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Abstract

This paper focuses on the crystallographic diversity observed for the compounds obtained, by reacting potassium oxalate with
Er(Ill) chloride, in gel media. Three lanthanide and oxalate compounds are described two out of the three are simple lanthanide
oxalate complexes while the other one is a mixed lanthanide—alkaline oxalate complex. All three have been structurally
characterized.1, namely Ep(C,0,)3(H,0)s:4 H,O, crystallizes in the space group2,/c (system monoclinic) with
a=11.3590(2) Ab=9.6162(2) Ac=9.9401(2) A5 =118.723(9)° and = 4. Its crystal structure has been found to be identical
to the one already reported. It consists of parallel honeycomb-like molecular 18yeamely KEr(CO,),-4 H,O, has been
found to be isostructural to the Y(lll) homologous complex already reported. It crystallizes in the spacel4y/aopl
(tetragonal system) with= 11.4145(14) Ac = 8.893(2) A and = 4. Its structure consists of channels alongdhgis spreading
over the @b) plane with a square cross sectiBnnamely Ex(C,0,)s(H,0)s 12 H,0, crystallizes in the space groB8 (trigonall
system) witha = 30.8692(10)A¢c = 7.2307(2)A andZ = 12. This compound has, to the best of our knowledge, never been
structurally described. It is the first three-dimensional lanthanide oxalate ever reported. Its crystal structure exhibits channels
with hexagonal cross-sections spreading along theaxis. The diameter of the channels is as large as 12 A. They are filled with
crystallization water molecule3o cite this article: M. Camara et al., C. R. Chimie 6 (2003).

© 2003 Académie des sciences. Published by Editions scientifiques et médicales Elsevier SAS. All rights reserved.
Résumé

Cet article s'intéresse a la diversité structurale des composés obtenus par réaction en milieu gel de I'oxalate de potassium avec
le chlorure d’erbium (l11). Trois composés a base d’oxalate et d’erbium sont décrits : deux d’entre eux sont des oxalates de terre
rare uniquement, alors que le troisieme est un oxalate mixte de terre rare et de potassium. Tous trois ont été structuralement
caractériséd, de formule chimique E(C,0,)5(H,0)s-4 H,O, cristallise dans le groupe d’esp&&/c (systeme monoclinique)
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avec a = 11.3590(2) A, b = 9.6162(2) A, ¢ = 9.9401(2) A, p = 118.723(9)° et Z = 4. Sa structure cristalline est identique au
composé déja décrit et consiste en une superposition de plans moléculaires en nid d'abeilles. 2, de formule chimique
KEr(C,0,),4 H,0, est isostructural @ un complexe analogue a base d' Y (111) déja décrit. 11 cristallise dans le groupe d’ espace
14,/amd (systéme quadratique) avec a = 11,4145(14) A, ¢ = 8,893(2) A et Z = 4. Sa structure cristalline consiste en la
juxtaposition de canaux & sections carrées suivant I'axe &, se développant suivant le plan (ab). 3, de formule chimique
Er,(C,0,)s(H,0)-12 H,0, cristallise dans le groupe o espace R3 (systéme hexagonal ), avec a = 30,8692(10) A, ¢ = 7,2307(2)
A et Z = 12. Ce composé ' a, & notre connaissance, jamais été structuralement caractérisé. 1l constitue le premier exemple
d’ oxaatesimpledeterreraretridimensionnel. Sastructure cristalline présente des canaux a sections hexagonal es se dével oppant

suivant ' axe €. Le diamétre de ces canaux est del’ ordrede 12 A. 11s sont remplis de molécules d’ eau de cristallisation. Pour citer

cet article : M. Camara et al., C. R. Chimie 6 (2003).
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1. Introduction

For afew years, our group has been involved in the
investigation of lanthanide containing coordination
polymers. Many such polymeric compounds have been
obtained by using polycarboxylate ligands [1-3]. All
of them have been structurally characterized thanks to
the single crystals obtained by slow diffusion of the
reactants through gel media. Rather surprisingly, this
synthesis pathway leads currently to numerous poly-
morphic phases[4, 5]. In order to check if the origin of
this observed polymorphism lies in the use of gel
media or not, we have recently undertaken the study of
the system ErCl;-6 H,0-K,(C,0,)-2 H,0-H,0O in
various gel media.

