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Abstract

Single crystals of three new open-framework lanthanide oxalates have been synthesized hydrothermally, in the presence of 1,2-
diaminopropane, (C3N,H,)[Nd(H,O)(C504)5]>-3H,0 I and (C3N,H»)[YD(Cy04)-]>- SH,O 11, or 1,3-diaminopropane (C3N>Hji»),
[Las(Cy04)s]- SH,O III. Their structures have been determined by X-ray diffraction data: I and III crystallize in the triclinic system,
space group P-1, with a = 7.8130(5)A, b = 11.8800(6) A, ¢ = 12.9940(8) A, o = 93.092(5)°, = 93.930(6)°, y = 108.359(5)° and a =
11.6650(9) A, b= 11.9240(6) A c= 13.2230(7) A, o= 104.585(4)°, p = 108.268(5)°, y = 111.132(5)°, respectively while II crystallizes in
the orthorhombic system, space group F2dd, with a = 8.7970(4) A, b= 16.1550(8)1&, c= 32.170(2)1&. The three-dimensional (3D)
framework of these compounds is built up by the linkages of lanthanide atoms and the oxygen atoms of the bischelating oxalate ligands.
Instead of four chelating oxalate units surrounding a lanthanide atom (I and II), both lanthanum atoms, in III, are surrounded by five
chelating oxalate groups and that is new. In all the cases within the frame, are observed 8- and 12-membered channels where are localized
the guest species, 1,2- or 1,3-diaminopropane cations and free water molecules. The ratio of the guest number (especially the
diaminopropane) per 12-membered ring could tune the shape and the size of 12-membered channels: thus, the 12-membered channels,
observed for I and II, have elliptical cross-section (5.51& x11.4A and 5.2A x 9.5 A) while those, observed for III, have nearly circular
cross-section (9.1 Ax95 A). The lanthanide atoms are 8, 9 and 10-fold coordinated for Yb (II), Nd (I) and La (III), respectively.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction sional (3D), [{Er(H»O)3},(C>04);]-12H,O, whose the

structure was solved recently [20], these oxalates present a

In the last few years, a great number of organically
templated open-framework compounds have been synthe-
sized especially using the hydrothermal route [1-16]. The
chemistry of hybrid materials has been widely developed,
as well. The organic multi-functional ligand acts as a spacer
between the metals to build up materials of which the
porosity depends essentially on the size, shape and
geometry of both the spacer and the template ligands.
Several structural agents have been used in these syntheses
leading to various structural types.

For our part, we have been particularly interested in
lanthanide oxalates [17-19]. Except for the three-dimen-
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layered honey-comb open-architecture, whether they are
decahydrates or hexahydrates [21-24]. Mixed oxalates,
lanthanide-alkaline element (including ammonium), are
either bi-dimensional [25-29] or tri-dimensional [30,31].
When synthesized hydrothermally in presence of an
organic template, their structure is bi-dimensional or 3D:

® Only layers are found in (NH4)(CN3;Hg)[Nd(H,O0)
(C204)2]> or (CN;Hg)[La(H,0)(C204):] [32]. In the
former example, the ammonium ion was not present
as a starting reagent, but it comes from partial
hydrolysis of the guanidinium ion in the synthesis
conditions.

e The guanidinium can also lead to a 3D open structure,
(CN3H6)2[LI1(H20)(C204)2]2 . 3H20 with Ln = La... Eu,
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as well as tetramethylammonium ion [33,34]. However
as reported by Vaidhyanathan et al., 1,2-diaminopro-
pane (1,2DAP) or 1,3-diaminopropane (1,3DAP) can
condensate with some acids to give rise to more complex
protonated amines [35,36]. A nice example of such
reaction is the formation of N-(2-aminopropyl aceta-
mide), by reacting 1,2DAP with acetic acid, in the used
hydrothermal conditions [36]. One part of this latter
group is dangling about the neodymium atom via the
oxygen of acetamide but the other part is protruding
into 12-membered channels, similar to guanidinium or
tetramethylammonium ions in the examples quoted
before [33,34].

Considering the tendency of 1,2DAP or 1,3DAP to give
more complex amines, we have also tried to use such
templates, in the formation of lanthanide oxalates using
mild hydrothermal synthesis. In this way, we successfully

Table 1

isolated three 3D open-framework lanthanide oxalates
containing the diprotonated 1,2DAP, (C3N,H,)[Nd(H,O)
(C204)2]2 - 3H,0 I'and (C3N2H 1)[Yb(C,04),]5 - SHLO 1T or
1,3DAP iOHS, (C3N2H12)2[L32(C204)5] . 5H20 III. The
above compounds will be compared to each other and to
those reported in the literature. An extension of the
compound I to some other lanthanide elements is realized,
leading to a family with Ln=Ce...Tm. At last, a
characterization by infrared spectroscopy and thermogra-
vimetric analysis has been carried out on some of these
pure compounds.

2. Experimental part
2.1. Synthesis

The three compounds were synthesized hydrothermally
(autogenous pressure) using 1,2DAP for the first two and

Experimental Crystallographic data for (C3N2H12)[Nd(H20)(C204)z]2 . 3H20 I, (C3N2H12)[Yb(C204)2]2 . 5H2O II and (C3N2H12)2[La2(C204)5] . 5H20 I

Crystal data 1 I I

System Triclinic Orthorhombic Triclinic
Space group P-1(2) F2dd (43) P-1(2)

a (A) 7.8130(5) 8.7970(4) 11.6650(9)

b (A) 11.8800(6) 16.1550(8) 11.9240(6)

¢ (A) 12.9940(8) 32.170(2) 13.2230(7)

o (deg) 93.092(5) 90 104.585(4)

p (deg) 93.930(6) 90 108.268(5)

y (deg) 108.359(5) 90 111.132(5)
V(A% 1138.3(1) 4571.9(4) 1484.5(2)
Molecular weight (gmol~") 806.79 864.39 960.29
Z/formula 2 8 2

peal (gem ™) 2.354 2.512 2.148
w(MoKa) (cm™") 46.14 82.35 29.50
Transmission Min = 0.408 Min = 0.386 Min = 0.317
Coefficient range Max = 0.758 Max = 0.449 Max = 0.820
Morphology Parallepipedic Octahedron Parallepipedic

Crystal size (mm) 0.12x0.11 x 0.06

Color Pale blue

Data collection

Temperature (°C) 20

Wavelength Mo(Ka) (A) 0.71073

Monochromator Graphite

Max. Bragg angle (deg) 30

Data collected —-10<h<10
—13<k<16
-21<I<21

Structure refinement

Flack parameter

No. unique data 6008

No. data (I=20(1))_obs. 4290

No. refined parameters 286

R_obs. % 3.61

wR_obs. % 8.59

S 1.040

Weighting scheme® 0.0371/3.0980

(4/0 ) 0.001

(A/p)max 2215

(A/p)min —1.714

0.09 x 0.07 x 0.06 0.12x0.11 x 0.06
Colorless Colorless

20 20

0.71073 0.71073
Graphite Graphite
29.95 30
—-9<h<12 —16<h<15
—17<k<22 —16<k<16
—38<1<45 —18</<18
—0.005(15)

