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a b s t r a c t

The new lanthanum uranyl vanadate divanadate, [La(UO2)V2O7][(UO2)(VO4)] was obtained by reaction

at 800 1C between lanthanum chloride, uranium oxide (U3O8) and vanadium oxide (V2O5) and the

structure was determined from single-crystal X-ray diffraction data. This compound crystallizes in the

orthorhombic system with space group P212121 and unit-cell parameters a¼6.9470(2) Å,

b¼7.0934(2) Å, c¼25.7464(6) Å, V¼1268.73(5) Å3, Z¼4. A full matrix least-squares refinement yielded

R1¼0.0219 for 5493 independent reflections. The crystal structure is characterized by the stacking of

uranophane-type sheets 2
1½ðUO2ÞðVO4Þ�

�
and double layers 2

1½LaðUO2ÞðV2O7Þ�
þ

connected through La–O

bonds involving the uranyl oxygen of the uranyl-vanadate sheets. The double layers result from the

connection of two 2
1½LaðUO2ÞðVO4Þ2�

�
sheets derived from the uranophane anion-topology by replacing

half of the uranyl ions by lanthanum atoms and connected through the formation of divanadate

entities.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

The chemistry of actinides, and in particular of uranium, has
attracted a renewal of interest these last two decades with the
improvement of reprocessing and assessment of nuclear waste
disposal. In this connection the crystal chemistry of inorganic
compounds containing uranyl has received considerable attention
and reveals an important diversity, either in minerals or in
synthesized compounds [1]. In particular, the association of uranyl
ion and various inorganic oxoanions such as vanadate, phosphate,
silicate, niobate, molybdate, etc., generates a vast number of
structures with varied architectures and dimensionalities. This large
structural diversity results from the numerous possible linkages
between the different uranium polyhedra which can be hexagonal
bipyramid, pentagonal bipyramid or square bipyramids and the
various inorganic oxoanion geometries which can be tetrahedron,
square pyramid, trigonal bipyramid or octahedron, depending upon
the nature of the post transition element (Si, P, As) or transition
metal in its highest possible oxidation states (V, Nb, Mo, W, etc.).

A part of interest of our group of research focuses on the solid
state chemistry of uranyl-vanadates compounds [2]. Uranyl-
vanadates comprise perhaps the most insoluble of uranyl
ll rights reserved.
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minerals [3], which is one of the reasons why they are so
abundant in nature. The natural uranyl-vanadate species the
most represented are the carnotite K2[(UO2)2V2O8] �3H2O [4],
the tyuyamunite Ca[(UO2)2V2O8] �5–8H2O [5], the Francevillite
(Ba,Pb)[(UO2)2V2O8] �5H2O [6] and the sengierite Cu2[(UO2)2

V2O8](OH)2 �6H2O [7]. Their structures consist on uranyl-vana-
date francevillite-type sheets 2

1½ðUO2Þ2ðVO4Þ2�
2�

built from UO7

pentagonal bipyramids bridged by centrosymmetric [V2O8]6�

units formed from two inverse VO5 square pyramids sharing an
edge. In most of the compounds, the interlayer space is
occupied by monovalent or divalent ions and H2O molecules
but trivalent aluminium can also be found in a few mineral
compounds such as vanuralite Al[(UO2)2V2O8](OH) �11H2O [8]
or metavanuralite Al[(UO2)2V2O8](OH) �8H2O [8]. Synthetic
compounds Mnþ

2/n[(UO2)2V2O8] � xH2O based on the uranyl-vana-
date francevillite-type sheet have been reported where Mnþ is
an alkaline metal [9], NH4

