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            Eight crystalline complexes, [Co(µ-suc)(H2O)2(py)2]n (1) {[Co(μ-suc)(2,2′-

bipy)(H2O)2].2H2O}n(2), {[Co2(µ-H2O)(µ-glu)2(py)2].py}n (3), [Co2(μ-glu)2(μ-OH2) 

(2,2′-bipy)2]n(4),[Co(py)2(H2O)4](ada) (5),{[Ni(μ-suc)(2,2′-bipy)(H2O)2].2H2O}n(7), 

[Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) and [Zn(μ-suc)(py)2(H2O)2]n (12) have been 

synthesized by a wet chemistry method. The crystal structures of all synthesized 

complexes except complex 5 and 11 show that they are coordination polymers with 

one or two dimension. Succinate ligands in complex 1, 2, 7 and 12 display bis-

monodentate bridging coordination mode. The conformation of aliphatic carbon 

backbone in 1 and 12 are anti-form while in 2 and 7 are syn-form. For glutarate 

complexes, the glutarate ligands are in gauche-gauche conformation and coordinate 

with Co(II) ion through monodentate-bidentate bridging mode. Adipate ions in 

complex 5 and 11 exist as counter ions and display syn-anti-syn conformation. All 

complexes are stabilized by weak π-π interaction and hydrogen bonding. Free 

pyridine molecules were found in the cavities between the chain in complex 3. 

Comparison of magnetic properties of complex 1 and 3 indicates that complex 1 is a 

paramagnet (C = 3.50(4) cm3 K / mol and θ = -5.0(5) K) and complex 3 exhibits a 

broad maximum at 4 K due to weak coupling within the dimeric unit 
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COMPARISON OF CRYSTAL STRUCTURES AND MAGNETIC 

PROPERTIES OF NOVEL METAL ORGANIC FRAMEWORK OF 

Co(II), Ni(II) AND Zn(II) COMPLEXES CONTAINING 

DIFFERENT DICARBOXYLIC ACID, PYRIDINE AND 2,2′-

BIPYRIDINE 

 

INTRODUCTION 

 
Metal – organic framework materials of transition metal ions may give rise to a 

series of novel inorganic frameworks with various crystal structures depending on the 

choice of bridging ligands and coordination geometries of transition metal ions. 

Extended structures with polymeric networks have potential applications in the field of 

molecular magnetism (Ribas et al., 1994; Chaudhury et al., 2000; Mukherjee et al., 

2001) catalysis (Fujita et al., 1994; Chui et al., 1999; Seo et al., 2000), gas adsorption 

(Yaghi et al., 1995; Chui et al., 1999; Eddaoudi et al., 2000), chemical adsorption 

(Reineke et al., 1999) or selective guest exchange (Maji, et al., 2001). The selection of 

the appropriate bridging ligands and the coordination geometry of the transition metal 

ions as a building block may give a series of novel inorganic frameworks with various 

interesting crystal structures. Among a number of ligands employed as building 

blocks, the dicarboxylate ligands with two end functional groups can yield a variety of 

crystal structures of coordination complexes even in similar chemical formulas 

depending on the conformation of carbon chains and end functional groups (Lee et al., 

2002; Kumagai et al., 2002; Zhang et al., 2005; Pruchnik et al., 2006; Zhang et al., 

2009). 

 

 Dicarboxylates are frequently used in the design of polynuclear complexes as 

efficient linkers/spacers. The carboxylate ligands are known in various coordination 

modes to bond towards metal ions, such as terminal monodentate, bridging bidentate 

or chelate, as shown in Scheme A (Wojtczak et al., 1998; Su et al., 2007). 
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The coordination modes for each carboxylate groups in dicarboxylate ligand 

may be similar or different as shown in scheme B. 
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Unlike rigid spacers, the flexible dicarboxylate ligands can adopt various 

conformations resulting in novel topologies. The conformational isomerism of long 

chain dicarboxylate ligands has driven much interest in crystal engineering (Fujita et 

al,. 1994; Hennigar et al., 1997; Moulton et al., 2001). The aliphatic carbon backbone 

of long chain dicarboxylate ligands may be present in different conformations for 

example, alkyl chain of succinate ligand exists in two conformations which are anti 

and syn conformation (Scheme C) which are considered from the torsion angles of 

aliphatic carbon backbone (Mao et al., 2004). The torsion angles of aliphatic carbon 

backbone of anti form is about 160-180 ° while those for gauche form is less than 90 °.  
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Scheme C  

 

 

 

                              Anti                                                    Syn                               

 

For glutarate dianion, the carbon chain may be present in three conformations: 

anti-anti, anti-gauche and gauche-gauche (Scheme D). Of these the anti-anti and anti-

gauche conformations tend to be preferred in coordination compound (Rather and 

Zaworotko, 2003).  

 

Scheme D 

 

 

 

 

                 Anti-Anti                    Anti-Gauche             Gauche-Gauche 

 

Adipate dianion shows varieties of structural motifs due to the different 

conformations adopted by the aliphatic carbon backbone that possesses four carbon 

atoms. The adipate alkyl chain exists in four conformation: gauche-anti-gauche, anti-

anti-anti, anti-anti-gauche and anti-gauche-anti (Shceme E) (Kim and Jung, 2000; 

Sieroń et al., 2002; Mukherjee et al., 2003; Kim et al., 2004; Ying et al., 2004). 

 

Scheme E 
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 As mention above the dicarboxylate ligand can coordinate with transition metal 

centers in different fashions. Not only bridging ligands are important for the designing 

coordination polymer network, but also a proper choice of the planar N-donor ligands 

such as pyridine, imidazole, bipyridine and phenanthroline. Their rigidity and 

planarity can efficiently provide π-π stacking interactions among their aromatic 

moieties. This feature potentially contributes the stability of structures as well as 

creation of extended dimensionality.  

 

 Aromatic-aromatic or π-π interactions are important non-covalent 

intermolecular forces similar to hydrogen bonding. They can contribute to self-

assembly or molecular recognition process when extended structures are formed from 

building blocks with aromatic moieties. In the arrangement of aromatic rings one can 

distinguish generally between a stacked arrangement and an edge- or point-to-face, T-

shaped conformation (Scheme F). Usually the interplanar distances of about 3.3 – 3.8 

Å between the parallel aromatic planes are sufficent for the π-π interaction between 

the stacks of aromatic groups (Janiak, 2000). 

 

Scheme F 
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Various factors such as stacking interactions of the N-donor ligands, 

conformational flexibility of the aliphatic chain and the H-bonding of the carboxylate 

ends play vital roles in the modification of the extended network. 

 

The focus of this study is to examine the influence of the alkyl chain length of 

dicarboxylate and the rigidity of the planar N-donor ligands on the structure and 

properties of the cobalt(II) and nickel(II) complexes. Three dicarboxylate ligands with 

alkyl chains of medium length as four, five and six carbon atoms (Scheme G) are used 

as flexible spacer ligands in this study. The coordination modes and conformational 

variation of the flexible ligands will be observed. 

 

Scheme G 
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OBJECTIVES 
 

1.  To synthesize Co(II), Ni(II) and Zn(II) complexes containing 

(i) succinic acid and pyridine  

(ii) glutaric acid and pyridine  

(iii) adipic acid and pyridine  

(iv) succinic acid and 2,2′-bipyridine  

(v) glutaric acid and 2,2′-bipyridine  

(vi) adipic acid and 2,2′-bipyridine  

 

2. To determine the crystal structures of the synthesized complexes by single- 

crystal X-ray diffraction technique and investigate the coordination and bridging 

modes of succinate, glutarate and adipate as well as conformations of aliphatic 

backbone in the synthesized complexes. 

 

3. To study spectroscopic and thermal gravimetric properties of the 

synthesized complexes. 

 

4. To investigate magnetic properties of Co(II) complexes in order to study 

the magnetic exchange between Co(II) ions. 
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LITERATURE REVIEW 
 

Dicarboxylic acid have proved to be a good choice for assembling high 

dimensional metal-organic framework owing to their interesting structural features. 

First, they contain two bridging moieties, which leads to a variety of connection 

modes with transition metal centers and provides abundant structural motifs. Second, 

they can act not only as hydrogen bond donors but also as acceptor. On the other hand, 

most of high dimensional networks are not purely bridge by one ligand. They usually 

employ two or more ligands in the construction of polymers. In case of mix ligands 

complexes, usually one is flexible ligand such as dicarboxylate ions which  possesses 

many modes to connect to metal centers  and the other is pyridyl ligand such as 

pyridine, 2,2′-bipyridine and phenanthroline which can form π-π interaction and create 

various high dimentional structure of complexes. 

 

The metal (II) succinate complexes 

 

Succinic acid (H2suc) is a dicarboxylic acid which possesses a two-carbon 

aliphatic backbone. They have a longer spacer length which may be fruitful to 

generate extended framework and to create a wide variety of binding mode.  

 

 The crystal structure of [Co(dmbpy)(H2O)2(suc)]n (where dmbpy = 4,4'-

dimethyl-2,2'-bipyridine) contains zipperlike chains, which are constructed of Co(II), 

dmbpy, H2O and bridging succinate ion (Figure 1). The succinate ligands bridge each 

pair of adjacent Co(II) atoms to produce a chain running along the a axis with a 

distance of 8.42 Å between each pair of Co(II) atoms. The face-to-face distance 

between the paired bipy ring is about 4.2 Å indicating a moderate aromatic π-π 

stacking interaction. The coordination mode of each succinate ion is bis-monodentate 

bridging (Ang and Sun, 2005). The {[M(μ-4,4′-bipy)(H2O)4](suc).4H2O}n (M = Co, 

Zn) were synthesized by the reaction of metal salt (CoCl2.6H2O, Zn(NO3)2.6H2O), 

ammonium succinate and 4,4′-bipyridine. The crystal structures of both complexes are 

isostructural and consist of linear coordinative -M-4,4′-bipy-M-4,4′-bipy- chain 

running in a parallel direction. Both metal ions are divalent and have a slightly 
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distorted octahedral coordination with four oxygen atoms from water molecules as the 

equatorial positions and two nitrogen atoms from the bridging 4,4′-bipy ligands at the 

axial positions (Figure 2). These chains are packed at a …ABCABC… layers structure 

nearly parallel to the ab plane of the crystallographic unit cell with an interchain  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1  An ORTEP view of [Co(dmbpy)(H2O)2(suc)]n with 30% probability  

                ellipsoids. H atoms have been omitted for clarity.  

 

Source: (Ang and Sun, 2005) 

 

 

 

 

 

 

 

 

Figure 2   ORTEP drawing of the structure unit of  {[M(μ-4,4′-bipy)(H2O)4](suc) 

                 .4H2O}n (M =Co, Zn) with 30% thermal ellipsoids.  

 

Source: (Mao et al., 2004)   
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distance of 6.405 and 6.421 Å for Co(II) and Zn(II) complexes, respectively. The 

layers are further extended into 3D network structures by face-to-face π-π interactions 

and hydrogen bonding. The non-coordinated succinate anions adopt the anti-anti mode 

with torsion angle of 180.0°. The magnetic behavior for Co(II) complex indicates the 

occurrence of a weak antiferromagnetic coupling between cobalt(II) ions (Mao et al., 

2004). [M(suc)(2,2′-bipy)(H2O)2]n.nH2O and [M(suc)(phen)(H2O)]n (M = Ni, Co) 

were synthesized from the substitution reaction of the tetrahydrate succinato polymeric 

complex [M(suc)(H2O)4] with 2,2′-bipyridine and 1,10-phenanthroline (Zhou et al., 

2005). [Co(suc)(2,2′-bipy)(H2O)2]n.nH2O and [Ni(suc)(2,2′-bipy)(H2O)2]n.nH2O are 

isomorphous. Each metal ion (Co(II) and Ni(II)) is coordianted by two oxygen atom 

from two bis-monodentate succinate ligands in cis position, two water molecules and 

two nitrogen atoms from one chelate 2,2′-bipy in a distorted octahedral configuration 

(Figure 3). Each 2,2′-bipy ligand has two parallel 2,2′-bipy neighbors from different 

helical chains. These adjacent 2,2′-bipy ligands approach each other so that the five 

immediate C-C bonds between the C8 and C12 atoms of the middle 2,2′-bipy ligand 

are covered by the reverse sequential C-C bonds from above and below the 2,2′-bipy 

ligands. The spacings between the 2,2′-bipy planes are alternatively 3.45 and 3.71 Å, 

indicating substantial edge-to-edge stacking interactions extending in the [100] 

direction. Each helical chain has stacking interactions with four chains arranged on 

both sides, and the interactions are reinforced by hydrogen bonds between the 

coordination water and the uncoordinated carboxyl oxygen atom. Similarly, 

[Co(suc)(phen)(H2O)]n and [Ni(suc)(phen)(H2O)]n are isomorphous. The coordination 

polymers of both complexes are comprised of 1D helical chains. The distorted 

octahedron consists of two nitrogen donors from a chelate phen ligand, three oxygen 

atoms from two different succinate ligands, and one oxygen atom from a coordinated 

water. An intramolecular hydrogen bond exists between the uncoordinated carboxyl 

oxygen and coordinated water molecule [O2⋅⋅⋅O(1w) = 2.638 Å]. Unlike those in 

[M(suc)(2,2′-bipy)(H2O)2]n.nH2O, the two carboxyl groups of the succinate ligand in 

[M(suc)(phen)(H2O)2]n exhibit another kind of coordination mode, that is, one of the 

carboxyl groups adopts a bidentate chelating mode, while the other has a monodentate 

mode (Figure 4). This kind of coordination mode is monodentate-bidentate mode. 
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Figure 3  ORTEP plot of the unit in [Ni(suc)(2,2′-bipy)(H2O)2]n.nH2O at the 30%  

                 probability level. Hydrogen atoms are omitted for clarity.  

 

Source: (Zhou et al., 2005) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4  ORTEP plot of the unit in [Ni(suc)(phen)(H2O)]n at the 30% probability  

                level. Hydrogen atoms are omitted for clarity.  

 
Source: (Zhou et al., 2005) 
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The red complex [Co(4,4′-bipy)(suc)(H2O)2]n.2nH2O was obtained by reacting 

Co(NO3).6H2O with 4,4′-bipyridine and succinic acid in hydrothermal condition at 

160 °C. As shown in Figure 5, each cobalt atom locates at the core of a distorted 

octahedron coordination with two opposite nitrogen atoms from two individual 4,4′-

bipyridine ligands, two opposite oxygen atoms from two individual succinate ligands 

almost in the equatorial plane and two coordinated H2O at the apex sites. The gauche-

staggered confirmation of succinate ligands leads to a striking structural feature: 

alternating assembly of the homo-chiral cylindrical 61 helices along the 

crystallographic c-axis (Figure 6a). The Co⋅⋅⋅Co distance bridged by succinate ligand 

is about 7.26 Å, and the repeating period in the helical column is about 21.04 Å. The 

diameter of the helical column is about 11.22 Å (Figure 6b). Another unusual feature 

of the structure is that each helix is connected with six adjacent helices by 4,4′-

bipyridine ligands (Zhang et al., 2005).  

 

The succinate ligands in [Co(suc)(bpmp)(H2O)2]n and [Ni(suc)(bpmp)(H2O)2]n 

(when bpmp = bis(4-pyridylmethyl)piperazine) display anti-conformation and bis-

monodentate bridging (Figure 7 and 8). When bis(4-pyridylmethyl)piperazine (bpmp) 

is substituted by 4,4′-dipyridylamine (dpa), similar structure was obtained. The 

succinate ligands display bis-monodentate coordination mode and anti-conformation 

(Martin et al., 2008). Two supramolecular coordination complexes 

[Zn(Hdmpz)2(suc)]n and Ni3(Hdmpz)4(Hsuc)2(suc)2(CH3OH)2 (Hdmpz = 3, 5-

dimethylpyrazol) were synthesized at room temperature. The former is a polymer with 

the ZnO4N2 core which is interconnected by bridging succinate moieties into a 1D 

chain structure. The succinate ligands are in chelating bidentate coordination mode 

(Figure 9). The latter is a discrete complex in which two steps of bridging coordinated 

modes of dicarboxylate ligands were observed (Figure 10) (Li et al., 2009). 
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Figure 5  Crystal structure of [Co(4,4′-bipy)(suc)(H2O)2]n.2nH2O showing the atom- 

                 labeling scheme. 

 

Source: (Zhang et al., 2005) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6  (a) Space-filling view of the hexagon of the helix of [Co(4,4′-bipy)(suc) 

                (H2O)2]n.2nH2O, showing six 4,4′-bipyridine with six different orientations.     

                (b) Stick presentation of the channels between the helices filled by guest   

                water molecules (red dot). (c) Stick presentation of the connecting mode of    

                helices. 

 

Source: (Zhang et al., 2005) 
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Figure 7  Coordination environment of [Co(suc)(bpmp)(H2O)2]n with thermal  

                ellipsoids drawn at 50% probability and partial atom numbring scheme. 

 

Source: (Martin et al., 2008) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8  Coordination environment of [Ni(suc)(bpmp)(H2O)2]n with thermal  

                ellipsoids drawn at 50% probability and partial atom numbring scheme. 

 

Source: (Martin et al., 2008) 
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Figure 9  Asymmetric unit of [Zn(Hdmpz)2(suc)]n 

 

Source: (Li et al., 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10  Coordination environments of Ni1 and Ni2 in Ni3(Hdmpz)4(Hsuc)2(suc)2 

                  (CH3OH)2 

 

Source: (Li et al., 2009) 
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2.  The metal (II) glutarate complexes 

 

Glutaric acid (H2glu) is a dicarboxylic acid which possesses a three-carbon 

aliphatic backbone. Cobalt(II) glutarate complexes with a large variety of open-

frameworks have already been reported such as: (i) a series of Co(II)-glutaric 

monomer or coordination polymer (ii) a series of Co-glutaric-heterocyclic 

coordination polymers. 

 

 The sky blue complex [Ni(H2O)3(phen)(glu)].H2O was obtained by the 

reactions of 1,10-phenantholine monohydrate, glutaric acid and NiSO4.6H2O at pH = 

6.9 while the other sky blue complex [Ni(H2O)2(phen)(glu)] was obtained at pH = 7.5. 

The crystal structure of the former consists of hydrogen bonded [Ni(H2O)3(phen)(glu)] 

dimer and H2O molecules (Figure 11). The dimers are assembled to form 2D layers 

through the π-π stacking interactions and intermolecular hydrogen bonds. The crystal 

structure of the latter contains 1∝[Ni(H2O)2(phen)(glu)2/2] supramolecular chains which 

are assembled into a 3D network by the π-π stacking interactions and interchain 

hydrogen bonds (Figure 12) (Lin et al., 2001). The hydrothermal reaction of cobalt 

chloride in the presence of KOH gives dark purple crystal of [Co(glu)]. The Co(II) 

centers are tetrahedrally coordinated to four oxygen atoms from different glutarate 

ligands (Figure 13). The replication of this basic unit involves the information of two 

dimensional cobalt networks with glutarate ligands being interlocked as pillars, 

leading to a complex three-dimensional layered structure. Both anti- and gauche- 

conformation of the glutarate alkyl chain were observed in the same ratio. Magnetic 

measurement reveals that the predominant magnetic interactions are antiferromagnetic 

below 14 K (Lee et al., 2002). A 3D coordination polymer {[Cu2(glu)2(4,4′-

bipy)].3H2O}n was synthesized by the reaction of Cu(NO3)2, glutaric acid and 4,4′-

bipyridine in water. The glutarate ligands adopt the anti-gauche mode (Rather and 

Zaworotko, 2003). The crystal structures of two glutarate coordination polymer 

[Cu(4,4′-bipy)(glu)] and [Zn(4,4′-bipy)(glu)] are isostructural and consist of dimeric 

metal units which are co-bridged by 4,4′-bipyridine ligands and glutarate anions to 

generate ribbon-like chains with alternative 8- and 16- membered rings. The 
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coordination sphere of the metal atoms is a distorted trigonal bipyramid with the 

oxygen atoms at the equatorial site (Figure 14). The glutarate ligands adopt a gauche-  

 

 

 

 

 

 

 

 

 

 

Figure 11  ORTEP view of the [Ni(H2O)3(phen)(glu)].H2O dimer formed via two  

                   pairs of hydrogen bonds; displacement ellipsoids (45% probability)  

 

Source: (Lin et al., 2001) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12  ORTEP view of a fragment 1∝[Ni(H2O)2(phen)(glu)2/2] polymeric chain  

                  with displacement ellipsoids (45% probability) and atomic labelling 

 

Source: (Lin et al., 2001) 
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Figure 13  ORTEP view of [Co(glu)]. The Co(II) atom is coordinated to four glutarate  

                   alkyl chains in a tetrahedral geometry.  

 

Source: (Lee et al., 2002) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 14  (a) Coordination environment of the Zn atom for [Zn(4,4′-bipy)(glu)]n  

                  (b) 1D ribbon-like chains of Zn atoms bridged by glutarate ligands  

 

Source: (Zheng and Ying, 2005)  
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gauche conformation with one end carboxylate group bidentately bonded to two metal 

atoms and the other end monoatomically coordinating one metal atom (Zheng and 

Ying, 2005). The [Co2(glu)2(phen)2]n was synthesized under hydrothermal condition 

giving an interesting 1D network. The Co atom is coordinated to two nitrogen atoms 

of one phenanthroline, two oxygen atoms of one chelating carboxylate group and two 

oxygen atoms of the other two bridging carboxylate groups (Figure 15 and 16). Two 

carboxylate groups of a glutarate ligand exhibit different coordination modes. One 

carboxylate group acts as a bidentate ligand to link two Co centers, while the other 

carboxylate group exhibits a chelating mode. Magnetic behavior of this complex 

shows that there exist antiferromagnetic interactions among Co(II) centers (Xu et al., 

2005). The crystal structure of two glutarate complexes; [Co(H2O)5(glu)] and 

Na2[Co(glu)2] which were hydrothermally synthesized are shown in Figure 17 and 18. 

The coordination modes of glutarate ligands in these complexes are monodentate 

mode and bis-monodentate bridging mode, respectively. The magnetic behaviors of 

both compounds indicate weak antiferromagnetic interactions between the Co(II) ions 

(Zheng et al., 2008). The crystal structure of {[Co(μ-glu)(μ-N-(4-

pyridyl)(nicotinamide)(H2O)].H2O}n consists of one N-(4-pyridyl)nicotinamide, one 

glutarate and one water molecule coordinating to Co(II) center and one solvate water 

molecule (Figure 19). The carboxylate moiety is found to have two different 

coordination modes: one end coordinated to the metal center in a monodentate fashion 

whereas the other end displays a chelate coordination mode (Kumar 2009). The crystal 

structure of [Co3(Hdmpz)2(Hglu)2(glu)2(CH3OH)4] (Hdmpz = 3,5-dimethylpyrazol) is 

also a discrete structure. One cobalt ion is surrounded by six oxygen atoms from four 

different glutarate ligands. The other two cobalt ions are equivalent and coordinated 

with three carboxyl oxygen atoms of glutarate ligands, two oxygen atoms of two 

methanol moieties and one nitrogen atom of Hdmpz group. There are two coordination 

modes of glutarate ion present as shown in Figure 20. One carboxylate group acts as a 

bridge to connect three Co atoms by two oxygen atoms of two carboxylate groups of 

glutarate ion, adopting μ3-bridging coordination mode. The other carboxylate group 

connects two Co(II) ions in bridging bidentate mode (Li et al., 2009). Hydrothermal 

reaction of divalent metal chlorides with glutaric acid and 4,4′-dipyridylamine (dpa)  
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Figure 15  ORTEP drawing of the Co(II) coordination environment in complex  

                  [Co2(glu)2(Phen)2]n. 

 

Source: (Xu et al., 2005) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16  View of 1D double-chain structure of the complex [Co2(glu)2(Phen)2]n 

 

Source: (Xu et al., 2005) 

 



 

21

 

 

 

 

 

 

 

 

 

 

Figure 17  ORTEP view of a [Co(H2O)5(glu)] complex  

 

Source: (Zheng et al., 2008)   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18  ORTEP view of a fragment of a necklace-like anionic chains of  

                  Na2[Co(glu)2]. 

 

Source: (Zheng et al., 2008)   
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Figure 19  (a) ORTEP view of the metal ligand macrocycle involving glutarate ligand  

                 of {[Co(μ-glu)(μ-N-(4-pyridyl)(nicotinamide)(H2O)].H2O}n (b) macrocycle  

                   is connected to four other macrocycles through N-(4-pyridyl)nicotinamide. 

 

Source: (Kumar 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

         

                          

Figure 20  (a) Coordination environments of Co1 and Co2 in [Co3(Hdmpz)2(Hglu)2 

                   (glu)2(CH3OH)4] (b) the coordination modes of glutarate ligand, μ3- 

                   bridging mode and (c) monodentate-bidentate bridging. 

 

Source: (Li et al., 2009) 

(a) (b) 

(a) 

(b) (c) 
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has afforded an isostructural family of coordination polymers with formulation 

[M(glu)(dpa)]n (M = Co, Ni). The Co(II) and Ni(II) complexes in this family are 

isostructural. They exhibit rarely found coordination mode. The metal atoms display a 

distorted square pyramidal [MN2O3] coordination geometry with trans nitrogen donors 

from two different dpa ligands anchoring the basal plane. One oxygen atom from each 

carboxylate group in a glutarate ligand chelates to metal center. This chelating binding 

mode fulfills the apical coordination site and third position in the basal plane. The 

fourth basal plane coordination site in each case is occupied by an oxygen atom from a 

second glutarate ligand (Figure 21-23). Adjacent metal ions are conjoined into zigzag 

1D [M(glu)]n chains by bridging glutarate carboxylate terminal in a syn-anti binding 

mode, in which the basal plane of one square pyramidal coordination sphere is linked 

to the apical position of another. The analysis of variable temperature magnetic 

susceptibility data of nickel complex reveal that this complex exhibit 

antiferromagnetic superexchange through the 1D [M⋅⋅⋅O-M⋅⋅⋅O-]n chain motifs 

(Montney et al., 2009). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21  Coordination environment of [M(glu)(dpa)]n (M = Co and Ni)  

 

Source: (Montney et al., 2009) 
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Figure 22  A [M(glu)]n chain in [M(glu)(dpa)]n (M = Co and Ni)  

 

Source: (Montney et al., 2009) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23  A single [Co(glu)(dpa)]n rectangular grid layer  

 

Source: (Montney et al., 2009) 
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The metal(II) adipate complexes 

 

 Adipic acid (hexanedioic acid (C6H10O4)) is a dicarboxylic acid containing 4 

carbons backbone (HOOC-(CH2)4-COOH). In the following review the ada represents 

adipate dianion (C6H8O4
2-) 

 

 Interaction of 2-methyl imidazole with tetraaquoadipatocobalt(II) polymer in 

water-ethanol mixture yielded dimeric cobalt(II) complex [Co2(ada)2(2-

methylimidazole)4] (Figure 24). The crystal structure consists of two Co(cis-2-

methylimidazole) units joined by two molecules of a folded dibasic acid forming an 

18- membered ring. The metal center possesses a highly distorted octahedral geometry 

comprising two N-atoms from two 2-methylimidazoles and four oxygen atoms from 

two adipate anions forming strained four membered chelate rings. The molecule has a 

center of symmetry and forms a through channel with the maximum and minimum 

dimensions of 8.25(7) Å and 5.27(2) Å respectively. The hexagonally close packed 

dimeric units along a-axis includes a water molecule in the exterior channel (Suresh et 

al., 1997). Three cobalt(II) hexanedioate or adipate complexes [Co(H2O)4(ada)]n, 

[Co(imidazole)4(ada)]n and [Co(pyridine)2(H2O)4][ada] were synthesized (Figure 25-

27). The [Co(H2O)4(ada)]n is an extended linear polymer, Co(H2O)4 units are linked by 

the monodentate carboxylate from either end of the extended deprotonated adipic acid. 

There are intra- and interchain H-bonding interactions between the coordinated water 

molecules and the end carboxylate oxygen atoms. The uncoordinated oxygen atom 

creates two dimensional hydrogen bonding pattern. Complex [Co(imidazole)4(ada)]n 

also is a linear polymer. Co(imidazole)4 units are linked by monodentate dibasic acid 

at the either end but with “S” shaped conformation of the hexanedioic acid, not as 

fully extended as in [Co(H2O)4(ada)]n. The effect of bulkier N-donor substitution is 

seen in the distortion of the octahedral coordination polyhedron of Co(II). The 

noncoordinated carboxylate oxygen makes one intra and one interchain H-bonding 

interaction with the imidazole N-H group making a two-dimansional H-bonded 

network as in [Co(H2O)4(ada)]n. In [Co(pyridine)2(H2O)4][ada] with the two strong N-

donor pyridines coordinated to the metal center, the hexanedioates is out of the 

coordination sphere and acts as a counter ion. The Co(pyridine)2(H2O)4 units are  
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Figure 24  ORTEP view of the [Co2(ada)2(2-methylimidazole)4] with 50%  

                   probability.  

 

Source: (Suresh et al., 1997) 

 
 
 
 
 
 
 
 
Figure 25  ORTEP view of extended polymeric chain for complex [Co(H2O)4(ada)]n 

 

Source: (Suresh et al, 1999) 

 
 
 
 
 
 
 
 
 
 

 

Figure 26  ORTEP view of the polymeric chain of [Co(imidazole)4(ada)]n.    

 
Source: (Suresh et al, 1999) 
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Figure 27  Packing diagram of [Co(pyridine)2(H2O)4][ada] viewed down b-axis. 
 

Source: (Suresh et al, 1999) 

 

linked by H-bonding in both the dimensions by extensively folded adipate dianion 

forming a sheet structure parallel to ab plane (Suresh et al., 1999). Reaction of freshly-

prepared CoCO3, phennanthroline and adipic acid in CH3OH/H2O produced a mixture 

of [Co(phen)(H2O)4]⋅ada⋅0.5H2O and [Co2(μ-ada)2(phen)2(H2O)2] as major and minor 

products, respectively. The former grew in the form of rose-colored prism and the 

latter grew in red plate-like crystal. Complex [Co(phen)(H2O)4]⋅ada⋅0.5H2O consists 

of   [Co(phen)(H2O)4]2+ complex cation, adipate anions and water molecules. The Co 

atoms are each octahedrally coordinated by one chelating phen ligand and four water 

molecules (Figure 28 and 29). Through hydrogen bonds, the [Co(phen)(H2O)4]2+ 

complex cations and adipate anions are interconnected into 2D layers, whose assembly 

could be ascribed to weak π-π stacking interactions between interdigitating phen 

ligands. The minor complex is composed of centrosymmetric dinuclear  
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Figure 28  ORTEP view of the [Co(phen)(H2O)4]2+ cations together with hydrogen  

                   bonded adipate anions of [Co(phen)(H2O)4](ada)⋅0.5H2O with  

                   displacement ellipsoids (50% probability).  

 

Source: (Zheng et  al., 2002) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 29  Perspective view of the crystal structure of [Co(phen)(H2O)4](ada)⋅0.5H2O.  

