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a b s t r a c t

Four new coordination complexes with azole heterocycle ligands bearing acetic acid groups, [Co(L1)2]n

(1), [CuL1N3]n (2), [Cu(L2)2 �0.5C2H5OH �H2O]n (3) and [Co(L2)2]n (4) (here, HL1
¼ 1H-imidazole-1-yl-

acetic acid, HL2
¼ 1H-benzimidazole-1-yl-acetic acid) have been synthesized and structurally

characterized. Single-crystal structure analysis shows that 3 and 4 are 2D complexes with 44-sql

topologies, while another 2D complex 1 has a (43)2(46)-kgd topology. And 2 is a 3D complex composed

dinuclear m1,1-bridging azido CuII entities with distorted rutile topology. The magnetic properties of 1
and 2 have been studied.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

The design and synthesis of coordination architectures to
obtain peculiar structures and potential applications such as
microelectronics, porosity, magnetism, optoelectronics and cata-
lysis have attracted intense attention in coordination chemistry
and materials chemistry [1–3]. Recently, a great variety of new
metal–organic coordination architectures using heterocyclic car-
boxylic acids as building block have been reported [4,5]. The
heterocyclic carboxylic acids ligands containing N and O donors
offer great potential for fine control over coordination architec-
tures [6,7]. On the other hand, magnetism has become a hot topic
in the past decades [8–11]. The motivity is not only to gain new
materials, which could be applied in information storage and
molecular switches, but also to investigate the magneto-structural
correlations [9].

The selection of bridging ligands is very important since they
have a great effect on the magnetic metal–organic framework
structures. The building blocks with multi-oxgen and nitrogen
atoms can coordinate with metal ions in different ways and result
in distinct magnetic properties [10,11]. Ligands based on azole
heterocycle and carboxylate groups should be good building
blocks for the construction of magnetic coordination complexes.

In this work, azole heterocycle ligands bearing acetic acid
groups: 1H-imidazole-1-yl-acetic acid (HL1), 1H-benzimidazole-
ll rights reserved.
1-yl-acetic acid (HL2), have been synthesized. The reactions of
these ligands with CuII and CoII ions lead to the formation of
four 2D coordination polymers, [Cu(L2)2 �0.5C2H5OH �H2O]n (3)
and [Co(L2)2]n (4) with similar 44-sql toplogy, but [Co(L1)2]n (1)
with different (43)2(46)-kgd topology. A 3D complex of [CuL1N3]n

(2) with rutile network, which shows strong ferromagnetic
coupling.
2. Experimental section

2.1. Materials and general methods

All the reagents for synthesis were obtained commercially and
used as received. Elemental analyses of C, H and N were
performed on a Perkin–Elmer 240C analyzer. Ligands HL1 and
HL2 were synthesized by reported procedure [12]. The FT-IR
spectra were recorded from KBr pellets in the range 4000–
400 cm�1 on a TENSOR 27 (Bruker) spectrometer. The X-ray
powder diffraction (XRPD) was recorded on a Rigaku D/Max-2500
diffractometer at 40 kV, 100 mA for a Cu-target tube and a graphite
monochromator. Simulation of the XRPD spectra was carried out
by the single-crystal data and diffraction-crystal module of the
mercury (Hg) program available free of charge via the Internet at
http://www.iucr.org. Magnetic data were collected at Nankai
University using crushed crystals of the sample on a Quantum
Design MPMS XL-7 SQUID magnetometer.

http://www.iucr.org
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.07.059
mailto:buxh@nankai.edu.cn
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2.2. Synthesis of complexes 1–4

2.2.1. [Co(L1)2]n (1)

The crystals of compound 1 was prepared by a hydrothermal
reaction: a mixture of Co(NO3)2 �6H2O (0.1 mmol), HL1 (0.2 mmol)
and NaOH/H2O (2 mL, 0.1 M) in 15 mL H2O was sealed in a Teflon-
lined stainless steel vessel (25 mL), heated at 120 1C for 2 days
under autogenous pressure, and then cooled to room temperature.
Yield: �25% based on CoII. FT-IR (KBr pellet, cm�1): 3405, 3152,
2921, 2075, 1592, 1513, 1448, 1402, 1319, 1293, 1237, 1200, 1113,
1092, 1042, 984, 942, 922, 833, 799, 766, 702, 656, 630, 579, 431.
Anal. Calcd. for C10H10CoN4O4: C, 38.85; H, 3.26; N, 18.12. Found:
C, 38.61; H, 3.55; N, 17.82.