þ [10] or Agþ [11], an alkaline earth
[12,13] or a divalent transition metal [12,14] or an organic
template [15]. Other synthetic layered compounds with for-
mula (UO2)3(VO4)2 �5H2O [16], M6(UO2)5(VO4)2O5 with M¼Na,
K [17] and Rb [18], CsUV3O11 [19], Cs4[(UO2)2(V2O7)O2] [20]
were obtained and characterized. Although layered compounds
predominate due to the presence of uranyl ions that preclude
the connection in the third direction, three dimensional uranyl-
vanadate arrangements were synthesized in the presence of
small monovalent cations Liþ , Naþ or Agþ [21] or using
protonated amines as structure directing agents [22].

www.elsevier.com/locate/jssc
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Although the rare earths are found as impurities in some
uraninite ores, no uranyl vanadate minerals containing rare
earths was reported up today, to our knowledge. However, rare
earths constitute an important part of fission products and some
of them share sometimes similar physicochemical properties with
transuranium elements at the oxidation degree (III). This similar-
ity is an asset used to simulate the behaviour of minor actinides
included in the nuclear wastes for deep underground disposal,
which is a critical issue in the management of spent fuel. The
alteration products of the nuclear waste in wet and oxidizing
conditions are the phases containing the uranyl ion resulting from
the oxidation of uranium U4þ in U6þ , which can be associated
with different oxoanions (phosphates, vanadates, arsenates, etc.)
and some radionuclides (fission products and actinides). The
knowledge of the different compounds likely to form is therefore
an important purpose but the number of studies dedicated to rare
earths uranyl vanadate phases remains very low since only two
papers report the synthesis of layered hydrated compounds
Ln(UVO6)3 �nH2O [23,24].

As a part of our ongoing research on new uranyl-vanadates we
are studying the synthesis of lanthanide uranyl-vanadates. In this
paper, we report the synthesis and structure of the first anhy-
drous lanthanum uranyl-vanadate with a framework constituted
by the stacking of two different uranophane-type layers.
2. Experimental

2.1. Synthesis

Single crystals of [La(UO2)V2O7][(UO2)(VO4)] were obtained by
solid state reaction between lanthanum chloride LaCl3 �7H2O and
U2V2O11 used as a precursor of uranium and vanadium mixed in
the molar ratio corresponding to Ln/U/V¼1/3/3. The mixture was
heated in air at 870 1C for 10 h in a platinum crucible and cooled
to ambient temperature for 20 h.

Pure polycrystalline sample of [La(UO2)V2O7][(UO2)(VO4)] was
prepared by conventional solid-state reaction, using pure initial
materials LaCl3 �7H2O (Sigma), U3O8 (Prolabo), and V2O5 (Aldrich)
according to the following reaction:

2/3U3O8þ3/2V2O5þLaCl3þ13/12O2-LaU2V3O15þ3/2Cl2
Fig. 1. Observed (red), calculated (black) XRD patterns and their difference (blue) for

figure legend, the reader is referred to the web version of this article.)
The homogeneous mixture was slowly heated up to 800 1C in a
platinum crucible and maintained at this temperature for 2 weeks
with intermediate grindings after cooling at room temperature.
The X-ray diffraction pattern of the powder is identical to that of
crushed single crystals and to that of the calculated pattern from
the crystal structure results. For unit cell parameters determina-
tion a X-ray diffraction pattern was recorded under air over the
angular range of 5–801 (2y), with a step length of 0.021 (2y) and a
counting time of 15 s step�1 with a Bruker AXS D8 ADVANCE
diffractometer with the parafocusing Bragg–Brentano geometry,
using CuKa1, a2 radiation (lKa1 ¼ 1:54051Å, lKa2 ¼ 1:54433Å)
and an energy dispersive detector (sol-X). Unit cell parameters
were refined to a¼6.9448(1), b¼7.0885(1), c¼25.7462(6) Å by
applying the ‘‘pattern matching’’ option of the FullProf program
[25] to the whole diagram. The peak shape was fitted by a
pseudo-Voigt function. In order to describe the angular depen-
dence of the peak full-width at half-maximum (H), the formula of
Caglioti et al. [26] was used, where U, V and W are parameters
refined in the process. The calculations involved the refinement of
2y zero-point, cell parameters and background level by a poly-
nomial function. The fit of calculated data with regard to the
observed data was indicated by the reliability factors and by the
plot of observed and calculated patterns represented in Fig. 1.

