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A complete Thy_,U(C504),-2H,0 solid solution was prepared by mild hydrothermal synthesis from a mixture of
hydrochloric solutions containing cations and oxalic acid. The crystal structure has been solved from twinned single
crystals for x=0, 0.5, and 1 with monoclinic symmetry, space group C2/c, leading to unit cell parameters of a~ 10.5A, b
~ 8.5 A, and c~ 9.6 A. The crystal structure consists of a two-dimensional arrangement of actinide centers connected
through bis-bidentate oxalate ions forming squares. The actinide metal is coordinated by eight oxygen atoms from four
oxalate entities and two water oxygen atoms forming a bicapped square antiprism. The connection between the layers
is assumed by hydrogen bonds between the water molecules and the oxygen of oxalate of an adjacent layer. Under
these conditions, the unit cell contains two independent oxalate ions. From high-temperature x-Raman and X-ray
diffraction studies, the compounds were found to undergo a transition to an orthorhombic form (space group Ccca).
The major differences in the structural arrangement concern the symmetry of uranium, which decreases from C2 to D2,
leading to a unique oxalate group. Consequently, the vs(C—0) double band observed in the Raman spectra recorded
at room temperature tured into a singlet. This transformation was then used to make the phase transition temperature
more precise as a function of the uranium content of the sample.
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Introduction

Several actinide-based materials, including oxides, carbides,
or nitrides, are currently studied as potential fuels for the fourth
generation (Gen-IV) of nuclear reactors." Among them, acti-
nide mixed dioxides are already successfully employed in
pressurized water reactors and are envisaged in several Gen-
IV concepts such as sodium-cooled fast reactors” or very high-
temperature reactors.” The extreme environment associated
with these reactors (temperature, pressure, radiation)* as well
as the necessity to develop a sustainable fuel cycle require
control of the physicochemical properties of the fuel material
on the micro-, meso-, and even nanometric scales.

Currently, mixed actinide dioxide fuels (such as UO,/Pu0O»)
are prepared through dry chemistry routes based on powder
mixtures. Nevertheless, it could result in some heterogeneity in
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the distribution of the cations in the structure.” Since wet
chemistry methods generally provide more homogeneous
samples than dry chemistry routes, the preparation of the
Th;_,U,O, model compounds was undertaken through pre-
cipitation processes leading to crystallized precursors,® as a
model for the forthcoming synthesis of Thy_,Pu,O,, Th;_,-
Np,O,, or U;_Pu,O, compounds. The final goal of this study
aims to correlate the nature of the precursor and its method of
preparation to the microstructure of the final dioxide and some
interesting properties such as the chemical durability. Indeed,
some recent studies already demonstrated that the preparation
method could significantly influence the behavior of actinide
dioxides during dissolution’~ and sintering processes.'°

(5) Buisson, P. Ph.D. Thesis, University Grenoble 1, Grenoble, France,
GREI1-0519, 1999.

(6) Arab-Chapelet, B.; Grandjean, S.; Nowogrocki, G.; Abraham, F.

. 2007, 444/445, 387-390.

(7) Heisbourg, G.; Hubert, S.; Dacheux, N.; Ritt, J. jsbusidtey. 2003,
321, 141-151.

(8) Heisbourg, G.; Hubert, S.; Dacheux, N.; Purans, J. gisiidetey.
2004, 335, 5-13.

(9) Hingant, N.; Clavier, N.; Dacheux, N.; Barré, N.; Hubert, S.; Obbade,
S.; Taborda, F.; Abraham, F. gaiesstidiay. 2009, 385, 400-406.

(10) Hingant, N.; Clavier, N.; Dacheux, N.; Hubert, S.; Barré, N.; Podor,
R.; Aranda, L. Powder Tech. 2010, in press.

Published on Web 01/22/2010 pubs.acs.org/IC



1922 Inorganic Chemistry, Vol. 49, No. 4, 2010

Several compounds are usually reported in the literature as
precursors for the preparation of actinide dioxides, including
carbonates,'" nitrates,'? or hydroxides.'> Among them, oxa-
late compounds are probably the most frequently employed
due to the good properties exhibited by the final solids obtained
after heating at high temperatures, particularly concerning the
sintering capability'* and the grain size homogeneity.'"> Also, it
was recently evidenced that the use of hydrothermal conditions
during the synthesis could lead to the preparation of original
compounds, usually unreachable through conventional
methods, such as the orthorhombic U(C204)2-2H2016 and
the monoclinic Th(C,04)»(H,0),-2H,0.!” These phases also
generally exhibit the properties described above in terms of
sintering capability and homogeneity.'®

