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ABSTRACT: A series of uranyl and lanthanide (trivalent Ce, Nd)
mellitates (mel) has been hydrothermally synthesized in P
aqueous solvent. Mixtures of these 4f and Sf elements also ve
revealed the formation of a rare case of lanthanide—uranyl ~ e of
coordination polymers. Their structures, determined by XRD 7 4
single-crystal analysis, exhibit three distinct architectures. The %
pure lanthanide mellitate Ln,(H,0)4(mel) possesses a 3D frame-

work built up from the connection of isolated LnO4(H,0)

polyhedra (tricapped trigonal prism) through the mellitate ligand. The structure of the uranyl mellitate (UO,);(H,0)¢-
(mel)-11.SH,0 is lamellar and consists of 8-fold coordinated uranium atoms linked to each other through the organic ligand
giving rise to the formation of a 2D 3° net. The third structural type, (UO,),Ln(OH)(H,0);(mel)-2.5H,0, involves direct
oxygen bondings between the lanthanide and uranyl centers, with the isolation of a heterometallic dinuclear motif. The 9-fold
coordinated Ln cation, LnOs(OH)(H,0)s, is linked to the 7-fold coordinated uranyl (UO,)O,(OH) (pentagonal bipyramid) via
one 4i,-hydroxo group and one i,-oxo group. The latter is shared between the uranyl bonding (U=0 = 1.777(4)/1.779(6) A)
and a long Ln—O bonding (Ce—O = 2.822(4) A; Nd—O = 2.792(6) A). This unusual linkage is a unique illustration of the so-
called cation—cation interaction associating 4f and 5f metals. The dinuclear motif is then further connected through the mellitate
ligand, and this generates organic—inorganic layers that are linked to each other via discrete uranyl (UO,)O, units (square
bipyramid), which ensure the three-dimensional cohesion of the structure. The mixed U—Ln carboxylate is thermally decom-
posed from 260 to 280 °C and then transformed into the basic uranium oxide (U;Og) together with U—Ln oxide with the fluorite
structural type (“(Ln,U)0,”). At 1400 °C, only fluorite type “(Ln,U)O,” is formed with the measured stoichiometry of

Mellitic acid

vo,* ce¥, Nd™
+Uo®
-

Up63Ce0370, and Ug 6oNdg 40,5

B INTRODUCTION

In past decades, the research of hybrid materials combining
metallic centers together with organic moieties has grown
exponentially." In this course, uranium was found to be a good
candidate element for the generation of mixed organic—inorganic
extended networks. When it is associated with multidentate
O-donor ligands, such as carboxylate-based solids, uranium
(especially with oxidation state VI) exhibits an interesting
chemical ability to successfully form a wide variety of frame-
works showing different dimensionalities.” In case of uranyl
cation UO,*, the possible coordination environments (4 + 2,
square bipyramid; S + 2, pentagonal bipyramid; 6 + 2, hexa-
gonal bipyramid)® also contribute to the richness of the structural
topologies of such solids. The so-called uranyl—organic frame-
works (UOF) have now been described in many contributions
with the use of a large range of organic aliphatic* or aromatic*®
carboxylates. Besides this class of compounds, tentative inve-
stigations have been carried out to combine metals from dif-
ferent blocks of the periodic table in such assemblies.” Following
this idea, there are rare few illustrations of mixed uranium—
lanthanide carboxylates reported in the literature.® Most of the
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4f—5f heretometallic complexes are based on the molecular
assembly by mixing different functionalities of organic ligands
with specific reactivities toward lanthanide or uranyl cations. In
this way, lanthanide ions may interact through the N-donor
organic functions, whereas the uranyl cations are preferentially
bound to the O-donor part of the organic molecule. In other
complexes, only O-donor interactions occur with either the
lanthanide or the uranium centers. In all examples, the crystal
structures are built up from the assemblage of discrete mono-
nuclear motifs, without any direct chemical bonding between
the 4f and Sf elements. The series of mixed uranium(IV)—
lanthanides(III) oxalates constitutes another class of hetero-
metallic extended networks.” It was shown that one given metal
(5f or 4f) could be substituted by another one, on the same
crystallographic position in a solid solution range for a given
structural type. Here, oxalate moiety is a chelating agent, which
has important applications in the liquid processes of nuclear
industry. It can be used for the extraction of specific actinides
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and/or lanthanides, or further conversion of plutonium in the
fabrication of MOX (UO,/PuO, mixture) combustible. In this
case, the use of lanthanide elements may simulate the chemical
reactivity of the radionuclides plutonium or minor actinides.
Alternatively, uranium carbide would be envisa%ed as potential
fuel for the fourth generation of nuclear reactor.” Its dissolution
in highly concentrated nitric acid solution was known to
generate oxalate as well as mellitate species.” Mellitic acid (or
1,2,3,4,5,6-benzenehexacarboxylic acid, hereafter noted Hgmel)
is an aromatic hexacarboxylate molecule, which has been used
in the formation of extended networks involving magnetic cations, ™
for instance. Its reactivity toward rare-earth cations has been
well documented in the literature,"®'" whereas only crystalline
neptunium-based compounds'> have been reported in the
actinide family. With uranyl cations, one previous work mentioned
the formation in aqueous solution of a complex “Ujmel,”, chara-
cterized by the spectrophotometric technique.'®