3081 8509

2675 4778

140 350

3.03 6.27

5.63 15.06

1.001 0.958
0.0269/0.0000 0.0951/0.0000
0.001 0.000

1.603 3.534

-0.952 —3.136

“w = 1/[0°(F3)+ (aP)’ + bP], P = [(Fo)+2(F)’)/3.
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Table 2
Final least-squares atomic parameters with estimated standard deviations
for (C3N,H 2)[Nd(H,0)(C204)2]2 - 3H,O0 T

Atoms X y z U (/c\)2
Ndl 0.15004(3) 0.77776(2) 0.03190(2) 0.01639(9)
Nd2 0.15651(3) 0.78215(2) 0.53207(2) 0.01532(9)
(0] —0.0153(5) 0.7271(4) 0.3578(3) 0.0313(9)
02 —0.0177(5) 0.7188(3) 0.1868(2) 0.0254(8)
03 0.3412(5) 0.8254(3) 0.2036(2) 0.0229(7)
04 0.3446(5) 0.8216(3) 0.3765(2) 0.0226(7)
05 0.2117(5) 0.6802(3) 0.6906(3) 0.0304(9)
06 0.1992(5) 0.6697(3) 0.8615(3) 0.0287(8)
o7 0.1085(6) 0.8733(3) 0.7009(3) 0.0309(9)
08 0.0813(6) 0.8585(4) 0.8695(3) 0.0328(9)
09 0.4688(5) 0.8481(3) —0.0103(3) 0.0270(8)
o10 0.7011(5) 0.9994(3) —0.0507(3) 0.0231(7)
Ol11 —0.1152(5) 0.8520(3) 0.5169(3) 0.0247(8)
o12 —0.2220(5) 1.0028(3) 0.4920(3) 0.0244(8)
013 —0.1118(5) 0.6038(3) —0.0225(3) 0.0257(8)
Ol4 —0.2007(5) 0.4087(3) —0.0693(3) 0.0240(8)
ol15 0.2127(5) 0.5956(3) 0.4778(3) 0.0252(8)
ol6 0.1095(5) 0.3974(3) 0.4638(3) 0.0267(8)
Owl —0.0967(5) 0.8639(3) 0.0510(3) 0.0316(9)
Oow2 0.4834(5) 0.8619(4) 0.5837(3) 0.0342(9)
Oow3 0.7191(6) 0.8746(4) 0.2267(3) 0.040(1)
Ow4 0.7601(7) 0.9332(4) 0.7404(4) 0.055(1)
ow5 0.5577(9) 0.6263(6) —0.0008(5) 0.087(2)
C1 0.0598(6) 0.7456(4) 0.2762(4) 0.020(1)
C2 0.2685(6) 0.8044(4) 0.2862(4) 0.019(1)
C3 0.1818(7) 0.7143(5) 0.7783(4) 0.022(1)
C4 0.1184(7) 0.8261(5) 0.7841(4) 0.025(1)
C5 0.5477(6) 0.9551(4) —0.0173(3) 0.0180(9)
C6 —0.0974(6) 0.9572(4) 0.5025(3) 0.0179(9)
C7 —0.0910(6) 0.5036(4) —0.0264(3) 0.0167(9)
C8 0.0939(7) 0.4978(4) 0.4832(4) 0.019(1)
N1 0.6040(8) 0.6882(5) 0.3797(5) 0.053(1)
N2 0.6489(8) 0.5182(5) 0.1832(4) 0.046(1)
C9 0.487(2) 0.592(1) 0.302(1) 0.109(4)
C10 0.540(1) 0.4975(8) 0.2724(7) 0.072(2)
Cl11 0.384(1) 0.3850(8) 0.2527(7) 0.068(2)
Table 3

Selected bond distances (A) and angles (deg) in (C3N,H;»)[Nd(H,0)
(C204)22-3H0 1

Nd1-013 2.436(4) Nd2-Ow2 2.458(4)
Nd1-O14! 2.438(3) Nd2-O15 2.468(3)
Nd1-08t 2.460(3)  Nd2-016" 2.471(4)
Nd1-Owl 2471(4) Nd2-012" 2.484(3)
Nd1-09 2476(3) Nd2-O1 2.495(3)
Nd1-02 2.489(3) Nd2-O7 2.498(3)
Nd1-010 2.524(3) Nd2-O11 2.511(3)
Nd1-03 2.530(3) Nd2-05 2.525(3)
Nd1-06" 2.611(4) Nd2-04 2.557(3)
01-Cl 1.243(6)  01-C1-02 125.7(5)
02-C1 1.249(6) 02-C1-C2 117.1(4)
03-C2 1.250(6) 01-C1-C2 117.2(4)  Oxl
04-C2 1.255(5) 03-C2-04 127.8(5)
C1-C2 1.551(7) 03-C2-Cl 116.4(4)
04-C2-Cl1 115.8(4)
05-C3 1.250(6) 06-C3-05 127.3(5)
06-C3 1.247(6)  06-C3-C4 116.5(4)

Table 3 (continued)

07-C4 1.253(6) 05-C3-C4 116.2(4)  Ox2
08-C4 1.237(6)  08-C4-0O7 126.7(5)
C3-C4 1.557(7)  08-C4-C3 117.1(4)
07-C4-C3 116.1(5)

09-C5 1.237(5)  09-C5-010 126.1(4)
010-C5 1.265(6)  09-C5-C5't 118.0(5) Ox3
C5-C5' 1.546(9)  010-C5-C5' 115.9(5)
011-C6 1.238(5) 011-C6-012 126.6(4)
012-C6 1.258(6)  O11-C6-C6" 117.5(5) Ox4
C6-C6" 1.549(9)  012-C6-C6" 115.9(5)
013-C7 1.249(5) 013-C7-014 126.4(4)
014-C7 1.255(6) 0O13-C7-CT' 116.7(5)  Ox5
C7-CT 1.565(9) 014-C7-CT 116.9(5)
015-C8 1.246(6) 015-C8-016 126.3(5)
016-C8 1.251(6) 0O15-C8-C8™ 116.4(5) Ox6
C8-C8"™ 1.57(1)  016-C8-C8™ 117.3(5)
Owl-Hla 0.856 Hla-Owl-HIb  113.8
Owl-H1b 0.930
Ow2-H2a 0.841 H2a-Ow2-H2b  116.2
Ow2-H2b 1.000
Ow3-H3a 1.000 H3a Ow3-H3b  112.1
Ow3-H3b 0.970
Ow4-H4a 0.893 H4a-Ow4-H4b  105.7
Ow4-H4b 0.970
Ow5-H5a 1.020 H5a-Ow5-H5b 117.8
Ow5-H5b 1.001
NI1-C9 1.50(1)  Cl0-C9-N1 121(1)
N2-C10 1.47(1)  C9-C10-N2 112.8(9)
C9-C10 1.36(1)  C9-C10-Cl1 112.6(9)
C10-Cl11 1.49(1)  N2-C10-Cl11 110.7(7)
Hydrogen bonds and Van der Waals interactions

