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Dimeric 1,3-propanediaminetetraacetato
lanthanides as the precursors of catalysts for the
oxidative coupling of methane†

Mao-Long Chen, Yu-Hui Hou, Wen-Sheng Xia, Wei-Zheng Weng, Ze-Xing Cao,*
Zhao-Hui Zhou* and Hui-Lin Wan

From neutral solutions, dimeric 1,3-propanediaminetetraacetato lanthanides (NH4)2[Ln2(1,3-pdta)2-

(H2O)4]·8H2O [Ln = La, 1; Ce, 2] and K2[Ln2(1,3-pdta)2(H2O)4]·11H2O [Ln = La, 3; Ce, 4] (1,3-H4pdta = 1,3-

propanediaminetetraacetic acid, C11H18N2O8) were isolated in high yields. The reaction of excess

strontium nitrate with 1 resulted in the formation of a two dimensional coordination polymer [La2(1,3-

pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-pdta)2(H2O)2]n·18nH2O (5) at 70 °C. Complexes 1–4 show a similar

central molecular structure. The lanthanide ions are coordinated by two nitrogen atoms, four carboxy

oxygen atoms from one 1,3-pdta ligand, two from the neighboring 1,3-pdta ligand forming a four-

membered ring and two water molecules. Complex 5 has two kinds of dimeric lanthanum unit and

extends into a 2D coordination polymer through strontium ions and bridged oxygen atoms, and forms a

fourteen membered ring linked by oxygen atoms from carboxy groups of pdta. Complexes 1–4 are

soluble in water. The 13C{1H} NMR experiments for complex 1 were tested in solution. Thermal products

from 1 and 5 show good catalytic activities towards the oxidative coupling reaction of methane (OCM).

The conversion of methane and selectivity to C2 reached 29.7% and 51.7% at 750 °C for the product of 5.

From TGA, XRD and SEM analyses, the thermal products from 1 and 5 are rod- and poly-shaped, which

are assigned as lanthanum oxocarbonate and a mixture of La2O3, SrCO3 and La2O2CO3 for 1 and 5,

respectively. The precursor method is favorable for the formation of regular shaped mixed oxides.

Introduction

Recently, lanthanide coordination complexes have attracted
increasing attention because of their interesting properties
such as magnetism,1 optical properties,2 and use as complex-
ing agents in the separation of lanthanide cations,3 contrast
agents in magnetic resonance imaging,4 and precursors for
the syntheses of nanoparticles.5 Lanthanide oxides-based and/
or doped nanoparticles represent an interesting investigation
field, which can be used as catalysts and supports for noble
metal catalysts.6 For example, lanthanum oxide has appli-
cations in solid oxide fuel cells and the oxidative coupling of

methane (OCM).7 Metal oxides can be synthesized in several
ways such as: sol–gel,8 carbonate,9 templates,10 homogeneous
precipitation,11 thermal treatments of the precursors of coordi-
nation complexes,12 etc. Among them, the thermal treatment
of the precursor method is attractive, since it consists of a
moderate calcinating temperature with explicit composition,
yielding high purity oxides. In general, 1,3-propanediamine-
tetraacetic acid {1,3-H4pdta = CH2[CH2N(CH2CO2H)2]2} which
is a edta-like ligand {edta = [CH2N(CH2CO2H)2]2} is a tetrabasic
acid with eight potential O-donor and two N-donor atoms.
Compared with transition metals, lanthanide ions have a
high coordination number (CN) and coordination flexibility.
Combination of 1,3-pdta and the high CN of lanthanides
might be expected to isolate different sorts of lanthanide com-
plexes, which can be used as precursors in thermal treatment
processes. In a previous paper, we reported an interesting
metal–organic framework (MOF) structure constructed by
lanthanum and 1,3-pdta, which demonstrated a potential use
for low-pressure desalination.13 Herein, four dimeric hydrated
1,3-propanediaminetetraacetato lanthanides (NH4)2[Ln2(1,3-
pdta)2(H2O)4]·8H2O [Ln = La, 1; Ce, 2] and K2[Ln2(1,3-pdta)2-
(H2O)4]·11H2O [Ln = La, 3; Ce, 4] were isolated in high yields.

