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In hydrothermal reactions, seven coordination polymers were synthesized. Single-crystal X-ray dif-
fraction analysis revealed that compounds 1–3 possess 2-D networks, whereas compounds 4–6
involve two kinds of oxalate chains. The structure of 7 adopts a 3-D framework structure due to var-
ious bridging modes of the oxalate ligand. Magnetic studies have revealed that compounds 1, 2, 4,
5, and 7 exhibit strong antiferromagnetic coupling.

Seven coordination polymers {[M(L)2(H2O)2]·(NO3)2}n (M = Co (1), Ni (2), Cd (3)) and [M(L)
(ox)]n (M = Co (4), Ni (5), Zn (6), and Mn (7)) have been synthesized (L = 2,6-bis(imidazol-1-yl)
pyridine, ox = oxalate) under hydrothermal conditions. Single-crystal X-ray diffraction analysis has
revealed that 1–3 are isomorphous and possess 2-D networks, whereas 4–6 are isomorphous, but
involve two kinds of oxalate chains. The structure of 7 is different from those of 4–6 due to various
bridging modes of the oxalate ligand. Magnetic studies have revealed that 1, 2, 4, 5, and 7 exhibit
strong antiferromagnetic coupling. Among these, 1 exhibits an interesting spin-canting phenomenon.
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1. Introduction

Rational design and advanced synthesis of coordination polymers have attracted the atten-
tion of chemists due to potential applications of such systems in catalysis, molecular
adsorption, magnetism, nonlinear optics, luminescence, and molecular sensing [1, 2], as
well as their intriguing structural motifs [3, 4]. As basic components of coordination
polymers, ligands are indispensable, especially azole ligands, such as imidazole, pyrazole,
triazole, and tetrazole, which represent a class of aromatic N-donor organic linkers [5–9]. In
particular, imidazole-containing ligands, which are building blocks with two nitrogen
donors oriented at an appropriate angle (ca. 135–145°) provide very rich structural
chemistry different from those of other types of coordination polymers due to their variable
bent coordination geometries [10]. Many research groups have investigated a variety of
mono(imidazole) ligands, as small and simple organic ligands. For example, Zhang et al.
established the first 3-D coordination polymer of [Mn2(IMDC)2(H2O)2] (IMDC = 4,5-imi-
dazoledicarboxylate) containing left- and right-handed helical chains, in which weak antifer-
romagnetic exchange interactions exist between the neighboring Mn2+ ions [11]. Bis
(imidazole) ligands linked by benzene, pyridine, and azoles have also been reported [12].
For instance, Wen et al. reported the fourfold interpenetration of identical [Zn2(SIP)(bix)3
(OH)2H2O]n (SIp = 5-sulfoisophthalic acid monosodium salt, bix = 1,4-bis(imidazol-1-
ylmethyl)benzene) frameworks, which displayed strong fluorescent emission [12(a)].

Oxalate as an auxiliary ligand, as the simplest multidentate organic connecting ligand,
has attracted our attention because of its ability to bind strongly with metals in diverse
connection modes. Use of oxalate has resulted in various interesting oxalate-containing
structures, such as metal oxalate chains or metal oxalate networks [13–25].

Herein, we explore the possibility of employing the bis(imidazole) ligand L (L = 2,6-bis
(imidazol-1-yl)pyridine) for the construction of a set of coordination polymers. Although
this ligand has been described by other groups [26, 27], we obtained three coordination
polymers, {[M(L)2(H2O)2]·(NO3)2}n (M = Co (1), Ni (2), Cd (3)) that adopt 2-D wavelike
networks. Further, by adding oxalate (ox) as an auxiliary ligand, we obtained four other
polymers, [M(L)(ox)]n (M = Co (4), Ni (5), Zn (6), and Mn (7)), which show diversified
structures due to the cooperative interaction of the two ligands. Complexes 4–6 possess
networks that contain a zip-like double chain, while 7 adopts a 3-D framework structure.
Magnetic studies have revealed that 1, 2, 4, 5, and 7 exhibit strong antiferromagnetic
coupling, with 1 showing an interesting spin-canting phenomenon.