D-H A-H A-D D-H-A
Owl-Hla...010%  0.86 2.13 2.893(5)  148.9
Owl-H1b...Ow3"  0.93 1.87 2.799(6)  173.6
Ow2-H2a...012%  0.84 1.97 2772(5)  158.0
Ow2-H2b...0Ow4 1.00 1.93 2.755(6) 1382
Ow3-H3a...03 1.00 1.82 2.814(6) 1753
Ow3-H3b...07 097 1.98 2.942(6) 170.4
Ow4-H4a...010™  0.89 2.10 2.893(6) 1474
Ow4-H4b...07"" 097 2.13 3.090(7)  169.8
Ow5-H5a...013'1  1.02 1.80 2711(8)  146.4
Ow5-H5b...09 1.00 1.97 2.934(8)  159.8
Nl-Hlc...04 0.92 2.06 2.939(7)  160.3
N1-Hld...O1" 0.89 221 2.899(7) 1342
N2-H2c...06* 0.92 2.01 2.891(7)  160.2
N2-H2d...02" 0.91 2.06 2.920(7) 156.8
N2-H2e...Ow5" 0.89 2.46 2.909(9) 111.8
N2-H2e...Ow5 0.89 2.07 2.924(8)  159.6

Symmetry codes: (i) —x, 1—y, —z; (ii) x, y, z—1; (iii)) | —x, 2—y, —z; (iv) —x,
1=y, 1—z; (v) =x, 2—p, 1—z; (vi) x—1, p, z; (vii) 1 +x, p, z; (viil) 1 —x, 2—y,
1—z; (ix) x, y, 1 +z; (x) 1—x, 1=y, 1—z; (xi) 1—x, 1=y, —z; (xii) x, y—1, z;
(xiil) —x, 2—y, —z.

1,3DAP for the third. In a typical synthesis for I, 2 mmol of
oxalic acid and 1mmol of 1,2DAP were added to an
aqueous suspension (50mL) of neodyme oxalate
(0.5mmol). For the preparation of II, a similar procedure
was employed using ytterbium nitrate as the lanthanide
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source. The Yb/H,C,04/1,2DAP molar ratio was 1/5/2 and
the dilution was again 50mL. For III, 6 mmol of oxalic
acid and 2mmol of 1,3DAP were added to an aqueous
suspension (10mL) of lanthanum oxalate decahydrate
(0.5mmol). For the three compounds, this starting mixture
was heated at 120 °C for 45, 30 and 14 days for I, IT and III,
respectively. After cooling down to room temperature, the
pH of the final solution was found to be 3.2, 2.0 and 2.9 for
I, IT and III, respectively. The resulting products, as single
crystals, were filtered, washed with distilled water and dried
at room temperature.

Powder X-ray analysis was carried out with a Siemens
diffractometer using Cu K-o radiation. For I, the X-ray
powder pattern of the bulk sample has been fully indexed

on the basis of the unit-cell constants, indicating a pure
phase. For II, the crystal phase was the major phase of the
powder sample, the trace phase was simple ytterbium
oxalate hexahydrate. For III, a mixture of phases was
observed in the powder bulk sample and the crystal phase
was the major one, for the moment the other phase(s)
remain(s) unknown.

Another route to prepare the compounds I-III, as a pure
phase, consists in refluxing and stirring for some days (2—4)
an aqueous suspension (100mL) of the corresponding
lanthanide oxalate, oxalic acid and 1,2DAP or 1,3DAPina
molar ratio 0.5/3/2 or 0.5/5/4.

By varying the lanthanide elements and using 1,2DAP in
the first ratio, this last method allowed to extend the family

(b) Nd2

Fig. 1. (a) View, on the (100) plane, of the structure of I, showing the 8-membered channels inside the ladder; (b) view of a helix running into the [100]
direction (for clarity reason, only the oxygen atoms involved in the helix formation and the free water molecules are drawn). Thermal ellipsoids are
represented at 50% probability. The symmetry codes are given in Table 3.
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I from Ce to Sm. Using 1,2DAP again, ytterbium, was the
only element to present the II structure, but it was a pure
phase.

Using 1,3DAP, the first ratio did not result in a pure
phase of structure III. However, the second ratio was
successful although limited to only lanthanum. For the
other lanthanide elements, this method gave some phase(s)
that were characteristic of a family, however we failed to
obtain some single crystal representative of this family by
the hydrothermal technique.

The study of these families is given after the determina-
tion of the structure. Thermogravimetric and DTA
analyses of the pure phases (about 20 mg) were performed
in the temperature range 20-800 °C, under O, flow, at a
heating rate of 5°C/mn by using a Setaram apparatus.
Infrared spectra were carried out on a Perkin Elmer 1725
FT-IR spectrometer using a dispersion (about 1.5%) in
potassium bromide.

2.2. Single crystal structure determination

A single crystal of each compound was carefully selected
under a binocular and glued at the tip of a thin fiber. The
intensity data of I-III were collected using a Nonius Kappa
CCD four circles diffractometer, with graphite-monochro-
mated Mo-Ko (4 = 0.71073 A) radiation at room tempera-
ture. All the absorption corrections were performed using a
multi-scan method [37]. The structures were solved by
direct methods [38] and refined on F* by a full-matrix
least squares using the Shelxl-97 program and difference
Fourier synthesis [39]. The hydrogen positions were located
in the difference Fourier map and for the final refinement
they were refined using the riding mode at their relevant
parent atom. For I, all the hydrogen were found, for II
only a part of hydrogen atoms was localized and for III,
due to the bad quality of the crystal, no hydrogen atoms
were found.

For II, the 1,2-diaminopropane is disordered. The
carbon atom (C5), carrying the nitrogen (N1), was easily
found and the distance C5-C5 was 1.56(2) A. Another peak
was localized at a distance of 1.52(2) A from C5. This site
was in a general position like C5 and NI1. If this site was
totally filled up, the so-obtained template was the 2,3
diaminobutane, but the thermal factors of C5 and C6 were
really different, 0.04 and 0.12, respectively. By varying the
C6 multiplicity, the obtained value was 0.6 and the Uj,, of
both carbon atoms were quite similar. Hence, the C6
multiplicity was fixed to 1/2, and in that case the obtained
organic group is a disordered 1,2-diaminopropane. Such a
disordered amine has been observed [35,36,40].

