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Abstract A series of 1-D lanthanide coordination polymers [Ln(l3-OH)(pybz)(pa)]n

(Ln = Er (1), Tb (2), Gd (3), Hpybz = 4-pyridin-4-yl-benzoic acid, Hpa = 2-picolinic

acid) based on [Ln4(l3-OH)4] cluster units have been hydrothermally synthesized and

characterized by single crystal X-ray diffraction, IR, elemental analysis, and thermo-

gravimetric analysis. X-ray crystal structure analyses reveal that 1–3 are isomorphous

with tetragonal space group P 421c and comprise tetranuclear Ln–O clusters, in which

four Ln3? centers are joined together by four l3-bridging hydroxyl groups to form

cubane-like [Ln4(l3-OH)4]8? cores that are further linked by four l3-pa- ligands to

produce 1-D chains along the c-axis.

Keywords Hydrothermal synthesis � Lanthanide cluster � Cubane �
p–p stacking

Introduction

The current increasing interest in designing and synthesizing polynuclear

complexes, in particular lanthanide based oxo-hydroxo clusters has been signifi-

cantly provoked due to their novel structural characteristics and rich electronic,

magnetic, optical, and catalytic properties [1–5].Among these lanthanide clusters,

Ln4(OH)4 cubane is a common structural motif and can serve as a building block

[6–8]. A general class of complexes based on tetranuclear, hydroxo lanthanide

cubane-like clusters have recently been prepared, providing further insights into the

formation, reactivity, and supramolecular assembly of these compounds [9, 10].

Noticeably, selection of the multifunctional organic ligands is a key point to design
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and assemble expected complexes. So far, various ligands are used to bulid these

cubanes, such as amino acids [11], perchlorates [12], diketonates [13], and

carboxylates [14]. The isonicotinic acid (Hin) is a multifunctional bridging ligand as

a rigid linear ligand constructing extended frameworks with high structural stability

and special topologies. Based on these considerations, we have chosen isonicotinic

acid as the bridging ligand, which have successfully obtained a series of lanthanide

cluster polymers [Er7(l3-O)(l3-OH)6(bdc)3](in)9[Cu3X4] (X = Cl or Br, H2bdc =

1,2-benzenedicarboxylic acid) [15] and [Ln6(l3-O)2](in)18[Cu8(l4-I)2(l2-I)3]�H3O

(Ln = Y, Nd, Dy, Gd, Sm, Eu, Tb) [16], nanosized hydroxo lanthanide cluster

polymers [Ln14(l6-O)(l3-OH)20(in)22Cu6Cl4(H2O)8]�6H2O (Ln = Y, Gd, Dy) [17],

and [Er4(in)8(bdc)2(OH)(H2O)5][Cu8I7] [18]. Summing up of these results we have

obtained, these compounds are always dense due to the restriction on the length of

Hin. As a continuation of our search, we have tried to obtain the more open

frameworks under rationally hydrothermal conditions by replacing Hin with the

lengthened ligand 4-pyridin-4-yl-benzoic acid. Unexpected, we obtained a series of

1-D lanthanide coordination polymers [Ln(l3-OH)(pybz)(pa)]n (Ln = Er (1), Tb

(2), Gd (3), Hpybz = 4-pyridin-4-yl-benzoic acid, Hpa = 2-picolinic acid). To the

best of our knowledge, few 1-D polymers based on Ln4(OH)4 cubanes have been

reported.

Experimental

Materials and Methods

All chemicals used during the course of this work were of reagent grade and used as

received from commercial sources without further purification. Elemental analyses

of C, H, and N were carried out with a Vario EL III elemental analyzer. IR spectra

were recorded in the range 400–4000 cm-1 on an ABB Bomem MB102

spectrometer in KBr pellets.

Synthesis of [Er(l3-OH)(pybz)(pa)]n (1)

A mixture of Er2O3 (0.25 mmol, 0.096 g), Hpybz (0.5 mmol, 0.103 g), Hpa

(1 mmol, 0.123 g), H2O (10 mL), and HClO4 (0.5 mmol) was sealed in a 30 mL

Teflon-lined bomb at 170 �C for 7 days, then cooled to room temperature. Pink

prismatic crystals of 1 were obtained (yield: 44% based on Er2O3). Anal. Calcd for

1, C18H13N2O5Er: C, 42.85; H, 2.60; N, 5.55. Found: C, 42.48; H, 2.89; N, 5.11. IR

bands (cm-1) for 1: 3632vs, 3430w, 3066w, 1927w, 1656vs, 1630vs, 1595vs,

1557vs, 1477w, 1406s, 1293m, 1176m, 1011m, 850m, 774vs, 709vs, 685vs, 633m,

548w.