2. Experimental

2.1. Materials and methods

All chemicals were obtained from commercial sources and used without purification. C, H,
and N analyses were carried out on a Perkin–Elmer 240 elemental analyzer. IR spectra were
recorded from 4000 to 400 cm−1 on a Nicolet 470 spectrophotometer from samples in KBr
pellets. Powder X-ray diffraction patterns of the samples were recorded on a Bruker D8
Advance X-ray diffractometer, employing Cu–Kα radiation. Variable-temperature magnetic
susceptibilities were measured on a Quantum Design MPMS-7 SQUID magnetometer.
Diamagnetic corrections were made with Pascal’s constants for all constituent atoms.
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2.2. Synthesis of 1–3

A mixture of M(NO3)2 {0.1 mM (Co(NO3)2·6H2O 0.0291 g, Ni(NO3)2·3H2O 0.0290 g, and
Cd(NO3)2·4H2O 0.0308 g)}, L (0.0211 g, 0.1 mM), and water (10 mL) was sealed in a
25 mL Teflon reactor and kept under autogenous pressure at 150 °C for 3 days, then cooled
to room temperature over 3 days. Pink block-shaped crystals of 1 were obtained in a yield
of 64% (0.0410 g). Elemental Anal. Calcd (%) for C22H22CoN12O8: C, 41.19; H, 3.46; N,
26.20. Found: C, 41.27; H, 3.41; N, 26.22. Green block-shaped crystals of 2 were obtained
in a yield of 60% (0.0472 g). Elemental Anal. Calcd (%) for C22H22NiN12O8: C, 41.21; H,
3.46; N, 26.21. Found: C, 41.29; H, 3.50; N, 26.11. Light-yellow block-shaped crystals of
3 were obtained in a yield of 66% (0.0457 g). Elemental Anal. Calcd (%) for
C22H22CdN12O8: C, 38.03; H, 3.19; N, 24.19. Found: C, 38.10; H, 3.16; N, 24.23.

2.3. Synthesis of 4–6

A mixture of M(NO3)2 {0.1 mM (Co(NO3)2·6H2O 0.0291 g, Ni(NO3)2·3H2O 0.0290 g, and
Zn(NO3)2·6H2O 0.0297 g)}, L (0.0211 g, 0.1 mM), oxalic acid (0.0126 g, 0.1 mM), and
water (10 mL) was sealed in a 25 mL Teflon reactor and was kept under autogenous pressure
at 150 °C for 4 days, then cooled to room temperature over 3 days. Pink block-shaped crys-
tals of 4 were obtained in a yield of 64% (0.0229 g). Elemental Anal. Calcd (%) for
C13H9CoN5O4: C, 43.59; H, 2.53; N, 19.55. Found: C, 43.62; H, 2.47; N, 19.58. Green
block-shaped crystals of 5 were obtained in a yield of 58% (0.0254 g). Elemental Anal. Calcd
(%) for C13H9NiN5O4: C, 43.62; H, 2.53; N, 19.56. Found: C, 43.65; H, 2.50; N, 19.51.
Light-yellow block crystals of 6 were obtained in a yield of 57% (0.0207 g). Elemental Anal.
Calcd (%) for C13H9ZnN5O4: C, 42.81; H, 2.48; N, 19.20. Found: C, 42.77; H, 2.53; N,
19.24.

2.4. Synthesis of 7

A mixture of MnSO4·H2O (0.0169 g, 0.1 mM), L (0.0422 g, 0.2 mM), oxalic acid
(0.0252 g, 0.2 mM), and water (10 mL) was sealed in a 25 mL Teflon reactor and was kept
under autogenous pressure at 150 °C for 4 days, then cooled to room temperature over
3 days. Yellow thin block-shaped crystals of 7 were obtained in a yield of 56% (0.0278 g).
Elemental Anal. Calcd (%) for C15H9Mn2N5O8: C, 42.81; H, 2.48; N, 19.20. Found:
C, 42.77; H, 2.53; N, 19.24.

2.5. X-ray crystallography

Crystallographic data were collected on a Bruker SMART Apex CCD diffractometer using
graphite-monochromated Mo–Kα radiation (0.71073 Å) at 293 K in the ω − 2θ scan mode.
An empirical absorption correction was applied to the data using SADABS [28]. The struc-
tures were solved by direct methods and refined by full-matrix least-squares method on F2

using the SHELXTL crystallographic software package [29]. All non-H atoms were refined
anisotropically. The hydrogens were placed in calculated positions and refined using a rid-
ing mode. The crystallographic data, selected bond lengths, and angles for 1–7 are listed in
tables S1 and S2 (see online supplemental material at http://dx.doi.org/10.1080/00958972.
2015.1012072), respectively.
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3. Results and discussion

