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Abstract 

For rapid advances and widespread interest in the study of macromolecules of nanoscopic 

dimensions, a fascinating growth in the field of supramolecular chemistry is observed over the 

past few decades. In this regard, with the pioneering work of Fujita et al. and Robson et al., 

coordination driven self-assemblies have gained considerable attention for the synthesis of 

discrete and polymeric structures with desired structural topologies. Coordination driven self-

assembly, which proceeds via the simultaneous assembly of predetermined building blocks, 

provides a greater control over the rational design of coordination architectures as metal ligand 

coordination bonds are highly directional in nature. The design principle primarily depends on 

the judicious selection of metal ion/cluster and multitopic organic linkers, resulting in the 

formation of coordination architectures with targeted structural topologies and 

physicochemical properties. 

This thesis work presents the strategic design of such architectures via multicomponent self-

assembly of metal ion, neutral polypyridyl ligands and anionic carboxylate linkers in a one-

pot self-assembly procedure without the need of any predesigned precursors. Their solid state 

structures (discrete or polymeric) have been established by single crystal X-ray diffraction 

analysis and their bulk phase purity has been supported by various analytical techniques like 

powder X-ray diffraction, FT-IR, UV-Vis spectroscopy, thermo gravimetric and elemental 

analysis. The structural diversity of these coordination architectures has been systematically 

studied by changing one variable at a time and this understanding has been further utilized in 

the tailor-made synthesis of coordination architectures for targeted applications. The utility of 

these materials in different areas, particularly in the field of (i) heterogeneous catalysis for 

some well-known organic transformations (Knoevenagel reaction, Strecker reaction and 

Biginelli reaction), (ii) selective carbon dioxide capture, separation and its chemical 

conversion into value-added cyclic carbonates by porous metal organic frameworks (MOFs) 

and (iii) sensing of nitroaromatic compounds by discrete molecular squares or by luminescent 

MOFs have been explored to further support the underlying strategy designed for the 

construction of these coordination architectures. 
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CHAPTER I 

Introduction 

In the past few decades, enormous efforts have been devoted to the construction of 

aesthetically appealing functional structures with sizes that approach nanoscopic 

dimensions. Further advances and widespread interest in the study of macromolecules have 

resulted a fascinating growth in the field of supramolecular chemistry. Today, the field of 

supramolecular chemistry has grown into a mature field of modern science whose interface 

with many disciplines have provided invaluable opportunities for crossing boundaries both 

inside and between the fields of chemistry, physics, and biology. Cooperative interactions 

are ubiquitous and plays the fundamental role in all aspects of supramolecular chemistry. 

When one has control over the synthesis of structures containing well defined cavities with 

deliberately designed cooperative interactions, supramolecular systems can be designed for 

targeted applications. The interest into the field of supramolecular chemistry started after 

the discovery of “crown ethers”, “cryptands”, and “spherands” by Charles John Pedersen,1 

Donald James Cram2 and Jean-Marie Lehn3 in early 1960s, followed by their importance in 

the recognition process via non-covalent interactions such as hydrogen bonding, charge-

charge, donor-acceptor, - and van der Walls etc. Synthetic organic chemists enjoy the 

luxury of having a large collection of reliable reactions for preparing small molecules, 

mesoscopic structures, and polymers. However, as the scale and complexity of target 

molecules increases, the step-wise synthesis of large discrete supramolecular structures 

becomes increasingly difficult.4 Metal−ligand bonding circumvents many of the difficulties 

associated with directional control afforded by predictable and well-defined coordination 

geometries of transition metal ions. The concept was established with the pioneered work 

of Makoto Fujita5 in 1990 for the synthesis of molecular square using a square planar metal 

complex (Figure 1.1). The cis-capping of the square planar metal complex provides the 

required coordination sites at 90º angle (which is a daunting task with organic building 

blocks) and controls the polymerization to form infinite framework structures. On the basis 

of various interactions used in the self-assembly process, supramolecular chemistry can be 

broadly classified into three main branches: (a) those that utilize H-bonding, (b) processes 

that uses noncovalent interactions such as ionion, ion-dipole, π-π stacking, van der Waals, 

and hydrophobic interactions, and (c) those that employ strong and directional metal-ligand 

bonds for the assembly process. 



2 

 

 

Figure 1.1. (a) Openings at different angles provided by simple organic and inorganic precursors 

and (b) represents the cis-capping strategy to control the infinite polymeric networks. 

Coordination-driven self-assembly process has gained considerable attention over the other 

approaches for the rational design of such architectures6–16 as the metal ligand coordination 

bonds are much predictable and directional in nature. In addition, the ligand structure can 

be modulated in a desirable manner by established synthetic organic chemistry. The self-

assembly process to design the metal based supramolecules offers an alternative to the 

classical organic route because it proceeds via the simultaneous assembly of pre-determined 

building blocks, resulting in well-defined, discrete supramolecular architectures. The 

strategy has been very much explored for designing molecules of desired dimensions 

ranging from a few cubic angstroms to over a cubic nanometer. Since the early pioneering 

work by Lehn17 and Sauvage18 on the feasibility and usefulness of coordination driven self-

assembly in the formation of infinite helicates, grids, ladders, racks, knots, rings, catenanes, 

rotaxanes, and related species,19–23 several groups—those of Stang,9,10,12,14 Raymond,24–26 

Fujita,6,11,13,27 Mirkin,16,28 Cotton,29,30 and others31–33—have independently developed and 

exploited novel coordination based paradigms for the self-assembly of discrete 

metallacycles and metallacages with well-defined shapes and sizes. A diverse range of 2D 

(rhomboids, squares, rectangles, and triangles, etc.) and 3D (trigonal pyramids, trigonal 

prisms, cubes, cuboctahedra, double squares, adamantanoids, dodecahedra, etc.) 
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supramolecular architectures have been reported. The precursors to these architectures can 

be grouped as Lewis acidic metal complexes as “acceptors” and Lewis basic organic ligands 

as “donors”. Using different donor-acceptor combinations, various synthetic strategies have 

been employed for the metal-ligand coordination.8,10,12 Of the various synthetic strategies, 

the directional bonding approach, established by Fujita5,34 and Stang’s35 group gives access 

to a wide variety of 2D and 3D supramolecular architectures. The basic structural 

requirements for this approach consist of structural rigidity and pre-defined bite angle of 

the complementary precursors with appropriate stoichiometry. In practice, many other 

factors are important and have a great influence on the experimental results, for instance the 

solvent choice, the temperature, precursor’s concentrations, the order of building blocks 

introduction, and/or the rate of mixing of the substrates. As shown in Figure 1.2, the 

symmetry and number of binding sites within each precursor unit guide the shape of the 

target assembly. The structural and functional features of these self-assembled structures 

result from the information stored in the components and their intrinsic properties that are 

dictated by the presence of functional groups.  

Figure 1.2. Combination of various building units for accessing 2D (left) and 3D (right) 

supramolecular architectures by directional bonding approach. (Adapted from reference 11). 

There have been several reports in the literature which explains the design principles of 

these architectures based on either the different classes of building blocks (donors or 

acceptors) or based on different structures of the final architectures.36–48 Among the metal-

mediated assembly of molecular polygons, molecular squares represent a special class of 

metallacycles because of their ease of preparation, conformational stability, and the 

distinctive properties they exhibit, and hence have gained extensive attention of the 

synthetic chemists. According to the directional bonding approach, a molecular square can 

be formed by the combination of a 90º corner unit with a linear bridging ligand. Thus, there 

are two complementary ways to design a molecular square: (a) by the combination of a 90º 
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metal-containing acceptor having two accessible cis-coordination sites with linear donor 

units and (b) by using a 180º linear metal-containing acceptor and a ligand with donor atoms 

at 90º to each other. Almost any transition metal with a square-planar, trigonal-bipyramidal, 

or an octahedral geometry can be used as a corner unit. However, transition metals with 

square-planar geometries are most widely used because cis-protected 90º metal corner units 

can be easily derived by blocking adjacent coordination sites with strong chelating ligands, 

leaving the other two sites accessible for ligand substitution. Since the pioneered work of 

Fujita et al.,5 a vast number of molecular squares have been reported utilizing this strategy.6–

15,16,27 There have been several attempts in the literature to design functional molecular 

squares by using functional corner ligands or functional linkers. For example, in addition to 

the simple cis-protected corner ligands, titanocene,49,50 carbazole51 and fluxional thiacrown-

based52 corner ligands in combination with a variety of ligand edges ranging from 

porphyrins,10 luminescent perylene diimides53 and redox-active ferrocene derivatives10 to 

chiral linkers such as phosphine-functionalized binapthols54 have been utilized for the 

synthesis of cationic molecular squares. A set of neutral molecular squares have also been 

reported either by using divalent metal ions with neutral chelating bidentate ligands at the 

corners with anionic alkynyl linkers55–57 or by using divalent metal ions with anionic ligands 

at the corners with neutral linkers.58,59 A very different approach was explored by Cotton et 

al. by fusing the multiply bonded dimetallic angular building units (Mo2
4+, Rh2

4+ or Ru2
5+) 

with linear building units, such as dicarboxylates, for [4 + 4] self-assembled molecular 

squares.29,30 This area has been populated by several reports on many transition metal 

containing molecular squares in the literature.7,60–65 For various synthetic strategies 

employed, one important prerequisite is the use of pre-synthesized donor/acceptor 

counterparts with fixed directionalities in a two-component self-assembly process. 

On the other hand, coordination polymers are the extended form of the discrete coordination 

architectures, where, the basic building blocks containing metal ions and organic ligands 

assemble infinitely leading to one-, two-, and three-dimensional networks (Figure 1.3), are 

commonly known as coordination polymers.66–71 The term “polymer” was first employed 

by J.J. Berzelius in 1833 to describe any compound that could be formulated as consisting 

of multiple units of a basic building block. In comparison to the organic polymers the term 

“coordination polymer” was defined by J. C. Bailear in 1964 for inorganic compounds that 

can be considered as polymeric species and established rules for the building and the 

required properties of new species involving metal ions and organic ligands. The basic 

requirement for the coordination polymer is that the ligand must be a bridging organic group 
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and the metal atoms must solely be bridged by this organic ligand at least in one extended 

dimension. Furthermore, at least one carbon atom must lie between the donor atoms. The 

last requirement excludes groups such as organyloxides (RO−), organophosponates 

(RPO3
2−) or organosulfonates (RSO3

−), which bridge with their one “inorganic” end group 

only, from giving rise to coordination polymers. Also the metal-ligand assemblies where 

the metal is bridged by “inorganic” bridges, such as –(R,H)O–, –Cl–, –CN–, –N3–, –

(R,O)PO3– and –(R,O)SO3– cannot be considered as coordination polymers.69,72  

 

Figure 1.3. Schematic representation of 1D, 2D or 3D coordination polymers. 

The development in the field of coordination chemistry of extended structures have gained 

considerable attention after the structural characterization of Prussian blue73 in 1977 which 

was in use since early 1700s, and Hoffman clathrate,74 which was first synthesized in 1897. 

It was found later that the structure of the Hofmann clathrate is composed entirely of 

inorganic constituents: square planar and octahedral Ni2+ ions linked by cyanide into a 2D 

square grid. Notably, the axial positions of the octahedral metal ions are occupied by 

ammonia ligands thus pushing the layers apart and creating voids that are accessible for the 

inclusion of organic guests. In 1959, Saito et al. reported the first bis(alkylnitrilo)copper(I) 

structures composed of tetrahedral Cu(–CN)4 units.75–77 These building units are connected 

through organic moieties of different lengths and thus propagate into extended networks of 

varying dimensions. Depending on the length and conformation of the dinitrile linker, one‐

dimensional chains in case of succinonitrile (SUC), two‐dimensional grid structures in case 

of glutaronitrile (GLU) and three‐dimensional networks in case of adiponitrile (ADI) were 

obtained (Figure 1.4). With this understanding of the geometric aspects of the bonding in 

coordination chemistry of extended networks, a hallmark discovery was reported by 

Hoskins and Robson in 1989 and provided an important rationale for the deliberate design 

and synthesis of extended nets.78 In their contribution they utilized the tetrahedral single‐

metal building unit Cu(–CN)4 together with the tetrahedral organic linker 4,4′,4′′,4′′′‐
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tetracyanotetraphenylmethane (TCTPM), to afford an infinite, non‐interpenetrated, 3D 

framework with diamond net topology. Utilizing the simple design principles many 

coordination polymers with diamond-type, pts-type and alb- or ths-type framework 

topologies have been reported using tetrahedral, square planer and tritopic cyano based 

organic linkers, respectively.66 

 

Figure 1.4. Different bis(alkylnitrilo)copper(I) structures: one‐dimensional chains sustained by 

succinonitrile (SUC), two‐dimensional grid structures with glutaronitrile (GLU), and three‐

dimensional networks made of adiponitrile (ADI) linkers. 

Another inspiration for the design of this kind of materials composed of metal ions and 

organic linkers started with the modification of the original Hoffman clathrates. Several 

series of the analogous clathrates have been derived by appropriate replacements of the host 

moieties. These clathrates are designated with a general formula Cd(diam)M'(CN)4.nG 

where diam refers to diammine, an ambident diamine or monoethanolamine (mea), or a pair 

of unidentate mea's, M'(CN)4 is a square-planar or a tetrahedral tetracyanometallate(II), and 

G is a small aromatic guest molecule.79 In addition to the cyano-based organic linkers, the 

use of pyridyl based bifunctional linkers for the synthesis of such coordination polymers 

evolved after the first two‐dimensional square grid network reported by Fujita et al.80 The 

framework can be considered as an extended form of 4,4′-bipyridine based discrete 

molecular square reported by the same group.1 It is composed of Cd(bpy)2(NO3)2 (bpy = 

4,4′-bipyridine) and contains large guest filled voids that can render catalytic processes with 

respect to cyanosilylation. The bridging ability of pyridyl-based bifunctional linkers was 

further utilized for connecting Hoffman clathrates; it was found that the capping ammonia 
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ligands can be replaced by bis(pyridyl) linkers, thereby connecting the 2D layers to form 

3D coordination architectures. Further progress in the field of coordination polymers based 

on cyano- and bis(pyridyl) organic ligands have resulted in the development of porous 

coordination polymers of varied dimensionalities and topologies. For example, a range of 

porous structures with diamond-like, ThSi2 (ths) and primitive cubic (pcu) topology with 

open pores having about 50% empty space of the total unit cell volume have been 

reported.81–83 However, while considering these materials for practical applications, most 

of the porous structures were found to be unstable upon loss of guest molecules.  

The instability issue underlined the need for developing strategies for making robust 

frameworks that exhibit permanent porosity so that they can be utilized for various 

applications. The instability of the cyano- and pyridyl-based coordination polymers was 

thought to be due to the weak bonding interactions between the linker and the metal center 

and the flexibility of the coordination sphere around the metal center. In order to design 

permanently porous structures, Yaghi and co-workers84 reported the use of charged 

chelating carboxylate linker to lock the metal–ion positions in place and allow for robust 

metal–carboxyl clusters to be used as nodes in making extended structure. In contrast to the 

neutral donor linkers, the charged linkers provide much stronger bonding to the metal ion. 

Other advantage which is often observed is that the polynuclear metal–carboxyl clusters 

(also referred to as secondary building units, SBUs) had one kind of an overall coordination 

mode, ensuring the stiffness of the local geometry and thus the architectural robustness of 

the resulting framework. This kind of porous and robust structures were termed as metal 

organic frameworks (MOFs), which were defined as “crystalline compound consisting of 

metal ions or clusters coordinated to often rigid organic molecules to form two-, or three-

dimensional structures that can be porous”. This different nomenclature for the metal 

organic structures was made on the basis of their structural aspects; the term coordination 

polymer very broadly encompasses all the extended structures based on metal ions linked 

into an infinite chain, sheet, or three-dimensional architecture by bridging ligands that 

usually contain carbon atom, whereas the term MOF is much more specific to be used for 

two- or three-dimensional networks. Chronology of advances in the coordination chemistry 

of extended structures is presented in Figure 1.5. 

After establishing the permanent porosity and robustness of the 2D framework, the same 

group reported the first 3D extended framework, MOF-5 [Zn4O(BDC)3], shortly after the 

discovery of the 2D MOF structure.85 The 3D structure, constructed from octahedral 

Zn4O(−COO)6 SBUs and BDC linkers, constituted the highest reported surface area for any  
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Figure 1.5. Chronology of advances in coordination chemistry of extended structures. 

structure known at the time. The enormous popularity of this structure inspired the 

researchers towards a rapid development of MOF chemistry, which has come to entail the 

largest class of synthetic crystalline materials known today.86,87 It was shown that a series 

of MOF-5 prototypes could be obtained by using extended or functionalized BDC 

analogous as linkers.88 A series of MOFs based on the same net or topology with different 

void volume and pore environment were reported and the concept was defined as 

isoreticular (from the Greek term “iso” meaning “same” and Latin “reticulum” meaning 

“net”) MOF (IRMOFs) synthesis. In addition to the linear BDC analogous, the concept of 

IRMOFs synthesis was further explored for the synthesis of functional MOF structures with 

different tritopic, tetratopic and hexatopic carboxylate linkers and different sets of metal 

carboxylate clusters as SBUs.87 

The interest in the coordination architectures started with the initial work of Fujita et al. and 

Robson et al. for the synthesis of coordination driven discrete and polymeric architectures, 

respectively. Both of these fields have attracted considerable scientific interest due to the 

discovery of ways for the tailor-made synthesis of a diverse range of 2D (rhomboids, 

squares, rectangles, and triangles, etc.) and 3D (trigonal pyramids, trigonal prisms, cubes, 

cuboctahedra, double squares, adamantanoids, dodecahedra, etc.) discrete and polymeric 

architectures. Coordination polymers (or MOFs) with high surface area have now taken an 
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important position in the porous-materials area and are added as a new category along with 

conventional inorganic and organic porous materials. Porous coordination polymers have 

an extra advantage of structural manipulations as per the requirements. For example, the 

inorganic part (SBU) provides regularity and rigidity and the porosity and functionality can 

be tuned by judicious selection of the organic linkers. Therefore, these materials display a 

large structural diversity based on various geometries of metal ion/cluster (node) and size, 

shape, and multifunctionality of the organic linkers. 

Studies in the area of crystal engineering of coordination architectures have witnessed an 

upsurge in recent years not only because of their variety of intriguing architectures and 

topologies,10,12,89–92 but also because of their potential applications in areas that includes  

gas/vapour separation and storage,93–97 sensors,98–100 magnetism101,102 drug delivery,103–109 

water treatment,110 heterogeneous catalysis111–116 and embedding of nano-particles (Figure 

1.6).117–123 As discussed above, a lot of effort has been made in the rational design of these 

materials as the diverse properties of the coordination architectures are closely related to 

their structures, and could be modulated by tailoring their structures via crystal 

engineering.124–128 The diverse selection of organic ligands and inorganic nodes in 

constructing such coordination architectures has given an opportunity to build a library of 

discrete and polymeric architectures with varied dimensionalities and functionalities. 

Keeping in mind the above-mentioned factors, the synthesis of a series of discrete and 

polymeric coordination architectures using multicomponent self-assembly process are 

reported in work. Out of various synthetic methods available in literature (e.g. one pot self-

assembly at ambient conditions, hydro/solvothermal, sonochemical, electrochemical and 

microwave) the ambient and hydro/solvothermal protocols for the synthesis of these 

coordination architectures have been mainly employed for the present work. Based on their 

underlying design strategy these materials are further utilized for various applications 

(Figure 1.6), which are discussed below. 

Catalysis 

In its classical definition, a catalyst is a substance that increases the rate of a reaction without 

being consumed considerably. The active site in the catalyst and its interaction with 

reactant(s), transition state(s), and product(s) define whether the desired reaction will 

proceed with a higher rate and selectivity at relatively milder conditions compared to the 

non-catalyzed reaction. A catalyst can work in a homogeneous and heterogeneous manner; 

both these sub disciplines have their own advantages and limitations. To bridge the gap 
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between these two sub disciplines of catalysis, intense research has been carried out over 

the last few decades in the quest for alternative systems. Coordination architectures have 

evolved as a relatively new class of materials that have the potential to become the ideal 

homo–hetero bridge.111–116,129–131 

  

Figure 1.6. A schematic representation showing the synthesis and various applications of the 

coordination architectures. 

However, the term ‘coordination architectures’ has been known since early 1950s; the first 

catalytic process within a coordination architecture was addressed through cyanosilylation 

of benzaldehyde and imines in 1994.80 This inspired the researchers to explore the concept 

of coordination chemistry to design such architectures, which has led to numerous elegant 

examples. In general, the Lewis acid open metal site or Bronsted basic organic functional 

site acts as the active catalytic site in these architectures and it is not surprising that the 

design of such active sites is one of the main targets of catalyst engineering. Coordination 

architectures are very good candidates for this purpose because of their ease of structure 

tunability using various sets of the organic linker which provides the site for catalysis. As 

shown in Figure 1.7, multiple active sites can be incorporated into the coordination 

architectures.  
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Figure 1.7. A schematic diagram representing different catalytic sites in a coordination architecture. 

In addition to the open metal site, various basic and hydrogen bond donating sites can be 

incorporated by judicious ligand design. The available empty space and high surface area 

of some of these architectures provide the opportunity for embedding metal nanoparticles, 

which is an active area of research for designing catalysts with multiple active sites.117–123  

Sensing 

A chemical sensor can be defined as a device that responds with perfect and instantaneous 

selectivity to a particular target chemical substance (analyte) present in any desired medium 

in order to produce a measurable signal output at any required analyte concentration. 

Chemical sensors are used for sensing diverse entities like explosives, toxic gases, neutral 

molecules, solvent molecules, temperature, pH, acids/bases, vapors, anions, cations, 

fungicides, fumigants, biological entities like cells, virus, antibodies, and pesticides 

etc.98,132–136 Sensing by these materials is strongly dependent on the molecular recognition 

and self-assembly of these chemical structures by various supramolecular interactions 

resulting in a change in the physical properties which is observed using different analytical 

techniques.137,138 Out of various analytical techniques used, fluorescence sensing has 

evolved as the most popular technique. It is based on the fluorescent-tagged molecules in 

the coordination architecture or using the lanthanides as metal center which can produce 

fluorescence after interacting with the organic ligand. Fluorescence is based on the property 

of some molecules which when hit by a photon, can absorb the energy of that photon to get 
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into an excited state. Upon relaxation from that excited state, the same molecule releases a 

photon (fluorescence emission). Any interference in this process results in a change in the 

fluorescence emission. There are four ways by which this change in the fluorescence 

emission can takes place. First is turn-on fluorescence in which an enhancement in the 

fluorescence intensity (hyperchromic shift) takes place while the second is the turn-off 

fluorescence in which a decrease in the fluorescence intensity (hypochromic shift) is 

observed. Other two are the change in the max to the higher wavelength, known as red shift 

(bathochromic shift) and the change towards lower wavelength known as blue shift 

(hypsochromic shift). All these changes in the fluorescence are due to the different 

interactions of an external analyte or guest molecule with the framework which can trigger 

the electron or energy transfer between the framework and the analyte.100,139–141 

Coordination architectures have evolved as very promising candidates as chemical sensors 

for the solution or vapour phase detection of various analytes.100,142–147 Importance of these 

materials have extensively increased because of their exceptional structure tunability and 

also because these materials can interact with different analytes due to the presence of 

different interaction sites which can be anchored using various design principles of 

coordination chemistry. Out of a range of different analytes, the sensing of small molecules 

such as nitro aromatics is an essential task to accomplish as these serve as potential 

pollutants and explosive materials used in terrorist activities. Coordination architecture have 

shown excellent potential for detecting a range of organic molecules and ions, however, 

still there is much room for improvement. 

Carbon dioxide capture and conversion 

Carbon dioxide (CO2), as the major greenhouse gas, has been cited as the leading culprit, 

causing global warming and subsequent climate changes.96,148,149 During the last 10 years, 

the mean annual absolute CO2 concentration has increased by 2.21 ppm per year and is 

responsible for about 83 % of the increase in radiative forcing over the past 5 years.150 

Therefore, it is of immense importance to develop such systems which can work 

successfully in the process of carbon dioxide capture and sequestration (CCS) thus can help 

in reducing the greenhouse emission. Human activities, mainly burning of fossil fuels are 

largely increasing the concentration of CO2 in the atmosphere (Figure 1.8). 

Since fossil fuels will remain to be the major energy source for many years and an 

immediate halt of CO2 emission is not possible, a global effort has recently been devoted to 

developing new technologies and processes for the effective capture and sequestration of  
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Figure 1.8. Global greenhouse gas emission sources in 2004 of which approximately 77% are 

represented by CO2 emissions. (Adapted from reference 155). 

CO2 from post-combustion effluents, such as flue gas wastes Carbon capture and 

sequestration (CCS), where carbon dioxide is removed from industrial flue gases has 

attracted considerable attention as it is technologically feasible and could play a significant 

role in reducing greenhouse gas emissions.151–153 Numerous efforts have been made to 

develop effective methods and materials capable of CCS.96 Recent works on numerous 

materials including aqueous absorbents like alkanolamine or ionic liquid-based wet 

scrubbing systems and solid porous adsorbent, such as, zeolites and activated carbons have 

demonstrated their potential for adsorption-based separation,96,154–157 but these CCS 

technologies still suffer from reusability and gas selectivity issues.   

Adsorption of carbon dioxide is considered to be one of the most promising, competitive, 

and viable technologies for the commercial and industrial CCS applications because of its 

low energy requirement and broad applicability over a relatively wide range of temperature 

and pressure. Coordination architectures, particularly, metal organic frameworks as a new 

class of crystalline porous organic−inorganic hybrid materials have emerged as promising 

candidates for gas storage and separation applications, particularly in the area of carbon 

capture,96,158–162 and have therefore received significant attention as cost-effective and 

efficient carbon capture materials. For selective CO2 capture/separation from other gases, 

like CO2/N2 (post-combustion), CO2/H2 (pre-combustion), CO2/O2 (air separation), and 

CO2/CH4 (natural gas purification), high porosity of the framework is not the only 

prerequisite, instead, several factors like (a) suitable pore sizes for their size-exclusive 
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effects, (b) functional sites and (c) several parameters of gases like kinetic diameters and 

their electric properties, i.e., quadrupole moment and polarization, are even much more 

important.151,163–174 Aiming at selective CO2 capture into the MOFs, current efforts are 

largely devoted to enhance the CO2 binding affinity in MOFs. Reported strategies include 

control over the pore size and shape,171 incorporation of open metal sites or donor/basic 

sites,175–177 and immobilization of polar functional groups (–NO2, –NH2, , –OH, –COOH, –

CONH2, –SO3H, –F, and –CF3 etc.) in their pore surfaces.171,175–179 

Beyond the well-studied CCS using sorbent materials, chemical transformation of CO2, into 

value-added industrial products turns into an alternative yet sustainable means, given that 

CO2 represents an abundant, nontoxic, and inexpensive C1 building block.180,181 In 

particular, the synthesis of cyclic carbonates from CO2 and epoxides is of great promise 

because of high atom efficiency, and the generated carbonates can be broadly utilized as 

starting materials for electrolytes, polycarbonates, and aprotic polar solvents. However, 

because of the thermodynamic and kinetic stability of CO2, the chemical fixation of CO2 is 

not easy. Therefore, it is imperative and attractive to develop methods to activate and 

convert CO2 catalytically to high-value chemicals. A variety of homogeneous and 

heterogeneous catalysts such as alkali-metal salts,182 transition metal complexes,183 ionic 

liquids,184 zeolites,185,186 metal oxides,187 and so forth have been exploited to promote the 

efficient synthesis of cyclic carbonates from CO2 and epoxides via cycloaddition reactions. 

In contrast to these mentioned catalysts, MOFs as heterogeneous catalysts have some 

advantages because of their high surface area, tunable pore size, and functionality. Although 

some MOFs have been considered as effective heterogeneous catalysts in the chemical 

conversion and fixation of CO2,188–201 some factors such as the pore size effect of the 

frameworks towards reaction substrates should be well investigated during the processes of 

MOF-based CO2 chemical conversion. 

Scope and Significance of present work 

The thesis work presents the multi component self-assembly of discrete and polymeric 

coordination architectures using either ambient or hydro/solvothermal synthetic conditions. 

As the selection of organic ligand/linker is one of the most important criterion, the ligands 

and linkers used in this study have been classified into four different categories- (i) includes 

neutral tridentate and bis-tridentate capping ligands for the synthesis of discrete and 

polymeric coordination architectures, (ii) includes the rigid, flexible and functional pillar 

ligands and neutral tetradentate ligands for the synthesis of porous coordination polymers 
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with varied dimensionalities and functionalities, (iii) includes bent dicarboxylates, a 

tricarboxylate and a semi rigid tetrahedral tetracarboxylate linker used for the synthesis of  

 

 

 

Figure 1.9. Structures of the neutral poly(pyridyl) ligands.  
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these coordination architectures and (iv) includes the functionalized carboxylate linkers for 

the synthesis of nitrogen-rich coordination polymers for enhanced carbon dioxide capture 

and separation. All these ligands have been synthesized in good yields and high purity. The 

chemical structures of the ligands used in this study are shown in Figures 1.9 and 1.10. 

 

Figure 1.10. Structures of the anionic carboxylate linkers. 

There are only few reports so far in the literature for the carboxylates shown in Figure 1.10. 

Furthermore, their synthetic accessibility has encouraged us to choose the silicon centered 

carboxylate linkers for this work. It is equally important to point out that the dicarboxylate 

linkers can be structurally modified to tricarboxylate and tetracarboxylate linkers for a 

systematic studies while keeping the other factors constant. Utilizing the combination of the 

carboxylate linkers and neutral polypyridyl ligands with various metal ions, the present 

work illustrates the controlled and tailored synthesis of coordination architectures of desired 

topology and functionality by judicious selection of organic ligands and metal ions. The 

work presents a new strategy for the synthesis of discrete molecular squares based on 

octahedral metal centers using multi-component self-assembly process without the need of 

pre-synthesized donor-acceptor counterparts. The selective adsorption and separation of 

carbon dioxide into the porous coordination architectures shows their significant role in the 
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gas purification for the environmental applications. The incorporation of catalytic active 

sites into the porous coordination architectures shows their significant role as heterogeneous 

catalysts for various organic transformations and catalytic chemical fixation of the carbon 

dioxide into value added chemicals and utilization of the greenhouse carbon dioxide gas as 

an abundant C1 building block. Further, the ligand functionalization into the framework 

structures illustrates the impact of functional sites for enhanced carbon dioxide uptake 

capacity and selectivity. 
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CHAPTER II 

Experimental Section 

2.1 Materials and Methods 

All chemicals and solvents used for synthesis were obtained from commercial sources and 

were used as received, without further purification, unless specifically mentioned. All 

reactions involving n-BuLi were carried out in oven-dried glassware and were performed 

under an inert atmosphere of nitrogen. Di-ethyl ether and tetrahydrofuran (THF) were dried 

by distillation over sodium metal prior to use.  

2.2 Physical Measurements 

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.p.) 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 cary5000 UV-Vis 

spectrophotometer using KBr medium. 

Florescence emission spectra were obtained using a Horiba Scientific Fluorolog 3 



20 

 

Spectrophotometer with stirring mode with a cuvette of 10 mm path length. To obtain the 

spectra a slurry of compound was prepared in a particular solvent by stirring for 15 minutes.  

Powder X-ray diffraction 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 parallel beam geometry (2.5° primary and 

secondary solar slits, 0.5° 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 

for room temperature measurement while on a copper sample holder for variable 

temperature measurement. The data were collected over an angle range 5° to 50° (5° to 40° 

for VT-PXRD) with a scanning speed of 2° per minute with 0.02° step.   

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 

monochromated Mo K radiation using the program APEX2.202 By using the program 

SAINT202 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 XPREP202 was used for the processing of data that included determination of 

space group, application of an absorption correction (SADABS),202 merging of data, and 

generation of files necessary for solution and refinement. Using Olex2,203 the structure was 

solved with the ShelXT204 structure solution program using Intrinsic Phasing and refined 

with the ShelXL205 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 

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

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

molecules were highly disordered. Therefore, the Olex2203 masking program was used to 

remove the diffused electron density due to the disordered solvent molecules. 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 in each case 
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were refined with anisotropic displacement parameters except where mentioned. Every 

attempt has been made to account for the electron densities above 1 e Å-3 in each case. The 

residual electron density above this value in some cases are either due to the electron 

densities split over different positions due to the disordered lattice solvent molecules or the 

ghost peaks very close to the metal centers. Crystallographic parameters and basic 

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

summarized in appendix. All figures were drawn using and MERCURY V 3.10.2205 and 

DIAMOND V 3.2206 hydrogen bonding parameters were generated using PLATON.207,208  

Gas/Vapour sorption measurements were recorded for pressures in the range 0–1.2 bar by 

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 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  

The neutral N-donor capping ligands (bpta, tpen, tpbn, tphxn and tpxn), or bidentate pillar 

ligands (dpb, 4-bpdb, 4-bpdh, 3-bpdb, 3-bpdh, 4-bpmp, 3-bpmp, 1,5-ND-4-Py and 1,5-

ND-3-Py) or tetradentate (4-tpom and 3-tpom) were synthesized following literature 

procedures.209–229 The carboxylate linkers H2dmsdba, H3mstba and H4tcps were 

synthesized by following the literature procedures with slight modifications.230–233 The 

triazole functionalized tetracarboxylate linkers H4dmsbta and H4tpstba were synthesized 

by the azide-alkyne cycloaddition using well known Click chemistry.234–238 

General procedure for H2dmsdba, H3mstba and H4tcps. A solution of n-BuLi and dry 
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THF was made in a 250 mL Schlenk flask and cooled to –78 °C under a nitrogen 

atmosphere. The solution equivalent amount of MenSi(PhBr)4-n in THF was added dropwise 

to the flask at -78 °C with a positive flow of nitrogen gas. After stirring the reaction mixture 

for 1 h, a large excess of crushed dry ice was added to it maintaining this temperature for 1 

h. It was then allowed to warm slowly to room temperature and stirred for further 12 h. The 

reaction was quenched by adding 1N aqueous HCl solution and stirred for 20 mins. The 

organic phase was separated, washed with water and brine solution and dried over 

anhydrous Na2SO4. Removal of THF under reduced pressure gave a white residue which 

was recrystallized using ethyl acetate-hexane mixture to afford the corresponding 

carboxylic acids as a white solid.  

H2dmsdba: Yield: 68%, selected FTIR peaks (KBr, cm-1): 1688, 1596, 1549, 1502, 1415, 

1293, 1091, 829, 758, 711, 498. 1H NMR (400 MHz, δ ppm, DMSO-d6): 7.93 (d, J= 8, 4H), 

7.65 (d, J= 8, 4H), 0.59 (s, 6H). 13C NMR (100 MHz, δ ppm, DMSO-d6): 167.7, 143.6, 

134.5, 131.9, 128.9, -2.6. 

H3mstba: Yield: 75%, selected FTIR peaks (KBr, cm-1): 1692, 1598, 1551, 1498, 1415, 

1291, 1092, 829, 754, 709, 502. 1H NMR (400 MHz, δ ppm, DMSO-d6): 7.97 (d, J= 8, 6H), 

7.61 (d, J= 8, 6H), 0.93 (s, 3H). 13C NMR (100 MHz, δ ppm, DMSO-d6): 167.7, 140.8, 

135.5, 132.4, 129.1, -3.8. 

H4tcps: Yield: 70%, selected FTIR peaks (KBr, cm-1): 1690, 1595, 1553, 1499, 1416, 1290, 

1093, 830, 754, 709, 504. 1H NMR (400 MHz, δ ppm, DMSO-d6): 8.02 (d, J= 8, 8H), 7.63 

(d, J= 8, 8H). 13C NMR (100 MHz, δ ppm, DMSO-d6): 167.6, 138.0, 136.5, 132.9, 129.3. 

Procedure for H4dmsbta. It was synthesized using the following multi-step synthetic 

procedure. 

Step 1: bis(4-bromophenyl)dimethylsilane. It was synthesized according to the reported 

procedure.232 

Step 2: dimethylbis(4-((trimethylsilyl)ethynyl)phenyl)silane. It was synthesized 

according to literature reported method with slight modifications. In an oven dried 25 mL 

round bottom flask, 3.7 g (10 mmol) of bis(4-bromophenyl)dimethylsilane , 280 mg (0.4 

mmol) of [Pd(PPh3)2Cl2], 150 mg (0.8 mmol) of copper(I) iodide and 260 mg (1 mmol) of 

triphenyphosphine was taken along with 5 mL of dry THF and 20 mL triethylamine. To this 

solution, 4.2 mL (30 mmol, 2.5 eq.) of TMS-acetylene was added and the reaction mixture 

was stirred at room temperature under N2 environment. The reaction was monitored by 

TLC. After 24 hours the spot due to the starting material was completely disappeared. The 

insoluble substance was filtered off and washed with ethyl acetate. The combined filtrate 
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was dried over sodium sulphate and evaporated to give the crude solid which was purified 

by column chromatography over silica gel using ethyl acetate/hexane (0-5 %) as eluent to 

give the product as a pale yellow solid (2.8 g, yield: 70%). 1H NMR (400 MHz, δ 

ppm,CDCl3): 7.45 (d, J = 8 Hz, 4H), 7.42 (d, J = 8 Hz, 4H), 0.55 (s, 6H), 0.27 (s, 18 H). 13C 

NMR (100 MHz, δ ppm, CDCl3): 138.57, 133.91, 131.11, 123.85, 105.05, 94.98, -0.02, -

2.60.  

Step 3: bis(4-ethynylphenyl)dimethylsilane. The terminal alkyne was obtained by the 

deprotection of the TMS bond using potassium carbonate. In a 250 mL round bottom flask 

a solution of 2 g (4.95 mmol) of TMS protected alkyne, dimethylbis(4-

((trimethylsilyl)ethynyl)phenyl)silane in 150 mL DCM/Methanol (1:1) mixture was made 

and 1.5g (10 mmol) of dry K2CO3 was added to this solution. The reaction mixture was 

stirred at room temperature for 5-6 h. The reaction was monitored by TLC using hexane as 

eluent. The deprotected product was obtained after 5 h. The solvent was evaporated and 30 

mL of water was added to the crude solid. The product was extracted with DCM (40 mL + 

20 mL). The organic layer was collected and dried over sodium sulphate and evaporated to 

give the pure product as a white solid. (1.2 g, yield: 93%). 1H NMR (400 MHz, δ ppm, 

CDCl3): 7.49 (d, J = 8 Hz, 4H), 7.47 (d, J = 8 Hz, 4H), 3.13 (s, 2H), 0.57 (s, 6H).  13C NMR 

(100 MHz, δ ppm, CDCl3): 138.90, 134.00, 131.35, 122.90, 83.62, 77.87, 2.64.  

Step 4: dimethyl 5-azidoisophthalate. In a 250 mL round bottom flask 2 g (9.56 mmol) of 

dimethyl-5-aminoisophthalate was added along with 100 mL of 6 N HCl solution. The 

suspension thus obtained was cooled to 0 ºC. To this solution, a previously cooled aqueous 

solution of 700 mg (10 mmol) of sodium nitrite (NaNO2) was slowly added and stirred at 

this temperature for 30 minutes. An aqueous solution of 650 mg (10 mmol) of sodium azide 

(NaN3) was then slowly added to the reaction mixture at 0 ºC. After the complete addition 

the temperature was allowed to rise slowly to room temperature and the reaction mixture 

was stirred overnight. The white precipitate thus formed was filtered and washed with 

copious water and dried in air to get the pure product as white solid (2.1 g, yield: 93%).  1H 

NMR (400 MHz, δ ppm, CDCl3): 8.46 (s, 1H), 7.89 (s, 2H), 3.98 (s, 6H). 13C NMR (100 

MHz, δ ppm, CDCl3): 165.41, 141.26, 132.28, 126.90, 124.04, 52.66. 

Step 5: tetramethyl 5,5'-(4,4'-((dimethylsilanediyl)bis(4,1-phenylene))bis(1H-1,2,3-

triazole-4,1 diyl))diisophthalate. To a solution containing 350 mg (1.35 mmol) of the 

terminal alkyne and 820 mg (3.5 mmol) of the dimethyl-5-azidoisophthalate in 50 mL THF 

and 15 mL water in a 100 mL round bottom flask, 125 mg (0.5 mmol) of copper sulphate 

pentahydrate and an excess of sodium ascorbate, 500 mg (2.5 mmol) was added. The 
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reaction mixture was heated to 60 ºC and stirred for 3 days under nitrogen atmosphere. 

Then, 50 mL of DCM and 50 mL water was added to the reaction mixture and the organic 

layer was separated. The aqueous layer was again extracted with 20 mL DCM. The 

combined organic layer was collected and dried over sodium sulphate and concentrated 

under reduced pressure to get the yellow solid which was used as obtained for the next step. 

(0.90 g, yield: 91%). 1H NMR (400 MHz, δ ppm, CDCl3): 8.77 (s, 2H), 8.70 (s, 4H), 8.38 

(s, 2H), 7.96 (d, J = 8 Hz, 4H), 7.69 (d, J = 8 Hz, 4H), 4.04 (s, 12H), 0.66 (s, 6H). 13C NMR 

(100 MHz, δ ppm, CDCl3): 165.05, 148.86, 138.81, 137.41, 134.88, 132.50, 130.49, 130.35, 

125.30, 125.00, 117.61, 52.92, 2.39. ESI-TOF-HRMS: m/z calcd. for C38H34N6O8Si: 

731.2285, found: 731.2316 [M+H]+. 

Step 6: H4dmsbta. The corresponding acid was obtained by the hydrolysis of the ester 

group. 1 g (1.36 mmol) of methyl ester was dissolved in 50 mL THF and 100 mL water 

mixture and 400 mg of sodium hydroxide was added to the solution. The reaction mixture 

was stirred overnight at room temperature. THF was removed under reduced pressure and 

the remaining solution was filtered and acidified to pH 1 with dilute HCl. The yellow 

precipitate formed was filtered and washed with water and air dried. (0.87 g, yield: 94%). 

1H NMR (400 MHz, δ ppm, CDCl3): 13.80 (s, 4H), 9.69 (s, 2H), 8.73 (s, 4H), 8.53 (s, 2H), 

8.01 (d, J = 8 Hz, 4H), 7.70 (d, J = 8 Hz, 4H), 0.63 (s, 6H). 13C NMR (100 MHz, δ ppm, 

CDCl3): 166.17, 147.99, 138.46, 137.55, 135.06, 133.66, 131.25, 129.80, 125.24, 124.88, 

120.63, 2.22. ESI-TOF-HRMS: m/z calcd for C34H26N6O8Si: 675.1659, found: 675.1628 

[M+H]+. Selected FTIR peaks (KBr, cm-1): 3382, 1722, 1682, 1603, 1463, 1427, 1247, 

1173, 1090, 812, 760, 663, 522.  

Procedure for H4tpstba. It was synthesized using the following multi-step synthetic 

procedure. 

Step 1: tetrakis(4-bromophenyl)silane. It was synthesized according to the reported 

procedure.233 

Step 2: tetrakis(4-((trimethylsilyl)ethynyl)phenyl)silane. It was synthesized according to 

the procedure discussed above. In an oven dried 25 mL round bottom flask 3.2 g (5 mmol) 

of tetrakis(4-bromophenyl)silane, 280 mg (0.4 mmol) of [Pd(PPh3)2Cl2], 150 mg (0.8 

mmol) of copper(I) iodide and 260 mg (1 mmol) of triphenyphosphine was taken along with 

5 mL of dry THF and 20 mL triethylamine. To this solution, 4.2 mL (30 mmol, 6 eq.) of 

TMS-acetylene was added and the reaction mixture was stirred at room temperature under 

N2 environment. The reaction was monitored by TLC. After 24 h the spot due to the starting 

material was completely disappeared. The insoluble substance was filtered off and washed 
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with ethyl acetate. The combined filtrate was dried over sodium sulphate and evaporated to 

give the crude solid which was purified by column chromatography over silica gel using 

ethyl acetate/hexane (0-5 %) as eluent to give the product as a pale yellow solid (2.65 g, 

yield: 75%). 1H NMR (400 MHz, δ ppm, CDCl3): 7.47 (d, J = 8 Hz, 8H), 7.42 (d, J = 8 Hz, 

8H), -0.27 (s, 36 H). 13C NMR (100 MHz, δ ppm, CDCl3): 135.98, 133.70, 131.32, 124.70, 

104.73, 95.86, -0.06.  

Step 3: tetrakis(4-ethynylphenyl)silane. The terminal alkyne was obtained by the 

deprotection of the TMS bond using potassium carbonate. In a 250 mL round bottom flask, 

a solution of 2.1g (3 mmol) of TMS protected alkyne, tetrakis(4-

((trimethylsilyl)ethynyl)phenyl)silane in 150 mL DCM/Methanol (1:1) mixture was made 

and 2.3 g (15 mmol) of dry K2CO3 was added to this solution. The reaction mixture was 

stirred at room temperature for 5-6 h. The reaction was monitored by TLC using hexane as 

eluent. The deprotected product was obtained after 4 h. The solvent was evaporated and 50 

mL of water was added to the crude solid. The product was extracted with DCM (50 mL + 

25 mL). The organic layer was collected and dried over sodium sulphate and evaporated to 

give the pure product as a white solid. (1.1 g, yield: 87%). 1H NMR (400 MHz, δ ppm, 

CDCl3): 7.53 (d, J = 8 Hz, 8H), 7.49 (d, J = 8 Hz, 8H), 3.17 (s, 4H).  13C NMR (100 MHz, 

δ ppm, CDCl3): 136.08, 133.90, 131.60, 123.85, 83.35, 78.61.  

Step 4: methyl 4-azidobenzoate. To a 250 mL round bottom flask 1.5g (10 mmol) of 

methyl-4-aminobenzoate was added along with 100 mL of 6 N HCl solution. The 

suspension thus obtained was cooled to 0 ºC. To this solution, a previously cooled aqueous 

solution of 700 mg (10 mmol) of sodium nitrite (NaNO2) was slowly added and stirred at 

this temperature for 30 minutes. An aqueous solution of 650 mg (10 mmol) of sodium azide 

(NaN3) was then slowly added to the reaction mixture at 0 ºC. After the complete addition, 

the temperature was allowed to rise slowly to room temperature and the reaction mixture 

was stirred overnight. The white precipatate thus formed was filtered and washed with 

copious water and dried in air to get the pure product as white solid (1.5 g, yield: 85%). 1H 

NMR (400 MHz, δ ppm, CDCl3): 8.04 (d, J = 8 Hz, 2H), 7.07 (d, J = 8 Hz, 2H), 3.92 (s, 

3H).  13C NMR (100 MHz, δ ppm, CDCl3): 166.31, 144.74, 131.39, 126.64, 118.63, 52.16.  

Step 5: tetramethyl 4,4',4'',4'''-(4,4',4'',4'''-(silanetetrayltetrakis(benzene-4,1-diyl)) 

tetrakis(1H-1,2,3-triazole-4,1-diyl))tetrabenzoate. 388 mg (0.9 mmol) of the terminal 

alkyne and 800 mg (4.5 mmol) of the methyl-4-azidobenzoate was added to a mixture of 

150 mL THF and 50 mL water in a 250 mL round bottom flask. Then copper sulphate 

pentahydrate (125 mg, 0.5 mmol, 5 mL H2O) and an excess of sodium ascorbate (500 mg, 
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2.5 mmol, 5 mL H2O) was added to the above solution. The reaction mixture was heated to 

50 ºC and stirred for 3 days under nitrogen atmosphere. Then 50 mL of DCM and 50 mL 

water was added to the reaction mixture and the organic layer was separated. The aqueous 

layer was again extracted with 50 mL DCM. The combined organic layer was collected and 

dried over sodium sulphate and concentrated under reduced pressure to get the yellow solid. 

(0.92 g, yield: 90%). 1H NMR (400 MHz, δ ppm, CDCl3): 8.36 (s, 4H), 8.25 (d, J = 8 Hz, 

8H), 8.00 (d, J = 8 Hz, 8H), 7.95 (d, J = 8 Hz, 8H), 7.77 (d, J = 8 Hz, 8H), 3.50 (s, 12H). 

13C NMR (100 MHz, δ ppm, CDCl3): 165.92, 148.51, 140.01, 137.05, 134.16, 131.43, 

130.32, 125.52, 119.90, 118.85, 117.75, 52.53. ESI-TOF-HRMS: m/z calcd. for 

C64H48N12O8Si: 1141.3565, found: 1141.3514 [M+H]+. 

Step 6: H4tpstba. The corresponding acid was obtained by the hydrolysis of the ester group. 

800 mg (0.7 mmol) of methyl ester was dissolved in 50 mL THF and 100 mL water mixture 

and 300 mg of sodium hydroxide was added to the solution. The reaction mixture was stirred 

at room temperature overnight. THF was removed under reduced pressure and the 

remaining solution was filtered and acidified to pH 1 with dilute HCl. The yellow precipitate 

formed was filtered and washed with water and air dried. (650 mg, yield: 85%). 1H NMR 

(400 MHz, δ ppm, DMSO-d6): 9.53 (s, 4H), 8.19 (d, J = 8 Hz, 8H), 8.13 (d, J = 8 Hz, 8H), 

8.10 (d, J = 8 Hz, 8H), 7.75 (d, J = 8 Hz, 8H). 13C NMR (100 MHz, δ ppm, DMSO-d6): 

166.87, 147.82, 139.96, 137.11, 133.82, 132.08, 131.62, 131.15, 125.71, 120.74, 120.22. 

ESI-TOF-HRMS: m/z calcd. for C60H40N12O8Si: 1085.2939, found: 1085.2954 

[M+H]+.Selected FTIR peaks (KBr, cm-1): 3402, 1721, 1685, 1605, 1462, 1435, 1248, 1171, 

1091, 807, 766, 665, 521.  

2.4 Synthesis of Metal Complexes 

Stock solutions for crystallization. For using small quantities of ligands, stock 

solutions were first prepared and the required amount was taken by using calculated 

volume of the stock solutions. For example, a stock solution of 75 mg (0.25 mmol) 

of H2dmsdba was made in 3 mL water using 20 mg (2 equivalent) of sodium 

hydroxide. For each crystallization experiment, 0.3 mL of this stock solution 

containing a solution of 7.5 mg (0.25 mmol) of H2dmsdba with 2 equivalent of 

sodium hydroxide in 0.3 mL water was utilized. 

[Mn2(bpta)2(dmsdba)2(H2O)2] (1). 30 mg (0.1 mmol) of H2dmsdba was dissolved 

in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution of 24.5 mg 

(0.1 mmol) of manganese acetate tetrahydrate and 25.5 mg (0.1 mmol) of bpta in 4 
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mL ethanol/water mixture (1:3) was slowly added at room temperature. After stirring 

for 15 min, a white precipitate appeared. The reaction mixture was stirred for another 

8 h at room temperature to ensure complete precipitation of the product. A white 

solid was collected via filtration, washed with DMF and water, and air-dried. Yield: 

30 mg (48%). Anal. Calcd for C64H74N6O10Si2Mn2 (MW 1252.38): Calc. %C, 61.32; 

%H, 5.95; %N, 6.70 and Found: %C, 60.95; %H, 5.88; %N, 6.61. Selected FTIR 

peaks (KBr, cm-1): 3418 (br), 1591 (s), 1539 (s), 1393 (s), 1101 (m), 1017 (m), 809 

(m), 763 (s), 714 (m). 

[Co2(bpta)2(dmsdba)2(H2O)2] (2). It was synthesized following the general 

procedure as for 1, except that 25 mg (0.1 mmol) of cobalt acetate tetrahydrate was 

used in place of manganese acetate tetrahydrate. A pink solid was collected via 

filtration, washed with DMF and water, and air-dried. Yield 35 mg (55%). Anal. 

Calcd for C64H74N6O10Si2Co2 (MW 1260.36): Calc. %C, 60.93; %H, 5.91; %N, 6.66 

and Found: %C, 60.35; %H, 5.85; %N, 6.55. Selected FTIR peaks (KBr, cm-1): 3426 

(br), 1590 (s), 1539 (s), 1393 (s), 1251 (m), 1101 (m), 809 (m), 763 (s), 714 (m).  

[Ni2(bpta)2(dmsdba)2(H2O)2] (3). It was synthesized following the general 

procedure as for 1, except 25 mg (0.1 mmol) of nickel acetate tetrahydrate was used 

in place of manganese acetate tetrahydrate. A green solid was collected via filtration, 

washed with DMF and water, and air-dried. Yield 31 mg (49.6%). Anal. Calcd for 

C64H74N6O10Si2Ni2 (MW 1259.88): Calc. %C, 60.95; %H, 5.91; %N, 6.66 and 

Found: %C, 59.95; %H, 5.84; %N, 6.41. Selected FTIR peaks (KBr cmˉ1): 3424 (br), 

1590 (s), 1539 (s), 1394 (s), 1245 (m), 1101 (m), 809 (m), 763 (s), 716 (m).  

[Cd2(bpta)2(dmsdba)2(H2O)2] (4). It was synthesized following the general 

procedure as for 1, except 27 mg (0.1 mmol) of cadmium acetate dihydrate was used 

in place of manganese acetate tetrahydrate. A white solid was collected via filtration, 

washed with DMF and water, and air-dried. Yield 40 mg (58%). Anal. Calcd for 

C64H74N6O10Si2Cd2 (MW 1367.32): Calc. %C, 56.16; %H, 5.45; %N, 6.14 and 

Found: %C, 56.20; %H, 5.22; %N, 6.21. Selected FTIR peaks (KBr cmˉ1): 3424 (br), 

1579 (s), 1531 (s), 1393 (s), 1250 (m), 1100 (m), 813 (m), 763 (s), 722 (m).  

Method for crystallization: As all the compounds mentioned above are insoluble in 

common organic solvents, solvothermal technique was employed for their crystallization. 

15 mg (0.05 mmol) of the H2dmsdba was taken in a teflon reactor and dissolved in 0.4 mL 

of DMF. A solution of M(OAc)2
.xH2O (0.05 mmol) (where M = Mn (1), Co (2), Ni (3) and 

Cd (4)) and 12.75 mg (0.05 mmol) of the bpta ligand in 1.6 mL ethanol/water (1:3) was 
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then added to this solution. The reactor was sealed in a stainless steel vessel and heated to 

120 °C for 48 h in a programmable oven and then slowly cooled to room temperature at a 

rate of 4 °C/h. The crystals suitable for single crystal X-ray diffraction analysis were 

obtained in case of 1 and 4 only, while a polycrystalline material was obtained in case of 2 

and 3. 

[Mn2(bpta)2(obba)2(H2O)2] (5). It was synthesized following the general procedure 

as for 1, except 26 mg (0.1 mmol) of H2obba was used in place of H2dmsdba. A white 

solid was collected via filtration, washed with DMF and water, and air-dried. Yield: 

45 mg (76%). Anal. Calcd for C60H62N6O12Mn2 (MW 1168.32): Calc. %C, 61.62; 

%H, 5.34; %N, 7.19 and Found: %C, 61.21; %H, 5.41; %N, 6.92. Selected FTIR 

peaks (KBr, cm-1): 3407 (br), 1684 (s), 1596 (s), 1558 (s), 1495 (m), 1393 (s), 1297 

(m), 1240 (s), 1160 (s), 1095 (m), 1016 (m), 873 (m), 784 (s), 758 (s), 650 (m).  

[Co2(bpta)2(obba)2(H2O)2] (6). It was synthesized following the general procedure 

as for 5, except 25 mg (0.1 mmol) of cobalt acetate tetrahydrate was used in place of 

manganese acetate tetrahydrate. A pink solid was collected via filtration, washed 

with DMF and water, and air-dried.  Yield: 50 mg (86%). Anal. Calcd for 

C60H62N6O12Co2 (MW 1176.31): Calc. %C, 61.20; %H, 5.31; %N, 7.14 and Found: 

%C, 60.85; %H, 5.26; %N, 6.87. Selected FTIR peaks (KBr, cm-1): 3415 (br), 1596 

(s), 1557 (s), 1495 (m), 1393 (s), 1295 (m), 1242 (s), 1159 (s), 1095 (m), 1021 (m), 

873 (s), 784 (s), 759 (s), 652 (m). 

[Ni2(bpta)2(obba)2(H2O)2] (7). It was synthesized following the general procedure 

as for 5, except 25 mg (0.1 mmol) of nickel acetate tetrahydrate was used in place of 

manganese acetate tetrahydrate. A green solid was collected via filtration, washed 

with DMF and water, and air-dried. Yield: 50 mg (85%). Anal. Calcd for 

C60H62N6O12Ni2 (MW 1175.83): Calc. %C, 61.23; %H, 5.31; %N, 7.14 and Found: 

%C, 60.88; %H, 5.22; %N, 6.74. Selected FTIR peaks (KBr, cm-1): 3411 (br), 1596 

(s), 1557 (s), 1496 (m), 1394 (s), 1293 (m), 1244 (s), 1159 (s), 1094 (m), 1024 (m), 

874 (s), 784 (s), 761 (s), 654 (m).  

[Cu2(bpta)2(obba)2(H2O)2] (8). It was synthesized following the general procedure 

as for 5, except 20 mg (0.1 mmol) of copper acetate monohydrate was used in place 

of manganese acetate tetrahydrate. A blue solid was collected via filtration, washed 

with DMF and water, and air-dried. Yield: 30 mg (51%). Anal. Calcd for 

C60H62N6O12Cu2 (MW 1185.53): Calc. %C, 60.73; %H, 5.27; %N, 7.08 and Found: 

%C, 61.47; %H, 5.32; %N, 7.18. Selected FTIR peaks (KBr, cm-1): 3412 (br), 1684 
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(s), 1597 (s), 1571 (w), 1497 (w), 1387 (s), 1292 (m), 1250 (s), 1160 (s), 1103 (w), 

1011 (w), 877 (w), 857 (m), 782 (s), 653 (m). 

[Zn2(bpta)2(obba)2(H2O)2] (9). It was synthesized following the general procedure 

as for 5, except 22 mg (0.1 mmol) of zinc acetate dihydrate was used in place of 

manganese acetate tetrahydrate. A white solid was collected via filtration, washed 

with DMF and water, and air-dried.  Yield: 48 mg (80%). Anal. Calcd for 

C60H62N6O12Zn2 (MW 1186.3): Calc. %C, 60.69; %H, 5.26; %N, 7.08 and Found: 

%C, 61.42; %H, 5.22; %N, 6.87. Selected FTIR peaks (KBr, cm-1): 3410 (br), 1596 

(s), 1557 (s), 1495 (m), 1393 (s), 1295 (m), 1242 (s), 1159 (s), 1097 (w), 1020 (w), 

873 (m), 784 (s), 760 (s), 652 (m). 

[Cd2(bpta)2(obba)2(H2O)2] (10). It was synthesized following the general procedure 

as for 5, except 27 mg (0.1 mmol) of cadmium acetate dihydrate was used instead of 

manganese acetate tetrahydrate. A white solid was collected via filtration, washed 

with DMF and water, and air-dried. Yield: 48 mg (75%). Anal. Calcd for 

C60H62N6O12Cd2 (MW 1283.26): Calc. %C, 56.11; %H, 4.87; %N, 6.54 and Found: 

%C, 56.20; %H, 5.22; %N, 6.21. Selected FTIR peaks (KBr, cm-1): 3415 (br), 1595 

(s), 1558 (s), 1492 (m), 1388 (s), 1299 (w), 1237 (s), 1159 (s), 1096 (m), 1017 (m), 

873 (m), 784 (s), 759 (s), 650 (m). 

Method for crystallization: A solution of the 6.45 mg (0.025 mmol) of H2obba in 

0.2 mL DMF was placed in a narrow glass tube. A solution of (0.025 mmol) of 

M(OAc)2
.xH2O (where M = Mn (5), Co (6), Ni (7), Cu (8), Zn (9) and Cd (10)) and 

6.5 mg (0.025 mmol) of bpta ligand in 1 mL ethanol/water mixture (1:3) was added 

very carefully along the sides of the tube on the top of H2obba solution and kept 

undisturbed. The crystals suitable for single crystal X-ray diffraction analysis were 

obtained in case of 5, 9 and 10 only, while the crystals obtained in case of 6, 7 and 8 

were not good enough for single crystal X-ray diffraction analysis. 

{[Mn2(tpbn)(dmsdba)2(H2O)2].2DMF}n (11). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution 

of 24.5 mg (0.1 mmol) of manganese acetate tetrahydrate and 22.6 mg (0.05 mmol) 

of tpbn in 4 mL ethanol/water mixture (1:3) was slowly added at room temperature. 

After stirring for 15 min, a white precipitate appeared. The reaction mixture was 

stirred for another 8 h at room temperature to ensure complete precipitation of the 

product. A white solid containing mixture of 11 and {[Mn2(tpbn)(dmsdba)2(H2O)2]}n 

11a was collected via filtration, washed with DMF and water, and air-dried. 
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Combined yield for both isomers: 30 mg (48%). Selected FTIR peaks (KBr, cm -1): 

3401 (br), 1654 (m), 1602 (s), 1593 (s), 1538 (s), 1480 (m), 1384 (s), 1311 (m), 1250 

(s), 1155 (m), 1099 (s), 1016 (s), 808 (s), 767 (s), 714 (s), 644 (m), 480 (m)  

{[Mn2(tpbn)(dmsdba)2(H2O)2]}n (11a). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 2 mL water by making the sodium salt of H2dmsdba, using 2 equivalent 

of sodium hydroxide and mixed with a solution of 22.6 mg (0.05 mmol) of tpbn in 5 

mL methanol. The resulting clear solution was subsequently added to a solution of 

24.5 mg (0.1 mmol) of manganese acetate tetrahydrate in 3 mL water. An off white 

precipitate appeared immediately. The reaction mixture was further stirred for 

another 4 h at room temperature to ensure complete precipitation of the product. The 

off-white solid thus obtained was collected via filtration, washed with water and 

ethanol, and air-dried. Yield: 38 mg (63%). Anal. Calcd for C60H64N6O10Si2Mn2 

(MW 1195.30): Calc. %C, 60.29; %H, 5.40; %N, 7.03 and Found: %C, 60.95; %H, 

5.86; %N, 6.91. Selected FTIR peaks (KBr, cm-1): 3400 (br), 1602 (s), 1594 (s), 1539 

(s), 1478 (w), 1438 (m), 1385 (s), 1311 (w), 1257 (m), 1249 (m), 1157 (w), 1099 (s), 

1050 (m), 1015 (m), 829 (w), 809 (s), 768 (s), 714 (s), 481 (w).  

{[Mn2(tphxn)(dmsdba)2(H2O)2].2DMF}n (12). It was synthesized following the 

same procedure as for 11, except 24 mg (0.05 mmol) of tphxn was used in place of 

tpbn. After stirring for 15 min, a white precipitate appeared. The reaction mixture 

was stirred for another 8 h at room temperature to ensure complete precipitation of 

the product. A white solid thus obtained was collected via filtration, washed with 

DMF and water, and air-dried. Yield: 42 mg (68%). Anal. Calcd for 

C68H78N8O12Si2Mn2 (MW 1369.48): Calc. %C, 59.87; %H, 5.76; %N, 8.21 and 

Found: %C, 59.98; %H, 5.21; %N, 8.92. Selected FTIR peaks (KBr, cm-1): 3422 (br), 

1676 (m), 1604 (s), 1591 (s), 1537 (s), 1436 (m), 1386 (s), 1240 (m), 1099 (s), 1017 

(m), 832 (m), 810 (s), 762 (s), 717 (m), 638 (m), 473 (m).  

{[Mn2(tpxn)(dmsdba)2(H2O)2].3MeOH}n (13). It was synthesized following the 

same procedure as for 11a, except 25 mg (0.05 mmol) of tpxn was used in place of 

tpbn. After stirring for 15 min, a white precipitate appeared. The reaction mixture 

was stirred for another 8 h at room temperature to ensure complete precipitation of 

the product. A white solid thus obtained was collected via filtration, washed with 

DMF and water, and air-dried. Yield: 40 mg (64%). Anal. Calcd for 

C67H72N6O11Si2Mn2 (MW 1303.34): Calc. %C, 61.74; %H, 5.57; %N, 6.45 and 

Found: %C, 60.81; %H, 5.87; %N, 6.61. Selected FTIR peaks (KBr, cm-1): 3418 (br), 
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1602 (m), 1583 (s), 1537 (s), 1443 (w), 1385 (s), 1379 (s), 1347 (w), 1251 (m), 1154 

(m), 1097 (s), 1053 (m), 1017 (m), 957 (w), 812 (s), 763 (s), 719 (s), 707 (s), 577 

(w), 477 (w).  

Method for crystallization: In all three cases, the single crystals were obtained by 

slow diffusion technique. A solution of the 7.5 mg (0.025 mmol) of H2dmsdba in 0.2 

mL DMF was placed in a narrow glass tube. A solution of 6 mg (0.025 mmol) of 

manganese acetate tetrahydrate and 5.6 mg (0.0125 mmol) of tpbn (for 11) or 6 mg 

(0.0125 mmol) of tphxn (for 12) or 6.2 mg (0.0125 mmol) of tpxn (for 13) ligand in 

1 mL ethanol/water mixture (1:3) was added very carefully along the sides of the 

tube on the top of H2dmsdba solution and kept undisturbed. In all cases, colourless 

crystals were obtained at the interface of the two solutions after 5-7 days. In case of 

tpbn, a mixture of 11 and 11a was obtained. We have been fortunate to get the single 

crystal X-ray diffraction data for both the isomers. But unfortunately because of 

similar shape and size of both the crystal we have not been able to separate both the 

isomers to study their bulk properties. In order to get the single phase material, the 

crystallization was done in a different solvent combination. For this purpose, a 

solution of 6 mg (0.025 mmol) of manganese acetate in 0.2 mL water was placed in 

a narrow glass tube. A solution of 7.5 mg (0.025 mmol) of H2dmsdba was made in 

0.3 mL water using 2 equivalent of sodium hydroxide and added to a solution of 6 

mg (0.0125 mmol) of tpbn in 1 mL methanol. The resulting clear solution was added 

very carefully along the sides of the tube on the top of manganese acetate solution 

using 1 mL methanol/water buffer (1:1) in between the two solutions. The tube was 

kept undisturbed at room temperature. Colourless crystals of 11a suitable for single 

crystal X-ray diffraction analysis was obtained after 7 days.  

{[Mn2(tpbn)(obba)2]}n (14). 26 mg (0.1 mmol) of H2obba was dissolved in 1 mL 

DMF in a 10 mL round bottom flask. To this solution, a solution of 24.5 mg (0.1 

mmol) of manganese acetate tetrahydrate and 22.6 mg (0.05 mmol) of tpbn in 4 mL 

ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for 

15 min, a white precipitate appeared. The reaction mixture was stirred for anot her 8 

h at room temperature to ensure complete precipitation of the product. The white 

solid thus obtained was collected via filtration, washed with DMF and water, and air-

dried. Yield: 38 mg (70%). Anal. Calcd for C56H48N6O10Mn2 (MW 1074.89): Calc. 

%C, 62.57; %H, 4.50; %N, 7.82 and Found: %C, 61.85; %H, 4.23; %N, 6.95. 

Selected FTIR peaks (KBr, cm-1): 1607 (s), 1592 (s), 1557 (s), 1440 (m), 1412 (s), 
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1391 (s), 1311 (m), 1216 (s), 1155 (s), 1015 (s), 888 (m), 871 (s), 784 (m), 762 (s), 

714 (m), 654 (s), 639 (m), 540 (m), 412 (m).  

