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Abstract 

In the last two decades, self-assembled Metal Organic Materials (MOMs) with intriguing 

structures and properties have become a hot topic for scientists in various fields for their 

potential applications in gas sorption and storage, catalysis, magnetism, sensing, drug delivery, 

etc. Discrete Metal Organic Cages (MOCs) and Coordination Polymers (CPs) are the two major 

subclasses of MOMs. These materials are strategically designed for various applications based 

on the choice of ligands/linkers and diverse coordination chemistry offered by numerous metal 

ions. Although several synthetic methods have been reported in the literature, the room 

temperature self-assembly method is desired for its simplicity, cost-effectiveness and easy to 

scale-up. 

The most important aspect of this research was to find the strategic combination of ligand and 

linker for the structural diversity (nuclearity and dimensionality) and hence the properties of 

MOCs and CPs. In combination with various di/tricarboxylic acids, several flexible and 

spanning bis(tridentate) polypyridyl ligands with variable spacer were used to explore their 

chemistry. A series of MOCs and CPs have been successfully synthesized under ambient 

conditions and in good yields. These have been extensively characterized by various analytical 

techniques including elemental analysis, FT-IR and UV-Vis spectroscopy, TGA, single crystal 

and powder X-ray diffraction. The first part of this work focuses on mostly MOCs (and few 

CPs) using various magnetically active cores, like {Mn2(μ-O)(-O2CR)2}2+, {Fe2(μ-O)(-

O2CR)2}2+ and {Mn2(μ-O)2(-O2CR)}2+ for demonstrating their magnetic properties. Both 

tetranuclear and unprecedented octanuclear MOCs have been obtained, where both flexibility 

and methylene chain length of bis(tridentate) polypyridyl ligands and dicarboxylates play a 

huge role in the structural diversity and magnetic properties of these compounds. Their 

magnetic behaviour was according to expected ferro- and antiferro-interactions within as well 

as between the cages. In the second part, a rich and diverse chemistry of four different divalent 

metal ions (Mn2+, Co2+, Ni2+ and Cd2+) was unveiled through a systematic combination of (a) 

rigid carboxylates and semirigid spanning ligands, (b) flexible carboxylates and semirigid 

spanning ligands, (c) a heterocyclic dicarboxylate and all spanning ligands, and (d) a semirigid 

dicarboxylate and semirigid spanning ligands. In addition to their spectroscopic and thermal 

properties, and structural elucidation, examples of heterogeneous catalysts for the Knoevenagel 

condensation reaction are demonstrated utilizing the open metal sites as Lewis acidic centers.  
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CHAPTER I 

INTRODUCTION 

The progress of science and technology highly depends on the design and development of 

new materials with targeted physiochemical properties and functionality required for their 

applications in various fields. For such materials, the synthesis methods under ambient 

conditions are always preferred for commercialization and cost benefits. Furthermore, any 

nature-inspired methodology can be thought of icing on the cake. In this regard, the 

following quotation can be appropriate: 

“Self-assembly is the autonomous organization of components into patterns or structures 

without human intervention. Self-assembling processes are common throughout nature and 

technology. They involve components from the molecular (crystals) to the planetary 

(weather systems) scale and many different kinds of interaction. The concept of self-

assembly is used increasingly in many disciplines, with a different flavor and emphasis in 

each.”- George M. Whitesides and Bartosz Grzybowski.1  

Materials with desirable shape and structure are of great importance for their particular uses 

in various field like host-guest chemistry.2-6 Self-assembly is one of the best synthetic tools 

to prepare material with particular geometry and shape. Directional-bonding approach7 and 

molecular library approach8 are two methods for the self-assembly synthetic route. In this 

process, a carefully designed building unit can connect to form a material with desired 

structure. The interaction(s), hence the geometry, is controlled by the building unit. A slight 

change in the building unit can make huge changes in the structure and shape of self-

assembled material. As an example, it is shown in Figure 1.1, how a little change in the 

ligand can affect the overall structure of the compounds. The properties of self-assembled 

material can also be encoded during the designing of building unit or post synthesis. 

In the last few decades, researchers are showing enormous interest to prepare self-assembly 

of metal organic materials (MOMs) for their application in various fields like, gas 

storage/separation,10-17 magnetism,18-23 drug delivery,24-33 NLO,34, 35 luminescence and 

sensing,36-44 catalysis45-54 etc. MOMs are made up of metal center or metal cluster, organic 

ligand(s) and/or organic linker(s). According to the way these assemble, MOMs can form 

a material with different dimensionality, and can be classified as polygons, cages, chains, 

ladders, sheets, coordination polymers (CPs), metal organic frameworks (MOFs), etc. as 

shown in Figure 1.2. As compared to organic or inorganic materials, these classes of 
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compounds show different properties like, stability during guest exchange, high surface 

area, low density.55, 56 

 

Figure 1.1. Iinfluence of the bent angle of the ligand on the geometry of the resulting Self-assembly.9 

 

Figure 1.2. Classification of metal organic material (MOMs). 

 

Metal Organic Cages (MOCs) 

The class of 3D discrete molecule having an internal cavity of molecular dimensions, capable of 

trapping ions and neutral guest molecules is called molecular cages. The versatility in application 

makes these molecules an attractive and important class. According to the nature of molecules or 
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component, molecular cages are classified into three categories: Organic Cages (all the components 

are organic in nature, mostly prepared by the reaction of aldehyde, ketones or carboxylic acid with 

amine), Inorganic cages (components are inorganic in nature; phosphate, silicates or aluminates are 

mostly used components), and Metal Organic Cages (metal ions or clusters are connected by some 

organic ligand or linker or both). The high tunability of the structure/pore, high crystallinity, greater 

stability and breathing nature of the pores makes metal organic cages most desirable among these 

three. The presence of metal center in metal organic cages again provide some advantages over the 

other two. The first part of this thesis work is to explore the Metal Organic Cages comprised of 

some well-known dimetal cores.  

 

Figure 1.3. Classification of molecular cages.57-59 

In recent years, the field of Metal organic cages (MOCs) has emerged and it has become 

one of the hot topics of research. The porosity in these compounds can be modulated by 

tuning the various components (metal center, ancillary ligand or/and linker) of these cages.  

The presence of pores and channels of different sizes in MOCs make them viable for many 

fascinating applications like catalysis, sensing, storage, transport, nano-vessel (flask for 

doing chemical reaction) and also for the encapsulation of unstable and non-crystalline 

materials and their isolation.60-66 If such cages are comprised of transition metal subunits 

and multitopic organic linkers, the inherent property of the transition metal offering 

variable coordination number and their magnetic property provides some advantages over 

the organic cages. Fujita has used pyridyl and pyrimidyl ligands along with different metals 

to make metal-organic cages.67-73 

The MOCs were generally synthesized by using a tetrahedral or square planar metal 

template by connecting these with a predesigned ligand in the early days of research in this 

field. The metals like Pd2+, Pt2+ or Ni2+, Co2+ favor square planar or tetrahedral geometry. 
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Thus, these metals are most commonly used as building units for MOCs formation74-80. 

Examples of Pd2+ based MOCs are shown in Figure 1.4a81, where two square planar metal 

centers are connected by a pillar-like bidentate ligand through the vertices of the square 

plane. In Figure 3b, Pd2+ is cis-capped; only two sites of the vertices are open to bind with 

the ligand.  These two sites are connected via a rigid tridentate ligand to form a MOC. The 

capping is done to avoid further connectivity; otherwise, the Pd2+ could accommodate 

another two similar ligands in a similar fashion to form a repeat of the same cage in all the 

possible directions, which would end up in the formation of a 3D MOF. Again, if the ligand 

used was bidentate instead of tridentate, it could form a rectangle. It clearly indicates that 

the synthesis of MOCs needs proper planning and design of the components. 

 (a) 

 

(b) 

 

Figure 1.4. Schematic representation of the synthesis of MOCs. 
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Magnetism in Polymetallic Cages 

One of the many applicative features of metal organic materials is magnetism. The 

requirements for a material to become magnetically active are: (i) presence of paramagnetic 

metals or radical organic ligands, or, both as they act as the magnetic moment carriers, (ii) 

there must be some exchange/interaction of spins between the magnetic moment carriers. 

Therefore, it is needed to connect the magnetic moment carriers at a desirable distance and 

geometry to achieve the exchange/interaction between them. Depending on the 

interactions, the material behaves as a paramagnet, ferromagnet, an antiferromagnet or, a 

ferrimagnet (see Figure 1.5). 

A molecular magnet is a class of material that shows a non-vanishing magnetic moment, 

produced by the interaction of spins. This magnetic moment can be permanent or can be 

introduced by an external magnetic field. In the recent past, molecular magnets based on 

polymetallic cages have got enormous attention because of their application in the field of 

single-molecule magnets (SMMs),82-91 molecular coolants,92-98 spin phonon traps,99 data 

storage,100 quantum computing,101-106 etc. It is well established that in polymetallic cages, 

the magnetic properties depend on the relative position of the metal ions. 

 

Figure 1.5. Types of magnetic interactions. 

So, there must be a magneto-structural correlation and the study of magnetic properties is 

obvious to find this correlation. There are many instances where the structure predicted 

from the magnetic properties was solved later and was proven to be similar.107-117 Many 

research group have studied systems like bis(-hydroxo)copper(II) dimers, bis(-
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hydroxo)dichromium(III),  (-oxo)diiron(III) species, etc., and tried to correlate the 

magnetic coupling constant J with the structural parameters. Over the last 25 years, after 

the synthesis of Mn12 cluster-based single molecule magnet,118 many polymetallic cage 

molecules like Mn6, Mn18, Mn21, Mn22, Mn30, Mn84, Fe8, and Ni8, etc., have been 

synthesized, which behave as SMMs and their magneto-structural study has been done by 

various research groups.119-128 The synthesis of new polymetallic cages through self-

assembly method lies in the importance to correlate structure and magnetic property of the 

materials.  

In the last few decades, the chemistry of compounds containing high valent {Mn2(-O)(-

O2CR)2}2+ (A), {Fe2(-O)(-O2CR)2}2+ (B) and {Mn2(-O)2(-O2CR)}2+ (C) cores (see 

Figure 1.6), involved in water oxidation system of the plant, has been well established with 

various polypyridyl based ligands.129, 130 These compounds show interesting magnetic 

behavior, and catalytic activity like C-H bond activation.131-133 

 

Figure 1.6. Representation of different cores used as a building unit of MOCs. 

Mostly dinuclear and only a few tetranuclear complexes with core type A134-159 have been 

reported (Figure 1.7). The oxidation states of Mn center in the core are III and III. In all 

cases, both the Mn-ions are hexacoordinated. A compound containing this core generally 

shows weak ferromagnetic or antiferromagnetic interaction with J values ~-40 cm-1 or 2-

10 cm-1, respectively. The Mn…Mn distance varies from 3.08 to 3.26 Å and Mn-O-Mn 

angle varies from 118 to 125°. This core is characterized by the presence of a peak at 730 

cm-1 in the FTIR spectrum. 

Core type B160-170 is reported only in one tetranuclear compound (Figure 1.7) and some 

dinuclear compounds. Here, both the iron centers are in +3 oxidation state and 

hexacoordinated. The Fe…Fe distance is around 3.1 Å. Like core type A, the core B also 

shows a peak ~730 cm-1 in the FTIR spectrum. 
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This core however shows very strong antiferromagnetic coupling between the iron centers 

with the J values ~100-140 cm-1. 

Many dinuclear complexes with core type C171-179 have been reported. The oxidation states 

of two Mn centers are III and IV, respectively, in the core. Almost in all cases, both the Mn 

centers are hexacoordinated, with an exception of a pentacoordinated Mn(III) center.180 

Compounds containing this core generally show strong antiferromagnetic interaction with 

J = -90 to -220 cm-1. The Mn…Mn distance varies from 2.5-2.6 Å. The presence of this core 

can be confirmed by a FTIR peak at 690 cm-1. 

 

 
Figure 1.7. Few examples of compounds known with these cores.164, 181-183 

In this work, we have explored the use of {Mn2(-O)(-O2CR)2}2+ or {Fe2(-O)(-

O2CR)2}2+ or {Mn2(-O)2(-O2CR)}2+  core as the building units with bis(tridentate) 

polypyridyl ligands and dicarboxylates for the preparation of Metal Organic Cages 

(MOCs). 

Coordination Polymers (CPs) 

Though the first prototype of Coordination Polymers (CPs)181 was present as Prussian blue 

in the 1700s, it was in the early 1990s when the strategic synthesis of CPs started to emerge. 

Nowadays, CPs are one of the richest areas of research for scientists. Coordination polymer 
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is an extended network formed by coordination bond between metal center (or cluster) and 

ligand/linkers. It can be 1D, 2D or 3D depending upon the binding sites on the metal center. 

These polymeric compounds may be connected with each other via some other weak 

interactions such as H-bonding, - interaction, etc., to form 2D or 3D supramolecular 

networks.  

 

Figure 1.8. Formation of CPs with different dimensions. 

This is another class of compounds which can be made through the similar self-assembly 

method. Generally, in self-assembly method, few coordination sites of the metal(s) are 

blocked by chelation of ancillary ligand(s), so that it can grow in one particular direction 

via some linker. In these molecules, metal centers are called the nodes which are connected 

with ligand/linker or both. Controlling the synthetic variable such as metal salt, 

ligand/linker, solvent, temperature, it is possible to control the dimensionality and structure 

of CPs. Higher dimensional CPs with complex structures can be generated by changing 

various factors, like increasing the coordination number of metal or coordinating sites of 

ligand, pH of the reaction medium; even the rigid or flexible nature, spacer length of 

ligand/linker, has high influence on the structure and dimensionality of CPs185-193. Because 

of the possibility of showing higher and variable coordination number, transition metals 

and lanthanides are generally used as the metal center. Ligands/linkers are organic 
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compounds with N, O or S donor atoms. Here metal acts as Lewis acid and ligands as Lewis 

bases. Thus, the synthesis of CPs largely depends on the Hard-Soft Acid-Base (HSAB) 

principle. Depending upon the number of open sites on the metal center, the CPs can be 

1D, 2D or 3D as shown in Figure 1.8.  

Similar to other MOMs, CPs are also used in various applications like anion exchange, 

crystal-to-crystal transformation, gas sorption, drug delivery, luminescence, sensing, 

magnetism, and catalysis.194 

Supramolecular Assembly of MOCs and CPs  

As discussed above, MOCs or CPs are formed via coordination linkage between metal and 

ligand. Although this bond is highly directional and strong, the role of weak interactions 

cannot be neglected in the formation and applications of MOCs or CPs. The considerable 

weak interactions are H-bonding, π–π stacking, C–H···π, cation–π, anion–π and lone pair–

π, etc. The self–assembled MOCs or CPs (particularly CPs with lower dimension) form 

higher dimensional supramolecular network through H-bonding between the functional 

groups present in the ligand/linker molecules like -NH2, -OH, -COOH, etc., non-bonded 

solvent molecules present as guest in the molecule (H2O, CH3OH, C2H5OH, DMF, etc.) 

and other similar molecules. It is also evident that the presence of the aromatic rings in the 

molecules help to increase the dimensionality of the framework through - interactions. 

The dynamic nature of weak interactions helps ionic MOCs or CPs to be involved in the 

ion exchange process. During the process of exchange, the weak interactions break and 

form new interactions which may change the nature and dimensionality of supramolecular 

assembly. In the crystallization process, usually solvent molecules are trapped as guests 

within the crystal. Thermal treatment or exchange of solvent molecules can be introduced 

for SC-SC transformation and the overall supramolecular assembly can be changed.195-197 

Scope and Significance of Present Work 

i. Prior examples of metal organic cages show that Pd2+, Pt2+, Ni2+ and Co2+ are the 

most used metal ions to prepare MOCs. The use of Mn3+, Mn4+ or Fe3+ in the synthesis of 

MOCs is very rare.  

ii. The chemistry of high valent {Mn2(μ-O)(-O2CR)2}2+, {Fe2(μ-O)(-O2CR)2}2+ and 

{Mn2(μ-O)2(-O2CR)}2+ cores are well established but very few MOCs are known with 
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these cores. Moreover, the synthetic chemistry of these compounds is a highly challenging 

task because of the probable formation of metal oxides in such cases. 

iii. All these cores are known for their interesting magnetic behavior. 

iv. Connecting these cores through ligand and carboxylate, it is possible to form 

various metal organic cages (MOCs) with different nuclearity. The formation of 

compounds with these cores is facilitated by ancillary N-donor and O-donor ligands as 

these play a critical role in the formation and stabilization of oxo-manganese or oxo-iron 

clusters. By using spanning ligand, which can bind to the cores from both the ends, and 

dicarboxylates, many possible structural features can be attained as shown in Figure 1.9 

and 1.10. 

v. Though the study of CPs has been done to a large extent, still the effect of flexibility 

of ligand and linker on the structure has a lot to explore which can help to explain how the 

combination of flexible, rigid or semi-rigid ligands and linker affect the structure. 

vi. Trapping of different water cluster is possible through the synthesis of 

supramolecular assemblies. 

vii. Choosing a greener route for the synthesis of these MOCs and CPs using more 

environment friendly solvents and reactants is another aspect of this research. 

 

Figure 1.9. Structural possibilities after connecting the cores of A and B with bis(tridentate) ligand and 

aliphatic dicarboxylate: (a) tetranuclear, (b) octanuclear, (c) polymeric.  
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Figure 1.10. Structural possibilities after connecting the core C with bis(tridentate) ligand and aliphatic 

dicarboxylate: (a) tetranuclear, (b) polymeric. 

After understanding the cause and importance of this work, two strategies for synthesis 

were adopted as shown in Figure 1.11 and 1.12. In the first part, i.e., metal organic cages, 

series of bis(tridentate) ligands and dicarboxylates are used to achieve higher nuclearity 

with the cores 

 

Figure 1.11. Strategic combination used for the synthesis of MOCs. 

 

Figure 1.12. Strategic combination used for the synthesis of CPs. 

mentioned above. To attain variation in nuclearity, the spacer length of ligands and linkers 

was varied. For the second part, i.e., coordination polymers, the flexibility of these ligands 

was varied by changing the spacer from the aliphatic chain to aliphatic ring to aromatic 

ring. The metal centers are chosen as Co(II), and Ni(II) in most of the cases, and in few 

cases Mn(II) is also used for comparision. The reason behind choosing these metal centers 

is that, the first-row transition metals are likely to be more abundant on earth, inexpensive 

and more environment friendly than the noble transition metals. Moreover, the chemistry 

of CPs with Co(II) and Ni(II) is less explored than the other first row transition metals. The 

Cd(II) metal center is used because of the possibility of high coordination number of 

cadmium, that can allow to prepare higher dimensional coordination polymers. The various 

linkers and dicarboxylates used throughout this work are shown in Figures 1.13 and 1.14.  
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Figure 1.13. Organic ligands used in this study. 

 

Figure 1.14. Organic linkers used in this study.  
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CHAPTER II 

EXPERIMENTAL SECTION 

 

2.1 Materials and Methods 

In this research work, all chemicals and solvents used for synthesis were obtained from 

commercial sources and were used as received, without further purification. All reactions 

were carried out under aerobic conditions.  

2.2 Physical Measurements 

1H NMR spectra of the synthesized ligands were obtained in deuterated solvents at 25 °C 

on a Bruker ARX-400 spectrometer; chemical shifts are reported relative to the residual 

solvent signals. Each sample was prepared by taking 5-10 mg of the compound in approx. 

0.5 mL of the deuterated solvent. Each data obtained was analyzed and plotted using either 

TOPSPIN software by Bruker or Spinworks. 

Melting points (M.pt.) were measured on a Büchi Melting and Boiling Point Apparatus. 

All melting points have been measured in open melting point capillaries. 

FTIR spectra were measured in the range of 4000-400 cm-1 on a Perkin-Elmer Spectrum I 

spectrometer with samples prepared as KBr pellets.  

Elemental analysis (C, H, N) was carried out using either a Leco-USA Tru Spec CHNS 

micro version 2.7x analyzer at IISER Mohali or Mettler CHNS analyzer at NIPER Mohali. 

Thermogravimetric analysis was carried out from 25 to 500 ◦C (at a heating rate of 10 

◦C/min) under dinitrogen atmosphere on a Shimadzu DTG-60. The sample to be analyzed 

was weighed using an analytical balance, put in a pan and weighed again using the micro 

balance of the instrument to avoid any discrepancy. The data obtained were analyzed using 

TA 60 software. 

UV-vis spectra of the compounds in different solvents were recorded in an Agilent 

Technologies Cary60 UV-vis spectrophotometer using a cuvette of path length 10 mm. 

solid state reflectance of solid samples were recorded in Cary 5000 UV-vis 

spectrophotometer using KBr medium. 

Powder X-ray data were recorded on a Rigaku Ultima IV diffractometer equipped with a 

3 kW sealed tube Cu Kα X-ray radiation (generator power settings: 40 kV and 40 mA) and 

a DTex Ultra detector using BB geometry (2.5° primary and secondary solar slits, 0.5° 
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divergence slit with 10 mm height limit slit). Each sample grounded into a fine powder 

using a mortar and a pestle was placed on a glass sample holder that was placed on the 

sample rotation stage (120 rpm) attachment. The data were collected over an angle range 

5° to 50° with a scanning speed of 1° per minute with 0.02° step with XRF reduction for 

the metals. 

Single crystal X-ray analysis were performed by initial crystal evaluation and data 

collection were performed on a Kappa APEX II diffractometer equipped with a CCD 

detector (with the crystal-to-detector distance fixed at 60 mm) and sealed-tube 

monochromatic MoK radiation using the program APEX2.198 By using the program 

SAINT198 for the integration of the data, reflection profiles were fitted, and values of F2 

and (F2) for each reflection were obtained. In some cases, a lot of efforts were invested to 

recollect data sets with new crystals a few times but no better data sets that are used here 

could be obtained. Data were also corrected for Lorentz and polarization effects. The 

subroutine XPREP198 was used for the processing of data that included determination of 

space group, application of an absorption correction (SADABS),198 merging of data, and 

generation of files necessary for solution and refinement. Using Olex2,199 the structure was 

solved with the ShelXT200 structure solution program using Intrinsic Phasing and refined 

with the ShelXL201 refinement package using least squares minimization. The space group 

was chosen based on systematic absences and confirmed by the successful refinement of 

the structure. Positions of most of the non-hydrogen atoms were obtained from a direct 

methods solution. Several full-matrix least-squares/difference Fourier cycles were 

performed, locating the remainder of the non-hydrogen atoms. Some cases the solvents 

molecules are highly disordered. Therefore, the Olex2199 masking program was used to 

remove those peaks. In order to obtain reasonable thermal parameters compared to other 

atoms, the lowest residual factors and optimum goodness of fit with the convergence of 

refinement, occupancy factors of some of the atoms were adjusted accordingly. The 

occupancy factors of some of the atoms were adjusted to obtain favorable thermal 

parameters. All non-hydrogen atoms for all structures were refined with anisotropic 

displacement parameters except where mentioned. Crystallographic parameters and basic 

information pertaining to data collection and structure refinement for all compounds are 

summarized in the appendix. All figures were drawn using and MERCURY V 3.10.2202 

and hydrogen bonding parameters were generated using PLATON.203, 204 

Solvent adsorption measurements were recorded for pressures in the range 0–1.2 bar by 
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the volumetric method using a BELSORP instrument. Each solid sample was transferred 

to pre-weighed analysis tubes, which were capped with transeals and evacuated by heating 

at a temperature between 110-150 °C (based on thermal profile obtained from TGA) under 

dynamic vacuum until an outgas rate of less than 2 mTorr min-1 (0.27 Pa min-1) was 

achieved (ca. 12-24 h). The evacuated analysis tubes containing the degassed sample was 

then carefully transferred to an electronic balance and weighed again to determine the mass 

of the sample. The tube was then placed back on the analysis port of the gas adsorption 

instrument. The outgas rate was again confirmed to be less than 2 mTorr min-1 (0.27 Pa 

min-1). For all isotherms, warm and cold free-space (dead volume) correction 

measurements were performed using ultra-high-purity He gas (UHP grade 5.0, 99.999% 

purity). The change of the pressure was monitored and the degree of adsorption was 

determined by the decrease in pressure at the equilibrium state via computer controlled 

automatic operations that are set up at the start of each measurement. Oil-free vacuum 

pumps and oil-free pressure regulators were used for all measurements to prevent 

contamination of the samples during the evacuation process or of the feed gases during the 

isotherm measurements. 

2.3 Synthesis of Ligands 

All these ligands were synthesized either by following or modifying the reported 

procedures in the literature.205 

N1,N1,N4,N4-tetrakis(pyridin-2-ylmethyl)butane-1,4-diamine (tpbn). The ligand was 

prepared by following the literature procedure with slight modifications. In a 100 mL round 

bottom flask, 1 mL (10 mmol) of butane-1,4-diamine was taken. An aqueous solution of 

6.56 g (40 mmol) picolyl chloride was added to it and stirred continuously. After few 

minutes, aqueous solution of 3.20 g (80 mmol) sodium hydroxide (10 M) was added drop 

wise over a period of 30 minutes. The solution became red; it was left for stirring for 24 h. 

A white solid was formed and filtered. The solid was washed thoroughly with water and 

air dried. Yield: 3.52 g (77%). 1H NMR (CDCl3): δ 1.458 (q, 4H), 2.099 (t, 4H), 3.725 (s, 

8H), 7.062 (t, 4H), 7.449 (d, 4H), 7.557 (t, 4H), 8.430 (d, 4H). 

N1,N1,N6,N6-tetrakis(pyridin-2-ylmethyl)hexane-1,6-diamine (tphn). It was prepared 

following the same procedure as for tpbn except using 1.16 g (10 mmol) hexane-1,6-

diamine instead of butane-1,4-diamine. Yield: 3.840 g (80%). 1H NMR (CDCl3): = 1.18-

1.22 (m, 2H), 1.51(s, 4H), 1.94 (s, 2H)2.48-2.52 (m, 4H), 3.80 (s, 8H), 7.13-7.16 (m, 4H), 

7.53-7.55 (m, 4H), 7.63-7.67 (m, 4H), 8.52-8.53 (m, 4H). 
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N1,N1,N7,N7-tetrakis(pyridin-2-ylmethyl)heptane-1,7-diamine (tphpn). It was prepared 

following the same procedure as for tpbn except using 1.30 g (10 mmol) of heptane-1,7-

diamine instead of butane-1,4-diamine. Yield: 4.94 g (66%). 1H NMR (CDCl3): = 1.13-

1.24 (m, 6H), 1.48-1.56 (m, 4H), 2.54-2.58 (m, 4H), 3.86 (s, 8H), 7.13-7.16 (m, 4H), 7.56-

7.58 (m, 4H),7.64-7.69 (m, 4H), 8.52-8.53 (m, 4H). 

N1,N1,N8,N8-tetrakis(pyridin-2-ylmethyl)octane-1,8-diamine (tpon). It was prepared 

following the same procedure as for tpbn except that 1.42 g (10 mmol) of octane-1,8-

diamine was used instead of butane-1,4-diamine. Yield: 3.45 g (68%). 1H NMR (CDCl3): 

= 1.18-1.88(m, 8H), 1.48-1.56 (m, 4H), 2.51-2.55 (m, 4H), 3.82 (s, 8H), 7.14–7.16 (m, 4H), 

7.54-7.56 (m, 4H), 7.63-7.68 (m, 4H), 8.52–8.53 (m, 4H). 

N,N'-(cyclohexane-1,4-diylbis(methylene))bis(1-(pyridin-2-yl)-N-(pyridin-2-

ylmethyl)methanamine) (tpchn). It was prepared following the same procedure as for 

tpbn except using 1.42 g (10 mmol) of cyclohexane-1,4-diyldimethanamine instead of 

butane-1,4-diamine. Yield: 3.59 g (71%). 1H NMR (CDCl3):  = 0.72 (m, 2H), 1.07-1.10 

(m, 2H), 1.41-1.46 (m, 2H), 1.88-1.90 (m, 2H), 2.28-2.33 (m, 4H), 3.77 (s, 8H), 7.12-7.16 

(m, 4H), 7.51-7.58 (m, 4H), 7.63-7.68 (m, 4H), 8.48-8.52 (m, 4H). 

N,N'-(1,4-phenylenebis(methylene))bis(1-(pyridin-2-yl)-N-(pyridin-2-

ylmethyl)methanamine) (tpxn). It was prepared following the same procedure as for tpbn 

exce[t using 1.36 g (10 mmol) of 1,4-phenylenedimethanamine instead of butane-1,4-

diamine. Yield: 3.50 g (70%). 1H NMR (CDCl3, 400 MHz):  = 2.17 (s, 4H), 3.66 (s, 4H), 

3.80 (s, 8H), 7.12–7.15 (m, 4H), 7.36 (m, 4H), 7.58-7.60 (m, 4H), 7.64-7.68 (m, 4H). 

2.4 Synthesis of Compounds 

[{Mn2(-O)}(-glu)(tpbn)]2(ClO4)4 (1). In a 10 mL round bottom flask, 45.8 mg (0.1 mmol) 

of tpbn was dissolved in 1.5 mL methanol. To this solution, 53.6 mg (0.2 mmol) of 

Mn(OAc)3·2H2O was added. The solution was stirred for 5 minutes. To this reaction 

mixture, 13.2 mg (0.1 mmol) of glutaric acid (H2glu) was added with stirring. The reaction 

mixture was further stirred for an hour. The red-brown solution was filtered and methanolic 

solution of excess NaClO4 was added to the filtrate. The light red-brown solid obtained was 

filtered using a G4 crucible, washed with methanol and air dried. Yield: 72.6 mg (80%). 

Anal. Calc. (%) for 1·3H2O (MF C66H82N12O29Cl4Mn4, FW 1814.9386): C, 42.41; H, 4.42; 

N, 8.99. Found: C, 42.54; H, 4.28; N, 8.62. Selected FTIR peaks (KBr, cm−1): 1607 (s), 
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1573 (w), 1560 (s), 1484 (s), 1442 (m), 1433(m), 1365 (s), 1089 (br), 768 (s), 731 (w), 625 

(s). 

[{Mn2(-O)}(-adi)(tpbn)]2(ClO4)4 (2). A procedure similar to that of 1 was followed 

except 14.6 mg (0.01 mmol) adipic acid (H2adi) was used instead of glutaric acid. Yield: 

68.7 mg (76%). Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 (w), 1562 (s), 1483 (s), 

1443 (m), 1435(m), 1417(w), 1310 (br), 1089 (br), 768 (s), 730(m), 624(s).  

[{Mn2(-O)}(-cdc)(tpbn)]2(ClO4)4·9H2O (3). A procedure similar to that of 1 was followed 

except 17.2 mg (0.01 mmol) cyclohexanedicarboxylic acid (H2cdc) was used instead of 

glutaric acid. Yield: 76 mg (85%). Anal. Calc. (%) for 3·1.5H2O (C64H71N12O27.5Cl4Mn4, 

FW 1809.8766): . C, 42.04; H, 5.00; N, 8.17. Found: C, 41.95; H, 4.52; N, 7.86. Selected 

FTIR peaks (KBr, cm−1): 1607 (v), 1573 (w), 1561 (s), 1482 (s), 1446 (m), 14344 (w), 1411 

(m), 1347 (s), 1089 (br), 770 (s), 731 (w), 625 (s). 

[{Mn2(-O)}(-glu)(tphn)]2(ClO4)4 (4). A procedure similar to that of 1 was followed 

except 48 mg (0.01 mmol) tphn was used instead of tpbn. Yield: 80 mg (86%). Anal. Calc. 

(%) for 4·2H2O (MF C70H96N12O28Cl4Mn4, FW 1915.1390): C, 44.09; H, 4.65; N, 8.81. 

