca[(U0);Siz012(0H);](H;0)s,
and soddyite.**®

Soddyite was first described by Schoep in 1922; its first
X-ray study was performed by Gorman in 1952. The mineral
was found to be orthorhombic, a = 8324, b = 11214,
¢ = 18.71A, space group Fddd.’ Legros et al'® prepared
2U05-Ge0,-2H,0 and 2U03-Si0,-2H,0 and demonstrated the
silicate and the germanate to be isostructural; the structure
of the latter was determined in 1975.1° Later on, the crystals
of synthetic soddyite were prepared by Kuznetsov et al."’,
Moll * and Belokoneva et al.’® In the latter work, the struc-
ture of the synthetic compound was solved to R; = 0.021 and
WR; = 0.029 but hydrogen atoms were not localized. Attempts
were also made to solve the structure from PND data.'*
Demartin et al” Localized hydrogen positions and
refined the structure down to R1 = 6.4 %. The latest study by
Plasil et al.'® confirmed the Fddd space group and the unit
cell parameters were a = 8.3097(3) A, b = 11.2205(4) A,
¢ =18.6575(11) A, R, = 1.9 %.

Both synthetic and natural soddyite crystals were
analyzed by a variety of techniques. Cejka'” analyzed the IR
spectroscopy data, while Frost'® and Colmenero®® provided
the Raman spectra and DFT calculations. Particular atten-
tion was paid to the thermal properties of the mineral.
The first decomposition stage of soddyite and its germanate
analog at ca. 460 °C was found to correspond to the total
dehydration and formation of amorphous products.?’
Formation of the latter was explained by the arising
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under-saturation of the uranyl cation due to the removal of
coordinated water from the (UO,)04(H,0) pentagonal
bipyramid.* The second stage of soddyite decomposition
at ca. 640 °C corresponds to the release of oxygen and ura-
nium reduction to the tetravalent state with crystallization
of coffinite analog, USiO4. Though the thermal behavior of
soddyite is well studied, no reference data could be found
concerning its thermal expansion. The data on polythermic
studies of the synthetic soddyite were provided by Sureda
et al.** and interpreted only as an illustration to the staged
dehydration process. Synthetic soddyite was reported to
lose water at 400 °C with subsequent melting at 470° C.

Blaton et al.” reported hydrothermal synthesis of
Na,(U0,),Si04F,. Its crystal structure is derived from
soddyite by replacing water molecules by the fluoride an-
ions and filling the channels by the sodium cations; other-
wise, the topologies of these frameworks are identical.

In the current study, the thermal behavior and partic-
ularly expansion of soddyite and Nay(UO,),SiO4F, (NAUSIF
further on) were probed by a set of variable-temperature
single-crystal and powder diffraction methods.

2 Experimental
2.1 Samples and occurrence

Soddyite originates from Swambo Hill, Haut-Katanga, DR
Congo. It occurs as canary-yellow blocky and platy crystals
up to 0.3 mm across (Figure 1a and b) and associates with
curite, goethite and kaolinite.

2.2 Synthesis

Caution! Although the uranium precursors used contain
depleted uranium, standard safety measures for handling
radioactive substances must be followed.

As we had reported earlier,* single crystals of uranyl
silicates can be readily prepared from uranium oxides
and silica via “activation” by reactive fluorides. The crystals
of NAUSIF (Figure 1c and d) were produced from a mixture
of 22mg of NaF (Vecton, 99.7%) and 52 mg U;0g (Vecton,
99.7 %) pre-dried at 80 °C. The reagents were additionally
activated. This mixture was transferred to a silica tube
(which served also as the source of silicon), then 30 pL of
40 % hydrofluoric acid was injected. After 1 min, the tube
was attached to a vacuum line, evacuated, and sealed. The
silica tube was heated to 950 °C at a rate of 70 °C/h, soaked for
99 h, and cooled to room temperature at the rate of 5 °C/h.
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2.3 Single-crystal X-ray studies

Single-crystal X-ray data of soddyite and NAUSIF were
collected using a Rigaku XtaLAB Synergy-S diffractometer
equipped with a Photon]Jet-S detector operating with MoKa
radiation at 50 kV and 1 mA. A single crystal was chosen and
more than a hemisphere of data collected with a frame width
of 0.5° in w, and 25 s spent counting for each frame. The data
were integrated and corrected for absorption applying a
multi-scan type model using the Rigaku Oxford Diffraction
programs CrysAlis Pro 1.1.11.

