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a b s t r a c t

Hydrothermal reactions of rare earth oxides with racemic tartaric acid (H2tar) yielded 7 rare earth(III)

MOFs with general formulas [R2(tar)3(H2O)2]n (R¼Y (1), Sm (4), Eu (5), Tb (6), Dy (7)) and

[R2(tar)2(C2O4)(H2O)2]n �4nH2O (R¼La (2), Nd (3)). X-ray powder diffraction analysis and single-crystal

X-ray diffraction analysis reveal that they present two different structural types. MOFs 1, 4, 5, 6 and 7 are

isostructural and crystallize in the orthorhombic non-centrosymmetric space group Iba2, and feature

unusual fsc-3,4-Iba2 topology. MOFs 2 and 3 are isostructural and crystallize in monoclinic P21/c space

group and display rare fsx-4,5-P21/c topology containing hydrophilic channels bounded by triple helical

chains along a axis. MOFs 3, 4, 5, 6 and 7 exhibit intense lanthanide characteristic photoluminescence at

room temperature.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Nowadays, much interest in the designed synthesis of metal-
organic frameworks (MOFs), which have achieved considerable
progress in material chemistry and supramolecular chemistry [1],
is driven by their potential properties for eventual application and
intriguing topology architecture [2]. It is definite that hydrother-
mal synthesis has been one of the powerful techniques for the
synthesis of new MOFs with diverse architectures. Under rela-
tively high temperature and pressure, the problems associated
with solubility can be well solved; thus the reactivity of reactants
in the crystallization process is efficiently enhanced [3]. This
technique has earned enormous importance due to its simplicity
and the tremendous results regarding the production of MOFs [4].
The hydrothermal reactions are affected by a variety of para-
meters such as reaction time, temperature and pH value [5]; these
reactions are often quite complicated and may involve in situ
hydrolysis, oxidation, and ligand synthesis [6]. Although it is not
always possible to exert synthetic control, during the last two
decades, a fascinating variety of novel MOFs has been obtained
from hydrothermal reactions. Inspired by the aforementioned
considerations, we aimed to obtain new MOFs via linking metal
cations with multicarboxylic organic ligands through hydrother-
mal synthesis [7]. Racemic tartaric acid (H2tar) as an excellent
candidate is a cheap hydroxy dicarboxylic acid and has six
ll rights reserved.

.cn (Y.-L. Feng).
coordination sites which are helpful to get high dimensional
structure. Rare earth MOFs have attracted considerable attention
as promising sensory materials due to their unique coordination
chemistry and intense luminescence with long excited-state life-
times [8]. It was reported that the coordination number of R(III)
ions often decreases along the period due to lanthanide contrac-
tion [9]. So far a few examples of rare earth tartrate are known
[10]. Thushari et al. [11], Athar et al. [12], Yan et al. [13] and Wang
et al. [14] reported the hydrothermal synthesis of lanthanide
tartrates with different structures, respectively. Herein we report
the synthesis and structural characterization of seven new rare
earth MOFs with the general formulas [R2(tar)3(H2O)2]n (R¼Y (1),
Sm (4), Eu (5), Tb (6), Dy (7)) and [R2(tar)2(C2O4)(H2O)2]n �4nH2O
(R¼Nd (2), La (3)). These seven MOFs are all based on the
assembly of tartaric acid (H2tar) with rare earth oxides (R2O3)
under hydrothermal conditions (Scheme 1). It was found that
tar2� ligand not only has versatile traits of coordination chem-
istry (Scheme 2), but can lead to the novel 3D frameworks and
unusual topologies, such as an unusual fsc-3,4-Iba2 topology and
a rare fsx-4,5-P21/c topology.
2. Experiment section

2.1. Materials and measurements

All chemicals were of analytical reagent grade, commercially
purchased and used as supplied. All hydrothermal reactions were
performed in the 25 mL Teflon-lined stainless steel Parr bomb. Data
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collection was performed with Mo Ka radiation (l¼0.71073 Å) on a
Bruker APEX II area-detector diffractometer. Elemental analyses were
carried out using a Perkin-Elmer 2400 II elemental analyzer. X-ray
powder diffraction (XRPD) intensities were measured at 298 K on a
PHILIPS PW3040/60 powder diffractometer with Cu Ka radiation
(l¼1.5406 Å). IR spectra were measured in KBr pellets on a Nicolet
5DX FT-IR spectrometer. The thermogravimetric measurements were
performed on preweighed samples in an oxygen (25%) and nitrogen
(75%) mixed stream using a Netzsch STA449C apparatus in the
temperature range of 30–800 1C with a heating rate of 5 1C/min.
UV–vis spectra of the solid powder materials were measured on a
Nicolet Evolution 500 UV–vis spectrophotometer in the range of
200–850 nm, and the excitation and luminescence spectra were
performed on a HITACHIF-2500 fluorescence spectrometer in solid
state at room temperature.