In spite of numerous tentative by varying the lanthanide
metal, the starting materials and the experimental conditions
(temperature, duration, etc.) no other lanthanide uranyl-vanadate
could be synthesized by the solid state reaction. In fact LnVO4 is
preliminarily formed and does not further react.

2.2. Single-crystal X-ray diffraction and structure determination

A well-shaped yellow crystal of [La(UO2)V2O7][(UO2)(VO4)]
was selected for X-ray diffraction investigations. Single-crystal
X-ray diffraction data were collected on a Bruker X8-APEX2 X-ray
diffractometer equipped with a 4K CCD detector and monochro-
mated MoKa radiation (l¼0.7107 Å).

Details of the data collection are given in Table 1. Before the
crystal structure determination, the intensity data were corrected
for Lorentz, polarization and background effects using Bruker
program SAINT [27]. Then the absorption corrections were com-
puted by the Gaussian face-indexed method with the shape of the
[La(UO2)V2O7][(UO2)(VO4)]. (For interpretation of the references to colour in this
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crystal using the program XPREP of the SHELXTL package [28],
followed by a semi-empirical correction based on redundancy
using the SADABS program [29].
Table 1
Crystal data, intensity collection and structure refinement parameters for

[La(UO2)V2O7][(UO2)(VO4)].

Crystal data

Crystal symmetry Orthorhombic

Space group P212121

Unit-cell refined from single-crystal data a¼6.9470(2) Å

b¼7.0934(2) Å

c¼25.7464(6) Å

Unit-cell volume V¼1268.73(5) Å3

Z 4

Calculated density 5.276 g/cm3

Colour Yellow

Data collection

Temperature (K) 296(2)

Equipment Bruker APEX

Radiation Mo(Ka) 0.71073 Å

Scan mode j and o
Recording angular range (deg.) 2.98/34.84

Recording reciprocal space �11rhr10

�11rkr11

�41r lr40

Number of reflections

Measured/independent 52,343/5492

Absorption m 30.925

Refinement

Refined parameters/restraints 191/0

Goodness of fit on F2 0.989

R1 [I42sigma(I)] 0.0219

wR2 [I42sigma(I)] 0.0339

Note: R1¼S(9F09�9Fc9)/S9F09; wR2¼[Sw(F2
0�F2

c)2/Sw(F2
0)2]1/2; w¼1/[s2(F2

0)þ

(aP)2
þbP] where a and b are refinable parameters and P¼(F2

0þ2F2
c)/3.

Table 3

Selected bond distances (Å), angles (deg.) and bond valences for [La(UO2)V2O7][(UO2)(

U environment
Atom dU–O sij Atom dU–O

U1–O3 1.809(3) 1.594 U2–O4 1.760(3)

U1–O1 1.808(3) 1.597 U2–O5 1.796(3)

U1–O11i 2.287(3) 0.635 U2–O6 2.282(3)

U1–O14ii 2.294(3) 0.626 U2–O2iv 2.288(3)

U1–O13iii 2.300(3) 0.619 U2–O7v 2.349(3)

U1–O13 2.446(3) 0.467 U2–O9 2.483(3)

U1–O14 2.487(3) 0.432 U2–O8 2.528(3)
P

sij 5.97
P

sij

V environment
Atom dV–O sij Atom dV–O

V1–O12 1.633(3) 1.583 V2–O7 1.658(3)

V1–O2 1.710(3) 1.286 V2–O8 1.696(3)

V1–O6 1.718(3) 1.258 V2–O9 1.711(3)

