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SYNOPSIS 

 

The thesis work entitled as “Diverse Coordination Motifs Leading to Supramolecular 

Architectures” consists of five chapters followed by concluding remarks and future 

scope. The titles of the chapters are named as: (1) A General Outline on Metal–Organic 

Materials: Introduction, Synthetic Methods, Applications and Motivation of Present Work, 

(2) Metallo-macrocycles from a Library of Flexible Linkers: 1D Cobalt (II) Coordination 

Polymers and a Supramolecular Pipe, (3) A ’Two-In-One’ Crystal Having Two Different 

Dimensionality in the Extended Structures: A Series of Cadmium(II) Coordination 

Polymers from V-shaped Organic Linkers, (4) Diverse coordination architectures based on 

a flexible multidentate carboxylate ligand and N-donor linkers: synthesis, structure, 

supramolecular chemistry and related properties (5) Coordination Polymers from Angular 

Dicarboxylate- and Imidazol-Ligands: Synthesis, Structure and Supramolecular Chemistry 

Each chapter is sub-divided into three parts. The first chapter i.e., Introduction, 

consists of (a) Design, (b) Applications, and (c) Motivation of the present work. All other 

chapters (Chapter 25) consist of (a) Experimental Section, (b) Results and Discussion, 

and (c) Conclusions. The compounds, presented in this thesis work, are generally 

characterized by powder X-ray diffraction (PXRD) studies, IR spectral studies, CHNS 

analyses, thermogravimetric analysis (TGA) and solid-state UV-visible spectroscopy (UV-

DRS), and of course unambiguously characterized by single crystal X-ray diffraction 

(SCXRD) studies.  

 

Chapter 1 

A General Outline on Metal-Organic Materials: Introduction, Design, Applications 

and Motivation of the Present Work 

 

This chapter starts with more basic knowledge about metal-organic materials (MOMs) and 

the relevant research progress has been discussed mainly under four sections: (1) a brief 

introduction, history and the evolution of these functional materials; (2) the design and 

synthesis of inorganic-organic hybrid materials by different methodologies/strategies, such 

as, solvothermal, ionothermal, microwave-assisted synthesis, mechanochemical, 

electrochemical synthesis, sonochemical and Post-synthetic modification (PSM) and; (3) 

the potential applications of metal-organic coordination polymers in the fields of gas 
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absorption and separation, catalysis, sensing and biomedicine; and  (4) the motivation to 

study the crystal engineering leading to metal-organic coordination polymers, based on 

flexible and rigid ligands. The main objectives of the thesis work are then conversed 

briefly. 

 

Chapter 2 

Metallo-macrocycles from a Library of Flexible Linkers: 1D Cobalt(II) Coordination 

Polymers and a Supramolecular Pipe 

 

This chapter includes three cobalt(II) coordination polymers containing compounds 

{Co(3-mboba)(1,2-bix)2}n (1), {Co2(1,3-pda)(px3ampy)(H2O)2}n (2), 

{Co2(hfipbb)2(bpbix)2}n (3), that are formed from three different bent carboxylic acids 

[3,3'-methylenebis(oxy)dibenzoic acid (3-H2mboba), 2,2'-(1,3 phenylene)diacetic acid 

(1,3-H2pda) and 4,4'-(perfluoropropane-2,2-diyl)dibenzoic acid (H2hfipbb)] as  primary 

ligands and three different {N,N}-donor linkers [1,2-bis((1H-imidazol-1 

yl)methyl)benzene(1,2-bix), N,N'-(1,4-phenylenebis(methylene)) dipyridin-3-amine 

(px3ampy) and 4,4'-bis((1H-imidazol-1-yl)methyl)biphenyl (bpbix)] as secondary ligands, 

under hydrothermal conditions. Compounds 1-3 are characterized by single crystal X-ray 

diffraction analysis, IR spectroscopy, thermogravimetric (TG) and elemental analysis. 

Single crystal X-ray crystallography shows that diverse metallo-macrocycles are formed in 

compounds 1, 2 and 3. In the crystal structure of compound 1, two different metallo-

macrocyles, 28-membered metal-acid {Co2(3-mboba)2} ring and 24-membered metal-N-

linker {Co2(1,2-bix)2} ring, are formed. The alternative arrangement of these macrocylic 
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rings leads to the formation of 1D chainlike coordination polymer (compound 1). In the 

crystal of compound 2, a 25-membered macrocycle ring {Co(1,3-pda)(px3ampy)} is 

formed from one dicarboxylic acid lignad and one {N,N}ligand, which further undergoes 

coordination with itself resulting in the formation of 1D chain. The {Co3(hfipbb)(bpbix)2} 

metallomacrocycle, observed in the crystal structure of compound 3, is more diversified in 

the sense that it is relatively bigger in size and this trinuclear metallo-macrocycle is 

formed by one dicaryboxylic acid ligand and two {N,N} donor linkers, but not in a plane. 

Interestingly, the inter-linking of these non-planar macrocycles results in the construction 

of a supramolecular pipe. 

Chapter 3 

A ’Two-In-One’ Crystal Having Two Different Dimensionality in the Extended 

Structures: A Series of Cadmium(II) Coordination Polymers from V-shaped Organic 

Linkers 

 

 

 

 

 

 

 

In this chapter, three Cd(II) containing coordination polymers, formulated as 

{Cd(oba)(biip)}n·nH2O (1),  {Cd(sdba)(biip)}n·n5H2O (2) and 

{[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n·n2H2O (3), have been described that 

were synthesized by using ditopic V-shaped ligands i.e., H2oba (4,4′-oxydibenzoic acid), 

H2sdba (4,4ʹ-thiodibenzoic acid), H2hfipbb {4,4ʹ-(perfluoropropane-2,2-diyl)dibenzoic 

acid} and an auxiliary linker, biip {3,5-di(1H-imidazol-1-yl)pyridine} under solvothermal 

conditions. Compounds 1−3 are unambiguously characterized by single crystal X-ray 
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diffraction analysis, IR spectroscopy, thermogravimetric (TG) and elemental analyses. 

Compound 1 contains a 3D framework, formed by the connectivity of {CdO4N2} 

secondary building unit (SBU) with the organic linkers, whereas compound 2 is a 2D 

coordination polymer. Interestingly, unlike compounds 1 and 2, compound 3 possesses a 

distinctive structural feature having two crystallographically independent polymeric motifs 

(polymers, A and B) having two different dimensionality within the same crystal, i.e., 

coordination polymer A (CP-A) that forms a one-dimensional motif and coordination 

polymer B (CP-B), which has a two-dimensional structure. 

Chapter 4 

Diverse coordination architectures based on a flexible multidentate carboxylate 

ligand and N-donor linkers: synthesis, structure, supramolecular chemistry and 

related properties 

 
 

 

This chapter describes three new metal-organic framework (MOF) containing compounds, 

namely {Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n (1), {Cu1.5(tci)(biip)}n (2), {Co1.5(tci)(biip)}n (3) 

[H3tci = tris(2- carboxyethyl)isocyanurate, btx=1,4-bis(triazol-1-yl-methyl)benzene, biip = 

3,5-bis(imidazole-1-yl)pyridine] have been successfully synthesized through the assembly 

of metal ions [Cu(II) ion for compounds 1 and 2, Co(II) for compound 3] with H3tci and 

two different N-donor ligands under solvothermal conditions. All compounds were 

characterized by IR spectroscopy, elemental and thermogravimetric (TG) analyses, 

powder X-ray diffraction (PXRD) studies and finally, the structures of all compounds 
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were unambiguously determined by single-crystal X-ray diffraction (SCXRD) technique. 