Synthesis of [Tb(l3-OH)(pybz)(pa)]n (2)

The colorless crystals of 2 were prepared by a similar method as used in the

synthesis of the crystals of 1 except that Er2O3 was replaced by Tb4O7 (0.125 mmol,
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0.093 g). The resulting colorless prismatic crystals of 2 were obtained (yield: 32%

based on Tb4O7). Anal. Calcd for 2, C18H13N2O5Tb: C, 43.57; H, 2.64; N, 5.64.

Found: C, 43.22; H, 2.93; N, 5.27. IR bands (cm-1) for 2: 3625vs, 3414w, 3065w,

1927w, 1651vs, 1630vs, 1595vs, 1557vs, 1477w, 1409s, 1297m, 1186m, 1015m,

854s, 774vs, 708vs, 678vs, 637m, 552w.

Synthesis of [Gd(l3-OH)(pybz)(pa)]n (3)

The colorless crystals of 3 were prepared by a similar method as used in the

synthesis of the crystals of 1 except that Er2O3 was replaced by Gd2O3 (0.25 mmol,

0.091 g). The resulting colorless prismatic crystals of 3 were obtained (yield: 30%

based on Gd2O3). Anal. Calcd for 3, C18H13N2O5Gd: C, 43.71; H, 2.65; N, 5.66.

Found: C, 43.43; H, 2.93; N, 5.36. IR bands (cm-1) for 3: 3630vs, 3418w, 3066w,

1925w, 1655vs, 1632vs, 1595vs, 1557vs, 1479w, 1409s, 1297m, 1187m, 1023m,

855s, 774vs, 710vs, 679vs, 639m, 556w.

X-Ray Crystallography

Crystal structure determinations by X-ray diffraction were performed on a Siemens

SMART-CCD diffractometer with graphite-monochromated MoKa

(k = 0.71073 Å) radiation in the x scanning mode at room temperature. The

program SADABS was used for the absorption correction [19]. The structures were

solved by the direct method and refined on F2 by full-matrix least-squares methods

using the SHELX97 program package [20, 21]. In 1–3, all non-hydrogen atoms

were refined anisotropically. Hydrogen atoms were introduced in calculated

positions and refined isotropically. In 1, a total of 23660 reflections

(2.04 B h B 27.48o) were collected with 3824 unique ones (Rint = 0.0360), of

which 3799 reflections with I [ 2r (I) were used for structural elucidation. At

convergence, R1(wR2) was 0.0369(0.0990) and the goodness-of-fit was 1.085.

The final Fourier map had a minimum and maximum of -1.794 and 0.805 eÅ-3.

Experimental detail for the structural determinations of 1 is presented in Table 1.

Selected bond distances and bond angles data for 1 are listed in Table 2.

Crystallographic data for the structural analyses have been deposited with the

Cambridge Crystallographic Data Centre, CCDC-734922, 743114, 743260 for

compound 1–3. Copies of this information may be obtained free of charge from The

Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (int. code)

?44(1223)336-033; e-mail for inquiry: deposit@ccdc.cam.ac.uk).

Result and Discussion

X-ray crystal structure analyses reveal that 1–3 are isomorphous and crystallize in

tetragonal space group P 421c (crystal data shown in Table 1). Therefore, only the

structure of 1 is described in details. The asymmetric unit of 1 contains one unique

Er3? ion, one l3-OH- one pybz- ligand, and one pa- ligand. Er1 is eight-

coordinated, and the coordination geometry is close to that of a bicapped trigonal
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prism: two carboxylate oxygen atoms (OCOO, O1, O2) from two pybz- ligands, two

carboxylate oxygen atoms (OCOO, O3, O4), and one nitrogen atoms(N2) from two

pa- ligands and three l3-O(O5, O5a, O5b) from three l3-bridging hydroxyl groups

(Fig. 1a).