Numerous papers described the crystal structure of various
actinide-bearing oxalates, the nature of the lattice being
mostly dependent on the oxidation state of the cation. The
chemistry of uranyl oxalates appears to be very rich since at
least a dozen different structures were refined due to the
various combinations in the U022+/ C,04>" ratio and in the
nature of the monovalent cation incorporated.'”~>' For
mixed An"/Ln"™*72* or An'"Y/An"™?* compounds, three
different structures are reported, depending mainly on the
An(IV)/An(I1I) nature and the An(IV)/An(III) ratio. Among
them, the hexagonal MQHAan_XAnIHx(C204)5 -nH,0 and
the tetragonal M; _X[AnIIl 1 _xAnwx(C204)2- H,O] - nH,0 (where
M is a single-charged cation incorporated to ensure the
electroneutrality) solid solutions were of particular interest
since they allow the coconversion of tri- and tetravalent acti-
nides into mixed fluorite-type oxides after heat treatment at
high temperatures. Finally, the crystal structure of tetra-
valent actinide oxalates mainly varies with the hydration of the
samples. Indeed, a triclinic structure was reported in the mid
1960s for An"(C,04),-6H,0 (An'Y = Th, U, Np, Pu) from
powdered compounds by Bressat et al.”® and Jenkins et al.>’
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before it was assumed to be a monoclinic lattice from the data
collected on neptunium-based single crystals as reported
by Grigor'ev et al.*® For dihydrated An'Y(C,0,),-2H,0
(An"Y = Th, U) compounds, an orthorhombic lattice is
generally assumed.'®?” On this basis, the preparation of
oxalate precursors of Th;_,U,O, (0 < x < 1) solid solutions
from hydrothermal conditions was undertaken in this
work. The formation of a complete solid solution Th;_, U -
(C504),:2H,0 was carefully investigated through X-ray
diffraction, and it was revealed that the actual symmetry of
the dihydrate is monoclinic. A transition to the orthorhombic
form was evidenced by high-temperature X-ray diffraction
and u-Raman studies, and this is discussed on the basis of the
crystal structure of both forms (monoclinic and orthorhom-
bic), determined from single crystals at room temperature
and 90 °C, respectively. Moreover, the influence of the
amount of uranium on the u-Raman spectrum of both
crystalline forms was evaluated and compared to the data
reported in the literature for natural oxalates.”” On this basis,
a linear law giving the phase transition temperature as a
function of the chemical composition was determined.

Experimental Section

Synthesis. Chemical reagents were supplied by VWR, Merck,
and Aldrich-Fluka. A concentrated thorium chloride solution
(C ~ 1.8 M) was issued from Rhodia, while uranium chloride
was obtained by dissolving uranium metal chips in 4 M hydro-
chloric acid. The initial solutions were then diluted, and final
concentrations were estimated to be 0.7 and 1.1 M, respectively,
using a titration method developed by Dacheux et al.**"* In
order to check the uranium oxidation state in the final hydro-
chloric solution, several methods were used, including UV—
visible spectroscopy (mainly focused in the 350—450 nm and
600—700 nm areas for U(VI) and U(IV), respectively), as
already described when discussing the synthesis of thorium—
uranium(IV) phosphates.>* Additionally, the direct comparison
of titration results obtained for total uranium (spectrophoto-
metry after complete oxidation of uranium(IV) into uranyl by
H»O5 in nitric acid) and uranium(IV) (back-titration by iron(II)
sulfate) of the excess potassium dichromate resulting from the
oxidation of U(IV) by the Cr,O5> ion led us to conclude that
less than 1% of global uranium was oxidized as UO,>* in the
prepared solution.*'*

The synthesis of Th;_,U (C,04),-2H,0 solid solutions for 0
< x = 0.8 started from the initial precipitation of a stoichio-
metric mixture of hydrochloric solutions containing the cations
introduced in a PTFE container by the dropwise addition of a
weak excess (& 2%) of an oxalic acid solution (C ~ 1.8 M). The
PTFE container was introduced in a closed 45 mL Parr acid
digestion bomb, then heated in an oven for a week at 130 °C. The
operating conditions in terms of heating time and temperature
were fixed in order to obtain an optimal crystallization state of
the samples, that is, the lower average FWHM values on XRD
patterns. The precipitates obtained were separated from the
supernatant by filtration or centrifugation, washed several times
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with deionized water and ethanol, dried at about 70 °C over-
night, and then finally ground in an agate mortar.

Powder X-Ray Diffraction. After preparation of pure
powdered samples for each studied composition (x = 0, 0.1,
0.3,0.5, 0.6, 0.8), the unit cell parameters were refined by using
powder X-ray diffraction data collected with a Bruker D8 0/0
diffractometer equipped with Cu Ko radiation (A= 1.54178 A),
using Bragg—Brentano geometry, with steps of 0.02° and a
counting time of 20 s per step, within an angular range of
5—80° in 26. The unit cell parameters were refined from the
powder diffraction pattern using the Rietveld method.>>*® The
refinement was carried out using the “pattern matching” option
of the Fullprof program,’” where only the profile parameters
(cell dimensions, peak shapes, background, zero point correc-
tion, and symmetry) were refined. The peak shape was described
by a pseudo-Voigt function with an asymmetry correction at low
angles. In order to describe the angular dependence of the peak
full-width at half-maximum (H), the formulation of Caglioti
et al.®® was used: H>= U tan> 0 + V tan 6 + W where the U, V,
and W parameters were refined in the process.

The high-temperature X-ray powder diffraction patterns
were recorded using a BRUKER AXS D8 advance powder
diffractometer (Cu Ka radiation) in /6 Bragg—Brentano geo-
metry equipped with an HTK 1200 Anton Paar chamber and a
PSD detector (Super Speed VANTEC-1). The samples were
deposited on an alumina holder. Experiments were performed
over a temperature range from room temperature to 120 °Cin an
air atmosphere. The high-temperature X-ray diagrams (HT-
XRD) were recorded between 8 and 70° (20 domain) with a step
of 0.015° (20) and a counting time of 30 min per diagram.