3. Results
3.1. Description of structures

The three structures present some similarities and
dissimilarities. In all the cases, the 3D network is built up

from lanthanide atoms sharing all their oxygen atoms with
bischelating oxalates leading, as usually observed in the
case of metal-oxalates, to 8- and 12-membered apertures or
channels. However, the shape and the size of these
apertures, particularly the 12-membered, differ from one
structure to the other:

(C3N2H12)[Nd(H,0) (C204)2]2 - 3H2O L

The asymmetric unit of I contains 36 non-hydrogen
atoms of which 28 belong to the frame. Within this latter,
there are two independent neodymium atoms, four oxalate
ligands (Ox1, Ox2, Ox3, Ox4, Ox5 and Ox6, the four last
oxalates being located at the center of symmetry) and two
water molecules (Tables 2 and 3). Each neodymium atom is
bound to four oxalates and the distances Nd-Nd through
these oxalates are in the range 6.2557(5)A (via Ox5) to
6.5013(5) A (via Ox2).

The connectivity between Nd1 and Nd2 and oxalate
units, Ox1, Ox2, Ox5 and Ox6 forms a ladder running in
the [001] direction (Fig. 1a). The uprights of this ladder
consist of two independent Nd atoms and the two first
oxalates (Oxl and Ox2) in an alternative manner, the
dihedral angle between these last oxalates being 78.8(1)°.
Ox5 and Ox6 units act as rungs also in alternative manner.
This ladder define some 8-membered channels (4.6 A x
5.3 A). The dimensions, given here, are roughly the average
distances of the shortest oxygen atoms (i.e. the narrowest
space or “‘bottleneck’), that are the wall of this aperture or
channel, including the Van der Waals radii (the same
remark applies to all aperture size observed here). The
diprotonated 1,2DAP is localized below or above the level
of this 8-membered channel. One supplementary oxalate,
Ox4, interconnects these ladders leading to a corrugated
layer parallel to the (100) plane. However, Ox3 bridges
these ladders again, in out-of-plane manner or by translat-
ing the x coordinate (—1 or +1). In fact, the frame
displayed by Ox3, Ox1, Ox4 and Ox2" is a helix spreading

Fig. 2. View of the 12-membered channel, spreading into the [001]
direction, for I. The symmetry codes are given in Table 3.
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(©)

Fig. 3. Representation of the lanthanide polyhedron for I to III: (a) Nd1 and Nd2 for I, the symmetry codes are given in Table 3; (b) Yb for II, the
symmetry codes are given in Table 5; (c) Lal and La2 for III, the symmetry codes are given in Table 7.

into the [100] direction (Fig. 1b). So the structure becomes Another 12-membered elliptic channel (5.5 Ax114 A),
3D. Two adjacent, oxalate sharing helices turn in opposite containing the 1,2DAP cation and the crystallization water
sense. Some free water molecules are localized into the molecules is running along the [001] direction (Fig. 2). The
space of these helices. repetition of these channels, along the plane (001), leads to



A. Mohanu et al. | Journal of Solid State Chemistry 179 (2006) 317 9

a 3D distorted honey-comb. All the channels intersect
partially thus leading to a very open structure. The free or
bound water molecules, as well as the protonated amine,
form hydrogen bonding between themselves or with the
oxalate oxygen atoms thus strengthening these guest
species to the frame (Table 3).

Both Nd atoms are nine-coordinated, with eight oxalate
oxygen atoms and one water molecule. The average
distances are roughly the same, 2.493 and 2.496 A for
Nd1 and Nd2, respectively (Table 3). However their
coordination polyhedra differ [41]. For NdI1, it can be
represented as a distorted monocapped square antiprism,
with O6", the longest distance from Ndl, as a cap
(Fig. 3a). For Nd2, the best representation is a distorted
tricapped trigonal prism, again the three cap positions
(04, OS5 an O11) are the more distant from Nd2 (Fig. 3a,
Table 3).

Only two oxalates are non-centrosymmetric, they are
planar within 0.043(2) A. The C-0O, C—C distances and the
corresponding angles of all the oxalate units are in the
expected range for this type of bonding (Table 3)
[17-36,42—46]. For the diprotonated amine, the distance
C9—CI10 is relatively short (1.36(1)1&, Table 3). This value
differs from those currently observed in the literature data
where C-C and C-N distances are in the range 1.50-1.53 A
and 1.48-1.51 A, respectively [47-49]. No possible explana-
tion for such a shortening of this distance C9—C10 has been
found:

(C3NLH»)[Y(C204)5] - SH,O 11

It crystallizes in the orthorhombic system, space
group F2dd (Table 1). The asymmetric unit contains 19

Table 4
Final least-squares atomic parameters with estimated standard deviations
for (C3NoH 2)[Yb(C204)2]2 - SHLO I

Atoms X y z Ueq. (A)2
Yb 0.88978(8) 0.23160(2) 0.064067(7) 0.01453(7)
(0)1 0.5608(5) 0.3331(3) —0.0217(2) 0.026(1)
02 0.7215(6) 0.3167(3) 0.0308(2) 0.029(1)
03 0.7384(5) 0.1562(3) 0.0158(1) 0.023(1)
04 0.5545(5) 0.1702(3) —0.0327(2) 0.028(1)
05 0.5896(4) 0.1027(3) 0.1480(1) 0.023(1)
06 0.6911(5) 0.1977(3) 0.1065(1) 0.027(1)
o7 0.8191(5) 0.0002(3) 0.1332(1) 0.025(1)
08 0.9209(4) 0.0963(3) 0.0903(1) 0.022(1)
Cl 0.642(1) 0.2897(4) 0.0018(2) 0.020(1)
C2 0.646(1) 0.1963(4) —0.0060(2) 0.020(1)
C3 0.6886(6) 0.1297(4) 0.1241(2) 0.019(1)
C4 0.8215(7) 0.0700(4) 0.1151(2) 0.018(1)
N 0.4408(7) 0.2446(4) 0.2022(2) 0.042(2)
C5 0.570(1) 0.2709(6) 0.2282(3) 0.047(2)
C6 0.720(2) 0.267(1) 0.2056(5) 0.040(4)
Owl 0.909(1) 0 0 0.051(2)
Oow2 0.390(4) 0.2313(6) 0.0611(3) 0.102(2)
Oow3 0.254(1) 0.0991(7) 0.1199(3) 0.092(2)

non-hydrogen atoms of which 13 belong to the frame-
work (Table 4). Within the 3D frame, there was one
ytterbium and two independent bischelating oxalate
groups.

The ytterbium atom is linked to four oxalate groups and
the distances Yb—Yb through these oxalates are homo-
genous, from 6.0430(3)A (via Ox1) to 6.0574(4)A (via
Ox2). The connectivity between ytterbium atoms and
oxalate ligands results in the formation of a frame
containing either 8- or 12-membered channels (Fig. 4a).
As for compound I, such 8-membered channels are given
by helices spreading along the [110] direction (Fig. 4b),
leading to the three-dimensionality. Again, two adjacent
helices, sharing an oxalate unit, turn in an opposite
sense. The 8-membered channels contain only crystal-
lization water molecules while 12-membered channels
(5.3Ax9.9A) contain the same species and also the
protonated amine at the borderline.