 

Source: (Zheng et al., 2002) 
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 [Co2(μ-ada)2(phen)2(H2O)2]molecules, in which the Co atoms are each coordinated by 

two nitrogen atoms of one chelating phen ligand and four oxygen atoms of one H2O 

molecule and two adipato ligands to form distorted octahedra. The centrosymmetric 

molecules are assembled via intermolecular hydrogen bonds and π-π interactions into 

2D layers (Figure 30 and 31) (Zheng et al., 2002).  

 

A metal-organic hybrid compound [Co(ada)(4,4′-bipy)] was hydrothermally 

synthesized. The X-ray diffraction analysis reveals that complex [Co(ada)(4,4′-bipy)]n 

exhibits a three-dimensional metal-organic framework based on dinuclear cobalt dimer 

building blocks with mixed adipate and 4,4′-bipyridine ligands. The fundamental unit 

is shown in Figure 32. The Co(1) center coordinates to two oxygen atoms of one 

chelating bidentate adipate anion ligand and two oxygen atoms from different bridging 

bidentate adipate anions ligands, two nitrogen atoms of two different 4,4′-bipyridine 

ligands. Therefore, Co center displays a distorted octahedral coordination geometry. 

The two {CoN2O4} octahedrons are connected together to form a linear binuclear Co 

dimer via the edge-sharing mode. In addition, four carboxylate groups of the adipate 

anions ligand exhibit two kinds of coordination modes with Co centers. That is, two 

carboxylate groups act as a bidentate ligand to bridge two Co centers, while the other 

two exhibit chelating mode to link with two Co centers. Thus, four adipate ligands are 

connected with two Co centers to form two-dimensional grid-like network with large 

pores. The most important structural feature of [Co(ada)(4,4′-bipy)]n is that two such 

individual two-dimensional grid-like network are interconnected by 4,4′-bipyridine 

ligands each other to form an interesting three-dimensional twofold interpenetrating 

framework, illustrated in Figure 33 (Hao et al., 2004). The crystal structure of 

complex Zn(4,4′-bipy)(ada) consists of one Zn atom, one 4,4′-bipyridine molecule and 

two halves of adipate anions. The coordination sphere of the Zn atoms is a distorted 

octahedron with a ZnN2O4 core, where the equatorial oxygen atoms belong to three 

adipate anions and two nitrogen atoms to different 4,4′-bipyridine ligands Figure 34. 

The adipate anions function as bis-chelating and bis-bidentate ligands (Zheng and 

Ying, 2005). The complex [Co3(ada)3(phen)2]n was synthesized under hydrothermal 

conditions and exhibit a two dimensional layer framework, in which the trinuclear Co 
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Figure 30  ORTEP view of a dinuclear [Co2(μ-ada)2(phen)2(H2O)2] complex with  

                  displacement ellipsoids (50% probability).  

 

Source: (Zheng et al., 2002) 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

Figure 31  Supramolecular assembly of the dinuclear [Co2(μ-ada)2(phen)2(H2O)2]  

                   molecules via intermolecular hydrogen bonds (dashed lines) and π-π  

                   stacking interactions (dashed double arrows).  

 

Source: (Zheng et al., 2002) 
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Figure 32  The ORTEP drawing of [Co(ada)(4,4′-bipy)]n showing the local  

                  coordination environment of Co(II). 

 

Source: (Hao et al., 2004) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33  Polyhedral representation of the three-dimensional metal-organic     

                  framework of compound[Co(ada)(4,4′-bipy)]n. 

 

Source: (Hao et al., 2004) 
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clusters are linked by adipate anions. There are three crystallographically unique Co 

centers in the fundamental unit (Figure 35 (a)). The Co(1) center is coordinated by six 

oxygen atoms from different adipate ligands. The Co(2) center is defined by two 

nitrogen atoms of one 1,10-phenanthroline molecule, four oxygen atoms of three 

different carboxylate groups. Therefore, both Co centers display distorted octahedral 

coordination geometries. The {CoO6}unit are linked with two {CoO4N2}units by 

adipate anions to form a three nuclear Co cluster via μ3-O atom. The adipate ligands 

exhibit two kinds of coordination modes. The first mode, one oxygen atom act as a 

mono-chelating ligand to link one Co center, while the other oxygen atom exhibits an 

unusual bidentate bridging mode to connect two Co centers. Thus, one adipate ligand 

is connected with six Co centers (Figure 35 (b)). In the second mode, both carboxylate 

groups act as bidentate ligands to bridge two Co atoms together (Figure 35 (c)). On the 

basis of this connection mode, all trinuclear Co clusters are linked by six bridging 

adipate ligands to form 2D layers parallel with ab plane, as shown in the Figure 36 

(Xu et al., 2005). 4,4′-Bis(imidazol-l-ylmethyl)-biphenyl (bimb) was employed for the 

construction of coordination frameworks incorporated with adipate ligands and 

cobalt(II) ions resulting in the formation of complex [Co(bimb)(ada)]n. Each cobalt 

atom is coordinated by four oxygen atoms from two chelating carboxylates of adipate 

lignads and two nitrogen atoms from two bimb ligands to furnish a distorted 

octahedral geometry (Figure 37). The bimb ligands ligate metal atoms forming helical 

chains (Figure 38). Each helical chain connects with two adjacent helical chains by 

adipate ligands into a 3D network (Sun et al., 2007).  

 

Two new coordination polymers [Ni(ada)(4,4′-bipy)]n and [Zn3(ada)3(phen)]n 

were synthesized under hydrothermal conditions by Ding et al, 2008. The complex 

[Ni(ada)(4,4′-bipy)]n exhibits an interesting three-dimensional interpenetrating 

network. The Ni(1) atom is coordinated by two oxygen atoms from a chelating 

carboxylate group, and two oxygen atoms from different bridging carboxylate groups. 

These Ni atoms are linked by two bridging carboxylate groups forming a binuclear 

unit. Two carboxylate groups of the adipate ligands exhibit two kinds of different 

coordination modes with Ni center. That is, one carboxylate group to bridge two Ni  
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Figure 34  (a) Coordination environment of the Zn atoms along with the atomic    

                   labeling for Zn(4,4′-bipy)(ada). (b) 2D square grid-like network generated   

                   from six-coordinate Zn atoms by bis-bidentate and bis-chelating adipato    

                   ligands. 

 

Source: (Zheng and Ying, 2005) 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 35  (a) ORTEP drawing of [Co3(ada)3(phen)2]n (b) the first and (c) the second  

                   of coordination mode of adiapte ligands in the complex. 

 

Source: (Xu et al., 2005) 

(a) 

(b) 

(c) 
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Figure 36  The polyhedral representation of [Co3(ada)3(phen)2]n 

 

Source: (Xu et al., 2005) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 37  Coordination environments of the Co(II) atoms with atomic labels in  

                  [Co(bimb)(ada)]n.  

 

Source: (Sun et al., 2007) 

Co(1) 
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Figure 38  Perspective view along a axis of the layers parallel to the bc plane in  

                  [Co(bimb)(ada)]n. 

 

Source: (Sun et al., 2007) 

 
 
centers using bidentate mode, while the other exhibits chelating mode. Thus, adipate 

ligands are connected with Ni to form a two-dimensional grid-like layer. Such layers 

are further pillared by linear 4,4′-bipyridine ligands into a three-dimensional network 

as shown in Figure 39. 

 

Complex [Zn3(ada)3(phen)]n exhibits a two-dimensional network. There are 

two crystallographically independent Zn atoms in the asymmetric unit as shown in 

Figure 40(a). Zn(1) atom adopts a distorted octahedral coordination geometry 

coordinated with four oxygen atoms from three different adipate ligands and two 

nitrogen atoms from one 1,10-phen ligand. Zn(2) which lies on an inversion center, 

has a distorted octahedral coordination geometry and connects with six oxygen atoms 

from different adipate ligands. One Zn(2) is linked two Zn(1) atoms to form a 

trinuclear Zn unit. The adjacent trinuclear Zn units are linked to the adipate ligands 
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forming a two-dimensional network. The three-dimensional network was formed by 

the π-π stacking interactions between the 1,10-phen ligand as shown in Figure 40(b). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 39  (a) The coordination environment of the Ni(II) ion in complex  

                   [Ni(ada)(4,4′-bipy)]n and (b) The three-dimensional network of complex  

                   . 

Source: (Ding et al., 2008) 
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Figure 40  (a) The coordination environment of the Zn(II) ion in complex  

                  [Zn3(ada)3(phen)]n. (b) The packing mode of the two-dimensional layer  

                 of [Zn3(ada)3(phen)]n. 

 

Source: (Ding et al., 2008) 

 
 
 

(b) 
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The other dicarboxylic acids such as fumarate were used to prepare complexes 

with microporous structures. For example, the fumarated complexes [Ni(μ-

fumarato)(py)3]⋅py⋅2H2O and [Zn(μ-fumarato)(py)3]⋅py.0.5H2O. In nickel(II) 

complex, there are three pyridine coordinate to nickel(II) center and two types of 

binding interactions between the fumarate ligand and metal centers exist in the 

structure, one of the fumarate ligand bridges two metal centers through only one 

oxygen atom, while other molecule form a chelate using two oxygen atoms on both 

ends of the fumarate ligand resulting infinite 1D-polymeric chain (Figure 41). In 

[Zn(μ-fumarato)(py)3].py⋅0.5H2O, there is one type of fumarate ligands linked to 

metal centers using only one oxygen atom on both ends to built 1D-polymeric chain 

(Figure 42). Coordination geometry of zinc(II)-fumarate is trigonal bipyramid. The 

1D-polymeric chains form π-π stacking to each other resulting in 2-dimensional 

network. These structures are constructed by the stacking of 2-dimensional lattices 

(intermolecular interaction) and form capillary structures (Figure 43-44) (Ohmura et 

al., 2003). 

 

 

 

 

 

 

 

 

 

 

 

Figure 41  ORTEP view of [Ni(μ-fumarato)(py)3]⋅py⋅2H2O showing the    

                  numbering scheme. For clarity the hydrogen atoms and the solvent      

                  molecules (pyridine) have been omitted.  

 

Source: (Ohmura et al., 2003) 
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Figure 42  ORTEP view of [Zn(μ-fumarato)(py)3]⋅py⋅0.5H2O showing the numbering  

                   scheme. For clarity the hydrogen atoms and the solvent molecules  

                   (pyridine) have been omitted.  

 

Source: (Ohmura et al., 2003) 
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Figure 43  View of crystal structures of [Ni(μ-fumarato)(py)3]⋅py⋅2H2O along a axis   

                   and [Zn(μ-fumarato)(py)3]⋅py⋅0.5H2O along b axis showing π-π stacking  

                   between pyridine rings resulting 2D network.     

 

Source: (Ohmura et al., 2003) 
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Figure 44  View of crystal structures of [Ni(μ-fumarato)(py)3]⋅py⋅2H2O along b axis  

                   and [Zn(μ-fumarato)(py)3]⋅py⋅0.5H2O along a axis showing stacking of   

                   two-dimensional lattice.  

 

Source: (Ohmura et al., 2003) 

 

In the complex [Co(μ-fumarato(γ-methylpyridine)2(H2O)2]∝, fumarate ligands 

act  as monodentate ligand linked to metal centers to form 1-dimensional polymeric 

chain (Figure 45). The one-dimensional fumarato-bridged cobalt(II) chains were 

further linked by the hydrogen bonds between the coordinated water and the 

uncoordinated carboxylate oxygen atoms (Figure 46) (Zhang et al, 2005). 

 

 

 

 

 

 

 

 

 

Figure 45  Molecular structure of [Co(μ-fumarato(γ- methylpyridine)2(H2O)2]∝.         

 

Source: (Zhang  et al., 2005)  
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Figure 46  View of crystal structure of [Co(μ-fumarato(γ- methylpyridine)2(H2O)2]∝  

                  showing π-π stacking and hydrogen bond.  

 

Source: (Zhang  et al., 2005) 
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MATERIALS AND METHODS 

 

 This part describes syntheses, characterization and spectral studies of the 

studied compounds and is made up of 6 sections: (1) chemicals, apparatus and 

instruments; (2) syntheses and characterization of the cobalt(II) complexes; (3) 

syntheses and characterization of the nickel(II) complexes; (4) syntheses and 

characterization of the zinc(II) complexes; (5) single crystal structure determination 

and (6) spectral, thermal and magnetic measurements. 

 

Materials 

 

1. Chemicals, apparatus and instruments 

 

 1.1  Chemicals 

 

  1.  Adipic acid  (reagent grade; Fluka) 

  2.  2,2′-bipyridine  (analytical reagent grade; Acros) 

  3.  Cobalt(II) acetate tetrahydrate  (reagent grade; Fluka) 

       4.  Dimetylformamide (reagent grade; Fisher Scientific) 

  5.  Ethanol  (reagent grade; Merck) 

  6.  Glutaric acid  (reagent grade; Fluka) 

  7.  Nickel(II) acetate tetrahydrate  (reagent grade; Fluka) 

  8.  Nikel(II) chloride hexahydrate  (reagent grade; Fluka) 

               9.  Nikel(II) nitrate hexahydrate  (reagent grade; Fluka) 

  10.  Pyridine  (reagent grade; BDH) 

  11.  Succinic acid  (reagent grade; M&B) 

       12.  Zinc(II) acetate dihydrate  (reagent grade; Carlo Erba) 

 

 All compounds and solvents were used without further purification 
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1.2  Apparatus  and  Instruments 

 

1.2.1  Fourier  Transform  Infrared  Spectrophotometer  (FTIR) 

                       Solid state infrared spectra of compounds were measured on a 

Brucker Model Equinox 55 Spectrophotometer in the region 4000-400 cm-1 with a 

horizontal attenuated total reflectance accessory.  

  

                     1.2.2  Elemental Analyzer 

                               The elemental analysis results for all complexes were performed 

by  Microanalytical Service,  School of Chemistry, University of Bristol. 

 

              1.2.3  X – ray Single Crystal Diffractometer (XRD) 

                   The  X–ray data for single crystals were collected on a Brucker – 

Nonious APEX II CCD camera and Brucker SMART APEX CCD area detector. 

 

             1.2.4  SHELXTL 97 Program 

                               All crystal structures were solved by using the SHELXTL 97 

program, version 5.1. 

 

         1.2.5  Thermogravimetric Analyzer 

                               Thermo gravimetric analyses were performed using a Perkin 

Elmer TGA 7 

 

         1.2.6  UV-visible spectrophotometer 

                   The absorption spectra at room temperature were measured in 

DMF solution for cobalt complex and DMSO for nickel complex using a UV-VIS-

NIR spectrophotometer Jasco  V-530 in the 200-1100  nm spectral range. 

 

         1.2.7  Magnetometer 

                   The magnetic susceptibility measurements (1.7 – 293 K) were 

carried out using a Quantum Design MPMS SQUID magnetometer (measurements 

carried out at 10000 Gauss).         
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                                                            Methods 

 

1. Syntheses and characterization of the cobalt(II) complexes 

 

 This section reports the syntheses of five cobalt(II) complexes using two 

types of ligands which are (1) long chain dicarboxylic acids and (2) N-donor ligands. 

Succinic, glutaric and adipic acids are three long chain dicarboxylic acid used in this 

study. Pyridine and 2,2′-bipyridine are N-donor ligands. Complexes 1-5 give pink to 

orange crystals. Hence their crystal structures are determined. 

 

1.1 catena-Poly[[Diaquadipyridine cobalt(II)] -μ-succinato] (1): 

[Co(μ-suc)(py)2(H2O)2]n 

 

          To a dimethylformamide (DMF) solution of cobalt(II) acetate 

tetrahydrate (0.124 g, 0.5 mmol in 10 cm3 DMF) was added a pyridine solution of 

succinic acid (0.059 g, 0.5 mmol in 10 cm3 of pyridine). The mixture was stirred and 

then allowed to stand at room temperature for several days. The block light red 

crystals were obtained. Analysis: Calculated for [Co(μ-suc)(py)2(H2O)2]n: C, 45.54; 

H, 4.87; N, 7.58. Found: C, 46.04; H, 5.17; N, 8.01. A crystal of approximately 0.55 x 

0.35 x 0.18 mm was chosen and mounted on a goniometer head. Detailed infrared and 

electronic spectra are given in the result section. 

 

  1.2  catena-Poly[[Diaqua(2,2′-bipyridine) cobalt(II)] -μ-succinato] (2): 

[Co(μ-suc)(2,2′-bipy)(H2O)2]n 

 

      An aqueous solution of cobalt(II) acetate tetrahydrate (0.249 g, 1.0 mmol 

in 10 cm3 water) was mixed together with small amount of ethanolic solution of 2,2′-

bipyridine (0.156 g, 1.0 mmol). Then an aqueous solution of succinic acid (0.118 g, 

1.0 mmol in 10 cm3 hot water) was added with continuous stirring. The mixture was 

allowed to stand at room temperature for several days. The parallelepiped orange 

crystals were obtained. Analysis: Calculated for [Co(μ-suc)(2,2′-bipy)(H2O)2]n: C, 
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43.88; H, 4.18; N, 7.30. Found: C, 43.21; H, 4.66; N, 7.37. Detailed infrared and 

electronic spectra are given in the result section. 

 

   1.3  catena-Poly[[(μ-aqua)bis(dipyridine cobalt(II))] -di(μ-glutarato)] 

.pyridine] (3): {[Co2(μ-glu)2(μ-H2O)(py)4].(py)}n 

 

        To a dimethylformamide (DMF) solution of cobalt(II) acetate 

tetrahydrate (0.124 g, 0.5 mmol in 10 cm3 DMF) was added a pyridine solution of 

glutaric acid (0.066 g, 0.5 mmol in 10 cm3 pyridine). The mixture was stirred and 

allowed to stand at room temperature for several days. The block light pink crystals 

were obtained. Analysis: Calculated for {[Co2(μ-glu)2(μ-H2O)(py)4].py}n: C, 53.06; 

H, 4.70; N, 8.52. Found: C, 52.00; H, 4.66; N, 8.07. A crystal of approximately 0.16 x 

0.12 x 0.05 mm was chosen and mounted on a goniometer head. Detailed infrared and 

electronic spectra are given in the result section. 

 

    1.4  catena-Poly[[(μ-aqua)bis(2,2′-bipyridinecobalt(II))]-di(μ-glutarato)] (4): 

[Co2(μ-glu)2(μ-H2O)(2,2′-bipy)2]n 

 

       To a 5 cm3 aqueous solution of cobalt(II) acetate tetrahydrate (0.124 g, 

0.5 mmol) and glutaric acid (0.066 g, 0.5 mmol), was added a dimethylformamide 

solution of 2,2′-bipyridine (0.156 g, 1.0 mmol in 5 cm3 DMF). The mixture was 

stirred and allowed to stand at room temperature for several days. The block orange 

crystals were obtained. Analysis: Calculated for [Co2(μ-glu)2(μ-H2O)(2,2′-bipy)2]n: 

C, 50.86; H, 4.23; N, 7.90. Found: C, 51.02; H, 4.41; N, 7.91. A crystal of 

approximately 0.09 x 0.07 x 0.07 mm was chosen and mounted on a goniometer 

head.Detailed infrared and electronic spectra are given in the result section. 

 

  1.5  [Tetraaquadipyridine cobalt(II)]adipate (5): [Co(py)2(H2O)4](ada) 

  

        To an aqueous solution of cobalt(II) acetate tetrahydrate (0.167 g, 0.673 

mmol in 10 cm3 water) was added a pyridine solution of adipic acid (0.146 g, 1.0 
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mmol in 10 cm3 of pyridine). The mixture was stirred and then allowed to stand at 

room temperature for several days. The parallelepiped orange crystals were obtained. 

Analysis: Calculated for [Co(py)2(H2O)4](ada): C, 44.35; H, 6.00; N, 6.46. Found: C, 

43.58; H, 6.02; N, 6.06. A crystal of approximately 0.2 x 0.09 x 0.07 mm was chosen 

and mounted on a goniometer head. Detailed infrared and electronic spectra are given 

in the result section. 

 

2. Syntheses and characterization of the nickel(II) complexes 

 

 This section reports the syntheses of six nickel(II) complexes using two 

types of ligands which are (1) long chain dicarboxylic acids and (2) N-donor ligands. 

Succinic, glutaric and adipic acids are three long chain dicarboxylic acid used in this 

study. Pyridine or 2,2′-bipyridine are co-ligands. Only complex 7 and 11 give bluish 

crystals. Hence two crystal structures are determined. 

 

2.1  Nickel(II) + pyridine + succinic acid (6) 

 

        To an aqueous solution of nickel(II) acetate tetrahydrate (0.167 g, 0.673 

mmol in 10 cm3 water) was added a pyridine solution of succinic acid (0.118 g, 1 

mmol in 10 cm3 pyridine). After stirring the mixture was then allowed to stand at 

room temperature for several days. The blue precipitate was obtained. The XRD 

powder pattern of 6 is similar to those of 1 and 12 indicating that they are 

isomorphous and isostructural. Analysis: Calculated for [Ni(H2O)2(py)2 (μ-suc)]n: C, 

45.57; H, 4.87; N, 7.58. Found: C, 45.98; H, 5.00; N, 7.88.  

 

2.2  catena-Poly[[Diaqua(2,2′-bipyridine) nickel(II)] -μ-succinato] (7): 

[Ni(μ-suc)(2,2′-bipy)(H2O)2]n 

  

       An aqueous solution of nickel(II) acetate tetrahydrate (0.249 g, 1.0 

mmol in 10 cm3 water) was mixed with small amount of ethanolic solution of 2,2′-

bipyridine (0.156 g, 1.0 mmol). Then an aqueous solution of succinic acid (0.118 g, 

1.0 mmol in 10 cm3 hot water) was added upon continuous stirring. The mixture was 
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allowed to stand at room temperature for several days. The block blue crystals were 

obtained. Analysis: Calculated for [Ni(μ-suc)(2,2′-bipy)(H2O)2]n: C, 43.90; H, 4.17; 

N, 7.31. Found: C, 43.66; H, 4.76; N, 7.65. Detailed infrared and electronic spectra 

are given in the result section. 

 

2.3 Nickel(II) + pyridine + glutaric acid (8) 

 

        To a dimethylformamide (DMF) solution of nickel(II) acetate 

tetrahydrate (0.124 g, 0.5 mmol in 10 cm3 DMF) was added a pyridine solution of 

glutaric acid (0.066 g, 0.5 mmol in 10 cm3 pyridine). The mixture was stirred and 

allowed to stand at room temperature for several days. No crystals or precipitate were 

obtained.  

 

  2.4  Nickel(II) + 2,2′-bipyridine + glutaric acid (9) 

         

         To a 5 cm3 aqueous solution of nickel(II) acetate tetrahydrate (0.124 g, 

0.5 mmol) and glutaric acid (0.066 g, 0.5 mmol), was added a dimethylformamide 

solution of 2,2′-bipyridine (0.156 g, 1.0 mmol in 5 cm3 pyridine). The mixture was 

stirred and allowed to stand at room temperature for several days. No crystals or 

precipitate were obtained.  

 

2.5 Nickel(II) + pyridine + adipic acid (10) 

 

       To an aqueous solution of nickel(II) acetate tetrahydrate (0.167 g, 0.673 

mmol in 10 cm3 water) was added a pyridine solution of adipic acid (0.146 g, 1.0 

mmol in 10 cm3 of pyridine). The mixture was stirred and then allowed to stand at 

room temperature for several days. The blue precipitate was obtained.  
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2.6 [Tetraaqua(2,2′-bipyridine) nickel(II)](adipate)(H2O) (11) 

: [Ni(2,2′-bipy)(H2O)4](ada)(H2O) 

 

       To an aqueous solution of nickel(II) chloride hexahydrate (0.237 g, 1.0 

mmol in 5 cm3 water) mixed with a 10 cm3 aqueous solution of adipic acid (0.146 g, 

1.0 mmol) and sodium hydroxide (0.04g, 1.0 mmol). Then an ethanolic solution of 

2,2′-bipyridine (0.156 g, 1.0 mmol in 5 cm3 ethanol) was added while stirring. The 

mixture was allowed to stand at room temperature for several days. The 

parallelepiped blue crystals were formed. Analysis: Calculated for [Ni(2,2′-

bipy)(H2O)4](ada)(H2O): C, 44.33; H, 6.46; N, 6.46. Found: C, 44.05; H, 5.75; N, 

6.25. Detailed infrared and electronic spectra are given in the result section. 

 

3. Syntheses and characterization of the zinc(II) complexes 

  

 This section reports the syntheses of six zinc(II) complexes using two types 

of ligands which are (1) long chain dicarboxylic acids and (2) N-donor ligands. 

Succinic, glutaric and adipic acids are three long chain dicarboxylic acid used in this 

study. Pyridine or 2,2′-bipyridine are co-ligands. Only complex (12) gave colorless 

crystals. Hence one crystal structure is determined. 

 

  3.1  catena-Poly[[Diaquadipyridine zinc(II)] -μ-succinato] (12) 

: [Zn(μ-suc)(py)2(H2O)2]n 

  

        To an aqueous solution of zinc acetate dihydrate (0.148 g, 0.673 mmol 

in 10 cm3 water) was added a pyridine solution of succinic acid (0.118 g, 1 mmol in 

10 cm3 pyridine). After stirring the mixture was then allowed to stand at room 

temperature for several days. The colorless block crystals were formed. The complex 

is insoluble in common solvent. Analysis: Calculated for [Zn(μ-suc)(py)2(H2O)2]n: C, 

44.75; H, 4.79; N, 7.45. Found: C, 45.02; H, 4.61; N, 7.03. A crystal of approximately 

0.08 x 0.08 x 0.04 mm was chosen and mounted on a goniometer head.Detailed 

infrared and electronic spectra are given in the result section. 
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3.2 Zinc(II) + 2,2′-bipyridine + succinic acid (13) 

 

        An aqueous solution of zinc(II) acetate dihydrate (0.219 g, 1.0 mmol in 

10 cm3 water) mixed with small amount of ethanolic solution of 2,2′-bipyridine 

(0.156 g, 1.0 mmol). Then an aqueous solution of succinic acid (0.118 g, 1.0 mmol in 

10 cm3 hot water) was added with continuous stirring. The mixture was allowed to 

stand at room temperature for several days. No crystals or precipitate were obtained.  

 

3.3 Zinc(II) + pyridine + glutaric acid (14) 

 

        To a dimethylformamide (DMF) solution of zinc(II) acetate dihydrate 

(0.110 g, 0.5 mmol in 10 cm3 DMF) was added a pyridine solution of glutaric acid 

(0.066 g, 0.5 mmol in 10 cm3 pyridine). The mixture was stirred and allowed to stand 

at room temperature for several days. No crystals or precipitate were obtained.  

 

 3.4  Zinc(II) + 2,2′-bipyridine + glutaric acid (15) 

  

        To a 5 cm3 aqueous solution of zinc(II) acetate dihydrate (0.110 g, 0.5 

mmol) and glutaric acid (0.066 g, 0.5 mmol), was added a dimethylformamide 

solution of 2,2′-bipyridine (0.156 g, 1.0 mmol in 5 cm3 DMF). The mixture was 

stirred and allowed to stand at room temperature for several days. No crystals or 

precipitate were obtained.  

 

    3.5  Zinc(II) + pyridine + adipic acid (16) 

  

        To an aqueous solution of zinc(II) acetate dihydrate (0.148 g, 0.673 

mmol in 10 cm3 water) was added a pyridine solution of adipic acid (0.146 g, 1.0 

mmol in 10 cm3 pyridine). The mixture was stirred and then allowed to stand at room 

temperature for several days. No crystals or precipitate were obtained.  
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3.6 Zinc(II) + 2,2′-bipyridine + adipic acid (17) 

 

        To an aqueous solution of zinc(II) acetate dihydrate (0.219 g, 1.0 mmol 

in 5 cm3 water) mixed with a 10 cm3 aqueous solution of adipic acid (0.146 g, 1.0 

mmol) and sodium hydroxide (0.04g, 1.0 mmol). Then an ethanolic solution of 2,2′-

bipyridine (0.156 g, 1.0 mmol in 5 cm3 ethanol) was added while stirring. The 

mixture was allowed to stand at room temperature for several days. No crystals or 

precipitate were obtained.  

 

4. Single Crystal Structure Determination  

 

In this study, the crystal structures of eight complexes (1-5, 7, 11 and 12) are 

determined. 

 

4.1  Data Collection 

 

 The chosen crystal must meet two main requirements: (1) it must be a pure 

single crystal possessing uniform internal structure. (2) it must be of proper size and 

shape. The color and shape of the selected crystals in this work are listed in Table 1. 

 

 The chosen crystal was attached to a glass fiber which was fastened to a 1/8 

inch diameter brass pin. This metal pin was inserted into the goniometer head. The 

crystal was adjusted and shifted until the crystal was on the central axis of the head. 

The crystal was normally aligned so that a direct crystal axis was parallel to the axis of 

rotation. The goniometer head was placed on the diffractometer. The crystal was 

optically centered.  

  

 The crystal data reported in this thesis were collected by different X-ray 

diffractometers as shown in Table 2. The unit cell dimensions were determined from 3 

sets of 30 frames, at 0.3° steps in ω, at exposure of 10 second. For crystals of 

monoclinic or higher crystal symmetry, a hemisphere of reciprocal space was scanned 

by 0.3 ω steps at φ = 0, 90 and 180° with the area detector center held at 2θ = -27°. 
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For triclinic crystals, a full sphere of reciprocal space was scanned. All frames were 

referenced to a dark frame reading each taken at n s exposure without X-rays, where n 

s is the time for each exposure during the data collection.  

 

Table 1  Appearance of selected crystals 

 

complex color shape 

[Co(μ-suc)(py)2(H2O)2]n (1) light red block 

{[Co(μ-suc)(2,2′-bipy) (H2O)2].2H2O}n(2) orange parallelepiped 

{[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) light pink block 

[Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) orange block 

[Co(py)2(H2O)4](ada)] (5) orange parallelepiped 

{[Ni(μ-suc)(2,2′-bipy)(H2O)2].2H2O}n(7) blue block 

[Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) blue parallelepiped 

[Zn(μ-suc)(py)2(H2O)2]n (12) colorless block 

  

Table 2  The X-ray diffractometer used in the data collection of complexes 

 

X-ray diffractometer temperature complex 

1.  Brucker-Nonious APEX II CCD camera graphite 

monochromator, Mo-Kα radiation (λ = 0.71073 Å) 

120 K 

273 K 

4, 12 

1, 3 

2.  Brucker-SMART APEX  CCD area detector graphite 

monochromator, Mo-Kα radiation (λ = 0.71073 Å) 

273 K 

293 K 

5 

2, 7, 11 

 

 The reflections were integrated using SAINT program. Intensity data were 

corrected for Lorentz and polarization effects for all the complexes. Decay corrections 

were also made. For three complexes (4, 11, 12) absorption corrections were applied 

with SADABS (Sheldrick, 2007).  

 

 The structures were solved by direct method and followed by successive 

Fourier and difference Fourier syntheses. Full matrix least squares refinements on F2 

were carried out using SHELXL-97 (Sheldrick, 1997). Refinement of positional and 



 

52 

anisotropic thermal parameters for non-hydrogen atoms by full-matrix least-square 

methods minimize the function ΣW (|Fo| - |Fc|)2  giving lowest R1 and wR2 (where R1 

= Σ||Fo| - |Fc|| / Σ |Fo|) and wR2 [ΣW(Fo
2 –Fc

2)2 / w(Fo
2)2]1/2 and w = 1/σ(Fo)). Covalent 

radii of atoms are listed in Appendix A. All calculations were carried out using 

SHELXL 97, SHELXS 97 (Sheldrick, 1997) and Mercury (Macrae et al., 2006). 