{[Mn2(tphxn)(obba)2(H2O)2]}n (15). It was synthesized following the same 

procedure as for 14, except 24 mg (0.05 mmol) of tphxn was used in place of tpbn. 

After stirring for 15 min, a white precipitate appeared. The reaction mixture was 

stirred for another 8 h at room temperature to ensure complete precipitation of the 

product. A white solid thus obtained was collected via filtration, washed with DMF 

and water, and air-dried. Yield: 37 mg (65%). Anal. Calcd for C58H56N6O12Mn2 (MW 

1138.97): Calc. %C, 61.16; %H, 4.96; %N, 7.38 and Found: %C, 60.84; %H, 4.26; 

%N, 6.98. Selected FTIR peaks (KBr, cm-1): 3418 (br), 1605 (s), 1597 (s), 1560 (s), 

1495 (s), 1431 (m), 1395 (s), 1388 (s), 1303 (w), 1241 (s), 1159 (s), 1095 (s), 1054 

(m), 1017 (s), 873 (s), 784 (s), 759 (s), 701 (m), 651 (s), 629 (m), 506 (m), 411 (m).  

{[Mn2(tpxn)(obba)2(H2O)4].6H2O.2EtOH}n (16). 26 mg (0.1 mmol) of H2obba was 

dissolved in 2 mL water by making the sodium salt of H2obba, using 2 equivalent of 

sodium hydroxide and mixed with a solution of 25 mg (0.05 mmol) of tpxn in 5 mL 

ethanol. The resulting clear solution was subsequently added to a solution of 24.5 mg 

(0.1 mmol) of manganese acetate tetrahydrate in 3 mL water. White precipitate 

appeared immediately. The reaction mixture was further stirred for another 4 h at 

room temperature to ensure complete precipitation of the product. The white solid 

thus obtained was collected via filtration, washed with water and ethanol, and air -

dried. Yield: 45 mg (71%). Anal. Calcd for C64H80N6O22Mn2 (MW 1395.22): Calc. 

%C, 55.09; %H, 5.78; %N, 6.02 and Found: %C, 56.01; %H, 5.19; %N, 6.21. 

Selected FTIR peaks (KBr, cm-1): 3386 (br), 1601 (s), 1571 (w), 1552 (s), 1544 (s), 

1497 (m), 1444 (m), 1416 (s), 1379 (s), 1301 (m), 1241 (s), 1157 (s), 1085 (m), 1054 

(s), 1014 (s), 879 (s), 766 (s), 649 (m), 414 (w).  

Method for crystallization: A solution of the 6.5 mg (0.025 mmol) of H2obba in 0.2 

mL DMF was placed in a narrow glass tube. A solution of 6 mg (0.025 mmol) of 

manganese acetate tetrahydrate and 5.6 mg (0.0125 mmol) of tpbn (for 14) and 6 mg 

(0.0125 mmol) of tphxn (for 15) ligand in 1 mL ethanol/water mixture (1:3) was 

added very carefully along the sides of the tube on the top of H2obba solution and 

kept undisturbed. Colourless crystals suitable for single crystal X-ray diffraction 

analysis were obtained after 3-5 days in both the cases.  

A similar technique for crystallization was employed in case of 16 as well, with a 

slight modification. A solution of 6 mg (0.025 mmol) of manganese acetate in 0.2 
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mL water was placed in a narrow glass tube. A solution of 6.5 mg (0.025 mmol) of 

H2obba was made in 0.3 mL water using 2 equivalent of sodium hydroxide and added 

to a solution of 6.2 mg (0.0125 mmol) of tpxn in 1 mL ethanol. The resulting clear 

solution was added very carefully along the sides of the tube on the top of manganese 

acetate solution using 1 mL ethanol/water buffer (1:1) in between the two solutions. 

The tube was kept undisturbed at room temperature. Colourless crystals suitable for 

single crystal X-ray diffraction analysis was obtained after 7 days.  

{[Cd(tpen)2(H2O)][(Cd(dmsdba)2].6H2O}n (17). 30 mg (0.1 mmol) of H2dmsdba 

was dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a 

solution of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate and 21.2 mg (0.05 

mmol) of tpen in 4 mL ethanol/water mixture (1:3) was slowly added at room 

temperature. After stirring for 15 min, a white precipitate appeared. The reaction 

mixture was stirred for another 8 h at room temperature to ensure complete 

precipitation of the product. The white solid thus obtained was collected via 

filtration, washed with DMF and water, and air-dried. Yield: 40 mg (61%). Anal. 

Calcd for C58H70N6O15Si2Cd2 (MW 1372.14): Calc. %C, 50.77; %H, 5.14; %N, 6.12 

and Found: %C, 5.071; %H, 5.22; %N, 5.96. Selected FTIR peaks (KBr, cm-1): 3421 

(br), 1612 (w), 1578 (s), 1528 (s), 1498 (w), 1399 (s), 1249 (m), 1100 (s), 1018 (s), 

829 (m), 813 (s), 765 (s), 725 (s), 660 (w), 553 (w), 481 (w).  

Method for crystallization: The single crystals of the compound was obtained by 

slow diffusion technique. A solution of the 7.5 mg (0.025 mmol) of H2dmsdba in 0.2 

mL DMF was placed in a narrow glass tube. A solution of 6.6 mg (0.025 mmol) of 

cadmium acetate dihydrate and 5.3 mg (0.0125 mmol) of tpen ligand in 1 mL 

ethanol/water mixture (1:3) was added very carefully along the sides of the tube on 

the top of H2dmsdba solution and kept undisturbed. Colourless crystals suitable for 

single crystal X-ray diffraction analysis was obtained at the interface of the two 

solutions after 3 days. 

{[Cd2(tpbn)(dmsdba)2].2H2O}n (18). 30 mg (0.1 mmol) of H2dmsdba was dissolved 

in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution of 26.6 mg 

(0.1 mmol) of cadmium acetate dihydrate and 22.6 mg (0.05 mmol) of tpbn in 4 mL 

ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for 

15 min, a white precipitate appeared. The reaction mixture was stirred for another 8 

h at room temperature to ensure complete precipitation of the product. The white 

solid thus obtained was collected via filtration, washed with DMF and water, and air-
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dried. Yield: 46 mg (70%). Anal. Calcd for C60H64N6O10Si2Cd2 (MW 1310.18): Calc. 

%C, 55.00; %H, 4.92; %N, 6.41 and Found: %C, 54.21; %H, 4.65; %N, 6.61. 

Selected FTIR peaks (KBr, cm-1): 3429 (br), 1602 (s), 1591 (s), 1534 (s), 1482 (m), 

1442 (m), 1395 (s), 1313 (m), 1258 (w), 1249 (s), 1155 (m), 1099 (s), 1053 (m), 1017 

(s), 833 (m), 814 (s), 765 (s), 726 (s), 641 (w), 473 (w).  

{[Cd2(tpbn)(obba)2]}n (19). 26 mg (0.1 mmol) of H2obba was dissolved in 1 mL 

DMF in a 10 mL round bottom flask. To this solution, a solution of 26.6 mg (0.1 

mmol) of cadmium acetate dihydrate and 22.6 mg (0.05 mmol) of tpbn in 4 mL 

ethanol/water mixture (1:3) was slowly added at room temperature. After stirring for 

15 min, a white precipitate appeared. The reaction mixture was stirred for another 8 

h at room temperature to ensure complete precipitation of the product. The white 

solid thus obtained was collected via filtration, washed with DMF and water, and air-

dried. Yield: 42 mg (70%). Anal. Calcd for C56H48N6O10Cd2 (MW 1189.84): Calc. 

%C, 56.53; %H, 4.07; %N, 7.06 and Found: %C, 55.74; %H, 3.88; %N, 6.84. 

Selected FTIR peaks (KBr, cm-1): 1603 (s), 1598 (s), 1573 (w), 1552 (s), 1483 (m), 

1442 (m), 1406 (s), 1388 (s), 1313 (m), 1266 (m), 1215 (s), 1156 (s), 1095 (s), 1016 

(s), 871 (s), 769 (s), 726 (s), 654 (s), 537 (m), 411 (m).  

Method for crystallization: The single crystals of 18 and 19 were obtained by slow 

diffusion technique. A solution of 6.6 mg (0.025 mmol) of cadmium acetate 

dihydrate and 5.6 mg (0.0125 mmol) of tpbn ligand in 1 mL ethanol/water mixture 

(1:3) was added very carefully along the sides of the tube on the top of H2dmsdba 

solution (7.5 mg (0.025 mmol) of H2dmsdba in 0.2 mL DMF) in case of 18 and 

H2obba solution (6.5 mg (0.025 mmol) of H2obba in 0.2 mL DMF) in case of 19, and 

kept undisturbed. In both cases, colourless crystals suitable for single crystal X-ray 

diffraction analysis was obtained at the interface of the two solutions after 3 days. 

{[Zn2(dmsdba)2(H2O)2].4H2O}n (20). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution 

of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL ethanol/water mixture (1:3) 

was slowly added at room temperature. After stirring for 15 min, a white precipitate 

appeared. The reaction mixture was stirred for another 8 h at room temperature to 

ensure complete precipitation of the product. The white solid thus obtained was 

collected via filtration, washed with DMF and water, and air-dried. Yield: 25 mg 

(60%). Anal. Calcd for C32H40O14Si2Zn2 (MW 835.58): Calc. %C, 46.00; %H, 4.83 

and Found: %C, 47.89; %H, 5.88; %. Selected FTIR peaks (KBr, cm-1): 3418 (br), 
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1658 (s), 1624 (s), 1604 (s), 1542 (s), 1498 (m), 1413 (s), 1308 (m), 1266 (m), 1252 

(s), 1188 (m), 1100 (s), 1019 (m), 833 (s), 813 (s), 764 (s), 722 (s), 705 (m).  

{[Zn2(bpy)(dmsdba)2]}n (21). It was synthesized using the same procedure as for 

20, with the additional 4,4’-bipyridine (bpy) added as a pillar ligand. 30 mg (0.1 

mmol) of H2dmsdba was dissolved in 1 mL DMF in a 10 mL round bottom flask. To 

this solution, a solution of 22 mg (0.1 mmol) of zinc acetate dihydrate and 7.8 mg 

(0.05 mmol) of bpy in 4 mL ethanol/water mixture (1:3) was slowly added at room 

temperature. After stirring for 15 min, a white precipitate appeared. The reaction 

mixture was stirred for another 8 h at room temperature to ensure complete 

precipitation of the product. The white solid thus obtained was collected via 

filtration, washed with DMF and water, and air-dried. Yield: 30 mg (68%). Anal. 

Calcd for C42H36N2O8Si2Zn2 (MW 883.67): Calc. %C, 57.09; %H, 4.11; %N, 3.17 

and Found: %C, 58.12; %H, 4.88; %N, 4.21. Selected FTIR peaks (KBr, cm-1): 1636 

(s), 1612 (s), 1543 (s), 1496 (m), 1411 (s), 1252 (m), 1220 (m), 1187 (w), 1099 (s), 

1075 (m), 1019 (m), 831 (s), 813 (s), 765 (s), 721 (s), 644 (m), 494 (m).  

{[Zn2(4-bpdb)(dmsdba)2].DMF.2H2O}n (22). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 2 mL water by making the sodium salt of H2dmsdba, using 2 equivalent 

of sodium hydroxide and mixed with a solution of 10.5 mg (0.05 mmol) of 4-bpdb 

in 5 mL ethanol. The resulting clear solution was subsequently added to a solution 

of 22.0 mg (0.1 mmol) of zinc acetate dihydrate in 3 mL water. A light yellow 

precipitate appeared immediately. The reaction mixture was further stirred for 

another 4 h at room temperature to ensure complete precipitation of the product. The 

light yellow solid thus obtained was collected via filtration, washed with water and 

ethanol, and air-dried. Yield: 35 mg (75%). Anal. Calcd for C47H49N5O11Si2Zn2 (MW 

1046.85): Calc. %C, 53.92; %H, 4.72; %N, 6.69 and Found: %C, 54.71; %H, 4.87; 

%N, 6.31. Selected FTIR peaks (KBr, cm-1): 1635 (s), 1616 (s), 1545 (s), 1497 (s), 

1410 (s), 1308 (m), 1250 (s), 1186 (w), 1099 (s), 1031 (m), 1019 (m), 813 (s), 763 

(s), 721 (s), 694 (m), 429 (m). 

{[Zn2(4-bpmp)(dmsdba)2].2DMF.2H2O}n (23). It was synthesized using the same 

procedure as for 21, instead 13.5 mg (0.05 mmol) of 4-bpmp was used in place of 

bpy. The resulting off white solid thus obtained was collected via filtration, washed 

with DMF and water, and air-dried. Yield: 42 mg (71%). Anal. Calcd for 

C54H66N6O12Si2Zn2 (MW 1178.07): Calc. %C, 55.05; %H, 5.65; %N, 7.13 and 

Found: %C, 55.82; %H, 5.88; %N, 6.78. Selected FTIR peaks (KBr, cm-1): 3418 (br), 
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1636 (s), 1620 (s), 1596 (s), 1544 (s), 1497 (m), 1408 (s), 1303 (m), 1251 (s), 1160 

(m), 1099 (s), 1014 (s), 831 (s), 813 (s), 764 (s), 719 (s), 617 (w), 489 (m). 

{[Zn2(3-bpdh)(dmsdba)2].3EtOH.3H2O}n (24). It was synthesized using the same 

procedure as for 22, instead 12 mg (0.05 mmol) of 3-bpdh was used in place of 4-

bpdb ligand. The light yellow solid thus obtained was collected via filtration, washed 

with water and ethanol, and air-dried. Yield: 42 mg (72%). Anal. Calcd for 

C52H66N4O14Si2Zn2 (MW 1158.03): Calc. %C, 53.95; %H, 5.74; %N, 4.84 and 

Found: %C, 52.74; %H, 5.93; %N, 5.62. Selected FTIR peaks (KBr, cm-1): 3401 (br), 

1637 (s), 1598 (s), 1539(s), 1498 (m), 1410 (s), 1307 (w), 1250 (s), 1100 (s), 1057 

(m), 1020 (m), 813 (s), 763 (s), 721 (s).  

{[Zn2(bpp)(dmsdba)2].DMF.H2O}n (25). It was synthesized using the same 

procedure as for 21, instead 10 mg (0.05 mmol) of bpp was used in place of bpy. The 

resulting white solid thus obtained was collected via filtration, washed with DMF 

and water, and air-dried. Yield: 35 mg (69%). Anal. Calcd for C48H51N3O10Si2Zn2 

(MW 1016.86): calc. %C, 56.70; %H, 5.06; %N, 4.13 and Found: %C, 55.32; %H, 

4.73; %N, 5.21. Selected FTIR peaks (KBr, cm-1): 3418 (br), 1638 (s), 1621 (s), 1596 

(s), 1543 (s), 1498 (m), 1407 (s), 1305 (m), 1251 (s), 1186 (m), 1099 (s), 1033 (m), 

1019 (m), 831 (s), 829 (s), 813 (s), 764 (s), 720 (s), 617 (w), 493 (m).  

Method for crystallization: The single crystals of 20-25 were obtained by slow 

diffusion technique using different solvent combinations. For the crystallization of 

20, 21, 23 and 25, a solution of 7.5 mg (0.025 mmol) of H2dmsdba in 0.2 mL DMF 

was placed in a narrow glass tube. A solution of 5.5 mg (0.025 mmol) of zinc acetate 

dihydrate (in case of 20) or a solution of 5.5 mg (0.025 mmol) of zinc acetate 

dihydrate and 0.0125 mmol of the bis(pyridyl) ligands, 2 mg of bpy for 21, 3.4 mg 

of 4-bpmp for 23 and 2.5 mg of bpp for 25 was added very carefully along the sides 

of the tube on the top of H2dmsdba solution and kept undisturbed. In all cases, 

colourless crystals suitable for single crystal X-ray diffraction analysis were obtained 

at the interface of the two solutions after 5-7 days.  

For the crystallization of 22 and 24, a solution of 5.5 mg (0.025 mmol) of zinc acetate 

dehydrate in 0.2 mL water was placed in a narrow glass tube. A solution of 7.5 mg 

(0.025 mmol) of H2dmsdba was made in 0.3 mL water using 2 equivalent of sodium 

hydroxide and added to a solution of 2.6 mg (0.0125 mmol) of 4-bpdb (in case of 22) 

or  3 mg (0.0125 mmol) of 3-bpdh (in case of 24) in 1 mL ethanol. The resulting clear 

solution was added very carefully along the sides of the tube on the top of zinc acetate 
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solution using 1 mL ethanol/water buffer (1:1) in between the two solutions. The 

tube was kept undisturbed at room temperature. Clear light yellow crystals suitable 

for single crystal X-ray diffraction analysis was obtained after 5-6 days. 

{[Mn2(bpy)(dmsdba)2]}n (26). 30 mg (0.1 mmol) of H2dmsdba was taken in a teflon 

reactor and dissolved in 0.4 mL of DMF. A solution of 24.5 mg (0.1 mmol) of 

manganese acetate tetrahydrate and 8 mg (0.05 mmol) of bpy in 1.6 mL ethanol/water 

(1:3) mixture was then added to this solution. The reactor was sealed in a stainless 

steel vessel and heated to 120 °C for 48 h in a programmable oven and then slowly 

cooled to room temperature at a rate of 4 °C/h. The colourless plate-like crystals 

suitable for single crystal X-ray diffraction analysis, thus obtained was collected via 

filtration, washed with DMF and water, and air dried. Yield: 27 mg (63%). Anal. 

Calcd for C42H36N2O8Si2Mn2 (MW 862.79): Calc. %C, 58.46; %H, 4.20; %N, 3.24 

and Found: %C, 58.05; %H, 4.31; %N, 2.73. Selected FTIR peaks (KBr, cm-1): 1619 

(s), 1543 (s), 1410 (s), 1251 (s), 1219 (m), 1160 (m), 1098 (s), 1014 (s), 810 (s), 764 

(s), 719 (s), 719 (m), 642 (m), 493 (m). 

{[Mn2(dpb)0.5(dmsdba)2]}n (27). It was synthesized using the same procedure as for 

26, instead 12 mg (0.05 mmol) of dpb was used in place of bpy. The colourless plate 

like crystals suitable for single crystal X-ray diffraction analysis, thus obtained was 

collected via filtration, washed with DMF and water, and air dried. Yield: 25 mg 

(60%). Anal. Calcd for C40H36NO9Si2Mn2 (MW 840.74): Calc. %C, 58.39; %H, 4.17; 

%N, 1.70 and Found: %C, 60.15; %H, 5.02; %N, 2.31. Selected FTIR peaks (KBr, 

cm-1): 3386 (br), 1651 (s), 1605 (s), 1587 (s), 1535 (s), 1498 (m), 1486 (m), 1399 (s), 

1250 (m), 1187 (w), 1102 (s), 1006 (m), 812 (s), 768 (s), 715 (s), 673 (m), 578 (w), 

484 (m). 

{[Mn3(bpee)(dmsdba)3(H2O)2].0.5bpee.DMF.H2O}n (28). It was synthesized using 

the same procedure as for 26, instead 9.2 mg (0.05 mmol) of bpee was used in place 

of bpy. The colourless plate like crystals suitable for single crystal X-ray diffraction 

analysis, thus obtained was collected via filtration, washed with DMF and water, and 

air dried. Yield: 45 mg (61%). Anal. Calcd for C69H69N4O16Si3Mn3 (MW 1459.39): 

Calc. %C, 56.71; %H, 4.90; %N, 3.83 and Found: %C, 55.21; %H, 5.62; %N, 4.28. 

Selected FTIR peaks (KBr, cm-1): 3432 (br), 1695 (s), 1606 (s), 1555 (m), 1419 (s), 

1388 (s), 1313 (m), 1288 (s), 1253 (s), 1180 (m), 1096 (s), 1066 (m), 1014 (s), 829 

(s), 799 (s), 758 (s), 707 (m), 549 (s), 502 (m).  
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{[Mn3(azopy)(dmsdba)3(H2O)2].0.5azopy.DMF.2H2O}n (29). It was synthesized 

using the same procedure as for 26, instead 9.2 mg (0.05 mmol) of azopy was used 

in place of bpy. The red block-shaped crystals suitable for single crystal X-ray 

diffraction analysis, thus obtained was collected via filtration, washed with DMF and 

water, and air dried. Yield: 48 mg (65%). Anal. Calcd for C66H69N7O17Si3Mn3 (MW 

1481.36): Calc. %C, 53.51; %H, 4.69; %N, 6.62 and Found: %C, 51.82; %H, 4.12; 

%N, 7.24. Selected FTIR peaks (KBr, cm-1): 3447 (br), 1700 (s), 1597 (s), 1542 (m), 

1458 (w), 1411 (s), 1310 (w), 1280 (s), 1177 (m), 1108 (s), 1095 (s), 1016 (s), 835 

(s), 800 (s), 761 (s), 704 (m), 676 (w), 548 (m).  

{[Mn2(bpe)(-OH2)(dmsdba)2]}n (30). It was synthesized using the same procedure 

as for 26, instead 9.2 mg (0.05 mmol) of bpe was used in place of bpy. The colourless 

block shaped crystals suitable for single crystal X-ray diffraction analysis, thus 

obtained was collected via filtration, washed with DMF and water, and air dried. 

Yield: 32 mg (70%). Anal. Calcd for C44H42N2O9Si2Mn2 (MW 908.86): Calc. %C, 

58.15; %H, 4.66; %N, 3.08 and Found: %C, 57.72; %H, 4.92; %N, 4.56. Selected 

FTIR peaks (KBr, cm-1): 3418 (br), 1608 (s), 1588 (s), 1541 (s), 1429 (m), 1408 (s), 

1335 (s), 1255 (m), 1248 (m), 1103 (s), 1017 (s), 814 (s), 803 (s), 775 (s), 764 (s), 

712 (s), 516 (m). 

{[Co2(bpy)(dmsdba)2]}n (31). It was synthesized using the same procedure as for 

26. 30 mg (0.1 mmol) of the H2dmsdba was taken in a teflon reactor and dissolved 

in 0.4 mL of DMF. A solution of 25 mg (0.1 mmol) of cobalt acetate tetrahydrate 

and 8 mg (0.05 mmol) of bpy in 1.6 mL ethanol/water (1:3) was then added to this 

solution. The reactor was sealed in a stainless steel vessel and heated to 120 °C for 

48 h in a programmable oven and then slowly cooled to room temperature at a rate 

of 4 °C/h. The violet precipitate thus obtained was collected via filtration, washed 

with DMF and water, and air dried.  Yield: 32 mg (73%). Anal. Calcd for 

C42H36N2O8Si2Co2 (MW 870.78): Calc. %C, 57.93; %H, 4.17; %N, 3.22 and Found: 

%C, 56.71; %H, 4.82; %N, 4.22. Selected FTIR peaks (KBr, cm-1): 1609 (s), 1544 

(m), 1411 (s), 1251 (w), 1217 (w), 1098 (m), 833 (w), 811 (s), 763 (s), 721 (m), 494 

(w). 

{[Co2(bpee)(dmsdba)2]}n (32). It was synthesized using the same procedure as for 

31, instead 9.2 mg (0.05 mmol) of bpee was used in place of bpy. The pink plate-like 

crystals suitable for single crystal X-ray diffraction analysis, thus obtained was 
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collected via filtration, washed with DMF and water, and air dried.  Yield: 30 mg 

(67%). Anal. Calcd for C44H38N2O8Si2Co2 (MW 896.82): Calc. %C, 58.93; %H, 

4.27; %N, 3.12 and Found: %C, 57.18; %H, 4.86; %N, 4.02. Selected FTIR peaks 

(KBr, cm-1): 1610 (s), 1541 (m), 1456 (w), 1411 (s), 1250 (m), 1219 (w), 1099 (s), 

1026 (w), 829 (m), 812 (m), 762 (s), 718 (m), 549 (w).  

{[Co2(4-bpdb)(dmsdba)2]}n (33). It was synthesized using the same procedure as 

for 31, instead 10.5 mg (0.05 mmol) of 4-bpdb was used in place of bpy. The violet 

block-shaped crystals suitable for single crystal X-ray diffraction analysis, thus 

obtained was collected via filtration, washed with DMF and water, and air dried.  

Yield: 32 mg (69%). Anal. Calcd for C44H38N4O8Si2Co2 (MW 924.83): Calc. %C, 

57.14; %H, 4.14; %N, 6.06 and Found: %C, 58.52; %H, 4.82; %N, 6.72. Selected 

FTIR peaks (KBr, cm-1): 1597 (s), 1533 (m), 1495 (w), 1399 (s), 1309 (w), 1248 (m), 

1101 (s), 1019 (m), 812 (s), 764 (s), 719 (m), 494 (w).  

{[Co2(4-bpmp)(dmsdba)2].H2O}n (34). It was synthesized using the same procedure 

as for 31, instead 13.5 mg (0.05 mmol) of 4-bpmp was used in place of bpy. The 

violet plate- like crystals suitable for single crystal X-ray diffraction analysis, thus 

obtained was collected via filtration, washed with DMF and water, and air dried.  

Yield: 31 mg (62%). Anal. Calcd for C48H50N4O9Si2Co2 (MW 1000.97): Calc. %C, 

57.60; %H, 5.03; %N, 5.60 and Found: %C, 58.35; %H, 5.82; %N, 6.21. Selected 

FTIR peaks (KBr, cm-1): 3418 (br), 1616 (s), 1541 (m), 1410 (s), 1250 (m), 1099 (s), 

1017 (w), 811 (m), 763 (s), 721 (m), 493 (w). 

{[Co2(azopy)(dmsdba)2]}n (35). It was synthesized using the same procedure as for 

31, instead 9.2 mg (0.05 mmol) of azopy was used in place of bpy. The violet block-

shaped crystals suitable for single crystal X-ray diffraction analysis, thus obtained 

was collected via filtration, washed with DMF and water, and air dried.  Yield: 30 

mg (67%). Anal. Calcd for C42H36N4O8Si2Co2 (MW 898.79): Calc. %C, 56.13; %H, 

4.04; %N, 6.23 and Found: %C, 57.25; %H, 4.97; %N, 7.03. Selected FTIR peaks 

(KBr, cm-1): 1609 (s), 1541 (w), 1411 (s), 1250 (m), 1099 (s), 1020 (w), 831 (m), 

812 (m), 762 (s), 720 (m), 494 (w). 

{[Co2(bpp)(dmsdba)2]}n (36). It was synthesized using the same procedure as for 

31, instead 10 mg (0.05 mmol) of bpp was used in place of bpy. The violet block-

shaped crystals suitable for single crystal X-ray diffraction analysis, thus obtained 

was collected via filtration, washed with DMF and water, and air dried.  Yield: 35 

mg (76%). Anal. Calcd for C45H42N2O8Si2Co2 (MW 912.86): Calc. %C, 59.21; %H, 



40 

 

4.64; %N, 3.07 and Found: %C, 58.53; %H, 5.02; %N, 3.82. Selected FTIR peaks 

(KBr, cm-1): Selected FTIR peaks (KBr, cm-1): 1617 (s), 1542 (m), 1409 (s), 1259 

(m), 1222 (w), 1098 (s), 1018 (m), 811 (s), 762 (s), 717 (m), 492 (w). 

{[Cd2(bpe)(dmsdba)2(DMF)2]}n (37). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 1 mL DMF in a 10 mL round bottom flask. To this solution, a solution 

of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate and 9.2 mg (0.05 mmol) of bpe 

in 4 mL ethanol/water mixture (1:3) was slowly added at room temperature. After 

stirring for 15 min, a white precipitate appeared. The reaction mixture was stirred for 

another 8 h at room temperature to ensure complete precipitation of the product. The 

white solid thus obtained was collected via filtration, washed with DMF and water, 

and air-dried. Yield: 38 mg (66%). Anal. Calcd for C50H54N4O10Si2Cd2 (MW 

1151.98): Calc. %C, 52.13; %H, 4.72; %N, 4.86 and Found: %C, 51.23; %H, 5.51; 

%N, 5.72. Selected FTIR peaks (KBr, cm-1): 1653 (s), 1613 (m), 1578 (s), 1526 (s), 

1498 (m), 1400 (s), 1220 (m), 1099 (s), 1020 (m), 830 (m), 814 (s), 765 (s), 724 (s), 

544 (m), 488 (w). 

Method for crystallization: The single crystals of the compound was obtained by 

slow diffusion technique. A solution of 7.5 mg (0.025 mmol) of H2dmsdba in 0.2 mL 

DMF was placed in a narrow glass tube. A solution of 6.7 mg (0.025 mmol) of 

cadmium acetate dihydrate and 2.3 mg (0.0125 mmol) of bpe was added very 

carefully along the sides of the tube on the top of H2dmsdba solution and kept 

undisturbed. Colourless crystals suitable for single crystal X-ray diffraction analysis 

were obtained at the interface of the two solutions after 5 days.  

{[Cd2(4-bpdb)(dmsdba)2(H2O)2].2H2O}n (38). 30 mg (0.1 mmol) of H2dmsdba was 

dissolved in 2 mL water by making the sodium salt of H2dmsdba, using 2 equivalent 

of sodium hydroxide and mixed with a solution of 10.5 mg (0.05 mmol) of 4-bpdb 

in 5 mL ethanol. The resulting clear solution was subsequently added to a solution 

of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate in 3 mL water. A light yellow 

precipitate appeared immediately. The reaction mixture was further stirred for 

another 4 h at room temperature to ensure complete precipitation of the product. The 

light yellow solid thus obtained was collected via filtration, washed with water and 

ethanol, and air-dried. Yield: 42 mg (76%). Anal. Calcd for C44H46N4O12Si2Cd2 (MW 

1103.85): Calc. %C, 47.88; %H, 4.20; %N, 5.08 and Found: %C, 48.02; %H, 5.21; 

%N, 5.54. Selected FTIR peaks (KBr, cm-1): 3370 (br), 1609 (s), 1575 (s), 1525 (s), 
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1498 (m), 1402 (s), 1309 (w), 1252 (m), 1143 (w), 1099 (s), 1019 (m), 814 (s), 763 

(s), 727 (m), 688 (m), 518 (m). 

Method for crystallization: A solution of 7.5 mg (0.025 mmol) of H2dmsdba was 

made in 0.3 mL water using 2 equivalent of sodium hydroxide and added to a solution 

of 2.6 mg (0.0125 mmol) of 4-bpdb in 1 mL ethanol. The resulting clear solution was 

added very carefully along the sides of the tube on the top of cadmium acetate 

dehydrate solution using 1 mL ethanol/water buffer (1:1) in between the two solution. 

The tube was kept undisturbed at room temperature. Clear light yellow crystals 

suitable for single crystal X-ray diffraction analysis was obtained after 7 days.  

{[Cd(bpp)(dmsdba)(H2O)].DMF}n  (39). A mixture of dicarboxylic acid, 

H2dmsdba 30 mg (0.1 mmol), bpp 20 mg (0.1 mmol) and 31 mg (0.1 mmol) of 

cadmium nitrate tetrahydrate was dissolved in 3 mL DMF. To this solution 2 mL 

water was added and the clear solution was transferred to a glass vial. The glass vial 

was sealed and heated to 100 °C for 48 h. The colourless rod shaped crystals, thus 

obtained were filtered while hot to remove any unreacted ligands or metal salt from 

the product.  The crystals were repeatedly washed with DMF followed by water and 

air-dried. Yield: 48 mg (69%), based on the metal salt. Anal. Calcd for 

C32H37N3O6SiCd (MW 700.13): Calc. %C, 54.89; %H, 5.33; %N, 6.00 and Found:  

%C, 55.05; %H, 6.10; %N, 5.88. Selected FTIR peaks (KBr, cm-1): 3406 (br), 1669 

(s), 1579 (s), 1530 (s), 1400 (s), 1307 (w), 1250 (m), 1225 (w), 1100 (s), 1017 (m), 

812 (s), 767 (s), 724 (m), 659 (w), 509 (m). 

{[Cd2(1,5-ndp)(dmsdba)2(THF)2].2THF}n (40). 30 mg (0.1 mmol) of H2dmsdba 

and 17 mg (0.05 mmol) of 1,5-ndp was dissolved in 5 mL THF in a 25 mL round 

bottom flask. A solution of 31 mg (0.1 mmol) of cadmium nitrate tetrahydrate in 5 

mL methanol was then added very slowly to the above solution while stirring. A 

Yellow precipitate appeared immediately. The reaction mixture was further stirred 

for another 8 h at room temperature to ensure complete precipitation of the product. 

The yellow solid thus obtained was collected via filtration, washed with THF and 

methanol, and air-dried. Yield: 48 mg (66%). Anal. Calcd for C78H92N4O14Si2Cd2 

(MW 1590.57): Calc. %C, 58.90; %H, 5.83; %N, 3.52 and Found: %C, 59.52; %H, 

6.18; %N, 3.32. Selected FTIR peaks (KBr, cm-1): 3392 (br), 1609 (s), 1578 (s), 1528 

(s), 1500 (m), 1401 (s), 1317 (w), 1248 (m), 1189 (w), 1100 (s), 1061 (m), 1018 (m), 

927 (w), 829 (s), 813 (s), 764 (s), 725 (s), 538 (m).  
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Method for crystallization: Single crystals of the compound was obtained by slow 

diffusion technique. A solution of 7.5 mg (0.025 mmol) of H2dmsdba and 4.2 mg 

(0.0125 mmol) of 1,5-ndp was made in 1 mL THF and transferred to a narrow glass 

tube. A solution of 7.7 mg (0.025 mmol) of cadmium nitrate tetrahydrate in 0.5 mL 

methanol was then added very carefully along the sides of the tube on the top of the 

above solution using 1 mL THF/MeOH buffer (1:1) in between the two solutions. 

The tube was kept undisturbed at room temperature. Clear yellow crystals suitable 

for single crystal X-ray diffraction analysis was obtained after 7 days.  

{[Zn2(4-tpom)(dmsdba)2].DMF.2H2O}n (41). 30 mg (0.1 mmol) of the H2dmsdba 

and 22 mg (0.05 mmol) of 4-tpom was taken in a teflon reactor and dissolved in 1 

mL of DMF. A solution of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL 

ethanol/water (1:3) was then added to this solution. The reactor was sealed in a 

stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed 

by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block 

shaped crystals thus obtained were collected via filtration, washed with DMF and 

then with water to remove the acetic acid by-product and air-dried. Yield: 45 mg 

(70%). Anal. Calcd for C60H63N5O15Si2Zn2 (MW 1281.10): Calc. %C, 56.25; %H, 

4.96; %N, 5.47 and Found: %C, 55.92; %H, 4.58; %N, 5.83. Selected FTIR peaks 

(KBr, cm−1): 3434 (br), 1664 (w), 1613 (s), 1542 (m), 1513 (m), 1468 (w), 1387 (s), 

1293 (s), 1213 (s), 1100 (m), 1030 (s), 830 (m), 810 (s), 764 (s), 723 (m), 538 (m).  

{[Cd2(4-tpom)(dmsdba)2].4DMF.H2O}n (42). 30 mg (0.1 mmol) of the H2dmsdba 

and 22 mg (0.05 mmol) of 4-tpom was taken in a teflon reactor and dissolved in 1 

mL of DMF. A solution of 26.6 mg (0.1 mmol) of cadmium acetate dihydrate in 4 

mL ethanol/water (1:3) was then added to this solution. The reactor was sealed in a 

stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed 

by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block 

shaped crystals thus obtained were collected via filtration, washed with DMF and 

then with water to remove the acetic acid by-product and air-dried. Yield: 52 mg 

(65%). Anal. Calcd for C69H82N8O17Si2Cd2 (MW 1576.43): Calc. %C, 52.57; %H, 

5.24; %N, 7.11 and Found: %C, 52.83; %H, 5.62; %N, 6.89. Selected FTIR peaks 

(KBr, cm−1): 3411 (br), 1668 (w), 1607 (s), 1576 (m), 1526 (m), 1509 (m), 1466 (w), 

1397 (s), 1291 (s), 1212 (s), 1100 (m), 1023 (s), 829 (m), 812 (s), 764 (s), 725 (m), 

537 (m). 
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{[Zn2(3-tpom)(dmsdba)2].EtOH.3H2O}n (43). 30 mg (0.1 mmol) of the H2dmsdba 

and 22 mg (0.05 mmol) of 3-tpom was taken in a teflon reactor and dissolved in 1 

mL of DMF. A solution of 22 mg (0.1 mmol) of zinc acetate dihydrate in 4 mL 

ethanol/water (1:3) was then added to this solution. The reactor was sealed in a 

stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed 

by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block 

shaped crystals thus obtained were collected via filtration, washed with DMF and 

then with water to remove the acetic acid by-product and air-dried. Yield: 42 mg 

(66%). Anal. Calcd for C59H64N4O16Si2Zn2 (MW 1272.09): Calc. %C, 55.70; %H, 

5.10; %N, 4.41 and Found: %C, 56.02; %H, 5.46; %N, 4.82. Selected FTIR peaks 

(KBr, cm−1): 3430 (br), 1624 (s), 1601 (m), 1576 (s), 1548 (m), 1482 (m), 1435 (s), 

1390 (s), 1369 (s), 1283 (s), 1244 (s), 1190 (w), 1101 (s), 1056 (m), 1018 (m), 829 

(m), 814 (s), 772 (s), 760 (s), 722 (m), 697 (m), 642 (w).  

{[Cd2(3-tpom)(obba)2].(H2O)}n (44). 26 mg (0.1 mmol) of the H2obba and 22 mg 

(0.05 mmol) of 3-tpom was taken in a teflon reactor and dissolved in 1 mL of DMF. 

A solution of 31 mg (0.1 mmol) of cadmium nitrate tetrahydrate in 4 mL 

ethanol/water (1:3) was then added to this solution. The reactor was sealed in a 

stainless steel vessel and heated in a programmable oven at 120 °C for 48 h followed 

by slow cooling to room temperature at a rate of 3-4 °C/hr. The colourless block 

shaped crystals thus obtained were collected via filtration, washed with DMF and 

then with water and air-dried. Yield: 40 mg (66%). Anal. Calcd for C53H42N4O15Cd2 

(MW 1199.81): Calc. %C, 53.06; %H, 3.55; %N, 4.65 and Found: %C, 53.21; %H, 

3.46; %N, 4.91. Selected FTIR peaks (KBr, cm−1): 3431 (br), 1684 (w), 1631 (w), 

1597 (s), 1575 (m), 1542 (m), 1482 (m), 1435 (m), 1401 (s), 1277 (s), 1245 (s), 1195 

(m), 1161 (s), 1058 (m), 1010 (m), 881 (s), 779 (s), 697 (m), 664 (m), 636 (m).  

{[Cd3(mstba)2(H2O)6].H2O}n (45). A mixture of tricarboxylic acid, H3mstba 40.6 

mg (0.1 mmol) and 46.2 mg (0.15 mmol) of cadmium nitrate tetrahydrate was 

dissolved in 3 mL DMF. To this solution 2 mL ethanol/water mixture (1/1) was added 

and the clear solution was transferred to a glass vial. The glass vial was sealed and 

heated to 100 °C for 48 h, followed by slow cooling to room temperature. The 

colourless block shaped crystals, thus obtained were filtered and washed repeatedly 

with DMF followed by water and air-dried. Yield: 43 mg (68 %). Anal. Calcd for 

C44H44O19Si2Cd3 (MW 1270.21): Calc. %C, 41.60; %H, 3.49 and Found:  %C, 43.02; 

%H, 4.51. Selected FTIR peaks (KBr, cm-1): 3402 (br), 1663 (m), 1594 (s), 1576 (s), 
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1537 (s), 1528 (s), 1498 (m), 1469 (m), 1415 (s), 1307 (w), 1244 (m), 1191 (w), 1101 

(s), 1019 (s), 857 (s), 799 (s), 766 (s), 742 (s), 724 (m), 704 (m), 537 (m). 

{[NH2(CH3)2]2
.[Cd2(bpy)(mstba)2].8DMF.2H2O}n (46). A mixture of tricarboxylic 

acid, H3mstba 40.6 mg (0.1 mmol), 30.8 mg (0.1 mmol) of cadmium nitrate 

tetrahydrate and 8 mg (0.05 mmol) of bpy was dissolved in 5 mL DMF. To this 

solution 3 mL ethanol/water mixture (1/1) was added and the clear solution was 

transferred to a glass vial. The glass vial was sealed and heated to 100 °C for 48 h, 

followed by slow cooling to room temperature. The colourless needle shaped 

crystals, thus obtained were filtered and washed repeatedly with DMF followed by 

water and air-dried. Yield: 58 mg (61%). Anal. Calcd for C82H114N12O22Si2Cd2 (MW 

1900.84): Calc. %C, 51.81; %H, 6.04; %N, 8.84 and Found:  %C, 50.35; %H, 5.14; 

%N, 10.21. Selected FTIR peaks (KBr, cm-1): 3412 (br), 1654 (m), 1595 (s), 1576 

(m), 1537 (s), 1498 (m), 1413 (s), 1244 (m), 1220 (w), 1101 (s), 1019 (m), 856 (s), 

799 (s), 766 (s), 742 (s), 724 (m), 630 (m), 536 (m).  

{[NH2(CH3)2]2
.[Cd2(azopy)(mstba)2].4DMF.2H2O}n (47). It was synthesized using 

the same procedure as for 46, except 9.2 mg (0.05 mmol) of azopy was used instead 

of bpy. The red coloured block shaped crystals, thus obtained were filtered and 

washed repeatedly with DMF followed by water and air-dried. Yield: 62 mg (76 %). 

Anal. Calcd for C70H86N10O18Si2Cd2 (MW 1636.48): Calc. %C, 51.38; %H, 5.30; 

%N, 8.56 and Found:  %C, 51.82; %H, 5.83; %N, 9.82. Selected FTIR peaks (KBr, 

cm-1): 3400 (br), 1654 (m), 1592 (s), 1576 (m), 1534 (s), 1500 (m), 1403 (s), 1307 

(w), 1245 (m), 1191 (w), 1102 (s), 1018 (s), 860 (s), 796 (s), 766 (s), 742 (s), 725 

(m), 704 (m), 537 (m). 

{[Co2(bpy)(tcps)].0.5DMF.H2O}n (48). A mixture of tetracarboxylic acid, H4tcps 

51.2 mg (0.1 mmol), 15.6 mg (0.1 mmol) of bpy and 58.2 mg (0.2 mmol) of cobalt 

nitrate hexahydrate was taken in a teflon reactor along with 10 mL solvent mixture 

of DMF/EtOH/H2O (1/1/3). The teflon vessel was sealed in a stainless-steel vessel 

and heated to 120 °C for 48 h. The mixture was allowed to cool down to room 

temperature at a rate of 4 °C/h. Violet plate-like crystals, thus obtained was filtered 

and washed with DMF and ethanol and air dried to get the as synthesized compound. 

Yield: 60 mg (77%). Anal. Calcd for C39.5H29.5N2.5O9.5SiCo2, (MW 836.5): Calc. %C, 

56.6; %H, 3.5; %N, 4.2 and Found: %C, 57.2; %H, 3.7; %N, 4.6. Selected FTIR 

peaks (KBr, cm-1): 1681 (s), 1618 (s), 1542 (m), 1498 (w), 1399 (s), 1384 (s), 1259 

(w), 1217 (w), 1097 (m), 1018 (w), 811 (m), 770 (m), 725 (s), 481 (w).  
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{[Cd2(bpy)(tcps)].(H2O)}n (49). A mixture of tetracarboxylic acid, H4tcps 25.6 mg 

(0.05 mmol), 8 mg (0.05 mmol) of bpy was dissolved in 3 mL DMF. To this clear 

solution 30.8 mg (0.1 mmol) of cadmium nitrate hexahydrate was added and stirred 

for 10 minutes to obtain a clear solution. To this solution 2 mL ethanol/water mixture 

(1/1) was added and the clear solution was transferred to a glass vial. The glass vial 

was sealed and heated to 100 °C for 48 h, followed by slow cooling to room 

temperature. The colourless needle shaped crystals, thus obtained were filtered and 

washed repeatedly with DMF followed by water and air-dried. Yield: 33 mg (73 %). 

Anal. Calcd for C38H26N2O9SiCd2 (MW 907.53): Calc. %C, 50.29; %H, 2.89; %N, 

3.09 and Found:  %C, 51.54; %H, 3.23; %N, 3.78. Selected FTIR peaks (KBr, cm-

1): 3412 (br), 1654 (m), 1601 (s), 1533 (m), 1393 (s), 1256 (w), 1099 (s), 1017 (m), 

850 (m), 811 (m), 744 (m), 730 (s), 706 (m), 559 (m).  

{[Cd2(azopy)(tcps)].DMF.H2O}n (50). It was synthesized using the same procedure 

as for 49, except 9.2 mg (0.05 mmol) of azopy was used instead of bpy. The red 

block-shaped crystals, thus obtained were filtered and washed repeatedly with DMF 

followed by water and air-dried. Yield: 35 mg (69%). Anal. Calcd for 

C41H33N5O10SiCd2 (MW 1008.64): Calc. %C, 48.82; %H, 3.30; %N, 6.94 and Found:  

%C, 48.07; %H, 4.21; %N, 7.58. Selected FTIR peaks (KBr, cm-1): 3410 (br), 1654 

(s), 1578 (s), 1528 (s), 1393 (s), 1098 (s), 1017 (m), 858 (m), 773 (m), 730 (s), 706 

(m), 559 (m). 

{[Cd2(3-bpdb)0.5(tcps)(H2O)2].4EtOH.3H2O}n (51). 51.2 mg (0.1 mmol) of H4tcps 

was dissolved in 5 mL water by making the sodium salt of H4tcps, using 4 equivalent 

of sodium hydroxide and mixed with a solution of 21 mg (0.1 mmol) of 3-bpdb in 5 

mL ethanol. The resulting clear solution was subsequently added to a solution of 61.6 

mg (0.2 mmol) of cadmium nitrate tetrahydrate in 5 mL water. A light yellow 

precipitate appeared immediately. The reaction mixture was further stirred for 

another 4 h at room temperature to ensure complete precipitation of the product. The 

light yellow solid thus obtained was collected via filtration, washed with water and 

ethanol, and air-dried. Yield: 95 mg (78%). Anal. Calcd for C42H55N2O17SiCd2 (MW 

1112.80): Calc. %C, 45.33; %H, 4.98; %N, 2.52 and Found: %C, 46.34; %H, 5.22; 

%N, 3.21. Selected FTIR peaks (KBr, cm-1): 3412 (br), 1654 (m), 1580 (s), 1528 (s), 

1496 (m), 1397 (s), 1253 (m), 1095 (s), 1018 (s), 858 (m), 774 (s), 731 (s), 703 (m), 

559 (m), 483 (w). 
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Method for crystallization: Single crystal of the compound was obtained by slow 

diffusion technique. A solution of 6.4 mg (0.0125 mmol) of H4tcps was made in 0.3 

mL water using 4 equivalent of sodium hydroxide and added to a solution of 2.6 mg 

(0.0125 mmol) of 4-bpdb in 1 mL ethanol. The resulting clear solution was added 

very carefully on the top of cadmium nitrate tetrahydrate solution in 0.5 mL water 

kept in a narrow glass tube using 1 mL ethanol/water buffer (1:1) in between the two 

solutions. The tube was kept undisturbed at room temperature. Clear light yellow 

crystals suitable for single crystal X-ray diffraction analysis was obtained after 7 

days. 

{[Cd2(3-bpdh)0.5(tcps)(H2O)(DMF)].5DMF}n (52). A mixture of tetracarboxylic 

acid, H4tcps 25.6 mg (0.05 mmol), 12 mg (0.05 mmol) of 3-bpdh was dissolved in 3 

mL DMF. To this clear solution, 30.8 mg (0.1 mmol) of cadmium nitrate hexahydrate 

was added and stirred for 10 minutes to obtain a clear solution. To this solution 2 mL 

ethanol/water mixture (1/1) was added and the clear solution was transferred to a 

glass vial. The glass vial was sealed and heated to 100 °C for 48 h, followed by slow 

cooling to room temperature. The light yellow needle shaped crystals, thus obtained 

were filtered and washed repeatedly with DMF followed by water and air-dried. 

Yield: 45 mg (63%). Anal. Calcd for C53H67N8O15SiCd2 (MW 1309.26): Calc. %C, 

48.63; %H, 5.16; %N, 8.56 and Found:  %C, 48.82; %H, 4.69; %N, 9.23. Selected 

FTIR peaks (KBr, cm-1): 3365 (br), 1652 (s), 1578 (s), 1527 (s), 1495 (s), 1391 (s), 

1191 (s), 1095 (s), 1044 (w), 1017 (m), 858 (m), 772 (s), 729 (s), 704 (s), 557 (m) , 

475 (m). 

{[Ni2(4-tpom)(tcps)].3DMF.H2O}n (53). A mixture of tetracarboxylic acid, H4tcps 

25.6 mg (0.05 mmol), 22 mg (0.05 mmol) of 4-tpom and 25 mg (0.1 mmol) of nickel 

acetate tetrahydrate was taken in a teflon reactor along with 5 mL solvent mixture of  

DMF/EtOH/H2O (1/1/3). The teflon vessel was sealed in a stainless-steel vessel and 

heated to 120 °C for 72 h. The mixture was allowed to cool down to room 

temperature at a rate of 3 °C/h. Green block-shaped crystals, thus obtained was 

collected via filtration, washed with DMF and ethanol and air dried to get the as 

synthesized compound. Yield: 47 mg (72%). Anal. Calcd for C62H63N7O16SiNi2, 

(MW 1307.67): Calc. %C, 56.95; %H, 4.86; %N, 7.50 and Found: %C, 55.62; %H, 

4.21; %N, 8.72. Selected FTIR peaks (KBr, cm-1): 3412 (br), 1659 (s), 1609 (s), 1576 

(s), 1530 (s), 1509 (s), 1467 (w), 1388 (s), 1289 (s), 1211 (s), 1099 (s), 1028 (s), 829 

(m), 774 (m), 729 (s), 540 (m). 
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{[Zn2(3-tpom)(tcps)].3DMF}n (54). A mixture of tetracarboxylic acid, H4tcps 25.6 

mg (0.05 mmol), 22 mg (0.05 mmol) of 4-tpom and 22 mg (0.1 mmol) of zinc acetate 

dihydrate was taken in a teflon reactor along with 5 mL solvent mixture of 

DMF/EtOH/H2O (1/1/3). The teflon vessel was sealed in a stainless-steel vessel and 

heated to 120 °C for 72 h. The mixture was allowed to cool down to room 

temperature at a rate of 3 °C/h. The colourless plate-like crystals, thus obtained was 

collected via filtration, washed with DMF and ethanol and air dried to get the as 

synthesized compound. Yield: 47 mg (72%). Anal. Calcd for C62H61N7O15SiZn2 

(MW 1303.03): Calc. %C, 57.15; %H, 4.72; %N, 7.52 and Found: %C, 58.23; %H, 

5.56; %N, 8.61. Selected FTIR peaks (KBr, cm-1): 3422 (br), 1601 (s), 1577 (s), 1541 

(m), 1495 (w), 1484 (w), 1432 (m), 1389 (s), 1278 (m), 1244 (m), 1195 (w), 1100 

(s), 1019 (m), 803 (m), 773 (m), 731 (s), 702 (m), 647 (w), 551 (m).  

{[Zn2(dmsbta)(H2O)].4H2O}n  (55)  35 mg (0.05 mmol) of the tetracarboxylic acid, 

H4dmsbta was taken in a teflon vessel and dissolved in 2 mL diethylacetamide (DEA). To 

this solution 30 mg (0.1 mmol) of zinc nitrate hexahydrate was added along with 2 mL 

water. The teflon vessel was sealed in a stainless-steel reactor and heated to 120 °C for 3 

days followed by slow cooling to room temperature at a rate of 2 °C/h. Colourless plate-

like crystals thus obtained was filtered and washed with fresh DMA for three times and then 

with ethanol and air dried at room temperature to get the as synthesized compound. Yield: 

35 mg (78%). Anal. Calcd for C34H32N6O13SiZn2 (MW 891.50): Calc. %C, 45.81; %H, 

3.62; %N, 9.43 and Found: %C, 45.23; %H, 4.46; %N, 10.23. Selected FTIR peaks (KBr, 

cm-1): 3413 (br), 1624 (s), 1583 (s), 1566 (s), 1452 (m), 1415 (s), 1386 (m), 1246 (m), 1121 

(m), 1093 (m), 1059 (m), 1033 (m), 814 (s), 776 (s), 757 (m), 728 (w), 511 (w). 

{[Cu2(tpstba)(H2O)2].20(DMF)}n  (56)  27 mg (0.025 mmol) of the tetracarboxylic acid, 

H4tpstba was taken in a glass vial and dissolved in 2 mL dimethylformamide (DMF). To 

this solution 10 mg (0.05 mmol) of copper acetate monohydrate was added and stirred for 

5 minutes to get the clear solution. To this clear solution 1 mL of water was added. The 

glass vial was sealed and heated to 100 ºC for 48 h, followed by slow cooling to room 

temperature. The green block-shaped crystals thus obtained was filtered and washed with 

fresh DMF for three times and then with ethanol and air dried at room temperature to get 

the as synthesized 57. Yield: 30 mg (44%). Anal. Calcd for C120H180N32O30SiCu2 (MW 

2706.09): Calc. %C, 53.26; %H, 6.70; %N, 16.56 and Found: %C, 53.89; %H, 5.92; %N, 

17.20. Selected FTIR peaks (KBr, cm-1): 3399 (br), 1657 (s), 1604 (s), 1556 (s), 1515 (m), 
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1436 (m), 1406 (s), 1387 (s), 1228 (m), 1172 (m), 1115 (s), 1032 (s), 992 (s), 781 (s), 745 

(m), 718 (m), 538 (m). 
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CHAPTER III 

Results and discussion 

This chapter is divided into four major sections: coordination architectures derived from (a) 

bent dicarboxylates, (b) tricarboxylates, (c) semi-rigid tetrahedral tetracarboxylate and (d) 

triazole functionalized carboxylates. Apart from this, the sections (a) and (c) are further 

classified into different subsections based on the ligand systems. The important 

fundamental characteristics of these coordination architectures include the number of 

binding sites available on the metal ion/clusters, the relative orientation of these binding 

sites, the number of Lewis-basic sites on a linker, the mode of coordination of these sites, 

and the relative angularity of these sites, which directs the topology and functionality of 

coordination architectures. The topology and functionality of the coordination architectures 

can be controlled by appropriate choice of the metal center, ligand and linkers.126,239–243 In 

terms of crystal engineering, an effective route for the synthesis of novel coordination 

architectures with attractive topological structures is the employment of mixed ligands.244 

Keeping the above factors in mind, various poly pyridyl-based ligands (capping or pillar 

ligands) and carboxylate linkers have been synthesized using either the literature method or 

with some modifications in the reported procedures. Considering the multi component self-

assembly, combinations of these precursors (metal ions, poly-pyridyl ligands and 

carboxylate linkers) results in the formation of various discrete or polymeric coordination 

architectures with different dimensionality and functionality. In this section, syntheses of 

these architectures have been discussed followed by their characterizations and 

applications. Most of these coordination architectures have been structurally characterized 

by single crystal X-ray diffraction analysis and their structural features have been well 

corroborated by a combination of various analytical techniques such as like elemental 

analysis, UV-Vis and FTIR spectroscopy, fluorescence spectroscopy, powder X-ray 

diffraction and thermo-gravimetric analysis. 

Syntheses of Ligands. All the ligands were synthesized using either the literature method 

or with some modifications in the reported procedures. The polypyridyl capping ligands 

(tridentate bpta or bis-tridentate tpen, tpbn, tphxn, tpxn) were synthesized by substitution 

reaction between mono- or diammine and picolylchloride in an aqueous medium using 

equivalent amount of sodium hydroxide (Scheme 3.1). In all cases the solid product thus 

formed was isolated via filtration except for bpta and tpen where the product was extracted 

using DCM. The pillars ligands 4-bpdb, 4-bpdh, 3-bpdb, 3-bpdh, 1,5-ND-4-Py and 1,5-
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ND-3-Py were synthesized  by condensation reaction of hydrazine or corresponding 

diammines with corresponding aldehyde or ketone. The ligand dpb and 4-bpmp or 3-bpmp 

was syntheized by coupling reaction of 1,4-dibromobenzene with pyridine-4-boronic acid 

and by substitution reaction between pyrazine and the corresponding picolyl chlorides, 

respectively. These ligands were throughly characterised by NMR and HRMS techniques 

and used as is with out any purification. 

Scheme 3.1. General synthesis of bpta, tpen, tpbn, tphxn and tpxn. 

 

The di-, tri- or tetracarboxylate linkers (H2dmsdbs, H3mstba and H4tcps) were synthesized 

in two step procedure, starting with 1,4-dibromobenzene in each case (Scheme 3.2). The 

first step involves the halogen exchange reaction with one eq. of n-BuLi to generate the 

nucleophile, followed by its reaction with the electrophilic dichlorodimethyl-, 

trichloromethyl- or tetrachlorosilane to generate bis(4-bromophenyl)dimethyl-, tris(4-

bromophenyl)(methyl)- or tetrakis(4-bromophenyl)silane derivatives. The second step 

again involves the halogen exchange reaction to generate the neucleophile which on 

reaction with electrophillic carbon dioxide and further acidification with dil. HCl produces 

the corresponding carboxylic acid derivatives in good yield. 

Scheme 3.2. General synthesis of H2dmsdbs, H3mstba and H4tcps. 

 

The triazole functionalized carboxylate linkers (H4dmsbta, and H4tpsbta) were 

synthesized by using the versatile Click reaction for azide-alkyne cycloaddition. The azide 

and alkyne precursors were synthesized by modifying the litereture procedures (Scheme 3.3 

and 3.4).  
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Scheme 3.3. Synthesis of H4dmsbta. 

 

Scheme 3.4. Synthesis of H4tpsbta. 

 

3.1 COORDINATION ARCHITECTURES DERIVED FROM BENT 

DICARBOXYLATES 

In the crystal engineering of coordination architectures, out of various organic 

ligands/linkers the N- and O-donor ligands have been considered as the best combination.244 

The O-donor being the carboxylates have gained considerable attention because of strong 

metal carboxylate binding.  However, a series of carboxylate linkers have been explored for 

the synthesis of various coordination architectures; the architectures with bent 

dicarboxylates are not much explored. There are only a few dicarboxylates reported in the 

literature (Figure 3.1), out of which H2dmsdba is comparatively less explored and being 

synthetically accessible attract our attention for its utilization in the synthesis of 

coordination architectures. Further, it can be modified to tri- and tetracarboxylic acid 

derivatives for comparative studies. In this section the chemistry of coordination 

architectures with this dicarboxylate linker has been explored. The section has been further 

divided into two major subsections; a) coordination driven self-assembly of discrete 

molecular squares and b) coordination driven self-assembly of polymeric architectures, 
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which has been further divided into two sections based on the strategies employed for the 

synthesis of these polymeric architectures. 

 

Figure 3.1. Dicarboxylate linkers utilized for the synthesis of coordination architectures reported in 

the literature. 

3.1.1 Coordination driven self-assembly of molecular squares 

In the past few decades, enormous efforts have been devoted to the construction of 

aesthetically appealing metallocyclic structures, such as molecular triangles, squares, 

rectangles, prisms and cages, by connecting the multitopic organic linkers with transition 

metal centers through coordination-driven self-assembly processes.6,8–16,245,246 Thus, 

coordination chemistry has emerged as an effective and versatile tool for the design and 

construction of such metallocyclic structures as the metal-ligand coordination bonds are 

stronger and more directional than non-covalent interactions such as hydrogen bonds and 

- interactions. One of the metallocylces, molecular squares, is the result of a [4+4] self-

assembly of two types of building units (linear and angular), where linear building units 

possess two active functional end groups that are oriented at an angle of 180° from each 

other and angular building units have labile end groups positioned in cis orientation (about 

90°) to each other. On the other hand, a [2+2] combination of two different 90° angular 

building units can also generate molecular squares. With the first example of a [4+4] self-

assembly reported by Fujita et al.16 for palladium based cationic molecular squares, Stang 
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et al.35 established the chemistry of platinum and palladium based molecular squares. 

Utilizing this approach, many groups have reported numerous examples, notably chiral 

molecular squares constructed by Lin et al.;54 for example, neutral molecular squares were 

synthesized either by using divalent metal ions with neutral chelating bidentate ligands at 

Scheme 3.5. Different strategies for the synthesis of molecular squares.  

 

the corners with anionic alkynyl linker55–57 or by using divalent metal ion with anionic 

ligands at the corners with neutral linkers.58,59 A very different approach (see Strategy II, 

Scheme 3.5) was explored by Cotton et al. by fusing the multiply bonded dimetallic angular 
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building units (Mo2
4+, Rh2

4+or Ru2
5+) with linear building units, such as dicarboxylates, for 

[4+4] self-assembled molecular squares.29,246,247 However, the area has been populated by 

several reports, majority of which focus on the use of pre-synthesized square planar metal 

complexes with fixed directionalities. There are very few reports of molecular squares based 

on octahedral metal complexes. In this section, we have explored the syntheses of such 

molecular squares of octahedral metal complexes using [4+4+4] self-assembly of three 

components (metal acetate, polypyridyl capping ligand and dicarboxylate). A generalized 

schematic representation for this approach in combination with the reported strategies to 

synthesize molecular squares is shown in Scheme 3.5.  

For this purpose, we chose a tridentate capped ligand, bpta which surrounds and protect the 

three binding sites of metal ion leaving behind three opening at 90º to each other. Inspired 

from our previous work on tetrametallic Ni4 molecular square using polypyridyl ancillary 

ligand and linear carboxylates this study was extended for bent dicarboxylate which can 

span between two such metal units to form the molecular squares in a highly selective 

manner. The bent dicarboxylate, H2dmsdba was used in combination with different metal 

salts and tridentate capping ligand, bpta to synthesize molecular squares 1-4 (Scheme 3.6). 

Scheme 3.6. Synthesis of 1-4. 

 

The utility of the capping ligand bpta was further explored for the synthesis of molecular 

squares 5-10 using another bent dicarboxylate H2obba (Scheme 3.7). All the molecular 

squares 1-10 were synthesized by one pot self-assembly of the corresponding metal salt, 

bpta ligand and respective dicarboxylic acid (in a 1:1:1 ratio) in a mixture of 

DMF/EtOH/H2O (in a 1/1/3 volume ratio) under ambient conditions. In all cases, the 

product was obtained as a precipitate which was filtered and washed with DMF and water 

to remove any traces of acetic acid by-product. Single crystals of all compounds were 

obtained either by solvothermal or by slow diffusion techniques. Based on the FTIR and 

PXRD data, the solid isolated from the self-assembly of components in each case was 

exactly the same as the crystals obtained by either of the two techniques mentioned above.  
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Scheme 3.7. Synthesis of 5-10. 

 

Single crystal structure analysis. Our efforts resulted in the formation of suitable crystals 

for 1, 4, 5, 9 and 10 for single crystal X-ray studies. Crystals suitable for 1 and 4 were 

obtained by the solvothermal method and those for 5, 9 and 10 by the slow diffusion 

technique. X-ray diffraction analysis reveals that dinuclear compounds 1 and 4 are 

isostructural. Both the compounds crystallize in the triclinic P1 space group having an 

inversion center at the middle of the molecular square. The asymmetric unit contains one 

metal ion, Mn(II) in 1 and Cd(II) in 4, one tridentate bpta ligand, one carboxylate linker and 

one water molecule coordinated to the metal centre (Figure 3.2a and d). Three nitrogen 

atoms of the bpta ligand bind to each metal ion in facial mode, leaving three open sites for 

one water molecule and two carboxylate groups of two different dmsdba2-. The two bent 

dicarboxylate ligands, which binds in a monodentate fashion, spans between the two metal 

ions forming a molecular square motif (Figure 3.2b and e). The geometry around the metal 

center in both cases is distorted octahedron. Dimensions of the squares (Si…Si, metal…metal 

and Si…metal) are shown in Figure 3.2c and f. The average M-N (2.26-2.40 Å) and M-O 

(2.13-2.23 Å) bond lengths are in the usual range for this kind of complexes.249,250 The 

crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond distances and angles are listed in Table A1, A23 and A45, 

respectively.  

Compounds 5, 9 and 10 are isostructural to 1 and 4. The coordination environment around 

the metal centres is N3O3 type. All three compounds crystallize in the triclinic P1 space 

group having an inversion center at the middle of the molecular square. The asymmetric 

unit contains one metal ion, (Mn(II) in 5, Zn(II) in 9, and Cd(II) in 10), one tridentate bpta 

ligand, one carboxylate linker (obba2-) and one water molecule coordinated to the metal 

center. (Figure 3.3a, d and g) In all compounds, metal center is in a distorted octahedral 
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geometry, which is reflected from the cisoid angles [72.75(7) − 109.86(7)°] in (5), 

[74.96(10) − 106.25(10)°] in (9) and [71.58(8) −109.99(8)°] in (10). The coordination 

environment of the metal centers in 5, 9 and 10 is similar to those of 1 and 4. The two 

carboxylates from two obba2- molecules span in between the two metal ions forming a 

molecular square as shown in Figure 3.3b, e and h. Dimensions of the squares are shown in 

Figure 3.3c, f and i, where the distances are measured from O…O, metal…metal and 

O…metal. 

 

Figure 3.2. Crystal structure of molecular square 1 and 4; (a and d) ORTEP views of the asymmetric 

units in 1 and 4, respectively; (b and e) Ball-and-stick presentation of 1 and 4, respectively; and (c 

and f) dimensions of the molecular squares 1 and 4, respectively. 

The average M-N and M-O bond lengths are in the usual range for this kind of 

complexes.249,250 The crystallographic information pertaining to data collection and 

structure refinement parameters, selected bond distances and angles are listed in Table A2, 

A24 and A46, respectively. All these molecular squares contain one coordinated water 

molecule on each metal center, which shows bifurcated hydrogen bonding, where it is 

strongly and intra-molecularly hydrogen bonded to the uncoordinated oxygen atom of the 

carboxylate group forming two 6-membered rings (𝑅1
1(6)). All hydrogen bonding 

parameters are listed in Table 3.1. These molecular squares are stacked in an eclipsed 

fashion leaving the available pore size unaltered for host-guest chemistry and catalysis. The 

Hydrogen bonding pattern and the packing arrangement for the representative examples 

from both set of molecular squares is shown in Figure 3.4. 
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Figure 3.3. Single crystal X-ray structure of molecular squares 5, 9 and 10; (a d and g) ORTEP 

view of the asymmetric units in 5, 9 and 10, respectively; (b, e and f) Ball-and-stick presentation of 

5, 9 and 10, respectively; and (c, f and i ) the dimensions of the molecular squares 5, 9 and 10, 

respectively. 

FTIR and PXRD analysis. FTIR spectra of 1-10 were recorded in the solid state at room 

temperature as KBr pellets. All complexes show a band in the region of 3400 and 3410 cm-

1, which is a characteristic feature for the O-H stretching frequency of coordinated water 

molecule as evident from their crystal structures. The bands at 1591 and 1393 cm-1 in 1, 

1591and 1393 cm-1 in 2, 1591 and 1394 cm-1 in 3, 1578 and 1396 cm-1 in 4, are due to the 

asymmetric and symmetric stretching modes of the carboxylate groups of dmsdba2-, 

respectively. The asymmetric and symmetric stretching modes of the carboxylate groups of 

obba2- were found at 1597 and 1391 cm-1 in 5, 1596 and 1393 cm-1 in 6, 1596 and 1393 cm-

1 in 7, 1597 and 1387 cm-1 in 8, 1596 and 1393 cm-1 in 9, 1595 and 1389 cm-1 in 10, 

respectively. The difference in the asymmetric and symmetric stretching frequencies of the 

carboxylate group in 1-10 is approximately 200 cm-1, which is indicative of monodentate 

binding of the carboxylate to the metal center (∆< cm-1 and ∆≥cm-1 are 
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indicative of bidentate and monodentate binding of the carboxylates to the metal centers)251 

corroborating with their single crystal structures.  