This article deals with the hydrothermal reactivity of the
mellitate anions toward uranyl and lanthanide cations. Only
cerium and neodymium metals have been considered in this
study because they usually play the role of surrogate elements
for plutonium or americium (minor actinide), respectively. The
lanthanide-based phases Ln,(H,0)4(mel) (Ce, 1; Nd, 2) and
uranyl-based phase (UO,);(H,0)4(mel)-11.5H,0 (3) have
been isolated. Regarding the comparison with the oxalate
system, the tentative formation of mixed (Ce/Nd)—U melli-
tates has been envisaged. An unprecedented mixed cationic
architecture has been observed in the phases (UO,),Ln-
(OH)(H,0);(mel)-2.5H,0 (Ce, 4; Nd, 5), in which uranyl is
directly bonded to lanthanide through oxygen atoms. Their
synthesis conditions, structural descriptions (single-crystal
X-ray diffraction), as well as the thermal behavior (TG, X-ray
thermodiffraction, SEM for 4 and §) and spectroscopic
measurements (IR, fluorescence for 3—S5) are presented.

B EXPERIMENTAL SECTION

Synthesis. Caution! While uranyl nitrate UO,(NO;),-6H,0 is a
radioactive and chemically toxic reactant, precautions with suitable
care and protection for handling such substances should be followed.

The metal mellitates have been hydrothermally synthesized under
autogenous pressure using 23 mL Teflon-lined stainless steel Parr
autoclave from the following reactants: cerium nitrate hexahydrate
(Ce(NO;)56H,0, Aldrich, 99%), neodymium nitrate hexahydrate
(Nd(NO;)y6H,0, Aldrich, 99.9%), uranyl nitrate hexahydrate (UO,-
(NO;)6H,0, Merck 99%), mellitic acid (1,2,3,4,5,6-benzenehexa-
carboxylic acid or Hgmel, Aldrich, 99%), sodium hydroxide (NaOH,
Aldrich, 98%), and deionized water. The starting chemical reactants
are commercially available and have been used without any further
purification. Phases 4 and $ were obtained pure, whereas 1 and 2 were
produced during synthesis trials of 4 and §, typically without NaOH
(which is used for pH modification). Phase 3 was obtained during our
investigations in preparing phase S, and NaOH concentrations differ
between the two syntheses. It was noted that phase 3 could not be
obtained in the absence of neodymium cations. The latter remained
soluble because no neodymium mellitate crystallite is visible after the
hydrothermal reaction.

Ce,(H,0)s(mel) (1). A mixture of 502 mg (1 mmol) of UO,-
(NO,;),-6H,0, 218 mg (0.5 mmol) of Ce(NO;);6H,0, 85 mg
(0.25 mmol) of mellitic acid, and S mL (277 mmol) of H,0 was
placed in a Parr autoclave and then heated statically at 200 °C for 24 h.
The resulting product showing a mixture of 1 (colorless crystallites)
and 4 (orange crystallites) was then filtered off, washed with water,
and dried at room temperature.

Nd,(H,0)s(mel) (2). A mixture of 502 mg (1 mmol) of UO,(NO;),
6H,0, 200 mg (0.5 mmol) of Nd(NO;);6H,0, 85 mg (0.25 mmol)
of mellitic acid, and 5 mL (277 mmol) of H,O was placed in a Parr
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autoclave and then heated statically at 200 °C for 24 h. The resulting
product showing a mixture of 2 (purple crystallites) and 5 (yellow
crystallites) was then filtered off, washed with water, and dried at room
temperature.

(UO,)3(H,0)s(mel)-11.5H,0 (3). A mixture of 502 mg (1 mmol) of
UO,(NO;),6H,0, 200 mg (0.45 mmol) of Nd(NO;);6H,0, 85 mg
(0.25 mmol) of mellitic acid, 0.1 mL (0.1 mmol) of NaOH (1 M), and
S mL (277 mmol) of H,0O was placed in a Parr autoclave and then
heated statically at 200 °C for 24 h. The resulting yellow product was
then filtered off, washed with water, and dried at room temperature. It
gave needle-like crystallites with specific hexagonal shape of 80—400 ym
as it can be observed by SEM (Figure 1). One observed that the blocks

Figure 1. SEM images of the as-synthesized compounds 3 (top),
4 (middle), and § (bottom).