 

5. Spectral, thermal and magnetic measurement 

 

5.1  Infrared Spectroscopy 

        

       Infrared (IR) spectra were recorded on a Brucker Model Equinox 55 

spectrophotometer in the region 4000 – 560 cm-1 equipped with a horizontal 

attenuated total reflectance accessory. 

  

5.2  Thermal Gravimetric Analysis 

        

       Thermogravimetric analyses were performed using a Perkin Elmer TGA 7. 

The complexes were placed in aluminum pan and the data were recorded under a 

nitrogen atmosphere from room temperature to 700 °C with a heating rate of 

10°C/min. 

 

5.3  Electronic Spectroscopy 

 

       The absorption spectra at room temperature were measured in DMSO 

solution using a UV-VIS-NIR spectrophotometer Jasco  V-530 in the 200-1100  nm 

spectral range. 

 

5.4 Magnetic Susceptibility measurement 

 

                   The magnetic susceptibility measurements for complex 1 and 3 were 

carried out at 1.7 – 293 K range and 10000 Gauss by using a Quantum Design MPMS 

SQUID magnetometer. 
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RESULTS AND DISCUSSION 

 

 This part consists of the results and discussions about the crystal 

structure, FTIR spectra, thermal analysis, electronic spectra and magnetic behavior of 

the Co(II), Ni(II) and Zn(II) complexes and significant features and comparison of the 

structures. 

 

1.  Crystal Structure Determination 

 

 1.1  The crystal structure of the cobalt(II) complexes 

 

                       1.1.1  [Co(μ-suc)(py)2(H2O)2]n (1) 

   

                Complex 1 crystallizes in orthorhombic system with cell 

dimensions: a = 11.8752(3) Å, b = 8.9110(2) Å, c = 15.0091(5) Å. Systematic 

absences of h odd for hk0 (-15 ≤ h ≤ 15), k odd for 0kl (-11 ≤ k ≤ 5), l odd for h0l (-13 

≤ l ≤ 11), h odd for h00 (-5 ≤ h ≤ 5), k odd for 0k0 (-11 ≤ k ≤ 3)and l odd for 00l (-19 

≤ l ≤ 9) indicate the space group Pbca. From 13604 reflections collected, which 

included all duplicate and equivalent reflections, 1822 independent reflections were 

obtained. Of those, 1553 reflections whose intensities were greater than 2σ(I) were 

used in the structural solution and least-square refinements. All hydrogen atoms were 

located in a different Fourier map and refined isotropically. The goodness-of-fit on F2 

(S) was 1.145. Crystal data and structure refinement result are listed in Table 3. The 

atomic position (x, y, z) with equivalent isotropic thermal parameters (Ueq) and the 

anisotropic thermal parameter (Uij) are shown in Appendix B and C, respectively. 

Bond lengths and bond angles are summarized in Table 4 and 5, respectively. 

 

 This complex and [Zn(μ-suc)(py)2(H2O)2]n (complex 12) are isomorphous and 

crystallize in orthorhombic system with space group Pbca. Co(II) ions linked through 

succinate ligand to create one dimensional polymeric chain along b axis (Figure 47). 

The distance between each pair of Co(II) ions within the polymeric chains is 8.911 Å. 
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Table 3  Crystal data and structure refinement for [Co(μ-suc)(py)2(H2O)2]n (1)      

___________________________________________________________________________________

Formula                                                       [Co(μ-C4H4O4)(C5H5N)2(H2O)2]n 

Empirical formula          C14 H18 Co N2 O6 

Formula weight          369.23 

Temperature          273(2) K 

Wavelength          0.71073 Å  

Radiation type                                             Fine-focus sealed tube 

Radiation source                                         Mo Kα 

Crystal system           Orthorhombic 

Space group           Pbca 

Unit cell dimensions          a = 11.8752(3)Å       

          b = 8.9110(2) Å        

          c = 15.0091(5) Å      

Volume          1588.26(8) Å3  

Z           4 

Density (calculated)           1.544 Mg/m3 

Absorption coefficient           1.112 mm-1 

F(000)           764 

Crystal size                                                    0.08 x 0.08 x 0.04 mm  

2θ range for data collection            3.16 to 27.48°  

No. of reflections collected            13604 

No. of independent reflections            1822 [Rint = 0.0324] 

No. of reflecttions (I) > 2σ(I), n                    1553 

No. of parameter, p                                        142 

Absorption correction                                    No 

Refinement method            Full-matrix least-squares on  F2  

Goodness-of-fit on F2            S = 1.145 

Final R1 = Σ||F0| - |Fc|| / Σ|F0|            0.0461 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.1329 

_____________________________________________________________________ 



 

55

Table 4  Bond lengths for [Co(μ-suc)(py)2(H2O)2]n  (1)      

 

distance Value, Å distance Value, Å 

Co(1)-O(1)#1 

Co(1)-O(3) 

Co(1)-N(1) 

O(1)-C(6) 

N(1)-C(1) 

C(3)-C(4) 

C(6)-C(7) 

C(1)-C(2) 

2.0627(17) 

2.1031(18) 

2.1797(19) 

1.260(3) 

1.335(3) 

1.380(4) 

1.541(4) 

1.396(4) 

Co(1)-O(1) 

Co(1)-O(3)#1 

Co(1)-N(1)#1 

O(2)-C(6) 

N(1)-C(5) 

C(3)-C(2) 

C(5)-C(4) 

C(7)-C(7)#2 

2.0627(17) 

2.1031(18) 

2.1797(19) 

1.258(3) 

1.345(3) 

1.383(4) 

1.383(4) 

1.547(8) 
  

Table 5  Bond angles for [Co(μ-suc)(py)2(H2O)2]n  (1)      
 

angle Value, Å angle Value, Å 

O(1)#1-Co(1)-O(1)  

O(1)-Co(1)-O(3)  

O(1)-Co(1)-O(3)#1 

O(1)#1-Co(1)-N(1) 

O(3)-Co(1)-N(1) 

O(1)#1-Co(1)-N(1)#1 

O(3)-Co(1)-N(1)#1 

N(1)-Co(1)-N(1)#1 

C(1)-N(1)-C(5) 

C(5)-N(1)-Co(1) 

O(2)-C(6)-O(1) 

O(1)-C(6)-C(7) 

C(3)-C(4)-C(5) 

C(3)-C(2)-C(1) 

180.00(10) 

89.18(6) 

90.82(6) 

91.10(7) 

91.38(7) 

88.90(7) 

88.62(7) 

180.00(5) 

117.6(2) 

120.56(17) 

125.2(2) 

115.8(2) 

118.9(3) 

118.7(3) 

O(1)#1-Co(1)-O(3) 

O(1)#1-Co(1)-O(3)#1 

O(3)-Co(1)-O(3)#1 

O(1)-Co(1)-N(1) 

O(3)#1-Co(1)-N(1) 

O(1)-Co(1)-N(1)#1 

O(3)#1-Co(1)-N(1)#1 

C(6)-O(1)-Co(1) 

C(1)-N(1)-Co(1) 

C(4)-C(3)-C(2) 

O(2)-C(6)-C(7) 

N(1)-C(5)-C(4) 

N(1)-C(1)-C(2) 

C(6)-C(7)-C(7)#2 

89.18(6) 

89.18(6) 

180.0 

88.90(7) 

88.62(7) 

91.10(7) 

91.38(7) 

132.39(16) 

121.85(17) 

118.8(3) 

118.5(2) 

123.1(3) 

122.8(3) 

111.4(3) 

 
 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y,-z+1    #2 -x+1,-y+1,-z+1  
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Each cobalt atom is coordinated to two carboxylate oxygen atoms from two succinate 

ligands, two oxygen atoms from two coordinated water molecules and two nitrogen 

atoms from two pyridine molecules. All similar ligands are in trans positions resulting 

in a center of symmetry at the cobalt atom (Figure 48). The coordination environment 

around each cobalt may be described as distorted octahedron. The coordination mode 

for each bridging succinate ligand is bis-monodentate bridging mode. The aliphatic 

CH2 chains of the succinate ligands are in fully extended conformations with the 

torsion angles C6-C7-C7′-C6′ of 180°. Consequently, the aliphatic carbon backbone in 

each succinate ion exists in anti conformation. 

 

 The average Co-O(carboxylate) bond distance (2.063(2) Å) is similar to those in 

the other octahedral carboxylate bridged cobalt(II) complexes (Kumagai et al, 2002, 

Zhang et al, 2005, Pruchnik, et al, 2006, Zhang, et al, 2009) but is larger than that 

found in the tetrahedral complex [Co(O2C(CH2)3CO2)4] (average 1.980(3) Å) (Lee et 

al, 2002). The bond lengths between cobalt and aqua oxygen atoms (2.103(2) Å) 

(Table 4) is slightly shorter than those observed in the complexes with bridged 

dicarboxylate (2.133(2) Å) (Zhang et al, 2005 and Pruchnik et al, 2006). The Co-O 

(aqua) bonds are longer than the Co-O (carboxylate) bonds. All bond lengths and bond 

angles are in the usual ranges. 

 

 The packing of complex 1 along a-,b- and c-axis are show in Figure 49. The 

intrachain hydrogen bonds are observed between the coordinated water and the 

uncoordinated carboxylate oxygen atom within the 1-D chain. This coordinated water 

also forms interchain hydrogen bonds with the uncoordinated carboxylate oxygen 

atoms in the adjacent chain resulting in an extended two dimensional structure (Figure 

47 and Table 6). The pyridine ring along 1-D chain form partial edge-to-face π-π 

interactions with pyridine ring in the adjacent chains with approximate interplanar 

distances of about 3.806 Å (Figure 50). 
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Figure 47  Packing view along c-axis of [Co(μ-suc)(py)2(H2O)2]n (1) showing  

                  hydrogen bonding between adjacent polymeric chain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 48  An ORTEP view of [Co(μ-suc)(py)2(H2O)2]n (1) showing the atoms  

                  numbering scheme. H atoms are omitted for clarity. 
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Figure 49  The packing view of [Co(μ-suc)(py)2(H2O)2]n (1) (a) along a-axis  

                  (b) along b-axis an and (c) along c-axis.       

 

(a) 

(b) 

(c) 
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Table 6  Hydrogen bond geometry (Å, °) of [Co(μ-suc)(py)2(H2O)2]n  (1) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A 

O3-HwA⋅⋅⋅O2i 

O3-HwB⋅⋅⋅O2ii 

0.914 

0.755 

1.791 

1.940 

2.691 

2.692 

167.49 

172.93 

 

Symmetry codes: (i) -x+1,-y,-z+1 (ii) x-1/2,-y+1/2,-z+1       

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 50  The partial edge-to-face π-π interaction of [Co(μ-suc)(py)2(H2O)2]n (1). 

 

 1.1.2  {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O} n (2) 

 

                 Complex 2 crystallizes in monoclinic system with cell 

dimensions: a = 8.1162(2) Å, b = 11.4395(6) Å, c = 16.8733(4) Å, β=94.120(2)°. 

Systematic absences of l odd for h0l (-23 ≤ l ≤ 7), l odd for 00l (-23 ≤ l ≤ -13) indicate 

the space group Pc. From 4967 reflections collected, which included all duplicate and 

equivalent reflections, 4110 independent reflections were obtained. Of those, 2921 

reflections whose intensities were greater than 2σ(I) were used in the structural 

solution and least-square refinements. All hydrogen atoms were located in a different 
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Fourier map and refined isotropically. The final least-square refinement gave R1 to 

0.0313 and wR2 to 0.0836. The goodness-of-fit on F2 (S) was 1.031. Crystal data and 

structure refinement result are listed in Table 7. The atomic position (x, y, z) with 

equivalent isotropic thermal parameters (Ueq) and and the anisotropic thermal 

parameter (Uij) are shown in Appendix B and C. Bond lengths and bond angles are 

summarized in Table 8 and 9, respectively. 

 

 Complex 2 and {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (7) are isomorphous 

and crystallize in monoclinic system with space group Pc. The crystal structure of 

complex 2 consists of Co(II) ions linked through succinate ligand to created a one-

dimensional helical chain along b axis (Figure 52). The distance between each pair of 

Co(II) atoms is 7.967Å. Each Co(II) ion is distorted octahedral coordinated with two 

nitrogen atoms of one molecule of 2,2′-bipyridine ligand, two oxygen atoms from two 

aqua ligands and two oxygen atoms from two carboxylate groups of two succinate 

ligands (Figure 51). For 2,2′-bipyridine, two nitrogen donors are forced to be in cis-

position. Consequently, all similar ligands are in cis positions. The succinate ligand 

adopts a bis-monodentate bridging coordination mode which is similar to [Co(μ-

suc)(py)2(H2O)2]n. The torsion angles of aliphatic CH2 chain in succinate ligands are 

77.1° for C21-C22-C23-C24 and 75.9° for C25-C26-C27-C28 resulting in syn 

conformation. The other two carboxylate oxygen atoms remain non-coordinated and 

are available for hydrogen bonding. The bond lengths between cobalt and aqua oxygen 

(Co1-O2 = 2.155(9) Å and Co2-O4 = 2.143(7) Å) or carboxylate oxygen (Co1-O9 = 

2.122(8) Å and Co2-O7 = 2.111(8) Å) which are in trans-position are longer than 

those in cis-position (Co1-O1 = 2.077(11) Å, Co2-O3 = 2.073(11) Å, Co1-O5 = 

2.074(8) Å and Co2-O11= 2.078(9) Å). 

 

The hydrogen bonds between the coordinated waters, the uncoordinated 

carboxylate oxygen atoms of succinate ligands and waters of crystallization are 

observed (Table 10). The coordinated waters form both intrachain hydrogen bonds 

with the uncoordinated carboxylate group of succinate ligands within the chain and 

interchain hydrogen bonds with those in the other chains. The waters of crystallization  
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Table 7  Crystal data and structure refinement  for {[Co2(μ-suc)2(2,2′-bipy)2 

              (H2O)2].2H2O}n (2) 

__________________________________________________________________________________ 
 Formula                                                   {[Co2(μ-C4H4O4)2(C10H8N2)2(H2O)2].2H2O}n 

Empirical formula  C28 H32 Co2 N4 O14 

Formula weight  766.44 

Temperature  293(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic  

Space group  Pc 

Unit cell dimensions a = 8.1162(2) Å  

 b = 11.4395(6) Å  

 c = 16.8733(4) Å 

 β = 94.120(2)° 

Volume 1562.56(10) Å3  

Z 2 

Density (calculated) 1.629 Mg/m3 

Absorption coefficient 1.139 mm-1 

F(000) 788   

2θ range for data collection 2.52 to 32.77°  

No. of reflections collected 4967 

No. of independent reflections 4110 [Rint = 0.0223] 

No. of reflecttions (I) > 2σ(I), n                    2921 

No. of parameter, p                                        503 

Absorption correction                                    No 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 1.032 

Final R1 = Σ||F0| - |Fc|| / Σ|F0|                                   0.0313 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.0836 
_____________________________________________________________________ 
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Table 8  Bond lengths for {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) 

 

distance Value, Å distance Value, Å 

Co(1)-O(1) 

Co(1)-O(9) 

Co(1)-N(1) 

Co(2)-O(3) 

Co(2)-O(7) 

Co(2)-N(4)  

N(1)-C(1) 

C(10)-N(2) 

C(15)-N(3) 

N(4)-C(20) 

O(7)-C(27) 

O(11)-C(24) 

O(12)-C(24) 

O(10)-C(21)  

C(2)-C(1) 

C(4)-C(3) 

C(6)-C(5) 

C(7)-C(8) 

 C(10)-C(9)  

C(12)-C(13) 

C(15)-C(14) 

C(16)-C(17) 

C(19)-C(18)  

C(22)-C(21) 

C(24)-C(23)  

C(26)-C(25)#2 

C(28)-C(27) 

2.077(11) 

2.122(8) 

2.138(10) 

2.073(11) 

2.111(8) 

2.127(8) 

1.323(19) 

1.355(19) 

1.342(16) 

1.325(19) 

1.269(18) 

1.283(19) 

1.222(16) 

1.29(2) 

1.368(19) 

1.30(2) 

1.492(19) 

1.38(2) 

1.34(2)  

1.365(19) 

 1.38(2)  

1.412(15)  

1.36(2)  

1.536(16) 

1.496(16)  

1.543(19)  

1.529(16) 

Co(1)-O(5) 

Co(1)-O(2) 

Co(1)-N(2) 

Co(2)-O(11) 

Co(2)-O(4) 

Co(2)-N(3) 

N(1)-C(5) 

C(6)-N(2) 

C(11)-N(3) 

N(4)-C(16) 

O(9)-C(21) 

O(5)-C(25) 

O(6)-C(25) 

O(8)-C(27) 

C(2)-C(3) 

C(4)-C(5) 

C(6)-C(7) 

C(9)-C(8) 

C(11)-C(12) 

C(14)-C(13) 

C(15)-C(16) 

C(17)-C(18) 

C(19)-C(20) 

C(22)-C(23) 

C(25)-C(26)#1  

C(28)-C(26) 

2.074(8) 

2.155(9) 

2.088(12) 

2.078(9) 

2.143(7) 

2.151(13) 

1.352(17) 

1.356(15) 

1.339(17) 

1.352(18) 

1.22(2) 

1.232(19) 

1.290(17) 

1.231(18) 

1.39(2) 

1.408(17) 

1.411(18) 

1.408(19) 

1.41(2) 

1.40(2) 

1.48(2) 

1.45(2) 

1.407(17) 

1.52(2) 

1.543(19) 

1.53(2) 
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Table 9  Bond angles for {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) 

 

angle Value, ° angle Value, ° 

O(2)-Co(1)-O(4) 

O(4)-Co(1)-N(2) 

O(4)-Co(1)-O(3) 

O(2)-Co(1)-N(1) 

N(2)-Co(1)-N(1) 

O(2)-Co(1)-O(1) 

N(2)-Co(1)-O(1) 

N(1)-Co(1)-O(1) 

O(7)-Co(2)-O(8) 

O(7)-Co(2)-N(3) 

O(8)-Co(2)-N(3) 

O(5)-Co(2)-O(6) 

N(3)-Co(2)-O(6) 

O(5)-Co(2)-N(4) 

N(3)-Co(2)-N(4) 

C(21)-O(3)-Co(1) 

C(20)-N(4)-C(16) 

C(16)-N(4)-Co(2) 

C(6)-N(2)-C(10) 

C(10)-N(2)-Co(1) 

N(1)-C(5)-C(4) 

C(4)-C(5)-C(6) 

C(14)-C(15)-C(16) 

N(3)-C(11)-C(12) 

O(7)-C(24)-C(23) 

C(5)-N(1)-C(1) 

C(1)-N(1)-Co(1) 

O(1)-Co(1)-O(2) 

89.8(3) 

171.9(4) 

89.8(3) 

174.5(4) 

77.0(4) 

92.3(3) 

85.6(3) 

90.0(4) 

89.5(3) 

95.3(3) 

88.4(3) 

93.4(3) 

89.0(4) 

98.7(4) 

77.6(4) 

128.8(7) 

122.5(10) 

113.0(8) 

115.9(9) 

127.3(8) 

122.3(12) 

121.9(10) 

124.0(9) 

124.5(11) 

119.1(10) 

119.7(11) 

123.8(7) 

92.4(4) 

O(2)-Co(1)-N(2) 

O(2)-Co(1)-O(3) 

N(2)-Co(1)-O(3) 

O(4)-Co(1)-N(1) 

O(3)-Co(1)-N(1) 

O(4)-Co(1)-O(1) 

O(3)-Co(1)-O(1) 

O(7)-Co(2)-O(5) 

O(5)-Co(2)-O(8) 

O(5)-Co(2)-N(3) 

O(7)-Co(2)-O(6) 

O(8)-Co(2)-O(6) 

O(7)-Co(2)-N(4) 

O(8)-Co(2)-N(4) 

O(6)-Co(2)-N(4) 

C(27)-O(8)-Co(2) 

C(20)-N(4)-Co(2) 

C(24)-O(7)-Co(2) 

C(6)-N(2)-Co(1) 

C(25)-O(4)-Co(1) 

N(1)-C(5)-C(6) 

C(14)-C(15)-N(3) 

N(3)-C(15)-C(16) 

O(7)-C(24)-O(10) 

O(10)-C(24)-C(23) 

C(5)-N(1)-Co(1) 

O(11)-C(25)-O(4) 

O(5)-Co(1)-O(1) 

98.2(4) 

89.5(4) 

91.3(3) 

95.1(3) 

87.9(4) 

93.0(3) 

176.6(3) 

88.4(4) 

89.1(4) 

175.6(4) 

92.2(3) 

177.0(3) 

172.8(4) 

91.3(3) 

86.6(3) 

130.8(7) 

124.3(9) 

126.3(7) 

116.8(8) 

125.3(7) 

115.7(11) 

121.5(11) 

114.5(10) 

124.3(9) 

116.6(11) 

116.4(9) 

125.0(9) 

88.6(4) 
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Table 9  (Continued) 
 

angle Value, ° angle Value, ° 

O(5)-Co(1)-O(2) 

O(1)-Co(1)-O(9) 

N(1)-Co(1)-O(2) 

O(1)-Co(1)-N(1) 

N(2)-Co(1)-O(1) 

O(5)-Co(1)-N(2) 

N(2)-Co(1)-N(1) 

O(3)-Co(2)-O(11) 

O(11)-Co(2)-O(4) 

O(11)-Co(2)-O(7) 

O(4)-Co(2)-N(3) 

O(11)-Co(2)-N(3) 

O(7)-Co(2)-N(4) 

O(11)-Co(2)-N(4) 

C(1)-N(1)-Co(1) 

C(10)-N(2)-Co(1) 

C(21)-O(9)-Co(1) 

C(15)-N(3)-Co(2) 

C(20)-N(4)-Co(2) 

C(27)-O(7)-Co(2) 

C(1)-N(1)-C(5) 

C(15)-N(3)-C(11) 

N(1)-C(5)-C(4) 

N(1)-C(1)-C(2) 

N(2)-C(10)-C(9) 

N(3)-C(15)-C(14) 

C(12)-C(11)-N(3) 

O(12)-C(24)-O(11) 

93.4(3) 

89.6(4) 

85.9(3) 

98.5(4) 

174.8(4) 

95.6(4) 

77.3(4) 

89.6(4) 

91.8(3) 

89.8(3) 

88.8(4) 

94.9(4) 

91.6(3) 

172.2(5) 

126.2(9) 

128.1(8) 

129.1(9) 

114.7(9) 

126.1(9) 

130.8(8) 

118.9(11) 

121.7(12) 

118.7(13) 

121.8(15) 

127.5(12) 

120.4(13) 

119.5(11) 

122.6(11) 

O(9)-Co(1)-O(2) 

O(5)-Co(1)-O(9) 

O(5)-Co(1)-N(1) 

O(9)-Co(1)-N(1) 

N(2)-Co(1)-O(2) 

N(2)-Co(1)-O(9) 

O(3)-Co(2)-O(4) 

O(3)-Co(2)-O(7) 

O(7)-Co(2)-O(4) 

O(3)-Co(2)-N(3) 

O(7)-Co(2)-N(3) 

O(3)-Co(2)-N(4) 

N(4)-Co(2)-O(4) 

N(4)-Co(2)-N(3) 

C(5)-N(1)-Co(1) 

C(6)-N(2)-Co(1) 

C(25)-O(5)-Co(1) 

C(11)-N(3)-Co(2) 

C(16)-N(4)-Co(2) 

C(24)-O(11)-Co(2) 

C(10)-N(2)-C(6) 

C(20)-N(4)-C(16) 

N(1)-C(5)-C(6) 

N(2)-C(6)-C(5) 

N(2)-C(6)-C(7) 

N(3)-C(15)-C(16) 

N(4)-C(16)-C(17) 

O(5)-C(25)-O(6) 

176.4(3) 

89.6(3) 

172.9(4) 

90.8(3) 

90.3(4) 

87.4(4) 

92.9(4) 

89.2(4) 

177.3(3) 

175.1(4) 

89.0(4) 

98.1(4) 

86.5(3) 

77.5(4) 

114.6(9) 

117.8(9) 

124.8(8) 

123.6(8) 

115.2(9) 

127.0(9) 

114.1(12) 

118.7(10) 

116.4(10) 

113.7(12) 

123.8(12) 

116.4(13) 

123.2(13) 

126.4(11) 
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Table 9  (Continued) 

    

angle Value, ° angle Value, ° 

O(9)-C(21)-O(10) 

O(5)-C(25)-C(26)#1 

O(7)-C(27)-C(28) 

O(9)-C(21)-C(22) 

O(11)-C(24)-C(23) 

C(3)-C(2)-C(1) 

C(4)-C(5)-C(6) 

C(6)-C(7)-C(8) 

C(8)-C(9)-C(10) 

C(11)-C(12)-C(13) 

C(14)-C(15)-C(16) 

C(17)-C(16)-C(15) 

C(18)-C(19)-C(20) 

C(23)-C(22)-C(21) 

C(26)-C(28)-C(27) 

N(4)-C(16)-C(15) 

126.2(13) 

118.0(12) 

115.8(12) 

117.0(13) 

118.5(12) 

120.6(15) 

124.8(13) 

118.2(11) 

117.1(13) 

120.0(14) 

123.1(12) 

120.5(13) 

116.1(14) 

114.5(11) 

113.8(12) 

116.3(10) 

O(8)-C(27)-O(7) 

O(6)-C(25)-C(26)#1 

O(8)-C(27)-C(28) 

O(10)-C(21)-C(22) 

O(12)-C(24)-C(23) 

C(3)-C(4)-C(5) 

C(7)-C(6)-C(5) 

C(4)-C(3)-C(2) 

C(9)-C(8)-C(7) 

C(14)-C(13)-C(12) 

C(13)-C(14)-C(15) 

C(16)-C(17)-C(18) 

C(19)-C(18)-C(17) 

C(24)-C(23)-C(22) 

C(28)-C(26)-C(25)#2 

N(4)-C(20)-C(19) 

125.0(12) 

115.5(13) 

119.1(15) 

116.8(15) 

118.8(13) 

123.3(14) 

122.5(10) 

116.5(13) 

119.1(14) 

118.7(13) 

119.7(12) 

114.6(13) 

122.7(12) 

112.0(11) 

110.4(12) 

124.6(13) 

  

Symmetry transformations used to generate equivalent atoms:  

#1 x,y-1,z    #2 x,y+1,z       

 

form hydrogen bonds with coordinated waters and uncoordinated carboxylate oxygen 

of succinate ligands in adjacent helical chains. Thus, an extened two-dimensional 

hydrogen-bonded structure was formed (Figure 53). The crystal structure is also 

stabilized by partial face-to-face π-π stacking of 2,2′-bipyridine ligands between 

adjacent helical chains. The interplanar distances between parallel pyridines are 

approximately 3.332 – 3.369 Å (Figure 54). Each helical chain has stacking interaction 

with two adjacent chains arranged on both sides. So the π-π stacking of 2,2′-bipyridine 

in the adjacent 2-D layers resulting in extended 3-dimensional structure in (Figure 55).  
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Figure 51  An ORTEP view of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2)  

                  showing the numbering scheme. H atoms have been omitted for clarity. 

 

 

 

 

 

 

Figure 52  Perspective view of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2)   

                   polymeric chain parallel b-axis. 

 

 

 

 

 

 

 
 

 

Figure 53  Perspective view of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) along c-  

                   axis showing 2D hydrogen bonding sheet. 
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Figure 54  The partial face-to-face π-π stacking of 2,2′-bipyridine ligands between  

                   adjacent helical chains of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) 
  

Table 10  Hydrogen bond geometry of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) 

 

D-H⋅⋅⋅A D-H (Å) H⋅⋅⋅A(Å) D⋅⋅⋅A(Å) D-H⋅⋅⋅A(°) Symmetry code 

O1-H33⋅⋅⋅O10 0.911 1.861 2.628 140.43  

O1-H34⋅⋅⋅O12 0.821 2.108 2.697 128.58 x-1, y, z 

O2-H36⋅⋅⋅O13 1.305 1.627 2.699 133.63  

O2-H35⋅⋅⋅O6 0.775 1.867 2.634 169.60  

O3-H38⋅⋅⋅O6 1.151 1.635 2.641 142.23 x+1, y+1, z 

O3-H37⋅⋅⋅O8 1.140 1.702 2.654 137.16  

O4-H40⋅⋅⋅O14 0.800 1.977 2.753 163.30  

O13-H30⋅⋅⋅O8 1.124 1.835 2.877 152.18 x-1, y-1, z 

O13-H29⋅⋅⋅O9 0.776 2.208 2.865 142.88 x-1, y, z 

O14-H31⋅⋅⋅O10 0.690 2.269 2.930 161.07 x+1, y, z 

O14-H32⋅⋅⋅O7 0.988 1.952 2.873 154.07 x+1, y, z 
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Figure 55  The packing view of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (2) (a)  

                  along  a-axis (b)  along b-axis an (c) along c-axis.     

(a) 

(b) 

(c) 
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 1.1.3  {[Co2(μ-glu)2(μ-OH2)(py)4] (py)}n (3) 

 

                Complex 3 crystallizes in monoclinic system with cell 

dimensions: a = 14.6409(4) Å, b = 15.3249(5) Å, c = 15.9885(4) Å, β=90.165(2) °. 

Systematic absences of l odd for h0l (-19 ≤ l ≤ 19), l odd for 00l (-19 ≤ l ≤ 19) and h+k 

odd for hkl indicate the space group Cc. From 18919 reflections collected, which 

included all duplicate and equivalent reflections, 7630 independent reflections were 

obtained. Of those, 6678 reflections whose intensities were greater than 2σ(I) were 

used in the structural solution and least-square refinements. All hydrogen atoms were 

located in a different Fourier map and refined isotropically except some of hydrogen  

atoms of pyridine rings were placed in the calculated position with C-H = 0.96 Å and 

included in the final cycles of refinement in a riding model, Uiso(H) = 1.18 Ueq(H). The 

final least-square refinement gave R1 to 0.0322 and wR2 to 0.0728. The goodness-of-

fit on F2 (S) was 1.045. Crystal data and structure refinement results are listed in Table 

11. The atomic position (x, y, z) with equivalent isotropic thermal parameters (Ueq) 

and the anisotropic thermal parameter (Uij) are shown in Appendix B and C. Bond 

lengths and bond angles are summarized in Table 12 and 13, respectively. 

 

  The crystal structure of this complex (3) consists of a polymeric chain of 

dinuclear cobalt(II) moieties (Figure 56). In the dinuclear moiety, two cobalt(II) ions 

are linked through a bridging water and two carboxylate groups from two glutarate 

ligands. The dinuclear moieties form polymeric chain through the bridging of glutarate 

ligand along c axis. 