V1–O10vii 1.768(3) 1.099 V2–O10 1.768(3)
P

sij 5.226
P

sij

La environment
Atom dLa–O sij

La1–O15 2.428(3) 0.501 La1–O2 2.614(3)

La1–O9i 2.465(3) 0.453 La1–O1ii 2.618(3)

La1–O12vi 2.465(3) 0.453 La1–O3 2.701(3)

La1–O8 2.509(3) 0.402 La1–O5viii 2.874(3)

La1–O6 2.570(3) 0.341
P

sij

Note: Symmetry codes: (i) x, 1þy, z; (ii) 0.5þx, 1.5�y, 2�z; (iii) �0.5þx, 1.5�y, 2�z;

�0.5þy, 2.5�z.
The crystal structure of [La(UO2)V2O7][(UO2)(VO4)] was solved
in the non-centrosymmetric P212121 space group by means of
direct methods strategy using SHELXS program [28] that localize
the heavy atoms U, La and V. The positions of the oxygen atoms
were deduced from subsequent refinements and difference Four-
ier syntheses. Refinement of atomic positional parameters, aniso-
tropic displacement parameters for U, La, V and O atoms yielded
the final R¼0.0219 and Rw¼0.0339. The atomic positions and the
equivalent isotropic displacement factors are given in Table 2.
Table 2

Atomic positions, equivalent isotropic displacement parameters Ueq (Å2) for

La[(UO2)V2O7][(UO2)(VO4)].

Atom Site Occ. x y z Ueq

U(1) 4a 1 0.16619(2) 0.86861(2) 0.99860(1) 0.00639(3)

U(2) 4a 1 0.59762(2) 0.13113(2) 1.17437(1) 0.00759(3)

La(1) 4a 1 0.34948(3) 0.63273(4) 1.14491(1) 0.00813(4)

V(1) 4a 1 0.81511(9) 0.62811(11) 0.17749(3) 0.00790(12)

V(2) 4a 1 0.13757(9) 0.13198(11) 1.19441(3) 0.00814(12)

V(3) 4a 1 0.18428(10) 0.41508(9) 1.01787(3) 0.00717(14)

O(1) 4a 1 0.1015(4) 0.8575(5) 0.93065(10) 0.01208(6)

O(2) 4a 1 0.6602(5) 0.8145(4) 1.17270(13) 0.01341(6)

O(3) 4a 1 0.2281(4) 0.8573(5) 1.06676(11) 0.01084(5)

O(4) 4a 1 0.5629(4) 0.1182(5) 1.10675(11) 0.01666(6)

O(5) 4a 1 0.6252(4) 0.1374(5) 1.24369(11) 0.01584(6)

O(6) 4a 1 0.6562(5) 0.4466(4) 1.16691(12) 0.01405(9)

O(7) 4a 1 �0.0676(4) 0.1376(5) 1.16155(10) 0.01365(6)

O(8) 4a 1 0.2894(4) 0.3163(4) 1.18529(13) 0.01175(6)

O(9) 4a 1 0.2916(4) �0.0486(4) 1.17982(13) 0.01317(6)

O(10) 4a 1 0.0748(4) 0.1129(5) 1.26075(11) 0.02037(7)

O(11) 4a 1 0.1573(4) 0.1907(4) 0.99561(12) 0.01202(6)

O(12) 4a 1 0.9959(4) 0.6361(5) 1.13700(11) 0.01564(6)

O(13) 4a 1 0.3448(4) 0.5745(4) 0.98680(11) 0.00930(5)

O(14) 4a 1 �0.0134(4) 0.5713(4) 1.01514(12) 0.01081(6)

O(15) 4a 1 0.2572(4) 0.4064(4) 1.07867(11) 0.01184(6)

Note: The Ueq values are defined by Ueq¼1/3(SiSjUijai
naj

naiaj).