~
~

consisted of the stacking of thin plates (thickness
perfectly aligned along a hexagonal axis.

Ce(UO,),(OH)(H,0)(mel), (4). A mixture of 502 mg (1 mmol) of
UO,(NO;),6H,0, 218 mg (0.5 mmol) of Ce(NO;);6H,0, 85 mg
(0.25 mmol) of mellitic acid, 0.3 mL (1.2 mmol) of NaOH (4 M), and
S mL (277 mmol) of H,0O was placed in a Parr autoclave and then
heated statically at 200 °C for 24 h. The resulting orange product was
then filtered off, washed with water, and dried at room temperature. It
gave crystallites with a specific block shape of 80—400 ym as it can be
observed by SEM (Figure 1).

1-10 ym),
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Table 1. Crystal Data and Structure Refinements for Mellitates

1 3 4 S
formula C1oH1,Ce,045 C1203,Us C1,H,,Ce0x5U, C,H|;NdOy, 5U,
formula weight 724.46 1354.2 1132.40 1136.52
temperature/K 293(2) 293(2) 293(2) 293(2)
crystal type colorless block yellow needle orange block yellow needle

crystal size/mm 0.14 X 0.13 X 0.05

0.12 X 0.08 X 0.04

0.14 X 0.13 X 0.07 0.35 X 0.11 X 0.11

crystal system orthorhombic trigonal orthorhombic orthorhombic

space group Pnnm P-3m1 Pnma Pnma

a/A 13.5874(3) 11.5310(3) 15.5887(5) 15.578(3)

b/A 6.7390(1) 11.5310(3) 11.6182(3) 11.628(2)

c/A 10.2833(2) 6.8198(2) 13.1134(3) 13.065(3)

a/deg 90 90 90 90

p/deg 90 90 90 90

y/deg 90 120 90 90

volume/A® 941.60 785.30(4) 2375.0(1) 2366.5(1)

Z, Peateutated/ g c° 2,2484 1, 2.863 4, 3.167 4, 3.190

p/mmi! 4.871 15.541 15.592 15918

O range/deg 3.01-30.76 2.04-36.32 2.03—30.54 2.03-27.95

limiting indices -19<h<18 -19<h<19 -22<h<22 -20<h <18
—-8<k<9 -18<k<19 -16 <k<16 -15<k<15
-14<1<14 -11<1<11 -18<1<18 -17<1<17

collected reflections 14 626 39530 108 050 40785

unique reflections 1515 [R(int) = 0.0337] 1428 [R(int) = 0.0329] 3799 [R(int) = 0.0557] 2912 [R(int) = 0.0585]

parameters 97 25 181 181

GOF on F* L11S 5.46 1.203 1.230

final R indices [I > 26(I)] R1 = 0.0174 R1 = 0.0450 R1 = 0.0252 R1 = 0.0291
wR2 = 0.0429 wR2 = 0.0788 wR2 = 0.0713 wR2 = 0.0793

R indices (all data) R1 =0.0198 R1 = 0.0478 R1 = 0.0289 R1 = 0.0337
wR2 = 0.0441 wR2 = 0.08792 wR2 = 0.0811 wR2 = 0.0907

largest diff. peak and hole/e A~ 0.672 and —1.004 4.80 and —2.68 2.662 and —1.125 2.419 and —1.571

Nd(UO,),(OH)(H,0)(mel), (5). A mixture of 502 mg (1 mmol) of
UO,(NO;),-6H,0, 300 mg (0.68 mmol) of Nd(NO;);6H,0, 85 mg
(0.25 mmol) of mellitic acid, 0.15 mL (0.6 mmol) of NaOH (4 M),
and S mL (277 mmol) of H,O was placed in a Parr autoclave and then
heated statically at 200 °C for 24 h. The resulting yellow product was
then filtered off, washed with water, and dried at room temperature. It
gave crystallites with specific block shape of 30—180 ym as it can be
observed by SEM (Figure 1).