2.2. Synthesis of [Y2(tar)3(H2O)2]n (1)

Y2O3 (0.5 mmol, 0.1129 g) and H2tar (1.0 mmol, 0.1501 g)
were mixed in 20 mL distilled water. Then the mixture was
transferred into a Teflon-lined stainless steel vessel (25 mL) and
heated to 160 1C for 72 h. It was cooled to room temperature over
3 day. Colorless crystals of [Y2(tar)3(H2O)2]n (1) were obtained
and collected by filtration, washed with water, then dried in air,
74% yield (based on H2tar). IR (KBr, cm�1): 3360vs, 3290vs,
2930m, 2890m, 2750w, 2330w, 1580s, 1390vs, 1360vs, 1110s,
818w, 756m, 644m, 571m. Anal. Calc. for C12H16Y2O20: C, 21.90;
H, 2.45. Found: C, 21.92; H, 2.50%.

2.3. Synthesis of [La2(tar)2(C2O4)(H2O)2]n � 4nH2O (2)

A similar hydrothermal synthesis of La2O3 (0.5 mmol,
0.1629 g) with H2tar (1.0 mmol, 0.1982 g) in 20 mL distilled water
gave [La2(tar)2(C2O4)(H2O)2]n �4nH2O (2) as colorless crystals
(35% yield). IR (KBr cm�1): 3420vs, 2920s, 2850m, 2160w,
2010w, 1850m, 1760s, 1600s, 1470m, 1410m, 1380m, 1260s,
1110m, 906m, 714m, 636m, 532m. Anal. Calc. for C10H20La2O22:
C, 15.60; H, 2.62. Found: C, 15.63; H, 2.64%.

2.4. Synthesis of [Nd2(tar)2(C2O4)(H2O)2]n � 4nH2O (3)

A similar hydrothermal synthesis of Nd2O3 (0.5 mmol,
0.1682 g) with H2tar (1.0 mmol, 0.1501 g) in 20 mL distilled water
Scheme 1. . Hydrothermal syntheses of 1–7.

Scheme 2. . Binding modes of tar2� found in th
gave [Nd2(tar)2(C2O4)(H2O)2]n �4nH2O (3) as colorless crystals
(32% yield). IR (KBr, cm�1): 3400vs, 2920s, 2850s, 2460w,
1630m, 1460w, 1380w, 1190w, 1090vs, 918w, 706m, 594. Anal.
Calc. for C10H20Nd2O22: C, 15.38; H, 2.58. Found: C, 15.41;
H, 2.60%.

2.5. Synthesis of [Sm2(tar)3(H2O)2]n (4)

A similar hydrothermal reaction of Sm2O3 (0.5 mmol, 0.1744 g)
with H2tar (1.0 mmol, 0.1501 g) in 20 mL distilled water gave
[Sm2(tar)3(H2O)2]n (4) as light yellow crystals (74% yield). IR (KBr,
cm�1): 3420vs, 2900m, 2820m, 2330w, 1600s, 1450m, 1400m,
1360m, 1310w, 1250w, 1100m, 1030w, 850w, 775m, 572 m. Anal.
Calc. for C12H16Sm2O20: C, 18.46; H, 2.07. Found: C, 18.45; H, 2.06%.

2.6. Synthesis of [Eu2(tar)3(H2O)2]n (5)

A similar hydrothermal reaction of Eu2O3 (0.5 mmol, 0.1755 g)
with H2tar (1.0 mmol, 0.1501 g) in 20 mL distilled water gave
[Eu2(tar)3(H2O)2]n (5) as colorless crystals (77% yield). IR (KBr,
cm�1): 3430vs, 2920m, 2850m, 2350w, 1620s, 1590s, 1460m,
1420m, 1380m, 1320w, 1260w, 1120m, 1040w, 852w, 775w,
613m. Anal. Calc. for C12H16Eu2O20: C, 18.38; H, 2.06. Found: C,
18.42; H, 2.08%.

2.7. Synthesis of [Tb2(tar)3(H2O)2]n (6)

A similar hydrothermal reaction of Tb2O3 (0.5 mmol, 0.1829 g)
with H2tar (1.0 mmol, 0.1501 g) in 20 mL distilled water gave
[Tb2(tar)3(H2O)2]n (6) as light yellow crystals (70% yield). IR (KBr,
cm�1): 3420vs, 2910m, 2850w, 2340w, 2370w, 1600s, 1460m,
1460m, 1380m, 1320w, 1250w, 1120m, 1040w, 849w, 779w,
594m. Anal. Calc. for C12H16Tb2O20: C, 18.06; H, 2.02. Found: C,
18.09; H, 2.04%.

2.8. Synthesis of [Dy2(tar)3(H2O)2]n (7)

A similar hydrothermal reaction of Dy2O3 (0.5 mmol, 0.1865 g)
with H2tar (1.0 mmol, 0.1501 g) in 20 mL distilled water gave
[Dy2(tar)3(H2O)2]n (7) as colorless crystals (74% yield). IR (KBr
cm�1): 3430vs, 2920m, 2850m, 2360w, 1590s, 1460m, 1380m,
1320m, 1260m, 1120m, 1040m, 922w, 856w, 779w, 598m. Anal.
Calc. for C12H16Dy2O20: C, 17.90; H, 2.00. Found: C, 17.92; H, 2.03%.