The choice of the oxalate ligand was motivated by
the fact that lanthanide oxal ates have been extensively
studied for more than 30 years due to their numerous
industrial applications. For instance, lanthanide ox-
aate are extensively used as ceramics or mineral pig-
ments precursors [6].

All these studies have led to the characterization and
structural description of many compounds.

Lanthanide oxalates crystallize in two different
ways, depending on the lanthanide ion. For lanthanide
ions ranging from La to Er, the chemical formulais
Ln,(C,0,)3(H,0)64 H,O [7, 8], whilefor lanthanides
ranging from Er to Lu, the chemical formula is
Ln,(C,0,)3(H,0),-2 H,O[9]. The structure of thelan-

thanide oxal ate hexahydrateis closely related to that of
the lanthanide oxal ate decahydrate.

The mixed lanthanide—alkaline oxalates have also
been largely studied. They can be classified into sev-
eral families. We can uplight:

* K5Ln(C,0,)5-3H,0 (Ln=Nd-Tb) [10];

* KgLny(C,0,4)7-14 H,0O (Ln = Th, Er, Yb, Dy, Y)

(11];

e [MLn(H,0),](C,0,)-H,0 (M =Li, Ln = La-Gd,

n=1,M=Na Ln=CeNd,n=2)[12];

* YM(C,0,),-4 H,0 (M =K, Rb) [13];

* Y(H,O)N&(C,0,),-3 H,O [14].

A summary of the chemical formula, space group
and cell parameters of these compounds is reported in
Table 1. Considering the structura diversity and the
stability of the reported phases, it was really a chal-
lenge to obtain, thanks to the use of gel media, a new
phase yet unknown.

In this paper, we would like to report the results
obtained by a set of synthesis realized with the same
reactants (erbium(111) chloride and potassium oxal ate)
in the same solvent (water) and varying only the gel
medium. Three different compounds were so obtained
depending on the nature of the gel. Oneisof coursethe
very stable oxalate decahydrate [7, 8]. Second is the
KEr(C,0,),4 H,0, which revealed to be isostructural
to the KY (C,0,),-4 H,O recently described [13]. The
third is a new three-dimensional erbium oxalate com-
pound.



M. Camara et al. / C. R. Chimie 6 (2003) 405415 407

Tablel

Summary of the unit cell parameters for selected well-known oxal ate-contai ning compounds

Space  a(A) b(A) c(A) a (%) B() 7 (%)
group
LNy(C,0,)5(H,0)s4 H,0 (Ln = La—Er) [7, §] P2/c 11.516(250) 9.631(30) 10.081(400) 118.82(25)
LN,(C,0,)5(H,0),2 H,0 (Ln = Er-Lu, Y, So)[9] P1  0597(150) 8.455(15) 9.758(300) 93.42(40) 106.27(30) 85.41(90)
K4LNn(C,0,)53 H,0 (Ln = Nd=Tb) [10] P1  0383(50) 8484(20) 9.751(50) 88.86(50) 81.76(50) 96.55(30)
KeLNo(C,0,)7-14 H,0 (Ln=Th, Er,Yb, Dy, Y) [11] C2c  16.079(50) 11.773(60) 23.371(120) 91.21(35)
[LiLn(H,0),](C,0,)H,0 (Ln=La-Gd,n=1)[12] P2a 9.399(100) 7.666(80) 12.877(140) 103.77(45)
[NaLn(H,0),](C,0,)H,0 (Ln=Ce-Nd,n=2)[12] P2a 10.033(35) 7.591(40) 13.093(70) 102.02(20)
YM(C,0,),-4 H,0 (M =K, Rb) [13] 14,/a  11.4612(8) 8.9040(8)
Y (H,0)Na(C,0,),-3 H,0 [14] Pc 86232 86310(8) 14.896(3) 102.848(9)