†Electronic supplementary information (ESI) available: Ortep figures of 2–4

(Fig. S1–S3), 3D supramolecular network of 5 (Fig. S4); solution 1H NMR spectra
of H4pdta and 1 (Fig. S5 and S6); IR vibrational spectra (Fig. S7–S11); TG-DTG
curves of 1 (Fig. S12) and the catalytic activities data (Table S1). CCDC
974203–974207. For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/c4dt00104d
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With excess strontium nitrate, a two dimensional coordination
polymer [La2(1,3-pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-pdta)2-
(H2O)2]n·18nH2O (5) was isolated from 1. The thermal analysis
of 1 and 5 was investigated, and their thermal decomposition
products show good catalytic activities towards the oxidative
coupling of methane.

Experimental
Materials and instrumentation

All chemicals were of analytical or reagent-grade purity and
used as received. The pH value was measured by the potentio-
metric method with a PHB-8 digital pH meter. Elemental ana-
lyses (C, H, N) were performed by an EA1110 elemental
analyzer. Infrared spectra were recorded as KBr disks and as
mulls in Nujol with a Nicolet 330 FT-IR spectrophotometer.
SEM images were recorded on HITACHI S-4800 electron micro-
scope. Thermogravimetric analysis were recorded on a
SDT-Q600 thermal analyzer, under an air flow of 100 mL·min−1

at a heating rate of 10 °C·min−1. Solution 13C{1H} NMR
spectra were recorded in D2O on a Bruker AV 400 M NMR
spectrometer using DSS (sodium 2,2-dimethyl-2-silapentane-
5-sulfonate) as the internal reference. Powder X-ray diffraction
(XRD) data were collected using monochromated Cu Kα radi-
ation on a Phillips X’Pert diffractometer.

Synthesis

Preparation of dimeric (NH4)2[La2(1,3-pdta)2(H2O)4]·8H2O
(1) and (NH4)2[Ce2(1,3-pdta)2(H2O)4]·8H2O (2). LaCl3·7H2O
(0.74 g, 2.0 mmol) and H4pdta (0.62 g, 2.0 mmol) were dis-
solved in water (15 mL) and stirred for 1.5 h. The pH value of
the reaction mixture was adjusted to 6.5 with 5.0 M
ammonium hydroxide, and heated at 70 °C for 12 h. The
mixture was left to stand at room temperature. A colorless crys-
talline material was separated from the evaporated solution,
and was washed with cold water and ethanol, then dried under
a vacuum. The yield was 61% (0.75 g). Anal. Found (calcd for
C22H60La2N6O28): C, 23.4 (23.2); H, 5.1 (5.3); N, 7.2 (7.4). IR
(KBr disk, /cm−1): 3443vs, 3243vs, 2977s, νas(CO2), 1585vs;
νs(CO2), 1408vs, 1333s, 1310s, 1262m; 1157m, 1113m, 1067w,
1013w, 986w, 964w, 931m, 862w, 772m, 742m, 703m, 614m, 568m,
509w, 439w. Solution

1H NMR (500 MHz, D2O): δ (ppm) 3.311
(8H, s), 2.689 (4H, t, J = 5.0 Hz), 1.688 (2H, m); 13C NMR
(500 MHz, D2O): δ (ppm) 182.7 (–CO2), 65.1 (–CH2CO2), 62.2
(–NCH2–), 24.9 (–CH2–). Preparation of cerium complex 2 was
similar to that of 1. The yield was 65% (0.74 g). Anal. Found
(calcd for C22H60Ce2N6O28): C, 23.5 (23.2); H, 5.0 (5.3); N, 7.3
(7.4). IR (KBr disk, /cm−1): 3439s, 3221s, νas(CO2), 1589vs;
νs(CO2), 1409s, 1381s, 1336m, 1309m; 1264w, 1243w, 1158w,
1111w, 1067w, 1015w, 985w, 964w, 928m, 863w, 776w, 742m, 706w,
614m, 564w.

