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" Mixed ligands complexes based on lanthanide(III) ions.
" Heterometallic Na and Eu MOFs Based on 4,40-oxybis(benzoate) and oxalate.
" Europium based MOF displays strong red emission.
" Thermogravimetric analyses of the title complexes display a considerable thermal stability.
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a b s t r a c t

Two lanthanide based metal-organic frameworks, [NaLn(oba)(ox)(H2O)] (Ln@@Eu(1) and Sm(2)) were
obtained from 4,40-oxybisbenzoic acid, sodium oxalate and corresponding lanthanide salts by hydrother-
mal synthesis. They were characterized by single-crystal X-ray diffraction, IR spectra, and photolumines-
cent spectra. The crystallographic data reveals that complexes 1 and 2 are isomorphous and isostructural,
composed of three-dimensional framework built up of distorted tricapped trigonal EuO9 units, distorted
octahedron NaO6 units, 4,40-oxybis(benzoate) and oxalate. The carboxylate oxygen atoms of the 4,40-oxy-
bis(benzoate) and oxalate ligand are coordinated to lanthanide ions and sodium ions, resulting into two-
dimensional inorganic sheets, which are further linked into three-dimensional network by organic
ligands. Thermogravimetric analyses of 1–2 display a considerable thermal stability. Photoluminescent
measurements indicated that europium complex 1 displayed strong red emission.

� 2012 Elsevier B.V. All rights reserved.

1. Introduction

The metal-organic frameworks (MOFs) based on the lanthanide
family have received special attention due to not only their versatile
architecture [1–4], but also their potential application in hydrogen
storage [5], catalysis [6], magnetism [7], fluorescence [8], and so on.
So far, great efforts have been devoted to construct MOFs based on
lanthanide salts with polycarboxylate ligands, like 2,20-bipyridine-
3,30-dicarboxylate [3,4], 2,20-bipyridine-4,40-dicarboxylate [9–13],
2,20-bipyridine-6,60-dicarboxylate [2,14], 1,3-benzenedicarboxylate
[1,15–17], and so on. 4,40-oxybisbenzoic acid (H2oba) is a typical
example of long, V-shaped and flexible ligand to construct MOFs
with novel structures [18–24]. We have got interested in H2oba
as the flexible multifunctional ligand with two benzoic moieties
linked together via oxygen bridge, which may generate novel and
multidimensional structures. H2oba can be partly deprotonated

into Hoba� and completely deprotonated into oba2� forms, further-
more, its V-shaped geometry may arise more possibilities in coordina-
tion modes. To our best knowledge, some lanthanide ions were
coordinated with oba into MOFs, sometime, mixed with oxalate or
1,10-phenanthroline ligands [25–28].

With this communication, we report two novel MOFs based on
sodium and lanthanide ions, namely [NaLn(oba)(ox)(H2O)] (Ln@@Eu
(1) and Sm(2)) assembled from 4,40-oxybisbenzoic acid, NaC2O4

and corresponding lanthanide(III) salts under hydrothermal
conditions.

2. Experimental

2.1. Materials and general methods

All commercially available chemicals are reagent grade, and
used as accepted without further purification. Elemental analysis
of C, H and O for the title complexes was performed by Flash
EA1112. Infrared (IR) spectra, in the region (400–4000 cm�1), were
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recorded on PerkinElmer Spectrum 100 Fourier transform infrared
spectrophotometer. TGA was performed from room temperature to
1000 �C in a N2 stream at a rate of 10 �C min�1 on a SDT-Q600 TGA
system using a-Al2O3 as reference material. Luminescence spec-
trum of 1 was recorded on a Hitachi F-4500 spectrophotometer
at room temperature.