Another 12-membered elliptic channel (5.21& x 9.5 1&) is
occurring along the [100] axis (Fig. 5). It contains, in its
center, the free water molecule, Owl, which is localized on
a 2-fold axis and one 1, 2DAP cation per 12-membered
ring. The other water molecules, Ow2 and Ow3, are located
at the levels of the Yb polyhedron or of the center of Ox2,
respectively. The water molecules and diprotonated amine
are bound to the oxygen atoms of the frame by hydrogen
bonds or by Van der Waals interactions.

The ytterbium atom is eight-coordinated, with all the
oxygen atoms of Ox1 and Ox2. Its bond distances are in the
range 2.282(5) A-2.382(5) A (average 2.331A) (Table 5)
and are normal for such lanthanide. The coordination
polyhedron can be represented as a distorted dicapped
trigonal prism, with O8 and OS5 as the cap positions (Fig.
3b). A dihedral angle of 9.73(5)° is observed between the
bases of the prism.

Both oxalate units are non-centrosymmetric and Ox1 is
less planar than Ox2 (0.052(6) A versus 0.008(3) A). The
C-O and C-C distances are normal for this type of
bonding (Table 5) [17-36,42-46]. Though the amine was
disordered, its C-N and C-C distances and the corre-
sponding angles are in expected range [47-49]:

(C3NzH12):[Laz(C,04)s] - SH,O 111

This compound crystallizes in the triclinic system, space
group P-1. There are two independent lanthanum atoms,
five oxalate ligands (Ox1-Ox7, the four last being located
at the center symmetry), two diprotonated 1,3-diamino-
propane and five water molecules (Table 6). As previously
seen for I and II, all the oxalates are only bischelating. The
3D network is built up by the connectivity of the two
lanthanum atoms and the oxalate units.

Instead of three or four oxalate ligands surrounding the
lanthanide element which is the usual case, both lanthanum
atoms of III are linked to five oxalate ligands, in only a
chelating way (Fig. 6). To our knowledge, it is the first time
that such a lanthanide is bound to five oxalates. This is
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(W)

Fig. 4. (a) View onto the (1 fO) plane of the three-dimensional structure of I, showing the 8-membered and the 12-membered channels; (b) view of an helix
running along the [1_1_0} direction (for clarity reason, only the oxygen atoms involved in the helix formation and the free water molecules are drawn).
Thermal ellipsoids are represented at 30% probability. The symmetry codes are given in Table 5.

likely possible, considering the ionic radius of lanthanum
which is the highest of the lanthanide series [50,51].

The stacking of the units, presented in Fig. 6, leads
to the formation of 12-membered ring, towards the plane
(111), which is a quite regular hexagon (Fig. 7a). The edges
and angles of such a hexagon, schematized into Fig. 7b,
are in the range 6.546(1) A (via Ox5)-6.806(1) A (via Ox7)
and 118.72(1)-122.22(1)°. Nearly circular channels
9.1 Ax95 A) are running along the [111] direction. They
contain the amine ions and the water molecules, two

1,3DAP ions per one 12-membered ring. The stacking of
these hexagons leads to a quite perfect honey-comb
layer (Fig. 7c). Note that, within the layer, the two amine
cations are alternatively distributed, one horizontal
line contains the first (N1-N2) cation and the other the
(N3-N4) cation.

These layers are pillared or cross-linked by Ox1 and Ox3
alternatively, leading to roughly three types of 8-membered
channels which are at nearby 60° between them. The
shape and the size of such channels is slightly variable
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Fig. 5. Projection of the 12-membered channels running in the [001] direction and leading to a 3D distorted honey-comb, for II.

but it is less than the one of the 12-membered channel.
Along [100] direction, there are two slightly different
channels: the one containing the first amine cation is equal
to 4.1A x 7.1 A and the one containing the second amine
cation is equal to 57Ax65A (Fig. 8). In the other
directions [i11] and [111] two channels, only one per
direction, are observed: 4.0A x6.5A and 4.5A x59A,
respectively. So the structure of this compound consists of
an open framework.

Both lanthanum atoms are 10-fold coordinated with the
oxalate oxygen atoms. The Lal-O distance distribution
(from 2.570(5) A to 2.646(6) A, 4 =0.076 A) is narrower
than La2-O one (from 2.549(5)A to 2.696(6)A,
4= 0.147&). However the two lanthanums present the
same average (2.62(2) A). In both cases, the coordination
polyhedron can be described as a dicapped square
antiprism (Fig. 3c). For Lal, the cap positions are occupied
by 06" and O14" which are the more distant atoms from
Lal; a dihedral angle of 8.4(2)° is observed between the two
distorted square faces. For La2, O5 and 020" that are
among the more distant atoms from La2 occupy the cap
positions and a dihedral angle of 4.6(3)° is observed
between the two distorted square faces.

Among the seven oxalate ligands, only three are non-
centrosymmetric. Their deviations from planarity are
variable, 0.043(4), 0.061(4) and 0.160(4)1& for Ox1, Ox2
and Ox3, respectively. Within the more distorted oxalate,
the torsion angle around C5-C6 reaches 17.2(8)° compared

to 4.7(7)° for Ox1. However, the bonds lengths and angles
are normal for all these oxalates (Table 7).

The distances C—C and C—-N of the two amine ions are
normal [47—49,52], except for the high C16-N4 = 1.68(2) A.
Such a lengthening of this bond is probably the
consequence that N4 interacts four times with the oxygen
atoms of the oxalates and Ow2. These Van der Waals
interactions are relatively short for a nitrogen atom (from
2.79(1)A to 3.06(1) A, Table 7). Although the hydrogen
atoms were not localized at all, there are some possible
interactions between the other nitrogen atoms, as well as
the free water molecules, and the oxygen atoms of the
frame.