Compound 1 is a 1D coordination polymer, constructed by the connectivity of copper 

tetramer as a secondary building unit (SBU) with the H3tci and btx ligands. Whereas the 

crystal structure of compound 2 possesses two different SBUs i.e., paddlewheel and square 

involving Cu(II). The connectivity of these two SBUs results in the formation of 2D layers 

which are further pillared by biip ligand to result in a 3D structure. In the case of 

compound 3, both Co1 and Co2 exhibit distorted octahedral geometry in their SBUs. 

Further, the connectivity of these SBUs with tci
3-

 and biip ligands results in the formation 

of a 3D framework. 

 

Chapter 5 

Coordination Polymers from Angular Dicarboxylate- and Imidazol-Ligands: 

Synthesis, Structure and Supramolecular Chemistry 

 

This chapter has depicted four coordination polymers- / metal-organic frameworks-

containing four compounds, formulated as {Cu2(ADA)2(biip)}n.4nH2O (1), 

{[(Co)(sdba)(biip)]2}n.4nH2O (2), {Co(ADC)(biip)(H2O)}n  (3) and 

{(Co)(ADAH)2(biip)}n (4), have been synthesized by using flexible as well as rigid 

ligands, where H2ADA = 1,3-adamantanediacetic acid; H2ADC = 1,3-

adamantanedicarboxylic acid; H2sdba (4,4ʹ-thiodibenzoic acid) and an secondary linker, 

biip {3,5-di(1H-imidazol-1- yl)pyridine} under solvothermal conditions. Compounds 1-4 

have been well characterised by IR spectroscopy, single crystal X-ray diffraction analysis, 

thermogravimetric (TG) and elemental analyses. Compound 1 is 3D structure, formed by 

the connectivity of two different 2D- and 1D-metal−acid chains through the biip linkers. 

In the crystal structure of compound 2, one dimensional square wave-like chains are 

formed by the coordination of Co(II) with sdba
2-

 ligands and these chains are further 
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connected by the biip ligand, leading to the formation of a 2D structure. The crystal 

structure of compound 3 consists of 2D sheets, constructed by the connectivity of Co(II) 

with N,N-linker and dicarboxylate ligand. In the crystal structure of compound 4, two 

altered metallo-macrocyles, 20-membered metal–acid {Co2(ADA)2} ring and another 20-

membered metal-N-linker {Co2(biip)2}ring, are formed, and these macrocylic-rings are 

arranged alternatively, leading to the formation of a new 1D extended coordination 

polymer. The related supramolecular chemistry has been discussed for all four 

compounds. 

 

Concluding Remarks and Future Scope 

The last section of this thesis describes summary of the whole thesis work and future 

scope of this work. The MOFs containing compounds, synthesized and characterized in 

this thesis work, can be explored for important applications, e.g., energy related 

applications ― this application part will mainly be discussed in the future scope of this 

thesis.  
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1.1. Introduction 

Coordination Polymers (CPs), a tale addition set of periodic architectures, in which inorganic 

metal entities (d- and/or f-block metal ions/clusters) are associated by the organic linkers 

(multi-dentate organic ligands) through strong coordination bonds. CPs can be existent in 

one-dimension (x-direction) such as chains/ladders/loops etc., in two-dimensions (x and y-

directions) as bilayers/sheets etc. or in three-dimension (3D) (x, y and z-direction) by the 

coordination bonds depending on the directions. MOFs are generally classified as a sub-

category of porous crystalline 3D CP networks, built from metal nodes bridged by organic 

linkers. Being synonymously termed as porous coordination polymers (PCPs)
1
 or porous 

coordination networks (PCNs)
2
, they have been emerging as a notable class of a porous 

crystalline compounds.
3
 The metal ions/metal clusters acting as a nodes (SBUs) consist of 

transition metals, inner transition metals, whereas the organic ligands, such as carboxylates, 

phosphates, sulfonates, nitrogenous ligands, e.g., azolates (imidazole, triazoles, tetrazoles), 

pyridine derivatives, mixed ligand systems, terminal aromatic chelating ligands, etc. act as 

the linkers (organic building units). 

 

 

 

 

 

Fundamentally, coordination polymers (CPs) and Metal-organic frameworks (MOFs) are fascinating 

and promising class of organic-inorganic crystalline micro-/meso-porous hybrid materials with a 

huge range of potential applications. These materials have unique properties and ensnared substantial 

attention because of their aesthetically pleasing structures, unique characteristics of ultrahigh 

porosity, large surface area and tunable pore sizes. This chapter begins with more basic knowledge 

about metal-organic materials (MOMs) and gives a brief summary on synthetic techniques and 

applications, finally concludes with the motivation of the present work. 

Introduction to Metal–Organic Framework (MOF) 

Materials: Fabrication, Applicability and Inspiration 

of Current Work 

 

1 



 
 

2 
 

Figure1.1. General Scheme of constructing a MOF. 

Copious amount of work done on MOFs in recent years which projected them as attractive 

materials in various fields due to their unique, adjustable chemical and physical properties. A 

general scheme of constructing a MOF is shown in Figure 1.1. Though there are numerous 

MOF synthetic procedures presented in literature, solvothermal route (patented by Yaghi and 

his group
4
) has been found to be one of the widely used and efficient methods. Metal–organic 

frameworks (MOFs) have become the front-runner among advanced materials. CPs and 

MOFs have been researched with ever-increasing hop since their discovery early in the 

1990s.
5
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Schematic drawing of several strategies to govern the stability of MOFs.
6
 

 

These materials have fascinated substantial attention, because of their (i) aesthetically 

pleasing structures, (ii) extremely high porosity and (iii) BET surface area up to 7×10
3
 m

2
/g,

 7
 

(iv) tuneable pores (size and/or shape), (v) flexible internal surface and (vi) optical nature. 

The above descriptions project MOFs as one of the best class of functional materials e.g. drug 

delivery,
8
 gas storage 

9,10 
and separation,

11 
proton conductivity,

12,13 
catalysis,

14,15 
 adsorption 

of ions,
16

 and as sensors.
17,18 

There are several factors to govern the stability of MOFs as 

shown in Figure 1.2. The chemical and structural characteristic of ligands (primary and 

secondary) has been found to be playing vital role in fabricating targeted functional 

CPs/MOFs. Following properties of ligands can alter the geometry and properties of MOF, 

 distance between binding sites influences spacing between metal nodes,  

 ligand flexibility and rigidity 
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 they can attribute multifunctional behaviour to MOF 

 orientation of binding sites and variable binding modes alter geometry and 

functionality of the MOF. 