The Er–O distances range from 2.314(6) to 2.419(6) Å and the Er–N bond length

is 2.528(7) Å (Table 2). The O–Er–O angles range from 69.8(2) to 147.0(2)�, while

the O–Er–N angles vary from 66.2(2) to 143.84(2)�. The exclusive pybz- ligand

behaves as l2-pybz- mode linking two Er3? ions in two monodentate modes, while

the l3-pa- ligand links two Er3? ions in a bidentate and a monodentate mode.

Compound 1 is based on a tetranuclear cluster composed of four crystallograph-

ically unique Er3? centers which are joined together by four l3-bridging hydroxyl

groups (O5, O5a, O5b, and O5c) leading to the formation of a cubane-like

[Er4(l3-OH)4]8? core (i.e., four Er3? centers are bonded together by another four

Table 1 Crystal data and structure refinement for 1, 2, and 3

1 2 3

Formula C18H13N2O5Er C18H13N2O5Tb C18H13N2O5Gd

Formula weight 504.56 496.22 494.55

Temperature/K 293(2) 293(2) 293(2)

Wavelength/Å 0.71073 0.71073 0.71073

Crystal system Tetragonal Tetragonal Tetragonal

Space group P 421c P 421c P 421c

a/Å 19.9835(1) 20.0166(8) 20.0373(8)

c/Å 8.3467(2) 8.4195(9) 8.4601(6)

Volume/Å3 3333.2(3) 3373.4(4) 3396.7(3)

Z 8 8 8

Density/g cm-3 2.011 1.954 1.934

Absorption coefficient/

mm-1
5.068 4.225 3.937

F(000) 1943 1920 1912

Crystal size/mm 0.30 9 0.20 9 0.15 0.20 9 0.15 9 0.10 0.20 9 0.10 9 0.10

h range for data

collection/�
2.04–27.48 2.03–27.51 2.03–27.48

Limiting indices -25 B h B 25 -25 B h B 26 -25 B h B 26

-25 B k B 23 -26 B k B 23 -23 B k B 26

-10 B l B 10 -10 B l B 10 -10 B l B 10

Reflections collected/

unique

23660/3824 24513/3867 25552/3885

(Rint = 0.0360) (Rint = 0.0324) (Rint = 0.0393)

Data/restraints/

parameters

3824/0/235 3867/0/235 3885/0/235

Goodness-of-fit on F2 1.085 1.272 1.139

Final R indices

[I [ 2r(I)]
R1 = 0.0369,

wR2 = 0.0990

R1 = 0.0207,

wR2 = 0.0537

R1 = 0.0263,

wR2 = 0.0542

R indices (all data) R1 = 0.0387,

wR2 = 0.1077

R1 = 0.0231,

wR2 = 0.0703

R1 = 0.0275,

wR2 = 0.0548
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Table 2 Select bond distances (Å) and angles (o) for 1

Bonds Distances (Å) Bonds Distances (Å)

Er(1)–O(1) 2.314(6) Er(1)–O(4) 2.326(6)

Er(1)–O(2)#1 2.317(6) Er(1)–O(5) 2.350(5)

Er(1)–O(2)#2 2.317(6) Er(1)–O(5)#1 2.316(5)

Er(1)–O(3)#3 2.419(6) Er(1)–O(5)#2 2.327(5)

Er(1)–O(3)#5 2.419(6) Er(1)–N(2) 2.528(7)

O(1)–Er(1)–O(2)#2 97.4(2) O(5)–Er(1)–O(3)#3 130.34(2)

O(1)–Er(1)–O(3)#3 73.4(2) O(5)#1–Er(1)–O(3)#3 70.22(2)

O(1)–Er(1)–O(4) 142.9(2) O(5)#2–Er(1)–O(3)#3 121.50(2)

O(1)–Er(1)–O(5) 77.95(2) O(5)#1–Er(1)–O(4) 107.8(2)

O(1)–Er(1)–O(5)#1 89.8(2) O(5)#1–Er(1)–O(5) 70.0(2)

O(1)–Er(1)–O(5)#2 146.39(2) O(5)#1–Er(1)–O(5)#2 70.8(2)

O(2)#2–Er(1)–O(3)#3 147.0(2) O(5)#2–Er(1)–O(5) 69.8(2)