2.2.2. [CuL1N3]n (2)

A buffer layer of ethanol/H2O (10 mL, 1:1) was carefully layered
over a solution (2 mL) of HL1 (0.05 mmol) and NaN3 (0.05 mmol)
in H2O. Then a solution of Cu(NO3)2 (0.1 mmol) in ethanol (3 mL)
was layered on the buffer layer. Green block crystals were
collected after 1 week. Yield: �20% based on CuII. FT-IR (KBr
pellet, cm�1): 3415, 2066, 1639, 1618, 1515, 1439, 1400, 1303, 1291,
1238, 1154, 1112, 1087,952, 881, 835, 797, 753, 716, 624, 483, 408.
Anal. Calcd. for C5H5CuN5O2 �0.5H2O: C, 25.06; H, 2.52; N, 29.22.
Found: C, 25.15; H, 2.47; N, 29.61.

CAUTION: Azide complexes are potentially explosive. Only a
small amount of the materials should be prepared, and it should
be handled with care.

2.2.3. [Cu(L2)2 �0.5C2H5OH �H2O]n (3)

3 was obtained by the similar method as described for 2 except
for using HL2 instead of HL1. Yield: �30% based on CuII. FT-IR (KBr
pellet, cm�1): 3415, 3109, 1638, 1618, 1521, 1464, 1433, 1391, 1296,
1261, 1210, 1154, 985, 918, 880, 840, 794, 776, 746, 704, 624. Anal.
Calcd. for C76H76Cu4N16O22: C, 50.16; H, 4.21; N, 12.32. Found: C,
49.71; H, 4.31; N, 12.05.

2.2.4. [Co(L2)2]n (4)

4 was obtained by the similar method as described for 1 except
for using HL2 instead of HL1. Yield: �30% based on CoII. FT-IR (KBr
pellet, cm�1): 3415, 3090, 2982, 1815, 1639, 1514, 1482, 1462, 1439,
1385, 1313, 1291, 1262, 1194, 1100, 1012, 977, 931, 920, 880, 855,
797, 774, 752, 717, 704, 622, 545, 498, 484. Anal. Calcd. for
C18H12CoN4O4: C, 53.09; H, 2.97; N, 13.76. Found: C, 52.92; H,
2.98; N, 13.88.
Table 1
Crystal data and structure refinement parameters for complexes 1–4.

1 2

Chemical formula C10H10CoN4O4 C5H5CuN

Formula weight 309.15 230.68

Space group P21/n P21/n

a (Å) 8.2873(16) 4.8922(10

b (Å) 5.0188(10) 11.420(2)

c (Å) 12.307(3) 14.253(3)

b (deg.) 91.238(3) 90.02(3)

V (Å) 511.75(18) 796.3(3)

Z 2 4

D (g cm–3) 2.006 1.924

m (mm–1) 1.696 2.714

T (K) 294(2) 293(2)

Ra/wRb 00230/0.0580 0.0556/0.

a R ¼ S(99Fo9�9Fc99)/S9Fo9.
b wR ¼ [S[w(Fo

2
�Fc

2)2]/Sw(Fo
2)2]1/2.
2.3. X-ray data collection and structure determinations

Single-crystal X-ray diffraction measurements for 1–4 were
carried out on a Bruker Smart 1000 CCD diffractometer equipped
with a graphite crystal monochromator situated in the incident
beam. The determinations of unit cell parameters and data
collections were performed with Mo-Ka radiation (l ¼ 0.71073 Å)
and unit cell dimensions were obtained with least-squares
refinements. The program SAINT (Bruker, SAINT Software Reference

Manual, Madison, Wisconsin, 1998) was used for integration of the
diffraction profiles and semi-empirical absorption corrections
were applied using SADABS program (Bruker, SADABS: Program

for Empirical Absorption Correction of Area Detector Data, Madison,
Wisconsin, 1998). The structure was solved by direct methods
using the SHELXS program of the SHELXTL package and refined
with SHELXL (Sheldrick, G. M., SHELXTL Version 6.1. Program for
Solution and Refinement of Crystal Structures, University of
Göttingen, Germany, 1998). The final refinement was performed
by full-matrix least-squares methods with anisotropic thermal
parameters for non-hydrogen atoms on F2. Crystallographic data
(excluding structure factors) for 1–4 have also been deposited on
the Cambridge Crystallographic Data Centre as supplementary
publication (no. CCDC-688355–688358). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, UK (fax: (+44) 1223-336-033; e-mail: depos
it@ccdc.cam.ac.uk). Details of the X-ray crystal structure analysis
of 1–4 are summarized in Table 1.
3. Results and discussion

The structures of the four compounds can be classified into
three types. 3 and 4 are 2D complexes with 44-sql topology; 1 is a
2D complex with a (3,6)-connected net and 2 is a 3D complex with
distorted rutile topology (see the Supporting Information Fig. 1S).
Selected bond lengths and angles of 1–4 are given in Table 2.

