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Abstract Three novel lanthanide-organic frameworks: [Ln,(pyba)s;(us-OH),(u,-OH)
(H,0)],, (Ln = Er (1), Y (2), Dy (3) Hpyba = 4-pyridin-4-yl-benzoic acid) have been
hydrothermally synthesized and structurally characterized by single crystal X-ray dif-
fraction. Structure analysis shows that each {Ln4(3-OH)4(1t,-OH),} cluster units
interconnect to form 1-D chains, which are further linked by n—n interactions to make a
3-D supramolecular network structure. Furthermore, the IR, PXRD and TGA of com-
pounds 1-3 were also studied.

Keywords Hydrothermal synthesis - Lanthanide-organic frameworks -
1-D chain

Introduction

In the last decade, the construction of metal-organic frameworks (MOFs) is of high
interest in crystal engineering not only due to their intriguing variety of topologies
and motifs but also because of their potential applications in ion-exchange,
catalytic, adsorption, fluorescence, and magnetic properties [1-4]. However, most of
the work has so far focused on the assembly of the transition metals (TMs), the
analogous chemistry of lanthanides is still less developed [5-9]. It is may attribute
to the tendency of the lanthanide (Ln) ions for high coordination, which favors the
formation of condensed structures with or without ligands [10, 11]. Noticeably,
selection of the multifunctional organic ligands is of vital importance in designing
and assembling expected complexes. So far, various ligands are used to build
these Ln-containing MOFs [12-20]. Our group has successfully prepared several
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Ln-containing MOFs by isonicotinic acid (Hin), a rigid linear ligand containing O
and N donors on the opposite sides, which can construct the extended frameworks
with high structural stability and special topologies [21-26]. Furthermore, we
attempt to obtain more open frameworks under rationally hydrothermal conditions
by replacing Hin with the lengthened ligand 4-pyridin-4-yl-benzoic acid (Hpyba).
Till now, we have successfully obtained two novel 1-D stair-step chains built by
the {Cu,X,} cluster units, [Cuy,X,(Hpyba),],, (X = Br, I) [27] and a series of 1-D
Ln-organic coordination polymers, [Ln(u;-OH)(pybz)(pa)],, (Ln = Er, Tb, Gd;
Hpa = 2-picolinic acid), based on [Lny4(13-OH)4] cubanes [28]. Here we report
the first 1-D Ln-organic frameworks supported by the pyba ligands and based
on {Lny(u3-OH)4(u-OH),} tetrameric cluster units: [Lny(pyba)s(uz-OH),(1,-OH)
(H2O0)], (Ln = Er (1), Y (2), Dy (3)).

Experimental
Materials and Methods

All chemicals were commercially purchased and used without further purification.
IR spectra (KBr pellets) were recorded on an ABB Bomen MB102 spectrometer
over a range 4004000 cm ™. The thermogravimetric analysis was performed on a
Mettler Toledo TGA/SDTA 851e analyzer in air atmosphere with a heating rate of
10 °C/min from 30 to 1000 °C. The elemental analysis was carried out using the
combustion method on an Elemental Vario EL III CHNOS elemental analyzer.

Synthesis of [Ery(pyba)s(u3-OH),(12-OH)(H20)],, (1)

A mixture of Er,O; (1 mmol, 0.3824 g), Cu(Ac), - H,O (0.1 mmol, 0.0200 g),
Hpyba (2 mmol, 0.3987 g), H,O (10 mL, 0.22 mmol) and three drops of HCIO,
with the pH value of about 2.0 was sealed in a 30 mL Teflon-lined bomb at 190 °C
for 7 days, and then cooled to room temperature, Yellow prismatic crystals of 1
were recovered by filtration, washed with distilled water and dried at ambient
temperature (Yield, 32% based on Er,Os;). Elemental Analysis: Calcd. for
C36H29N30,0Er,: C 43.28, H 2.91, N 4.20. Found: C 43.21, H 2.87, N 4.15.