Preparation of K2[La2(1,3-pdta)2(H2O)4]·11H2O (3) and
K2[Ce2(1,3-pdta)2(H2O)4]·11H2O (4). LaCl3·7H2O (0.74 g,
2.0 mmol) and H4pdta (0.62 g, 2.0 mmol) were dissolved in
water (15 mL) and stirred for 1.5 h. The pH value of the reac-

tion mixture was adjusted to 6.5 with 5.0 M potassium hydrox-
ide and heated at 70 °C for 12 h. The mixture was left to stand
in the air at room temperature. A colorless crystalline material
was separated from the evaporated solution, and was washed
with cold water and ethanol, then dried under a vacuum.
The yield was 76% (0.94 g). Anal. Found (calcd for
C22H58K2La2N4O31): C, 21.4 (21.5); H, 4.7 (4.7); N, 4.5 (4.6).
IR (KBr disk, /cm−1): 3432s, νas(CO2), 1616vs; νs(CO2), 1409s,
1391s, 1336s, 1301m; 1262m, 1157w, 1124w, 1075w, 1024w, 996w,
931m, 918m, 876m, 739m, 607m, 561m, 424w. Preparation of
cerium complex 4 was similar to that of 3. The yield was 69%
(0.85 g). Anal. Found (calcd for C22H58K2Ce2N4O31): C, 21.7
(21.4); H, 4.6 (4.7); N, 4.6 (4.5). IR (KBr disk, /cm−1): 3388s,
νas(CO2), 1589vs; νs(CO2), 1416s, 1341s, 1310s, 1264m; 1238m,
1094m, 1027w, 991w, 924m, 879w, 814m, 723s, 655s, 532m, 505m,
447w.

Preparation of [La2(1,3-pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-
pdta)2(H2O)2]n·18nH2O (5). (NH4)2[La2(1,3-pdta)2(H2O)4]·8H2O
(1) (2.26 g, 2.0 mmol) was dissolved in water (20 mL) and
stirred for 1.5 h. Sr(NO3)2 (0.85 g, 4.0 mmol) was added to the
solution and stirred at 70 °C for several minutes. The mixture
was left standing at 70 °C under sealed conditions. A colorless
crystalline material was separated from the evaporated solu-
tion, and was washed with cold water and ethanol, then dried
under a vacuum. The yield was 68% (1.69 g). Anal. Found
(calcd for C44H116La4N8O62Sr2): C, 21.7 (21.4); H, 4.6 (4.7); N,
4.8 (4.5). IR (KBr disk, /cm−1): 3426s, 2955m, 2853m; νas(CO2),
1581vs; νs(CO2), 1449m, 1409s; 1329m, 1307w, 1260w, 1161w,
1113w, 1069w, 1018w, 989w, 939w, 868w, 793w, 718m, 615m, 567w.

Catalytic reaction

The catalytic performances of the catalysts were investigated
using a CH4/O2 = 2.8/1 mixture (molar ratio) as a reaction
feed. The OCM reaction for the investigated samples was
carried out in a fixed-bed quartz tubular reactor (internal dia-
meter 5 mm) at atmospheric pressure and a total flow rate of
50 mL·min−1. The reactor was packed with 0.2 g samples
(40–60 mesh sizes) between quartz wool plugs. The reactor was
heated with a furnace connected to a temperature controller
(Yudian AI-708PFKSL2). The performances of the catalysts
were evaluated over the temperature range of 550–800 °C with
a gas hourly space velocity (GHSV) of 15 000 mL·g−1·h−1.

X-Ray crystallography

Suitable single crystals of 1–5 were selected and quickly
mounted onto thin glass fibers to prevent the loss of water
molecules. The X-ray intensity data for complexes 2–5 were
measured at 173 K (1 was measured at 153 K) on a Oxford CCD
diffractometer with Mo Kα radiation (λ = 0.71073 Å). Empirical
adsorption was applied to all data using SADABS and CrysAlis
(multi-scan) programs. The initial model was obtained
through direct methods and the completion of the rest of the
structure was achieved by difference Fourier strategies. The
structures were refined by least squares on F2, with anisotropic
displacement parameters for non-H atoms. Most of the hydro-
gen atoms unambiguously defined by the stereochemistry were
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placed at their calculated positions and allowed to ride onto
their host carbons both in coordinates as well as in thermal
parameters (C–H, 0.97 Å). Those attached to oxygen and
needed for the H-bonding description were located in a late
Fourier map and refined with similarity restrains [O–H, 0.85(1)
Å; H⋯H, 1.39(1) Å]. All calculations to solve and refine the
structures and to obtain derived results were carried out with
the computer programs SHELXS 97, and SHELXL 97 programs.
Full use of the CCDC package was also made for searching in
the CSD Database.14 CCDC deposition numbers are
974203–974207.† Crystal data and structure refinements for
1–5 are summarized in Table 1.