Found: C, 44.11; H, 4.44; N, 8.84. Selected FTIR peaks (KBr, cm−1): 1608 (s), 1573 (w), 

1561 (s), 1484 (s), 1434 (br), 1410 (w), 1089 (br), 769 (s), 731(m), 624 (s).  

[{Mn2(-O)}(-adi)(tphn)]2(ClO4)4 (5). A procedure similar to that of 1 was followed 

except 48 mg (0.01 mmol) tphn and 14.6 mg (0.01 mmol) adipic acid (H2adi) was used 

instead of tpbn and glutaric acid. Yield: 74 mg (78%). Anal. Calc. (%) for 5 (MF 

C72H88N12O26Cl4Mn4, FW 1899.0981): C, 44.51; H, 4.59; N; 8.90. Found: C, 43.43; H, 

4.48; N, 9.09. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 (w), 1562 (s), 1483 (s), 

1442 (w), 1433 (w), 1415(w), 1310 (br), 1090 (br), 768 (s), 731 (w), 624 (s). Crystals 

suitable for single crystal X-ray diffraction study were obtained by slow diffusion of 

diisopropyl ether into acetonitrile solution of 5. 

[{Mn2(-O)}(-cdc)(tphn)]2(ClO4)4 (6). A procedure similar to that of 1 was followed 

except 48 mg (0.01 mmol) tphn and 17.2 mg (0.01 mmol) cyclohexanedicarboxylic acid 

(H2cdc) was used instead of tpbn and glutaric acid. Yield: 77 mg (79%). Anal. Calc. (%) 

for 6 (MF C76H92N12O26Cl4Mn4, FW 1951.1727): C, 46.78; H, 4.75; N, 8.61. Found: C, 

44.35; H, 4.62; N, 8.01. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 (w), 1564 (w), 

1482 (s), 1448 (s), 1434 (w), 1402 (s), 1345 (s), 1090 (br), 769 (s), 624 (s). Crystals suitable 
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for single crystal X-ray diffraction study were obtained by slow diffusion of dibutyl ether 

into acetonitrile solution of 6. 

[{Mn2(-O)}(-glu)(tphpn)]2(ClO4)4 (7). A procedure similar to that of 1 was followed except 

49.4 mg (0.01 mmol) tphpn was used instead of tpbn. Anal. Calc. (%) for 7·3H2O (MF 

C64H78N12O29Cl4Mn4, FW 1840.9313): C, 43.89; H, 4.44; N, 9.03. Found: C, 43.36; H, 

4.35; N, 8.90. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 (w), 1562 (m), 1483 (s), 

1443 (w), 1433 (w), 1412 (w), 1309 (m), 1091 (br), 768 (s), 730 (w), 624 (s). 

[{Mn2(-O)}(-adi)(tphpn)]2(ClO4)4 (8). A procedure similar to that of 1 was followed 

except 49.4 mg (0.01 mmol) tphpn and 14.6 mg (0.01 mmol) adipic acid (H2adi) was used 

instead of tpbn and glutaric acid. Yield: 76 mg (85%). Selected FTIR peaks (KBr, cm−1): 

1607 (s), 1573 (w), 1562 (s), 1483 (s), 1443 (m), 1376 (br), 1090 (br), 768 (s), 624 (s). 

[{Mn2(-O)}(-cdc)(tphpn)]2(ClO4)4 (9). A procedure similar to that of 1 was followed 

except 49.4 mg (0.01 mmol) tphpn and 17.2 mg (0.01 mmol) cyclohexanedicarboxylic acid 

(H2cdc) was used instead of tpbn and glutaric acid. Yield: 76 mg (78%). Selected FTIR 

peaks (KBr, cm−1): 1607 (s), 1573 (w), 1558 (s), 1483 (s), 1445 (m), 1434 (w), 1411 (w), 

1380 (w), 1094 (br), 769 (s), 730 (m), 624 (s). 

[{Mn2(-O)}(-glu)(tpon)]2(ClO4)4 (10). A procedure similar to that of 1 was followed except 

50.8 mg (0.01 mmol) tpon was used instead of tpbn. Selected FTIR peaks (KBr, cm−1): 

1607 (s), 1574 (br), 1563 (br), 1484 (s), 1443 (w), 1431 (w), 1411 (w), 1379 (s), 1092 (br), 

768 (s), 730 (m), 623 (s). 

[{Mn2(-O)}(-adi)(tpon)]2(ClO4)4 (11). A procedure similar to that of 1 was followed except 

50.8 mg (0.01 mmol) tpon and 14.6 mg (0.01 mmol) adipic acid (H2adi) was used instead 

of tpbn and glutaric acid. Yield: 76 mg (85%). Anal. Calc. (%) for 11·1.5H2O (MF 

C64H71N12O27.5Cl4Mn4, FW 1809.8766): C, 43.89; H, 4.44; N, 7.62. Found: C, 42.60; H, 

4.4; N, 9.66. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1575 (w), 1560 (s), 1464(s), 1443 

(m), 1376 (br), 1089 (br), 768 (s), 625 (s). 

[{Mn2(-O)}(-cdc)(tpon)]2(ClO4)4 (12). A procedure similar to that of 1 was followed except 

50.8 mg (0.01 mmol) tpon and 17.2 mg (0.01 mmol) cyclohexanedicarboxylic acid (H2cdc) 

was used instead of tpbn and glutaric acid. Yield: 76 mg (76%). Selected FTIR peaks (KBr, 

cm−1): 1607 (s), 1573 (w), 1557 (s), 1483 (s), 1443 (m), 1430 (w), 1410 (s), 1376 (br), 1092 

(br), 769 (s), 730 (w), 624 (s).  



19 

 

[{Mn2(-O)}(-suc)(tpbn)]2(ClO4)4 (13). A procedure similar to that of 1 was followed 

except 11.8 mg (0.01 mmol) succinic acid (H2suc) was used instead of glutaric acid. Yield: 

72 mg (85%). Anal. Calc. (%) for 13·3H2O (MF C64H74N12O29Cl4Mn4, FW 1836.8995): C, 

43.89; H, 4.44; N, 9.03. Found: C, 43.36; H, 4.35; N, 8.90. Crystals suitable for single 

crystal X-ray diffraction study were obtained by slow diffusion of dibutyl ether into 

acetonitrile solution of 13. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1577 (m), 1565 (br), 

1483 (s), 1440 (w), 1431 (m), 1411 (w), 1089 (br), 767 (s), 731 (m), 624 (s).  

[{Mn2(-O)}(-fum)(tpbn)]2(ClO4)4 (14). A procedure similar to that of 1 was followed 

except 11.6 mg (0.01 mmol) fumaric acid (H2fum) was used instead of glutaric acid. Yield: 

76 mg (85%). Selected FTIR peaks (KBr, cm−1): 1607 (s), 1574 (w), 1563 (m), 1484 (s), 

1443 (m), 1377 (br), 1090 (br), 769 (s), 730 (m), 625 (s).  

[{Mn2(-O)}(-suc)(tphn)]2(ClO4)4 (15). A procedure similar to that of 1 was followed 

except 48 mg (0.01 mmol) tphn and 11.8 mg (0.01 mmol) succinic acid (H2suc) was used 

instead of tpbn and glutaric acid. Yield: 48 mg (52%). Anal. Calc. (%) for 15·H2O (MF 

C136H158N24O53Cl8Mn8, FW 3699.9671): C, 43.89; H, 4.44; N, 9.03. Found: C, 43.36; H, 

4.35; N, 8.90. Crystals suitable for single crystal X-ray diffraction study were obtained by 

slow diffusion of dibutyl ether into acetonitrile solution of 15. Selected FTIR peaks (KBr, 

cm−1): 1607 (s), 1576 (br), 1564 (br), 1484 (s), 1434 (br), 1094 (br), 769 (s), 730 (m), 624 

(s).  

[{Mn2(-O)}(-fum)(tphn)]2(ClO4)4 (16). A procedure similar to that of 1 was followed 

except 48 mg (0.01 mmol) tphn and 11.8 mg (0.01 mmol) fumaric acid (H2fum) was used 

instead of tpbn and glutaric acid. Yield: 60 mg (65%). Anal. Calc. (%) for 16 (MF 

C136H154N24O52Cl8Mn8, FW 3679.9359): C, 44.4; H, 4.17; N, 9.14. Found: C, 44.71; H, 

4.23; N, 9.12. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1574 (w), 1563 (s), 1484 (s), 

1443 (m), 1379 (br), 1092 (br), 768 (s), 730 (m), 624 (s). 487, 526, 710, 260. 

[{Fe2(-O)}(-adc)(tphn)]2(ClO4)4 (17). In a 10 mL round bottom flask, 48 mg (0.1 mmol) 

of tphn was dissolved in 0.5 mL of methanol. 70.8 mg (0.2 mmol) of Fe(ClO4)3.xH2O was 

added to it with stirring. To this, a solution of 11.4 mg (0.1 mmol) of acetylenedicarboxylic 

acid (H2adc) and 8 mg (0.2 mmol) of NaOH in 0.5 mL of water was added. Another 1 mL 

of water and 1 mL of methanol was added to it. The mixture was stirred for another 1 h. A 

yellow-brown solid was obtained, filtered, washed with methanol and air dried. Yield: 70 
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mg (74%). Selected FTIR peaks (KBr, cm−1): 1608 (s), 1576 (s), 1484 (s), 1437 (s), 1382 

(br), 1091 (br), 768 (s), 733 (s), 624 (s). 487, 526, 710, 260. 

[{Fe2(-O)}(-fum)(tphn)]4(ClO4)8·H2O (18). A procedure similar to that of 17 was 

followed except 11.6 mg (0.01 mmol) fumaric acid (H2fum) was used instead of 

acetylenedicarboxylic acid. Yield: 77 mg (81%). Selected FTIR peaks (KBr, cm−1): 1608 

(s), 1573 (w), 1558 (s), 1485 (s), 1438 (m), 1391 (s), 1094 (br), 768 (s), 730 (m), 624 (s). 

487, 526, 710, 260. 

[{Fe2(-O)}(-suc)(tphn)]4(ClO4)8 (19). A procedure similar to that of 17 was followed 

except 11.8 mg (0.01 mmol) succinic acid (H2suc) was used instead of 

acetylenedicarboxylic acid. Yield: 67 mg (82%). Selected FTIR peaks (KBr, cm−1): 1608 

(s), 1573 (w), 1551 (s), 1484 (m), 1433 (s), 1093 (s), 768 (s), 730 (m), 624 (s). 487, 526, 

710, 260. Crystals suitable for single crystal X-ray diffraction study were obtained by slow 

diffusion of dibutyl ether into acetonitrile solution of 19. 

[{Fe2(-O)}(-glu)(tphn)]2(ClO4)4 (20). A procedure similar to that of 17 was followed 

except 13.2 mg (0.01 mmol) glutaric acid (H2glu) was used instead of 

acetylenedicarboxylic acid. Yield: 72 mg (70%). Selected FTIR peaks (KBr, cm−1): 1608 

(s), 1574 (w), 1545 (s), 1484 (s), 1435 (m), 1376 (s), 1090 (br), 768 (s), 733 (s), 624 (s). 

487, 526, 710, 260. 

[{Fe2(-O)}(-adc)(tpon)]2(ClO4)4 (21). A procedure similar to that of 17 was followed 

except 50.8 mg (0.01 mmol) tpon was used instead of tphn. Yield: 70 mg (74%). Selected 

FTIR peaks (KBr, cm−1): 1608 (s), 1576 (s), 1484 (s), 1437 (s), 1382 (br), 1091 (br), 768 

(s), 733 (s), 624 (s). 487, 526, 710, 260. 

[{Fe2(-O)}(-fum)(tpon)]4(ClO4)8·H2O (22). A procedure similar to that of 17 was 

followed except 50.8 mg (0.01 mmol) of tpon and 11.6 mg (0.01 mmol) fumaric acid 

(H2fum) was used instead of tphn and acetylenedicarboxylic acid, respectively. Yield: 77 

mg (81%). Selected FTIR peaks (KBr, cm−1): 1608 (s), 1573 (w), 1558 (s), 1485 (s), 1438 

(m), 1391 (s), 1094 (br), 768 (s), 730 (m), 624 (s). 487, 526, 710, 260. 

[{Fe2(-O)}(-suc)(tpon)]4(ClO4)8 (23). A procedure similar to that of 17 was followed 

except 50.8 mg (0.01 mmol) of tpon and 11.8 mg (0.01 mmol) succinic acid (H 2suc) was 

used instead of tphn and acetylenedicarboxylic acid, respectively. Yield: 67 mg (82%). 
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Selected FTIR peaks (KBr, cm−1): 1608 (s), 1573 (w), 1551 (s), 1484 (m), 1433 (s), 1093 

(s), 768 (s), 730 (m), 624 (s). 487, 526, 710, 260. 

[{Fe2(-O)}(-glu)(tpon)]2(ClO4)4 (24). A procedure similar to that of 17 was followed 

except 50.8 mg (0.01 mmol) of tpon and 13.2 mg (0.01 mmol) glutaric acid (H2glu) was 

used instead of tphn and acetylenedicarboxylic acid, respectively. Yield: 72 mg (70%). 

Selected FTIR peaks (KBr, cm−1): 1608 (s), 1574 (w), 1545 (s), 1484 (s), 1435 (m), 1376 

(s), 1090 (br), 768 (s), 733 (s), 624 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-adc)(tpbn)2](ClO4)4 (25). In a 10 mL round bottom flask, 16.9 mg (0.1 

mmol) of MnSO4·H2O was taken and dissolved in 1.5 mL of methanol. 32.3 mg (0.07 

mmol) of tpbn and 1 mL of acetylenedicarboxylic acid-sodium acetylenedicarboxylate 

buffer (pH 4.5) was added to the above solution. An aqueous solution of 0.07 mmol Na2adc 

(8.2 mg H2adc + 5.7 mg of NaOH) and aqueous solution of 6.77 mg KMnO4 was added 

drop wise to the solution over a period of 10 min and 20 min, respectively. The solution 

was kept for stirring for another hour and filtered. The green solid was precipitated out by 

the addition of an aqueous solution of NaClO4 to the filtrate. The compound was filtered 

by using a G4 crucible, washed with methanol and air dried. Yield: 60 mg (65%). Anal. 

Calc. (%) for 25·2H2O (MF C66H84N12O26Cl4Mn4, FW 1823.0021): C, 43.48; H, 4.64; N, 

9.22. Found: C, 43.47; H, 4.66; N, 8.75. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 

(w), 1563 (s), 1483 (s), 1443 (m), 1374 (br), 1090 (br), 769 (s), 624 (s). 

[{Mn2(-O)2}2(-fum)(tpbn)2](ClO4)4 (26). A procedure similar to that of 25 was 

followed except 0.07 mmol of Na2fum (8.3 mg of H2fum + 5.7 mg of NaOH) was used 

instead of Na2adc and fumaric acid-sodium fumarate was used as buffer (pH 4.5) was used. 

Yield: 62 mg (66%). Anal. Calc. (%) for 26 (MF C60H66N12O24Cl4Mn4, FW 1700.7962): C, 

42.37; H, 3.91; N, 9.88. Found: C, 42.23 H, 4.1; N, 10.34. Selected FTIR peaks (KBr, 

cm−1): 1606 (s), 1594 (w), 1573 (s), 1484 (s), 1443 (m), 1380 (br), 1090 (br), 768 (s), 687 

(w), 624 (s). 

[{Mn2(-O)2}2(-suc)(tpbn)2](ClO4)4 (27). A procedure similar to that of 25 was followed 

except 0.07 mmol of Na2suc (8.5 mg of H2suc + 5.7 mg of NaOH) of was used instead of 

Na2adc and succinic acid-sodium succinate was used as buffer (pH 4.5) was used. Yield: 

68 mg (70%). Anal. Calc. (%) for 27·3H2O (MF C60H74N12O27Cl4Mn4, FW 1756.8579): C, 

41.30; H, 4.80; N, 9.90. Found: C, 41.02; H, 4.25; N, 9.57. Selected FTIR peaks (KBr, 

cm−1): 1607 (s), 1571 (w), 1560 (s), 1484 (s), 1437 (s), 1388 (br), 1090 (br), 769 (s), 623 
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(s). 487, 526, 710, 260. Crystals suitable for single crystal X-ray diffraction study were 

obtained by slow diffusion of dibutyl ether into acetonitrile solution of 27. 

[{Mn2(-O)2}2(-glu)(tpbn)2](ClO4)4 (28). A procedure similar to that of 25 was followed 

except 0.07 mmol of Na2glu (9.5 mg of H2glu + 5.7 mg of NaOH) of was used instead of 

Na2adc and glutaric acid-sodium glutarate was used as buffer (pH 4.5) was used. Yield: 69 

mg (66%). Anal. Calc. (%) for 28·4H2O (MF C61H78N12O24Cl4Mn4, MW 1724.9022): C, 

40.92; H, 4.36; N, 9.39. Found: C, 40.47; H, 4.12; N, 8.88. Selected FTIR peaks (KBr, 

cm−1): 1607 (s), 1570 (w), 1561 (s), 1483 (s), 1438 (m), 1383 (br), 1091 (br), 768 (s), 690 

(m), 624 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-adi)(tpbn)2](ClO4)4 (29). A procedure similar to that of 25 was followed 

except 0.07 mmol of Na2adi (10.5 mg of H2adi + 5.7 mg of NaOH) was used instead of 

Na2adc and adipic acid-sodium adipate was used as buffer (pH 4.5). Yield: 72 mg (64%). 

Anal. Calc. (%) for 29·2H2O (MF C62H76N12O26Cl4Mn4, FW 1766.8958): C, 42.15; H, 

4.34; N, 9.51. Found: C, 41.60; H, 4.15; N, 9.39. Selected FTIR peaks (KBr, cm−1): 1608 

(s), 1569 (s), 1485 (s), 1438 (s), 1389 (m), 1089 (br), 770 (s), 690 (m), 626 (s). 487, 526, 

710, 260. Crystals suitable for single crystal X-ray diffraction study were obtained by slow 

diffusion of dibutyl ether into acetonitrile solution of 29. 

[{Mn2(-O)2}2(-adc)(tphn)2](ClO4)4 (30). A procedure similar to that of 25 was followed 

except 0.07 mmol of tphn was used instead of tpbn. Yield: 76 mg (65%). Selected FTIR 

peaks (KBr, cm−1): 1607 (s), 1573 (w), 1562 (s), 1483 (s), 1443 (m), 1376 (br), 1090 (br), 

768 (s), 624 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-fum)(tphn)2](ClO4)4 (31). A procedure similar to that of 25 was 

followed except 34.5 mg (0.07 mmol) of tphn, 0.07 mmol of Na2fum (8.3 mg of H2fum + 

5.7 mg of NaOH) of was used instead of tpbn and Na2adc. Fumaric acid-sodium fumarate 

buffer (pH 4.5) was used replacing the acetylenedicarboxylic acid-sodium 

acetylenedicarboxylate buffer. Yield: 77 mg (69%). Anal. Calc. (%) for 31·H2O (MF 

C64H78N12O25Cl4Mn4, FW 1776.9337): C, 43.75; H, 4.33; N, 9.62. Found: C, 43.31 H, 4.32; 

N, 9.47. Selected FTIR peaks (KBr, cm−1): 1607 (s), 1573 (w), 1562 (s), 1483 (s), 1443 

(m), 1376 (br), 1090 (br), 768 (s), 624 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-suc)(tphn)2](ClO4)4 (32). A procedure similar to that of 25 was followed 

except 34.5 mg (0.07 mmol) of tphn, 0.07 mmol of Na2suc (8.5 mg of H2suc + 5.7 mg of 

NaOH) of was used instead of tpbn and Na2adc. Succinic acid-sodium succinate buffer (pH 



23 

 

4.5) was used replacing the acetylenedicarboxylic acid-sodium acetylenedicarboxylate 

buffer. Yield: 79 mg (66%). Anal. Calc. (%) for 32·2H2O·2NaClO4 (MF 

C60H72N12O34Cl6Mn4Na2, FW 1983.7234): C, 36.33; H, 3.66; N, 8.47. Found: C, 36.25; H, 

3.71; N, 7.72. Selected FTIR peaks (KBr, cm−1): 1608 (s), 1573 (w), 1564 (s), 1484 (s), 

1436 (m), 1386 (br), 1088 (br), 768 (s), 691 (s), 624 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-glu)(tphn)2](ClO4)4 (33). A procedure similar to that of 25 was followed 

except 34.5 mg (0.07 mmol) of tphn, 0.07 mmol of Na2glu (9.5 mg of H2glu + 5.7 mg of 

NaOH) of was used instead of tpbn and Na2adc. Glutaric acid-sodium glutarate buffer (pH 

4.5) was used replacing the acetylenedicarboxylic acid-sodium acetylenedicarboxylate 

buffer. Yield: 82 mg (68%). Anal. Calc. (%) for 33·2H2O (MF C65H82N12O26Cl4Mn4, FW 

1808.9756): C, 44.09; H, 4.65; N, 8.81. Found: C, 43.43; H, 4.48; N, 9.09. Selected FTIR 

peaks (KBr, cm−1): 1608 (s), 1573 (w), 1563 (w), 1484 (s), 1436 (m), 1375 (br), 1090 (br), 

771 (s), 692 (m), 623 (s). 487, 526, 710, 260. 

[{Mn2(-O)2}2(-adi)(tphn)2](ClO4)4 (34). A procedure similar to that of 25 was followed 

except 0.07 mmol of Na2adi (10.5 mg of H2adi + 5.7 mg of NaOH) of was used instead of 

tpbn and Na2adc. Adipic acid-sodium adipate buffer (pH 4.5) was used replacing the 

acetylenedicarboxylic acid-sodium acetylenedicarboxylate buffer. Yield: 82 mg (66%). 

Anal. Calc. (%) for 34·2H2O (MF C66H84N12O26Cl4Mn4, FW 1823.0021): C, 43.48; H, 

4.64; N, 9.22. Found: C, 43.47; H, 4.66; N, 8.75. Selected FTIR peaks (KBr, cm−1): 1608 

(s), 1573 (w), 1561 (w), 1485 (s), 1441 (s), 1386 (s), 1090 (br), 769 (s), 690 (s), 624 (s). 

Crystals suitable for single crystal X-ray diffraction study were obtained by slow diffusion 

of dibutyl ether into acetonitrile solution of 34. 

{[Mn2(tpxn)(fum)(H2O)4](fum)}n (35). In a 10 mL round bottom flask, 25 mg of tpxn 

(0.05 mmol) was taken and dissolved in 1.5 mL of methanol. To this clear solution, 24.5 

mg (0.1 mmol) of Mn(OAc)2·4H2O was added and stirred for a few minutes. As soon as 

the metal salt got dissolved, 11.6 mg (0.1 mmol) of H2fum was added. A precipitate started 

to appear after stirring for few minutes. The reaction mixture was stirred for another 24 h. 

The solid product was separated by filtration and washing with methanol. Yield: 40 mg 

(85%). Selected FTIR peaks (KBr, cm-1): 3400 (br), 3255 (br), 1682 (m), 1607 (br), 1565 

(br), 1443 (m), 1366 (br). 

{[Co2(fum)(tpchn)(H2O)4](fum)}n (36). A procedure similar to that of 35 was followed, 

only 24.9 mg (0.05 mmol) of Co(OAc)2·4H2O and 25.3 mg (0.05 mmol) of tpchn ligand 
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was taken instead of Mn(OAc)2·4H2O and tpxn. Yield: 40 mg (86%). Selected FTIR peaks 

(KBr, cm-1): 3400 (br), 3257 (br), 1607 (m), 1575 (br), 3172 (m), 769 (s). 

{[Co2(fum)(tpxn)(H2O)4](fum)}n (37). A procedure similar to that of 35 was followed, 

only 24.9 mg (0.05 mmol) of Co(OAc)2·4H2O was taken instead of Mn(OAc)2·4H2O. 

Yield: 38 mg (78%). Anal. Calc. (%) for 37·3H2O (MF C40H50N6O15Co2, MW 972.1998): 

C, 49.39; H, 5.18; N, 8.64. Found: C, 49.99; H, 5.58; N, 8.62. Selected FTIR peaks (KBr, 

cm-1): 3420 (br), 3247 (br), 1607 (m), 1590 (br), 1385 (br), 769 (s). 

{[Ni2(fum)(tpchn)(H2O)4(fum)]}n (38). A procedure similar to that of 35 was followed, 

only 24.8 mg (0.05 mmol) of Ni(OAc)2·4H2O and 25.3 mg (0.05 mmol) of tpchn ligand 

was taken instead of Mn(OAc)2·4H2O and tpxn. Yield: 30 mg (61%). Anal. Calc (%) for 

38·3H2O (MF C40H56N6O15Ni2, MW 978.2906): C, 49.11; H, 5.77; N, 8.59. Found: C, 

48.87; H, 5.80; N, 8.75. Selected FTIR peaks (KBr, cm-1): 3392 (br), 3248 (br), 1607 (m), 

1574 (m), 1374 (m), 765 (s). 

{[Ni2(fum)(tpxn)(H2O)3(CH3OH)](fum)}n (39). A procedure similar to that of 35 was 

followed, only 24.8 mg (0.05 mmol) of Ni(OAc)2·4H2O was taken instead of 

Mn(OAc)2·4H2O. Yield: 41 mg (83%). Selected FTIR peaks (KBr, cm-1): 1715 (s), 1607 

(s), 1578 (br), 1379 (br), 767 (s). 

 [Ni2(suc)2(tpchn)(H2O)4] (40). In a 10 mL round bottom flask, 25.3 mg (0.05 mmol) of 

tpchn was taken and dissolved in 1.5 mL of methanol. To this clear solution, 24.8 mg (0.1 

mmol) of Ni(OAc)2·4H2O was added and stirred for few minutes. As soon as the metal salt 

got dissolved, 11.8 mg (0.1 mmol) of H2suc was added. The reaction mixture stirred for 24 

h. The solid product was separated after concentrating the resultant solution and removing 

the byproduct acetic acid with acetonitrile-toluene treatment. Yield: 46 mg (95%). Anal. 

Calc. (%) for 40·2H2O (MF C40H58N6O14Ni2, MW 964.3071): C, 49.82; H, 6.06; N, 8.72. 

Found: C, 49.88; H, 5.86; N, 8.47. Selected FTIR peaks (KBr, cm-1): 3410 (br), 3257 (br), 

1718 (s), 1605 (s), 1577 (br), 1409 (br), 767 (s). 

{[Ni2(glu)2(tpchn)(H2O)2]}n (41). A procedure similar to that of 40 was followed, 13.2 mg 

(0.1 mmol) of H2glu was taken instead of H2suc. Yield: 47 mg (96%). Selected FTIR peaks 

(KBr, cm-1): 1710 (m), 1607 (s), 1577 (br), 1406 (m), 766 (s). 

{[Ni2(adi)2(tpchn)(H2O)2]}n (42). A procedure similar to that of 40 was followed, 14.6 mg 

(0.1 mmol) of H2adi was taken instead of H2suc. Yield: 41 mg (81%). Anal. Calc (%) for 

42·3H2O (MF C44H64N6O13Ni2, MW 1002.3982): C, 52.72; H, 6.44; N, 8.38. Found: C, 
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53.04; H, 6.57; N, 8.46. Selected FTIR peaks (KBr, cm-1): 1716 (m), 1605 (s), 1575 (br), 

1405 (m), 767 (s). 

[Co2(suc)2(tpchn)(H2O)4] (43). A procedure similar to that of 40 was followed, 24.9 mg 

(0.1 mmol) of Co(OAc)2·4H2O was added instead of Ni(OAc)2·4H2O.Yield: 45 mg (90%). 

Anal. Calc. (%) for 4·4H2O (MF C40H60N6O15Co2, MW 1000.8173): C, 48.88; H, 6.15; N, 

8.55. Found: C, 48.57; H, 5.43; N, 7.86. Selected FTIR peaks (KBr, cm-1): 1717 (br), 1605 

(m), 1577 (br), 1400 (br), 768 (s). 

{[Co2(glu)2(tpchn)(H2O)2]}n (44). A procedure similar to that of 40 was followed, only 

24.9 mg (0.1 mmol) of Co(OAc)2·4H2O and 13.2 mg (0.1 mmol) of H2glu was added 

instead of Ni(OAc)2·4H2O and H2suc. Yield: 34 mg (72%). Anal. Calc (%) for 44·H2O 

(MF C42H56N6O11Co2, MW 938.7940): C, 53.73; H, 6.01; N, 8.95. Found: C, 53.69; H, 

5.82; N, 8.29. Selected FTIR peaks (KBr, cm-1): 1717 (m), 1607 (s), 1574 (m), 1404 (m), 

767 (s). 

{[Co2(adi)2(tpchn)(H2O)2]}n (45). A procedure similar to that of 40 was followed, only 

24.9 mg (0.1 mmol) of Co(OAc)2·4H2O and 14.6 mg (0.1 mmol) of H2adi was added 

instead of Ni(OAc)2·4H2O and H2suc. Yield: 40 mg (83%). Anal. Calc. (%) for 45·H2O 

(MF C44H60N6O11Co2, MW 966.8472): C, 54.66; H, 6.26; N, 8.69. Found: C, 54.84; H, 

6.00; N, 8.00. Selected FTIR peaks (KBr, cm-1): 1717(m), 1608 (s), 1573 (br), 1405 (m), 

769 (s). 

[Ni2(suc)2(tpxn)(H2O)4] (46). A procedure similar to that of 40 was followed, 25 mg (0.05 

mmol) of tpxn was used instead of tpchn. Yield: 30 mg (65%). Anal. Selected FTIR peaks 

(KBr, cm-1): 3213 (br), 1714 (s), 1607 (s), 1568 (br), 1417 (br), 766 (s). Crystals suitable 

for single crystal X-ray diffraction study were obtained from direct layering of the three 

components in 1:1 methanol and water mixture. 

{[Ni2(glu)2(tpxn)(H2O)2]}n (47). A procedure similar to that of 40 was followed, 25 mg 

(0.05 mmol) of tpxn and 13.2 mg (0.1 mmol) of H2glu was added instead of tpchn and 

H2suc. Yield: 42 mg (88%). Selected FTIR peaks (KBr, cm-1): 3393 (br), 3226 (br), 1710 

(s), 1605 (m), 1567 (br), 1408 (br), 766 (s). Crystals suitable for single crystal X-ray 

diffraction study were obtained from direct layering of the three components in methanol 

and water solvent. 

{[Ni2(adi)2(tpxn)(H2O)2]}n (48). A procedure similar to that of 40 was followed, 25 mg 

(0.05 mmol) of tpxn and 14.6 mg (0.1 mmol) of H2adi was added instead of tpchn and 
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H2suc. Yield: 36 mg (75%). Anal. Calc. (%) for 48·H2O C44H54N6O11Ni2 (MW 960.3200): 

C, 55.03; H, 5.67; N, 8.75. Found: C, 55.27; H, 5.68; N, 8.44. Selected FTIR peaks (KBr, 

cm-1): 3204 (br), 1605 (s), 1573 (s), 1416 (s), 767 (s). Crystals suitable for single crystal X-

ray diffraction study were obtained from direct layering of the three components in 1:1 

methanol and water mixture. 

[Co2(suc)2(tpxn)(H2O)4] (49). A procedure similar to that of 40 was followed, 25 mg (0.05 

mmol) of tpxn and 24.9 mg (0.1 mmol) of Co(OAc)2·4H2O was used instead of tpchn and 

Ni(OAc)2·4H2O. Yield: 42 mg (91%). Selected FTIR peaks (KBr, cm-1): 3401 (br), 3250 

(br), 1714 (s), 1605 (m), 1573 (br), 1421 (br), 764 (s). 

[Co2(glu)2(tpxn)(H2O)2] (50). A procedure similar to that of 40 was followed, 25 mg (0.05 

mmol) of tpxn, 24.9 mg (0.1 mmol) of Co(OAc)2·4H2O and 13.2 mg (0.1 mmol) of H2glu 

was used instead of tpchn, Ni(OAc)2·4H2O and H2suc. Yield: 29 mg (66%). Selected FTIR 

peaks (KBr, cm-1): 3407 (br), 3248 (br), 1713 (s), 1605 (m), 1575 (br), 1434 (br), 768 (s).  