2.2. Synthesis

[NaEu(oba)(ox)(H2O)] (1) was hydrothermally synthesized at
150 �C for 72 h in a 25 mL Teflon-lined stainless steel autoclave
under autogenous pressure. The starting solution was prepared
by mixing Na2C2O4 (0.5 mmol, 0.067 g), EuCl3�7H2O (0.5 mmol,
0.186 g), H2oba (0.5 mmol, 0.013 g) and deionized water
(12.0 mL) with a molar ratio of 1:1:1:1333. After the hydrothermal
reaction, the autoclave was slowly cooled to room temperature,
and red block-like crystals were produced (yield 72% based on
EuCl3�7H2O). Anal. Calcd. for 1, C16H10EuNaO10: C, 35.7; H, 1.9; O,
29.8. Found: C, 36.1; H, 2.0; O, 30.2. IR (KBr)/cm�1: 3431, 3069,
1644, 1621, 1551, 1509, 1451, 1391, 1323, 1248, 1195, 1165,
1137, 1109, 874, 838, 763, 666, 626, 558, 504, 449.

[NaSm(oba)(ox)(H2O)] (2) Brown block-like crystals of 2 (yield
78% based on SmCl3�7H2O) were synthesized from a mixture of
Na2C2O4 (0.5 mmol, 0.067 g), SmCl3�7H2O (0.5 mmol, 0.186 g),
H2oba (0.5 mmol, 0.013 g) and deionized water with a molar ratio
of 1:1:1:1333 under the same conditions as above. Anal. Calcd. for
2, C16H10SmNaO10: C, 35.8; H, 1.9; O, 29.9. Found: C, 36.0; H, 2.1; O,
30.1. IR (KBr)/cm�1: 3461, 3070, 1651, 1623, 1568, 1514, 1439,
1392, 1325, 1247, 1199, 1162, 1140, 1100, 878, 782, 765, 661,
628, 560, 506, 443.

2.3. X-ray crystallography

X-ray single-crystal data collection for complexes 1 and 2 was
performed with Bruker CCD area detector diffractometer with a
graphite-monochromatized MoKa radiation (k = 0.71073 Å) using
u–x mode at 298(2) K. The SMART software [29] was used for data
collection and the SAINT software [30] for data extraction. Empir-
ical absorption corrections were performed with the SADABS pro-
gram [31]. The structure has been solved by direct methods
(SHELXS-97) [32] and refined by full-matrix-least squares tech-
niques on F2 with anisotropic thermal parameters for all of the
non-hydrogen atoms (SHELXL-97) [32]. All hydrogen atoms were
located by Fourier difference synthesis and geometrical analysis.
These hydrogen atoms were allowed to ride on their respective
parent atoms. All structural calculations were carried out using
the SHELX-97 program package [32]. Crystallographic data and
structural refinements for complexes 1 and 2 are summarized in
Table 1. Selected bond lengths and angles for both complexes are
listed in Table 2.

3. Results and discussion

3.1. Synthesis

Under hydrothermal conditions (150 �C), complexes 1–2 were
successfully synthesized as red and brown crystals respectively
by the reactions of 4,40-oxybisbenzoic acid (H2oba), sodium oxalate
(Na2C2O4) and the corresponding lanthanide(III) salts with yields of
more than 72% (based on corresponding input Ln complexes). We
failed to synthesize the title complexes under different reaction
temperatures, like 120 �C, 130 �C, 140 �C, 160 �C and 170 �C, which
indicates temperature is a key factor to hydrothermally synthesize
the title complexes.

3.2. Infrared spectroscopy

In the IR spectrum of complex 1, a strong absorption at
3431 cm�1 is assigned to stretching vibration of hydroxyl, implying
the presence of water molecules. The characteristic bands of dicar-
boxylate unit occur at 1621 cm�1, 1551 cm�1 and 1509 cm�1 for
asymmetric stretching, and at 1451 cm�1, 1391 cm�1 and
1323 cm�1 for symmetric stretching. And in the IR spectrum of
complex 2, a strong absorption at 3461 cm�1 is assigned to stretch-
ing vibration of hydroxyl, suggesting the presence of water mole-
cules. The characteristic bands of dicarboxylate unit occur at
1623 cm�1, 1568 cm�1 and 1514 cm�1 for asymmetric stretching,
and at 1439 cm�1 1392 cm�1 and 1325 cm�1 for symmetric
stretching.