Several MOFs endure reversible structural transformation in response to external stimuli, 

such as, change in temperature, guest adsorption, mechanical pressure, light irradiation and 

also nature of the metal, termed as simply flexible MOFs/dynamic MOFs. Generally, 

dynamic/flexible MOFs tend to undergo structural changes on removal of guest  (in general 

solvent)molecules, but, on gaseous guest adsorption at high pressure, it retains its porous 

structure,
19

 for example MOF-5,
20,21

 MIL-8,
22 

SNU-M10;
23 

these exhibit breathing effect 

through adsorption and desorption. On the other hand there are a few rigid MOF systems 

which hold their framework structure intact on reversible guest adsorption and desorption, 

and they can be utilized as molecular sieves.
24

 It was observed that, presence of water on 

open metal site enhances the CO2 absorption ability of the MOF e.g. {(Cu)3(btc)2(H2O)} 

[HKUST-1] with paddlewheel Cu2(COO
-
) nodes bridged by btc

3-
 linkers  revealed to have 

enhanced CO2 absorption ability which was attributed to the presence of 4% water.
25 

Studies 

have also revealed that grafting of Arylamine,
26

 alkylamine,
27

 hydroxyl
28

 groups on to porous  

framework surface during ligation of linker to open metal center, enhances not only the CO2 

absorption ability but also its selectivity. 

1.2. Synthesis 

Several methodologies have been developed for synthesis of MOFs (Figure1.3). Synthetic 

methodologies are majorly divided into two groups: conventional and alternative methods
29

. 

In the conventional synthetic method, reactions are carried out using traditional electronic 

heating or without heating. Since the MOFs are made by metal ion/metal clusters and organic 

ligands through coordination bonds, there are several parameters viz. solvent type, pH, 

concentration of metal ion in addition to procedural parameters like time, pressure, 

temperature of reaction mixture, etc affect the MOF structure in simple conventional 

synthesis. The choice of the solvent, which is difficult for the synthesis of a MOF with better 

characteristics, is important. The synthesis of a MOF containing compound depends on 

different factors, e.g., redox potential, reactivity, stability constant and solubility of the 

concerned reactants. 
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Figure 1.3.  General methods for MOF fabrication. 

 

1.2.1. Solvothermal Synthesis 

Solvothermal method is a common recurrently procedure to accelerate the innovation of 

novel coordination polymers and MOFs. This is a conventional synthetic method, carried out 

in a closed reaction vessel (teflon-lined autoclave). The reaction is performed generally at 

temperatures higher than boiling point of respective solvent systems (in the range of 80−260 

o
C) and under auto-generated pressure. Syntheses were water is used as solvent, and then it is 

called hydrothermal synthesis. In the beginning, this method was used for the synthesis of 

zeolites, but later on it is widely adopted for synthesis of the MOFs/CPs. Yaghi and co-

workers
30

 utilised reticular chemistry to synthesize ZIF-8 MOFs in hydro/solvo-thermal 

synthesis by linker functionalisation, examining the structure direction and crystal growth 

control. These factors are important for the reticular MOF synthesis from metal centres and 

linkers.
31 

Afterwards, other research groups analyzed various other factors, like, Howarth et 

al
32 

recognized that the hydrothermal process demands for the mixing of metal salts in 

solvents followed by a heating period to improve MOF crystal structures. Certain factors in 

the reaction, like, pH, temperature & pressure, concentration of reaction mixture, time period, 

including solubility of reagents, etc play significant role on the crystallization process during 

the synthesis of MOFs/CPs. Among these factors, synthesis temperature, concentration of the 

reactants and pH of the solution are particularly important. DMF (dimethyl formamide), DEF 

(diethyl formamide), acetonitrile, acetone, methanol, ethanol are some of the most often used 

solvents solvo/hydrothermal method. In common, the temperature of the process is 

determined by the time with which the crystallization process happens. Removal of solvent 
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molecules, which is usually a complex process, is achieved by vaccum drying/washing with 

several solvents like, methanol, ethanol and followed by ether. The major advantage of this 

method is higher yield of the products. This technique controls the shape distribution, 

crystallinity of MOF material, and size of the MOF. Table 1.1 has listed some known MOFs 

that are synthesized by solvothermal synthesis method. 

 

Table 1.1. List of some of the well-known MOFs/CPs synthesized by solvothermal method. 

MOF Precursors Remarks Ref 

ZIF-8 Zn(NO3)2,  

2-methylimidazole, tea 

1340 m
2
/g  surface area  

thermally stable 

 

 

33 

NH2-UiO-66 ZrCl4, 2-aminoterephthalic 

acid 

CO2 reduction 

 
34 

HKUST-1  Trimesic acid, 

Cu(NO3)2.2.5H2O 

Removal of dye 35 

MIL-125(Ti) Terephthalic acid, titanium 

isopropoxide 

High surface area, storage 

capacity of H2 

36 

MOF-5 

[(Zn4O(BDC)3)n] 

Zn(NO3)2.4H2O, 

Terephthalic acid 

Methane storage  37 

 

1.2.2. Ionothermal synthesis 

The ionothermal synthesis is the conventional synthetic process. This technique uses ionic 

liquids/deep eutectic solvents rather than organic solvents at room temperature in the 

production of MOFs/CPs. Cooper et al. reported a new method, referred to as ionothermal 

method to synthesize zeolites and porous materials in 2004. In 2008, Bu et al. invented the 

preparation of a series of MOFs using the ionic liquids as solvent/template. In this technique 

ILs/DESs serve as (i) solvents, (ii) structure directing agents and (iii) environment-friendly 

reagents; moreover, in this method, both anion and cation complexes function as charge-

compensating templates. The ionothermal synthesis can be well thought-out as a subclass of 

solvothermal technique. ILs attract excellent reagents because of their high thermal stability, 

low vapour pressure,
38

 nonflammability,
39 

non-volatilaty
40 

and high solubility for organic 

solvents. The majority of the ionothermal methods for MOFs’ synthesis include ionic liquids 

which are acquired from1-alkyl-3- methylimidazolium. 
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Figure 1.4. Schematic representations of synthesis of a tetrahedral (zeotype) framework under 

ionothermalcondition. 

 

The ionic liquid, 1-ethyl-3-methylimidazolium ([EMIM] Br) bromide is used as a solvent in 

the synthesis of a 3D MOF, {[EMIM][In3(µ3-OH)2L2.2H2O]}nbased on 1,2,4,5-

benzenetetracarboxylate (L).
41 

The inorganic chain [In3(µ3-OH)2]n in the polymer, is formed 

by the connectivity of pentagonal In(1) and octahedral In(2) with the µ3-OH groups. These 

[In3(µ3-OH)2]n inorganic chains are further connected by ligand L along with a axis, leading 

to the formation of 3D framework anion. 

1.2.3. Microwave-assisted synthesis 

Microwave (MW) synthesis methods have been used for the synthesis of nano-porous 

inorganic and organic materials, including MOFs as well as metal cluster containing 

compounds. The main advantage of this method is the short reaction time. For example, Cr-

MIL-100 was the first MOF
42

 synthesized under microwave irradiation within 4 hours at 220 

ºC with 44% yield, which can be obtained by conventional hydrothermal method in 4 days at 

220ºC. The benefits of this method are (i) tiny particle size distribution, (ii) swift 

crystallization, (iii) phase selectivity, (iv) facile morphology control, (v) high yield and (vi) 

low cost. Normally, MOFs can be produced swiftly by MW irradiation, whereas in 

conventional way, heating solvent (by electrical means) increases the crystal nucleation rate. 