{[Co2(adi)2(tpxn)(H2O)2]}n (51). A procedure similar to that of 40 was followed, 25 mg 

(0.05 mmol) of tpxn, 24.9 mg (0.1 mmol) of Co(OAc)2·4H2O and 14.6 mg (0.1 mmol) of 

H2adi was used instead of tpchn, Ni(OAc)2·4H2O and H2suc. Yield: 30 mg (68%). Selected 

FTIR peaks (KBr, cm-1): 3410 (br), 3245 (br), 1712 (s), 1605 (m), 1573 (br), 1434 (br), 769 

(s). 

{[Co2(tdc)2(tpbn)(H2O)2]}n (52). In a 10 mL round bottom flask, 22.5 mg (0.05 mmol) of 

tpbn was taken and dissolved in 1.5 mL of methanol. To this clear solution, 24.9 mg (0.1 

mmol) of Co(OAc)2·4H2O was added and stirred for few minutes. As soon as the metal salt 

got dissolved, 17.2 mg (0.1 mmol) of H2tdc was added. A precipitate started to appear after 

10 minutes. The reaction mixture stirred for 6 h. The solid product was separated by 

filtration and washed with methanol. Yield: 44 mg (89%). Anal. Calc. (%) for 52·2H2O 

(MF C40H44N6O12S2Co2, MW 982.1767): C, 48.88; H, 4.51; N, 8.55. Found: C, 48.498; H, 

3.954; N, 8.319. Selected FTIR peaks (KBr, cm-1): 3399 (br), 3235 (br), 1607 (m), 1585 

(br), 1572 (br), 1361 (br), 1338 (br), 772(s). Crystals suitable for single crystal X-ray 

diffraction study were obtained from direct layering of the three components in 1:1 

methanol and water mixture. 

[Co2(tdc)2(tphn)]n (53). A procedure similar to that of 52 was followed except that 24 mg 

(0.05 mmol) of tphn was used instead of tpbn. Yield: 48 mg (96%). Anal. Calc. (%) for 

53·H2O (MF C42H46N6O11S2Co2, MW 992.8446): C, 50.81; H, 4.67; N, 8.46. Found: C, 
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51.00; H, 4.54; N, 8.43. Selected FTIR peaks (KBr, cm-1): 1606 (s), 1574 (m), 1545 (m), 

1402 (s), 1343 (s), 771 (s). Crystals suitable for single crystal X-ray diffraction study were 

also obtained using similar method. 

[Co2(tdc)2(tpchn)(H2O)2] (54). A procedure similar to that of 52 was followed, 25.3 mg 

(0.05 mmol) of tpchn was used instead of tpbn. Yield: 35 mg (65%). Anal. Calc. (%) for 

54·H2O (MF C44H56N6O15S2Co2, MW 1090.9430): C, 48.44; H, 5.17; N, 7.70. Found: C, 

48.30; H, 5.11; N, 7.70. Selected FTIR peaks (KBr, cm-1): 3400 (br), 3221 (br), 1712 (s), 

1605 (s), 1573 (br), 1361 (m), 773 (s). Crystals suitable for single crystal X-ray diffraction 

study were also obtained using similar method. 

[Co2(tdc)2(tpxn)(H2O)4] (55). A procedure similar to that of 52 was followed, 24 mg (0.05 

mmol) of tpxn was used instead of tpbn. Yield: 48 mg (90%). Anal. Calc. (%) for 55·2H2O 

(MF C44H48N6O14S2Co2, MW 1066.8801): C, 49.53; H, 4.53; N, 7.88. Found: C, 49.89; H, 

3.70; N, 7.72. Selected FTIR peaks (KBr, cm-1): 1603 (m), 1570 (m), 1366 (br), 770 (s). 

Crystals suitable for single crystal X-ray diffraction study were also obtained using similar 

method. 

{[Ni2(tdc)2(tpbn)(H2O)2]}n (56). A procedure similar to that of 52 was followed, 24.9 mg 

(0.1 mmol) of Ni(OAc)2·4H2O was used instead of Co(OAc)2·4H2O. Yield: 45 mg (91%). 

Anal. Calc. (%) for 56·2H2O (MF C40H44N6O12S2Ni2, MW 982.3272): C, 48.91; H, 4.51; 

N, 8.56. Found: C, 48.15; H, 4.87; N, 8.05. Selected FTIR peaks (KBr, cm-1): 3239 (br), 

1607 (s), 1586 (m), 1573 (m), 1361 (m), 776 (s). Crystals suitable for single crystal X-ray 

diffraction study were obtained from direct layering of the three components in 1:1 

methanol and water mixture. 

{[Ni2(tdc)2(tphn)]}n (57). A procedure similar to that of 52 was followed, 24.9 mg (0.1 

mmol) of Ni(OAc)2·4H2O and 24 mg (0.05 mmol) of tphn was used instead of 

Co(OAc)2·4H2O and tpbn. Anal. Calc. (%) for 57 (MF C42H44N6O10S2Ni2, MW 974.3498): 

C, 51.77; H, 4.55; N, 8.63. Found: C, 51.11; H, 4.86; N, 8.92. Selected FTIR peaks (KBr, 

cm-1): 1607 (s), 1575 (m), 1349 (s), 772 (s). Crystals suitable for single crystal X-ray 

diffraction study were also obtained using similar method. 

[Ni2(tdc)2(tpchn)(H2O)4] (58). A procedure similar to that of 52 was followed, 24.9 mg 

(0.1 mmol) of Ni(OAc)2·4H2O and 25.3 mg (0.05 mmol) of tpchn was used instead of 

Co(OAc)2·4H2O and tpbn. Yield: 30 mg (57%). Anal. Calc. (%) for 58·H2O (MF 

C44H52N6O13S2Ni2, MW 1054.4329): C, 50.12; H, 4.97; N, 7.97. Found: C, 49.86; H, 4.99; 
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N, 8.03. Selected FTIR peaks (KBr, cm-1): 1607 (s), 1575 (m), 1357 (m), 776 (s). Crystals 

suitable for single crystal X-ray diffraction study were also obtained using similar method. 

[{Ni2(tdc)2(tpxn)] (59). A procedure similar to that of 52 was followed, 24.9 mg (0.1 

mmol) of Ni(OAc)2·4H2O and 25 mg (0.05 mmol) of tpxn was used instead of 

Co(OAc)2·4H2O and tpbn. Yield: 50 mg (93%). Anal. Calc. (%) for 59·6H2O (MF 

C44H48N6O14S2Ni2, MW 1066.4005): C, 49.53; H, 4.53; N, 7.88. Found: C, 49.51; H, 4.75; 

N, 7.59. Selected FTIR peaks (KBr, cm-1): 1607 (s), 1578 (br), 1357 (br), 774 (s). Crystals 

suitable for single crystal X-ray diffraction study were also obtained using similar method. 

{[Cd2(tdc)2(tphn)2]}n (60). A procedure similar to that of 52 was followed, 26.6 mg (0.1 

mmol) of Cd(OAc)2·2H2O and 24 mg (0.05 mmol) of tphn was used instead of 

Co(OAc)2·4H2O and tpbn. Yield 52 mg (91%). Selected FTIR peaks (KBr, cm-1): 1605 (s), 

1582 (br), 1364 (br), 771 (s). Crystals suitable for single crystal X-ray diffraction study 

were obtained from direct layering of the three components in 1:1 methanol and water 

mixture. 

{[Cd2(tdc)2(tpchn)2}n (61). A procedure similar to that of 52 was followed, 26.6 mg (0.1 

mmol) of Cd(OAc)2·2H2O and 25.3 mg (0.05 mmol) of tpchn was used instead of 

Co(OAc)2·4H2O and tpbn. Yield 48 mg (81%). Selected FTIR peaks (KBr, cm-1): 1606 

(br), 1581 (br), 1351 (br), 769 (s). Crystals suitable for single crystal X-ray diffraction study 

were obtained from direct layering of the three components in 1:1 methanol and water 

mixture. 

{[Cd2(tdc)2(tpxn)]}n (62). A procedure similar to that of 52 was followed, 26.6 mg (0.1 

mmol) of Cd(OAc)2·2H2O and 25 mg (0.05 mmol) of tpxn was used instead of 

Co(OAc)2·4H2O and tpbn. Yield 45 mg (76%). Selected FTIR peaks (KBr, cm-1): 1601 (s), 

1576 (br), 1362 (br), 773 (s). Crystals suitable for single crystal X-ray diffraction study 

were obtained from direct layering of the three components in 1:1 methanol and water 

mixture. 

{[Co2(cdc)2(tpchn)(H2O)2]}n (63). A procedure similar to that of 40 was followed, 24.9 

mg (0.1 mmol) of Co(OAc)2·4H2O, 25.3 mg (0.05 mmol) of tpchn and 13.2 mg (0.1 mmol) 

of H2cdc was added instead of Ni(OAc)2·4H2O, tpbn and H2suc Yield: 44 mg (86%). Anal. 

Calc (%) for 63·H2O (MF C48H64N6O11Co2, MW 1018.9218): C, 56.58; H, 6.33; N, 8.25. 

Found: C, 56.98; H, 6.25; N, 8.05. Selected FTIR peaks (KBr, cm-1): 1606 (s), 1567 (br), 

1406 (m), 768 (s). 
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[Co2(cdc)2(tpxn)(H2O)] (64). A procedure similar to that of 40 was followed, 24.9 mg (0.1 

mmol) of Co(OAc)2·4H2O, 25 mg (0.05 mmol) of tpxn and 17.2 mg (0.1 mmol) of H2cdc 

was added instead of Ni(OAc)2·4H2O, tpbn and H2suc. Yield: 40 mg (80%). Selected FTIR 

peaks (KBr, cm-1): 1606 (s), 1573 (br), 1564 (br), 1447 (s), 1407 (m), 770 (s). Crystals 

suitable for single crystal X-ray diffraction study were obtained from direct layering of the 

three components in 1:1 methanol and water mixture. 

[Ni2(cdc)2(tpchn)] (65). A procedure similar to that of 40 was followed, 25 mg (0.05 mmol) 

of tpchn and 17.2 mg (0.1 mmol) of H2cdc was added instead of Ni(OAc)2·4H2O, tpbn and 

H2suc.  Yield: 42 mg (84%). Anal. Calc. (%) for 65·2H2O (MF C48H62N6O10Ni2, MW 

1000.4269): C, 57.63; H, 6.25; N, 8.40. Found: C, 57.33; H, 6.51; N, 8.34. Selected FTIR 

peaks (KBr, cm-1): 3421 (br), 3217 (br), 1607 (s), 1564 (m), 1407 (s), 768 (s). 

{[Ni2(cdc)2(tpxn)(H2O)2]}n (66). A procedure similar to that of 40 was followed, 25 mg 

(0.05 mmol) of tpchn and 17.2 mg (0.1 mmol) of H2cdc was added instead of 

Ni(OAc)2·4H2O, tpbn and H2suc. Yield: 42 mg (76%). Anal. Calc. (%) for 66·6H2O (MF 

C48H68N6O16Ni2, MW 1102.4709): C, 52.29; H, 6.22; N, 7.62. Found: C, 52.64; H, 5.30; 

N, 7.40. Selected FTIR peaks (KBr, cm-1): 1606 (s), 1577 (m), 1560 (m), 1406 (m), 770 

(s). Crystals suitable for single crystal X-ray diffraction study were obtained from direct 

layering of the three components in 1:1 methanol and water mixture. 

{[Co3(btc)2(tpxn)1.5(H2O)4]}n (67). In a 10 mL round bottom flask, 30 mg (0.06 mmol) of 

tpxn ligand was taken and dissolved in 1.5 mL of methanol. To this clear solution, 29.8 mg 

(0.12 mmol) of Co(OAc)2·4H2O was added and stirred for few minutes. As soon as the 

metal salt got dissolved, 16.8 mg (0.079 mmol) of H2tdc was added. The reaction mixture 

stirred for 24 h. A solid product was isolated via filtration and air dried. Yield: 42 mg (78%). 

Selected FTIR peaks (KBr, cm-1): 1606 (s), 1573 (br), 1564 (br), 1447 (s), 1407 (m), 770 

(s). Crystals suitable for single crystal X-ray diffraction study were obtained from direct 

layering of the three components in 1:1 methanol and water mixture. 
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CHAPTER III 

RESULTS AND DISCUSSION 

This chapter is divided into two major sections: metal organic cages (MOCs) and 

coordination polymers (CPs). The first section is divided into three subsections based on 

the dimetal core types while the second section is comprised of five subsections based on 

the possible combination flexibility/rigidity of carboxylate linkers and bis(tridentate) 

ligands. All new metal complexes reported in this thesis were synthesized using six 

different bis(tridentate) polypyridyl ligands shown in Figure 1.13. These differ by the 

spacer between the alkyl nitrogen atoms and thus have varied flexibility and length. In order 

to increase the rigidity and length of ligand, spacers were changed from aliphatic chain to 

1,4-dimethylenecyclohexane to 1,4-phenylenedimethylene. However, a general procedure 

has been followed for their synthesis as shown in Scheme 3.1. Four equivalents of 

picolylchloride hydrochloride were added with the corresponding diamine in an aqueous 

medium. The chloride ion of picolylchloride reacted with amine to form HCl. Total eight 

equivalents of aqueous NaOH was needed for this reaction to neutralize HCl formed and 

already present as hydrochloride salt in picolylchloride. A solid was obtained as a product 

in all cases, which was filtered, washed with an excess amount of water and  air-dried. 

 

Scheme 3.1. General Synthesis of Ligands. 

3.1 METAL ORGANIC CAGES (MOCs)  

3.1.1 With {Mn2(-O)(-O2CR)2}2+ Core 

Synthesis. These compounds were synthesized by following a procedure reported in 

literature.141,147 In each case, the reaction was done at room temperature under aerobic 

conditions as shown in Scheme 3.2. Three components ligand, Mn(OAc)3·2H2O, and the 

corresponding dicarboxylic acid in a 1:2:1 ratio were reacted in methanol followed by 

precipitation with excess NaClO4 to get a reddish brown solid. The solid product was 

filtered, washed with methanol and air dried. 
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Scheme 3.2. Synthesis of 1-16. 
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A total of sixteen new compounds (1-16) were prepared. The as-synthesized solids were 

used for characterization without any purification. Crystals suitable for single crystal study 

were obtained (wherever possible) by layering of an acetonitrile solution of the compound 

with either di-isopropyl ether or with di-tertiary-butyl ether. 

FTIR Spectroscopy. As indicated in Chapter I, the {Mn2(-O)(-O2CR)2}2+ core has 

signature spectroscopic features. FTIR spectroscopy is a very helpful tool to determine the 

binding mode of the ligands/linkers for elucidating the structure of MOCs. For example, 

the difference in the asymmetric and symmetric stretching frequencies of carboxylates 

(= asym-sym) confirms the binding modes of carboxylates in these compounds; a value 

less than 150 cm-1 is indicative of bridging mode to the dimetal core. Similarly, the presence 

of Mn-O-Mn bond in these compounds as well as the counter anion such as perchlorate can 

also be proven by their FTIR spectra. The FTIR data for compounds 1-16 has been tabulated 

in Table 3.1. 

Table 3.1. Selected FTIR peaks for 1-16. 

Compounds 
asym

(COO
-
), cm

-1
 

asym
(COO

-
), cm

-1
 (ClO

4

-
), cm

-1
 (Mn-O-Mn), cm

-1
 

1 1559 1434 1089, 625 732 
2 1564 1440 1090, 624 732 
3 1560 1438 1088, 625 728 
4 1562 1434 1088, 625 733 
5 1560 1436 1089, 624 730 
6 1560 1432 1088, 625 734 
7 1562 1433 1089, 625 730 

8 1561 1433 1089, 624 734 

9 1562 1431 1089, 624 730 

10 1562 1434 1090, 625 733 

11 1564 1430 1091, 624 731 

12 1563 1433 1092, 625 735 

13 1559 1423 1088, 625 730 

14 1562 1431 1089, 624 733 

15 1563 1430 1089, 624 730 

16 1563 1431 1090, 625 734 

The carboxylate stretching frequencies varies from 1559 to 1564 cm-1 for the asymmetric 

mode and 1423 to 1440 cm-1 for the symmetric mode. For the Mn-O-Mn bond, a peak 
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appears in the range of 728-734 cm-1 for these compounds. These data confirm that 

compounds 1-16 have similar core type and the carboxylate groups bind in an identical 

fashion. This is further established by their magnetic behaviour and single crystal structures 

for few compounds. 

  
Figure 3.1. UV-vis spectra of 1- 6. 

  
Figure 3.2.UV-vis spectra of 7-12. 

   

Figure 3.3. UV-vis spectra of 13-16. 

 

UV-Vis Spectroscopy. UV-Vis spectra of 1-16 were recorded in acetonitrile solution: 0.1 

mM (for the visible region) and 0.0035 mM (for UV region) (Figures 3.1, 3.2 and 3.3). All 
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these compounds show similar features, thereby proving the formation of compounds with 

an identical core. For explanation of the observed bands, one such set (1-6) is described 

below. In case of compounds 1-6, intense bands at 490 nm, 520 nm, 570 nm and 720 nm 

are observed in the visible region. These bands correspond to the oxo-to-metal charge 

transfer and d-d transitions in the metal. For 2, 11 and 14, the peaks at around 720 nm and 

570 nm are not resolved properly. These compounds show peaks at 270 nm and 320 nm in 

the ultraviolet region.  

Single Crystal Structure Analysis. Based on the characteristic spectroscopic features 

described above for 1-16, it is clear that all of these compounds have the {Mn2(-O)(-

O2CR)2}2+ core. However, their nuclearity can only be ascertianed by determining their 

crystal structures. Thus, efforts were made to get their suitable crystals but only those of 

compounds 5, 6, 13 and 15 were good enough. In view of this, magnetic studies (vide infra) 

has also been coupled with the selected X-ray structures to make conclusive about their 

nuclearity. Interestingly, these compounds were found to be existing in all three possible 

structures proposed in Chapter I. 

Structural Description of 5. It crystallizes in the monoclinic C2/m space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A1. Both Mn atoms are distorted octahedrally and surrounded by three 

N-atoms from each end of the bis(tridentate) ligand, two carboxylate O-atoms and one oxo 

O-atom. Thus, a N3O3 coordination environment is present around each manganese center. 

All these N or O-atoms are bound to the metal in a facial manner. The Mn...Mn distance 

(within the core) is 3.129(3) Å and Mn-Ooxo distances are 1.774(8) Å and 1.797(8) Å, which 

commensurates with the value reported for similar type of compounds.134-159 Selected bond 

distances and bond angles are listed in Table A14 and Table A40, respectively. The ligands 

as well as the carboxylates bridge between two Mn-atoms of two Mn2O-dimetalic unit 

forming an overall tetranuclear (dimer-of-dimer) compound as shown in Figure 3.4. Each 

molecule further connected to form a 1D supramolecular assembly through strong - 

interaction (3.549 Å) between the pyridyl groups of the bis(tridentate) ligand tphn, present 

in compound 5. 

Structural Description of 6. It crystallizes in the triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A1. Like compound 5, it contains distorted octahedral Mn atoms with a 

N3O3 coordination environment, provided by one end of the tphn ligand, one oxo O-atom 



36 

 

and two carboxylate O-atoms from two cyclohexane dicarboxylic acid (Figure 3.5). The 

Mn...Mn distance (within the core) is 3.131(2) Å and Mn-Ooxo distances are 1.785(4) Å and 

1.777(4) Å; these values are similar to those observed for 5. Selected bond distances and 

bond angles are listed in Table A15 and Table A41, respectively. The Mn...Mn distance 

between two cores is 8.656 Å  

 

 
Figure 3.4. Crystal structure of 5. (a) tetranuclear MOC, (b) coordination environment around Mn atoms, (c) 

pore inside 5, and (d) - stacking between the molecules (color code used for different atoms are like, pink: 
Mn; red: O, blue: N, grey: C). H-atoms are removed for clarity. 

Structural Description of 13·2CH3CN. It crystallizes in triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A2. The compound is isostructural with 5 and 6 (Figure 3.6). Each Mn 

center is in N3O3 type distorted octahedral environment occupied by three nitrogen atoms 

from one end of the tpbn ligand, two carboxylate oxygen atoms, and one oxygen atom 

bridged between two Mn centers. The Mn...Mn distance (within the core) is 3.182(1) Å and 

Mn-Ooxo distances are 1.799(3) Å and 1.791(3) Å. The Mn...Mn distance between two cores 

is 6.798 Å. Selected bond distances and bond angles are listed in Table A16 and Table A42, 

respectively. 
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Structural Description of 15·2CH3CN. This compound crystallizes in triclinic system with P-

1 space group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A2. Although each Mn atom has similar N3O3 

coordination environment like compounds 5, 6 and 13, the overall structure of this 

compound  

 
Figure 3.5. Crystal structure of 6. (a) tetranuclear MOC. (b) coordination environment around Mn-atoms and 

(c) pore inside of 6 (color code used for different atoms are like, pink: Mn; red: O, blue: N, grey: C). H-atoms 

are removed for clarity. 

is different from the earlier discussed structures. The Mn...Mn distances (within the core) 

are 3.154(3) Å and 3.159(3) Å, and the Mn-Ooxo distances are 1.804(9) Å, 1.792(9) Å, 

1.787(9) Å and 1.834(8) Å. Selected bond distances and bond angles are listed in Table 

A17 and Table A43, respectively. Two tphn ligands and one succinate are bridged between 

two Mn2O-dimetalic unit, forming a tetranuclear (dimer-of-dimer) unit as shown in Figure 

3.7. Two of these similar tetranuclear units again are connected through two other  

succinates to form an overall octanuclear compound. Whereas in 5, 6and 13, two tphn 
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ligands and two succinate are bridged between two Mn2O-dimetalic unit. The Mn...Mn 

distances between two cores are 8.765 Å, 8.644 Å, 8.654 Å and 8.637 Å. The aromatic 

pyrydyl rings of next molecule are involved in forming a 2D supramolecular assembly 

through two types of strong - interactions (3.568 and 3.626 Å). 

 

 
Figure 3.6. Crystal structure of 13. (a) tetranuclear MOC, (b)  coordination environment around Mn atoms, 

and (c) pore inside 13 (color code used for different atoms are like, pink: Mn; red: O, blue: N, grey: C). H-

atoms are removed for clarity. 

Effect of Bis(tridentate) Ligand and Dicarboxylate Combination  

From the structural study of MOCs it is evident that the combination of bis(tridentate) 

ligand, tphn, and dicarboxylates, succinate and fumarate, forms an unprecedented 

octanuclear MOCs. Whereas, with the same dicarboxylate, tpbn forms a tetranuclear MOC. 

Comparing parameters like bond angles and lengths, it is clear that these are very similar 

in both octanuclear and tetranuclear cases, except the angle between two carboxylate 
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oxygens and manganese, and the angle between two manganese centers and oxo center, in 

{Mn2(-O)(-O2CR)2}2+ core (Figure 3.8) are different. 

 

 

Figure 3.7. Crystal Structure 15. (a) octanuclear MOC, (b) pore inside 15, (c) coordination environment 

around the Mn, and (d) The - interaction between the molecules (color code used for different atoms are 
like, pink: Mn; red: O, blue: N, grey: C). H-atoms are removed for clarity. 

 
Figure 3.8. Representation of the {Mn2(-O)(-O2CR)2}

2+ core. 

In case of octanuclear complexes, the O
1
-M

1
-O

2
 angles are 86.47° and 89.18º, and O

3
-

M
2
-O

4 
angles are 95.80° and 96.84°, while in case of tetranuclear complexes, these are 
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85.20° and 91.10°, respectively. The higher values of the angles forced the dicarboxylates 

to bind with two different Mn2O groups in case of octanuclear MOCs but in case of 

tetranuclear MOCs, the lower values allow both the dicarboxylates to bind with the same 

Mn2O group (Table 3.2). 

Table 3.2. Various structural parameters for tetra and octanuclear MOCs. 

Parameter Tetranuclear  Octanuclear 

O
1
-M

1
-O

2
 (

o
) 85.20 86.47 and 89.18 

O
3
-M

2
-O

4
 (

o
) 91.10 95.80 and 96.84 

M
1
-O-M

2  
(

o
) 124.91 120.17 and 121.22 

M
1
-O

5
 (Å) 1.799 1.815, 1.815 

M
2
-O

5
 (Å) 1.790 1.822, 1.825 

M
1
···M

2
 (Å) 3.182 3.163, 3.156 

Gas Sorption Study. The N2 sorption study with the PF6
- analogues of 15 and 16 was done. 

As shown in Figure 3.9. both 15 and 16 exhibit very less N2 gas uptake (11 cm3g-1 in the 

case of 16, and 6.2 cm3g-1 in the case of 15). The comparitively lesser uptake in 15 with 

respect to 16 is because of the two extra H-atoms present in succinate, which fills the pore 

partially. The BET surface area calculated for these two compounds are 7.82 m2g-1 and 

13.17 m2g-1. 

 

Figure 3.9. N2 sorption isotherms of 15 and 16 at 77K. 

Magnetic Properties. In addition to studying the magnetic property of compounds 1-16, 

their magneto-structural correlation provides a definite proof to the three possibilities for 

their structures. The magnetic susceptibility data were measured for all but compound 11 

from 300 K to 2 K. Based on these data, plots of MT vs T were generated (Figures 3.10, 
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3.11 and 3.12). The room temperature MT values are in between 11.6-13.5 cm3Kmol-1 for 

1, 2, 5 and 6. These are close to that of four uncoupled Mn(III) ions (12 cm3 K mol-1). These 

values are also similar to those reported for other similar tetranuclear compounds reported 

in the literature. For 3 and 4, this value is 5.5-5.9 cm3Kmol-1, which is close to the value of 

6 cm3Kmol-1 corresponding to two uncoupled Mn(III) ions. In case of compounds 1, 2 and 

5, as the temperature decreases the MT values goes slightly higher than 12 cm3Kmol-1, 

reaches a maximum and then decrease rapidly to a minimum at 2 K. This trend of MT 

values indicates weak ferromagnetic coupling within the metal centers. In case of 2, the 

value remains almost constant (just below 12 cm3Kmol-1) with a decrease of temperature 

indicating no substantial ferromagnetic interactions within metal centers. For compounds 

3 and 4, the room temperature MT value is nearly 6 cm3Kmol-1, indicating the molecule is 

polymeric in nature and the value represents the repeat dimeric Mn2O unit. This value for 

3 and 4 is close to those observed for dinuclear compounds containing the {Mn2(-O)(-

O2CR)2}2+ core. From the point of magneto-structural correlation in compounds 1-6, it is  

 

Figure 3.10. MT s T plot of 1-6. 

clear that an increase in the methylene spacer length from tpbn to tphn ligands causes the 

formation of polynuclear compound (3 and 4) compared to 1 and 6 where the respective 

carboxylate is the same. On the other hand, a carboxylate with longer methylene chain 

length, such as adipate, dictates over this change, making both 2 and 5 tetranuclear 

complexes. 

For 7-10 and 12, the MT values at room temperature show 7, 8 and 9 behaving similar to 
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compounds 1, 2, and 5. The MT values increase as the temperature decreases, attain the 

highest value around 30 K and then decrease abruptly to a minimum at 2 K. The behavior 

of 7, 8 and 9 indicates weak ferromagnetic coupling behavior in   these compounds. In 

compounds 10 and 12 the value is nearly 6 cm3Kmol-1, which is closer to the value of two 

uncoupled Mn(III). This again indicates that these two compounds are also polymeric in 

nature and the dimeric unit is acting as the repeat unit. Once again, it appears that the longer 

chain length in the tpon ligand forces the formation of a polynuclear species such as 10 and 

12. Unfortunately, the data for 11 was not available to find the effect of adipate vs tpon in 

deciding the structure (tetranuclear vs polynuclear). 

Similarly, compounds 13 and 14 showing a value near 12 cm3 K mol-1 at room temperature 

are tetranuclear in nature. This is consistent with the observation for compounds with tpbn 

ligand as long as the dicarboxylate has a C3 or less spacer (succ, fum and glu). On the other 

hand, for compound 15 and 16 the MT values are nearly 24 cm3 Kmol-1, which corresponds 

to eight uncoupled Mn(III) ions. The values increase as the temperature decreases and attain 

a maximum around 25 K and then a minimum at 2 K. This behavior evident weak 

ferromagnetic interaction between the metal ions within the cores. Thus, the magnetic data 

for 15 and 16 corroborates well with the octanuclear structure determined for 15. In this 

case, an increase in the methylene chain length from tetra to hexa (tpbn vs tphn) provides 

an opportunity to have unprecedented octanuclear compounds 15 and 16 for the C2 

dicarboxylates (succ or fum). 

 

 

Figure 3.11. MT vs T plot of 7-12. 
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Figure 3.12. MT vs T plot of compounds 13-16. 

3.1.2 With {Fe2(-O)(-OOCR)2}2+ Core 

Synthesis. These compounds were synthesized following a general procedure as shown in 

Scheme 3.3 where the three components ligand, Fe(ClO4)3.xH2O, and the sodium salt of 

the corresponding dicarboxylic acid were reacted in a 1:2:1 ratio in methanol/water at room 

temperature. In each case, a yellowish-brown solid was obtained and air dried. The same 

solid was used for characterization. Crystals suitable for SCXRD study was obtained 

(wherever possible) by layering of acetonitrile solution of compounds with either di-

isopropyl ether or di-tertiarybutyl ether. 

 

 

Scheme 3.3. Synthesis of 17-24. 
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FTIR Spectroscopy. As indicated in Chapter I, the {Fe2(-O)(-OOCR)2}2+ core has 

signature spectroscopic features. The FTIR spectra of Compound 17-24 were recorded and  

Table 3.3 Selected FTIR peaks of 17-24. 

Compounds 
asym

(COO
-

), cm
-1

 
sym

(COO
-

), cm
-1

 (ClO
4

-

),cm
-1

 (Fe-O-Fe), cm
-1

 

17 1543 1433 1089, 625 731 

18 1545 1433 1090, 625 735 

19 1543 1435 1088, 624 732 

20 1541 1430 1089, 625 731 

21 1542 1433 1089, 624 732 

22 1544 1433 1090, 625 730 

23 1544 1436 1089, 625 732 

24 1542 1432 1088,  734 

compared. Similar to Mn-O-Mn bond stretching observed in 1-16, the peak at around 730 

cm-1 can be assigned to the Fe-O-Fe stretching frequency of 17-24. The symmetric and 

asymmetric stretching frequencies of carboxylate appear at ~ 1540 and 1430 cm-1. 

Moreover, the presence of perchlorate anions is proven by the peaks appearing around 1089 

and 625 cm-1, respectively. 

UV-Vis Spectroscopy. UV-vis spectra of 17-24 were recorded in acetonitrile solution: 0.1 

mM (for the visible region) and 0.0035 mM (for UV region) (Figure 3.13). All the 

compounds show similar features, thereby proving the formation of compounds with an 

identical core. For explanation of the observed bands, one such set (17-20) is described 

below. Intense bands at around 490 nm, 520 nm, 540 nm and 730 nm in the visible region 

correspond to the oxo-metal charge transfer and metal d-d transitions. These compounds 

show peaks at 270 nm and 340 nm in the ultraviolet region which can be ascribed to the -

 transition in the ligands. 

Single Crystal Structure Analyses. On the basis of the characteristic spectroscopic 

features described above for 17-24, it is clear that all of these compounds have the {Fe2(-

O)(-OOCR)2}2+ core. However, their nuclearity can only be ascertianed by determining 

their crystal structures. Thus, efforts were made to get their suitable crystals. However, 

even after multiple tries, we were successful in obtaining suitable single crystals for the 

structure determination only for compound 19. In view of this, magnetic studies (vide infra) 
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has also been coupled with the its X-ray structure to make conclusive statements about their 

nuclearity. 