VO4)].

sij

1.752 Uranyl ion angle
1.634 O(1)–U(1)–O(3) 174.9(1)

0.641 O(4)–U(2)–O(5) 177.6(1)

0.633

0.563 Divanadate angle
0.435 V(1)–O(10)–V(2) 139.2(2)

0.399

6.057

sij Atom dV–O sij

1.48 V3–O15 1.647(3) 1.524

1.335 V3–O11 1.702(3) 1.314

1.282 V3–O14 1.766(3) 1.105

1.099 V3–O13 1.778(3) 1.070

5.196
P

sij 5.013

0.303

0.300

0.239

0.150

3.142

(iv) x, �1þy, z; (v) 1þx, y, z; (vi) �1þx, y, z; (vii) 1�x, 0.5þy, 2.5�z; (viii) 1�x,



Fig. 2. Uranium (a), vanadium (b) and lanthanum (c) polyhedra in [La(UO2)V2O7]

[(UO2)(VO4)].
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2.3. Thermal analysis

Differential Thermal Analysis (DTA) was carried out on
[La(UO2)V2O7][(UO2)(VO4)] with a SETARAM 92-1600 instrument
at a heating rate of 5 1C min�1 using platinum crucibles in the
range of 20–1200 1C both on heating and cooling.
3. FTIR and Raman spectroscopy

The infrared spectrum was obtained using the KBr dispersion
technique (1 mg of sample in 125 mg KBr) with a Bruker Vector
22 FTIR spectrometer, which covers the range of 400–4000 cm�1.

The Raman spectra were obtained at room temperature with
the 522.6 nm excitation line from a Spectra Physics krypton ion
laser. The beam was focused onto the sample using the micro-
scopic configuration of the apparatus. The scattered light was
analysed with a XY800 Raman Dilor spectrometer equipped with
an optical multichannel charge coupled device liquid nitrogen-
cooled detector. In the 300–1000 cm�1 required range, the
spectral resolution is approximately 0.5 cm�1.
Fig. 3. The uranophane anion-topology (a) with occupation of pentagons by

uranyl ions and triangle by vanadate ions to form the sheet [(UO2)(VO4)]� (b)

and with occupation of half the pentagons by uranyl ions and half by lanthanum

ions to form the sheet [La(UO2)(VO4)2]� (c) further connected through the

formation of divanadate ions to form the double layers [La(UO2)(V2O7)]þ (d).

Finally, the three-dimensional structure of [La(UO2)V2O7][(UO2)(VO4) results

of the stacking of [(UO2)(VO4)]� sheets and [La(UO2)(V2O7)]þ double layers

along c (e).
4. Results and discussion

4.1. Description of structure

Table 3 provides selected metal to oxygen distances, uranyl
angles and bond valences calculated using Brese and O’Keeffe [30]
data with b¼0.37 Å except for U–O bonds for which the coordi-
nation independent parameters (Rij¼2.051 Å, b¼0.519 Å) were
taken from Burns et al. [31].

The structure of [La(UO2)V2O7][(UO2)(VO4)] contains two
symmetrically independent uranium atoms U(1) and
U(2) surrounded by seven oxygen atoms forming pentagonal
bipyramids (PBP) (Fig. 2a). Each uranium atom is strongly bonded
to two oxygen atoms, O(1),O(3) for U(1) and O(5),O(4) for U(2), at
short distances ranging from 1.760(3) to 1.809(3) Å, forming a
nearly linear uranyl ion UO2

2þ (O(1)–U(1)–O(3)¼174.9(1)1; O(4)–
U(2)–O(5)¼177.6(1)1). Each uranyl ion UO2

2þ is surrounded in the
equatorial plane by five oxygen atoms with U–O bond lengths in
the ranges 2.287(3)–2.487(3) Å and 2.282(3)–2.528(3) Å for
U(1) and U(2), respectively. Their average values, 2.363 and
2.386 Å, correspond to the mean value of 2.368 Å found for 270
UO7 polyhedra in 143 structures [1].