3.1. Structure descriptions of complexes 1–4

3.1.1. [Co(L1)2]n (1)

Single-crystal structure analysis shows that 1 possesses a 2D
structure. CoII hexacoordinated in octahedral fashion by two
nitrogen atoms of imidazole [Co(1)–N(2) ¼ 2.1327(15) Å] and four
oxygen atoms of carboxylate [Co(1)–O(1) ¼ 2.1102(13) Å, Co(1)–
O(2) ¼ 2.2049(13) Å] from six distinct L1 ligands. The coordination
3 4

5O2 C76H76Cu4N16O22 C18H12CoN4O4

1819.69 407.25

P21/c P21/n

) 5.5016(11) 8.7414(17)

15.343(3) 13.042(3)

24.415(5) 15.107(3)

94.63(3) 97.99(3)

2054.1(7) 1705.6(6)

1 4

1.471 1.586

1.104 1.040

293(2) 293(2)

1294 0.0924/0.2184 0.0369/0.0959

deposit@ccdc.cam.ac.uk
deposit@ccdc.cam.ac.uk
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angles vary from 85.06(5)1 to 94.94(5)1 (Fig. 1a and Table 2). The
ligand L1 in 1 connected two CoII ions via carboxylato bridge
composing the Co/COO� chains, which bonded via N of the
imidazole ring to form a 2D layer (Fig. 1b) with (43)2(46)-kgd
topological net [13].
3.1.2. [CuL1N3]n (2)

CuII ion in 2 has a slightly distorted five-coordinated square-
based pyramid (CuO2N3). The apical position of CuII is occupied by
an O atom of the carboxylate [Cu(1)–O(2) ¼ 2.289(3) Å], and the
Table 2

Selected bond distances (Å) and angles (deg.) for complexes 1–4.

[Co(L1)2]n (1)
Co(1)–O(2)#1 2.2049(13) Co(1)–O(1)#2 2.1102(13)

Co(1)–N(2)#3 2.1327(15)

O(1)#2–Co(1)–N(2)#3 93.40(6) O(1)–Co(1)–N(2)#3 86.60(6)

N(2)#3–Co(1)–O(2)#4 85.06(5) N(2)#4–Co(1)–O(2)#5 94.94(5)

[CuL1N3]n (2)
Cu(1)–O(1)#1 1.964(3) Cu(1)–N(4) 1.988(3)

Cu(1)–N(1) 2.003(3) Cu(1)–N(1)#2 2.006(4)

Cu(1)–O(2)#3 2.289(3)

O(1)#1–Cu(1)–N(1) 90.33(14) N(4)–Cu(1)–N(1)#2 94.38(14)

N(1)–Cu(1)–N(1)#2 78.76(16) N(4)–Cu(1)–O(2)#3 88.94(12)

N(1)–Cu(1)–O(2)#3 94.79(15)

[Cu(L2)2
. 0.5C2H5OH . H2O]n (3)

Cu(1)–O(4)#1 1.975(5) Cu(1)–O(2)#2 1.987(5)

Cu(1)–N(3) 1.993(6) Cu(1)–N(1) 2.005(6)

O(4)#1–Cu(1)–O(2)#2 87.2(2) O(2)#2–Cu(1)–N(3) 88.8(2)

O(4)#1–Cu(1)–N(1) 88.7(2) N(3)–Cu(1)–N(1) 95.8(2)

[Co(L2)2]n (4)
Co(1)–O(1)#1 1.928(2) Co(1)–O(4) 1.943(2)

Co(1)–N(2) 2.006(3) Co(1)–N(3) 2.009(2)

O(1)#1–Co(1)–O(4) 99.24(11) O(1)#1–Co(1)–N(2) 122.18(11)

O(4)–Co(1)–N(2) 115.32(10) O(1)#1–Co(1)–N(3) 112.32(11)

O(4)–Co(1)–N(3) 103.78(9) N(2)–Co(1)–N(3) 102.95(10)

Symmetry mode: For 1, #1, x, y�1, z; #2�x, �y�1, �z+2; #3 x�1/2, �y�1/2, z+1/2,

#4 �x+1/2, y�1/2, �z+3/2; #5 �x, �y, �z+2. For 2, #1, �x+1/2, y�1/2, �z+3/2; #2,

�x+1, �y, �z+1; #3, �x+3/2, y�1/2, �z+3/2. For 3, #1, �x+1, y+1/2, �z+1/2; #2,

�x+2, y�1/2, �z+1/2. For 4, #1, �x+1/2, y+1/2, �z+1/2.