Schlesinger and his co-workers
43 

prepared the microwave-assisted synthesis of HKUST-1 

(within a short time of 30 minutes) with formula [Cu3(BTC)2(H2O)3] (BTC
3−

 = 1,3,5-

benzenetricarboxylate) having BET surface area up to 1499 m
2
g

-1
 and a specific pore volume 

of 0.79 m
2
g

-1
. As revealed in Figure1.5., 
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Figure 1.5.(a) Schematic representation for the synthesis of MOFs using microwaves and catalyst, CuCo– N/C; 

(b) UiO-66-NH2 MOFs with better adsorption capacity; (c) SEM images of MOF- and (d) synthesis of UiO-66-

based MOFs in large-quantity by microwave process. 

 

Uio-66-based MOFs with diverse properties can afterwards be tailored using functionalized 

process and a wide range of prospects can be explored, for example, the crystallisation time 

for UiO-66-NH2 MOFs was shortened by Huangetal
44

 employing the microwave heating 

within 30 min with improved crystallinity. A good thermal stability up to a temperature of 

400 ºC along with good adsorption capacity and selectivity were achieved. IRMOF-1 was 

synthesized by microwave-assisted method; it exhibited higher quality of crystals and better 

CO2 adsorption property when compared to other synthesis methods, e.g., 

solvo(hydro)thermal, mechanochemical methods etc. 

. 

1.2.4. Mechanochemical Synthesis 

Mechanochemical approach, normally engages the mechanical force to breakage of 

intramolecular bonds for completion of chemical reaction. This technique is an 

environmentally friendly, economical and simple without using any organic solvents, which 

are frequently harmful, carcinogenic and toxic. In this process, organic linkers and metal 

oxides are used many times instead of metal salts to avoid other by-products except water. 

After grinding in a mortar pestle or in a mechanical ball mill, the solid mixture is heated 

compassionately to evaporate water or other volatile molecules for the production of MOFs. 

Mechanochemical synthesis was first reported by Pichon and his team
45

 in 2006. Depending 

on solvent, this method is divided into three types for the synthesis of MOFs: (i) neat or dry 



 
 

8 
 

solvents for the production of MOFs, (ii) liquid-assisted grinding (LAG)―in this method, a 

catalytic amount of liquid is added for increasing mobility of reagents of mechanochemical 

reactions, (iii) ion-and-liquid assisted grinding (ILAG) ― a process in which a catalytic 

amount of liquid with traces of salt are generally added into the solid reaction mixture; this 

process is very well-organized, especially for the construction of pillared-layered MOFs.
46

 

Mechanochemical synthesis is an attractive method for the production of 1D, 2D and 3D 

coordination polymers.
47 

The drawback of this method is mainly the separation of amorphous 

by-products which are not suitable for single-crystal X-ray studies. 

 

1.2.5. Electrochemical synthesis 

Electrochemical synthesis was first reported by researchers at BASF
48 

in 2005 for the 

production of MOFs using Zn, Cu, Mg, Co as cathode materials and 1,3,5-H3BTC, 1,2,3-

H3BTC, H2BDC and H2BDC-(OH)2 as ligands. In electrochemical technique, two electrodes 

including a glass reactor are involved, known as galvanic cells. Metal ions were used in the 

place of metal salts in this technique and these metal ions are provided through anodic 

dissolution as a metal source into the reaction mixture consisting of organic ligands and 

electrolytes. Numerous MOFs, HKUST-1, ZIF-8, ZIF-100(Al), MIL-53(Al), NH2-MIL-

53(Al) were synthesized by anodic dissolution in an electrochemical cell, as reported by 

Gascon et al.
49

 The main advantages of this process are: (i) it takes shorter reaction time,(ii) 

reactions take place very fast under milder conditions, (iii) anions associated with metal 

cation in metal salts can be avoided, (iv) it controls the reaction rate, and (v) high temperature 

is not needed.  

Table 1.2. List of some known MOFs synthesized by electrochemical method 

Metal Organic Frameworks (MOFs) Comments Ref 

MOF-199 Fast synthesis 50 

DMOF-1–Zn Fast synthesis 51 

[Cu3(BTC)2(H2O)3]n high-quality crystals 52 

MOF-5 Novel with flower-like morphology 53 

 

The major drawback in electrochemical mode of synthesis is regular involvement of organic 

solvents to dissolve the organic building blocks in the construction of MOFs. Table 1.2 has 

listed a series of MOFs that have been synthesized by the electrochemical method. 
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1.2.6. Sonochemical synthesis 

The source of sonochemical process is ultrasonic radiation (20 kHz-10 MHz) used for the 

production of MOFs within the short reaction time. This is usually rapid, economical, and 

easily reproducible and can be done in homogeneous manner. This method accelerates 

nucleations which reduce the particle size and crystallization time of the constructed MOFs. 

The bubbles/foams are formed when the reaction mixture is introduced into a horn-type 

Pyrex reactor fitted with a sonicator under high temperature (≈5000K) and pressure (≈1000 

bar) without any external cooling, which endorse chemical reactions into the formation of 

nuclei abruptly leading to crystallization. A MOF [Zn3(BTC)2], was first synthesized in the 

sonochemical method by Qiuet al.
54

 by using zinc acetate and trimesic acid at room 

temperature. High quality crystals of MOF-5
55

 and MOF-177
56 

are produced by this method 

(sizes: 5−25 µm and 5−20 µm, respectively) in the presence of 1-methyl-2-pyrrolidone 

(NMP) as a solvent. Representative MOFs that are synthesized by sonochemical method have 

been listed in Table 1.3. 

Table 1.3. List of some known MOFs synthesized by sonochemical method. 

Metal Organic Frameworks (MOFs) Comments Ref 

[Zn3(BTC)2] sensing  57 

MOF-177 Short reaction time  54 

HKUST-1 rapid synthesis at room temperature  58 

IRMOF-9 and -10 CO2 adsorption 59 

[Ln(BTC)(H2O)] (Ln = Ce, Tb, Y) Short reaction time 60 

 

1.2.7. Post-synthetic modification (PSM) 

Post-synthetic modification (PSM) is a powerful technique that involves single-crystal to 

single-crystal (sc-sc) transformations with modification of the side groups in pores or on 

exterior of MOF structures. Designing and obtaining the desired MOFs/CPs with PSM 

process occur through functionalisation of MOFs, metal-ligand exchange, etc.; it results in 

improved surface area, high crystallinity, porosity, thermal and chemical stabilities,
 61,62 

compared to parent MOFs. The ligand functional groups, metal ions, and inner free space are 

the main sites that are available for functionalisation of desired structures. Three different 

types of PSMs can be possible: covalent PSM, dative PSM and de-protected PSM as shown 

in Figure 1.6. Covalent PSM route is used for the hybridisation of MOFs to obtain a post 
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synthetically modified MOF with desired properties, e.g., porosity, catalysis, etc. PSP (post-

synthetic polymerisation) was first conducted by Wang and co-workers
63

 on UiO-66-NH2 in 

2015. In this process, methacrylic anhydride was introduced on amine group of UiO-66-NH2 

 

 

 

 

 

 

 

 

 

Figure 1.6. (a) Different constituent parts of MOFs which are targeted for functionalization and (b) different 

approaches for PSM; covalent, dative, and de-protected PSM. 