3.1. Structural description

Single-crystal X-ray diffraction results revealed that 1–3 belong to the P21/c space group.
They are isomorphous (their crystal data are given in table S1), hence only the structure of
1, as a representative example, will be discussed. As shown in figure 1, the asymmetric unit
of 1 consists of one Co(II), two L, two coordinated waters, and two free nitrate ions. The
Co(II) center is octahedrally coordinated by four nitrogens from four coordinated L and two
waters. In the distorted octahedron, N(3B), N(3C), N(5), and N(5A) form a Co(II)-centered
plane. The Co is at a center of symmetry, as is also seen in other compounds with bis(imid-
azole) ligands [30]. The Co–O bond distance is 2.116(3) Å and the Co–N bond distances
are 2.163(3) and 2.148(3) Å, similar to those in [Co3(tmidc)2H2O)4]·(H2O)4 (H3tmidc = 2-
[(1H-1,2,4-triazol-1-yl)methyl]-1Himidazole-4,5-dicarboxylic acid) [31]. Detailed informa-
tion is listed in table S2. In L, the imidazolyl rings are twisted from the pyridyl ring and the
interplanar angles are 9.90° and 25.55°, respectively.

In 1, Co(II) ions are bridged with different L ligands to form a 1-D zigzag chain [figure
2(a)], similar to the zigzag chain in Zn(L)Br2·0.25H2O (L = 2,6-bis(imidazol-1-yl)pyridine),
reported by Chen’s group [26]. Adjacent chains are connected by sharing metal ions, result-
ing in a further extension to a 2-D network structure [figure 2(b)]. The 2-D network forms a
3-D architecture through intermolecular C–H···O hydrogen-bonding interactions
[C⋯O = 3.258(9), 3.332(7), 3.353(3), and 3.384(2) Å], involving the free nitrates [figure
2(c)]. There are also π–π stacking interactions between imidazolyl rings with a centroid-to-
centroid distance of 3.717 Å. Similar assemblies have been reported by other groups
[26, 27], for which the inorganic metal salts ZnX2 (X = Cl, Br) and Co(NCS)2, respectively,
were chosen to provide metal centers. In such cases, the inorganic anions were involved in
coordination, acting as charge-balancing and space-filling agents in their compounds Zn(L)
Cl2·0.5H2O, Zn(L)Br2·0.25H2O, and Co(NCS)2(L)2 (L = 2,6-bis(imidazol-1-yl)pyridine).
Thus, Zn(L)Cl2·0.5H2O and Zn(L)Br2·0.25H2O possess M-helical and 1-D zigzag chain
structures, respectively. Co(NCS)2(L)2 adopts a 2-D cylindrical tubular structure. For our
work, we chose Co(NO3)2 to generate metal centers and obtained a product with a 2-D net-
work structure, but the nitrate ions were not involved in the coordination and only served to
balance the charges [32].

Single-crystal X-ray diffraction studies revealed 4–6 to be isomorphous, with triclinic
crystal systems. Here, only the structure of 4 will be discussed as a representative exam-
ple. In 4, each asymmetric unit contains one Co(II), one L, and one oxalate. As shown in

Figure 1. The structure of 1 at 30% thermal probability ellipsoids (free nitrate ions and hydrogens are omitted for
clarity).
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Figure 2. (a) Ball-and-stick representation of the 1-D chain in 1 (free nitrate ions and hydrogens are omitted for
clarity). (b) Perspective view of the 2-D network structure in 1 (hydrogens are omitted for clarity). (c) The 3-D
structure of 1 linked by C–H···O hydrogen bonds (the yellow rings represent π–π stacking interactions) (see http://
dx.doi.org/10.1080/00958972.2015.1012072 for color version).
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figure 3, Co(II) is coordinated by two nitrogens and four oxygens, forming a distorted
six-coordinate octahedral geometry. The N(3C), O(1), O(4), and N(5) make up the equato-
rial plane of the octahedral geometry and the Co(II) is at the midpoint of the equatorial
plane. The Co–O bond lengths are 2.078–2.166 Å and the Co–N bond lengths are 2.123
and 2.140 Å. These values are similar to those in [Co2(ox)2(dchtpy)]n·9nH2O
(dchtpy = 1a,4a-dihydroxy-1e,2e,4e,5e-tetra(4pyridyl)cyclohexane) [31], with Co–O bond
lengths of 2.085–2.136 Å and Co–N bond length 2.104 Å. Detailed information is listed
in table S2. In L, the imidazolyl rings are twisted from the pyridyl ring and their interpla-
nar angles are 36.40° and 2.67°, respectively.