 

Figure 3.13. UV-vis spectra of (a) 17-20, (b) 21-24. 

Structural Description of 19·2CH3CN. This compound crystallizes in the triclinic P-1 

space group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A3. All the Fe-atoms have distorted octahedron 

where each Fe center is surrounded by three N-atoms from each end of the bis(tridentate) 

ligand, two carboxylate O-atom and one oxo O-atom forming N3O3 atmosphere. All these 

N, or O-atoms are bound to the metal in a facial fashion.  

The Fe...Fe distance (within the core) is 3.092(2) Å and 3.087(2) Å and Fe-Ooxo distances 

are 1.797(7) Å, 1.801(6) Å, and 1.799(7) Å, 1.790(8) Å which commensurates with the 

values reported for similar type of compounds.160-170 Selected bond distances and bond 

angles are listed in Table A18 and Table A44, respectively. Two tphn ligands and one 

succinate are bridged between two Fe2O-dimetalic unit forming a tetranuclear (dimer of 

dimer) unit. Two of this similar tetranuclear unit again is connected through succinate to 

form an overall octanuclear compound (shown in Figure 3.14.) as that of its Mn-analogue 

15. The Fe...Fe distance between two cores are 8.722 Å, 8.753 Å, and 8.628 Å, 8.873 Å. 
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Figure 3.14.  Crystal Structure of 19. (a) octanuclear MOC, (b) showing the pore inside, and (c) the - 
interaction between two molecule (color code used for different atoms are like, pink: Mn; red: O, blue: N, 

grey: C). H-atoms are removed for clarity. 

Magnetic Property. The magnetic susceptibility for compound 19 was measured from 2 

K to 300 K. A plot MT vs T shown in Figure 3.15 indicate a strong ferromagnetic 

interaction between the metal centers. Its magnetic behavior is similar to other tetranuclear 

compounds possessing the same dinuclear {Fe2(-O)(-O2CR)2}2+ core. In terms of 

magneto-structural correlation for the iron analogs, a similar (to manganese) trend is 

observed for the combination of bis(tridentate) polypyridyl ligands and dicarboxylates. 

  

Figure 3.15. MT vs T (top) and M vs T (bottom) plot for 19. 
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3.1.3 With {Mn2(-O)2(-OOCR)}2+Core 

Synthesis. The synthesis of compounds with {Mn2(-O)2(-OOCR)}2+core is summarized 

in Scheme 3.4. The comproportionation reaction of Mn(II) and Mn(VII) with a 7:3 ratio 

was carried out to get Mn2(III/IV) compounds as shown below. 

 

A mixture of MnSO4·H2O, the ligand was taken in methanol. The pH of the solution was 

maintained by the use of dicarboxylic acid/sodium dicarboxylate buffer (pH 4.5). Upon 

slow addition of an aqueous solution of sodium salt of the corresponding dicarboxylic acid 

and aqueous KMnO4 a green solution was obtained, that was reacted with a methanolic 

solution of NaClO4 to obtain a green-brown colored solid.  

In this context it is important to convey that, MnSO4·H2O is partially soluble in methanol, 

but, the moisture present in methanol and the bis(tridentate) ligands help MnSO4·H2O to 

go inside the solution. Moreover, the water from other sources (buffer and aq. KMnO4 

solution) also favours the course of the reaction. 

 

 

Scheme 3.4. Synthesis of 25-34. 

FTIR Spectrocopy. Similar to the above two cases, the Mn2O2-dimetalic unit exhibits 

signature spectroscopic features. Thus, a quick evaluation for their formation was 

conducted by FTIR spectroscopy. The presence of a peak around 690 cm-1 in all cases can 

be ascribed to the Mn-O-Mn bond stretching frequency in this type of core. The carboxylate 
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peaks at ~1575 and 1380 cm-1 correspond to the asymmetric and symmetric stretching 

frequencies, respectively. The difference in the asymmetric and symmetric stretching 

frequencies of carboxylates (= asym-sym) confirms the binding modes of carboxylates 

in these compounds; a value less than 195 cm-1 is indicative of the bidentate bridging mode 

to the dimetal core. The peaks due to the perchlorate anion appears at around 1090 and 625 

cm-1 and a ligand signature peak can be seen at ~769 cm-1. The absence of peaks around 

1750 cm-1 proves that all the carboxylic acids are fully deprotonated. Selected FTIR peaks 

for all these compounds are listed in Table 3.4. 

 

 

 

Table 3.4. Selected FTIR peaks of 25-34. 

Compounds 
asym

(COO
-
), cm-

1
 

sym
(COO

-
), cm

-1
 (ClO

4

-
), cm

-1
 (Mn

2
(-O)

2
), cm

-1
 

25 1573 1381 1089, 624 691 

26 1572 1381 1088, 625 690 

27 1572 1380 1089, 625 691 

28 1577 1383 1090, 624 691 

29 1570 1381 1089, 626 692 

30 1576 1386 1089, 624 690 

31 1573 1382 1090, 625 692 

32 1575 1383 1089, 625 690 

33 1576 1380 1088, 626 690 

34 1570 1384 1089, 625 689 

UV-Vis Spectroscopy. UV-vis spectra of 25-34 were measured in acetonitrile solution: 0.1 

mM (for visible region) and 0.0035 mM (for UV region). All these compounds show similar 

types of spectra (Figure 3.16. and 3.17.), thereby proving the formation of compounds with 

an identical core. All these compounds show intense bands at around 565 nm and 650 nm, 

corresponding to the oxo-metal charge transfer transition and d-d transitions in the metal 

These observed peaks are similar in the reported compounds. These compounds show a 

peak at 270 nm which can be ascribed to the - transition in the ligand. 
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Figure 3.16. UV-vis spectra of 25-29. 

   

Figure 3.17. UV-vis spectra of 30-34. 

Thermogravimetric Analyses. These compounds are thermally less stable as shown in Figure 

3.18 and 3.19. All these compounds lose lattice solvent molecules upto 100 ºC followed by 

decomposition. 

Structural Description of 27·3CH3CN·H2O. This compound crystallizes in the triclinic P-

1 space group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A3. The Mn centers have distorted octahedron 

coordination environment where each Mn-center is surrounded by three N-atoms from each 

end of the bis(tridentate) ligand, one carboxylate O-atom and two oxo O-atom forming a 

N3O3 atmosphere (Figure 3.20). The Mn...Mn distance (within core) are 2.615(1) Å, and 

Mn-Ooxo distances are 1.777(4) Å, 1.816(3) Å, and 1.769(3) Å, 1.836(4) Å ; for the other 

core this Mn-Ooxo distances are 1.769(3) Å, 1.848(3) Å, and 1.769(3) Å, 1.819(3) Å, which 

commensurates with the values reported for similar type of compounds.171-179 Selected 

bond distances and bond angles are listed in Table A19 and Table A45, respectively. The 

tpbn ligand forms a bridge between two Mn-atom of two Mn2O2-dimetalic unit and the 

succinate dicarboxylate is also bridged between those two Mn2O2-dimetalic unit, forming 

an overall tetranuclear (dimer of dimer) compound. The Mn...Mn distance between two 
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cores are 6.798 Å. This molecule is further forming 2D supramolecular assembly through 

-interaction (3.741 Å). 

 

 

Figure 3.18. TGA scans of 25-29. 

Single Crystal Structure Analyses 

 

 

Figure 3.19. TGA scans of 30-34. 

Structural Description of 29·2CH3CN. It crystallizes in the monoclinic C2/c space group. 

The crystallographic information pertaining to data collection and structure refinement has 

been provided in Table A4. Similar to 27, the Mn centers in 29, have distorted octahedron 

coordination environment where each Mn center is surrounded by three N-atoms from each 

end of the bis(tridentate) ligand, one carboxylate O-atom and two oxo O-atom forming a  

N3O3 atmosphere. The Mn...Mn distance (within the core) is 2.613(1) Å and Mn-Ooxo 
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distances are 1.776(4), 1.847(4) and 1.776(4) Å,  1.821(4) Å, which commensurates with 

 

Figure 3.20. (a) Crystal Structure of 27. (a) the tetranuclear MOC, (b) the coordination environment around 

the metal center, (c) pore inside 27, and (d) - interactions between two molecules (color code used for 
different atoms are like, pink: Mn; red: O, blue: N, grey: C). H-atoms are removed for clarity. 

the values of reported with similar type compounds.171-179 Selected bond distances and bond 

angles are listed in Table A20 and Table A46, respectively. The tpbn ligand forms a bridge 

between two Mn atoms of two Mn2O2-dimetalic unit and the adipate dicarboxylate also 

bridges between two Mn2O2-dimetalic unit, forming an over all tetranuclear (dimer-of-

dimer) compound, as shown in Figure 3.21. The Mn...Mn distance between the two cores is 

8.576 Å. This molecule further forms a supramolecular assembly through very strong - 

interaction (3.816 Å). 

Structural Description of 34·H2O. This compound crystallizes in the triclinic P-1 space 

group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A4. All the Mn atoms are in distorted octahedral 

geometry and are surrounded by three N-atoms from each end of the bis(tridentate) ligand, 

one carboxylate O-atom and two oxo O-atoms. The Mn...Mn distance (within core) is 

2.619(5) Å and Mn-Ooxo distances are 1.804(18) Å, 1.809(14) Å, and 1.844(12)Å, 

1.775(16) Å. For the second Mn2O2-dimetallic unit, The Mn...Mn distance (within core) is 

2.619(5) Å and Mn-Ooxo distances are 1.779(16) Å, 1.831(13) Å, and 1.812(14)Å, 
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1.878(15), which are commensurates with the value of already reported with similar type 

compounds. 171-179 Selected bond distances and bond angles are listed in Table A21 and 

Table A47, respectively. The tpbn ligand forms a bridge between two Mn-atom of two 

Mn2O2-dimetalic unit and the adipate dicarboxylate is also bridged between two Mn2O2-

dimetalic unit, forming an over all tetranuclear (dimer-of-dimer) compound as that of 27 

and 29, as shown in Figure 3.22. The Mn...Mn distances between two cores are 9.121 Å and 

9.113 Å. This molecule further forms a  2D supramolecular assembly through very strong 

- interaction (3.891 and 3.746 Å). 

 

 

 
Figure 3.21. Crystal Structure of 29. (a) the tetranuclear MOC, (b) the coordination environment around the 

metal center, (c) pore inside 29, and (d) - interactions between two molecules (color code used for different 

atoms are like, pink: Mn; red: O, blue: N, grey: C). H-atoms are removed for clarity. 
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Figure 3.22. Crystal Structure of 34. (a) the tetranuclear MOC, (b) the coordination environment around the 

metal center, (c) pore inside 34, and (d)  - interactions between two molecules (color code used for different 

atoms are like, pink: Mn; red: O, blue: N, grey: C). H-atoms are removed for clarity. 

Magnetic Property. The magnetic susceptibility measurement for 34 is recorded from 300 

K to 2 K. A plot of MT vs T is shown in Figure 3.23. The MT value of the compound 

decreases from 6.5 cm3Kmol-1 as the temperature goes down from room temperature and 

attains a minimum of 0.4 cm3Kmol-1 at 2 K. The room temperature MT or the effective 

magnetic moment value suggests a ground state S = 1/2 per Mn2(-O)2 core, i.e., Mn(III) 

and Mn(IV) centers in 34 are coupled antiferromagnetically. This trend is similar to other 

dinuclear compounds containing {Mn2(-O)2(-O2CR)}2+ core reported in the literature 

except the MT values for 34 at room temperature is twice as large. 
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Figure 3.23. MT vs T and eff vs T plot of 34. 
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3.2 COORDINATION POLYMERS (CPs) 

3.2.1 Rigid Carboxylates and Semirigid Spanning Ligands 

Synthesis. All these compounds were synthesized through the one pot self-assembly 

method. The compounds are listed in Scheme 3.5. The metal center used for the synthesis 

are Mn(II), Co(II) and Ni(II). Keeping the dicarboxylates fixed, two different bis(tridentate) 

ligands were used. For the synthesis, a 2:2:1 ratio of M(II):dicarboxylate:bis(tridentate) 

ligand has been used and stirred for 24 h at room temperature in methanol. In each case 

solid formed was filtered and air dried. The solid was used for characterization without any 

further purification. The single crystals were obtained (wherever possible) by the direct 

layering of the components in methanol and water mixture (1:1).  

 
Scheme 3.5. Synthesis of 35-39. 

FTIR Spectroscopy. FTIR spectra of 35-39 was recorded in the solid stae as KBr pellets 

(see Figure 3.24). A broad band at ~3400 cm-1 indicates the presence of -OH stretching 

from the water of crystallization, whereas a broad band around 3200-3250 cm-1 is because 

of the presence of coordinated water. The carboxylate peaks for asymmetric and symmetric 

stretching frequencies appear at ~ 1575 and 1370 cm-1, respectively. The difference of the 

stretching frequencies (cm) indicates the monodentate binding mode of 

fumarate. These observations are consistent with their single crystal X-ray structures. A 

characteristic peak of the ligand appears around 670 cm-1. Selected FTIR peaks are listed 

in Table 3.5. 
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Figure 3.24. FTIR spectra of compound 35-39. 

Table 3.5. Selected FTIR peaks and binding modes of carboxylates of 35-39. 

Compounds asym(COO
-
) cm

-1
 sym(COO

-
) cm

-1
  cm

-1
 Binding mode 

35 1577 1366 211 monodentate 

36 1590 1369 221 monodentate 

37 1582 1372 210 monodentate 

38 1575 1374 201 monodentate 

39 1579 1379 200 monodentate 

Thermogravimetric Analysis. The thermal stability of these compounds is verified by 

thermogravimetric analysis (TGA). The TGA scans for 35-39 are shown in Figure 3.25 and 

step wise calculations for 35-39 are shown in Table 3.6. All these compounds are thermally 

stable up to 300 ºC. At the initial stage of heating, each compound loses only solvent 

molecules. In case of 35, it loses 8.98% (ca. 9.00%) of its weight corresponding to removal 

of four lattice water molecules and a coordinated water molecule up to 85 °C. In the second 

step, the compound loses another three coordinated water molecules, a fumarate 

dicarboxylate anion and a tpxn ligand, corresponding to 67.39% (ca. 66.82%) at 390 °C 

after that it undergoes decomposition. In case of 36, the first loss is due to four water 

molecules, one fumarate dicarboxylate anion and a ligand tpxn upto 306 °C, which 

corresponds to a 39.74% (ca. 39.05%) weight loss. Whereas, in 39 five water, two methanol 

molecules and two fumarate dicarboxylate anion, which corresponds to 38.79% of its total 

weight, are lost up to temperature 316 °C. In the next step, both the compounds 36 and 39 
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lose part of the ligand upto 357 °C and 386 °C, respectively, followed by decomposition. 

In case of 37, first it loses five water molecules and a fumarate dicarboxylate anion, which 

corresponds to 22.72% (ca. 21.79%) weight loss up to temperature 328 °C, and in the next 

step it loses the ligand, which results 52.10% (ca. 53.44%) weight loss up to 385 °C. After 

that, the compound undergoes decomposition. Compound 38 shows a 7.90% (ca. 7.79%) 

loss corresponding to four water molecules up to 72 °C temperature and then losses weight 

continuously. 
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Figure 3.25. TGA scans of 35-39. 

Table 3.6 Calculation of weight loss of 35-39. 

Comp 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

35 9.00 8.98 5H2O 85 66.82 67.39 
3H2O + fum 

+ tpxn 
390 4.40 4.77 CO2 500 

36 39.05 39.74 
3H2O + 

fum + tpxn 
306 --- 31.92 Part of ligand 357 --- --- decomposition --- 

37 21.79 22.72 
5H2O + 

fum 
328 53.44 52.10 tpxn 385 7.04 7.25 1.5 CO2 500 

38 7.79 7.90 4H2O 72         

39 38.21 38.79 

5H2O + 

2CH3OH + 

2fum 

316 30.16 30.60 Part of ligand 386 --- --- decomposition -- 
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Single Crystal Structure Analysis. 

Structural Description of 35·2H2O. It crystallizes in the triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A5. The asymmetric unit consists of one metal center, one-half of the 

ligand, one-half of the fumarate which is bound to the metal ion and one-half of the 

fumarate as a counter anion. The Mn(II) ion is octahedrally surrounded by N3O3 

coordination enviornment. All three N-atoms belongs to one end of the bis(tridentate) tpxn 

ligand and O-atoms are from two coordinated water molecules and the other O-atom is 

from one end of the fumarate, bound to the metal ion in a monodentate fashion. The other 

end of the ligand is bound to another Mn(II) ion, which is further bridged by a fumarate in 

a similar fashion to another Mn(II) ion, forming a 1D polymeric chain with alternate 

fumarate and tpxn (see Figure 3.26). The bond distances are: Mn-Npyr 2.302(2) Å, 2.337(2) 

Å; Mn-NCH2 2.376(2) Å, Mn-Oaq 2.1902(19) Å, and 2.2381(19) Å; Mn-Ooxo 2.1207(18) Å. 

Selected bond distances and bond angles are listed in Table A22 and Table A48, 

respectively.  

 

Figure 3.26. Crystal Structure of 35. (a) 1D coordination polymer, (b) the coordination environment around 

metal center, (c) the asymmertic unit, (d) and (e) formation of  supramolecular assembly through H-bonds 

(color code used for different atoms are like, pink: Mn; red: O, blue: N, grey: C, cyano: H). 
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The free fumarate forms H-bonds with one of the two bound water of two different 

polymeric chains resulting in a 2D sheet. The H-bond length in this case is 1.874 Å. Further, 

H-bonds are developed through the other coordinated water, two lattice water molecules 

and coordinated fumarate which increases the dimensionality of the framework. Through 

these H-bonds, the compound forms an overall 3D supramolecular assembly (Figure 3.26.). 

Structural Description of 38·2CH3OH. It crystallizes in the triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A5. The asymmetric unit consist of one metal center, one-half of the 

ligand, one-half of the fumarate which is bound to the metal ion and one-half of the 

fumarate as counter anion and a methanol molecule. The Ni(II) ion is octahedrally 

surrounded by N3O3 atmosphere. All three N-atoms belongs to one end of the 

bis(tridentate) tpxn ligand and O-atoms are coming from two coordinated water and other 

is from one end of the fumarate bound to the metal ion in monodentate fashion. Other end 

of the ligand is bound to another Ni(II)-ion, which is further bridged by fumarate to another 

Ni(II)-ion, as a result forming a 1D polymeric chain. The distances are Mn-Npyr 2.052(2) 

Å, 2.074(2) Å; Mn-NCH2 2.159(2) Å, Mn-Oaq 2.091(2) Å, 2.099(2) Å; Mn-O 2.035(2) Å. 

Selected bond distances and bond angles are listed in Table A23 and Table A49, 

respectively. 

The free fumarate present in the molecules forms two kind of H-bonding in two different 

directions. The free fumarate anion forms H-bond through the methanol -OH and 

coordinated water, thus connected two different 1D chains to form a 2D supramolecular 

sheet. This 2D supramolecular sheet is again connected to another similar 2D sheet via H-

bond through the second coordinated water molecule and a fumarate molecule in other 

directions forming an overall 3D supramolecular assembly (see Figure 3.27). 

Structural Description of 39·2CH3OH·H2O. It crystallizes in the triclinic P-1 space group. 

The crystallographic information pertaining to data collection and structure refinement has 

been provided in Table A6. The asymmetric unit contains two Ni(II) metal center, one 

ligand, one fumarate which is bound to the metal ion, three bound water, one bound 

methanol, two half of the fumarate as counter anions, and two each of methanol and water 

molecules as the solvent of crystallization. Both the Ni(II) ions are octahedrally surrounded 

by N3O3 coordination environment. In both cases, all three N-atoms belong to one end of 

the bis(tridentate) tpxn ligand and the O-atoms are come from two coordinated water and 
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another from the one end of the fumarate bound to Ni(II) in monodentate fashion. In the 

second Ni(II) ion, it is methanol instead of second water.  

 

Figure 3.27. Crystal Structure of 38. (a) 1D chain of 38, (b) coordination environment around the metal 

center, (c) asymmetric unit, and (d) formation of supramolecular assembly through H-bonds (color code used 

for different atoms are like, green: Ni; red: O, blue: N, grey: C, cyano: H). 

All Ni(II)-ions are alternatively bridged by tpxn ligand and fumarate, as a result forming a 

1D polymeric chain. The bond distances are Ni-Npyr 2.061(7) Å, 2.118(7) Å; Ni-NCH2 

2.176(7) Å, Ni-Oaq 2.066(5) Å, 2.078(6) Å; Ni-O 2.051(7) Å. The distances are Ni-Npyr 

2.081(7) Å, 2.051(7) Å; Ni-NCH2 2.156(7) Å, Ni-Oaq 2.066(5) Å, Ni-Omethanol 2.081(6)Å; 

Ni-O 2.043(6)  Å. Selected bond distances and bond angles are listed in Table A24 and 

Table A50, respectively. The free fumarate present forms two kinds of H-bonding in two 

different directions through the methanol -OH and coordinated water, thus connecting two 

different 1D chains to form a 2D supramolecular sheet. This supramolecular sheet again is 
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connected to another 2D sheet via H-bond through second coordinated water and fumarate 

in other directions forming an overall 3D supramolecular assembly (see Figure 3.28). 

 

Figure 3.28. Crystal Structure and Supramolecular assembly of 39. (a) the coordination environment around 

the metal center, (b) the asymmetric unit, (c) the 1D chain, (d) formation of supramolecular assembly through 

H-bonds (color code used for different atoms are like, green: Ni; red: O, blue: N, grey: C, cyano: H). 

Compounds 35, 38 and 39 have similar 1D polymeric chain structure with one of the 

fumarates present as a counter anion. In compound 35, Mn(II) is present as the metal center 

and tpxn as semirigid ligand while in case of 38 and 39 both have Ni(II) as the metal center, 

and, tpchn and tpxn, are present as a semirigid ligands, respectively. From the structural 

viewpoint, it can be concluded that there is no effect of the ligand and metal center on the 

structure of these compounds, the dicarboxylate fum2- is the directing factor. All these 1D 

CPs have distinguished supramolecular structures because of the presence of different 

solvent molecules in a different number. For compounds 36 and 37, a similar 1D polymeric 

structure is expected where the metal center is Co(II).  
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3.2.2. Flexible Carboxylates and Semirigid Spanning Ligands Synthesis 

Synthesis. All these compounds were synthesized through a one-pot self-assembly method 

as shown in Scheme 3.6. The metal center used for the synthesis of these compounds are 

Co(II) and Ni(II). Keeping the bis(tridentate) ligands fixed as tpchn or tpxn, three different 

dicarboxylates, succinate (suc2-), glutarate (glu2-) and adipate (adi2-) were used.  

 

 

 

Scheme 3.6. Synthesis of 40-51. 

For the synthesis, a ratio of M(II):dicarboxylate:ligand (2:2:1) was taken and stirred for 24 

h at room temperature in methanol. after concentrating the resultant solid was collected and 

used for further characterization. The crystals were obtained (wherever possible) by the 

direct layering of the components in methanol and water mixture (1:1).  
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Figure 3.29. FTIR spectra of 40-42. 
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Figure 3.30. FTIR spectra of 43-44. 
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Figure 3. 31. FTIR spectra of 46-48. 
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Figure 3.32. FTIR spectra of 49-51. 
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Thermogravimetric Analysis. 

In order to check the thermal stability of 40-51, thermogravimetric analysis was carried out 

for the as-synthesized samples. The thermogravimetric profiles of 40-42 is shown in Figure. 

3.33. All these compounds exhibit initial weight loss in the temperature range of 60-80 °C 

which can be assigned to be the lattice solvent molecules.  

Table 3.7 Selected FTIR peaks and binding modes of carboxylates of 40-51. 

Compounds asym(COO
-
) cm

-1 sym(COO
-
) cm

-1  cm
-1 Binding Mode 

40 1608, 1576 1443, 1406 165, 170 monodentate, 

monodentate 

41 1608, 1574 1445, 1405 163, 169 monodentate, 

monodentate 

42 1604, 1575 1444, 1405 160, 170 monodentate, 

monodentate 

43 1607, 1577 1445, 1405 162, 172 monodentate, 

monodentate 

44 1605, 1574 1445, 1406 160, 168 monodentate, 

monodentate 

45 1605, 1574 1445, 1404 160, 170 monodentate, 

monodentate 

46 1605, 1574 1445, 1409 160, 165 
monodentate, 

monodentate 

47 1607, 1577 1445, 1405 162, 172 
monodentate, 

monodentate 

48 1605, 1574 1445, 1406 160, 168 
monodentate, 

monodentate 

49 1605, 1574 1445, 1404 160, 170 
monodentate, 

monodentate 

50 1605, 1576 1443, 1405 162, 171 
monodentate, 

monodentate 

51 1607, 1576 1445, 1404 162, 172 
monodentate, 

monodentate 

In case of 40, the observed weight loss of 3.8% in the temperature range of 65- 75 °C can 

be attributed to the loss of two water molecules (ca. 3.73 %), followed by the weight loss 

due to four coordinated water molecules. Compounds 41 and 42 exhibit weight losses of 

about 3.7% (ca. 3.63%) and 5.4% (ca. 3.94%) due to two and three lattice water molecules, 

respectively. In the next step, both compounds undergo a weight loss corresponding to four 

and two water molecules coordinated to the metal centers, respectively, followed by one 

molecule of the corresponding carboxylate in each case which leads to the framework 

decomposition. A summary for the weight loss is shown in Table 3.8. 
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Figure 3.33. TGA scan of 40-42. 

Table 3.8. TGA calculations for 40-42. 

Comp

ounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

40 3.73 3.82 2H2O 64 7.47 7.62 4H2O 187 15.77 12.21 suc 287 

41 3.63 3.77 2H2O 62 20.41 19.51 
4H2O 

+ glu 
306 --- --- --- --- 

42 3.94 5.40 3H2O 80 17.97 17.85 
2H2O 

+ adi 
291 --- --- --- --- 
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Figure 3.34. TGA profile of 43-44. 
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TGA scans for 43-44 are shown in Figure 3.34. These compounds are moderately stable 

upon heating where the lose due to lattice water molecule occurs between 50-80 °C. In case 

of 43 and 44, four molecules and one molecule of lattice water are lost at 78 °C and 50 °C, 

corresponding to 7.12% (ca. 7.20%) and 2.41% (ca. 1.91%) weight loss, respectively. In 

the next step, both compounds lose the bound water molecules and one molecule of the 

corresponding dicarboxylates at 303 °C and 299 °C, respectively. A summary for weight 

loss is shown in Table 3.12. 

Table 3.9. TGA calculation for 43-44. 

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

43 7.20 7.12 4H2O 78 18.79 19.10 
4H2O + 

suc 
303  12.21 suc 287 

44 1.91 2.41 H2O 50 17.69 18.40 
2H2O + 

glu 
299 --- --- --- --- 
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Figure 3.35. TGA profile of 46-48. 

TGA scans for 46-48 are shown in Figure 3.35. These compounds are moderately stable 

upon heating. All these compounds lose lattice water molecule between 48-80 °C. 

Compound 46, 47 and 48 lose two, one and one lattice water molecules corresponding to 

3.76% (ca. 3.91%), 3.91% (ca. 3.79%), and 2.52% (1.87%) at 65 °C, 79 °C and 48 °C, 

respectively. After losing the lattice water molecules, all these compounds undergo weight 

loss corresponding to all the bound water molecules and one of the corresponding 

carboxylates at 295 °C, 336 °C, and 333 °C. The weight loses are 19.81% (ca. 20.44%), 
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18.21% (ca. 17.48%) and 18.72% (ca. 18.75%). In the third step all these compounds 

undergo decomposition. 

 

Table 3.10. TGA calculation of 46-48. 

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

46 3.91 3.76 2H2O 65 20.44 19.81 
4H2O + 

suc 
295 --- --- --- --- 

47 3.79 3.91 2H2O 79 17.48 18.21 
2H2O + 

glu 
336 --- --- --- --- 

48 1.87 2.52 H2O 48 18.75 18.72 
2H2O + 

adi 
333 --- --- --- --- 
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Figure 3.36. TGA profile of 49-51. 

TGA scans for 49-51 are shown in Figure 3.36. These compounds are moderately stable 

upon heating. All these compounds lose lattice water molecules initially at more or less 48-

80 °C. In the case of 49, four bound water molecules are lost up to 145 °C, corresponding 

to 8.26% (ca. 7.80%) weight loss. After that, the compound shows a weight loss of 12.41% 

(ca. 12.57%) up to 282 °C, corresponding to a succinate molecule and then it undergoes 

decomposition. Compound 50 also initially lose two lattice water molecules and two bound 

water molecules up to 137 °C, corresponding to 7.77% (ca. 7.57%) weight loss. Then it 

loses 14.51% (ca. 13.68%) of its weight at temperature up to 339 °C, corresponding to the 

loss of one glutarate molecule followed by decomposition. On the other hand, 51 shows a 

continuous weight loss of 21.69% (ca. 21.24%) up to temperature 311 °C; corresponding 

to one lattice water molecule, two bound water molecule and an adipate dicarboxylate.  
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Table 3.11. TGA calculation of 49-51. 

Compo

unds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

49 7.80 8.26 4H2O 145 12.57 12.41 suc 282 --- --- --- --- 

50 7.57 7.77 
2H2O+ 

2H2O 
137 13.68 14.51 glu 339 --- --- --- --- 

51 21.24 21.69 

H2O + 

2H2O 

+ adi 

311 --- --- --- --- --- --- --- --- 

Single Crystal Structure Analysis 

Structural Description of 46-48. Compound 46 crystallizes in the monoclinic P21/n space 

group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A6. The asymmetric unit of 46 contains a Ni(II) 

metal center, one suc2-, half of the bis(tridentate) ligand, and one water, two methanol as a 

solvent of crystallization. It is a dinuclear compound of nickel (Figure 3.37). Each Ni(II) is 

surrounded by N3O3 coordination environment. The bis(tridentate) ligand tpchn bridges 

between two nickel centers; each nickel is again coordinated to two water molecules and a 

dicarboxylate O-atom. Two suc2- molecules are bound to two metal centers in a 

monodentate fashion from one end. The other end of the dicarboxylates is uncoordinated 

and as a result the molecule is not expanding in any direction to form a polymer, rather 

gives rise to a dinuclear compound. The bond distances are: Ni-Npyr 2.048(4) Å, 2.075(4) 

Å; Ni-NCH2 2.172(4) Å, Ni-Oaquo 2.083(3) Å, 2.055(3) Å, and Ni-Odicarb 2.053(3) Å. 

Selected bond distances and bond angles are listed in Table A25 and Table A51, 

respectively. 

 

Figure 3.37. Crystal Structure of 46 (color code used for different atoms are like, green: Ni; red: O, blue: N, 

grey: C, cyano: H). 

The uncoordinated ends of the dicarboxylate forms H-bonds with two coordinated water 

bound with one metal center of another dinuclear molecule and this kind of H-bonding 

continues with the next molecule. As a result, the molecule expands in all three directions 

through H- bonds and overall forms a 3D supramolecular assembly. 
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Both the compounds 47 (Figure 3.38) and 48 (Figure 3.39) form a 1D polymeric structure. 

In case 47, the Ni(II) centers are octahedrally surrounded by N3O3 coordination 

environment. The ligand provides three N-atoms for binding from one end to each metal 

center. The remaining opening sites on the metals are occupied by one coordinated water 

molecule and two glutarate (glu2-) molecules, which are bound in monodentate fashion with 

the metal. The flexibility of the dicarboxylate glu2- allows it to bind and form a polymeric 

chain keeping the Ni(II) centers on a line. The bis(tridentate) ligand binds two of such 

polymeric chains vertically and results an one dimesional ladder kind of polymer. The 

polymeric chain behaves as the long arms of the ladder and the ligand as shorter arms 

between two long arms. 