 

to result in MOF, UiO-66-NH2-Met containing methacrylamide. The de-protected PSM 

approach uses functional groups on the ligands as de-protected; after successful de-protected 

PSM, these functional groups on ligands get converted to new functional groups, which can 

inherit different characteristics in comparison to those of the parent MOFs. The technique 

rivets the elimination of intricacy in MOFs resulting in large cavities, sometimes also called 

the protection, complexation and de-protection.
64 

De-protection and protection processes 

open new and more possibilities for the “unlock” of confined functionalities for construction 

of active coordinating fragments on MOFs, which are very useful in metal-organic 

catalysis.
65 

On the other hand, the metal sources to the MOFs trusses with organic linkers, 

resulting in the formation of dative bond. Post-synthetic exchange (PSE), called as build 

block replacement (BBR), includes (i) solvent-assisted linker exchange (SALE), (ii) non-

bonding ligand replacement, and (iii) transmetalation using SC-SC-transformations. SALE is 

a widely used process for adjusting the functionality of MOFs involving a systematic 

preferred solvent and the concerned MOF’s crystals.
66 

A complete replacement of organic 

ligands can take place during the SALE process. This adds different functionalities to the 

resulting MOF. BBR reactions are observed only on the outer surface of MOF crystals; the 

relevant technique involves the heterogeneous substitute of metal ion or linkers by breaking 

and forming chemical bonds within the original MOF, resulting in the functionalization of the 

pore or nodes. This in turn achieves the desired functional properties such as selective gas 
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adsorption, catalysis, redox activity and ionic conductivity. PSE is an easier and more 

efficient technique for the synthesis of MOFs, which cannot be performed directly under 

solvothermal conditions. When UiO-66
67

 solid is added to an aqueous solution of 2,3-

dithiocatechine-1,4-benzenedicarboxylic acid (tcat-H2bdc) for at 85 
o
C for 24 h by PSE 

process, it results in the linker exchange to form thio-catechol material, UiO-66-TCAT as a 

yellow microcrystalline powder. Replacing metal ions or ligands in MOFs by solid-solid PSE 

involves exchange between two different MOFs. Whereas in the case of solid-liquid PSE, the 

process involves the exchange in a solution containing a ligand or a metal ion in the presence 

of synthesized MOF. Post-synthetic transmetallation involves breaking of coordinate covalent 

bonds between the organic ligands and metal ions beside the formation of new bonds with the 

incoming metal ions. Kim et al. has reported that the metal ions present in MIL-53 (Al)–Br 

and that in MIL-53 (Fe)–Br MOFs can be exchanged under mild conditions using water as a 

solvent.
68 

1.3. Applications 

CPs/MOFs, owing to their pores with alterable sizes, shapes and functional surfaces along 

with their highly crystalline nature and thermal stability, have been evolving as well proven 

class of candidates for material chemistry applications. They are found to play significant role 

mainly in sensing, catalysis, toxic gas and metal ion scrubbers etc.  

1.3.1. Gas absorption and separation 

Several well-known porous materials, viz. zeolites and activated carbons were extensively 

studied for their gas storage capabilities. In this regard, MOFs have afforded edge over other 

materials for gas storage effectively. Gas storage and separation were closely related to 

assorted features in human activities, such as environmental fortification, energy 

consumption and industrial fabrication. Hydrogen and methane has been evolving as couple 

of the high energy density and clean energy options for sustainable future, but their efficient 

storage is one of the primary challenges needs to be addressed. Besides, Trapping and/or 

removing toxic gases (i.e. NH3, H2S, NOx and SO2 etc.) and volatile organic compounds (i.e. 

benzene etc.) from industrial gaseous waste is important considering clean environmental 

reasons. On the other hand, purification of gasses and separation of gaseous mixtures (e.g. 

CO2/CH4, CO2/N2 etc.) is proved to be one of the vital steps in chemical industries.  

CO2 is a main greenhouse gas. Human society is depending on the exploitation of fossil fuels, 

which on burning releases CO2 in to the atmosphere in high concentration and leads to global 

warming as well as water acidification. MOFs have been reported to be useful for reducing 
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CO2 intensity in the atmosphere. MOF-210 is known to have the highest surface area of 

10450 m
2
g

-1
 which was showing comparatively good CO2 uptake (up to 2400 mg. g

-1 
(74.2 

wt%) at 50 bar and 298 K),
69

 which is higher than the amounts adsorbed by MIL-101(Cr) or 

MOF-177 (56.9 wt% and 60 wt%, respectively).
70 

MOF-200 also exhibits similar property 

compared to MOF-210 under similar conditions. MOF-74-Mg (a magnesium analogue of 

MOF-74) the observed to show reasonably good CO2 adsorption, 228 and 180 cm
3
g

-1
 

respectively at 273 K and 1 bar. The outstanding performance by MOF-74-Mg was ascribed 

to the enhanced ionic character of Mg-O bond.
71

 Other well-known MOFs, which show 

significantly highest CO2 uptake, include MOF-5 (58 wt% at 10 bar and 273K), NU-100 

(69.8 wt% at 40 bar and 298K), the HKUST-1 (19.8 wt% at 1 bar and 298K), etc. 

The amine incorporation into the MOFs facilitates the introduction of additional metal 

ions into the MOFs. In the industry, the technique used for CO2 separation has the amine 

scrubbing arrangement that suffers from high regeneration energy due to the presence of 

large portions of water in their compositions; the other relevant problem is amine degradation 

of amine groups and corrosion of equipment. Moreover, amine incorporated MOFs found be 

good candidates for CO2 separation. For example, mmen (N,N'-dimethylethylenediamine) 

incorporated [Mg2(dobpdc)]n (dobpdc
4−

 = 4,4'-dioxido-3,3'-biphenyldicarboxylate) led to 

formation of [mmen-Mg2(dobpdc)], which showed an outstanding CO2 adsorption ability at 

low pressures and at conditions relevant CO2 removal from air (8.1 wt% (2.0 mmol/g)  at 25 

o
C and 0.39 mbar) and flue gas (12.1 wt% (3.14 mmol/g)  at 40 

o
C and 0.15 bar).

72
 Bio-MOF-

11, [Co2(ad)2(CH3CO2)2] (DMF)2 (H2O)0.5 (ad
−
 = adeninate), framework with pores trapping 

molecules with pyrimidine and amino functionalities was not only showing high CO2 

adsorption capacity (~6 mmol.g
−1

 at 273 K) but also better  selectivity towards CO2 over N2 

(273 K (81:1) and 298 K (75:1)).
73 

Yaghi and co-workers derived six analogous MOFs by  

functionalization of linker (in IRMOF-74-III) containing primary amine and produced MOFs 

with varying functionalities (IRMOF-74-III–CH3, IRMOF-74-III–NH2, IRMOF-74-III–

CH2NHBoc, IRMOF-74-III–CH2NMeBoc, IRMOF-74-III–CH2NH2, and IRMOF-74-III–

CH2NHMe). The CO2 uptake of 3.2 mmol/g (at 800 Torr and 298 K) was observed for 

IRMOF-74-III-CH2NH2.
74

 Similarly, UiO-67(Zr)-(COOH)2 (UiO-66 with functinalized 

ligand), found to exhibiting good selectivity of 56 towards CO2 at 1 bar and 303K from the 

mixture of 15/85 CO2/N2. Likewise, BUT-10 and BUT-11 functionalized by UiO-67 

demonstrated high CO2 absorption (50.6 and 53.5 cm
3
/g, respectively) and the selective 