Compared with 1, in the structure of 4, because of the addition of oxalic acid, the coordi-
nation sites of water molecules are occupied by oxalate ligands instead. The 1-D single
chain constructed from Co(II) and L is thereby assembled into a zip-like double chain
[figure 4(a)]. The oxalates extend further along the direction of the c-axis, whereby the 1-D
chain is extended into a 2-D ladder-type network. Another chain exists in the 2-D network,
which is constructed from Co(II) ions and oxalate [figure 4(b)]. The 2-D ladder-type struc-
ture is different from the corrugated 2-D sheet structure of {[Zn(bpdc)(bip)]·2H2O}n con-
structed from biphenyl-4,4′-dicarboxylate and 3,5-bis(imidazol-1-yl)pyridine [33]. The form
adopted mainly depends on the respective auxiliary ligands (biphenyl-4,4′-dicarboxylate
and oxalic acid), thus indicating that auxiliary ligands play an important role in the forma-
tion of the compounds. The 2-D ladder-type networks are further extended to form 3-D
structures via C–H···O hydrogen-bonding interactions [C⋯O = 3.395(3) and 3.365(3) Å].
Additionally, there are also π–π stacking interactions between pyridyl rings with a centroid-
to-centroid distance of 3.813 Å [figure 4(c)].

Single-crystal X-ray diffraction analysis revealed 7 to belong to a monoclinic crystal sys-
tem with space group C2/c. Complex 7 differs from 4–6 because of the various coordina-
tion modes of oxalate [34]. As shown in figure 5, the asymmetric unit of 7 consists of one
Mn(II), half of the L, and one oxalate. Oxalate O(1) links two Mn(II) ions in a bidentate
bridging mode, giving a Mn–Mn distance of 3.625 Å, which is close to the distance of
3.64 Å in [Mn2(BPTCA)(μ2-H2O)2]n (BPTCA4− = 4,4′-bipyridine-2,2′,6,6′-tetracarboxylate)
[35]. Each Mn(II) shows a distorted octahedral geometric configuration and its six vertices

Figure 3. Coordination environment of 4 at 30% thermal probability ellipsoids (hydrogens are omitted for
clarity).
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Figure 4. (a) Zip-like double chain with eight-coordinate metal ions linked by oxalate in 4 (hydrogens are omitted
for clarity). (b) Perspective view of the 2-D ladder-type networks in 4 (hydrogens are omitted for clarity). (c) The
3-D structure of 4 linked by C–H···O hydrogen bonds (the yellow rings represent π–π stacking interactions) (see
http://dx.doi.org/10.1080/00958972.2015.1012072 for color version).
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are occupied by O(1), O(1A), O(2C), O(3), O(4), and N(3). The five oxygens are derived
from oxalate ligands, and N(3) originated from L. O(1), O(1A), O(3), and O(4) are almost
coplanar. The Mn–N bond distance is 2.186(2) Å and the average Mn–O bond distance is
2.209 Å, similar to those in [Mn(H3L)(ox)]·H2O (H3L = 1,3,5-tri(1H-imidazol-4-yl)ben-
zene) [36].

As shown in figure 6(a), the binuclear Mn(II) ions are bridged by oxalate ligands to form
a 1-D zigzag chain. The oxalate ligands also bridge adjacent chains, making the chains
interwoven, resulting in the formation of a 2-D oxalate-bridged network [figure 6(b)]. A
similar oxalate-bridged network of {NBu3(CH2COOH)}[MCr(ox)3]·nH2O (Bu = n-butyl,
M = Mn) has been reported [37]. However, the coordination mode of oxalates in 7 is
(κ1-κ1-μ1)-(κ1-κ2-μ2)-μ3 [scheme 1(a)], such that the Mn ions and oxalate ligands form a
rectangular-based 2-D framework, whereas that in Ref. [37] is (κ1-κ1-μ1)-(κ1-κ1-μ1)-μ2
[scheme 1(b)], such that the cationic and oxalate ligands form a honeycomb-like 2-D frame-
work. The layers are parallel to the bc plane and the interlayer distance is 7.880 Å. The 2-D
metal oxalate layers are further extended into a 3-D framework through L serving as a lin-
ker [figure 6(c)]. We used the PLATON program to calculate the total potential void volume
in 7 and obtained a value of 41.53 Å, which is equal to the volume of one water molecule.