 

Figure 3.38. Crystal Structure of 47 (color code used for different atoms are like, green: Ni; red: O, blue: N, 

grey: C, cyano: H). 

 

Figure 3.39. Crystal Structure of 48 (color code used for different atoms are like, green: Ni; red: O, blue: N, 

grey: C, cyano: H). 

On the other hand, 48 also shows a similar N3O3 coordination environment around the 

Ni(II) metal center. The bis(tridentate) ligand tpxn provides three N-atoms to binds with 

each metal center. The remaining sites are bound with one coordinated water and two 

adipate (adi2-) dicarboxylates which bind to the metal center in a monodentate fashion. The 

higher flexibility of the dicarboxylates adipate allows it to form a polymeric chain keeping 

the Ni(II) center on a line. Two of such chains are diagonally connected by the ligands and 

form an overall 1D coordination polymer. Unlike the glutarate case, i.e. 47, the carbon 
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chain is projected outwards of the main structure because of the higher flexibility of adipate 

dicarboxylate in 48. 

3.2.3 Heterocyclic Dicarboxylate with a Variation in Spanning Ligand 

Synthesis. All these compounds were synthesized through one pot self-assembly method 

with the metal center (Co(II), Ni(II) and Cd(II)), 2,5-thiophene dicarboxylate (tdc2-) and 

four different bis(tridentate) ligands at ambient conditions. For the synthesis, a ratio of 

M(II):dicarboxylate:bis(tridentate) ligand (2:2:1) was used and stirred for 24 h at room 

temperature in methanol. The solid formed was filtered and air dried. The same resultant 

solid was used for further characterizations. The single crystal suitable for X-ray diffraction 

analysis was obtained (where ever possible) by the direct layering of the components in 

methanol and water mixture (1:1). 

 

 

 
Scheme 3.7. Synthesis of 52-62. 

FTIR Spectroscopy. As the primary characterization technique, the FTIR spectra of 52-

62 was recorded in the solid state as KBr pellets at room temperature. The FTIR data 

corrobortaes well with the structural finding from the single crystal X-ray diffraction 

analyses. The FTIR spectra for 52-55 are shown in Figure 3.40. The peaks observed at 

3235, 3221 and 3230 cm-1 for 52, 54 and 55, respectively, can be assigned to the 

coordinated water molecules in each case. Two kinds of carboxylate bindings (monodentate 

and chelating bidentate) are evident from the two symmetric and asymmetric stretch of the 

carboxylate. Selected FTIR peaks for 52-55 are listed in Table 3.12. 
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Figure 3.40. FTIR spectra of 52-55. 

Table 3.12. Selected FTIR peaks and binding modes of carboxylates for 52-55. 

Compounds asym(COO
-
) cm

-1
 sym(COO

-
) cm

-1
 cm

-1
 Binding Mode 

52 1586 1361 225 monodentate 

53 1575, 1545 1402, 1344 173, 201 chelating bidentate, 

monodentate 

54 1583 1362 221 monodentate 

55 1570 1367 203 monodentate 

The FTIR spectra (Figure 3.41) indicates monodentate carboxylate binding in case of 56, 

58 and 59, which is evident from the  values in the range of 210-230 cm-1. The two 

different symmetirc and asymmetric stretching frequencies with  values of 171 and 198 

cm-1, indicates monodentate and chelating bidentate binding modes of the carboxylates, in  
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Figure 3.41. FTIR spectra of 56-59. 
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case of 57. The peaks at 3239 and 3225 cm-1 in case of 56 and 57 are because of the presence 

of the coordinated water molecule(s). The FTIR spectra for 56-59 are shown in Figure 3.41 

and the selected FTIR peaks for 56-59 are listed in Table 3.13.Table 3.13. Selected FTIR 

peaks and binding modes of carboxylates for 56-59. 

Compounds asym(COO
-
) cm

-1
 sym(COO

-
) cm

-1
  cm

-1
 Binding Mode 

56 1586 1361 225 monodentate 

57 1576, 

1547 

1405, 

1349 

171, 

198 

chelating bidentate, 

monodentate 

58 1574 1365 209 monodentate 

59 1575 1360 215 monodentate 

In compounds 60, 61 and 62, there are no coordinated water molecules present as there are 

no peaks found around 3230 cm-1 in the FTIR spectrum of the individual compounds 

(Figure 3.42). From the  values coming as 221 cm-1; 229 and 209 cm-1; 214 and 226 cm-

1, respectively, the different binding modes of carboxylates can be interpreted in these CPs. 

In 60, the carboxylate is bound to the metal in a chelating bidentate fashion. In 61 and 62, 

both monodentate and chelating bidentate binding modes are observed. Selected FTIR 

peaks for 60-62 are listed in Table 3.13. 
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Figure 3.42. FTIR spectra of 60-62. 
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Table 3.14. Selected FTIR peaks for 60-62. 

Compounds 
asym

(COO
-
) cm

-1
 

sym
(COO

-
) cm

-1
  cm

-1
 Binding Mode 

60 1586 1365 221 chelating bidentate 

61 1590, 1560 1361, 1351 229, 209  monodentate, chelating 

bidentate 

62 1576, 1564 1362, 1338 214, 226 chelating bidentate, 

monodentate 

Thermogravimetric Analysis. Compounds 52, 53 and 55 are stable up to 300 °C while 

compound 54 is stable up to 280 °C. With the initial loss of solvent molecules, all these 

molecules show a three-step weight loss profile. In the first step, compound 52-55 lose 

lattice water molecule(s) followed by losing of coordinated water molecule(s) and 

dicarboxylate(s). Then the molecules undergo decomposition. The compounds 52, 53 and 

54 lose lattice water molecule(s) up to 54, 53 and 44 °C, respectively. While for 55, it is at 

around 70 °C. In the second step, 54 loses two bound water molecules and a tdc2- 

dicarboxylate within 54-322 °C. While 53 loses two tdc2- dicarboxylates within 53-314 °C, 

54 loses two tdc2- dicarboxylates within 44-294 °C along with two water molecules, 55 

loses four water molecules and two tdc2- dicarboxylate within 70-411 °C. After the second 

step, all these molecules undergo decomposition. The calculations are tabulated below 

(Table 3.15)  
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Figure 3.43. TGA plot of 52-55.  
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Table 3.15. TGA calculation of 52-55. 

Compo

unds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

52 3.66 4.067 2H2O 54 20.87 23.66 
2H2O + 

tdc 
322 --- --- --- --- 

53 1.88 2.08 H2O 53 35.56 34.11 2 tdc 314 --- --- --- --- 

54 1.76 1.64 H2O 44 36.93 34.68 
2H2O + 

2 tdc 
294 --- --- --- --- 

55 3.37 3.93 2 H2O 70 38.64 40.91 
4H2O + 

2 tdc 
411 --- --- --- --- 

TGA profiles of 56-59 show the high stability of the molecules under the exposure of heat 

from 30 °C to 500 °C. Compound 59 is stable up to 290 °C, except the loss of solvent 

molecules. After that, the compound starts losing weight rapidly showing an overall three-

steps weight loss profile. While all other molecules are stable up to 350 °C and after  that 

lose weight rapidly and undergo decomposition. Except for 57 which shows a three-step 

profile of weight loss is evident in these molecules also. Compound 56, 58 and 59 lose two, 

one and six lattice water molecules up to 53, 46 and 96 °C, respectively. In the second step, 

these three molecules (52, 53 and 54) lose the bis(tridentate) ligand or the dicarboxylates 

along with the coordinated water molecules and then undergo decomposition. While 

compound 57, having no lattice or coordinated water, shows the first weight loss within 30 

to 359 °C for bis(tridentate) ligand tphn. Then these molecules undergo decomposition. The 

calculations are tabulated below (Table 3.16). 
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Figure 3.44. TGA scans of 56-59. 
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Table 3.16. TGA calculationsfor 56-59. 

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

56 3.66 4.50 2H2O 53 49.74 51.18 
2H2O + 

tpbn 
344 --- --- --- --- 

57 51.22 50.96 tphn 362 --- --- --- --- --- --- --- --- 

58 3.35 2.01 H2O 46 38.44 41.09 
4 H2O + 

2 tdc 
301 --- 

48.2

1 
--- 

43

9 

59 10.13 10.47 6 H2O 96 31.90 32.97 2 tdc 321 -- -- --- -- 

The Cd(II) analogue, 60-62 also show good thermal stability. As shown in Figure 3.45, the 

thermogravimetric profile of 60-62 doesn’t show any weight loss till 290 °C, which indicate 

excellent thermal stability up to this temperature, after which the sudden weight loss in 

each case corresponds to the framework decomposition. 
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Figure 3.45. TGA scans of 60-62. 

Table 3.17. TGA calculation of 60-62. 

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

60 3.66 4.50 2H2O 53 49.74 51.18 
2H2O + 

tpbn 
344 --- --- --- --- 

61 51.22 50.96 tphn 362 --- --- --- --- --- --- --- --- 

62 3.35 2.01 H2O 46 38.44 41.09 
4 H2O + 

2 tdc 
301 --- --- --- --- 

Single Crystal Structure Analysis 

Structural Description of 52. It crystallizes in the monoclinic P21/c space group. The 

crystallographic information pertaining to data collection and structure refinement has been 
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provided in Table A7. The asymmetric unit consists of  one Co(II) metal center, one-half 

of the ligand, one tcd2- which is bound to the metal ion in monodentate fashion and one 

bound water. which makes the Co(II) ion octahedrally surrounded by N3O3 coordiantion 

environment. All three N-atoms are coming from one end of the bis(tridentate) tpxn ligand, 

O-atoms are coming from one coordinated water and other two from the two fumarate 

bound to the metal ion in monodentate fashion. The distances are Co-Npyr 2.106(4) Å, 

2.114(4) Å; Co-Nalkyl 2.213(4) Å, Co-Oaq 2.160(3) Å, 2.092(3) Å; Co-O 2.050(3) Å. 

Selected bond distances and bond angles are listed in Table A26 and Table A52, 

respectively. Two Co(II) ions are bridged by one tpxn ligands and each of the Co(II) ions 

are further connected to two other Co(II) ions via tdc2- and forming a 2D coordination 

polymer (Figure 3.46).  

 

Figure 3.46.  Crystal Structure of 52. (a) the coordination environment around the metal center, (b) the 

asymmetric unit, (c) the 2D coordination polymer, (d) topological view, and (e) spacefill representation (color 

code used for different atoms are like, light purple: Co; red: O, yellow: S, blue: N, grey: C, cyano: H). 

Structural Description of 53·CH3OH·2H2O. It crystallizes in a triclinic P-1 space group. 

The crystallographic information pertaining to data collection and structure refinement has 

been provided in Table A7. The unit cell contains two independent molecules, two water 

molecules and a methanol molecule as a solvent of crystallization. The Co(II) is surrounded 

by N3O3 coordination atmosphere. One end of the ligand provides three N-binding centers 

and three O-atoms are coming from two tdc2-, one binds in chelating bidentate fashion and 
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the other in monodentate fashion. The distances are Co-Npyr 2.075(8) Å, 2.095(8) Å; Co-

NCH2 2.191(7) Å, Co-O 2.228(7) Å, 2.117(6) Å, 2.053(6) Å in one molecule and Co-Npyr 

2.102(8) Å, 2.110(8) Å; Co-NCH2 2.208(7) Å, Co-O 2.121(6) Å, 2.239(6) Å, 2.052(6) Å in 

other molecule. Selected bond distances and bond angles are listed in Table A27 and Table 

A53, respectively. The two ends of ligand tphn connect two Co(II) ion and these Co2 units 

are connected by tdc2-, almost in the perpendicular direction of tphn. The overall molecule 

looks like a ladder with Co(II), tdc2- forming the long arms of the ladder and tphn forming 

the short arms in between the two long arms as shown in Figure 3.47. 

 

Figure 3.47. Crystal Structure of 53. (a) the coordination environment around the metal center, (b) the 

asymmetric unit showing the presence of two individual molecules, (c) the 1D coordination polymer (ladder) 

(color code used for different atoms are like, light purple: Co; red: O, yellow: S, blue: N, grey: C, cyano: H). 

Structural Description of 54·H2O. It crystallizes in the monoclinic P21/c space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A8. The asymmetric unit of the compound consists of a metal center, 

half of the ligand, a 2, 5- thiophene dicarboxylate (tdc2-) linker, one coordinated water and 

one water of crystallization. The cobalt metal center is octahedrally surrounded by N3O3 

coordiantion environment. The bond distances are 2.092(3) Å, 2.092(3) Å (between metal 

and two pyridyl N-atoms); 2.226(3) Å (between metal and alkyl N-atom); 2.133(3) Å 
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(between metal and coordinated water) and 2.089(3) Å, 2.065(3) Å (between metal and two 

carboxylate O-atoms), respectively. Selected bond distances and bond angles are listed in 

Table A28 and Table A54, respectively All the three N-atoms are coming from one end of 

the ligand and O-atoms are from coordinated water and from two monodentate carboxylate 

end. The spanning hexadentate ligand is bound to two metal centers leaving three sites 

vacant for binding on each metal center. Among these open sites, one is blocked by one 

coordinated water and other two opening are occupied by two bridging tdc2- linkers in zigzg 

fashion, giving rise to a 2D net (Figure 3.48). This molecule is further connected through 

H-bonding. Two types of H-bonding, inter-molecular and intra-molecular H-bonding, is 

present in this molecule. The intermolecular H-bonding is formed between the coordinated 

water H-atoms and two free carboxylate O-atoms from two bound tdc2- (2.049 Å and 1.816 

Å). The uncoordinated water forms H-bonds with another uncoordinated water of another 

molecule and the same free O-atom of tdc2-which is already formed H-bond with 

coordinated water (here O-atom of tdc2- acts as a donor for two H-atoms). The H-bond 

between these two uncoordinated water forms a doubly H-bonded cyclic dimer of water, 

which again connects one 2D layer with another similar layer and yields an overall 3D-

supramolecular assembly. 

 
Figure 3.48. X-ray Single Crystal Structure of 54. (a) asymmetric unit, (b) repeat unit, (c) 2D coordination 

polymer, (d) spacefill representation, (e) formation of supramolecular assembly through H-bonds, (f) dimer 

of water (color code used for different atoms are like, light purple: Co; red: O, yellow: S, blue: N, grey: C, 

cyano: H). 
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Structural Description of 55·8H2O. The compound crystallizes in the monoclinic P21/n 

space group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A8. The asymmetric unit contains one cobalt, half 

of the ligand, two bound water and eight water of crystallization. It is a dimeric cobalt 

compound where both the cobalts are surrounded octahedrally by N3O3 coordiantion 

environment. Three N-atom binding sites is provided by one end of the bis(tridentate) 

ligand. The three O-atoms are provided by the two bound water and the rest is coming from 

one of each monodentate end of tdc2- carboxylate. The other end of the ligand is connected 

to another metal center. Each of the tdc2- is bound with the metal center in monodentate 

fashion. Though the carboxylates are at a favorable position to polymerize, the molecule 

does not extend further and exists as a dinuclear compound (Figure 3.49). The bond lengths 

are Co-Npyr 2.075(4) Å, 2.072(4) Å; Cd-Nalkyl 2.144(4) Å and Co-Ocarboxylate 2.047(3) Å and 

Co-Oaquo 2.081(4) Å, 2.100(4) Å. Selected bond distances and bond angles are listed in 

Table A29 and Table A55, respectively 

 

Figure 3.49. X-ray Single Crystal Structure of 55 (color code used for different atoms are like, light purple: 

Co; red: O, yellow: S, blue: N, grey: C, cyano: H). 

Effect of Flexibility of the Bis(tridentate) Ligand. In this series of compounds, 52-54, the 

metal center and dicarboxylates are fixed as Co(II) and tdc2-, the flexibility of bis(tridentate) 

ligand is changed by changing the spacer in between. The comparison of these structure 

shows that compound 52 and 54, where the ligands are tpbn (flexible) and tpchn 

(semirigid), forms an overall 2D polymeric structure. The binding and coordination 

environment is similar in both the case. In these two molecules, the metal center is 

coordinated with one water molecule and rest of the coordinating sites are occupied by 

ligands and dicarboxylate linkers. The carboxylate linkers binds in monodentate fashion 

from both ends. Each metal center is coordinated with two dicarboxylate linkers. Both the 

carboxylates bind to the metal center at a right angle, in the plane parallel to the plane of 

bis(tridentate) ligand, allowing to form 2D coordination polymers. 
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While in case of 53, where the bis(tridentate) ligand is highly flexible tphn (flexibility is 

higher than tpbn or tpchn), two carboxylates binds in a monodentate and bidentate chelating 

fashion from two different ends and no coordinated water is present within this molecule. 

As the bis(tridentate) ligand in highly flexible, it allows the carboxylates to bind with the 

metal center almost at 180° in the plane of bis(tridentate) ligand and forms a 1D ladder kind 

of coordination polymer.  

Again in case of 55, where the bis(tridentate) ligand is semirigid tpxn, because of less 

flexibility of the ligand it allows to connect the metal center with two water molecule. The 

carboxylates binds in a monodentate fashion to the metal center keeping other end of the 

carboxylate free thus formation of a dinuclear compound is evident. 

Structural Description of 56. It crystallizes in a triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A9. The asymmetric unit of the compound consists of two metal center, 

two half of the ligand, two 2, 5-thiophene dicarboxylate (tdc2-) linker, one coordinated 

water on each Ni(II)  and seven water of crystallization. Both the nickel metal centers of 

repeat unit is octahedrally surrounded by N3O3 coordiantion environment and coordinated 

in similar fashion by half of the ligand, two monodentate tdc2- molecules and one water 

molecule. Although the binding situation is the same for both the nickel centers but the 

bond distances are different. The bond distances are 2.057(5) Å, 2.033(5) Å (between metal 

and two pyridyl N-atom); 2.142(5) Å (between metal and alkyl N-atom); 2.125(4) (between 

metal and coordinated water) and 2.047(4) Å, 2.048(4) Å (between metal and two 

carboxylate O-atoms) and for other Ni(II), these bond distances are 2.077(5) Å, 2.054(6) Å 

(between metal and two pyridyl N-atom); 2.143(5) Å (between metal and alkyl N-atom); 

2.096(4) (between metal and coordinated water) and 2.038(4) Å, 2.052(4) Å (between 

metal and two carboxylates O-atoms), respectively. Selected bond distances and bond 

angles are listed in Table A30 and Table A56, respectively. 

Like 54, here also, the ligand binds with two metal centers from two ends keeping three 

opening sites on the metal. One of the opening sites is blocked by one bound water molecule 

and other two are filled by two tdc2-, connected in monodentate fashion, almost at a right 

angle. Alternatively it can be said that the carboxylates and metal centers are connected to 

form zigzag chains which are linked by the bis(tridentate) ligands for form a 2D 

coordination polymer. Six of these metal centers, two ligands and four tdc2- within the 
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molecule form a chair formed cyclohexane-type chennel which is repeated throughout the 

molecule and clearly shown in the topological view of the molecule (Figure 3.50). 

The H-bond is formed by the coordinated water and free O-atoms of the dicarboxylate tdc2- 

from one 2D coordination polymer with two uncoordinated water molecule. These two 

water molecules are again connected through H-bonding with another similar 2D 

coordination polymer in identical manner and forms a hexagonal ring between these 2D 

coordination polymer. This six membered rings help to connect these 2D coordination 

polymers and form a 3D supramolecular structure. 

 

 

Figure 3.50. Crystal structure of 56. (a) the 2D coordination polymer. (b) the coordination environment 

around metal center. (c) topological view. (d) the asymmetric unit. (e) formation of supramolecular assembly. 

(f) formation of hexagonal ring through H-bonding (color code used for different atoms are like, green: Ni; 

red: O, yellow: S, blue: N, grey: C, cyano: H). 

Structural Description of 57. It crystallizes in a triclinic P-1 space group. The 

crystallographic information pertaining to data collection and structure refinement has been 

provided in Table A9. The unit cell consists of two individual molecules, along with two 
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water and two methanol molecules. In both the molecules, the Co(II) is surrounded by 

N3O3 coordination environment. One end of the bis(tridentate) ligand provides three N-

binding centers and three O-atoms are coming from two tdc2-, one binding in chelating 

bidentate fashion and the other in monodentate fashion. The distances are Ni-Npyr 2.060(11) 

Å, 2.033(11) Å; Ni-NCH2 2.108(9) Å, Ni-O 2.190(8) Å, 2.091(8) Å, 2.031(9) Å in one 

molecule and Ni-Npyr 2.047(11) Å, 2.043(11) Å; Ni-NCH2 2.123(9) Å, Ni-O 2.170(8) Å, 

2.035(8) Å, 2.095(8) Å for another molecule. Selected bond distances and bond angles are 

listed in Table A31 and Table A57, respectively 

 

Figure 3.51. Crystal structure of 57. (a) the coordination environment around metal center, (b) the asymmetric 

unit showing the presence of two individual molecules, (c) the 1D coordination polymer (ladder) (color code 

used for different atoms are like, green: Ni; red: O, yellow: S, blue: N, grey: C, cyano: H). 

The two ends of ligand tphn connect two Ni(II) ion, keeping three more opening sites on 

each metal centers, forming a Ni2 unit. Each of the Ni(II) center of these Ni2 units are then 

connected by two tdc2- in chelating bidentate and monodentate fashion, almost in the 

perpendicular direction of tphn. The overall molecule looks like a ladder where the linear 

chain with Ni(II), tdc2- forming the long arms of the ladder and tphn forms the short arms 

in between two long arms (Figure 3.51). 

Structural Description of 58·CH3OH·2H2O. It crystallizes in the monoclinic P21/n space 

group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A10. The asymmetric unit of this compound 

contains a Ni(II) metal center, one tdc2-, half of the bis(tridentate) ligand, and two water, a 
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methanol as a solvent of crystallization. It is a dinuclear compound of nickel. Both the Ni2+ 

is surrounded by N3O3 coordiantion environment. The bis(tridentate) ligand tpchn is 

bridged between two nickel, each nickel is again bonded to two water molecules and a 

dicarboxylate O-atom. Two tdc2- molecules are bound to two metal centers in a 

monodentate fashion from one end. The other end of the dicarboxylates is uncoordinated 

and as a result the molecule is not expanding in any direction to form polymer, rather, gives 

rise to a dinuclear compound (Figure 3.52). The bond distances are Ni-Npyr 2.050(3) Å, 

2.070(3) Å; Ni-NCH2 2.157(3) Å, Ni-Oaquo 2.092(2) Å, 2.075(2) Å, and Ni-Odicarb 2.036(2) 

Å. Selected bond length, bond angles are included in Table A32, and A58, respectively. 

 

Figure 3.52. Crystal Structure of 58. (a) dinuclear compound, (b) formation of supramolecular assembly 

through H-bonds (color code used for different atoms are like, green: Ni; red: O, yellow: S, blue: N, grey: C, 

cyano: H). 

The uncoordinated ends of the dicarboxylate forms H-bonds with two coordinated water 

bound with one metal center of another dinuclear molecule and this kind of H-bonding 

continues with the next molecule. As a result, the molecule expands in all three directions 

through H-bonds and overall forms a 3D supramolecular assembly. 

Structural Description of 59·2CH3OH·5H2O. It crystallizes in the monoclinic P21/n space 

group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A10. The asymmetric unit contains one Ni(II) metal 

center, half of the bis(tridentate) ligand and a carboxylates. the repeat unit is a dimeric unit 

of Ni(II), where both the Ni(II) center is pentacoordinate with N3O2 coordiantion 
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environment. Each end of the bis(tridentate) ligand provides three N-atoms and the O-

atoms are coming from two tdc2-, act as monodentate from each end. The bond distances 

are Ni-Npyr 2.089(5) Å, 2.058(5) Å; Ni-NCH2 2.296(5) Å, and Ni-Odicarb 2.978(4) Å, 2.991(4) 

Å. The  value is 0.94, which proves that the Ni(II) is surrounded by a trigonal bipyramidal 

geometry, keeping the three N-atoms in one face. Two O-atom from tdc2- are bound to the 

Ni(II) metal center nearly at right angle and the other end of the tdc2-dicarboxylate further 

connected to another two similar Ni(II)-ions. The tdc2- carboxylates and Ni(II) metal 

centers form zigzag chains, and these chains are lying on two different planes. These chains 

of different planes are connected via the bis(tridentate) ligands tpxn and result an overall 

2D network (Figure 3.53). Selected bond length, bond angles are included in Table A33, 

and A59, respectively. 

Effect of Flexibility of the Ligand. In this series of compound 56-59, the metal center and 

dicarboxylates are fixed as Ni(II) and tdc2-; the flexibility of bis(tridentate) ligand is 

changed by changing the spacer in between the dimetal subunit. The comparison of these 

structure shows that compounds 56 and 57, where the ligands are tpbn (flexible) and tphn 

(flexible), form an overall 2D network and 1D ladder type of polymer, respectively. These 

two structures are comparable with the Co(II) analogue i.e. 52 and 53. The binding and 

coordination environment is similar in both Co(II) and Ni(II) analogues. In 56, the metal 

centers are coordinated to one water molecule and rest of the coordinating sites are occupied 

by ligands and dicarboxylate linkers. The carboxylate linkers are acting as monodentate 

from both ends. Each metal center is coordinated with two dicarboxylate linkers. Both the 

carboxylates bind to the metal center at right angle, in the plane parallel to the plane of 

bis(tridentate) ligand, allows to form 2D coordination polymers. While, in case of 57, where 

the bis(tridentate) ligand is highly flexible tphn (flexibility is higher than tpbn or tpchn), 

two carboxylates bind in monodentate and bidentate chelating fashion at two different ends 

and no coordinated water is present within this molecule. As the bis(tridentate) ligand in 

highly flexible, it allows the carboxylates to bind with the metal center almost at 180° to 

the plane of bis(tridentate) ligand and forms a 1D ladder kind of coordination polymer.  
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Figure 3.53. Crystal structure of 59. (a) the repeat unit, (b) the coordination environment around metal center, 

(c) 2D coordination polymer, (d) and (e) zigzag chain formed by cadmium and tdc2- in two different planes 

(shown in two different color), and (f) spacefill representation (color code used for different atoms are like, 

green: Ni; red: O, yellow: S, blue: N, grey: C, cyano: H). 

Again in case of 58, where the bis(tridentate) ligand is semirigid tpchn, and the metal is 

Ni(II), because of less flexibility of the ligand it allows to connect the metal center with 

two water molecules. The carboxylates bind in monodentate fashion to the metal center 

keeping another end of the carboxylate free resulting in a dinuclear compound. While in 

the case of 59, where the bis(tridentate) ligand is tpxn and metal is Ni(II), a 2D coordination 

polymer is evident. A very rare pentacoordinated Ni(II) is present in this molecule. In this 

case, two monodentate carboxylates are bonded to the metal center and form zigzag chains 
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which are further connected with ligand and overall gives rise to a 2D CP. Here the 

coordination number and number bound water plays the role behind the formation of higher 

dimensional CP. 

Table 3.18. Summary of structural types of 52-59. 

Metal Ion Ligands 

tpbn tphn tpchn tpxn 

Co(II) 2D 1D 2D Dinuclear 

Ni(II) 2D 1D Dinuclear 2D 

Structural Description of 60·CH3OH·2H2O. The compound crystallizes in the monoclinic 

P21/c space group. The crystallographic information pertaining to data collection and 

structure refinement has been provided in Table A11. The asymmetric unit contains two 

Cd2+ metal center, a bis(tridentate) ligand tphn, two tdc2-, methanol and two water of 

crystallization. Both the Cd2+ are hepta-coordinated with N3O4 coordiantion environment. 

Each end of bis(tridentate) ligand provides three N-atom to bind and tdc2- binds as chelating 

bidentate fashion from each end, provides four O-atom.  The bond distances are Cd-Npyr 

2.328(4) Å, 2.362(4) Å; Cd-Nalkyl 2.455(4) Å and Cd-Ocarboxylate 2.458(3) Å, 2.385(3) Å, 

2.390(3) Å, 2.412(3) Å, respectively. For the second Cd2+, these lengths are  Cd-Npyr 

2.330(4) Å, 2.329(4) Å; Cd-Nalkyl 2.535(4) Å and Cd-Ocarboxylate 2.451(3) Å, 2.387(3) Å, 

2.370(3) Å, 2.447(3) Å, respectively. Selected bond length, bond angles are included in 

Table A34, and A60, respectively. Two tdc2- linkers bind to the metal center almost at an 

angle 90ºand forms zig-zag chains. These chains are connected together by the 

bis(tridentate) ligands horizontally and form a 2D coordination polymer as shown in the 

Figure 3.54. From the space-fill diagram, although it is very low, the presence of small 

channels is evident.  

Structural Description of 61·CH3OH. It crystallizes in the monoclinic P21 space group. 

The crystallographic information pertaining to data collection and structure refinement has 

been provided in Table A11. The asymmetric unit consists of two Cd2+ metal center, a 

bis(tridentate) ligand tpchn, two tdc2-, two methanol molecules as the solvent of 

crystallization. Two kinds of  Cd2+are present in the molecule. One Cd2+ is heptacoordinated 

with N3O4 coordiantion environment. Three N-atoms are provided by one end of the bis 

(tridentate) ligand and tdc2- binds in chelating bidentate fashion from each end, provides 
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Figure 3.54. Crystal structure of 60. (a) the repeat unit, (b) the coordination environment around the metal 

center, (c) 2D coordination polymer, (d) hexagon formation (marked in (c)), and (e) spacefill representation 

(color code used for different atoms are like, light yellow: Cd; red: O, blue: N, grey: C, yellow: S, cyano: H). 

 Four O-atoms. The bond lengths are like Cd-Npyr 2.362(15) Å, 2.350(20) Å; Cd-Nalkyl 

2.514(15) Å and Cd-Ocarboxylate 2.677 Å, 2.300(20) Å, 2.318(13) Å, 2.453(14) Å, 

respectively. The second Cd2+ is hexacoordinated with N3O3 coordiantion environment. 

Three N-atoms are provided by one end of the bis(tridentate) ligand, and two tdc2- 

carboxylates provide the three O-atoms, binds as chelating from one end and monodentate 

from another end. The bond distances are Cd-Npyr 2.336(18) Å, 2.297(19) Å; Cd-Nalkyl 

2.478(19) Å and Cd-Ocarboxylate 2.237(16) Å, 2.284(14) Å, 2.571(17) Å, respectively. 

Selected bond length, bond angles are included in Table A35, and A61, respectively. These 

two types of Cd2+ individually form a zigzag chain via connection with tdc2-. These chains 

are connected together by the bis(tridentate) ligands through the alternate Cd2+ of two 

different chains and forms a 2D coordination polymer. From the space filling diagram, 

although it is very low, the presence of small channels are evident (Figure 3.55). 
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Figure 3.55. Crystal structure of 61. (a) 2D coordination polymer, (b) and (c) the coordination environment 

around the hexacoordinated and heptacoordinated metal center. (d) hexagon formation (marked in (c)), (e) 

formation of zigzag chain by hexa and hepta coordinated cadmium with tdc2- (shown in two different color), 

(f) spacefill representation (color code used for different atoms are like, light yellow: Cd; red: O, blue: N, 

grey: C, yellow: S, cyano: H). 

Structural Description of 62. The compound crystallizes in the monoclinic P2/n space 

group. The crystallographic information pertaining to data collection and structure 

refinement has been provided in Table A12. The asymmetric unit contains two Cd2+ metal 

center, a bis(tridentate) ligand tpxn, two tdc2- and seven water molecules of crystallization. 