2. Experimental part
2.1. Synthesis

The potassium oxal ate salt has been purchased from
Acros Organics and used without further purification.
The gels have been purchased from Acros Organics
and gelified according established procedures. The er-
bium oxide has been furnished by Rhodia Electronics
and Catalysis.

Single crystals of each of the three phases are ob-
tained by reaction of the same reactants (erbium chlo-
ride hexahydrate and potassium oxaate dihydrate
salts), the crystallization occurring in different gel me-
dia. Three kinds of gels have been used: agar-agar,
tetramethylorthosilicate (TMOS) and tetraethylortho-
silicate (TEOS).

Dilute agueous solutions of Er(Il1) chloride
(0.25 mmol) and potassium salt of oxalate (0.25 mmol)

were allowed to slowly diffuse through the gel medium
in an U-shaped tube. After afew weeks, single crystals
were obtained.

Details of the different synthesis are listed in
Table 2.

Anal. Calc. (found) for Er,(C,O,4)3(H,0)g4 H,O:
Er 42.96% (42.90), C 9.25% (9.25), H 2.59% (2.60);
for KEr(C,0,),-4 H,O: Er 36.80% (36.70), K 8.60%
(8.65), C 10.57% (10.60), H 1.77% (1.80); for
Er,(C,0,)3(H,0):12 H,0O: Er 36.25% (36.25), C
7.81% (7.80), H 3.93% (3.95).

2.2. Sngle-crystal X-ray diffraction data

All crystals have been sealed in glass capillaries for
X-ray single crystal data collection in order to avoid
potential dehydration.

Table2
Summary of the results of the synthesis
Gel density Chemical formulae and crystal cell parameters Ref.
0.1% Er,(C,0,)3(H,0)6:4 H,O [7-8]
Agar-agar 0.25% P2,/c
0.5% a=11.3590(2) A; b=19.6162(2) A; c=9.9401(2) A; = 118.723(9)°
19
1.5/18.5
TMOS Er,(C,0,)5(H,0)¢12 H,0 This work
3/17 R3
a=30.8692(10) A; c = 7.2307(2)A
Ery(C50,)5(H;0)¢4 H,0 [7-4]
119 P2,/c
TEOS a=11.3590(2) A; b=9.6162(2) A; c=9.9401(2) A; p = 118.723(9)°
L5HB5 KEr(C,0,),-4 H,0
14,/amd This work

3117 a=11.4145(14) A; c = 8.893(2) A
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2.2.1. Crystal 1

A plate-like pale-pink transparent single crystal has
been mounted on a Nonius KappaCCD diffractometer
with Mo Ko radiation (4 = 0.71073 A).

The unit cell parameters found after 10 frames are:
o =11.3590(2) A, b=9.6162(2) A, ¢ = 9.9401(2) A,
S = 118.723(9)°. These parameters are the same that
those already found for the Er,(C,0,)3(H,0)s4 H,O
compound [7,15-20].

2.2.2. Crystal 2

A block-like pale-pink transparent single crystal has
been mounted on a Enraf Nonius CAD-4 four circle
diffractometer equipped with Mo Ka radiation and a
graphite monochromator. Accurate unit cell param-
eterswere derived from least-sguares refinement of the
setting angles of 25 machine-centred reflectionsin the
range 459 < # < 13.29° and have for values:
a=11.4145(14) A, c=8.893(2) A. Datacollection was
performed in the w—2 6 scan mode. Intensities of three
standard reflections were measured every 60 min and
showed no decrease during the data collection. The
data were corrected for Lorentz and polarization ef-
fects and for absorption using the psi-scan method
[21]. The structure was solved by direct methods and
refined by full-matrix least-squares methods, which
were performed using the SHELXS-97 and
SHELXL-97 software packages [22, 23]. All non-
hydrogen atoms were refined anisotropically. Hydro-
gen atoms of water molecul es have been localized and
have not been refined.