Results and discussion

The syntheses of complexes 1–5 were carried out in neutral
aqueous solutions with different cations. In 1–4, it was found
that potassium salts combined with much more crystallized
water molecules. When excess Sr(NO3)2 was added to the solu-
tion of 1, a two-dimensional coordination polymer [La2(1,3-
pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-pdta)2(H2O)2]n·18nH2O (5)
was isolated in warm solution (70 °C), as shown in Scheme 1.

Crystal structure descriptions

Fig. 1 shows the anion structure of (NH4)2[La2(1,3-pdta)2-
(H2O)4]·8H2O (1). Anion structures of 2–4 are similar to that
of 1, which are shown in Fig. S1–S3.†

X-Ray structural analysis revealed that dimeric complexes
1–4 have similar anionic structures. Each Ln(III) cation exists in
a decadentate coordination environment, which is different
from those of usual nonadentate coordinations in lanthanide

ethylenediaminetetraacetates,7 and is also different from most
lanthanide propanediaminetetraacetates. Here the flexible
pdta ligand plays an important role in the formation of the

Table 1 Crystal data and structural refinements for 1–5a

Compound reference 1 2 3 4 5

Chemical formula C22H60La2N6O28 C22H60Ce2N6O28 C22H58La2N4O31K2 C22H58Ce2N4O31K2 C44H116La4N8O62Sr2
Formula mass 1134.58 1137.00 1230.74 1233.16 2480.33
Crystal system Triclinic
a/Å 9.1820(2) 9.1815(4) 9.0362(3) 9.0204(5) 10.8949(3)
b/Å 10.7781(3) 10.7611(4) 10.8215(4) 10.7890(6) 14.4341(4)
c/Å 11.3519(3) 11.3292(4) 11.7411(3) 11.7467(5) 15.4414(5)
α/° 101.512(2) 101.806(3) 80.775(3) 80.869(4) 72.312(3)
β/° 105.284(2) 105.137(3) 80.888(2) 80.717(4) 71.264(3)
γ/° 100.003(2) 99.966(3) 76.343(3) 76.388(5) 76.982(2)
Unit cell volume/Å3 1031.01(5) 1026.83(7) 1092.49(6) 1087.8(1) 2168.8(1)
Temperature/K 153(2) 173(2)
Space group P1̄
No. of formula units per unit cell, Z 1
Radiation type MoKα
Absorption coefficient, μ/mm−1 2.145 2.290 2.222 2.360 3.262
No. of reflections measured 10 792 9075 9917 12 971 29 946
No. of independent reflections 5223 4252 4769 4979 9380
Rint 0.0397 0.0394 0.0280 0.0345 0.0586
Final R1 values (I > 2σ(I)) 0.0294 0.0245 0.0262 0.0225 0.0390
Final wR(F2) values (I > 2σ(I)) 0.0698 0.0548 0.0639 0.0448 0.0710
Final R1 values (all data) 0.0353 0.0285 0.0291 0.0281 0.0517
Final wR(F2) values (all data) 0.0723 0.0560 0.0653 0.0455 0.0753
Goodness of fit on F2 0.938 1.025 1.020 1.002 1.051

a R1 = ∑k((Fo| − |Fck/(∑|Fo|, wR2 = {∑[w(Fo
2 − Fc

2)2]/∑[w(Fo
2)2]}1/2.

Scheme 1 Preparation and conversion of 1,3-propanediaminetetra-
acetato lanthanides in different neutral solutions (Ln = La or Ce).