Synthesis of [Lnx(pyba)s(u3-OH)x(u>-OH)(H,0)],, (Ln = Y(2), Dy(3))

The crystals of 2 and 3 were prepared by a similar method as used in the synthesis of
the crystals of 1 except that Er,O5; was replaced by Y,05 and Dy,0;. The resulting
colorless microcrystalline of 2 and 3 were obtained (yield: 28% based on Y,0s3,
30% based on Dy,03). X-ray diffraction data on single crystals show that the unit
cell is very similar to 1. For 2: monoclinic, space group C2/c, a = 37.744(5) A,
b =17238(7) A, ¢ =31.31(7) A, f=123.954)°, and V = 7096.7(3) A>. For 3:
monoclinic, space group C2/c, a = 37.561(4) A, b = 7.205(6) A, ¢ = 31.787(4) A,
B = 123.65(4)°, and V = 7001.5(3) A3. The experimental PXRD patterns of 2 and
3 correspond well with the simulated and experimental PXRD patterns of 1, further

@ Springer



Lanthanide-Organic Frameworks 189

indicating that these compounds are isostructural (Fig. 1). Elemental Analysis:
Calcd. for 2: C 51.37, H 3.45, N 4.82. Found: C 51.35, H 3.52, N 4.78; Calcd. for 3:
C 43.40, H 2.93, N 4.21. Found: C 43.38, H 2.90, N 4.25.

X-ray Crystallography

The intensity data was collected on a Scxmini CCD diffractometer with a graphite-
monochromatized Mo Ka (1 = 0.71073 A) radiation at room temperature. All
absorption corrections were performed using SADABS program [29]. The structure
was solved by direct methods and refined by full-matrix least squares on F* with the
SHELXL-97 program [30, 31]. Non-hydrogen atoms were refined anisotropically,
while hydrogen atoms were introduced in calculated positions and refined
isotropically. Details of crystal data, collection and refinement are listed in Table 1.
Selected bond distance and angle data for 1 is listed in Table 2.

Result and Discussion
Synthesis Considerations

In order to make Ln-organic-TM frameworks, we add the Cu(CH5COO), - H,O into
the reaction system. However, the Cu®" cations have not been introduced into the
reaction product. Only the Ln-organic frameworks 1-3 were obtained. But the
starting materials, Cu(CH3;COO), - H;0, is crucial for the formation of compounds
1-3, no single crystals were obtained in the absence of Cu(CH3;COO), - H,O under
the similar conditions.
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Fig. 1 The experimental and simulated PXRD patterns of compounds 1-3
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Table 1 Crystal data and
structure refinement for 1

Compound

1

Empirical formula

Formula weight

C36H34N300Er
1003.19

Temperature (K) 293(2)
Crystal system Monoclinic
Space group C2/c
a(A) 37.5181(2)
b (A) 7.2003(4)
¢ (A) 31.1629(1)
p° 123.93(3)
Volume (A%) 6985.4(3)
z 8
Peate (g cm™) 1.887
Absorption coefficient (mm™Y 4.835
F(000) 3808
0 range for data collection (°) 2.90-27.48
Reflections collected/unique 4557/7615
R(int) 0.0279
Goodness-of-fit on F> 1.045
Absorption correction Empirical

Crystal size (mm)

0.50 x 0.25 x 0.12

Final Ry, wR, [I > 20 (I)] 0.0293, 0.0736
Largest diff. peak and hole (e A3 1.476 and —1.126

Structure Description

X-ray crystal structure analyses and PXRD patterns reveal that compounds 1-3 are
isomorphous and crystallize in monoclinic space group C2/c (Table 1 and Fig. I).
Therefore, only the structure of 1 is described in details. The asymmetric unit of 1
contains two unique Ert ions, one p,-OH™, two p3-OH™, one coordinated water
molecule and three pybz™~ ligands with two different coordination modes in the ratio
of 2:1 (Fig. 2). Er1 ion is eight-coordinated, and the coordination geometry is close
to that of a bicapped trigonal prism: three Ocop (04/05 in mode I, O7 in mode II)
from three pybz™ ligands, a coordinated water (O1w), a p,-hydroxyl (O2) and three
uz-bridging hydroxyl (01/09/09a). Er2 ion surrounded by four Ocoo (O3/06 in
mode I, O7/08 in mode II) from three pybz~ ligands, a u,-bridging hydroxyl (02)
and three us3-bridging hydroxyl (O1, Ola, O9). The coordination geometry for eight-
coordinated Er2 ion is close to that of a bicapped trigonal prism as the same as Erl.
The Er—O distances range from 2.229(3) to 2.538(3) A.