 

In this study it was found that for every glutarate ligand, the carboxylate group 

at one end displays monodentate coordination mode while the other end displays 

bidentate mode. The former bridges between Co(II) ions from two adjacent dinuclear 

moieties forming a sixteen-membered ring. The latter bridges between Co(II) ions 

within a dinuclear moiety forming an eight-membered ring. They may be named as 

interbinuclear bridging and intrabinuclear bridging, respectively. This type of 

coordination mode is called monodentate-bidentate bridging as shown in Scheme G. 

The octahedron around each cobalt is completed by one oxygen atom from the  
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Table 11  Crystal data and structure refinement  for {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n     

_________________________________________________________________________________ 

Formula                                                {[Co2(μ-C5H6O4)2(μ-OH2)(C5H5N)4](C5H5N)}n 

Empirical formula  C35 H39 Co2 N5 O9 

Formula weight  791.57 

Temperature  273(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 14.6409(4) Å               

 b = 15.3249(5) Å          

 c = 15.9885(4) Å    

                                                                      β = 96.165(2)°        

Volume 3566.60(18) Å3  

Z 4 

Density (calculated) 1.474 Mg/m3 

Absorption coefficient 0.991 mm-1 

F(000) 1640 

Crystal size 0.16 x 0.12 x 0.05 mm 

2θ range for data collection 2.95 to 27.49°  

No. of reflections collected 18919 

No. of independent reflections 7630 [Rint = 0.0317] 

No. of reflecttions (I) > 2σ(I), n                    6678 

No. of parameter, p                                        567 

Absorption correction                                    None 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 1.045 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0322 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.0728 
____________________________________________________________________ 
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Table 12  Bond lengths for {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 

 

distance Value, Å distance Value, Å 

Co(1)-O(3) 

Co(1)-O(1) 

Co(1)-O(9) 

Co(2)-O(8) 

Co(2)-O(5) 

Co(2)-N(3) 

N(1)-C(1) 

N(2)-C(6) 

N(3)-C(15) 

N(4)-C(20) 

N(5)-C(35) 

O(1)-C(21) 

O(3)-C(25) 

O(5)-C(26) 

O(7)-C(30) 

C(1)-C(2) 

C(3)-C(4) 

C(6)-C(7) 

C(8)-C(9) 

C(11)-C(12) 

C(13)-C(14) 

C(16)-C(17) 

C(18)-C(19) 

C(21)-C(22) 

C(23)-C(24) 

C(25)-C(24)#2 

C(27)-C(28) 

C(29)-C(30)#2 

2.050(5) 

2.102(5) 

2.152(5) 

2.066(5) 

2.092(5) 

2.160(6) 

1.315(10) 

1.321(11) 

1.308(9) 

1.305(10) 

1.280(17) 

1.253(8) 

1.268(8) 

1.271(8) 

1.269(9) 

1.393(10) 

1.415(11) 

1.355(13) 

1.356(15) 

1.375(11) 

1.332(11) 

1.420(11) 

1.379(16) 

1.548(9) 

1.520(9) 

1.554(8) 

1.566(9) 

1.495(10) 

Co(1)-O(7) 

Co(1)-N(1) 

Co(1)-N(2) 

Co(2)-O(4) 

Co(2)-O(9) 

Co(2)-N(4) 

N(1)-C(5) 

N(2)-C(10) 

N(3)-C(11) 

N(4)-C(16) 

N(5)-C(31) 

O(2)-C(21) 

O(4)-C(25) 

O(6)-C(26) 

O(8)-C(30) 

C(2)-C(3) 

C(4)-C(5) 

C(7)-C(8) 

C(9)-C(10) 

C(12)-C(13) 

C(14)-C(15) 

C(17)-C(18) 

C(19)-C(20) 

C(22)-C(23) 

C(24)-C(25)#1 

C(26)-C(27) 

C(28)-C(29) 

C(30)-C(29)#1 

2.081(5) 

2.140(6) 

2.193(6) 

2.077(5) 

2.118(5) 

2.182(6) 

1.373(9) 

1.364(10) 

1.362(8) 

1.376(10)  

1.34(3) 

1.235(8) 

1.241(9) 

1.275(8) 

1.247(9) 

1.347(12) 

1.360(10) 

1.388(16) 

1.330(11) 

1.399(11) 

1.410(9) 

1.335(16) 

1.432(10) 

1.494(9) 

1.555(8) 

1.481(9) 

1.529(9) 

1.495(10) 
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Table 12  (Continued) 
 

distance Value, Å distance Value, Å 

C(31)-C(32) 

C(33)-C(34) 

1.40(2) 

1.433(18) 

C(32)-C(33) 

C(34)-C(35) 

1.38(2) 

1.322(17) 
 

Symmetry transformations used to generate equivalent atoms:  

#1 x,-y,z+1/2    #2 x,-y,z-1/2       

  

Table 13  Bond angles for {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 

 

angle Value, ° angle Value, ° 

O(3)-Co(1)-O(7) 

O(7)-Co(1)-O(1) 

O(7)-Co(1)-N(1) 

O(3)-Co(1)-O(9) 

O(1)-Co(1)-O(9) 

O(3)-Co(1)-N(2) 

O(1)-Co(1)-N(2) 

O(9)-Co(1)-N(2) 

O(8)-Co(2)-O(5) 

O(8)-Co(2)-O(9) 

O(5)-Co(2)-O(9) 

O(4)-Co(2)-N(3) 

O(9)-Co(2)-N(3) 

O(4)-Co(2)-N(4) 

O(9)-Co(2)-N(4) 

C(1)-N(1)-C(5) 

C(15)-N(3)-C(11) 

C(35)-N(5)-C(31) 

C(3)-C(2)-C(1)  

93.9(2) 

87.3(2) 

88.3(2) 

90.4(2) 

91.1(2) 

89.4(2) 

89.3(2) 

90.4(2) 

177.9(2) 

90.6(2) 

90.3(2) 

89.1(2) 

176.8(2) 

175.2(2) 

89.9(2) 

117.5(6) 

117.5(6) 

114.9(12) 

120.3(7) 

O(3)-Co(1)-O(1) 

O(3)-Co(1)-N(1) 

O(1)-Co(1)-N(1) 

O(7)-Co(1)-O(9) 

N(1)-Co(1)-O(9) 

O(7)-Co(1)-N(2) 

N(1)-Co(1)-N(2) 

O(8)-Co(2)-O(4) 

O(4)-Co(2)-O(5) 

O(4)-Co(2)-O(9) 

O(8)-Co(2)-N(3) 

O(5)-Co(2)-N(3) 

O(8)-Co(2)-N(4) 

O(5)-Co(2)-N(4) 

N(3)-Co(2)-N(4) 

C(6)-N(2)-C(10) 

C(20)-N(4)-C(16) 

N(1)-C(1)-C(2) 

C(2)-C(3)-C(4) 

178.0(2) 

89.7(2) 

88.7(2) 

93.9(2) 

177.7(2) 

174.6(2) 

87.4(2) 

93.5(2) 

88.4(2) 

94.10(19) 

89.6(2) 

89.4(2) 

89.0(2) 

89.0(2) 

86.9(2) 

114.4(7) 

120.0(7) 

122.6(7) 

118.2(7) 
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Table 13  (Continued) 

 

angle Value, ° angle Value, ° 

C(5)-C(4)-C(3) 

N(2)-C(6)-C(7) 

C(9)-C(8)-C(7) 

C(9)-C(10)-N(2) 

C(11)-C(12)-C(13) 

C(13)-C(14)-C(15) 

N(4)-C(16)-C(17) 

C(17)-C(18)-C(19) 

N(4)-C(20)-C(19) 

O(2)-C(21)-C(22) 

C(23)-C(22)-C(21) 

C(23)-C(24)-C(25)#1 

O(4)-C(25)-C(24)#2 

O(5)-C(26)-O(6) 

O(6)-C(26)-C(27) 

C(29)-C(28)-C(27) 

O(8)-C(30)-O(7) 

O(7)-C(30)-C(29)#1 

C(33)-C(32)-C(31) 

C(35)-C(34)-C(33) 

118.5(6) 

125.1(10) 

118.5(8) 

124.9(9) 

118.3(7) 

120.1(7) 

119.4(9) 

119.5(7) 

121.4(8) 

117.9(6) 

115.7(6) 

118.5(5) 

116.5(6) 

121.8(6) 

119.5(6) 

116.4(6) 

125.6(6) 

114.8(6) 

115.8(17) 

117.5(10) 

C(4)-C(5)-N(1) 

C(6)-C(7)-C(8) 

C(10)-C(9)-C(8) 

N(3)-C(11)-C(12) 

C(14)-C(13)-C(12) 

N(3)-C(15)-C(14) 

C(18)-C(17)-C(16) 

C(18)-C(19)-C(20) 

O(2)-C(21)-O(1) 

O(1)-C(21)-C(22) 

C(22)-C(23)-C(24) 

O(4)-C(25)-O(3) 

O(3)-C(25)-C(24)#2 

O(5)-C(26)-C(27) 

C(26)-C(27)-C(28) 

C(30)#2-C(29)-C(28) 

O(8)-C(30)-C(29)#1 

N(5)-C(31)-C(32) 

C(32)-C(33)-C(34) 

N(5)-C(35)-C(34) 

122.8(7) 

118.0(10) 

119.1(9) 

122.9(7) 

118.8(6) 

122.4(7) 

120.8(9) 

118.8(9) 

127.4(6) 

114.7(6) 

116.6(5) 

127.5(6) 

116.0(6) 

118.7(6) 

116.5(6) 

116.3(6) 

119.7(6) 

125.4(16) 

118.2(13) 

127.9(15) 

 

Symmetry transformations used to generate equivalent atoms:  

#1 x,-y,z+1/2    #2 x,-y,z-1/2        

 

bridging aqua ligand, two nitrogen atoms from two pyridine ligands in cis position, 

two oxygen atoms from bidentate carboxylate group of two glutarate ligands and one 

oxygen from monodentate carboxylate group from another glutarate ligand (Figure 

57). The distance between two Co(II) ions in a dinuclear moiety is 3.591 Å and that 

between Co(II) ions in two adjacent dinuclear moieties is 8.064 Å. The average  
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Figure 56  Perspective view of {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) along b-axis. 

 

Scheme G 

 

 

 

   

             monodentate                                      bidentate 

                   interbinuclear bridging                  intrabinuclear bridging 

 

dihedral angles of alkyl chains of glutarate ligands in this complex are observed to be 

64.8° indicating the gauche conformation (Lee et al, 2002 and Kim et al, 2005). The 

bond angles of alkyl chains in free glutaric acid vary with the conformation. For the     

gauce-form all angles are 115.0° and the anti-form are 115.0° and 109.0° (Figure 58). 

All bond angles of alkyl chains in this complex are in between 115.7–118.5° 

supporting the gauche conformation (Table 13). This complex is found to have 

cavities with incorporated pyridine molecules lying between the chains (Figure 59 and 

60). The incorporated pyridine are distorted as can be recognized from the large values 

of temperature factor (Figure 57 and Appenix B) 
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Figure 57  An ORTEP view of {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) showing the  

                  numbering scheme. H atoms have been omitted for clarity 

 

 

 

 

 

 

 

 

 

 

Figure 58  Two different conformations of glutarate alkyl chains with C-C-C bond  

                   angles in the (a) gauch-form and (b) anti-form. 
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Two strong intrachain hydrogen bonds with the O-O distances of 2.559 and 

2.570 Å are observed between the coordinated water and the uncoordinated 

carboxylate oxygen atoms (Table 14 and Figure 56). The crystal structure is further 

stabilized by partial face-to-face π-π stacking of pyridine ligands with approximately 

interplanar distances between parallel pyridine plane of 3.488 – 3.598 Å (Figure 59). 

The incorporated pyridine molecules also form weak edge-to-face π-π interactions 

with neighbor pyridine ligands with interplanar distance of 3.395 Å (Figure 59).  

 

Table 14  Hydrogen bond geometry (Å, °) {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A 

O9-H9A⋅⋅⋅O6 1.214 1.358 2.559 168.50 

O9-H9B⋅⋅⋅O2 0.638 1.943 2.570 167.12 

 

 

      

 
 
 
 
 
 
 
 

 

 

 

 

 

 

Figure 59  The partial face-to-face π-π stacking of pyridine ligands between  

                   adjacent chains and weak edge-to-face π-π interactions of incorporated  

                   pyridine molecules with pyridine ligands 
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Figure 60  The packing view of {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) (a) along  a- 

                  axis (b)  along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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  1.1.4  [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) 

 

                Complex 4 crystallizes in monoclinic system with cell 

dimensions: a = 10.6465(3) Å, b = 17.1962(5) Å, c = 16.1035(3) Å, β=102.986(2) °. 

Systematic absences of k odd for 0k0 (-21 ≤ k ≤ 15) indicate the space group P2(1)/n. 

From 30692 reflections collected, which included all duplicate and equivalent 

reflections, 6586 independent reflections were obtained. Of those, 5269 reflections 

whose intensities were greater than 2σ(I) were used in the structural solution and least-

square refinements. All hydrogen atoms were located in a different Fourier map and 

refined isotropically. The final least-square refinement gave R1 to 0.0524 and wR2 to 

0.0941. The goodness-of-fit on F2 (S) was 1.141. Crystal data and structure refinement 

results are listed in Table 15. The atomic position (x, y, z) with equivalent isotropic 

thermal parameters (Ueq) and the anisotropic thermal parameter (Uij) are shown in 

Appendix B and C. Selected bond lengths and bond angles are summarized in Table 

16 and 17, respectively. 

 

  Crystal structure of this complex (4) is similar to that of complex 3. It consists 

of polymeric chains of dinuclear cobalt(II) moieties (Figure 62). As shown in Figure 

61, the asymmetric unit of compound consists of two Co(II) ions bridged by one aqua 

ligand and two carboxylate groups of two glutarate ligands. The octahedral 

coordination around each Co(II) ion is completed by bipyridine ligand. The distance 

between Co⋅⋅⋅Co ions in dinuclear moieties is 3.562 Å. The dinuclear units link 

through glutarate ligand to create one-dimensional polymeric chain along b-axis 

(Figure 62). Every glutarate ligands displays similar coordination mode as in complex 

3 that is at one end displays monodentate interbinuclear bridging mode while at the 

other end displays a bidentate intrabinuclear bridging mode. The average dihedral 

angles of alkyl chains of glutarate ligands in this complex are 77.7° indicating the 

gauche conformation (Lee et al., 2002; Kim et al., 2005). All bond angles of alkyl 

chains in this complex are in between 113.9 – 115.4° supporting the gauche 

conformation (Table 17). No incorporated molecules are observed in this complex. 
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Table 15  Crystal data and structure refinement  for [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n 
_________________________________________________________________________________ 
Formula                                                         {[Co2(μ-C5H6O4)2(μ-OH2)(C10H8N2)2]}n 

Empirical formula  C30 H30 Co2 N4 O9 

Formula weight  708.44 

Temperature  273(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic 

Space group  P2(1)/n 

Unit cell dimensions a = 10.6465(3) Å               

 b = 17.1962(5) Å          

 c = 16.1035(3) Å 

                                                                      β = 102.986(2)° 

Volume 2872.82(13) Å3  

Z 4 

Density (calculated) 1.638 Mg/m3 

Absorption coefficient 1.219 mm-1 

F(000) 1456 

Crystal size                                                    0.09 x 0.07 x 0.07 mm   

2θ range for data collection 3.08 to 27.48°  

No. of reflections collected 30692 

No. of independent reflections 6586 [R(int) = 0.0553] 

No. of reflecttions (I) > 2σ(I), n                    5269 

No. of parameter, p                                        526 

Absorption correction                                    SADABS 2007/2 

Refinement method Full-matrix least-squares on F2  

Goodness-of-fit on F2 S = 1.141 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0524 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.0941 
_____________________________________________________________________ 
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Table 16  Bond lengths for [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n(4) 

   

angle Value, ° distance Value, ° 

Co(1)-N(1) 

Co(1)-O(1) 

Co(1)-O(8) 

Co(2)-N(3) 

Co(2)-O(4) 

Co(2)-O(7) 

O(1)-C(21) 

O(3)-C(25) 

O(5)-C(30) 

O(7)-C(26) 

N(1)-C(1) 

N(2)-C(10) 

N(3)-C(11) 

N(4)-C(16) 

C(1)-C(2) 

C(4)-C(3) 

C(6)-C(5) 

C(7)-C(8) 

C(9)-C(10) 

C(13)-C(12) 

C(15)-C(14) 

C(16)-C(17) 

C(19)-C(18) 

C(21)-C(22) 

C(23)-C(22)#1 

C(25)-C(24) 

C(27)-C(28)#2 

C(29)-C(28) 

2.163(3) 

2.138(2) 

2.071(2) 

2.146(3) 

2.074(2) 

2.084(2) 

1.266(4) 

1.257(4) 

1.264(4) 

1.264(4) 

1.343(4) 

1.335(4) 

1.339(5) 

1.352(5) 

1.381(5) 

1.381(5) 

1.482(5) 

1.375(5) 

1.377(5) 

1.385(6) 

1.396(5) 

1.394(5) 

1.373(7) 

1.524(5) 

1.531(5) 

1.519(4) 

1.542(5) 

1.527(5) 

Co(1)-N(2) 

Co(1)-O(3) 

Co(1)-O(9) 

Co(2)-N(4) 

Co(2)-O(5) 

Co(2)-O(9) 

O(2)-C(21) 

O(4)-C(25) 

O(6)-C(30) 

O(8)-C(26) 

N(1)-C(5) 

 N(2)-C(6) 

N(3)-C(15) 

N(4)-C(20) 

C(3)-C(2) 

C(5)-C(4) 

C(6)-C(7) 

C(9)-C(8) 

C(11)-C(12) 

C(13)-C(14) 

C(15)-C(16) 

C(17)-C(18) 

C(20)-C(19) 

C(22)-C(23)#2 

C(23)-C(24) 

C(26)-C(27) 

C(28)-C(27)#1 

C(29)-C(30) 

2.097(3) 

2.055(2) 

2.099(2) 

2.129(3) 

2.116(2) 

2.120(2) 

1.251(4) 

1.265(4) 

1.256(4) 

1.256(4) 

1.350(4) 

1.348(4) 

1.349(4) 

1.333(5) 

1.376(5) 

1.392(4) 

1.398(5) 

1.384(5) 

1.380(5) 

1.367(6) 

1.484(5) 

1.385(7) 

1.385(5) 

1.531(5) 

1.516(5) 

1.525(4) 

1.542(5) 

1.521(5) 
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Table 17  Bond angles for [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n(4) 

 

angle Value, ° angle Value, ° 

O(3)-Co(1)-O(8) 

O(8)-Co(1)-N(2) 

O(8)-Co(1)-O(9) 

O(3)-Co(1)-O(1) 

N(2)-Co(1)-O(1) 

O(3)-Co(1)-N(1) 

N(2)-Co(1)-N(1) 

O(1)-Co(1)-N(1) 

O(4)-Co(2)-O(5) 

O(4)-Co(2)-O(9) 

O(5)-Co(2)-O(9) 

O(7)-Co(2)-N(4) 

O(9)-Co(2)-N(4) 

O(7)-Co(2)-N(3) 

O(9)-Co(2)-N(3) 

C(1)-N(1)-C(5) 

C(11)-N(3)-C(15) 

N(1)-C(1)-C(2) 

C(2)-C(3)-C(4) 

N(1)-C(5)-C(4) 

C(4)-C(5)-C(6) 

N(2)-C(6)-C(5) 

C(8)-C(7)-C(6) 

C(10)-C(9)-C(8) 

N(3)-C(11)-C(12) 

C(14)-C(13)-C(12) 

N(3)-C(15)-C(14) 

C(14)-C(15)-C(16) 

N(4)-C(16)-C(15) 

99.17(9) 

91.24(9) 

87.24(9) 

171.99(9) 

88.47(9) 

82.62(10) 

76.58(10) 

89.77(9) 

87.74(9) 

94.01(9) 

87.01(9) 

94.68(10) 

172.00(10) 

87.55(10) 

97.98(10) 

118.2(3) 

118.6(3) 

122.4(3) 

118.6(3) 

121.8(3) 

123.2(3) 

115.9(3) 

119.0(3) 

117.6(3) 

123.3(4) 

120.1(4) 

121.1(4) 

123.8(3) 

115.7(3) 

O(3)-Co(1)-N(2) 

O(3)-Co(1)-O(9) 

N(2)-Co(1)-O(9) 

O(8)-Co(1)-O(1) 

O(9)-Co(1)-O(1) 

O(8)-Co(1)-N(1) 

O(9)-Co(1)-N(1) 

O(4)-Co(2)-O(7) 

O(7)-Co(2)-O(5) 

O(7)-Co(2)-O(9) 

O(4)-Co(2)-N(4) 

O(5)-Co(2)-N(4) 

O(4)-Co(2)-N(3) 

O(5)-Co(2)-N(3) 

N(4)-Co(2)-N(3) 

C(10)-N(2)-C(6) 

C(20)-N(4)-C(16) 

C(3)-C(2)-C(1) 

C(3)-C(4)-C(5) 

N(1)-C(5)-C(6) 

N(2)-C(6)-C(7) 

C(7)-C(6)-C(5) 

C(7)-C(8)-C(9) 

N(2)-C(10)-C(9) 

C(11)-C(12)-C(13) 

C(13)-C(14)-C(15) 

N(3)-C(15)-C(16) 

N(4)-C(16)-C(17) 

C(17)-C(16)-C(15) 

92.16(10) 

91.24(9) 

176.46(10) 

88.80(9) 

88.30(9) 

167.77(10) 

104.86(10) 

97.01(9) 

174.88(9) 

90.73(9) 

91.19(10) 

87.12(10) 

167.13(10) 

88.22(10) 

76.41(11) 

119.1(3) 

119.0(3) 

119.6(3) 

119.3(3) 

114.9(3) 

120.8(3) 

123.3(3) 

120.1(3) 

123.4(3) 

117.7(4) 

119.2(4) 

115.2(3) 

121.4(4) 

123.0(4) 
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Table 17  (Continued) 

 
angle Value, ° angle Value, ° 

C(18)-C(17)-C(16) 

C(18)-C(19)-C(20) 

O(2)-C(21)-O(1) 

O(1)-C(21)-C(22) 

C(24)-C(23)-C(22)#2 

O(3)-C(25)-O(4) 

O(4)-C(25)-C(24) 

O(8)-C(26)-C(27) 

C(26)-C(27)-C(28)#1 

C(30)-C(29)-C(28) 

O(6)-C(30)-C(29) 

118.6(4) 

118.5(4) 

124.7(3) 

117.0(3) 

113.9(3) 

125.6(3) 

118.7(3) 

117.1(3) 

114.7(3) 

115.0(3) 

118.3(3) 

C(19)-C(18)-C(17) 

N(4)-C(20)-C(19) 

O(2)-C(21)-C(22) 

C(21)-C(22)-C(23)#1 

C(23)-C(24)-C(25) 

O(3)-C(25)-C(24) 

O(8)-C(26)-O(7) 

O(7)-C(26)-C(27) 

C(29)-C(28)-C(27)#2 

O(6)-C(30)-O(5) 

O(5)-C(30)-C(29) 

119.9(4) 

122.7(4) 

118.3(3) 

114.6(3) 

115.4(3) 

115.8(3) 

126.0(3) 

117.0(3) 

113.9(3) 

125.3(3) 

116.4(3) 

 

Symmetry transformations used to generate equivalent atoms:  

#1 -x+3/2,y-1/2,-z+3/2    #2 -x+3/2,y+1/2,-z+3/2       

 

The structure is stabilized by hydrogen bonds formed through bridging aqua 

ligand and uncoordinated oxygen atom of carboxylate group of glutarate ligand 

(Figure 62 and Table 18). The planes of 2,2′-bipyridine molecules on the same cobalt 

are nearly perpendicular. The weak partial face-to-face π-π interactions of each set of 

2,-2′-bipyridine ligands occur along the chain (Figure 63). The interplanar distance 

between bipyridine planes is approximately 3.234 Å (Figure 64). 

 

Table 18  Hydrogen bond geometry (Å, °)of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A 

O9-HwB⋅⋅⋅O6 

O9-HwA⋅⋅⋅O2 

0.965 

0.897 

1.569 

1.650 

2.523 

2.526 

168.97 

164.55 
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Figure 61  Thermal ellipsoid plot (80%) showing an asymmetric unit [Co2(μ-glu)2(μ- 

                    OH2)(2,2′-bipy)2]n (4). 

 
 

 
  

             

 

 

 

 

 

Figure 62   Perspective view of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) showing 1D  

                    polymeric chain. 
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Figure 63  The packing view of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) (a) along a-axis  

                  (b)  along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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Figure 64  The partial face-to-face π-π stacking of 2,2′-bipyridine ligands between  

                   adjacent chains of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) 

 

1.1.5  The complex of [Co(py)2(H2O)4](ada) (5) 

 

 Complex 5 crystallizes in monoclinic system with cell 

dimensions: a = 12.2933(3) Å, b = 10.0046(3) Å, c = 16.0122(5) Å, β=109.48(9)°. 

Systematic absences of l odd for h0l (-19 ≤ l ≤ 19), k odd for 0k0 (-11 ≤ k ≤ 11) and l 

odd for 00l (-19 ≤ l ≤ 19) indicate the space group P21/c. From 20121 reflections 

collected, which included all duplicate and equivalent reflections, 4258 independent 

reflections were obtained. Of those, 3830 reflections whose intensities were greater 

than 2σ(I) were used in the structural solution and least-square refinements. Hydrogen 

atoms of the coordinated water were located in a different Fourier map and refined 

isotropically while hydrogen atoms of pyridine ligands and adipate dianion were 

placed in the calculated position, with C-H = 0.96 Å and included in the final cycles of 

refinement in a riding model, Uiso(H) = 1.18 – 1.20 Ueq(H). The final least-square 

refinement gave R1 to 0.0388 and wR2 to 0.0823. The goodness-of-fit on F2 (S) was 

1.104. Crystal data and structure refinement results are listed in Table 19. The atomic 

position (x, y, z) with equivalent isotropic thermal parameters (Ueq) and the anisotropic 

thermal parameter (Uij) are shown in Appendix B and C. Bond lengths and bond 

angles are summarized in Table 20 and 21, respectively. 
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Figure 65 shows an asymmetric unit of this complex, which consists of 

[Co(py)2(H2O)4]2+ and adipate dianion. The cobalt(II) ion has a tetragonally distorted 

octahedral geometry with four aqua oxygen atoms forming an equatorial base and two 

nitrogen atoms from pyridine molecule being at the axial positions. The formula of 

this complex is [Co(py)2(H2O)4](ada).  

 

 

 

 

  

 

 

 

  

 

 

 

 

 

 

 

Figure 65  An ORTEP view of [Co(py)2(H2O)4](ada) (5)showing the numbering  

                   scheme. H atoms have been omitted for clarity. 

 

The packing of molecule viewed along the a-, b- and c-axes are shown in 

Figure 66. For each [Co(py)2(H2O)4]2+, all aqua ligands form hydrogen bond with 

carboxyl oxygens in two different actions. One hydrogen bonding was formed 

between carboxylate group at one end (O7 and O8) and two cis-aqua ligands (O2 and 

O3) (Figure 66). The other hydrogen bond was formed between carboxylate group at 

the other end (O5 and O6) and the other two aqua ligands (O1 and O4). The hydrogen 

bonding parameters with symmetry codes are given in Table 22. The intermolecular 

interactions have two notable features which are stacking py⋅⋅⋅py moieties and H- 
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Table 19  Crystal data and structure refinement  for [Co(py)2(H2O)4](ada) (5) 

___________________________________________________________________________________ 

Empirical formula  C16 H26 Co N2 O8 

Formula weight  433.32 

Temperature  273(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic 

Space group  P2(1)/c 

Unit cell dimensions a = 12.2933(3) Å               

 b = 10.0046(3) Å               

 c = 16.0122(5) Å    

                                                                       β = 109.491(2) ° 

Volume 1856.48(9) Å3  

Z 4 

Density (calculated) 1.414 Mg/m3 

Absorption coefficient 0.957 mm-1 

F(000) 820 

Crystal size 0.2 x 0.09 x 0.07 mm  

2θ range for data collection 3.26 to 27.63°  

No. of reflections collected 20121 

No. of independent reflections 4258 [Rint = 0.0414] 

No. of reflecttions (I) > 2σ(I), n                    3830 

No. of parameter, p                                        276 

Absorption correction                                    none 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 1.104 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0388 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.0823 
_____________________________________________________________________ 
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Table 20   Bond lengths for [Co(py)2(H2O)4](ada) (5) 
 

distance Value, Å distance Value, Å 

Co(1)-O(3) 
Co(1)-O(4) 
Co(1)-N(2) 
O(7)-C(16) 
O(6)-C(11) 
C(16)-C(15) 
N(1)-C(5) 

C(11)-C(12) 
N(2)-C(10) 
C(13)-C(12) 
C(3)-C(2) 
C(1)-C(2) 
C(8)-C(9) 
C(10)-C(9) 

2.0814(15) 
2.0980(15) 
2.1485(17) 
1.254(2) 
1.261(3) 
1.516(3) 
1.345(3) 
1.516(3) 
1.347(3) 
1.532(3) 
1.382(3) 
1.386(3) 
1.377(4) 
1.385(3) 

Co(1)-O(1) 
Co(1)-O(2) 
Co(1)-N(1) 
O(5)-C(11) 
O(8)-C(16) 
N(1)-C(1) 

C(15)-C(14) 
N(2)-C(6) 

C(13)-C(14) 
C(5)-C(4) 
C(3)-C(4) 
C(6)-C(7) 
C(8)-C(7) 

2.0867(16) 
2.1068(15) 
2.1547(17) 
1.256(3) 
1.261(2) 
1.339(3) 
1.543(3) 
1.334(3) 
1.527(3) 
1.384(3) 
1.385(3) 
1.383(3) 
1.384(4) 

 

Table 21  Bond angles for [Co(py)2(H2O)4](ada) (5) 

 

angle Value, Å angle Value, Å 

O(3)-Co(1)-O(1) 

O(1)-Co(1)-O(4) 

O(1)-Co(1)-O(2) 

O(3)-Co(1)-N(2) 

O(4)-Co(1)-N(2) 

O(3)-Co(1)-N(1) 

O(4)-Co(1)-N(1) 

N(2)-Co(1)-N(1) 

O(7)-C(16)-C(15)  

C(1)-N(1)-C(5) 

C(5)-N(1)-Co(1) 

O(5)-C(11)-O(6) 

O(6)-C(11)-C(12) 

174.71(6) 

89.22(7) 

90.79(7) 

95.38(7) 

85.45(6) 

85.75(6) 

96.46(6) 

177.80(7) 

118.78(18) 

117.20(17) 

121.03(14) 

123.99(19) 

118.48(18) 

O(3)-Co(1)-O(4) 

O(3)-Co(1)-O(2) 

O(4)-Co(1)-O(2) 

O(1)-Co(1)-N(2) 

O(2)-Co(1)-N(2) 

O(1)-Co(1)-N(1) 

O(2)-Co(1)-N(1) 

O(7)-C(16)-O(8) 

O(8)-C(16)-C(15) 

C(1)-N(1)-Co(1) 

C(16)-C(15)-C(14) 

O(5)-C(11)-C(12) 

    C(6)-N(2)-C(10) 

88.99(7) 

91.27(7) 

176.82(6) 

89.44(7) 

91.37(7) 

89.51(6) 

86.71(6) 

124.38(18) 

116.80(18) 

121.54(14) 

110.80(17) 

117.54(18) 

117.61(19) 
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Table 21  (Continued) 

 
angle Value, Å distance Value, Å 

      C(6)-N(2)-Co(1) 

C(14)-C(13)-C(12) 

N(1)-C(5)-C(4) 

C(5)-C(4)-C(3)  

C(13)-C(14)-C(15) 

N(2)-C(6)-C(7) 

N(2)-C(10)-C(9)  

C(6)-C(7)-C(8) 

120.82(15) 

113.43(17) 

123.1(2) 

118.9(2) 

112.71(17) 

123.1(2) 

122.8(2) 

118.7(2) 

C(10)-N(2)-Co(1) 

C(11)-C(12)-C(13) 

C(2)-C(3)-C(4) 

N(1)-C(1)-C(2) 

C(3)-C(2)-C(1) 

C(9)-C(8)-C(7) 

C(8)-C(9)-C(10) 

121.40(15) 

111.44(17) 

118.63(19) 

123.4(2) 

118.8(2) 

119.0(2) 

118.8(2) 

 

 

Table 22  Hydrogen bond geometry (Å, °) for [Co(py)2(H2O)4](ada) (5) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A Symmetry code 

O4-Hw4B⋅⋅⋅O5 0.782 1.991 2.739 160.12 -x+2, -y, -z+2 

O4-Hw4A⋅⋅⋅O5 0.846 1.842 2.669 176.18  

O3-Hw3B⋅⋅⋅O7 0.835 1.852 2.685 175.66 x-1, y, z 

O3-Hw3A⋅⋅⋅O8 0.804 1.950 2.729 163.11 -x+2, y-1/2, -z+3/2 

O2-Hw2A⋅⋅⋅O7 0.764 2.057 2.779 157.84 -x+2, y+1/2, -z+3/2 

O2-Hw2B⋅⋅⋅O8 0.879 1.772 2.649 175.36 x-1, y, z 

O1-Hw1B⋅⋅⋅O6 0.901 1.776 2.672 172.01  

O1-Hw1A⋅⋅⋅O6 0.746 1.954 2.681 164.65 -x+2, -y+1, -z+2 

 

 

bonding between aqua ligands and both end of carboxylate groups of adipate dianions. 