 
 

13 
 

separation over N2 (18.6 and 31.5 for a mixture of CO2/N2 (15/85)) and CH4 (5.1 and 9.0 for a  

mixture of CO2/CH4 (10/90)).
75,76

 

   Methane sorption study on MOFs was firstly demonstrated by Noro et al.
77

 Methane 

absorption of 16 wt% (at 35 bar) in PCN-14 having BET surface area of 1753 m
2
g

-1
,was 

reported by Zhou.
78 

Interestingly, toxic gases like CO and NO are also separated from 

gaseous mixtures by using MOF materials. This separation phenomenon explained in terms 

of open metal center and CO dipole interaction.   The capturing the NO gas by MOFs, Cu-

SIP-3
79

 and Zn(TCNQ-TCNQ)(bpy)
80

 have been demonstrated. The nonporous nature of 

these MOFs adsorb selectively the NO gas (~9 molecules/formula unit at 1 bar) above gate-

opening pressure and these MOFs cannot adsorb gases like Ar, N2, CO2. In 2010, Allen and 

co-workers explained the reason for this performance of the above two MOFs. In 2014, D. 

Yan et al. synthesized a new organic linker m-H4TCPB  (1,2,4,5-tetrakis(3-carboxyphenyl)-

benzene) and its first MOF (Cu-m-TCPB), which can uptake 24.4 cm
3
g

-1
 H2 and 2.3 cm

3
g

-1
 

N2 at 77K and 1 atm. It has been reported to possess uptake capacity of 23.3 cm
3
g

-1
 acetylene, 

23 cm
3
g

-1
 CO2 and 7.3 cm

3
g

-1
 at 273 K atmosphere.

81
 

1.3.2. Catalysis 

MOFs, (owing to their robustness, larger surface areas, well organized pores and channels, 

linkers with multifunctional groups) have also penetrated their roots into heterogeneous 

catalysis as shown in Figure 1.7. MOFs have been used as catalyst or catalytic supports for 

the various chemical synthetic applications, e.g., epoxidation and sulfoxidation. MOF-

assisted catalytic reactions also includes C-C bond formation, like Suzuki Coupling, Heck 

reaction and Sonogashira coupling etc. 1,3-cycloaddition, transesterification, aerobic 

oxidation and the unsaturated organic compounds hydrogenation. MOFs have also been used 

for catalytic reactions due to the presence of Lewis acidic metal nodes, for instance, alkenes 

epoxidation with up to 99% selectivity was achieved using MnFe-MOF-74.
82,83

 Post 

synthetically adapted MOFs, e.g., copper functionalized UiO-66, molybdenum complex with 

UiO-67,(Cr)NH2-MIL-101,have been used for the epoxidation reactions (role: Lewis acidic 

sites).
84 

In some other cases, nanoparticles of noble metals, such as gold and palladium were 

incorporated in the pores of MOF, to be used as catalyst for selective aerobic oxidation
85,86

 of 

alcohols to aldehydes or ketones. Cu-based MOFs have been used in 1,3-dipolar 

cycloaddition reaction for the formation of five-membered ring compounds. UiO-66 and 

UiO-67 MOFs were used for transesterification,
 87,88

 Palladium nanoparticles incorporated-

Zr-MOF-808
89 

has also been used as a heterogeneous catalyst for Heck reaction. Another 
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such example is the catalytic hydrogenation of α,β-unsaturated aldehydes into unsaturated 

alcohols, by the encapsulated Pt nanoparticles in MIL-101(Fe,Cr).
90 

In another case, Ni 

nanoparticles encapsulated within MIL-120 were found to have a better catalytic performance 

towards gas-phase hydrogenation of benzene, than Ni/Al2O3.
91 

Cu-based MOFs, [Cu3(btc)2] 

HKUST-1and [Cu3(btb)2] MOF-14 demonstrated high catalytic activity toward CO oxidation 

at 105K, which is associated with the high adsorption of CO molecules on the open metal 

sites (Cu
2+

).
92

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.7. Versatile applications of MOFs in heterogeneous catalysis.
93

 

 

2D multifunctional MOFs are developed recently as catalysts of wonderful intrinsic reactivity 

and used as supporters for catalysts for diverse organic transformations. For example, 2D 

MOFs, based on tetrakis(4-carboxyphenyl)-porphyrin, exhibit exclusive photochemistry, high 

effectiveness in light-harvesting and illustrated catalytic activity in photooxidation 

reactions.
94 

MOFs also play an important role in the electrocatalytic activity for hydrogen 

evolution reaction (HER), oxygen evolution reaction (OER), carbon dioxide reduction 

reaction, etc. for example, Cu-MOF, Zn-BTC-MOF, and Cu-HKUST have been reported for 

electrochemical reduction of CO2 recently in a standard three electrode set-up.
95 

Photo 

catalytic activity of MOFs can be realized by different mechanisms: parts of MOFs absorb 

light due to ligand-to-metal charge transfer (LMCT), metal-to-ligand charge transfer 

(MLCT), metal-to-metal charge transfer (MMCT), ligand-to-ligand charge transfer (LLCT). 

The dual excitation pathways work due to their porous nanostructures, controllable 

semiconductor properties and ability to incorporate co-catalyst, such as metals and metal 
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oxides.  In the photocatalytic reduction, the core-shell HKUST-1@TiO2,
96

 compared to 

parents HKUST-1 and TiO2, proves photocatalytic reduction effectiveness of CO2 to CH4 

(five times over that of TiO2) and selectivity over hydrogen. Environmentally-friendly MOFs, 

their composites and mainly Fe-MOFs, are used in advanced oxidation processes (AOPs) as 

photo catalysts for the exclusion of organic materials from water and wastewater by oxidation 

through reactions with hydroxyl radicals.
97, 98

 

1.3.3. Sensing 

A huge number of MOFs have been found to be quite efficient materials in sensing various 

metal ions and gases because of their improved detective sensitivity owing to their structural 

features like high specific surface area, presence of open metal sites, tunable pores, and 

channels, all of which promote host-guest interactions and reversible uptake and release of 

small molecules, cations, anions, and biomolecules (owed to flexible porosity). Some MOFs 

are reported to be photo luminescent by absorbing UV-visible light because of the presence 

of guest molecules, which might interact and cause light shift in the emission spectrum. This 

can lead to changes in colour and intensity of the emitted light – a useful feature for studying 

fluorescence ‘turn-on’ and ‘turn-off’ routes. A stable magnesium-based MOF - 

[Mg(pdda)(dmf)] (H2pdda = 4,4'-(pyrazine-2,6-diyl)dibenzoic acid), containing non-

coordinating nitrogen atoms on the surface of the pores, has been found to display good 

coordinating selectivity for Eu
3+

 ions in aqueous solution, even at low concentration.
99 

A 

bimetallic Eu-Tb (Ln-MOF) MOF demonstrated Pb
+2

selectivity because of the MOF being 

doped with different ratios of Eu/Tb. In this case, the colour of the Ln-MOF changed from 

green to red. The emission colour changes from red-orange to green in the presence of Pb
2+

, 

which was observed by naked eye.
101 

Guest-dependent luminescent MOFs respond to the 

detection of volatile organic molecules and explosive materials by displaying changes in the 

emission spectrum.
102 

As shown in Figure1.8, the cationic MOF, [CuL2(H2O)0.5](NO3)2
103

 

exhibits diverse colours in presence of different anions, such as SCN
−
,Cl

−
, B

−
, I

−
,and N3

−
. 
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Figure 1.8. Change in colour due to the exchange of nitrate anions by other anions in 

[CuL2(H2O)0.5](NO3)2(1').
100

 

 

1.3.4. Proton conducting and magnetic materials 

MOFs are also known to be excellent proton conducting materials because of the scope of 

presence of different types of proton carriers in their pores and channels. A study of such 

materials can provide information about the mechanistic pathways of proton conduction. 