Single-Crystal X-Ray Diffraction and Structure Determina-
tion. For the crystal structure determinations, well-shaped
greenish single crystals of Th;_,U,(C504),:2H,0 solid solu-
tion, with x=0, 0.5, and 1, were selected, mounted on fiberglass,
and aligned on a Bruker X8 diffractometer equipped with an
APEXII CCD detector. The X-ray intensity data were measured
at room temperature using Mo Ka radiation (1 = 0.71073 A)
selected by a graphite monochromator. For each single crystal,
a strategy based on a combination of ® and Q scans was
chosen, with a rotation of 0.3° and an acquisition time of 30 s
per frame. According to the cell parameters of each compound
and the high quality of the selected crystals, the scan angles
were adjusted to limit the overlapping of reflections. Thus, the
diffracted intensities were collected up to 20 = 83.22°, 81.42°,
and 87.38° for x =0, 0.5, and 1, respectively. After each data
collection, intensities were reduced and corrected for Lorentz
polarization and background effects using the SAINT 7.12
software.”® Once the data processing was performed, the
absorption corrections were computed using a semiempirical
method based on redundancy using the SADABS 2004/1
program.*

Monoclinic unit cells were refined, leading to parameter unit
cells with integrating independent reflections (> 20(1)). For each
collection, examination of the systematic absences (hkl, h + k=
2n + 1 and 10/, 1=2n + 1) led to the choice of the C2/c space
group. The crystal structure was solved by direct methods using
the XS program of the SHELXTL software package*! that
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localizes the heavy atoms, that is, uranium or thorium. The
oxygen, carbon, and hydrogen atomic positions were deduced
from subsequent refinements and difference Fourier syntheses
using the XL option of the SHELXTL software. The atomic
scattering factors for neutral atoms were taken from the “Inter-
national Tables for X-Ray Crystallography”.** A twin model of
monoclinic symmetry with # ~ 90° (twining matrix [100, 0—10,
00—1] and refined ratio BASF =0.47434, 0.52207, and 0.48393
for x = 0, 0.5 and 1, respectively) was used. Crystal data,
conditions of data collection, and structure refinement para-
meters are reported in Table 1.

The single crystal of ThysUg 5(Cy04),-2H,0 was heated
using an Oxford Cryosystems 700 heating device on a Bruker
SMART diffractometer equipped with an APEX II CCD
detector. The X-ray intensity data were measured at 90 °C using
the same data collection, reduction, and correction procedures.
The orthorhombic unit cell was refined, leading to a=10.4843(3) A,
b=18.5344(2) A, and ¢ =9.5975(2) A. The structure was solved in
the Ccca space group.

Analysis. SEM micrographies were obtained with a Hitachi
S-4800 high-resolution microscope or an FEI QUANTA FEG
200 ESEM environmental scanning electron microscope.

Electron probe microanalyses (EPMA) were carried out using
a Cameca SX50 or SX100 apparatus. Adequate conditions of
analysis were set at an acceleration voltage of 15 kV and 10 nA
with counting times of 10 s on peak and 5 s on background. The
electron beam was focused in order to perform the analysis on a
1—3 um? volume. Thoria ThO, (M, ray of thorium) and urania
UO, 1> (Mg ray of uranium) were used as calibration standards.
For each sample, the average of at least 10 measurements was
considered.

Spectroscopy. Finally, u-Raman spectra were recorded with a
Horiba-Jobin Yvon Aramis apparatus equipped with a Notch
filter and using a He—Ne (632.8 nm) or a Nd:YAG (532 nm)
laser. The laser beam was focused on the sample using an
Olympus BX 41 microscope, resulting in a spot size of about
1 um~. In order to avoid any structural effect due to the laser
beam, the power applied to the samples was set to 4 mW. At least
four different locations were investigated at the surface of each
sample, usually considering a dwell time of 10 s and an average
of five scans.

In situ temperature measurements were undertaken thanks to
a Linkam TS1500 hot stage cooled by a water flow. The sample
was placed in a platinum crucible and heated from room
temperature to 140 °C at a rate of 20 °C min~'. Spectra were
acquired every 3 °C considering a dwell time of 10 s and an
average of at least three scans. In order to eliminate the eventual
contribution of heterogeneities in the solid, one grain was
followed during heating, and the repeatability of the measure
was checked at several points in the sample.

Results and Discussion

1. Thy_U(C;04),-2H,0 Solid Solutions. 1.1. SEM
and EPMA Characterization. From SEM observations,
the morphology of the powders was found to be strongly
dependent on the chemical composition, that is, on the x
substitution rate (Figure 1). For x =0 (thorium oxalate),
the sample is mainly constituted of well-defined small
single crystals of 20—50 um. When introducing tetra-
valent uranium in the solids, the shape of the grains
stretches to give birth to bipyramidal crystals. Moreover,
for the highest uranium contents, they appear to be less
defined, while the apparition of a second population of
small micrometric grains was observed in the samples
during granulometric experiments.
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Table 1. Crystal Data, Intensity Collection, and Structure Refinement Parameters for a-Th_,U(C,04), - 2 H,O, x = 0, 0.5, 1 and -Thg sU, 5(C,04), + 2 H,0

a-Th(CzO4)2 . ZHQO

a-Thy 5Ug 5(C504),-2H,0

a-U(C204),-2H,0 B-Thy sUo.5(C204)2-2H,0

crystal data

cryst symmetry monoclinic monoclinic monoclinic orthorhombic
space group C2/c (n°15) C2/c C2c Ccca (n° 68)
chemical formula weight (g mol™") 444.11 i 447.11 . 450.10 . 447.11 .