Fig. 1 Anion structure of dimeric complex (NH4)2[La2(1,3-pdta)2-
(H2O)4]·8H2O (1).
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decadentate coordination environment. Usually, lanthanum or
cerium ethylenediaminetetraacetates with rigid ethylene
chains are often observed with a nonadentate coordination
number. Moreover, the type of lanthanide also plays a key role.
Early lanthanides like La, Ce, Pr and Nd form decadentate
coordination numbers more easily than those of heavy lantha-
nides with short ion radii due to lanthanide contraction. Pdta
acts as an octadentate ligand. It uses two nitrogen atoms and
four oxygen atoms of acetates to chelate one lanthanide ion.
While one of the carboxy group forms a four-membered ring
with the other lanthanum ion, forming a dimeric structure as
shown in Fig. 1.

Molecular structure of [La2(1,3-pdta)2(H2O)4]n·[Sr2(H2O)6]n·
[La2(1,3-pdta)2(H2O)2]n·18nH2O (5) is shown in Fig. 2. In 5,
there are two kinds of lanthanum ions existing in different
environments. The pdta ligand acts as a ten-dentate and
eleven-dentate ligand for two kinds of lanthanum ions,
respectively, which is unusual in pdta complexes. Two La1
ions, two 1,3-pdta ligands and two water molecules form a
dimeric unit La2(1,3-pdta)2(H2O)2 (unit 1), and two La2 ions,
two 1,3-pdta ligands and four water molecules form another
dimeric unit La2(1,3-pdta)2(H2O)4 (unit 2), which is similar to
that of the former dimeric complexes. As shown in Fig. 3, we
can clearly see this two kinds of dimeric lanthanum units.
From Fig. 2, we can see half of unit 1 still uses its two oxygen
atoms of one carboxy group to coordinate with two strontium
ions, and half of unit 2 uses its one carboxy group to chelate

with the strontium and bridged with La1 of unit 1. Two stron-
tium ions were bridged by coordinated water molecules (O6w).
These make 5 form a two dimensional coordination polymer.

As shown in Fig. 4, the crystallized and coordinated water
molecules form a thirty membered water molecule cluster. The
water molecules were cleaved equally by one plane. These
hydrogen bonds and the other hydrogen bonds between the
water molecules and carboxy oxygen atoms form a two dimen-
sional network that extends to a three dimensional supramole-
cular network, as shown in Fig. S4.†

Selected bond lengths for complexes 1–5 are listed in
Table 2. The average La–O bond length in dimeric 1 is 2.531(2)
Å, and the bond lengths of the bridged four membered ring

Fig. 4 The coordinated and crystallized water molecules in [La2(1,3-
pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-pdta)2(H2O)2]n·18nH2O (5), forming a
thirty membered water cluster.

Fig. 2 Molecular structure of [La2(1,3-pdta)2(H2O)4]n·[Sr2(H2O)6]n·
[La2(1,3-pdta)2(H2O)2]n·18nH2O (5) in an asymmetric unit in 30% thermal
ellipsoids.

Fig. 3 The infinite 2D structure of [La2(1,3-pdta)2(H2O)4]n·
[Sr2(H2O)6]n·[La2(1,3-pdta)2(H2O)2]n·18nH2O (5).

Table 2 Selected bond lengths (Å) for 1–4 and 5

Compound entry Ln–Oβ-carboxy(av) Ln–Oβ-bridged Ln–N(av) Ln–Ow (av)

1 2.531(2) 2.591(2), 2.773(2) 2.840(2) 2.574(2)
2 2.506(2) 2.566(2), 2.760(2) 2.827(2) 2.552(2)
3 2.531(2) 2.589(2), 2.774(2) 2.832(2) 2.584(2)
4 2.509(2) 2.566(2), 2.763(2) 2.817(2) 2.570(2)
5-unit 1 2.542(3) 2.572(3), 2.672(3), 2.779(3) 2.864(4) 2.504(3)
5-unit 2 2.555(3) 2.644(3), 2.696(3) 2.861(4) 2.557(3)