These interactions make adipate anions lying in the space between pyridine plane 

(Figure 66(b)). The torsion angles of aliphatic CH2 chain in adipate moiety are -

57.1(2)° for C13-C14-C15-C16, -174.7(2)° for C12-C13-C14-C15 and 62.2(2)° for 

C11-C12-C13-C14,) resulting in syn-anti-syn conformation. The partial face-to-face π-

π interactions between pyridine rings are observed with interplanar distances of 3.588 

– 3.643 Å (Figure 66(b)). 
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Figure 66  The packing view of [Co(py)2(H2O)4](ada) (5) (a) along a-axis  

                  (b) along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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 1.2  Crystal structures of the nickel(II) complexes 
 

 1.2.1  {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) 

 

                       Complex (7) crystallizes in monoclinic system with cell 

dimensions: a = 8.0276(1) Å, b = 11.4356(2) Å, c = 16.9105(3) Å, β=93.662(2) °. 

Systematic absences of l odd for hol (-23 ≤ l ≤ 7), l odd for 00l (-23 ≤ l ≤ -13) indicate 

the space group Pc. From 44708 reflections collected, which included all duplicate and 

equivalent reflections, 10493 independent reflections were obtained. Of those, 6804 

reflections whose intensities were greater than 2σ(I) were used in the structural 

solution and least-square refinements. All of hydrogen atoms except the pyridyl 

hydrogen atoms were located in a different Fourier map and refined isotropically. The 

pyridyl hydrogen atoms were placed in the calculated position with C-H = 0.95 Å and 

included in the final cycles of refinement in a riding model, Uiso(H) = 1.2 Ueq(C). The 

final least-square refinement gave R1 to 0.0320 and wR2 to 0.0734. The goodness-of-

fit on F2 (S) was 0.965. Crystal data and structure refinement results are listed in Table 

23. The atomic position (x, y, z) with equivalent isotropic thermal parameters (Ueq) 

and the anisotropic thermal parameter (Uij) are shown in Appendix B and C. Bond 

lengths and bond angles are summarized in Table 24 and 25, respectively. 

 

Complex 7 and {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (2) are isomorphous 

and crystallize in monoclinic system with space group Pc. The crystal structure 

consists of 1D helical chain of [Ni(μ-suc)(2,2′-bipy)(H2O)2]n. The succinate ligands 

bridge between nickel ions forming 1D helical chain along b axis (Figure 67 and 68). 

The 2.2′-bipyridine planes are nearly perpendicular. The octahedron about each nickel 

ion is completed by two nitrogen atoms from a 2,2′-bipyridine ligand, two aqua 

oxygen atoms and two carboxylate oxygen atoms from two bridging succinate ligands 

which are in cis positions. The coordination mode of each succinate ligand is bis-

monodentate bridging, thus one carboxylate oxygen is available for hydrogen bonding 

with aqua ligands. The torsion angles of aliphatic CH2 chain in succinate ligands are 

76.9(8)° for C21-C22-C23-C24 and 76.84 ° for C25-C26-C27-C28 resulting in syn  

conformation. 
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Table 23  Crystal data and structure refinement  for {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4] 

                .2H2O}n  (7) 
__________________________________________________________________________________ 
Formula                                                   {[Ni2(μ-C4H4O4)2(C10H8N2)2(H2O)2].2H2O}n 

Empirical formula  C28 H32 Ni2 N4 O14 

Formula weight  766.00 

Temperature  293(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic  

Space group  Pc 

Unit cell dimensions a = 8.02760(10) Å  

 b = 11.4356(2) Å  

 c = 16.9105(3) Å 

 β = 93.662(2)° 

Volume 1549.22(4) Å3  

Z 2 

Density (calculated) 1.642 Mg/m3 

Absorption coefficient 1.293 mm-1 

F(000) 792 

2θ range for data collection 2.41 to 32.97°  

No. of reflections collected 44708 

No. of independent reflections 10493 [Rint = 0.0398] 

No. of reflecttions (I) > 2σ(I), n                    6804 

No. of parameter, p                                        557 

Absorption correction                                    None 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 0.965 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0320 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.0734 
____________________________________________________________________ 
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Table 24  Bond lengths for {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n  (7) 

 
distance Value, Å distance Value, Å 

Ni(1)-O(1) 

Ni(1)-O(2) 

Ni(1)-N(1) 

Ni(2)-O(3) 

Ni(2)-O(7) 

Ni(2)-N(3) 

N(1)-C(5) 

N(2)-C(6) 

N(3)-C(11) 

N(4)-C(16) 

O(5)-C(25) 

O(7)-C(27)  

O(9)-C(21) 

O(11)-C(24) 

C(1)-C(2) 

C(4)-C(3) 

C(6)-C(7) 

C(7)-C(8) 

C(9)-C(10) 

C(13)-C(12) 

C(16)-C(15) 

C(16)-C(17) 

C(19)-C(18) 

C(22)-C(21) 

C(24)-C(23)  

C(28)-C(26) #1 

C(26)-C(28)#2 

2.097(5) 

2.051(5) 

2.074(6) 

2.089(5) 

2.081(5) 

2.086(6)  

1.328(9)  

1.356(8) 

1.322(9) 

1.380(9) 

1.256(8) 

1.262(9)  

1.279(8) 

1.264(8) 

1.387(10) 

1.389(10)  

1.371(9) 

1.359(11) 

1.393(10) 

1.335(11) 

1.482(10) 

1.389(10) 

1.376(11) 

1.493(10) 

1.534(9) 

1.550(9) 

1.550(9) 

Ni(1)-O(5) 

Ni(1)-O(9) 

Ni(1)-N(2) 

Ni(2)-O(4) 

Ni(2)-O(11) 

Ni(2)-N(4) 

N(1)-C(1) 

N(2)-C(10) 

N(3)-C(15) 

N(4)-C(20) 

O(6)-C(25) 

O(8) - C(27)  

O(10) - C(21) 

 O(12)-C(24) 

C(2)-C(3) 

C(6)-C(5) 

C(5)-C(4) 

C(9)-C(8) 

C(11)-C(12) 

C(15)-C(14) 

C(14)-C(13) 

 C(17)-C(18)  

C(20)-C(19) 

C(22)-C(23)  

C(28)-C(27) 

C(25)-C(26) 

2.065(5) 

2.085(5) 

2.079(6) 

2.061(5) 

2.053(5) 

2.065(6) 

1.357(8)  

1.361(9) 

1.351(8) 

1.336(9) 

1.256(8) 

1.235(9) 

1.280(9)  

1.263(9) 

1.400(11) 

1.505(9) 

1.393(9) 

1.415(10) 

1.386(11) 

1.411(9) 

1.410(9)  

1.382(10)  

1.382(10) 

1.496(10)  

1.550(10) 

1.496(9) 

 
Symmetry transformations used to generate equivalent atoms:  
#1 x,y+1,z    #2 x,y-1,z       
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Table 25  Bond angles for {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n  (7) 
 

angle Value, ° angle Value, ° 

O(1)-Ni(1)-O(5) 

O(1)-Ni(1)-O(2) 

O(9)-Ni(1)-O(2) 

O(5)-Ni(1)-O(9) 

O(1)-Ni(1)-N(1) 

N(2)-Ni(1)-O(2) 

O(5)-Ni(1)-N(2) 

N(1)-Ni(1)-O(9) 

O(4)-Ni(2)-O(3) 

O(7)-Ni(2)-O(3) 

O(11)-Ni(2)-O(7) 

O(4)-Ni(2)-N(4) 

O(4)-Ni(2)-N(3) 

O(11)-Ni(2)-N(3) 

O(11)-Ni(2)-N(4) 

C(5)-N(1)-Ni(1) 

C(6)-N(2)-Ni(1) 

C(21)-O(9)-Ni(1) 

C(11)-N(3)-Ni(2) 

C(16)-N(4)-Ni(2) 

C(24)-O(11)-Ni(2) 

C(5)-N(1)-C(1) 

C(11)-N(3)-C(15) 

N(1)-C(5)-C(4) 

N(2)-C(10)-C(9) 

N(3)-C(15)-C(14) 

N(4)-C(16)-C(17) 

N(4)-C(20)-C(19) 

N(1)-C(1)-C(2) 

93.2(2) 

92.6(2) 

90.5(2) 

88.3(2) 

88.7(2) 

99.3(2) 

174.0(2) 

88.1(2) 

92.2(2) 

176.11(19) 

88.5(2) 

178.4(2) 

98.1(2) 

174.8(2) 

94.5(2) 

115.9(5) 

116.7(5) 

130.2(5) 

128.3(5) 

114.6(5) 

126.6(5) 

119.6(6) 

118.8(6) 

121.7(7) 

122.9(7) 

121.0(6) 

121.3(7) 

123.6(7) 

122.3(6) 

O(1)-Ni(1)-O(9) 

O(5)-Ni(1)-O(2) 

O(1)-Ni(1)-N(2) 

N(1)-Ni(1)-O(2) 

O(5)-Ni(1)-N(1) 

N(2)-Ni(1)-O(9) 

N(2)-Ni(1)-N(1) 

O(11)-Ni(2)-O(4) 

O(11)-Ni(2)-O(3) 

O(4)-Ni(2)-O(7) 

N(4)-Ni(2)-O(3) 

N(4)-Ni(2)-O(7) 

O(7)-Ni(2)-N(3) 

N(3)-Ni(2)-O(3) 

N(4)-Ni(2)-N(3) 

C(1)-N(1)-Ni(1) 

C(10)-N(2)-Ni(1) 

C(25)-O(5)-Ni(1) 

C(15)-N(3)-Ni(2) 

C(20)-N(4)-Ni(2) 

C(27)-O(7)-Ni(2) 

C(10)-N(2)-C(6) 

C(16)-N(4)-C(20) 

N(1)-C(5)-C(6) 

N(2)-C(6)-C(5) 

N(3)-C(15)-C(16) 

N(4)-C(16)-C(15) 

C(7)-C(6)-N(2) 

N(3)-C(11)-C(12) 

176.6(2) 

86.6(2) 

87.9(2) 

177.1(2) 

95.9(2) 

90.3(2) 

78.2(2) 

87.0(2) 

93.8(2) 

91.1(2) 

88.5(2) 

88.2(2) 

90.3(2) 

87.2(2) 

80.4(2) 

124.6(4) 

125.1(5) 

126.1(5) 

112.8(4) 

128.0(5) 

127.8(5) 

118.1(6) 

117.4(6) 

116.4(6) 

112.7(6) 

118.0(5) 

114.1(6) 

122.3(6) 

122.6(8) 
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Table 25  (Continued) 
 

angle Value, ° angle Value, ° 

O(5)-C(25)-O(6) 

O(10)-C(21)-O(9) 

O(5)-C(25)-C(26) 

O(7)-C(27)-C(28) 

O(9)-C(21)-C(22) 

O(11)-C(24)-C(23) 

C(3)-C(2)-C(1) 

C(3)-C(4)-C(5) 

C(7)-C(6)-C(5) 

C(7)-C(8)-C(9) 

C(11)-C(12)-C(13) 

C(13)-C(14)-C(15) 

C(17)-C(16)-C(15) 

C(19)-C(18)-C(17) 

C(21)-C(22)-C(23) 

C(25) -C(26)-C(28)#2 

125.4(7) 

122.9(7) 

117.9(6) 

113.5(6) 

117.6(6) 

119.0(7) 

117.8(7) 

119.1(7) 

125.0(6) 

120.6(6) 

120.6(8) 

118.4(6) 

124.7(6) 

118.8(7) 

115.5(6) 

112.1(6) 

O(7)-C(27)-O(8) 

O(12)-C(24)-O(11) 

O(6)-C(25)-C(26) 

O(8)-C(27)-C(28) 

O(10)-C(21)-C(22) 

O(12)-C(24)-C(23) 

C(2)-C(3)-C(4) 

C(4)-C(5)-C(6) 

C(8)-C(7)-C(6) 

C(10)-C(9)-C(8) 

C(14)-C(13)-C(12) 

C(14)-C(15)-C(16) 

C(18)-C(17)-C(16) 

C(20)-C(19)-C(18) 

C(22)-C(23)-C(24) 

C(26) #1-C(28)-C(27) 

126.9(7) 

124.3(7) 

116.7(6) 

119.4(7) 

119.4(6) 

116.7(7) 

119.4(7) 

121.8(6) 

119.6(7) 

116.5(6) 

118.6(7) 

121.0(6) 

119.8(7) 

119.1(7) 

110.8(6) 

113.1(6) 

 

Symmetry transformations used to generate equivalent atoms:  

#1 x,y+1,z    #2 x,y-1,z     

 

There are several hydrogen bonds within the 1D helical chain as well as 

between the helical chain (Table 26 and Figure 69). All aqua ligands form hydrogen 

bonds with uncoordinated carboxylate oxygen atoms. The hydrogen bonds between 

free water molecules and one aqua ligands are observed. The crystal structure is also 

stabilized by partial face-to-face π-π stacking interaction of 2,2′-bipyridine ligands 

between adjacent chains (Figure 70). The interplanar distance between parallel pyridyl 

planes are approximately 3.370 – 3.386 Å (Figure 71). 

 

 



 

96

Ni
O

C

O

C

O

O

n

OH 2

H 2O

N
N

 

 

 

 

 

 

 

 

 

 

Figure 67  An ORTEP view of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) showing            

                  the numbering scheme. H atoms have been omitted for clarity. 

 

 

 

 

 

 

Figure 68  Perspective view of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7)   

                  polymeric chain  parallel b-axis. 

 

 

 

 

 

 

 

 

 

 

Figure 69  Perspective view of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) along c- 

                   axis showing 2D hydrogen bonding sheet. 
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Figure 70  The packing view of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n  (7) (a)  

                   along a-axis (b)  along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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Figure 71  The partial face-to-face π-π stacking of 2,2′-bipyridine ligands between  

                   adjacent helical chains of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)2].2H2O}n (7) 

 

Table 26  Hydrogen bond geometry (Å, °) for {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4] 

                .2H2O}n (7) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A Symmetry code 

O1-H33⋅⋅⋅O13 0.832 1.883 2.707 170.99  

O1-H34⋅⋅⋅O6 0.937    1.710 2.611 160.18  

O2-H36⋅⋅⋅O10 1.174 1.603 2.645 144.03  

O2-H35⋅⋅⋅O12 1.162 1.567 2.691 160.68 x+1, y, z 

O3-H37⋅⋅⋅O14 0.989 1.795 2.731 156.76  

O3-H38⋅⋅⋅O12 0.771 1.941 2.616 145.95  

O4-H39⋅⋅⋅O6 0.849 1.911 2.686 151.13 x-1, y+1, z 

O4-H40⋅⋅⋅O8 0.745 1.969 2.635 148.96  

O14-H31⋅⋅⋅O7 1.105 1.787 2.883 170.55 x-1, y, z 

O14-H32⋅⋅⋅O10 0.836 2.161 2.873 143.02 x-1, y, z 

O13-H29⋅⋅⋅O9 0.635 2.262 2.893 172.35 x+1, y, z 

O13-H30⋅⋅⋅O8 0.834 2.151 2.899 149.22 x+1, y-1, z 
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1.2.2  [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 
 

                      Complex (11) crystallizes in monoclinic system with cell 

dimensions: a = 11.7911(4) Å, b = 24.5951(8) Å, c = 7.5536(2) Å, β=114.016(3) °. 

Systematic absences of l odd for h0l (-8 ≤ l ≤ 8), h + k odd for hkl indicate the space 

group Cc. From 5396 reflections collected, which included all duplicate and 

equivalent reflections, 1504 independent reflections were obtained. Of those, 1374 

reflections whose intensities were greater than 2σ(I) were used in the structural 

solution and least-square refinements. All hydrogen atoms were placed in calculated 

position, with O-H = 0.82 Å , C-H = 0.93 Å and included in the final cycles of 

refinement in a riding model, Uiso(H) = 1.5 Ueq(H). One carbon atom (C8) in adipate 

anion was found to be disordered. The final least-square refinement gave R1 to 0.0527 

and wR2 to 0.2015. The goodness-of-fit on F2 (S) was 1.238. Crystal data and structure 

refinement results are listed in Table 27. The atomic position (x, y, z) with equivalent 

isotropic thermal parameters (Ueq) and the anisotropic thermal parameter (Uij) 

expressions are shown in Appendix B and C. Bond lengths and bond angles are 

summarized in Table 28 and 29, respectively. 

 

 The crystal structure consists of [Ni(2,2′-bipy)(H2O)4]2+, adipate anions and 

waters of crystallization (Figure 72). Within the octahedral complex cations, the Ni 

atoms are surrounded by two nitrogen atoms of one chelating 2,2′-bipyridine ligand 

and four aqua oxygen atoms. The adipate anions are distorted as can be recognized 

from the large values of temperature factor (Figure 72 and Appendix B). The Ni-O 

(aqua) bonds on axial positions are longer than these on equatorial planes (Table 28). 

Two C-O bond distances in carboxylate group are 1.243(8) and 1.226(7) Å.  

 

The crystal structure is stabilized by hydrogen bonds between aqua ligands and 

carboxylate oxygens (Table 30 and Figure 73). The free water molecules also form 

hydrogen bond with one oxygen atom of carboxylate groups. The partial π-π stacking 

interactions between 2,2′-bipyridine planes in each layer are observed. The interplanar 

distances between 2,2′-bipyridine planes is 3.820 – 3.887 Å, hence the π-π interactions 

are very weak.  
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Table 27  Crystal data and structure refinement  for [Ni(2,2′-bipy)(H2O)4](ada)(H2O)               

                (11) 
 _________________________________________________________________________________ 
Formula                                                         [Ni(C10H8N2)(H2O)4](C6H8O4)(H2O) 

Empirical formula  C16H26N2NiO8 

Formula weight  433.08 

Temperature  293(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Monoclinic 

Space group  Cc 

Unit cell dimensions a = 11.7911(4) Å  

 b = 24.5951(8) Å  

 c = 7.5536(2) Å 

 β = 114.016(3)°  

Volume 2000.93(11) Å3  

Z 4 

Density (calculated) 1.438 Mg/m3 

Absorption coefficient 1.013 mm-1 

F(000) 912   

2θ range for data collection 2.90 to 25.10°  

No. of reflections collected 5396 

No. of independent reflections 1504 [Rint = 0.0144] 

No. of reflections (I) > 2σ(I), n                     1374 

No. of parameter, p                                        166 

Absorption correction                                    No 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 1.238 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0527 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.2015 
_____________________________________________________________________ 
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Table 28  Bond lengths for [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 

 
distance Value, Å distance Value, Å 

Ni(1)-O(1) 

Ni(1)-O(2) 

Ni(1)-N(1) 

O(4)-C(6) 

N(1)-C(1) 

C(1)-C(2) 

C(3)-C(4) 

C(5)-C(5)#1 

C(7)-C(8)  

C(7)-C(8B) 

2.044(4)  

2.039(4) 

2.079(4) 

1.243(8) 

1.332(8) 

1.384(9) 

1.355(13) 

1.482(13) 

1.27(7) 

1.51(4) 

Ni(1)-O(1)#1 

Ni(1)-O(2)#1 

Ni(1)-N(1) #1 

O(3)-C(6) 

N(1)-C(5) 

C(2)-C(3) 

C(4)-C(5) 

C(6)-C(7) 

C(7)-C(8A) 

C(7)-C(8C) 

2.044(4) 

2.039(4) 

2.079(4) 

1.226(7) 

1.349(7) 

1.362(12) 

1.377(9) 

1.479(11) 

1.16(3) 

1.17(3) 

 

Symmetry transformations used to generate equivalent atoms:  

#1 -x,y,-z+1/2    #2 -x,y,-z+3/2      

 
Table 29  Bond angles for [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 

 
angle Value, ° angle Value, ° 

O(1)-Ni(1)-O(1)#1 

O(2)-Ni(1)-O(1) 

O(2)-Ni(1)-O(1)#1 

N(1)#1-Ni(1)-N(1) 

O(1)#1-Ni(1)-N(1) 

O(2)#1-Ni(1)-N(1) 

O(2)-Ni(1)-N(1)#1 

O(1)#1-Ni(1)-N(1)#1 

C(2)-C(3)-C(4) 

N(1)-C(5)-C(4) 

178.1(2) 

89.68(19) 

91.59(19) 

79.0(3) 

89.14(18) 

172.37(18) 

172.37(18) 

89.41(18) 

119.9(7) 

121.5(6) 

O(2)-Ni(1)-O(2)#1 

O(2)#1-Ni(1)-O(1) 

O(2)#1-Ni(1)-O(1)#1 

O(1)-Ni(1)-N(1) 

O(2)-Ni(1)-N(1) 

O(1)-Ni(1)-N(1)#1 

O(2)#1-Ni(1)-N(1)#1 

C(1)-C(2)-C(3) 

C(3)-C(4)-C(5) 

O(3)-C(6)-O(4) 

94.1(3) 

91.59(19) 

89.69(19) 

89.42(18) 

93.4(2) 

89.15(18) 

93.4(2) 

118.8(7) 

119.3(7) 

124.0(5) 

 
Symmetry transformations used to generate equivalent atoms:  

#1 -x,y,-z+1/2    #2 -x,y,-z+3/2       
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Figure 72  An ORTEP view of [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) showing the  

                   numbering scheme.  

 

Table 30  Hydrogen bond geometry (Å, °) for [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 
 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A Symmetry code 

O1-H1A⋅⋅⋅O4 0.636 2.032 2.665 173.94 -x+1/2, -y+1/2, -z+2 

O1-H1B⋅⋅⋅O4 0.820 2.034 2.708 139.12 x-1/2, -y+1/2, z-1/2 

O2-H2A⋅⋅⋅O3 0.767 1.993 2.754 171.61 x, y, z-1 

O2-H2B⋅⋅⋅O3 0.820 1.934 2.688 152.49 -x+1/2, -y+1/2, -z+2 
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Figure 73  The packing structure of [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) (a) view  

                   along a-axis (b)  along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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                            1.3  The crystal structure of the zinc(II) complex 
 

                       1.3.1  [Zn(μ-suc)(py)2(H2O)2]n  (12) 
 

                                             Complex 12 crystallizes in orthorhombic system with cell 

dimensions: a = 11.8142(8) Å, b = 8.9111(7) Å, c = 14.9705(10) Å. Systematic 

absences of h odd for hk0 (-15 ≤ h ≤ 15), k odd for 0kl (-11 ≤ k ≤ 5), l odd for h0l (-13 

≤ l ≤ 11), h odd for h00 (-5 ≤ h ≤ 5), k odd for 0k0 (-11 ≤ k ≤ 3) and l odd for 00l (-19  

≤ l ≤ 9) indicate the space group Pbca. From 9256 reflections collected, which 

included all duplicate and equivalent reflections, 1814 independent reflections were 

obtained. Of those, 1200 reflections whose intensities were greater than 2σ(I) were 

used in the structural solution and least-square refinements. All hydrogen atoms were 

located in a different Fourier map and refined isotropically except one H atom of 

coordinated water which was placed in the calculated position, with O-H = 0.82 Å and 

included in the final cycles of refinement in a riding model, Uiso(H) = 1.5 Ueq(H). The 

final least-square refinement gave R1 to 0.0654 and wR2 to 0.1075. The goodness-of-

fit on F2 (S) was 1.128. Crystal data and structure refinement results are listed in Table 

31. The atomic position (x, y, z) with equivalent isotropic thermal parameters (Ueq) 

and and the anisotropic thermal  parameter (Uij) are shown in Appendix B and C. 

Selected bond lengths and bond angles are summarized in Table 32 and 33, 

respectively. 

 

This complex and [Co(μ-suc)(py)2(H2O)2]n  (complex 1) are isomorphous and 

crystallize in orthorhombic system with space group Pbca. The crystal structure of 

complex 12 consists of polymeric chain of [Zn(μ-suc)(py)2(H2O)2] along b-axis 

(Figure 75). The distorted octahedron around zinc is completed by two aqua oxygen 

atoms, two pyridine nitrogen atoms and two carboxylate oxygen atoms of two 

bridging succinate ligands (Figure 74). All similar ligands are in trans positions 

resulting in a center of symmetry at the zinc atom. The coordination mode for each 

bridging succinate is bis-monodentate bridging mode. The aliphatic CH2 chains of the 

succinate ligands are in fully extended conformations with the torsion angle C6-C7-

C7′-C6′ of 180°. Consequently, the aliphatic carbon backbone in each succinate ligand 
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Table 31  Crystal data and structure refinement for [Zn(μ-suc)(py)2(H2O)2]n (12) 
___________________________________________________________________________________ 

Formula                                                          [Zn(μ-C4H4O4)(C5H5N)2(H2O)2]n 

Empirical formula  C14 H18 N2 O6 Zn 

Formula weight  375.67 

Temperature  273(2) K 

Wavelength  0.71073 Å  

Radiation type                                                Fine-focus sealed tube 

Radiation source                                            Mo Kα 

Crystal system  Orthorhombic 

Space group  Pbca 

Unit cell dimensions a = 11.8142(8) Å  

 b = 8.9111(7) Å  

 c = 14.9705(10) Å  

Volume 1576.06(19) Å3  

Z 4 

Density (calculated) 1.583 Mg/m3 

Absorption coefficient 1.590 mm-1 

F(000) 776 

Crystal size 0.08 x 0.08 x 0.04 mm  

2θ range for data collection 3.17 to 27.58°  

No. of reflections collected 9256 

No. of independent reflections 1814 [Rint = 0.0672] 

No. of reflecttions (I) > 2σ(I), n                    1200 

No. of parameter, p                                        142 

Absorption correction                                    SADABS 2007/2 

Refinement method Full-matrix least-squares on  F2  

Goodness-of-fit on F2 S = 1.128 

Final R1 = Σ||F0| - |Fc|| / Σ|F0| 0.0654 

Final wR2 = Σw(F0² – Fc²)² / Σw(F0²)²]½        0.1075 
_____________________________________________________________________ 
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Table 32   Bond lengths for [Zn(μ-suc)(py)2(H2O)2]n (12) 

 
distance Value, Å distance Value, Å 

Zn(1)-O(2) 
Zn(1)-O(2)#1 
Zn(1)-N(1) 
O(2)-C(6) 
C(5)-N(1) 
C(7)-C(6) 
C(2)-C(3) 
C(4)-C(5) 

2.064(3) 
2.064(3) 
2.170(4) 
1.263(6) 
1.345(6) 
1.525(7) 
1.383(8) 
1.379(7) 

Zn(1)-O(3)#1 
Zn(1)-O(3) 

Zn(1)-N(1)#1 
O(1)-C(6) 
N(1)-C(1) 
C(1)-C(2) 
C(3)-C(4) 

C(7)-C(7)#2 

2.110(3) 
2.110(3) 
2.170(4) 
1.258(5) 
1.348(6) 
1.374(7) 
1.387(8) 
1.526(9) 

 
 
Table 33  Bond angles for [Zn(μ-suc)(py)2(H2O)2]n (12) 

 

distance Value, Å distance Value, Å 

O(2)-Zn(1)-O(2)#1 

O(2)#1-Zn(1)-O(3)#1 

O(2)#1-Zn(1)-O(3) 

O(2)-Zn(1)-N(1) 

O(3)#1-Zn(1)-N(1) 

O(2)-Zn(1)-N(1)#1 

O(3)#1-Zn(1)-N(1)#1 

N(1)-Zn(1)-N(1)#1 

C(2)-C(3)-C(4) 

N(1)-C(5)-C(4) 

O(1)-C(6)-C(7) 

C(5)-N(1)-C(1) 

C(1)-N(1)-Zn(1) 

C(7)#2-C(7)-C(6) 

180.00(5) 

91.40(13) 

88.60(13) 

88.88(14) 

91.47(14) 

91.12(14) 

88.53(14) 

180.0 

118.0(5) 

122.2(5) 

119.4(4) 

117.3(4) 

120.5(3) 

110.8(5) 

O(2)-Zn(1)-O(3)#1 

O(2)-Zn(1)-O(3) 

O(3)#1-Zn(1)-O(3) 

O(2)#1-Zn(1)-N(1) 

O(3)-Zn(1)-N(1) 

O(2)#1-Zn(1)-N(1)#1 

O(3)-Zn(1)-N(1)#1 

C(6)-O(2)-Zn(1) 

C(1)-C(2)-C(3) 

O(1)-C(6)-O(2) 

O(2)-C(6)-C(7) 

C(5)-N(1)-Zn(1) 

N(1)-C(1)-C(2) 

C(5)-C(2)-C(3) 

88.60(13) 

91.40(13) 

180.0 

91.12(14) 

88.53(14) 

88.88(14) 

91.47(14) 

131.5(3) 

118.9(5) 

124.9(4) 

115.7(4) 

122.1(3) 

123.5(5) 

120.0(5) 

 
Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y,-z+1    #2 -x+1,-y+1,-z+1       
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exists in anti conformation. The Zn-O (aqua) bonds are longer than the Zn-O 

(carboxylate) bonds. 