Single-Crystal X-ray Diffraction. Crystals were easily selected
under polarizing optical microscope and glued on a glass fiber for a
single-crystal X-ray diffraction experiment. X-ray intensity data were
collected on a Bruker X8-APEX2 CCD area-detector diffractometer
using Mo K, radiation (4 = 0.71073 A) with an optical fiber as colli-
mator. Several sets of narrow data frames (20 s per frame) were
collected with @ scans. Data reduction was accomplished using SAINT
V7.532."* The substantial redundancy in data allowed a semiempirical
absorption correction (SADABS V2.10™) to be applied, on the basis
of multiple measurements of equivalent reflections. The structure was
solved by direct methods, developed by successive difference Fourier
syntheses, and refined by full-matrix least-squares on all F* data using
JANA2006' program. The final refinements include anisotropic ther-
mal parameters of all non-hydrogen atoms. For phase 3, SEM analysis
(Figure 1) clearly indicated the stacking of thin plates forming the
hexagonal crystallites, which may give rise to twinned crystal issues.
The merged reflections in monoclinic, orthorhombic, trigonal, or
hexagonal yield R, factors between 3.16% and 3.42%. In the absence
of systematic extinctions, the highly symmetric first space group, P6/
mmm, was considered. The structure solution obtained using superflip
software'” was refined to R1 = 6.99%. Surprisingly, all of the oxygen
atoms were disordered on two positions. Lower symmetries were then
tested, and a reasonable model was obtained with P-3m1 together with
the twin law (—100/0—10/001) even if a water molecule remains
disordered (R1 = 4.5%). The crystal data are given in Table 1. Supporting
Information is available in CIF format.
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Thermogravimetric Analysis. The thermogravimetric experi-
ments have been carried out on a thermoanalyzer TGA 92 SETARAM
under air atmosphere with a heating rate of 5 °C.min”" from room
temperature to 800 °C. X-ray thermodiffractometry was performed
under 5 L h™" air flow in an Anton Paar HTK1200N of a D8 Advance
Bruker diffractometer (6—8 mode, Cu Ka radiation) equipped with a
Vantecl linear position sensitive detector (PSD). Each powder pattern
was recorded in the range 5—60° (20) (at intervals of 20 °C to 800 °C)
with a 0.5 s/step scan, corresponding to an approximate duration of
30 mn. The temperature ramps between two patterns were 0.08 °C s~
to 800 °C. The as-synthesized complexes were also placed in a plati-
num crucible and heated in a furnace in air atmosphere at different
temperatures (800, 1000, 1200, and 1400 °C).

Infrared Spectroscopy. Infrared spectra of compounds 3—5 were
measured on Perkin-Elmer Spectrum Two spectrometer between 4000
and 400 cm™’, equipped with a diamond attenuated total reflectance
(ATR) accessory (see the Supporting Information).

Fluorescence. Fluorescence spectra of the powdered compounds
3—5 were measured at room temperature on SAFAS FLX-Xenius
spectrometer between 400 and 800 nm, equipped with a xenon lamp.
The fluorescence spectrum of uranyl dinitrate hexahydrate, UO,-
(NO3),-6H,0, was also presented for comparison (see the Supporting
Information).

B RESULTS

Structure Description. Crystal Structure of Ce,(H,0)s-
(mel) (1). The compounds 1 and 2 have identical structures,
related to that of a lanthanum-based phase. The latter was first
mentioned by Williams et al.,"'* who reported the synthesis of a
series of rare-earth mellitates with similar orthorhombic sym-
metry (S.G. Pnnm) for larger cations from La to Er. The La-
based structure''® as well as the Nd- and Ho-based structures’f
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have been previously determined by X-ray diffraction, and we
briefly describe the crystal structure of the Ce (1) analogous
compound. It has a three-dimensional network, based on one
rare-earth cation lying on a special position 4g (mirror plane).
The metal is 9-fold coordinated with three terminal aquo
groups and six carboxyl oxygen atoms belonging to four distinct
mellitate ligands. The resulting coordination polyhedron is a
distorted tricapped trigonal prism, CeO4(H,0);. The Ce—O
distances range from 2.392(2) to 2.636(2) A for Ce (1). The
Ce—OH, distances are 2.503(2) and 2.600(2) A. The discrete
motifs CeOg4(H,0); are connected to each other through all of
the carboxylate arms of the mellitate anions. Four of the six
carboxylate groups adopt a chelating connection mode with the
cationic centers and link four CeO4(H,0); polyhedra in the
(a,c) plane, whereas the two remaining ones adopt a bidentate
bridging with two adjacent metal centers along the ¢ axis (Figure 2).

Figure 2. View of the structure Ln,(mel)(H,0)s (Ln = Ce (1), Nd
(2)) showing the connection of the mellitate anions with the discrete
LnO4(H,0); polyhedra along the ¢ axis.