There are three independent vanadium atoms V(1), V(2) and
V(3), having a strongly distorted tetrahedral coordination (Fig. 2b).
The V(1) and V(2) environments are defined by one oxygen atom
at a shorter distance (1.633(3) Å and 1.6583(3) Å for V(1)–O(12)
and V(2)–O(7), respectively), two atoms (O(2) and O(6) for
V(1) and O(8) and O(9) for V(2)) at intermediate and nearly equal
distances between 1.696(3) and 1.718(3) Å, and finally O(10) at a
longer distance 1.768(3) Å from V(1) and V(2). The O(10) atom is
shared between V(1)O4 and V(2)O4 tetrahedra to form a V2O7

divanadate unit with a non-linear angle V(1)–O(10)–V(2) of
139.2(2)1. The bridging V–O–V angle in V2O7 divanadate units
varies from perfectly linear as, for example in U2V2O11 [32,33] to
1221 in Pb2V2O7 [34]. For V(3), O(15) is at a short distance,
1.647(3) Å, O(11) at an intermediate distance, 1.702(3) Å and
finally O(13) and O(14) at longer distances, 1.778(3) and
1.766(3) Å, respectively.

The La atom is surrounded by nine oxygen atoms at distances
from 2.428(3) to 2.874(3) Å forming a tricapped trigonal prism
(Fig. 2c). The La coordination is perfectly defined, the next La–O
distance being 3.822(3) Å.

On the basis of the U–O, V–O and La–O bond lengths, bond
valence sums were calculated to be 5.97, 6.06, 5.23, 5.20, 5.01 and
3.14 vu, for U(1), U(2), V(1), V(2), V(3) and La, respectively. These
values are in agreement with the expected values. Bond valence
sums for the O atoms range from 1.75 to 2.22, the lowest values
being for uranyl oxygens.

Although the overall structure results from a three-dimen-
sional arrangement of UO7, LaO9 and VO4 polyhedra, it may be
instructional in the first instance to consider layers in the (0 0 1)
plane, which are further linked in the third dimension along c.

For U(1)O7 PBPs the five equatorial oxygen belong to V(3)O4

tetrahedra (Fig. 3b). U(1)O7 PBPs share opposite edges O(13)–O(14)



Fig. 4. (a) Infra-red and (b) Raman spectra of [La(UO2)V2O7][(UO2)(VO4)].
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to form 1
1½UO5� infinite chains extending down the [1 0 0] direc-

tion and further connected through V(3)O4 tetrahedra by sharing
O(13)–O(14) edges and O(11) vertex to built uranophane-type
sheets 2

1½ðUO2ÞðVO4Þ�
�

parallel to the (0 0 1) plane (Fig. 3b). The
uranophane-type sheet 2

1½ðUO2ÞðVO4Þ�
�

is described from the
uranophane anion-topology (Fig. 3a) by the occupation of all
the pentagons by uranyl ions when all the triangles correspond to
the O(11)–O(13)–O(14) faces of the V(3)O4 tetrahedra. The fourth
oxygen atom O(15) of the V(3)O4 tetrahedra points up or down
the layers, for all the tetrahedra sharing an edge with PBPs of a
1
1½UO5� chain. On one side it points up (u) and on the other side it
points down (d) giving the ud geometric isomer [32]. Similar
layers are formed in (UO2)2(V2O7) [33] but disorientation of the
VO4 tetrahedra gives corrugated layers and allows the connection
of the layers in the third direction through the formation of
divanadate entities.
For U(2)O7 PBPs the five equatorial oxygen belong to V(1)O4 and
V(2)O4 tetrahedra. The U(2)O7 PBPs do not share directly any anion
but are connected through V(2)O4 tetrahedra by sharing O(8)–
O(9) edges and O(7) corners to form infinite 1

1½ðUO2ÞO2ðVð2ÞO4Þ�
5�

chains extending down [1 0 0] (Fig. 3c) further connected in the
[0 1 0] direction through V(1)O4 tetrahedra by sharing opposite
O(2) and O(6) corners with two different V(1)O4 tetrahedra to
create sheet 2