2.2.3. Crystal 3

A diamond-like pale-pink transparent single crystal
has been mounted on a Nonius KappaCCD diffracto-
meter with Mo Ka radiation (4 = 0.71073 A). The
crystal data collection has been performed at room
temperature.

A crystal-to-detector distance of 25.0 mm has been
used and data collection strategy (determination and
optimisation of the detector and goniometer positions)
have been performed with the help of the COLLECT
program [24] to measure Bragg reflections of the
unique volume in reciprocal space until § = 27.48°.

A total of 166 frames were recorded, using

Aw = 2.0° rotation scansto fill the asymmetric zone of
the reciprocal space (exposition time = 50 s deg™).

Finally, 25 796 reflections have been indexed, L orentz
polarization corrected and then integrated in the trigo-
nal symmetry (R3 point group) by the DENZO pro-
gram of the KappaCCD software package [25].

Numerical absorption corrections have been per-
formed using the analytical facilities [26] included in
the WinGX program suite [27].

Structure determinations have been performed with
the solving program SIR97 [28], that revealed all the
non hydrogen atoms. All non-hydrogen atoms were
refined anisotropically using the SHELXL program
[23]. Hydrogen atoms of water molecules have not
been localized.

Crystal and final structure refinement data of the
three compounds are listed in Table 3.

3. Result and discussion

3.1. Description of the structures.

3.1.1. Description of the structure of compound 1

This compound, isostructural to the already well-
described lanthanide oxalate decahydrate, exhibits a
2D framework, based on an honeycomb-like molecular
motif (Fig. 1).

3.1.2. Description of the structure of compound 2

Thiscompoundisoriginal becauseit has never been
characterized before. However the Y(I11) containing
homogenous compound (with K or Rb counter cations)
has already been described in theliterature [13]. Inthis
paper its crystal structure had been solved on the basis
of powder X-ray diffraction diagram. Thecrystal struc-
ture determination reported here, based on single crys-
tal X-ray diffraction data, has allowed us to refine the
space group determination (14,/amd) and the location
of the water molecules.

The asymmetric unit, along with the atomic num-
bering scheme (Fig. 2), showsthat the erbium(l11) ions
are eight coordinated by eight oxygen atoms from four
oxalato groups, so forming adlightly distorted dodeca-
hedron (Fig. 3). It can be noticed that this coordination
polyhedron is free of water molecule. The distances
between the Er(I11) ion and the oxygen atoms belong-
ing to oxalato groups are 2.318(1) and 2.357(1) A. In
Fig. 2, one can also notice that the O1 atom is also
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Table3
Crystal and fina structure refinement data of the three compounds
Compound 1 2 3
Molecular formula ErC;0,,H,¢ ErkKC,O,,Hg Er; 5C4 50,5 5H57
Formulaweight 389.37 454.46 692.15
Size (mm) 0.08 x 0.08 x 0.08 0.14x 0.16 x 0.29 0.07 x 0.08 x 0.10
Temperature (K) 293 293 293
Crystal system monoclinic tetragonal trigonal
Space group P2,/c 14,/amd R3
a(h) 11.3590(2) 11.4145(14) 30.8692(10)
b(A) 9.6162(2) 11.4145(14) 30.8692(10)
c(A) 9.9401(2) 8.893(2) 7.2307 (2)
a (%) 90 0 90
B () 118.723(9) 90 90
7 (°) 920 90 90
V (A3 952.2(3) 1158.7(3) 5967.1(3)
z 4 4 12
Deac (g cm) 2.605 2311
F(000) 860 4032
u(cm™) 7.661 6.405
Data collected 2893 3036
Observed data 390 2419
Parameters refined 39 172
R (%) 4.99 424
R, (%) 12.03 11.18
Goodness of fit 1.072 1.164
Final shift/error 0.002 0