Both the metal centers are distorted octahedrally surrounded by N3O3 coordiantion 

environment. Three N-atoms are provided by one end of the bis (tridentate) ligand and O-

atoms are coming from two carboxylates tdc2-. One of the tdc2- acts as bidentate chelating 

ligand and the other as a monodentate ligand from both the ends. These two tdc2- bind in 

an alternative manner with Cd2+ and form a polymeric zigzag chains in the two different 

planes keeping the remaining three coordination sites open. These two planes are connected 

through the uncoordinated site by the bis(tridentate) ligand and overall forms a 2D 

coordination polymer. The bond lengths are like Cd-Npyr 2.311(9) Å, 2.282(10) Å; Cd-Nalkyl 

2.416(9) Å and Cd-Ocarboxylate 2.487(7) Å, 2.327(9) Å, 2.258(8) Å, , respectively. For the 
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other Cd(II) center, the following are the bond lengths: Cd-Npyr 2.292(9) Å, 2.317(9) Å; 

Cd-Nalkyl 2.516(9) Å and Cd-Ocarboxylate 2.218(7) Å,  2.260(7) Å. Selected bond length, bond 

angles are included in Table A36, and A62, respectively. 

 

Figure 3.56. Crystal structure of 62 and coordination atmosphere around Cd (color code used for different 

atoms are like, light yellow: Cd; red: O, blue: N, grey: C, yellow: S, cyano: H). 

Structural Comparison of 60-62. All three compounds 60-62 form 2D networks but the 

binding modes of the dicarboxylates and the coordination environments of the metal centers 

is different in each case. In the case of 60, where the bis(tridentate) ligand is a highly 

flexible tphn ligand, the metal center Cd2+ is heptacoordinated. Each metal centers are 

connected with two carboxylates along with the bis(tridentate) ligand. The carboxylates 

bind with Cd2+ in bidentate chelating fashion from both the ends and form zigzag chains in 

two parallel planes. These chains in two different planes are again diagonally connected 

with the bis(tridentate) ligands and prompt a 2D coordination polymer. 

In 61, the bis(tridentate) ligand is semirigid tpchn, and gives an overall 2D coordination 

polymer. The comparison with 60 shows that the coordination environment of 61 is 

different from 60. The Cd2+ metal centers are hexacoordinated and heptacoordinated with 

two carboxylates and bis(tridentate) ligand. All these heptacoordinated Cd2+ centers form 

zigzag chains in the same plane with dicarboxylates (bound in a chelating bidentate fashion 
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from both the ends) and are diagonally connected with other zigzag chains in another plane 

formed by hexacoordinated Cd2+ and dicarboxylates (bound in a monodentate and chelating 

bidentate fashion from two ends, respectively). As a result, this molecule ends up forming 

an overall 2D CP. 

Again, in the case of tpxn, least flexible among these three bis(tridentate) ligand, tphn, 

tpchn, and tpxn, is present in 2D coordination polymer 62. Like the case of 61, here the 

Cd2+ metal centers are hexacoordinated with two carboxylates and a bis(tridentate) ligand 

but two carboxylate binds with metal in a different way than in 61. One of the carboxylates 

binds in bidentate chelating fashion and other in monodentate fashion from both the ends. 

These alternative chelating bidentate and monodentate dicarboxylates form zigzag chains 

in two different planes which are vertically connected by the ligand and form a 2D 

coordination polymer. The result shows how the flexibility of the bis(tridentate) ligands 

control the coordination environment around the metal center and binding modes of the 

carboxyltes of the CPs, hence the structure. 

 

Figure 3.57. Different binding modes of tdc2- in (a) 60, (b) 61, and (c) 62 (color code used for different 

atoms are like, light yellow: Cd; red: O, blue: N, grey: C, yellow: S, cyano: H). 

PXRD Analysis. In order to check the phase purity of the bulk material, PXRD patterns of 

the as-synthesized samples of 52-55 was recorded at room temperature and compared with 

the simulated PXRD patterns obtained from single crystal structure. The simulated and 

experimental PXRD pattern of 53, 54 and 55 are shown as an example (Figure 3.58). In all 

cases, the experimental result corroborates quite well with the simulated one. 
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Figure 3.58. Simulated and experimental PXRD pattern of 53-55. 

To prove the purity of the bulk material, PXRD patterns of the bulk material of 56-59 was 

matched with the simulated PXRD patterns obtained from single crystal structure. The 

simulated and experimental PXRD pattern of 56 and 57 are shown as an example (Figure 

3.59). In all cases, the experimental result corroborates quite well with the simulated one 

indicating the bulk phase purity of the as-synthesized samples of 56-59. 

 

Figure 3.59. Simulated and experimental PXRD patterns of 56 and 57. 
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Figure 3.60. Simulated and experimental PXRD pattern of 60-62. 

Similarly, the PXRD patterns of the bulk material of 60-63 was recorded and compared 

with the simulated PXRD patten to check the bulk phase purity. The simulated and 

experimental PXRD pattern of 60, 61 and 62 are shown as an example (Figure 3.60). In all 

cases, the experimental result corroborates quite well with the simulated one. 

 
Figure 3.61. N2 sorption isotherm of 52 and 56 at 77K. 
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Figure 3.62. N2 sorption isotherm of 62 at 77K. 

Gas Sorption Analyses. In order to check the porosity into the frameworks of 52, 56 and 

60, gas adsorption analysis was carried out. Prior to adsorption measurements, the samples 

(∼60-80 mg) were activated by degassing at temperature of 393 K under vacuum conditions 

(20 mTorr) for 24 hours to generate the desolvated compounds. N2 sorption study of 52, 56 

and 60 was performed at 77 K. The p/p0 vs gas uptake plot shows a classical type-II 

adsorption isotherms, indicates the mesoporous nature of the materials. Although the gas 

uptake values are not very high, 30, 37, and 74 cm3g-1 for 52, 56 and 60, respectively. 

Catalysis with 55. Form the structural analysis of 55, it is clear that each of the Co(II) 

metal center are bind with two water molecule, this fact trigger us to use the material as 

catalyst. The possible to achieve an unsaturted Lewis acid metal center make this material 

a good candidate to screen to catalysea reaction, like Knovenagel Reaction. The reaction 

between aromatic aldehyde (with different substituents) with malononitrile was catalysed 

by 55. Prior to use as catalyst, 55, was activated at 120 °C within a vaccum oven to remove 

the water molecule bound to the metal center, which make the material to act as a Lewis 

acid catalyst. Optimization of the reaction benzaldehyde and malononitrile was done first 

by changing one parameter at a time. Taking 2 mol % of the catalyst and different solvent 

the reaction was carried out for 60 mins and methanol was found the best to use for this 

reaction. Then the reaction was screened with variour mol % of catalyst and for different  
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times. Afetr all these experiments it was found that in methanol with 2 mol % of catalyst 

and gives the best result in 60 mins (entry 2, Table 3.19). 

Table 3.19. Optimization of reaction conditions for the Knovenagel Reaction catalyzed by 55. 

 

To check further posibilities of catalysis of different substrate, reaction between variour 

substituted benzaldehyde and malononitrile was performed under same optimized 

conditions. In all cases very high conversion 85 %-100% is observed (Table 3.20). 
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Table 3.20. Substrate scope in Knovenagel Reaction catalyzed by 55. 

 
a Calculated by 1H NMR. b Number of moles of product per mole of catalyst at 26-28 oC. 

 

3.2.4 Semirigid Carboxylate and Semirigid Spanning Ligands 

Synthesis. All compounds were synthesized through one pot self-assembly method. The 

metal center used for the synthesis of these compounds are Co(II) and Ni(II). Keeping the 

dicarboxylates fixed as 1,4-cyclohexane dicarboxylate (cdc2-), two different bis(tridentate) 

ligands were used. For the synthesis, a 2:2:1 ratio of M(II):dicarboxylate:ligand was taken 

and stirred for 24 h at room temperature in methanol. The solvent was removed under 

vacuum and treated many times with acetonitrile and toluene to get rid of the acetic acid 

formed as a by-product. The resultant solid was collected and used for characterizations. 

The single crystal suitable for X-ray diffraction analysis was obtained (where ever possible) 

by the direct layering of the components in methanol and water mixture (1:1). 

 

 

 
Scheme 3.8. Synthesis of 63-66. 
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FTIR Spectroscopy. FTIR spectra of 63-66 was recorded and =asym-sym value was 

calculated to justify the carboxylate binding mode. The peaks around ~3225 cm -1 for all 

these compound confirms the presence of coordinated water molecule. The difference of 

the asymmetric and symmetric stretching frequency of carboxylates in all these compounds 

are in similar range and indicates a monodentate binding mode of the carboxylate with the 

metal centers. The similar binding situation of cdc2- in case of 63 and 65 is also proved 

structurally. 
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Figure 3.63. FTIR spectra of 63-66. 

Table 3.21. Selected FTIR peaks for 63-66. 

Compounds asym(COO
-
) cm

-1
 sym(COO

-
) cm

-1
  cm

-1
 Binding Mode 

63 1576 1342 234 monodentate 

64 1573 1343 230 monodentate 

65 1577 1342 235 monodentate 

66 1577 1344 233 monodentate 

Thermogravimetric Analysis. The thermal stability of 63-66 was studied by 

thermogravimetric analysis. The as-synthesized sample of 63-66 were heated in the 

temperature range of 30 °C to 500 °C under dinitrogen atmosphere. All these compounds, 

63-66, show more or less similar thermal stability up to 280 °C. The initial weight loss can 

be ascribed due to the lattice water molecule. The compounds 63 and 66 exhibits weight 

loss of  3.90% (ca. 3.47%) and 3.63% (ca. 3.49%) in the temperature range of 60-80 °C, 

due to loss of two water molecules in each case. In the next step, both the compounds 

exhibit weight loss due to coordinated water molecules and the respective ligand, tpchn and 



97 

 

tpxn, up to 410 °C. The weight loses in this step is 52.62% (ca. 52.38%) and 51.73% (ca. 

52.08%). Then these undergo decomposition. Compound 64, losses six molecules of lattice 

water corresponding to 10.73% (ca. 10.13%) weight loss up to 90 °C temperature. Then, 

two bound water and the bis(tridented) ligand tpxn comes out from the compound, and 

gives a loss of 43.70% (ca. 46.94%) of its weight up to 407 °C. In case of 65, a lattice water 

molecule is removed in the first step, corresponds to 2.40% (ca. 1.76%) weight loss and 

followed by removal of two bound water molecules and bis(tridentate) ligand, corresponds 

to 54.71% (ca. 53.28%) weight loss up to 432 °C. A summary of weight loss is tabulated 

in Table 3.20. 
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Figure 3.64. TGA profile of 63-66. 

Table 3.22. TGA calculation of 63-66. 

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

63 3.47 3.90 2H2O 68 52.38 52.62 
2H2O+ 

tpchn 
410 --- --- --- --- 

64 10.13 10.73 6  H2O 90 46.94 43.70 
2H2O + 

tpxn 
407 --- --- --- --- 

65 1.76 2.40 H2O 56 53.28 54.71 
2 H2O + 

tpchn 
432 --- -- --- -- 

66 3.49 3.63 2H2O 70 52.08 51.73 
2H2O + 

tpxn 
409 -- -- --- -- 

Structural Description of 64. This compound crystallizes in the monoclinic P21/n space 

group. The crystallographic informations pertaining to data collection and structure 

refinement are included in Table A12. The asymmetric unit contains a Co(II) metal center, 

half of the ligand tpxn, a cdc2-, a bound water molecule. The Co2+ metal center is 
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octahedrally surrounded by N3O3 coordiantion environment. Three N-atoms are coming 

from one end of the ligand and two carboxylates, cdc2- provides two O-atoms, bound in 

monodentate fashion, and one coordinated water gives the other O-atom. The bond 

distances are Co-Npyr 2.127(4) Å, 2.156(4) Å; Co-NCH2 2.171(4) Å, Co-O 2.057(3) Å, 

2.093(3) Å and Ni-Oaq 2.125(3) Å. Selected bond length, bond angles are included in Table 

A37, and A63, respectively. The semirigid bis(tridentate) ligand binds with two Ni2+ and 

forms a Ni2- unit which further extended through two cdc2- carboxylates forms a 2D net. 

The two carboxylates end of the cdc2- are binding from the equatorial site. 

 

Figure 3.65. X-ray Single Crystal Structure of 64. (a) the coordination environment around the metal center, 

(b) the asymmetric unit, (c) 2D coordination polymer, (d) spacefill representation (color code used for 

different atoms are like, light purple: Co; red: O, blue: N, grey: C, cyano: H). 

Structural Description of 66·CH3OH·5H2O. This compound crystallizes in the 

monoclinic P21/n space group. The crystallographic informations pertaining to data 

collection and structure refinement are included in Table A13. The asymmetric unit 

contains one Ni(II) atom, half of the bis(tridentate) ligand tpxn, a cdc2-, a bound water; five 

water molecule and two methanol as a solvent of crystallization. The Ni(II) is octahedrally 

surrounded by N3O3 coordiantion environment. Three N-atoms are comes from one end 

of the ligand and two carboxylates, cdc2- provides two O-atoms, coordinated in 
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monodentate fashion and one coordinated water gives the other O-atom. The bond distances 

are Ni-Npyr 2.086(4) Å, 2.071(3) Å; Ni-NCH2 2.121(4) Å, Ni-O 2.060(3) Å, 2.043(3) Å and 

Ni-Oaq2.076(3) Å. Selected bond length, bond angles are included in Table A38, and A64, 

respectively. The semirigid bis(tridentate) ligand binds with two Ni(II) and forms a Ni2 unit 

which further extends through two cdc2- carboxylates forming a 2D net. The two 

carboxylate ends of the cdc2- bind from the axial and equatorial site, respectively.  

 

Figure 3.66. X-ray Single Crystal Structure of 66. (a) the coordination environment around the metal center, 

(b) the asymmetric unit, (c) 2D coordination polymer, (d) spacefill representation (color code used for 

different atoms are like, light purple: Co; red: O, blue: N, grey: C, cyano: H). 

Comparison of Structures. Both 64 and 66 form a 2D network. Their isostructural nature 

stems from the fact that the dicarboxylate cdc2- binds to the metal center Co(II) or Ni(II) in 

a similar monodentate fashion and the coordination environment around the metal center is 

also same. Obviously, identical pores are also evident in them. 
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3.2.5. Rigid Carboxylates and Semirigid Spanning Ligands 

Synthesis. The compound was synthesized via one pot self-assembly method as shown in 

Scheme 3.9. A 6:4:3 ratio of Co(II):tricarboxylate:ligand  was taken and stirred for 24 h at 

room temperature in methanol solvent. The solid formed was filtered and air dried. The 

single crystal suitable for X-ray diffraction analysis was obtained by the direct layering of 

the components in methanol and water solvent. 

 

Scheme 3.9. Synthesis of 67. 

FTIR Analysis. FTIR spectroscopy is very helpful tool to prove the binding mode of 

carboxylates in the compounds. From the difference of the asymmetric and symmetric 

stretching frequency of carboxylates (= asym-sym) gives an idea of binding of 

carboxylates. The presence of solvent molecules can also be proved by FTIR spectrum of 

the individual compounds. Here the presence of peak at 3225 cm-1 (Figure 3.67) indicates 

the presence of coordinated water molecule whereas the peak at 1700 cm-1 shows that the 

H3btc is not completely deprotonated, which again confirmed from the structural study of 

this compound. From the  values (174 and 200 cm-1), it is concluded that carboxylate 

binds in a chelating bidentate as well as monodentate fashion. 
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Figure 3.67. FTIR spectrum of 67. 
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Thermogravimetric Analysis. As shown in Figure 3.68, the compound follows a two-step 

decomposition process. The initial loss of 5.25% (ca. 4.85%) corresponds to the loss of four 

lattice water molecules up to 60 °C, whereas the second weight loss is because of loss of 

two coordinated water molecules and the ligand, which is corresponding to 38.54% weight 

loss (ca. 38.75%) up to 388 °C after this the compound undergoes decomposition. 

 

Figure 3.68. TGA scan of 67. 

Table 3.23. TGA calculations for 67.  

Compounds 

Weight Loss 

Step I Step II Step III 

Ca. Obs. Loss OC Ca. Obs. Loss OC Ca. Obs. Loss OC 

67 4.85 5.25 4H2O 60 38.54 38.75 
2H2O+ 

tpxn 
388 --- --- --- --- 

Structural Description of 67·2CH3OH·11H2O. It crystallizes in the triclinic P-1 space 

group. The crystallographic informations pertaining to data collection and structure 

refinement are included in Table A13. The asymmetric unit consists of  three Co(II), two 

btc3-, one and half unit of ligand tpxn, eleven lattice water molecules, and two methanol 

molecules. The linker btc3- acts as a dicarboxylate ligand. There are two kinds of Co(II); 

each is in distorted octahedral geometry surrounded by a N3O3 coordination enviornment. 

In one case, the N and O-atoms are bound to the metal center in meridonial and in other 

case it is in facial fashion. The N3O3 coordiantion environment is formed by one end of 

bis(tridentate) ligand, one carboxylate end of btc3- and two water molecules; and in other, 

one end of bis(tridentate) ligand and two carboxylates (chelating bidentate and 

monodentate), respectively. The overall structure of the molecule is a 1D coordination 

polymer formed by the connectivity of a Co4 and Co2 unit, alternatively (see Figure 3.69). 
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The Co4 unit is made up of alternative connection of btc3- (act as dicarboxylate) and the 

bis(tridentate) ligand tpxn. The unsaturated coordination number of two of these Co(II) 

centers within this Co4 unit is saturated by another two water molecules. In case of the other 

two Co(II), these are bound to the carboxylate end of btc3- in chelating bidentate fashion 

and the other end of the carboxylate bound in monodentate fashion to a Co(II) atom of the 

Co2 unit, which is formed by the connection of the bis(tridentate) ligand with two metals. 

The selected bond lengths are Co-Npyr 2.118(5) Å, 2.115(5) Å; Co-NCH2 2.176(4) Å, Co-O 

2.109(3) Å, and Co-Oaq 2.005(3) Å and 2.217(3) Å for the cobalt where the atoms are bound 

in meridonial fashion. For the other cobalt, where atoms are bound in facial fashion, Co-

Npyr 2.096(3) Å, 2.087(4) Å; Co-NCH2 2.265(4) Å, Co-O 2.020(3) Å, 2.096(3) Å and 

2.268(3) Å. For the third cobalt, Co-Npyr 2.149(4) Å, 2.131(6) Å; Co-NCH2 2.195(4) Å, Co-

O 2.160(3) Å, 2.097(4) Å and 2.057(3) Å. Selected bond length, bond angles are included 

in Table A39, and A65, respectively. 

 

Figure 3.69. Crystal structure of 67. (a) 1D coordination polymer, (b) binding modes of H3btc, (c) 

encapsulation of the solvent molecule, (d) and (e) coordination environments around the metal center (color 

code used for different atoms are like, light purple: Co; red: O, blue: N, grey: C, cyano: H).   
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CHAPTER IV 

Conclusions 

(1) One of the main components of Metal Organic Material (MOMs) is an organic 

ligand. The selection or the design of these ligands has a huge impact on the 

structural and physical properties of the resultant material. We have designed 

various organic neutral ligands by modifying or following the reported 

procedure in the literature. Some of these ligands are already known and few are 

new or not explore much in this field of MOMs. The spacer within the ligands 

were chosen judicially to get maximum variation in the flexibility and spacer 

lengths. Six bis(tridentate) polypyridyl ancillary ligands have been synthesized 

in good yields with high purity. Along with these ligands, commercially 

available dicarboxylate were used to get different MOCs with a variation in 

nuclearity and CPs with different dimensionality. 

(2) The metal organic cages were made, targeting the application in the field of 

magnetism. So, cores which are used is already known for their interesting 

magnetic behaviour. Three magnetically active cores, {Mn2(-O)(-O2CR)2}2+, 

{Fe2(-O)(-O2CR)2}2+ and {Mn2(-O)2(-O2CR)}2+ have been used for the 

synthesis of various tetranuclear and octanuclear MOCs to obtain interesting 

magnetic materials. 

(3) It is found that a combination of tphn ligand with succinate and fumarate 

dicarboxylate linker gives unprecedented octanuclear molecular cages while all 

other combinations produce either tetranuclear or polymeric compounds. Both 

flexibility and methylene chain length of bis(tridentate) polypyridyl ligands and 

dicarboxylate play a huge role in the structural diversity of these compounds. 

(4) Some of these were structurally characterized by single crystal X-ray diffraction 

study. The structural parameters i.e. bond angles and bond lengths resembles 

with already published compound with these cores. 

(5) All these cores have a signature spectroscopic feature in FTIR and UV-vis 

spectroscopy. So, a comparison of their spectroscopic properties was very 

helpful in establishing the formation of similar compounds of those for which 

no single crystal structure could be obtained. 
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(6) The nuclearity of the metal organic cages largely dependent on the combination 

of the ligand and dicarboxylates, hence the Mn···Mn distances between and 

within the cores. So, their magnetic properties are strongly dependent on the 

nuclearity of the molecular cages as well as the flexible chain lengths of 

bis(tridentate) polypyridyl ligands and dicarboxylate. Their magnetic behavior 

was according to expected ferro- and antiferro interactions within as well as 

between the cages. 

(7) The combination of same ligand and dicarboxylate, either with manganese or 

with iron, produces compounds with similar structures and nuclearity. This 

result helps to conclude that Manganese and Iron chemistry showed similar 

results with respect to the nuclearity. 

(8) A series of Coordination Polymers (CPs) with various M(II) centers, anionic 

carboxylate linkers, and bis(tridentate) polypyridyl ligands have been prepared 

and structurally characterized. Having the same ratio of the three components, 

various cationic and neutral CPs with varied dimensionality are obtained due to 

the variation of flexibility of the ligands and linkers. 

(9) The semirigid bis(tridentate) ligands, tpchn and tpxn, have been employed with 

Mn(II), Co(II) and Ni(II) keeping the dicarboxylate linker fixed as rigid 

fumarate. In all these cases, a cationic coordination polymer is obtained and one 

of the fumarate acts as counter anion. While these two ligands with suc2-, glu2-, 

and adi2- form ladder like 1D coordination polymer or dineuclear compounds 

with Co(II) and Ni(II). Summing up these results, it is proved that the rigidity 

of the dicarboxylate is the predominant factor to form the 1D CPs in case of 

fum2-. While in case of suc2-, glu2-, and adi2- the flexibility of the dicarboxylate 

allows to bind with more ease and to form diverse structure. 

(10) The rigid 2,5-thiophenedicarboxylate was used with Co(II) and Ni(II) metal 

centers and a series of bis(tridentate) ligands (those are tpbn, tphn, tpchn, tpxn). 

In case of tpbn and tphn, both the metal center gives similar result as 2D 

coordination polymers and 1D ladder shaped coordination polymer. The 

ligands, tpchn and tpxn shown different trend with these two metal centers, 

Co(II) formed a 2D coordination polymer while Ni(II) formed a dinuclear 

compound with the same ligand and exactly opposite results were obtained with 

ligand tpxn. 
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(11) For the change of ligand from tpbn to tphn to tpchn to tpxn in case of Co(II)-

based CPs, structures with different dimensionality ranging from 2D to 1D to a 

dinuclear unit were obtained. 

(12) Spectroscopic properties and thermal behavior of all the synthesized compounds 

were established. 
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APPENDIX 

Table A1. Crystal data and structure refinement parameters for 5, and 6·CH3CN. 

Identification code 5 6·CH3CN  

Empirical formula C72H100Cl3.5Mn4N12O34 C80H98Cl4Mn4N14O26  

Formula weight 2021.47  2033.28  

Temperature/K 296.15  296.0  

Crystal system monoclinic  triclinic  

Space group C2/m  P-1  

a/Å 21.1281(15)  9.040(6)  

b/Å 29.320(2)  14.536(10)  

c/Å 15.840(2)  17.500(12)  

α/° 90  94.017(17)  

β/° 112.255(4)  98.289(16)  

γ/° 90  103.91(2)  

Volume/Å3 9081.2(16)  2196(3)  

Z 4  1  

ρcalc(g/cm3) 1.479  1.538  

μ/mm-1 0.735  0.769  

F(000) 4190.0  1052.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.504 to 50.252  3.54 to 50.504  

Index ranges -25 ≤ h ≤ 25, -35 ≤ k ≤ 33, -18 

≤ l ≤ 18  

-10 ≤ h ≤ 7, -17 ≤ k ≤ 16, -20 ≤ 

l ≤ 20  

Reflections collected 41806  25292  

Independent reflections 8236 [Rint = 0.2111, Rsigma = 

0.2211]  

7739 [Rint = 0.1352, Rsigma = 

0.1852]  

Data/restraints/parameters 8236/3/603  7739/0/578  

Goodness-of-fit on F2 1.139  0.951  

Final R indexes [I>=2σ (I)] R1 = 0.1215, wR2 = 0.3259  R1 = 0.0672, wR2 = 0.1290  

Final R indexes [all data] R1 = 0.2620, wR2 = 0.4086  R1 = 0.1842, wR2 = 0.1688  

Largest diff. peak/hole / e Å-3 2.56/-1.93  0.47/-0.43  
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Table A2. Crystal data and structure refinement parameters for 13·2CH3CN and 15·2CH3CN. 

Identification code 13·2CH3CN 15·2CH3CN 

Empirical formula C68H92N12O26Cl4Mn4 C152H168Cl8Mn8N24O55 

Formula weight 1855.10  3934.21  

Temperature/K 296.0  296.0  

Crystal system triclinic  triclinic  

Space group P-1  P-1  

a/Å 9.511(3)  14.121(10)  

b/Å 14.913(6)  19.427(5)  

c/Å 15.434(5)  19.500(6)  

α/° 92.102(5)  119.277(15)  

β/° 92.933(11)  94.54(2)  

γ/° 108.443(9)  96.66(2)  

Volume/Å3 2070.7(12)  4577(4)  

Z 1  1  

ρcalc(g/cm3) 1.488  1.427  

μ/mm-1 0.807  0.736  

F(000) 960.0  2024.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.64 to 50.12  2.424 to 49.97  

Index ranges -11 ≤ h ≤ 11, -17 ≤ k ≤ 17, -18 ≤ l 

≤ 18  

-15 ≤ h ≤ 16, -23 ≤ k ≤ 21, -

23 ≤ l ≤ 23  

Reflections collected 20834  26797  

Independent reflections 7267 [Rint = 0.0703, Rsigma = 

0.1118]  

14661 [Rint = 0.0490, Rsigma 

= 0.1247]  

Data/restraints/parameters 7267/0/552  14661/0/1095  

Goodness-of-fit on F2 0.955  1.353  

Final R indexes [I>=2σ (I)] R1 = 0.0558, wR2 = 0.1295  R1 = 0.1356, wR2 = 0.3670  

Final R indexes [all data] R1 = 0.1186, wR2 = 0.1765  R1 = 0.2208, wR2 = 0.4192  

Largest diff. peak/hole / e Å-3 0.58/-0.79  1.51/-0.67 
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Table A3. Crystal data and structure refinement parameters for 19·2CH3CN and 27·2CH3CN·H2O. 

Identification code 19·2CH3CN 27·2CH3CN·H2O 

Empirical formula C70H85Cl5Fe4N13O30  C72HN12O24Cl4Mn4 

Formula weight 1885.73  1779.41  

Temperature/K 273.15  296.15  

Crystal system monoclinic  triclinic  

Space group P21/c  P-1  

a/Å 19.1762(5)  15.003(3)  

b/Å 14.3836(4)  17.441(4)  

c/Å 33.8531(8)  17.507(4)  

α/° 90  72.322(12)  

β/° 92.502(2)  69.181(12)  

γ/° 90  83.188(12)  

Volume/Å3 9328.6(4)  4079.5(16)  

Z 4  2  

ρcalc(g/cm3) 1.343  1.449  

μ/mm-1 0.829  0.816  

F(000) 3725.0  1754.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.126 to 42.826  2.45 to 50.512  

Index ranges -19 ≤ h ≤ 19, -14 ≤ k ≤ 13, -34 ≤ l 

≤ 34  

-17 ≤ h ≤ 17, -20 ≤ k ≤ 

20, -20 ≤ l ≤ 18  

Reflections collected 39589  36044  

Independent reflections 10568 [Rint = 0.0639, Rsigma = 

0.0631]  

14428 [Rint = 0.0431, 

Rsigma = 0.0720]  

Data/restraints/parameters 10568/6/1064  14428/12/1045  

Goodness-of-fit on F2 1.397  1.035  

Final R indexes [I>=2σ (I)] 
R1 = 0.1140, wR2 = 0.3217  

R1 = 0.0618, wR2 = 

0.1629  

Final R indexes [all data] 
R1 = 0.1537, wR2 = 0.3591  

R1 = 0.1079, wR2 = 

0.1909  

Largest diff. peak/hole / e Å-3 1.71/-1.47  1.02/-0.66  
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Table A4. Crystal data and structure refinement parameters for 29·2CH3CN and 34·H2O. 

Identification code 29·2CH3CN 34·H2O 

Empirical formula C70H84Cl4Mn4N16O24 C66H82Cl4Mn4N12O25 

Formula weight 1895.09  1804.99  

Temperature/K 296.15  296.0  

Crystal system monoclinic  triclinic  

Space group C2/c  P-1  

a/Å 25.145(3)  15.025(5)  

b/Å 16.928(2)  17.455(7)  

c/Å 20.217(2)  18.551(10)  

α/° 90  117.062(19)  

β/° 106.267(7)  98.88(3)  

γ/° 90  102.77(2)  

Volume/Å3 8260.8(18)  4039(3)  

Z 4  2  

ρcalc(g/cm3) 1.524  1.484  

μ/mm-1 0.811  0.824  

F(000) 3904.0  1860.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.938 to 50.33  2.578 to 41.744  

Index ranges -29 ≤ h ≤ 30, -19 ≤ k ≤ 19, -23 ≤ l 

≤ 23  

-14 ≤ h ≤ 15, -17 ≤ k ≤ 

17, -18 ≤ l ≤ 18  

Reflections collected 41623  22811  

Independent reflections 7328 [Rint = 0.1068, Rsigma = 

0.1170]  

8116 [Rint = 0.3176, Rsigma 

= 0.4643]  

Data/restraints/parameters 7328/0/535  8116/9/1013  

Goodness-of-fit on F2 0.974  0.910  

Final R indexes [I>=2σ (I)] R1 = 0.0639, wR2 = 0.1610  R1 = 0.1191, wR2 = 

0.2767  

Final R indexes [all data] R1 = 0.1269, wR2 = 0.1838  R1 = 0.3073, wR2 = 

0.3988  

Largest diff. peak/hole / e Å-3 0.76/-1.01  1.05/-0.98  
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Table A5. Crystal data and structure refinement parameters for 35·2H2O and 38·2CH3OH. 

Identification code 35·2H2O 38·2CH3OH 

Empirical formula C20H26MnN3O8 C22H33N3NiO8 

Formula weight 491.38 526.22 

Temperature/K 290  100 

Crystal system triclinic triclinic  

Space group P-1  P-1 

a/Å 8.2893(10) 8.0774(7) 

b/Å 9.4799(12) 11.5857(11) 

c/Å 14.7934(18) 13.0373(12)  

α/° 71.973(3) 81.520(3) 

β/° 87.748(3) 85.540(2)  

γ/° 88.463(3) 87.130(3) 

Volume/Å3 1104.4(2) 1202.15(19)  

Z 2 2 

ρcalc(g/cm3) 1.478 1.454 

μ/mm-1 0.649 0.859 

F(000) 512.0 556.0 

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.896 to 50.1 3.166 to 50.01 

Index ranges -9 ≤ h ≤ 9, -11 ≤ k ≤ 11, -17 ≤ l 

≤ 17  

-7 ≤ h ≤ 9, -13 ≤ k ≤ 13, -15 ≤ l 

≤ 15  

Reflections collected 16104 15572 

Independent reflections 3887 [Rint = 0.0570, Rsigma = 

0.0492] 

4238 [Rint = 0.0374, Rsigma = 

0.0399]  

Data/restraints/parameters 3887/0/297 4238/0/317 

Goodness-of-fit on F2 0.891 1.051 

Final R indexes [I>=2σ (I)] R1 = 0.0444, wR2 = 0.1223 R1 = 0.0417, wR2= 0.1019  

Final R indexes [all data] R1 = 0.0543, wR2 = 0.1318 R1 = 0.0543, wR2 = 0.1123 

Largest diff. peak/hole / e Å-3 0.58/-0.43 0.84/-0.38 
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Table A6. Crystal data and structure refinement parameters for 39·2CH3OH·H2O and 46. 