2.9. Single-crystal structure determination

The diffraction data for MOFs 2, 3, 5 and 7 were collected on a
Bruker APEX II diffractometer equipped with a graphite–
monochromatized Mo–Ka radiation (l¼0.71073 Å) at 296(2) K.
Data intensity was corrected by Lorentz-polarization factors
and empirical absorption. The structures were solved by direct
methods and expanded with difference Fourier techniques. All
non-hydrogen atoms were refined anisotropically. Except the
e title MOFs, (a) m2, k4, (b) m3, k5, (c) m4, k6.



Table 1
Crystal data and structure refinement for 2, 3, 5 and 7.

Complex 2 3 5 7

Empirical formula C10H20La2O22 C10H20Nd2O22 C12H16Eu2O20 C12H16Dy2O20

Formula weight 770.08 780.74 784.17 805.25

Crystal system monoclinic monoclinic orthorhombic orthorhombic

Space group P21/c P21/c Iba2 Iba2

a (Å) 6.1092(2) 6.0528(2) 12.5257(2) 12.4764(1)

b (Å) 7.6866(2) 7.6177(3) 14.2085(1) 14.1541(2)

c (Å) 22.6987(6) 22.3364(8) 10.5397(1) 10.4935(1)

b (deg.) 91.657(1) 91.412(2)

V (Å3) 1065.46(5) 1029.58(6) 1875.77(4) 1853.07(3)

Z 2 2 4 4

Dc 2.400 2.518 2.777 2.886

m (mm�1) 4.063 5.098 6.738 8.116

F (0 0 0) 740 752 1496 1520

ymin, ymax (deg.) 1.80, 27.61 1.80, 27.49 2.87, 27.42 2.18, 27.51

Reflections Collected 14265 11815 13815 7719

Unique reflections (Rint) 2443 (0.0200) 2253 (0.0244) 1131 (0.0402) 1126 (0.0262)

Observed Reflections (I42s(I)) 2263 2147 1107 1083

Parameters refined 196 208 171 171

S on F2 1.025 1.000 1.001 1.054

R, wR (I42s(I)) 0.0191, 0.0525 0.0417, 0.0933 0.0161, 0.0454 0.0178, 0.0478

R, wR (all data) 0.0213, 0.0541 0.0438, 0.0942 0.0164, 0.0457 0.0183, 0.0483

R¼[S9Fo9�9Fc9]/[SFo9]. wR¼{[Sw(Fo
2
�Fc

2)2]/[Sw(Fo
2)2]}1/2.

Table 2

Selected bond lengths (Å) and angles (deg.) for 2.

Bond Distance Bond Distance

La1–O5#1 2.490(3) La1–O1W 2.584(2)

La1–O6#2 2.493(7) La1–O4#1 2.585(4)

La1–O1 2.506(6) La1–O8#4 2.601(5)

La1–O7 2.553(7) La1–O3 2.657(7)

La1–O2#3 2.561(6)

Angle (deg.) Angle (deg.)

O5#1–La1–O6#2 126.50(6) O1W–La1–O4#1 144.17(7)

O5#1–La1–O1 73.25(7) O5#1–La1–O8#4 107.20(7)

O6#2–La1–O1 74.75(7) O6#2–La1–O8#4 71.85(6)

O5#1–La1–O7 76.05(7) O1–La1–O8#4 137.51(6)

O6#2–La1–O7 133.73(6) O7–La1–O8#4 62.40(6)

O1–La1–O7 147.67(7) O2#3–La1–O8#4 131.40(6)

O5#1–La1–O2#3 70.42(7) O1W–La1–O8#4 75.71(7)

O6#2–La1–O2#3 149.89(6) O4#1–La1–O8#4 72.64(6)

O1–La1–O2#3 89.76(6) O5#1–La1–O3 121.10(6)

O7–La1–O2#3 70.44(6) O6#2–La1–O3 75.04(6)

O5#1–La1–O1W 147.63(7) O1–La1–O3 60.44(5)

O6#2–La1–O1W 85.51(7) O7–La1–O3 132.30(6)

O1–La1–O1W 126.93(7) O2#3–La1–O3 74.86(6)

O7–La1–O1W 77.34(7) O1W–La1–O3 67.02(6)

O2#3–La1–O1W 83.53(7) O4#1–La1–O3 125.60(5)

O5#1–La1–O4#1 60.59(6) O8#4–La1–O3 131.34(6)

O6#2–La1–O4#1 69.07(6) O7–La1–O4#1 101.90(6)

O1–La1–O4#1 71.37(6) O2#3–La1–O4#1 130.62(6)

Symmetry codes: (#1) 1–x, 0.5þy, 0.5–z; (#2) 2–x, 0.5þy, 0.5–z; (#3) 1–x, –0.5þy,

0.5–z; (#4) 1–x, 1–y, –z.

Table 3

Selected bond lengths (Å) and angles (deg.) for 3.

Bond Distance Bond Distance

Nd1–O5#1 2.438(5) Nd1–O1W 2.517(6)

Nd1–O6#2 2.444(5) Nd1–O4#1 2.523(5)

Nd1–O1 2.451(5) Nd1–O8#4 2.554(6)

Nd1–O7 2.497(5) Nd1–O3 2.608(5)

Nd1–O2#3 2.499(5)

Angle (deg.) Angle (deg.)