Sr–Oβ-bridged(av) Sr–Ow(av)
5-Sr — 2.663(3) — 2.584(3)
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are 2.591(2) and 2.773(2) Å. The average La–N and La–Ow bond
lengths are 2.840(2) and 2.574(2) Å, respectively. The corres-
ponding bond lengths in lanthanum complex 3 are 2.531(2),
2.589(2), 2.774(2), 2.832(2) and 2.584(2) Å. The two lanthanum
complexes are very similar. The La–N bond lengths in 3 are
shorter, while La–Ow are longer than those of 1. In isomor-
phous cerium dimeric complexes 2 and 4, the corresponding
bond lengths are 2.506(2), 2.566 (2), 2.760(2), 2.827(2) and
2.552(2) Å for 2 and 2.509(2), 2.566 (2), 2.763(2), 2.817(2) and
2.570(2) Å for 4, respectively. The bond lengths in the two
cerium complexes clearly demonstrate the lanthanide contrac-
tion effect. In complex 5, with two kinds of lanthanum ions,
the coordinate bonds must be divided into two kinds in order
to show the features more clearly. La1 and La2 are both
deca-coordinated. La1 ion has an average La1–O bond length
[2.542(3) Å] for four oxygen atoms from one pdta ligand and
2.553(3) Å for La2 ion. When involving the bridged carboxy,
there exists longer La1–O bond lengths [2.572(3), 2.672(3) and
2.779(3) Å] and longer La1–N bond lengths [2.864(4) Å]. For
unit 2, the bond distance with only one water molecule is
2.504(3) Å. This is the shortest La–Ow bond in the five
complexes.

NMR analyses

The solution 13C NMR spectra of 1 and H4pdta are shown in
Fig. 5. The pH values of the solutions were around 6.4. The
solution 1H NMR spectra are listed in Fig. S5 and S6.† When
we compare the 13C NMR spectrum of 1 with that of H4pdta,
obvious downfield shifts show the coordination of pdta

ligands. Only one set of 13C NMR chemical shift data was
observed for 1. All carboxy groups give only one 13C NMR
signal at 182.7 ppm (Δδ = 10.8 ppm) and one CH2CO2 signal at
65.1 ppm (Δδ = 6.3 ppm). Large downfield shifts were
observed. From the molecular structure in the solid state,
there are two kinds of carboxy groups, but only one peak was
observed for the carboxy groups in solution. This should result
from the dissociation of the less strongly bridged carboxy
group and the formation of a monomeric species in the solu-
tion, as shown in Scheme 2. There is also only one set of
signals for –CH2N– (62.2 ppm, Δδ = 6.4 ppm) and –CH2−
(24.9 ppm, Δδ = 2.7 ppm). All in all, the bridged carboxy of
pdta in the dimeric lanthanum complexes must dissociate to
give a monomeric unit.

The dissociation of the dimeric complexes to a monomeric
unit in solution should mainly come from the less strongly
bridged carboxy groups [La–Oβ-bridged(av) 2.682(2), and 2.682(2)
Å for dimeric lanthanum complexes 1 and 3; 2.630(2) and
2.665(2) Å for 2 and 4 of dimeric cerium complexes], which are
easily attacked and substituted by water molecules, compared
with the bond distances of normal coordinated β-carboxy
groups [La–O(av) 2.531(2) and 2.531(2) Å for dimeric lantha-
num complexes 1 and 3; 2.506(2) and 2.509(2) Å for 2 and 4 of
dimeric cerium complexes].

In the 1H NMR spectrum of H4pdta (Fig. S5†), the eight
acetate protons are equivalent and result in one signal at
4.061 ppm. The four –CH2N– protons are equivalent and result
in a tri-signal centred at 3.433 ppm and the two protons of
–CH2– give a penta-signal centred at 2.249 ppm. When we
compare the 1H NMR spectra of H4pdta and lanthanum
complex 1, we find that they give only one set of signals
assigned to the different –CH2– groups, which is consistent
with the 13C NMR spectra. 3.311 (8H, s), 2.689 (4H, t, J =
5.0 Hz), 1.688 (2H, m); through the 1H NMR spectrum of 1
(Fig. S6†), a singlet at 3.311 ppm (8H, s, Δδ = −0.750 ppm) for
acetate protons and a tri-signal centred at 2.689 ppm (4H, t, J =
7.5 Hz, Δδ = −0.744 ppm) for the –CH2N– protons and mul-
tiple peaks centred at 1.688 (2H, m, Δδ = –0.561 ppm). There
are big shifts of the Δδ values for 1. This is also an indication
of the strong coordination of the 1,3-pdta ligand in 1. More-
over, these also indicate the dissociation of bridged carboxy
groups in 1. This is because only one set of signals was
observed for the –CO2–, –CH2CO2, –CH2N– and –CH2-groups.
Theses results are consistent with the 13C NMR
measurements.