 
The one-dimensional succinate-bridged zinc(II) chains are further linked 

through the hydrogen bond between coordinated water and the uncoordinated 

carboxylate ligand (Table 34). The coordinated water molecules form both 

intramolecular hydrogen bonds with the uncoordinated carboxylate groups of 

succinate ligands within the chains and intermolecular hydrogen bonds with those in 

the other chains. Thus, the extened two-dimensional hydrogen-bonded structures were 

formed (Figure 75). The crystal structure is further stabilized by partial edge-to-face π-

π interaction between pyridine ligand along 1-D chain (Figure 76). The interplanar 

distances between parallel pyridine planes are approximately 3.840 Å (Figure 77). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 74  An ORTEP view of [Zn(μ-suc)(py)2(H2O)2]n (12) showing the numbering  

                  scheme. H atoms have been omitted for clarity. 

 
Table 34  Hydrogen bond geometry (Å, °) for [Zn(μ-suc)(py)2(H2O)2]n (12) 

 

D-H⋅⋅⋅A D-H H⋅⋅⋅A D⋅⋅⋅A D-H⋅⋅⋅A 

O3-H3A⋅⋅⋅O1 

O3-H3B⋅⋅⋅O1ii 

0.820 

0.739 

1.938 

1.969 

2.690 

2.687 

151.93 

163.93 

 
Symmetry codes: (ii) –x+3/2, y-1/2,z 
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Figure 75  The packing view along c axis of [Zn(μ-suc)(py)2(H2O)2]n (12)  

                   showing hydrogen bonding between adjacent polymeric chain. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 77  The partial edge-to-face π-π interaction in [Zn(μ-suc)(py)2(H2O)2]n (12) 
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Figure 76  The packing view of [Zn(μ-suc)(py)2(H2O)2]n (12) (a) along a- 

                   axis (b) along b-axis an (c) along c-axis.       

(a) 

(b) 

(c) 
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2.  Spectral, Thermal and Magnetic properties 

 

2.1  Fourier Transform Infrared spectroscopy  

         

                  According to the different dicarboxylic acids used in this study, the 

prepared complexes are divided into three groups which are (i) complexes containing 

succinic acid, (ii) complexes containing glutaric acid and (iii) complexes containing 

adipic acid. Therefore the FTIR spectral discussion of each group will be reported 

separately. 

 

          2.1.1  FTIR spectra for complexes containing succinic acid 

             

                    The FTIR spectra of [Co(μ-suc)(py)2(H2O)2]n (1), [Ni(μ-

suc)(py)2(H2O)2]n (6) [Zn(μ-suc)(py)2(H2O)2]n (12) exhibit characteristic bands for 

both succinate and pyridine ligands (Figure 78-80). All spectra display very broad 

bands at 2800-3400 cm-1. This band results from the O-H stretching of aqua ligands 

(ν(O-H)aq), the aromatic C-H stretching of pyridine (ν(C-H)py) and the C-H stretching 

of succinate ligands (ν(C-H)suc). Usually the unbonded or free hydroxyl stretching 

appears as sharp peak at 3600 cm-1. Intermolecular hydrogen bonding causes band 

broadening and shift to lower frequency (Silverstein et al., 1974). In alcohol the O-H 

stretching band shifts to 3300 -3500 cm-1 (center at ∼ 3000 cm-1). In complex (1), (6) 

and (12) the (ν(O-H)aq) appear at 3103, 3104 and 3103 cm-1, respectively. The C-H 

stretching bands of succinate ligand (ν(C-H)suc) and pyridine (ν(C-H)py) are seen 

superimposed upon the broad O-H band. The assignment for these bands is shown in 

Figure 78-80 and Table 36. The carboxylate ion gives rise to two bands: a strong 

asymmetrical stretching band (νas(COO)) near 1650 – 1550 cm-1 and a weaker 

symmetrical stretching band (νs(COO)) near 1400 cm-1. The νas(COO) of succinate in 

the complex (1), (6) and (12) occur at between 1520 – 1561 cm-1 and νs(COO) at 

between 1398 – 1418  cm-1. For free succinic acid (Figure 81), these bands appear at 

1686 and 1412 cm-1. The lowering of frequencies supports the coordination of the 

transition metal to the carboxylate ion. The C-C, C-N ring stretching vibrations occur 
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in the general region between 1600 – 1300 cm-1. The absorption involves stretching 

and contraction of all bonds in the ring and interaction between these stretching 

modes. Pyridine shows two bands in this region. The ν(C-C, C-N)py for complex (1), 

(6) and (12) are listed in Table 36. The C-H out-of -plane bending (δ(C-H)) occurs at 

704 – 761 cm-1.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 78  FTIR spectra (ATR techniques) of [Co(μ-suc)(py)2(H2O)2]n  (1)  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 79  FTIR spectra (ATR techniques) of  (a)  [Ni(μ-suc)(py)2(H2O)2]n  (6)  

(a) 

(b) 
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Figure 80  FTIR spectra (ATR techniques) of  [Zn(μ-suc)(py)2(H2O)2]n (12)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 81  FTIR spectra (ATR techniques) of  succinic acid. 

ν (O-H)  
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The FTIR spectra of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (2), {[Ni2(μ-

suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) (Figure 82-83) exhibit characteristic bands for 

both succinate and 2,2′-bipyridine ligands. Both spectra display very broad bands 

between 2800 – 3600 cm-1, this broad band results from the O-H stretching of aqua 

ligands (ν(O-H)aq) and waters of crystallization (ν(O-H)water), the aromatic C-H 

stretching of 2,2′-bipyridine ligands (ν(C-H)py) and the C-H stretching of succinate 

ligands (ν(C-H)suc). The crystal structures of complex (2) and (7) reveal the presence 

of two types of water molecules (Table 35). One is aqua ligand, the other is water of 

crystallinezation. The ν(O-H)aq and ν(O-H)water bands occur at 3236 and 3404 cm-1 for 

complex (2), respectively and 3239 and 3406 cm-1 for complex (7), respectively. The 

C-H stretching bands of succinate and 2,2′-bipyridine are seen superimposed upon the 

broad O-H bond. The assignment of the C-H stretching bands (ν(C-H)suc) is listed in 

Figure 82-83 and Table 36. The νas(COO), νs(COO) and δ(C-H) frequencies for 

succinate are summarized in Table 36.  

 

 

 

 

 

 

 

  

 

 

 

 

 

 

Figure 82  FTIR spectra (ATR techniques) of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4]   

                 .2H2O}n (2) 
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2,2′-bipyridine 
          771 

 ν(C-C, C-N) 
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Figure 83  FTIR spectra (ATR techniques) of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4] 

                  .2H2O}n (7)   

 

2.1.2  FTIR spectra for complexes containing glutaric acid 

 

       The FTIR spectra of {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) and 

[Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) (Figure 84 and 85) exhibit characteristic bands 

for both glutarate and pyridine or 2,2′-bipyridine ligands. The O-H stretching bands 

for complex 3 and 4 are observed at about 3386 and 3405 cm-1, respectively. This O-H 

stretching band resulted from the bridging aqua ligand (Table 35). The C-H stretching 

bands of pyridine, 2,2′-bipyridine and glutarate occur at the usual region as other 

complexes (Figure 84 and 85 and Table 36). The νas(COO) and νs(COO) bands of 

glutarate are also summarized in Table 36. For free glutaric acid is shown in Figure 

86. 
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Figure 84  FTIR spectra (ATR techniques) of {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 85  FTIR spectra (ATR techniques) of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4). 
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Figure 86  FTIR spectra (ATR techniques) of glutaric acid  

 

2.1.3  FTIR spectra for complexes containing adipic acid 

 

                  The FTIR spectra of [Co(py)2(H2O)4](ada) (5) and {[Ni(2,2′-

bipy)(H2O)4](H2O) (ada)}(11) (Figure 87 and 88) exhibit characteristic bands for both 

adipate and pyridine or 2,2′-bipyridine ligands. Both spectra display very broad bands 

between 2800 – 3500 cm-1. This band results from the O-H stretching of aqua ligands 

(ν(O-H)aq), the aromatic C-H stretching of pyridine or bipyridine (ν(C-H)py) and the 

C-H stretching (ν(C-H)ada) of adipate ligands. The ν(O-H) for free water is obscured 

by this broad band. The assignment of bands is shown in Figure 87 and 88 and Table 

36. The νas(COO) and νs(COO) frequencies in both complexes are about the same as 

those in free adipic acid (Figure 89) indicating that adipic acids are counter ion.  
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Figure 87  FTIR spectra (ATR techniques) of  [Co(py)2(H2O)4](ada) (5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 88  FTIR spectra (ATR techniques) of  [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11)  
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Figure 89  FTIR spectra (ATR techniques) of adipic acid.  

 

Table 35  Frequencies (cm-1) of O-H stretching ν(O-H) involved aqua ligand and  

                 water of crystallization of all synthesized complexes. 

 

complex ν(O-H)aqua 
ν(O-H) 

free water 
ν(O-H)bridge 

[Co(μ-suc)(py)2(H2O)2]n (1) 3103 - - 

[Ni(μ-suc)(py)2(H2O)2]n (6) 3104 - - 

[Zn(μ-suc)(py)2(H2O)2]n (12) 3103 - - 

{[Co(μ-suc)(2,2′-bipy) (H2O)2].2H2O}n(2) 3236 3404 - 

{[Ni(μ-suc)(2,2′-bipy)(H2O)2].2H2O}n(7) 3239 3406 - 

{[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) - - 3386 

[Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) - - 3405 

[Co(py)2(H2O)4](ada) (5) 3248 - - 

[Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 3231 - - 
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Table 36  Frequencies (cm-1) of some functional groups in synthesized complexes. 

 

 
 

 
Frequencies (cm-1) 

 

complex 
ν(O-H) 

ν(C-H) 
pyridine ring 

 

ν(C-H) 
dicarboxylate 

 

ν(C-C, C-N)  

pyridine, 

bipyridine 

 

νas(COO), νs(COO) 

dicarboxylate 

 

δ(C-H)  

pyridine, 
bipyridine 

 

Succinate complexes 

[Co(μ-suc)(py)2(H2O)2]n (1) 

 

3100-3400 

 

3064 

 

2917, 2989 

 

1600, 1443 

 

1561, 1538, 1416, 1400 

 

758, 704 

[Ni(μ-suc)(py)2(H2O)2]n (6) 3100-3400 3067 2918, 2990 1602, 1444 1559, 1520, 1418, 1401 761, 704 

[Zn(μ-suc)(py)2(H2O)2]n (12) 3100-3400 3063 2915, 2987 1600, 1443 1560, 1538, 1418, 1398 758, 704 

{[Co2(μ-suc)2 (2-bpy)2(H2O)4].2H2O}n(2) 3100-3500 3071 2932, 2979 1597, 1445 1565, 1547, 1418, 1401 771 

{[Ni2(μ-suc)2(2-bpy)2(H2O)4] .2H2O}n(7) 3100-3500 3072 2934, 2977 1597, 1445 1567, 1545, 1415, 1400 766 

Glutarate complexes 

{[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 
 

3100-3500 
 

3073 
 

2911, 2960 
 

1613, 1444 
 

1597, 1418, 1409 
 

758, 698 

[Co2(μ-glu)2(μ-OH2)(2-bpy)2]n (4) 3100-3500 3033 2896, 2916, 2942 1610, 1442 1595, 1432, 1411 755 

Adipate complexes  

[Co(py)2(H2O)4](ada) (5) 

 

3100-3500 

 

3055 

 

2960 

 

1603, 1553, 1448 

 

1685, 1404 

 

759, 994 

[Ni(2-bpy)(H2O)4](H2O)(ada) (11) 3100-3500 3055 2932 1598, 1538, 1454 1671, 1410 758 
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2.2  Electronic spectroscopy 

 

        The electronic spectra of colored complexes containing transition metal 

ions are important in explaining the d-d transition and oxidation state of metal ions. In 

addition, the calculation of the crystal field strength (Δo) and Racah parameter (B) for 

the studied complexes can be done. The Racah parameter gives the information about 

the covalency of the metal-ligand bonds.  

 

2.2.1  Electronic spectra of the Co(II) complexes 

 

                              According to Tanabe Sugano diagram for d7 metal ions (Figure 90) 

three spin-allowed d-d transitions are expected for octahedral cobalt(II) complexes. 

The ground state term is 4T1g(F). The first d-d transition (ν1) is 4T1g (F) → 4T2g. The 

next excited states are 4T1g (P) and 4A2g. These two states cross at a point where the 

crystal field strength (Δo/B) is between of 14 to 15.  

 

Therefore            ν2 :        4T1g (F) → 4A2g        or      4T1g (F) → 4T1g (P)  

                           ν3 :          4T1g (F) → 4T1g (P)   or     4T1g (F) → 4A2g.  

 

 

    

 

 

 

 

 

 

 

 

 

Figure 90   Tanabe Sugano diagram for d7 ion (cycles indicate the energy states  

                   involve the d-d transitions) 
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At a cross point where the 4A2g
  and  4T1g (P) terms have same energy, only two spin-

allowed transitions occur, which are  

 

                                        ν1 :              4T1g (F) → 4T2g 

                                        ν2 :                  4T1g (F) → 4A2g or  4T1g (P) 

 

Hence two bands are observed. 

 

 If the crystal field strength is more or less than the crystal field strength at 

cross point, three d-d transitions occur as follows: 

  

For Δo/B < 14                  ν1 :              4T1g (F) → 4T2g 

                                         ν2  :                 4T1g (F) → 4A2g  

                                         ν3  :                 4T1g (F) → 4T1g (P) 

 

For Δo/B > 15                  ν1 :              4T1g (F) → 4T2g 

                                          ν2 :                  4T1g (F) → 4T1g (P) 

                                          ν3 :                  4T1g (F) → 4A2g 

 

 According to the Tanabe-Sugano diagram, the ν2 and ν3 bands may occur so 

close that they may overlap giving a broad band 

 

The electronic spectra for all studied Co(II) complexes consist of  two 

observable bands. The first band appears at 980 – 990 nm and the second one appear 

in the visible region at 463 – 491 nm (Figure 91). Similar observations about the d-d 

transition bands in the electronic spectra for Co(II) complexes containing both oxygen 

donor and nitrogen donor were reported (Sakiyama et al, 2004, Mishra et al, 2006). It 

is interesting to note here that the octahedral Co(II) complexes containing carboxylate 

and N-donor lignads gave only two bands whereas the Co(II) complexes containing no 

carboxylate lignads gave three bands (Table 37). The spectra of 1, 3 and 5 display 

pyridine peak at 400 nm (Figure 92) while the spectra of 2 and 4 display very intense  
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Figure 91  The electronic spectra of  (a)  [Co(μ-suc)(py)2(H2O)2]n (1) and (b)    

                  {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n(2) (c) {[Co2(μ-glu)2(μ-OH2) 

                  (py)4].(py)}n (3), (d) [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) and (e)    

                   Co(py)2(H2O)4](ada) (5) in DMF solution. 
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band which is a result of charge transfer transition in 2,2′-bipyridine at wavelength 

lower than 420 nm (Figure  92). The band in NIR region (980 – 990 nm) is assigned to 

the lowest energy transition (ν1): 

 

                                    ν1 :              4T1g (F) → 4T2g 

The band near UV region (463 – 491 nm) is assigned to ν3 transition as observed in 

other Co(II) complexes (Table 37) 

 

                                                ν3  :                 4T1g (F) → 4T1g (P) 

 

For trivalent cobalt ion only one d-d band will be observed. Therefore the spectra of 

the synthesized complexes support the divalency of cobalt. 

 

 

 

 

 

 

 

 

 

 

 

 

                     

 

 

 

 

 

Figure 92  The electronic spectra of  (a) pyridine and (b) DMF solution of 2,2′- 

                  bipyridine  
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Determination of crystal field strength (Δo) and Racah parameter (B) of the 

Co(II) complexes 

 

 Only one example is given in this section. The detailed calculations for all 

complexes are given in Appendix D. 

 

Example complex  [Co(μ-suc)(py)2(H2O)2]n (1) has two absorption bands at 985 nm 

(10,152 cm-1) and 469 nm (21,322 cm-1). The transition assignment for these bands is 

as follows: 
                                                  ν1(10,152 cm-1):     4T1g (F) → 4T2g 

                                ν3(21,322 cm-1):     4T1g (F) → 4T1g (P) 

The ν3/ ν1 ratio of two bands in the spectrum equals to 2.1. The Δo/B value can be 

determined graphically from a plot of the ν3/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Figure 93 at ν3/ ν1 = 2.1, 

the Δo/B = 14.8 

At Δo/B = 14.8             E(ν1)/B = 13.9 and E(ν2)/B = 28.9 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 93  Value of ν3/ ν1 ratio for d7 configuration and a plot of the ratio ν3/ ν1  

                   versus Δo/B. (Detailed calculation is summarized in Appendix D) 

 

E/B Δo/B 
ν1 ν3 

ν3/ν1 

 0 0 16.67 - 
5 5.0 21.11 4.22 
10 8.89 24.44 2.75 
15 14.44 29.00 2.01 
20 18.33 33.33 1.82 

ν3/ν1 

Δo/B 
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E(ν1) = 10,152 cm-1     therefore     B = 10,152 cm-1/13.9 = 730 cm-1 

E(ν3) = 21,322 cm-1     therefore     B = 21,322 cm-1/28.9 = 738 cm-1 

 average B = (730 + 738)/2 = 734 cm-1 

 Since Δo/B = 14.8:      Δo = 14.8 x 734 = 10863 cm-1 and Dq = 1086 cm-1 

 
 The crystal field strength and Racah parameter for the complexes in this study 

are comparable to those in the literatures (Table 37). 

 

2.2.1 Electronic spectra of the Ni(II) complexes 

 

             In the case of Ni(II) complexes, Ni(II) ion possesses d8 electronic 

configuration. The Tanabe-Sugano diagram of d8 configuration is shown in Figure 94. 

The spin-allowed d-d transitions for octahedral Ni(II) complexes are as follows: 

 

                                          ν1
             3A2g  → 3T2g                    

                                                               ν2
            3A2g   → 3T1g (F)               

                                              ν3
            3A2g  → 3T1g (P)       

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 94  Tanabe Sugano diagram for d8 ion (cycles indicate the energy states  

                   involve the d-d transitions). 
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The 3A2g → 3T1g (P) transition requires high energy, thus occurs in the high 

energy end of spectrum. This band usually occurs near ultraviolet region (<400 nm) 

and sometime is obscured by the charge transfer bands of ligands. Therefore two 

observable bands (Figure 95and 96) are assigned to the transitions 

 

                                             ν1
             3A2g  → 3T2g                    

                                                  ν2
          3A2g   → 3T1g (F)        

        

Similar assignment for carboxylate Ni(II) complex was reported (Mishra et al, 2006) 

(Table 38). The spectra of complexes containing pyridine display a pyridine band at 

about 374 – 385 nm while the spectra of complexes containing 2,2′-bipyridine give an 

intense band at below 400 nm. These observations are similar to those for the Co(II) 

complexes. 
                                        

Determination of crystal field strength (Δo) and Racah parameter (B) of the Ni(II) 

complexes 
  

Only one example is given in this section. The detailed calculation for all 

complexes are given in Appendix D.  

 

Example complex [Ni(μ-suc)(py)2(H2O)2]n (6) has absorption bands at 9990 and 

16,287 cm-1  
                                   ν1(9990 cm-1)   :           3A2g  → 3T2g                                                                                             

                       ν2(16,287 cm-1):        3A2g  →  3T1g(F)               
      

The ν2/ ν1 ratio of two bands in the spectrum equals to 1.63. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Figure 97 at ν2/ ν1 = 1.63, 

the Δo/B = 12.0 

At Δo/B = 12.0           E(ν1)/B = 12.0 and  E(ν2)/B = 19.0 
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Figure 95   The electronic spectra of (a) [Ni(μ-suc)(py)2(H2O)2]n (6), (b)  {[Ni2(μ- 

                    suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) and (c) Ni(II) + pyridine + glutaric  

                    acid in DMSO solution. 
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Figure 96  The electronic spectra of (d) Ni(II) + 2,2′-pyridine + glutaric acid, (e)   

                   Ni(II) + pyridine + adipic acid and (f) Ni(2,2′-bipy)(H2O)4](ada)(H2O)    

                  (11) in DMSO solution. 
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pyridine 

ν1 ν2 
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E(ν1) = 9990 cm-1        therefore     B = 9990 cm-1/12.0 = 832 cm-1 

E(ν2) = 16,287 cm-1     therefore     B = 16,287 cm-1/19.0 = 857 cm-1 

 average B = (8 + 857)/2 = 844 cm-1 

 Since Δo/B = 12.0:    Δo = 12.0 x 844 = 10128 cm-1 and Dq = 1013 cm-1 

 

E/B Δo/B 
ν1 ν2 

ν2/ν1 

0 0 0 - 
5 5.0 10.0 2.0 
10 10.0 17.0 1.7 
15 15.0 23.0 1.53 
20 20.0 28.0 1.40 
25 25.0 34.0 1.36 

 

 

Figure 97  Value of ν2/ ν1 ratio for d8 configuration and a plot of the ratio ν2/ ν1  

                     versus Δo/B. (Detailed calculation is summarized in Appendix D) 

 

2.3  Thermal gravimetric analyses 

 

       This analysis gives information about the thermal stability of compounds. 

The ligands in the complexes were released consecutively according to their boiling 

points and bond strength. The boiling points of all ligands involved in the studied 

complexes are listed in Table 39. 

 

Table 39  Boiling points of ligands. 

 

Ligand Boiling point (°C) 

water 100 

pyridine 115.2 

2,2′-bipyridine 273 

Succinic acid 235 

Glutaric acid 200 

Adipic acid 337 

ν2/ν1 

Δo/B 
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Table 37  Transition energy in the UV-visible-NIR spectra of d-d absorption bands of Co(II) complexes. 
 

 
Transition energy (cm-1) 

 
complex 

            ν3
 

     4T1g  → 4T1g (P) 
 

                ν2
 

       4T1g  → 4A2g
 

                  ν1
 

          4T1g  → 4T2g  

Dq 
(cm1) B (cm-1) reference 

[Co(μ-succinato)(pyridine)2(H2O)2]n a 21322 (469 nm) - 10152 (985nm) 1086 734 This study 

{[Co(μ-succinato)(2,2′-bipy)(H2O)2].H2O}n
 a  21505 (465 nm) - 10132 (987nm) 1090 736.5 This study 

{[Co2(μ-glutarato)2(μ-OH2)(pyridine)4].H2O}n
 a 21598 (463 nm) - 10163 (984nm) 1094 739 This study 

[Co2(μ-glutarato)2(μ-OH2)(2,2’-bipyri)2]n
 a 20366 (491 nm) - 10173 (983nm) 1031 678.5 This study 

[Co(pyridine)2(H2O)4](adipate) a 21505 (465 nm) - 10194 (981nm) 1093 738.5 This study 

[Co(H2O)6}2+ b 19400  (515 nm) 16000 (625 nm) 8100 (1234 nm) 920 830 Underhill and Billing, 1966 

[Co(imidazole)3](NO3)2
 b 20530 (487 nm) 18870 (530 nm) 9437 (1060 nm) 1064 820 Eilbeck et al, 1967 

[Co(l-allyimidazole)3](NO3)2
 b 20660 (484 nm) 16380 (610 nm) 9560 (1046 nm) 1077 801 Kurdziel and Glowiak, 2000 

[Co2(bomp)(MeCO2)2](BPh4) a ∼19000 (526 nm) - ∼8000 (1250 nm) - - Sakiyama et al, 2004 

[Co2(bomp)(MeCO2)2](BPh4) a ∼19000 (526 nm) - ∼8000 (1250 nm) - - ″ 

(Hbomp = 2,6-bis[bis(2-methoxyethyl) 
aminomethyl]-4-methoxyphenol] 

      

[(L8)Co(H2O)2][ClO4]2
 c 21368 (468 nm) - 9794 (1021 nm) - - Mishra et al, 2006 

[(L8)2Co2(μ-O2CMe)2][BPh4]2
 c 21930 (456 nm) - 10905 (917 nm) - - ″ 

L8 = 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane       

 

a = solvent DMF; b = solid state; c = solvent MeCN 
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Table 38  Transition energy in the UV-visible reflectance spectra of d-d absorption bands of Ni(II) complexes. 
 

 
Transition energy (cm-1) 

 
complex ν3

 

3A2g → 3T1g(P) 
 

ν2
 

3A2g → 3T1g(F) 
 

          ν1
 

      3A2g → 3T2g 
 

Dq B reference 

{[Ni(μ-succinato)(pyridine)2(H2O)2]n
 a - 16287 (614 nm) 9990(1004 nm) 1013 844 This study 

{[Ni(μ-succinato)(2,2′-bipyridine)(H2O)2].H2O}n
a - 16129 (620 nm) 10070 (993 nm) 1020 816 This study 

Ni(II) + pyridine + glutaric acid - 15748 (635 nm) 9443 (1059 nm) 976 872 This study 

Ni(II) + 2,2′-pyridine + glutaric acid - 18450 (542 nm) 11261 (888 nm) 1140 1013 This study 

Ni(II) + pyridine + adipic acid - 16234 (616 nm) 9901 (1010 nm) 1002 891 This study 

[Ni(2,2′-bipyridine)(H2O)4](H2O)(adipate) a - 16181 (618 nm) 10060(994 nm) 1014 845 This study 

[Ni(l-allyimidazole)3](NO3)2
 b 27500 (364 nm) 16820 (594 nm) 11600 (862 nm) 1045 863 Kurdziel and Glowiak, 2000 

[Ni(imidazole)3](NO3)2
 b 27700 (361 nm) 17390 (575 nm) 10580 (945 nm) 1058 895 Eilbeck et al, 1967 

[Ni(H2O)6}2+ b 25300 (395 nm) 15200 (658 nm) 8500 (1176 nm) 885 920 Underhill and Billing, 1966 

[(L8)Ni(H2O)2][ClO4]2
 c - 18018 (555 nm) 10695 (935 nm) - - Mishra et al, 2006 

[(L8)Ni(μ-O2CMe)][BPh4]2
 c - 17212 (581 nm) 10823 (924 nm) - - ″ 

L8 = 1,3-bis[3-(2-pyridyl)pyrazol-1-yl]propane       

 

a = solvent DMSO; b = solid state; c = solvent MeCN 
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The TG-DTG curves of [Co(μ-suc)(py)2(H2O)2]n (1), [Ni(μ-suc)(py)2(H2O)2]n 

(6) and Zn(μ-suc)(py)2(H2O)2]n (12) look similar and consist of two steps of weight 

losses (Figure 98-100). The first weight loss corresponds to the release of two aqua 

ligands and two pyridine ligands. For [Co(μ-suc)(py)2(H2O)2]n starts at 70 to 200 °C, 

[Ni(μ-suc)(py)2(H2O)2]n at 70 to 200 °C and Zni(μ-suc)(py)2(H2O)2]n at 60 to 190 °C. 

The observed weight loss of 50.0%, 50.0% and 49.0% , respectively, are close to the 

calculated value ( 52.54 %, 52.57 % and 51.62 %, respectively). The second weight 

loss corresponds to the release of the succinate ligands which occurs in the 

temperature range 200 – 370 °C for (1), 325 – 425 °C for (6) and 375 - 470 °C for 

(12). The second weight loss of 30.0 %, 30.0 % and 29.0 % of complex 1, 6 and 12, 

respectively, are in agreement with the calculated values (31.42%, 31.44 % and 30.87 

%).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 98  The TG - DTG curve of [Co(μ-suc)(py)2(H2O)2]n (1)  
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Figure 99  The TG - DTG curve of [Ni(μ-suc)(py)2(H2O)2]n (6). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 100  The TG - DTG curve of [Zn(μ-suc)(py)2(H2O)2]n (12) 
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The TG - DTG curves of {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (2) and 

{[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n (7) consist of similar two steps of weight 

losses (Figure 101 and 102). The first weight loss corresponds to the release of waters 

of crystallization and two aqua ligands. {[Co2(μ-suc)2(2,2′-bipy2(H2O)4].2H2O}n starts 

at 60 to 130 °C and {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n begins at 60 to 130 °C. 

The observed weight loss of 14.0% are close to the calculated value (14.09% and 

14.10%). The second weight loss corresponds to the decomposition of the 2,2′-

bipyridine and succinate ligand at 260 - 500 °C for complex (2) and 320 – 420 °C for 

complex (7). The weight loss of 68.0 % is in agreement with the calculated one 

(70.98% and 71.02%).  
 

Figure 103 exhibits thermal behavior of the {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n 

(3). The first weight loss corresponds to the release of uncoordinated pyridine, aqua 

ligand and four pyridine ligands with weight loss of 51.0% (cal. 52.17%). The 

elimination of the glutarate ligands took place at 350 – 530 oC with weight loss of 

33.0% (cal. 32.85%).  

 
 2.0  
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 101  The TG - DTG curve of (a) {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n(2)    
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Figure 102  The TG - DTG curve of {[Ni2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O}n(7) 

 

        

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 103  The TG – DTG curve of (a)  {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n (3) 
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Complex [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) is thermally stable up to 130 oC 

and then begins to release aqua ligand at 130-160 oC with weight loss of 2.5% (cal. 

2.54%) (Figure 104). Next step involves the release of glutarate ligands and 2,2′-

bipyridine ligands with weight loss of 35.5 % (cal. 36.70 %) and 42.0 % (cal. 44.04 

%), respectively . 

 

The complex [Co(py)2(H2O)4](ada) (5) (Figure 105) lost four aqua ligands and 

two pyridine at the temperature range of 70 – 250 °C in the first step with a weight 

loss of 52.0 % (cal. 53.08%) and then release adipate anion at 300 – 450 °C with a 

weight loss of 32.0 % (cal. 33.23%). 

 

The TG - DTG curve of complex [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 

consists of two steps of weight loss (Figure 106). The release of water of 

crystallization and four aqua ligands occurred at 70 – 120 °C with a weight loss of 

19.0 % (cal. 20.04%). The second weight loss corresponds to the release of 2,2′-

bipyridine and adipate anion with a weight loss of 65.0 % (cal. 66.80%). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 104  The TG - DTG curve of [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n (4) 
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Figure 105  The TG - DTG curve of [Co(py)2(H2O)4](ada) (5) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 106  The TG - DTG curve of [Ni(2,2′-bipy)(H2O)4](ada)(H2O) (11) 
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 2.4  Magnetic properties   

 

               Complex 1: The temperature dependence of the magnetic susceptibility 

for complex [Co(μ-suc)(py)2(H2O)2]n 1 in the temperature range of 1.7 – 293 K is 

shown in Figure 107. Curie-Weiss fit of the data in the range 100-300 K gives a Curie 

constant of 3.50(4) cm3 K mol-1 and a Weiss temperature of –5.0(5) K (Figure 108). 