O5#1–Nd1–O6#2 127.88(17) O6#2–Nd1–O4#1 69.21(17)

O5#1–Nd1–O1 73.40(19) O1–Nd1–O4#1 71.30(17)

O6#2–Nd1–O1 75.42(19) O7–Nd1–O4#1 102.18(18)

O5#1–Nd1–O7 75.0(2) O2#3–Nd1–O4#1 131.80(19)

O6#2–Nd1–O7 134.11(19) O1W–Nd1–O4#1 143.7(2)

O1–Nd1–O7 146.8(2) O5#1–Nd1–O8#4 107.5(2)

O5#1–Nd1–O2#3 70.59(18) O6#2–Nd1–O8#4 71.05(18)

O6#2–Nd1–O2#3 148.85(18) O1–Nd1–O8#4 136.97(18)

O1–Nd1–O2#3 89.50(18) O7–Nd1–O8#4 63.65(17)

O7–Nd1–O2#3 70.40(17) O2#3–Nd1–O8#4 132.34(17)

O5#1–Nd1–O1W 146.80(18) O1W–Nd1–O8#4 75.7(2)

O6#2–Nd1–O1W 84.93(19) O4#1–Nd1–O8#4 72.07(18)

O1–Nd1–O1W 127.37(18) O5#1–Nd1–O3 122.04(18)

O7–Nd1–O1W 77.5(2) O6#2–Nd1–O3 74.32(17)

O2#3–Nd1–O1W 82.9(2) O1–Nd1–O3 61.40(16)

O5#1–Nd1–O4#1 61.72(17) O7–Nd1–O3 131.97(17)

O4#1–Nd1–O3 125.71(16) O2#3–Nd1–O3 74.54(16)

O8#4–Nd1–O3 130.14(18) O1W–Nd1–O3 66.41(18)

Symmetry codes: (#1) 1–x, 0.5þy, 0.5–z; (#2) 2–x, 0.5þy, 0.5–z; (#3) 1–x, –0.5þy,

0.5–z; (#4) 1–x, 1–y, –z.
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hydrogen atoms on oxygen atoms were located from the differ-
ence Fourier maps, the other hydrogen atoms were generated
geometrically. The two lattice water molecules of MOFs 2 and 3 in
an asymmetry unit are disordered and the occupancies of MOF 2
refined to the same of 0.70:0.30, while the occupancies of MOF 3
refined to 0.70:0.30 and 0.57:0.43, respectively. All calculations
were performed using SHELXS-97 and SHELXL-97 [15]. Basic
information pertaining to crystal parameters and structure refine-
ment are summarized in Table 1, and the selected bond lengths
and bond angles are listed in Tables 2–5. CCDC 694077, 694076,
694078 and 684819 contain the Supplementary crystallographic
data for MOFs 2, 3, 5 and 7, respectively.
3. Results and discussion

3.1. Syntheses

It was reported that tartaric acid can endure hydrothermal
conditions up to 160 1C to form the robust, open-framework [11].
Our synthetic strategy for the R(III) MOFs is depicted in Scheme 1.
Single crystals of MOFs 2, 3, 5 and 7 were obtained, whereas MOFs 1,
4, 6 only gained power samples. As shown in Figs. 1 and 2, all XRPD
patterns measured for the as-synthesized samples are in agreement
with the results simulated from the single-crystal X-ray data,
indicating that the crystal structures are representative of the bulk



Table 4

Selected bond lengths (Å) and angles (deg.) for 5.

Bond Distance Bond Distance

Eu1–O5#1 2.328(2) Eu1–O8 2.395(3)

Eu1–O1W 2.326(5) Eu1–O7 2.423(3)

Eu1–O1 2.369(7) Eu1–O4#1 2.444(5)

Eu1–O2#2 2.373(2) Eu1–O3#2 2.478(3)

Angle (deg.) Angle (deg.)

O5#1–Eu1–O1W 79.65(10) O8–Eu1–O7 64.88(7)

O5#1–Eu1–O1 76.32(8) O5#1–Eu1–O4#1 65.39(11)

O1W–Eu1–O1 85.18(12) O1W–Eu1–O4#1 143.79(9)

O5#1–Eu1–O2#2 77.19(9) O1–Eu1–O4#1 77.93(12)

O1W–Eu1–O2#2 98.16(12) O2#2–Eu1–O4#1 83.61(13)

O1–Eu1–O2#2 152.22(13) O8–Eu1–O4#1 124.28(11)

O5#1–Eu1–O8 143.68(11) O7–Eu1–O4#1 72.76(13)

O1W–Eu1–O8 79.22(14) O5#1–Eu1–O3#2 132.23(9)

O1–Eu1–O8 72.76(8) O1W–Eu1–O3#2 78.58(14)

O2#2–Eu1–O8 135.00(11) O1–Eu1–O3#2 142.33(15)

O5#1–Eu1–O7 138.1(2) O2#2–Eu1–O3#2 64.63(7)

O1W–Eu1–O7 141.57(16) O8–Eu1–O3#2 70.93(10)

O1–Eu1–O7 96.34(10) O7–Eu1–O3#2 77.15(8)

O2#2–Eu1–O7 97.79(12) O4#1–Eu1–O3#2 132.24(13)

Symmetry codes: (#1) 2–x, y, 0.5þz; (#2) 0.5þx, 1.5–y, z.