O(2)#2–Er(1)–O(4) 88.1(2) O(1)–Er(1)–N(2) 80.2(2)

O(2)#2–Er(1)–O(5) 75.7(2) O(2)#2–Er(1)–N(2) 73.6(2)

O(2)#2–Er(1)–O(5)#2 83.8(2) O(3)#3–Er(1)–N(2) 73.6(2)

O(4)–Er(1)–O(3)#3 82.0(2) O(4)–Er(1)–N(2) 66.2(2)

O(4)–Er(1)–O(5) 138.43(2) O(5)–Er(1)–N(2) 139.3(2)

O(4)–Er(1)–O(5)#2 70.58(2) O(5)#1–Er(1)–N(2) 143.84(2)

O(5)#1–Er(1)–O(2)#2 142.50(2) O(5)#2–Er(1)–N(2) 131.27(2)

Symmetry transformation: #1: -y, x, -z; #2: y, -x, -z; #3: -y, x, -z ? 1; #4: -x, -y, z; #5: y, -x,

-z ? 1

Fig. 1 a Thermal ellipsoid plot showing the asymmetric unit of 1 with the atom labelling (30%
probability level). H atoms connected to carbon atoms are omitted for clarity. b View of the cubane-like
[Er4(l3-OH)4]8? cluster
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hydroxyl groups placed in opposite vertices of the cuboidal arrangement)

surrounded by four chelating pybz- ligands and eight bridging pa- ligands

(Fig. 1b). In the cubane-like tetranuclear cluster the four Er3? ions are located at the

four apexes of a fairly regular tetrahedron, Er���Er distances ranging between

3.6941(6) and 3.7630(5) Å (average of 3.73 Å). We note that these structural

features are comparable with those found in compounds comprising related

distorted [Er4(l3-OH)4]8? cluster cores [6–8]. In addition, these clusters as building

blocks are further assembled into a 1-D chain along the c-axis (Fig. 2), while four

l3-pa- ligands act as bridges between adjacent two [Er4(l3-OH)4]8? clusters in this

framework. Most interestingly, neighboring paralleled chains are linked together via

weak p–p stacking leading to a 3-D supramolecular network structure and the

centeroid–centeroid distance between them is 3.824 Å (Fig. 3). Small channels

occupied by ligands emerge along the c-axis (Fig. 4).

As shown in Fig. 5, the strong and acuity absorption band around 3632 cm-1 and

the broad absorption band in the range of 3000–3500 cm-1 in 1 are assigned as the

characteristic peaks of OH vibration. The strong vibrations appearing around 1630,

1595, and 1557 cm-1, corresponds to the asymmetric and symmetric stretching

vibrations of the carboxylate group, respectively. The absence of strong bands

ranging from 1690 to 1730 cm-1 indicates that the ligands are deproponated.

The thermogravimetric analysis was carried out in flowing dry air atmosphere

with a heating rate of 10 �C min-1 in the temperature range of 30–1000 �C. As

shown in Fig. 6, compound 1 can be stable up to 360 �C. Above this temperature,

two steps of weight loss were observed until 580 �C. In the temperature range 360–

580 �C, the weight loss corresponds to the successive release of organic ligands. At

Fig. 2 A view showing the 1-D chain constructed from cubane clusters along the c-axis

730 Z.-L. Wang et al.

123



580 �C, the coordination networks of complex 1 decompose completely. Assuming

that the residue corresponds to Er2O3, the observed weight (38.2%) is in good

agreement with the calculated value (37.9%).

Fig. 3 The p–p stacking interactions between the nearest chains in 1

Fig. 4 The supramolecular network with small channels along a-axis direction
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Conclusions

In summary, a series of 1-D lanthanide coordination polymers based on [Ln4(l3-

OH)4] cubanes have been synthesized under hydrothermal conditions. For this

compound, tetranuclear cubane-like clusters [Ln4(l3-OH)4]8? composed of four

Ln3? centers as building blocks are further assembled into 1-D chains along the

c-axis. This work provides a rational route for the construction of fascinating

Fig. 5 IR spectrum of compound 1

Fig. 6 TG curve of compound 1
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lanthanide coordination polymers based on hydroxo lanthanide clusters, and the

further work is continuing in this area.
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