Fig. 1. (a) The coordination environment of the CoII center in 1 (symmetry code: A x
equatorial plane is formed by an O atom of the carboxylato
[Cu(1)–O(1) ¼ 1.964(3) Å], two equivalent N atoms of two
m1,1-bridging azides [Cu(1)–N(1) ¼ 2.003(3) Å; Cu(1)–N(1A) ¼
2.006(4) Å], and one N atom from imidazole ring [Cu(1)–
N(4) ¼ 1.988(3) Å]. First, double end-on (EO) azides link two CuII

ions to form a dinuclear CuII entity (Fig. 2a), in which the Cu(1)–
N(1)–Cu(1A) angle is 101.24(16)1. Second, these dinuclear entities
form a 1D chain through an anti-syn carboxylato bridging group
of L1. Finally, these chains are connected via the imidazole
group of the L1 ligands (m–N,O,O bridging mode) to form the
3D structure (Fig. 2b). If the dinuclear CuII entity is treated as a
6-connected node and the L1 ligand as a 3-connected node, the
network of 2 can be described as a distorted infinite 3D 3,6-conn
(4 �62)2(42

�610
�83)-rtl network.
3.1.3. [Cu(L2)2 �0.5C2H5OH �H2O]n (3)

One kind of ligand L2 in 3 connects two CuII ion via one O
atom of the carboxylate and N atom of of the imidazole ring
[Cu(1)–O(2) ¼ 1.987(5) Å, Cu(1)–N(1) ¼ 2.005(6) Å]. The other
kind of ligand L2 connects two CuII ion in different bond lengths
[Cu(1)–O(4) ¼ 1.975(5) Å, Cu(1)–N(3) ¼ 1.993(6) Å]. CuII ions of 3
with four coordinated square bonded by ligand L2 form 2D
networks, which is similar with 2D structure of 2, but with 44-sql
(Fig. 3). All the 2D layers in 3 are parallel to each other in the
crystal packing like AAAA 44-sql.
3.1.4. [Co(L2)2]n (4)

CoII ion of 4 has a slight distorted tetrahedral coordination
geometry comprised of two O donors and two N donors from four
distinct L2 ligands with Co–O bond lengths of 1.928(2) and
1.943(2) Å, Co–N bond lengths of 2.006(3) and 2.009(2) Å, and the
bond angles around the CoII center range from 99.24(11)1 to
122.18(11)1. L2 ligands acts as m2-bridge in such a way that O1 of
carboxylate coordinates to one CoII centers and N2 of imidazole
coordinate to another CoII ions. The CoII ions are interconnected by
four L2 ligands to form a zig–zag 2D layer (Fig. 4) with similar
44-sql topology of 3 but different in the crystal packing. All the 2D
layers in 4 are parallel to each other as ABAB 44-sql.
, 1+y, z; B 1/2�x, 3/2+y, 3/2�z), (b) the 2D network of 1, viewed from the b-axis.
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Fig. 2. (a) The coordination environment of the CuII center in 2 (symmetry code: A
1�x, �y, 1�z; B 1/2�x, 1/2+y, 3/2�z; C 3/2�x, 1/2+y, 3/2�z) and (b) the 3D network

of 2.

Fig. 3. (a) The coordination environment of the CuII center in 3 (symm

B.-W. Hu et al. / Journal of Solid State Chemistry 182 (2009) 2918–2923 2921
A comparison of the structures of complexes 1–4, we may find
many differences among these compounds, which may be
attributed to the steric effect and different coordination modes
of the ligands. The terminal group of ligands was changed from
imidazole to benzoimidazole, resulting in distinct 2D layers for
the same metal ions. Complexes 1, 3 and 4 have different 2D
networks and complex 3 has a 3D framework. Because of the
etry code: A �1+x, y, z; Bx, �1+y, z) and (b) the 2D network of 3.