Fig. 1. Honeycomb-like molecular motif for compound 1. Crystalli-
zation water molecules have been omitted for clarity.

bounded to the K™ ion. The coordination polyhedron of
the K™ ion is also a dodecahedron, formed by four
oxygen atoms from four oxalato groups and four oxy-
gen atoms from crystallization water molecules.

Thecrystal structure exhibitsa3D open framework.
Along the c— axis, the structure presents channels
with square-cross sections, the erbium ions occupying
the corners of the sgquares (Fig. 4). The distances be-
tween Er(111) ionsareal 6.125(1) A and so the surface
of the square-cross sectionis37 A2, These channelsare
filled with disordered crystallization water molecules.
A deeper study of the location of the crystallization
water molecules shows that they are forming two
screws translated by ¢ and rotated by 45° from each
other (Fig. 5). The distances between two oxygen at-
oms from adjacent crystallization water molecules be-
longing to a given screw are 2.901(1) A.

The square cross-section channels can also be de-
scribed as helixes, as shown in Fig. 6.

The crystal structure presents also channels spread-

ing along the & or b axis. These channels present an
irregular chair-like hexagonal section with six lan-
thanide ions localized at the corners and six oxaato
groups forming the edges. Their surface is roughly
45 A? large. They are filled with crystallization water
molecules and with the potassium ions (Fig. 7).
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Fig. 2. Extended asymmetric unit along with the atomic numbering
scheme for compound 2.

Fig. 3. Coordination polyhedron of the Er(l11) ion in compound 2.

3.1.3. Description of the structure of compound 3

Thiscompound is, to the best of our knowledge, the
first octadecahydrate lanthanide oxal ate ever crystallo-
graphically characterized and thefirst lanthanide, only
containing oxalate, exhibiting a 3D framework.

Fig. 4. Square cross-section channels: projection along the ¢ axis of
adouble-cell content. Potassium ions have been omitted for clarity.
Also for clarity, only one water molecule over two has been repre-
sented.

Fig. 5. Perspective view of the two disordered screws formed by
crystallization water molecules in compound 2. One is drown in
black while the other isin white. Oxygen atoms belonging to a same
screw have been formally linked for clarity.

The asymmetric unit, along with the atomic num-
bering scheme (Fig. 8), showsthat the erbium(l11) ions
are nine-coordinated by six oxygen atoms from three
oxalato groups, according to a bidentate coordination
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Fig. 7. Chair-like hexagonal cross-section channelsin compound 2. (a): Wire-model representation of the chair-like hexagonal molecular motif.
(b) : Projection along the b axis of an hexagonal cross-section molecular motif. (c) : Perspectiveview along theb axis of the molecular skeleton
of the crystal structure.
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Fig. 8. Extended asymmetric unit along with the atomic numbering
scheme for compound 3.

mode, as well as by three coordination water mol-
ecules, so forming a tricapped trigonal prism (Fig. 9).
The distances between the lanthanide ions and the
bounded oxygen atoms are 2.415(10) A and 2.275(65)
A for oxygen atoms belonging to water molecules and
to oxalato groups respectively.

Fig. 9. Coordination polyhedron of the Er(l11) ion in compound 3.

Fig. 10. Honeycomb-like molecular motif for compound 3: projec-
tion along the c - axis.