The Curie constant is larger than the spin-only value of 1.87 cm3 K mol-1 due to the 

presence of orbital contribution and falls in the limit of the experimentally observed 

values for octahedral cobalt(II). The value of the Weiss temperature is slightly higher 

than the value of –20 K expected for a regular octahedral geometry where the negative 

value is due to the effect of spin-orbit coupling. (Kurmoo, 2009) 

 

 Complex 3: The magnetic susceptibility for complex {[Co2(μ-glu)2(μ-OH2) 

(py)4].(py)}n was measured in the temperature range of 1.7 – 293 K (Figure 107). The 

Curie-Weiss fit of the data in the range 100-300 K gives a Curie constant of 6.47(4) 

cm3 K mol-1, that is 3.24 cm3 K mol-1
 of cobalt, and the Weiss temperature of –49(2) K 

(Figure 108). The Curie constant is within the range expected but the Weiss constant 

in this case is significantly antiferromagnetic. It is to be noted that a broad maximum 

is observed at 4 K and this is associated with antiferromagnetic interaction between 

the cobalt within the dimer. The data is too limited to estimate the exchange energy. 
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Figure 107  Temperature dependence of the magnetic susceptibilities of the two  

                    complexes measured in a field of 104 Oersted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 108  Temperature dependence of the inverse susceptibility of the two         

                     complexes. The black lines are the fit to the Curie-Weiss function in the  

                     temperature range 100-300 K.  
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CONCLUSIONS AND RECCOMENDATION 
 

 Eight of sixteen complexes crystallized as single crystals with various color. 

Eight crystalline complexes consist of the following molecular formula: 

 

 (1)  [Co(μ-suc)(py)2(H2O)2]n  

 (2)  {[Co(μ-suc)(2,2′-bipy) (H2O)2].2H2O}n 

 (3)  {[Co2(μ-glu)2(μ-OH2)(py)4].(py)}n  

 (4)  [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n  

 (5)  [Co(py)2(H2O)4](ada)  

 (7) {[Ni(μ-suc)(2,2′-bipy)(H2O)2].2H2O}n                                                                                    

 (11) [Ni(2,2′-bipy)(H2O)4](ada)(H2O)  

 (12) [Zn(μ-suc)(py)2(H2O)2]n  

 
 Comparison of crystal structure for four succinate complexes of Co(II), Ni(II) 

and Zn(II) indicates that (1) complex 1 and 12 are isomorphous and isostructural (2) 

complex 2 and 7 are also isomorphous, (3) coordination modes of succinate ligands 

are bis-monodentate bridging, (4) the conformation of aliphatic carbon backbone of 

succinate ligand in 1 and 12 are anti-form while those for complex 2 and 7 are syn 

form, (5) the weak edge to face π-π interaction is observed in the complexes 

containing pyridine ligands but the weak face-to-face π-π interaction is observed in 

the complexes containing 2,2′-bipyridine, (6) the complexes are stabilized by 

hydrogen bonds and π-π interactions and (7) there are incorporated waters in the 

complex 2 and 7. 

 

 Comparison of crystal structures for two glutarate complexes of Co(II) 

indicates that complex 3 and 4 have similar crystal structure but complex 3 contain 

free pyridines in the cavities. The coordination modes and conformation of glutarate 

ligands in both complexes are monodentate-bidentate bridging and gauche-gauche 

conformation, respectively. 
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Comparison of crystal structures for two adipate complexes of Co(II) and 

Ni(II) indicates that adipate exists as counter ion in both complexes (5 and 11). The 

conformation of adipate ion in complex 5 is syn-anti-syn.  

 

 The FTIR spectra reveal that the O-H stretching frequencies of water involved 

in the complexes are in the order of  ν(O-H)aqua < ν(O-H)water < ν(O-H)bridge. The d-d 

spectra of cobalt complexes exhibit two bands supporting the divalence of cobalt ions. 

All prepared complexes are insoluble in most solvents and their thermal stabilities are 

up to about 80 °C. 

 

 Temperature dependence of the magnetic susceptibilities of complex 1 and 3 

indicates that complex 1 is paramagnetic (C = 3.50(4) cm3 K / mol and θ = -5.0(5) K) 

and complex 3 is antiferromagnetic (C = 6.47(4) cm3 K / mol and θ = -49(2) K). The 

effect of spin-orbit coupling is observed in the complex 1. 
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Appendix A 

Single bond covalent radii used in SHELHX program 
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Single bond covalent radii used in SHELHX program 

 
C     0.770                    H     0.320 

N     0.700                   O     0.660                     

Co   1.250                   Ni   1.250 

Zn    1.33 
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Appendix B 

Atomic coordinate and equivalent isotropic 

displacement paramerters of Co(II) complexes 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

155

Appendix Table B1  Atomic coordinate (x 104) and equivalent isotropic displacement 

            parameters  (Å2 x 103) for complex [Co(μ-suc)(py)2(H2O)2]n (1) 

________________________________________________________________________________  

 x y z U(eq) 
___________________________________________________________________ 
Co(1) 5000 0 5000 10(1) 

O(1) 5155(1) 2230(2) 4652(1) 16(1) 

O(2) 6875(2) 2912(2) 5102(1) 22(1) 

O(3) 3385(2) -20(2) 4426(1) 15(1) 

N(1) 4316(2) 701(2) 6282(1) 16(1) 

C(1) 3387(3) 82(3) 6622(2) 25(1) 

C(2) 2923(3) 530(3) 7434(2) 34(1) 

C(3) 3443(3) 1669(3) 7906(2) 32(1) 

C(4) 4398(3) 2324(3) 7555(2) 28(1) 

C(5) 4807(2) 1812(3) 6748(2) 20(1) 

C(6) 5908(2) 3193(3) 4802(2) 21(1) 

C(7) 5538(3) 4846(3) 4725(3) 36(1) 

________________________________________________________________________________  
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Appendix Table B2  Atomic coordinate (x 104) and equivalent isotropic displacement 

             parameters (Å2 x 103) for complex {[Co(μ-suc)(2,2′-bipy) 

                                   (H2O)2].2H2O}n(2) 

_____________________________________________________________________ 
 x y z U(eq) 
_____________________________________________________________________ 
Co(1) 1813(1) 4583(2) 2720(1) 13(1) 

Co(2) 7893(1) 9589(2) 4446(1) 13(1) 

N(1) 821(11) 4823(10) 1522(5) 17(2) 

N(2) 2693(10) 3120(12) 2142(5) 15(2) 

N(3) 7018(11) 8062(11) 5029(5) 14(2) 

N(4) 8896(10) 9813(11) 5636(5) 15(2) 

O(1) 966(10) 6123(10) 3201(5) 16(2) 

O(2) -458(10) 3676(10) 2902(5) 20(2) 

O(3) 8753(10) 11130(11) 3978(5) 20(2) 

O(4)                     10119(9) 8659(9) 4247(5) 15(2) 

O(5) 2876(9) 4148(9) 3835(5) 12(1) 

O(6) 1296(10) 2576(12) 4045(5) 23(2) 

O(7) 5696(9) 10461(10) 4693(5) 16(2) 

O(8) 6190(12) 12325(12) 4442(7) 31(3) 

O(9) 4027(10) 5446(9) 2464(5) 18(2) 

O(10) 3472(11) 7320(10) 2720(6) 25(3) 

O(11) 6838(10) 9139(10) 3330(5) 18 

O(12) 8426(10) 7647(13) 3079(5) 28(2) 

O(14) 13076(11) 9388(12) 3713(6) 26(2) 

O(13) -3397(11) 4305(12) 3423(7) 28(3) 

C(1) -159(15) 5684(16) 1258(8) 17(3) 

C(2) -834(17) 5713(18) 492(8) 26(4) 

C(3) -437(15) 4859(15) -51(7) 20(3) 

C(4) 483(15) 4001(15) 229(7) 21(3) 

C(5) 1133(14) 3938(14) 1024(7) 16 

C(6) 2224(14) 2983(14) 1360(7) 13 
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Appendix Table B2  (Continued) 

___________________________________________________________________ 
 x y z U(eq) 
_____________________________________________________________________ 

C(7) 2676(12) 2015(10) 904(6) 10(1) 

C(8) 3678(19) 1169(18) 1270(9) 31 

C(9) 4221(15) 1309(14) 2076(7) 16 

C(10) 3640(16) 2237(16) 2458(8) 20 

C(11) 6014(14) 7267(14) 4667(7) 12(1) 

C(12) 5510(17) 6289(15) 5099(9) 28(2) 

C(13) 5994(14) 6182(13) 5887(7) 17(1) 

C(14) 7018(17) 7047(15) 6247(8) 30 

C(15) 7523(14) 7973(14) 5802(7) 16(1) 

C(16) 8534(14) 8953(14) 6145(7) 17(1) 

C(17) 9129(14) 8936(15) 6951(7) 22(3) 

C(18) 10219(15) 9897(18) 7188(7) 28(4) 

C(19) 10536(15) 10790(16) 6692(8) 18(3) 

C(20) 9853(14) 10686(14) 5904(8) 19(3) 

C(21) 4304(16) 6492(17) 2418(8) 22 

C(22) 5806(14) 6857(13) 1971(6) 12(1) 

C(23) 6336(15) 8117(14) 2100(6) 14(1) 

C(24) 7264(15) 8293(14) 2889(7) 14 

C(25) 2423(15) 3336(15) 4247(8) 16(1) 

C(26) 3340(16) 13148(16) 5071(8) 20 

C(27) 5363(13) 11543(14) 4719(6) 11(1) 

C(28) 3866(16) 11872(16) 5173(7) 21 

___________________________________________________________________ 
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Appendix Table B3  Atomic coordinate (x 104) and equivalent isotropic displacement 

             parameters (Å2 x 103) for complex {[Co2(μ-glu)2(μ-OH2) 

                                   (py)4].(py)}n (3) 

___________________________________________________________________________________  

 x y z U(eq) 
_____________________________________________________________________ 
Co(1) 5845(1) 344(1) 4022(1) 15(1) 

Co(2) 3391(1) 346(1) 3545(1) 15(1) 

N(1) 7106(4) 1054(4) 4239(4) 19(1) 

N(2) 6584(4) -600(4) 3314(4) 25(1) 

N(3) 2116(4) 1061(4) 3342(3) 18(1) 

N(4) 2660(4) -587(4) 4261(4) 24(1) 

N(5) 289(7) 493(6) 6692(11) 135(6) 

O(1) 6231(4) -367(4) 5127(3) 27(1) 

O(2) 5098(4) -1344(4) 5083(3) 26(1) 

O(3) 5514(3) 1038(3) 2935(3) 19(1) 

O(4) 3985(4) 1250(4) 2802(3) 25(1) 

O(5) 3002(4) -379(4) 2456(3) 28(1) 

O(6) 4133(3) -1350(3) 2482(3) 22(1) 

O(7) 5256(4) 1251(4) 4771(3) 25(1) 

O(8) 3734(3) 1043(3) 4640(3) 19(1) 

O(9) 4604(4) -409(1) 3779(4) 16(1) 

C(1) 7583(5) 1082(5) 4984(5) 25(2) 

C(2) 8375(5) 1585(5) 5148(5) 29(2) 

C(3) 8684(5) 2068(5) 4533(6) 34(2) 

C(4) 8203(5) 2022(5) 3718(4) 30(2) 

C(5) 7438(5) 1514(5) 3600(5) 27(2) 

C(6) 7323(6) -1027(5) 3635(6) 41(2) 

C(7) 7794(7) -1613(7) 3214(9) 65(3) 

C(8) 7503(6) -1759(6) 2371(6) 64(3) 

C(9) 6742(6) -1337(6) 2021(6) 45(2) 

C(10) 6314(6) -785(5) 2490(5) 32(2) 
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Appendix Table B3  (Continued) 

_______________________________________________________________________________  

 x y z U(eq) 
_____________________________________________________________________ 

C(11) 1640(5) 1102(5) 2563(4) 21(1) 

C(12) 854(5) 1591(5) 2391(5) 29(2) 

C(13) 543(5) 2079(5) 3044(5) 28(2) 

C(14) 1011(5) 2041(5) 3805(5) 36(2) 

C(15) 1807(4) 1520(5) 3941(5) 25(2) 

C(16) 1905(5) -999(5) 3852(6) 33(2) 

C(17) 1417(6) -1617(6) 4294(8) 54(3) 

C(18) 1685(5) -1806(4) 5098(8) 69(3) 

C(19) 2435(7) -1382(6) 5507(7) 58(3) 

C(20) 2921(5) -764(5) 5049(5) 29(2) 

C(21) 5817(4) -1003(4) 5402(3) 14(1) 

C(22) 6274(4) -1385(4) 6241(4) 17(1) 

C(23) 5804(4) -2157(4) 6572(4) 18(1) 

C(24) 4857(5) -2001(4) 6851(4) 20(1) 

C(25) 4771(5) 1374(4) 2603(4) 17(1) 

C(26) 3388(4) -1020(4) 2133(4) 20(1) 

C(27) 2952(5) -1394(4) 1334(4) 20(1) 

C(28) 3458(5) -2182(4) 964(4) 22(1) 

C(29) 4413(4) -1997(5) 701(4) 22(1) 

C(30) 4456(5) 1379(4) 4982(4) 18(1) 

C(31)                               320(11)           205(10) 5903(14) 162(9) 

C(32)                              -341(12) -324(8) 5455(12) 117(6) 

C(33) -1080(8) -552(7) 5873(8) 84(4) 

C(34) -1133(4) -199(6) 6697(8) 76(3) 

C(35)                              -446(10) 299(7) 7018(9) 86(4) 

_____________________________________________________________________ 
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Appendix Table B4  Atomic coordinate (x 104) and equivalent isotropic displacement 

             parameters  (Å2 x 103) for complex [Co2(μ-glu)2(μ-OH2)(2,2′- 

                                   bipy)2]n (4) 

________________________________________________________________________________  
 x y z U(eq) 

___________________________________________________________________ 

Co(1) 7120(1) 527(1) 8442(1) 16(1) 

Co(2) 8530(1) 1016(1) 6703(1) 18(1) 

N(1) 5582(2) 1153(2) 8827(2) 19(1) 

N(2) 7373(2) 242(2) 9735(2) 18(1) 

N(3) 7963(3) 530(2) 5447(2) 23(1) 

N(4) 10052(3) 1345(2) 6115(2) 25(1) 

O(1) 5888(2) -464(1) 8143(1) 21(1) 

O(2) 5962(2) -616(1) 6780(2) 27(1) 

O(3) 8072(2) 1566(1) 8722(2) 24(1) 

O(4) 9360(2) 1629(1) 7797(1) 21(1) 

O(5) 7595(2) 2058(1) 6213(2) 24(1) 

O(6) 5623(2) 1927(1) 6468(2) 28(1) 

O(7) 9324(2) -65(1) 7109(1) 21(1) 

O(8) 8663(2) -169(1) 8333(1) 20(1) 

O(9) 6839(2) 739(1) 7129(1) 18(1) 

C(1) 4781(3) 1668(2) 8352(2) 23(1) 

C(2) 3899(3) 2095(2) 8672(2) 28(1) 

C(3) 3821(3) 1995(2) 9507(2) 29(1) 

C(4) 4644(3) 1470(2) 10005(2) 24(1) 

C(5) 5524(3) 1062(2) 9650(2) 20(1) 

C(6) 6499(3) 525(2) 10146(2) 19(1) 

C(7) 6537(3) 314(2) 10990(2) 27(1) 

C(8) 7495(4) -177(2) 11403(2) 27(1) 

C(9) 8405(3) -455(2) 10984(2) 24(1) 

C(10) 8298(3) -230(2) 10151(2) 21(1) 

C(11) 6919(4) 89(2) 5164(2) 29(1) 
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Appendix Table B4  (Continued) 

________________________________________________________________________________  
 x y z U(eq) 

___________________________________________________________________ 

C(12) 6567(4) -189(3) 4340(2) 36(1) 

C(13) 7343(4) 1(3) 3786(2) 40(1) 

C(14) 8432(4) 435(3) 4066(2) 37(1) 

C(15) 8730(3) 699(2) 4907(2) 27(1) 

C(16) 9888(4) 1170(2) 5279(2) 29(1) 

C(17) 10769(4) 1413(3) 4810(3) 39(1) 

C(18) 11811(5) 1859(3) 5213(3) 47(1) 

C(19) 11980(4) 2031(3) 6063(3) 45(1) 

C(20) 11077(4) 1762(2) 6493(3) 32(1) 

C(21) 5651(3) -836(2) 7447(2) 18(1) 

C(22) 4916(3) -1599(2) 7425(2) 23(1) 

C(23) 10486(3) 3029(2) 8458(2) 22(1) 

C(24) 9375(3) 2680(2) 8778(2) 20(1) 

C(25) 8905(3) 1895(2) 8401(2) 18(1) 

C(26) 9229(3) -417(2) 7781(2) 19(1) 

C(27) 9881(4) -1209(2) 7942(2) 25(1) 

C(28) 4963(3) 3483(2) 6141(2) 24(1) 

C(29) 6200(3) 3150(2) 5955(2) 22(1) 

C(30) 6487(3) 2311(2) 6233(2) 20(1) 

_____________________________________________________________________ 
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Appendix Table B5  Atomic coordinate (x 104) and equivalent isotropic displacement 

             parameters (Å2 x 103) for complex [Co(py)2(H2O)4](ada) (5) 
________________________________________________________________________________  
 x y z U(eq) 
_____________________________________________________________________ 
Co(1) 7457(1) 2624(1) 8861(1) 13(1) 

N(1) 6569(1) 2452(2) 9811(1) 15(1) 

N(2) 8327(1) 2877(2) 7910(1) 17(1) 

O(1) 8635(1) 3930(2) 9716(1) 19(1) 

O(2) 6334(1) 4224(2) 8308(1) 19(1) 

O(3) 6258(1) 1246(2) 8112(1) 19(1) 

O(4) 8618(1) 1048(2) 9359(1) 18(1) 

O(5) 10895(1) 1358(2) 9779(1) 22(1) 

O(6) 10901(1) 3448(2) 10251(1) 28(1) 

O(7) 13966(1) 1595(2) 7647(1) 22(1) 

O(8) 14076(1) 3814(2) 7707(1) 22(1) 

C(1) 6408(2) 1265(2) 10139(1) 19(1) 

C(2) 5937(2) 1120(2) 10809(1) 21(1) 

C(3) 5601(2) 2252(2) 11153(1) 20(1) 

C(4) 5752(2) 3487(2) 10817(1) 21(1) 

C(5) 6240(2) 3544(2) 10155(1) 18(1) 

C(6) 8471(2) 1847(2) 7428(1) 23(1) 

C(7) 8947(2) 1974(3) 6762(1) 26(1) 

C(8) 9285(2) 3229(3) 6580(2) 27(1) 

C(9) 9148(2) 4303(2) 7073(2) 26(1) 

C(10) 8671(2) 4091(2) 7733(2) 22(1) 

C(11) 11388(2) 2454(2) 10043(1) 16(1) 

C(12) 12646(2) 2577(2) 10117(1) 18(1) 

C(13) 12821(2) 2267(2) 9233(1) 19(1) 

C(14) 12185(2) 3230(2) 8491(1) 21(1) 

C(15) 12278(2) 2828(2) 7587(1) 19(1) 

C(16) 13531(2) 2730(2) 7642(1) 15(1) 

____________________________________________________________________ 
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Appendix Table B6  Atomic coordinate (x 104) and equivalent isotropic displacement 

              parameters (Å2 x 103) for complex {[Ni(μ-suc)(2,2′-bipy) 

                                    (H2O)2].2H2O}n(7) 

________________________________________________________________________________  
 x y z U(eq) 
___________________________________________________________________ 

Ni(1) 6265(1) 4516(1) 3751(1) 12(1) 

Ni(2) 128(1) 9517(1) 2042(1) 12(1) 

N(1) 5386(7) 3070(5) 4337(3) 13(1) 

N(2) 7221(7) 4808(6) 4906(3) 14(1) 

N(3) -866(7) 9838(5) 893(3) 13(1) 

N(4) 1007(8) 8061(5) 1479(3) 14(1) 

O(1) 8449(6) 3577(5) 3562(3) 16(1) 

O(2) 7132(7) 5992(5) 3223(3) 17(1) 

O(3) -2057(7) 8589(5) 2223(3) 16(1) 

O(4) -754(7) 10995(4) 2573(3) 15(1) 

O(5) 5165(6) 4089(5) 2651(3) 14(1) 

O(6) 6784(7) 2578(5) 2370(3) 22(1) 

O(7) 2317(7) 10376(4) 1791(3) 18(1) 

O(8) 1747(7) 12234(5) 2080(4) 27(1) 

O(9) 4070(6) 5381(4) 3993(3) 12(1) 

O(10) 4649(7) 7256(5) 3723(4) 27(1) 

O(11) 1235(6) 9085(5) 3130(3) 14(1) 

O(12) -391(7) 7573(5) 3413(3) 22(1) 

O(13) 11375(7) 4320(6) 3027(4) 25(1) 

O(14) -5023(7) 9307(5) 2764(4) 26(1) 

C(1) 4404(8) 2224(5) 3991(4) 15(1) 

C(2) 3874(10) 1262(7) 4407(4) 20(1) 

C(3) 4372(10) 1184(7) 5213(5) 18(2) 

C(4) 5388(9) 2049(6) 5562(4) 18(2) 

C(5) 5869(10) 2985(7) 5101(4) 14 

C(6) 6910(8) 3976(5) 5448(4) 11(1) 
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Appendix Table B6  (Continued) 

________________________________________________________________________________  
 x y z U(eq) 
___________________________________________________________________ 

C(7) 7508(9) 4053(7) 6225(4) 21(2) 

C(8) 8482(10) 4976(7) 6463(4) 25(2) 

C(9) 8860(9) 5865(6) 5921(3) 14(1) 

C(10) 8181(10) 5738(6) 5147(4) 14(2) 

C(11) -1807(10) 10725(7) 634(5) 16(2) 

C(12) -2444(10) 10814(8) -145(5) 23(2) 

C(13) -2114(9) 9993(6) -675(4) 17(2) 

C(14) -1104(9) 9037(6) -424(4) 16(2) 

C(15) -514(7) 8982(5) 379(3) 16(1) 

C(16) 528(9) 7989(7) 682(4) 14(1) 

C(17) 993(9) 7046(6) 227(4) 19(2) 

C(18) 2006(9) 6181(6) 567(4) 20(2) 

C(19) 2523(10) 6273(7) 1356(5) 19(2) 

C(20) 1978(8) 7207(6) 1789(4) 18(2) 

C(21) 3762(9) 6475(5) 4039(4) 15(1) 

C(22) 2303(9) 6839(6) 4485(4) 16(2) 

C(23) 1778(9) 8087(7) 4381(4) 12(1) 

C(24) 806(9) 8265(7) 3579(4) 16(1) 

C(25) 5602(9) 3275(6) 2211(4) 12 

C(26) 4631(9) 3104(6) 1434(4) 18(2) 

C(27) 2583(9) 11464(6) 1782(4) 14(1) 

C(28) 4088(9) 11815(6) 1302(4) 13(1) 

_____________________________________________________________________  
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Appendix Table B7  Atomic coordinate (x 104) and equivalent isotropic displacement 

             parameters (Å2 x 103) for complex [Ni(2,2′-bipy)(H2O)4] 

                                   (ada)(H2O) (11) 

________________________________________________________________________________  
 x y z U(eq) 
_____________________________________________________________________ 
Ni(1) 0 1410(1) 2500 34(1) 

O(2) 1380(4) 1975(2) 3555(6) 62(1) 

O(1) -127(5) 1397(2) 5119(7) 56(1) 

O(4) 3150(5) 3433(2) 11576(6) 74(1) 

O(3) 1985(4) 2996(2) 12721(6) 67(1) 

N(1) 1226(4) 758(2) 3389(6) 47(1) 

C(1) 2459(6) 787(3) 4253(9) 63(2) 

C(2) 3196(7) 326(4) 4689(12) 85(2) 

C(3) 2640(9) -171(3) 4238(14) 93(3) 

C(4) 1385(8) -206(3) 3369(11) 76(2) 

C(5) 687(6) 263(2) 2971(8) 53(1) 

C(6) 2192(6) 3180(3) 11373(8) 56(2) 

C(7) 1251(11) 3128(8) 9359(15) 120(5) 

O(5) 5000 1297(8) 7500 199(8) 

C(8A) 1090(30) 3310(20) 7870(30) 300(20) 

C(8) 670(80) 3547(18) 9530(90) 580(40) 

C(8C) 460(40) 2807(11) 8730(40) 226(10) 

C(8B) -50(30) 3200(30) 9230(50) 320(18) 

_____________________________________________________________________ 
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Appendix Table B8  Atomic coordinate (x 104) and equivalent isotropic displacement 

            parameters (Å2 x 103) for complex [Zn(μ-suc)(py)2(H2O)2]n (12) 

________________________________________________________________________________  
 x y z U(eq) 
___________________________________________________________________ 

Zn(1) 5000 0 5000 15(1) 

N(1) 4308(3) 673(4) 3719(3) 16(1) 

O(1) 6873(3) 2905(4) 4901(2) 23(1) 

O(2) 5136(3) 2237(4) 5340(2) 18(1) 

O(3) 6625(3) 17(4) 4416(2) 19(1) 

C(1) 4810(4) 1762(6) 3235(3) 20(1) 

C(2) 4391(5) 2285(6) 2438(4) 25(1) 

C(3) 3411(5) 1656(6) 2097(4) 29(1) 

C(4) 2892(5) 528(7) 2586(4) 28(1) 

C(5) 3356(4) 65(7) 3386(3) 21(1) 

C(6) 5888(4) 3201(5) 5168(3) 17(1) 

C(7) 5529(4) 4835(6) 5275(4) 22(1) 

________________________________________________________________________________  
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Anisotropic thermal parameters for Co(II), Ni(II) and Zn(II) complexes 
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Appendix Table C1  Anisotropic thermal parameters (Å2 x 103) for [Co(μ-suc)(py)2  

                                   (H2O)2]n (1) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

Co(1) 10(1)  8(1) 13(1)  -1(1) 0(1)  0(1) 

N(1) 18(1)  13(1) 16(1)  -2(1) 2(1)  2(1) 

O(1) 16(1)  10(1) 22(1)  1(1) -2(1)  -1(1) 

O(2) 14(1)  12(1) 40(1)  2(1) -4(1)  -2(1) 

O(3) 12(1)  11(1) 23(1)  -1(1) -2(1)  2(1) 

C(1) 28(2)  21(1) 26(1)  -7(1) 8(1)  -5(1) 

C(2) 40(2)  29(2) 32(2)  -5(1) 21(1)  -7(1) 

C(3) 47(2)  29(1) 21(1)  -5(1) 15(1)  -2(1) 

C(4) 42(2)  25(1) 17(1)  -6(1) 1(1)  -4(1) 

C(5) 23(1)  18(1) 20(1)  -1(1) 2(1)  -2(1) 

C(6) 17(1)  11(1) 35(1)  2(1) -2(1)  -2(1) 

C(7) 31(2)  22(1) 53(2)  4(1) -1(2)  1(1) 

_____________________________________________________________________ 
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Appendix Table C2  Anisotropic thermal parameters (Å2 x 103) for {[Co(μ-suc) 

                                  (2,2′-bipy)(H2O)2].2H2O}n(2) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

Co(1) 11(1)  12(1) 14(1)  -2(1) 1(1)  0(1) 

Co(2) 11(1)  14(1) 13(1)  -1(1) 0(1)  -1(1) 

N(1) 15(4)  12(7) 25(4)  7(4) 13(3)  5(4) 

N(2) 8(4)  21(7) 16(4)  -5(4) 0(3)  2(3) 

N(3) 23(5)  5(7) 15(4)  0(4) 4(3)  6(4) 

N(4) 9(4)  28(8) 7(3)  1(4) -7(3)  4(4) 

O(1) 16(4)  9(7) 23(4)  0(3) -3(3)  -2(3) 

O(2) 15(4)  25(8) 19(4)  -7(4) -9(3)  6(4) 

O(3) 16(4)  17(7) 28(4)  8(4) 10(3)  -5(4) 

O(4) 15(4)  13(7) 17(4)  -4(4) 8(3)  5(3) 

O(5) 13(1)  7(3) 14(1)  -2(1) -4(1)  -3(1) 

O(6) 26(4)  6(6) 36(5)  11(4) -6(3)  -6(3) 

O(7) 7(3)  18(7) 22(4)  3(4) -6(3)  -4(3) 

O(8) 23(5)  27(9) 45(6)  8(6) 13(4)  7(5) 

O(9) 23(4)  10(6) 23(4)  7(3) 12(3)  -3(3) 

O(10) 21(5)  6(7) 49(6)  -10(5) 16(4)  1(4) 

O(12) 15(4)  36(8) 31(4)  -9(4) -10(3)  9(3) 

O(13) 14(4)  26(8) 45(6)  21(5) -4(4)  3(4) 

O(14) 15(4)  29(8) 35(5)  -10(4) 9(3)  -3(4) 

C(1) 17(6)  16(11) 16(6)  1(6) 1(5)  2(5) 

C(2) 16(5)  35(10) 27(5)  13(5) 7(4)  6(5) 

C(3) 19(5)  22(8) 19(5)  10(5) 3(4)  -4(4) 

C(4) 24(5)  24(10) 16(5)  -9(5) 6(4)  -12(5) 

C(7) 13(2)  5(3) 13(2)  -5(2) 7(1)  -5(2) 

C(11) 17(2)  3(3) 16(2)  1(2) -2(2)  -5(2) 

C(12) 24(3)  16(5) 46(4)  12(3) 7(2)  0(2) 

C(13) 17(2)  7(4) 27(3)  8(2) 10(2)  1(2) 
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Appendix Table C2  (Continued) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

C(15) 15(2)  13(4) 22(2)  4(2) 2(2)  9(2) 

C(16) 10(2)  26(4) 15(2)  -2(2) 4(1)  10(2) 

C(17) 20(5)  30(10) 15(5)  -4(5) -6(3)  -5(5) 

C(18) 20(5)  47(11) 14(6)  -7(6) -8(4)  6(5) 

C(19) 21(6)  12(8) 19(5)  -12(5) -6(4)  3(5) 

C(20) 11(5)  22(9) 25(6)  2(5) 5(4)  3(4) 

C(22) 15(2)  5(4) 15(2)  -3(2) 1(2)  -6(2) 

C(23) 18(2)  17(4) 8(2)  2(2) 1(2)  -10(2) 

C(25) 10(2)  14(4) 26(2)  -2(2) 1(2)  4(2) 

C(27) 7(2)  14(4) 12(2)  4(2) -6(1)  0(2) 

___________________________________________________________________ 
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Appendix Table C3  Anisotropic thermal parameters (Å2 x 103) for {[Co2(μ-glu)2(μ-  

                                   OH2)(py)4].(py)}n (3) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

Co(1) 13(1)  17(1) 15(1)  1(1) 1(1)  -1(1) 

Co(2) 12(1)  17(1) 16(1)  -1(1) 3(1)  1(1) 

N(1) 13(3)  18(3) 26(3)  5(2) 7(2)  1(2) 

N(2) 24(3)  8(2) 45(4)  -4(3) 9(3)  -4(2) 

N(3) 17(3)  19(3) 17(3)  4(2) 1(2)  3(2) 

N(4) 16(3)  26(3) 32(3)  -1(3) 12(2)  -2(2) 

N(5) 38(4)  34(4) 318(18)  47(7) -56(7)  -14(3) 

O(1) 19(2)  33(3) 29(3)  13(2) -5(2)  -11(2) 

O(2) 31(3)  27(3) 19(2)  5(2) -3(2)  -11(2) 