 

Figure 3.4. View of bifurcated intramolecular hydrogen bonding (a and c) and packing arrangement 

(c and d) for representative examples from both sets of molecular squares; a and c for 1 and b and d 

for 5, respectively. 

Table 3.1. Hydrogen bonding parameters in 1, 4, 5, 9 and 10. 

 

Compound D-H-A  d(D-H)/Å d(H-A)/Å d(D-A)/Å D-H-A/° 

1 O5-H5A-O3’ 

O5-H5B-O2 

0.89 

0.89 

1.89 

1.90 

2.630(17) 

2.661(18) 

140.0 

143.7 

4 O4-H4A-O5 

O4-H4B-O2 

0.87 

0.85 

1.81 

1.79 

2.484(3) 

2.512(3) 

135.8 

141.8 

5 O6-H6A-O3’ 

O6-H6B-O2 

0.88 

0.88 

1.94 

1.91 

2.702(2) 

2.681(2) 

143.9 

145.8 

9 O1-H1A-O4 

O1-H1B-O3’ 

0.89 

0.84 

1.80 

1.84 

2.675(4) 

2.661(4) 

170.5 

165.5 

10 O6-H6A-O3’ 

O6-H6B-O2 

0.88 

0.88 

1.94 

1.99 

2.696(3) 

2.726(3) 

143.2 

140.7 

 

To confirm whether the single crystal structure corresponds to the bulk material or not, 

powder X-ray diffraction patterns were recorded for 1-10 at room temperature. As can be 

seen in Figure 3.5, the experimentally obtained powder patterns match exactly with the 
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simulated powder patterns (obtained from the single crystal data). This confirms that the 

single crystal and bulk material are the same. It also confirms the phase purity of the bulk 

sample. Additionally, experimental powder patterns of 2 and 3 are similar to the simulated 

powder pattern of 1, indicating 2 and 3 are isostructural with 1. Similarly, 6-8 were found 

to be isostructural with 5, 9 and 10 (Figure 3.6). 

 

Figure 3.5. Powder X-ray diffraction patterns of the as synthesized molecular square 1, 4, 5, 9 and 

10 compared with the simulated powder patterns obtained from single crystal structures.  

 

Figure 3.6. Powder X-ray diffraction pattern of the as synthesized samples of (left) 1-4 and (right) 

5-10 compared to the simulated powder patterns obtained from the single crystal structures of 1 and 

5, respectively. 

Framework Stabilities and Thermal Properties. In addition to bulk phase purity and 

isostructural relationship confirmed by powder X-ray diffraction, the high chemical stability 
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of 1-10 in various solvents is verified by matching the powder patterns of each compound 

immersed in different solvents for 24 h with the respective powder patterns of the as-

synthesized compounds. 

 

Figure 3.7. TGA scans for 1-4 (left) and 5-10 (right). 

In order to understand the thermal stability and its structural variation as a function of 

temperature, thermogravimetric analysis (TGA) was carried out for the single-phase 

polycrystalline samples of 1-10 between 30-500 °C under dinitrogen atmosphere. All TGA 

scans are shown in Figure 3.7. From the multistep decomposition process observed for these 

compounds, it is clearly evident that the first weight loss in the temperature range of 100-

200 °C in case of 1-4 corresponds to the loss of coordinated water molecules, corroborated 

by the crystal structures of 1 and 4. A similar thermogravimetric profile was observed in 

case of 5-10, where the initial weight loss in the temperature range of 100-200 °C 

corresponds to the loss of coordinated water molecules, corroborated by the crystal 

structures of 5, 9 and 10. The second weight loss was observed for all compounds in the 

temperature range of 200-300 °C due to the loss of ligands followed by continuous 

decomposition of the compounds. In addition to the isostructural relationship supported by 

the PXRD analysis, the similar thermal stability by TGA further confirms the isostructural 

relationship of 1-4 and 5-10. 

Catalysis Studies. The Knoevenagel condensation of aldehydes with active methylene 

compounds is one of the most useful C−C bond forming reactions to give rise to α,β-

unsaturated compounds, valuable precursors of fine chemicals and biological compounds. 

This condensation is generally catalyzed by bases or Lewis acids.252,253 While various type 

of homo/heterogeneous catalysts (discrete or polymeric coordination compounds) have 

been developed for such organic transformation, there is still a considerable interest in 
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developing shape persistent discrete complexes with well-defined geometry, and chemical 

and thermal stability. Thus, the catalytic activity of the representative compounds 1 and 5 

were tested as solid heterogeneous catalysts in the Knoevenagel condensation of 

malononitrile with various aldehydes. In a typical reaction, a mixture of benzaldehyde (10 

μL, 0.10 mmol), malononitrile (10 mg, 0.15 mmol), and catalyst (3.6 mg  of 1 or 5, 3 mol 

%) was placed in a capped glass vial, and then 1 mL of solvent was added to it. The mixture 

was stirred at 25-30 °C for 60 minutes. The product was extracted using ethyl acetate and 

filtered to remove any catalyst. Evaporation of the solvent under reduced pressure gives the 

crude product, which was re-dissolved in CDCl3 and analysed by 1H NMR spectroscopy. 

Both 1H NMR spectra and related calculation of the percentage yield for 1 in water (entry 

1, Table 3.2) are presented in Figure 3.8. Using benzaldehyde as the simplest substrate, it 

was found that both 1 and 5 provided high product yields in polar protic solvents compared 

to the non-polar solvents (entries 1−8, Table 3.2) under identical conditions (reaction time 

and temperature). Since the product yield was comparable with all polar protic solvents, 

therefore water was chosen as the solvent with consideration of green chemistry principles. 

Consequently, the optimization of reaction conditions (amount of catalyst and reaction 

time) was carried out in a model malononitrile-benzaldehyde system with 1 or 5 as the 

catalyst. 

An increase in the amount of catalyst from 1.0 to 3.0 mol% enhances the product yield from 

64 to 93%, but further increase in the amount of catalyst leads to no significant increase in 

the product Yield (entries 9−13, Table 3.2). To select the most appropriate reaction 

conditions, 2 mol% of catalyst was chosen and the reaction time was varied from 20-120 

minutes (entries 14−19, Table 3.2). These results indicate that with 2 mol% catalyst yields 

about 98% of benzaldehyde into 2-benzylidenemalononitrile occurs (entry 18, Table 3.2) 

after 100 minutes and hence is chosen as the best reaction condition. A blank reaction 

carried out with benzaldehyde in absence of catalyst resulted a very low conversion (10%) 

of aldehyde into 2-benzylidenemalononitrile after 100 minutes (entry 21, Table 3.2). 

Moreover, the reaction did not give good yield when free ligand H2L1 or H2L2 was used 

instead of catalyst 1 or 5 (entry 20, Table 3.2), respectively. The catalytic activity of 

different metal acetates, used for the synthesis of 1-10, was also checked. In all cases, very 

less product yield was obtained (entries 22−27, Table 3.2). The results indicate that catalysts 

1 and 5 are much better than the metal salts or ligands under identical conditions.  
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The effect of catalyst concentration on the product yield was also tested. A plot of % yield 

versus catalyst amount or time for the Knoevenagel condensation reaction of benzaldehyde 

and malononitrile with 1 and 5 is presented in Figure 3.9. Since both the representative 

compounds of each set showed similar activity, we further checked the catalytic activity of 

2-4 and 6-10 for the Knoevenagel condensation of malononitrile with benzaldehyde under 

the optimized reaction conditions. In all cases, 95-100% conversion was obtained. These 

are summarized in a plot between percent yields versus compound used (Figure 3.10). The 

catalytic activity obtained is comparable with the discrete or polymeric coordination 

architectures.113,254–257 
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Figure 3.8. Example of integration in 1H NMR spectrum for the calculation of product yield in 

Knoevenagel condensation reaction of benzaldehyde with malononitrile (entry 1, Table 3.2). 

Calculation of the product yield in the Knoevenagel condensation reaction of benzaldehyde 

with malononitrile catalyzed by 1 

Total amount of compounds at the end (see figure 3.8): Unreacted bezaldehyde (10.05 ppm) + 2‐

benzylidenemalononitrile (7.81 ppm) = 0.07 + 1.00 = 1.07. 

Yield of 2‐benzylidenemalononitrile = (1/1.07) * 100 = 93.45 %. 

 

Figure 3.9. Plot of % yield versus catalyst amount (left) and time (right) for the Knoevenagel 

condensation reaction of benzaldehyde and malononitrile catalysed by 1 and 5. 
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Figure 3.10. Yields for Knoevenagel condensation reaction of benzaldehyde and malononitrile 

catalysed by 1-10. 

In order to demonstrate the versatility of the catalysts, the catalytic activity of 1 and 5 was 

also investigated with different types of substituted aromatic aldehydes in the reaction with 

malononitrile. It gave the corresponding α,β-unsaturated compounds in good-to-excellent 

yields. The results are summarized in Table 3.3. The nitro substituted aromatic aldehydes 

gave the maximum yield (entries 6 and 10, Table 3.3) while the lowest yield (entry 5, Table 

3.3) was obtained for p-methoxybenzaldehyde. This trend unveils the strong accelerating 

influence of electron-withdrawing nitro group in contrast to an electron donating moiety for 

a reaction involving nucleophilic attack at the carbonyl group. The stronger is the electron-

withdrawing ability of the substituent, the faster is the activation of aldehyde for 

nucleophilic attack at the carbonyl group and hence higher is the yield. 

    To determine the recyclability of the catalyst, it was isolated after the reaction by 

filtration from the aqueous phase and washed with methanol and reactivated by heating 

under vacuum conditions. Both catalysts 1 and 5 were recycled in three consecutive 

experiments, and their activity did not show appreciable change (Figure 3.11). Based on 

FTIR spectra and PXRD data of the catalyst recorded before and after the reaction, no loss 

of crystallinity or phase purity of the catalyst was observed (Figure 3.12). Further, to check 

no leaching of the catalyst into the product stream, the reaction mixture after 20 minutes of 

reaction time was separated from the catalyst by extracting the organics with ethyl acetate 

and provided with the same reaction condition. The yield of the product did not change 

significantly. These experiments indicate that the catalyst essentially remains intact and 

does not leach out during the catalytic process. 
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Figure 3.11. Yield for three consecutive cycles of Knoevenagel condensation reaction of 

benzaldehyde and malononitrile catalyzed by 1 and 5. 

 

Figure 3.12. FTIR spectra (top) and PXRD pattern (bottom) of 1 and 5 taken before and after 

catalysis experiments. 
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Based on the studies described above, a possible mechanism of Knoevenagel condensation 

catalyzed by 1-10 is presented in Figure 3.13 on the basis of reported proposals.258–261 The 

metal center (Lewis acidic site) interacts with the carbonyl group of the benzaldehyde, 

resulting in polarization of this group, which in turn increases the electrophilic character of 

the carbonyl carbon atom. This polarization accounts for attack by the nucleophile 

(malononitrile). The interaction of a cyano group of malononitrile with the Lewis acid site 

increases the acidity of the methylene group, which further enhances the deprotonation of 

malononitrile. The basic sites (carboxylate-O or amide-O) can abstract the proton from the 

methylenic group to generate the corresponding nucleophilic species, which attack the 

carbonyl group of benzaldehyde resulting in the C−C bond formation followed by 

dehydration. 

 

Figure 3.13. Proposed catalytic cycle for the Knoevenagel condensation of benzaldehyde with 

malononitrile catalyzed by 1−10. 

Luminescence properties. The design and construction of metallocycles and metallocages 

have attracted considerable attention for their wide applications in fluorescence detection 

of metal ions, anions, or small molecules. In order to study the luminescence properties of 

1-10 and the respective free ligands, their solid-state reflectance spectra were first recorded 
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at room temperature. H2L1 and 1-4 exhibited a strong and broad absorption with λmax 250 

nm while H2L2 and 5-10 exhibited a strong and broad absorption with λmax 270 nm 

corresponding to π−π* transitions. On the basis of these data, emission properties of the 

Cd(II) compounds, 4 and 10, with a d10 configuration were studied.  On excitation at 270 

nm, the emission spectra of 4 and 10 exhibit a strong feature at 422 and 413 nm, 

respectively. Compared to H2L1 and H2L2, the emission bands of 4 and 10 show significant 

red shifts (58 nm in 4 and 98 nm in 10), which can be attributed to the metal-ligand charge 

transfer. In order to understand the effect of organic solvents on their emission properties, 

emission spectra of 4 and 10 were recorded in different solvents such as water (H2O), 

ethanol (EtOH), acetonitrile (CH3CN), chloroform (CHCl3), acetone, dimethylformamide 

(DMF) and nitrobenzene upon excitation at the same wavelength. It is significant to observe 

that 4 and 10 show different emission intensities in different solvents; with shifts in the 

emission wavelength due to change in polarity of the solvents.262 The maximum intensity 

for 4 was obtained in water while 10 gave the maximum intensity in acetonitrile. Although 

a variation in the luminescence response was observed for different solvents, both 4 and 10 

exhibit very strong emission intensities in water and are therefore suitable for sensing 

studies in this solvent. Among all the solvents, the emission intensity of 4 and 10 was totally 

quenched in nitrobenzene (NB). This is because of the electron-withdrawing ability of the 

nitro group that facilitates an electron transfer from the excited state of 4 and 10 to the 

electron- deficient nitrobenzene, restricting the self-relaxation to the ground state.263 This 

type of solvent-dependent quenching behavior is of great interest towards nitrobenzene 

sensing and thus further experiments with NB were performed in more detail. Fluorescence 

titration experiment was performed with suspensions of 4 or 10 in water by the incremental 

addition of 2 mM stock solution of nitrobenzene (NB) (from 10 μL to 300 μL). As shown 

in Figure 3.14, the luminescence intensities of 4 and 10 decrease gradually as the 

concentration of NB increases and at 26 ppm of NB, the fluorescence intensity was almost 

completely quenched (96% for (4) and 90% for (10)). The quenching efficiency, defined by 

(I0 − I)/I0 × 100 %, where I0 and I are the luminescence intensities of 4 or 10 before and 

after the addition of NB, respectively, was estimated to be 35% for 1 ppm of NB, 77% for 

5 ppm of NB and 92% for 9 ppm of NB for 4. A similar trend for quenching efficiency was 

observed for 10. The result has further been analysed using the Stern-Volmer (SV) equation: 

I0/I = 1 + KSV[A], where I0 and I are the luminescent intensities of the compound before and 

after addition of the NB, [A] is the molar concentration of NB, and KSV is the quenching 

constant (mM−1). A good linear correlation exists between the fluorescence quenching 
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efficiency and the concentration of nitrobenzene over the range of 0–0.035 mmol (Figure 

3.14). The KSV values were found to be 0.84 x 102 mM-1 for 4 and 0.95 x 102 mM-1 for 10. 

These are moderate among the values reported for coordination polymers264,265 but are much 

higher compared to the self-assembled adduct,266 indicating efficient fluorescence 

quenching of nitrobenzene by 4 and 10. For example, the coordination polymers 

{[Cd2(HL)2(bibp)2].3H2O}n and {[Zn(tta)0.5(m-bimb)].H2O}n (where, H3L is tris(p-

carboxyphenyl)phosphane oxide, H4tta is terphenyl-4,2’’,5’’,4’-tetracarboxylic acid, bibp 

is 4,4′-bis(imidazol-1-yl)biphenyl and m-bimb is 1,3-bis(imidazol-1-ylmethyl)benzene) 

have comparable KSV values, 0.82 x 102 mM-1 and 1.1 x 102 mM-1, respectively.  On the 

other hand, the KSV value was found to be 2.7 mM-1 for the hydrogen bonded 

[2HL]2+.[CdCl4]2- adduct, where L is 4′-methylenebis(2,6-diethyl-N-(naphthalen-1-

ylmethyl)aniline).  

 

Figure 3.14. (a,b) Change in emission spectra of 4 and 10 dispersed in an aqueous medium upon 

incremental addition of the NB solution (2 mM) (Insets showing the blue emission and its 

disappearance under UV light, before and after NB addition, respectively) and (c,d) Stern-Volmer 

(SV) plot for NB of 4 and 10. The relative fluorescence intensities are linear with NB concentration 

in the range of 0 – 0.035 mM, I0/I = 1 + 84.026[NB] (R2 = 0.998) for 4 and I0/I = 1 + 95.032[NB] 

(R2 = 0.992) for 10.  
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Quenching of the luminescence intensities of 4 and 10 upon the incremental addition of 

nitrobenzene can be explained on the basis of electrostatic interaction between NB and the 

molecular squares.100 To understand the effect of size and electron withdrawing effect of 

the nitro group, the fluorescence responses of 4 and 10 were measured with other nitro 

aromatic compounds, such as 1,3-dinitrobenzene (1,3-DNB), 1,4-dintrobenzene (1,4-DNB) 

and 2,4,6-trinitrotoluene (2,4,6-TNT). As expected, these three nitro aromatics act as 

fluorescence quenchers for 4 and 10. However, even with more electron withdrawing 

groups attached to them, their fluorescence quenching efficiencies are lower than that of 

NB. The order of KSV values for the four quenchers is NB > 2,4,6-TNT > 1,3-DNB ≥ 1,4-

DNB. This trend of quenching efficiencies might be due to the combined effect of the size 

of the nitro analytes and the number of electron withdrawing nitro groups attached to the 

benzene ring. 

 

Figure 3.15. A comparison of 3D Stern-Volmer plot of different nitro analytes for 4 and 10.  

A comparison of 3D Stern-Volmer plots of different nitro analytes for 4 and 10 is shown in 

Figure 3.15. The ratio between KSV values of NB and other nitro aromatics is defined as the 

selectivity factor (SF),267 which is generally used to evaluate the selectivity. The SF values 

for 2,4,6-TNT, 1,3-DNB and 1,4-DNB over NB are 0.221, 0.131 and 0.110 for 4 and 0.122, 

0.0853 and 0.0894 for 10, respectively. This suggests that both 4 and 10 have very good 

selectivity towards NB detection in aqueous medium. 

In summary, 1-10, has laid a foundation for the strategy in developing new molecular 

squares by the three-components in a [2+2+2] self-assembly process. This synthetic strategy 

used to construct the molecular squares have been generalized with different metal centers 

and their catalytic activity (due to the presence of Lewis-acidic open metal sites) and 
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remarkable photo-physical properties have been established by Knoevenagel condensation 

reaction and selective detection of nitrobenzene via the fluorescence quenching mechanism. 

3.1.2 Coordination driven self-assembly of polymeric architectures 

The phrase, “coordination polymers” was first appeared in the early 1960s, and since then 

extensive advancements have been reported to the chemistry of coordination polymers. 

Versatile synthetic strategies have been developed for the self-assembly of target structures. 

The key to success is the design of the molecular building blocks which direct the formation 

of the desired architectural, chemical, and physical properties of the resulting architectures. 

In addition to the two central components, connectors and linkers, coordination polymers 

consist of other auxiliary components, such as blocking ligands, counter anions, and 

nonbonding guests or template molecules. Various combinations of these components 

afford various specific structural motifs. For the synthesis of such specific structural 

architectures, we have used the dicarboxylate (H2dmsdba) in combination with different 

transition metal ions to obtain such 1D, 2D or 3D coordination polymers using either 

mutidentate polypyridyl ligands or bidentate pillar ligands. The judicious selection of the 

ligands structures has been shown to control the dimensionality and functionality of the 

resulting frameworks. 

3.1.2.1 Architectures through connected polygons (squares and hexagons) 

Transition metals are very well known for their diverse oxidation states and coordination 

preferences, giving rise to various coordination geometries. Because of this reason the 

transition-metal ions have been extensively utilized as versatile connectors in the 

construction of coordination polymers. In addition to the utilization of such naked metal 

ions, the use metal-complex connectors have the advantage of offering control of the bond 

angles and restricting the number of coordination sites; sites that are not required can be 

blocked by chelating ligands and thus leave specific binding sites for linkers. Inspired from 

our previous work on the polypyridyl tridentate capping ligand bpta, for the synthesis of 

discrete molecular squares, we thought of extending the dimensionality by ligand 

modifications keeping all other factors or components constant. For this purpose, we have 

used a series of bis(tridentate) ligands (tpen, tpbn, tphxn and tpxn) where two tridentate 

capping sites are separated by aliphatic or aromatic spacers; tpen, tpbn and tphxn differ 

by different number of carbon atom in the methylene chain spacer, 2 in tpen, 4 in tpbn, 6 

in tphxn and tpxn have a rigid xylyl spacer between two tridentate capping sites.  



71 

 

 

Figure 3.16. Two possible structural isomers (a) connected molecular squares and (b) fused 

hexagons, by the self-assembly of metal ions, bis(tridentate) ligands and carboxylate linkers. 

Chemical structures of the ligands used are shown in Figure 1.9a. Based on the results 

obtained in the previous section, two possibilities can be predicted for the resulting 

architectures while using bis tridentate ligands in combination of bent dicarboxylate linkers. 

As shown in Figure 3.16, the resulting polymeric architecture can be formed by connected 

molecular squares or by fused hexagons. In the present section, we have studied the effect 

of different spacers in bis(tridentate) ligands and reaction conditions to the final 

coordination architectures. 

Mn(II) Chemistry 

In order to study the effect of the spacer length and rigidity/flexibility of the bis(tridentate) 

polypyridyl ligands on the resulting coordination architecture, a series of coordination 

architectures have been synthesized by varying one variable at a time. By using Mn(II) as 

metal centre and keeping the metal and carboxylate linkers constant, the spacer chain 

length/flexibility of the bis(tridentate) polypyridyl ligands was varied and two sets of 

coordination architectures were synthesized (Scheme 3.8-3.10); the first set includes the 

self-assembly of Mn(II) and H2dmsdba with three different  bis(tridentate) ligands (tpbn, 

tphxn and tpxn), whereas for the second set a different dicarboxylate linker (H2obba) having 

similar geometry was used in combination with Mn(II) and bis(tridentate) ligands. The 

effect of reaction conditions and selection of the ligand structure has been discussed and 

optimized to get the coordination architectures with either of the possible structure (Figure 

3.16). 

Single crystal structure analysis. Single crystals suitable for single crystal X-ray 

diffraction analysis was obtained by the slow diffusion technique in each case. A mixture 

of products was obtained when a mixture of DMF/EtOH/H2O was used for the self-

assembly process. 
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Scheme 3.8. Synthesis of 11 and 11a. 

 

The two compounds thus obtained not only differ in their molecular formula (with DMF as 

lattice solvent in 11 or no lattice solvent in 11a), but also are the structural isomers of one 

another. We have been fortunate to get the single crystal X-ray diffraction data for both the 

isomers, but due to similar crystals shape, size as well as colour, we have not been able to 

separate both the isomers manually for the study of bulk phase properties. Both isomers 

crystallize in triclinic system with P1 space group in each case with different unit cell 

parameters (a = 9.17 Å, b = 14.46 Å, c = 14.84 Å,  = 100.33°,  = 103.91°,  = 99.75° for 

11 and a = 8.53 Å, b = 12.93 Å, c = 14.71 Å,  = 104.53°,  = 94.21°,  = 102.96° for 11a). 

In both cases Mn(II) is in a distorted octahedral geometry where from a total of six 

coordination sites three are occupied by three nitrogen atoms of the polypyridyl capping 

site. Three nitrogen atoms of the capping site occupies the facial positions of the octahedral 

geometry in each case.  

 

Figure 3.17. Structural description for 11; (a) view of the asymmetric unit and the coordination 

environment around the Mn(II) center (the other lattice DMF is highly disordered and hence the 

diffused electron density was squeezed out during structure refinement), (b) view of 1D polymeric 

structure and (c) formation of 2D supramolecular architecture via the strong hydrogen bonding by 

lattice DMF molecules (ODMF…HPy  2.689 Å).  
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Two sites are occupied by two oxygen atoms of two different carboxylate groups of 

dmsdba2- which binds in a monodentate binding mode and sixth one is occupied by oxygen 

atom of the coordinated water molecule. The asymmetric unit in both cases is same which 

consists of one Mn(II) ion, one dicarboxylate, one coordinated water molecule and one-half 

of the bis(tridentate) ligand, except one lattice DMF molecule in case of 11. The asymmetric 

unit along with the coordination environment around the Mn(II) center in 11 and 11a is 

shown in Figure 3.17a and 3.18a, respectively. The average Mn-O (2.1 Å) and Mn-N (2.2 

Å) bond lengths in both cases are in the range of the values reported for this kind of 

complexes.249,250 Prominent distortions from the octahedral geometry in both cases are 

evident from the bond angle values in respective cases. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A3, A25 and A47, respectively. In both cases the asymmetric 

unit extents only in one direction resulting in the formation of 1D polymeric structures 

(Figure 3.17b and 3.18b). 

 

Figure 3.18. Structural description for 11a; (a) view of the asymmetric unit and the coordination 

environment around the Mn(II) center, (b) view of overall 1D polymeric structure. 

 

Figure 3.19. Simplified representation of the structural isomers (a) 11 and (b) 11a, respectively.  
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Comparison of the structural isomers 11 and 11a. As shown in Figure 3.17b and 3.18b, 

both 11 and 11a forms the 1D polymeric structures; the arrangement of various structural 

units, has resulted into the formation of structural isomers. In case of 11, the 1D polymeric 

architecture is formed by fused hexagons, whereas the polymeric architecture in 11a is a 

result of connected molecular squares. The different square motifs are connected to one 

other by the bis(tridentate) ligand, which is acting as a span between two such square motifs. 

A simplified representation of both the isomers is shown in Figure 3.19. In addition to this 

difference, the 1D chains in 11 are further extended via the strong hydrogen-bonding 

interactions by the lattice DMF molecules to afford an overall 2D supramolecular 

architecture (Figure 3.17c). The O6 atom of lattice DMF interacts with the H25 of one of 

the pyridyl ring of the ligand tpbn via strong Hydrogen bonding interaction. The C-H…O 

distance and C-H…O for the Hydrogen bonded O6 and H25 is found to be 2.689 Å and 

125.15o, respectively.  

 

Figure 3.20. Powder X-ray diffraction pattern of the as-synthesized sample of 11a, compared with 

the simulated powder X-ray diffraction pattern, obtained from the single crystal X-ray diffraction 

data. 

In our attempts of isolating both the isomers in pure form for their bulk phase studies, we 

have been able to isolate 11a as single isomer, by varying the reaction conditions. It was 

found that a change in the solvent combination from DMF/EtOH/H2O mixture to 

MeOH/H2O mixture has resulted in the predominate formation of 11a, which has been also 

characterized by single crystal X-ray diffraction analysis and the bulk phase purity has been 

established by powder X-ray diffraction analysis. As shown in Figure 3.20 the powder X-
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ray diffraction pattern of the bulk sample of 11a, matches exactly with the simulated powder 

X-ray diffraction pattern of 11a, obtained from the single crystal X-ray diffraction data. In 

addition the sharp signals due to asymmetric (asym) and symmetric (sym) stretching of the 

carboxylates at 1593 cm-1 and 1385 cm-1 in the FTIR spectra of 11a, supports the 

monodentate binding (∆cm-1) of the carboxylate,251 as indicated from the single 

crystal structure. 

In order to further study the effect of spacer chain length/flexibility on the structural 

diversity of such coordination polymers, two more coordination polymers were synthesized 

(Scheme 3.9) using tphxn and tpxn as bis(tridentae) ligands. The two ligands differ in the 

nature of the spacer in between the two tridentate capping sites; for tphxn the spacer 

consists of an aliphatic chain of six carbon atoms, whereas tpxn consists of a comparatively 

rigid xylyl spacer in between the two tridentate capping sites. 

Scheme 3.9. Synthesis of 12 and 13. 

 

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 12 

crystallizes in a triclinic crystal system with P1 space group, whereas 13 crystallizes in a 

monoclinic crystal system with C2/c space group. Irrespective of the different crystal 

systems and nature of the spacer both 12 and 13 forms similar kind of 1D polymeric 

structure. The asymmetric unit in cases of 12 consists of one Mn(II) ion, one dicarboxylate, 

one coordinated water molecule, one-half of the tphxn ligand and one lattice DMF 

molecule whereas the asymmetric unit in cases of 13 consists of one Mn(II) ion, one 

dicarboxylate, one-half of the tpxn ligand and one and half molecules of methanol as lattice 

solvents..The coordination environment around the metal center in each case is N3O3 type 

with distorted octahedral geometry. The six coordination sites in 12 are occupied by three 

nitrogen atoms from one of the capping site of the tphxn ligand, two oxygen atoms from 

carboxylate group of dmsdba2- and one oxygen atom from the coordinated water molecule, 

whereas in case of 13, three coordination sites are occupied by three nitrogen atoms of one 

capping site of tpxn, and other three coordination sites are occupied by the oxygen atoms 

of the carboxylate groups of dmsdba2-, where one of the carboxylates binds in a bidentate 

chealated fashion and the other in a monodentate fashion. The asymmetric unit and the 
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coordination environment around the Mn(II) center in each case are shown in Figure 3.21a 

and 3.22a, respectively. The average Mn-O and Mn-N bond lengths are in the range of 

values reported for this kind of complexes.249,250 All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A4, A26 and A48, respectively.  

 

Figure 3.21. Structural description for 12; (a) view of the asymmetric unit and the coordination 

environment around the Mn(II) center, (b) view of 1D polymeric structure and (c) formation of 2D 

supramolecular architecture via the strong hydrogen bonding by lattice DMF molecules (ODMF…HPy  

2.700 Å and ODMF…HMe 2.680 Å). 

As shown in Figure 3.21c, the lattice DMF present in the crystal lattice takes part in the 

hydrogen bonding with the 1D polymeric chains in 12 and results in the formation of a 2D 

supramolecular framework. The O6 of the lattice DMF is Hydrogen bonded with the H11 

of one of the pyridyl ring of the ligand tpbn and H8 of the dmsdba2-. The C-H…O distance 

and C-H…O for the Hydrogen bonded O6 and H11 is found to be 2.700 Å and 144.53o, 

whereas the The C-H…O distance and C-H…O for the Hydrogen bonded O6 and H8 is 

found to be 2.680 Å and 145.57o, respectively. On the other hand, the lattice methanol 

present in the crystal structure of 13 does take part in the formation of hydrogen bonded 

supramolecular network. A simplified representation of the 1D polymeric structure formed 

by fused hexagons is shown in Figure 3.22c 
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Figure 3.22. Structural description for 13; (a) view of the asymmetric unit and the coordination 

environment around the Mn(II) center, (b) view of 1D polymeric structure and (c) simplified view 

of the 1D polymeric structure formed by fused hexagons. 

 

Figure 3.23. Powder X-ray diffraction pattern of the as-synthesized sample of 12 (left) and 13 

(right), compared with their respective simulated powder X-ray diffraction pattern, obtained from 

the single crystal X-ray diffraction data. 

In order to study the effect of reaction conditions on the formation of either possible 

structural isomer in case of 12 and 13, various reaction parameters (solvent and temperature) 

were tested, but in all cases predominate formation of single-phase polycrystalline material 

has occurred which was tested by the powder X-ray diffraction analysis of the resulting 

material (Figure 3.23). 

In order to confirm different binding modes of carboxylates in both cases the FTIR spectra 

of 12 and 13 was recorded in the solid state at room temperature as KBr pellets. The sharp 

signals due to asymmetric (asym) and symmetric (sym) stretching of the carboxylates in 
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case of 12 appeared at 1604 cm-1 and 1386 cm-1 (∆cm-1), whereas in case of 13, the 

signal due to asymmetric (asym) and symmetric (sym) stretching appeared at 1602 cm-1 and 

1379 cm-1 (∆cm-1) and 1583 cm-1 and 1385 cm-1 (∆cm-1). The observation 

of the difference in their asymmetric and symmetric stretching frequencies (i.e. ∆valuein 

the FTIR spectra, clearly indicate the monodentate binding of the carboxylate to the metal 

center in case 12 and two kind of (monodentate as well as bidentate) binding of the 

carboxylate in cases of 13.251 

The study was further extended to see the effect of carboxylate geometry to the resulting 

polymeric architecture. Keeping all other variables constant, a comparatively flexible bent 

dicarboxylate (H2obba) was used in combination and another set of coordination polymer 

have been synthesized (Scheme 3.10) and well characterized by a combination of different 

analytical techniques.  

Scheme 3.10. Synthesis of 14, 15 and 16.  

 

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, as 

expected 14 and 15 forms 1D polymeric architectures similar to what was observed for 11-

13 but in case of 16 a discrete dimetallic complex was obtained. The structure of 14 

crystallizes in a P21/c space group with monoclinic crystal system whereas 15 and 16 

crystallizes in a triclinic crystal system with P1 space group. The asymmetric unit in 14 and 

15 consists of one Mn(II) ion, one dicarboxylate (obba2-) and one-half of the tpbn (in 14) 

or tphxn (in 15) ligand. In addition the asymmetric unit in 15 consists of an extra water 

molecule coordinated to the Mn(II) center. On the other hand the asymmetric unit in case 

of 16 consists of one Mn(II) ion, one dicarboxylate (obba2-), one-half of the tpxn ligand 

and total of five water and one methanol molecules, where two water molecules are 

coordinated to the Mn(II) center and other three water molecules and one methanol occupy 

the lattice positions. The Mn(II) center in all cases is in an distorted octahedral N3O3 

environment, where from a total of six coordination sites, three are occupied by nitrogen 
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atoms of one of capping site of the tpbn ( in 14) or tphxn (in 15) or tpxn (16) ligand. The 

other three sites in 14 are occupied by oxygen atoms of the carboxylate groups of obba2-, 

where one of the carboxylates binds in a bidentate chealated fashion and the other in a 

monodentate fashion (Figure 3.24a) and in case of 15, two sites are occupied by the oxygen 

atoms of the carboxylate groups of obba2-, and one is occupied by the oxygen atom of water 

molecule coordinated to the Mn(II) center (Figure 3.24c), whereas in case of 16 one of the 

site is occupied by oxygen atoms of the carboxylate groups of obba2-, and other two are 

occupied by oxygen atoms of two water molecule coordinated to the Mn(II) center. 

Prominent distortions from the regular octahedral geometries in each case is evident from 

the O-Mn-O or N-Mn-O or N-Mn-N bond angle values ranging from 54.49º to 125.50º. All 

the Mn-N and Mn-O bond lengths are in the usual range for this kind of complexes.249,250 

All the crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond lengths and bond angles are listed in Table A5, A27 and A49, 

respectively. 

 

Figure 3.24. Structural description for 14 and 15; (a and c) represents the asymmetric units and the 

coordination environment around the Mn(II) center in 14 and 15, respectively and (b and d) 

perspective views of 1D polymeric structures in 14 and 15, respectively. 

As shown in Figure 3.24b and d, the asymmetric unit in both cases (14 and 15) further 

extends only in one direction to result an infinite 1D chain structure as expected with the 

strategy designed for this kind of polymeric structures. However, both 14 and 15 gives 1D 

polymeric structure; the structural arrangement of the components has resulted into the 

formation of polymeric structure in different possible ways. For example, the polymeric 

structure in 14, can be considered as a result of fused hexagons whereas the polymeric 

structure in 15, is a result of connected molecular squares. A simplified representation of 

both the structures is shown in Figure 3.25. The results are similar to what was observed in 
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case of 11 and 11a, but it is interesting to note that unlike 11 where both isomers were 

obtained as a mixture, pure single-phase product was obtained in both cases. Unexpectedly, 

when tpxn was used in case of 16, the asymmetric unit extends to give a discrete dimetallic 

linear complex (Figure 3.26). It should be also noted that attempts to study the effect of 

reaction conditions has also resulted in the formation of single-phase products in respective 

cases. 

 

Figure 3.25. Simplified representation of the polymeric structures in (a) 14 and (b) 15, respectively.  

 

Figure 3.26. View of the discrete dimetallic linear complex formed in 16.  

In order to establish the phase purity of the resulting architectures powder X-ray diffraction 

(PXRD) patterns of the as-synthesized samples of 14-16 was recorded at room temperature. 

As can be seen in Figure 3.27, a very good agreement between the powder pattern of the 

as-synthesized samples of 14-16 and the simulated powder patterns obtained from the single 

crystal structure data, indicates the phase purity and the exclusive formation of particular 

structures in case of 14-16. Further the FTIR spectra of 14-16 recorded in the solid state at 

room temperature confirm different binding modes of carboxylates in each case. The sharp 
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signals due to asymmetric (asym) and symmetric (sym) stretching of the carboxylates in 

case of 14 appeared at 1607 cm-1 and 1391 cm-1 (∆cm-1) and 1592 cm-1 and 1412 

cm-1 (∆cm-1), indicate the two kind of carboxylate bindings (monodentate as well 

as bidentate), whereas in case of 15 and 16 these signal appeared at 1605 cm-1 and 1395 cm-

1 (∆cm-1) and 1601 cm-1 and 1379 cm-1 (∆cm-1), respectively, which 

indicate monodentate binding of the carboxylate to the metal center in each case.251 

 

Figure 3.27. Powder X-ray diffraction pattern of the as-synthesized sample of 14-16, compared 

with their respective simulated powder X-ray diffraction pattern, obtained from the single crystal 

X-ray diffraction data. 

Cd(II) Chemistry 

Different metal ions because of their own coordination preferences are known to play an 

important role in the structural diversity of the resulting coordination architectures.268 In 

this respect Cd(II), because of its extended coordination number has attracted much 

attention. Therefore, in order to support the utility of this ligand combinations 

(bis(tridentae) and bent dicarboxylates) to design such 1D coordination polymer (either 

possible isomer), we have expanded the study with tpen and tpbn ligands in combination 

with the bent dicarboxylates (H2dmsdba or H2obba) and Cd(II) as the metal center. As the 

first example in this series, tpen ligand was used in combination of H2dmsdba and Cd(II) 
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metal center (Scheme 3.11), where in order to study the effect of spacer chain length, it has 

been reduced to two carbon chain in between the two tridentate capping sites in case of 

tpen. 

Scheme 3.11. Synthesis of 17. 

 

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 17 

crystallizes in a triclinic crystal system with P1 space group and consists of an anionic 1D 

linear chain of Cd(II) and dmsdba2- which are further hydrogen bonded to each other to 

form 2D supramolecular framework. The six N-donors presents in tpen ligand wrap around 

a single metal centre coordinated with an extra water molecule to form a cationic 0D metal 

complex, which is encapsulated in the anionic 1D polymeric chains of metal-carboxylate 

via strong hydrogen bonding interactions. The asymmetric unit consists of two 

crystallographically independent Cd(II), one tpen ligand, two dmsdba2- and a total of seven 

water molecules where one is coordinated to the Cd(II) and other six occupies the lattice 

positions. Both Cd1 and Cd2 are in an hepta-coordination environment, where from the 

seven coordination sites in case of Cd1 six are occupied by oxygen atoms of three 

carboxylates of two dmsdba2- coordinated to Cd1 in a chelated fashion; forth carboxylate 

group being non-coordinating. One of the coordinated carboxylate is in a chelated bridging 

mode, completing the seventh coordination site of Cd1, resulting in a Cd2O2 dimetallic 

cluster as repeat unit. In case of Cd2 the seven sites are occupied by six nitrogen atoms of 

the tpen ligand and one oxygen atom of the coordinated water molecule (Figure 3.28a). As 

shown in Figure 3.28b, the structure consists of Cd(II)-carboxylate 1D chains, where 

Cd2O2 cluster is acting as a node and are linked to each other by the dicarboxylate acting 

as linkers. Two of such carboxylate groups in the structure are deprotonated and does not 

bind with any metal center, resulting in an overall -2 charge on the 1D Cd(II)-carboxylate 

chains which is charge-balanced by the +2 charge on the 0D Cd(II)-tpen complex 

encapsulated into the 1D Cd(II)-carboxylate chains by the strong hydrogen-bonding 

interactions (Figure 3.28c). This results into an overall neutral hydrogen bonded 

supramolecular architecture. The average Cd-O (2.37 Å) and Cd-N (2.44 Å) bond lengths 

are in the usual range for this kind of complexes269,270 and the usual distortions from the 

regular geometries are evident from the bond angle value. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond  
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Figure 3.28. Structural description for 17; (a) asymmetric unit and coordination environment around 

the Cd(II) centers, (b) perspective view of metal-carboxylate 1D polymeric chain in 17 and (c) a 

view of hydrogen bonded  supramolecular architecture showing 0D Cd(II)-tpen complex 

encapsulated into the Cd(II)-carboxylate chains. 

lengths and bond angles are listed in Table A6, A28 and A50, respectively. The structural 

features in 17 have been further supported by FTIR spectroscopic analysis. The signals due 

to asymmetric (asym) and symmetric (sym) stretching of the carboxylates at 1578 cm-1 and 

1399 cm-1 (∆cm-1), confirms the bidentate chelated binding of the carboxylate to 

the metal center.251 In addition, a very good agreement between the experimental powder 

X-ray diffraction (PXRD) pattern of the bulk sample and simulated powder pattern (Figure 

3.29) confirms that the bulk sample represents the same structure as obtained from the single 

crystal X-ray diffraction analysis.    

 

Figure 3.29. Powder X-ray diffraction (PXRD) pattern of 17 compared with the simulated powder 

pattern obtained from the single crystal data. 
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The result indicates that bis(tridentate) ligand tpen with comparatively short spacer between 

the two tridentate capping sites does not spans between two metal centers, instead wrap 

around the metal center to block all the available coordination sites on the metal ion. This 

particular example suggests the requirement of the optimum spacer length between the two 

capping sites in bis(tridentate) ligand in order to synthesize such pre-designed 1D 

coordination polymers. After establishing the important role of the optimum spacer length, 

the study has been further extended to establish the design strategy for such coordination 

polymers by using tpbn ligand in combination with Cd(II) metal ions and previously used 

dicarboxylates (dmsdba2- and obba2-). A set of two coordination polymers namely 

{[Cd2(tpbn)(dmsdba)2].2(H2O)}n (18) and {[Cd2(tpbn)(obba)2]}n (19) (Scheme 3.12)were 

synthesized and characterized using different analytical techniques.   

Scheme 3.12. Synthesis of 18 and 19. 

 

The coordination polymers 18 and 19 were synthesized at room temperature by reacting 

cadmium acetate, tpbn and H2dmsdba or H2obba in 2:1:2 ratio. In both the cases single 

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

technique and the corresponding molecular formula was established by a combination of 

elemental analysis, TGA and single crystal X-ray diffraction analysis. 

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveal that, 18 

and 19 crystallizes in triclinic and monoclinic crystal systems with P1 and P21/c space 

groups, respectively. Both consists of similar kind of 1D coordination polymers. The Cd(II) 

metal center in each case is in a N3O4 type hepta-coordination environment. The 

asymmetric unit consists of a Cd(II) metal center, one dicarboxylate (dmsdba2- in case of 

18 and obba2- in case of 19) and one half of the bis(tridentate) ligand, tpbn. In addition, a 

water molecule is also present in case of 18, occupying the crystal lattice. As shown in 

Figure 3.30a and 3.31a, the seven coordination sites around the Cd(II) in both the cases are 

occupied by three nitrogen atoms of one of the capping site in tpbn, and remaining site are 

occupied by four oxygen atoms of the two carboxylate groups, which binds in a bidentate 

chelated fashion. This bidentate chelated binding of the carboxylates is evident from the 

FTIR spectra of 18 and 19, where the signals due to asymmetric (asym) and symmetric (sym) 

stretching of the carboxylates at 1591 cm-1 and 1395 cm-1 (∆cm-1) in 18 and 1598 
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cm-1 and 1406 cm-1 (∆cm-1) in 19, confirms the bidentate chelated binding of the 

carboxylate to the metal center.251 

 

Figure 3.30. Structural description for 18; (a) asymmetric unit and coordination environment around 

the Cd(II) centers, (b) perspective view of 1D polymeric chain in 18 and (c) simplified 

representation of the polymeric chain composed of fused hexagons. 

The asymmetric unit further extends to give an overall 1D structure. In both the case similar 

kind of polymeric structure was obtained (Figure 3.30b and 3.31b). A simplified 

representation of the polymeric structures showing fused hexagons in 18 and 19 are shown 

in Figure 3.30c and 3.31c, respectively. The average Cd-O (2.43 Å) and Cd-N (2.41 Å) 

bond lengths are in the usual range for this kind of complexes269,270 and the usual distortions 

from the regular geometries are evident from the bond angle value. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles are listed in Table A6, A28 and A50, respectively. 

 

Figure 3.31. Structural description for 19; (a) asymmetric unit and coordination environment around 

the Cd(II) centers, (b) perspective view of 1D polymeric chain in 19 and (c) simplified 

representation of the polymeric chain composed of fused hexagons. 
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In order to check whether the bulk sample represents the same material as obtained from 

the single crystal X-ray diffraction analysis or not, powder X-ray diffraction (PXRD) 

patterns of the as-synthesized samples of both 18 and 19 was recorded at room temperature. 

As can be seen in Figure 3.32, the obtained PXRD patterns in both cases are in very good 

agreement with the simulated powder patterns obtained from their single crystal structure 

data. This confirms that the single crystal and the bulk material are the same. It also confirms 

the phase purity of the bulk sample and exclusive formation of particular structural isomer 

in both the cases. Additionally, in an attempt to obtain the other possible structural isomers 

in both the cases by varying the reaction conditions, resulted in the formation of same 

isomer in all cases in a highly selective manner. 

 

Figure 3.32. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of (a) 18 and (b) 

19 compared with the simulated powder pattern obtained from the single crystal data. 

With these examples 11-19, we have established the utilization metal-complex connectors 

for the tailored synthesis of 1D coordination polymers using bis(tridentate) ligands. The 

capping sites provides a greater control of the bond angles and restrict the number of 

coordination sites by blocking at least three coordination sites of the metal center. The 

strategy has been optimized for the synthesis of either possible structural isomers by 

judicious selection of the bis(tridentate) ligand, metal ion, carboxylate linker or by varying 

the reaction conditions. 

3.1.2.2 Architectures with bis(pyridyl) pillar ligands 

In terms of crystal engineering, an effective route for the synthesis of novel coordination 

polymers with attractive topological structures is the employment of mixed ligands. Primary 

reports on porous coordination polymers mainly focused on the use of metal nodes as 

connectors and carboxylate ligands as linkers.83,84,271 In continuation of the studies on 
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porous coordination polymers and to extend their applicability, the utilization of a second 

linker for higher tailoring of the structures was considered. This was the first step toward 

constructing pillar-layered mixed ligand coordination polymers. Introducing pillars into 

coordination polymers has opened new possibilities for researchers to better control the 

assembly of building blocks into frameworks with desired network properties. The first 

reports on pillar linkers utilized simple nitrogen donor ligands such as bpy272 or DABCO.273 

The increasing number of investigations in this field has led to the design of a series of rigid, 

flexible or functional pillar ligands; the chemical structure of some of them, used for the 

present work are shown in Figure 1.9. The judicious selection/modification of the pillar 

ligands can aid the fabrication of novel networks with desirable performance. Controlling 

the structural flexibility, interpenetration, chemical stability and functionality by judicious 

modifications on pillar backbone provides an opportunity to design polymeric architectures 

with optimal pore volumes and efficiencies. The present section illustrates the synthesis, 

stability and structural properties and improved applicability of such coordination polymers 

derived from various pillar ligands in combination of the bent dicarboxylate ligand 

(H2dmsdba) and different metal ions. 

Zn(II) Chemistry  

In contrast to polymeric architectures with mononuclear connected nodes, those containing 

polynuclear metal–carboxyl clusters (also referred to as secondary building units, SBUs) 

have attracted much attention, as they provide stiffness of the local geometry and thus the 

architectural robustness of the resulting framework. In terms of the coordination chemistry 

Scheme 3.13. Representation of the pillaring strategy in paddle-wheel SBUs. 
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of Zn(II) metal ion in combination with carboxylate linkers it is well known to afford 

tetranuclear Zn4O or dinuclear Zn2(COO)4 clusters as SBUs. The Zn2(COO)4 clusters also 

known as paddle-wheel SBU, have both the metal centers in a square pyramidal 

coordination geometry, where the axial positions, in general are occupied by coordinating 

solvent molecules, which can be replaced by bidentate pillar ligands to add up an extra 

dimensionality to the resulting pillared structure (Scheme 3.13). Because of the ability of 

Zn(II) metal ions to adopt the Zn2(COO)4 clusters SBUs with carboxylate linkers, it was 

chosen in combination of bent dicarboxylate linker H2dmsdba and neutral N-donor pillar 

ligands to synthesize a set of coordination polymers 20-25 (Scheme 3.14). These examples 

present a control over the dimensionality and framework interpenetration into the 

coordination polymers by judicious selection of the pillar ligands. 

 

Scheme 3.14. Synthesis of 20-25. 

 

All compounds were synthesized at room temperature by the reaction of zinc acetate, 

H2dmsdba and different pillar ligands, except in case of 20, where for an in-depth 

understanding of the pillaring strategy, a Zn(II)-carboxylate polymer was synthesized where 

no pillar ligand was used. In all cases the compounds were isolated as solid materials in 

good yields. Single crystals for structural characterizations were obtained by slow diffusion 

technique in all cases using different combinations. The molecular formula in each case was 

established by a combination of elemental analysis, TGA and single crystal X-ray 

diffraction analysis.    

Single crystal structure analysis. Single crystals X-ray diffraction analysis reveals that 20 

is a 1D coordination polymer. It crystallizes in a monoclinic crystal system with C2/m space 

group. The asymmetric unit consists of two Zn(II), with half occupancy each, one dmsdba2- 

and two water molecules which are coordinated to each metal center. As depicted in Figure 
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3.33a, the Zn(II) ions adopt a distorted square pyramidal geometry, two of such Zn(II) ions 

are bridged by carboxylate groups to make Zn2(COO)4 bimetallic cluster as SBU. Zn(II) is 

coordinated by four carboxyl oxygen atoms of carboxylate linker at equatorial positions and 

one oxygen atom from coordinated water molecule at axial positions. All of the Zn-O bond 

distances fall in the range of 1.946 Å-2.110 Å, which are in the usual range for this kind of 

complexes.270 All the crystallographic information pertaining to data collection and 

structure refinement parameters, selected bond lengths and bond angles are listed in Table 

A7, A29 and A51, respectively. As shown in Figure 3.33b, two of dmsdba2- linkers spans 

between two Zn2(COO)4 SBUs to form a 1D polymeric structure. The polymeric structure 

can be simplified in the form of node and linkers, where bimetallic Zn2(COO)4 SBU can be 

considered as a node and dmsdba2- as a bent linker. A simplified node and linker type 

representation is shown in Figure 3.33c. The packing arrangement of 1D polymeric chains 

in the crystal lattice shows that the different polymeric chains are stacked one above the 

other in an eclipsed fashion (Figure 3.33d). No interpenetration was observed in between 

the polymeric chains, which sometimes results in the structures with higher 

dimensionalities. 

 

Figure 3.33. Structure description for 20; (a) coordination environment around the Zn(II) center, 

(b) view of 1D polymeric chain, (c) node and linker type representation for 20 and (d) packing of 

1D chains in crystal lattice.    

The polymers 21, 22 and 23 forms 2D sheet structures (Figure 3.34a-c). All of these 

crystallizes in triclinic crystal systems with P1 space group. The asymmetric unit in case of 

21 consists of one Zn(II), one dmsdba2- and one half of the 4,4’-bipyridine (bpy), whereas 

22 and 23 contains two Zn(II), two dmsdba2- and one pillar ligand (4-bpdb in case of 22 
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and 4-bpmp in case of 23). As depicted in Figure 3.34d, all three structures shares the same 

secondary building unit; Zn2(COO)4 bimetallic cluster, where each Zn(II) ions adopt a 

distorted square pyramidal geometry. Each Zn(II) is coordinated by four carboxyl oxygen 

atoms of carboxylate linker at equatorial positions and one nitrogen atom from the pillar 

ligand occupies the axial position. All of the Zn-O and Zn-N bond distances fall in the range 

of 2.019 Å-2.108 Å and 2.023 Å-2.050 Å, respectively, which are in the usual range for this 

kind of complexes.270  

 

Figure 3.34. Structure description for 21-23; (a,b and c) shows the 2D sheet structures in 21, 22 and 

23, respectively, (d) a paddle wheel SBU common in all cases represented as a simplified 4-

connected node and (e and f) are simplified node and linker representation and space fill 

representations, showing 2-fold interpenetration into the frameworks. 

The prominent distortions from the regular square pyramidal geometries are evident from 

the bond angle values falling in the range of 85.20º-165.02º. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles for 21 and 22 are listed in Table A7, A29 and A51, respectively, 

whereas this information for 23 are listed in Table A8, A30 and A52, respectively. The 

polymeric structure can be simplified as node and linkers, where bimetallic Zn2(COO)4 

SBU can be considered as a 4-connected node and the pillar ligands bpy or 4-bpdb or 4-

bpmp and dicarboxylate linker dmsdba2- can be considered as linear and bent linkers, 

respectively. Further examination of the node and linker representation reveals that the 
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frameworks in 21-23 exhibits a 4-connected uni-nodal net, sql (Shubnikov tetragonal plane 

net) topology, with Schläfli point symbol {4^4.6^2} as determined by the TOPOS 

program.274 The simplified node and linker representation and a space fill representation of 

representative example is presented in Figure 3.34e and Figure 3.34f, respectively, 

indicating 2-fold interpenetration into the frameworks, which is a usual case when long 

pillar ligands are used to extend the dimensionality of the frameworks. 

The polymers 24 crystallizes in triclinic crystal systems with P1 space group. The 

asymmetric unit consists of two Zn(II), two dmsdba2- and one 3-bpdh ligand. It shares the 

same secondary building unit as in case of 21-23. The coordination geometry around Zn(II) 

ions is distorted square pyramidal where each Zn(II) is coordinated by four carboxyl oxygen 

atoms of carboxylate linker at equatorial positions and one nitrogen atom from the pillar 

ligand (3-bpdh) occupies the axial position. The bimetallic Zn2(COO)4 paddle-wheel SBU 

further extends to form the overall 2D framework (Figure 3.35a). All of the Zn-O bond 

distances vary from 2.023 Å to 2.060 Å and the average Zn−N bond distances is 2.035 Å. 

The prominent distortions from the regular square pyramidal geometries can be seen from 

the bond angle values falling in the range of 86.36º-160.50º. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles are listed in Table A8, A33 and A54, respectively. More insight 

into the structure reveals that unlike 21-23, it forms a non-interpenetrated framework, where 

different 2D sheets are stacked in an AB-AB fashion (Figure 3.35b). This can be due to the 

bulky methyl groups on to the ligand backbone which imparts sufficient steric hindrance 

and hence does not allow the framework interpenetration. The AB-AB stacking of the 2D 

sheets can be easily seen when the structure is simplified as node and linker type 

representation. As shown in Figure 3.35c and Figure 3.35d, the simplified node and linker 

representation clearly shows the AB-AB packing of the 2D sheets, where each sheet forms 

non-interpenetrated structures. A schematic representation of the AB-AB staking of 2D 

sheets is shown in Figure 3.35e. Further examination of the node and linker representation 

reveal that the framework exhibits the same topology as in the case of 21-23. 

The polymers 25 crystallizes in monoclinic crystal systems with C2/c space group. The 

asymmetric unit consists of two Zn(II), two dmsdba2- and one bpp ligand. Like previous 

examples it also contains the same bimetallic Zn2(COO)4 paddle-wheel core as secondary 

building unit which further extends in all 3 directions to give an overall 3D porous 

framework (Figure 3.36a). The increased dimensionality can be attributed due to the 
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conformational flexibility of the bpp ligand, where the Conformationally flexible –(CH2)3- 

spacer between the two coordinating sites imparts conformational freedom to coordinate 

between different 2D-sheets. The distorted square  

 

Figure 3.35. Structure description for 24; (a) representation of the 2D sheet structures in 24, (b) 

AB-AB type stacking of the 2D sheets in 24; different 2D sheets are shown in different colors. (c 

and d) simplified node and linker representation showing non-interpenetration 2D sheets stacked in 

AB-AB fashion and (e) a schematic representation of the AB-AB stacking of 2D sheets. 

pyramidal coordination geometry around Zn(II) centers is fulfilled by coordination with 

four carboxyl oxygen atoms of carboxylate linker at equatorial positions and one nitrogen 

atom from the pillar ligand (bpp) at the axial position. The average Zn-O (2.048 Å) and Zn-

N (2.031 Å) bond distances are in the usual range for such type of complexes. The 

prominent distortions from the regular square pyramidal geometries can be seen from the 

bond angle values falling in the range of 86.07º-159.36º. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles are listed in Table A8, A30 and A52, respectively. Further insights 

into the structure reveals that the framework consists of 2-fold interpenetration into the 

structure which can be clearly expressed in a simplified node and linker representation of 

25 (Figure 3.36b). Topological analysis by the TOPOS program274 on the node and linker 

representation of 25, reveals that the framework exhibits the 4-connected uni-nodal net 
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sqc5, cadmium sulphate type topology with Schläfli point symbol {6^5.8}. Even after the 

interpenetration into the framework, the structure consists of potential voids filled with the  

 

Figure 3.36. Structure description for 25; (a) perspective view of the 3D framework, (b) simplified 

node and linker representation showing 4-c uni-nodal sqc5-CdSO4 type topology, (c) representation 

of the colonolly surfaces; dark blue represents the outer surface while sky blue represents the inner 

surface and (d) N2 sorption isotherm for 25 collected at 77 K, inset shows the mean pore diameter 

in 25. 

highly disordered solvent molecules. The diffused electron density due to the distorted 

solvent molecules was squeezed by using solvent masking option in Olex2 software203 

during the structure refinement. The total solvent-accessible volume for 25 was estimated 

to be 17% (1631/9495 Å3 per unit cell volume) by the PLATON software.275 

The establishment of permanent porosity in 25 was further investigated by nitrogen 

adsorption isotherm at 77 K. Prior to adsorption measurements, the sample (~100 mg) was 

activated by degassing at an elevated temperature of 393 K under vacuum conditions (20 

mTorr) for 24 hours to generate the desolvated framework. The N2 gas sorption isotherm 

for activated sample of 25 at 77 K and 1 bar pressure (Figure 3.36d) clearly indicates its 

microporous nature. Based on the N2 adsorption data at 77 K, the Brunauer−Emmett−Teller 
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(BET) surface area and the Langmuir surface area were estimated to be 307 m2g-1 and 471 

m2g-1, respectively (Figure 3.37). The average pore diameter was found to be 0.6 nm based 

on the N2 adsorption measurement at 77 K (average pore diameter for microporous MOFs 

lies in the range of 0.4 – 1.0 nm).  

 

Figure 3.37. BET surface area (left) and Langmuir surface area (right) of 25 obtained from the N2 

adsorption isotherm at 77 K. 

The value of τ parameter,276 which is an indicator for the deviation from the ideal square-

pyramidal (τ = 0) and trigonal bipyramidal (τ = 1) geometries for five coordinate metal 

centers, was found to be in the range of 0 to 0.083 for 20-25, which is again indicative of 

square pyramidal geometries around the metal center in all these cases.  

FTIR and PXRD analysis. FTIR spectra of 20-25 were recorded in the solid state at room 

temperature as KBr pellets. The signals due to asymmetric (asym) and symmetric (sym) 

stretching of the carboxylates in their respective FTIR spectra appeared at 1614 cm-1 and 

1413 cm-1 (∆cmin 20, 1612 cm-1 and 1411 cm-1 (∆cmin 21, 1616 cm-

1 and 1410 cm-1 (∆cmin 22, 1620 cm-1 and 1408 cm-1 (∆cmin 23, 

1614 cm-1 and 1410 cm-1 (∆cmin 24 and 1621 cm-1 and 1407 cm-1 

(∆cmin 25, respectively. The prominent shift in the asymmetric and symmetric 

stretching frequencies of the -C=O group in 20-25 from free H2dmsdba (1690 cm-1 and 

1416 cm-1) indicates strong binding of the carboxylates to the metal center and the values 

are in good agreement with the spectroscopic data for square pyramidal complexes with an 

NO4 coordination environment.276 In order to confirm the bulk phase purity of 20-25, 

powder X-ray diffraction patterns were recorded at room temperature. As can be seen in 

Figure 3.38, the experimentally obtained powder patterns of the bulk samples of 20-25 were 
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in very good agreement with the simulated powder patterns (obtained from the single crystal 

data). This confirms that in all cases the overall bulk materials represents the same structures  

 

Figure 3.38. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 20-25, 

compared with the simulated powder pattern obtained from the single crystal data. 

as obtained from the single crystal X-ray diffraction analysis. 

Framework stabilities and thermal properties. In order to understand the thermal 

stability and structural variation as a function of temperature, thermogravimetric analysis 

(TGA) was carried out with the single-phase polycrystalline sample of 20-25 between 30-

500 °C, under a dinitrogen atmosphere (Figure 3.39a). The TG plot shows that 20 is stable 

up to 400 ºC, after the initial weight loss in the temperature range of 70 to 150 °C which is 

ascribed to the release of coordinated as well as lattice water molecules. No such weight 

loss could be seen in case of 21, before degradation of the framework after 350 ºC, 

indicating its good thermal stability. A similar trend was observed in case of 22, which also 

did not show any weight loss before degradation of the framework after 320 ºC. In contrast 

23-25 exhibits low thermal stabilities, which shows the framework degradation after 250 

ºC. The initial weight loss before 250 ºC can be ascribed to the lattice solvent molecules in 

23-25. Also, since 25 was also tested for its microporous nature by gas adsorption 

measurements; it is important to check for its thermal robustness and any phase 

transformation during thermal activation of the framework. Therefore, the thermal 

robustness and retention of phase purity and crystallinity was investigated by temperature 

dependent powder X-ray diffraction analysis (Figure 3.39b).  
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Figure 3.39. (a) Thermogravimetric profile for 20-25 and (b) variable temperature powder X-ray 

diffraction patterns for 25, indicating thermal robustness and retention of phase purity and 

crystallinity upon thermal activation. 

Control over dimensionality and framework interpenetration. The phenomenon of 

framework interpenetration or catenation is very common in pillar-layered coordination 

polymers. Attempts to increase the dimensionality or pore size enlargement using pillaring 

strategy usually results in the framework interpenetration. Obtaining a single network (non-

interpenetrated) coordination architecture, which is a direct route to the highest porosity, 

has proven to be problematic in majority of cases, especially when long pillar ligands are 

used. This phenomenon decreases the accessible space and leads to close packing which 

imposes a severe limitation on efforts to expand surface area by employing longer pillar 

ligands for the framework structures. Although interpenetration is not always undesirable; 

a control over framework interpenetration by systematic ligand design/selection is a 

necessary to fabricate non-interpenetrated structures. In this study, the effect of ligands 

geometry on the final architecture has been investigated in a Zn(II)-carboxylate system. 

With a rigid bpy pillar ligand, a 2D polymeric structure has been obtained, where the 1D 

Zn(II)-carboxylate chains are connected by the pillar ligands to form overall 2D structures. 

Further the incorporation of longer and functionalized rigid and semi-rigid pillar ligands 4-

bpdb and 4-bpmp, have resulted in the similar coordination architecture, where the pores 

are not accessible due to framework interpenetration. The shifting of the coordination site 

and incorporation of methyl groups into the pillar ligand 3-bpdh, has resulted in the non-

interpenetrated framework, where the methyl group provides enough steric hindrance, 

which prevents the interpenetration into the framework. On the other hand, the utilization 

of flexible pillar ligand bpp has resulted into the formation of a 3D framework, where the 
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conformational flexibility of methylene chain spacer allows the binding sites to coordinate 

with the alternate layers. Therefore, the present study illustrates the important role of 

judicious selection of pillar ligands to control the dimensionality and interpenetration into 

the pillar-layered coordination architectures. 

Mn(II) Chemistry 

With numerous examples of Zn(II) and other heavier congeners, there are relatively a couple 

of examples for coordination architecture with Mn2(COO)4 paddle-wheel core as secondary 

building unit. More importantly, Mn(II) being a paramagnetic center, the coordination 

polymers with such carboxylato bridged bimetallic SBUs can impart attractive properties 

due to the close metal-metal interactions. Therefore, in order to design such coordination 

polymers the pillar layer strategy has been further extended using Mn(II)-dmsdba2- metal 

carboxylate system. In order to understand the effect of ligand geometry (rigidity or 

flexibility) on the formation of such bimetallic SBUs a set coordination polymer have been 

synthesized using rigid and flexible pillar ligands. 

Solvothermal reaction of manganese acetate, H2dmsdba and different pillar ligands in a 

solvent mixture of DMF/EtOH/H2O has resulted in the formation of coordination polymers 

26-30 (Scheme 3.15). The molecular formula in each case was established by a combination 

of elemental analysis, TGA and single crystal X-ray diffraction analysis. 

Scheme 3.15. Synthesis of 26-30. 

 

Single crystal structure analysis. Single crystals for single crystal X-ray studies in each 

case were obtained from the solvothermal reactions. The studies reveal that 26 is a neutral 

polymer with centrosymmetrical tetracarboxylato bridged dimanganese repeat units. The 

dimetal repeat unit of 26 is similar to the repeat unit in 21. The Mn⋯Mn distance is 3.005 

Å and does not change upon cooling down to 100 K [2.989 Å]. Each Mn(II) center in 

dimanganese repeat unit lies in a distorted square-pyramidal coordination environment 

formed by four O atoms of four carboxylate groups of four different dmsdba2- linkers, while 
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the apical position is occupied by the N atom of the pyridyl group bpy pillar ligand. As 

shown in Figure 3.40a, the asymmetric unit contains one Mn(II), one dmsdba2- and one 

half of the pillar ligand bpy, which further extends to give the overall 2D framework (Figure 

3.40b) similar to 21. Both 21 and 26 are found to be isostructural. Further the two-fold 

interpenetration into the 2D sheets is similar to what was observed for 21, which can be 

easily seen in the simplified node and linker representation and space fill representation for 

26 (Figure 3.40c and d). 

 

Figure 3.40. Structure description for 26; (a) asymmetric unit in 26, (b) perspective view of an 

overall 2D framework containing tetracarboxylato bridged dimanganese paddle wheel core SBUs 

and (c and d) simplified node and linker representation and space fill representation showing two-

fold interpenetration into the framework. 

The τ parameter for five coordinated Mn(II) center is found to be 0.025  for 26. While the 

average Mn-O distance is 2.127 Å and the Mn-N bond length is 2.156 Å. Prominent 

distortions around the Mn(II) center are evident from the bond angles as well as the distance 

(2.215 Å) between the O atoms of the bridging carboxylate groups. Furthermore, the N-

Mn-Mn angle is 156.5(2)° showing a large deviation from linearity. In the only other 

polymeric compound with the paddlewheel core containing the flexible neutral ligand 1,2-

bis(4-pyridyl)ethane (bpe)277 compared to the rigid bpy linker in 26, no such deviation is 

observed. Interestingly, a similar Mn⋯Mn distance (3.058 Å) observed in the bpe 
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example277 has been termed as a single bond. However, no magnetic measurements were 

carried out for this example. As it will be evident from further discussion below, the 

Mn⋯Mn distance in this example is also indicative of having no metal–metal bond (vide 

infra). Compared to the Cu⋯Cu distance of 2.64 Å in the dicopper system278,280 with no 

metal–metal bond where nine electrons are available per copper center, the Mn⋯Mn 

distance in 27 as well as through bridge super-exchange interactions as observed from the 

magnetic susceptibility measurements (vide infra) can be used to understand the extent of 

metal–metal bonding. Additionally, the theoretical calculations of such a core reported 

earlier280 for the anhydrous manganese(II) formate has the same Mn⋯Mn distance but there 

was no mentioning of metal–metal bonding in that complex; on the other hand, based on 

one of the reports281 the Mn⋯Mn distance obtained for the +3/+3 system is 3.04 Å as well. 