Fig. 4. (a) The coordination environment of the CoII center in 4 (symmetry code: A
1/2�x, 1/2+y, 1/2�z; B 1+x, y, z) and (b) the 2D network of 4.
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steric hindrance of benzimidazole ring from L2, octahedral CoII

ions in 1 form rare (43)2(46)-kgd topology and tetrahedral
coordinated CoII ions in 4 resulted in zig–zag 2D layers with
44-sql. While in the 3D complex 2, when the azides introduced as
the second ligand, double end-on azides bridge dinuclear CuII

entities bond by L1 ligands to form 3D distorted rutile topology.
Unfortunately, single crystal of complex with both L2 ligand and
azide is not obtained. Above all, introduction of the rigid ligand or
the second ligand have a great influence on the structures of such
coordination complexes and their properties.

3.2. XRPD results

In order to confirm the phase purity of the bulk materials,
X-ray powder diffraction (XRPD) experiments were carried out for
complexes 1–4. The experimental and computer-simulated pat-
terns of 1–4 are shown in Fig. 2S (see the Supporting Information).
Although the experimental patterns have a few un-indexed
diffraction lines and some are slightly broadened in comparison
with those simulated from the single-crystal models, it still can be
well considered that the bulk synthesized materials and the as-
grown crystals are homogeneous for complexes 1–4.

3.3. Magnetic properties

Magnetic properties data were collected for a crushed crystal-
line sample of complexes 1 and 2. For complexes 3 and 4, metal
ions are connected by long bridging ligands, which usually gives
very weak antiferromagnetic interactions [14], therefore we did
not study the magnetic behavior.

3.3.1. Magnetic properties of 1
The temperature dependence of the magnetic susceptibility in

2 to 300 K temperature range under 1000 Oe and the magnetiza-
tion dependence with field at 2 K for 1 are shown in Fig. 5.
At 300 K, wmT (3.29 cm3 mol�1 K) corresponds to what is expected
for CoII ions with spin–orbit coupling [15]. As T is lowered, wmT

decreases smoothly and reaches a rounded minimum around 23 K
with wmT ¼ 2.38 cm3 mol�1 K, and then increases as T is lowered
0
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Fig. 5. wmT vs T plot for 1. Inset: field dependence of the magnetization for 1.
further. Such behavior is characteristic of 2D ferrimagnetism.
Although this decrease of wmT was due to the spin–orbit coupling
effect of the octahedral CoII ion [16], it is strong enough to confirm
the presence of antiferromagnetic coupling between chains [17].
As T is lowered further below the minimum of wmT, the correlation
intrachain increases rapidly. The reduced molar magnetization at
2 K is shown in Fig. 5 inset. The maximum value of M/Nb reached
at 5 T is well below the expected value of 2.5 for CoII ions with
g ¼ 2.2 and S ¼ 3/2, indicating ferromagnetic coupling between
CoII ions through carboxylato bridges at this temperature.
3.3.2. Magnetic properties of 2
Magnetic susceptibility data were collected for 2 in the

2–300 K temperature range at applied dc fields of 2000 Oe. The
magnetic properties of 2 as wmT vs T plot (wm is the molar
magnetic susceptibility for two CuII ions) and the reduced
magnetization (M/Nb vs H) are shown in Fig. 6. The value of wmT

at 300 K is 0.36 cm3 mol�1 K. Starting from room temperature, wmT

values increase to 0.58 cm3 mol�1 K at 14 K and below 14 K, they
decrease quickly to 0.51 cm3 mol�1 K at 2 K. This feature is
characteristic of strong intradimer, [Cu2], ferromagnetic coupling
with weak interdimer and interchains antiferromagnetic
interactions. The reduced molar magnetization at 2 K (Fig. 6
inset) corroborates the ferromagnetic coupling: the M/Nb value at
5 T is close to 1.1 Nb. 2 is considered as formed by dinuclear
entities [18], linked among them through anti-syn carboxylato
leading to weak magnetic coupling at apical–equatorial positions
and through the L1 ligands, which also mediates weak coupling.
The strong ferromagnetic coupling can be interpreted as a
consequence of the existence of the two azido bridges in end-on
coordination mode, which gives ferromagnetic coupling [10e].
4. Conclusion

In summary, four new coordination compounds with azole
heterocycle ligands bearing acetic acid groups were synthesized
and structurally characterized. The structural comparison of 1–4
indicates that the terminal groups of the ligands affect the
coordination modes of metal ions and thereby the topology
networks of such complexes. And complexes 1 and 2 showed
ferromagnetic couplings.
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