The resulting framework is quite compact, and narrow channels
are observed along the ¢ axis, and delimited by terminal water
molecules. A similar three-dimensional network was recently
described by Thuéry and Masco'® with the aliphatic version of
the cyclic hexacarboxylate assembled with europium cations.
Crystal Structure of (UO,);(H,0)s(mel)-11.5H,0 (3). The
structural analysis reveals that one independent uranium center
(Figure 3) is 8-fold coordinated to four carboxyl oxygen atoms
(U-0O = 2481(10) A), two oxygen atoms from the typical
uranyl bonds (U=0 = 1.770(14) A), and two water molecules
in terminal position (U—Owl = 2.36(2) A). The assignment of
terminal aquo group agrees with the bond valence calculations."®
The IR frequency of the double uranyl bond is observed at
916 cm™! and assigned to its antisymmetric vibration v; (see
the Supporting Information). Following the empirical relation-
ship given by Bartlett and Cooney,”’ the estimation of the
uranyl bond length is calculated to be 1.773 A and fits well with
the experimental value from single-crystal XRD analysis. The
structure model shows that the uranium-centered hexagonal
bipyramids are linked to each other through all of the car-
boxylate arms of the mellitate molecule around the hexagonal
axis of its benzene ring. Each carboxylate group adopts a chelat-
ing connection mode with uranium, occupying a trans position
in the hexagonal equatorial plane of the coordination poly-
hedron. Such a configuration was previously reported in litera-
ture for discrete 8-fold coordinated uranyl units,**"»°=4121
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Figure 3. (top) Representation of the 8-fold coordination environ-
ment of the uranyl cation in (UO,);(H,0)4(mel)-nH,O (3). (bottom)
View of a layer along the ¢ axis, showing the connection of the
hexagonal bipyramids (UO,)0,(H,0), with the mellitate linker to
generate a 3° net.

It generates layers with a 3° net topology (Figure 3), if one con-
siders aromatic rings as nodes of triangles and uranium-cen-
tered polyhedra forming its edges. The mellitate molecule acts
as a hexadentate ligand linking six uranium cations. Hydration
water molecules are disorderly located between the mixed
organic—inorganic layers, which are stacked along the ¢ axis.
Thermogravimetric analysis (Supporting Information) indi-
cated the removal of water between room temperature and
150 °C, with an estimated amount of 11.5H,0 per (UO,); unit.
The product was transformed into a-U,Oy (pdf file 047-1493)
from 560 °C (see X-ray thermodiffraction in the Supporting
Information). The fluorescence spectrum (Supporting Informa-
tion) of 3 exhibited quite unresolved bands with the most intense
peaks positioned at 499.4, 533.4, and 597.0 nm.

Crystal Structures of (UO,),Ln(OH)(H,0);(mel)-2.5H,0
(Ln = Ce (4), Nd (5)). Compounds 4 and S exhibit unusual
structural features for crystal chemistry of uranyl-based solids.
First, they are rare examples of heterometallic compounds, in
which both hexavalent uranyl and trivalent lanthanide cations
are chemically bonded. Indeed, one uranyl cation (U1) occupies
one crystallographic site (special position 4c, mirror plane
symmetry) and is 7-fold coordinated with a typical pentagonal
bipyramidal configuration (Figure 4). As expected for uranium-
(VI), two double uranyl bonds exist with typical short U=0
distances (U1-01 = 1.765(5) or 1.750(7) A for 4 and §,
respectively; U1—02 = 1.777(4) and 1.779(6) A for 4 and 5,
respectively). The five oxygen atoms of the pentagonal
equatorial plane have U—O distances ranging from 2.251(5)
to 2.426(3) A, and 2.258(6) to 2.426(4) A for 4 and 5, respec-
tively. Four of these oxygen atoms are shared with carboxylate
groups of the mellitate linkers. The remaining oxygen atom
(O1H), which has a shorter U—O distance (~2.25 A), is
bridging a lanthanide center (Ce or Nd) and corresponds to a
Hy-hydroxo group (in agreement with bond valence summa-
tions,'”** with values of 1.18 for 4 and 1.16 for §). The cerium or
neodymium cation is bound to nine oxygen atoms in a distorted
tricapped trigonal prismatic coordination sphere (Figure 4).
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Figure 4. (left) Views of the mixed U—(Ce/Nd) dinuclear brick
(UO,)(OH)O4Ln(H,0); showing the 7-fold coordinated uranyl
cation (U1) linked to the 9-fold coordinated rare-earth metal centers
via uranyl oxo species (O2) and equatorial hydroxo species (O1H) in
(U0,),Ln(OH)(H,0);(mel)-2.5H,0 (Ce (4), Nd (5)). Dotted line
indicated pentagonal plane for uranyl Ul and trigonal prism for Lnl.
Yellow bonds correspond to the typical uranyl double bonds (O1,
02), whereas purple bonds are between Ln1 and oxo or terminal aquo
species capping the square faces of the trigonal prismatic polyhedron.
(right) Views of the 6-fold coordinated uranyl cation U2, involved in a
square plane bipyramidal polyhedron (UO,)O,. Yellow bonds
correspond to the typical uranyl double bonds (O3).