Furthermore, in [Mn2(tda)2(bpy)2] with a D3h symmetry the metal–metal separation is 3.5 

Å.282 The order of the orbitals and the arrangement of the d-electrons in 26 for the prominent 

distortions around the metal centers, and the metal–metal distance can be understood if the 

bonding considerations reported earlier for the Mn(I) dimers283 are used. As described in 

the examples of Mn(I) dimers where the Mn⋯Mn distance is about 2.72 Å, the Mn–Mn 

single bond is mainly formed by the half-filled 4s orbitals of the Mn atoms. This distance 

in the Mn(I) examples is much shorter than that in Mn2(CO)10, 2.92 Å,284 where Mn exists 

in the zero oxidation state. All the crystallographic information pertaining to data collection 

and structure refinement parameters, selected bond lengths and bond angles are listed in 

Table A9, A31 and A53, respectively. 

The polymeric structure in 27 consists of 2D sheets where the metal carboxylate tetranuclear 

Mn4 clusters are pillared by the dpb ligand. It crystallizes in a triclinic crystal system with 

P1 space group. The asymmetric unit consists two crystallographically independent Mn(II), 

two dmsdba2 one half of the pillar ligand dpb and one water molecule coordinated to one 

of the metal center (Mn1) (Figure 3.41a). Each Mn(II) center lies in a distorted square-

pyramidal coordination environment, where the five coordination sites around Mn1 are 

occupied by three carboxyl oxygen atoms of dmsdba2-, one oxygen from the coordinated 

water molecule and one nitrogen atom of the pillar ligand dpb. The coordination sites 

around Mn2 are occupied by five O atoms of carboxylate groups of dmsdba2- linker. The 

two Mn(II) centers are bridged by three carboxylate groups resulting in triscarboxylato 

bridged dimanganese unit. In addition to this the two Mn2 ions are further bridged by two 

carboxylate groups resulting in biscarboxylato bridged dimanganese unit, therefore 



100 

 

resulting in an overall tetranuclear Mn4 cluster as secondary building unit (Figure 3.41b).  

As shown in the simplified node and linker type representation (Figure 3.41c) for 27, the 

tetranuclear Mn4 clusters, which can be simplified as 4-connected node are further 

connected by eight dicarboxylate linkers dmsdba2- and two pillar ligands dpb, resulting in 

an overall 2D pillar layered framework (Figure 3.41b). 

 

Figure 3.41. Structure description for 27; (a) asymmetric unit and coordination around the Mn(II) 

centers in 27, (b) perspective view of an overall 2D framework containing bis and triscarboxylato 

bridged dimanganese cores and (c) simplified node and linker representation showing 4-connected 

uninodal sql topology, where tetranuclear manganese cluster is simplified as 4-connected node. 

Further examination of the simplified node and linker representation reveal that the 

framework exhibits the same 4-connected uni-nodal net, sql (Shubnikov tetragonal plane 

net) topology, with Schläfli point symbol {4^4.6^2} as obtained for 21-24 and 26, 

respectively. The τ parameter276 for five coordinate Mn1 and Mn2 is found to be 0.190 and 

0.255, respectively. While the average Mn-O distance is 2.140 Å, the Mn-N bond length is 

2.170 Å. The Mn⋯Mn distance in triscarboxylato bridged (Mn1⋯Mn2) and biscarboxylato 

bridged (Mn2⋯Mn2) core is found to be 3.333 Å and 4.309 Å, respectively. Prominent 

distortions from the regular geometries around the metal centers are evident from the bond 

angle values ranging from 82.4º to 163.4º for Mn1 and 79.73º to 152.63º for Mn2, 

respectively. All the crystallographic information pertaining to data collection and structure 
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refinement parameters, selected bond lengths and bond angles are listed in Table A9, A31 

and A53, respectively. 

Single crystal analysis of 28 and 29 reveals that both are iso-structural and forms a 2D 

polymeric structure. Both crystallizes in monoclinic crystal system with P21/n space group. 

The asymmetric unit in each case consists of three crystallographically independent Mn(II), 

three dmsdba2 one and half of the pillar ligand bpee in case of 28 and azopy in case of 29, 

where half of the pillar ligand is non-coordinating and occupies the lattice position in both 

cases along with one water and one DMF molecule. In addition, one of the Mn(II) consists 

of  two coordinated water molecules in each case. The geometry around the metal centers 

(Mn1 and Mn2 in each case) is distorted square pyramidal whereas Mn3 is in a distorted 

octahedral geometry.  

 

Figure 3.42. Asymmetric unit and coordination environment around the metal centers in (a) 28 and 

(b) 29. 

The five coordination sites around Mn1 and Mn2 are occupied by five carboxyl oxygen 

atoms of dmsdba2- whereas, the six coordination sites around Mn3 are occupied by two 

carboxyl oxygen atoms, two nitrogen atoms from the pillar ligands bpee (in 28) or azopy 

(in 29) and two oxygen atoms from coordinated water molecules. The asymmetric unit and 

coordination environment around the metal center in 28 and 29 are shown in Figure 3.42. 

The τ parameter276 for five coordinated Mn1 and Mn2 is found to be 0.038 and 0.011 in 28 

and 0.003 and 0.033 in 29, respectively. The Mn-O bond lengths in lies in the range of 2.000 

Å to 2.262 Å for 28 and 1.997 Å to 2.259 Å for 29, whereas the average Mn-N bond length 

is 2.248 Å in 28 and 2.271 Å in 29, respectively. The Mn⋯Mn distance in 

tetrakiscarboxylato bridged (Mn1⋯Mn2) dimanganese core is found to be 3.029 Å and 

3.033 Å, in 28 and 29, respectively. Prominent distortions from the regular geometries 

around the metal centers are evident from the bond angle values. All the crystallographic 
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information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles are listed in Table A10, A32 and A54, respectively. 

The asymmetric unit in both the case is further extended to form an overall 2D polymeric 

structure (Figure 3.43). More insight into the formation of 2D sheet structure reveals that 

the dinuclear and mononuclear units are arranged in an alternate fashion where the 

carboxylate group occupying the axial position of the dinuclear core is acts as bridge 

between 1D metal carboxylate chains to give the 2D structure, whereas the ligand bpee and 

azopy in 28 and 29 does not act as pillar ligands to extend the dimensionality of the 

framework. 

 

Figure 3.43. Perspective view of the overall 2D structure in 28 which is isostructural to the 

framework in 29, where the N-donor bpee ligand has been replaced with N-donor azopy ligand. 

The use of flexible ligand, bpe, in 30 has resulted in the formation of a 3D coordination 

architecture. It crystallizes in an orthorhombic crystal system with space group Pbcn. The 

asymmetric unit in contains one Mn(II), one dmsdba2 one half of the pillar ligand bpe and 

one coordinated water molecules which is bridged between two Mn(II) centers resulting in 

the formation of  -aqua bis-carboxylato bridged dimanganese SBU, which are linked 

through the fully deprotrotonated dmsdba2- and neutral bpe ligand to form the overall 3D 

structure (Figure 3.44). The two Mn(II) centers of the dinuclear core are bridged by two 

carboxylate groups in a syn-syn coordination mode and an oxygen atom from a water 

molecule. The distorted octahedral coordination environment around the metal center is 

composed of four oxygen atoms of the carboxylate group, which occupies the equatorial 

positions of the octahedral geometry and two axial positions are occupied by the oxygen 

atom of the coordinated water molecule and nitrogen atom of the bpe ligand. The value of 
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Mn⋯Mn separation in -aqua bis-carboxylato bridged dimanganese core is found to be 

3.772 Å, which is similar to the Mn⋯Mn distance of 3.739 Å285 and 3.78 Å,286 but is higher 

 

Figure 3.44. Structural description for 31; (a) Asymmetric unit and coordination environment 

around Mn(II), (b) perspective view of the overall 3D structure in 31 and (c) representation of the 

-aqua bis-carboxylato bridged dimanganese core in 31. 

than the bond distance values (3.540 Å, 3.581 Å, 3.595 Å, 3.614 Å, 3.621 Å and 3.635 

Å)282,287–290 reported for this kind of examples. The lengthening of the Mn⋯Mn separation 

in 30 with respect to that of the other examples can be attributed due to the longer values of 

the metal-to-aqua bonds (2.313 Å) in 30. The average Mn-Ocarboxylate bond length is found 

to be 2.153 Å and the Mn-N bond length is 2.273 Å. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A10, A32 and A54, respectively. There are relatively a very 

few examples of coordination polymers with this type of core and the coordination polymers 

with this type of SBUs exhibits strong antiferromagnetic coupling in their magnetic 

susceptibility measurements indicating strong metal-metal interactions via small aqua and 

carboxylate bridges. Such core types have also have been studied, primarily as mimics of 

the active sites in many important enzymes. 

FTIR and PXRD analysis. FTIR spectra of 26-30 were recorded in the solid state at room 

temperature as KBr pellets. The characteristic peaks due to asymmetric (asym) stretching 

vibrations of the carboxylates in all cases were observed in the range of 1597−1619 cm-1 

and symmetric stretching vibrations (sym) in the range of 1399-1417 cm-1. The difference 

in the asymmetric and symmetric stretching vibrations Δ (asym - sym) in the range of 187-
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209 cm-1 confirms its bridging binding mode.251 Further, the prominent shift in the 

asymmetric and symmetric stretching frequencies of the -C=O group in 26-30 from free 

H2dmsdba (1690 cm-1 and 1416 cm-1) indicates strong binding of the carboxylates to the 

metal center. In order to confirm the bulk phase purity and crystallinity of the as-synthesized 

26-30, powder X-ray diffraction patterns were recorded at room temperature for the as-

synthesized samples of 26-30. The experimental powder X-ray diffraction patterns for 26-

30 confirm their crystallinity and the comparison with those simulated from single-crystal 

data, indicating that all were isolated as single-phase polycrystalline materials (Figure 3.45).  

Framework stabilities and thermal properties. In order to understand the thermal 

stability and structural variation as a function of temperature, thermogravimetric analysis 

(TGA) was carried out with the single-phase polycrystalline sample of 26-30 between 30-

500 °C, under a dinitrogen atmosphere (Figure 3.46a). The thermogravimetric profiles 

corroborate with the structures obtained from the single crystal analysis. No weight loss 

was observed until 250 ºC, except in the case of 28 and 29, which exhibits weight loss in 

the temperature range of 50-120 ºC, which can be ascribed due to the loss of lattice solvents 

and neutral N-donor ligands present in the crystal lattice. After which no weight loss was 

observed up to 200ºC in case of 28, and 250 ºC in case of 29.   

 

Figure 3.45. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 26-30, 

compared with the simulated powder pattern obtained from the single crystal data. 

However, 26, 27 and 30, exhibits very good stability as can be seen in their 

thermogravimetric profile, the compound 26 shows an extraordinary thermal stability up to 
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340 ºC as no weight loss can be seen in the TG profile. The high thermal stability and 

robustness of 26 was further investigated by temperature dependent powder X-ray 

diffraction analysis. As shown in Figure 3.46b, there was no change in the PXRD pattern 

of 26 even up to 300 ºC. Thus, the variable temperature PXRD data further supports the 

thermal robustness of 26 and also indicates the retention of crystallinity and phase purity at 

higher temperatures.  

 

Figure 3.46. (a) Thermogravimetric profile for 26-30 and (b) variable temperature powder X-ray 

diffraction patterns for 26, indicating thermal robustness and retention of phase purity and 

crystallinity up to 300 ºC. 

Magnetic properties. As this kind of compounds with carboxylato bridged diamanganese 

core are known to exhibit interesting magnetic properties, the magnetic susceptibility data 

of a polycrystalline powder sample of 26 was measured in the temperature range of 2–300 

K. The effective magnetic moment per Mn atom is 5.13 μB at 300 K indicating that the 

Mn(II) ions are in a high spin state. However, this value is much smaller than the expected 

spin-only value for the non-interacting Mn(II) ions with five unpaired electrons each. This 

implies that an antiferromagnetic interaction between the metal centers is present. This is 

confirmed with the fact that the value of χT (6.58 cm3 K per Mn dimer mol at 300 K) 

decreases continuously down to 0.10 cm3 K per Mn dimer mol at 2 K (Figure 3.47a). 

Furthermore, it points to an S = 0 coupled ground state at 0 K for the dimeric subunit in 1. 

A good fit of the experimental data to S = 5/2 (per Mn) with a Bleaney-Bowers-like 

equation291 yielded a magnetic coupling constant 2J = −12.4 cm-1 with g = 2.014 (H = 

−2JS1S2). The S = 0, 1, and 2 coupled states are the ones thermally populated up to 300 K. 

This value of 2J is similar to what were observed for discrete [Mn2
II (μ-O2CR)4L2] 

complexes, where R = (C6H5)2CH or (C6H5)2C(CH3) and L = quinoline,292 and R = (CH3)3C 
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and L = 2,6-diaminopyridine;293 for [Mn2(tda)2(bpy)2],282 a value of -8.2 cm-1 was observed 

due to a much longer Mn⋯Mn distance. On the other hand, the calculated value276 for 

anhydrous manganese(II) formate as the model was about -20.0 cm-1 with an Mn⋯Mn 

distance similar to that for 26. It should be noted that the antiferromagnetic interactions in 

other dimanganese units with syn–syn carboxylates294 are much weaker as compared to the 

tetrakis-(carboxylato)-bridged cores; furthermore, this study adds to the limited number of 

examples in this category, only three out of the six compounds mentioned above have been 

studied for their magnetic behavior. In order to understand the magnetic properties of 26, 

one can consider (a) the extensively studied d9-d9 dicopper complexes with similar core 

structures that feature through bridge super exchange pathways,278,279 (b) the d7-d7dicobalt 

system where the magnetism has been interpreted in terms of weak metal–metal interactions 

between the two Co(II) ions based on the observation of temperature-dependence of the 

metal-metal distance,295 and (c) more importantly, broadly similar  

 

Figure 3.47. (a) Plot of χT vs. T for 26; the solid line is the best fit to the experimental data and (b) 

Magnetization M per Mn(II) ion versus field H at 2 K for 26. 

magnetic behavior (but with much higher antiferromagnetic coupling constants, -40 to -55 

cm-1) observed for the dimanganese(I) systems283 where a single bond between the metal 

centers is found to be present from the pairing of the 4S1 electrons leaving the d5 high spin 

configurations similar to the Mn(II) ions in 26 and other complexes. In the case of 26, there 

is no change in the metal–metal interaction due to change in temperature indicating a 

through-bridge pathway (not through the metal–metal vector). The magnetization (M) 

versus field (H) data measured at 2 K for 26 is shown in Figure 3.47b. The saturation value 

Ms at the highest field observed for it is negligible compared to the expected value of about 

5μB, probably due to an unavoidable minor paramagnetic impurity, and thus confirms 

further the correct description of the antiferromagnetic coupling in 26. 
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Effect of pillar ligands. In this study, the neutral N-donor pillar ligands with varied length 

and rigid/flexible geometries were used to show any effect on the formation of different 

dinuclear clusters of manganese in the Mn(II)-dmsdba2- system under similar reaction 

conditions. In case of rigid bpy ligand a 2D pillar-layered framework with 

tetrakiscarboxylato bridged dimanganese paddle wheel core as SBU was obtained. 

Extending the length of the pillar ligand by a rigid phenyl spacer has resulted in the 

formation of similar 2D interpenetrated framework with same topology but different SBU. 

Instead of a tetrakiscarboxylato bridged dimanganese paddle wheel core as SBU in 26, a 

tetra metallic Mn4 cluster with bis and tris carboxylato bridged dimanganese subunits was 

obtained as SBU in case of 27. Further imparting semi rigid pillar ligands (bpee or azopy) 

into the Mn(II)-dmsdba2- system has resulted into the formation of a 2D framework with 

two different kind to SBUs, where two kind of SBUs (a tetrakiscarboxylato bridged 

dimanganese paddle wheel subunit and a mononuclear subunit) are bridged to each other in 

an alternate fashion by the carboxylate linkers dmsdba2-. Both the compound 28 and 29 are 

isostructural having same asymmetric unit and coordination environment around the metal 

centers. Incorporation of a comparatively flexible pillar ligand bpe has resulted in an 

entirely different architecture. The structure of 29, consists of a 3D non-interpenetrated 

framework with -aqua biscarboxylato bridged dimanganese core as SBU. However, in all 

cases the carboxylate linker dmsdba2- binds to the metal center in a syn–syn fashion to form 

the dimetallic repeat units; the use of different pillar ligands with varied length and 

geometries has resulted in the formation of different kind of such dimetallic repeat units 

with different number and nature of the bridging units in between the two metal centers. 

The nature and number of such bridging units are of particular interest while studying close 

metal-metal interactions in such type of systems.  Therefore, the role of the ligand 

geometries on the formation of such coordination polymers with bis, tris or tetrakis 

carboxylato bridged dimanganese repeat units is clearly demonstrated. 

Co(II) Chemistry 

In order to generalize the pillaring strategy on metal-dmsdba2- system, the chemistry has 

been further extended on Co(II)-dmsdba2- system. A set of coordination polymers 31-36 

have been synthesized using different N-donor pillar ligands varying in their lengths, 

functionalities and conformational flexibility/rigidity of their structures. Solvothermal 

reaction of cobalt acetate tetrahydrate, H2dmsdba and different pillar ligands in a solvent 
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mixture of DMF/EtOH/H2O has resulted in the formation of coordination polymers 31-36 

(Scheme 3.16).   

Scheme 3.16. Synthesis of 31-36. 

 

In most of the cases (32-36) the structures have been established by their single crystal X-

ray diffraction analysis and in case of 31, where the single crystals could not be obtained 

the structures have been established by the combination of different analytical techniques. 

All the coordination polymers have been well characterized by FTIR, PXRD, TGA and 

elemental analysis. The molecular formula in each case was established by a combination 

of elemental analysis, TGA and single crystal X-ray diffraction analysis. 

Single crystal structure analysis. Single crystals suitable for single crystal X-ray studies 

in each case were obtained from the solvothermal reactions. The study reveals that, 32-34 

forms an isostructural 2D framework with tetrakiscarboxylato bridged dimetallic core as 

SBU, where the metal carboxylate 1D chains are pillared by the pillar ligands bpee, or 4-

bpdb or 4-bpmp to form an overall 2D structure (Figure 3.48). The compounds crystallizes 

in a triclinic crystal system with P1 space group and the asymmetric unit in each case 

consists of two Co(II) atoms, two carboxylate linker dmsdba2-, and one pillar ligand, except 

in case of 34, where an additional water molecule is also present in the crystal lattice. The 

carboxylate linker is fully deprotonated and binds to the metal atoms in a syn-syn bidentate 

bridging manner forming the tetrakiscarboxtlato bridged dimetallic SBU. Each metal atom 

is in an NO4 square pyramidal coordination environment, where four carboxyl oxygen 

atoms from four different dmsdba2-occupies the four equatorial positions of the square 

pyramidal geometry and the apical position is occupied by the nitrogen atom of the N-donor 

pillar ligands. The metal to metal distance (Co⋯Co) in each case (2.873 Å in 32, 2.818 Å 

in 33 and 2.834 Å in 34) is shorter than those found in discrete and polymeric paddle wheel 

complexes but longer than the Co-Co single bond (2.3 Å) reported in dicobalt 
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tetrakis(formamidinate) complexes.296 The τ parameter for five coordinate Co1 and Co2 is 

found to be 0.061 and 0.060 in 32, 0.014 and 0.022 in 33, and 0.038 and 0.005 in 34, 

respectively. The average Co-O bond distance in 32-34 lies in the range of 2.065 Å to 2.130 

Å and Co-N bond distance lies in the range of 1.946 Å to 2.068 Å. Prominent distortions 

around the Co(II) center are evident from the bond angles as well as the distance (2.225 Å 

- 2.274 Å) between the O atoms of the bridging carboxylate groups. Upon simplification of 

the structures of 32-34 in the node and linker type representation, the tetrakiscarboxtlato 

bridged paddle wheel SBU can be considered as a four connecting node and the carboxylate 

linker and the pillar ligands can be considered as bent and linear linkers respectively. 

Further analysis of the node and linker type representation reveal that all three coordination 

polymers exhibit 4-connected uni-nodal net, sql (Shubnikov tetragonal plane net) topology, 

with Schläfli point symbol {4^4.6^2}, which is the same network topology as obtained for 

21-24 and 26-27, respectively. As shown in Figure 3.48 in all cases the structure exhibits 2-

fold interpenetration into the framework. All the crystallographic information pertaining to 

data collection and structure refinement parameters, selected bond lengths and bond angles 

are listed in Table A11, A33 and A55, respectively. 

 

Figure 3.48. Structure description for 32-34; (a,b and c) shows the 2D sheet structures in 32, 33 and 

34, respectively, (d) simplified representation of the paddle wheel SBU, dmsdba2- and pillar ligands 

as 4-connected node and bent and linear linkers, respectively and (c) an overall node and linker type 

representation 4-connected sql topology with 2-fold interpenetration into the frameworks. 

Single crystal structural analysis for 35 and 36 reveals that both forms a 3D polymeric 

structure (Figure 3.49). The compound 35 crystallizes in a triclinic P1 space group whereas 
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the compound 36 crystallizes in a monoclinic crystal system with C2/c space group. The 

asymmetric unit in 35 consists of four Co(II) atoms, four carboxylate linker dmsdba2-, and 

two pillar ligand (azopy), whereas in case of 36, it consists of two Co(II) atoms, two 

carboxylate linker dmsdba2-, and one pillar ligand (bpp). In both cases, the carboxylate 

linker binds to the metal atoms in a syn-syn bidentate bridging manner forming the same 

tetrakiscarboxtlato bridged dimetallic SBU as obtained in case of 32-34. Each metal atom 

is also in the same NO4 square pyramidal coordination environment, where four carboxyl 

oxygen atoms from four different dmsdba2-occupies the four equatorial positions of the 

square pyramidal geometry and the apical position is occupied by the nitrogen atom of the 

N-donor pillar ligands (azopy or bpp), with only difference that the unlike 32-34, 35 and 

36 forms an overall 3D structure, which can be attributed due to the conformational 

flexibilities of the azopy or bpp pillar ligands. The metal to metal distance (Co⋯Co) in 

each case is similar to the distance observed in 32-34. In addition to that all other structural 

parameters for tetrakiscarboxtlato bridged paddle wheel SBU like bond lengths, bond 

angles and τ values are also similar to the values observed in 32-34. 

 

Figure 3.49. structure description for 35 and 36; (a and b) Perspective view of the 3D structure 

obtained in case of 35 and 36, respectively and (c) simplified node and linker type representation 

for 35 and 36 exhibiting 4-connected uni-nodal net sqc5 topology with 2-fold interpenetration into 

the frameworks. 
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All the crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond lengths and bond angles are listed in Table A12, A34 and A56, 

respectively. As shown in Figure 3.49, the rather intricate 2-fold interpenetrated 3D 

structures of 35 and 36 can be simplified in the form of node and linker type representation, 

where paddle wheel SBU, and the carboxylate linker and pillar ligands can be considered 

as a 4-connected node and a bent and linear linkers, respectively to form an overall 3D 

structure which exhibits a 4-connected uni-nodal net sqc5, cadmium sulphate type topology 

as determined by the TOPOS274 program. The topological structural type observed is 

identical to the structural type observed for 25. 

FTIR and PXRD analysis. FTIR spectra of 31-36 were recorded in the solid state at room 

temperature as KBr pellets. The characteristic peaks due to asymmetric (asym) and 

symmetric (sym) stretching vibrations of the carboxylates in all cases shows significant shift 

from the asymmetric and symmetric -C=O stretch for free H2dmsdba (1690 cm-1 and 1416 

cm-1). This indicates a strong binding of the carboxylates to the metal center in all cases. In 

addition, the difference in their values (Δ = asym - sym) further supports the syn-syn 

bridging bidentate binding of the carboxylates to the metal centers251 as obtained from their 

single crystal structure analysis. The peaks due to asymmetric (asym) and symmetric (sym) 

stretching vibrations of the carboxylates for 31-36 were obtained at 1609 cm-1 and 1411 cm-

1, 1610 cm-1 and 1411 cm-1, 1597 cm-1 and 1399 cm-1, 1616 cm-1 and 1410 cm-1, 1609 cm-1 

and 1411 cm-1 and 1617 cm-1 and 1409 cm-1, respectively. In order to confirm the bulk phase 

purity and crystallinity of the as-synthesized 31-36, powder X-ray diffraction patterns were 

recorded at room temperature for the as-synthesized samples of 26-30. The experimental 

powder X-ray diffraction patterns for 31-36 confirm their crystallinity and the comparison 

with those simulated from single-crystal data, indicating that all were isolated as single-

phase polycrystalline materials (Figure 3.50). In addition, the experimental powder patterns 

of 31 is exactly similar to the simulated powder pattern of 26, indicating the iso-structural 

relationship of 26 and 31. 

Framework stabilities and thermal properties. In order to understand the thermal 

stability and structural variation as a function of temperature, thermogravimetric analysis 

(TGA) was carried out with the single-phase polycrystalline sample of 31-36 between 30-

500 °C, under a dinitrogen atmosphere (Figure 3.51). The thermogravimetric profiles 

corroborate with the structures obtained from the single crystal analysis. Compounds 32, 34 

and 35 exhibits moderate thermal stabilities up to 220 ºC, whereas the compounds 31, 33 
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and 36 exhibits very high thermal stability. The thermogravimetric profile of 31 shows its 

extraordinary thermal stability as no weight loss was observed up to 340 ºC; which is similar 

to the thermogravimetric profile for 26. Therefore, in addition to the similar powder X-ray 

diffraction pattern in both the cases, the similar TG profile further supports the similar 

interpenetrated frameworks in 26 and 31.  

 

Figure 3.50. Powder X-ray diffraction (PXRD) pattern of as-synthesized samples of 31 and 32-36, 

compared with the simulated powder pattern obtained from the single crystal data of 26 and 32-36, 

respectively. 

 

Figure 3.51. Thermogravimetric profile for 31-36. 

The thermogravimetric profiles of 33 and 36 shows that both the compounds are stable up 

to 320 ºC and 370 ºC, respectively as no weight loss can be seen in the thermogravimetric 
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plots of 33 and 36 up to 320 ºC and 370 ºC, respectively before the framework 

decomposition. 

Effect of rigidity/flexibility of the pillar ligand on the final architecture. In this study, the 

pillar-layered strategy has been further extended to synthesize mixed ligand coordination 

polymers and the effect of rigid or flexible N-donor pillar ligands has been studied in the 

Co(II)-dmsdba2- system under similar reaction conditions. As expected, the rigid or semi-

rigid pillar ligands coordinates between the 1D metal carboxylate chains to result in the 

formation of interpenetrated 2D coordination polymers, whereas in case of 

conformationally flexible ligands (azopy or bpp), the conformation flexibility of azo or 

methylene chain spacers adds up an extra dimensionality by allowing the coordinating 

pyridyl groups to bind to the alternative 2D sheets resulting in the formation of overall 3D 

structures. 

Cd(II) Chemistry  

As pointed out in the previous section (Section 3.1.2.1) that different metal ions are known 

for their own coordination preferences, which can play an important role in the structural 

diversity of the resulting coordination architectures.268 Therefore the study has been further 

extended to the Cd(II)-dmsdba2- system, since cadmium is known to expand its 

coordination sphere from hexa- to hepta- or in some cases octa-coordination. By judicious 

design and selection of different N-donor ligands, a set of mixed ligand Cd(II) coordination 

polymers have been synthesized and the pillar ligand induced structural diversity and 

applications of these coordination polymers have been discussed.  

Scheme 3.17. Synthesis of 37 and 38. 

 

Self-assembly of cadmium acetate, H2dmsdba and different N-donor ligands bpe or 4-bpdb 

at ambient conditions has resulted in the formation of {[Cd2(bpe)(dmsdba)2(DMF)2]}n (37) 

and {[Cd2(4-bpdb)(dmsdba)2(H2O)2]}n (38) in good yields (Scheme 3.17). Their structures 

have been analyzed by single crystal X-ray diffraction analysis and their molecular formula 

has been established by a combination of elemental analysis, TGA and single crystal X-ray 

diffraction analysis 
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Single crystal structure analysis. Single crystals suitable for single crystal X-ray 

diffraction analysis in each case were obtained by the slow diffusion technique at room 

temperature using different solvent combinations. Compound 37 forms a 1D coordination 

polymer which crystallizes in a triclinic crystal system with P1 space group. The 

asymmetric unit consists of one Cd(II) atoms, one carboxylate linker dmsdba2-, and one 

half of the neutral N-donor ligand bpe along with one molecule of DMF coordinated to the 

metal center (Figure 3.52a). The Cd(II) center is in a NO5 type coordination environment 

with a distorted octahedral geometry around the metal center. The coordination sites of the 

octahedral geometry are occupied by four oxygen atoms of the carboxyl groups of dmsdba2-

, one oxygen atom from the coordinated DMF molecule and one nitrogen atom of the neutral 

N-donor ligand bpe.The carboxylate linker dmsdba2- is fully deprotonated and arranged in 

the form of linear chain upon coordination to the metal center. Two of such chains are 

further connected by the pillar ligand bpe, resulting the overall structure (Figure 3.52b). 

The 1D polymeric chains are further interpenetrated (1D + 1D → 2D) into one another to 

generate the overall 2D framework (Figure 3.52c). 

 

Figure 3.52. Structure description for 37; (a) asymmetric unit and the coordination environment 

around the metal center, (b) view of the 1D framework; coordinated DMF molecules are shown in 

space fill representation and (c) represents the interpenetration into the 1D polymeric chains to 

generate the overall 2D framework in 37. 

Compound 38, exhibits the similar structure as that of 37, except that the instead of 

coordinated DMF in 37, 38 consists of a water molecule coordinated to the metal center. In 

addition to it, there is also a water molecule in the crystal lattice. It also crystallizes in a 

triclinic P1 space group. The asymmetric unit contains one Cd(II) atoms, one carboxylate 

linker dmsdba2-, and one half of the neutral N-donor ligand 4-bpdb along with two water 
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molecule; one coordinated and one lattice water molecule(Figure 3.53a). The distorted 

octahedral geometry around the metal center is formed by four carboxyl oxygen atoms of 

the carboxylate linker dmsdba2-, one oxygen atom of the coordinated water molecule and 

one nitrogen atom of the N-donor ligand 4-bpdb. The other structural features are similar 

to that of 37. As shown in (Figure 3.53b) the asymmetric unit is further extended by the 

carboxylate linker dmsdba2- and the ligand 4-bpdb to generate the 1D polymeric structure 

which are further interpenetrated (1D + 1D → 2D) to forms the overall 2D framework 

(Figure 3.53c). 

 

Figure 3.53. Structure description for 38; (a) Asymmetric unit and the coordination environment 

around the metal center, (b) view of the 1D framework; coordinated water molecules are shown in 

space fill representation and (c) represents the interpenetration into the 1D polymeric chains to 

generate the overall 2D framework. 

The Cd-O bond lengths in 37 and 38 lies in the range 2.257 Å to 2.390 Å and 2.239 Å to 

2.437 Å, whereas the Co-N bond lengths are found to be 2.255 Å and 2.315 Å, respectively. 

These values are within the usual range for this kind of complexes. The prominent 

distortions from the regular geometries around the metal centers are evident from the bond 

angle value in each case. All the crystallographic information pertaining to data collection 

and structure refinement parameters, selected bond lengths and bond angles are listed in 

Table A13, A35 and A57, respectively. 
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FTIR and PXRD analysis. FTIR spectra of 37 and 38 was recorded in the solid state at 

room temperature as KBr pellets. The sharp peaks due to asymmetric (asym) and symmetric 

(sym) stretching vibrations of the carboxylates in 37 and 38 were observed at 1578 cm-1 and 

1400 cm-1 for 37 and 1575 cm-1 and 1402 cm-1 for 38. The difference in asymmetric and 

symmetric stretching vibrations (Δ = cm-1 and 173 cm-1 for 37 and 38, respectively) 

indicates the chelated bidentate binding of the carboxylate to the metal center251 as seen in 

their respective single crystal structures. In addition, significant shift from the asymmetric 

and symmetric -C=O stretch for free H2dmsdba (1690 cm-1 and 1416 cm-1) indicates a 

strong binding of the carboxylates to the metal center in both cases. A sharp peak at 1652 

cm-1 in case of 37 can be ascribed due to the presence of coordinated DMF molecule in 37. 

In order to confirm whether the single crystal structure corresponds to the bulk material or 

not, powder X-ray diffraction patterns were recorded at room temperature for 37 and 38. 

The experimental powder X-ray diffraction patterns for 37 and 38 confirm their crystallinity 

and PXRD patterns of the as-synthesized and the desolvated samples in both the cases, when 

compared with their respective PXRD pattern simulated from single-crystal data, shows 

good agreement between the experimental and simulated data (Figure 3.54). This confirms 

the phase purity as well as retention of structural integrity upon thermal 

desolvation/activation. 

 

Figure 3.54. Powder X-ray diffraction (PXRD) pattern of as-synthesized and desolvated samples 

of (a) 37 and (b) 38, compared with the simulated powder pattern obtained from the single crystal 

data of 37 and 38, respectively. 

Framework stabilities and thermal properties. In order to test the thermal stability and 

structural variation as a function of temperature, thermogravimetric analysis (TGA) was 

carried out with the single-phase polycrystalline sample of 37 and 38 between 30-500 °C, 
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under a dinitrogen atmosphere (Figure 3.55a). The thermogravimetric profiles corroborate 

with the structures obtained from the single crystal analysis. Compounds 37 exhibits an 

initial weight loss of about 13 % in the temperature range of 120 ºC to 180 ºC, which is in 

good agreement due to the loss of coordinated DMF molecule (calculated 12.69 %). After 

which no weight loss was observed up to 300 ºC before the framework degradation. 

 

 
Figure 3.55. Thermogravimetric profile for the as-synthesized and desolvated samples of (a) 37 and 

(b) 38, respectively. 

Similarly, in the thermogravimetric profile for 38, it exhibits an initial loss of about 6% in 

the temperature range of 50 ºC to 100 ºC, which is in good agreement due to the loss of two 

water molecules (ca. 6.54%). After which the compound exhibits stable behavior up to 220 

ºC, as no weight loss can be seen in the temperature range of 100 ºC to 220 ºC. After which 

it shows continuous weight loss which indicates framework degradation at higher 

temperature. In addition to the retention of phase purity and crystallinity after thermal 

desolvation/activation, the compounds are found to follow their thermal stability profiles. 

As seen in Figure 3.55, the desolvated samples of 37 and 38 follows the same 

thermogravimetric profiles, except that no weight loss can be seen due to the coordinated 

or lattice solvent molecules up to 300 ºC and 220 ºC, respectively before the framework 

degradation. 

Catalysis Studies. Because of the presence of coordinatively unsaturated metal site which 

can act as potential Lewis acidic sites, both 37 and 38 were tested for their catalytic activity 

as an active heterogeneous catalyst for Lewis acid prompted reactions. The Knoevenagel 

condensation of aldehydes with active methylene compounds is one of the most useful C−C 

bond forming reaction having wide applications for the synthesis of several fine chemicals 
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and pharmaceuticals.297 Also, the product benzylidene malononitrile is well known for its 

biological activity.298 This condensation is generally catalyzed by bases or Lewis 

acids.252,299 While various type of homo/heterogeneous catalysts (discrete or polymeric 

coordination compounds) have been developed for such organic transformation, there is 

still a great demand to develop new types of catalysts based on cheap and environmentally 

tolerable metal complexes that could be easily recyclable (hence forming an heterogeneous 

system) and could show high efficiency under mild conditions. Thus, the catalytic activity 

of 37 and 38 was tested as solid heterogeneous catalysts in the Knoevenagel condensation 

of malononitrile with various aldehydes. Motivated by green chemistry principles the 

reaction was carried out with 3 mol% of compounds at room temperature in methanol 

solvent. Before the catalysis experiments, the compounds were activated by heating under 

vacuum conditions to generate the Lewis-acidic open metal sites. As shown in Figure 3.54 

and 3.55, both the compounds maintain their structure integrity upon thermal activation. In 

a typical reaction, a mixture of benzaldehyde (10 μL, 0.10 mmol), malononitrile (10 mg, 

0.15 mmol), and catalyst (3 mol%) was placed in a capped glass vial, and then 1 mL of 

solvent was added to it. The mixture was stirred at 25-30 °C. The progress of the reaction 

was monitored by TLC analysis and the final conversion was calculated by 1H NMR 

spectroscopy. Using benzaldehyde as the simplest substrate, the test reactions gave about 

88% and 92% product conversions in case of 37 and 38, respectively in 60 minutes. This 

good catalytic activity of 37 and 38 for Knoevenagel condensation encouraged us to extend 

the catalytic study to various other substituted aromatic aldehydes and active methylene 

compounds under identical reaction conditions. Inspired by the good catalytic activity, the 

versatility of 37 and 38 was further tested by the reaction of different types of substituted 

aromatic aldehydes and active methylene compounds. It gave the corresponding α,β-

unsaturated compounds in good-to-excellent yields. The results are summarized in Table 

3.4 and 3.5, respectively. 

The results obtained for the Knoevenagel condensation reaction follows the same trend in 

both cases. It is clear from the Table 3.4 and 3.5 that the highest yield was obtained in case 

of substrates with electron withdrawing groups while a drop in the product conversion was 

obtained for the substrates with electron donating substituents. Thus, the reactivity trend 

unveils the strong accelerating influence of electron-withdrawing groups in contrast to an 

electron donating moiety for the reactions involving nucleophilic attack at the carbonyl 

group. The blank reaction between benzaldehyde and malononitrile carried out in the 

absence of catalyst 37 or 38 results in almost negligible conversions (21% and 15%,
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Figure 3.56. Progress of the reaction with time in presence of catalyst (a) 37 and (b) 38 (solid lines) 

and after separating the catalyst from the reaction mixture (dotted lines) for Knoevenagel 

condensation reaction of benzaldehyde with malononitrile 

respectively) of condensation product, suggesting the requirement of a catalyst (entries 12, 

Table 3.4 and 3.5). Further, to rule out the possibility of leaching of the catalyst into the 

product stream, the catalyst was separated from the reaction mixture by centrifugation after 
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certain time and the supernatant was provided with the same reaction conditions. No 

significant conversion was obtained in both the cases (Figure 3.56), suggesting no 

contribution from leached species and the catalytic conversion was only being possible in 

the presence of the 37 or 38 confirming their heterogeneous nature.  

 

Figure 3.57. Conversion for three consecutive cycles of Knoevenagel condensation reaction of 

benzaldehyde and malononitrile catalysed by 37 and 38. 

 

Figure 3.58. FTIR and powder X-ray diffraction pattern of the catalyst (a and c) 37 and (b and d) 

38, before and after three cycles of Knoevenagel Condensation reaction. 
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In addition to the heterogeneity of the catalyst 37 and 38, both the catalysts were further 

studied for their recyclability. In order to determine the recyclability of the catalyst, the 

catalyst was isolated after the reaction by filtration and washed with methanol, dried under 

vacuum and reused for the consecutive experiments. Both catalysts 37 and 38 were recycled 

in three consecutive experiments, and their activity did not show appreciable change (Figure 

3.57). Based on FTIR spectra and PXRD data of the catalysts 37 and 38, recorded before 

and after the catalysis experiments, no loss of crystallinity or phase purity of the catalyst 

was observed even after three cycles of reactions (Figure 3.58). The mechanism of the 

catalytic cycle can be proposed similar to 1-10. 

In addition to the utility of 38, as an active heterogeneous catalyst for Knoevenagel 

condensation reaction, it was further tested for its bifunctional catalytic activity towards 

three-component Biginelli reaction, due to the presence of azine functionality into the 

framework. In a typical reaction, a mixture of benzaldehyde (10 μL, 0.10 mmol), ethyl 

acetoacetate (25 μL, 0.20 mmol), and urea (10 mg, 0.15 mmol) was reacted at 50 °C in the 

presence of 38 (3 mol%) under a nitrogen atmosphere and solvent-free conditions. The 

progress of the reaction was monitored by TLC analysis and the final conversion was 

calculated by 1H NMR spectroscopy. Inspired by the good catalytic activity of 38, the study 

was further extended to several other derivatives. It gave the corresponding 

dihydropyrimidinone derivative in good yields. The results are summarized in Table 3.6. 

It is clear from the Table 3.6 that both the substrates with electron withdrawing or electron 

releasing groups show similar reactivity as no much difference was obtained in the product 

conversion. For a control experiment a blank reaction was carried out between 

benzaldehyde, ethylacetoacetate and urea in the absence of catalyst. This results in almost 

negligible product conversions (10%, entry 15, Table 3.6), suggesting the active role of the 

catalyst. In order to determine the recyclability of the catalyst similar protocol was followed. 

The catalyst was isolated after the reaction by filtration, washed with methanol, dried under 

vacuum and reused for the next catalytic experiment. The catalyst was recycled in three 

consecutive experiments with a slight loss (~7-8%) in its catalytic activity (Figure 3.59). 

The retention of structural integrity, phase purity and crystallinity of the catalyst after three 

cycles of reactions was further confirmed by the FTIR and PXRD of the recovered catalyst. 

The mechanism for the catalytic reaction is similar to the reported proposals.300 
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Figure 3.59. (a) FTIR and (b) powder X-ray diffraction pattern of the catalyst 38, before and after 

three cycles of Biginelli reaction. 
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In order to further explore the structural diversity and applications of such Cd(II) 

coordination polymers, we have further utilized the conformationally flexible ligand bpp 

and an aromatic fluorophore tagged ligand 1,5-ND-4-Py, with a naphthalene moiety into 

the ligand backbone to synthesize the coordination polymers 

{[Cd(bpp)(dmsdba)(H2O)].DMF}n (39) and {[Cd2(1,5-ND-4-

Py)(dmsdba)2(THF)2].2THF}n (40). The reaction of cadmium nitrate, H2dmsdba and the 

neutral N-domor ligands bpp and 1,5-ND-4-Py under solvothermal and ambient conditions 

has resulted in the formation of 39 and 40, respectively in good yields (Scheme 3.18).   

Scheme 3.18. Synthesis of 39 and 40. 

 

Both these compounds have been structurally characterized by single crystal X-ray 

diffraction analysis and their molecular formulas have been established by a combination 

of elemental analysis, thermgravimetric and single crystal X-ray diffraction analysis. 

Compound 39 represents a rare example of helically chiral MOF derived from achiral 

organic ligands and without the need of any chiral auxiliaries such as enantiopure solvents, 

additives, catalysts or a template. The chirality in these frameworks results from the spatial 

organization (e.g., helix) of achiral components, but the interpenetration of opposite-handed 

helices often yields nonporous and achiral structures. The other possibility is that the 

individual crystals can be homochiral through a process called spontaneous resolution.  

However, the bulk sample tends to be a conglomerate, an equal mixture of crystals with 

opposite handedness. 

Single crystal structure analysis. Single crystal suitable for X-ray diffraction analysis in 

case of 39 were obtained by solvothermal reaction at 100 ºC and in case of 40, the single 

crystals were obtained by slow diffusion technique at room temperature. Single crystal X-

ray diffraction analysis reveals that 39 crystallizes in the chiral space group P21212 (space 

group no. 18) and has a 2D structure constructed from Cd−bpp−dmsdba2- helical chains 

[Flack parameter = 0.001(7)]. As shown in Figure 3.60a, the asymmetric unit consists of 
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one Cd (II) ions, one bpp, one dmsdba2- and one coordinated water molecule along with 

one lattice DMF molecule. The Cd center has a distorted pentagonal bipyramidal geometry 

with an N2O5 coordination environment due to binding of four oxygen atoms (O1, O2, O3, 

O4) from carboxylates of two different dmsdba2- in a chelated fashion and one oxygen (O5) 

from coordinating water at the equatorial positions. The two apical positions are occupied 

by two nitrogen atoms (N1 and N2) from two different bis-pyridyl ligands (bpp). The 

chelated mode of carboxylate binding with the metal center is evident by the difference (∆ 

= 179 cm-1) in the asymmetric ( = 1579 cm-1) and symmetric ( = 1400 cm-1) carbonyl 

stretching of carboxylates in the FTIR spectrum of 39. The Cd (II) centers act as a link 

between the helical chains giving rise to an overall 2D framework with 1D open channels 

with dimensions of 10.9 x 12.1Å2 (7.1 x 9.0Å2 without van der Waals radii), which are 

filled with lattice DMF molecules (Figure 3.60b). The total potential solvent-accessible void 

volume for 39 was estimated to be 17.8% (577 Å3 out of the unit cell volume 3224 Å3) 

using the PLATON software.275 The dicarboxylate ligand (dmsdba2-) adopting a helical 

chain conformation, based on its connectivity with the Cd(II) centers in 39, can be observed 

by considering the 21 screw axis along the b-axis (Figure 3.60c). On the other hand, the 

two-fold rotation axis along c-axis provides the overall connectivity of all components 

(Figure 3.60d). Furthermore, a space fill view of the framework shown in Figure 3.60e 

depicts the fusion of different 1D helical chains at the Cd(II) centers.  

 

Figure 3.60. Structure description for 39; (a) View of the asymmetric unit and the coordination 

environment around the Cd (II) center, (b) perspective view of the 2D framework in 39. Lattice 

DMF molecules present in the 1D channels have been shown as space-fill model, (c and d) 

representation of the 2-fold screw axis and 2-fold rotation axis along crystallographic b and c axis, 

respectively and (e) space-fill representation of the 2D framework viewed along the a-axis. 
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Figure 3.61. Simplified node and linker representation for 39, indicating 4-connected uninodal net, 

sql topology.  

To simplify the rather intricate structure of 39, the Cd (II) center can be considered as a 4-

connected node and the ligands bpp and dmsdba2- as bent linkers. Further examination of 

the node and linker representation reveals that the framework exhibits a 4-connecetd 

uninodal net, sql topology, with Schlafli point symbol {4^4.6^2} (Figure 3.61) as 

determined by the TOPOS program.274 Upon analysis of the structure, the metal center is 

not stereogenic and is not responsible for the chirality induction; thus, the V-shaped 

dicarboxylate dmsdba2- and the conformationally flexible bpp adopt a helical arrangement 

when coordinated to the metal ion, giving rise to a chiral network. The helical chirality of 

the framework was further established with the help of solid-state circular dichroism (CD) 

measurement (Figure 3.62). 

The Cd-O bond lengths lies in the range 2.307 Å to 2.456 Å, whereas the Co-N bond lengths 

are found to be 2.324 Å and 2.354 Å, respectively. These values are within the usual range 

for this kind of complexes.271 The prominent distortions from the regular geometries around 

the metal centers are evident from the bond angle value in each case. All the crystallographic 

information pertaining to data collection and structure refinement parameters, selected bond 

lengths and bond angles are listed in Table A14, A39 and A60, respectively. 
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Figure 3.62. Solid State Circular Dichroism (CD) Spectrum for 39.  

Compound 40 crystallizes in a monoclinic crystal system with C2/c space group. As shown 

in Figure 3.63a, the asymmetric unit consists of one Cd(II) ion, one carboxylate linker 

dmsdba2-, one half of the neutral N-donor ligand 1,5-ND-4-Py and one THF molecule 

coordinated to the Cd(II) center along with disordered THF molecules in the crystal lattice. 

The dicarboxylate linker dmsdba2- is fully deprotonated where one of the carboxylate binds 

in a chelated bidentate fashion and the other one binds in a syn-syn bridging bidentate 

fashion resulting in the formation of a biscarboxylato bridged dinuclear core as secondary  

building unit. Each Cd(II) is in a NO5 type distorted octahedral coordination environment, 

where the coordination sites around Cd(II) are occupied by four carboxyl oxygen atoms of 

dmsdba2-, one oxygen atom from coordinated THF molecule and one nitrogen atom of the 

neutral N-donor ligand. 

The framework in 40 is composed of a dinuclear Cd2(COO)2 SBU which are bridged by 

four dicarboxylate linkers dmsdba2- to form the right and left-handed metal carboxylate 

helical chains (Figure 3.63b). These left and right helical chains are fused at the Cd(II) 

center in an alternative fashion to form 2D metal carboxylate structure. The 2D metal 

carboxylate polymeric structure is further bridged by the neutral N-donor ligands to form 

the overall 3D framework (Figure 3.63c). As shown in Figure 3.63c, the framework consists 

of considerable open 1D channels along the b-axis of dimensions 10.23 x 13.76 Å2 (6.03 x 

10.6 Å2 without van der Waals radii). The channels are filled with disordered solvent 
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Figure 3.63. Structure description for 40; (a) View of the asymmetric unit and the coordination 

environment around the Cd (II) center, (b) metal-carboxylate helical chains with opposite 

handedness and (c) perspective view of the 3D framework along b-axis, showing 1D open channels. 

 

Figure 3.64. Simplified node and linker type representation for 40; (a) Cd2(COO)4 dinuclear core 

and the ligands dmsdba and 1,5-ND-4-Py simplified as 6-connected node and bent and linear linkers, 

respectively, (b) View of the overall 6-connected uni-nodal roa topology and (c) metal-carboxylate 

helical chains with opposite handedness. 

molecules, which were removed using solvent masking option in Olex2 software203 during 

the structure refinement. The total solvent-accessible volume for 40 was estimated to be 32 

% (2508/7760 Å3 per unit cell volume) by the PLATON software.275 The topological 
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analysis of 40 using TOPOS274 revealed that the Cd2(COO)2 SBUs can be viewed as six 

connected nodes and the ligands dmsdba2- and 1,5-ND-4-Py as bent and linear linkers 

(Figure 3.64a). Therefore, 40 can be envisioned as a 6-c uninodal net with roa (topos & 

RCSR.ttd) topology (Figure 3.64). The point symbol for the net is {4^4.6^10.8}. 

The Cd-O bond lengths lies in the range 2.196 Å to 2.403 Å, whereas the Co-N bond length 

is found to be 2.305 Å. These value lies within the usual range for this kind of complexes. 

The prominent distortions from the regular geometries around the metal centers are evident 

from the bond angle value in each case. All the crystallographic information pertaining to 

data collection and structure refinement parameters, selected bond lengths and bond angles 

are listed in Table A14, A36 and A58, respectively. 

FTIR and PXRD analysis. FTIR spectra of 39 and 40 were recorded in the solid state at 

room temperature as KBr pellets. The sharp peaks due to asymmetric (asym) and symmetric 

(sym) stretching vibrations of the carboxylates in 39 at 1579 cm-1 and 1401 cm-1 with (Δ 

= cm-1) indicates the chelated bidentate binding mode of the carboxylate to the metal 

center as seen in the single crystal structures. A sharp peak at 1670 cm-1 can be ascribed due 

to the presence of coordinated DMF molecule. The peaks due to asymmetric (asym) and 

symmetric (sym) stretching vibrations of the carboxylates in 40 were observed at 1579 cm-

1 and 1402 cm-1. These values show significant shift from the asymmetric and symmetric -

C=O stretch for free H2dmsdba (1690 cm-1 and 1416 cm-1), which indicates strong binding 

of the carboxylates to the metal center in both cases. In order to the phase purity of the as-

synthesized materials, powder X-ray diffraction patterns were recorded for 39 and 40 at 

room temperature. As shown in Figure 3.65, the experimentally obtained powder patterns 

for as-synthesized, solvent exchanged or desolvated one, were in good agreement with the 

simulated powder patterns (obtained from the single crystal data). This confirms the phase 

purity as well as retention of structural integrity upon thermal desolvation/activation in both 

the cases. 

Framework stabilities and thermal properties. In order to test the thermal stability and 

structural variation as a function of temperature, thermogravimetric analysis (TGA) was 

carried out with the single-phase polycrystalline sample of 39 and 40 between 30-500 °C, 

under a dinitrogen atmosphere (Figure 3.66a). The thermogravimetric profiles corroborate 

with the structures obtained from the single crystal analysis. The as-synthesized sample of 

39 exhibits an initial weight loss of about 12 % in the temperature range of 100 ºC to 200 

ºC, which is in good agreement due to the loss of coordinated water and lattice DMF 



129 

 

 

Figure 3.65. Powder X-ray diffraction (PXRD) pattern of as-synthesized and desolvated samples 

of (a) 39 and (b) 40, compared with the simulated powder pattern obtained from the single crystal 

data of 39 and 40, respectively. 

molecule (calculated 12.9 %), whereas the methanol exchanged sample exhibits the weight 

loss of about 7 % which can be attributed to the loss of coordinated water and methanol 

(calculated 7.5 %). No appreciable weight loss in the TG profile for desolvated sample of 

39, indicates the removal of coordinated water molecule after framework activation. A 

similar TG profile was obtained for 40 also. As shown in (Figure 3.66b), initial weight loss 

of about 10 % in the temperature range of 60 ºC to 120 ºC can be ascribed due to the loss 

of coordinated THF molecule. No weight loss due to the lattice THF molecules was 

observed because of low boiling nature of THF which were escaped during sample drying. 

No weight loss in the TG profile for desolvated sample of 40, indicates the removal of 

coordinated THF molecule after framework activation. 

 

Figure 3.66. Thermogravimetric profile for the as-synthesized and desolvated samples of (a) 39 and 

(b) 40, respectively. 
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Gas sorption studies. The coordinated and the guest solvent molecules can be removed by 

heating under vacuum conditions to obtain the desolvated/activated frameworks in both the 

cases. As mentioned before, the activated samples of 39 and 40 have open pores of about  

10.9 x 12.1 Å2 (7.1 x 9.0 Å2) and 10.23 x 13.76 Å2 (6.03 x 10.6 Å2), respectively. The 

presence of open channels encouraged us to examine permanent porosity in both the 

compounds. Prior to adsorption measurements, the sample (~100 mg) was activated by 

degassing at an elevated temperature of 393 K under vacuum conditions (20 mTorr) for 24 

hours to generate the desolvated frameworks. The loss of lattice solvents was confirmed by 

thermogravimetric and analysis (Figure 3.66). Furthermore, the PXRD pattern of the 

activated sample revealed that the original framework structure is retained after the 

activation process (Figure 3.65). The low temperature gas sorption measurements reveal 

that both the samples adsorb appreciable amount of CO2 but very less amount of N2. The 

Brunauer-Emmett-Teller (BET) and the Langmuir surface area for 39 and 40 was estimated 

to be 61 m2g-1 and 109 m2g-1 for 39 and 67 m2g-1 and 76 m2g-1 for 40 respectively, based on 

the CO2 adsorption measurement (Figure 3.67).  

 

Figure 3.67. BET and Langmuir surface area of obtained from the CO2 adsorption isotherm for (a 

and c) 39 and (b and d) 40, respectively. 
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In order to determine the quantitative binding strength of CO2 molecules with the 

framework, the isosteric adsorption enthalpy (Qst) was calculated based on the Clausius-

Clapeyron equation, using the adsorption isotherms collected at different temperatures 

(Figure 3.68). The Qst value at zero loading was found to be ~25 kJ mol-1 and ~28 kJ mol-

1, for 39 and 40, respectively, indicating good binding affinity of CO2 with the framework 

in both cases. 

 

Figure 3.68. CO2 sorption isotherms at different temperatures for (a) 39, (b) 40 and variation of 

isosteric heat of adsorption for CO2 with respect to surface coverage for (c) 39 and (d) 40, 

respectively. 

Catalysis Studies. Due to the microporous nature and coordinatively unsaturated metal site 

in 39, it was tested for its catalytic activity as an active heterogeneous catalyst for Lewis 

acid promoted reactions. The Knoevenagel condensation and Strecker reactions are well 

known Lewis acid catalyze C-C and C-N bond forming reactions used for the synthesis of 

benzylidene malono-nitriles and -aminonitriles, respectively. 
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To check the feasibility of 39 towards the Knoevenagel condensation reaction, the reaction 

between benzaldehyde and malononitrile was picked as a test reaction. Both the components 

were placed in a capped glass vial along with a catalytic amount (3 mol%) of 39. The 

reaction was performed at room temperature using methanol as reaction medium. The 

progress of the reaction was monitored by TLC and the final conversion was calculated by 

1H NMR spectroscopy. Inspired by the good catalytic activity, the versatility of 39 was 

further tested by the reaction of different types of substituted aromatic aldehydes and active 

methylene compounds. It resulted the corresponding α,β-unsaturated cyano/ester 

derivatives in good-to-excellent yields. The results are summarized in Table 3.7. 

There are reports where metal organic coordination polymers have been utilized for 

Strecker reaction, but the scope of d10 metal ion-based coordination polymers is very limited 

for this reaction.301 Therefore, for a three-component Strecker reaction, benzaldehyde, 
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trimethylsilyl cyanide (TMSCN) and aniline were used as the test substrates, where 3 mol% 

of 39 was taken in a Schlenk tube pursued by the addition of all the reactants. The reaction 

was carried out under a solvent free condition at room temperature under N2 atmosphere. 

The progress of the reaction was monitored by TLC and the final conversion was calculated 

by 1H NMR spectroscopy. The catalytic activity of 39 was further tested for different 

substrates, especially for the more reluctant ketone derivatives (Table 3.8). The results 

obtained for both the Knoevenagel and Strecker reactions reveal that the substrates with 

electron withdrawing group gave the maximum conversion while a drop in the product 

conversion was obtained for the substrates with electron donating substituents. This trend 

reveals the strong accelerating impact of electron withdrawing groups rather than an 

electron releasing group for the reactions involving nucleophilic attack at electrophilic 

carbon of carbonyl or imine groups. The stronger is the electron withdrawing ability of the 

substituent, the faster is the activation of carbonyls or imines for nucleophilic attack at and 

consequently faster the reaction. In all cases, products were isolated and characterized by 

1H and 13C NMR spectroscopy to confirm their identity and purity. For control experiments 

a blank reaction was carried out in the absence of catalyst. In each case very little product 

conversions indicates the active role of the catalyst in both the reactions. 

 

Figure 3.69. (a) PXRD pattern of 39 before and after catalysis experiments and (b) conversion for 

three consecutive cycles of (i) Knoevenagel condensation reaction of benzaldehyde and 

malononitrile and (ii) Strecker reaction of benzaldehyde with aniline and trimethylsilyl cyanide, 

catalysed by 39. 

In order to check its utility as a reusable catalyst, it was separated after the catalytic reaction 

by filtration, washed with chloroform and methanol, followed by drying under vacuum at 

100 °C for 5 h to regenerate the active catalyst and reused for next catalytic experiment. In 
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both cases, no loss of crystallinity or phase purity of the catalyst was observed even after 

three cycles of reactions, as confirmed by the PXRD of the recovered catalyst (Figure 

3.69a). Also, the catalyst can be reused up to three cycles in both cases with a slight loss 

(~8-10 %) in its catalytic activity (Figure 3.69b). Further, to check no leaching of the 

catalyst into the product stream, the catalyst was separated from the reaction mixture by 

centrifugation after certain time and the supernatant was provided with the same reaction 

conditions. No significant conversion was obtained (Figure 3.70) indicating heterogeneous 

nature of the catalyst and its active role as a catalyst in both the reactions. The efficiency of 

39, when compared to the catalytic activity of various coordination polymers that have been 

used as heterogeneous catalysts in the Knovenagel and Strecker reactions is found to be 

comparable with the reported examples.252,256,301,302  

 

Figure 3.70. Progress of the reaction with time in presence of catalysts 39 (solid lines) and after 

separating the catalyst from the reaction mixture (dotted lines) for (left) Knoevenagel condensation 

reaction of benzaldehyde with malononitrile and (right) Strecker reaction of benzaldehyde with 

aniline and trimethyl silyl cyanide. 

Based on the studies described above and on the basis of previous reports,302,303 plausible 

mechanisms are proposed and are shown in Figure 3.71. The open metal center (Lewis-

acidic site) interacts with the O/N of the carbonyl/imine group (electrophile), resulting in 

polarization of these groups, which results in the enhancement of electrophilic character of 

the carbon atom of carbonyl or imine moieties. In addition, the O atom of the coordinated 

carboxylate group is known to impart basic character (Lewis-basicity) to the framework and 

can help in driving the reaction by activating the corresponding nucleophile. 
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Figure 3.71. Plausible mechanisms for the Knoevenagel condensation and the Strecker reactions 

catalyzed by 39. 

Pillar ligand induced structural diversity and applications of coordination polymers. In this 

study, a set of four Cd(II)-coordination polymers have been synthesized using different 

pillar ligands. First two examples 37 and 38, represents the isostructural frameworks, where 

the incorporation of azine functionalized ligand 4-bpdb in case of 38, imparts dual 

functionality to the framework. The Lewis-acidic open metal sites and Lewis-basic azo 

functionality into the framework makes it an efficient heterogeneous catalyst for 

Knoevenagel condensation reaction and three component Biginelli reaction. The 

introduction of the conformationally flexible ligand bpp in 39 has resulted in the formation 

of a helically chiral Cd(II) coordination polymer. This represents a special class of example 

where a chiral coordination polymer has been synthesized by the self-assembly of achiral 

components without the need of any chiral auxiliaries such as enantiopure solvents, 

additives, catalysts or a template. The helical chirality into the framework is due to the 

natural ability of V-shaped ligand (H2dmsdba) to endorse a twisted conformation and the 

rotation freedom of Py−CH2−CH2−CH2−Py bonds of the conformationally flexible ligand 

bpp, which adopts a helical arrangement when coordinated to the metal ion, giving rise to 

a chiral network. Further, the existence of exposed Lewis-acidic metal sites in 39 has been 

demonstrated by its heterogeneous catalytic activity towards the carbon-carbon 

(Knoevenagel condensation reaction) and carbon nitrogen (Strecker) bond forming 

reactions. The use of a long pillar ligand 1,5-ND-4-Py, functionalized with aromatic 

fluorophore naphthyl group in case of 40, has resulted in the formation of a 3D porous 
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framework with open metal sites. These kind of open frameworks, functionalized with 

aromatic fluorophores are known to impart interesting luminescence properties to the 

framework. All the factors play an important role in the structural diversity of these 

coordination polymers. In addition to the different conformational arrangement of N-donor 

ligands, the carboxylate linker also adopts different conformational arrangements, inducing 

the structural diversity in the resulting architectures. As shown in Figure 3.72, the angle 

between the two phenyl rings (CPh-Si-CPh) and the dihedral angle between the phenyl rings 

was different in all cases; maximum deviation the dihedral angle was observed in case of 

40. 

 

Figure 3.72. Different conformations of the dicarboxylate linker observed in (a) 37, (b) 38, (c) 39 

and (d) 40, respectively. 

3.1.2.3 Architectures with semi-flexible tetra(pyridyl) ligands 

In terms of coordination architectures comprised of mixed ligands, the polymers with 

flexible ligands exhibit more complex and unusual structures, as functional groups on the 

ligands offer variable configurations. Flexible pyridyl ligands, such as 1,2-bis-(4-pyridyl)-

ethane (bpe), di(4-pyridyl)-ethylene (dpe), and 1,3-bis(4-pyridyl)-propane (bpp), often 

freely rotate to meet the requirement of flexible ligands in the self-assembly of such 

coordination polymers. As an important family of multidentate N-donor ligands, organic 

pyridyl ligands have been extensively employed in the preparation of coordination polymers 

with multidimensional networks and interesting properties. Among the flexible N-donor 

bridging ligands, tetrakis(4-pyridyloxy-methylene) methane (tpom) is a good candidate for 

the construction of coordination polymers with diverse structures. The ligand can serve as 

four connecting node and the four pyridyl arms can twist around the central quaternary 

carbon atom randomly. Various coordination polymers exhibiting different topologies and 

functional properties have been explored with tpom ligand in combination with rigid 
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polycarboxylate linkers, there are a limited reports for the coordination polymers with bent 

dicarboxylate linkers with tpom ligand. Therefore, the present section illustrates the 

synthesis, structural properties, stability and topology of coordination polymers of divalent 

transition metals with bent dicarboxylate (H2dmsdba) and flexible tetradentate tpom 

ligand. In addition, the selective carbon dioxide adsorption properties and their catalytic 

properties for the chemical conversion of carbon dioxide into the cyclic carbonates have 

been studied. 

The solvothermal reaction of zinc acetate or cadmium acetate with dicarboxylate linker 

(H2dmsdba) and 4-tpom ligand has resulted in the formation of coordination polymers 

{[Zn2(4-tpom)(dmsdba)2].(DMF).2(H2O)}n (41) and {[Cd2(4-

tpom)(dmsdba)2].4(DMF).(H2O)}n (42) (Scheme 3.19). Both the compounds have been 

structurally characterized by single crystal X-ray diffraction analysis and their molecular 

formulas have been established by a combination of elemental analysis, thermogravimetric 

and single crystal analysis.   

Scheme 3.19. Synthesis of 41 and 42. 

 

Single crystal structure analysis Single crystal suitable for X-ray diffraction analysis in 

both cases were obtained by solvothermal reaction at 120 ºC. Both 41 and 42 crystallizes in 

the monoclinic crystal system with C2/c space group and forms isostructural non-

interpenetrated 3D frameworks. The asymmetric unit in 41 contains one Zn(II) ion, one 

dmsdba2- and one-half of the tetradentate ligand 4-tpom, whereas in case of 42, it consists 

of three Cd(II) ions, three carboxylate linkers dmsdba2- and one and half of the tetradentae 

ligand 4-tpom. The coordination environment around the Zn(II) center in 41 and Cd(II) 

center in 42 is N2O4 type tetrahedral and N2O4 types distorted octahedral, where the four 

coordination sites of the tetrahedral geometry around the Zn(II) are occupied by two  

nitrogen atoms of the two pyridyl groups of the tetradentate ligand 4-tpom and two oxygen 

atoms of the carboxyl oxygen of two different dmsdba2-, which are coordinated to the metal 

center in a monodentate fashion (Figure 3.73a). The six coordination sites of the octahedral 

geometry around the Cd(II) in 42 are occupied by two nitrogen atoms of the two pyridyl 

groups of the tetradentate ligand 4-tpom and four oxygen atoms of the carboxyl oxygen of 



138 

 

two different dmsdba2-, which are coordinated to the metal center in chelated bidentate 

fashion (Figure 3.73b). 

 

Figure 3.73. Coordination environment around the metal center in (a) 41 and (b) 42, respectively. 

The asymmetric unit in both cases is expanded by full span of the tetradentate pyridyl ligand 

and dicarboxylate linker to form the overall 3D frameworks (Figure 3.74). The structure 

consists of open channels filled with highly disordered solvent molecule. The diffused 

electron density due to these solvent molecules was squeezed out using solvent masking 

option in Olex2 software202 during the structure refinement. The total potential solvent-

accessible void volume was estimated to be 26 % (1675/6424 Å3 per unit cell volume) and 

28 % (5696/20400 Å3 per unit cell volume) in 41 and 42, respectively by the PLATON 

software.275 The pore wall in both cases are functionalized by the oxygen atoms of the 

tetrapyridyl ligands. The various M-O and M-N bond lengths are in the usual range for this 

kind of complexes. The bond angle values lying in the range of 98.91º to 127.14º in case of 

41 and 53.9º to 166.3º in case of 42 are indicative of prominent distortions from the regular 

geometries around the metal centers in both cases. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A15, A37 and A59, respectively. 