3.3. Structural description for 1 and 2

Complexes 1 and 2 are isomorphous and isostructural, Hence,
only the structure of 1 is described in detail. The complex 1
consists of a network of distorted tricapped trigonal prism EuO9

units and slightly distorted octahedron NaO6 units completed by
oba2�, ox2� ligands and coordination water. As shown in Fig. 1a,

Table 1
Details of X-ray data collection and refinement for complexes 1 and 2.

Compound no. 1 2
Formula C16H10EuNaO10 C16H10NaO10Sm
M 537.19 535.58
Crystal system Monoclinic Monoclinic
Space group P2(1)/c P2(1)/c
a (Å) 15.9180(12) 15.9109(6)
b (Å) 10.9564(10) 10.9478(4)
c (Å) 10.5584(11) 10.5695(5)
a (�) 90 90
b (o) 92.3810(10) 92.8860(10)
c (�) 90 90
V (Å3) 1839.8(3) 1838.76(13)
Z 4 4
l(MoKa) (mm�1) 3.485 3.27
Total reflections 10923 10675
Independent reflections 3240 3236
Restraints/parameters 0/253 0/253
Goodness-of-fit on F2 1.14 1.152
Rint 0.0513 0.0399
R1 0.0675 0.0492
xR2 0.1432 0.1176
R1 (all data) 0.1058 0.0671
xR2 (all data) 0.1875 0.1419

Table 2
Selected bonds and angles for complexes 1 and 2 [Å and �].

Eu1 Sm2

Eu(1)AO(4)#1 2.362(11) Sm(1)AO(4)#1 2.364(7)
Eu(1)AO(7) 2.414(9) Sm(1)AO(7) 2.419(6)
Eu(1)AO(3) 2.419(11) Sm(1)AO(3) 2.437(7)
Eu(1)AO(6)#1 2.446(8) Sm(1)AO(6)#1 2.460(6)
Eu(1)AO(2) 2.469(11) Sm(1)AO(2) 2.470(7)
Eu(1)AO(8) 2.478(9) Sm(1)AO(8) 2.487(6)
Eu(1)AO(9) 2.489(9) Sm(1)AO(9) 2.498(6)
Eu(1)AO(6) 2.515(9) Sm(1)AO(6) 2.526(5)
Eu(1)AO(1) 2.524(11) Sm(1)AO(1) 2.529(7)
Na(1)AO(2) 2.282(12) Na(1)AO(2) 2.297(7)
Na(1)AO(10) 2.329(14) Na(1)AO(10) 2.318(9)
Na(1)AO(7)#4 2.363(11) Na(1)AO(7)#3 2.366(7)
Na(1)AO(8)#4 2.390(11) Na(1)AO(8)#3 2.402(7)
Na(1)AO(1)#4 2.485(12) Na(1)AO(1)#3 2.484(8)
Na(1)AO(9) 2.721(12) Na(1)AO(9) 2.710(8)

Symmetry codes: #1 �x + 1, �y + 1,
�z + 1; #4 x, �y + 1/2, z + 1/2

Symmetry codes: #1 �x + 1, �y + 1,
�z + 1; #3 x, �y + 1/2, z + 1/2
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a

b c

Fig. 1. (a) Numbering scheme and coordination environment around the two crystallographically independent Eu(III) centers in 1. Hydrogen atoms are omitted for clarity. (b)
and (c) Highlight of the coordination polyhedra for Eu(III) and Na(I) ions, respectively.
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Scheme 1. Some typical coordination modes of 4,40-oxybisbenzoate(oba2�) ligand.
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the europium(III) ion is coordinated by five oxygen atoms from
three ox2� ligands and four oxygen atoms from three oba2� ligands,
respectively. The EuAO bond distances ranging from 2.362(11) to
2.524(11) Å, which are all comparable to those reported previously
[21,22]. The sodium ion is coordinated by three oxygen atoms from
ox2� ligands, two oxygen atoms from oba2� ligands and one oxygen
atom from water molecule. The NaAO(carboxylate) bond distances
range from 2.282(12) Å to 2.721(12) Å, and the NaAO(aqua) bond
distance is 2.329(14) Å.