Identification code 39·2CH3OH·H2O 46 

Empirical formula C86H112N12Ni4O31 C21H27.5N3NiO7.5  

Formula weight 2044.64 479.15  

Temperature/K 296 K 296.15  

Crystal system monoclinic triclinic  

Space group P21/c P-1  

a/Å 14.767(7) 7.3425(12)  

b/Å 18.571(8) 11.6619(18)  

c/Å 17.019(8) 14.148(2)  

α/° 90 68.781(5)  

β/° 98.973(12) 82.223(5)  

γ/° 90 84.723(5)  

Volume/Å3 4610(4) 1117.7(3)  

Z 4 2  

ρcalc(g/cm3) 1.473 1.424  

μ/mm-1 0.893 0.913  

F(000) 2144.0 502.0  

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.792 to 50.122 3.106 to 50.104  

Index ranges -16 ≤ h ≤ 16, -21 ≤ k ≤ 7, -19 ≤ l 

≤ 9  

-8 ≤ h ≤ 8, -13 ≤ k ≤ 12, -16 ≤ l 

≤ 16  

Reflections collected 8879 17809  

Independent reflections 7123 [Rint = 0.0591, Rsigma = 

0.1687] 

3944 [Rint = 0.0758, Rsigma = 

0.0784]  

Data/restraints/parameters 7123/3/621 3944/0/313  

Goodness-of-fit on F2 0.942 1.032  

Final R indexes [I>=2σ (I)] R1 = 0.0906, wR2= 0.2039  R1 = 0.0572, wR2 = 0.1333  

Final R indexes [all data] R1 = 0.1674, wR2 = 0.2563 R1 = 0.0874, wR2 = 0.1486  

Largest diff. peak/hole / e Å-3 0.75/-0.47 1.30/-0.70  
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Table A7. Crystal data and structure refinement parameters for 52 and 53·CH3OH·2H2O. 

Identification code 52 53·CH3OH·2H2O 

Empirical formula C21H23.5CoN3O6.5S C21.5H24CoN3O5.5S 

Formula weight 512.92 609.34 

Temperature/K 100 100 

Crystal system monoclinic triclinic  

Space group P21/c P-1 

a/Å 8.0678(7) 9.904(13) 

b/Å 15.1333(11) 15.833(14) 

c/Å 18.8104(16)  16.956(13) 

α/° 90  117.167(15) 

β/° 94.034(3) 90.330(14) 

γ/° 90 105.937(15)  

Volume/Å3 2290.9(3) 2248(4) 

Z 4 4 

ρcalc(g/cm3) 1.487 1.801 

μ/mm-1 0.885 1.735 

F(000) 1062.0 1257.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.458 to 50.102 4.328 to 50.204 

Index ranges -9 ≤ h ≤ 9, -10 ≤ k ≤ 17, -22 ≤ l 

≤ 18 

-11 ≤ h ≤ 11, -14 ≤ k ≤ 18, -20 ≤ 

l ≤ 20 

Reflections collected 7838 10631 

Independent reflections 4013 [Rint = 0.0366, Rsigma = 

0.0715]  

7158 [Rint = 0.0821, Rsigma = 

0.1567]  

Data/restraints/parameters 4013/0/272 7158/0/585 

Goodness-of-fit on F2 1.118 1.039 

Final R indexes [I>=2σ (I)] R1 = 0.0599, wR2 = 0.1511 R1 = 0.0900, wR2 = 0.1975 

Final R indexes [all data] R1 = 0.0826, wR2 = 0.1688  R1 = 0.1620, wR2 = 0.2333 

Largest diff. peak/hole / e Å-3 1.26/-1.06 1.83/-0.53 
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Table A8. Crystal data and structure refinement parameters for 54·H2O and 55·8H2O. 

Identification code 54·H2O 55·8H2O 

Empirical formula C22H25CoN3O6S C23H36.5CoN2O13S 

Formula weight 518.44 653.55 

Temperature/K 100 100 

Crystal system monoclinic  monoclinic  

Space group P21/c P21/n  

a/Å 9.1292(10)  8.8159(3) 

b/Å 16.1980(18)  22.6884(9) 

c/Å 17.632(2) 16.8728(7) 

α/° 90 90 

β/° 92.436(7) 103.007(2) 

γ/° 90 90 

Volume/Å3 2605.0(5) 3288.3(2) 

Z 4  4  

ρcalc(g/cm3) 1.322 1.320 

μ/mm-1 0.778 0.645 

F(000) 1076.0 1372.0 

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.416 to 50.026 3.06 to 49.908 

Index ranges -10 ≤ h ≤ 10, -19 ≤ k ≤ 19, -20 ≤ 

l ≤ 15 

-10 ≤ h ≤ 10, -26 ≤ k ≤ 26, -11 ≤ 

l ≤ 20 

Reflections collected 19880 24513 

Independent reflections 4589 [Rint = 0.0702, Rsigma = 

0.0668] 

5764 [Rint = 0.0584, Rsigma = 

0.0510] 

Data/restraints/parameters 4589/1/307 5764/0/417 

Goodness-of-fit on F2 1.049 1.061  

Final R indexes [I>=2σ (I)] R1 = 0.0508, wR2 = 0.1178  R1 = 0.0722, wR2 = 0.2121 

Final R indexes [all data] R1 = 0.0830, wR2 = 0.1314  R1 = 0.0892, wR2 = 0.2276  

Largest diff. peak/hole / e Å-3 0.66/-0.47 1.71/-0.66 
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Table A9. Crystal data and structure refinement parameters for 56 and 57. 

Identification code 56 57 

Empirical formula C20H27N3NiO8.5S C44H52N6Ni2O12S2 

Formula weight 536.21 986.54  

Temperature/K 100 296.15  

Crystal system triclinic triclinic  

Space group P-1 P-1  

a/Å 13.756(3) 9.797(5)  

b/Å 14.520(3) 15.859(8)  

c/Å 15.620(3) 16.889(9)  

α/° 90.171(5) 116.604(9)  

β/° 112.414(5) 90.075(11)  

γ/° 117.746(5) 107.060(12)  

Volume/Å3 2489.7(8) 2216(2)  

Z 4  2  

ρcalc(g/cm3) 1.431 1.479  

μ/mm-1 0.913 1.012  

F(000) 1120.0 981.0  

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073)  

2Θ range for data collection/° 2.892 to 50.442 2.73 to 50.588  

Index ranges -16 ≤ h ≤ 16, -16 ≤ k ≤ 17, -18 ≤ 

l ≤ 18 

-10 ≤ h ≤ 11, -18 ≤ k ≤ 18, -20 ≤ 

l ≤ 20  

Reflections collected 41670 22617  

Independent reflections 8901 [Rint = 0.0855, Rsigma = 

0.0790]  

7823 [Rint = 0.1378, Rsigma = 

0.2220]  

Data/restraints/parameters 8901/0/627  7823/0/605  

Goodness-of-fit on F2 2.099  0.959  

Final R indexes [I>=2σ (I)] R1 = 0.1161, wR2 = 0.3025  R1 = 0.1308, wR2 = 0.3202  

Final R indexes [all data] R1 = 0.1391, wR2 = 0.3192  R1 = 0.2137, wR2 = 0.3770  

Largest diff. peak/hole / e Å-3 1.13/-0.82 2.64/-1.45  
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Table A10. Crystal data and structure refinement parameters for 58·CH3OH·2H2O and 59·2CH3OH·5H2O. 

Identification code 58·CH3OH·2H2O 59·2CH3OH·5H2O 

Empirical formula C23H33N3NiO9S  C22H18N3NiO4S  

Formula weight 586.29  479.28  

Temperature/K 296.15  296.15  

Crystal system monoclinic  monoclinic  

Space group P21/n  P21/n  

a/Å 8.844(3)  9.686(3)  

b/Å 21.452(7)  14.721(6)  

c/Å 16.562(5)  14.221(5)  

α/° 90  90  

β/° 103.297(5)  93.285(19)  

γ/° 90  90  

Volume/Å3 3058.1(17)  2024.4(12)  

Z 4  4  

ρcalc(g/cm3) 1.273  1.573  

μ/mm-1 0.751  1.103  

F(000) 1232.0  953.0  

Radiation MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  

2Θ range for data collection/° 3.16 to 50.156  3.986 to 50.482  

Index ranges -10 ≤ h ≤ 10, -21 ≤ k ≤ 25, -19 ≤ 

l ≤ 19  

-11 ≤ h ≤ 11, -17 ≤ k ≤ 17, -16 ≤ 

l ≤ 16  

Reflections collected 21543  14417  

Independent reflections 5418 [Rint = 0.0308, Rsigma = 

0.0256]  

3608 [Rint = 0.1684, Rsigma = 

0.1812]  

Data/restraints/parameters 5418/0/344  3608/0/280  

Goodness-of-fit on F2 1.137 0.941  

Final R indexes [I>=2σ (I)] R1 = 0.0504, wR2 = 0.1423 R1 = 0.0680, wR2 = 0.1562  

Final R indexes [all data] R1 = 0.0542, wR2 = 0.1489  R1 = 0.1193, wR2 = 0.1820  

Largest diff. peak/hole / e Å-3 1.15/-0.80 0.48/-0.82  
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Table A11. Crystal data and structure refinement parameters for 60·CH3OH·2H2O and 61·CH3OH. 

Identification code 60·CH3OH·2H2O 61·CH3OH 

Empirical formula C86H98Cd4N12O23S4 C23H2CdN3O5S 

Formula weight 2245.65 827.52 

Temperature/K 100 (K) 100 

Crystal system Monoclinic monoclinic 

Space group P21/c P21 

a/Å 17.1442 (15) 9.774(2) 

b/Å 14.4858 (12) 17.421(4) 

c/Å 19.3003 (17) 14.549(3) 

α/° 90 90 

β/° 112.614 (4) 91.459(13) 

γ/° 90 90 

Volume/Å3 4424.7 (7) 2476.6(9) 

Z 2 4 

ρcalc(g/cm3) 1.686 2.219 

μ/mm-1 1.125 1.944 

F(000) 2276.0 1648.0 

Radiation 0.71073 MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.624 to 25.145 3.648 to 50.224 

Index ranges  -11 ≤ h ≤ 11, -20 ≤ k ≤ 18, -17 ≤ 

l ≤ 9  

Reflections collected 36160 13706 

Independent reflections 7877 7611 [Rint = 0.0578, Rsigma= 

0.1052] 

Data/restraints/parameters 585 7611/1/597 

Goodness-of-fit on F2 1.024 0.991 

Final R indexes [I>=2σ (I)] 0.0308/0.0631 R1 = 0.0789, wR2 = 0.2041 

Final R indexes [all data] 0.0465/0.01685 R1 = 0.1114, wR2 = 0.2305  

Largest diff. peak/hole / e Å-3 0.76/-0.73 2.29/-1.11 

Flack parameter - 0.01(3) 
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Table A12. Crystal data and structure refinement parameters for 62 and 64. 

Identification code 62 64 

Empirical formula C88H72Cd4N12O16S4 C26H37.5CoN3O10.25 

Formula weight 2131.41 615.02 

Temperature/K 100 100 

Crystal system triclinic  monoclinic  

Space group P-1 P21/n 

a/Å 9.148(10) 11.1046(10) 

b/Å 21.06(3) 21.6879(17) 

c/Å 27.46(3) 13.2068(10) 

α/° 88.98(2) 90 

β/° 90 94.484(4)  

γ/° 90 90 

Volume/Å3 5290(11) 3170.9(4) 

Z 2 4 

ρcalc(g/cm3) 1.338 1.288 

μ/mm-1 0.932 0.596 

F(000) 2136.0 1294.0 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 1.484 to 50.052  3.618 to 50.14 

Index ranges -10 ≤ h ≤ 8, -24 ≤ k ≤ 24, -32 ≤ l 

≤ 32 

-13 ≤ h ≤ 7, -25 ≤ k ≤ 23, -15 ≤ l 

≤ 15 

Reflections collected 34034 24518 

Independent reflections 16123 [Rint = 0.2117, Rsigma = 

0.5753] 

5587 [Rint = 0.0478, Rsigma = 

0.0422] 

Data/restraints/parameters 16123/1/1108 5587/0/407 

Goodness-of-fit on F2 0.870 1.093 

Final R indexes [I>=2σ (I)] R1 = 0.1386, wR2 = 0.3571 R1 = 0.0683, wR2 = 0.2156 

Final R indexes [all data] R1 = 0.3000, wR2 = 0.4256 R1 = 0.0868, wR2 = 0.2321 

Largest diff. peak/hole / e Å-3 3.69/-0.89 2.18/-0.77 
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Table A13. Crystal data and structure refinement parameters for 66·CH3OH·5H2O and 

67·2CH3OH·11H2O. 

Identification code 66·CH3OH·5H2O 67·2CH3OH·11H2O 

Empirical formula C26H43N2NiO11.5 C68H89Co3N9O27.5 

Formula weight 626.33 1649.27 

Temperature/K 100 100 

Crystal system monoclinic  triclinic  

Space group P21/n P-1 

a/Å 11.2169(4) 11.0181(6)  

b/Å 21.4229(6) 16.7681(10)  

c/Å 13.0703(4) 22.4974(12) 

α/° 90 75.716(2) 

β/° 94.151(2) 77.141(2) 

γ/° 90 77.842(2) 

Volume/Å3 3132.53(17)  3873.2(4) 

Z 4 2  

ρcalc(g/cm3) 1.328  1.414 

μ/mm-1 0.678 0.720  

F(000) 1332.0 1722.0 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.658 to 50.126 1.898 to 50.026 

Index ranges -9 ≤ h ≤ 13, -25 ≤ k ≤ 25, -15 ≤ l 

≤ 15  

-13 ≤ h ≤ 13, -19 ≤ k ≤ 19, -26 ≤ 

l ≤ 26  

Reflections collected 25863 55281 

Independent reflections 5553 [Rint = 0.0238, Rsigma = 

0.0193]  

13603 [Rint = 0.0570, Rsigma = 

0.0601] 

Data/restraints/parameters 5553/0/404 13603/3/1023 

Goodness-of-fit on F2 1.103 1.047 

Final R indexes [I>=2σ (I)] R1 = 0.0746, wR2 = 0.2251 R1 = 0.0691, wR2 = 0.1818 

Final R indexes [all data] R1 = 0.0801, wR2 = 0.2307  R1 = 0.0953, wR2 = 0.2024 

Largest diff. peak/hole / e Å-3 1.94/-0.75 1.56/-0.71 
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Table A14. Selected Bond lengths (Å) for 5. 

Mn1-O1 1.963(3) Mn2-O3 2.177(3) 

Mn1-O2 2.224(3) Mn2-O7 1.990(3) 

Mn1-O8 1.799(3) Mn2-O8 1.791(3) 

Mn1-N5 2.154(4) Mn2-N1 2.126(4) 

Mn1-N22 2.272(4) Mn2-N2 2.201(4) 

Mn1-N23 2.058(4) Mn2-N21 2.079(4) 

 

Table A15. Selected Bond lengths (Å) for 6·CH3CN. 

Mn1-O1 2.014(5) Mn2-O2 1.777(4) 

Mn1-O2 1.785(4) Mn2-O4 2.026(6) 

Mn1-O3 2.120(5) Mn2-O5 2.073(5) 

Mn1-N1 2.091(6) Mn2-N3 2.144(7) 

Mn1-N2 2.181(6) Mn2-N51 2.109(6) 

Mn1-N4 2.120(5) Mn2-N6 2.189(6) 

Table A16. Selected Bond lengths (Å) for 13·2CH3CN. 

Mn1-O1 1.962(4) Mn2-O3 2.176(4) 

Mn1-O2 2.224(3) Mn2-O7 1.990(3) 

Mn1-O8 1.799(3) Mn2-O8 1.791(3) 

Mn1-N5 2.155(4) Mn2-N1 2.125(4) 

Mn1-N22 2.274(4) Mn2-N2 2.203(4) 

Mn1-N23 2.059(5) Mn2-N21 2.079(4) 

    

Table A17. Selected Bond lengths (Å) for 15·2CH3CN. 

Mn1-O61 2.109(9)  Mn1-O4 1.804(9) 

Mn1-N2 2.169(11)  Mn1-O7 2.009(8) 

Mn1-N11 2.179(7)  Mn1-N5 2.111(6) 

Mn2-O4 1.792(9)  Mn2-O11 2.032(9) 

Mn2-N31 2.141(11)  Mn2-O5 2.116(8) 

Mn2-N101 2.12(8)  Mn2-N91 2.18(3) 

Mn3-O2 2.016(7)  Mn3-O3 2.145(9) 

Mn3-O8 1.787(9)  Mn3-N1 2.066(6) 

Mn3-N4 2.157(11)  Mn3-N6 2.232(8) 

Mn4-O8 1.834(8)  Mn4-O9 2.093(8) 

Mn4-O11 2.026(12)  Mn4-N7 2.155(12) 

Mn4-N8 2.198(6)  Mn4-N12 2.078(10) 
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Table A18. Selected Bond lengths (Å) for 19·2CH3CN. 

Fe1-O21 2.051(7) Fe1-O3 2.057(7) 

Fe1-O9 1.797(7) Fe1-N4 2.131(9) 

Fe1-N6 2.152(9) Fe1-N7 2.262(9) 

Fe2-O1 2.037(8) Fe2-O41 2.023(7) 

Fe2-O9 1.801(6) Fe2-N2 2.299(8) 

Fe2-N3 2.117(5) Fe2-N5 2.128(9) 

Fe3-O5 2.016(7) Fe3-O7 2.018(8) 

Fe3-O11 1.799(7) Fe3-N1 2.283(9) 

Fe3-N8 2.133(10) Fe3-N9 2.143(10) 

Fe4-O6 2.040(7) Fe4-O10 2.033(8) 

Fe4-O11 1.790(8) Fe4-N10 2.126(10) 

Fe4-N12 2.311(14) Fe4-N15 2.110(8) 

 

Table A19. Selected Bond lengths (Å) for 27·2CH3CN·H2O. 

Mn1-O1 1.769(3) Mn3-O7 1.848(3) 

Mn1-O2 1.921(3) Mn3-O19 2.231(4) 

Mn1-O18 1.777(4) Mn3-O24 1.819(3) 

Mn1-N1 2.026(4) Mn3-N2 2.262(4) 

Mn1-N4 2.031(5) Mn3-N7 2.036(4) 

Mn1-N10 2.125(4) Mn3-N12 2.142(4) 

Mn2-O3 1.923(3) Mn4-O1 1.836(4) 

Mn2-O7 1.769(3) Mn4-O9 2.248(3) 

Mn2-O24 1.769(3) Mn4-O18 1.816(3) 

Mn2-N3 2.051(4) Mn4-N5 2.114(4) 

Mn2-N6 2.132(4) Mn4-N8 2.046(4) 

Mn2-N14 2.009(4) Mn4-N13 2.287(4) 

Table A20. Selected Bond lengths (Å) for 29·2CH3CN. 

Mn1-O1 1.942(4) Mn2-O2 1.847(4) 

Mn1-O2 1.776(4) Mn2-O3 2.213(4) 

Mn1-O4 1.776(4) Mn2-O4 1.821(4) 

Mn1-N1 2.136(4) Mn2-N31 2.045(5) 

Mn1-N2 2.051(5) Mn2-N51 2.152(5) 

Mn1-N4 2.021(5) Mn2-N61 2.239(6) 
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Table A21. Selected Bond lengths (Å) for 34·H2O. 

Mn1-N7 2.09(2) Mn2-O10 1.775(16) 

Mn1-O13 2.216(18) Mn2-N5 2.01(2) 

Mn1-O11 1.804(18) Mn3-O2 1.779(16) 

Mn1-O10 1.844(12) Mn3-N11 1.99(3) 

Mn1-N9 2.24(2) Mn3-O1 1.812(14) 

Mn1-N15 2.05(3) Mn3-N1 2.006(18) 

Mn2-O11 1.809(14) Mn3-N12 2.147(17) 

Mn2-N8 2.126(16) Mn4-N13 2.30(2) 

Mn2-N10 2.01(2) Mn4-N2 2.119(19) 

Mn2-O12 1.948(16) Mn4-O2 1.831(13) 

Mn2-O10 1.775(16) Mn4-O1 1.878(15) 

Mn2-N5 2.01(2) Mn4-O17 2.23(2) 

Mn3-O18 1.858(18) Mn4-N14 2.107(19) 

Mn2-O12 1.948(16)   

 

Table A22. Selected Bond lengths (Å) for 35·H2O. 

Mn1-O2 2.2381(19) Mn1-N1 2.376(2) 

Mn1-O4 2.1207(18) Mn1-N2 2.302(2) 

Mn1-O7 2.1902(19) Mn1-N3 2.337(2) 

 

Table A23. Selected Bond lengths (Å) for 38·2CH3OH. 

Ni1-O1 2.099(2) Ni1-N1 2.074(2) 

Ni1-O2 2.035(2) Ni1-N2 2.159(2) 

Ni1-O6 2.091(2) Ni1-N3 2.052 (2) 

         

Table A24. Selected Bond lengths (Å) for 39·2CH3OH·H2O. 

Ni1-O5 2.043(6) Ni2-O2 2.078(6) 

Ni1-O8 2.068(6) Ni2-O3 2.066(5) 

Ni1-O9 2.081(6) Ni2-O4 2.052(6) 

Ni1-N1 2.051(7) Ni2-N4 2.176(7) 

Ni1-N2 2.156(7) Ni2-N5 2.061(7) 

Ni1-N3 2.081(7) Ni2-N6 2.118(7) 

 

 

 



137 

 

Table A25. Selected Bond lengths (Å) for 46. 

Ni2-N1 2.048(4) Ni2-O1 2.083(3) 

Ni2-N2 2.075(4) Ni2-O2 2.055(3) 

Ni2-N3 2.172(4) Ni2-O3 2.053(3) 

 

Table A26. Selected Bond lengths (Å) for 52. 

Co1-O1 2.092(3) Co1-N1 2.106(4) 

Co1-O3 2.160(3) Co1-N2 2.213(4) 

Co1-O4 2.050(3) Co1-N3 2.114(4) 

 

Table A27. Selected Bond lengths (Å) for 53·CH3OH·2H2O. 

Co1-O2 2.052(6) Co2-O1 2.117(6) 

Co1-O7 2.239(6) Co2-O3 2.053(6) 

Co1-O8 2.121(6) Co2-O4 2.228(7) 

Co1-N2 2.208(7) Co2-N1 2.191(7) 

Co1-N5 2.102(8) Co2-N3 2.075(8) 

Co1-N6 2.110(8) Co2-N4 2.095(8) 

      

Table A28. Selected Bond lengths (Å) for 54·H2O. 

Co1-O1 2.133(3) Co1-N1 2.226(3) 

Co1-O21 2.065(3) Co1-N2 2.092(3) 

Co1-O5 2.089(3) Co1-N3 2.092(3) 

Table A29. Selected Bond lengths (Å) for 55·8H2O. 

Co1-O1 2.047(3) Co1-N1 2.072(4) 

Co1-O2 2.081(4) Co1-N2 2.144(4) 

Co1-O3 2.100(4) Co1-N3 2.075(4) 

 

Table A30. Selected Bond lengths (Å) for 56. 

Ni1-O1 2.047(4) Ni2-O21 2.052(4) 

Ni1-O3 2.125(4) Ni2-O4 2.038(4) 

Ni1-O10 2.048(4) Ni2-O5 2.096(4) 

Ni1-N2 2.057(5) Ni2-N1 2.077(5) 

Ni1-N3 2.142(5) Ni2-N5 2.143(5) 

Ni1-N4 2.033(5) Ni2-N6 2.054(6) 
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Table A31. Selected Bond lengths (Å) for 57. 

Ni1-O21 2.190(8) Ni2-O51 2.170(8) 

Ni1-O31 2.091(8) Ni2-O71 2.095(8) 

Ni1-O4 2.031(9) Ni2-O8 2.035(8) 

Ni1-N1 2.108(9) Ni2-N4 2.123(9) 

Ni1-N2 2.060(11) Ni2-N5 2.047(11) 

Ni1-N3 2.033(11) Ni2-N6 2.043(11) 

 

Table A32. Selected Bond lengths (Å) for 58·CH3OH·2H2O. 

Ni1-O1 2.092(2) Ni1-N1 2.050(3) 

Ni1-O2 2.036(2) Ni1-N2 2.157(3) 

Ni1-O3 2.075(2) Ni1-N3 2.070(3) 

 

Table A33. Selected Bond lengths (Å) for 59·2CH3OH·5H2O. 

Ni1-O1 1.978(4) Ni1-N10 2.296(5) 

Ni1-N1 2.089(5) Ni1-O10 1.991(4) 

Ni1-N2 2.058(5)    

 

Table A34. Selected Bond lengths (Å) for 60·CH3OH·2H2O. 

Cd1-O1 2.390(3) Cd2-O3 2.387(3) 

Cd1-O2 2.412(3) Cd2-O4 2.451(3) 

Cd1-O5 2.458(3) Cd2-O7 2.370(3) 

Cd1-O6 2.385(3) Cd2-O8 2.447(3) 

Cd1-N1 2.328(4) Cd2-N4 2.329(4) 

Cd1-N2 2.455(4) Cd2-N5 2.535(4) 

Cd1-N3 2.362(4) Cd2-N6 2.330(4) 

 

Table A35. Selected Bond lengths (Å) for 61·CH3OH. 

Cd1-O11 2.284(14) Cd2-N1 2.514(15) 

Cd1-O51 2.571(17) Cd2-O22 2.318(13) 

Cd1-O6 2.237(16) Cd2-O3 2.30(2) 

Cd1-N2 2.336(18) Cd2-O42 2.453(14) 

Cd1-N3 2.478(19) Cd2-N4 2.362(15) 

Cd1-N6 2.297(19) Cd2-N5 2.35(2) 
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Table A36. Selected Bond lengths (Å) for 62. 

Cd1-O4 2.218(7) Cd2-O22 2.327(9) 

Cd1-O6 2.260(7) Cd2-O8 2.258(8) 

Cd1-N41 2.317(9) Cd2-N1 2.282(10) 

Cd1-N51 2.516(9) Cd2-N2 2.416(9) 

Cd1-N61 2.292(9) Cd2-N3 2.311(9) 

Cd2-O12 2.487(7)   

 

Table A37. Selected Bond lengths (Å) for 64. 

Co1-O11 2.093(3) Co1-N1 2.127(4) 

Co1-O2 2.057(3) Co1-N2 2.171(4) 

Co1-O3 2.125(3) Co1-N3 2.156(4) 

       

Table A38. Selected Bond lengths (Å) for 66·CH3OH·5H2O. 

Ni1-O4 2.060(3) Ni1-N1 2.086(4) 

Ni1-O6 2.043(3) Ni1-N2 2.071(3) 

Ni1-O7 2.076(3) Ni1-N14 2.121(4) 

 

Table A39. Selected Bond lengths (Å) for 67·2CH3OH·11H2O. 

Co1-O2 2.020(3) Co2-N7 2.118(5) 

Co1-O7 2.096(3) Co2-N8 2.176(4) 

Co1-O8 2.268(3) Co2-N9 2.115(5) 

Co1-N1 2.087(4) Co3-O31 2.160(3) 

Co1-N2 2.097(4) Co3-O15 2.097(4) 

Co1-N3 2.265(4) Co3-O16 2.057(3) 

Co2-O12 2.109(3) Co3-N4 2.149(4) 

Co2-O13 2.005(3) Co3-N5 2.195(4) 

Co2-O14 2.217(3) Co3-N6 2.131(6) 
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Table A40. Selected Bond angles (°) for 5. 

O1-Mn1-O2 91.06(13) O7-Mn2-O3 85.13(13) 

O1-Mn1-N5 87.75(13) O7-Mn2-N1 91.27(12) 

O1-Mn1-N22 96.05(14) O7-Mn2-N2 90.50(13) 

O1-Mn1-N23 167.87(13) O7-Mn2-N21 166.86(15) 

O2-Mn1-N22 172.75(13) O8-Mn2-O3 96.78(13) 

O8-Mn1-O1 99.26(13) O8-Mn2-O7 97.39(12) 

O8-Mn1-O2 90.39(12) O8-Mn2-N1 167.13(14) 

O8-Mn1-N5 165.56(14) O8-Mn2-N2 94.33(15) 

O8-Mn1-N22 89.90(13) O8-Mn2-N21 92.40(14) 

O8-Mn1-N23 92.83(15) N1-Mn2-O3 93.40(13) 

N5-Mn1-O2 102.16(12) N1-Mn2-N2 76.03(14) 

N5-Mn1-N22 76.74(14) N21-Mn2-O3 85.04(14) 

N23-Mn1-O2 87.95(13) N21-Mn2-N1 80.64(14) 

N23-Mn1-N5 80.65(14) N21-Mn2-N2 97.50(14) 

N23-Mn1-N22 84.80(14) Mn2-O8-Mn1 124.93(18) 

O3-Mn2-N2 168.50(13)   

 

    

Table A41. Selected Bond angles (°) for 6·CH3CN. 

O1-Mn1-O3 86.1(2) O2-Mn2-O5 95.51(19) 

O1-Mn1-N1 165.7(2) O2-Mn2-N3 92.7(2) 

O1-Mn1-N2 89.3(2) O2-Mn2-N51 171.2(2) 

O1-Mn1-N4 90.15(19) O2-Mn2-N6 94.3(2) 

O2-Mn1-O1 98.30(18) O4-Mn2-O5 90.9(2) 

O2-Mn1-O3 96.91(19) O4-Mn2-N3 166.3(2) 

O2-Mn1-N1 93.8(2) O4-Mn2-N51 87.2(2) 

O2-Mn1-N2 94.4(2) O4-Mn2-N6 91.0(2) 

O2-Mn1-N4 166.7(2) O5-Mn2-N3 95.6(2) 

O3-Mn1-N2 168.29(19) O5-Mn2-N51 90.9(2) 

N1-Mn1-O3 84.9(2) O5-Mn2-N6 169.59(19) 

N1-Mn1-N2 97.5(2) N3-Mn2-N6 80.6(2) 

N1-Mn1-N4 79.4(2) N51-Mn2-N3 80.7(3) 

N4-Mn1-O3 93.8(2) N51-Mn2-N6 79.0(2) 

N4-Mn1-N2 75.4(2) Mn2-O2-Mn1 123.0(2) 

O2-Mn2-O4 98.7(2)   
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Table A42. Selected Bond angles (°) for 13·2CH3CN. 