The NAUSIF crystal was studied in the temperature
range of 25-725°C using a «Hot Air Gas Blowers » heating
system. The structures were successfully refined with the
use of SHELX software package.”” Atom coordinates and
thermal displacement parameters for each temperature are
collected in the corresponding cif files (Supplement 1);
experimental parameters are provided in Table 1. Unit-cell
parameters are given for 25 °C. The procedure of variable-
temperature single-crystal X-ray study is in that the crystal
is placed in a silica capillary and thermostated before
each data collection. Therefore, temporal restrictions and
essential lowering of reflection intensities due to extinction
by capillary walls require the use of relatively large crystals.
Unfortunately, due to hydration and intergrowths twinning,
just two acceptable soddyite crystals could be picked out of
the natural samples; ever those were so small that full data
collection would require more than 14 h. Hence, PXRD studies
were the only possible way for investigating the thermal
evolution of soddyite. In the meantime, the NAUSIF crystals
provided by high-temperature technique were quite large and
well-grained crystals excellent for the capillary experiments.

The effect of thermal motion on the bond-length
values from single-crystal X-ray diffraction experiments is
well-known.” Corrections for all bonds in the studied
compounds were calculated by using a formula for the
rigid-body motion:

3
L2 = lg + g]'l'Z (Beq (Az) - Beq (Al))

Where L and [, are corrected and observed A;—A, bond
lengths, respectively; Beq(41) and Beq(4;) are equivalent
temperature factors of A (cation, i.e. U, Si, Na) and A, (anion
i.e. O, F) atoms, respectively.

2.4 Chemical composition
The chemical analysis of soddyite was carried out with a

Hitachi FlexSEM 1,000 scanning electron microscope
equipped with EDS Xplore Contact 30 detector and Oxford
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Figure 1: The images of yellow platy crystals of soddiyte (a,b) and yellow prismatic crystals of Nay(UO,),(SiO4)F; (c,d) under optical microscope and BSE.

Table 1: Crystallographic data and refinement parameters for soddiyte

and Nay[(UO,),(Si04)F,].

soddyite Na,[(UO,),(Si04)F,]
Temperature (°C)
Radiation MoKa, 0.71073 A
Crystal system Orthorhombic Tetragonal
Space group Fddd IA/amd
a(R) 8.3246(4) 6.9749(2)
b (A) 11.2245(5)
c(A) 18.6734(6) 18.2807(12)
Volume (A%) 1744.83(13) 889.34(8)
dearc (9/cm?) 5.057 5.348
u(mm™) 37.246 36.658
Crystal size (mm) 0.05 x 0.06 x 0.14 0.03 x 0.5 x 0.11
6 Range (°) 4.24-27.37 4.44-27.89
h, k, | ranges -9 - 10, -8 -8,
-14 - 11, -6 —09,
-24 — 23 -24 — 12
Total reflections collected 2042 1256
Unique reflections (R 0.024 0.020
R1[F > 40F], WR1[F > 40F] 0.022, 0.054 0.014, 0.030
Ran, WRay 0.026, 0.055 0.018, 0.031
Goodness-of-fit 1.133 1.088

AZtecLive STD system of analysis. Analytical conditions
were: accelerating voltage 20kV and beam current 5nA.
Only U, Si and O were recorded, contents of other elements
with atomic numbers higher than that of beryllium were
below detection limits. The following standards and X-ray
lines were used: Si-Si0y, Ko; U-UO,, Mp.