3.2. Magnetic properties

The temperature-dependent susceptibilities of 1, 2, 4, 5, and 7 were measured from 300 to
2 K under a direct current of 1000 Oe. The corresponding χmT versus T and χm

−1versus T
curves are depicted in figures 7–11. At 300 K, the χmT value of 1 is 4.76 cm3 K M−1, which
is much higher than the theoretical value of 1.88 cm3 K M−1 calculated for one cobalt(II)
center (4F9/2, S = 3/2). This behavior can be ascribed to strong spin-orbit coupling. Upon
cooling, χmT descends to a value of 4.11 cm3 K M−1 at 48 K and then increases to a value
of 4.18 cm3 K M−1 at 35 K. The final minimum value of 3.59 cm3 K M−1 was observed at

Figure 5. Coordination environment of 7 at 30% thermal probability ellipsoids (hydrogens are omitted for
clarity).
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Figure 6. (a) Ball-and-stick representation of 1-D zigzag chain composed of oxalate in 7. (b) Perspective view of
the 2-D metal oxalate network in 7. (c) Perspective view of the 3-D architecture in 7 (hydrogens are omitted for
clarity).
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2 K. This curve shape clearly illustrates the existence of a spin-canting phenomenon [38].
Fitting of the curve of χm

−1versus T above 50 K with the Curie–Weiss law resulted in a
value of C = 4.89 cm3 K M−1 and a negative θ of −10.36 K, indicating strong antiferromag-
netic coupling. For 2, the χmT value is 0.97 cm3 K M−1, which is close to the expected
value of 1.00 cm3 K M−1 calculated on the basis of one nickel(II) center (3F4, S = 1) at
room temperature. On lowering the temperature, the curve of χmT versus T descends to a
minimum value at 2 K in the form of a parabola. The χm

−1versus T curve for 2 was fitted
using the Curie–Weiss law with a Curie constant of 0.98 cm3 K M−1 and a negative θ of
−5.55 K. The trends in the curve and the negative θ value suggest that there is strong anti-
ferromagnetic coupling in 2. The occurrence of spin-canting is usually caused by single-ion
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magnetic anisotropy and/or antisymmetric magnetic exchange [39]. For 1 and 2, there is
only one crystallographically independent spin center, and the asymmetric magnetic
exchange is expected to be small. Therefore, the local anisotropy mainly determines the
presence of the spin-canting phenomenon in the two isomorphous compounds. Co(II) cores
are much more anisotropic than Ni(II), hence the spin-canting phenomenon can often be
found in Co(II) complexes, but not in their Ni(II) homologues [39]. This seems to be the
case in 1 and 2.

At room temperature, the χmT values of 5 and 7 are 1.048 and 8.01 cm3 K M−1,
respectively, which are close to the expected values of 1.00 and 8.7 cm3 K M−1 calculated on
the basis of one nickel(II) center (3F4, S = 1) and two manganese(II) centers (6S5/2, S = 5/2).
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Figure 9. χmT vs. T (□) and χm
−1 vs. T (○) curves for 4.
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Figure 10. χmT vs. T (□) and χm
−1 vs. T (○) curves for 5.
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However, the χmT value of 4 is 3.38 cm3 K M−1, which is much higher than the theoretical
value of 1.88 cm3 K M−1 calculated on the basis of one cobalt(II) (4F9/2, S = 3/2); this may be
ascribed to strong spin-orbit coupling. On lowering the temperature, the curves of χmT versus
T for 4, 5, and 7 descend to minimum values at 2 K in the form of a parabola. The χm

−1versus
T curves for 4, 5, and 7 were fitted using the Curie–Weiss law, giving Curie constants of 4.07,
1.49, and 8.67 cm3 K M−1 and negative θ values of −61.49, −131.98, and −26.71 K, respec-
tively. The trends in the curves and the negative θ values suggest that there is strong antiferro-
magnetic coupling in the structures of 4, 5, and 7. This strong antiferromagnetic coupling
appears to be mainly induced by the chelating oxalate ligands [40].

4. Conclusion

Seven complexes containing 2,6-bis(imidazol-1-yl)pyridine have been synthesized. X-ray
analyses revealed that 1–3 are isomorphous and adopt 2-D networks. Complexes 4–7 were
constructed by employing oxalic acid as an auxiliary ligand, and of these 4–6 involve two
kinds of chains. Various bridging modes of the oxalate ligands resulted in the structure of 7,
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Figure 11. χmT vs. T (□) and χm
−1 vs. T (○) curves for 7.

Scheme 1. The coordination modes of oxalate.
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which is distinct from those of 4–6. Magnetic susceptibility measurements of 1, 2, 4, 5, and
7 have revealed the existence of strong antiferromagnetic coupling. Among these, 1 exhibits
an interesting spin-canting phenomenon, which is mainly due to the fact that CoII displays
an inherent anisotropy.
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