Fig. 5 Solution 13C NMR spectra of 1,3-H4pdta and (NH4)2[La2(1,3-
pdta)2(H2O)4]·8H2O (1).

Scheme 2 Conversion of dimeric 1,3-propanediaminetetraacetato
lanthanides into monomers when dimeric complexes were dissolved in
water.
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Vibrational spectra

The IR vibrational spectra of 1–5 are listed in Fig. S7–S11.† In
the region between 1616 and 1581 cm−1 and between 1449 and
1330 cm−1, complexes 1–5 give two typical bands that corres-
pond to the bound carboxy groups νas(COO

−) and νs(COO
−),

respectively. The value of [ν(COO−)asp − ν(COO−)s] is about
173 cm−1 for 1, suggesting that the coordination of the carboxy
groups is most probably of the bridging type.15 This is also
observed for complexes 2–4. In 5, the value of [ν(COO−)as −
ν(COO−)s] is about 132 cm−1, suggesting the presence of the
chelated type of 1,3-pdta ligand. This is consistent with the
structural analysis which shows more chelate bonds in the 1,3-
pdta ligands. These changes confirm that the oxygen atoms
from the carboxy groups of 1,3-pdta are coordinated with the
centre ions. The ν(C–N) of complexes 1–5 near 1100 cm−1 dis-
plays an obvious blue-shift compared with that of H4pdta,
suggesting that the nitrogens of pdta are coordinated to the
centre ions.

Thermogravimetric analyses (TGA)

The thermal stability and decomposition patterns of the com-
plexes were investigated by thermogravimetric analyses. The
TG-DTG curves of complexes 1 and 5 are listed in Fig. S12†
and Fig. 6. The first part of the large weight loss starts at 80
and 94 °C, which corresponds to the loss of crystallized water
molecules for 1 and 5, respectively. The coordinated water
molecules decompose at 120, 144 and 192 °C for 1 and 5.
Then the weight remains steady. The largest weight loss starts
from 299 and 366 °C for 1 and 5, respectively, where the ligand
is decomposed step by step in this process. At 690 and 731 °C,
there is a small weight loss, which may correspond to the con-
version of lanthanum oxocarbonate to lanthanum oxide for 1
and 5, respectively (Fig. 6 and S12†), the latter shows a strong
interaction with strontium. At last, there exists a small weight
loss at around 850 °C, which is assigned to the thermal
decomposition of the strontium carbonate of [La2(1,3-pdta)2-
(H2O)4]n[Sr2(H2O)6]n[La2(1,3-pdta)2(H2O)2]n·18nH2O (5).

Characterization of lanthanum and strontium lanthanum
catalysts

Complexes 1 and 5 were calcined under atmospheric air at
600 °C for 6 h to obtain the final catalysts. The X-ray diffraction
patterns of the samples before and after reaction are shown in
Fig. 7. Before reaction, the diffraction peaks were assigned to
lanthanum oxocarbonate La2O2CO3 (PDF# 84-1963) for 1.
While the diffraction peaks were assigned to a mixture of
La2O3 (PDF# 74-2430), SrCO3 (PDF# 84-1778) and La2O2CO3

(PDF# 84-1963) for 5. The two thermal decomposition products
contain carbonates. This is because of the alkaline nature of
the centre ions, and the coordinated carboxy groups increase
the alkalescence, which is consistent with the results of the
thermogravimetric analyses. In addition, the intensity of the
product from 5 decreased obviously and the width became
broadened compared with that of 1, which indicated that the
particle sizes of 5 decreased. After the reaction, there are no
obvious changes in 1, this indicated that the lanthanum oxo-
carbonate from 1 is relatively stable. While the intensities of
La2O3 (PDF# 74-2430) increased and the widths of the peaks
narrowed for 5, this showed that the particle sizes from 5

Fig. 6 TG-DTG curves of [La2(1,3-pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-
pdta)2(H2O)2]n·18nH2O (5).