In the structure, one Erl and two Er2 ions (Erl...Er2 3.7024 A) are linked by three
113-OH (01/01a/09) groups and one u,-OH (02) to form a truncated cubane. Two
such units connected each other to form a {Ln4(13-OH)4(u,-OH), } tetrameric cluster
unit by sharing one four member ring (Er2-O1-Er2-O1). Then, these tetrameric
cluster units are further linked by two u3-OH (09/09a) groups, resulting in a 1-D chain
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Table 2 Select bond distances (A) and angles (°) for 1

Bonds Distances (A) Bonds Distances (A)
Er(1)-0O(1) 2.340(3) Er(2)-0(1) 2.350(3)
Er(1)-O(1W) 2.538(3) Er(2)-O(1)#2 2.253(2)
Er(1)-0(2) 2.350(3) Er(2)-0(2) 2.229(3)
Er(1)-0(4) 2.284(3) Er(2)-0(3) 2.477(3)
Er(1)-0(5) 2.361(3) Er(2)-0(6)#2 2.408(3)
Er(1)-0(7) 2.346(3) Er(2)-O(7)#3 2.585(3)
Er(1)-0(9) 2.326(3) Er(2)-O(8)#3 2.329(3)
Er(1)-O(9)#1 2.380(3) Er(2)-O(9)#3 2.296(3)
O(1)-Er(1)-O(1W) 125.39(10) O(1)#2-Er(2)-0(1) 73.83(10)
O(1)-Er(1)-0(2) 71.41(9) O(1)#2-Er(2)-0(3) 142.01(10)
O(1)-Er(1)-0(5) 75.42(10) O(1)#2-Er(2)-0(6)#2 73.80(10)
O(1)-Er(1)-0(7) 150.26(10) O(1)#2-Er(2)-O(7)#3 125.07(9)
O(1)-Er(1)-0(9)#1 72.99(9) O(1)#2-Er(2)-O(8)#3 145.29(11)
O(2)-Er(1)-O(1W) 139.95(11) O(1)#2-Er(2)-0O(9)#3 76.22(9)
0O(2)-Er(1)-0(5) 146.75(10) O(1)-Er(2)-0(3) 70.41(9)
O(2)-Er(1)-0(9)#1 70.15(9) O(1)-Er(2)-O(6)#2 145.82(10)
O(4)-Er(1)-0(1) 75.56(10) O(1)-Er(2)-O(7)#3 132.25(9)
O(4)-Er(1)-O(1W) 67.88(11) 0O(2)-Er(2)-0(1) 73.35(10)
O(4)-Er(1)-0(2) 85.46(11) O(2)-Er(2)-O(1)#2 88.89(10)
O(4)-Er(1)-0(5) 88.52(13) 0O(2)-Er(2)-0(3) 92.84(10)
O(4)-Er(1)-0(7) 98.28(11) O(2)-Er(2)-0(6)#2 95.35(11)
O(4)-Er(1)-0(9) 144.63(10) O(2)-Er(2)-0(7)#3 139.53(9)
O(4)-Er(1)-0(9)#1 144.92(10) O(2)-Er(2)-O(8)#3 87.15(10)
O(5)-Er(1)-0O(1W) 64.78(12) O(2)-Er(2)-0(9)#3 153.75(9)
O(5)-Er(1)-0(9)#1 98.17(11) O(3)-Er(2)-O(7)#3 73.94(10)
O(7)-Er(1)-O(1W) 75.95(11) O(6)#2-Er(2)-0(3) 143.47(10)
O(7)-Er(1)-0(2) 79.17(10) O(6)#2-Er(2)-O(7)#3 76.86(11)
O(7)-Er(1)-0(5) 134.08(11) O(8)#3-Er(2)-0(1) 136.88(10)
O(7)-Er(1)-0(9)#1 101.28(10) O(8)#3-Er(2)-0(3) 72.67(11)
O(9)#1-Er(1)-O(1W) 145.43(10) O(8)#3-Er(2)-0(6)#2 72.27(11)
0(9)-Er(1)-0(1) 131.50(9) O(8)#3-Er(2)-O(7)#3 52.50(9)
0O(9)-Er(1)-O(1W) 76.94(10) O(9)#3-Er(2)-0(1) 81.70(9)
0(9)-Er(1)-0(2) 121.71(10) O(9)#3-Er(2)-0(3) 86.26(9)
0O(9)-Er(1)-0(5) 79.64(10) O(9)#3-Er(2)-0(6)#2 100.93(11)
0O(9)-Er(1)-0(7) 68.76(9) O(9#3-Er(2)-O(7)#3 65.13(9)
0O(9)-Er(1)-0O(9)#1 70.24(10) O(9)#3-Er(2)-O(8)#3 117.34(10)