Some of the proton conducting MOFs is also anionic in nature. Some MOFs can have 

protonated amines molecules or protonated solvent molecules as guests in the pores, or 

protonated functional groups already present on the ligands of the MOF. In one such report, 

{H[(N(CH3)4)2][Gd3(NIPA)6]}.3H2O (H2NIPA = 5-nitroisophthalic acid) MOF exhibited 

proton conductivity of 7.17 × 10
−2

 S.cm
−1

, which is one of the highest values reported for 

MOF-based proton conductors.
104

 Neutral MOF [Tb4(TTHA)2(H2O)4].7H2O (H6TTHA = 

1,3,5-triazine-2,4,6-triamine hexaaceticacid), which is known to have extensive H-bonded 

networks among the carboxyl groups of the framework and the water molecules present 

inside the pores, exhibits proton conductivity of the order of 10
−2 

S.cm
−1

 in the temperature 

range of 295–358 K.
105 

The MOF [Ln2(CO3)(ox)2(H2O)2].3H2O (Ln
III

 = Ce, Pr, Nd, Tb) 

shows proton conductivity of the order of 10
−3

 S.cm
−1

 at very low humidity (Figure 1.9).
106

 

The magnetic properties of MOFs can be tuned according to our needs by carefully varying 

the functional nodes, the organic linker molecules, or by introducing guest molecules in the 

pores.
107 

The magnetic properties in a MOF are more commonly induced by the metal node, 

(either transition metal ions or lanthanides metal ions) and their specific ordering in the 

framework. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. The three-dimensional framework of {[Gd2(CO3)(ox)2(H2O)2].3H2O,}, showing 1-D channels along 

thecrystallographica-axis. The Arrhenius plot from proton conductivity of the compound (up right); plot 

showing the magnetocaloric effect of the compound (down right).
106

 



 
 

17 
 

 

In two such MOFs - MOROF-1 and [Cu3(PTMTC)2(py)6(EtOH)2(H2O)] (H3PTMTC = 

perchlorotriarylmethyltricarboxylic acid radical), the highly porous structure combined with 

the with bulk magnetic ordering, give rise to interesting materials.
108

 3D MOFs like 

[Cu6(PTMHC)2(4,4'-bipy)3(H2O)12] and [Cu6(ɑH-PTMHC)2(4,4'−bipy)3(EtOH)6(H2O)6], are 

known to show ferromagnetic and weak antiferromagnetic interactions, respectively.
109

 

 

1.4. Motivation for the present thesis work 

As seen in the preceding sections, MOFs can be diverse types based on the types of ligands 

used in the respective concerned syntheses. Our group has been exploring MOFs based on 

flexible ligands for last several years. The literature studies, described above, inspired me to 

design and synthesize MOF containing compounds of diverse supramolecular architectures so 

that we can explore relevant supramolecular chemistry. We have seen that when we used the 

flexible ligands in MOFs’ syntheses, it results in networks of diverse kinds. In the present 

thesis work, I have chosen diverse flexible ligands to achieve diverse secondary building 

units (SBUs)  

 and I have also chosen different N,N linkers that can  further link the SBUs (formed from the 

flexible ligands) or that further join the  1D chains (formed from the SBUs) in the 

perpendicular direction resulting 2D-layers; or N,N linker can connect the 2D layers (formed 

from the SBUs) in the perpendicular direction forming in a 3D network.  

 For example, in the first working chapter (chapter 2), the flexible ligands include 3,3'-

methylenebis(oxy)dibenzoic acid (3-H2mboba), 2,2'-(1,3 phenylene)diacetic acid (1,3-H2pda) 

and 4,4'-(perfluoropropane-2,2-diyl)dibenzoic acid (H2hfipbb) and the N,N-donor linkers, 

used, are 1,2-bis((1H-imidazol-1yl)methyl)benzene(1,2-bix), N,N'-(1,4-

phenylenebis(methylene)) dipyridin-3-amine (px3ampy) and 4,4'-bis((1H-imidazol-1-

yl)methyl)biphenyl (bpbix). Cobalt(II) salt with respective flexible ligand-linkers 

combination, e.g., 3-H2mboba-1,2-bix and so on result in coordination polymers of different 

sized- and shaped-metallomacrocycles, that have diverse supramolecular architectures. 

Likewise, other three working chapters are also the descriptions of MOF containing 

compounds that are synthesized from different modes of flexible ligands and N,N-linkers. We 

have described their supramolecular chemistry in details. All the compounds, described in 

this thesis, are unambiguously characterized by single crystal X-ray crystallography including 

routine spectral analysis and elemental analysis. Some of the MOFs have been characterized 

by gas adsorption studies. 
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Metallo-macrocycles from a library of flexible 

linkers: 1D cobalt (II) coordination polymers 

and a supramolecular pipe 
 2 

Three cobalt(II) coordination polymers containing compounds {Co(3-mboba)(1,2-bix)2}n (1), {Co2(1,3-

pda)(px3ampy)(H2O)2}n (2), {Co2(hfipbb)2(bpbix)2}n (3), that are formed from three different bent 

carboxylic acids [3,3'-methylenebis(oxy)dibenzoic acid (3-H2mboba), 2,2'-(1,3 phenylene)diacetic acid 

(1,3-H2pda) and 4,4'-(perfluoropropane-2,2-diyl)dibenzoic acid (H2hfipbb)] as  primary ligands and 

three different {N,N}-donor linkers [1,2-bis((1H-imidazol-1 yl)methyl)benzene(1,2-bix), N,N'-(1,4-

phenylenebis(methylene)) dipyridin-3-amine (px3ampy) and 4,4'-bis((1H-imidazol-1-

yl)methyl)biphenyl (bpbix)] as secondary ligands, have been synthesized under hydrothermal 

conditions. Compounds 1-3 are characterized by single crystal X-ray diffraction analysis, IR 

spectroscopy, thermogravimetric (TG) and elemental analysis. Single crystal X-ray crystallography 

shows that diverse metallo-macrocycles are formed in compounds 1, 2 and 3. In the crystal structure of 

compound 1, two different metallo-macrocyles, 28-membered metal-acid {Co2(3-mboba)2} ring and 24-

membered metal-N-linker {Co2(1,2-bix)2} ring, are formed. The alternative arrangement of these 

macrocylic rings leads to the formation of 1D chainlike coordination polymer (compound 1). In the 

crystal of compound 2, a 25-membered macrocycle ring {Co(1,3-pda)(px3ampy)} is formed from one 

dicarboxylic acid lignad and one {N,N}ligand, which further undergoes coordination with itself 

resulting in the formation of 1D chain. The {Co3(hfipbb)(bpbix)2} metallomacrocycle, observed in the 

crystal structure of compound 3, is more diversified in the sense that it is relatively bigger in size and 

this trinuclear metallo-macrocycle is formed by one dicaryboxylic acid ligand and two {N,N} donor 

linkers, but not in a plane. Interestingly, the inter-linking of these non-planar macrocycles results in the 

construction of a supramolecular pipe. 
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2.1. Introduction 