The projection view along the ¢ axis shows chan-
nels with hexagonal sections roughly 100 A? large.
Each section is formed by six lanthanide ions at the
corners connected by six oxalato groups forming the
edges. These channels are filled with crystallization
water molecules (Fig. 10). One channel out of two is,
actually, an helix spreading along the € axis (Fig. 11).
Each such channel is connected to three other helical
channelsin such away that if one turnsright, adjacent
others turn left (Fig. 12). The connection between
helixesisinsured by acommon Er(111)-C,0,~—Er(I11)
molecular fragment. Six connected helixes form an-
other hexagonal cross-section channel filled by crystal-
lization water moleculestoo. The crystallization water
molecules occupying these channels present bigger
thermal agitation factorsthan those occupying the heli-
cal channels.

The views along the a or b axis are smilar. The
molecular skeleton can be described as ajuxtaposition
of channels with a square cross-section. These
small channels are filled by crystallization water mol-
ecules (Fig. 13). The molecular motifs correspond
to each other via the trandation 3¢ - 1/3b

(or1/3¢ - 1/34).
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Fig. 11. Projection views along ¢ axis (left) and along & + b direction (right) of ahelical molecular channel in compound 3.

3.2. Discussion and conclusion

This study confirms that the polymorphism already
observed on other systems [5] is most probably due to
the use of gel media. The crystallogenesis in gel me-
dium, using the same reactants (erbium chloride
hexahydrate and potassium oxalate dihydrate salts) in
the same solvent (water), alows one to obtain three
crystallographically different structures.

The most often obtained is, of course, the well-
known very stable decahydrate erbium oxaate
(namely compound 1).

The second compound described here before isiso-
structural to arecently characterized Y (111) containing
compound.

Thethird, at last, isthe new octadecahydrate erbium
oxalate. The existence of this compound had already
been suggested on the basis of an elemental analysisin
1971 [29]. We have compared the X-ray powder dif-

fraction diagram reported in this paper with the one
calculated [30] from our atomic parameters obtained
for compound 3. The two diagrams, the experimental
reported one and the calculated one, are rather similar.
However, they present some discrepancies that do not
alow usto be surethat the two samples are exactly the
same.

The compounds 2 and 3 seem to be interesting
because of their potentiality in heterogeneous catalysis
or optical systems. The rest of our discussion will so
focus on them.

Indeed both arethree-dimensional compounds, both
exhibit an open molecular framework and both are
containing Er(l11) ions.

The presence of erbium ionsisvery important asfar
asoptical applications are concerned. For instance, the
silica-doped optical fibres used in telecommunications
as amplifier for transcontinental transmissions do con-
tain Er(ll1) ions. We are currently investigating the
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Fig. 12. Projection view along thed — b direction of two adjacent
helical molecular motifsin compound 3.

efficiency of both systems as molecular laser amplifi-
ersat 1.54 ym. The anhydrous character of the Er(l11)
coordination sphere in compound 2 is an obvious ad-
vantage. However, the relatively short Er—Er distances
could make vanish the emission of the Er(l11) ions by
spin—phonon coupling. This has to be checked.

The 3D character of both structuresis also of inter-
est as far as heterogeneous catalysis is concerned.
Indeed, may beit ispossibleto dehydrate them without
destroying the molecular skeleton. This would lead to
3D open molecular framework with large channelsand
low density (1.5 g cm > and 2.2 g cm™ for dehydrated
compounds 3 and 2, respectively). We are currently
investigating this. Our ideais to eval uate the potential -
ity of these compounds as nanoporous molecular mate-

R. Chimie 6 (2003) 405-415
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Fig. 13. Projection view along the a axis of compound 3. The
crystallization water molecules have been omitted for clarity.

rials. We have so to perform BET measurement in
order to determine their catalytic potentiality.

At last, we havejust obtained the Gd(I11) containing
anal ogous compound of compound 3. We are currently
investigating its magnetic properties.

4. Supplementary material

Full details of the X-ray structure determination of
compounds 2 and 3 have been deposited with the
Cambridge Crystallographic Data Centre under the
depository numbers CCDC-199967 and CCDC-
199964 respectively and can be obtained, on request,
from the authors with reference to this publication.
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