Table 5

Selected bond lengths (Å) and angles (deg.) for 7.

Bond Distance Bond Distance

Dy1–O5#1 2.302(3) Dy1–O8 2.382(4)

Dy1–O1W 2.311(5) Dy1–O7 2.384(3)

Dy1–O1 2.343(2) Dy1–O4#1 2.398(6)

Dy1–O2#2 2.344(3) Dy1–O3#2 2.467(3)

Angle (deg.) Angle (deg.)

O5#1–Dy1–O1W 78.66(11) O8–Dy1–O7 65.57(8)

O5#1–Dy1–O1 76.58(9) O5#1–Dy1–O4#1 66.26(13)

O1W–Dy1–O1 85.88(14) O1W–Dy1–O4#1 143.94(10)

O5#1–Dy1–O2#2 77.41(10) O1–Dy1–O4#1 78.39(14)

O1W–Dy1–O2#2 97.43(14) O2#2–Dy1–O4#1 83.32(15)

O1–Dy1–O2#2 152.57(15) O8–Dy1–O4#1 125.09(13)

O5#1–Dy1–O8 142.82(13) O7–Dy1–O4#1 73.14(15)

O1W–Dy1–O8 79.01(17) O5#1–Dy1–O3#2 131.71(11)

O1–Dy1–O8 72.51(9) O1W–Dy1–O3#1 77.23(16)

O2#2–Dy1–O8 134.90(12) O1–Dy1–O3#2 141.38(18)

O5#1–Dy1–O7 139.4(2) O2#2–Dy1–O3#2 65.14(8)

O1W–Dy1–O7 141.54(18) O8–Dy1–O3#2 70.32(12)

O1–Dy1–O7 96.81(11) O7–Dy1–O3#2 77.13(9)

O2#2–Dy1–O7 97.23(13) O4#1–Dy1–O3#2 132.97(15)

Symmetry codes: (#1) –x, y, –0.5þz; (#2) –0.5þx, 0.5–y, z.

Fig. 1. Powder X-ray diffraction pattern of MOFs 1, 4, 5, 6 and 7 compared with

the simulated pattern.

Fig. 2. Powder X-ray diffraction pattern of MOFs 2 and 3 compared with the

simulated pattern.
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materials. The differences in intensity are perhaps due to the
preferred orientation of the powder samples. Therefore these five
MOFs [R2(tar)3(H2O)2]n (R¼Y (1), Sm (4), Eu (5), Tb (6), Dy (7))
would have similar structures, which were obtained from the
reaction of R2O3 with H2tar at a temperature of 160 1C. However,
we obtained another type of MOFs [R2(tar)2(C2O4)(H2O)2]n �4nH2O
(R¼La (2), Nd (3)) following similar strategy, which indicated that
there should be in situ formation of C2O4

2� during hydrothermal
syntheses (Scheme 1). The same results were obtained when we
used R(NO3)2 instead of R2O3 in the hydrothermal reactions.
Formation of oxalic acid from tartaric acid oxidation has been
known for long [16]. In general, to transform H2tar into C2O4

2� ,
there should be other reagents such as strong oxidizers like H2SO4

participating in the reaction. However, in our reported reaction
there is no other oxidizer. We supposed the mechanism as follow:
compared with the radius of Sm, Eu, Tb and Dy, the one of La, Nd is
shorter as lanthanide contraction, consequently enhancing oxidabil-
ity of La, Nd. It is thus possible that the metal plays a role in the
oxidation reaction and results in the oxidative cleavage of the acid
and in situ formation of oxalic acid.

3.2. Crystal structures of 5 and 7

The single-crystal X-ray diffraction analyses revealed that 5
and 7 are isomorphous structures. The similar MOFs [R2(L-tar)3(-
H2O)2] �3H2O (R¼Y, La–Yb) in triclinic system with space group
P-1 have been reported by Thushari et al. [11], in which the R ions
have 9-coordinate environments. The title crystals crystallize in
orthorhombic system with space group Iba2. Therefore, only the
structure of 5 is described here in detail. As shown in Fig. 3, The
Dy(III) center is eight-coordinated by one coordinated aqua
molecule and seven oxygen atoms from four carboxyl groups
and three a-hydroxyl groups of four tar2� ligands to give a
distorted dodecahedron geometry. The Dy–O distances range
from 2.302(3) to 2.467(3) Å, these values are similar to those
found for DyO8 dodecahedron [17]. The O–Dy–O angles lie in the



Fig. 3. (a) Coordination environment of Dy(III) in 5 showing the atom labeling, thermal ellipsoids are shown at the 30% probability level. All H atoms molecules are omitted

for clarity. (b) The distorted dodecahedron of the Dy(III) ion of 5. Symmetry codes: (#1) –x, y, –0.5þz; (#2) –0.5þx, 0.5–y, z; (#3) –x, –y, z; (#4) 0.5þx, 0.5–y, z; (#5) –x, y,

0.5þz; (#6) –x, –y, z.