Apart from the hydroxo group (Ce—O1H = 2.411(5) A;
Ce—O1H = 2.378(6) A), four of the oxygen atoms belong
to carboxylate groups of mellitate, and three oxygen atoms
are terminal aquo species. Typical Ln—O distances in the range
2.494(6)—2.554(4) A for 4 and 2.466(7)—2.523(5) A for 5 are
observed for these trivalent rare-earth metals. The last remain-
ing atom O2, which is involved in the uranyl bond atta-
ched to uranium Ul, is also considered in the coordination
environment of the lanthanide and characterized by a much
longer Ln—O distance (Cel—02 = 2.822(4) A and Nd1-02 =
2.792(6) A). Calculated bond valence** value is 0.16 for 02
from the contribution of the Ln—O bond. This unprecedented
U=O0-Ln linkage slightly affects the uranyl bond distance,
with deviations of +0.012 A (4) and +0.029 A (5) as compared
to the second terminal U=O0 bond (with O1). This type of
connection involving a uranyl u,-oxo group is related to the
rare examples of the so-called cation—cation interactions
(CCIs) occurring in pure hexavalent uranyl compounds.**
An increase of the U=0 bond length was usually observed up
to ~+0.05 A" for this specific configuration. It is slightly
higher than that of the mixed U=0O—Ln bonding in 4 and S.
This is certainly due to the fact of longer metal—oxygen bonds
for cerium or neodymium as compared to the uranium—oxygen
ones. The double uranyl bond was analyzed by infrared spec-
troscopy in the region 950—800 cm™’ related to the antisym-
metric vibrations (v3). Two bands are observed at 932 and
912 cm™ for 4 and 928 and 917 cm™' for § (Supporting
Information). Tentative assignments following the Bartlett and
Cooney™ empirical law [d(U=0) () = 9141 (V3(m-1)) > +
80.4] led to the Ul crystallographic site for vibrations at 906 or
917 cm™!, and crystallographic site U2 for vibrations at 932 or
928 cm™". Calculated uranyl bond lengths from the IR frequency
values give U1=0, 1.776 A (XRD: 1.765(5) and 1.750(7) A)
for 4; U1=0, 1.772 A (XRD: 1.777(4) and 1.779(6) A) for 5;
U2=0, 1.762 A (XRD: 1.756(4) A) for 4; and U2=0,
1.765 A (XRD: 1.763(5) A) for 5. The two cationic centers are
also linked through two carboxylate arms of two distinct mellitate
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molecules. To our knowledge, no such hetero metallic bonding
involving 4f—5f elements was previously reported in the
literature related to extended coordination polymers, involving
O-donor ligands. However, a very recent contribution of Arnold
and co-workers has shown such cation—cation interaction bet-
ween pentavalent uranyl and trivalent samarium or yttrium
elements by using N-donor macrocycle molecules favoring the
formation of molecular bimetallic species.”* The heterodinu-
clear units containing the (UO,)O0,(OH) and LnOs(OH)-
(H,0); polyhedra are further connected to each other via the
carboxylate groups of mellitate in a bidentate bridging mode
(via O41 and O42; positions 1,4 of the benzene ring) along the
b axis and monodentate briding mode along the ¢ axis (via 062
and O11; positions 2,3,5,6 of the benzene ring). It results in the
generation of mixed organic—inorganic sheets developing in the
(b,c) plane (Figure S). Whereas the bidentate carboxylate arms

Figure 5. (top) View of the layer in (UO,),Ce(OH)-
(H,0);(mel)-2.5H,0 (Ce (4), Nd (5)) perpendicular to the a axis.
(bottom) View of the 3D framework of 4 and § along the b axis,
showing the connection of layers to each other through discrete 6-fold
coordinated uranyl cation U2.

are located along the (b,c) plane, the monodentate carboxylate
ones are twisted, and the remaining nonbonded carboxyl
oxygen atoms are pointed upward or downward the (b,c) layer.
The latter are connected to a second uranyl moiety (U2), located
on the special position 4a (inversion center). This uranium U2
is 6-fold coordinated in a square bipyramidal environment.
Besides the two terminal uranyl oxygen atoms found at 1.756(4) A
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Figure 6. Right: X-ray thermodiffractograms of (UO,),Ce(OH)(H,0);(mel)-2.5H,0 (4, top) and (UO,),Nd(OH)(H,0);(mel)-2.5SH,0O
(S, bottom) (copper radiation). Left: X-ray diffractograms of 4 (top) and S (bottom), collected after calcination at 800 °C (black), 1000 °C (blue),
1200 °C (red), and 1400 °C (green) showing the disappearance of U;Oy at the benefit of “(U,Ln)O,” fluorite-type oxide.