a = 10.4029(7) A a = 10.4020(5) A a = 10.4213(7) A a = 10.4843(3) A

b = 8.4756(6) A b = 8.4631(4) A b = 8.4586(6) A b = 8.5344(2)
unit cell ¢ = 9.7566(6) A ¢ =9.6787(4) A ¢ = 9.5290(7) A ¢ = 9.5975(2)

B = 90.041(3)° B =90.019(2)° B = 90.082(4)° i

¥ = 860.20(1) A* v = 852.05(7) A® V= 839.98(9) A* V = 858.76(4) A*
VA 4 4 4 4
density (g/cm’®) 3.429(1) 3.485(1) 3.559(1) 3.457(2)

data collection
temperature (K) 296(2) 296(2) | 296(2) | 363(3) |
radiation Mo(Ka) 0.71073 A 0.71073 A 0.71073 A 0.71073 A
scan mode  scans  scans  scans ¢ and o scans
recording angular range (deg) 2.09—41.61 2.10—40.71 2.14—43.69 3.74—43.30
—18=<h=18 —17=h=19 —-19=<h=19 —13=h=20
recordingreciproca]space —15<k=<13 —14<k=<15 —15<k=<15 —12<k=<16
—-17=<1=19 —-17=1=17 —16=</=18 —18=</=16
measured reflns 21904 22630 13323 13049
R equivalents: Ry, 0.0249 0.0308 0.0309 0.0339
independent reflns 2779 2721 3129 1592
absorption u (cm™) 173.78 183.20 193.37 183.20
refinement”

refined params/restraints 79/0 79/0 78/0 40/0
goodness of fit on F* 1.078 1.013 1.027 1.128
RI1 [ > 20(D)] 0.017 0.013 0.017 0.021
wR2 [I > 20(])] 0.035 0.027 0.032 0.041
R1 [all data] 0.026 0.018 0.028 0.043
wR2 [all data] i 0.038 0.029 0.036 0.045
largest diff peak and hole (¢ A™3) 2.558/—1.192 1.522/—1.515 1.901/—2.710 1.126/—0.945

“R1 = S (|F,| — [F))/>|F,|. wR2 :[ZW(FOZ - 1~"62)2/ZW(F02)2 12w = 1/[0*(Fy?) + (aP)* + bP], where a and b are refinable parameters and

P = (F2 4+ 2F2)/3.

EPMA experiments confirmed that all the compounds
were single phase since the elementary weight loadings as
well as the mole ratios agreed well with the calculated
values (Table 2). Particularly, the uranium amount was
found consistent with that expected which confirms that
the oxidation state (+1V) was fully stabilized in the initial
solution and during the crystallization step, leading to a
quantitative precipitation.

1.2. Powder X-Ray Diffraction. The X-ray powder
diffraction patterns of the samples prepared for 0 < x <
0.8 are close to that greviously reported for M(C,04),-
2H,O (M = Th, U)*** and indexed in an orthorhombic
unit cell. However, splitting of some reflections indicates
a less symmetric cell. In fact, all of the reflections can be
indexed in a monoclinic unit cell (C-centered) with refined
unit cell parameters close to those of the orthorhombic
cell (Table 3). Figure 2 shows the good agreement
between observed and calculated powder X-ray diffrac-
tion patters for Thy;Uq 3(C>04),-2H>0, while the split-
ting of reflections is zoomed in the insets. Figure 3 shows a
nearly linear variation of the unit cell parameters with x,
confirming the existence of a solid solution. The » and ¢
parameters which correspond to the two-dimensional
actinide—oxalate arrangement slightly decrease when x
increases. This trend is in agreement with the ionic radius
decreasing from Th(IV) to U(V). Meanwhile, the «
parameter, which corresponds to the interlayer distance
slightly increases. These results show that the monoclinic

distortion of the unit cell diminishes from Th to U end
members. Furthermore, the deterioration of the crystal-
linity with the uranium amount leads to an overlapping of
the split reflections for U(C,04),+-2H,0: under these
conditions, the monoclinic unit cell parameters are not
well refined and do not fit with the variation throughout
the solid solution.

1.3. Crystal Structure Determination of Th,_,U,-
(C504)2:-2H,0, x =0, 0.5, 1. The crystal structure of the
uranium(IV) oxalate dihydrate has been recently reported
with orthorhombic symmetry using the Ccca space
group.'® Refinement of the unit cell parameters from
the powder XRD pattern led to a = 8.5449(8) A, b =
10.497(7) A, and ¢ =9.419(8) A, which was in agreement
with previously reported results.>?’” Moreover, a preli-
minary structural approach recently performed using a
Th(C,04),-2H,0 single crystal obtained with a hydro-
thermal reaction and in situ oxalate synthesis'’ suggested
an orthorhombic unit cell with a = 8.4573(8) A, b =
10.3764 (10) A, and ¢ = 9.7533(9) A and a layered
structure isotypic with that of U(C,04),+2H,0.