Fig. 4. 3D network of 5 showing the cell edges down (a) b axis and (b) c axis.
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range of 65.14(8)–152.57(15)1, which are close to those in the
previously reported Dy(III) MOFs [18]. In this framework, there
are two kinds of tar2� ligands which display different binding
fashions. One tar2� ligand adopts the m2, k4 coordination
mode and bridges two Dy(III) cations along b axis using two
monodentate carboxyl groups and two a-hydroxyl groups
(Scheme 2a); the other one acts as the m3, k5 coordination mode
and bridges three Dy(III) cations using one monodentate carboxyl
group, one bidentate carboxyl group and two a-hydroxyl groups
(Scheme 2b). As shown in Fig. 4, the tar2� ligands in the m3, k5

coordination mode combine with the Dy(III) ions to form a
condensed 2D slab in the ac plane, while the tar2� ligands in
the m2, k4 coordination mode interlink the neighboring slabs to
generate the 3D framework.

Better insight of this 3D architecture can be achieved by
topology analysis. As shown in Fig. 5, each Dy(III) ion is linked to
four tar2� ligands to represent a 4-connected node (Fig. 5a),
meanwhile the two independent tar2� ligands act as 3- and
2-connected nodes (Fig. 5b, c), respectively, resulting in an unusual
non-interpenetrating (3,4)-connected fsc-3,4-Iba2 topology with
Schläfli symbol of (63)(65.8), the vertex symbol using TOPOS 4.0
[19] calculation gives (6.6.62) for the 3-connected node and
(6.6.6.6.6.8) for the 4-connected node, and is thus corresponding
to the topology of fsc-3,4-Iba2 (Fig. 5d). Topology fsc-3.4-Iba2 is
derived from (4,6)-connect fsc net, the maximal symmetry of this
unique net is Iba2. To date, only these type of MOFs [11] display
this unusual topology.

3.3. Crystal structures of 2 and 3

2 and 3 are isomorphous structures and crystallize in the
monoclinic P21/c space group. Take 2 as a representation, the
La(III) center is nine-coordinated by one aqua molecule, two
oxygen atoms from one oxalate anion (C2O4

2�) and six oxygen
atoms from four carboxyl groups and two a-hydroxyl groups of
four tar2� ligands, as illustrated in Fig. 6. The geometry of the
center can be best described as a distorted tricapped trigonal
prism with O3, O5#1 and O8#4 atoms in the capped positions.
The La–O bond lengths are in the range of 2.490(3)–2.657(7) Å,
and the O–La–O angles lie in the range of 60.59(6)–149.89(6)1,



Fig. 5. (a) 4-connected Dy(III) unit coordinated with four tar2� units; (b) 3-connected tar2� unit linked with three Dy(III) units; (c) 2-connected tar2� unit connected with

two Dy(III) units; and (d) schematic representation of the fsc-3,4-Iba2 topology of 5.

Fig. 6. A(a) Coordination environment of La(III) in 2 showing the atom labeling, thermal ellipsoids are shown at the 30% probability level. All H atoms are omitted for

clarity. (b) The distorted tricapped trigonal prism coordination polyhedron of the La(III) ion of 2. Symmetry codes: (#1) 1–x, 0.5þy, 0.5–z; (#2) 2–x, 0.5þy, 0.5–z; (#3) 1–x,

–0.5þy, 0.5–z; (#4) 1–x, 1–y, –z; (#5) 2–x, –0.5þy, 0.5–z.
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which are comparable to those in the previously reported lantha-
num MOFs [20]. The tar2� ligand can be classed as m4, k6

(Scheme 2c), and binds to four La(III) ions through six oxygen
atoms from four bidentate carboxyl groups, and two a-hydroxyl
groups, forming a 2D layer in the ab plane; compared with the
tar2� ligand in the MOFs [La(tar)1.5(H2O)] �H2O [14], the C2O4

2�



Fig. 7. (a) Polyhedral representation and (b) space-filling model of 2 framework viewed down a axis. All H atoms and lattice water molecules are omitted for clarity.

Fig. 8. (a) Polyhedral representation of 2 framework viewed along a axis showing

right- and left-handed helixes; (b) space-filling model of right-handed single

helical chain; (c) space-filling model of left-handed single helical chain; (d) space-

filling model of right-handed triple helical chains; and (e) space-filling model of

left-handed triple helical chains.

Fig. 9. Schematic illustration of the 3D network of 2, pink helixes represent left

handed triple helical chains, green helixes represent right handed triple helical

chains. (For interpretation of the references to colour in this figure legend, the

reader is referred to the web version of this article.)

Fig. 10. (a) 5-connected La(III) unit coordinated with four tar2� units and one

C2O4
2� unit; (b) 4-connected tar2� unit linked with four La(III) units. (c) 2-

connected C2O4
2� unit connected with two La(III) units. (d) Schematic representa-

tion of the fsx-4,5-P21/c topology of 2.