The structure in both the cases can be simplified as node and linker representation, where 

the ligand 4-tpom and the metal centers (Zn(II) and Cd(II) in 41 and 42) can be considered 

as 4-connecting nodes and the carboxylate linker dmsdba2- can be considered as a bent 

linker (Figure 3.75). Further examination of the node and linker representation indicates 

that both the frameworks exhibit a 4-connected uninodal net NbO; 4/6/c2; sqc35 (topos & 
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RCSR.ttd) topology with Schlafli point symbol {6^4.8^2}, as determined by the TOPOS 

program.274 

 

Figure 3.74. Perspective view of the 3D frameworks in case of (a) 41 and (b) 42, respectively. 

 

Figure 3.75. Simplified node and linker type representation for 41 and 42; (a-d) Zn(II) and Cd(II) 

centers, and the ligands 4-tpom and dmsdba2-, represented as 4-connected nodes and a bent linker, 

respectively, (e and f) the overall 4-connected uninodal net NbO; 4/6/c2; sqc35 topology in 41 and 

42, respectively. 

FTIR and PXRD analysis. FTIR spectra of 41 and 42 was recorded in the solid state at 

room temperature as KBr pellets. The sharp peaks due to asymmetric (asym) and symmetric 

(sym) stretching vibrations of the carboxylates appeared at 1613 cm-1 and 1388 cm-1 with 

(Δ = cm-1) in 41 and 1605 cm-1 and 1398 cm-1 with (Δ = cm-1) in 42. The Δ 
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values in case of 41 and 42 are indicative of the monodentate and chelated bidentate binding 

of the carboxylate to the metal center in 41 and 42, respectively. In addition to it, the sharp 

peaks at 1666 cm-1 and 1658 cm-1 in 41 and 42 can be ascribed due to the presence of lattice 

DMF molecules in the open channels. Further, the shift from the asymmetric and symmetric 

-C=O stretch for free H2dmsdba (1690 cm-1 and 1416 cm-1), indicates strong binding of the 

carboxylates to the metal center in both cases. In order to the phase purity of the as-

synthesized materials, powder X-ray diffraction patterns were recorded for 41 and 42 at 

room temperature. As shown in Figure 3.76, the experimentally obtained powder patterns 

for as-synthesized compounds were in good agreement with the simulated powder patterns 

(obtained from the single crystal data). This confirms the crystallinity and phase purity of 

the as-synthesized 41 and 42, respectively. 

 

Figure 3.76. Powder X-ray diffraction patterns for the as-synthesized samples of (a) 41 and (b) 42 

compared with their respective simulated powder patterns obtained from the single crystal data. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 41 and 42 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 41 and 42 was heated between 30-

500 °C, under a dinitrogen atmosphere and corresponding weight loss was plotted with 

respect to temperature. As shown in Figure 3.77a and b, the as-synthesized sample of 41 

exhibits an initial weight loss of about 9 % in the temperature range of 50 ºC to 150 ºC, 

which is in good agreement due to the loss of one DMF and two water molecules (calculated 

8.4 %) present in the crystal lattice, whereas no such weight loss was observed in the case 

of desolvated sample indicating the removal of highly disordered lattice solvents generating 

the framework with available pores. Similarly, the initial weight loss of about 18 % in the 

temperature range of 50 ºC to 200 ºC in case of 42, can be attributed to the loss of four DMF 
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and one water molecule (calculated 19 %) present in the crystal lattice. Furthermore, as seen 

in case of 41, no such weight loss was observed after framework activation/desolvation in 

case of 42 also. In both the cases the compounds were found to be stable up to 350 ºC and 

325 ºC, respectively. In addition to study their thermal stability by thermogravimetric 

analysis, the retention of crystallinity and phase purity at higher temperature was also 

studied by in-situ variable temperature powder X-ray diffraction analysis. Their PXRD 

patterns indicates that both the samples 41 and 42, maintains their crystallinity and phase 

purity up to 350 ºC and 325 ºC, respectively (Figure 3.77 c and d). 

 

Figure 3.77. Thermogravimetric profile and variable temperature powder X-ray diffraction patterns 

for (a and c) 41 and (b and d) 42, indicating their thermal stability and retention of crystallinity and 

phase purity at higher temperatures. 

Gas sorption studies. The presence of open channels and potential solvent-accessible voids 

in 41 and 42 (vide-supra), has encouraged us to examine permanent porosity in both the 

compounds by gas sorption properties. Prior to adsorption measurements, the sample (~100 

mg) was activated by degassing at an elevated temperature of 393 K under vacuum 

conditions (20 mTorr) for 24 hours to generate the desolvated frameworks. The loss of 
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lattice solvents was confirmed by thermogravimetric and analysis (Figure 3.77a and b). Due 

to the similar void volumes in their structures both the compounds show similar sorption 

properties. The low temperature gas sorption measurements reveal that both the samples 

adsorb appreciable amount of CO2 but very less amount of N2 at low temperatures. The 

Brunauer-Emmett-Teller (BET) and the Langmuir surface area was estimated to be 257 

m2g-1 and 323 m2g-1 for 41 and 283 m2g-1 and 391 m2g-1 for 42 respectively, based on the 

CO2 adsorption isotherms (Figure 3.78). 

 

Figure 3.78. BET and Langmuir surface area of obtained from the CO2 adsorption isotherm for (a 

and c) 41 and (b and d) 42, respectively. 

In order to determine the quantitative binding strength of CO2 molecules with the 

framework, the isosteric adsorption enthalpy (Qst) was calculated based on the Clausius-

Clapeyron equation, and virial method. Pure-component isotherms for CO2 collected at 

different temperatures were used for the estimation of Qst by either methods. The CO 2 

sorption isotherms for 41 and 42 at different temperatures are shown in Figure 3.79. 
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Figure 3.79. CO2 sorption isotherms at different temperatures for (a) 41 and (b) 42, respectively. 

According to Clausius-Clapeyron equation, Qst is defined as: 

𝑄𝑠𝑡 = ‒ (∂𝑙𝑛𝑥/∂(1/𝑇))𝑦 

where, x is the pressure, T is the temperature, R is the gas constant and y is the adsorption 

amount. These calculations were done through the “Heat of Adsorption” function embedded 

in the Belsorp Adsorption/Desorption Data Analysis software version 6.3.1.0. 

For the estimation of Qst by virial method, a virial-type expression consisting of the 

temperature dependent virial parameters ai and bi were employed to calculate the enthalpy 

of absorption for CO2. The virial type expression is given below: 

𝒍𝒏(𝑷) = 𝒍 𝒏(𝑵) +
𝟏

𝑻
∑ 𝒂𝒊𝑵

𝒊 +  ∑ 𝒃𝒋𝑵𝒋
𝒏

𝒋=𝟎

𝒎

𝒊=𝟎
 

where, P is the pressure expressed in Torr, N is the amount adsorbed in mmol/g, T is the 

temperature in K, ai and bi is the virial coefficients, and m, n represent the number of 

coefficients required to adequately describe the isotherms (m and n were gradually 

increased until the contribution of a and b coefficients added further were negligible towards 

the overall final fit, and the average value of the squared deviations from the experimental 

values was minimized). The values of the virial coefficient a0 to ai were taken to calculate 

the isosteric heat of adsorption using the following expression. 

𝑄𝑠𝑡 = ‒R∑ 𝒂𝒊𝑵
𝒊𝒎

𝒊=𝟎  

Where, Qst is the coverage dependent isosteric heat of adsorption and R is the universal gas 

constant. The pure component CO2 isotherms at different temperatures were fitted into 

virial-type expression at the pressure range 1 to 100 kPa (Figure 3.80a and b). 
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Figure 3.80. Fitting (purple solid lines) of the CO2 adsorption isotherms for (a) 41 and (b) 42, 

measured at different temperatures using the virial method and (c and d) represents the variation of 

isosteric heat of adsorption with respect to surface coverage for 41 and 42, respectively. 

At zero loading, the isosteric heat of adsorption (Qst) for 41 and 42 was found to be 33.2 

kJmol-1 and 29.7 kJmol-1, respectively. The variation of heat of adsorption with respect to 

the surface coverage for 41 and 42 is presented in Figure 3.80c and d, respectively. The Qst 

values at zero coverage for both 41 and 42 are comparable with values for M’MOF-20 (28.4 

kJmol-1), {Cd2(L)(2,6-NDC)2}n (28.1 kJmol-1), {Cu(bcppm)H2O}n and JUC-199 (29 kJmol-

1), MIL-53(Cr) and Hpip@ZnPC-2 (32 kJmol-1) but higher than values for UMCM-1 (12 

kJmol-1), MOF-5 (17 kJmol-1), CuBTTri (21kJmol-1), IITKGP-5 (22.6 kJmol-1), IITKGP-6 

(23 kJmol-1) and NOTT-40 (25 kJmol-1) (Table A67). 

Inspired from the very low uptake of large sized nitrogen gas molecules (diameter: 3.64 Å) 

compared to the smaller CO2 molecules (diameter: 3.30 Å) in both the cases, both 41 and 

42 were further tested for the selective carbon dioxide adsorption properties. It is well-

known that the separation of CO2 from CH4 in the pre-combustion process of natural gas 

and separation of CO2 from N2 in the post-combustion process is very essential. Therefore, 
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the small pore spaces and the establishment of permanent porosity within 41 and 42 

motivated us to examine its CO2, CH4 and N2 sorption isotherms and potential for gas 

separations. 

Single component gas sorption isotherm was measured at different temperatures under 1 

bar pressure. As shown in Figure 3.81, both 41 and 42 takes up moderate amount of carbon 

dioxide 44.5 cm3g-1 and 34.9 cm3g-1 at 273 K and 32.1 cm3g-1, and 24.3 cm3g-1 at 298 K, 

respectively. In comparison both these takes up very less amount of N2 and CH4 when 

compared to the CO2 uptake at both temperatures. The higher CO2 affinity can be attributed 

to the smaller kinetic diameter of CO2 (diameter: 3.30 Å) compared to those of N2 (diameter: 

3.64 Å) and CH4 (diameter: 4.09 Å) as well as the difference of quadrupole moment, thus 

allowing CO2 molecules to diffuse easily into the pores.304 

 

Figure 3.81. CO2 adsorption isotherms compared with the adsorption isotherms of N2 and CH4 at 

273 K and 298 K for (a) 41 and (b) 42. 

The hydrogen sorption isotherm for 41 and 42 indicates an uptake of 0.83 wt% and 0.85 

wt%, respectively at 77 K and 1 bar pressure (Figure 3.82). The uptake amount is found to 

be moderate among the well-known MOF materials in the literature. For example, ZIF-8 

(BET: 1630 m2g−1) absorbs 1.27 wt%, IRMOF 9 (BET: 1904 m2g−1) absorbs 1.27 wt%, 

PCN-17 (BET: 820 m2g−1) absorbs 0.94 wt% under 1 bar and 77 K.305 Both the frameworks 

exhibit very fast rise in H2 uptake, indicating the highest affinity toward H2 at low pressures. 

This kind of phenomenon is known for coordination polymers with crowded pore 

environment. 

Catalysis Studies. Carbon dioxide (CO2), the most abundant waste gas from anthropogenic 

emissions has been cited as the leading culprit, causing global warming and subsequent 

climate changes. However, in contrast to the toxic nature of the currently used C1 sources  
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Figure 3.82. H2 sorption isotherms for (a) 41 and (b) 42 at 77 K and 1 bar pressure. 

such as phosgene and CO, CO2 as a cheap, nontoxic, nonflammable and abundant carbon 

resource, can be considered as C1 feed stock. Therefore, in addition of utilization of porous 

coordination polymers as landfill material for carbon dioxide capture and sequestration 

(CCS), the utilization of such materials for chemical transformation of CO2, into value-

added industrial products turns into an alternative yet sustainable means of effective CO2 

elimination. However, many metal organic frameworks and other materials are known to 

catalyze such transformations, but the reactions generally require high temperature and high 

CO2 pressure. There are a limited number of reports for chemical conversion of CO2 into 

cyclic carbonates at ambient conditions,183,192,200 Therefore, together with significant and 

highly selective CO2 uptake and due to the presence of unsaturated metal coordination in 

41, it was further studied for the catalytic activity towards cycloaddition reaction of CO 2 

with epoxides to generate cyclic carbonates at ambient conditions. For a typical reaction, 

epichlorohydrin was chosen as a standard substrate with 41 as a catalyst in conjunction with 

tert-butylammoniumbromide (TBAB) as a co-catalyst. The reaction was carried out in a 

solvent free condition and 1 bar pressure of CO2. The progress of the reaction was monitored 

by 1H NMR spectroscopy. The reaction conditions were optimized over different 

parameters (Table 3.9). 

With increase in the amount of catalyst 41 (0.25 to 1 mol %) or co-catalyst TBAB (0.25 to 

2 mol %), increase in the product conversion was obtained (entries 1-7, Table 3.9). The 

progress of the reaction was also studied for reaction temperature and it was found that the 

progress of the reaction was much faster at higher temperature while a very low product 

conversion was obtained at room temperature (25-30 ºC) (entries 8-10, Table 3.9). In order 

to find the most suitable reaction condition, a test reaction was carried out at 40 ºC with 0.5  
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mol % of 41 and 1 mol % of TBAB and the progress of the reaction was studied with time 

(entries 11-15, Table 3.9). It was found that after 20 h almost 100 % product conversion 

was obtained (Figure 3.83). The progress of the reaction was further studied in the absence 

of either of 41 or TBAB (entries 16-17, Table 3.9). A very less product conversion was 

obtained in both cases, indicating the requirement of both 41 and TBAB in the catalytic 

process. The corresponding metal salt and compound 42, were also tested for the same 

reaction under identical reaction conditions. In both cases very less product conversion was 
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obtained (entries 18-19, Table 3.9). The results further support the fact that the catalytic 

activity of 41, is due to the presence of unsaturated metal sites in the framework. 

 

Figure 3.83. Progress of the cycloaddition reaction of CO2 with epichlorohydrin, catalyzed by 41, 

monitored by 1H NMR spectroscopy. 

After having the optimized conditions in hand, the catalytic activity of 41 was further 

examined for different functional group substituted epoxides under the same reaction 

conditions. A good product conversion was obtained for epoxides substituted with aliphatic 

groups, whereas a decrease in product conversion was observed for styrene oxide and its 

derivatives. The results are summarized in Table 3.10. 

To determine the recyclability of the catalyst, it was isolated after the reaction by filtration, 

washed with DCM and dried under vacuum. The catalyst was recycled in three consecutive 

experiments. No significant loss of catalytic activity was observed even after three cycles 

of reaction (Figure 3.84a). Based on the PXRD data of the catalyst recorded before and after 

the reaction, no loss of crystallinity or the phase purity of the catalyst was observed (Figure 

3.84b). Furthermore, to check any leaching of the catalyst into the product stream, the 

catalyst was separated from the reaction mixture by centrifugation and the reaction mixture 

was subjected to similar reaction conditions.  The progress of the reaction did not increase 

significantly (Figure 3.84c), indicating the active role of the catalyst for cycloaddition 

reaction. 
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Based on the aforementioned experiments and previous reports,183,192,200 a plausible 

mechanism for the catalytic cycloaddition of epoxide and CO2 into cyclic carbonate is 

presented in Figure 3.85. The reaction generally requires a binary catalytic system involving 

a Lewis acid catalytic site and a nucleophilic cocatalyst (TBAB) required for ring opening 

of epoxide. As illustrated in Figure 3.85, the unsaturated Zn(II) centers provides Lewis 

acidic sites for the O atom of epoxide molecules to coordinates to the Lewis acidic centers  

and hence leading to the activation of the epoxy ring. 
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Figure 3.84. (a) conversion for three consecutive cycles for the cycloaddition reaction of CO2 with 

epichlorohydrin, (b) PXRD pattern of 41 before and after catalysis experiments and of (c) progress 

of the reaction with time in presence of catalysts (solid lines) and after separating the catalyst from 

the reaction mixture (dotted lines) for cycloaddition reaction of CO2 with epichlorohydrin. 

The second step involves the ring opening of the epoxide from the less hindered C atom by 

nucleophilic attack of the Br- from TBAB to form a metal-coordinated bromoalkoxide. The 

next step involves the polarization of the CO2 and its interaction with the opened epoxy ring 

to form the metal carbonate species which immediately undergoes an intramolecular ring-

closure reaction to generate cyclic carbonate and, simultaneously, TBAB and catalyst are 

regenerated. The use of nucleophiles as co-catalysts is essential for ring opening of 

epoxides, and the catalysts, which lack a nucleophilic anion, require high temperatures to 

achieve ring opening of epoxides. Therefore, it can be deduced that the synergistic effect of 

the Lewis acidic sites and TBAB along with highly selective CO2 capture in the confined 

pores of 41 promotes the cycloaddition reaction. 
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Figure 3.85. Proposed reaction mechanism for the cycloaddition of CO2 with epoxides catalyzed 

by 41. 

The present study thus illustrates the utilization of flexible tetradentate tetrapyridyl ligand 

(4-tpom) in combination with bent dicarboxylate linker (H2dmsdba) in the syntheses of 

two isostructural 3D coordination polymers with narrow pores, functionalized with oxygen 

atoms present in the tetradentate ligand structure.  The compounds exhibit a 4-connected 

uninodal net NbO topology and are highly stable as indicated by their thermogravimetric 

and temperature dependent powder X-ray diffraction analysis. Gas sorption analysis reveals 

that both the compounds are highly selective for CO2 capture over N2 and CH4. In addition, 

due to the presence of coordinatively unsaturated metal sites in 41, it shows very good 

heterogeneous catalytic activity towards chemical transformation of CO2 with epoxides into 

value added cyclic carbonates under ambient conditions. The catalyst can be easily 

separated and reused successively for three cycles. The catalyst framework did not degrade 

and, promisingly, no significant fall in the product conversion of the cycloaddition occurred, 

indicating chemical stability of the framework. 

Inspired from the above results for the coordination polymers fabricated from the flexible 

tetradentate ligand (4-tpom), we have further expanded this study using another tetradentate 

ligand (3-tpom) in combination with dicarboxylate linkers (H2dmsdba) and (H2obba), 

respectively. The ligand 3-tpom is a structural isomer of 4-tpom where the N-donor 

coordination site of the pyridyl ring has been shifted from fourth to third position in order 

to systematically investigate the influence of the coordination site shifting of the ligand 
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structure to the final architecture and their properties. A set of two coordination polymers 

{[Zn2(3-tpom)(dmsdba)2].EtOH.3H2O}n (43) and {[Cd2(3-tpom)(obba)2].H2O}n (44) have 

been synthesized (Scheme 3.20) and the effect of coordination site shifting for the structural 

diversity has been discussed. 

Scheme 3.20. Synthesis of 43 and 44. 

 

 

The solvothermal reactions of zinc(II) acetate or cadmium(II) nitrate with 3-tpom in 

combination with dicarboxylate linkers H2dmsdba or H2obba have resulted in the 

formation of 43 and 44, respectively. Both compounds have been structurally characterized 

by single crystal X-ray diffraction analysis and their molecular formulas has been 

established by a combination of elemental analysis, thermogravimetric and single crystal 

X-ray diffraction analysis. 

Single crystal structure analysis Single crystal suitable for X-ray diffraction analysis in 

both cases were obtained by solvothermal reaction at 120 ºC. Compound 43 crystallizes in 

the monoclinic crystal system with Cc space group. The asymmetric unit in 43 contains two 

Zn(II) ion, two dmsdba2- and one of the tetradentate ligand 3-tpom along with three water 

and one ethanol molecule in the crystal lattice. The coordination environment around the 

Zn(II) center is similar to 41. The carboxylate linker is fully deprotonated and the 

asymmetric unit is expanded by the full span of the carboxylate linker dmsdba2- and the 

tetrapyridyl ligand 3-tpom to generate an overall 3D framework (Figure 3.86) similar to 41. 

All the structural features are also similar to 41. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A16, A38 and A60, respectively. The total potential solvent-

accessible void volume was estimated to be 13 % (764/5834 Å3 per unit cell volume) per 

unit cell volume by the PLATON software.275 

Compound 44 crystallizes in a triclinic crystal system with P1 space group. The asymmetric 

unit contains two Cd(II), two carboxylate linkers obba2-, one tetrapyridyl ligand 3-tpom 

and one water molecule occupying the lattice site. The coordination environment around 

each Cd(II) is N2O4 type distorted octahedral, where the six coordination sites of the 
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octahedral geometry around the Cd(II) are occupied by two nitrogen atoms of the two 

pyridyl groups of the tetradentate ligand 3-tpom and four oxygen atoms of the carboxyl 

group of two different obba2-, which are coordinated to the metal center in a chelated 

bidentate fashion (Figure 3.87a). 

 

Figure 3.86. Perspective view of the (a) coordination environment around the Zn(II) center and (b) 

overall 3D framework in 43. 

 

Figure 3.87. Perspective view of the (a) coordination environment around the Cd(II) center and (b) 

overall 2D framework in 44. 

Prominent distortions from the regular octahedral geometry is reflected from the cisoid 

angles [56.87º - 112.02º] and [56.25º - 125.46º] around Cd1 and Cd2, respectively. The 

asymmetric unit is further expanded by full span of obba2- and 3-tpom, resulting in the 

formation of an overall 2D framework (Figure 87b). The Cd-O bond lengths in 44 lies in 

the range of 2.243 Å to 2.471 Å for Cd1 and 2.252 Å to 2.446 Å for Cd2, whereas the Cd-
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N bond lengths are found to be 2.276 Å and 2.327 Å for Cd1 and 2.274 Å and 2.304 Å, 

respectively. These values are within the usual range for this kind of complexes. All the 

crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond lengths and bond angles are listed in Table A16, A38 and A60, 

respectively. 

Structural diversity due to coordination site shifting. As can be seen in Figure 3.73 and 

3.86, the geometry and coordination environment around the Zn(II) in 41 and 43 are same 

using either 4-tpom or 3-tpom, respectively. Both the compounds forms 3D frameworks 

and their simplified node and linker representation reveals that both the frameworks exhibit 

different network topologies. However, both the tetrapyridyl ligand and the metal center 

acts as 4-connected nodes and organic dicarboxylate as a bent linker (Figure 3.88), but the 

relative position of the coordination site into the N-donor ligand plays an important role in 

directing the overall framework topology. A shift in the coordination site from foruth 

position to third position has resulted in a change in the relative conformation of the 

dicarboxylate linker. However, no significant difference into the bite angle at the silicon 

center has been observed in both the cases but a prominent increase in the dihedral angle 

(74.10º in 41 and 105.64º in 43) between the two phenyl rings containing the carboxylic 

acid groups has been observed. The change in the dihedral angle and relative orientation 

can be attributed to the diversity in the final structures of 41 to 43. Similarly, the effect of 

coordination site shifting in the tetrapyridyl ligand in the Cd(II)-obba system can be 

understood by comparison of 44 with the already reported Cd(II) coordination polymer, 

{[Cd2(4-tpom)(obba)2(H2O)2]·(H2O)4(DMF)1.5}n where in contrast to 44, the Cd-4tpom-

obba system exhibits a 3D framework. In order to understand the effect of coordination site 

shifting on the resulting architectures, the structures can be simplified as node and linker 

representation (Figure 3.89) where the Cd(II) and the ligands 3-tpom and 4-tpom can be 

considered as 4-connected nodes and the dicarboxylate ligand obba2- as bent linkers, 

respectively. 

More insights into the structures reveal that the ligand 3-tpom in 44 acts as almost planer 

4-connected node whereas the ligand 4-tpom in Cd-4tpom-obba system acts as a tetrahedral 

4-connecting node as indicated by the respective cisoid angles into the two nodes. A 

significant difference in the dihedral angles between the two phenyl rings containing the 

carboxylic acid groups has also been observed in both cases. Therefore, from these 

observations it can be deduced that respective geometries of the ligands 3-tpom and 4-tpom  
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Figure 3.88. Simplified node and linker representation for (a) 41 and (b) 43 and (c and d) shows 

Zn(II) and 4-tpom or 3-tpom as 4-connected nodes and relative orientations and dihedral angles 

between the phenyl rings containing carboxylic acid groups in dmsdba
2-in case of 41 and 43, 

respectively. 

 

Figure 3.89. Simplified node and linker representation for (a) 44 and (b) Cd-4-tpom-obba complex 

and (c and d) shows the 3-tpom and 4-tpom ligands as 4-connected nodes and dihedral angles 

between the phenyl rings containing carboxylic acid groups in obba
2-in case of 44 and Cd-4-tpom-

obba complex, respectively. 
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after binding to the metal atoms and the relative conformations of the dicarboxylate linker 

obba2- simultaneously directs the structure and topology of the final architectures. 

FTIR and PXRD analysis. FTIR spectra of 43 and 44 show sharp peaks at 1624 cm-1 and 

1390 cm-1 and at 1597 cm-1 and 1401 cm-1, respectively. These peaks can be ascribed due 

to the asymmetric (asym) and symmetric (sym) stretching vibrations of the carboxylates. 

The difference in the asymmetric and symmetric stretching (Δ =  cm-1 and  cm-1) 

indicates the monodentate and chelated bidentate binding of the carboxylates to the metal 

centers in 43 and 44, respectively. This further supports the respective binding modes of 

carboxylates seen in their single crystal structures. Further, the shift from the asymmetric 

and symmetric -C=O stretch for free ligands, indicates strong binding of the carboxylates 

to the metal center in both cases. In order to the phase purity of the as-synthesized materials, 

powder X-ray diffraction patterns were recorded for 43 and 44 at room temperature. As 

shown in Figure 3.90, the experimentally obtained powder patterns for as-synthesized 

compounds were in good agreement with the simulated powder patterns (obtained from the 

single crystal data). This confirms the crystallinity and phase purity of the as-synthesized 

43 and 44, respectively. 

 

Figure 3.90. Powder X-ray diffraction patterns for the as-synthesized samples of (a) 43 and (b) 44 

compared with their respective simulated powder patterns obtained from the single crystal data. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 43 and 44 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 43 and 44 was heated between 30-

500 °C, under a dinitrogen atmosphere and corresponding weight loss was plotted with 

respect to temperature. As shown in Figure 3.91 the as-synthesized sample of 43 exhibits 

an initial weight loss of about 7 % in the temperature range of 50 ºC to 120 ºC, which is in 
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good agreement due to the loss of one ethanol and three water molecules (ca. 7.8 %) present 

in the crystal lattice. After that no weight loss could be seen up to 320 ºC, before the 

framework decomposition, indicating good thermal stability of 43. The compound 44 also 

exhibits similar thermogravimetric profile. It shows excellent stability up to 350 ºC after 

initial weight loss due to lattice water molecule. 

 

Figure 3.91. Thermogravimetric profile for (a) 43 and (b) 44, respectively. 

Gas sorption studies. The presence of open channels in the 3D structure and potential 

solvent-accessible voids in 43 has encouraged us to examine the permanent porosity and 

the effect of coordination site shifting on the gas sorption properties. Prior to adsorption 

measurements, the sample (~100 mg) was activated by degassing at an elevated temperature 

of 393 K under vacuum conditions (20 mTorr) for 24 hours to generate the desolvated 

frameworks. A similar result was obtained when low temperature sorption isotherms of CO2 

and N2 were compared. As shown in Figure 3.92a, 43 takes up appreciable amount of CO2 

but very less amount of N2 at low temperatures. The Brunauer-Emmett-Teller (BET) and 

the Langmuir surface area was estimated to be 135 m2g-1 and 180 m2g-1, respectively, based 

on the CO2 adsorption isotherm at 195 K (Figure 3.92b and c). Inspired from the 

comparatively high CO2 adsorption into 43, we further investigated CO2 sorption properties 

of 43 at higher temperatures. Single component CO2 sorption isotherm measured at different 

temperatures (298 - 263 K) under 1 bar pressure are presented in Figure 3.93a. 43 takes up 

comparatively less amount of CO2 (20.3 cm3g-1, 25.4 cm3g-1, 28.7 cm3g-1, and 31.8 cm3g-1 

at 298 K, 283 K, 273 K and 263 K, respectively) than 41. In order to determine the 

quantitative binding strength of CO2 molecules with the framework, the isosteric adsorption 

enthalpy (Qst) was calculated based on the Clausius-Clapeyron equation, and virial method. 

Pure-component isotherms for CO2 collected at different temperatures were used for the 
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estimation of Qst by either methods (vide-supra). At zero loading, the isosteric heat of 

adsorption (Qst) was found to be 32.6 kJmol-1. The value is comparable with the values for 

some well-known MOF materials (Table A67). 

 

Figure 3.92. (a) Comparison of N2 (77 K) and CO2 (195 K) sorption isotherms at low temperatures 

and (b and c) BET and Langmuir surface area of obtained from the CO2 adsorption isotherm for 43. 

The variation of heat of adsorption with respect to the surface coverage is presented in 

Figure 3.93c. Inspired from the comparatively higher CO2 uptake in 43, it was further tested 

for the selective carbon dioxide adsorption properties. It is well-known that the separation 

of CO2 from CH4 in the pre-combustion process of natural gas and separation of CO2 from 

N2 in the post-combustion process is very essential. Single component gas sorption isotherm 

was measured at different temperatures under 1 bar pressure. As shown in Figure 3.93d the 

uptake capacity of 43 is very less for N2 and CH4 compared to the uptake capacity for CO2 

molecules. The higher CO2 affinity can be attributed to the smaller kinetic diameter of CO2 

(diameter: 3.30 Å) compared to that of N2 (diameter: 3.64 Å) and CH4 (diameter: 4.09 Å) 

as well as the difference of quadrupole moment, thus allowing CO2 molecules to diffuse 

easily into the pores.304  



159 

 

 

Figure 3.93. (a) CO2 sorption isotherms for 43 collected at different temperatures, (b) Fitting (purple 

solid lines) of the CO2 adsorption isotherms using the virial method, (c) variation of isosteric heat 

of adsorption with respect to surface coverage and CO2 adsorption isotherms for 43 compared with 

the adsorption isotherms of N2 and CH4 at 273 K and 298 K, respectively. 

Catalysis Studies. Inspired from the highly selective carbon dioxide (CO2) adsorption and 

presence of unsaturated active meta sites, similar to 41, 43 was also tested for its catalytic 

activity towards the cycloaddition reaction of CO2 with epoxides to generate cyclic 

carbonates at ambient conditions. The catalytic activity was tested under similar reaction 

conditions. Epichlorohydrin was chosen as a standard substrate with 43 as a catalyst in 

conjunction with tert-butylammoniumbromide (TBAB) as a co-catalyst. The reaction was 

carried out in a solvent free condition and at 1 bar pressure of CO2. The progress of the 

reaction was monitored by 1H NMR spectroscopy. However, 43 exhibits lower CO2 uptake 

compared to 41, but showed similar catalytic activity towards cycloaddition reaction. The 

catalytic activity of 43 was further explored for different functional group substituted 

epoxides under the same reaction conditions. A similar trend in the catalytic activity was 

observed for 43 also. Epoxides substituted with aliphatic groups exhibited very good 

product conversion, whereas a decrease in product conversion was observed for styrene 

oxide and its derivatives. The results are summarized in Table 3.11. 
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In addition to the catalytic activity towards cycloaddition of CO2 with epoxides, the 

catalytic activity of 43 was also tested for Lewis-acid catalyzed Strecker reaction. The three 

component Strecker reaction is an important C-N bond forming reaction which provides a 

direct and viable method for the synthesis of -aminonitriles, which are versatile building 

blocks for the synthesis of -amino acids and their derivatives.306 The reaction of 

benzaldehyde with trimethylsilyl cyanide (TMSCN) and aniline was used as the test 

reaction, where 2 mol % of 43 was taken in a Schlenk tube followed by the addition of all 

the reactants. The reaction was carried out under a solvent free condition at room 
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temperature under N2 atmosphere. The progress of the reaction was monitored by TLC and 

the final conversion was calculated by 1H NMR spectroscopy. A very good product 

conversion (about 94%) was observed after 5 h of reaction, indicating very good catalytic 

activity of 43. The catalytic activity of 43 was further tested for different substrates, 

especially for the more reluctant ketone derivatives. The results are summarized in Table 

3.12.  

The results obtained reveal that the substrates with electron withdrawing group gave the 

maximum conversion while a drop in the product conversion was obtained for the substrates 

with electron donating substituents. This trend is similar to the results obtained for the 

reactions involving nucleophilic attack at electrophilic carbon of carbonyl or imine groups. 

The electron withdrawing groups tends to increase the nucleophilicity at the carbonyls or 

imines carbon and hence enhances the rate of reaction. In all cases, products were isolated 

and characterized by 1H and 13C NMR spectroscopy to confirm their identity and purity. 

For control experiment, a blank reaction was carried out in the absence of catalyst for both 

the reactions. In each case very little product conversions indicates the active role of the 

catalyst. 

In order to check the utility of 43 as a reusable catalyst for both conversions, the catalyst 

was isolated after the reaction by filtration, washed with DCM, dried under vacuum and 

reused for next catalytic experiment. The catalyst was recycled in three consecutive 

experiments in each case. No significant loss of catalytic activity was observed even after 

three cycles of reaction (Figure 3.94a). Based on the PXRD data of the catalyst recorded 

before and after the reaction, no loss of crystallinity or the phase purity of the catalyst was 

observed (Figure 3.94b). Furthermore, any possibility of catalyst leaching into the product 

stream was investigated by hot filtration method. The catalyst was separated from the 

reaction mixture after certain time by centrifugation and the reaction mixture was subjected 

to similar reaction conditions.  In each case the progress of the reaction did not increase 

significantly (Figure 3.94 c and d), indicating no leaching of the catalyst into the product 

stream during catalytic reactions. 

Plausible mechanisms for both the catalytic reactions can be proposed similar to that of 39 

for the Lewis-acid catalyzed Strecker reaction and 41 for the Lewis-acid catalyzed 

cycloaddition reaction of carbon dioxide with epoxides in the presence of co-catalyst TBAB 

(Figure 3.71 and 3.85, respectively).  
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Figure 3.94. (a) conversion for three consecutive cycles for the cycloaddition reaction of CO2 with 

epichlorohydrin and three component Strecker reaction of benzaldehyde, aniline and trimethylsilyl 

cyanide, catalyzed by 43, (b) PXRD pattern of 43 before and after catalysis experiments and of (c 

and d) progress of the reaction with time in presence of catalysts (solid lines) and after separating 

the catalyst from the reaction mixture (dotted lines) for cycloaddition reaction of CO2 with 

epichlorohydrin and Strecker reaction of benzaldehyde with aniline and trimethylsilyl cyanide, 

respectively. 
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3.2 COORDINATION ARCHITECTURES DERIVED FROM TRICARBOXYLATE 

As seen in the previous section, the use of tetrahedral tetrapyridyl ligands instead of bis-

pyridyl ligands for the fabrication of coordination polymers has resulted in the formation of 

3D porous architectures with open channels (except in case of 44). Therefore, inspired from 

the interesting properties they exhibit, in an attempt to synthesize such porous coordination 

architecture, the thought of increasing the denticity of the carboxylate linker instead of 

neutral pyridyl ligands in the multi-component self-assembly process came and executed. 

In this section the tricarboxylate linker (H3mstba) was utilized in combination with neutral 

N-donor pillar ligands to synthesize such coordination polymers. However, the carboxylate 

linker (H3mstba) is known in the literature, but has not been explored much for the 

synthesis of such architectures.232  

Therefore, in an attempt to synthesize coordination polymers based on H3mstba and Cd(II) 

as the metal center, three coordination polymers namely {[Cd3(mstba)2(H2O)6].(H2O)}n 

(45), {((NH2(CH3)2)2).[Cd2(bpy)(mstba)2].8DMF.2(H2O)}n (46) and 

{((NH2(CH3)2)2).[Cd2(azopy)(mstba)2].4DMF.2(H2O)}n (47), where in order to understand 

the role of bis(pyridyl) pillar ligands a metal carboxylate system (45) have been synthesized 

with no pillar ligand. 

The solvothermal reaction of cadmium(II) nitrate and H3mstab in a solvent mixture of 

DMF/EtOH/H2O (1/1/3) has resulted in the formation of 45 (Scheme 3.21).  

Scheme 3.21. Synthesis of 45. 

 

Single crystal structure analysis Single crystals suitable for X-ray diffraction analysis was 

obtained by solvothermal reaction at 120 ºC. Structural analysis reveals that 45 crystallizes 

in the cubic crystal system with Pn-3 space group. The asymmetric unit consists of two 

Cd(II) ion (each with half occupancies), two-third of mstba3- and two water molecules 

coordinated to Cd2. The metal center Cd1 is octacordinated by eight oxygen atoms all from 

the carboxylate group of mstba3-, whereas Cd2 is hexacoordinated in a distorted octahedral 

environment. The coordination environment around the Cd(II) is completed by two 

carboxyl oxygen atoms and four oxygen atoms of the water molecule coordinated to the 

Cd2 (Figure 3.95a). The two metal centers are bridged by carboxyl oxygen atoms forming 

a Cd2O2 core as the secondary building unit (SBU). The carboxylate linker is fully 

deprotonated and the dimetallic SBU is further expanded by full span  
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Figure 3.95. (a) Coordination environment around the metal centers and (b) perspective view of the 

overall 3D framework in 45. 

of mstba3- to form the overall 3D framework (Figure 3.95b). The structure is further 

interpenetrated into each other to form a doubly interpenetrated framework. Upon 

simplification of the structure into node and linker representation each dimetallic SBU can 

be considered as a 4-connected node (Figure 3.96a) and the tricarboxylate linker mstba3 - 

as a 3-connected node (Figure 3.96b), respectively. Further examination of the simplified 

node and linker representation reveal that the framework exhibits a 3,4-connected bi-nodal 

net pto Pt3O4; sqc5591 (topos & RCSR.ttd) topology as determined by the TOPOS program 

(Figure 3.96c).274  The total potential solvent-accessible void volume was estimated to be 

12% (1113/9263 Å3 per unit cell volume) per unit cell volume by the PLATON software.275 

The Cd-O bond lengths for octacoordinated Cd1 lies in the range of 2.226 Å to 2.439 Å, 

whereas the Cd-O bond lengths for hexacordinated Cd2 are in the range of 2.117 Å to 2.214 

Å, respectively. The Cd1-Cd2 distance for the dimetalic Cd2O2 SBU is found to be 3.619 

Å. The metal-oxygen bond lengths are in the usual range for this kind of complexes. Usual 

distortions from the regular geometries around each metal center is evident from the 

respective bond angle values. The cissoids angles around Cd1 and Cd2 lies in the range of 

[54.22º - 97.21º] and [54.22º - 97.21º], respectively. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles are listed in Table A17, A39 and A61, respectively. 
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Figure 3.96. Simplified node and linker type representation for (a) the dimetallic Cd2O2 SBU and 

(b) H3mstba as 4-connected and 3-connected node, respectively, (c and d) represents the overall 3,4-

connected bi-nodal net sqc5591 topology without and with twofold interpenetration into the 

framework of 45. 

The introduction of linear bis(pyridyl) pillar ligands bpy or azopy into the metal 

carboxylate system has resulted in the formation of two iso-structural coordination 

polymers, 46 and 47, respectively (Scheme 3.22).  

Scheme 3.22. Synthesis of 46 and 47. 

 

Single crystal structure analysis. Single crystal suitable for X-ray diffraction analysis 

were obtained by solvothermal reaction at 120 ºC in each case. Both 46 and 47 crystallizes 

in a triclinic crystal system with P1 space group. The asymmetric unit in 46 consists of two 

Cd(II) ion, two mstba3- and one bpy molecule, whereas the asymmetric unit in 47 consists 

of one Cd(II), one mstba3- and one-half of the pillar ligand azopy along with one molecule 

of DMF, present in crystal lattice. The metal center in each case is in similar coordination 

geometry. The metal center in each case is heptacoordinated by six carboxyl oxygen atoms 

and one nitrogen atom from the pillar ligand bpy or azopy (Figure 3.97a and b). Both 46 
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and 47 forms an overall double layered anionic framework (Figure 3.97c), where it is charge 

balanced by dimethyl ammonium cations formed by the dissociation of DMF molecules 

during the solvothermal reaction. The structure in each case contains guest solvent 

molecules into the pores along with the dimethyl ammonium cations, which are highly 

disordered and could not be modelled. The diffused electron density due to the highly 

disordered guest molecules in each case was squeezed out using the solvent mask in olex2 

software. The total potential solvent-accessible void volume was estimated to be 54% 

(2433/4460 Å3) and 32% (610/1906 Å3) per unit cell volume for 46 and 47, respectively. 

 

Figure 3.97. Structural description for 46 and 47; (a and b) coordination environment around the 

metal center in 46 and 47, respectively, (c) double layered sheet structure in 46 and 47 and  (d) view 

of 2D metal carboxylate sheet structure in both the frameworks. 

The overall frameworks in both cases can be simplified in node and linker type 

representation, where the metal center, carboxylate linker and the pillar ligands can be 

considered 4- and 3-connected nodes and linear linker, respectively (Figure 3.98). Further 

examination reveals that the framework in each case exhibits 3,4-connected bi-nodal 

network topology with 2-fold interpenetration into the framework. The Cd-O bond lengths 

lies in the range of 2.238 Å to 2.554 Å and 2.269 Å to 2.539 Å, whereas the Cd-N bond 

lengths are found to be 2.290 Å and 2.290 Å for 46 and 47, respectively, which are in the 

usual range for this kind of complexes. All the crystallographic information pertaining to 

data collection and structure refinement parameters, selected bond lengths and bond angles 

are listed in Table A17, A39 and A61, respectively. 
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Figure 3.98. Simplified representation of the metal center, H3mstba and linear pillar ligand as 4- 

and 3-connected nodes and a linear linker, respectively and the overall 3,4-connected bi-nodal 

network topology with two-fold interpenetration into the framework of 46 and 47. 

FTIR and PXRD analysis. FTIR spectra in each case was recorded in the solid state at 

room temperature as KBr pellets. The sharp peaks due to asymmetric (asym) and symmetric 

(sym) stretching vibrations of the carboxylates for 45-47 appeared at 1594 cm-1 and 1415 

cm-1, 1595 cm-1 and 1413 cm-1 and 1592 cm-1 and 1413 cm-1, respectively. The difference 

in the asymmetric and symmetric stretching (Δ179 cm-1, 182 cm-1 and 179 cm-1 for 45-

47, further supports the chelated bidentate binding mode of the carboxylates251 in all cases 

as seen in their respective single crystal structures. In addition, the sharp peaks at 1660 cm-

1 in 46 and 47 can be ascribed due to the presence of lattice DMF molecules in the open 

channels. In order to check whether the bulk samples represent the same compound as 

obtained from the single crystal analysis, powder X-ray diffraction patterns were recorded 

in each case at room temperature. As shown in Figure 3.99, the experimental powder 

patterns for as-synthesized compounds were in good agreement with the simulated powder 

patterns (obtained from the single crystal data). This confirms the crystallinity and phase 

purity of the as-synthesized samples in each case. 
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Figure 3.99. Powder X-ray diffraction patterns for the as-synthesized samples of (a) 45, (b) 46 and 

(c) 47 compared with their respective simulated PXRD patterns obtained from their single crystal 

data. 

Framework stabilities and thermal properties. The thermal stability in each case was 

tested by thermogravimetric analysis (TGA). Single phase polycrystalline samples in each 

case was heated between 30-500 °C, under a dinitrogen atmosphere and corresponding 

weight loss was plotted with respect to temperature. As shown in Figure 3.100, the as-

synthesized sample of 45 exhibits an initial weight loss of about 9% in the temperature 

range of 70 ºC-200 ºC, which can be ascribed due to the loss of lattice solvent molecules 

upon heating. After which it exhibits stability up to 350 ºC before framework degradation. 

A similar thermogravimetric profile was obtained in case of 46 and 47. Both exhibits 

continuous weight loss up to 320 ºC after which a sudden weight loss in each case indicates 

the framework degradation. The continuous weight loss in both cases can be ascribed due 

to the large number of lattice solvents and dimethyl ammonium cations present in the open 

pores. The similar TG profile further supports the isostructural frameworks of 46 and 47.  
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Figure 3.100. Thermogravimetric profile for 45-47. 
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3.3 COORDINATION ARCHITECTURES DERIVED FROM 

TETRACARBOXYLATE 

In addition to the tricarboxylate linker, the carboxylate structure has been further modified 

to a tetrahedral tetracarboxylate linker (H4tcps) in order to design porous coordination 

polymers. As seen in the previous sections that such porous coordination polymers exhibit 

interesting adsorption properties and also their properties can be modulated by fine tuning 

into their structures by judicious ligand selections. However, various strategies have been 

developed for the construction of coordination polymers based on tri- and tetradentate 

linkers which are found to be relatively more stable and exhibits interesting properties for 

different applications, the use of tetrahedral tetracarboxylates in making such MOFs is very 

limited.126 Furthermore, such porous coordination polymers ligated with N-coordination 

exhibit better stability toward aqueous conditions, than their carboxylate counterparts.307,308 

Therefore, the present section illustrates the utilization of tetrahedral tetracarboxylate linker 

(H4tcps) in combination with multidentate multidentate nitrogen linkers for the 

construction of highly stable porous coordination architectures for different applications. 

The section 3.3 is further subdivided into two subsections (3.3.1 and 3.3.2, respectively) 

based on the denticity of the neutral polypyridyl ligands used.  

3.3.1 bis(pyridyl) pillar ligands 

In this section, five coordination polymers have been reported based on the tetrahedral 

carboxylate linker (H4tcps) in combination with neutral N-donor bis(pyridyl) ligands. In all 

cases the compounds have been well characterized by different analytical techniques and 

their properties have been studied for selective gas adsorption/separation and sensing 

applications. 

The solvothermal reaction of cobalt nitrate hexahydrate and H4tcps in combination with 

neutral ligand bpy has resulted in the formation of a doubly interpenetrated 3D coordination 

polymer {[Co2(bpy)(tcps)].H2O.0.5DMF}n (48) (Scheme 3.23). It has been structurally 

characterized by single crystal X-ray diffraction analysis and the molecular formula was 

established by a combination of elemental analysis, TGA and single crystal X-ray 

diffraction. 

Scheme 3.23. Synthesis of 48. 
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Single crystal structure analysis. Single crystal X-ray diffraction reveals that 48 

crystallizes in a tetragonal crystal system, with P42/mcm space group (space group no. 132) 

and the asymmetric unit contains one Co(II) atom (occupancy 0.25), one eighth of the tcps4- 

ligand, and a quarter of the bpy molecule. As shown in Figure 3.101a the title molecule, 

{[Co2(bpy)(tcps)].(H2O).0.5(DMF)}n, contains two Co(II) centres bridged by four 

carboxylates from four different tcps4- ligands in syn-syn bridging modes. Square-

pyramidal five-coordination of each cobalt is completed by a N-donor pyridine of 4,4’-

bipyridine. The ligand, H4tcps is fully deprotonated, coordinating to eight cobalt atoms 

(Figure 3.101b). The structure consist of Co(II)-paddlewheel as SBU, which is connected 

to twelve other {Co2(OCO)4} paddlewheel dimers, ten are connected by full span of the 

four tcps4-, two other {Co2(OCO)4} paddlewheel dimers by two bpy (Figure 3.101c), 

resulting to form a doubly interpenetrated 3D framework (Figure 3.101d). To simplify the 

rather intricate structure of compound 48, the {Co2(OCO)4} paddle wheel SBU can be 

considered as a six connected node, ligand tcps4- as a four connected node and 4,4’-

bipyridine as a linear linker, respectively (Figure 3.102).  

 

Figure 3.101. Structure description for 48; (a) The coordination environment around the Co(II) 

center showing the paddle-wheel secondary building unit (SBU), (b) fully deprotonated ligand tcps4- 

coordinated to the eight cobalt atoms, (c)  connections of a paddle wheel SBU, via tcps4- and 4,4’-

bipyridine linker, (d) a perspective view of the doubly interpenetrated 3D porous framework along 

the a-axis and (e) an enlarged view of the rhombus and triangular channels shown with the help of 

dummy balls of different colors.   
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Further examination of the node and linker representation reveals that the framework 

exhibits a (4,6)- connected 2-nodal net, sqc422 topology, with Schläfli point symbol 

{4^2.5^10.7^2.8}{4^2.5^4} as determined by the TOPOS program.274 The notable feature 

of 48 is the presence of two types of open channels, which runs along all three axes makes 

it a porous network. The two types of channels: the rhombic channels are about 9.6 x 11.0 

(5.4 × 7.0) Å2, and the trigonal channels are about 5.5 × 6.2 (1.7 × 2.5) Å2 and are filled 

with disordered solvent molecules which were removed using solvent masking option in 

Olex2 software203 during the structure refinement. The total solvent-accessible volume for 

48 was estimated to be 19 % (382/2030 Å3 per unit cell volume) using PLATON 

software.275  

 

 

Figure 3.102. (a) simplified node and linker representation of the ligands H4tcps,  bpy and 

Co2(COO)4 cluster, (b) the overall (4,6)-connected 2-nodal net, sqc422 topology and  (c) view of 

the two fold interpenetration into the framework. 

The τ parameter, which is an indicator for the deviation from the ideal square-pyramidal (τ 

= 0) and trigonal bipyramidal (τ = 1) geometries for five coordinated metal centers, is found 

to be 0.19 for 48. While the average Co-O (bond length 2.013 Å) and the Co-N (bond length 

2.014 Å) bond distances are within the range reported for the similar structures, the Co---

Co distance 2.572(4) Å is shorter than the reported paddle wheel complexes but is longer 

than the Co-Co single bonds (Co---Co 2.3 Å) reported in dicobalt tetrakis(formamidinate) 
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complexes.296 Prominent distortions around the Co(II) center are evident from the bond 

angles as well as the distance (2.173 Å) between the oxygen atoms of the bridging 

carboxylate group. All the crystallographic information pertaining to data collection and 

structure refinement parameters, selected bond lengths and bond angles are listed in Table 

A18, A40 and A62, respectively. The phase purity of bulk material was confirmed by 

recording the powder X-ray diffraction pattern of the as synthesized compound, which 

shows a good agreement with the corresponding simulated pattern obtained from the single-

crystal data (Figure 3.103a). 

Spectroscopic characterization. FTIR spectrum of 48 was recorded in solid state at room 

temperature in the form of KBr pellets. A sharp peak at 1681 cm-1 corresponds to the free 

DMF molecules present in the lattice. The sharp peaks due to asymmetric and symmetric 

stretching modes of the -C=O group of H4tcps at 1690 and 1416 cm-1 were shifted to 1618 

and 1399 cm-1 in 48, indicating strong binding of the carboxylates to the metal center and 

are in good agreement with the spectroscopic data for NCoO5 square planar complexes.309 

The UV-vis diffuse reflectance spectra of 48 and H4tcps are shown in Figure 3.103b. As 

shown in figure H4tcps absorbs only in the UV-region at 251 nm, which is slightly red 

shifted to 283 nm in case of 48. In addition to the strong peak in UV-region at 283 nm, 48 

also shows characteristic peaks in the visible region at 433 and 577 nm which can be 

assigned on the basis of a square pyramidal NCoO4 chromophore with C4v symmetry and 

the transitions arise from the 4A2 ground state to 4B1, 4E and 4A2 excited states.309 The 

band gap (Eg) calculated using the Kubelka–Munk function was found to be 3.23 eV. 

 

Figure 3.103. (a) Powder X-ray diffraction of the as-synthesized and activated sample of 48, 

compared with the simulated powder pattern, (b) Diffuse reflectance UV-Vis spectra of 48 (red line) 

and H4tcps (green line); inset: KM function vs. energy (eV) of 48 and H4tcps. 
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Framework stabilities and thermal properties. In order to understand its thermal stability 

and structural variation as a function of temperature, thermogravimetric analysis (TGA) 

was carried out for the single-phase polycrystalline samples of 48 between 30-500 °C, under 

a dinitrogen atmosphere. The TGA showed ∼7.8 % weight loss until 300 °C, which is 

ascribed to the release of lattice solvent molecules; calculated 6.5 % (Figure 3.104a). No 

weight loss in the temperature range of 300 to 350 °C could be seen before degradation of 

the framework indicating its good thermal stability. The robustness and thermal stability of 

the framework of 48 were further checked by in-situ variable temperature powder X-ray 

diffraction (VT-PXRD) (Figure 3.104b). In addition to the thermal stability, the compound 

was also tested for its stability towards water. In order to assess the water stability, 48 was 

taken in water and left for stirring at room temperature. The PXRD pattern of 1 was recorded 

at regular intervals after filtration and drying of the sample. The PXRD pattern obtained 

even after 30 days of stirring in water reveals exact similarity with as synthesized pattern 

of 48, confirming its water stability. Further, the stability of 48 in water at high temperature 

was confirmed by recording its powder pattern after soaking in boiling water for 2 days 

(Figure 3.104c). The presence of N-coordination to the paddle-wheel {Co2(COO)4} SBU 

and interpenetrating nature of 48 possibly makes it a water stable material as demonstrated 

by Walton et al.310 

 

Figure 3.104. (a) Thermogravimetric profiles of 48 (as-synthesized and desolvated). (b) In-situ 

variable temperature powder pattern of the as synthesized sample of 48 and (b) the powder X-ray 

diffraction pattern of the as synthesized sample after soaking in water at room temperature and in 

boiling water, indicating the thermal robustness and water stability of 48. 
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Gas sorption studies. The presence of open channels in 48 encouraged us to examine 

permanent porosity in 48. Like in other cases, the sample (~100 mg) was activated by 

degassing at an elevated temperature of 393 K under vacuum conditions (20 mTorr) for 24 

hours prior to adsorption measurements. The loss of lattice solvents was confirmed by 

thermogravimetric analysis (Figure 3.104a). Furthermore, the PXRD pattern of the 

activated sample revealed that the original framework structure is retained after the 

activation process (Figure 3.103a). The CO2 gas sorption isotherm for activated sample of 

48 at 195 K and 1 bar pressure (Figure 3.105a) clearly indicates its microporous nature. 

Based on the CO2 adsorption data at 195 K, the Brunauer−Emmett−Teller (BET) surface 

area and the Langmuir surface area were estimated to be 224 m2g−1 and 343 m2g−1, 

respectively (Figure 3.105c and d). The BET surface area of 48 is smaller than those in 

MOF-2 {Zn3(BDC)3}n (270 m2g−1),311 SNU-15 {Co4(-OH2)4(MTB)2}n (356 m2g−1),312 and 

ZIF-97 {Zn(hymeIm)2}n (564 m2g−1)313 but comparable with those for 

{Zn(DHBP)(DMF)2}n, {Cd6(CPOM)3(H2O)6}n and {Cu2(TP)3(OH)}n having surface area 

of 209 m2g−1, 231 m2g−1 and 258 m2g−1, respectively.96  

 

Figure 3.105. (a and b) CO2 and H2 sorption isotherm for 48 at 195 K and 77 K. Filled circles and 

open circles indicate the adsorption and desorption points, respectively, (c and d) BET and Langmuir 

surface area of obtained from the CO2 adsorption isotherm.  
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The hydrogen sorption isotherm indicates an uptake of 0.82 wt% at 77 K and 1 bar pressure 

(Figure 3.105b). A large sorption hysteresis loop observed in the H2 sorption isotherm can 

be explained by the kinetic trap effect where the adsorbed H2 was trapped into the 

framework. The uptake amount is found to be moderate among the well-known MOF 

materials in the literature.97 

It is well-known that the separation of CO2 from CH4 in the pre-combustion process of 

natural gas and separation of CO2 from N2 in the post-combustion process is very essential. 

Therefore, the small pore spaces and the establishment of permanent porosity within 48 

motivated us to examine its CO2, CH4 and N2 sorption isotherms and potential for gas 

separations. Single component CO2 sorption isotherm was measured at different 

temperatures (298 - 263 K) under 1 bar pressure. As shown in Figure 3.106a, 48 takes up 

moderate amount of carbon dioxide 36.4 cm3g-1, 44.2 cm3g-1, 51.3 cm3g-1, and 59.2 cm3g-1 

at 298 K, 283 K, 273 K and 263 K, respectively. It is of particular interest to note that the 

uptake capacity of 48 at 273K is comparable to the uptake capacities (50-55 cm3g-1) of well-

known MOFs, such as for {Co2(SDB)2(L)}n (IITKGP-6), for {[Cu24(TPBTM)8]}n, JUC-

141 and for activated carbon. When the adsorption values of N2 (3.6 cm3g-1 and 4.1 cm3g-

1) and CH4 (11.4 cm3g-1 and 17.6 cm3g-1) at 298 K and at 273 K, respectively, at 1 bar 

pressure are compared with those of CO2 under the same conditions, it clear that 48 takes 

up much higher amount of CO2 (Figure 3.106b). The higher CO2 affinity can be attributed 

to the smaller kinetic diameter of CO2 (diameter: 3.30 Å) compared to those of N2 (diameter: 

3.64 Å) and CH4 (diameter: 4.09 Å) as well as the difference of quadrupole moment, thus 

allowing CO2 molecules to diffuse easily into the pores.31 

Before the evaluation of gas selectivity, the quantitative binding strengths of CO2 molecules 

with 48 was calculated based on the virial method, a well-established and reliable 

methodology, from fits of their adsorption isotherms at different temperatures (Figure 

3.106c). The Qst value of 48 at zero coverage was 30.4 kJmol-1. The variation of isosteric 

heat of adsorption is shown in Figure 3.106d. It slightly increases at high loading and can 

be due to the increase in quadrupole-quadrupole interaction.314 This trend for Qst is similar 

to that observed for the interpenetrated MOF NOTT-202a.315 The Qst value of 48 at zero 

coverage is comparable with values for M’MOF-20 (28.4 kJmol-1), {Cd2(L)(2,6-NDC)2}n 

(28.1 kJmol-1), {Cu(bcppm)H2O}n and JUC-199 (29 kJmol-1), MIL-53(Cr) and 

Hpip@ZnPC-2 (32 kJmol-1) but higher than values for UMCM-1 (12 kJmol-1), MOF-5 (17 

kJmol-1), CuBTTri (21kJmol-1), IITKGP-5 (22.6 kJmol-1), IITKGP-6 (23 kJmol-1) and 
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NOTT-40 (25 kJmol-1) and lower than the extra high values of 60 kJmol-1 for MIL-10035 

and 90 kJmol-1 for HCu-[(Cu4Cl)3(BTTri)8(en)5] (Table A67). 

 

Figure 3.106. (a) CO2 sorption isotherms for 48 collected at different temperatures, (b) comparison 

of CO2 sorption isotherm with that of CH4 and N2 at 273 K and 298 K, respectively. (c) Fitting 

(purple solid lines) of the CO2 adsorption isotherms using the virial method and (d) variation of 

isosteric heat of adsorption with respect to surface coverage.  

In the interest of evaluating the gas separation ability of 48, we further studied the mixture 

selectivity at different temperatures for CO2-CH4 and CO2-N2 mixtures at a general feed 

composition of landfill gas (CO2/CH4 = 50:50) and flue gas (CO2/N2 = 15:85) with pressure 

up to 1 bar. The well-known ideal adsorbed solution theory (IAST) developed by Myers 

and Prausnitz for binary mixtures was applied to our system.316 The pure component 

adsorption data at a particular temperature were taken as input to the IAST calculation, and 

the output predicts the mixture adsorption equilibrium over a desired pressure range. The 

precision of the IAST calculations for the estimation of loading of components in a binary 

gas mixture has already been well established by comparison with the Configuration-Bias 

Monte Carlo (CBMC) simulations for a diverse range of zeolites and MOFs.317 The IAST 

theory assumes that the adsorbed phase is a two-dimensional solution in equilibrium with 
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the gas phase. Both the components in the mixture behave as ideal adsorbed solution and 

conform to the rule analogous to Raoult’s law. In order to calculate the selective sorption 

performance of 48 toward the separation of binary mixed gases, the parameters fitted from 

the single-component CO2, CH4 and N2 adsorption isotherms based on the single-site 

Langmuir-Freundlich equation as given below. 

 

𝑸 = 𝑸𝒔𝒂𝒕 (
𝑲𝒄𝒏

𝟏 + 𝑲𝒄𝒏
) 

where Q is the adsorbed amount (mmolg-1), Qsat is the saturation capacity (mmolg-1), c is 

the equilibrium pressure (kPa), and K and 1/n are the Langmuir and Freundlich constants. 

Then the fitted parameters were used to predict the molar fraction of A in the adsorbed 

phase using following equation:  

𝑸𝒔𝒂𝒕,𝒂𝒍𝒏 (𝟏 +
𝑲𝒂𝒄𝒏𝒂𝒚

𝒙
 ) − 𝑸𝒔𝒂𝒕,𝒃𝒍𝒏 (𝟏 +

𝑲𝒃𝒄𝒏𝒃(𝟏 − 𝒚)

(𝟏 − 𝒙)
) = 𝟎 

where Qsat,a, Ka and na are the Langmuir-Freundlich fitting parameters of adsorption 

equilibrium of pure A, Qsat,b, Kb and nb are Langmuir-Freundlich parameters of adsorption 

equilibrium of pure B, and x and y are the molar fractions of A in the adsorbed phase and 

in bulk phase, respectively. 

The predicted adsorption selectivity is defined as 

𝑺 = (
𝒙𝟏/𝒚𝟏

𝒙𝟐/𝒚𝟐
) 

where xi is the mole fractions of component i in the adsorbed and yi is the mole fractions of 

component i in bulk phase. The IAST calculations were carried out for a binary mixture 

containing 15% CO2 (y1) and 85% N2 (y2), which is typical of flue gases and for a binary 

mixture containing 50% CO2 (y1) and 50% CH4 (y2), which is typical of landfill gases. 

The mixture adsorption isotherms and adsorption selectivity for 48 at different temperatures 

and pressures calculated by IAST (based on the single site Langmuir-Freundlich model) for 

CO2/N2 and CO2/CH4 mixtures as a function of total bulk pressure are shown in Figure 

3.107. The results indicate that under 1 bar pressure the selectivity for CO2/N2 and CO2/CH4 

are 194.7 and 19.3 at 273 K and 70.5 and 9.9 at 298 K, respectively. 
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Figure 3.107. Binary mixture adsorption isotherms and selectivities for CO2/N2 (15/85) mixture and 

CO2/CH4 (50/50) mixtures at 298 K (a and b) and 273 K (c and d), respectively.  

The CO2/N2 selectivities with 0.15 bar of CO2 and 0.85 bar of N2 (which is a typical 

composition of flue gas mixture from power plants) at 273 K is higher than some of the 

well-known MOF materials. The selectivity values at different temperatures and pressures 

for some well-known MOFs such as HKUST-1, PCN-88, PCN-61, UTSA-49a, UTSA-72a, 

UTSA-85a, MIL-101, SNU-M10, MAF-66 and many ZIF materials are summarized in 

Table A68. Therefore, it is notable that 48 exhibiting moderate CO2 uptake capacity but 

showing very high CO2/N2 selectivity and moderate CO2/CH4 selectivity. Along with very 

good thermal and water stability even at elevated temperature, the uniqueness of 2-fold 

interpenetrated 48 for CO2 capture and separation from flue gas as well as landfill gas 

entitles it as a good candidate for practical applications in gas separation and purification 

processes. Since the industrial gas streams contains lot of moisture and are escaped at high 

temperatures. It is very difficult to get rid of water from industrial gas streams. Therefore, 

while considering the materials for adsorption based separation and purification 

applications, the stability of MOFs in humid environment most importantly at elevated 

temperatures must be taken into account. 
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The study with bis(pyridyl) ligands has been further extended with Cd(II) as metal center 

in combination with different rigid, flexible and functionalized pillar ligands for the 

construction of functionalized coordination polymers based on tetrahedral tetracarboxylate 

linker H4tcps. The solvothermal reaction of cadmium(II) nitrate and H4tcps in combination 

with neutral ligand bpy or azopy has resulted in the formation of a non-interpenetrated 3D 

coordination polymer {[Cd2(bpy)(tcps)].H2O}n (49) and {[Cd2(azopy)(tcps)].H2O.DMF}n 

(50) (Scheme 3.24). Both the compounds have been structurally characterized by single 

crystal X-ray diffraction analysis and the molecular formula was established by a 

combination of elemental analysis, TGA and single crystal X-ray diffraction. 

Scheme 3.24. Synthesis of 49 and 50. 

 

Single crystal structure analysis. Single crystal suitable for X-ray diffraction analysis in 

both cases were obtained by solvothermal reaction at 120 ºC. Both 49 and 50 are 

isostructural and crystallizes in a monoclinic crystal system with C2/c space group. Both 

the structures consists of similar asymmetric units, which contains two crystallographically 

independent Cd(II) ions (each with 0.5 occupancies), one-half of the tetracarboxylate linker 

(tcps4-) and one-half of bpy or azopy molecule in 49 and 50, respectively. Both the Cd(II) 

centers in each case are in distorted octahedral environment, where six coordination sites 

around one of the metal centers are occupied by six oxygen atoms of the carboxyl group of 

four different tcps4-. The other metal center is in N2O4 type environment, where six 

coordination sites are fulfilled by four carboxyl oxygen atoms from four different tcps4- and 

two nitrogen atoms from two bpy (in case of 49) or two azopy (in case of 50) ligands 

(Figure 3.108a and b). The metal centers are bridged by the carboxylate linkers to form a 

1D chain of metal carboxylate clusters (Figure 3.108c). These 1D chains of metal 

carboxylate clusters are bridged by the neutral N-donor linear linkers to form 2D sheet 

structures (Figure 3.108d) which are further extended by the carboxylate linkers to form an 

overall non-interpenetrating 3D framework (Figure 3.108e). The average Cd-O bond 

distance in 49 and 50 are 2.324 Å and 2.324 Å whereas the Cd-N distances are 2.543 Å and 

2.278 Å, respectively. The prominent distortions from the regular octahedral geometries 

around the metal centers are evident from the bond angle values around the metal centers. 

All the crystallographic information pertaining to data collection and structure refinement 
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parameters, selected bond lengths and bond angles for both 49 and 50 are listed in Table 

A19, A41 and A63, respectively. 

 

Figure 3.108. Coordination enviornment around the metal centers in (a) 49 and (b) 50, (c) view of 

the metal carboxylate clusters forming 1D linear chain in 49, (d) metal carboxylate clusters bridged 

by the neutral bpy ligands and (e) representation of overall 3D structure formed in 49. The 

structureal features of 50 are similar to that of 49.  

FTIR and PXRD analysis. FTIR spectra of 49 and 50 were recorded in the solid state at 

room temperature as KBr pellets. The characteristic peaks due to asymmetric (asym) (1580 

cm-1 for 49 and 1578 cm-1 for 50) and symmetric (sym) (1393 cm-1 in each case) stretching 

vibrations of the carboxylates indicates a strong binding of the carboxylates to the metal 

center in both the cases, which is evident from the significant shifts from the asymmetric 

and symmetric -C=O stretch for free H4tcps (1690 cm-1 and 1416 cm-1). In addition, the 

difference in their values (Δ = 7 cm-1 and 185 cm-1 for 49 and 50, respectively) further 

supports the chelated and bridging bidentate binding of the carboxylates to the metal centers 

as seen in their respective single crystal structures. A sharp peak at 1654 cm -1 in 50 can be 

assigned due to the –C=O stretch of the DMF molecule present in the crystal lattice. In order 

to establish the phase purity of the as-synthesized materials, powder X-ray diffraction 

patterns were recorded for 49 and 50 at room temperature. As shown in Figure 3.109a and 
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b, the experimental powder patterns for as-synthesized compounds were in good agreement 

with the simulated powder patterns (obtained from the single crystal data). This confirms 

the crystallinity and phase purity of the as-synthesized 49 and 50, respectively. 