Although the ‘‘O’’ atoms between two benzene rings in each
4,40-oxybis(benzoate) ligand do not participate in the coordination
to Ln(III) ions, however, they are important in the structure. With
the presence of these ‘‘O’’ atoms, oba2� ligands act as V-shaped,
not linear ligands. It is the V-shaped configuration of oba2� ligands,
which facilitates the oba2� ligands to display a variety of coordina-
tion modes, as illustrated in Scheme 1. In complex 1, the com-
pletely deprotonated oba2� acts as a l5-(j6-O:O,O0:O0:O2:O20)
ligand, coordinating to three Eu3+ and two Na+ ions, as illustrated
in Scheme 1g. One of the carboxylate groups of oba2� presents a
combination of bis-monodentate (Na+) and bidentate (Eu3+)
modes. The other one bridges two Eu3+ ions in a monodentate
fashion, which is comparable to the coordination modes of oba2�

in [Eu5(oba)7(OH)(H2O)2]n�0.5nH2O [24]. In [Ln(Hoba)(oba)(H2O)2]-
�0.8H2O(Ln@@Nd, Er) and [Tm2(oba)3(H2O)4]�1.38H2O [21], 4,40-oxy-
bis(benzoate) ligand adopts two types of coordination modes
resulting from different protonation of carboxylate groups. The
completely deprontonated oba2� ligand exhibits tetradentate char-
acter binding three Ln(III) ions through the bidentate-chelating

l1-carboxylato-j2O:O and the bidentate-bridging l2-carboxylato-
j2O:O groups, respectively, as illustrated in Scheme 1a. While for
another type of coordination mode, only one of the COOH groups

CC

O
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O

Ln

Ln

Ln

Na

NaNa

(a) (b) (c) (d) (e)

(f) (g) (h) (i) (j)
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(o)

Scheme 2. Some typical coordination modes of oxalate (ox2�) ligand [34].

Fig. 2. Infinite 2D sheet built up of Eu(III) and Na(I) linked by ox2� ligands in
complex 1.
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is deprotonated, and Hoba� anion adopts the bidentate coordina-
tion fashion joining two Ln(III) ions by the bridging l2-carboxy-
lato-j2O:O group (Scheme 1b). In [Eu5(oba)7(OH)(H2O)2]�0.5H2O
[24], oba2� present three coordination modes: (1) one carboxylate
group of the oba2� ligand adopts a bridging bidentate mode, while
the other adopts a chelating-bridging tridentate mode, joining four
Eu(III) ions (Scheme 1c); (2) one carboxylate group of the oba2�

ligand adopts a bridging bidentate mode, while the other adopts

a chelating-bridging tetradentate mode, connecting five Eu(III) ions
(Scheme 1d); and (3) each carboxylate group of the oba2� ligand
adopts a bridging bidentate mode, joining four Eu(III) ions
(Scheme 1e). In [Yb6(oba)9(H2O)] [24], there are also three types
of coordination modes of oba2� ligands: besides the modes illus-
trated in Scheme 1c and e, one carboxylate group of the oba2� li-
gand adopts a bridging bidentate mode (Scheme 1f), joining
three Yb(III) ions.

Fig. 3. (a) 3-D network viewed from b-axis direction in complex 1; (b) 2-D inorganic layer structure viewed from a-axis in complex 1.