The chemical composition of soddyite is (wt%, H,0
content calculated by stoichiometry): SiO, 8.87, UO; 85.93,
H,0 5.39, total 100.19. The empirical formula based on 8 O
apfu and 2 H,0 molecules is Uy.41Sip.9905(H20)y.

Qualitative electron microprobe analysis of NAUSIF
carried out using TM3000 (Hitachi, Tokyo, Japan) revealed
no other elements, except U, Si, F and Na, with an atomic
number greater than 11 (Na).

2.5 Powder X-ray analysis

The PXRD of Nay[(U0O,),(Si04)F,] and soddyite were studied
in air by means of a Rigaku Ultima X-ray diffractometer (Cu-
Ka radiation). The samples were prepared using heptane.
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The speed of the experiment is 2°/min. Unit-cell parameters
were refined by least-square methods.

2.6 High-temperature X-ray powder
diffraction study

Thermal behavior of soddyite was studied in air by means of
a Rigaku Ultima X-ray diffractometer (Cu-Ka radiation) with
a high-temperature camera Rigaku HTA 1600. The samples
were prepared from heptane’s suspension on a Pt-Rh plate.
The temperature step was 20 °C in the range of 25-1,000 °C.
Unit-cell parameters at different temperatures were refined
by least-square methods. Main coefficients of the thermal
expansion tensor were determined using linear approxi-
mation of temperature dependences by the ThetaToTensor
program.?’

2.7 Infrared spectroscopy

In order to obtain infrared (IR) absorption spectra
(Figure S1), powdered samples of NAUSIF and soddyite
have been mixed with dried KBr, pelletized, and analyzed
using an ALPHA FTIR spectrometer (Bruker Optics) with
a resolution of 4cm™. 10 Scans were obtained. The IR
spectrum of an analogous pellet of pure KBr was used as a
reference.

3 Results

3.1 Crystal structure of Na,(UO,),SiO4F, and
soddyite

In the both soddyite and NAUSIF structures, a single sym-
metry unique uranium atom contributes to a typical uranyl
cation (Ur; <U-Onp> = 1.773 A). In soddyite (Figure 2a), it is
coordinated, in the equatorial plane, by four oxygen atoms
from the silicate tetrahedra (<U-Oqq> = 2.250 A) and water
molecule (U-H,0 = 2.415 A) with formation of a UrO4(H,0)
pentagonal bipyramid. In NAUSIF, water molecule is
replaced by a fluoride anion (<U-Ogq> = 2.373 A, U-F = 2.211 A)
and an UrO,F polyhedron is formed (Figure 2b). The silicon
atoms center the typical SiO, tetrahedra (<Si—0> = 1.634 and
1.611 A for soddyite and NAUSIF, respectively). In the latter
structure, the sodium cations reside in the trans-NaO,F,
octahedra (<Na-0> = 2.290 &, <Na-F> = 2.777 A) (Figure 2c).

The bond-valence sums, calculated using the parame-
ters from Gagne and Hawthorne®® correlate well to the
formal valences of the atoms (Table S1). The slight
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overbonding for the silicon atoms is rather commonly
observed among the structures of uranyl silicates.2**

In both structures, the UO; polyhedra share edges to
form chains (Figure 2d and e) rather common for uranium
minerals.® The silicate tetrahedra decorate these chains
sharing edges with the UO; bipyramids so that the latter
feature a single terminal vertex occupied by water molecule
in the structure of soddyite (Figure 2d), and by F- in NAUSIF
(Figure 2e). As a result, either neutral [(UO,),(Si0,4)(H,0),] or
negatively charged [(UO0,)5(Si0,)F,]* chains are formed.
These chains link via the opposite edges of the silicate
tetrahedra to form microporous frameworks with channels
of 3.84 x 4.51 A and 3.80 x 4.55 A, respectively (Figure 3). In
NAUSIF, the channels are occupied by sodium cations.

Soddyite is orthorhombic (Fddd), while NAUSIF is
tetragonal (I4;/amd). In the former structure the chain
propagation directions intersect at the acute angle of 73°
(Figure 3b), while in the latter, this angle is 90° (Figure 3d).
Note that the soddyite structure, after weeksite,* is just a
second example of a microporous framework among uranyl
silicate minerals.