Fig. 7 The X-ray diffraction patterns of the thermal decomposition pro-
ducts from (NH4)2[La2(1,3-pdta)2(H2O)4]·8H2O (1) and [La2(1,3-
pdta)2(H2O)4]n·[Sr2(H2O)6]n·[La2(1,3-pdta)2(H2O)2]n·18nH2O (5) (before
and after catalytic reactions).
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increased obviously after reaction. Moreover, the intensity of
lanthanum oxocarbonate La2O2CO3 weakened, which means
the amount of La2O2CO3 decreased.

The SEM images of the products from 1 and 5 are shown in
Fig. 8 before and after the reactions. As shown in the images,
the morphology of the lanthanum oxocarbonate from 1 is
a rod-like shape after decomposition, while that from 5 is
grainy, and particle sizes from 5 are smaller than that from 1,
which is consistent with the XRD results. After the reaction,
the morphology of lanthanum oxocarbonate from 1 also
possesses a rod-like shape, but not so uniform. While there
are a lot of agglomerations for 5, and the particle sizes grow
quite obviously.

Catalytic activities for the oxidative coupling of methane
(OCM)

As shown in Fig. 9, the catalytic performances of the thermal
decomposition products from 1 and 5 towards the OCM reac-
tions were investigated at temperatures ranging from 550 to
800 °C. The detailed catalytic activity data are shown in
Table S1.† At 550 °C, there is no conversion of methane for
lanthanum oxocarbonate from 1, while the conversion of
methane and the selectivity to C2 are 12.6% and 24.1%
respectively for 5. The catalytic performances increased rapidly
with the increase of the temperature. At 700 °C, the conversion
of methane and the selectivity to C2 reach 23.0% and 45.8%
for the lanthanum oxocarbonate from 1, which are much
better than that of conventional bulk La2O3.

16 For 5, the con-
version of methane and selectivity to C2 are 29.7% and 51.7%
respectively at 750 °C, which are also better than that of the

bulk La–Sr sample.17 In addition, the catalytic performances
of the thermal products from 5 are much better than that of
lanthanum oxocarbonate from 1. This may be attributed to the
decreased particle sizes, which can be observed in the SEM
images (Fig. 2), and the increased number of alkaline sites
with the addition of strontium. This is consistent with the pre-
viously reported results that alkaline earth oxides, especially
strontium, have excellent promoting effects on the catalytic
activity of La2O3 towards to the OCM reaction,18 while the
OCM catalytic performance of the lanthanum oxocarbonate
from 1 is also interesting.

Conclusions

In summary, four dimeric 1,3-propanediaminetetraacetato
lanthanide complexes (NH4)2[Ln2(1,3-pdta)2(H2O)4]·8H2O [Ln =
La, 1; Ce, 2] and K2[Ln2(1,3-pdta)2(H2O)4]·11H2O [Ln = La, 3;
Ce, 4] and a novel two-dimensional strontium 1,3-propanedi-
aminetetraacetato lanthanum complex (5) were isolated and
characterized. The thermal decomposition products from 1
and 5 show good catalytic activities for the oxidative coupling
of methane. Strontium had an excellent promoting effect, and
lanthanum oxocarbonate also shows an interesting result on
the catalytic reaction.
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Fig. 8 The SEM images of the calcined products from 1 and 5. (a) The
thermal decomposition product from 1; (b) the thermal decomposition
product from 5; (c) the thermal decomposition product of 1 after cataly-
tic reaction; (d) the thermal decomposition product of 5 after catalytic
reaction.

Fig. 9 Catalytic activity of the thermal decomposition products from
1 and 5 towards the oxidative coupling of methane (CH4/O2 = 2.8/1,
GHSV = 15 000 mL·g−1·h−1).
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