Table 3
Hydrogen bonds for complexes 1 and 2 [Å and �].

DAH d (DAH) d (H� � �A) <DHA d (D� � �A) A

Eu1
O10AH10B 0.85 2.129 150.9 2.901 O3 [�x + 1, y�1/2, �z + 1/2]
O10AH10C 0.85 2.25 149.9 3.015 O9 [�x + 1, �y, �z + 1]

Sm2
O10AH10B 0.85 2.115 150.99 2.888 O3 [�x + 1, y�1/2, �z + 1/2]
O10AH10C 0.851 2.246 149.8 3.012 O9 [�x + 1, �y, �z + 1]
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While ox2� acts as l6-(j8-O:O,O0:O0:O2:O2,O20:O20) ligand, join-
ing to three Ln3+ and three Na+ ions, as shown in Scheme 2a. And,
the connectivity of ox2� (l6) is unprecedentedly high, as it behaves
simultaneously as bis-bidentate (Ln3+) and tetrakis-monodentate
bridged ligand (Ln3+ and Na+) and, hence, each oxygen bridges
two metal ions. Some typical coordination modes of oxalate
(ox2�) ligand are listed in Scheme 2. In {Ag3(H2O)[Cr(dpa)(ox)2]3}n�
2nH2O (dpa = 2,2-dipyridylamine, ox = oxalate) [33], ox2� exhibit
four different coordination modes: bidentate and bis-monodentate
type (Scheme 2r), bis-bidentate and monodentate inner type
(Scheme 2k), bis-bidentate type (Scheme 2e), and bis-bidentate
and monodentate outer type (Scheme 2k).

The IR spectrum of 1 confirms the coordination modes of oba2�

and ox2� in the crystal structure of complex 1. The difference
(D = 160 cm�1) between masym(COO) (1551 cm�1) and msym(COO)
(1391 cm�1) is similar to that of an ionic carboxylate, which shows
that there are bridging carboxylate groups in the structure of com-
plex 1. The difference (D = 298 cm�1) between masym(COO)
(1621 cm�1) and msym(COO) (1323 cm�1) is much more than that
of an ionic carboxylate, which proves the existence of monodentate
carboxylate groups. And the difference (D = 90 cm�1) between
masym(COO) (1551 cm�1) and msym(COO) (1451 cm�1) is much less
than that of an ionic carboxylate, which indicates that bidentate
carboxylate groups exist in the structure [35].

In complex 1, the Eu3+ and Na+ center ions are linked into infi-
nite 2D sheets by ox2� ligands via EuAO and NaAO bonds (Fig. 2),
and the adjacent sheets are interconnected by V-shaped oba2� li-
gands to build a 3D framework, as illustrated in Fig. 3a. There are
some intramolecular hydrogen-bonding interactions between
coordinate water molecules to strengthen the 3D networks, and
the distances and angles of the hydrogen bonds are listed in Table 3.
The crystal structure of complex 1 can also be seen as 3D pillared
framework formed by organo-inorganic sheets, built up of Eu(III)
and Na(I) linked by ox2� ligands via EuAO and NaAO bonds
(Fig. 3b), and further connected by the oba2� ligands.

3.4. Thermal properties

Thermogravimetric analyses of 1–2 were performed in the N2

stream from room temperature to 1000 �C. The loss of one coordi-
nated water molecule of complexes 1–2 was observed with their
dehydration temperatures in range of 120–220 �C, and 110–
215 �C, respectively. Further decomposition processes of the com-
plexes 1–2 begin at above 410 and 405, giving the final residual
products of Eu2O3/Na2O and Eu2O3/Na2O, respectively.