O(3) 15(2)  24(3) 19(2)  5(2) 0(2)  2(2) 

O(4) 16(2)  29(3) 31(3)  11(2) 7(2)  4(2) 

O(5) 28(3)  31(3) 23(3)  -11(2) -7(2)  13(2) 

O(6) 20(2)  24(3) 21(2)  -5(2) -4(2)  7(2) 

O(7) 19(2)  35(3) 23(3)  -10(2) 6(2)  -4(2) 

O(8) 17(2)  22(3) 18(2)  -6(2) 4(2)  -2(2) 

O(9) 15(1)  17(1) 15(1)  6(2) 1(1)  -5(2) 

C(1) 20(3)  20(3) 34(4)  -4(3) 3(3)  -8(2) 

C(2) 23(3)  28(4) 33(4)  -8(3) -6(3)  -4(3) 

C(3) 20(4)  23(4) 58(6)  -13(4) 0(4)  -4(3) 

C(4) 28(3)  39(4) 24(3)  9(2) 8(2)  4(3) 

C(5) 30(4)  30(4) 21(3)  5(3) 7(3)  -9(3) 

C(6) 32(4)  32(4) 59(4)  3(3) 9(3)  -7(3) 

C(7) 31(4)  26(4) 143(11)  7(5) 36(6)  5(3) 

C(8) 58(5)  51(5) 95(5)  -53(4) 62(4)  -35(4) 

C(9) 35(4)  42(4) 62(5)  -20(3) 27(3)  -21(3) 

C(10) 34(4)  30(4) 35(4)  -6(3) 11(3)  -15(3) 

C(11) 23(3)  25(3) 16(3)  -1(2) -1(2)  -5(3) 
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Appendix Table C3  (Continued) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

C(12) 23(3)  25(4) 37(4)  6(3) -4(3)  1(3) 

C(13) 12(3)  20(4) 51(5)  2(3) 5(3)  7(3) 

C(14) 18(3)  23(3) 70(5)  -4(3) 17(3)  16(2) 

C(15) 13(3)  27(4) 34(4)  -2(3) 2(3)  2(3) 

C(16) 12(3)  20(3) 70(5)  -4(3) 13(3)  -11(2) 

C(17) 24(4)  22(4) 121(9)  17(5) 28(4)  -2(3) 

C(18) 36(4)  11(3) 171(9)  18(4) 60(5)  -3(3) 

C(19) 61(5)  33(4) 91(6)  39(4) 64(5)  24(4) 

C(20) 28(3)  19(3) 46(4)  12(3) 27(3)  6(3) 

C(21) 19(3)  17(3) 6(2)  6(2) 0(2)  8(2) 

C(22) 14(3)  22(3) 16(3)  -4(3) 6(2)  1(2) 

C(23) 15(3)  24(3) 15(3)  -4(2) 3(2)  10(2) 

C(24) 28(3)  20(3) 13(3)  -7(2) 3(3)  -4(3) 

C(25) 22(3)  12(3) 17(3)  4(2) 4(3)  5(2) 

C(26) 16(3)  18(3) 25(3)  9(2) 6(2)  4(2) 

C(27) 20(3)  20(3) 20(3)  -3(3) -5(3)  -1(3) 

C(28) 33(3)  12(3) 21(3)  -4(2) 4(3)  7(2) 

C(29) 13(3)  27(3) 26(3)  -4(3) 6(2)  2(3) 

C(30) 17(3)  24(3) 14(3)  6(2) 2(2)  3(2) 

C(31) 144(14)  94(10) 250(30)  65(12) 41(13)  79(9) 

C(32) 91(9)  57(7) 196(13)  -12(7) -21(9)  48(6) 

C(33) 68(7)  41(5) 142(9)  47(5) 13(6)  10(4) 

C(34) 17(3)  58(5) 152(9)  45(5) 2(4)  -1(3) 

C(35) 84(8)  50(6) 124(8)  47(6) 16(6)  17(5) 

_____________________________________________________________________ 
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Appendix Table C4  Anisotropic thermal parameters (Å2 x 103) for [Co2(μ-glu)2(μ- 

                                   OH2)(2,2′-bipy)2]n (4) 

____________________________________________________________________ 

 U11 U22  U33 U23 U13 U12 
____________________________________________________________________ 

Co(1) 17(1)  16(1) 17(1)  0(1) 8(1)  0(1) 

Co(2) 21(1)  17(1) 20(1)  1(1) 11(1)  1(1) 

N(1) 18(1)  19(1) 23(1)  -2(1) 10(1)  -2(1) 

N(2) 19(1)  16(1) 19(1)  -3(1) 8(1)  -3(1) 

N(3) 27(2)  26(2) 20(1)  3(1) 11(1)  9(1) 

N(4) 28(2)  20(2) 32(2)  4(1) 19(1)  6(1) 

O(1) 24(1)  19(1) 23(1)  -5(1) 11(1)  -5(1) 

O(2) 43(2)  21(1) 20(1)  -2(1) 12(1)  -9(1) 

O(3) 28(1)  21(1) 28(1)  -6(1) 15(1)  -7(1) 

O(4) 21(1)  20(1) 23(1)  -3(1) 10(1)  -2(1) 

O(5) 24(1)  20(1) 32(1)  5(1) 13(1)  5(1) 

O(6) 25(1)  21(1) 42(2)  10(1) 13(1)  0(1) 

O(7) 24(1)  19(1) 23(1)  2(1) 11(1)  3(1) 

O(8) 20(1)  20(1) 23(1)  2(1) 11(1)  4(1) 

O(9) 19(1)  17(1) 19(1)  0(1) 6(1)  -1(1) 

C(1) 22(2)  24(2) 24(2)  2(1) 8(1)  0(1) 

C(2) 22(2)  26(2) 34(2)  3(2) 7(2)  7(2) 

C(3) 21(2)  26(2) 42(2)  -8(2) 13(2)  -1(1) 

C(4) 22(2)  26(2) 27(2)  -6(2) 12(1)  -2(1) 

C(5) 19(2)  17(2) 24(2)  -5(1) 8(1)  -4(1) 

C(6) 21(2)  18(2) 20(2)  -5(1) 8(1)  -5(1) 

C(7) 27(2)  31(2) 25(2)  -3(2) 12(2)  -5(2) 

C(8) 33(2)  30(2) 20(2)  3(2) 8(2)  0(2) 

C(9) 25(2)  23(2) 24(2)  1(1) 4(1)  -3(1) 

C(10) 21(2)  21(2) 22(2)  -3(1) 9(1)  -1(1) 

C(11) 32(2)  31(2) 23(2)  0(2) 9(2)  8(2) 

C(12) 36(2)  43(2) 26(2)  -7(2) 4(2)  8(2) 
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Appendix Table C4  (Continued) 

____________________________________________________________________ 

 U11 U22  U33 U23 U13 U12 
____________________________________________________________________ 

C(13) 48(2)  55(3) 14(2)  -4(2) 2(2)  18(2) 

C(14) 46(2)  48(3) 23(2)  7(2) 19(2)  21(2) 

C(15) 32(2)  28(2) 25(2)  9(2) 14(2)  16(2) 

C(16) 34(2)  28(2) 30(2)  9(2) 21(2)  14(2) 

C(17) 43(2)  44(3) 39(2)  13(2) 29(2)  14(2) 

C(18) 46(3)  43(3) 68(3)  15(2) 46(3)  5(2) 

C(19) 39(2)  39(3) 67(3)  -4(2) 35(2)  -8(2) 

C(20) 33(2)  27(2) 43(2)  -4(2) 23(2)  -3(2) 

C(21) 16(2)  17(2) 24(2)  1(1) 9(1)  2(1) 

C(22) 23(2)  19(2) 28(2)  -2(1) 11(1)  0(1) 

C(23) 20(2)  18(2) 27(2)  1(1) 5(1)  -2(1) 

C(24) 24(2)  19(2) 18(2)  1(1) 7(1)  -2(1) 

C(25) 16(2)  18(2) 20(2)  4(1) 3(1)  1(1) 

C(26) 13(1)  20(2) 25(2)  1(1) 7(1)  -1(1) 

C(27) 26(2)  17(2) 35(2)  1(2) 15(2)  5(1) 

C(28) 22(2)  19(2) 31(2)  -2(1) 7(1)  -1(1) 

C(29) 23(2)  15(2) 28(2)  2(1) 7(1)  1(1) 

C(30) 22(2)  19(2) 19(2)  -2(1) 6(1)  -1(1) 

_____________________________________________________________________ 

 

 

 

 

 

 

 

 

 



 

175

Appendix Table C5  Anisotropic thermal parameters (Å2 x 103) for [Co(py)2(H2O)4] 

                                   (ada)] (5) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________ 

Co(1) 12(1)  11(1) 14(1)  1(1) 4(1)  0(1) 

N(1) 13(1)  16(1) 15(1)  0(1) 4(1)  0(1) 

N(2) 14(1)  19(1) 18(1)  3(1) 5(1)  0(1) 

O(1) 15(1)  14(1) 28(1)  -1(1) 5(1)  -1(1) 

O(2) 16(1)  17(1) 25(1)  9(1) 6(1)  2(1) 

O(3) 14(1)  17(1) 24(1)  -7(1) 5(1)  -2(1) 

O(4) 13(1)  15(1) 26(1)  7(1) 5(1)  2(1) 

O(5) 17(1)  15(1) 35(1)  2(1) 9(1)  -1(1) 

O(6) 19(1)  18(1) 49(1)  -6(1) 11(1)  2(1) 

O(7) 18(1)  16(1) 30(1)  -4(1) 7(1)  1(1) 

O(8) 16(1)  16(1) 35(1)  7(1) 9(1)  -1(1) 

C(1) 20(1)  16(1) 21(1)  1(1) 9(1)  2(1) 

C(2) 20(1)  21(1) 21(1)  3(1) 7(1)  -2(1) 

C(3) 14(1)  31(1) 15(1)  -1(1) 5(1)  0(1) 

C(4) 18(1)  23(1) 22(1)  -6(1) 6(1)  2(1) 

C(5) 19(1)  14(1) 19(1)  -1(1) 5(1)  -1(1) 

C(6) 23(1)  25(1) 20(1)  -1(1) 7(1)  -2(1) 

C(7) 23(1)  38(1) 16(1)  -3(1) 7(1)  2(1) 

C(8) 18(1)  47(2) 15(1)  7(1) 3(1)  -2(1) 

C(9) 20(1)  29(1) 26(1)  10(1) 6(1)  -2(1) 

C(10) 21(1)  20(1) 27(1)  5(1) 9(1)  1(1) 

C(11) 15(1)  16(1) 18(1)  3(1) 5(1)  2(1) 

C(12) 13(1)  20(1) 20(1)  1(1) 6(1)  1(1) 

C(13) 16(1)  21(1) 22(1)  0(1) 7(1)  1(1) 

C(14) 17(1)  21(1) 25(1)  3(1) 7(1)  3(1) 

C(15) 13(1)  18(1) 23(1)  1(1) 4(1)  -1(1) 

C(16) 14(1)  16(1) 13(1)  1(1) 3(1)  0(1) 
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Appendix Table C6  Anisotropic thermal parameters (Å2 x 103) for {[Ni(μ-suc) 

                                  (2,2′-bipy)(H2O)2].2H2O}n(7) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

Ni(1) 12(1)  11(1) 12(1)  1(1) 1(1)  -1(1) 

Ni(2) 12(1)  12(1) 11(1)  0(1) 0(1)  0(1) 

N(1) 17(3)  3(2) 21(3)  0(2) 7(2)  -2(2) 

N(2) 10(3)  18(3) 16(3)  -7(2) -3(2)  3(2) 

N(3) 16(3)  10(2) 12(2)  -3(2) 7(2)  -1(2) 

N(4) 12(3)  22(3) 7(2)  0(2) -2(2)  -4(2) 

O(1) 11(3)  23(3) 13(2)  0(2) 2(2)  2(2) 

O(2) 19(3)  19(3) 14(3)  5(2) 0(2)  -5(2) 

O(3) 18(3)  13(3) 17(3)  1(2) -2(2)  3(2) 

O(4) 9(3)  12(3) 22(3)  0(2) 3(2)  -2(2) 

O(5) 14(3)  12(2) 17(3)  -5(2) 1(2)  0(2) 

O(6) 20(3)  18(3) 27(3)  -5(2) -9(2)  6(2) 

O(7) 13(3)  20(2) 20(2)  3(2) 4(2)  -2(2) 

O(8) 25(3)  11(3) 46(4)  -10(2) 14(3)  -7(2) 

O(9) 12(2)  7(3) 15(3)  1(2) 0(2)  0(2) 

O(10) 20(3)  19(3) 45(3)  8(2) 16(3)  -2(2) 

O(11) 15(3)  17(3) 11(2)  -1(2) -2(2)  -2(2) 

O(12) 19(3)  22(3) 25(3)  8(2) -5(2)  -6(2) 

O(13) 23(3)  24(3) 26(3)  -12(3) 0(2)  -5(2) 

O(14) 6(3)  30(3) 42(4)  9(3) 5(2)  1(2) 

C(1) 14(3)  14(3) 17(3)  4(2) 1(2)  -9(2) 

C(2) 20(3)  25(3) 15(3)  0(2) -1(2)  1(3) 

C(3) 22(4)  8(3) 24(4)  -2(3) 2(3)  3(3) 

C(4) 15(4)  19(3) 19(3)  12(3) 4(3)  1(3) 

C(6) 10(3)  5(2) 19(3)  1(2) 8(2)  -3(2) 

C(7) 18(4)  38(4) 8(3)  4(3) -2(3)  10(3) 

C(8) 22(4)  43(4) 10(3)  2(3) 2(3)  10(3) 
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Appendix Table C6  (Continued) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________ 

C(9) 18(3)  15(3) 8(2)  -3(2) 2(2)  0(2) 

C(10) 14(4)  15(3) 15(3)  2(3) 4(3)  1(3) 

C(11) 15(4)  18(4) 16(4)  3(3) 3(3)  -2(3) 

C(12) 13(4)  23(4) 33(4)  13(3) -1(3)  -2(3) 

C(13) 18(4)  17(3) 14(4)  9(3) -6(3)  -2(3) 

C(14) 20(4)  8(3) 19(3)  1(3) 6(3)  4(2) 

C(15) 17(3)  25(3) 5(2)  2(2) -1(2)  -14(2) 

C(16) 10(1)  18(1) 15(1)  0(1) 2(1)  -9(1) 

C(17) 24(4)  18(3) 15(3)  4(2) 3(3)  -10(3) 

C(18) 20(4)  16(3) 27(3)  -14(2) 15(3)  -4(2) 

C(19) 20(4)  5(3) 35(4)  0(3) 11(3)  4(3) 

C(20) 22(3)  17(3) 14(3)  4(2) 7(3)  -7(2) 

C(21) 25(3)  6(2) 13(3)  2(2) -7(2)  -3(2) 

C(22) 14(3)  18(3) 15(3)  -1(3) 2(3)  -1(3) 

C(23) 13(3)  19(3) 4(2)  1(2) -4(2)  3(3) 

C(24) 11(1)  17(1) 21(1)  -1(1) 1(1)  7(1) 

C(26) 20(4)  11(3) 24(3)  0(2) 7(3)  -2(2) 

C(27) 4(3)  26(3) 11(3)  2(2) 3(2)  -5(2) 

C(28) 18(4)  10(3) 10(3)  -4(2) -1(3)  -5(2) 

_____________________________________________________________________ 
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Appendix Table C7  Anisotropic thermal parameters (Å2 x 103) for [Ni(2,2′-bipy) 

                                   (H2O)4](ada)(H2O)] (11) 

______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
_________________________________________________________________  

Ni(1) 41(1)  31(1) 26(1)  0 9(1)  0 

O(2) 67(3)  50(2) 43(2)  9(2) -4(2)  -24(2) 

O(1) 52(3)  80(4) 32(2)  -6(2) 13(2)  0(2) 

O(4) 71(3)  107(3) 38(2)  2(2) 16(2)  -24(3) 

O(3) 57(2)  75(3) 48(2)  8(2) 0(2)  -26(2) 

N(1) 56(3)  40(2) 44(2)  5(2) 20(2)  9(2) 

C(1) 56(3)  63(4) 63(4)  12(3) 17(3)  11(3) 

C(2) 68(4)  94(6) 86(5)  14(4) 25(4)  34(4) 

C(3) 109(7)  64(5) 104(6)  22(4) 41(5)  41(5) 

C(4) 108(6)  43(4) 78(5)  8(3) 38(5)  16(4) 

C(5) 82(4)  38(3) 45(3)  4(2) 32(3)  8(3) 

C(6) 56(3)  62(4) 36(3)  7(3) 3(3)  -2(3) 

C(7) 86(6)  174(13) 54(6)  -27(7) -18(5)  -6(7) 

O(5) 135(12)  235(18) 230(20)  0 74(13)  0 

C(8A) 270(30)  480(50) 104(15)  40(20) 22(17)  -120(40) 

C(8) 900(100)  370(50) 540(70)  -40(40) 380(80)  -320(50) 

C(8C) 290(30)  180(20) 170(20)  13(17) 60(20)  -30(20) 

C(8B) 210(30)  560(60) 180(20)  -60(30) 60(20)  90(30) 

____________________________________________________________________ 

 

 

 

 

 

 

 

 



 

179

Appendix Table C8  Anisotropic thermal parameters (Å2 x 103) for [Zn(μ-suc)(py)2 

                                   (H2O)2]n (12) 

____________________________________________________________________  

 U11 U22  U33 U23 U13 U12 
____________________________________________________________________ 

Zn(1) 15(1)  13(1) 17(1)  1(1) 1(1)  0(1) 

N(1) 18(2)  12(2) 17(2)  1(2) 1(2)  2(2) 

O(1) 16(2)  14(2) 39(2)  -1(2) 5(2)  0(1) 

O(2) 19(2)  12(2) 23(2)  -1(1) 3(1)  2(1) 

O(3) 19(2)  11(2) 25(2)  5(2) 1(1)  1(2) 

C(1) 20(3)  18(3) 22(3)  -1(2) -2(2)  -1(2) 

C(2) 36(3)  21(3) 19(3)  0(2) 4(2)  -6(2) 

C(3) 41(3)  26(3) 20(3)  4(2) -12(2)  1(3) 

C(4) 28(3)  26(3) 29(3)  3(3) -7(2)  -5(3) 

C(5) 19(2)  22(3) 21(2)  0(3) 0(2)  1(2) 

C(6) 19(2)  15(2) 18(3)  3(2) -5(2)  1(2) 

C(7) 20(2)  14(3) 34(3)  -1(2) -5(2)  -3(2) 
______________________________________________________________________________ 
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Determination of crystal field strength (Δo) and Racah parameter (B) of Co(II) 

complexes 

 

First, set up a plot of Δo/B ratio versus ν3/ν1 ratio where ν1 and ν3 are the 

energies of transitions obtained from the Tanabe-Sugano diagram for d7 configuration 

(Appendix Figure 1). If the actual ratio of the energies of transition is known, the Δo/B 

value will be determined from the graph in the Appendix Figure 2. The actual ratio of 

ν3/ν1 is obtained from the assigned bands in the spectra. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Appendix Figure 1   Tanabe Sugano diagram for d7 ion (cycles indicate the energy  

                                    states  involve the d-d transitions) 

 
 

E/B Δo/B 
ν1 ν3 

ν3/ν1 

 0 0 16.67 - 
5 5.0 21.11 4.22 
10 8.89 24.44 2.75 
15 14.44 29.00 2.01 
20 18.33 33.33 1.82 
 
 
 
 
 
Appendix Figure 2  Value of ν3/ ν1 ratio for d7 configuration and a plot of the ratio  

                                  ν3/ ν1 versus Δo/B. 

ν3/ν1 

Δo/B 

ν1 
ν2 

ν3 
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Complex (2); {[Co2(μ-suc)2(2,2′-bipy)2(H2O)4].2H2O} has two absorption bands E(ν1) 

= 10,132 and  E(ν2) = 21,505 cm-1 The transition assignment for these bands is as 

follows: 
                                   ν1(10,132 cm-1):           4T1g(F) →  4T2g                                                                                             

                       ν3(21,505 cm-1):            4T1g(F) →  4T1g(P)               

E(ν2)/ E(ν1) = 21,505 /10,132 = 2.122 = 2.1 

The ν3/ ν1 ratio of two bands in the spectrum equals to 2.1. The Δo/B value can be 

determined graphically from a plot of the ν3/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 2 at ν3/ ν1 

= 2.1, the Δo/B = 14.8 

At Δo/B = 14.8             E(ν1)/B = 13.9 and E(ν3)/B = 28.9 

E(ν1) = 10,132 cm-1     therefore     B = 10,132 cm-1/13.9 = 729 cm-1 

E(ν3) = 21,505 cm-1     therefore     B = 21,505 cm-1/28.9 = 744 cm-1 

                    average B = (729 + 744)/2 = 736.5 cm-1 

 Since Δo/B = 14.8:          Δo = 14.8 x 736.5 = 10900 cm-1 and Dq = 1090 cm-1 

-------------------------------------------------------------------------------------------------------- 
Complex (3); {[Co2(μ-glu)2(μ-OH2)(py)4].py}n has two absorption bands E(ν1) = 

10,163 and  E(ν2) = 21,598 cm-1 The transition assignment for these bands is as 

follows: 
                                   ν1(10,163 cm-1):           4T1g(F) →  4T2g                                                                                             

                       ν3(21,598 cm-1):            4T1g(F) →  4T1g(P)               

E(ν2)/ E(ν1) = 21,598 /10,163 = 2.125 = 2.1 

The ν3/ ν1 ratio of two bands in the spectrum equals to 2.1. The Δo/B value can be 

determined graphically from a plot of the ν3/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 2at ν3/ ν1 

= 2.1, the Δo/B = 14.8 

At Δo/B = 14.8                  E(ν1)/B = 13.9 and  E(ν3)/B = 28.9 

E(ν1) = 10,163 cm-1     therefore     B = 10,163 cm-1/13.9 = 731 cm-1 

E(ν3) = 21,598 cm-1     therefore     B = 21,598 cm-1/28.9 = 747 cm-1 

                                average B = (731 + 747)/2 = 739 cm-1 

 Since Δo/B = 14.8:       Δo = 14.8 x 739 = 10937 cm-1 and Dq = 1094 cm-1 
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Complex (4); [Co2(μ-glu)2(μ-OH2)(2,2′-bipy)2]n has two absorption bands  

E(ν1) = 10,173 and  E(ν2) = 20,366 cm-1 The transition assignment for these bands is 

as follows: 
                                   ν1(10,173 cm-1):           4T1g(F) →  4T2g                                                                                             

                       ν3(20,366 cm-1):            4T1g(F) →  4T1g(P)               

E(ν2)/ E(ν1) = 20,366/10,173 = 2.002 = 2.0 

The ν3/ ν1 ratio of two bands in the spectrum equals to 2.1. The Δo/B value can be 

determined graphically from a plot of the ν3/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 2 at ν3/ ν1 

= 2.0, the Δo/B = 15.2 

At Δo/B = 15.2              E(ν1)/B = 15.0     and     E(ν3)/B = 30.0 

E(ν1) = 10,173 cm-1     therefore     B = 10,173 cm-1/15.0 = 678 cm-1 

E(ν3) = 20,366cm-1     therefore     B = 20,366cm-1/30.0 = 679 cm-1 

                            average B = (678 + 679)/2 = 678.5 cm-1 

 Since Δo/B = 15.2:        Δo = 15.2 x 678.5 = 10313 cm-1 and Dq = 1031 cm-1 
-------------------------------------------------------------------------------------------------------- 

Complex (5); [Co(py)2(H2O)4](ada) has two absorption bands  

E(ν1) = 10,194 and  E(ν2) = 21,505 cm-1 The transition assignment for these bands is 

as follows: 
                                   ν1(10,194 cm-1):           4T1g(F) →  4T2g                                                                                             

                       ν3(21,505 cm-1):            4T1g(F) →  4T1g(P)               

E(ν2)/ E(ν1) = 21,505 /10,194  = 2.109 = 2.1 

The ν3/ ν1 ratio of two bands in the spectrum equals to 2.1. The Δo/B value can be 

determined graphically from a plot of the ν3/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 2 at ν3/ ν1 

= 2.1, the Δo/B = 14.8 

At Δo/B = 14.8                   E(ν1)/B = 13.9    and     E(ν3)/B = 28.9 

E(ν1) = 10,194   cm-1     therefore  B = 10,194   cm-1/13.9 = 733 cm-1 

E(ν3) = 21,505 cm-1     therefore  B = 21,505 cm-1/28.9 = 744 cm-1 

                         average B = (733 + 744)/2 = 738.5 cm-1 

 Since Δo/B = 14.8:         Δo = 14.8 x 738.5 = 10930 cm-1 and Dq =  1093 cm-1 
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Determination of crystal field strength (Δo) and Racah parameter (B) of Ni(II) 

complexes 

 

First, set up a plot of Δo/B ratio versus ν2/ν1 ratio where ν1 and ν2 are the 

energies of transitions obtained from the Tanabe-Sugano diagram for d8 configuration 

(Appendix Figure 3). If the actual ratio of the energies of transition is known, the Δo/B 

value will be determined from the graph in the Appendix Figure 4. The actual ratio of 

ν2/ν1 is obtained from the assigned bands in the spectra. 

 

 

 

 

 

 

 

 

 

 

 

Appendix Figure 3  Tanabe Sugano diagram for d8 ion (cycles indicate the energy  

                                  states involve the d-d transitions). 

 

E/B Δo/B 
ν1 ν2 

ν2/ν1 

0 0 0 - 
5 5.0 10.0 2.0 
10 10.0 17.0 1.7 
15 15.0 23.0 1.53 
20 20.0 28.0 1.40 
25 25.0 34.0 1.36 

 

 

Appendix Figure 4  Value of ν2/ ν1 ratio for d8 configuration and a plot of the ratio  

                                  ν2/ ν1 versus Δo/B. 
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Complex (7); {[Ni(μ-suc)(2,2′-bipy)(H2O)2].2H2O}n has absorption bands at  993 nm 

(10,070 cm-1) and 620 nm (16,129 cm-1). The transition assignment for these bands is 

as follows: 
                                   ν1(10,070 cm-1):           3A2g → 3T2g                                                                                             

                       ν2(16,129 cm-1):            3A2g →  3T1g(F)               

The ν2/ ν1 ratio of two bands in the spectrum equals to 1.6. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 4 at ν2/ ν1 

= 1.6, the Δo/B = 12.5 

At Δo/B = 12.5           E(ν1)/B = 12.5 and  E(ν2)/B = 19.5 

E(ν1) = 10,070 cm-1     therefore     B = 10,070 cm-1/12.5 = 806 cm-1 

E(ν2) = 16,129 cm-1     therefore     B = 16,129 cm-1/19.5 = 827 cm-1 

 average B = (806 + 827)/2 = 816 cm-1 

 Since Δo/B = 12.5:    Δo = 12.5 x 816 = 10200 cm-1 and Dq = 1020 cm-1 

 
-------------------------------------------------------------------------------------------------------- 
 

Complex (8); Ni(II) + pyridine + glutaric acid has absorption bands at 9443 and 

15,748 cm-1  
                                   ν1(9443 cm-1)  :          3A2g  →  3T2g                                                                                             

                       ν2(15,748 cm-1):       3A2g  →  3T1g(F)               

The ν2/ ν1 ratio of two bands in the spectrum equals to 1.67. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 4 at ν2/ ν1 

= 1.67, the Δo/B = 11.2 

At Δo/B = 11.2        E(ν1)/B = 11.2 and  E(ν2)/B = 17.5 

E(ν1) = 9443 cm-1    therefore     B = 9443 cm-1/11.2 = 843 cm-1 

E(ν2) = 15,748 cm-1    therefore     B = 15,748 cm-1/17.5 = 900 cm-1 

 average B = (843 + 900)/2 = 872 cm-1 

 Since Δo/B = 11.2:    Δo = 11.2 x 871.5 = 9760.8 cm-1 and Dq = 976 cm-1 
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Complex (9); Ni(II) + 2,2′-pyridine + glutaric acid has absorption bands at 11,261 and 

18,450 cm-1  
                                   ν1(11,261 cm-1):            3A2g  → 3T2g                                                                                             

                       ν2(18,450 cm-1):        3A2g  →  3T1g(F)               

The ν2/ ν1 ratio of two bands in the spectrum equals to 1.64. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 4 at ν2/ ν1 

= 1.64, the Δo/B = 11.25 

At Δo/B = 11.25        E(ν1)/B = 11.25 and  E(ν2)/B = 18.0 

E(ν1) = 11,261 cm-1    therefore     B = 11,261 cm-1/11.25 = 1001 cm-1 

E(ν2) = 18,450 cm-1    therefore     B = 18,450 cm-1/18.0 = 1025 cm-1 

 average B = (1001 + 1025)/2 = 1013 cm-1 

 Since Δo/B = 11.25:    Δo = 11.25 x 1013 = 11396 cm-1 and Dq = 1140 cm-1 
 

------------------------------------------------------------------------------------------------------------------------------------------------------------ 

 

Complex (10); Ni(II) + pyridine + adipic acid has absorption bands at 9901 and 16,234 

cm-1  
                                   ν1(9901 cm-1)  :            3A2g  → 3T2g                                                                                             

                       ν2(16,234 cm-1):       3A2g  →  3T1g(F)               

The ν2/ ν1 ratio of two bands in the spectrum equals to 1.64. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 4 at ν2/ ν1 

= 1.64, the Δo/B = 11.25 

At Δo/B = 11.25        E(ν1)/B = 11.25 and  E(ν2)/B = 18.0 

E(ν1) = 9901 cm-1       therefore     B = 9901 cm-1/11.25 = 880 cm-1 

E(ν2) = 16,234 cm-1    therefore     B = 16,234 cm-1/18.0 = 902 cm-1 

 average B = (880 + 902)/2 = 891 cm-1 

 Since Δo/B = 11.25:    Δo = 11.25 x 891 = 10024 cm-1 and Dq = 1002 cm-1 
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Complex (11); [Ni(2,2′-bipy)(H2O)4](H2O)(ada) has absorption bands at 10,060 and 

16,181 cm-1  
                                   ν1(10,060 cm-1):            3A2g (F) → 3T2g                                                                                             

                       ν2(16,181 cm-1):        3A2g (F) →  3T1g(F)          
 The ν2/ ν1 ratio of two bands in the spectrum equals to 1.61. The Δo/B value can be 

determined graphically from a plot of the ν2/ ν1 ratio versus the Δo/B ratio which are 

obtained from the Tanabe-Sugano diagram. From graph in Appendix Figure 4 at ν2/ ν1 

= 1.61, the Δo/B = 12.0 

At Δo/B = 12.0        E(ν1)/B = 12.0 and  E(ν2)/B = 19.0 

E(ν1) = 10,060 cm-1       therefore     B = 10,060 cm-1/12.0 = 838 cm-1 

E(ν2) = 16,181 cm-1      therefore     B = 16,181 cm-1/19.0 = 852 cm-1 

 average B = (838 + 852)/2 = 845 cm-1 

 Since Δo/B = 12.0:    Δo = 12.0 x 845 = 10140 cm-1 and Dq = 1014 cm-1 
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