Single crystals of Th(C,04),:2H>O and ThysU s-
(C504),-2H,0 were selected under an optical microscope
for an X-ray crystal structure study. A first approach
confirmed the orthorhombic unit cell and a structure
isotypic with that of U(C,04),+-2H>0.'® However, as in
the uranium compound, the U;; atomic displacement
parameter for the atom O(1) was too weak. Moreover,
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Figure 1. SEM micrographies of Th;_,U.(C>0,),-2H,0 solid solutions.

Table 2. EPMA Results for Th;_,U,(C,04),+2H,0 Solid Solutions

wt (%) Th wt (%) U U/(Th + U)
X substitution rate calcd exptl caled exptl exptl

0 523 524+0.1
0.1 47.0 48.8408 54 48408 0.09+0.02
0.3 364 37.8+1.7 160 156+1.7 0.30+0.03
0.5 260 274+1.8 26.6 27.3+1.6 0.50+0.01
0.6 20.7 222421 319 337423 0.61+0.04
0.8 10.3 12.0+1.1 414 41.0£1.0 0.784+0.02

a close examination of the reciprocal space revealed a
splitting of the reflexions, so the crystal structure was
refined in a monoclinic cell in agreement with the powder
results, and a twinning of the crystal was introduced
(see the Experimental Section). The results were thus
improved. All of the atomic displacement parameters
have acceptable values, and even the hydrogen atoms of
the water molecules were located and their coordinates
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Table 3. Refined Unit Cell Parameters and Volume of Th;—, U (C504),-2 H,O
Solid Solutions and Comparison with Re-examined U(C,04),-2H,0

x a(A) b (A) c(A) B V(A%
0.0 10.3881(3) 8.4641(3) 9.7508(4) 90.497(3) 857.3(1)
0.1  10.3938(2)  8.4633(2)  9.7401(2)  90.470(2)  856.8(1)
0.3 10.3951(2) 8.4616(2) 9.7044(2) 90.449(1) 853.6(1)
0.5 10.3994(3)  8.4611(3)  9.6719(3)  90.430(2)  851.0(1)
0.6  10.4054(3)  8.4603(2)  9.6403(3)  90.403(2)  848.6(1)
0.8 10.4135(2) 8.4558(2) 9.5799(2) 90.361(1) 843.5(1)
1.0 10.4552(9) 8.5071(8) 9.4208(8) 90.322(7) 837.9(3)

refined. The crystal structure of U(C,04),-2H,O was
thus re-examined in the monoclinic symmetry using a
single crystal g)repared as described by Duvieubourg-
Garela et al..'® and this confirmed the results obtained
for the thorium-bearing compounds.

The main features of the structure previously described
in the orthorhombic symmetry for the uranium
compound are confirmed: the structure is built from a
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Figure 4. Projection along the @ axis of the metal organic framework of
Th;_, U(C,04),-2H,0 at room temperature (o form) (a) and above the
transition (S form) (b).

Table 4. Main Interatomic Distances (A) for a-Th;_, U (C>04),:2H,0, x = 0,
0.5, 1 and ﬂ-Th0V5U0_5(C204)2'2H20

RT 90 °C
dth-o dthiu-o dy—o drhu-o

M—-02 (2 x) 2.480(2) 2.460(2) 2.433(3) (4 x)2.462(2)
M—-04 (2 x) 2.482(2) 2.469(2) 2.452(3)
M—-05 (2 x) 2.508(4) 2.493(3) 2.452(7)
M-O0I1 (2 x) 2.512(2) 2.498(2) 2.483(2) (2 x)2.517(3)
M—-03 (2 x) 2.551(3) 2.541(2) 2.500(6) (4 x) 2.501(2)
average 2.507(2) 2.492(2) 2.464(4) 2.490(2)

dc-o
C1-03 1.242(3) 1.243(2) 1.241(3) 1.233(4)
C1-02 1.255(4) 1.255(3) 1.254(4) 1.259(3)
C2-05 1.240(4) 1.238(3) 1.244(4)
C2—-04 1.261(4) 1.263(3) 1.244(4)

dc—c
Cl1-Cl1 1.523(4)) 1.529(3) 1.525(6) 1.530(4)
Cc2—C2 1.546(4)) 1.545(3) 1.538(5)

du-o
Ol1—H1 0.89(6)) 0.85(4) 0.91(5) 0.83(6)
O1—-H2 0.85(6) 0.77(6) 0.60(7)

two-dimensional metal organic framework parallel to the
(100) plane resulting from M(IV) (M = U, Th) centers
connected trough bis-bidentate oxalate ions (Figure 4a);
the metallic atom is coordinated by eight oxygen atoms
from four oxalate entities and two water oxygen atoms
forming a bicapped (by oxygen coming from water)
square antiprism (Table 4). The layers are stacked in the
[100] direction in an ABAB fashion; two adjacent layers
are translated so that the metals of one layer are above the
center of the square of the metal-oxalate four-side cycle of
the adjacent layers. However, in the actual monoclinic
symmetry, the unit cell contains two independent oxalate
ions, (C10203), and (C20405),, both possessing a
symmetry center at the middle of the C—C bond. The
precise location of hydrogen atoms allows us to propose a
hydrogen bond scheme between the layers (Figure 5a):
one water oxygen is connected to two oxalates that belong
to the environment of the same metal of the adjacent layer
through a short hydrogen bond involving the H1 atom to
the O(4) atom of one oxalate moiety and through a bifid
hydrogen bond involving H2 to two oxygen atoms, O(2)
and O(3), belonging to the same carboxylate part of
another oxalate ion (Table 5).