 

Figure 3.109. Powder X-ray diffraction of the as-synthesized samples of (a) 49, (b) 50 compared 

with their respective simulated powder patterns and (c) thermogravimetric profiles for 49 and 50. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 49 and 50 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 49 and 50 was heated between 30-

500 °C, under a dinitrogen atmosphere and corresponding weight loss was plotted with 

respect to temperature. As shown in Figure 3.109c, the as-synthesized samples in both cases 

exhibit continuous weight loss up to 220 ºC, which can be ascribed due to the loss of lattice 

solvent molecules present into the pores of the 3D framework. After the initial weight loss 

due to the lattice solvent molecules both compounds show stability up to 350 ºC as no 

weight loss could be seen in the TG profiles. After that sudden weight loss in each case 

indicates the framework decomposition at higher temperatures. 
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In order to study any effect on the final architectures due to the extended pillar ligands and 

any steric hindrance on the ligand structure, another set of coordination polymers, namely 

{[Cd2(3-bpdb)(tcps)(H2O)2].4EtOH.3H2O}n (51) and {[Cd2(3-

bpdh)(tcps)(H2O)(DMF)].4DMF}n (52) have been synthesized using the azine 

functionalized pillar ligands 3-bpdb and 3-bpdh in combination with the same metal 

carboxylate (Cd(II)-tcps4-) system. The solvothermal reactions of cadmium(II) nitrate and 

H4tcps along with the pillar ligands 3-bpdb or 3-bpdh has resulted in the formation of 51 

and 52 (Scheme 3.25). Their structures have been characterized by single crystal X-ray 

diffraction analysis and the respective molecular formulas have been established by a 

combination of elemental analysis, thermogravimetric and single crystal X-ray diffraction 

analysis.  

Scheme 3.25. Synthesis of 51 and 52. 

 

Single crystal structure analysis. Single crystal X-ray diffraction analysis for 51 and 52 

reveals that both are isostructural and forms a doubly interpenetrated 3D framework. Both 

crystallizes in a monoclinic crystal system with P21/c space group having similar unit cell 

parameters.  Since the structure in both the cases is same, the structure of only 51 is 

described here. The asymmetric unit contains two crystallographically independent Cd(II) 

ions, one tcps4-, one-half of the ligand 3-bpdb and two water molecules coordinated to Cd1 

(Figure 3.110a). The only difference in 52 is the neutral N-donor ligand and instead of two 

water coordinated to one of the metal center it has one water and one DMF molecule 

coordinated to one of the metal center (Figure 3.110). Both the metal centers are in distorted 

octahedral coordination environment. The six coordination sites around Cd1 are occupied 

by three oxygen atoms from the carboxyl group of the carboxylate linker tcps4-, two oxygen 

atoms from water molecules and one nitrogen atom of the neutral ligand 3-bpdb, whereas 

in case of Cd2 all six coordination sites are occupied by six carboxyl oxygen atoms from 

four different carboxylate linkers.  
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Figure 3.110. Coordination enviornment around the metal centers in (a) 51 and (b) 52, (c) 

perspective view of the overall 3D framework and (d) two-fold interpenetration into the framework 

of 51. Two different networks are shown in different colors.  

The two metal centers are bridged by the three carboxylate groups to form a dimetallic 

Cd2(COO)3 core as a secondary building unit (SBU) which is further expanded by full span 

of the carboxylate linker and neutral N-donor ligand to form the overall 3D framework 

(Figure 3.110c), where two of such networks are interpenetrated into each other to form a 

doubly interpenetrated structure (Figure 3.110d). Even after interpenetration, the structures 

consist of potential solvent accessible voids. The total potential solvent-accessible volumes 

were estimated to be 40% (1969/4874 Å3 per unit cell volume) for 51 and 32% (1595/4935 

Å3 per unit cell volume) for 52 using PLATON software.275 The decrease in void volume 

in 52 is due to the presence of methyl groups (steric crowding) on the ligand 3-bpdh. The 

rather intricate structure can be simplified as node and linker representation where the 

dimetallic Cd2(COO)3 SBU can be considered as a five connected node, ligand tcps4- as a 

four connected node and 3-bpdb or 3-bpdh as a linear linker, respectively (Figure 3.111a). 

Further examination of the node and linker representation reveals that the framework 

exhibits a (4,5)- connected 2-nodal network topology with two-fold interpenetration (Figure 

3.111b and c) as determined by the TOPOS program.274 
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Figure 3.111. (a) simplified node and linker representation of the dimetallic SBU, ligands H4tcps 

and 3-bpdb, (b) representation of the (4,5)-connected 2-nodal network topology without and (c) with 

two-fold interpenetration into the framework of 51. 

The average Cd-O bond distance in 51 and 52 are 2.290 Å and 2.295 Å whereas the Cd-N 

distances are 2.3277 Å and 2.335 Å, respectively. The prominent distortions from the 

regular octahedral geometries around the metal centers are evident from the bond angle 

values around the metal centers. All the crystallographic information pertaining to data 

collection and structure refinement parameters, selected bond lengths and bond angles for 

both 51 and 52 are listed in Table A20, A42 and A64, respectively. 

FTIR and PXRD analysis. FTIR spectra of 51 and 52 were recorded in the solid state at 

room temperature as KBr pellets. In both cases a similar spectrum was obtained. The 

characteristic peaks due to asymmetric (asym) and symmetric (sym) stretching vibrations of 

the carboxylates were appeared at 1580 cm-1 and 1397 cm-1 for 51 and 1578 cm-1 and 1391 

cm-1 for 52. Difference in their values (Δ = 3 cm-1 and 187 cm-1 for 51 and 52, 

respectively) indicated the chelated and bridging bidentate binding of the carboxylates to 

the metal centers as seen in their respective single crystal structures. Further, significant 

shifts from the asymmetric and symmetric -C=O stretch for free H4tcps (1690 cm-1 and 

1416 cm-1) indicates a strong binding of the carboxylates to the metal center in both the 

cases. In order to establish the phase purity and to confirm whether the bulk material 

represents the same compound as obtained from single crystal structure analysis, powder 
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X-ray diffraction patterns were recorded for the as-synthesized samples of 51 and 52 at 

room temperature. As shown in Figure 3.112 and b, the experimental powder patterns for 

as-synthesized compounds were in good agreement with the simulated powder patterns 

(obtained from the single crystal data). This confirms the crystallinity and phase purity of 

the as-synthesized 51 and 52, respectively. 

 

Figure 3.112. Powder X-ray diffraction of the as-synthesized samples of (a) 51, (b) 52 compared 

with their respective simulated powder patterns and (c) thermogravimetric profiles for 51 and 52. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 51 and 52 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 51 and 52 was heated between 30-

500 °C, under a dinitrogen atmosphere and corresponding weight loss was plotted with 

respect to temperature. As shown in Figure 3.112c, the as-synthesized samples in both cases 

exhibit thermal stability up to 300 ºC and 350 ºC, respectively. The initial weight loss at 

lower temperatures in both the cases can be assigned due to the solvent molecules present 

in the crystal lattice.  

Gas sorption studies. The microporous nature of 51 and 52 was established with the help 

of gas sorption studies. Both compounds exhibit very low nitrogen sorption compared to 

carbon dioxide at lower temperatures. This might be due to the interpenetration and the pore 

walls functionalized with nitrogen rich azine-functionalized ligands. The 
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Brunauer−Emmett−Teller (BET) surface area and the Langmuir surface area were 

estimated to be 100 m2g−1 and 150 m2g−1 for 51 and 90 m2g−1 and 132 m2g−1 for 52, 

respectively, based on the CO2 adsorption measurement (Figure 3.113).  

 

Figure 3.113. (a and b) BET and (c and d) Langmuir surface area obtained from the CO2 adsorption 

isotherms for 51 and 52, respectively. 

In order to determine the quantitative binding strength of CO2 molecules with the 

frameworks, the isosteric adsorption enthalpy (Qst) was calculated based on the Clausius-

Clapeyron equation and well-known virial equation, using the CO2 adsorption isotherms 

collected at different temperatures (Figure 3.114). The Qst value at zero loading was found 

to be ~29 kJ mol-1 and ~25 kJ mol-1, for 51 and 52, respectively, are comparable to some 

MOF materials (Table A67) and indicates good binding affinity of CO2 with the framework 

in both cases. 

Luminescence properties. After establishment of permanent porosity in 51 and 52 by CO2 

adsorption, the azine functionalized coordination polymers have been further studied for 

their luminescence properties. In order to study the luminescence properties of 51 and 52, 

their solid-state reflectance spectra were first recorded at room temperature. H4tcps and 1-

4 exhibited a strong and broad absorption with λmax 260 nm corresponding to π−π* 

transitions. On the basis of these data, emission properties were studied.   
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Figure 3.114. (a and b) CO2 sorption isotherms collected at different temperatures and (c and d) 

variation of isosteric heat of adsorption with respect to surface coverage for 51 and 52, respectively.   

In order to understand the effect of organic solvents on their emission properties, emission 

spectra of 51 and 52 were recorded in different solvents such as water (H2O), ethanol 

(EtOH), acetonitrile (CH3CN), chloroform (CHCl3), acetone, dimethylformamide (DMF) 

and nitrobenzene upon excitation at 270 nm. It is significant to observe that both 51 and 52 

show different emission intensities in different solvents; with shifts in the emission 

wavelength due to change in polarity of the solvents.262 The maximum intensity in both 

cases was obtained in methanol. Although a variation in the luminescence response was 

observed for different solvents, both 51 and 52 exhibit very strong emission intensities in 

aqueous methanol (3:1 mixture) and are therefore suitable for sensing studies in this solvent. 

Among all the solvents, the emission intensities were totally quenched in nitrobenzene 

(NB). This can be attributed due to the electron-withdrawing ability of the nitro group which 

facilitates an electron transfer from the excited state to the electron- deficient nitrobenzene, 

restricting the self-relaxation to the ground state.263 The quenching of the fluorescence 

intensities of 51 and 52 was further studied for different nitro aromatic derivatives. For each 
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experiment, a suspension of 1mg in 2mL MeOH/water mixture (1/3) was taken and the 

fluorescence response was measured after addition of indicated amount of a stock solution 

(0.5 mM) of nitroaromatic in MeOH/water mixture (1/3). Almost all the nitro-analytes 

moderately quench the emission intensities of 51 and 52, it is noteworthy to observe that 

hydroxyl substituted NACs, such as 4-NP, 2,4-DNP, and especially TNP, preferentially 

quench the emission intensities over the others and show an order based on the increase in 

the number of nitro groups (Figure 3.115). The luminescence intensities of 51 and 52 

decrease gradually as the concentration of TNP increases and at 15 ppm of TNP, the 

fluorescence intensity was almost completely quenched (96 % for both 51 and 52) (Figure 

3.116). A similar trend in the quenching of the emission intensities was obtained in both the 

cases with incremental addition of TNP. The quenching efficiency, defined by (I0 − I)/I0 × 

100%, where I0 and I are the luminescence intensities of 51 or 52 before and after the 

addition of TNP, respectively, was estimated to be about 50% for 1 ppm of TNP, 80% for 

3 ppm of TNP and 90% for 8 ppm of TNP for both compounds. In order to compare the 

quenching efficiencies of different nitro-analytes, the quenching of emission intensities for 

both 51 and 52 was also studied for different nitro-analytes and the result were analyzed 

using the Stern-Volmer (SV) equation: I0/I = 1 + KSV[A], where I0 and I are the luminescent 

intensities of the compound before and after addition of the nitro-analytes, [A] is the molar 

concentration of NB, and KSV is the quenching constant (mM−1). A similar value of the 

quenching constants (KSV) for TNP was found for both 51 and 52 (2.19 × 105 M-1 and 2.14 

× 105 M-1 for 51 and 52, respectively). 

 

Figure 3.115. Comparison of quenching percentages of different nitroanalytes (upon addition to 

100 mL in each case) by 51 and 52, respectively. 
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Figure 3.116. Change in emission intensities of (a) 51 and (b) 52 dispersed in aqueous methanol 

upon incremental addition of TNP solution and (c and d) linear fitting of Stern-Volmer plots for 51 

and 52 in the low concentration region. 

The high KSV values in each case indicates stronger electrostatic interaction between TNP 

and the azine functionalized frameworks 51 and 52. These KSV values are much higher than 

some of the reported MOF materials (Table A69). A comparison of Stern-Volmer plots for 

different nitro-analytes is shown in Figure 3.117, which shows that both 51 and 52 are 

highly sensitive towards TNP compared to the other nitroanalytes. The KSV values for 

different nitro-analytes was found to be in the following order: TNP ˃> 2,4-DNP ˃ 2-NP ≈ 

4-NP > 1,3-DNB ˃ NB ˃ 2,4-DNT > 4-NT > 2,4,6-TNT for 51 and  TNP ˃> 2,4-DNP ˃ 2-

NP ≈ 4-NP > 2,4-DNT ˃ NB > 4-NT > 1,3-DNB ˃ 2,4,6-TNT for 52. The very high 

sensitivity towards the TNP molecules in both the cases is further reflected by their 

detection limit values. The detection limits for 51 and 52 was estimated to be 98 ppb 74 

ppb, respectively, which is comparable with the values reported for other MOF materials 

(Table A69). 
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Figure 3.117. 3D-Stern-Volmer plot of different nitro-analytes for (a) 51 and (b) 52 showing high 

selectivity for TNP in each case. 

Inspired from the highly sensitivity detection of TNP by 51 and 52, we further investigated 

the selectivity of 51 and 52 for TNP in the presence of other nitro analytes. For each 

experiment a suspension of 1 mg of 51 or 52 was made as described before and the emission 

intensity was recorded before and after the addition of 40 L of the nitro-analyte. The 

percent quenching of emission intensity was calculated using the equation (I0 − I)/I0 × 

100%. The quenching of emission intensity was finally calculated after the addition of same 

amount of TNP. As shown in Figure 3.118a and b, the quenching of emission intensity by 

TNP remains unaffected due to the presence of other nitro-analytes for both 51 and 52. 

These results indicate that in addition to the highly sensitive detection of TNP by 51 and 

52, both the compounds exhibits highly selective sensing of TNP in the presence of other 

nitro-analytes. This can be attributed due to the non-covalent interactions of the acidic TNP 

molecules with the basic azine functionalities embedded into the frameworks of 51 and 52. 

It is clear that the nitrophenols shows comparatively good interaction with the framework. 

This can be ascribed due to the presence of Lewis basic azine functionality into the 

frameworks of 51 and 52, which interacts with the acidic phenol derivatives. Further, 2,4,6-

trinitrophenol (TNP) being the most acidic among all the analytes due to the presence of 

three electron withdrawing nitro groups interacts strongly with the framework and hence 

shows highest quenching, which is further supported by the order of quenching efficiencies 

by hydroxyl substituted NACs. The quenching efficiency follows the order TNP >> 2,4-

DNP > 2-NP ≈ 4-NP, which correlates well with the order of their acidity.  

In order to study the stability of both 51 and 52, during sensing experiments, the as-

synthesized samples of 51 and 52 were immersed in the stock solution of TNP for 24 h and 

after separation and drying of the samples their powder X-ray diffraction data was recorded 
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at room temperature. It was found that both the samples retain their crystallinity and phase 

purity, which indicates very good stability of both the samples under the experimental 

conditions. 

 

Figure 3.118. Bar plot of percentage decrease in emission intensity of (a) 51 and (b) 52 before and 

after the addition of different analytes (40 L) followed by same amount of 2,4,6-TNP (40 L). 

(Red bar represent the emission intensity by pristine 51 or 52, blue bar represents the percent 

emission intensity after addition of different analytes (51 or 52 + analyte) and green bar represents 

the percent emission intensity after TNP addition (51 or 52 + analyte + 2,4,6-TNP); A: NB; B: 4-

NT; C: 1,3-DNB; D: 2,4-DNT; E: 2,4,6-TNT; F: 4-NP; G: 2-NP; H: 2,4-DNP). 

3.3.2 Semi-flexible tetra(pyridyl) ligands 

As explained in the previous sections that the polymers with flexible ligands exhibit more 

complex and unusual structures due to variable configurations adopted by the flexible 

ligands during crystalliztion. The tetra(pyridyl) ligand 4-tpom is one of such semi-flxible 

tetrahedral ligand which serves as four connecting node and the four pyridyl arms can twist 

around the central quaternary carbon atom randomly. However, various coordination 
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polymers with different structures and functions have been reported using this ligand, but 

to the best of our knowledge, there have been only few mixed-ligand polymers containing 

TPOM and the carboxylate linker (linear vs. bent or aromatic vs. aliphatic carboxylates) 

and no mixed-ligand polymers containing tetrahedral 4-tpom and tetrahedral carboxylate 

linker have been reported.126 Therefore, the present section illustrate the syntheses of 

coordination polymers using tetrahedral tetracarboxylate linker H4tcps and tetrahedral 

tetrapyridyl ligands 4-tpom or 3-tpom with an aim to get the coordination ploymers with 

diamondoid toplogy.  

The solvothermal reaction of nickel(II) acetate with tetracarboxylate linker (H4tcps) and 4-

tpom ligand has resulted in the formation of coordination polymer 53 (Scheme 3.26), which 

has been characterized as a doubly interpenetrated 3D framework with diamondoid toplogy 

by single crystal X-ray diffraction analysis and the molecular formula has been established 

as {[Ni2(4-tpom)(tcps)].3DMF.H2O}n by a combination of elemental analysis, 

thermogravimetric and single crystal analysis.  

Scheme 3.26. Synthesis of 53. 

 

Single crystal structure analysis. Single crystals suitable for X-ray diffraction analysis 

were obtained by the solvothermal reaction at 120 ºC for 48 h in a solvent mixture of 1:1 

DMF and water. Single crystal X-ray diffraction analysis for 53 reveals that it forms a 

doubly interpenetrated 3D framework. It crystallizes in a monoclinic crystal system with C2 

space group. The asymmetric unit contains two Ni(II) ions, one tcps4- and one 4-tpom 

ligand. Each metal centers is in a N2O4 type distorted octahedral coordination environment. 

The six coordination sites around the metal centers are occupied by four oxygen atoms from 

two carboxyl group from two different tcps4-, which are coordinated to the metal center in 

a chelated bidentate fashion. The other two sites are occupied by two nitrogen atoms from 

two different 4-tpom ligands (Figure 3.119a). The carboxylate linker H4tcps is fully 

deprotonated and the structure is expanded by the full span of carboxylate linker and the 

tetra(pyridyl) linker to from an overall neutral 3D framework with open channels (Figure 

3.119b). The open channels are further blocked due to the two-fold interpenetration into the 

framework (Figure 3.119c). Even after interpenetration into the framework the structure 

consists of potential voids which are filled with highly disordered solvent molecules. The 

diffused electron density due to the lattice solvent molecules was squeezed out using the 



195 

 

solvent mask option in Olex2 software, during the refinement of the structure. The total 

potential solvent-accessible volumes were estimated to be 42% (3061/7177 Å3 per unit cell 

volume) using PLATON software.275 

 

Figure 3.119. Structure description for 53; (a) coordination enviornment around the metal center 

and perspective view of the overall 3D framework (b) without interpenetration and (c) with two-

fold interpenetration into the framework. 

 

Figure 3.120. Simplified node and linker type representation for 53; (a) the metal center, 

carboxylate linker tcps4- and 4-tpom shown as 4-connected nodes and overall 4-connected uni-nodal 

dia; sqc6 network topology (b) without interpenetration and (c) with two-fold interpenetration. 
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The structure can be simplified as node and linker representation. The metal centers is 

expanded by two carboxylate linkers and two 4-tpom ligands and hence can be considered 

as a 4-connected node. Similarly, the carboxylate linker tcps4- and 4-tpom ligands can also 

be considered as 4-connected nodes (Figure 3.120a). Therefore, the structure is composed 

of only 4-connected tetrahedral nodes which expands to give a diamond like framework. 

Further examination of the node and linker type representation reveal that the framework 

exhibits a 4-connected uninodal net dia Diamond; 4/6/c1; sqc6 (topos&RCSR.ttd) topology 

as determined using the TOPOS program (Figure 3.120b and c).274 The point symbol for 

net is {6^6}. The average Ni-O and Ni-N bond distances are found to be 2.217 Å and 2.029 

Å, respectively, which are in the usual range for this kind of complexes. The prominent 

distortions from the regular octahedral geometries around the metal centers are evident from 

the cisoid angles in the range of [62.60º-103.48º] for Ni1 and [62.01º-100.87º] for Ni2. All 

the crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond lengths and bond angles for both 51 and 52 are listed in Table 

A21, A43 and A65, respectively. 

FTIR and PXRD analysis. FTIR spectra for 53 was recorded in the solid state at room 

temperature as KBr pellets. The characteristic peaks due to asymmetric (asym) and 

symmetric (sym) stretching vibrations of the carboxylates were observed at 1576 cm-1 and 

1388 cm-1. The difference in their values (Δ = 8 cm-1) indicates the chelated bidentate 

binding of the carboxylates to the metal centers. Further, the significant shifts from the 

asymmetric and symmetric -C=O stretch for free H4tcps (1690 cm-1 and 1416 cm-1) 

indicates a strong binding of the carboxylates to the metal center. The phase purity of the 

as-synthesized compound was established with the help of powder X-ray diffraction 

analysis. The repeated powder X-ray diffraction experiment with different batches, resulted 

in the same diffraction pattern. As shown in Figure 3.121a, the experimentally obtained 

powder patterns for as-synthesized compound was in good agreement with the simulated 

powder patterns (obtained from the single crystal data). Most of the peak positions matches 

with the simulated diffraction pattern, some of them differ only in the relative peak 

intensities. This confirms the crystallinity and phase purity of the as-synthesized sample of 

53. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 53 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 53 was heated between 30-500 °C, 
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under a dinitrogen atmosphere and corresponding weight loss was plotted with respect to 

temperature. As shown in Figure 3.121b, the as-synthesized samples exhibit moderate 

thermal stability up to 250 ºC. The initial weight loss in the temperature range of 50 ºC to 

150 ºC can be ascribed due to the loss of lattice solvent molecules. After which no weight 

loss up to 250 ºC indicates the framework stability and continuous weight loss after 250 ºC 

indicates framework degradation at higher temperatures.  

 

Figure 3.121. (a) Powder X-ray diffraction pattern of the as-synthesized samples of 53 compared 

with their respective simulated powder patterns and (b) thermogravimetric profiles for 53. 

Gas sorption studies. The permanent porosity in 53 was established with the help of gas 

sorption experiments. Before any sorption experiment, the sample (~100 mg) was activated 

by degassing at an elevated temperature of 393 K under vacuum conditions (20 mTorr) for 

24 hours to remove the lattice solvent molecules present in voids. The nitrogen sorption 

isotherm at 77 K shows a type I adsorption isotherm indicating the microporous nature of 

53. The Brunauer−Emmett−Teller (BET) surface area and the Langmuir surface area were 

estimated to be 585 m2g−1 and 758 m2g−1, respectively, based on the N2 adsorption 

measurement. After establishing the permanent porosity, the oxygen functionalized pores 

in 53 were further tested for their ability for carbon dioxide capture. Single component CO2 

sorption isotherm was measured at different temperatures (298-263 K) under 1 bar pressure. 

As shown in Figure 3.122a, 53 takes up moderate amount of carbon dioxide 28.4 cm3g-1, 

37.1 cm3g-1, 42.8 cm3g-1, and 50.7 cm3g-1 at 298 K, 283 K, 273 K and 263 K, respectively. 

It is of particular interest to note that the uptake capacity of 53 at 273K is comparable to the 

uptake capacities of well-known MOFs (vide-supra). Further to test the ability of 53 for 

selective CO2 capture, N2 and CH4 adsorption isotherms were collected at 298 K and 273 

K, under 1 bar pressure. When the adsorption values of N2 (1.3 cm3g-1 and 2.7 cm3g-1) and 
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CH4 (3.9 cm3g-1 and 5.8 cm3g-1) at 298 K and at 273 K, respectively are compared with 

those of CO2 under the same conditions, it clear that 53 takes up much higher amount of 

CO2 (Figure 3.122b) than N2 or CH4. The higher CO2 affinity can be attributed to the smaller 

kinetic diameter of CO2 (diameter: 3.30 Å) compared to those of N2 (diameter: 3.64 Å) and 

CH4 (diameter: 4.09 Å) as well as the difference of quadrupole moment, thus allowing CO2 

molecules to diffuse easily into the pores.31 

Before the evaluation of gas selectivity, the quantitative binding strengths of CO2 molecules 

with 53 was calculated based on the virial method, a well-established and reliable 

methodology, from fits of their adsorption isotherms at different temperatures (Figure 

3.122c). For the estimation of Qst by virial method, a virial-type expression consisting of 

the temperature dependent virial parameters (vide supra) were employed to calculate the 

enthalpy of absorption for CO2. The Qst value of 53 at zero coverage was 27.5 kJmol-1. The 

variation of isosteric heat of adsorption is shown in Figure 3.122d. It slightly increases at  

 

Figure 3.122. (a) CO2 sorption isotherms for 53 collected at different temperatures, (b) comparison 

of CO2 sorption isotherm with that of CH4 and N2 at 273 K and 298 K, respectively. (c) Fitting 

(purple solid lines) of the CO2 adsorption isotherms using the virial method and (d) variation of 

isosteric heat of adsorption with respect to surface coverage.  
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high loading and can be due to the increasing in quadrupole-quadrupole interaction.312 This 

trend for Qst is similar to that observed for the interpenetrated MOF NOTT-202a. A 

comparison of the Qst value of 53 at zero coverage with other MOF materials is shown in 

Table A67. 

In the interest of evaluating the gas separation ability of 53, we further studied the mixture 

selectivity at different temperatures for CO2-CH4 and CO2-N2 mixtures at a general feed 

composition of landfill gas (CO2/CH4 = 50:50) and flue gas (CO2/N2 = 15:85) with pressure 

up to 1 bar. We applied the well-known ideal adsorbed solution theory (IAST) developed 

by Myers and Prausnitz for binary mixtures.316 The pure component adsorption data at a 

particular temperature were taken as input to the IAST calculation, and the output predicts 

the mixture adsorption equilibrium over a desired pressure range. In order to calculate the 

selective sorption performance of 53 toward the separation of binary mixed gases, the 

parameters fitted from the single-component CO2, CH4 and N2 adsorption isotherms based 

on the single-site Langmuir-Freundlich equation (vide supra). The IAST calculations were 

carried out for a binary mixture containing 15% CO2 (y1) and 85% N2 (y2), which is typical 

of flue gases and for a binary mixture containing 50% CO2 (y1) and 50% CH4 (y2), which 

is typical of landfill gases.  

 

Figure 3.123. Binary mixture adsorption isotherms and selectivities for CO2/N2 (15/85) mixture and 

CO2/CH4 (50/50) mixtures at 298 K (a and b) and 273 K (c and d), respectively for 53.  
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The mixture adsorption isotherms and adsorption selectivity for 53 at different temperatures 

and pressures calculated by IAST (based on the single site Langmuir-Freundlich model) for 

CO2/N2 and CO2/CH4 mixtures as a function of total bulk pressure are shown in Figure 

3.123. The results indicated that under 1 bar pressure the selectivity for CO2/N2 and 

CO2/CH4 are 218.4 and 67.8 at 273 K and 91.7 and 18.2 at 298 K, respectively. The CO2/N2 

selectivities with 0.15 bar of CO2 and 0.85 bar of N2 (which is a typical composition of flue 

gas mixture from power plants) at 273 K is higher than some of the well-known MOF 

materials. The selectivity values at different temperatures and pressures for some well-

known MOFs and many ZIF materials are tabulated in Table A68. Therefore, it is notable 

that 53 exhibiting moderate CO2 uptake capacity but showing very high CO2/N2 selectivity 

and moderate CO2/CH4 selectivity.  

In order to study the effect of coordination site shifting on to the structure and properties of 

coordination polymers, we report the synthesis of another coordination polymer {[Zn2(3-

tpom)(tcps)].3DMF}n (54), based on Zn(II) metal center, same tetracarboxylate linker and 

3-tpom ligand which is a positional isomer of the tetrapyridyl ligand 4-tpom. The 

solvothermal reaction of zinc acetate, 3-tpom and H4tcps has resulted in the formation of 

54 (Scheme 3.27). The compound has been structurally characterized by single crystal X-

ray diffraction analysis and the molecular formula has been established as {[Zn2(3-

tpom)(tcps)].3DMF}n based on a combination of elemental analysis, thermogravimetric and 

single crystal X-ray diffraction analysis. 

Scheme 3.27. Synthesis of 54. 

 

Single crystal structure analysis. Single crystals suitable for X-ray diffraction analysis 

were obtained by the solvothermal reaction at 120 ºC for 48 h in a solvent mixture of 1:1 

DMF and water. Single crystal X-ray diffraction analysis for 54 reveals that it forms a non-

interpenetrated 3D framework. It crystallizes in a monoclinic crystal system with Pc space 

group. The asymmetric unit consists of two crystalographically independent Zn(II) ions, 

one tcps4- and one 3-tpom ligand. The coordination sites around Zn1 are occupied by two 

oxygen atoms from the carboxylate groups of two tcps4-, where the carboxylates are 

coordinated to the metal center in a monodentate fashion and two nitrogen atoms from two 

3-tpom ligand, giving an N2O2 type tetrahedral coordination environment around Zn1 

(Figure 3.124a). The coordination environment around the Zn2 is distorted octahedral, 
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where four coordination sites are occupied by four oxygen atoms from the carboxylate 

groups of two tcps4-, where the carboxylates are coordinated to the metal center in a 

chelated bidentate fashion. The other two sites are occupied by two nitrogen atoms from 

two 3-tpom ligand, giving an N2O4 type octahedral coordination environment around Zn2 

(Figure 3.124b). The carboxylate linker H4tcps is fully deprotonated and the structure is 

expanded by the full span of carboxylate linker and the tetra(pyridyl) ligand to from an 

overall neutral 3D framework (Figure 3.124c). The open channels in 54 contains highly 

disordered solvent molecules, entrapped during the process of crystallization. The diffused 

electron density due to the lattice solvent molecules was squeezed out using the solvent 

mask option in Olex2 software, during the refinement of the structure. The total potential 

solvent-accessible volumes were estimated to be 29% (885/3068 Å3 per unit cell volume) 

using PLATON software.275 

 

Figure 3.124. (a) coordination enviornment around the metal center (a) Zn1, (b) Zn2 and (c) 

perspective view of the overall 3D framework in 54. 

The structure can be simplified as node and linker representation. Both the metal centers 

(Zn1 and Zn2) are expanded by two carboxylate linkers and two 3-tpom ligands and hence 

can be considered as 4-connected nodes. Similarly, the carboxylate linker tcps4- and 3-tpom 

ligands can also be considered as 4-connected nodes (Figure 3.125a). But unlike 4-tpom 

ligand in 53, the ligand 3-tpom in 54, doesn’t work as a tetrahedral node instead it acts as a 

nearly planar 4-connected node, which is evident from the cisoid angles around the node. 

Therefore, however the structure is composed of only 4-connected tetrahedral nodes and 

exhibits a 4-connected uninodal network topology (Figure 3.125b); it does not give diamond 
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topology. The point symbol for net is {6^5.8}. The average Zn-O and Zn-N bond distances 

are found to be 2.118 Å and 2.059 Å, respectively, which are in the usual range for this kind 

of complexes. The prominent distortions from the regular tetrahedral and octahedral 

geometries around Zn1 and Zn2 are evident from the cisoid angles in the range of [96.30º-

121.72º] for Zn1 and [58.39º-117.99º] for Zn2. All the crystallographic information 

pertaining to data collection and structure refinement parameters, selected bond lengths and 

bond angles for 54 are listed in Table A21, A43 and A65, respectively. 

 

Figure 3.125. Simplified node and linker type representation for 54; (a) the metal centers Zn1 and 

Zn2, carboxylate linker tcps4- and 3-tpom shown as 4-connected nodes and overall 4-connected uni-

nodal network topology. 

FTIR and PXRD analysis. FTIR spectra for 54 was recorded in the solid state at room 

temperature as KBr pellets. The characteristic peaks due to asymmetric (asym) stretching 

vibrations of the carboxylates appeared at 1577 cm-1 and 1541 cm-1 whereas the symmetric 

(sym) stretching vibrations of the carboxylates appeared at 1389 cm-1 and 1364 cm-1. The 

difference in their values (Δ =  cm-1 and  cm-1) indicates monodentate and 

chelated bidentate binding of the carboxylates to the metal centers. Further, the prominent 

shifts from the asymmetric and symmetric -C=O stretch for free H4tcps (1690 cm-1 and 

1416 cm-1) indicates a strong binding of the carboxylates to the metal center. The phase 
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purity of the as-synthesized compound was established with the help of powder X-ray 

diffraction analysis. As shown in Figure 3.126a, the experimentally obtained powder 

patterns for as-synthesized compound was in good agreement with the simulated powder 

patterns (obtained from the single crystal data), which confirms the crystallinity and phase 

purity of the as-synthesized sample of 54. 

 

Figure 3.126. (a) Powder X-ray diffraction pattern of the as-synthesized samples of 54 compared 

with their respective simulated powder patterns and (b) thermogravimetric profiles for 54. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 54 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 54 was heated between 30-500 °C, 

under a dinitrogen atmosphere and corresponding weight loss was plotted with respect to 

temperature. As shown in Figure 3.126b, the as-synthesized samples exhibit very good 

thermal stability up to 350 ºC as no weight loss could be seen up to 350 ºC. 

Gas sorption studies. In addition to the structural diversity due to coordination site shifting 

into the ligand structure, the effect of positional isomerization was also studied for the gas 

adsorption properties of these coordination polymers. The as-synthesized sample of 54 

(~100 mg) was activated by degassing at an elevated temperature of 393 K under vacuum 

conditions (20 mTorr) for 24 hours, prior to any sorption experiment. The low temperature 

nitrogen sorption isotherm indicates that 54 takes up very less amount of gas than 53 under 

similar measurement conditions (Figure 3.127a). The sorption properties of 54 was also 

studied for carbon dioxide capture. Single component CO2 sorption isotherm was measured 

at different temperatures (298 - 263 K) under 1 bar pressure. As shown in Figure 3.127b, 

54 takes up very less amount of carbon dioxide (7.8 cm3g-1, 12.2 cm3g-1and 23.2 cm3g-1 at 

298 K, 273 K and 263 K, respectively) when compared to the uptake capacity of 53. The 
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Brunauer−Emmett−Teller (BET) surface area and the Langmuir surface area were 

estimated to be 104 m2g−1 and 140 m2g−1, respectively, based on the N2 adsorption 

measurement (Figure 3.127c and d). 

 

Figure 3.127. (a) Comparison of N2 sorption isotherms for 53 and 54, (b) CO2 sorption isotherms 

for 54 at different temperatures and (c and d) BET and Langmuir surface area obtained from the N2 

adsorption isotherm for 54. 

The low surface area and comparatively very less gas uptake in 54, clearly illustrate the 

effect of coordination site shifting into the ligand structure. Due to the respective positions 

of the nitrogen donor sites in the ligands 4-tpom and 3-tpom, the ligands act as a 4-

connected tetrahedral and almost planar building blocks, respectively. This accounts for the 

formation of a doubly interpenetrated porous diamondoid framework in 53 whereas a non-

interpenetrated but less porous 3D framework in case of 54.  
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3.4 CHEMISTRY WITH TRIAZOLE FUNCTIONALIZED TETRACARBOXYLATES  

Aiming at CO2 capture into the porous coordination polymers, current efforts are largely 

devoted to enhance the CO2 binding affinity in such coordination polymers either by the 

incorporation of open metal or by the pore functionalization with polar functional groups 

such as –NO2, –NH2, –OH, –COOH, –CONH–, –SO3H, –F, and –CF3 etc. In addition, the 

introduction of additional N-donors and open metal sites into the framework is also known 

to enhance the CO2 capture capacity and selectivity into such functionalized coordination 

polymers than the un-functionalized ones. The introduction of functional groups usually 

adds to the cost of available void volume as the functional groups may lead to some 

occupancy of space in pores. But while considering selective CO2 capture/separation from 

other gases, like CO2/N2 (post-combustion), CO2/H2 (pre-combustion), CO2/O2 (air 

separation), and CO2/CH4 (natural gas purification), it has been found that high porosity of 

the framework is not a prerequisite. Instead, several factors like (a) suitable pore sizes for 

their size-exclusive effects, (b) functional sites and (c) parameters of gases like kinetic 

diameters and their electric properties (quadrupole moment and polarization) are even much 

more important. In this respect various Nitrogen rich MOFs containing triazolate and 

tetrazolate functionalized ligands have been synthesized, but the high affinity of these 

ligands towards the metal ions limits the no. of open donor sites responsible for CO 2 

enhancement during adsorption process. There are only few examples of triazole 

functionalized porous coordination polymers where all the donor sites are available for 

interaction with the CO2 molecules. 

Based on the considerations and with the aim of incorporating accessible nitrogen-donor 

Lewis-basic sites into the polymeric architectures, 1,2,3-triazole functionalized 

tetracarboxylic acid ligands (H4dmsbta and H4tpstba) were synthesized via versatile click 

chemistry in good yields and utilized for the fabrication of coordination polymers with pore 

walls functionalized by nitrogen atoms of the triazole functional groups. As expected, the 

reaction of H4dmsbta with zinc(II) nitrate under solvothermal conditions resulted in a 

thermally robust framework, {[Zn2(dmsbta)(H2O)].4H2O}n (55) (Scheme 3.28)with Zn4 

cluster secondary building units (SBUs), having high density of exposed Lewis-acid metal 

sites and nitrogen-donor Lewis-basic sites accessible for the guest molecules. The 

compound has been structurally characterized by single crystal X-ray diffraction analysis 

and the molecular formula has been established by a combination of elemental analysis, 

thermogravimetric and single crystal analysis. 
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Scheme 3.28. Synthesis of 55  

 

Single crystal structure analysis. Single-crystal X-ray diffraction analysis reveals that 55 

crystallizes in a monoclinic crystal system, with P21/n space group (No. 14). As shown in 

Figure 3.128, the framework is assembled using the Zn4 cluster secondary building units 

(SBUs) and organic ligands dmsbta4-, which can be considered as 8-c node and as a pair of 

3-c nodes, respectively. The asymmetric unit contains two crystallographically independent 

Zn(II) atoms, one dmsbta4-ligand and five water molecules, one of which is coordinated to 

Zn2 atom and other four occupies the lattice positions.  

 

Figure 3.128. Structure description for 55; (a) coordination enviornment around the metal centers, 

(b) perspective view of the 3D framework with open channels, (c) simplified node and linker type 

representation exhibiting a 3,8-connected 2-nodal : cut; sqc517 topology where (d) tetranuclear 

Zn4(COO)6 cluster and organic ligand dmsbta4- have been shown as an eight connected node and a 

pair of 3-connected node, respectively.  

The metal centers, Zn1 is in distorted square pyramidal environment whereas the Zn2 is in 

a tetrahedral coordination environment. The coordination sites around Zn1 are occupied by 

five oxygen atoms from carboxyl groups of four different dmsbta4- ligands and 

coordination sites around Zn2 are occupied by three carboxyl oxygen atoms from three 
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different dmsbta4- ligands and one oxygen atom from coordinated water molecule (Figure 

3.128a). The two metal centers are bridged by the carboxylate groups in the form of a 

Zn4(COO)6 cluster which can be considered as an eight connected SBU. Further the eight 

connected SBU is expanded by the full span of the carboxylate linker dmsbta4- (a pair of 

3-connected node) (Figure 3.128d) to form a 3D framework with open channels. The 

simplified node and linker type representation reveal that the framework exhibits a 3,8-

connected 2-nodal: cut; sqc517 (epinet.ttd) topology with point symbol 

{4.6^2}4{4^12.6^4.8^12} as determined by the TOPOS program.274 The τ parameter,276 

which is an indicator for the deviation from the ideal square-pyramidal (τ = 0) and trigonal 

bipyramidal (τ = 1) geometries for five coordinate metal centers, is found to be 0.2 for Zn1. 

The framework consists of open channels along the c-axis (Figure 3.128b), with an 

approximate diameter of 8.7 X 6.1 Å2 along the c axis (regardless of the van der Waals 

radii). The total solvent-accessible volume for 55 was estimated to be 18% (692/3706 Å3 

per unit cell volume) using PLATON software.275 The average Zn-O distance is found to 

be 1.962 Å, which is in the usual range for this kind of complexes. The prominent distortions 

from the regular square pyramidal and tetrahedral geometries around Zn1 and Zn2 are 

evident from the cisoid angles in the range of [56.07º-111.99º] for Zn1 and [97.28º-121.21º] 

for Zn2. All the crystallographic information pertaining to data collection and structure 

refinement parameters, selected bond lengths and bond angles for 55 are listed in Table 

A22, A44 and A66, respectively. 

FTIR and PXRD analysis. FTIR spectra for 55 was recorded in the solid state at room 

temperature as KBr pellets. A broad band between 3400 – 3440 cm-1 in the FTIR spectrum 

of 55 indicates the existence of coordinated and lattice water molecules, whereas the sharp 

peaks in the range of 1380–1630 cm-1 can be assigned due to the asymmetric and symmetric 

stretching of the carboxylates coordinated to the metal centers. The Δ (Δ= Δasym - sym) 

values of  cm-1 and  cm-1 indicates the monodentate and chelated bidentate binding 

of the carboxylates to the metal centers, respectively.251 Further, the prominent shifts from 

the asymmetric and symmetric -C=O stretch for free H4dmsbta (1722 cm-1 and 1463 cm-1) 

indicates a strong binding of the carboxylates to the metal center. The phase purity of the 

as-synthesized compound was established with the help of powder X-ray diffraction 

analysis. As shown in Figure 3.129a, the experimentally obtained powder patterns for as-

synthesized compound was in good agreement with the simulated powder patterns (obtained 
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from the single crystal data), which confirms the crystallinity and phase purity of the as-

synthesized sample of 55. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 55 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 55 was heated between 30-500 °C, 

under a dinitrogen atmosphere and corresponding weight loss was plotted with respect to 

temperature. As shown in Figure 3.129b, the as-synthesized samples 55 exhibits a weight 

loss of ~7% in the temperature range 50-150 °C followed by ~2% weight loss in the 

temperature range 180-250 °C, which can be ascribed to the loss of four lattice water (8%) 

and one coordinated water (2.2%) molecules, respectively. No further weight loss was 

observed until 325 °C, before the framework degradation, indicating very good thermal 

stability up to 325 ºC. The robustness and thermal stability of 55 was further checked by in-

situ variable temperature powder X-ray diffraction (VT-PXRD) (Figure 3.129c). In addition 

to the thermal stability, the chemical stability of 55 was also tested towards various solvents 

by powder X-ray diffraction analysis. It was found that the PXRD pattern of the compound 

remains the same after soaking in various solvents, which reflects the stability of 55 towards 

these solvents (Figure 3.129d).  

 

Figure 3.129. (a) Powder X-ray diffraction pattern of the as-synthesized samples of 55 compared 

with the simulated powder patterns and (b) thermogravimetric profiles for 55, (c) temperature 

dependent powder X-ray diffraction and (d) PXRD pattern of 55 after socking in different solvents. 
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Gas sorption studies. The establishment of permanent porosity in 1 was evaluated through 

N2 adsorption isotherm at 77 K. The as-synthesized sample of 55 (~100 mg) was activated 

by degassing at an elevated temperature of 393 K under vacuum conditions (20 mTorr) for 

24 hours, prior to any sorption experiment. Interesting enough that 55 takes similar amount 

of N2 and CO2 at low temperatures (N2 at 77 K and CO2 at 195 K). The Brunauer–Emmett–

Teller (BET) and Langmuir surface area was estimated to be 314 m2g-1and 447 m2g-1, 

respectively. The properly oriented accessible N-donor sites towards the pores and high 

CO2 uptake by 55 at low temperature, inspired us to explore the potential of 55 for CO2 

capture and separation from a gas mixture under ambient conditions. Single component CO2 

sorption isotherm was measured at different temperatures (298 - 263 K) under 1 bar 

pressure. As shown in (Figure 3.130a), 55 takes up moderate amount of carbon dioxide 

(41.7 cm3g-1), (46.6 cm3g-1), (49.5 cm3g-1), and (52.3 cm3g-1) at 298 K, 283 K, 273 K and 

263 K, respectively. The quantitative binding strengths of CO2 molecules with the 

framework was calculated based on the virial method, a well-established and reliable 

methodology from fits of their adsorption isotherms at different temperatures. For the 

estimation of Qst by virial method, a virial-type expression consisting of the temperature 

dependent virial parameters (vide supra) were employed to calculate the enthalpy of 

absorption for CO2. The Qst value of 55 at zero coverage was 32.5 kJmol-1, which is higher 

than the values for M’MOF-20 (28.4 kJmol-1), {Cd2(L)(2,6-NDC)2}n (28.1 kJmol-1), 

{Cu(bcppm)H2O}n and JUC-199 (29 kJmol-1), MIL-53(Cr) and Hpip@ZnPC-2 (32 kJmol-

1), UMCM-1 (12 kJmol-1), MOF-5 (17 kJmol-1), CuBTTri (21kJmol-1), IITKGP-5 (22.6 

kJmol-1), IITKGP-6 (23 kJmol-1) and NOTT-40 (25 kJmol-1) but is lower than the extra high 

values of 60 kJmol-1 for MIL-10035 and 90 kJmol-1 for HCu-[(Cu4Cl)3(BTTri)8(en)5] (Table 

A67). 

Since 55 takes up very less N2 and CH4 compared to CO2 (Figure 3.130b), the gas mixture 

selectivity was studied for CO2-N2 and CO2-CH4 mixture at a general feed composition of 

flue gas (CO2/N2 = 15:85) and landfill gas (CO2/CH4 = 50:50) with pressure up to 1 bar, by 

applying well-known ideal adsorbed solution theory (IAST) developed by Myers and 

Prausnitz for binary mixtures.316 Mixture adsorption isotherms and adsorption selectivities 

at 298 K and up to 1 bar pressures calculated by IAST (based on the single site Langmuir-

Freundlich model) for mixed CO2/N2 and CO2/CH4 in 55 as a function of total bulk pressure 

are shown in Figure 3.130c and d. The results indicate that under 1 bar pressure the 

selectivity values for CO2/N2 (161.5) and CO2/CH4 (29.4) are much higher than the values 

reported for some well-known examples (Table A68). The highly selective CO2 capture 
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further suggests the positive effect of dual functionalities into the framework. The 

applicability of 55 for selective CO2 capture was further studied by recycling experiments; 

it was found that even after 3 cycles, it still maintains about 100% adsorption capacity. 

Grand Canonical Monte Carlo Simulations. The highly selective and efficient CO2 

capture performance of 55 under ambient conditions has motivated us to examine the 

accurate interactions between the framework and CO2 molecules. To understand the 

sorption behaviour of 55, Grand Canonical Monte Carlo (GCMC) simulations have been 

implemented using Material Studio program. As shown in Figure 3.131, the CO2 molecules 

 

Figure 3.130. (a) CO2 sorption isotherms for 55 collected at different temperatures, (b) comparison 

of CO2 sorption isotherm with that of N2 and CH4 and (c and d) Binary mixture adsorption isotherms 

and selectivities for CO2/N2 (15/85) mixture and CO2/CH4 (50/50) mixtures, respectively at 298 K. 

 

Figure 3.131. The snapshot of CO2 adsorption for 55 at 1 bar and 298 K, calculated using GCMC 

method. The green dashed line represents the interaction between the CO2 molecule and the 

preferential binding sites into the framework. Color codes: blue, N; gray, C; red, O; green, Zn. 
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prefer to coordinate with open Zn(II) sites through Zn-O interaction. Also the uncoordinated 

nitrogen atoms of the triazole group interact as Lewis base with the CO2 molecules. The 

shortest Zn…OCO2 separation of 3.024 Å is very close to the sum of van der Walls radii of 

Zn (1.39 Å) and O (1.52 Å) atoms, whereas the shortest N…CCO2 separation of 2.984 Å is 

significantly shorter than the sum of van der Walls radii of N (1.55 Å) and C (1.7 Å) atoms, 

indicating strong interactions of the CO2 molecules with the framework.  

 

Figure 3.132. The snapshot of (a) CH4 and (b) N2 adsorption for 55 at 1 bar and 298 K, calculated 

using GCMC method. Color codes: blue, N; gray, C; red, O; white, H; green, Zn, (c) simulated 

adsorption isotherms for CO2, CH4 and N2 on 55 at 298 K and 1 bar and (d) energy histogram for 

55 in presence of CO2, CH4 and N2. 

From the simulation experiments, it is also evident that 55 takes up comparatively high CO2 

than N2 and CH4 (Figure 3.132), which is in accordance with the experimental results. 

Further, the very strong interaction of the CO2 with the framework was established by 

evaluating the binding energies of CO2 (-11.27 kJ/mol), N2 (-4.8 kJ/mol) and CH4 (-
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5.7kJ/mol) (Figure 3.132). Moreover, the GCMC simulation was also accomplished for 

binary CO2/N2 (1:1) and CO2/CH4 (1:1) mixtures at 298 K and 1 bar pressure. As shown in 

Figure 3.133, the highly selective CO2 uptake in the framework over N2 and CH4 in the 

mixed gas compositions further corroborates to the IAST selectivity obtained from the 

experimental adsorption isotherms. 

 

 

Figure 3.133 Simulated adsorption isotherms for (a) CO2/N2 (50/50) and (c) CO2/CH4 (50/50) 

binary mixtures at 298 K and their energy histograms (b and d, respectively). 

In addition to the selective CO2 capture, another attractive means of effective CO2 

elimination is the direct chemical conversion of CO2 into value added chemicals (e.g. 

dimethyl carbonates, cyclic carbonates, N,N’-disubstituted ureas or formic acid). Therefore, 

after establishment of permanent porosity, chemical stability and highly selective CO2 

capture, the existence of high density of Lewis-acid metal sites was further examined for 

the catalytic activity of 55, towards chemical conversion of CO2 to cyclic carbonates. 

Although several MOFs as heterogeneous catalysts for chemical conversion of CO2 into 

cyclic carbonates have been demonstrated but under the conditions of high pressure and 

high temperature.193,197,199,304,307 Together with significant uptake and limited reports for 

chemical conversion of CO2 into cyclic carbonates at ambient conditions,183,192,200 the 
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catalytic activity of 55 for this conversion was explored under mild conditions (30-40 °C 

and 1 atm. pressure). Epichlorohydrin was taken as a standard substrate with 55 as a catalyst 

in conjunction with tetra-n-tert-butyl ammonium bromide (TBAB) as a co-catalyst. The 

progress of the reaction was monitored by 1H NMR experiments; a complete conversion 

(>99%) was obtained over 24 h, which indicates excellent catalytic activity of 55. The 

catalytic activity is much higher than the previously reported MOF materials. Furthermore, 

the catalytic performance of 55 was also examined for different functional group substituted 

epoxides under the same conditions. The results are summarized in Table 3.13.  

 

The high catalytic activity of 55 was also obtained for the larger-sized 1,2-epoxyhexane 

substrate with a conversion of 84.7% (Table 3.13, entry 6); but the the efficiency drops 

dramatically for the bigger bulky styrene oxide and phenyl glycidyl ether (Table 3.13, entry 

9 and 10). This is perhaps due to, on the one hand, the limited diffusion of bulky epoxide 

substrates into the channels of 1a and, on the other hand, the low reactivity at the -carbon 

atom of large size substrates. The recyclability of 55, was assessed by taking the 

cycloaddition of CO2 with epichlorohydrin as an example. After each catalytic run, it was 

separated, washed with DCM, dried under vacuum and reused for five consecutive 

experiments. A very little drop (8-10%) in the catalytic activity was observed even after 

five catalytic cycles (Figure 3.134a). Based on PXRD data of the catalyst recorded before 

and after five cycles, no loss of crystallinity or phase purity of the catalyst was observed 
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(Figure 3.134b). The hot filtration test reflects the requisite role of 55 as a heterogeneous 

catalyst (Figure 3.134c).  

 

Figure 3.134. (a) conversion for five consecutive cycles for the cycloaddition reaction of CO2 with 

epichlorohydrin, catalyzed by 55, (b) PXRD pattern of 55 before and after catalysis experiments 

and of (c) progress of the reaction with time in presence of catalyst (solid lines) and after separating 

the catalyst from the reaction mixture (dotted lines) for cycloaddition reaction of CO2 with 

epichlorohydrin. 

Based on the studies described above, a possible mechanism for cycloaddition of CO2 with 

epoxides is presented in Figure 3.135. First, epoxides are activated by the Lewis-acid metal 

sites, when O atom of epoxide interacts with the Lewis-acid metal site. Second, the less-

hindered C atoms of the epoxides are attacked by Br- nucleophiles from TBAB to open the 

epoxy ring. Finally, the opened epoxy ring adds up with CO2 to produce the cycloaddition 

product. The mechanism can be further supported by GCMC simulations (Figure 3.136). 

Therefore 55 presents a dual functionalized Zn (II) organic framework with exposed Lewis-

acid metal sites and accessible nitrogen-donor Lewis basic sites which exhibits highly 

selective CO2 capture and its chemical conversion under ambient conditions. The GCMC 

simulations further supports the contributions of dual active sites for preferential strong 

interactions with the CO2 as well as epoxide molecules.  
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Figure 3.135. Plausible mechanism for the cycloaddition reactions of CO2 with epoxides catalyzed 

by 55. 

 

Figure 3.136.  Propylene oxide position in 55 generated from GCMC simulation using locate 

method. 

The very high CO2 capture capacity and selectivity followed by very good thermal stability 

and catalytic activity towards cycloaddition of carbon dioxide to cyclic carbonates has 

motivated us to design such triazole functionalized porous coordination polymers with open 



216 

 

metal sites. For this purpose, we have designed another triazole functionalized 

tetracarboxylic acid (H4tpstba) and used it in combination with Cu(II), which is known to 

form dimetallic paddle wheel clusters as SBUs, where the axial positions of the paddle 

wheel SBUs are generally occupied by the coordinating solvent molecules. These 

coordinating solvents can be removed to generate catalytically active metal centers into the 

resulting framework structures. As per our expectations, the solvothermal reaction of 

H4tpstba with copper acetate has resulted in the construction of a highly interpenetrated 3D 

porous framework with Cu2(COO)4 dimetallic paddle wheel core as SBU (Scheme 3.29). 

The compound has been structurally characterized by single crystal X-ray diffraction 

analysis and the molecular formula has been established by a combination of elemental 

analysis, thermogravimetric and single crystal analysis. 

Scheme 3.29. Synthesis of 56 

 

Single crystal structure analysis. Single crystals suitable for X-ray diffraction analysis 

were obtained by the solvothermal reaction at 100 ºC for 48h in a solvent mixture of 1:1 

DMF and water. It crystallizes in a tetragonal crystal system with P42/n space group and 

forms an eight-fold interpenetrated 3D framework. The asymmetric unit contains two Cu(II) 

ions, one tpsbta4- and two water molecules coordinated to the metal centers.  

 

Figure 3.137. Structure description of 56; (a) coordination environment around the metal center, 

(b) perspective view of the 3D framework with open channels and (c) fourfold interpenetration into 

the framework. 
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The coordination enviornment around each metal center is distorted square pyramidal, 

where the five coordination sites are occupied by four oxygen atoms from the carboxylate 

group of four different tpsbta4- at equatorial positions and the axial position is occupied by 

the oxygen atom of the coordinated water molecule (Figure 3.137a). Each carboxylate 

group is coordinated to the metal centers in a bridging monodentate fashion resulting in the 

formation of a Cu2(COO)4 paddle wheel dimetallic core as secondary building unit. The 

carboxylate linker tpsbta4- is fully deprotonated and structure is expanded by the full span 

of tetrahedral linker to form a 3D network with open channels with dimensions 31.6 × 31.6 

Å2 (27.4 × 27.4 Å2 without van der Wall radii) (Figure 3.137b), which are filled with highly 

disordered DMF molecules. The diffused electron density due to the highly disordered 

solvent molecules was squeezed out using the solvent mask option in Olex2 software,203 

during the refinement of the structure. The channel size is further reduced to 17.8 × 17.8 Å2 

(13.6 × 13.6 Å2 without van der Wall radii) due to fourfold interpenetration into the 

framework (Figure 3.137c). The total potential solvent-accessible void volume for 56 was 

estimated to be 62% (14567/23362 Å3 per unit cell volume) using PLATON software.275  

 

Figure 3.138. Simplified node and linker type representation for 56; (a) paddle wheel SBU and the 

ligand H4tpstba shown as 4-connected nodes and overall 4,4-connected 2-nodal PtS topology (b) 

without interpenetration and (c) with fourfold interpenetration. 
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The structure can be simplified in the form of node and linker type representation, where 

the paddle wheel SBU can be considered as a planar 4-connected node and the ligand 

tpsbta4- as a tetrahedral 4-connected node (Figure 3.138a). Further examination of the node 

and linker type representation reveal that the framework exhibits a 4,4-connected 2-nodal : 

PtS, Cooperite; sqc183 (topos&RCSR.ttd) topology with point symbol {4^2.8^4} as 

determined by the TOPOS program (Figure 3.138b and c).274  

The average Cu-O bond length 1.994 Å, in 56, is in the usual range for this kind of 

complexes. The prominent distortions from the regular square pyramidal geometries around 

Cu1 and Cu2 are evident from the bond angle value around the metal centers. All the 

crystallographic information pertaining to data collection and structure refinement 

parameters, selected bond lengths and bond angles for 56 are listed in Table A22, A44 and 

A66, respectively. The DMF molecules present in the crystal lattice are highly disordered 

and could not be modelled. The diffused electron density due to the disordered DMF 

molecules was squeezed out during structure refinement and number of solvent molecules 

was calculated based on the electron counts squeezed out. 

Calculation of determining solvent molecules squeezed out: 

Number of electrons squeezed out (N: Electron Count / Cell) =   6556 - To be included in 

D(calc), F000 & Mol.Wght. 

Z = 8 

Therefore number of electron per formula unit = 6556/8 = 819 

Number of electrons in (20 DMF) molecule = (40 x 20) = 800; this is in good agreement 

with the number of electrons squeezed out (819). 

FTIR and PXRD analysis. FTIR spectrum for 56 was recorded in the solid state at room 

temperature as KBr pellets. A broad band in the ramge of 3350 – 3400 cm-1 indicates the 

presence of coordinated water molecules, whereas the sharp peaks at 1604 cm-1 and 1406 

cm-1 can be assigned due to the asymmetric and symmetric stretching of the carboxylates 

coordinated to the metal centers. The Δ values of  cm-1 indicates that the carboxylates 

are coordinated to the metal center in a bridging monodentate fashion.251 Further, the 

prominent shifts from the asymmetric and symmetric -C=O stretch for free H4dmsbta 

(1722 cm-1 and 1463 cm-1) indicates a strong binding of the carboxylates to the metal center. 

The phase purity of the as-synthesized compound was established with the help of powder 

X-ray diffraction analysis. As shown in Figure 3.139a, the experimentally obtained powder 

patterns for as-synthesized compound was in good agreement with the simulated powder 



219 

 

patterns (obtained from the single crystal data), which confirms the crystallinity and phase 

purity of the as-synthesized sample of 56. 

Framework stabilities and thermal properties. The thermal stability and structural 

variation as a function of temperature for 56 was studied by their thermogravimetric 

analysis (TGA). Single phase polycrystalline samples of 56 was heated between 30-500 °C, 

under a dinitrogen atmosphere and corresponding weight loss was plotted with respect to 

temperature. As shown in Figure 3.139b, the as-synthesized samples 56 exhibits continuous 

weight loss up to 250 °C, which can be ascribed to the loss of lattice solvent molecules. The 

framework shows stability up to 250 ºC, after which sudden weight loss indicates the 

framework degradation. 

 

Figure 3.139. (a) Powder X-ray diffraction pattern of the as-synthesized samples of 56 compared 

with the simulated powder patterns and (b) thermogravimetric profiles for 56. 

Owing to the large volume of solvent accessible voids functionalized with Lewis-basic 

nitrogen atoms of the triazole group along with high density of open metal sites, 56 can be 

a potential candidate for selective carbon dioxide capture and its chemical conversion into 

value added chemicals. 
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CHAPTER IV 

 

Conclusions 

1. For a systematic combination of various polypyridyl ligands (tridentate, bis-

tridentate, bis-pyridyl and tetra-pyridyl), carboxylate linkers (di-, tri- and 

tetracarboxylates) and divalent metal ions, a set of over sixty coordination 

architectures with varied dimensionalities (0D, 1D, 2D and 3D) have been 

synthesized and well characterized by a combination of different analytical 

techniques. In most of the cases, the compounds have been structurally characterized 

by single crystal X-ray diffraction analysis and bulk phase purity of the as-

synthesized compounds have been established by powder X-ray diffraction analysis.  

2. A new strategy has been developed for the coordination driven self-assembly of 

molecular squares in a [2+2+2] self-assembly process, without using the pre-

synthesized precursors. The self-assembly of M(II) acetates with a tridenate capping 

ligand and a bent dicarboxylate linker at ambient conditions has resulted in the 

formation of molecular squares in a highly selective manner. The synthetic strategy 

used to construct the molecular squares have been generalized with the synthesis of 

molecular squares with different metal ions and another bent dicarboxylate linker. 

Further, the presence of Lewis-acidic open metal sites along with very good thermal 

and chemical stability of these molecular squares has enabled their use as an 

efficient heterogeneous catalyst towards Lewis-acid catalysed Knoevenagel 

condensation reaction. On the other hand, the blue emitting nature of the cadmium 

analogous have been explored for the detection of nitrobenzene. 

3. The chemistry of the tridentate polypyridyl capping ligands and bent dicarboxylate 

linkers with divalent transition metal ions have been further extended to synthesize 

polymeric structures through connected polygons. The structure of polypyridyl 

capping ligand was modified to have two capping sites, which are separated either 

by a flexible alkyl chain or a rigid xylyl spacer. The effect of spacer chain length 

and rigidity or flexibility of the xylyl or alkyl spacers on the structural diversity of 

the final architectures has been studied for the Mn(II) or Cd(II)-dicarboxylate 

systems. By varying the reaction conditions and the spacer chain length of the 

polypyridyl ligands, optimized reaction conditions have been presented for the 

isolation of both possible structural isomers.  
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4. By employing the well-known pillar layer strategy, a series of coordination 

polymers with varied dimensionalities has been synthesized for the Zn(II)-

dicarboxylate system.  Through strategic modifications of different neutral N-donor 

pillar ligands, the control over the dimensionality and structural interpenetration has 

been established for Zn(II) coordination polymers with a similar dinuclear 

(Zn2(COO)4) paddle wheel core as an SBU.  

5. The pillar layer strategy has been further extended for the Mn(II)-dicarboxylate 

system in constructing magnetically active pillared-layer frameworks. By varying 

the length and rigidity/flexibility of the pillar ligands, a series of Mn(II) coordination 

polymers with different types of dinuclear or tetranuclear cores have been 

synthesized in good yields. The introduction of a rigid pillar ligand bpy has resulted 

in the formation of a 2D robust pillared-layer framework based on the rare 

paddlewheel subunit [Mn2
II(μ-O2CR)4]. Whereas, the introduction of relatively 

flexible ligands bpee or azopy has resulted in the frameworks with the paddle wheel 

core along with mononuclear Mn(II) center as the repeat units. Similalrly, the 

introduction of conformationally flexible ligand bpe and longer bpy analogue, dpb, 

has resulted in the formation a 3D coordination polymer with (µ-aqua)bis(µ-

carboxylato)-  dimanganese core [Mn2
II(μ-OH2)(μ-O2CR)2] and a 2D framework 

with carboxylato bridged tetranuclear Mn4 cluster as an SBU, respectively. The 

coordination polymer with (µ-aqua)bis(µ-carboxylato)-dimanganese core, [Mn2
II(μ-

OH2)(μ-O2CR)2], represents a unique example because of its relevance to biological 

systems. 

6. The effect of rigidity/flexibility of the pillar ligands has been further studied for the 

Co(II)-dicarboxylate system, where a set of six Co(II) coordination polymers has 

been synthesized with the same dinuclear paddlewheel SBU and the effect of 

conformational flexibility or rigidity on the dimensionality of final architectures has 

been presented. The use of rigid and conformationally locked pillar ligands has 

resulted in the formation of 2D coordination polymers, whereas the introduction of 

conformationally flexible ligands has resulted in the formation of 3D porous 

frameworks. The frameworks exhibit very good thermal stability as confirmed by 

their thermogravimetric analysis. 

7. The structural diversity due to the coordination preferences of different metal ions 

has been observed for the same carboxylate linker. The self-assembly of the 
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dicarboxylate linker and bpe ligand with Cd(II) acetate has resulted in the formation 

of 1D coordination polymer. Due to the presence of open metal sites, it has been 

utilized as a reusable heterogeneous catalyst for the Knoevenagel condensation 

reaction. Further, the incorporation of an azine functionalized pillar ligand 4-bpdb 

instead of bpy has resulted in the formation of an isostructural framework with dual 

catalytic sites, which allowed its use in acid catalyzed Knoevenagel condensation 

reaction and base catalyzed Biginelli reaction. 

8. The synthesis and structural characterization of a chiral Cd(II) coordination polymer 

based on a relatively simple bent dicarboxylate linker and conformationally flexible 

bpp ligand has been reported without the need of any chiral auxiliaries such as 

enantiopure solvents, additives, catalysts or a template. The chirality induction has 

occurred due to the helical arrangement of the polymeric chain around a twofold 

screw-axis. The microporous nature and the presence of open metal sites in the 

activated framework has been utilized for its catalytic activity towards Lewis acid 

catalyzed C-C and C-N bond forming Knoevenagel condensation and Strecker 

reactions, respectively. The structural integrity of the catalyst during the reaction 

was retained and thus provided its heterogeneous nature. Further, the incorporation 

of a napthyl based pillar ligand 1,5-ND-4-Py into the Cd(II)-dicarboxylate system 

has resulted in the formation of 3D porous framework. This kind of 3D porous 

frameworks with fluorophore-based ligands can impart interesting luminescence 

properties. 

9. By utilizing the flexible tetradentate ligand 4-tpom in combination of a bent 

dicarboxylate linker, two highly stable 3D porous coordination polymers of Zn(II) 

and Cd(II) have synthesized and their excellent thermal stability and robustness have 

been established by temperature dependent powder X-ray diffraction analysis. The 

highly selective carbon dioxide adsorption property of both frameworks along with 

the excellent stability and presence of unsaturated metal sites in the Zn(II) 

framework have allowed its use as an efficient heterogeneous catalyst for the 

chemical conversion of CO2 into value added cyclic carbonates.   

10. A systematic investigation has been carried out to study the influence of the 

coordination site shifting into the ligand structure to the final architecture and their 

properties. The use of 3-tpom instead of 4-tpom in Zn(II)-dicarboxylate system has 

resulted in a coordination polymer with an entirely different framework architecture 
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and topology. Further, a decrease in the gas adsorption capacity has also been 

observed. 

11.  Two isostructural double layered anionic coordination polymers of Cd(II) have 

been fabricated by utilizing a tricarboxylate linker in combination with pillar ligands 

bpy and azopy. These anionic polymers can be good candidates for cationic guest 

adsorption and separation applications. 

12. A new twofold interpenetrated 3D coordination polymer, based on a tetrahedral 

tetracarboxylate and the rigid pillar ligand bpy, has been synthesized under 

solvothermal conditions. The gas adsorption studies revealed the role of 

interpenetration for comparatively higher uptake for smaller sized CO2 molecules 

than larger sized (N2 and CH4) gas molecules. In addition, the framework exhibits 

moderately high selectivity for separation of CO2/N2 and CO2/CH4 gas mixtures 

based on the IAST. With high thermal and water stability, this selectivity entitles 

the framework as a good candidate for practical applications in gas separation and 

purification processes.  