3.2 Single crystal X-ray HT study of NAUSIF

A polythermal single-crystal X-ray experiment for NAUSIF
was conducted in the 25-725°C range with an increment
of 50 °C, and the structure was refined at each step (see the
cif files in Supplement). The compound is stable until its
melting point of 625 + 25°C. Thermal dependences of its
unit-cell parameters can be satisfactorily described by
linear functions, a(T) = 6957 + 0.052 x 107°T,
o(T) = 18.283 + 0.009 x 10° T, V(T) = 885.1 + 13.8 x 10°T
(Figure 4)

The thermal expansion of NAUSIF is strongly aniso-
tropic (ay; = 7.0, as; = 1.0, ay = 15 x 10° K™). It is underpinned
by the anisotropy of thermal evolution of bond lengths and
angles in the coordination polyhedra. In UO-, upon heating
from 25 to 625 °C, the elongation of uranyl bonds is within the
standard deviation of 0.003 A; the U1-0O1 bonds, aligned
along a, expand twice as less (Ad = 0.014 A) compared to
U1-01, aligned nearly along ¢ (Ad = 0.027 A). In the meantime,
the U-F1 bond lengths remain nearly invariable
(Ad = 0.005 A). The same is true for the strong covalent Si-O
bonds (Ad = 0.002 A). The thermal expansion of the NaO4F,
octahedra is strongly anisotropic. Their main axes form a 50°
angle towards c. The elongation rate for the Na-F bonds
(Ad = 0.069A) is nearly thrice above that of Na-02
(Ad =0.025 A). Between 25 and 625 °C, the 02-02 edge lengths
increase from 3.380 to 3.442 A. The edge lengths in the UOgF
polyhedra also increase anisotropically. The 01-01 edge,
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Figure 2: Coordination environments of atoms in soddyite and NAUSIF. U% and Si*" coordination in the structure of soddyite (a) and NAUSIF (b)
coordination of Na* in chains in NAUSIF (c) uranyl silicate chains in soddyite (d) and NAUSIF (e).

Figure 3: Projections of the soddyite structure along [112] (a) and onto ab plane (b); projections of NAUSIF structure onto bc (c) and ab (d) planes. Angles
between the directions of chain propagation are also indicated.
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Figure 4: Projection of the NAUSIF onto ac, thermal dependences of the unit-cell parameters and sections of thermal expansion tensors. Arrows indicate
the changes in bond lengths in the polyhedra upon heating (red = expansion; green = nearly constant). The error bars are smaller than the size of markers.

shared by the UOgF and SiO, polyhedra, increases from 2.45 Thermal dependences of unit cell parameters are

to 2.54 A. The 01-U1-01 changes from 162.89 to 163.85°. satisfactorily described by second-order polynomials

(Figure 5b). Upon heating, the b and c decrease while a in-

creases. The thermal expansion is also strongly anisotropic;

3.3 Thermal expansion of soddyite studied the structure shrinks along b and expands along a. In fact,

by powder X-ray diffraction the orthorhombic (Fddd) a call parameters b tend to

approach the same value of ca. 9 A, which is the tetragonal

The mineral is stable until 325 + 25 °C. Between 325 and 640 °C,  cell parameter for NAUSIF. Yet, the symmetry remains

the PXRD pattern contain just several weak reflections; orthorhombic in the whole temperature interval (Figure 6).

above 640 °C, crystallization of UsOg is observed (Figure 5a). Increase of the symmetry upon heating is a commonly

Upon heating, the positions of soddyite reflections shift observed phenomenon,* frequently due to hinge of shear
essentially which is caused mainly by the dehydration. deformations of the structure.
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Figure 5: Thermal evolution of PXRD pattern of soddyite (a) and thermal dependence of its unit-cell parameters (b). The U3Og reflections are highlighted
in red. The error bars are smaller than the size of markers.
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As noted above, the frameworks in the structures of
soddyite and NAUSIF exhibit the same topology yet the
angles between chain propagation directions are different.
Itis reasonable to suggest that upon increasing temperature,
the orthorhombic framework of soddyite tends towards
tetragonal symmetry with this angle increasing from 72 to
90°. Note that at elevated temperatures, the a and b unit-cell
parameters of soddyite are related to the tetragonal a
parameter of NAUSIF approximately by factors of v/2/2 and
V2, respectively.