1.4. u-Raman Investigations. The u-Raman spectra
recorded for Th(C»04),-2H,0 (Figure 6) and Th;_, U -

Figure 5. Scheme of hydrogen bonding between the layers for the a
form (a) and the 8 form (b) of Th;_ U (C504),-2H,0.

(C504),-2H,0 solid solutions are in good agreement with
the rich literature devoted to natural oxalates.?®* ™%
Below 300 cm ™!, the numerous vibration bands observed
correspond to the elongation and the deformation of the
An'V—0 bonds, as well as to the lattice modes. The
doublet observed near 500 and 520 cm ™', as well as the
band close to 790 cm ™', was assigned to the 5(O—C—0)
bending and rocking modes, while the stretching of the
C—Cbond was correlated to the band recorded at around
920 cm ™ '. Above 1000 cm ™', the two bands observed at
1480 cm ™', on the one hand, and at 1630 cm ™', on the
other hand, were linked to the symmetric (v;) and anti-
symmetric (v,s) stretching modes of the C—O vibration,
respectively.

It is worth noting the existence of a doublet for the
v(C—0) vibration mode, in good agreement with the
XRD study which allowed for the pointing out of two
distinct oxalate ions in the unit cell. Indeed, the group
theory assignment under the C; symmetry theoretically
only allows one vibration mode (A,) for the v4(C—0)
stretching,”®>! and the double band observed probably
came from this structural feature. Also, even if the pre-
sence of two bands in the 1450—1490 cm ™' region has
been already described in the literature, no satisfying
explanation was proposed. Among them, Ito et al. as-
signed the 1450 cm” ! band to the combination vs + vg,>>
while Begun argued for a resonance band correspondlng
to 2vg,>* but both authors were contradicted.’* Another
argument lies in the possible presence of free oxalates in
the system, which can be responsible for the additional
band.>° Nevertheless, it appears to be widely unlikely in
our study, even if some oxalates could remain adsorbed
at the surface of the solids despite the washing steps
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Table 5. Hydrogen Bond Characteristics for a-Th;—,U.(C,04),-2H,0, x = 0, 0.5, 1 and -Thy sU 5(C504),+2H,0

01 — HI Hl---04 Ol---04 Ol1-HI---04 O1-H H---02 0l1---02 Ol1-H---02

o-Th 0.89(4) 2.00(4) 2.870(5) 164(4)

o-Th/U 0.85(4) 2.04(4) 2.881(3) 170(4)

o-U 0.88(5) 2.02(5) 2.923(6) 172(5)

B-Th/U 0.83(6) 2.19(6) 3.001(3) 165(5)
O1-H2 H2.--03 01---03 O1-H2---03 H2---02 O1---02 O1-H2---02

o-Th 0.85(9) 2.37(9) 3.134(7) 150(7) 2.34(7) 3.083(4) 146(6)

o-Th/U 0.77(7) 2.42(7) 3.119(5) 151(7) 2.39(6) 3.086(3) 151(6)

o-U 0.60(7) 2.51(7) 3.09(1) 163(8) 2.60(7) 3.099(5) 143(8)
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Figure 6. u-Raman spectra of Th(C,04),-2H,0 and variation of the
1(C—0) doublet of Th;_, U (C,04),-2H-0 solid solutions versus sub-
stitution rate x.

performed. Under these conditions, the v,(C—O) doublet
could be correlated to original arrangement of the oxalate
entities in the monoclinic structure.

Finally, the weak doublet observed at around 1705
cm ! was assigned to the antisymmetric stretching vibra-
tion of the C—O bond in the presence of water, as was
already described for several oxalate complexes.’’*
Moreover, the presence of a doublet could corroborate
the existence of two types of hydrogen bonds in the solid,
as evidenced from the structural description. Although

several bands remain unassigned, it could be assumed
that they result from the interaction of the oxalate bonds
with the water molecules. It could also be correlated to
the combination of several vibrations, such as for the
weak band observed at 1420 cm™ ', usually assigned to
s+ 3.

Complementary IR experiments confirm the presence
of the characteristic vibration modes of the oxalate
species, particularly at around 1305—1350 cm™' and
1605 cm™ ! concerning the symmetric and antisymmetric
stretching modes of the C—O bond, respectively.