3.1.1. Comparison of the structure of compounds I-IIT with
some compounds of the literature

In spite of their differences concerning the number of
oxalates surrounding the lanthanide, compounds I-III
have some similar features: the presence of some 8- or 12-
membered rings or channels. Such a presence is usual for
the lanthanide-oxalates either 2D or 3D. Some 8-mem-
bered channels have been observed many times in mixed
M-lanthanide oxalates (M = alkaline elements, NH, , etc.)
[25-31]. Some 12-membered apertures are already present
in the simple layered lanthanide oxalates either decahy-
drates or hexahydrates [21-24]. The channels can be either
produced by a helical arrangement like compounds I and
II, as well as in some papers reported in the literature
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Table 5 .
Selected bond distances (A) and angles (deg) in (C3;N,Hp)[Yb
(C204)2]2- SH2O T

Table 6
Final least-squares atomic parameters with estimated standard deviations
for (C3N2H]2)2[L32(C204)5] . 5H20 III

Yb-Ol! 2.282(5) Yb-O5' 2.347(5)
Yb-06 2.284(4) Yb-08 2.359(4)
Yb-02 2.286(5) Yb-04! 2.373(5)
Yb-O7t 2.337(5) Yb-03 2.382(5)
01-Cl 1.254(9) 01-C1-02 125.2(7)
02-Cl1 1.245(9) 01-C1-C2 117.6(5)
03-C2 1.256(9) 02-C1-C2 117.2(6) Oxl
04-C2 1.249(9) 03-C2-04 128.8(6)
Cl1-C2 1.531(9) 03-C2-Cl1 115.5(5)
04-C2-Cl1 115.6(5)
05-C3 1.242(7) 05-C3-06 127.5(6)
06-C3 1.236(8) 05-C3-C4 115.4(6)
07-C4 1.269(8) 06-C3-C4 117.2(5) 0ox2
08-C4 1.257(7) 07-C4-08 127.1(6)
C3-C4 1.543(8) 07-C4-C3 117.2(5)
08-C4-C3 115.7(5)
N-C5 1.47(1) N-C5-C6 113.009)
C5-C5'l 1.56(2) N-C5-C5'il 112.7(6)
C5-C6 1.51(2) C6-C5-C5' 114.6(8)
Owl-H1 0.931 H1-Ow1-HIY 104.8
Hydrogen bonds and Van der Waals interactions
D-H A-H A-D D-H-A
Owl-H1-03 0.93 2.06 2.981(7) 168.1
N-Ha-Ow!1" 0.92 2.00 2.915(11) 176.6
N-Hc-Ow3't 0.90 2.06 2.924(12) 159.1
N-Hb-02" 1.00 2.09 2.937(9) 141.8
Ow2-06 3.07(3)
Ow2-Ow3! 3.09(3)
ow3-07*t 2.93(1)
Ow3-06" 3.04(1)

Symmetry codes: (i) x+1/2, —y+1/2, —z; (ii) x + 1/4, y + 1/4, —z + 1/4; (iii)
x, =y+1/2, —z+1/2; (iv) x, —y, —z; (v) x=3/4, —y+ 1/4, z+ 1/4; (vi) x—1/
4, y—1/4, —z+1/4; (vii) x—3/4, y+1/4, —z+ 1/4; (viil)) x—1/2, y—1/2, —z;
(ix) x—1/2, —y—1/2, —=z.

[20,34,53] or by some layers bridged, in out-of-plane
manner by a supplementary oxalate unit [33-36].

The dimensions and geometry of the templates, but also
their proportions relative to the frame, can tune the size
and the shape of the channels. An example has been given,
by comparing the structure of two layered oxalates: the
decahydrate [{Gd(H»0);},(C,04)3]-4H,O [21-24] and
[{Gd(H,0)3}2(C,04)3] [17,18]. Considering the free water
molecules as a template, the loss of these molecules induces
a deep transformation of the ring: the nearly hexagonal
ring for the former compound transforms into a rectan-
gular ring for the latter compound. The templates, used
here 1,2DAP and 1,3DAP, are quite similar by their size
and shape. However, in compounds I or II to III, their
ratios per lanthanide atom change. For I and II, only one
amine cation is present in the 12-membered ring (Figs. 2
and 5). Thus, these channels present roughly the same
elliptical cross-section, that fits enough with the shape of

Atoms X y z Usq. (1&)2
Lal —0.25002(4) 0.08746(4) —0.07496(3) 0.0175(1)
La2 0.25888(4) 0.59055(4) 0.42086(3) 0.0165(1)
Ol 0.0943(6) 0.5019(5) 0.2004(5) 0.035(1)
02 —0.0867(6) 0.3369(5) 0.0397(5) 0.030(1)
03 0.0900(6) 0.3368(5) 0.3065(4) 0.028(1)
04 —0.1024(6) 0.1746(5) 0.1495(4) 0.032(1)
05 0.3777(6) 0.6932(6) 0.3038(5) 0.035(1)
06 0.3530(6) 0.7795(6) 0.1706(5) 0.034(1)
o7 0.1746(7) 0.8393(6) 0.2254(5) 0.037(1)
08 0.2187(7) 0.7750(6) 0.3705(5) 0.033(1)
09 0.4868(6) 0.9463(6) 0.7764(5) 0.034(1)
010 0.3223(6) 0.7749(5) 0.6092(5) 0.030(1)
Ol1 0.5188(6) 0.7602(6) 0.5499(5) 0.037(1)
o12 0.6746(6) 0.8884(6) 0.7362(5) 0.038(1)
013 0.0038(6) 0.1369(6) —0.0278(5) 0.032(1)
Ol4 0.1714(6) 0.0852(5) 0.0332(5) 0.032(1)
ol15 —0.6113(6) —0.1580(5) —0.0199(5) 0.030(1)
016 —0.4017(6) —0.0797(6) —0.0137(5) 0.029(1)
017 0.6030(6) 0.5215(6) 0.6395(5) 0.033(1)
018 0.4007(7) 0.5197(7) 0.5703(5) 0.044(2)
019 0.0187(6) 0.5594(6) 0.3960(5) 0.039(1)
020 —0.1532(6) 0.5066(6) 0.4468(5) 0.036(1)
Cl 0.0011(8) 0.3845(8) 0.1428(7) 0.021(2)
C2 —0.0050(8) 0.2907(8) 0.2043(7) 0.023(2)
C3 0.3294(8) 0.7509(7) 0.2494(7) 0.021(2)
C4 0.2329(9) 0.7920(8) 0.2852(7) 0.024(2)
C5 0.4455(8) 0.8537(8) 0.6813(7) 0.022(2)
C6 0.5562(9) 0.8326(8) 0.6537(7) 0.026(2)
C7 0.0509(8) 0.0637(8) 0.0012(6) 0.021(2)
C8 —0.5027(8) —0.0684(8) —0.0093(6) 0.020(2)
9 0.5009(8) 0.5116(8) 0.5602(7) 0.026(2)
Cl10 —0.0380(8) 0.5199(8) 0.4560(7) 0.027(2)
N1 0.4106(9) 0.3418(8) 0.1509(7) 0.045(2)
Cl1 0.432(2) 0.388(2) 0.058(1) 0.103(5)
C12 0.286(1) 0.361(1) —0.031(1) 0.060(3)
Cl13 0.249(2) 0.461(2) 0.022(1) 0.107(6)
N2 0.110(2) 0.416(1) —0.069(1) 0.113(5)
N3 0.771(1) 0.051(1) 0.273(1) 0.079(3)
Cl4 0.961(3) 0.026(2) 0.382(2) 0.143(8)
CI15 0.899(2) 0.103(1) 0.380(1) 0.088(4)
Cl6 1.034(2) 0.034(1) 0.320(1) 0.085(4)
N4 1.183(1) 0.176(1) 0.3871(9) 0.070(3)
Owl 0.678(1) 0.3935(9) 0.1986(8) 0.084(3)
Oow2 0.592(1) 0.783(1) 0.187(1) 0.118(4)
Oow3 0.929(1) 0.704(1) 0.297(1) 0.111(4)
Ow4 0.716(1) 0.683(1) 0.355(1) 0.127(4)
ows5 0.630(2) 0.950(1) 0.465(1) 0.137(5)

1,2DAP. On the opposite, two 1,3DAP cations per 12-
membered ring are present for III and thus the nearly
elliptical section observed for I and II would change into a
larger area, close to a perfect hexagonal ring for III.