13. The chemistry of tetrahedral tetracarboxylate linker with rigid pillar ligands has 

been further extended to Cd(II) and a set of four 3D coordination polymers has been 

reported. The introduction of bpy or azopy has resulted into the construction of 

isostructural frameworks whereas the introduction of 3-bpdb or 3-bpdh has resulted 

into another set of isostructural coordination polymers. The photoluminescence 

properties of the azine functionalized coordination polymers have been further 

utilized for highly selective and sensitive detection of TNP at the ppb level. 

14. A porous coordination polymer with diamondoid network topology has been 

synthesized by the self-assembly of tetrahedral tetracarboxylate linker and 

tetrahedral tetradendate ligand 4-tpom with Ni(II) metal center. The doubly 

interpenetrated framework exhibits moderate CO2 uptake capacity with very good 

IAST selectivity. Further, the coordination site shifting in the N-donor ligand has 

resulted into a change in network topology and CO2 uptake capacity of the 

framework indicating the important role of judicious ligand selection for the 

fabrication of such porous coordination polymers. 

15. For enhanced CO2 uptake capacity and selectivity, 1,2,3-triazole functionalized 

tetracarboxylic acid ligands have been designed and synthesized in good yields. The 

utilization of these ligands for the fabrication of polymeric architectures has resulted 

into the coordination polymers having high density of exposed Lewis-acid metal 
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sites and nitrogen-donor Lewis-basic sites accessible for the guest molecules. The 

Zn(II) compound 55, exhibits very good CO2 uptake capacity with very high 

selectivity over N2 and CH4. Further, the high density of open metal sites makes it 

an efficient heterogeneous catalyst for cycloaddition reaction of CO2 with epoxides 

to generate value-added cyclic carbonates. 
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APPENDIX 

 

Table A1. Crystallographic data and structure refinement parameters for 1 and 4. 

Compound  1 4 

Empirical formula C64H74Mn2N6O10Si2 C64H74N6O10Si2Cd2 

Formula weight 1253.35 1368.27 

Temperature/K 296.15 296.15 

Crystal system triclinic triclinic 

Space group P1 P1 

a/Å 8.7239(2) 8.2227(10) 

b/Å 13.9878(4) 13.2417(17) 

c/Å 14.5801(4) 13.6655(18) 

α/° 98.608(2) 98.980(2) 

β/° 100.9110(10) 102.437(2) 

γ/° 104.0960(10) 104.636(2) 

Volume/Å3 1658.23(8) 1370.5(3) 

Z 1 1 

ρcalcg/cm3 1.255 1.658 

μ/mm-1 0.475 0.891 

F(000) 658 704 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.15 × 0.15 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.906 to 50.136 3.13 to 50.164 

Index ranges 
-10 ≤ h ≤ 10, -16 ≤ k ≤ 16,  

-17 ≤ l ≤ 17 

-9 ≤ h ≤ 9, -15 ≤ k ≤ 15,  

-16 ≤ l ≤ 16 

Reflections collected 44511 18002 

Independent reflections 
5899 [Rint = 0.0397,  

Rsigma = 0.0206] 

4872 [Rint = 0.0362,  

Rsigma = 0.0377] 

Data/restraints/parameters 5899/0/385 4872/0/385 

Goodness-of-fit on F2 1.026 1.057 

Final R indexes [I>=2σ (I)] R1 = 0.0301, wR2 = 0.0805 R1 = 0.0336, wR2 = 0.0713 

Final R indexes [all data] R1 = 0.0350, wR2 = 0.0849 R1 = 0.0442, wR2 = 0.0752 

Largest diff. peak/hole / e Å-3 0.28/-0.30 0.34/-0.49 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A2. Crystallographic data and structure refinement parameters for 5, 9 and 10. 

Compound 5 9 10 

Empirical formula C60H62Mn2N6O12 C60H62N6O12Zn2 C60H62Cd2N6O12 

Formula weight 1169.03 1189.89 1283.95 

Temperature/K 296.15 296.15 296.15 

Crystal system triclinic triclinic triclinic 

Space group P1 P1 P1 

a/Å 9.061(3) 9.017(4) 9.2466(16) 

b/Å 9.991(3) 10.047(5) 10.1167(18) 

c/Å 17.405(5) 17.543(10) 17.518(3) 

α/° 73.892(4) 73.400(6) 73.518(2) 

β/° 87.146(4) 87.639(7) 86.683(2) 

γ/° 63.605(4) 63.565(5) 63.544(2) 

Volume/Å3 1351.0(7) 1357.0(12) 1402.4(4) 

Z 1 1 1 

ρcalcg/cm3 1.437 1.456 1.52 

μ/mm-1 0.539 0.955 0.827 

F(000) 610 620 656 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.15 × 0.15 × 0.15 0.2 × 0.15 × 0.15 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.444 to 50.24 2.434 to 50.332 2.432 to 50 

Index ranges 
-10 ≤ h ≤ 10, -11 ≤ k 

≤ 11, -20 ≤ l ≤ 20 

-10 ≤ h ≤ 10, -12 ≤ k 

≤ 11, -20 ≤ l ≤ 20 

-10 ≤ h ≤ 10, -12 ≤ k 

≤ 12, -20 ≤ l ≤ 20 

Reflections collected 19882 18708 14344 

Independent 

reflections 

4793 [Rint = 0.0366, 

Rsigma = 0.0339] 

4811 [Rint = 0.0299, 

Rsigma = 0.0255] 

4870 [Rint = 0.0260, 

Rsigma = 0.0283] 

Data/restraints/param

eters 
4793/0/365 4811/3/370 4870/0/365 

Goodness-of-fit on 

F2 
1.069 1.166 1.121 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0341,  

wR2 = 0.0804 

R1 = 0.0386,  

wR2 = 0.1145 

R1 = 0.0255,  

wR2 = 0.0767 

Final R indexes [all 

data] 

R1 = 0.0424,  

wR2 = 0.0910 

R1 = 0.0417,  

wR2 = 0.1206 

R1 = 0.0291,  

wR2 = 0.0854 

Largest diff. 

peak/hole / e Å-3 
0.30/-0.44 0.86/-0.35 0.32/-0.35 

 aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 

 

  



243 

 

Table A3. Crystallographic data and structure refinement parameters for 11 and 11a. 

Compound  11 11a 

Empirical formula 
C30H32MnN3O5Si 
.C3H7NO 

C30H32MnN3O5Si 

Formula weight 670.71 597.61 

Temperature/K 100.15 296.15 

Crystal system triclinic triclinic 

Space group P1 P1 

a/Å 9.17(2) 8.537(3) 

b/Å 14.46(3) 12.938(4) 

c/Å 14.84(3) 14.713(5) 

α/° 100.33(3) 104.535(4) 

β/° 103.91(3) 94.021(4) 

γ/° 99.75(3) 102.967(4) 

Volume/Å3 1833(7) 1519.1(8) 

Z 2 2 

ρcalcg/cm3 1.215 1.306 

μ/mm-1 0.437 0.516 

F(000) 704 624 

Crystal size/mm3 0.15 × 0.15 × 0.15 0.1 × 0.1 × 0.1 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.906 to 51.506 2.886 to 50.014 

Index ranges 
-11 ≤ h ≤ 11, -17 ≤ k ≤ 17,  

-18 ≤ l ≤ 18 

-10 ≤ h ≤ 10, -15 ≤ k ≤ 15,  

-17 ≤ l ≤ 17 

Reflections collected 40751 14419 

Independent reflections 
6924 [Rint = 0.2652,  

Rsigma = 0.1964] 

5176 [Rint = 0.0274,  

Rsigma = 0.0370] 

Data/restraints/parameters 6924/0/395 5176/0/364 

Goodness-of-fit on F2 0.925 1.025 

Final R indexes [I>=2σ (I)] R1 = 0.0840, wR2 = 0.1931 R1 = 0.0364, wR2 = 0.0873 

Final R indexes [all data] R1 = 0.2011, wR2 = 0.2525 R1 = 0.0492, wR2 = 0.0937 

Largest diff. peak/hole / e Å-3 0.61/-0.76 0.60/-0.28 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A4. Crystallographic data and structure refinement parameters for 12 and 13. 

Compound  12 13 

Empirical formula 
C31H34MnN3O5Si 
.C3H7NO 

C32H32MnN3O4Si 
.1.5CH4O 

Formula weight 684.74 653.67 

Temperature/K 100 100.15 

Crystal system triclinic monoclinic 

Space group P1 C2/c 

a/Å 9.116(3) 29.443(4) 

b/Å 13.296(4) 14.253(2) 

c/Å 15.134(4) 15.491(2) 

α/° 106.697(7) 90 

β/° 98.174(8) 99.570(4) 

γ/° 95.093(7) 90 

Volume/Å3 1722.7(8) 6410.1(16) 

Z 2 8 

ρcalcg/cm3 1.32 1.348 

μ/mm-1 0.467 0.496 

F(000) 720 2720 

Crystal size/mm3 0.15 × 0.15 × 0.1 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.854 to 50 2.806 to 50.158 

Index ranges 
-10 ≤ h ≤ 10, -15 ≤ k ≤ 15,  

-14 ≤ l ≤ 17 

-34 ≤ h ≤ 34, -16 ≤ k ≤ 16,  

-18 ≤ l ≤ 17 

Reflections collected 23099 43767 

Independent reflections 
6013 [Rint = 0.0966,  

Rsigma = 0.1156] 

5686 [Rint = 0.0617,  

Rsigma = 0.0426] 

Data/restraints/parameters 6013/0/420 5686/0/407 

Goodness-of-fit on F2 0.912 1.111 

Final R indexes [I>=2σ (I)] R1 = 0.0589, wR2 = 0.1324 R1 = 0.0647, wR2 = 0.1616 

Final R indexes [all data] R1 = 0.1178, wR2 = 0.1677 R1 = 0.0843, wR2 = 0.1797 

Largest diff. peak/hole / e Å-3 0.66/-0.60 0.96/-0.66 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A5. Crystallographic data and structure refinement parameters for 14, 15 and 16. 

Compound  14 15 16 

Empirical formula C28H24MnN3O5 C29H28MnN3O6 
C30H28MnN3O7 
.3H2O.C2H6O 

Formula weight 537.44 569.48 697.61 

Temperature/K 100.15 296.15 100.15 

Crystal system monoclinic triclinic triclinic 

Space group P21/c P1 P1 

a/Å 13.7464(17) 9.181(3) 9.879(4) 

b/Å 11.1242(14) 9.845(3) 12.369(4) 

c/Å 15.5064(19) 17.095(6) 14.629(5) 

α/° 90 94.855(6) 69.652(7) 

β/° 98.587(2) 102.083(6) 87.876(7) 

γ/° 90 115.960(5) 71.709(7) 

Volume/Å3 2344.6(5) 1331.0(8) 1586.2(10) 

Z 4 2 2 

ρcalcg/cm3 1.523 1.421 1.461 

μ/mm-1 0.61 0.545 0.483 

F(000) 1112 592 732 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.996 to 50.572 2.486 to 50.282 2.978 to 50.302 

Index ranges 
-16 ≤ h ≤ 16, -13 ≤ k 

≤ 13, -18 ≤ l ≤ 18 

-10 ≤ h ≤ 10, -11 ≤ k 

≤ 11, -20 ≤ l ≤ 20 

-11 ≤ h ≤ 11, -14 ≤ k 

≤ 14, -17 ≤ l ≤ 17 

Reflections collected 31311 19683 21791 

Independent 

reflections 

4237 [Rint = 0.0287, 

Rsigma = 0.0176] 

4735 [Rint = 0.0210, 

Rsigma = 0.0168] 

5647 [Rint = 0.0386, 

Rsigma = 0.0326] 

Data/restraints/param

eters 
4237/0/338 4735/4/358 5647/5/456 

Goodness-of-fit on 

F2 
1.055 

1.091 
1.1 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0332,  

wR2 = 0.0794 

R1 = 0.0258, 

wR2 = 0.0670 

R1 = 0.0454,  

wR2 = 0.1257 

Final R indexes [all 

data] 

R1 = 0.0391,  

wR2 = 0.0843 

R1 = 0.0299, 

wR2 = 0.0768 

R1 = 0.0516,  

wR2 = 0.1336 

Largest diff. 

peak/hole / e Å-3 
0.94/-0.87 0.27/-0.21 1.55/-0.90 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A6. Crystallographic data and structure refinement parameters for 17, 18 and 19. 

Compound 17 18 19 

Empirical formula 
C58H58Cd2N6O9Si2 
.6H2O 

C30H30CdN3O4Si 
.H2O 

C28H24CdN3O5 

Formula weight 1372.13 655.07 594.9 

Temperature/K 100.15 100.15 100.15 

Crystal system triclinic triclinic monoclinic 

Space group P1 P1 P21/c 

a/Å 12.7350(18) 8.133(8) 13.9336(8) 

b/Å 14.644(2) 13.810(14) 11.1454(6) 

c/Å 20.253(3) 15.225(15) 15.6711(9) 

α/° 93.692(2) 65.005(10) 90 

β/° 103.780(2) 78.268(12) 98.689(2) 

γ/° 114.824(2) 81.345(12) 90 

Volume/Å3 3270.8(8) 1513(3) 2405.7(2) 

Z 2 2 4 

ρcalcg/cm3 1.387 1.438 1.643 

μ/mm-1 0.752 0.803 0.954 

F(000) 1396 670 1204 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.108 to 50.348 2.988 to 50.35 2.956 to 49.836 

Index ranges 
-15 ≤ h ≤ 15, -17 ≤ k 

≤ 17, -24 ≤ l ≤ 24 

-9 ≤ h ≤ 9, -16 ≤ k ≤ 

14, -18 ≤ l ≤ 18 

-16 ≤ h ≤ 16, -13 ≤ k 

≤ 11, -18 ≤ l ≤ 18 

Reflections collected 38926 9883 13375 

Independent 

reflections 

11723 [Rint = 0.0238, 

Rsigma = 0.0233] 

4664 [Rint = 0.0434, 

Rsigma = 0.0793] 

4201 [Rint = 0.0272, 

Rsigma = 0.0291] 

Data/restraints/param

eters 
11723/3/774 4664/0/366 4201/0/334 

Goodness-of-fit on 

F2 
1.104 1.064 1.082 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0367,  

wR2 = 0.1258 

R1 = 0.0539,  

wR2 = 0.1246 

R1 = 0.0325,  

wR2 = 0.0830 

Final R indexes [all 

data] 

R1 = 0.0438,  

wR2 = 0.1345 

R1 = 0.0902,  

wR2 = 0.1407 

R1 = 0.0418,  

wR2 = 0.0969 

Largest diff. 

peak/hole / e Å-3 
1.26/-0.63 1.19/-0.88 0.95/-0.38 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A7. Crystallographic data and structure refinement parameters for 20, 21 and 22. 

Compound 20 21 22 

Empirical formula 
C16H16O5SiZn 

.2H2O 
C21H18NO4SiZn 

C44H38N4O8Si2Zn2 
.C3H7NO.2H2O 

Formula weight 417.79 441.82 1046.87 

Temperature/K 296.15 296.15 100.15 

Crystal system monoclinic triclinic triclinic 

Space group C2/m P1 P1 

a/Å 13.4779(10) 8.1804(3) 13.261(5) 

b/Å 22.9307(16) 10.7252(4) 13.274(5) 

c/Å 13.9851(10) 12.2049(5) 17.946(7) 

α/° 90 70.453(2) 68.981(5) 

β/° 118.536(2) 79.290(2) 70.475(5) 

γ/° 90 87.263(2) 60.524(5) 

Volume/Å3 3797.1(5) 991.40(7) 2518.2(17) 

Z 8 2 2 

ρcalcg/cm3 1.332 1.48 1.237 

μ/mm-1 1.375 1.326 1.049 

F(000) 1560 454 964 

Crystal size/mm3 0.15 × 0.15 × 0.15 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
3.314 to 50.048 3.6 to 50.018 2.478 to 50.376 

Index ranges 
-16 ≤ h ≤ 14, -27 ≤ k 

≤ 22, -11 ≤ l ≤ 16 

-9 ≤ h ≤ 9, -12 ≤ k ≤ 

12, -14 ≤ l ≤ 14 

-15 ≤ h ≤ 15, -15 ≤ k 

≤ 15, -21 ≤ l ≤ 21 

Reflections collected 8907 15387 30118 

Independent 

reflections 

2772 [Rint = 0.0349, 

Rsigma = 0.0632] 

3499 [Rint = 0.0229, 

Rsigma = 0.0201] 

8918 [Rint = 0.0469, 

Rsigma = 0.0558] 

Data/restraints/param

eters 
2772/0/209 3499/0/255 8918/0/545 

Goodness-of-fit on 

F2 
1.265 1.054 0.977 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0806,  

wR2 = 0.2783 

R1 = 0.0393,  

wR2 = 0.1058 

R1 = 0.0362,  

wR2 = 0.0916 

Final R indexes [all 

data] 

R1 = 0.1384,  

wR2 = 0.3198 

R1 = 0.0432,  

wR2 = 0.1090 

R1 = 0.0542,  

wR2 = 0.1041 

Largest diff. 

peak/hole / e Å-3 
1.58/-1.00 0.77/-0.59 0.35/-0.30 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A8. Crystallographic data and structure refinement parameters for 23, 24 and 25. 

Compound 23 24 25 

Empirical formula 
C48H48N4O8Si2Zn2 
.2C3H7NO.2H2O 

C46H42N4O8Si2Zn2 
.3C2H6O.3H2O 

C45H42N2O8Si2Zn2 
.C3H7NO.H2O 

Formula weight 1178.08 1158.05 1016.88 

Temperature/K 100.15 296.15 296.15 

Crystal system triclinic triclinic monoclinic 

Space group P1 P1 C2/c 

a/Å 13.080(2) 13.486(3) 23.003(3) 

b/Å 13.143(2) 14.415(4) 13.1853(18) 

c/Å 19.188(4) 16.827(4) 31.317(4) 

α/° 76.109(3) 68.298(3) 90 

β/° 75.530(3) 76.898(3) 91.559(2) 

γ/° 61.060(2) 72.661(3) 90 

Volume/Å3 2767.5(9) 2876.0(12) 9495(2) 

Z 2 2 8 

ρcalcg/cm3 1.137 1.115 1.294 

μ/mm-1 0.956 0.92 1.111 

F(000) 936 996 3816 

Crystal size/mm3 0.1 × 0.1 × 0.1 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.214 to 50.158 2.628 to 49.96 2.602 to 50.11 

Index ranges 
-15 ≤ h ≤ 15, -15 ≤ k 

≤ 15, -22 ≤ l ≤ 22 

-15 ≤ h ≤ 15, -17 ≤ k 

≤ 17, -19 ≤ l ≤ 19 

-27 ≤ h ≤ 27, -15 ≤ k 

≤ 15, -37 ≤ l ≤ 37 

Reflections collected 37035 38892 54651 

Independent 

reflections 

9742 [Rint = 0.0952, 

Rsigma = 0.1141] 

9931 [Rint = 0.0433, 

Rsigma = 0.0485] 

8400 [Rint = 0.0710, 

Rsigma = 0.0577] 

Data/restraints/param

eters 
9742/0/577 9931/0/565 8400/0/536 

Goodness-of-fit on 

F2 
0.973 1.006 1.138 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0691,  

wR2 = 0.1812 

R1 = 0.0476,  

wR2 = 0.1420 

R1 = 0.0776,  

wR2 = 0.1790 

Final R indexes [all 

data] 

R1 = 0.1222,  

wR2 = 0.2125 

R1 = 0.0636,  

wR2 = 0.1506 

R1 = 0.0975,  

wR2 = 0.1921 

Largest diff. 

peak/hole / e Å-3 
0.89/-0.59 0.93/-0.36 0.72/-0.58 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A9. Crystallographic data and structure refinement parameters for 26 and 27. 

Compound  26 27 

Empirical formula C21H18MnNO4Si C40H36Mn2NO9Si2 

Formula weight 431.39 840.76 

Temperature/K 296.15 100.15 

Crystal system triclinic triclinic 

Space group P1 P1 

a/Å 8.540(8) 12.5263(5) 

b/Å 10.782(10) 13.1229(6) 

c/Å 11.338(10) 13.2481(6) 

α/° 73.360(12) 62.821(2) 

β/° 82.601(13) 80.312(2) 

γ/° 87.137(12) 79.025(2) 

Volume/Å3 991.8(16) 1893.59(15) 

Z 2 2 

ρcalcg/cm3 1.444 1.475 

μ/mm-1 0.753 0.787 

F(000) 444 866 

Crystal size/mm3 0.15 × 0.15 × 0.15 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.944 to 50.032 3.326 to 50.136 

Index ranges 
-10 ≤ h ≤ 10, -12 ≤ k ≤ 12,  

-13 ≤ l ≤ 13 

-14 ≤ h ≤ 14, -15 ≤ k ≤ 15,  

-15 ≤ l ≤ 15 

Reflections collected 10602 23472 

Independent reflections 
3454 [Rint = 0.1445,  

Rsigma = 0.1838] 

6654 [Rint = 0.0393,  

Rsigma = 0.0398] 

Data/restraints/parameters 3454/0/255 6654/0/492 

Goodness-of-fit on F2 1.067 1.191 

Final R indexes [I>=2σ (I)] R1 = 0.0942, wR2 = 0.2527 R1 = 0.0702, wR2 = 0.2368 

Final R indexes [all data] R1 = 0.1795, wR2 = 0.2968 R1 = 0.0799, wR2 = 0.2413 

Largest diff. peak/hole / e Å-3 0.85/-0.92 1.84/-0.68 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A10. Crystallographic data and structure refinement parameters for 28, 29 and 30. 

Compound 28 29 30 

Empirical formula 

C60H55Mn3N2O14Si3 
.C6H5N.C3H7NO 
.H2O 

C59H54Mn3N4O14Si3 
.C4H4N2

.C3H7NO 
.2H2O 

C44H42Mn2N2O9Si2 

Formula weight 1459.37 1481.34 908.85 

Temperature/K 100.15 100.15 100.15 

Crystal system monoclinic monoclinic orthorhombic 

Space group P21/n P21/n Pbcn 

a/Å 13.5567(8) 13.5144(9) 26.813(3) 

b/Å 22.6042(13) 22.7241(15) 12.2970(12) 

c/Å 22.3840(13) 21.9784(13) 12.297 

α/° 90 90 90 

β/° 97.390(3) 96.200(4) 90 

γ/° 90 90 90 

Volume/Å3 6802.3(7) 6710.1(7) 4054.5(6) 

Z 4 4 4 

ρcalcg/cm3 1.425 1.462 1.489 

μ/mm-1 0.672 0.684 0.742 

F(000) 3024 3052 1880 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.572 to 50 2.586 to 50.3 3.038 to 50.212 

Index ranges 
-10 ≤ h ≤ 16, -26 ≤ k 

≤ 24, -26 ≤ l ≤ 26 

-16 ≤ h ≤ 16, -24 ≤ k 

≤ 27, -26 ≤ l ≤ 25 

-31 ≤ h ≤ 31, -12 ≤ k 

≤ 14, -14 ≤ l ≤ 14 

Reflections collected 63447 49077 21726 

Independent 

reflections 

11971 [Rint = 0.0447, 

Rsigma = 0.0395] 

11917 [Rint = 0.0612, 

Rsigma = 0.0578] 

3610 [Rint = 0.0714, 

Rsigma = 0.0455] 

Data/restraints/param

eters 
11971/4/874 11917/0/870 3610/0/273 

Goodness-of-fit on 

F2 
1.009 1.023 1.004 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0416,  

wR2 = 0.0897 

R1 = 0.0680,  

wR2 = 0.1742 

R1 = 0.0331,  

wR2 = 0.0801 

Final R indexes [all 

data] 

R1 = 0.0571,  

wR2 = 0.0985 

R1 = 0.0926,  

wR2 = 0.1942 

R1 = 0.0466,  

wR2 = 0.0852 

Largest diff. 

peak/hole / e Å-3 
1.41/-1.65 1.79/-1.14 0.47/-0.44 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 

 

 

 



251 

 

Table A11. Crystallographic data and structure refinement parameters for 32, 33 and 34. 

Compound 32 33 34 

Empirical formula C44H38Co2N2O8Si2 C44H38Co2N4O8Si2 
C48H48Co2N4O8Si2 
.H2O 

Formula weight 896.8 924.82 1000.94 

Temperature/K 100.15 100.15 100.15 

Crystal system triclinic triclinic triclinic 

Space group P1 P1 P1 

a/Å 13.057(12) 13.337(4) 13.1470(7) 

b/Å 13.191(12) 13.377(5) 13.3667(7) 

c/Å 14.987(13) 17.602(5) 19.1424(11) 

α/° 67.092(11) 88.932(5) 77.439(2) 

β/° 76.754(11) 69.032(4) 81.379(2) 

γ/° 62.357(10) 60.311(3) 60.593(2) 

Volume/Å3 2103(3) 2498.2(14) 2856.7(3) 

Z 2 2 2 

ρcalcg/cm3 1.417 1.229 1.161 

μ/mm-1 0.901 0.761 0.672 

F(000) 924 952 1036 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.15 0.2 × 0.2 × 0.1 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
3.528 to 49.998 2.526 to 49.996 4.366 to 50.166 

Index ranges 
-15 ≤ h ≤ 15, -15 ≤ k 

≤ 15, -17 ≤ l ≤ 17 

-15 ≤ h ≤ 15, -15 ≤ k 

≤ 14, -20 ≤ l ≤ 20 

-15 ≤ h ≤ 15, -15 ≤ k 

≤ 15, -22 ≤ l ≤ 22 

Reflections collected 19193 26853 46536 

Independent 

reflections 

6748 [Rint = 0.0543, 

Rsigma = 0.0784] 

8776 [Rint = 0.0613, 

Rsigma = 0.0763] 

10113 [Rint = 0.1885, 

Rsigma = 0.1006] 

Data/restraints/param

eters 
6748/135/527 8776/0/540 10113/66/634 

Goodness-of-fit on 

F2 
1.194 1.037 1.039 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.0716,  

wR2 = 0.1863 

R1 = 0.0491,  

wR2 = 0.1187 

R1 = 0.0774,  

wR2 = 0.1872 

Final R indexes [all 

data] 

R1 = 0.1134,  

wR2 = 0.1996 

R1 = 0.0905,  

wR2 = 0.1443 

R1 = 0.1081,  

wR2 = 0.2051 

Largest diff. 

peak/hole / e Å-3 
0.97/-1.08 0.42/-0.36 0.73/-0.84 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A12. Crystallographic data and structure refinement parameters for 35 and 36. 

Compound  35 36 

Empirical formula C84H72Co4N8O16Si4 C45H42Co2N2O8Si2 

Formula weight 1797.57 912.84 

Temperature/K 100.15 100.15 

Crystal system triclinic monoclinic 

Space group P1 C2/c 

a/Å 13.136(8) 23.1212(12) 

b/Å 13.359(8) 13.1905(6) 

c/Å 27.021(17) 31.4802(15) 

α/° 83.745(7) 90 

β/° 90 90.365(3) 

γ/° 60.55 90 

Volume/Å3 4097(4) 9600.6(8) 

Z 2 8 

ρcalcg/cm3 1.457 1.263 

μ/mm-1 0.926 0.79 

F(000) 1848 3776 

Crystal size/mm3 0.2 × 0.2 × 0.1 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 1.52 to 49.962 2.588 to 50.078 

Index ranges 
-15 ≤ h ≤ 10, -15 ≤ k ≤ 15,  

-31 ≤ l ≤ 32 

-27 ≤ h ≤ 27, -15 ≤ k ≤ 15,  

-36 ≤ l ≤ 37 

Reflections collected 27745 35779 

Independent reflections 
13541 [Rint = 0.1624,  

Rsigma = 0.2751] 

8474 [Rint = 0.0442,  

Rsigma = 0.0472] 

Data/restraints/parameters 13541/126/1053 8474/13/524 

Goodness-of-fit on F2 0.957 1.056 

Final R indexes [I>=2σ (I)] R1 = 0.0846, wR2 = 0.1417 R1 = 0.0821, wR2 = 0.2281 

Final R indexes [all data] R1 = 0.2407, wR2 = 0.2002 R1 = 0.0964, wR2 = 0.2374 

Largest diff. peak/hole / e Å-3 0.52/-0.63 1.91/-1.05 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A13. Crystallographic data and structure refinement parameters for 37 and 38. 

Compound  37 38 

Empirical formula C25H27CdN2O5Si C22H21CdN2O5Si.H2O 

Formula weight 575.97 551.91 

Temperature/K 100.15 100.15 

Crystal system triclinic triclinic 

Space group P1 P1 

a/Å 9.1392(2) 8.5396(4) 

b/Å 10.5368(2) 10.9546(6) 

c/Å 14.4085(3) 13.6566(7) 

α/° 108.7600(10) 110.933(3) 

β/° 94.8480(10) 103.766(3) 

γ/° 96.5280(10) 92.567(2) 

Volume/Å3 1294.42(5) 1147.03(10) 

Z 2 2 

ρcalcg/cm3 1.478 1.598 

μ/mm-1 0.926 1.045 

F(000) 586 558 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.01 to 50.062 3.318 to 50.088 

Index ranges 
-10 ≤ h ≤ 10, -12 ≤ k ≤ 12,  

-17 ≤ l ≤ 17 

-10 ≤ h ≤ 10, -13 ≤ k ≤ 13,  

-16 ≤ l ≤ 15 

Reflections collected 13237 14121 

Independent reflections 
4584 [Rint = 0.0119,  

Rsigma = 0.0126] 

4049 [Rint = 0.0248,  

Rsigma = 0.0217] 

Data/restraints/parameters 4584/0/311 4049/0/295 

Goodness-of-fit on F2 1.079 1.099 

Final R indexes [I>=2σ (I)] R1 = 0.0259, wR2 = 0.0736 R1 = 0.0457, wR2 = 0.1179 

Final R indexes [all data] R1 = 0.0265, wR2 = 0.0741 R1 = 0.0484, wR2 = 0.1206 

Largest diff. peak/hole / e Å-3 0.92/-0.42 2.76/-1.41 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A14. Crystallographic data and structure refinement parameters for 39 and 40. 

Compound 39 40 

Empirical formula C29H30CdN2O5Si.C3H7NO C31H30CdN2O5Si.2C4H8O 

Formula weight 700.13 795.29 

Temperature/K 100.15 100.15 

Crystal system orthorhombic monoclinic 

Space group P21212 C2/c 

a/Å 21.4397(6) 27.621(6) 

b/Å 24.0514(5) 10.303(2) 

c/Å 6.25270(10) 29.476(6) 

α/° 90 90 

β/° 90 112.316(2) 

γ/° 90 90 

Volume/Å3 3224.23(12) 7760(3) 

Z 4 8 

ρcalcg/cm3 1.442 1.111 

μ/mm-1 0.761 0.624 

F(000) 1440 2648 

Crystal size/mm3 0.2 × 0.15 × 0.15 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.544 to 50.112 2.988 to 50.15 

Index ranges 
-25 ≤ h ≤ 17, -28 ≤ k ≤ 28,  

-7 ≤ l ≤ 7 

-32 ≤ h ≤ 32, -12 ≤ k ≤ 12,  

-34 ≤ l ≤ 34 

Reflections collected 30641 48129 

Independent reflections 
5730 [Rint = 0.0282,  

Rsigma = 0.0231] 

6890 [Rint = 0.0309,  

Rsigma = 0.0214] 

Data/restraints/parameters 5730/0/393 6890/42/373 

Goodness-of-fit on F2 1.072 1.004 

Final R indexes [I>=2σ (I)] R1 = 0.0298, wR2 = 0.0670 R1 = 0.0399, wR2 = 0.1082 

Final R indexes [all data] R1 = 0.0318, wR2 = 0.0678 R1 = 0.0477, wR2 = 0.1121 

Largest diff. peak/hole / e Å-3 0.50/-0.32 1.06/-0.66 

Flack parameter 0.001(7) ----- 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A15. Crystallographic data and structure refinement parameters for 41 and 42. 

Compound  41 42 

Empirical formula 
C57H52N4O12Si2Zn2 
.C3H7NO.2H2O 

C171H156Cd6N12O36Si6 
.12C3H7NO.3H2O 

Formula weight 1281.12 4729.24 

Temperature/K 100.15 100.15 

Crystal system monoclinic monoclinic 

Space group C2/c C2/c 

a/Å 18.342(5) 19.9143(7) 

b/Å 21.595(6) 21.0635(7) 

c/Å 16.290(4) 48.7192(18) 

α/° 90 90 

β/° 95.340(3) 93.399(2) 

γ/° 90 90 

Volume/Å3 6424(3) 20400.0(12) 

Z 4 4 

ρcalcg/cm3 1.212 1.237 

μ/mm-1 0.84 0.714 

F(000) 2424 7704 

Crystal size/mm3 0.2 × 0.2 × 0.15 0.2 × 0.15 × 0.15 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.92 to 50.212 1.674 to 49.994 

Index ranges 
-21 ≤ h ≤ 21, -25 ≤ k ≤ 25,  

-19 ≤ l ≤ 19 

-20 ≤ h ≤ 23, -24 ≤ k ≤ 24,  

-37 ≤ l ≤ 57 

Reflections collected 33765 60492 

Independent reflections 
5702 [Rint = 0.0395,  

Rsigma = 0.0322] 

17909 [Rint = 0.0773,  

Rsigma = 0.0963] 

Data/restraints/parameters 5702/0/350 17909/0/1047 

Goodness-of-fit on F2 1.048 1.029 

Final R indexes [I>=2σ (I)] R1 = 0.0622, wR2 = 0.1745 R1 = 0.0714, wR2 = 0.1978 

Final R indexes [all data] R1 = 0.0750, wR2 = 0.1836 R1 = 0.1054, wR2 = 0.2125 

Largest diff. peak/hole / e Å-3 1.42/-0.55 1.19/-1.10 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A16. Crystallographic data and structure refinement parameters for 43 and 44. 

Compound 43 44 

Empirical formula 
C57H52N4O12Si2Zn2 
.C2H6O.3H2O 

C53H40Cd2N4O14
.H2O 

Formula weight 1272.06 1199.7 

Temperature/K 100.15 100.15 

Crystal system monoclinic triclinic 

Space group Cc P1 

a/Å 8.3003(5) 11.0310(9) 

b/Å 26.7153(18) 11.9515(10) 

c/Å 26.3110(17) 18.5131(15) 

α/° 90 81.467(2) 

β/° 90.138(2) 87.3840(10) 

γ/° 90 88.3310(10) 

Volume/Å3 5834.3(6) 2410.6(3) 

Z 4 2 

ρcalcg/cm3 1.448 1.653 

μ/mm-1 0.936 0.959 

F(000) 2648 1208 

Crystal size/mm3 0.15 × 0.15 × 0.15 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.048 to 50.072 2.226 to 50.068 

Index ranges 
-9 ≤ h ≤ 9, -31 ≤ k ≤ 31,  

-31 ≤ l ≤ 31 

-13 ≤ h ≤ 13, -14 ≤ k ≤ 14,  

-22 ≤ l ≤ 22 

Reflections collected 36720 38298 

Independent reflections 
9764 [Rint = 0.0461,  

Rsigma = 0.0621] 

8497 [Rint = 0.0205,  

Rsigma = 0.0148] 

Data/restraints/parameters 9764/11/772 8497/0/670 

Goodness-of-fit on F2 1.119 1.094 

Final R indexes [I>=2σ (I)] R1 = 0.0420, wR2 = 0.0976 R1 = 0.0235, wR2 = 0.0572 

Final R indexes [all data] R1 = 0.0523, wR2 = 0.1169 R1 = 0.0251, wR2 = 0.0594 

Largest diff. peak/hole / e Å-3 0.54/-0.43 0.87/-0.99 

Flack parameter 0.020(5)  
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A17. Crystallographic data and structure refinement parameters for 45, 46 and 47. 

Compound  45 46 47 

Empirical formula 
C44H42Cd3O18Si2 
.H2O 

{[(NH2(CH3)2)]2
. 

C54H38Cd2N2O12Si2 
.8C3H7NO.2H2O 

{[(NH2(CH3)2)]. 

C27H19CdN2O6Si 
.2C3H7NO.H2O 

Formula weight 1270.17 1900.84 818.24 

Temperature/K 100.15 100.15 100.15 

Crystal system cubic triclinic triclinic 

Space group Pn-3 P1 P1 

a/Å 21.0021(5) 14.1230(5) 12.655(10) 

b/Å 21.0021(5) 14.4916(6) 12.693(10) 

c/Å 21.0021(5) 25.0292(9) 14.462(11) 

α/° 90 100.146(2) 108.28(2) 

β/° 90 97.120(2) 101.64(2) 

γ/° 90 114.889(2) 112.02(2) 

Volume/Å3 9263.8(7) 4460.2(3) 1906(3) 

Z 8 2 2 

ρcalcg/cm3 1.796 0.884 1.187 

μ/mm-1 1.492 0.541 0.644 

F(000) 4976 1192 690 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.15 × 0.15 0.15 × 0.15 × 0.15 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data 

collection/° 
2.742 to 50.22 1.696 to 50.172 3.182 to 49.998 

Index ranges 
-23 ≤ h ≤ 25, -20 ≤ k 

≤ 25, -24 ≤ l ≤ 24 

-16 ≤ h ≤ 16, -17 ≤ k 

≤ 16, -29 ≤ l ≤ 29 

-15 ≤ h ≤ 15, -15 ≤ k 

≤ 14, -17 ≤ l ≤ 15 

Reflections collected 60896 68857 13457 

Independent 

reflections 

2776 [Rint = 0.0567, 

Rsigma = 0.0233] 

15829 [Rint = 0.0388, 

Rsigma = 0.0358] 

6661 [Rint = 0.0674, 

Rsigma = 0.1423] 

Data/restraints/param

eters 
2776/0/207 15829/0/651 6661/24/382 

Goodness-of-fit on 

F2 
1.503 0.987 0.879 

Final R indexes 

[I>=2σ (I)] 

R1 = 0.1044,  

wR2 = 0.3435 

R1 = 0.0368,  

wR2 = 0.0979 

R1 = 0.0654,  

wR2 = 0.1537 

Final R indexes [all 

data] 

R1 = 0.1228,  

wR2 = 0.3593 

R1 = 0.0457,  

wR2 = 0.1006 

R1 = 0.1065,  

wR2 = 0.1667 

Largest diff. 

peak/hole / e Å-3 
6.52/-4.46 0.86/-0.31 1.04/-0.97 

aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A18. Crystallographic data and structure refinement parameters for 48. 

Compound 48 

Empirical formula 
C38H24Co2N2O8Si 
.H2O.0.5C3H7NO 

Formula weight 836.60 

Temperature/K 100 

Crystal system Tetragonal 

Space group P42/mcm 

a/Å 9.6299(5) 

b/Å 9.6299(5) 

c/Å 21.8959(12) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 2030.5(2) 

Z 2 

ρcalcg/cm3 1.28 

μ/mm-1 0.894 

F(000) 796 

Crystal size/mm3 0.2 × 0.1 × 0.1 

Radiation MoKα (λ = 0.71073) 

2Θ range for data collection/° 5.634 to 50.164 

Index ranges -11 ≤ h ≤ 11, -11 ≤ k ≤ 11, -26 ≤ l ≤ 26 

Reflections collected 34835 

Independent reflections 1025 [Rint = 0.0888, Rsigma = 0.0248] 

Data/restraints/parameters 1025/18/90 

Goodness-of-fit on F2 1.136 

Final R indexes [I>=2σ (I)] R1 = 0.0928, wR2 = 0.2019 

Final R indexes [all data] R1 = 0.0960, wR2 = 0.2041 

Largest diff. peak/hole / e Å-3 0.46/-0.52 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A19. Crystallographic data and structure refinement parameters for 49 and 50. 

Compound 49 50 

Empirical formula 
C38H24Cd2N2O8Si 
.H2O 

C38H24Cd2N4O8Si 
.C3H7NO.H2O 

Formula weight 907.48 1008.64 

Temperature/K 100.15 100.15 

Crystal system monoclinic Monoclinic 

Space group C2/c C2/c 

a/Å 18.5529(10) 18.418(3) 

b/Å 23.4097(11) 22.052(4) 

c/Å 12.2802(6) 13.571(2) 

α/° 90 90 

β/° 128.788(2) 129.921(7) 

γ/° 90 90 

Volume/Å3 4157.3(4) 4227.4(12) 

Z 4 4 

ρcalcg/cm3 1.447 1.442 

μ/mm-1 1.102 1.084 

F(000) 1792 1816 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 3.31 to 50.022 3.544 to 50.692 

Index ranges 
-14 ≤ h ≤ 22, -27 ≤ k ≤ 23,  

-14 ≤ l ≤ 12 

-21 ≤ h ≤ 21, -26 ≤ k ≤ 26,  

-16 ≤ l ≤ 16 

Reflections collected 16460 28455 

Independent reflections 
3666 [Rint = 0.0203,  

Rsigma = 0.0160] 

3828 [Rint = 0.0399,  

Rsigma = 0.0252] 

Data/restraints/parameters 3666/0/230 3828/0/242 

Goodness-of-fit on F2 1.14 1.093 

Final R indexes [I>=2σ (I)] R1 = 0.0736, wR2 = 0.2247 R1 = 0.0524, wR2 = 0.1515 

Final R indexes [all data] R1 = 0.0832, wR2 = 0.2400 R1 = 0.0584, wR2 = 0.1575 

Largest diff. peak/hole / e Å-3 1.58/-2.33 2.57/-0.83 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A20. Crystallographic data and structure refinement parameters for 51 and 52. 

Compound  51 52 

Empirical formula 
C34H25Cd2N2O10Si 
.4C2H6O.3H2O 

C38H32Cd2N3O10Si 
.5C3H7NO 

Formula weight 1112.79 1309.02 

Temperature/K 100.15 100.15 

Crystal system monoclinic Monoclinic 

Space group P21/c P21/c 

a/Å 15.2629(11) 15.8382(15) 

b/Å 23.5673(14) 23.600(2) 

c/Å 14.9842(11) 14.7413(13) 

α/° 90 90 

β/° 115.271(3) 116.408(5) 

γ/° 90 90 

Volume/Å3 4874.1(6) 4935.0(8) 

Z 4 4 

ρcalcg/cm3 1.192 1.27 

μ/mm-1 0.939 0.933 

F(000) 1732 1884 

Crystal size/mm3 0.2 × 0.2 × 0.2 0.2 × 0.2 × 0.2 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 4.546 to 50 2.87 to 50.182 

Index ranges 
-18 ≤ h ≤ 18, -28 ≤ k ≤ 28,  

-17 ≤ l ≤ 17 

-18 ≤ h ≤ 18, -25 ≤ k ≤ 28,  

-17 ≤ l ≤ 17 

Reflections collected 92609 45856 

Independent reflections 
8571 [Rint = 0.1310,  

Rsigma = 0.1010] 

8749 [Rint = 0.0295,  

Rsigma = 0.0211] 

Data/restraints/parameters 8571/0/444 8749/0/491 

Goodness-of-fit on F2 1.043 1.105 

Final R indexes [I>=2σ (I)] R1 = 0.0931, wR2 = 0.2106 R1 = 0.0428, wR2 = 0.1273 

Final R indexes [all data] R1 = 0.1856, wR2 = 0.2499 R1 = 0.0493, wR2 = 0.1372 

Largest diff. peak/hole / e Å-3 1.31/-0.53 0.66/-0.83 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A21. Crystallographic data and structure refinement parameters for 53 and 54. 

Compound  53 54 

Empirical formula 
C53H40N4Ni2O12Si 
.3C3H7NO.H2O 

C53H40N4O12SiZn2 
.3C3H7NO 

Formula weight 1307.67 1303.04 

Temperature/K 100.15 100.15 

Crystal system monoclinic Monoclinic 

Space group C2 Pc 

a/Å 22.751(3) 13.493(2) 

b/Å 16.443(2) 14.168(2) 

c/Å 19.187(3) 16.366(2) 

α/° 90 90 

β/° 90.366(9) 101.269(5) 

γ/° 90 90 

Volume/Å3 7177.4(17) 3068.4(9) 

Z 4 2 

ρcalcg/cm3 0.991 1.173 

μ/mm-1 0.588 0.856 

F(000) 2208 1112 

Crystal size/mm3 0.1 × 0.1 × 0.1 0.2 × 0.1 × 0.1 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.122 to 46.856 2.874 to 50.048 

Index ranges 
-25 ≤ h ≤ 25, -18 ≤ k ≤ 18,  

-21 ≤ l ≤ 21 

-16 ≤ h ≤ 16, -16 ≤ k ≤ 16, 

-19 ≤ l ≤ 19 

Reflections collected 19872 69643 

Independent reflections 
8698 [Rint = 0.0577,  

Rsigma = 0.1070] 

10530 [Rint = 0.0617,  

Rsigma = 0.0658] 

Data/restraints/parameters 8698/545/553 10530/2/625 

Goodness-of-fit on F2 1.147 0.997 

Final R indexes [I>=2σ (I)] R1 = 0.1163, wR2 = 0.3088 R1 = 0.0678, wR2 = 0.1694 

Final R indexes [all data] R1 = 0.1306, wR2 = 0.3187 R1 = 0.0940, wR2 = 0.1805 

Largest diff. peak/hole / e Å-3 0.87/-0.63 0.57/-0.39 

Flack parameter 0.179(12) 0.044(7) 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A22. Crystallographic data and structure refinement parameters for 55 and 56. 

Compound 55 56 

Empirical formula 
C34H24N6O9SiZn2 
.4H2O 

C60H40Cu2N12O10Si 
.20C3H7NO 

Formula weight 891.48 2706.01 

Temperature/K 100 100.15 

Crystal system monoclinic Tetragonal 

Space group P21/n P42/n 

a/Å 9.6579(6) 22.4075(8) 

b/Å 40.024(2) 22.4075(8) 

c/Å 9.7499(7) 46.5308(16) 

α/° 90 90 

β/° 100.404(4) 90 

γ/° 90 90 

Volume/Å3 3706.9(4) 23362.9(19) 

Z 4 8 

ρcalcg/cm3 1.597 0.707 

μ/mm-1 1.401 0.409 

F(000) 1824 5088 

Crystal size/mm3 0.15 × 0.15 × 0.1 0.1 × 0.1 × 0.1 

Radiation MoKα (λ = 0.71073) MoKα (λ = 0.71073) 

2Θ range for data collection/° 2.034 to 50.034 1.75 to 37.222 

Index ranges 
-9 ≤ h ≤ 11, -39 ≤ k ≤ 47, 

 -11 ≤ l ≤ 10 

-20 ≤ h ≤ 20, -20 ≤ k ≤ 14,  

-41 ≤ l ≤ 41 

Reflections collected 25043 63015 

Independent reflections 
6537 [Rint = 0.0861,  

Rsigma = 0.0848] 

8857 [Rint = 0.0928,  

Rsigma = 0.0736] 

Data/restraints/parameters 6537/0/502 8857/699/672 

Goodness-of-fit on F2 1.119 1.07 

Final R indexes [I>=2σ (I)] R1 = 0.0611, wR2 = 0.1386 R1 = 0.0768, wR2 = 0.2017 

Final R indexes [all data] R1 = 0.1052, wR2 = 0.1633 R1 = 0.1447, wR2 = 0.2211 

Largest diff. peak/hole / e Å-3 0.67/-0.72 0.34/-0.43 
aR1 = Σ∥Fo| − |Fc∥/Σ|Fo|. bwR2 = [Σw(Fo 2 – Fc 2)2/Σw(Fo 2)2]1/2, where w = 1/[σ2(Fo 2) + (aP)2 + bP], P = (Fo 2 + 2Fc 2)/3 
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Table A23. Selected Bond lengths (Å) for 1 and 4. 

1 

 

Mn1-O1 2.1395(12) Mn1-O41 2.1354(12) 

Mn1-O5 2.2371(12) Mn1-N1 2.2809(14) 

Mn1-N2 2.4091(13) Mn1-N3 2.2647(14) 

 

4 

 

Cd1-O1 2.121(2) Cd1-O3 2.117(2) 

Cd1-O4 2.236(2) Cd1-N1 2.314(3) 

Cd1-N2 2.209(3) Cd1-N3 2.219(3) 

 

 

Table A24. Selected Bond lengths (Å) for 5, 9 and 4. 

5 

 

Mn1-O1 2.1178(16) Mn1-O41 2.1293(16) 

Mn1-O6 2.2262(16) Mn1-N1 2.268(2) 

Mn1-N2 2.3927(19) Mn1-N3 2.2398(19) 

 

9 

 

Zn1-O1 2.155(2) Zn1-O2 2.075(2) 

Zn1-O6 2.060(2) Zn1-N1 2.127(3) 

Zn1-N2 2.335(3) Zn1-N3 2.183(3) 

 

10 

 

Cd1-O1 2.235(2) Cd1-O41 2.238(2) 

Cd1-O6 2.364(2) Cd1-N1 2.348(2) 

Cd1-N2 2.473(2) Cd1-N3 2.327(2) 

 

 

Table A25. Selected Bond lengths (Å) for 11 and 11a. 

11 

 

Mn1-O1 2.097(5) Mn1-O3 2.110(6) 

Mn1-O5 2.195(6) Mn1-N1 2.367(7) 

Mn1-N2 2.181(8) Mn1-N3 2.268(7) 
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11a 

 

Mn1-O1 2.1221(17) Mn1-O41 2.1354(16) 

Mn1-O5 2.2426(16) Mn1-N1 2.3027(19) 

Mn1-N2 2.359(2) Mn1-N3 1.408(3) 

 

 

Table A26. Selected Bond lengths (Å) for 12 and 13. 

12 

 

Mn1-O2 2.145(3) Mn1-O41 2.129(4) 

Mn1-O5 2.227(3) Mn1-N1 2.266(5) 

Mn1-N2 2.402(4) Mn1-N3 2.257(3) 

 

13 

 

Mn1-O11 2.179(3) Mn1-O21 2.407(4) 

Mn1-O3 2.182(4) Mn1-N1 2.431(3) 

Mn1-N2 2.221(3) Mn1-N3 2.236(3) 

 

 

Table A27. Selected Bond lengths (Å) for 14, 15 and 16. 

14 

 

Mn1-O1 2.1660(15) Mn1-O4 2.2692(15) 

Mn1-O5 2.2691(14) Mn1-N1 2.3120(18) 

Mn1-N2 2.4352(17) Mn1-N3 2.2612 

 

15 

 

Mn1-O1 2.105(5) Mn1-O2 2.232(5) 

Mn1-O31 2.123(5) Mn1-N1 2.240(6) 

Mn1-N2 2.252(6) Mn1-N3 2.376(6) 

 

16 

 

Mn1-O2 2.146(2) Mn1-O6 2.2517(19) 

Mn1-O9 2.145(2) Mn1-N1 2.318(2) 

Mn1-N2 2.416(2) Mn1-N3 2.304(2) 

 

 

 

 



265 

 

Table A28. Selected Bond lengths (Å) for 17, 18 and 19. 

17 

 

Cd1-O1 2.364(3) Cd1-O4 2.377(3) 

Cd1-O6 2.308(3) Cd1-O7 2.453(3) 

Cd1-O8 2.339(3) Cd1-O81 2.562(3) 

Cd1-O91 2.317(3) Cd2-O5 2.283(3) 

Cd2-N1 2.375(3) Cd2-N2 2.471(3) 

Cd2-N3 2.370(3) Cd2-N4 2.474(3) 

Cd2-N5 2.472(3) Cd2-N6 2.481(4) 

 

18 

 

Cd1-O1 2.396(4) Cd1-O3 2.344(5) 

Cd1-O4 2.605(6) Cd1-O5 2.399(5) 

Cd1-N1 2.329(5) Cd1-N2 2.537(6) 

Cd1-N3 2.355(6)   

 

19 

 

Cd1-O1 2.385(2) Cd1-O2 2.399(2) 

Cd1-O3 2.540(2) Cd1-O4 2.330(2) 

Cd1-N1 2.407(3) Cd1-N2 2.515(3) 

Cd1-N3 2.343(3)   

 

Table A29. Selected Bond lengths (Å) for 20, 21 and 22. 

20 

 

Zn1-Zn11 2.921(3) Zn2-Zn25 2.953(4) 

Zn1-O12 2.019(7) Zn2-O45 2.110(10) 

Zn1-O11 2.019(7) Zn2-O46 2.110(10) 

Zn1-O23 2.013(7) Zn2-O5 2.052(10) 

Zn1-O2 2.013(7) Zn2-O53 2.052(10) 

Zn1-O3 1.946(9) Zn2-O6 2.062(17) 

 

21 

 

Zn1-Zn11 2.9298(6) Zn1-O1 2.034(2) 

Zn1-O2 2.036(2) Zn1-O3 2.043(2) 

Zn1-O41 2.089(2) Zn1-N1 2.027(2) 
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22 

 

Zn1-Zn2 2.9352(12) Zn1-O2 2.019(2) 

Zn1-O4 2.076(2) Zn1-O5 2.031(2) 

Zn1-O7 2.0351(19) Zn1-N2 2.050(2) 

Zn2-O1 2.029(2) Zn2-O3 2.0306(19) 

Zn2-O6 2.032(2) Zn2-O8 2.108(2) 

Zn2-N1 2.023(2) C11-C12 1.385(4) 

 

 

 

Table A30. Selected Bond lengths (Å) for 23, 24 and 25. 

23 

 

Zn1-Zn2 2.9443(10) Zn1-O2 2.039(3) 

Zn1-O3 2.020(3) Zn1-O51 2.094(3) 

Zn1-O72 2.053(3) Zn1-N23 2.034(4) 

Zn2-O1 2.027(3) Zn2-O4 2.036(3) 

Zn2-O61 2.034(3) Zn2-O82 2.141(4) 

Zn2-N1 2.025(4)   

 

24 

 

Zn1-Zn21 2.9223(9) Zn1-O32 2.058(2) 

Zn1-O4 2.034(2) Zn1-O5 2.023(2) 

Zn1-O73 2.060(2) Zn1-N1 2.036(3) 

Zn2-O15 2.050(2) Zn2-O26 2.043(2) 

Zn2-O64 2.050(2) Zn2-O84 2.054(2) 

Zn2-N2 2.035(3)   

 

25 

 

Zn1-Zn2 2.9577(11) Zn1-O1 2.093(4) 

Zn1-O4 2.031(4) Zn1-O7 2.020(4) 

Zn1-O9 2.049(4) Zn1-N1 2.024(5) 

Zn2-O2 2.033(4) Zn2-O3 2.052(4) 

Zn2-O6 2.075(4) Zn2-O8 2.037(4) 

Zn2-N5 2.039(6)   
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Table A31. Selected Bond lengths (Å) for 26 and 27. 

26 

 

Mn1-Mn11 2.992(3) Mn1-O11 2.115(7) 

Mn1-O2 2.160(7) Mn1-O3 2.114(7) 

Mn1-O4 2.146(7) Mn1-N1 2.159(8) 

 

27 

 

Mn1-O2 2.102(6) Mn1-O4 2.089(5) 

Mn1-O5 2.483(5) Mn1-O6 2.230(5) 

Mn1-O7 2.163(5) Mn1-N1 2.170(6) 

Mn2-O1 2.100(6) Mn2-O3 2.183(5) 

Mn2-O5 2.136(5) Mn2-O8 2.052(5) 

Mn2-O91 2.210(5) Mn1-Mn2 3.333(5) 

Mn2-Mn2 4.309(5)   

 

Table A32. Selected Bond lengths (Å) for 28, 29 and 30. 

28 

 

Mn1-Mn2 3.0298(6) Mn1-O1 2.1376(19) 

Mn1-O4 2.130(2) Mn1-O6 2.164(2) 

Mn1-O7 2.1629(19) Mn1-O9 2.000(2) 

Mn2-O2 2.1456(19) Mn2-O3 2.131(2) 

Mn2-O5 2.1261(19) Mn2-O8 2.1185(19) 

Mn2-O10 2.008(2) Mn3-O11 2.156(2) 

Mn3-O12 2.262(2) Mn3-O13 2.150(2) 

Mn3-O14 2.259(2) Mn3-N1 2.244(2) 

Mn3-N21 2.252(2)   

 

29 

 

Mn1-Mn21 3.0330(9) Mn1-O12 2.143(3) 

Mn1-O3 2.123(3) Mn1-O63 2.127(3) 

Mn1-O81 2.128(3) Mn1-O9 2.016(3) 

Mn2-O25 2.161(3) Mn2-O46 2.140(3) 

Mn2-O74 2.161(3) Mn2-O11 2.123(3) 

Mn2-O14 1.997(3) Mn3-O5 2.152(3) 

Mn3-O10 2.259(3) Mn3-O12 2.234(3) 

Mn3-O136 2.147(3) Mn3-N14 2.270(4) 

Mn3-N2 2.273(4)   
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30 

 

Mn1-O11 2.1501(14) Mn1-O12 2.2371(14) 

Mn1-O2 2.3129(14) Mn1-O3 2.0864(15) 

Mn1-O43 2.1417(15) Mn1-N1 2.2734(19) 

 

 

 

Table A33. Selected Bond lengths (Å) for 32, 33 and 34. 

32 

 

Co1-O1 2.141(7) Co1-O4 2.028(6) 

Co1-O6 2.359(7) Co1-O8 1.996(6) 

Co1-N2 1.943(6) Co2-O2 2.365(7) 

Co2-O3 1.979(6) Co2-O5 2.134(7) 

Co2-O7 2.040(6) Co2-N1 1.949(7) 

 

 

33 

 

Co1-O1 2.025(3) Co1-O4 2.039(3) 

Co1-O6 2.030(3) Co1-O7 2.193(3) 

Co1-N2 2.061(3) Co2-O2 2.037(3) 

Co2-O3 2.149(3) Co2-O5 2.019(3) 

Co2-O8 2.038(3) Co2-N1 2.075(3) 

 

 

 

34 

 

Co1-O31 2.015(3) Co1-O5 2.024(3) 

Co1-O61 2.173(4) Co1-O8 2.035(3) 

Co1-N22 2.072(4) Co2-O1 2.018(3) 

Co2-O23 2.027(3) Co2-O4 2.016(3) 

Co2-O73 2.213(4) Co2-N1 2.049(4) 
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Table A34. Selected Bond lengths (Å) for 35 and 36. 

35 

 

Co1-O3 2.032(7) Co1-O101 2.259(8) 

Co1-O11 2.024(7) Co1-O122 2.065(7) 

Co1-O132 2.369(7) Co1-N3 2.039(8) 

Co2-O1 2.031(7) Co2-O132 2.284(8) 

Co2-O14 2.039(7) Co2-O151 2.039(7) 

Co2-N2 2.048(9) Co3-O2 2.032(7) 

Co3-O4 2.039(7) Co3-O53 2.376(7) 

Co3-O84 2.253(7) Co3-O163 2.064(7) 

Co3-N15 2.050(9) Co4-O53 2.283(7) 

Co4-O6 2.013(7) Co4-O7 2.032(7) 

Co4-O94 2.030(7) Co4-N4 2.056(9) 

 

36 

 

Co1-O1 2.028(4) Co1-O3 2.114(4) 

Co1-O5 2.025(4) Co1-O71 2.039(4) 

Co1-N2 2.079(4) Co2-O2 2.133(4) 

Co2-O4 2.007(4) Co2-O6 2.034(4) 

Co2-O81 2.021(4) Co2-N1 2.060(4) 

 

 

 

Table A35. Selected Bond lengths (Å) for 37 and 38. 

37 

 

Cd1-O1 2.306(2) Cd1-O2 2.3606(18) 

Cd1-O3 2.3901(19) Cd1-O4 2.2571(19) 

Cd1-O5 2.297(2) Cd1-N1 2.255(2) 

 

 

38 

 

Cd1-O1 2.334(4) Cd1-O2 2.350(3) 

Cd1-O3 2.437(4) Cd1-O4 2.340(4) 

Cd1-O5 2.239(4) Cd1-N1 2.315(3) 
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Table A36. Selected Bond lengths (Å) for 39 and 40. 

39 

 

Cd1-O1 2.350(3) Cd1-O2 2.456(3) 

Cd1-O31 2.410(3) Cd1-O41 2.415(3) 

Cd1-O5 2.307(3) Cd1-N1 2.354(4) 

Cd1-N2 2.324(5)   

 

40 

 

Cd1-O1 2.196(2) Cd1-O21 2.266(3) 

Cd1-O32 2.342(2) Cd1-O42 2.403(2) 

Cd1-O5 2.367(3) Cd1-N1 2.305(3) 

 

 

Table A37. Selected Bond lengths (Å) for 41 and 42. 

41 

 

Zn1-O3 1.939(3) Zn1-O41 1.979(3) 

Zn1-N1 2.006(3) Zn1-N22 2.051(3) 

 

42 

 

Cd1-O9 2.465(5) Cd1-O10 2.297(5) 

Cd1-O15 2.381(5) Cd1-O16 2.316(6) 

Cd1-N21 2.324(6) Cd1-N3 2.257(5) 

Cd2-O112 2.353(5) Cd2-O12 2.416(5) 

Cd2-O132 2.344(5) Cd2-O14 2.270(6) 

Cd2-N53 2.300(6) Cd2-N6 2.255(5) 

Cd3-O6 2.261(5) Cd3-O7 2.509(4) 

Cd3-O174 2.242(7) Cd3-O18 2.728(4) 

Cd3-N15 2.286(6) Cd3-N4 2.238(6) 

 

Table A38. Selected Bond lengths (Å) for 43 and 44. 

43 

 

Zn1-O1 1.973(5)  Zn1-O3 1.921(5) 

Zn1-N1 2.113(5)  Zn1-N2 2.022(5) 

Zn2-O5 1.944(5)  Zn2-O7 1.924(6) 

Zn2-N3 2.030(6)  Zn2-N4 2.079(6) 
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44 

 

Cd1-O4 2.2436(17) Cd1-O6 2.4088(17) 

Cd1-O71 2.2719(17) Cd1-O101 2.4716(17) 

Cd1-N1 2.276(2) Cd1-N42 2.327(2) 

Cd2-O11 2.4462(18) Cd2-O123 2.3840(18) 

Cd2-O13 2.252(2) Cd2-O153 2.3495(18) 

Cd2-N2 2.2744(19) Cd2-N32 2.304(2) 

 

 

 

Table A39. Selected Bond lengths (Å) for 45, 46 and 47. 

45 

 

Cd1-O1 2.375(7) Cd1-O11 2.375(7) 

Cd1-O2 2.439(7) Cd1-O21 2.439(7) 

Cd1-O3 2.226(7) Cd1-O31 2.226(7) 

Cd1-O4 2.244(7) Cd1-O41 2.244(7) 

Cd2-O2 2.214(7) Cd2-O21 2.214(7) 

Cd2-O5 2.117(9) Cd2-O51 2.117(9) 

Cd2-O6 2.191(9) Cd2-O61 2.191(9) 

 

46 

 

Cd1-O11 2.3522(18) Cd1-O21 2.3714(17) 

Cd1-O5 2.277(2) Cd1-O82 2.326(2) 

Cd1-O9 2.515(2) Cd1-O102 2.458(2) 

Cd1-N1 2.290(2) Cd2-O33 2.4479(18) 

Cd2-O4 2.5546(19) Cd2-O63 2.340(2) 

Cd2-O7 2.2382(19) Cd2-O114 2.457(2) 

Cd2-O124 2.290(3) Cd2-N2 2.291(2) 

 

47 

 

Cd1-O11 2.316(5) Cd1-O2 2.269(5) 

Cd1-O31 2.396(5) Cd1-O42 2.306(6) 

Cd1-O52 2.471(5) Cd1-O6 2.539(6) 

Cd1-N2 2.289(5)   
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Table A40. Selected Bond lengths (Å) for 48. 

48 

 

Co1-Co11 2.566(3) Co1-O1 2.007(4) 

Co1-O12 2.007(4) Co1-O13 2.007(4) 

Co1-O14 2.007(4) Co1-N1 2.027(9) 

 

 

Table A41. Selected Bond lengths (Å) for 49 and 50. 

49 

 

Cd1-O2 2.204(5) Cd1-O21 2.203(5) 

Cd1-O32 2.324(6) Cd1-O33 2.324(6) 

Cd1-O42 2.461(6) Cd1-O43 2.461(6) 

Cd2-O1 2.286(5) Cd2-O14 2.286(5) 

Cd2-O42 2.348(6) Cd2-O45 2.348(6) 

Cd2-N1 2.543(7) Cd2-N14 2.543(7) 

 

50 

 

Cd1-O11 2.289(3) Cd1-O12 2.289(3) 

Cd1-O2 2.288(3) Cd1-O23 2.288(3) 

Cd1-N1 2.278(5) Cd1-N13 2.278(5) 

Cd2-O11 2.411(3) Cd2-O14 2.411(3) 

Cd2-O3 2.161(3) Cd2-O35 2.161(3) 

Cd2-O41 2.364(4) Cd2-O44 2.364(4) 

 

 

 

 

Table A42. Selected Bond lengths (Å) for 51 and 52. 

51 

 

Cd1-O1 2.193(8) Cd1-O41 2.326(8) 

Cd1-O5 2.272(11) Cd1-O9 2.267(10) 

Cd1-O10 2.251(8) Cd1-N1 2.327(9) 

Cd2-O2 2.209(12) Cd2-O31 2.286(9) 

Cd2-O41 2.486(8) Cd2-O6 2.203(8) 

Cd2-O7 2.382(9) Cd2-O8 2.319(8) 
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52 

 

Cd1-O1 2.465(4) Cd1-O2 2.287(3) 

Cd1-O3 2.224(4) Cd1-O51 2.419(3) 

Cd1-O61 2.317(4) Cd1-O7 2.208(3) 

Cd2-O4 2.213(4) Cd2-O51 2.329(3) 

Cd2-O8 2.282(3) Cd2-O9 2.241(4) 

Cd2-O10 2.267(4) Cd2-N1 2.335(4) 

 

Table A43. Selected Bond lengths (Å) for 53 and 54. 

53 

 

Ni1-O11 2.111(10) Ni1-O22 2.169(11) 

Ni1-O61 2.187(10) Ni1-O82 2.069(12) 

Ni1-N33 2.08(7) Ni1-N4 2.036(8) 

Ni2-O3 2.073(11) Ni2-O4 2.193(10) 

Ni2-O54 2.093(12) Ni2-O74 2.122(9) 

Ni2-N1 1.991(7) Ni2-N25 2.01(8) 

 

54 

Zn1-O2 1.925(8) Zn1-O61 1.978(7) 

Zn1-N1 2.001(8) Zn1-N32 2.12(5) 

Zn2-O33 2.048(7) Zn2-O43 2.394(7) 

Zn2-O74 2.258(8) Zn2-O84 2.105(8) 

Zn2-N2 2.035(8) Zn2-N41 2.08(4) 

 

 

Table A44. Selected Bond lengths (Å) for 55 and 56. 

55 

Zn1-O1 1.933(4) Zn1-O31 1.956(4) 

Zn1-O62 1.979(4) Zn1-O83 1.988(4) 

Zn2-O2 1.931(4) Zn2-O52 1.959(4) 

Zn2-O74 1.981(4) Zn2-O9 1.972(5) 

 

56 

Cu1-Cu11 2.650(2) Cu1-O1 1.954(6) 

Cu1-O32 1.973(6) Cu1-O41 1.997(6) 

Cu1-O53 1.970(6) Cu1-O10 2.112(6) 

Cu2-Cu24 2.638(2) Cu2-O2 1.935(6) 

Cu2-O64 1.955(6) Cu2-O74 1.974(6) 

Cu2-O8 1.918(6) Cu2-O9 2.154(6) 
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Table A45. Selected Bond angles () for 1 and 4. 