1½ðUO2ÞðVO4Þ2�
4�

similar to that found in Na5.5(UO2)3

(H0.5PO4)(PO4)3 [35] and also deduced from the uranophane anion-
topology (Fig. 3a) in which half of the pentagons are not occupied by
uranyl ion but by La atoms, thus the sheet obtained can be
formulated 2

1½LaðUO2ÞðVO4Þ2�
�

. The latter is deduced from the
uranophane-type sheet, half of the pentagons being populated by
uranyl ions and half by lanthanum ions. In the mineral ulrichite, the
pentagons are half populated by uranyl and calcium ions; however
the succession in the direction perpendicular to the pentagons chain



Table 4
Assignment of the bands observed on the Infra red and Raman spectra of [La(UO2)V2O7][(UO2)(VO4)].

Wave number (cm�1) Vibrational mode

Infra red Raman

767–783–820 766–787 n1 (UO2
2þ) symmetric stretching

843–859–900 860–898–909 n3 (UO2
2þ) asymmetric stretching

418–453–472–549 413–431–450–516–562 n (U–Oeq) equatorial vibrations

946–963 943–951 n1 (VO3) symmetric stretching

713–736 711–739–753 n3 (VO3) asymmetric stretching

328–334–345–360 d (VO3) deformation

639 592 (V–O–V) bridges vibrations

Table 5
Comparison of the U–O distances of [La(UO2)V2O7][(UO2)(VO4)] calculated from

X-ray diffraction or from the spectroscopic data using either the Veal et al.’s or the

Bartlett et al.’s equations.

U–O distances calculation Å m3 (UO2
2þ) cm�1 m1 (UO2

2þ) cm�1

843 859 900 766 787

Veal et al.’s 1.81 1.79 1.77 � �

Bartlett et al.’s 1.83 1.81 1.78 1.85 1.82

X-ray diffraction 1.81 1.79 1.76
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is different leading to UO2–PO4–Ca–PO4 chains [36]. Alternate of
UO2–VO4–UO2–VO4 and UO2–PO4–M–PO4 chains occurs for M¼Pb
in Pb(UO2)(V2O7) but, in this compound, it is limited to four chains
forming four polyhedra wide ribbons rather than uranophane-type
sheets [37]. Many more or less complicated geometric isomers of
the uranophane-type sheet have been recognized [38]. The one
observed in the 2

1½LaðUO2ÞðVO4Þ2�
�

layer is new and the most
simple as possible: all the VO4 tetrahedra are oriented towards the
same side of the layer allowing the linkage of two parallel and
inverse sheets by sharing the apical oxygen atoms O(10), to form
divanadate entities V2O7 and double layers 2

1½LaðUO2ÞðV2O7Þ�
2�

(Fig. 3d). In these double layers a U(2)O7 PBP is in front of a La
ion, thus the uranyl oxygen O(5) is weakly bonded to La.

Finally the 2
1½ðUO2ÞðVO4Þ�

�
sheets and the 2

1½LaðUO2ÞðV2O7Þ�
2�

double layers are alternately stacked in the [0 0 1] direction
(Fig. 3e). It is noticeable that the pentagons chains of the two
types of layers are perpendicular (implying that the a and b

parameters are close) and the stacking puts two uranyl oxygen
atoms O(1) and O(3) belonging to two U(1)O7 PBPs and the non-
shared oxygen of a V(3)O4 tetrahedra above the La atom in
opposite to O(5) assuming the cohesion of the structure through
three La–O bonds and completing the coordination polyhedra of
the lanthanum atom.