Z.-G. Jiang et al. / Journal of Solid State Chemistry 185 (2012) 253–263 259
anion also acts as a m2-bridge ligand and interconnects the
neighboring layers, constructing a 3D network with hydrophilic
channels of ca. 6.64�7.69 Å dimension along a axis (Fig. 7). As
shown in Fig. 8, it is remarkable that the hydrophilic channels are
bounded by triple helical chains along a axis, each triple helical
chain is interwoven by three similar single helical chains
(La–C2O4

2�–La–COO�–La–tar2�–La–C2O4
2�–La–COO�–La–tar2�–

La) with 21 screw axis and a pitch of 18.3276 Å. These triple
helical chains are alternately arranged in a right- and left-handed
sequence, as illustrated in Fig. 9, so that the whole 3D structure
does not show chirality. Additionally, eight lattice water mole-
cules per unit cell occupy these hydrophilic channels, to provide
multiple intermolecular hydrogen bonds among lattice waters
and the hydrophilic channels to stabilize the crystal structure.

As shown in Fig. 10, each tar2� ligand is linked to four La(III)
cations to represent a 4-connected node (Fig. 10a), each C2O4

2�

anion acts as 2-connected node by connecting to two La(III)
cations (Fig. 10b) and each La(III) cation serves for a 5-connected
node by combining four tar2� ligands and one C2O4

2� anion
(Fig. 10c). Hence, a binodal fsx-4,5-P21/c topology network is
formed with Schläfli symbol of (42.64)(42.67.8) (Fig. 10d), the
vertex symbol using TOPOS 4.0 [19] calculation gives (4. 62. 4. 64.
64. 64) for the 4-connected node and (4. 4. 6. 62. 62. 62.
63.63.64.810) for the 5-connected node, and is thus corresponding
to the topology type with transformation symbol [19a,19e] fsx/I4/

mmm–P21/c (-a, b, aþc); Bond sets: 1,3,4,5,6:fsx. This symbol
means that the net is derived from the binodal net fsx by
decreasing its space-group symmetry from I4/mmm to P21/c with
transformation of the unit cell by (�a, b, aþc) vector, and
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breaking all non-equivalent edges in the resulting net except the
edges No 1, 3, 4, 5 and 6. In the TTD collection, there are 85
binodal nets derived from (5,6)-connected fsx net, only 10 of
them was found in real structures to date, such as: fsx-3,4-C2/c-1;
fsx-3,4-C2/c-2; fsx-3,4-Fd-3m; fsx-3,4-Pccn; fsx-4,5-C2/c; fsx-4,5-

C2/c; fsx-4,5-Cmce-1; fsx-4,5-Cmce-2; fsx-4,5-P21212; fsx-4,5-

P63/mmc, fsx-4,5-R-3m. As the C2O4
2� anion and the above-

mentioned tar2� ligand also acts as a 2-connected node, topology
network of 2 or 3 is the same as reported MOFs [La(tar)1.5

(H2O)] �H2O [14]. To the best of our knowledge, there is only
one known [La(tar)1.5(H2O)] �H2O crystal structure about topology
fsx-4.5-P21/c in any compilations and databases[19,21].
3.4. UV–vis spectroscopy

The UV–vis spectra of the solid powder materials were
measured at room temperature. As shown in the Fig. 11, there
are strong absorption bands in UV spectral range (201–229 nm
(1), 201–223 nm (2), 201–225 nm (3), 201–240 nm (4),
201–255 nm (5), 204–222 nm (6), 201–221 nm (7)) which come
from the carbonyl groups of tar2� and C2O4

2�. 1 and 2 reveals
no significant absorption peaks from 300 to 850 nm (Fig. 11a, b),
which is partly because La(III) and Y(III) are closed shell structure,
there is no electronic in the f-orbital, and the electronic
transitions from ground state to excited multiplets demands
higher energy. 3 reveals strong absorption peaks around 330,
356, 429, 462, 475, 513, 524, 580, 626, 680, 746 and 799 nm
(Fig. 11c), which correspond to the f-f electronic transitions
from the 4I9/2 ground state of Nd(III) to the different excited
multiplets [22]. 4 reveals absorption peaks around 317, 345, 364,
375, 403, 419, 438, 464 and 477 nm (Fig. 11d), which correspond
to the f-f electronic transitions from the 6H5/2 ground state of
Sm(III) to the different excited multiplets [23]. 5 reveals several
absorption peaks around 364, 379, 395, 419 and 465 nm
(Fig. 11e); which would correspond to the f-f electronic transi-
tions from the 7F0 ground state, the 7F1 first excited state or the
7F2 second excited state of Eu(III) to the higher excited multiplets
Fig. 11. UV–vis spectra of 1 (a), 2 (b), 3 (
[24]. 6 reveals a significant absorption band between 235 and
400 nm (Fig. 11f), which correspond to the f-f electronic transi-
tions from the 7F6 ground state of Tb(III) to the different excited
multiplets [25]. 7 reveals significant peaks around 326, 338,
352, 366, 389, 428, 452, 473, 755, 764, 805 and 819 nm
(Fig. 11g), which may arise from the f-f electronic transitions
from the 6H15/2 ground state of Dy (III) to the different excited
multiplets [26].
3.5. Luminescence properties