 

1 

 

O5-Mn1-N2 155.35(5) O5-Mn1-N1 86.62(5) 

O5-Mn1-N3 92.18(5) O41-Mn1-O5 94.73(5) 

O41-Mn1-O1 89.92(5) O41-Mn1-N2 100.04(5) 

O41-Mn1-N1 89.71(5) O41-Mn1-N3 173.03(5) 

O1-Mn1-O5 90.40(5) O1-Mn1-N2 109.12(5) 

O1-Mn1-N1 176.95(5) O1-Mn1-N3 89.11(5) 

N1-Mn-N2 73.92(5) N3-Mn1-N2 73.79(5) 

N3-Mn1-N1 91.61(5)   

 

 

4 

 

O1-Cd1-O4 90.52(9) O1-Cd1-N1 110.30(10) 

O1-Cd1-N2 88.91(10) O1-Cd1-N3 177.31(10) 

O3-Cd1-O1 89.13(10) O3-Cd1-O4 96.60(9) 

O3-Cd1-N1 101.13(9) O3-Cd1-N2 172.06(10) 

O3-Cd1-N3 90.52(10) O4-Cd1-N1 152.62(9) 

N2-Cd1-O4 91.11(9) N2-Cd1-N1 72.39(9) 

N2-Cd1-N3 91.80(10) N3-Cd1-O4 86.86(10) 

N3-Cd1-N1 72.39(10)   

 

 

 

Table A46. Selected Bond angles () for 5, 9 and 10. 

 

5 

 

O1-Mn1-O41 88.27(7) O1-Mn1-O6 91.33(6) 

O1-Mn1-N1 86.84(7) O1-Mn1-N2 98.75(6) 

O1-Mn1-N3 172.13(6) O41-Mn1-O6 89.72(6) 

O41-Mn1-N1 174.78(7) O41-Mn1-N2 109.86(7) 

O41-Mn1-N3 89.52(7) O6-Mn1-N1 88.56(7) 

O6-Mn1-N2 158.10(6) O6-Mn1-N3 96.22(6) 

N1-Mn1-N2 72.75(7) N3-Mn1-N1 95.57(7) 

N3-Mn1-N2 74.92(7)   
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9 

O1-Zn1-N2 160.76(9) O1-Zn1-N3 88.44(10) 

O2-Zn1-O1 91.41(10) O2-Zn1-N1 89.77(11) 

O2-Zn1-N2 106.25(10) O2-Zn1-N3 173.07(10) 

O6-Zn1-O1 93.77(10) O6-Zn1-O2 86.54(11) 

O6-Zn1-N1 170.50(10) O6-Zn1-N2 94.84(9) 

O6-Zn1-N3 86.55(11) N1-Zn1-O1 95.08(10) 

N1-Zn1-N2 77.78(10) N1-Zn1-N3 97.14(11) 

N3-Zn1-N2 74.96(10)   

 

10 

O1-Cd1-O41 87.20(10) O1-Cd1-O6 89.55(8) 

O1-Cd1-N1 174.15(9) O1-Cd1-N2 109.99(8) 

O1-Cd1-N3 90.10(10) O41-Cd1-O6 89.99(8) 

O41-Cd1-N1 86.97(9) O41-Cd1-N2 100.06(8) 

O41-Cd1-N3 171.38(9) O6-Cd1-N2 158.28(8) 

N1-Cd1-O6 89.96(8) N1-Cd1-N2 71.58(8) 

N3-Cd1-O6 98.18(8) N3-Cd1-N1 95.75(9) 

N3-Cd1-N2 73.20(8)   

 

Table A47. Selected Bond angles () for 11 and 11a. 

11 

O1-Mn1-O3 103.4(3) O1-Mn1-O5 86.7(2) 

O1-Mn1-N1 96.4(3) O1-Mn1-N2 84.2(2) 

O1-Mn1-N3 166.3(2) O3-Mn1-O5 93.05(19) 

O3-Mn1-N1 153.55(18) O3-Mn1-N2 89.2(2) 

O3-Mn1-N3 90.2(3) O5-Mn1-N1 105.6(2) 

O5-Mn1-N3 91.2(2) N2-Mn1-O5 170.88(19) 

N2-Mn1-N1 75.4(2) N2-Mn1-N3 97.6(2) 

N3-Mn1-N1 71.2(3)   

 

11a 

O1-Mn1-O41 98.46(7) O1-Mn1-O5 95.43(7) 

O1-Mn1-N1 91.93(7) O1-Mn1-N2 159.21(7) 

O1-Mn1-N3 95.98(7) O41-Mn1-O5 87.36(6) 

O41-Mn1-N1 81.83(7) O41-Mn1-N2 95.73(7) 

O41-Mn1-N3 163.74(6) O5-Mn1-N1 167.72(6) 

O5-Mn1-N2 100.34(7) O5-Mn1-N3 83.86(7) 

N1-Mn1-N2 75.11(7) N3-Mn1-N1 105.17(7) 

N3-Mn1-N2 72.53(7)   
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Table A48. Selected Bond angles () for 12 and 13. 

12 

 

O2-Mn1-O5 91.61(10) O2-Mn1-N1 93.42(13) 

O2-Mn1-N2 152.08(16) O2-Mn1-N3 87.53(11) 

O41-Mn1-O2 106.96(12) O41-Mn1-O5 86.86(13) 

O41-Mn1-N1 158.66(13) O41-Mn1-N2 91.3(2) 

O41-Mn1-N3 86.06(13) O5-Mn1-N1 86.27(13) 

O5-Mn1-N2 110.73(12) O5-Mn1-N3 172.28(14) 

N1-Mn1-N2 72.4(2) N3-Mn1-N1 101.44(14) 

N3-Mn1-N2 72.51(13)   

 

 

 

13 

 

O11-Mn1-O21 57.02(13) O11-Mn1-O3 96.16(14) 

O11-Mn1-N1 85.69(11) O11-Mn1-N2 129.57(13) 

O11-Mn1-N3 94.26(14) O21-Mn1-N1 105.17(11) 

O3-Mn1-O21 87.34(12) O3-Mn1-N1 165.94(13) 

O3-Mn1-N2 116.30(16) O3-Mn1-N3 93.28(14) 

N2-Mn1-O21 85.59(12) N2-Mn1-N1 71.86(11) 

N2-Mn1-N3 119.36(12) N3-Mn1-N1 72.67(11) 

N3-Mn1-O21 151.10(12)   

 

 

 

 

Table A49. Selected Bond angles () for 14, 15 and 16. 

14 

 

O1-Mn1-O4 101.60(6) O1-Mn1-O5 125.50(6) 

O1-Mn1-N1 82.37(6) O1-Mn1-N2 148.56(6) 

O1-Mn1-N3 97.69(5) O4-Mn1-N1 86.76(6) 

O4-Mn1-N2 92.39(6) O5-Mn1-O4 58.05(5) 

O5-Mn1-N1 136.83(6) O5-Mn1-N2 85.78(5) 

N1-Mn1-N2 70.35(6) N3-Mn1-O4 160.39(5) 

N3-Mn1-O5 107.22(5) N3-Mn1-N1 99.35(5) 

N3-Mn1-N2 72.52(5)   
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15 

 

O1-Mn1-O2 89.53(18) O1-Mn1-O31 90.14(19) 

O1-Mn1-N1 172.30(18) O1-Mn1-N2 87.6(2) 

O1-Mn1-N3 98.3(2) O2-Mn1-N1 98.12(19) 

O2-Mn1-N2 91.54(19) O2-Mn1-N3 161.62(17) 

O31-Mn1-O2 93.81(19) O31-Mn1-N1 88.5(2) 

O31-Mn1-N2 174.16(18) O31-Mn1-N3 102.71(19) 

N1-Mn1-N2 93.1(2) N1-Mn1-N3 74.6(2) 

N2-Mn1-N3 72.35(19)   

 

16 

 

O2-Mn1-O4 84.18(7) O2-Mn1-O6 90.87(7) 

O2-Mn1-N1 90.66(8) O2-Mn1-N2 95.08(8) 

O2-Mn1-N3 87.89(8) O6-Mn1-O4 54.49(6) 

O6-Mn1-N1 136.29(8) O6-Mn1-N2 152.17(8) 

O6-Mn1-N3 81.84(7) O9-Mn1-O2 175.08(8) 

O9-Mn1-O4 91.06(7) O9-Mn1-O6 87.35(7) 

O9-Mn1-N1 87.47(8) O9-Mn1-N2 88.61(8) 

O9-Mn1-N3 96.39(8) N1-Mn1-O4 82.26(8) 

N1-Mn1-N2 70.92(9) N2-Mn1-O4 153.17(7) 

N3-Mn1-O4 135.31(7) N3-Mn1-N1 141.87(8) 

N3-Mn1-N2 71.27(8)   

 

 

 

Table A50. Selected Bond angles () for 17, 18 and 19. 

17 

 

O1-Cd1-O4 54.51(11) O1-Cd1-O7 119.67(11) 

O1-Cd1-O81 96.10(11) O4-Cd1-O7 87.89(11) 

O4-Cd1-O81 146.73(11) O6-Cd1-O1 163.55(12) 

O6-Cd1-O4 109.04(12) O6-Cd1-O7 54.51(10) 

O6-Cd1-O81 99.48(11) O6-Cd1-O8 86.28(11) 

O6-Cd1-O91 111.08(12) O7-Cd1-O81 123.37(11) 

O8-Cd1-O1 93.62(12) O8-Cd1-O4 92.87(12) 

O8-Cd1-O7 138.24(10) O8-Cd1-O81 71.83(11) 

O91-Cd1-O1 82.67(11) O91-Cd1-O4 126.48(11) 

O91-Cd1-O7 87.73(11) O91-Cd1-O81 52.70(10) 

O91-Cd1-O8 123.35(10) O5-Cd2-N1 102.80(14) 
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17 (continued) 

 

O5-Cd2-N2 82.23(12) O5-Cd2-N3 88.31(13) 

O5-Cd2-N4 138.90(12) O5-Cd2-N5 147.45(12) 

O5-Cd2-N6 82.28(13) N1-Cd2-N2 82.71(13) 

N1-Cd2-N4 100.67(12) N1-Cd2-N5 70.84(12) 

N1-Cd2-N6 97.48(12) N2-Cd2-N4 67.84(11) 

N2-Cd2-N5 126.67(11) N2-Cd2-N6 164.14(13) 

N3-Cd2-N1 168.88(13) N3-Cd2-N2 99.39(13) 

N3-Cd2-N4 70.42(12) N3-Cd2-N5 99.58(12) 

N3-Cd2-N6 83.49(13) N4-Cd2-N6 127.27(12) 

 

18 

 

O1-Cd1-O4 99.58(19) O1-Cd1-O5 54.81(16) 

O1-Cd1-N2 91.87(17) O3-Cd1-O1 98.53(18) 

O3-Cd1-O4 52.38(19) O3-Cd1-O5 121.8(2) 

O3-Cd1-N2 152.4(2) O3-Cd1-N3 84.9(2) 

O5-Cd1-O4 79.72(18) O5-Cd1-N2 84.93(18) 

N1-Cd1-O1 159.75(18) N1-Cd1-O3 101.49(19) 

N1-Cd1-O4 90.3(2) N1-Cd1-O5 110.57(17) 

N1-Cd1-N2 71.58(18) N1-Cd1-N3 96.2(2) 

N2-Cd1-O4 150.34(18) N3-Cd1-O1 88.56(18) 

N3-Cd1-O4 137.13(19) N3-Cd1-O5 135.11(16) 

N3-Cd1-N2 69.86(18)   

 

19 

 

O1-Cd1-O2 55.07(8) O1-Cd1-O3 81.61(8) 

O1-Cd1-N1 134.84(9) O1-Cd1-N2 86.05(8) 

N3-Cd1-N2 71.26(9) O2-Cd1-O3 101.35(8) 

O2-Cd1-N1 87.54(9) O2-Cd1-N2 91.69(9) 

O4-Cd1-O1 126.41(8) O4-Cd1-O2 101.64(9) 

O4-Cd1-O3 54.10(8) O4-Cd1-N1 81.20(9) 

O4-Cd1-N2 146.86(9) O4-Cd1-N3 99.80(9) 

N1-Cd1-O3 135.29(8) N1-Cd1-N2 69.08(8) 

N3-Cd1-N1 98.07(9) N2-Cd1-O3 152.14(8) 

N3-Cd1-O1 109.10(8) N3-Cd1-O2 158.43(9) 

N3-Cd1-O3 89.31(9)   
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Table A51. Selected Bond angles () for 20, 21 and 22. 

 

20 

 

O11-Zn1-O12 86.5(4) O45-Zn2-O46 78.7(11) 

O2-Zn1-O11 159.4(3) O53-Zn2-O46 159.8(5) 

O2-Zn1-O12 89.4(3) O5-Zn2-O46 91.0(6) 

O23-Zn1-O12 159.4(3) O53-Zn2-O45 91.0(6) 

O23-Zn1-O11 89.4(3) O5-Zn2-O45 159.8(5) 

O2-Zn1-O23 87.4(5) O53-Zn2-O5 93.3(7) 

O5-Zn2-O6 99.1(4) O3-Zn1-O11 100.0(3) 

O53-Zn2-O6 99.1(4) O3-Zn1-O12 100.0(3) 

O3-Zn1-O2 100.6(3) O6-Zn2-O46 99.7(4) 

O3-Zn1-O23 100.6(3) O6-Zn2-O45 99.7(4) 

 

 

21 

 

O1-Zn1-O2 88.17(9) O1-Zn1-O3 160.57(9) 

O1-Zn1-O41 87.65(8) O2-Zn1-O3 90.81(9) 

O2-Zn1-O41 160.30(9) O3-Zn1-O41 86.80(9) 

N1-Zn1-O1 101.03(9) N1-Zn1-O2 108.82(10) 

N1-Zn1-O3 97.65(9) N1-Zn1-O41 90.88(9) 

 

 

22 

 

O2-Zn1-O4 87.49(9) O2-Zn1-O5 161.03(8) 

O2-Zn1-O7 91.38(9) O2-Zn1-N2 98.69(9) 

O5-Zn1-O4 86.76(9) O5-Zn1-O7 88.52(9) 

O5-Zn1-N2 99.47(9) O7-Zn1-O4 161.90(9) 

O7-Zn1-N2 107.08(9) N2-Zn1-O4 90.93(9) 

O1-Zn2-O3 88.75(9) O1-Zn2-O6 159.08(8) 

O1-Zn2-O8 86.70(9) O3-Zn2-O6 91.06(8) 

O3-Zn2-O8 157.61(8) O6-Zn2-O8 85.55(9) 

N1-Zn2-O1 99.57(9) N1-Zn2-O3 110.08(9) 

N1-Zn2-O6 100.13(9) N1-Zn2-O8 92.30(9) 
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Table A52. Selected Bond angles () for 23, 24 and 25. 

23 

O2-Zn1-O51 87.54(13) O2-Zn1-O72 87.57(12) 

O3-Zn1-O2 160.03(14) O3-Zn1-O51 87.21(13) 

O3-Zn1-O72 92.62(12) O3-Zn1-N23 106.82(15) 

O72-Zn1-O51 165.02(14) N23-Zn1-O2 92.47(15) 

N23-Zn1-O51 90.47(15) N23-Zn1-O72 103.88(16) 

O1-Zn2-O4 160.16(14) O1-Zn2-O61 93.35(12) 

O1-Zn2-O82 85.20(13) O4-Zn2-O82 86.61(13) 

O61-Zn2-O4 86.84(12) O61-Zn2-O82 155.95(14) 

N1-Zn2-O1 100.42(14) N1-Zn2-O4 97.78(14) 

N1-Zn2-O61 112.64(15) N1-Zn2-O82 91.17(15) 

24 

O31-Zn1-O73 160.50(10) O4-Zn1-O31 87.35(10) 

O4-Zn1-O73 86.51(9) O4-Zn1-N1 101.24(10) 

O5-Zn1-O31 88.95(10) O5-Zn1-O4 156.89(10) 

O5-Zn1-O73 89.47(9) O5-Zn1-N1 101.81(10) 

N1-Zn1-O31 95.32(10) N1-Zn1-O73 104.03(10) 

O14-Zn2-O65 90.65(10) O14-Zn2-O85 86.36(10) 

O26-Zn2-O14 158.77(10) O26-Zn2-O65 87.34(10) 

O26-Zn2-O85 89.39(10) O65-Zn2-O85 162.93(10) 

N2-Zn2-O14 99.36(10) N2-Zn2-O26 101.83(10) 

N2-Zn2-O65 98.88(10) N2-Zn2-O85 98.19(10) 

25 

O1-Zn1-Zn2 66.55(13) O4-Zn1-Zn2 84.95(14) 

O4-Zn1-O1 86.07(18) O4-Zn1-O9 160.0(2) 

O7-Zn1-Zn2 91.12(14) O7-Zn1-O1 157.66(19) 

O7-Zn1-O4 91.97(17) O7-Zn1-O9 87.18(17) 

O7-Zn1-N1 111.5(2) O9-Zn1-Zn2 75.08(14) 

O9-Zn1-O1 87.17(18) N1-Zn1-Zn2 155.71(15) 

N1-Zn1-O1 90.62(19) N1-Zn1-O4 102.36(19) 

N1-Zn1-O9 96.52(19) O2-Zn2-Zn1 92.78(14) 

O2-Zn2-O3 86.84(18) O2-Zn2-O6 160.9(2) 

O2-Zn2-O8 90.71(18) O2-Zn2-N5 105.1(2) 

O3-Zn2-Zn1 74.82(13) O3-Zn2-O6 88.13(18) 

O6-Zn2-Zn1 68.16(14) O8-Zn2-Zn1 84.85(14) 

O8-Zn2-O3 159.36(19) O8-Zn2-O6 87.55(18) 

O8-Zn2-N5 102.6(2) N5-Zn2-Zn1 160.36(15) 

N5-Zn2-O3 97.8(2) N5-Zn2-O6 93.8(2) 
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Table A53. Selected Bond angles () for 26 and 27. 

26 

 

O11-Mn1-Mn11 77.34(18) O11-Mn1-O2 86.5(3) 

O11-Mn1-O4 87.2(3) O11-Mn1-N1 98.3(3) 

O2-Mn1-Mn11 61.5(2) O3-Mn1-Mn11 82.13(19) 

O3-Mn1-O11 159.4(2) O3-Mn1-O2 85.7(3) 

O3-Mn1-O4 93.1(3) O3-Mn1-N1 101.1(3) 

O4-Mn1-Mn11 96.7(2) O4-Mn1-O2 158.1(3) 

O4-Mn1-N1 109.0(3) N1-Mn1-Mn11 153.8(2) 

N1-Mn1-O2 92.7(3)   

 

27 

 

O2-Mn1-O5 97.9(2) O2-Mn1-O6 152.0(2) 

O2-Mn1-O7 82.4(2) O2-Mn1-N1 108.3(3) 

O4-Mn1-O2 89.8(2) O4-Mn1-O5 82.47(19) 

O4-Mn1-O6 94.1(2) O4-Mn1-O7 163.4(2) 

O4-Mn1-N1 90.9(2) O6-Mn1-O5 55.37(17) 

O7-Mn1-O5 84.09(19) O7-Mn1-O6 86.2(2) 

O7-Mn1-N1 105.4(2) N1-Mn1-O5 153.0(2) 

N1-Mn1-O6 99.4(2) O1-Mn2-O3 87.2(2) 

O1-Mn2-O5 137.3(2) O1-Mn2-O91 90.5(2) 

O3-Mn2-O91 152.63(19) O5-Mn2-O3 83.62(19) 

O5-Mn2-O91 79.73(19) O8-Mn2-O1 109.3(2) 

O8-Mn2-O3 98.5(2) O8-Mn2-O5 113.3(2) 

O8-Mn2-O91 108.0(2)   

 

Table A54. Selected Bond angles () for 28, 29 and 30. 

28 

 

O1-Mn1-Mn2 72.42(5) O1-Mn1-O6 85.25(8) 

O1-Mn1-O7 157.08(7) O4-Mn1-Mn2 68.51(6) 

O4-Mn1-O1 89.44(8) O4-Mn1-O6 159.40(8) 

O4-Mn1-O7 89.75(7) O6-Mn1-Mn2 90.93(6) 

O7-Mn1-Mn2 86.00(5) O7-Mn1-O6 87.50(7) 

O9-Mn1-Mn2 170.86(7) O9-Mn1-O1 102.34(8) 

O9-Mn1-O4 104.44(9) O9-Mn1-O6 96.14(9) 

O9-Mn1-O7 100.04(8) O2-Mn2-Mn1 84.96(5) 

O3-Mn2-Mn1 89.38(6) O3-Mn2-O2 86.91(8) 
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28 (continued) 

 

O5-Mn2-Mn1 66.53(6) O5-Mn2-O2 89.81(7) 

O5-Mn2-O3 155.89(8) O8-Mn2-Mn1 71.90(5) 

O8-Mn2-O2 155.23(7) O8-Mn2-O3 84.19(8) 

O8-Mn2-O5 88.98(8) O10-Mn2-Mn1 164.64(6) 

O10-Mn2-O2 94.92(8) O10-Mn2-O3 105.96(8) 

O10-Mn2-O5 98.12(8) O10-Mn2-O8 109.74(8) 

O11-Mn3-O12 90.88(7) O11-Mn3-O14 159.25(7) 

O11-Mn3-N1 108.52(8) O11-Mn3-N21 81.17(8) 

O13-Mn3-O11 81.98(8) O13-Mn3-O12 160.83(8) 

O13-Mn3-O14 99.99(8) O13-Mn3-N1 80.32(9) 

O13-Mn3-N21 107.31(9) O14-Mn3-O12 92.99(7) 

N1-Mn3-O12 85.19(9) N1-Mn3-O14 92.13(8) 

N1-Mn3-N21 168.72(9) N21-Mn3-O12 88.98(8) 

N21-Mn3-O14 78.52(8)   

 

29 

 

O11-Mn1-Mn22 83.98(9) O3-Mn1-Mn22 64.71(9) 

O3-Mn1-O11 89.86(12) O3-Mn1-O63 88.73(13) 

O3-Mn1-O82 154.78(13) O63-Mn1-Mn22 72.88(9) 

O63-Mn1-O11 154.99(12) O63-Mn1-O82 83.90(13) 

O82-Mn1-Mn22 90.07(10) O82-Mn1-O11 86.85(13) 

O9-Mn1p-Mn22 162.52(10) O9-Mn1-O11 93.59(13) 

O9-Mn1-O3 98.04(14) O9-Mn1-O63 111.33(13) 

O9-Mn1-O82 107.12(14) O24-Mn2-Mn15 85.10(8) 

O46-Mn2-Mn15 73.40(9) O46-Mn2-O24 157.23(12) 

O46-Mn2-O75 85.66(13) O75-Mn2-Mn15 92.32(9) 

O75-Mn2-O24 87.84(13) O11-Mn2-Mn15 67.59(10) 

O11-Mn2-O24 89.14(13) O11-Mn2-O46 89.51(13) 

O11-Mn2-O75 159.88(13) O14-Mn2-Mn15 170.47(12) 

O14-Mn2-O24 99.54(13) O14-Mn2-O46 102.84(14) 

O14-Mn2-O75 96.15(15) O14-Mn2-O11 103.97(16) 

O5-Mn3-O10 158.44(13) O5-Mn3-O12 91.96(12) 

O5-Mn3-N15 80.92(14) O5-Mn3-N2 108.65(14) 

O10-Mn3-N15 78.00(14) O10-Mn3-N2 92.75(14) 

O12-Mn3-O10 92.34(13) O12-Mn3-N15 89.43(14) 

O12-Mn3-N2 85.37(15) O136-Mn3-O5 82.70(13) 

O136-Mn3-O10 99.43(13) O136-Mn3-O12 160.71(14) 

O136-Mn3-N15 107.87(15) O136-Mn3-N2 78.88(15) 

N15-Mn3-N2 169.22(16)   
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30 

 

O11-Mn1-O12 75.89(6) O12-Mn1-O2 103.80(5) 

O11-Mn1-O2 88.63(5) O11-Mn1-N1 97.67(6) 

O12-Mn1-N1 86.87(6) O3-Mn1-O11 167.93(6) 

O3-Mn1-O12 93.30(5) O3-Mn1-O2 88.78(5) 

O3-Mn1-O43 104.09(6) O3-Mn1-N1 86.92(6) 

O43-Mn1-O11 87.69(6) O43-Mn1-O12 158.21(6) 

O43-Mn1-O2 89.79(5) O43-Mn1-N1 81.16(6) 

N1-Mn1-O2 168.72(7)   

 

 

 

Table A55. Selected Bond angles () for 32, 33 and 34. 

32 

 

O1-Co1-O6 165.3(2) O4-Co1-O1 100.3(2) 

O4-Co1-O6 81.7(2) O8-Co1-O1 90.7(2) 

O8-Co1-O4 161.6(3) O8-Co1-O6 84.1(2) 

N2-Co1-O1 102.6(3) N2-Co1-O4 101.9(3) 

N2-Co1-O6 91.1(3) N2-Co1-O8 89.9(3) 

O3-Co2-O2 85.4(2) O3-Co2-O5 91.4(2) 

O3-Co2-O7 162.1(3) O5-Co2-O2 165.7(2) 

O7-Co2-O2 80.1(2) O7-Co2-O5 100.0(2) 

N1-Co2-O2 93.1(3) N1-Co2-O3 87.7(3) 

N1-Co2-O5 100.7(3) N1-Co2-O7 103.6(2) 

 

 

33 

 

O1-Co1-O4 95.18(11) O1-Co1-O6 162.62(10) 

O1-Co1-O7 83.99(11) O1-Co1-N2 97.76(11) 

O4-Co1-O7 161.76(11) O4-Co1-N2 108.25(12) 

O6-Co1-O4 91.26(11) O6-Co1-O7 84.86(11) 

O6-Co1-N2 95.51(11) N2-Co1-O7 89.88(12) 

O2-Co2-O3 84.72(11) O2-Co2-O8 90.98(11) 

O2-Co2-N1 96.79(11) O5-Co2-O2 164.40(10) 

O5-Co2-O3 85.79(11) O5-Co2-O8 95.23(11) 

O5-Co2-N1 95.05(11) O8-Co2-O3 165.72(11) 

O8-Co2-N1 107.05(12) N1-Co2-O3 87.01(12) 
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34 

 

O31-Co1-Co21 83.38(10) O31-Co1-O5 163.55(14) 

O31-Co1-O61 85.72(13) O31-Co1-O8 95.50(14) 

O31-Co1-N22 96.82(15) O5-Co1-Co21 80.30(10) 

O5-Co1-O61 84.51(13) O5-Co1-O8 90.83(14) 

O5-Co1-N22 95.98(15) O61-Co1-Co21 60.61(11) 

O8-Co1-Co21 105.45(12) O8-Co1-O61 165.85(16) 

O8-Co1-N22 106.03(17) N22-Co1-Co21 148.34(13) 

N22-Co1-O61 87.78(16) O1-Co2-Co13 79.41(10) 

O1-Co2-O23 161.60(14) O1-Co2-O73 84.36(13) 

O1-Co2-N1 95.68(14) O23-Co2-Co13 82.48(10) 

O23-Co2-O73 83.40(13) O23-Co2-N1 97.75(14) 

O4-Co2-Co13 102.93(11) O4-Co2-O1 91.98(14) 

O4-Co2-O23 95.22(14) O4-Co2-O73 161.29(16) 

O4-Co2-N1 109.80(16) O73-Co2-Co13 58.36(11) 

N1-Co2-Co13 147.07(11) N1-Co2-O73 88.85(15) 

 

 

 

Table A56. Selected Bond angles () for 35 and 36. 

35 

 

O3-Co1-O101 83.3(3) O3-Co1-O122 100.7(3) 

O3-Co1-O132 88.2(3) O3-Co1-N3 102.0(3) 

O101-Co1-O132 108.2(3) O11-Co1-O3 162.5(3) 

O11-Co1-O101 84.2(3) O11-Co1-O122 89.0(3) 

O11-Co1-O132 84.2(3) O11-Co1-N3 90.5(3) 

O122-Co1-O101 166.7(3) O122-Co1-O132 59.6(3) 

N3-Co1-O101 91.3(3) N3-Co1-O122 100.2(3) 

N3-Co1-O132 159.1(3) O1-Co2-O132 82.3(3) 

O1-Co2-O14 162.1(3) O1-Co2-O151 92.2(3) 

O1-Co2-N2 93.3(3) O14-Co2-O132 84.6(3) 

O14-Co2-O151 96.1(3) O14-Co2-N2 97.9(3) 

O151-Co2-O132 160.1(3) O151-Co2-N2 113.0(3) 

N2-Co2-O132 86.5(3) O2-Co3-O4 162.1(3) 

O2-Co3-O53 84.7(3) O2-Co3-O84 84.0(3) 

O2-Co3-O163 89.3(3) O2-Co3-N15 90.7(3) 

O4-Co3-O53 88.0(3) O4-Co3-O84 82.8(3) 

O4-Co3-O163 100.9(3) O4-Co3-N15 101.7(3) 
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35 (continued) 

 

O84-Co3-O53 108.2(3) O163-Co3-O53 59.0(3) 

O163-Co3-O84 166.2(3) N15-Co3-O53 158.9(3) 

N15-Co3-O84 91.7(3) N15-Co3-O163 100.4(3) 

O6-Co4-O53 82.7(3) O6-Co4-O7 162.3(3) 

O6-Co4-O94 92.0(3) O6-Co4-N4 93.2(3) 

O7-Co4-O53 85.0(3) O7-Co4-N4 98.7(3) 

O94-Co4-O53 160.2(3) O94-Co4-O7 95.3(3) 

O94-Co4-N4 112.9(3) N4-Co4-O53 86.6(3) 

 

36 

 

O1-Co1-O3 164.81(19) O1-Co1-O71 88.59(14) 

O1-Co1-N2 103.93(19) O5-Co1-O1 94.65(15) 

O5-Co1-O3 86.77(16) O5-Co1-O71 165.41(16) 

O5-Co1-N2 98.46(17) O71-Co1-O3 86.45(15) 

O71-Co1-N2 94.54(16) N2-Co1-O3 90.8(2) 

O4-Co2-O2 163.1(2) O4-Co2-O6 89.35(15) 

O4-Co2-O81 95.02(15) O4-Co2-N1 109.13(19) 

O6-Co2-O2 85.86(16) O6-Co2-N1 94.42(15) 

O81-Co2-O2 85.27(15) O81-Co2-O6 163.10(17) 

O81-Co2-N1 99.52(14) N1-Co2-O2 87.44(16) 

 

 

 

 

 

Table A57. Selected Bond angles () for 37 and 38. 

 

37 

 

O1-Cd1-O2 56.42(7) O1-Cd1-O3 148.74(7) 

O2-Cd1-O3 106.57(7) O4-Cd1-O1 98.07(7) 

O4-Cd1-O2 100.19(7) O4-Cd1-O3 56.45(7) 

O4-Cd1-O5 97.84(8) O5-Cd1-O1 87.11(7) 

O5-Cd1-O2 141.07(7) O5-Cd1-O3 112.17(7) 

N1-Cd1-O1 113.38(8) N1-Cd1-O2 90.70(7) 

N1-Cd1-O3 91.03(7) N1-Cd1-O4 147.40(7) 

N1-Cd1-O5 92.34(8)   
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38 

 

O1-Cd1-O2 55.06(13) O1-Cd1-O3 125.02(14) 

O1-Cd1-O4 108.27(16) O2-Cd1-O3 85.50(13) 

O4-Cd1-O2 117.20(15) O4-Cd1-O3 53.88(12) 

O5-Cd1-O1 118.55(18) O5-Cd1-O2 96.71(16) 

O5-Cd1-O3 100.89(15) O5-Cd1-O4 132.49(18) 

O5-Cd1-N1 88.40(15) N1-Cd1-O1 88.43(13) 

N1-Cd1-O2 140.79(13) N1-Cd1-O3 131.76(13) 

N1-Cd1-O4 85.15(13) C4-C5-Si1 123.7(3) 

 

 

 

Table A58. Selected Bond angles () for 39 and 40. 

 

39 

 

O1-Cd1-O2 53.97(11) O1-Cd1-O31 135.84(11) 

O1-Cd1-O41 165.87(13) O1-Cd1-N1 86.22(13) 

O31-Cd1-O2 82.33(10) O31-Cd1-O41 54.18(12) 

O41-Cd1-O2 136.22(11) O5-Cd1-O1 85.91(12) 

O5-Cd1-O2 139.41(11) O5-Cd1-O31 138.16(12) 

O5-Cd1-O41 84.33(12) O5-Cd1-N1 88.09(17) 

O5-Cd1-N2 91.17(19) N1-Cd1-O2 94.39(14) 

N1-Cd1-O31 91.72(14) N1-Cd1-O41 83.27(12) 

N2-Cd1-O1 91.54(14) N2-Cd1-O2 84.75(16) 

N2-Cd1-O31 90.30(16) N2-Cd1-O41 98.84(12) 

N2-Cd1-N1 177.68(15)   

 

 

40 

 

O1-Cd1-O21 118.70(9) O1-Cd1-O32 144.55(8) 

O1-Cd1-O42 91.11(8) O1-Cd1-O5 83.74(10) 

O1-Cd1-N1 104.30(10) O21-Cd1-O32 92.82(8) 

O21-Cd1-O42 147.80(8) O21-Cd1-O5 79.43(11) 

O21-Cd1-N1 92.23(10) O32-Cd1-O42 55.29(8) 

O32-Cd1-O5 86.91(11) O5-Cd1-O42 93.08(12) 

N1-Cd1-O32 89.14(10) N1-Cd1-O42 91.70(10) 

N1-Cd1-O5 170.57(11)   
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Table A59. Selected Bond angles () for 41 and 42. 

 

41 

 

O3-Zn1-O41 110.73(15) O3-Zn1-N1 111.02(14) 

O3-Zn1-N22 99.28(15) O41-Zn1-N1 127.14(14) 

O41-Zn1-N22 98.91(13) N1-Zn1-N22 104.82(14) 

 

42 

 

O10-Cd1-O9 55.15(17) O10-Cd1-O15 103.46(18) 

O10-Cd1-O16 111.8(2) O10-Cd1-N21 90.81(18) 

O15-Cd1-O9 129.0(2) O16-Cd1-O9 166.3(2) 

O16-Cd1-O15 53.9(3) O16-Cd1-N21 83.2(2) 

N21-Cd1-O9 92.41(17) N21-Cd1-O15 137.1(2) 

N3-Cd1-O9 86.95(18) N3-Cd1-O10 140.38(19) 

N3-Cd1-O15 91.3(2) N3-Cd1-O16 106.7(2) 

N3-Cd1-N21 103.06(19) O112-Cd2-O12 131.92(19) 

O132-Cd2-O112 55.42(19) O132-Cd2-O12 152.8(2) 

O14-Cd2-O112 97.0(2) O14-Cd2-O12 55.51(18) 

O14-Cd2-O132 100.0(2) O14-Cd2-N53 100.8(2) 

N53-Cd2-O112 137.5(2) N53-Cd2-O12 89.4(2) 

N53-Cd2-O132 83.4(2) N6-Cd2-O112 90.24(19) 

N6-Cd2-O12 87.29(19) N6-Cd2-O132 119.9(2) 

N6-Cd2-O14 135.06(19) N6-Cd2-N53 103.2(2) 

O6-Cd3-O7 55.08(16) O6-Cd3-N14 91.99(19) 

O175-Cd3-O6 107.7(2) O175-Cd3-O7 162.0(2) 

O175-Cd3-N14 83.8(3) N14-Cd3-O7 91.11(18) 

N4-Cd3-O6 139.80(19) N4-Cd3-O7 87.40(18) 

N4-Cd3-O175 110.6(2) N4-Cd3-N14 103.8(2) 

 

 

Table A60. Selected Bond angles () for 43 and 44. 

 

43 

 

O1-Zn1-N1 96.4(2)  O1-Zn1-N2 130.4(2) 

O3-Zn1-O1 110.4(2)  O3-Zn1-N1 93.4(2) 

O3-Zn1-N2 113.0(2)  N2-Zn1-N1 103.8(2) 

O5-Zn2-N3 110.1(2) O5-Zn2-N4 94.2(2) 

O7-Zn2-O5 113.6(2) O7-Zn2-N3 126.4(2) 

O7-Zn2-N4 97.5(3) N3-Zn2-N4 108.7(2) 
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44 

O4-Cd1-O6 56.87(6) O4-Cd1-O71 146.67(6) 

O4-Cd1-O101 96.41(6) O4-Cd1-N1 112.02(7) 

O4-Cd1-N42 102.74(7) O6-Cd1-O101 83.99(6) 

O71-Cd1-O6 98.77(6) O71-Cd1-O101 55.49(6) 

O71-Cd1-N1 92.92(7) O71-Cd1-N42 93.25(7) 

N1-Cd1-O6 168.27(6) N1-Cd1-O101 102.00(6) 

N1-Cd1-N42 101.02(7) N42-Cd1-O6 79.41(7) 

N42-Cd1-O101 141.71(6) O123-Cd2-O11 115.22(7) 

O13-Cd2-O11 55.25(7) O13-Cd2-O123 94.15(9) 

O13-Cd2-O153 81.21(8) O13-Cd2-N2 145.13(8) 

O13-Cd2-N32 102.70(10) O153-Cd2-O11 135.77(7) 

O153-Cd2-O123 55.15(6) N2-Cd2-O11 93.08(6) 

N2-Cd2-O123 86.48(6) N2-Cd2-O153 125.45(7) 

N2-Cd2-N32 100.44(7) N32-Cd2-O11 107.16(7) 

N32-Cd2-O123 136.62(7) N32-Cd2-O153 88.06(7) 

 

Table A61. Selected Bond angles () for 45, 46 and 47. 

45 

O1-Cd1-O11 97.2(4) O1-Cd1-O2 119.4(2) 

O11-Cd1-O21 119.4(2) O1-Cd1-O21 124.6(3) 

O11-Cd1-O2 124.6(3) O2-Cd1-O21 73.5(3) 

O31-Cd1-O1 151.4(3) O31-Cd1-O11 54.2(3) 

O3-Cd1-O11 151.4(3) O3-Cd1-O1 54.2(3) 

O31-Cd1-O21 78.2(3) O31-Cd1-O2 81.3(3) 

O3-Cd1-O21 81.3(3) O3-Cd1-O2 78.2(3) 

O3-Cd1-O31 154.4(4) O3-Cd1-O4 87.0(3) 

O3-Cd1-O41 93.5(3) O31-Cd1-O4 93.5(3) 

O31-Cd1-O41 87.0(3) O4-Cd1-O1 85.0(2) 

O41-Cd1-O1 93.5(3) O41-Cd1-O11 85.0(2) 

O4-Cd1-O11 93.5(2) O41-Cd1-O2 127.9(2) 

O4-Cd1-O2 54.3(2) O41-Cd1-O21 54.4(2) 

O4-Cd1-O21 127.9(2) O41-Cd1-O4 177.8(3) 

O21-Cd2-O2 82.5(4) O5-Cd2-O21 83.7(3) 

O5-Cd2-O2 80.3(3) O51-Cd2-O2 83.7(3) 

O51-Cd2-O21 80.3(4) O51-Cd2-O5 158.6(5) 

O51-Cd2-O61 90.7(4) O5-Cd2-O61 104.6(4) 

O5-Cd2-O6 90.7(4) O51-Cd2-O6 104.6(4) 

O61-Cd2-O2 174.0(3) O6-Cd2-O21 174.0(3) 

O6-Cd2-O2 94.5(3) O61-Cd2-O21 94.5(3) 

O61-Cd2-O6 89.0(5)   
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46 

 

O11-Cd1-O21 55.41(6) O11-Cd1-O9 134.91(7) 

O11-Cd1-O102 80.44(7) O21-Cd1-O9 134.62(7) 

O21-Cd1-O102 92.92(8) O5-Cd1-O11 87.27(7) 

O5-Cd1-O21 91.26(7) O5-Cd1-O82 111.60(8) 

O5-Cd1-O9 53.66(7) O5-Cd1-O102 161.62(8) 

O5-Cd1-N1 113.77(8) O82-Cd1-O11 89.40(7) 

O82-Cd1-O21 137.70(7) O82-Cd1-O9 86.13(7) 

O82-Cd1-O102 55.07(8) O102-Cd1-O9 129.84(8) 

N1-Cd1-O11 139.94(7) N1-Cd1-O21 88.97(7) 

N1-Cd1-O82 111.34(8) N1-Cd1-O9 82.18(7) 

N1-Cd1-O102 84.20(7) O33-Cd2-O4 82.66(6) 

O33-Cd2-O114 130.79(7) O63-Cd2-O33 54.72(6) 

O63-Cd2-O4 93.01(7) O63-Cd2-O114 127.09(9) 

O7-Cd2-O33 91.24(7) O7-Cd2-O4 54.34(7) 

O7-Cd2-O63 137.57(7) O7-Cd2-O114 93.59(9) 

O7-Cd2-O124 102.48(13) O7-Cd2-N2 114.77(8) 

O114-Cd2-O4 136.98(8) O124-Cd2-O33 78.59(8) 

O124-Cd2-O4 149.86(12) O124-Cd2-O63 95.13(10) 

O124-Cd2-O114 52.56(9) O124-Cd2-N2 124.54(12) 

N2-Cd2-O33 136.13(7) N2-Cd2-O4 85.12(7) 

N2-Cd2-O63 84.22(8) N2-Cd2-O114 84.39(8) 

 

47 

 

O11-Cd1-O31 55.09(17) O11-Cd1-O52 133.0(2) 

O11-Cd1-O6 96.2(2) O11-Cd1-C71 27.73(19) 

O2-Cd1-O11 139.17(18) O2-Cd1-O31 91.1(2) 

O2-Cd1-O42 102.8(2) O2-Cd1-O52 85.8(2) 

O2-Cd1-O6 52.92(19) O2-Cd1-N2 110.9(2) 

O31-Cd1-O52 132.5(2) O31-Cd1-O6 82.4(2) 

O42-Cd1-O11 94.24(19) O42-Cd1-O31 80.8(2) 

O42-Cd1-O52 54.1(2) O42-Cd1-O6 150.1(2) 

O52-Cd1-O6 129.0(2) N2-Cd1-O11 89.88(18) 

N2-Cd1-O31 141.33(19) N2-Cd1-O42 121.7(2) 

N2-Cd1-O52 82.17(19) N2-Cd1-O6 86.3(2) 
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Table A62. Selected Bond angles () for 48. 

 

48 

 

O11-Co1-Co12 84.56(12) O13-Co1-Co12 84.56(12) 

O14-Co1-Co12 84.56(12) O1-Co1-Co12 84.55(12) 

O11-Co1-O13 87.7(3) O13-Co1-O14 91.3(3) 

O14-Co1-O1 87.7(3) O11-Co1-O1 91.3(3) 

O13-Co1-O1 169.1(2) O11-Co1-O14 169.1(2) 

O11-Co1-N1 95.44(12) O13-Co1-N1 95.44(12) 

O14-Co1-N1 95.44(12) O1-Co1-N1 95.45(12) 

N1-Co1-Co12 180.00(8)   

 

 

Table A63. Selected Bond angles () for 49 and 50. 

 

49 

 

O21-Cd1-O2 102.6(3) O21-Cd1-O32 102.8(2) 

O21-Cd1-O33 136.7(2) O2-Cd1-O32 136.7(2) 

O2-Cd1-O33 102.7(2) O21-Cd1-O42 101.9(3) 

O21-Cd1-O43 86.7(2) O2-Cd1-O43 101.9(3) 

O2-Cd1-O42 86.7(2) O33-Cd1-O32 81.4(3) 

O33-Cd1-O42 114.1(2) O33-Cd1-O43 54.0(2) 

O32-Cd1O42 54.0(2) O32-Cd1-O43 114.1(2) 

O43-Cd1-O42 166.4(3) O14-Cd2-O1 180.0 

O14-Cd2-O42 98.8(2) O1-Cd2-O45 98.8(2) 

O14-Cd2-O45 81.2(2) O1-Cd2-O42 81.2(2) 

O1-Cd2-N1 79.0(3) O1-Cd2-N14 101.0(3) 

O14-Cd2-N14 79.0(3) O14-Cd2-N1 101.0(3) 

O45-Cd2-O42 180.0 O45-Cd2-N14 84.2(3) 

O45-Cd2-N1 95.8(3) O42-Cd2-N1 84.2(3) 

O42-Cd2-N14 95.8(3) N1-Cd2-N14 180.0 

 

 

50 

 

O11-Cd1-O12 180.0 O23-Cd1-O11 82.28(12) 

O2-Cd1-O11 97.72(12) O23-Cd1-O12 97.72(12) 

O2-Cd1-O12 82.28(12) O23-Cd1-O2 180.0 

N13-Cd1-O11 87.32(17) N13-Cd1-O12 92.68(17) 

N1-Cd1-O12 87.32(17) N1-Cd1-O11 92.68(17) 

N1-Cd1-O23 97.64(18) N13-Cd1-O2 97.63(18) 
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50 (continued) 

 

N1-Cd1-O2 82.36(18) N13-Cd1-O23 82.37(18) 

N13-Cd1-N1 180.0 O12-Cd2-O14 164.19(16) 

O3-Cd2-O12 86.94(13) O35-Cd2-O12 102.06(13) 

O35-Cd2-O14 86.95(13) O3-Cd2-O14 102.06(13) 

O3-Cd2-O35 111.0(2) O3-Cd2-O44 99.59(15) 

O35-Cd2-O42 99.59(15) O35-Cd2-O44 134.78(14) 

O3-Cd2-O42 134.78(14) O44-Cd2-O14 53.78(12) 

O42-Cd2-O12 53.78(12) O42-Cd2-O14 112.29(13) 

O44-Cd2-O12 112.29(13) O42-Cd2-O44 79.4(2) 

 

Table A64. Selected Bond angles () for 51 and 52. 

 

51 

 

O1-Cd1-O41 90.7(3) O1-Cd1-O5 89.2(4) 

O1-Cd1-O9 179.1(4) O1-Cd1-O10 89.5(3) 

O1-Cd1-N1 86.0(3) O41-Cd1-N1 94.8(3) 

O5-Cd1-O41 81.1(3) O5-Cd1-N1 173.6(4) 

O9-Cd1-O41 88.9(4) O9-Cd1-O5 91.6(4) 

O9-Cd1-N1 93.2(4) O10-Cd1-O41 174.1(3) 

O10-Cd1-O5 93.0(4) O10-Cd1-O9 91.0(4) 

O10-Cd1-N1 91.1(3) O2-Cd2-O31 92.5(6) 

O2-Cd2-O41 98.3(4) O2-Cd2-O7 122.0(4) 

O2-Cd2-O8 84.2(4) O31-Cd2-O41 52.3(3) 

O31-Cd2-O7 80.2(4) O31-Cd2-O8 121.3(4) 

O6-Cd2-O2 125.7(6) O6-Cd2-O31 131.3(6) 

O6-Cd2-O41 89.5(3) O6-Cd2-O7 98.8(5) 

O6-Cd2-O8 94.3(4) O7-Cd2-O41 119.2(3) 

O8-Cd2-O41 173.0(3) O8-Cd2-O7 54.5(3) 

 

52 

 

O2-Cd1-O1 54.21(12) O2-Cd1-O51 167.77(12) 

O2-Cd1-O61 114.19(13) O3-Cd1-O1 128.91(14) 

O3-Cd1-O2 84.33(13) O3-Cd1-O51 100.03(13) 

O3-Cd1-O61 93.43(17) O51-Cd1-O1 115.68(12) 

O61-Cd1-O1 80.56(15) O61-Cd1-O51 54.44(12) 

O7-Cd1-O1 87.06(15) O7-Cd1-O2 98.64(13) 

O7-Cd1-O3 132.14(16) O7-Cd1-O51 86.94(12) 

O7-Cd1-O61 126.68(16) O4-Cd2-O51 91.44(15) 
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52 (continued) 

 

O4-Cd2-O8 92.48(14) O4-Cd2-O9 172.22(16) 

O4-Cd2-O10 88.49(16) O4-Cd2-N1 85.96(14) 

O51-Cd2-N1 94.25(13) O8-Cd2-O51 81.21(12) 

O8-Cd2-N1 175.17(13) O9-Cd2-O51 87.30(15) 

O9-Cd2-O8 94.92(15) O9-Cd2-O10 93.93(16) 

O9-Cd2-N1 86.48(15) O10-Cd2-O51 171.20(13) 

O10-Cd2-O8 90.00(14) O10-Cd2-N1 94.53(14) 

 

Table A65. Selected Bond angles () for 53 and 54. 

 

53 

 

O11-Ni1-O22 97.1(5) O11-Ni1-O61 62.6(4) 

O22-Ni1-O61 88.0(4) O82-Ni1-O11 157.2(5) 

O82-Ni1-O22 63.0(5) O82-Ni1-O61 103.5(5) 

O82-Ni1-N33 97(4) N33-Ni1-O11 101(4) 

N33-Ni1-O22 158(4) N33-Ni1-O61 88(2) 

N4-Ni1-O11 96.8(4) N4-Ni1-O22 91.1(4) 

N4-Ni1-O61 159.1(4) N4-Ni1-O82 94.7(5) 

N4-Ni1-N33 100(2) O3-Ni2-O4 63.0(4) 

O3-Ni2-O54 153.1(5) O3-Ni2-O74 100.2(4) 

O54-Ni2-O4 94.4(5) O54-Ni2-O74 62.0(4) 

O74-Ni2-O4 87.1(4) N1-Ni2O3 99.2(5) 

N1-Ni2-O4 89.7(4) N1-Ni2-O54 94.9(5) 

N1-Ni2-O74 156.3(5) N1-Ni2-N25 97(3) 

N25-Ni2-O3 100(5) N25-Ni2-O4 163(5) 

N25-Ni2-O54 101(5) N25-Ni2-O74 93(3) 

 

54 

 

O2-Zn1-O61 121.7(4) O2-Zn1-N1 116.7(4) 

O2-Zn1-N32 100.3(17) O61-Zn1-N1 114.1(3) 

O61-Zn1-N32 96(2) N1-Zn1-N32 101.0(19) 

O33-Zn2-O43 58.4(3) O33-Zn2-O74 93.2(3) 

O33-Zn2-O84 135.0(3) O33-Zn2-N41 96.0(17) 

O74-Zn2-O43 89.8(2) O84-Zn2-O43 84.2(3) 

O84-Zn2-O74 60.1(4) N2-Zn2-O33 105.7(3) 

N2-Zn2-O43 89.1(3) N2-Zn2-O74 157.0(3) 

N2-Zn2-O84 96.9(3) N2-Zn2-N41 100.0(15) 

N41-Zn2-O43 154.4(17) N41-Zn2-O74 90.8(17) 

N41-Zn2-O84 118.0(19) C25-C26-C27 122.7(10) 
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Table A66. Selected Bond angles () for 55 and 56. 

 

55 

 

O1-Zn1-O31 131.55(18) O1-Zn1-O62 108.97(17) 

O1-Zn1-O83 101.35(17) O31-Zn1-O62 97.66(18) 

O31-Zn1-O83 111.98(16) O62-Zn1-O83 101.94(17) 

O2-Zn2-O52 121.22(18) O2-Zn2-O74 100.41(18) 

O2-Zn2-O9 111.9(2) O52-Zn2-O74 116.40(17) 

O52-Zn2-O9 107.1(2) O9-Zn2-O74 97.27(18) 

 

56 

 

O1-Cu1-Cu11 86.70(19) O1-Cu1-O32 171.0(3) 

O1-Cu1-O41 88.0(2) O1-Cu1-O53 90.1(2) 

O1-Cu1-O10 92.6(3) O32-Cu1-Cu11 84.40(19) 

O32-Cu1-O41 92.1(2) O32-Cu1-O10 96.3(3) 

O41-Cu1-Cu11 80.71(19) O41-Cu1-O10 101.3(3) 

O53-Cu1-Cu11 82.89(19) O53-Cu1-O32 87.2(2) 

O53-Cu1-O41 163.6(3) O53-Cu1-O10 95.1(3) 

O10-Cu1-Cu11 177.9(2) O2-Cu2-O9 99.1(3) 

O64-Cu2-Cu24 85.7(2) O64-Cu2-O74 88.9(3) 

O74-Cu2-Cu24 82.9(2) O74-Cu2-O9 95.3(3) 

O8-Cu2-Cu24 85.3(2) O8-Cu2-O2 90.0(3) 

O8-Cu2-O64 170.8(3) O8-Cu2-O74 88.2(3) 

O8-Cu2-O9 94.9(3) O9-Cu2-Cu24 178.20(19) 
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Table A67. Qst values of reported MOFs. 

 

Compound Qst (kJmol-1) Reference 

39 25.4 This work 

40 28.3 This work 

41 33.2 This work 

42 29.7 This work 

43 32.6 This work 

48 30.4 This work 

51 29.3 This work 

52 25.6 This work 

53 27.5 This work 

55 32.5 This work 

UTSA-72a 34.6 Cryst. Growth Des., 2014, 14, 2522–2526 

IITKGP-8 35 Chem. - A Eur. J., 2018, 5982–5986 

IITKGP-6 23 Inorg. Chem., 2017, 56, 13991–13997 

IITKGP-5 22.6 Dalt. Trans., 2017, 46, 15280–15286 

M’MOF-20a 28.4 Inorg. Chem., 2012, 51, 4947–4953 

ROD 6 20-21  Chem. Commun., 2014, 50, 4047–4049 

ROD 7 26-22  Chem. Commun., 2014, 50, 4047–4049 

NU 1000 17  J. Am. Chem. Soc., 2013, 135, 16801–16804 

PMF-NOTT-1 33.09 J. Mater. Chem. A, 2014, 2, 19889–19896 

PMF- NOTT-2 31.86 J. Mater. Chem. A, 2014, 2, 19889–19896 

[Zn2(L)(2,6-NDC)2] 23.3 Inorg. Chem., 2018, 57, 2695–2704 

[Cd2(L)(2,6-NDC)2] 28.1 Inorg. Chem., 2018, 57, 2695–2704 

ZnPC-2 32 Chem. Commun., 2013, 49, 78–80 

Cu-BCPPM 29 J. Am. Chem. Soc., 2013, 135, 10441–10448 

SIFSIX-3-Zn 45 Nature, 2013, 495, 80–84 

[Co2(tzpa)(OH)(H2O)2] 38.5 ACS Appl. Mater. Interfaces, 2017, 9, 17969–17976 

[Cu2(L)(H2O)2] 36.4 Chem. Commun., 2016, 52, 11147–11150 

SNU-77H 19.9 Chem. - A Eur. J., 2011, 17, 7251–7260 

NJU-Bai13 21.2 CrystEngComm, 2013, 15, 9348 

CuBTTri 21 J. Am. Chem. Soc., 2009, 131, 8784–8786 

Cu-TDPAT 42.2 Angew. Chemie - Int. Ed., 2012, 51, 1412–1415 

[Cu(Me-4py-trz-ia)] 30 Angew. Chemie - Int. Ed., 2011, 50, 10344–10348 

[Zn(BTZ)] 31.2 J. Am. Chem. Soc., 2012, 134, 18892–18895 

Mg-DOBDC 47 J. Am. Chem. Soc., 2008, 130, 10870–10871 

Ni-DOBDC 41 J. Am. Chem. Soc., 2008, 130, 10870–10871 

Co-DOBDC 37 J. Am. Chem. Soc., 2008, 130, 10870–10871 

MOF-5 16.5 Microporous Mesoporous Mater., 2008, 116, 727–

731 

UMCM-1 11.9 J. Phys. Chem. C, 2010, 114, 6464–6471 

ZJNU-54a 24.7 Dalton Trans., 2016, 45, 13373–13382 

PCN 88 27 Nat. Commun., 2013, 4, 1538 

JUC-199 29 J. Mater. Chem. A, 2016, 4, 15240–15246 

MIL-53 (Al) 20.1 J. Phys. Chem. C, 2008, 112, 1575–1581 
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Table A67 (continued) 

HKUST-1 30 Energy and Fuels, 2009, 2785–2789 

NOTT 140a 24.7 Chem. Commun., 2011, 47, 4487 

MIL-100 63 Langmuir, 2008, 7245–7250 

en-Cu-BTTri 90 J. Am. Chem. Soc., 2009, 131, 8784–8786 

NOTT 202a 22 Nat. Mater., 2012, 11, 710–716 
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Table A68 Adsorption selectivity of reported MOFs for CO2/N2 (15:85) and CO2/CH4 

(50:50) at 1 bar. 

Compound CO2/N2 

adsorption 

selectivity 

CO2/CH4 

adsorption 

selectivity 

Temperature 

(K) 

Reference 

48 70.5 9.9 298 This work 

 194.7 19.0 273 This work 

53 91.7 18.2 298 This work 

 218.4 67.8 273 This work 

55 161.5 29.4 298 This work 

HKUST-1 101b 7.4a,d 293 Energy and Fuels, 2009, 2785–

2789 

HKUST-

1(hydrated) 

28a 7.5a 298 Chem. Mater., 2009, 21, 1425–

1430 

PCN-88a 18a 5a 296 Nat. Commun., 2013, 4, 1538. 

PCN-61a 15a NA 298 J. Am. Chem. Soc., 2011, 133, 

748–751 

UTSA-15a NA 14.2a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-16a 314.7a 29.8a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-20a NA 8.3a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-25a NA 9.4a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-33a NA 7.0a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-34a NA 5.1a,d 296 Nat. Commun., 2012, 3, 954–959 

UTSA-49a 95.8a 33.7a 298 Chem. Commun., 2014, 50, 

12101–12104 

 197.7a 34.8a 273  

UTSA-72a 48.3a 40.7a 273 Cryst. Growth Des., 2014, 14, 

2522–2526 

 35.6a 9.3a 296  

UTSA-85a 55a 11.4a 273 Chempluschem, 2016, 81, 764–

769 

 62.5a 6.4a 296  

ZIF-68 18.7c 5c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-69 19.9c 5.1c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-70 17.3c 5.2c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-78 41.4a 10.4a,d 296 Acc Chem Res, 2010, 43, 58–67 

 50.1c 10.6c 298  

ZIF-79 23.2c 5.4c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-81 23.8c 5.7c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-82 35.3c 9.6c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-95 18±1.7c 4.3±0.4c 298 Acc Chem Res, 2010, 43, 58–67 

ZIF-100 25±2.4c 5.9±0.4c 298 Acc Chem Res, 2010, 43, 58–67 

IITKGP-8 106a 17.7a 273 Chem. - A Eur. J., 2018, 5982–

5986 

 43.7a 17.1a 295  
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Table A68 (continued) 

IITKGP-7 57a 8.4a 273 ChemistrySelect, 2018, 3, 917–

921 

 121.4a 8.8a 295  

IITKGP-6 51.3a 36a 273 Inorg. Chem., 2017, 56, 13991–

13997 

 42.8a 5.1a 295  

IITKGP-5 435.5a 151.6a 273 Dalt. Trans., 2017, 46, 15280–

15286 

 147.8a 23.8a 295  

SIFSIX-1-Cu 27a 11a 298 Nature, 2013, 495, 80–84 

SIFSIX-2-Cu 13.7a 5.3a 298 Nature, 2013, 495, 80–84 

SIFSIX-2-Cu-i 140a 33a 298 Nature, 2013, 495, 80–84 

TIFSIX-1-Cu 30a 11a 298 Chem. Commun., 2013, 49, 

1606-1608 

SNFSIX-1-Cu 22a 12a 298 Chem. Commun., 2013, 49, 

1606-1608 

Cu-BTTri 21a NA 298 J. Am. Chem. Soc., 2009, 131, 

8784–8786 

en-Cu-BTTri 25a NA 298 J. Am. Chem. Soc., 2009, 131, 

8784–8786 

mmen-Cu-BTTri 327a NA 298 Chem. Sci., 2011, 2, 2022-2028 

mmen-

Mg2(dobpdc) 

329a NA 298 J. Am. Chem. Soc., 2012, 134, 

7056–7065 

Cu24(TPBTM)8 22a NA 298 J. Am. Chem. Soc., 2011, 133, 

748–751 

Cu-TDPAT 57.8a 13.8a,d 296 Nat. Commun., 2012, 3, 954–959 

Mg-MOF-74 182.1a 105.1a,d 296 Nat. Commun., 2012, 3, 954–959 

Zn-MOF-74 87.7a 5a 296 Nat. Commun., 2012, 3, 954–959 

MOF-177 3.6a NA 296 Nat. Commun., 2012, 3, 954–959 

Bio-MOF-11 79.5a NA 296 Nat. Commun., 2012, 3, 954–959 

In2X 250a 6.4a 273 Inorg. Chem., 2013, 52, 3127–

3132 

 NA 5.6a 298  

[ZnLi(PTCA)] 126a 26a 298 Inorg. Chem., 2017, 56, 705–708 

 277a 35a 273  

MIL-101 NA 9.6a,d 296 Nat. Commun., 2012, 3, 954–959 

 NA 5.6a 298  

ZJNU-44a 15a 5.5a 296 J. Mater. Chem. A, 2015, 3, 

19417–19426 

PMOF-3a 29.2a 8a 273 Chempluschem, 2016, 81, 770–

774 

 23.4a 5.1a 296  

JUC-141 21.6a 4.2a 273 Inorg. Chem., 2017, 56, 6938–

6942 

 27.6a 8.7a 298  
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Table A68 (continued) 

MAF-66 403b 7.5b 273 Inorg. Chem., 2012, 51, 9950–

9955 

 225b 5.8b 298  

Cu-

SSZ13(zeolite) 

67.4a NA 296 Nat. Commun., 2012, 3, 954–959 

 

H-

SSZ13(zeolite) 

71.3a NA 296 Nat. Commun., 2012, 3, 954–959 

 

Zeolite MF1 11.2a 2.5a,d 296 Nat. Commun., 2012, 3, 954–959 

NaX zeolite 145.9a 60a,d 296 Nat. Commun., 2012, 3, 954–959 

JBW zeolite 524.4a 685.5a,d 296 Nat. Commun., 2012, 3, 954–959 

a: IAST selectivity; b: selectivity from Henry’s Law; c: from slopes of adsorption 

isotherms at low pressure; d: selectivity at 2 bar. 
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Table A69. Comparison of Ksv and Detection Limit for the sensing of TNP.  

Compound Ksv (M-1) LOD  Medium  Reference  

51 2.19 x 105 98 ppb MeOH/H2O This work 

52 2.14 x 105 74 ppb MeOH/H2O This work 

{[Cd(ATAIA)] 

.4H2O}n  

1.59 x 107  0.94 X 10-9 M  

(0.2 ppb)  

H2O ACS Appl. Mater. 

Interfaces, 

2018, 10, 25360-

25371  

{Zn2(tpbn)(2,6-

NDC)2}n 

 

5.907 x 

103  

2.19 x 104  

2.89 x 104  

11 ppm  

4 ppm  

0.7 ppm  

H2O  

DMF/H2O (1:1)  

DMF/H2O (4:1)  

Inorg. Chem., 2017, 

56, 14556-14566 

{[Zn2(tphn)(2,6-

NDC)2] .4H2O}n  

 

2.464 x 

103  

7.25 x 103  

2.2 x 104  

19 ppm  

7 ppm  

1.6 ppm  

H2O  

EtOH/H2O (1:1)  

EtOH/H2O (4:1)  

Inorg. Chem., 2017, 

56, 14556-14566 

TB-Zn-CP  4.37 x104  23 ppb  H2O Chem. Sci., 2017, 8, 

1535–1546  

[Pr2(TATMA)2 

.4DMF.4H2O]n  

1.6 x 104 

M−1  

NA  DMF  RSC Adv., 2017, 7, 

38871-38876.  

{[Cd(BIDPT)(oba)] 

·0.5H2O}n  

and  

{[Zn(BIDPT)(4,4′- 

sdb)]·2.25H2O}n  

2.33 × 104  

and  

2.78 × 104  

NA  DMF  Inorganic Chemistry 

Communications, 

2016, 66, 51–54  

{[Cd4(L)2(L2)3(H2O

)2].8DMF.8H2O}n  

3.84 x104  1.98 ppm  EtOH  Inorg. Chem., 2016, 

55, 1741−1747  

{[Cd5Cl6(L)(HL)2]·

7H2O}n  

4.05 x 104 1.87 X 10-7 M 

(42.84 ppb)a  

EtOH  Cryst. Growth Des. 

2016, 16, 842−851  

BUT-12  

and  

BUT-13  

3.1 x105 

and  

5.1 x105  

23 ppb  

and  

10 ppb  

H2O J. Am. Chem. Soc. 

2016, 138, 

6204−6216  

{[Zr6O4(OH)4(BTD

B)6]·8H2O·6DMF}n  

2.49 x104 1.63 x 10-6 M 

(37.3 ppm)a  

MeOH  CrystEngComm, 

2016, 18, 3104–3113  

{[Zn(C34H18O8)0.5(

C20N2H16)0.5]  

[0.5(C20N2H16)]}n  

8.1 x 104 NA  DMF  Chem. Commun. 

2015, 51, 6576-6579  

{[Zn2(L)2(dpyb)]}n  

and  

{[Zn(L)(dipb)] 

.2H2O}n  

2.40 x 104  

and  

2.46 x 104 

NA  DMA  Chem. Commun., 

2015, 51, 8300  

{[Cd(2,6-NDC)L]2 

·H2O}n  

 

3.7 x 104  

 

NA  

 

H2O Dalton Trans. 2015, 

44, 18386−18394. 
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Table A69 (continued) 

{[La(TPT)(DMSO)2] 

·H2O}n  

9.89 × 104  NA  EtOH  Dalton Trans., 2015, 

44, 13340–13346  

{[Cd3(TPT)2(DMF)2] 

·0.5H2O}n  

6.56 × 104  NA  EtOH  Dalton Trans., 2015, 

44, 230–236  

{[Zn8(ad)4(BPDC)6 

0.2Me2NH2]∙G}n  

4.6 x 104 12.9 x 10-9 M  

(2.9 ppb)a 

H2O Chem. Eur. J. 2015, 

21, 965  

[Zn4(DMF)(Ur)2(2,6-

NDC)4]n  

10.83 × 

104 

1.63 ppm  H2O Cryst. Growth Des., 

2015, 15, 4627−4634  

[Zr6O4(OH)6(L)6]n  5.8 x104 0.4 ppm  H2O Dalton Trans. 2015, 

44, 15175–15180  

[Zn(NDC)H2O)]n  

and  

[Cd(NDC)(H2O)]n  

6 x 104 

and  

2.38 x 104  

1 x 10-6 M  

(0.23 ppm)a  

and  

4 x 10-6 M  

(0.92 ppm)a  

H2O Eur. J. Inorg. Chem. 

2015, 2851–2857  

{[Zn2(NDC)2(bpy)] 

.Gx}n  

0.4 x 104 NA  EtOH  J. Mater. Chem. C 

2014, 2, 10073  

[Tb(1,3,5-BTC)]n  3.4 × 104 8.1 x 10-8 M  EtOH  J. Mater. Chem. A, 

2013, 1, 8745–8752  

[Cd(NDC)0.5(PCA)]n  3.5 x 104 NA  CH3CN  Angew. Chem. Int. 

Ed. 2013, 52, 2881 –

2885  

Where, NA = not available; athe value was calculated by us using information in the paper. 
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