The influence of the incorporation of uranium in the
structure of Th(C,04),-2H,0 on the u-Raman spectrum
was also evaluated through the variation of the doublet
corresponding to the v{(C—O) stretching mode empha-
sized in Figure 6. The spectrum of the thorium oxalate
dihydrate was found to be slightly affected by the Th—
U(IV) substitution since several bands appeared to be
metal-sensitive, such as the 6(O—C—0) and »(C—C)
modes located around 520 cm™ ' and 915 cm ™!, respec-
tively. Among them, the v((C—O) doublet appears parti-
cularly remarkable since the position of the second band
remains unchanged during the substitution of thorium by
uranium(IV), while the first one is shifted to the upper
wavenumbers when x increases. Indeed, its position lies
from 1476 to 1484 cm ™' between x =0 and x =0.8. These
observations agree well with that reported by Morris and
Hobart during the study of lanthanide oxalates.>® Only
the 6(0O—C—-0), »(C—C), and v(C—0O) modes were
found to be affected by the variation in the ionic radius
along the series of rare earth elements. Among these
vibrations, vs(C—Q0) appears as the most lanthanide-
sensitive since its position varies between 1476 and 1499
cm~ ! from lanthanum to erbium. In this study, the
variation appears less important, due to the low differ-
ence in the ionic radius of thorium and uranium(IV).%
Nevertheless, the v{(C—0O) doublet remains the most
affected and can be used as an original hint in the
evaluation of the chemical composition of Th;_, U,-
(C504),2H,0 solid solutions.

In comparison, the IR spectrum of Th(C-O4),-2H,0
seems to be less affected by the thorium—uranium(IV)
substitution. The wide band assigned to the v,,(C—0)
vibration appeared to be split into two components for
the thorium-based sample, while the two contributions
became convoluted for mixed compounds. This tendency
confirms the sensitivity of the C—O bond vibrations to the
cationic environment, as evidenced from the u-Raman

(57) Jaber, M.; Bertin, F.; Forel, M. T. iusialbmisbaig. 1979, 57, 876-882.
(58) Hug, S.; Sulzberger, B. g 1994, /0, 3587-3597.

(59) Morris, D. E.; Hobart, D. E.
(60) Shannon, R. D.

. 1988, 19,231-237.
. 1976, 32, 751-767.
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Figure 7. Variations of the (—202) and (20 2) reflections versus tem-
perature during heating (a) and cooling (b) steps.

spectra. Nevertheless, it was hardly possible to follow the
shift of the absorption bands with the variation of the
chemical composition, and the IR spectroscopy then
appears less efficient to evidence the influence of the
uranium rate in the solid.

2. Phase Transformation. 2.1. Powder X-Ray Diffrac-
tion. The pseudo-orthorhombic unit cell at room tempera-
ture with systematically twinned monoclinic single crystals
suggests a transition to an orthorhombic polymorph on
heating. Thus, the X-ray diffraction doublet at about 25° in
26 corresponding to (—202) and (202) reflections was
recorded every 2 °C on heating for Th(C-04),-2H>O
(Figure 7a). At about 64 °C, the relative intensity of the
two reflections is reversed, while at 104 °C, they are
transformed into only one peak. During the recording
of the full pattern at 110 °C, with the goal of refinement
of the orthorhombic unit cell parameters, the thorium
oxalate undergoes a transformation into the monohydrate,
and the reflection at about 25° in 20 disappears. In fact,
the dihydrate—monohydrate transformation tempera-
ture was reported to lie between 130 and 220 °C.%'~¢
The same experiment was then realized on ThysUj s-
(C504)>+2H50, for which monoclinic—orthorhombic
transition is observed at a lower temperature (about
85 °C). The X-ray pattern collected at 92 °C allowed the
refinement of the orthorhombic unit cell parameters to a =
10.4898(3) A, b =8.5366(4) A, ¢ =9.5945(3) A (Figure 8).
On cooling, the orthorhombic (denoted 5 form) to mono-
clinic (denoted a form) reverse transition occurs at 86 °C

(61) Aybers, M. T. joubinalenbdsiny. 1998, 252, 28-33.
(62) Joseph, K.; Sridharan, R.; Gnanasekaran, T. guisiidtar 2000,

281, 129-139.

(63) Oktay, E.; Yayli, A. jusisstkidtay 2001, 288, 76-82.

(64) Dash, S.; Krishnan, R.; Kamruddin, M.; Tyagi, A. K.; Raj, B.
sy 2001, 295, 281-289.

Figure 8. Observed (Y,ps), calculated (Y.,), and difference profiles
(Yobs — Yea) from refinement of X-ray powder diffraction data of
B-Thy sUg 5(C204),-2H,0. Allowed reflections are indicated by vertical
lines.

and is accompanied by the splitting of the (202) ortho-
rhombic reflection (Figure 7b).

2.2. Crystal Structure Determination of ThysU,s-
(C204),2-2H,0. As previously observed from the powder
X-ray diffraction experiments, for Th(C,04),-2H,0, the
orthorhombic phase dehydrates rapidly and the crystal is
destroyed on heating at 110 °C. For U(C,04),-2H,0, the
single crystal is of lesser quality; furthermore, the transi-
tion temperature is too close to the room temperature (see
section 2.3), so the measurement temperature is difficult
to stabilize. Consequently, the intensities were collected at
90 °C using a Thg 5U 5(C>04),+2H,0 single crystal for
the crystal structure determination of the orthorhombic
phase. Conversely to the refinement at room temperature
in the orthorhombic symmetry performed in a first stage,
all of the displacement parameters have acceptable va-
lues. The main features of the structural arrangement are
of course maintained. The major differences concern the
symmetry of the uranium environment, which increases
from C2 to D2 during the o to 3 transition. That leads to a
linear Ow—U—Ow entity and to a unique oxalate ion
(C10102), (Figure 4b). The oxygen—oxygen distances
indicate that hydrogen bonds are built. They involve a
water molecule and oxygen atoms O2 belonging to two
different oxalate ions of the neighboring layer, leading to
two equivalent bonds (Figure 5b) with Ow—O2 distances
equal to 3.001(3) A and a O2—Ow—02 angle of
110.17(8)°. In fact, the last difference Fourier synthesis
revealed a hydrogen atom near the Ow—02 bond, which
was introduced in the last refinement.