O1-Mn1-Mn2 79.62(10) O3-Mn2-N2 168.50(15) 

O1-Mn1-O2 91.09(14) O7-Mn2-Mn1 82.44(10) 

O1-Mn1-N5 87.80(15) O7-Mn2-O3 85.17(14) 

O1-Mn1-N22 96.05(15) O7-Mn2-N1 91.29(14) 

O1-Mn1-N23 167.89(15) O7-Mn2-N2 90.48(15) 

O2-Mn1-Mn2 71.79(9) O7-Mn2-N21 166.91(17) 

O2-Mn1-N22 172.71(15) O8-Mn2-Mn1 27.63(11) 

O8-Mn1-Mn2 27.49(11) O8-Mn2-O3 96.79(15) 

O8-Mn1-O1 99.25(15) O8-Mn2-O7 97.43(14) 

O8-Mn1-O2 90.43(14) O8-Mn2-N1 167.10(15) 

O8-Mn1-N5 165.48(16) O8-Mn2-N2 94.32(16) 

O8-Mn1-N22 89.86(15) O8-Mn2-N21 92.36(16) 

O8-Mn1-N23 92.84(16) N1-Mn2-Mn1 164.94(12) 

N5-Mn1-Mn2 165.82(12) N1-Mn2-O3 93.39(15) 

N5-Mn1-O2 102.19(14) N1-Mn2-N2 76.03(16) 

N5-Mn1-N22 76.71(15) N2-Mn2-Mn1 117.51(12) 

N22-Mn1-Mn2 110.89(11) N21-Mn2-Mn1 102.84(12) 

N23-Mn1-Mn2 111.44(12) N21-Mn2-O3 85.05(15) 

N23-Mn1-O2 87.94(15) N21-Mn2-N1 80.63(15) 

N23-Mn1-N5 80.61(16) N21-Mn2-N2 97.46(16) 

N23-Mn1-N22 84.77(16) Mn2-O8-Mn1 124.9(2) 

O3-Mn2-Mn1 72.51(9)   

 

Table A43. Selected Bond angles (°) for 15·2CH3CN. 

O4-Mn1-Mn2 28.4(3)  O4-Mn1-O61 94.5(4) 

O4-Mn1-N2 175.0(4)  O4-Mn1-N5 95.1(3) 

O4-Mn1-N11 97.4(4)  O61-Mn1-Mn2 73.5(2) 

O61-Mn1-N2 88.8(4)  O61-Mn1-N5 91.1(3) 

O61-Mn1-N11 168.0(3)  O7-Mn1-Mn2 80.3(2) 

O7Mn1-O61 95.5(4)  O7-Mn1-N2 86.4(3) 

O7-Mn1-N5 165.6(3)  O7-Mn1-N11 84.9(3) 

N2-Mn1-Mn2 156.6(3)  N2-Mn1-N11 79.2(4) 

N5-Mn1-Mn2 113.9(2)  N5-Mn1-N2 81.0(3) 

N5-Mn1-N11 86.1(3)  N11-Mn1-Mn2 118.3(2) 

O11-Mn2-Mn1 80.1(2)  O11-Mn2-O5 86.7(3) 

O11-Mn2-N31 87.5(4)  O11-Mn2-N91 88(3) 
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O11-Mn2-N101 164(2)  O4-Mn2-Mn1 28.6(3) 

O4-Mn2-O11 97.5(4)  O4-Mn2-O5 94.4(3) 

O4-Mn2-N31 173.1(4)  O4-Mn2-N91 99(2) 

O4-Mn2-N101 96(3)  O5-Mn2-Mn1 71.0(2) 

O5-Mn2-N31 90.5(3)  O5-Mn2-N91 166(2) 

O5-Mn2-N101 83.2(14)  N31-Mn2-Mn1 158.2(3) 

N31-Mn2-N91 76(2)  N91-Mn2-Mn1 121(2) 

N101-Mn2-Mn1 108(3) N101-Mn2-N31 80(3) 

N101-Mn2-N91 98(3)  O2-Mn3-Mn4 74.2(2) 

O2-Mn3-O3 89.8(3)  O2-Mn3-N1 168.9(4) 

O2-Mn3-N4 90.4(3)  O2-Mn3-N6 82.2(4) 

O3-Mn3-Mn4 76.8(2)  O3-Mn3-N4 85.9(4) 

O3-Mn3-N6 161.9(3)  O8-Mn3-Mn4 29.6(3) 

O8-Mn3-O2 96.5(3)  O8-Mn3-O3 96.0(4) 

O8-Mn3-N1 94.6(3)  O8-Mn3-N4 172.9(4) 

O8-Mn3-N6 101.0(4)  N1-Mn3-Mn4 115.8(2) 

N1-Mn3-O3 88.0(3)  N1-Mn3-N4 78.5(3) 

N1-Mn3-N6 96.7(3)  N4-Mn3-Mn4 156.6(3) 

N4-Mn3-N6 78.0(4)  N6-Mn3-Mn4 116.0(2) 

O8-Mn4-Mn3 28.8(3)  O8-Mn4-O9 94.3(4) 

O8-Mn4-O11 97.7(4)  O8-Mn4-N7 173.7(5) 

O8-Mn4-N8 99.5(3)  O8-Mn4-N12 94.2(4) 

O9-Mn4-Mn3 77.4(3)  O9-Mn4-N7 88.4(4) 

O9-Mn4-N8 164.4(3)  O11-Mn4-Mn3 76.2(3) 

O11-Mn4-O9 95.1(4)  O11-Mn4-N7 87.8(5) 

O11-Mn4-N8 90.6(4)  O11-Mn4-N12 168.1(4) 

N7-Mn4-Mn3 157.4(3)  N7-Mn4-N8 77.3(4) 

N8-Mn4-Mn3 118.2(2)  N12-Mn4-Mn3 115.4(3) 

N12-Mn4-O9 85.5(4)  N12-Mn4-N7 80.3(5) 

N12-Mn4-N8 86.0(3)   
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Table A44. Selected Bond angles (°) for 19·2CH3CN. 

O21-Fe1-O3 87.2(3) O21-Fe1-N4 82.4(3) 

O21-Fe1-N6 167.8(3) O21-Fe1-N7 93.2(3) 

O3-Fe1-N4 157.4(3) O3-Fe1-N6 88.2(3) 

O3-Fe1-N7 84.2(3) O9-Fe1-O21 97.8(3) 

O9-Fe1-O3 101.4(3) O9-Fe1-N4 99.8(3) 

O9-Fe1-N6 94.1(3) O9-Fe1-N7 167.8(3) 

N4-Fe1-N6 97.8(3) N4-Fe1-N7 76.4(3) 

N6-Fe1-N7 75.1(3) O1-Fe2-N2 81.0(3) 

O1-Fe2-N3 158.6(3) O1-Fe2-N5 86.4(3) 

O41-Fe2-O1 90.2(3) O41-Fe2-N2 88.8(3) 

O41-Fe2-N3 86.7(3) O41-Fe2-N5 164.1(3) 

O9-Fe2-O1 100.0(3) O9-Fe2-O41 95.5(3) 

O9-Fe2-N2 175.5(3) O9-Fe2-N3 101.3(3) 

O9-Fe2-N5 100.4(3) N3-Fe2-N2 77.8(3) 

N3-Fe2-N5 90.8(3) N5-Fe2-N2 75.3(3) 

O5-Fe3-O7 93.4(3) O5-Fe3-N1 85.8(3) 

O5-Fe3-N8 162.9(3) O5-Fe3-N9 89.4(3) 

O7-Fe3-N1 82.7(3) O7-Fe3-N8 89.3(3) 

O7-Fe3-N9 160.0(3) O11-Fe3-O5 97.7(3) 

O11-Fe3-O7 99.1(3) O11-Fe3-N1 175.9(4) 

O11-Fe3-N8 98.5(4) O11-Fe3-N9 100.2(3) 

N8-Fe3-N1 77.8(3) N8-Fe3-N9 82.4(3) 

N9-Fe3-N1 77.7(3) O6-Fe4-N10 162.5(4) 

O6-Fe4-N12 84.2(4) O6-Fe4-N15 93.0(4) 

O10-Fe4-O6 89.3(3) O10-Fe4-N10 87.9(4) 

O10-Fe4-N12 85.6(6) O10-Fe4-N15 164.2(5) 

O11-Fe4-O6 100.7(3) O11-Fe4-O10 97.7(3) 

O11-Fe4-N10 96.8(4) O11-Fe4-N12 174.1(4) 

O11-Fe4-N15 97.2(4) N10-Fe4-N12 78.3(4) 

N15-Fe4-N10 85.2(4) N15-Fe4-N12 79.2(6) 
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Table A45. Selected Bond angles (°) for 27·2CH3CN·H2O. 

Mn1-O1 1.769(3) Mn3-O7 1.848(3) 

Mn1-O2 1.921(3) Mn3-O19 2.231(4) 

Mn1-O18 1.777(4) Mn3-O24 1.819(3) 

Mn1-N1 2.026(4) Mn3-N2 2.262(4) 

Mn1-N4 2.031(5) Mn3-N7 2.036(4) 

Mn1-N10 2.125(4) Mn3-N12 2.142(4) 

Mn2-O3 1.923(3) Mn4-O1 1.836(4) 

Mn2-O7 1.769(3) Mn4-O9 2.248(3) 

Mn2-O24 1.769(3) Mn4-O18 1.816(3) 

Mn2-N3 2.051(4) Mn4-N5 2.114(4) 

Mn2-N6 2.132(4) Mn4-N8 2.046(4) 

Mn2-N14 2.009(4) Mn4-N13 2.287(4) 

 

Table A46. Selected Bond angles (°) for 29·2CH3CN. 

O1-Mn1-N1 91.32(17) O2-Mn2-N31 97.06(19) 

O1-Mn1-N2 86.39(17) O2-Mn2-N51 176.55(19) 

O1-Mn1-N4 167.74(17) O2-Mn2-N61 103.2(2) 

O2-Mn1-O1 95.48(17) O3-Mn2-N61 168.85(18) 

O2-Mn1-N1 172.92(19) O4-Mn2-O2 84.30(17) 

O2-Mn1-N2 97.17(18) O4-Mn2-O3 90.37(16) 

O2-Mn1-N4 92.66(19) O4-Mn2-N31 176.6(2) 

O4-Mn1-O1 94.22(18) O4-Mn2-N51 97.87(18) 

O4-Mn1-O2 87.77(18) O4-Mn2-N61 91.22(19) 

O4-Mn1-N1 93.74(17) N31-Mn2-O3 86.52(18) 

O4-Mn1-N2 174.95(18) N31-Mn2-N51 80.9(2) 

O4-Mn1-N4 95.25(19) N31-Mn2-N61 91.5(2) 

N2-Mn1-N1 81.24(18) N51-Mn2-O3 94.69(19) 

N4-Mn1-N1 80.32(19) N51-Mn2-N61 74.2(2) 

N4-Mn1-N2 83.50(19) Mn1-O2-Mn2 92.38(18) 

O2-Mn2-O3 87.96(17) Mn1-O4-Mn2 93.28(18) 
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Table A47. Selected Bond angles (°) for 34·H2O. 

O1-Mn1-O2 95.12(16) O7-Mn3-N7 97.80(17) 

O1-Mn1-O18 88.10(18) O7-Mn3-N12 178.23(17) 

O1-Mn1-N1 94.05(18) O19-Mn3-N2 167.97(16) 

O1-Mn1-N4 94.17(19) O24-Mn3-O7 84.39(16) 

O1-Mn1-N10 171.93(18) O24-Mn3-O19 89.30(15) 

O2-Mn1-N1 168.14(18) O24-Mn3-N2 92.14(17) 

O2-Mn1-N4 87.41(17) O24-Mn3-N7 177.69(17) 

O2-Mn1-N10 91.99(17) O24-Mn3-N12 96.31(16) 

O18-Mn1-O2 96.54(16) N7-Mn3-O19 90.04(16) 

O18-Mn1-N1 91.26(18) N7-Mn3-N2 88.05(18) 

O18-Mn1-N4 175.26(18) N7-Mn3-N12 81.52(17) 

O18-Mn1-N10 94.87(19) N12-Mn3-O19 93.35(15) 

N1-Mn1-N10 78.41(18) N12-Mn3-N2 74.62(17) 

N4-Mn1-N1 84.44(19) O1-Mn4-O9 88.63(15) 

N4-Mn1-N10 82.3(2) O1-Mn4-N5 172.45(16) 

O3-Mn2-N3 86.58(17) O1-Mn4-N8 100.57(19) 

O3-Mn2-N6 91.78(16) O1-Mn4-N13 96.96(17) 

O3-Mn2-N14 169.54(18) O9-Mn4-N13 173.13(16) 

O7-Mn2-O3 95.74(16) O18-Mn4-O1 84.45(17) 

O7-Mn2-N3 97.90(17) O18-Mn4-O9 88.14(15) 

O7-Mn2-N6 172.37(17) O18-Mn4-N5 94.86(18) 

O7-Mn2-N14 92.23(18) O18-Mn4-N8 170.09(17) 

O24-Mn2-O3 94.37(17) O18-Mn4-N13 96.36(17) 

O24-Mn2-O7 88.63(17) N5-Mn4-O9 98.87(15) 

O24-Mn2-N3 173.29(18) N5-Mn4-N13 75.62(17) 

O24-Mn2-N6 92.12(17) N8-Mn4-O9 83.47(16) 

O24-Mn2-N14 92.58(17) N8-Mn4-N5 81.29(19) 

N3-Mn2-N6 81.21(18) N8-Mn4-N13 91.54(17) 

N14-Mn2-N3 85.62(18) Mn1-O1-Mn4 92.24(17) 

N14-Mn2-N6 80.15(18) Mn2-O7-Mn3 91.82(15) 

O7-Mn3-O19 88.28(15) Mn1-O18-Mn4 92.79(17) 

O7-Mn3-N2 103.75(17) Mn2-O24-Mn3 93.01(16) 
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Table A48. Selected Bond angles (°) for 35·H2O. 

O2-Mn1-N1 86.19(7) O7-Mn1-O2 80.92(8) 

O2-Mn1-N2 150.98(8) O7-Mn1-N1 103.11(8) 

O2-Mn1-N3 87.80(8) O7-Mn1-N2 85.06(8) 

O4-Mn1-O2 97.17(8) O7-Mn1-N3 167.60(8) 

O4-Mn1-O7 201.06(8) N2-Mn1-N1 72.39(8) 

O4-Mn1-N1 154.82(8) N2-Mn1-N3 102.75(8) 

O4-Mn1-N2 110.59(8) N3-Mn1-N1 70.79(7) 

O4-Mn1-N3 84.37(8)   

 

Table A49. Selected Bond angles (°) for 38·2CH3OH. 

O1-Ni1-N2 92.15(9) N1-Ni1-O1 87.62(9) 

O2-Ni1-O1 93.66(9) N1-Ni1-O6 175.56(9) 

O2-Ni1-N6 91.80(8) N1-Ni1-N2 78.03(9) 

O2-Ni1-N1 90.62(9) N3-Ni1-O1 170.84(9) 

O2-Ni1-N2 167.02(9) N3-Ni1-O6 86.59(9) 

O2-Ni1-N3 94.22(9) N3-Ni1-N1 96.95(10) 

O6-Ni1-O1 88.51(8) N3-Ni1-N2 81.10(9) 

O6-Ni1-N2 99.95(9)   

 

Table A50. Selected Bond angles (°) for 39·2CH3OH·H2O. 

O5-Ni1-O8 92.5(2) O2-Ni2-N4 92.7(3) 

O5-Ni1-O9 91.9(3) O2-Ni2-N6 172.9(3) 

O5-Ni1-N1 93.0(3) O3-Ni2-O2 91.5(2) 

O5-Ni1-N2 173.8(3) O3-Ni2-N4 93.2(3) 

O5-Ni1-N3 94.8(3) O3-Ni2-N6 90.5(3) 

O8-Ni1-O9 90.1(3) O4-Ni2-O2 90.7(3) 

O8-Ni1-N2 93.0(3) O4-Ni2-O3 93.8(3) 

O8-Ni1-N3 91.2(3) O4-Ni2-N4 172.2(3) 

O9-Ni1-N2 91.1(3) O4-Ni2-N5 89.3(3) 

N1-Ni1-O8 174.4(3) O4-Ni2-N6 95.9(3) 

N1-Ni1-O9 90.5(3) N5-Ni2-O2 92.6(3) 

N1-Ni1-N2 81.5(3) N5-Ni2-O3 174.8(3) 

N1-Ni1-N3 87.6(3) N5-Ni2-N4 83.5(3) 

N3-Ni1-O9 173.1(3) N5-Ni2-N6 85.0(3) 

N3-Ni1-N2 82.1(3) N6-Ni2-N4 80.4(3) 
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Table A51. Selected Bond angles (°) for 46. 

N1-Ni2-N2 91.71(15) O2-Ni2-N2 172.78(15) 

N1-Ni2-N3 82.23(15) O2-Ni2-N3 95.73(13) 

N1-Ni2-O1 174.07(15) O2-Ni2-O1 87.32(13) 

N1-Ni2-O2 91.39(14) O3-Ni2-N2 93.52(14) 

N1-Ni2-O3 94.66(14) O3-Ni2-N3 171.04(13) 

N2-Ni2-N3 78.23(14) O3-Ni2-O1 91.18(13) 

N2-Ni2-O1 88.93(14) O3-Ni2-O2 92.73(13) 

O1-Ni2-N3 92.13(13)   

 

Table A52. Selected Bond angles (°) for 52. 

O1-Co1-O3 89.67(12) O4-Co1-N3 89.70(14) 

O1-Co1-N1 166.24(14) N1-Co1-O3 86.92(13) 

O1-Co1-N2 89.24(14) N1-Co1-N2 78.58(15) 

O1-Co1-N3 86.60(13) N1-Co1-N3 96.80(14) 

O3-Co1-N2 103.03(14) O8-Cd2-O22 86.7(3) 

O4-Co1- O1 95.79(13) O8-Cd2-N1 107.5(3) 

O4-Co1- O3 90.34(13) O8-Cd2-N2 127.8(3) 

O4-Co1-N1 97.55(14) N3-Co1-O3 176.25(13) 

O4-Co1-N2 165.76(14) N3-Co1-N2 77.28(15) 

  

Table A53. Selected Bond angles (°) for 53·CH3OH·2H2O. 

O2-Co1-N2 86.8(2) O1-Co2-N1 166.4(2) 

O2-Co1-O7 167.1(2) O1-Co2-O4 60.5(2) 

O2-Co1-O8 106.5(2) O3-Co2-O1 107.5(2) 

O2-Co1-N5 92.0(3) O3-Co2-N1 86.0(2) 

O2-Co1-N6 93.0(3) O3-Co2-N3 90.9(3) 

N2-Co1-O7 106.0(2) O3-Co2-O4 167.6(2) 

O8-Co1-N2 166.5(2) O3-Co2-N4 92.1(3) 

O8-Co1-O7 60.8(2) N1-Co2-O4 106.1(2) 

N5-Co1-N2 79.0(3) N3-Co2-O1 97.8(3) 

N5-Co1-O7 92.5(3) N3-Co2-N1 80.3(3) 

N5-Co1-O8 98.0(3) N3-Co2-O4 93.8(3) 

N5-Co1-N6 156.3(3) N3-Co2-N4 157.6(3) 

N6-Co1-N2 78.2(3) N4-Co2-O1 102.4(3) 

N6-Co1-O7 87.8(3) N4-Co2-N1 77.7(3) 

N6-Co1-O8 102.8(3) N4-Co2-O4 87.9(3) 
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Table A54. Selected Bond angles (°) for 54·H2O. 

O1-Co1-N1 93.94(12) O5-Co1-N2 86.48(11) 

O21-Co1-O1 95.84(11) O5-Co1-N3 171.77(12) 

O21-Co1-O5 91.86(11) N2-Co1-O1 169.20(11) 

O21-Co1-N1 164.64(11) N2-Co1-N1 78.47(11) 

O21-Co1-N2 93.23(11) N2-Co1-N3 99.73(12) 

O21-Co1-N3 93.16(11) N3-Co1-O1 85.64(11) 

O5-Co1-O1 87.38(11) N3-Co1-N1 75.79(12) 

O5-Co1-N1 100.40(12)   

 

Table A55. Selected Bond angles (°) for 55·8H2O. 

O1-Co1-O2 93.41(14) N1-Co1-O2 172.24(15) 

O1-Co1-O3 92.07(14) N1-Co1-O3 85.10(16) 

O1-Co1-N1 91.39(15) N1-Co1-N2 79.69(17) 

O1-Co1-N2 168.55(15) N1-Co1-N3 100.35(17) 

O1-Co1-N3 94.04(15) N3-Co1-O2 85.41(16) 

O2-Co1-O3 88.62(14) N3-Co1-O3 171.70(16) 

O2-Co1-N2 96.26 (15) N3-Co1-N2 80.66(16) 

O3-Co1-N2 94.29(16)   

 

Table A56. Selected Bond angles (°) for 56. 

O1-Ni1-O3 91.59(16) O21-Ni2-O5 89.86(17) 

O1-Ni1-O10 88.64(17) O21-Ni2-N1 176.94(19) 

O1-Ni1-N2 94.36(18) O21-Ni2-N5 99.27(18) 

O1-Ni1-N3 170.04(18) O21-Ni2-N6 83.59(19) 

O3-Ni1-N3 95.00(17) O4-Ni2-O21 87.81(17) 

O10-Ni1-O3 88.74(16) O4-Ni2-O5 92.80(18) 

O10-Ni1-N2 176.26(18) O4-Ni2-N1 94.72(19) 

O10-Ni1-N3 98.95(18) O4-Ni2-N5 170.08(19) 

N2-Ni1-O3 88.95(18) O4-Ni2-N6 92.8(2) 

N2-Ni1-N3 78.33(19) O5-Ni2-N5 94.15(19) 

N4-Ni1-O1 93.21(18) N1-Ni2-O5 88.30(19) 

N4-Ni1-O3 171.06(19) N1-Ni2-N5 78.43(19) 

N4-Ni1-O10 83.85(18) N6-Ni2-O5 171.2(2) 

N4-Ni1-N2 98.19(19) N6-Ni2-N1 98.0(2) 

N4-Ni1-N3 81.3(2) N6-Ni2-N5 81.1(2) 
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Table A57. Selected Bond angles (°) for 57. 

O31-Ni1-O21 61.7(3) O71-Ni2-O51 62.9(3) 

O31-Ni1-N1 167.5(4) O71-Ni2-N4 167.5(3) 

O4-Ni1-O21 166.2(3) O8-Ni2-O51 167.9(3) 

O4-Ni1-O31 104.4(3) O8-Ni2-O71 105.4(3) 

O4-Ni1-N1 88.0(4) O8-Ni2-N4 87.1(4) 

O4-Ni1-N2 89.4(4) O8-Ni2-N5 89.9(4) 

O4-Ni1-N3 92.7(4) O8-Ni2-N6 90.6(4) 

N1-Ni1-O21 105.8(4) N4-Ni2-O51 104.6(3) 

N2-Ni1-O21 92.2(4) N5-Ni2-O51 89.3(4) 

N2-Ni1-O31 96.4(4) N5-Ni2-O71 99.4(4) 

N2-Ni1-N1 83.1(4) N5-Ni2-N4 79.8(4) 

N3-Ni1-O21 89.9(3) N6-Ni2-O51 93.7(4) 

N3-Ni1-O31 99.5(3) N6-Ni2-O71 97.0(4) 

N3-Ni1-N1 79.9(3) N6-Ni2-N4 83.1(4) 

N3-Ni1-N2 162.8(4) N6-Ni2-N5 162.8(4) 

 

Table A58. Selected Bond angles (°) for 58·CH3OH·2H2O. 

O1-Ni1-N2 92.90(10) N1-Ni1-O1 175.53(10) 

O2-Ni1-O1 93.30(9) N1-Ni1-O3 88.81(10) 

O2-Ni1-O3 90.38(10) N1-Ni1-N2 83.09(11) 

O2-Ni1-N1 90.93(10) N1-Ni1-N3 90.69(11) 

O2-Ni1-N2 170.47(10) N3-Ni1-O1 90.64(10) 

O2-Ni1-N3 91.30(11) N3-Ni1-O3 178.25(10) 

O3-Ni1-O1 89.74(9) N3-Ni1-N2 81.39(11) 

O3-Ni1-N2 96.89(10)    

 

Table A59. Selected Bond angles (°) for 59·2CH3OH·2H2O. 

O1-Ni1-N1 103.50(19) N2-Ni1-N1 110.3(2) 

O1-Ni1-N2 94.05(19) N2-Ni1-N10 77.27(18) 

O1-Ni1-N10 170.94(18) O10-Ni1-N1 126.64(17) 

O1-Ni1-O10 101.24(18) O10-Ni1-N2 114.21(19) 

N1-Ni1-N10 77.57(18) O10-Ni1-N10 84.87(17) 
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Table A60. Selected Bond angles (°) for 60·CH3OH·2H2O. 

O1-Cd1-O2 54.87(10) N3-Cd1-N2 70.11(13) 

O1-Cd1-O5 96.60(11) O3-Cd2-O4 54.44(10) 

O1-Cd1-N2 107.50(11) O3-Cd2-O8 104.93(11) 

O2-Cd1-O5 129.64(10) O3-Cd2-N5 132.77(12) 

O2-Cd1-N2 82.23(11) O4-Cd2-N5 155.01 

O6-Cd1-O1 88.03(11) O7-Cd2-O4 83.47(10) 

O6-Cd1-O2 81.41(11) O7-Cd2-O8 54.64(10) 

O6-Cd1-O5 54.43(10) O7-Cd2-N5 90.19(11) 

O6-Cd1-N2 144.60(11) O8-Cd2-N5 11.12(11) 

N1-Cd1-O1 93.43(12) N4-Cd2-O3 81.76(12) 

N1-Cd1-O2 130.50(12) N4-Cd2-O4 131.25(12) 

N1-Cd1-O5 86.03(11) N4-Cd2-O7 128.39(12) 

N1-Cd1-O6 140.26(12) N4-Cd2-O8 87.51(12) 

N1-Cd1-N2 71.96(12) N4-Cd2-N5 70.62(12) 

N1-Cd1-N3 95.66(13) N4-Cd2-N6 132.52(13) 

N2-Cd1-O5 147.91(12) N6-Cd2-O3 104.58(12) 

N3-Cd1-O1 169.23(11) N6-Cd2-O4 83.55(12) 

N3-Cd1-O2 114.47(11) N6-Cd2-O7 78.78(12) 

N3-Cd1-O5 89.78(12) N6-Cd2-O8 132.93(12) 

N3-Cd1-O6 88.66(12) N6-Cd2-N5 71.49(12) 

 

Table A61. Selected Bond angles (°) for 61·CH3OH. 

O11-Cd1-O51 53.8(5) O22-Cd2-N1 86.8(5) 

O11-Cd1-N2 108.0(6) O22-Cd2-O42 55.3(4) 

O11-Cd1-N3 102.5(6) O22-Cd2-N4 94.4(6) 

O11-Cd1-N6 131.3(7) O22-Cd2-N5 138.0(6) 

O6-Cd1-O11 118.7(7) O3-Cd2-N1 150.9(7) 

O6-Cd1-O51 104.7(6) O3-Cd2-O22 109.3(6) 

O6-Cd1-N2 92.7(7) O3-Cd2-O42 119.7(7) 

O6-Cd1-N3 138.8(8) O3-Cd2-N4 84.8(7) 

O6-Cd1-N6 82.7(8) O3-Cd2-N5 106.4(7) 

N2-Cd1-O51 159.3(6) O42-Cd2-N1 89.3(5) 

N2-Cd1-N3 71.2(7) N4-Cd2-N1 69.6(5) 

N3-Cd1-O51 101.2(6) N4-Cd2-O42 144.8(6) 

N6-Cd1-O51 79.4(7) N5-Cd2-N1 71.8(6) 

N6-Cd1-N2 114.4(7) N5-Cd2-O42 87.9(6) 

N6-Cd1-N3 71.0(6) N5-Cd2-N4 110.3(6) 
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Table A62. Selected Bond angles (°) for 62. 

O4-Cd1-O6 115.2(3) O8-Cd2-O22 86.7(3) 

O4-Cd1-N41 115.8(3) O8-Cd2-N1 107.5(3) 

O4-Cd1-N51 91.0(3) O8-Cd2-N2 127.8(3) 

O4-Cd1-N61 128.3(3) O8-Cd2-N3 94.7(3) 

O6-Cd1- N41 96.3(3) N1-Cd2-O12 83.8(3) 

O6-Cd1- N51 153.7(3) N1-Cd2-O22 103.9(3) 

O6-Cd1- N61 88.3(3) N1-Cd2-N2 72.9(3) 

N41-Cd1- N51 72.6(3) N1-Cd2-N3 144.5(4) 

N61-Cd1- N41 105.5(3) N2-Cd2-O12 90.9(3) 

N61-Cd1- N51 72.5(3) N3-Cd2-O12 96.2(3) 

O22-Cd2-O12 54.5(3) N3-Cd2-O22 104.7(3) 

O22-Cd2-N2 145.1(3) N3-Cd2-N2 71.1(3) 

O8-Cd2-O12 141.2(3)   

 

Table A63. Selected Bond angles (°) for 64. 

O11-Co1-O3 88.57(12) O2-Co1-N3 164.27(14) 

O11-Co1-N1 174.12(12) O3-Co1-N1 97.23(13) 

O11-Co1-N2 97.39(12) O3-Co1-N2 174.04(13) 

O11-Co1-N3 83.57(12) O3-Co1-N3 101.91(13) 

O2-Co1-O11 90.12(11) N1-Co1-N2 76.81(13) 

O2-Co1-O3 92.29(12) N1-Co1-N3 96.13(13) 

O2-Co1-N1 88.68(12) N3-Co1-N2 79.22(13) 

O2-Co1-N2 87.36(12)   

 

Table A64. Selected Bond angles (°) for 66·CH3OH·5H2O. 

O4-Ni1-O7 89.78(12) O6-Ni1-N14 87.27(12) 

O4-Ni1-N1 84.94(12) O7-Ni1-N1 99.44(14) 

O4-Ni1-N2 174.25(13) O7-Ni1-N14 174.71(12) 

O4-Ni1-N14 95.52(12) N1-Ni1-N14 81.23(15) 

O6-Ni1-O4 89.75(11) N2-Ni1-O7 95.97(13) 

O6-Ni1-O7 92.61(12) N2-Ni1-N1 93.83(13) 

O6-Ni1-N1 166.79(14) N2-Ni1-N14 78.74(14) 

O6-Ni1-N2 90.24(12)   
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Table A65. Selected Bond angles (°) for 67·2CH3OH·11H2O. 

O2-Co1-O7 101.20(13) O13-Co2-N9 102.64(18) 

O2-Co1-O8 88.25(13) N7-Co2-O14 88.39(14) 

O2-Co1-N1 103.17(15) N7-Co2-N8 77.79(15) 

O2-Co1-N2 93.14(15) N8-Co2-O14 101.88(13) 

O2-Co1-N3 169.71(13) N9-Co2-O14 88.64(14) 

O7-Co1-O8 60.35(11) N9-Co2-N7 153.62(16) 

O7-Co1-N3 88.98(13) N9-Co2-N8 77.20(15) 

N1-Co1-O7 96.81(13) O31-Co3-N5 99.06(14) 

N1-Co1-O8 156.38(13) O15-Co3-O31 84.90(14) 

N1-Co1-N2 108.81(15) O15-Co3-N4 86.19(15) 

N1-Co1-N3 76.84(14) O15-Co3-N5 93.27(15) 

N2-Co1-O7 146.92(14) O15-Co3-N6 166.75(15) 

N2-Co1-O8 90.84(13) O16-Co3-O31 93.97(13) 

N2-Co1-N3 77.28(15) O16-Co3-O15 97.72(15) 

N3-Co1-O8 95.57(13) O16-Co3-N4 91.29(15) 

O12-Co2-O14 173.18(12) O16-Co3-N5 163.64(16) 

O12-Co2-N7 91.32(15) O16-Co3-N6 91.61(17) 

O12-Co2-N8 84.71(13) N4-Co3-O31 170.19(15) 

O12-Co2-N9 94.60(15) N4-Co3-N5 77.34(16) 

O13-Co2-O12 87.96(13) N6-Co3-O31 170.19(15) 

O13-Co2-O14 85.47(13) N6-Co3-N4 103.05(17) 

O13-Co2-N7 103.24(18) N6-Co3-N5 79.76(17) 

O13-Co2-N8 172.62(14)   
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