4.2. Thermal analysis

On heating, the DTA curve exhibits an endothermic peak at
860 1C attributed to the decomposition of [La(UO2)V2O7][(UO2)
(VO4)]. The XRD pattern of the cooled sample shows the presence
of the two decomposition products LaVO4 and U2V2O11 which
have formed according to the reaction:

LaU2V3O15-LaVO4þU2V2O11

4.3. Infrared and Raman spectroscopy

To supplement this work, a study by spectroscopy Raman and
Infrared was carried out (Fig. 4). The attribution of the various
bands of vibration for uranyl vanadate of lanthanum [La(UO2)
V2O7][(UO2)(VO4)] is carried out starting from the combination of
the Infra-Red and Raman data [39].

The infrared spectrum (400–1000 cm�1) of [La(UO2)V2O7]
[(UO2)(VO4)] is characterized by vibrations of uranyl UO2

2þ ,
vanadate VO4 and divanadate V2O7 groups. For the interpretation
of this spectrum the following building units have been consid-
ered: UO2

2þ groups, equatorial (secondary) U–O bonds in penta-
gonal environment, V–O–V bridges and terminal VO3 groups
(Table 4).

The bands located in the area 750–820 cm�1 and 850–
920 cm�1 can be attributed to the symmetrical n1 and antisym-
metric elongations n3 of UO2

2þ . These vibrations are in good
agreement with the mathematical model suggested by Bagnall
et al. [40] to determine the value of n1 from the one of n3, given by
the following expression:

n1¼0.912n3�1.04 cm�1

Thus, the application of Veal et al.’s empirical equation [41],
relating bond length (R) to the asymmetric stretching vibration n3

(900–859–843 cm�1) for uranyl groups:

RU–O(pm)¼8120n3
�2/3
þ89.5

leads to the predicted uranyl bond length of 1.76, 1.79 and 1.81 Å,
in good agreement with the average value obtained from X-ray
structure results. The so obtained distances were compared to
those found using the Bartlett et al.’s empirical equations [42]
including the wavenumber values of the asymmetric n3 and
symmetrical stretching vibration n1 of UO2

2þ obtained, respec-
tively, from the infra-red and Raman spectra

RU–O(pm)¼9141n3
�2/3
þ80.4

RU–O(pm)¼10,650n1
�2/3
þ57.5

It can be seen from the values reported in Table 5 that the Veal
et al.’s formulae leads to distance values closer to those found by
X-ray diffraction than the Bartlett et al.’s expression.

The bands of lower intensities located in the area
400–550 cm�1 can correspond to the elongations of the U–O in
equatorial positions in UO2O5. The band located around 600 cm�1

is allotted to the elongations of bridges V–O–V of the grouping
divanadate V2O7. The symmetrical and antisymmetric elongations
of the final VO3 are more difficult to locate. However, the spectral
zones located between 920–980 cm�1 and 700–750 cm�1, respec-
tively, can be attributing to them. Lastly, the bands located around
350 cm�1 would be due to the deformations of the final VO3.
5. Conclusion

This work has allowed to synthesize the first lanthanum
uranyl vanadate [La(UO2)V2O7][(UO2)(VO4)] by the solid state
reaction using the mixed precursor of uranium and vanadium,
U2V2O11. The structure of [La(UO2)V2O7][(UO2)(VO4)] results from
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the stacking along the c axis of simple layers 2
1½ðUO2ÞðVO4Þ�

�
of

uranophane type and 2
1½LaðUO2ÞðV2O7Þ�

2�
double layers linked by

La–O bonds. In spite of numerous tentative by varying the starting
materials and the experimental conditions (temperature, dura-
tion, etc.) no other lanthanide uranyl-vanadate could be synthe-
sized by solid state reaction neither with lanthanum nor with
other lanthanides. Also, due to the high stability of LnVO4

preliminary formed, no lanthanide uranyl-vanadate compound
could be prepared using other uranium or vanadium precursors
than U2V2O11.
Appendix A. supplementary material

Supplementary data associated with this article can be found
in the online version at doi:10.1016/j.jssc.2011.10.042.
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