2.3. p-Raman Investigations. In order to evaluate the
consequences of the a — f phase transition of the
thorium—uranium(IV) oxalate dihydrate on the y-Raman
spectra recorded from room temperature to 120 °C, in
situ experiments were undertaken for several composi-
tions of a-Th;_, U (C,04),-2H,0 solid solutions (0 < x
< 0.8). Among all of the bands assigned to the character-
istic vibrations of the oxalate group in the previous
section, few of them seem to be affected by the heat
treatment. The M—O and the lattice mode vibrations
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are sli%htly shifted to the lower wavenumbers (of about
5cm™ ") as well as the 5(C—O) band around 305 cm™".
Also, for the bands located at about 920 cm ™' (v(C—C)),
1480 cm ™' (v,(C—0)), and 1705 cm™ ' (v,(CO—H)), the
doublet observed at room temperature progressively
turned into a single band when increasing the tempera-
ture. This appears in good agreement with the structures
determined from XRD data since the higher symmetry of
the unit cell observed after the o — f phase transition led a
unique oxalate group. Also, only one type of hydrogen
bond could be achieved with the water molecules located
between the layers. Under these conditions, the number
of possible vibration modes corresponding to the C—C,
the C—O---H, and the C—O bonds decreased, and the
associated bands turned single along with the phase
transformation. One can note that those vibrations were
also among the most affected by the thorium substitution,
which indicates a strong sensitivity to the structure, that
is, to the oxalate group configuration. As for the cationic
substitution, the most important modification of the
spectrum lies in the progressive transformation of the
v4(C—0) doublet (Figure 9). Under these conditions,
the apparition of a single band at around 1490 cm™'

Clavier et al.

could be correlated with the phase transition and could be
used to evaluate the temperature of transformation.
From all of the spectra recorded from Th;_, U (C504),-
2H,0 solid solutions between room temperature and
140 °C, the transition temperature appears to vary line-
arly with the uranium rate in the solid (Figure 10), while
those determined for x =0 and x = 0.5 are in very good
agreement with the values obtained from HT-XRD
experiments. The linear variation law deduced from the
u-Raman data also led to an evaluation of the tempera-
ture of transformation of pure uranium(IV) oxalate
dihydrate at around 40 °C.

Conclusion

A complete Th;_,U(C,04),-2H,0 solid solution was
prepared for 0 < x < 1 under mild hydrothermal conditions
(T =130 °C, ¢t = 7 days) from a mixture of hydrochloric
solutions containing cations and oxalic acid. A distortion of
the previously reported orthorhombic cell to a monoclinic
lattice has been evidenced throughout the solid solution, and
a phase transition was evidenced through high-temperature
XRD and u-Raman studies.

The crystal structure of the low-temperature o form was
determined in the monoclinic symmetry using twinned single
crystals. It consists of a two-dimensional metal organic
framework parallel to the (1 00) plane resulting from metallic
centers connected trough bis-bidentate oxalate ions, the
layers being stacked in the [100] direction in an ABAB
fashion. In this monoclinic symmetry, the unit cell contains
two independent oxalate ions, which results in the apparition
of a doublet assigned to the vy(C—O) vibration in the
u-Raman spectra. This band was found to be very sensitive
to the cationic environment and was proposed as an original
hint in the estimation of the chemical composition of the
samples. Finally, the accurate location of hydrogen atoms led
us to determine the bonding scheme between the layers which
featured one simple and one bifid hydrogen bond.

Following of the X-ray powder diffraction diagrams and
u-Raman spectra versus temperature then indicates a fully
reversible transition to an orthorhombic 5 form at tempera-
ture varying from about 40 °C (uranium(IV) oxalate) to
110 °C (thorium oxalate). The crystal structure of the 5 form
was determined at 90 °C for ThgsUg 5(C>04),-2H,0 and
mainly differs from the o form in the symmetry of the
uranium environment, which increases from C2 to D2. This
symmetrization led to a unique oxalate ion as well as to two
equivalent hydrogen bonds linking the layers together. Under
these conditions, the number of bands corresponding to the
C—C, the C—0O--+H, and the C—O vibration modes obser-
ved in the u-Raman spectra decreased. Particularly, the main
modification of the spectrum lied in the progressive trans-
formation of the v((C—O) doublet during heat treatment.
The apparition of a single band at around 1490 cm ™" was
thus correlated to the phase transition and allowed the
evaluation of the temperature of transformation of Th,_ U -
(C504),+2H,0 solid solutions. On this basis, the transition
temperature was found to decrease linearly with the uranium
amount in the solid, and a variation law was determined.

Several studies are now in progress to point out the partial
dehydration of the Th;_ U (C50,),-2H,0 solid solutions
leading to thorium—uranium(IV) oxalate monohydrates and
to determine accurately the crystal structure of the latter.
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