Although there are few reported organic-templated
lanthanide oxalates, these ones are generally 3D with
8- or 12-membered channels, which intersect partially in
one or two or three directions. In general, one can compare
these compounds to the more-known zeolites.
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Fig. 6. View of the surroundings of both lanthanum atoms made with five oxalate group per atom. Thermal ellipsoids are represented at 50% probability.

The symmetry codes are given in Table 7.

3.1.2. Extension of compounds I-IIl to some other
lanthanide elements and characterization of the observed
Sfamilies

These compounds were made at reflux (cf. Section 2).
Only I can extend to some other lanthanide, thus forming a
family from cerium to thulium. The cell-constants are
reported in Table 8. For the family I, a—c parameters
decrease with the ionic radius of the lanthanide [50,51]. The
variation of «a parameter is small compared to the
variations of » and ¢. Roughly, the so-called lanthanide
contraction and the Vegard rule are approximately
respected.

Apart from the oxalate infrared bands (around
15001650, 1490, 1315, 1355 and 795cm™') which are
roughly in the same positions for compound I-III and
which are characteristic of lanthanide oxalates, these
spectra exhibit some features relative to amine and to
water function [54-56]. In the spectra of II and III, two
broad absorption bands are clearly observed in the
2500-3600cm ™' domain: the first band centered at
3450cm ™! is attributed to stretching vibrations of the
water molecules, the second band centered at 3100 cm ™",
which is composed to some overlapping bands (3100,
2930, 2700 and 2600cm_1), is relevant to stretching
vibrations of the amine function (vN-H and vC-H). In
the spectrum of I, these two broad bands also appear
but they are quite overlapping. This slight difference is
perhaps relevant to the water molecule status: for I, there
are two types of water molecules, bound to the neodymium
and free while for II and III there are only free water
molecules.

Thermogravimetric analyses of the compounds I-III
are presented in Fig. 9. In all the cases the total mass
loss agrees quite well with the proposed formula leading to

the corresponding sesquioxide: obs. 57.7% (th. 58.28%),
55.3% (54.39%) and 66.6% (66.05%) for I-11I, respectivly.
The dehydration process for I and III occurs in one stage
beginning at 50 °C and ending at 150 °C while for II, two
overlapping stages are noted, 50-150°C (roughly 3H,O)
and 150°C-250°C (roughly 2H,O). Then a well-defined
plateau, corresponding to the corresponding anhydrous
compound is observed up to 300 or 320 °C for I, III or II,
respectively. Beyond these temperatures and up to practi-
cally 400 °C the mass loss is very steep, then it slows down
between 400 and 800 °C.

For III, the curve is quite similar to the one of
lanthanum oxalate decahydrate, while for I and II, there
are some inflexion or singular points which are absent from
the decomposition of the simple corresponding oxalates
either decahydrate or hexahydrate [S7—61]. At these points,
the remaining solid materials could have the composition
represented in the respective curves (Fig. 9). In the same
way between 500 and 700 °C, the presence of Nd,(CO3),0
in I or the presence of the non-stoichiometric dioxycarbo-
nate diytterbium (x~0.3) in II do not occur through the
decomposition of the corresponding lanthanide oxalate
alone.

For I-1III, the onset of the decomposition, at 300 or
320°C, is marked by a slight endothermic effect immedi-
ately followed by a strong exothermic effect (unrepre-
sented). This endothermic peak would be due to the
partial amine departure immediately followed by an
oxalate decomposition which is, in the used conditions
(O,), strongly exothermic. For I and II, it is likely that
the departure of the amine and consequently of a
partial departure of the oxalate ligand induces an
activation energy which modifies strongly the thermal
behavior of these compounds leading to various materials
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Ox1 - 6.6578(5)A

119.07(1)"

0x2 - 6.6712(7)A
0

122.22(2)" La2

0x3 - 6.6377(5)A

(b)

(c)

Fig. 7. View along the [111] direction, for III: (a) of 12-membered hexagons; (b) schematization of these hexagons showing the La—La distances and the
corresponding angles; (c) of the packing of these hexagons leading to 3D honey-comb whose channels contain the guest species.
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Fig. 8. View along the [100] direction of the two 8-membered channel for III.

which were present at these singular points and which were
not observed so clearly in the literature data [57-61].

At last, trying to exchange the H,O by D,O molecules of
these compounds, I-III, between 100 and 250°C were
unsuccessful (see experimental technique in Ref. [34]). So
the dehydration process is irreversible. Such an irreversible
process is in agreement with the data obtained by the
TGA of these compounds between 100 and 250 °C under
atmospheric air. It is likely that the pores are obstructed by
the presence of diprotonated amine. However, as shown by
the X-ray powder of these compounds heated at different
temperature, IT and III are crystalline up to 250 °C while an
amorphous state is observed for I at 150 °C. In II and III,
there are only free water molecules and so the frame stays
unaffected by the water loss while, in I, some water
molecules (Owl and Ow2) belong to close environment of
the neodymium atoms and their losses, at 150 °C, lead to
an amorphization.

4. Conclusion

The present study shows that 3D open-framework
lanthanide oxalate compounds can be synthesized, with
mild hydrothermal route, in presence of 1,2 or 1,3-
diaminopropane. Furthermore, through these examples it
has been shown that the templates can tune the shape and
the size of the channels. For III, both lanthanum atoms are

Table 7

Bond distances (A) and angles (deg) in (C3NyH;2)5[Lax(C>04)s] - SH,O 1T

Lal-02 2.570(5) La2-010 2.549(5)

Lal-O15' 2.573(6) La2-019 2.590(6)

Lal-O121 2.603(6) La2-0O1 2.603(5)

Lal-O4 2.609(5) La2-08 2.605(5)

Lal-013 2.628(6) La2-O11 2.606(6)

Lal-O7' 2.629(6) La2-017" 2.615(6)

Lal-016 2.632(5) La2-03 2.618(5)

Lal-09% 2.636(6) La2-05 2.625(6)

Lal-0O6'" 2.644(6) La2-018 2.675(6)

Lal-0O14" 2.646(6) La2-020" 2.696(6)

01-Cl1 1.252(9) 02-C1-01 125.8(7)