(4) and 1.763(5) A (5) from the uranium atom U2, four other
oxygen atoms are engaged with the non bonded carboxylate
arm of the mellitate and perpendicularly placed in a square
plane with U—O distances of 2.365(3) and 2.384(3) A, and
2.363(4) and 2.378(4) A, for 4 and S, respectively. The existence
of such a 6-fold surrounding for uranyl cation is the second
original structural characteristic for this structure. In most of the
structures, uranium(VI) is found in 7- or 8-fold surrounding,
with either pentagonal or hexagonal plane perpendicularly to
the double uranyl bonds. For instance, Burns reported some
examples of purely inorganic compounds® in which such an
isolated square bipyramidal surrounding occurs for uranyl, but
it is rarely reported in coordination complexes.******* This discrete
(UO,)0, unit plays the role of pillar between the mixed layers
containing mellitates and heterometallic dimers and ensures the
three-dimensional character of the structure (Figure S). Identical
(UO,)0, connecting block was encountered in uranyl
phosphates®® or vanadates.”” The mellitate molecule acts as
an octadentate ligand, linking four distinct dinuclear units and
four isolated mononuclear units. A similar connection mode is
also found in the lanthanide-based compounds 1 and 2, in which
one organic ligand links eight distinct Ln-centered polyhedral
motifs. The framework reveals puckered channels running along
the b axis and encapsulating free statistically disordered water
molecules. The latter interact through hydrogen-bond inter-
actions with the terminal aquo species attached to the rare-
earth cation (O2W--O3W = 2.99 A; O2W--O5W = 2.99 A;
O1W--O4W = 2.74 A). The fluorescence spectra of com-
pounds 4 and $ are quite identical but rather complex and
unresolved (Supporting Information). The most intense broad
band is located at 529.4 nm for 4 and 536.4 nm for S. They are
both red-shifted (+21.4/+28.4 nm) as compared to the fluorescence
spectrum of uranyl nitrate hexahydrate.

Thermal Behavior. The thermal stability and decomposition
of the mixed uranyl—lanthanide compounds 4, 5 have been studied
by thermogravimetric analysis and X-ray thermodiffraction.
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The thermogravimetric curve (Supporting Information) of 4
indicates a continuous weight loss up to 260 °C (10.0%),
followed by two plateaus up to 310 and 385 °C (7.4%). The
final weight loss is 36.3%. Considering the final formation of
basic oxides (2/3)U;04 and CeO,, the calculated remaining
loss is 64.8% as compared to the observed value (obs: 63.7%).
It is quite difficult to assign the weight losses of the different
chemical components of the compound (hydroxo, aquo groups,
or organic linker) due to the observation of the continuous loss
event. The observed weight loss between 300 and 380 °C could
be tentatively assigned to one step of decarboxylation (—2CO,
at 380 °C, calcd 7.1%; obs 7.4%). The content of trapped water
molecules is also quite delicate to estimate because only a
continuous weight loss is visible between room temperature
and 250 °C. However, the final weight loss is compatible with
the chemical formula deduced from single-crystal X-ray dif-
fraction analysis. The X-ray thermodiffraction (Figure 6) shows
Bragg peaks of the compounds 4 up to 280 °C, with intensities
change from 120 °C, which could be correlated to the departure of
free water molecules within the cavities. After 280 °C, the
compound is decomposed and then transformed into a’-U;04
(pdf file 31-1425) from 500 °C. From 640 °C, a second phase
crystallizes and is assigned to CeO, (pdf file 65-5923) with the
cubic fluorite type.

The thermogravimetric curve (Supporting Information) of
the neodymium analogue (S) exhibits a continuous weight loss
up to 500 °C. The final weight loss is 34.7% and corresponds to
the decomposition of the compound into the basic oxides U;O4
and (Nd,U)O, 5 (see thermodiffractogram in Figure 6). Tentative
assignments could be done as follows: the free water is evacuated
up to 120 °C (obs 4.0%, calcd 3.6%). A step between 250 and
370 °C could be attributed to the partial decarboxylation of the
linker (ex: —1CO,, obs 3.6%; calcd 3.9%). However, due to the
absence of plateaus, such accurate attributions remain quite delicate.
The X-ray thermodiffraction diagram (Figure 6) is quite similar
to that of the cerium analogue. The Bragg peaks of the com-
pounds § are visible up to 260 °C, with intensities changing
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from 100 °C, related to the departure of free water molecules.
After its degradation, two distinct oxides crystallize from 480 °C,
with the formation of uranium oxide U;Oy (a and o' forms, pdf
files 31-1424 and 31-1425) and a neodymium—uranium oxide
(Nd,U)0,_s (pdf file 75-0090) with the cubic fluorite type.
The calcination (in air) of the as-synthesized compounds 4
and § was then analyzed by XRD and SEM. Evolution of the
XRD patterns between 800 and 1400 °C shows the progressive
disappearance of the uranium oxide U;Og. At 1400 °C, only the
mixed fluorite phase “(Ce,U)O,” or “(Nd,U)O,_s" is visible.
The final compositions are Ceg;Uj3,0, and Uy oNdg 400,55
(from EDS analysis), which is close that of the as-synthesized
phase (2U/1Ln). For both compounds, the SEM photographs
of the calcined solids at 800 °C show cracked crystallites of
10—120 pm size, reminiscent of the parallelepiped-like morphol-
ogy of the as-synthesized phases, obtained after hydrothermal
treatment (Figure 7 for 4, see Supporting Information for §).