Symmetry transformations: #1: —x — 1, =y + 3, —z — I;#2: —x — I, -y + 2, —z — Li#3:x,y — 1, z;

#:x,y+ 1,2

(Fig. 3a), which differs from the reported 1-D chains built by [Ers(13-OH),4] cluster
units [28]. The deprotonated pyba ligands are regularly appended up and down of the

1-D chain, linked via carboxylate oxygen atoms from ligands (Fig. 3b).
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Fig. 2 a The asymmetric unit of 1 with the atom labeling (H atoms connected to carbon atoms are
omitted for clarity). b Coordination modes of the pybz-ligands in 1

Fig. 3 a View of the 1-D chain along the c-axis (H atoms connected to carbon atoms are omitted for
clarity); b 1-D chain based on {Ln4(u3-OH)4(u,-OH),} cluster units

The distance of every two chains is up to 19.1 A parallel to the a-axis, which is
much longer than the length of the pyba ligand; in addition, adjacent paralleled
chains are linked together via weak m—m stacking, with the centeroid—centeroid
distance between them is 3.643 A (Fig. 4a), to form a 3-D open framework
(Fig. 4b).

IR Spectroscopy
As shown in Fig. 5, the characteristic features of pyba ligand dominate the IR
spectrum. The strong and acuity absorption band around 3400 cm™' were assigned

as the characteristic peaks of OH vibration. The strong vibrations at 1556 and
1415 cm™"' are corresponding to the asymmetric and symmetric stretching
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Fig. 4 a The n—n stacking interactions between adjacent chains in 1; b the 3-D supramolecular network
formed by the 1-D chains via n—n stacking interactions along the b-axis
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Fig. 5 IR spectra of compounds 1-3
vibrations of the carboxylate group, respectively. Bands in the 1000-1400 cm ™"
range are attributed to v(C-N) and v(C-C) vibrations. The do_c_o vibration in plane

occurs in middle intensity peaks around in 777 cm™'. The absence of strong bands
ranging from 1690 to 1730 cm ™' indicates that the ligands are deproponated.

Thermal Properties
The thermogravimetric analysis was carried out in flowing dry air atmosphere with a

heating rate of 10 °C min "' in the temperature range of 30-1,000 °C. As shown in
Fig. 6, the weight loss from 30 to 360 °C is attributed to the removal of the
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Fig. 6 TG curve of compound 1

coordination water molecules (calcd. 1.8%, found 1.7%; 30-180 °C) and the
dehydration of the hydroxyl groups (calcd. 2.7%, found 2.9%; 180-360 °C). Above
360 °C until 550 °C, one step of weight loss was observed, corresponding to the
successive release of organic ligands. At 550 °C, the coordination networks of
compound 1 decompose completely. Assuming that the residue corresponds to
Er,03, the observed weight (38.1%) is in good agreement with the calculated value
(38.0%).

Conclusions

Three novel Ln-organic frameworks: [Lny(pyba)s(uz-OH),(1,-OH)(H,0)],,
(Ln =Er (1), Y (2), Dy (3)) have been successfully made by hydrothermally
method. Structure analysis shows that each {Lny(13-OH)4(u,-OH),} units inter-
connect to form 1-D chains, which are further linked by n—= interactions to make a
3-D Ln-organic framework. This work provides a rational route for the construction
of fascinating Ln-organic frameworks based on {Ln4(uz-OH)4(1,-OH),} units.
Further work will be focused on the construction of high-D Ln-organic-TM
frameworks involving the combination of Ln clusters and TM clusters.

Supporting Information
CCDC-770644 contains the supplementary crystallographic data for 1. These data
can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or

from the Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge CB2
1EZ, UK fax: (+44) 1223-336-033; or e-mail: deposit@ccdc.cam.ac.uk).
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