02-Cl1 1.243(9) 01-C1-C2 117.3(7)

03-C2 1.266(9) 02-C1-C2 117.0(7) Oxl

04-C2 1.256(9) 04-C2-03 125.3(7)

C1-C2 1.54(1) 03-C2-C1 117.0(7)
04-C2-C1 117.8(7)

05-C3 1.259(9) 05-C3-06 127.1(8)

06-C3 1.252(9) 05-C3-C4 116.0(7)

07-C4 1.253(9) 06-C3-C4 116.9(7) Oox2

08-C4 1.244(9) 07-C4-08 125.7(8)

C3-C4 1.53(1) 07-C4-C3 116.9(7)
08-C4-C3 117.4(7)

09-C5 1.253(9) 09-C5-010 125.8(7)

010-C5 1.255(9) 09-C5-C6 116.6(7)

011-C6 1.256(9) 010-C5-C6 117.6(7) 0x3

012-C6 1.25(1) 011-C6-012 126.3(8)

C5-C6 1.53(1) 011-C6-C5 116.5(7)
012-C6-C5 117.3(7)
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Table 7 (continued)
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013-C7 1.262(8)
014-C7 1.237(9)
Cc7-C7v 1.54(2)
015-C8 1.266(9)
016-C8 1.251(9)
C8-C8! 1.56(2)
017-C9 1.259(9)
018-C9 1.252(9)
C9-C9Y 1.54(2)
019-C10 1.257(9)
020-C10 1.256(9)
C10-C10" 1.52(2)
N1-Cl1 1.52(2)
Cl1-C12 1.59(2)
C12-C13 1.50(2)
CI3-N2 1.49(2)
N3-Cl5 1.47(2)
Cl4-Cl16 1.35(3)
Cl14-Cl15 1.36(2)
C16-N4 1.68(2)
Possible hydrogen
N1-014 2.88(1)
N1-017" 2.92(1)
N1-016"Y 3.14(1)
N2-O2fi 3.00(1)
N2-02 3.07(2)
N2-O1 3.102)
N3-04Vi 2.86(1)
N3-09¥ 2.89(1)
N3-010" 3.00(1)
N4-03ii 2.79(1)
N4-012"i 2.83(1)
N4-011i 3.06(1)
018-020" 2.719(9)

013-C7-014
013-C7-C7"
014-C7-CT"

015-C8-016
015-C8-C§!
016-C8-C§’

017-C9-018
017-C9-C9¥
018-C9-C9¥

019-C10-020
019-C10-C10"
020-C10-C10"

NI1-C11-Cl12
Cl11-CI12-C13
N2-C13-C12

N3-C15-C14
C16-C14-C15
N4-Cl16-Cl4

Owl-N1
Owl-015"
Ow2-06
Ow2-N3X
Ow2-Ow4"
Ow3-019*1
Ow3-Ow4
Ow3-N21Y
Ow3-08ii
Ow4-N4ili
Ow4-018"
Ow5-08
Ow5-011*

126.4(7)
116.8(8)
116.8(8)

126.4(7)
116.0(9)
117.6(9)

126.0(7)
117.3(9)
116.7(8)

125.9(7)
116.5(9)
117.5(9)

107(1)
110(1)
102(1)

115(1)
114(2)
113(1)

bonds and Van der Waals interactions

2.78(1)
2.83(1)
2.71(1)
2.79(2)
2.99(2)
2.71(1)
2.77(2)
2.80(2)
2.92(1)
3.00(2)
2.90(1)
2.98(1)
3.07(2)

Ox4

Ox5

Ox6

Ox7

Symmetry codes: (i) —x—1, —y, —z; (i) x—1, y—1, z—1; (iii)) —x, —y+1,
—z; (iv) =x, =y, —z; (v) 1=x, 1=y, 1—z; (Vi) —=x, l—p, 1—z; (Vi) x + 1, y, z;
(viii)) —x+2, —y+1, —z+1; (ix) x, y+1, z; (x) —x+1, —y+1, —z

xi) =x+1, —y+2, —z+1.

0

20 4

” Yb,(C204)3
S N
§ Yb,(COs)s
= | La,(C0,)0;
i
S
Ry
2 60 -

Yb(CO3)1.x02+x
80 1 Nd>(CO3),(C;04)
Nd,(C0,)0,
100 4 Ndz(CO:,)zO
0 100 200 300 400 500 600 700

Temperature (°C)

800

Fig. 9. TGA curves, between 20 and 800 °C, of the compounds I-III.
The II and I curves are shifted, over the Y-axis, by 15% and 45%,

respectively.

Table 8

Cell constants of the (C3N,H;,)[Ln(H,0)(C,04),]» - 3H,0 1, according to the ionic radius of the lanthanide

Ln rin® a (A) b (A) c(A) % (deg) B (deg) 7 (deg) V(AY

Ce 1.196 7.821(5) 11.997(6) 13.102(5) 93.14(7) 94.20(7) 108.12(5) 1161(1)

Pr 1.179 7.815(4) 11.945(4) 12.995(4) 93.14(5) 94.06(5) 108.17(4) 1145.9(8)
Nd 1.163 7.813(3) 11.926(3) 12.990(3) 93.14(4) 93.93(3) 108.76(2) 1139.6(6)
Sm 1.132 7.790(3) 11.802(4) 12.899(3) 93.26(5) 93.63(4) 108.97(4) 1115.5(6)
Eu 1.120 7.795(3) 11.758(4) 12.853(3) 93.24(4) 93.52(3) 109.07(3) 1107.6(6)
Gd 1.107 7.781(3) 11.703(4) 12.820(3) 93.36(5) 93.32(4) 109.14(3) 1097.3(6)
Tb 1.095 7.781(2) 11.646(3) 12.798(4) 93.38(3) 93.05(3) 109.21(2) 1090.0(5)
Dy 1.083 7.765(3) 11.561(4) 12.732(4) 93.37(3) 92.82(3) 109.09(3) 1075.4(7)
Y 1.075 7.786(3) 11.551(3) 12.731(2) 93.30(3) 92.60(3) 109.50(3) 1075.0(5)
Ho 1.072 7.775(5) 11.551(6) 12.720(4) 93.25(3) 92.74(6) 109.46(3) 1072.7(9)
Er 1.062 7.775(2) 11.501(3) 12.695(2) 93.37(3) 92.56(3) 109.57(3) 1065.3(4)
Tm 1.052 7.781(5) 11.444(6) 12.683(3) 93.56(5) 92.25(4) 109.52(6) 1060.2(9)

The lanthanide ionic radius are those with a 9-coordination number [50].
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surrounded by five chelating oxalate units and that is
original.

The supplementary materials has been sent to the
Cambridge Crystallographic Data Centre, 12 union
road, Cambridge CB2 1EZ UK, under the numbers,
CCDC 266703, CCDC 266704 and CCDC 266705 for
I-II1, respectively.
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