Figure 7. SEM images of the calcined crystallites of 4 after heating at
800, 1000, 1200, and 1400 °C (from top to bottom), under air for 24
h. (left) Views of crystallites morphology; (right) detailed views of
crystallites surface. SEM images of the calcined compound § are
presented in the Supporting Information.

Whereas the morphology of the crystallites does not change so
much at a higher temperature, crystal growth of the final phase
“(U,Ln)O,” with the fluorite type is clearly visible at its surface,
with flat grain size varying from 0.1 to 0.2 ym at 1000 °C to
10-30 um at 1400 °C. Such flat crystalline microscopic
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domains have been previously reported in the case of hyper-
iy . 28
stoichiometic UO,,,.

B CONCLUSION

The hydrothermal reactivity of the hexacarboxylate mellitate
ligand has been investigated with aqueous solutions containing
lanthanide (such as Ce** or Nd*") and uranyl cations. A series
of solids Ln,(H,0)s(mel) (Ln = Ce, Nd), with a known
structural type (previously reported with La,'** Nd,'f Ho'™),
has been synthesized and consists of isolated tricapped trigonal
prismastic polyhedra, LnO4(H,0);, engaged with the octaden-
date mellitate anions in a three-dimensional framework. A
uranyl mellitate, (UO,);(H,0)(mel)-11.5H,0, has also been
isolated and exhibits a layered structure containing 8-fold
coordinated uranium atoms connected to each other through
the organic linkers, to generate a 3% net. Water molecules are
intercalated between the mixed organic—inorganic sheets. This
compound is a new example of actinide mellitate because only
neptunium-based solids'> have been identified so far. A third
type of compounds also crystallizes under this hydrothermal
condition and concerns a distinct architecture, (UO,),Ln-
(OH)(H,0);(mel)-2.5H,0 (Ln = Ce, Nd), involving both
cations 4f and 5f. They can be obtained as pure phases with the
addition of the inorganic base NaOH (molar NaOH/U = 1.2),
for instance. The rare-earth atom is still 9-fold coordinated
(LnOs(OH)(H,0)5), but linked to a neighboring 7-fold coor-
dinated uranyl cation (UO,)O,(OH) via y,-hydroxo and ,-
oxo bridges. The latter anion belongs to the typical short uranyl
bonding. The layers generated from the connection of hetero-
metallic dinuclear units with mellitate ligands are further linked
to each other via isolated (UO,)O, square bipyramidal motifs
to form the three-dimensional structure. Indeed, these mixed
uranyl—lanthanide mellitates exhibit new structural features.
This is a unique case of heterometallic bonding between uranyl
and lanthanide elements, which corresponds to a novel illustra-
tion of the cation—cation interaction. This type of y,-oxo bridge
has been rarely reported in pure uranyl-based compounds,™™ be-
cause the usual terminal “yl” oxygen is quite chemically inert™ for
further condensation processes with other metallic centers. A
second fi,-hydroxo linkage is also observed between the two
metals 4f and Sf, and this has not been previously reported in
other coordination complexes. The rare-earth and uranyl cations
are generally associated through the connection of different
organic ligands, with assemblies involving covalent bondings and/
or hydrogen-bond interactions.* ™" No direct U=O-Ln
bonding is reported in coordination complexes with hexa-
valent uranyl. Yet, a case of a molecular biheterometallic
U=0-Sm (or Y) species stabilized N-donor macrocycles
recently was discovered by Arnold et al** and involved
pentavalent uranium. Nevertheless, such a linkage was, for
instance, described in the natural mineral Bijvoetite, © for which
the 8-fold coordinated uranyl polyhedra share a common p,-
oxo edge with the 8-fold coordinated lanthanide polyhedra in a
carbonate-based layer. The thermal degradation of the mixed
Ln—U mellitates led to the formation of a mixture of basic
uranium oxide (U;Og) and mixed Ln—U oxide “(Ln,U)0O,”
crystallizing with the fluorite structural type. Above 1000 °C,
uranium oxide U;Og progressively disappears, and only the
fluorite type compound is visible. Final compositions of the
mixed solids at 1400 °C were Ce;Uj 3,0, and Ndy 69U 40055
The SEM analysis of the surface of the as-synthesized crystallites
clearly shows the growth of crystalline flat domains related to
the fluorite phase when heated above 1000 °C.
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