4 Concluding remarks

In the current work, we investigated, for the first time, the
thermal behavior of soddyite (via powder XDR) and a related
compound NAUSIF (via single-crystal X-ray diffraction). The
former is stable until 325 + 25°C, while the latter, until
625 + 25°C. Based on the structural data, we suggest a way
of approximating anisotropy of thermal expansion. Despite
the topological similarity of the frameworks, the thermal
stability and expansion parameters of soddyite and NAUSIF
are essentially different. For the latter, thermal expansion
is not so anisotropic as for the former. Thermal evolution
of the mineral suggests the presence of hinge or shear
deformations so that the structure approaches a higher
symmetry; that of NAUSIF exhibits a moderate anisotropy
of thermal expansion. These differences can be explained
considering change of chemical composition of the mineral
due to water release and presence of sodium cations in the
channels in NAUSIF. Reference data on soddyite revealed
two steps of mass loss upon heating, water release at
300-460 °C, and oxygen evolution at 640-740 °C. In general,
our data agree to these observations except that some weak

Figure 6: Chain linkage in the structures of
soddyite (a) and NAUSIF (b). The hinge
deformation is represented schematically
below.

J 900
reflections persist in the 325-640°C range which may
indicate stepwise transformation. Formation of Us;Og
above 640 °C agrees to the previous reports.

Studies on oxidation of uraninite, as well as of SNF**
indicate that UO, is unstable under acidic conditions and the
rate of its transformation can be quite high. The most com-
mon oxidation products are schoepite (UO2)gO,(0H);5(H;0)12,
uranophane Ca[(UO»)(Si0s0H)],(H,0)s, bholtwoodite (K,Na)
[(UO)(Si0;0H)](Hz0),5, soddyite (UO,)y(Si04)(H0),, and
compreignacite K,(U02)s0,(0H)¢(H,0),. Abundant formation
of soddyite upon oxidation of uraninite was observed in
Nevada (Yucca Mountain) with intermediate formation of
becquerelite.*

Certain nuclides like Z"Np,*** *Cs, *Cs,* and *sr*’ can
accumulate in uranyl compounds. For their immobilization,
minerals with microporous structures are considered to
be more preferable.***” Among uranyl silicates, these are
weeksite and soddyite. Klingensmith et al. ** reported incor-
poration of NpO," into synthetic soddyite with concomitant
introduction of Na* into the channels, to keep the charge
balance: (UOy), x(NpO,)xNa,SiO,-2H,0.

According to Weck et al. * soddyite is unstable under
oxidizing conditions and transforms into studtite. One can
suggest that the electroneutral framework containing only
relatively weakly bound water molecules is prone to trans-
formations, possible via an exchange route. Our polythermic
studies demonstrate that soddyite decomposes above 325 °C.
Some analogies can be traced to the thermal behavior of
certain zeolites.>® On the other hand, NAUSIF is stable until
625 °C. Substitution of readily exchangeable (and expellable
upon heating) neutral water molecules in the uranium
coordination sphere by more strongly bound fluorine atoms
and further linkage of the structure by the sodium cations in
the channels essentially stabilizes the structure motif. Note
that the synthesis conditions for the artificial soddyite and
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NAUSIF are similar, and both compounds can crystallize
during one experiment (Wochten et al., 1997). Considering
simultaneous presence of soddyite and boltwoodite,
(K,Na)[(U0,)(Si0;0H)](H,0), 5, one could suggest formation
of NAUSIF during oxidation of uranium deposits in the
presence of F~. Comparison of soddyite and NAUSIF sug-
gests that the latter compound is more promising for the
immobilization of radionuclides.
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