The solid-state luminescence properties of MOFs 3, 4, 5, 6 and
7 were investigated at room temperature. These MOFs exhibit
corresponding characteristic luminescence at the excitation of
600, 401, 383, 361 and 364 nm, respectively. Fig. 12a shows the
characteristic emission of 3, the peaks at 822, 827, 834 and
840 nm would correspond to the transition of Nd(III) ions from
4F5/2-

4I9/2 or 2H9/2-
4I9/2, and the peak at 880 nm is assigned to

the transition of Nd(III) ions from 4F3/2-
4I9/2 [27]. 4 emits strong

pink emission luminescence (Fig. 12b) and exhibits characteristic
peaks at 547, 562, 565, 597, 602, 605, 616, 621, 636, 643, 651,
659 nm due to the transitions of Sm(III) ions from 4G5/2-

6HJ

(J¼5/2, 7/2, 9/2, 11/2); the most intense peak is the hypersensi-
tive transition 4G5/2-

6H9/2 at 597 nm [28]. 5 emits intense red
luminescence (Fig. 12c) and exhibits characteristic peaks at 579,
588, 592, 596, 611, 616, 621, 650, 687, 689, 607 and 703 nm,
corresponding to the transitions of Eu(III) from 5D0-

7FJ (J¼1, 2,
3, and 4) [29]. Excitation of 6 reveals the expected 5D4-

7FJ

transitions with J¼6, 5, 4, 3 as shown in Fig. 12d, the peaks at
488, 491 and 497 nm would correspond to the transition of Tb(III)
ions from 5D4-

7F6; the peaks at 542 and 546 nm would corre-
spond to the transition of Tb(III) ions from 5D4-

7F5; the peaks at
585 and 588 would correspond to the transition of Tb(III) ions
from 5D4-

7F4; the peaks at 616 and 621 nm would correspond to
the transition of Tb(III) ions from 5D4-

7F3 [30]. The characteristic
emission of Dy(III) ion in 7 are shown in Fig. 12e. Two strong
peaks at 484, 573 nm and a weak peak at 658 nm are assigned to
c) 4 (d) 5 (e) 6 (f) 7 (g) in solid state.



Fig. 12. Emission spectra of (a) 3, (b) 4, (c) 5, (d) 6, (e) 7 in solid state excited at 600, 401, 383, 361 and 364 nm, respectively.

Fig. 13. TG curves of MOFs 1–7.
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the transition of 4F9/2-
6H15/2, 4F9/2-

6H13/2, and 4F9/2-
6H11/2,

respectively [31].

3.6. Thermalgravimetric analyses

As shown in Fig. 13, The TG curve exhibits 1 begins to lose
weight at 234 1C, all the organic groups and coordinated waters
are burned out after 829 1C, the final residuals may be Y2O3, the
observed total weight loss of 66.03% is compared to the calculated
one of 65.69%. 2 and 3 exhibit similar thermal behavior. The TG
curves exhibit that 2 begins to lose weight at 180 1C, all the
organic groups and waters are burned out after 755 1C, the
observed total weight loss of 57.72% is close to the calculated
one of 57.69% and the final residuals may be La2O3; and 3 begins
to lose weight at 200 1C and all the organic groups and waters are
burned out after 706 1C, the observed total weight loss of 57.09%
is close to the calculated one of 56.90% and the final residuals may
be Nd2O3. 4, 5, 6 and 7 also exhibit similar thermal behavior. Their
TG curves exhibit that 4 begins to lose weight at 275 1C, all the
organic groups and coordinated waters are burned out after
870 1C. The final residuals may be Sm2O3; the observed total
weight loss of 55.59% is compared to the calculated one of 55.34%;
5 begins to lose weight at 250 1C, all the organic groups and
coordinated waters are burned out after 756 1C. The final resi-
duals may be Eu2O3, the observed total weight loss of 55.31% is
close to the calculated one of 55.24%; 6 begins to lose weight at
185 1C, all the organic groups and coordinated waters are burned
out after 845 1C. The final residuals may be Tb4O7; the observed
total weight loss of 56.34% is compared to the calculated one of
54.16%; and the significant weight loss of 7 occurs after 285 1C
and all the organic groups and coordinated waters are burned out
after 696 1C. The final residuals may be Dy2O3. The observed total
weight loss of 53.74% is close to the calculated one of 53.68%. The
TG curves indicate that MOFs 1–7 would have good thermal
stability up to 180 1C.
4. Conclusion

In summary, two types of new 3D rare earth MOFs have been
synthesized by similar hydrothermal reactions of rare earth
oxides with racemic tartaric acid. The frameworks of MOFs 1, 4,
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5, 6 and 7 display fsc-3,4-Iba2 topology, while MOFs 2 and 3,
containing hydrophilic channels and triple helical chains, exhibit
rare fsx-4,5-P21/c topology. The TG curves indicate that these
MOFs would have good thermal stability up to 180 1C. UV–vis
spectrum property and luminescent property analyses indicated
that MOFs 3, 4, 5, 6, 7 exhibit intense lanthanide characteristic
photoluminescence at room temperature.
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