Taking 1 for example, the TGA curve presents two main stages
of decomposition. The first step, from 120 to 220 �C, is assigned
to loss of one coordinated water molecules, with a weight decrease
of 3.72% (calcd 3.35%). The second, from 410 to 900 �C is due to the
ligands decomposition, which shows a weight decrease of 53.4%
(calcd 53.6%). The final residue (Eu2O3 and Na2O) being 43.5%
(calcd 43.1%), in which Eu is 31.9% and Na is 4.8%, is well agree-
ment with [NaEu(oba)(ox)(H2O)] (requires 28.3% for Eu and 4.3%
for Na), as shown in Fig. 4.

3.5. Luminescence properties

The luminescent spectrum of complex 1 at room temperature is
shown in Fig. 5. The complex 1 achieved strong excitation under
ultraviolet radiation, through a ligand-to-metal energy transfer
(LMET) mechanism, which is termed as antenna effect. When
excited at 230 nm, complex 1 exhibits a very strong, red lumines-
cence, which arises from 5D0 ?

7FJ (J = 1, 2 and 4) transitions,
corresponding to wavelength of 596 nm, 620 nm and 698 nm,
respectively, a typical characteristic of Eu3+ [36]. The 5D0 ?

7F1

transition is a magnetic dipole transition, and its intensity varies

with the crystal field around Eu3+. On the other hand, the
5D0 ?

7F2 transition is an electric dipole transition, and it is extre-
mely sensitive to chemical bonds in the vicinity of Eu3+. The inten-
sity of the 5D0 ?

7F2 transition is widely used as a measure of the
coordination state and the site symmetry of the rare earth [37]. The
intensity ratio I(5D0 ?

7F2)/I(5D0 ?
7F1) is equal to approximately

4.7, which also suggests the low site symmetry of the Eu3+ ion in 1.

4. Conclusions

Two three-dimensional metal-organic frameworks based on
lanthanide and sodium, [NaLn(oba)(ox)(H2O)] (Ln@@Eu and Sm),
have been synthesized under hydrothermal conditions. The oba
and ox ligands in complexes 1 and 2 adopt pentadentate and hexa-
dentate coordination modes, respectively, to join the Ln(III) and
Na(I) ions into three-dimensional metal-organic frameworks. In
the photoluminescence of complex 1, efficient LMET was observed.
And the photoluminescence measure indicated that complex 1 was
a strong red emitter.

Acknowledgements

The study was financially supported by Funding Project for Aca-
demic Human Resources Development in Institutions of Higher
Learning Under the Jurisdiction of Beijing Municipality (Grant No.

200 400 600 800 1000

40

50

60

70

80

90

100

W
ei

gh
t l

os
s/

(%
)

Temperature/(oC)

2

1

Fig. 4. The TGA curve of the complexes 1 and 2.

600 700
0

100

200

300

400

500

J=4

In
te

ns
it

y

Wavelength/nm

5D0
7FJ

J=1

J=2

596

620

698

Fig. 5. Luminescent spectrum of 1 at room temperature (exciting light wavelength
is 230 nm).

98 C. Wang et al. / Journal of Molecular Structure 1032 (2013) 93–99



Author's personal copy

PHR201008372 and PHR201106124), Open Research Fund Pro-
gram of Key Laboratory of Urban Stormwater System & Water
Environment (Beijing University of Civil Engineering and Architec-
ture), Ministry of Education (Grant No. YH201101003) and the Re-
search Fund of Beijing University of Civil Engineering and
Architecture (101200702).

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.molstruc.2012.07.
039.

References

[1] C.C. Wang, Z.H. Wang, F.B. Gu, G.S. Guang, J. Mol. Struct. 1004 (2011) 39.
[2] C.C. Wang, Z.H. Wang, F.B. Gu, G.S. Guang, J. Mol. Struct. 979 (2010) 92.
[3] G.S. Guang, C.C. Wang, Y.C. Liu, Y. Liu, H.Y. Guo, Chin. J. Inorg. Chem. 26 (2010)

1583.
[4] G.S. Guo, Y.C. Liu, J. Zhang, H.Y. Guo, J. Rare Earths 26 (2008) 633.
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