Metal-organic frameworks (MOFs) containing compounds, also known as coordination 

polymers (CPs), have been emerged as a novel class of functional materials.  These are 

generally highly crystalline inorganic-organic hybrids, constructed by assembling metal 

ions with multidentate organic ligands via coordinate covalent bonds. MOFs / CPs have 

major potential applications, such as, molecular recognition
1
, separation

2
, gas storage

3
, 

drug delivery
4
, catalysis

5
,
 
sensing

6
,
 
proton conduction

7
, magnetism

8
 etc. The construction 

of these materials with interesting structures and excellent performance relays on the 

choice of the metal centers and ligands used. Synthetic strategies of the MOFs have been 

developed based on the direct assembly of the organic linker and metal nodes. MOFs 

containing mixed ligand systems include aliphatic or aromatic carboxylic acids and N-

containing secondary linkers i.e., azide, imidazoles, triazole and pyridine derivatives. 

The diverse macrocyclic rings-based MOFs have received attention due to the advantage 

of having two kinds of porosities i.e., one being provided by the macrocyclic ligand used 

for the construction of these materials and the other possibility being offered by the 

framework topology.
9
 Generally, these macrocyclic MOFs are prepared by employing 

predesigned macrocyclic ligands, for example, crown ethers, cyclodextrins (CDs), 

calixarenes, cucurbiturils (CBs) and pillararenes.
10

  On the other hand, in some cases, the 

multitopic ligand coordinates to the metal centers in such a way that they form matallo-

macrocyclic ring (the concerned metal ion is the part of the cyclic ring)  or the in-situ 

formed  organic macrocyclic  ring  encapsulates the metal ion (coordinate bond) at the 

center / cavity of the ring  and the resulting supramolecular entity further coordinates to 

itself or to other metal ion used in the relevant synthesis, resulting in the formation of 

macrocyclic coordination polymers / MOFs.
11

 The size of the macrocyclic ring can be 

controlled / tuned either by increasing the length of the organic ligand or by increasing the 

number of components of macrocyclic ligand.
12

  

In this work, we have presented three new metallo-macrocyclic ligands-based 

coordination polymers based on a library (Scheme 1) of three different bent dicarboxylic 

acid (primary) ligands and three {N,N} donor secondary ligands.  The dicarboxylic acids 

are 3-H2mboba (3,3'-methylenebis(oxy)dibenzoic acid), 1,3-pda (1,3 

phenylenediaceticacid) and H2hfipbb {4,4′-(hexa-fluoroisopropylidene)bis-(benzoicacid)} 

and the secondary linkers are  1,2-bix[1,2-bis{(1H-imidazol-y-l)methyl}benzene], 

px3ampy{1,4-(bis(3-pyridylaminomethyl) benzene} and bpbix {4,4'-bis((1H-imidazol-1-
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yl)methyl)biphenyl} as shown in Scheme 1. The Cambridge structural database search 

resulted that these ligands were extensively used in the construction of other coordination 

polymers with cobalt (II).
13 

Scheme 1. The dicarboxylic acids and {N,N} linkers used as ligands in this work.  

 

The metallo-macrocyclic ligand-based coordination polymers, synthesized 

hydrothermally in this work, are formulated as {Co(3-mboba)(1,2-bix)2}n (1), {Co2(1,3-

pda)(px3ampy)(H2O)2}n (2) and {Co2(hfipbb)2(bpbix)2}n (3). The structures of all three 

compounds 1, 2 and 3 are unambiguously established  by single crystal X-ray diffraction 

(SCXRD) analysis, revealing  that two of them (compounds 1 and 2) are one-dimentional 

coordination polymers of diverse topologies and compound 3 is a kind of supramolecular 

pipe of coordination polymers.  Interestingly, in the crystal structure of compound 1, there 

exists two different types of macrocyclic rings, 28-membered metal-acid {Co2(3-mboba)2} 

ring and 24-membered metal-N-linker {Co2(1,2-bix)2} ring. On the other hand, in 

compounds 2 and 3, the macrocyclic rings are made up of mixed ligands i.e., {Co2(1,3-

pda)(px3ampy)} and {Co3(hfipbb)(bpbix)2}, respectively. Compounds 1, 2 and 3 are 

additionally characterized by routine spectral studies and elemental analysis including 

thermogravimetric and PXRD (powder X-ray diffraction) studies. 
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2.2. Experimental  

2.2.1. Materials and physical methods  

All the chemicals were received as reagent grade and used without any further 

purification. The ligands 3-H2mboba
14

, 1,2-bix
15

, bpbix
16

 and px3ampy
17

 were prepared 

according to the literature procedures. 

2.2.2. Characterization 

Elemental analyses were determined by FLASH EA series 1112 CHNS analyzer. Infrared 

spectra of solid samples, obtained as KBr pellets, on a JASCO-5300 FT-IR 

spectrophotometer. Thermogravimetric analyses were carried out on a STA 409 PC 

analyzer and corresponding masses were analyzed by QMS 403 C mass analyzer, under 

the flow of N2 gas with a heating rate of 5 °C min
−1

, in the temperature range of 30−800 

°C. Powder X-ray diffraction patterns were recorded on a Bruker D8-Advance 

diffractometer using graphite monochromatic CuKα1 (1.5406 Å) and Kα2 (1.54439 Å) 

radiations. The electronic absorption (diffuse reflectance) spectra have been recorded on a 

Cary 100 Bio UV−visible spectrophotometer at room temperature.  

2.2.3. Synthesis  

Synthesis of {Co(3-mboba)(1,2-bix)}n (1) 

A mixture of CoCl2∙6H2O (59.5 mg, 0.25 mmol), 3-mboba (72 mg, 0.25 mmol) and 1,2-

bix (60 mg, 0.25 mmol) was dissolved in 10.0 ml of distilled water and stirred for 30 

minutes. The pH of the reaction mixture was adjusted to 6.15 by adding 0.5 M NaOH 

solution and the resulting reaction mixture was placed in a 23 ml Teflon-lined stainless-

steel autoclave, which was sealed and kept at 160 
0
C for 3 days. The autoclave was 

allowed to cool to room temperature over 48 hours to obtain red block crystals of 

compound 1 in 65.5% yield (based on Co). Anal. Calcd for C29H24CoN4O6 (Mr=583.45): 

C, 59.75%; H, 4.15 %; N, 9.6%. Found: C, 59.48%; H, 4.25%; N, 9.53%. IR (KBr pellet, 

cm
-1

): 3139, 3106, 1600, 1550, 1435, 1402, 1326, 1287, 1216, 1117, 1024, 986, 942, 805, 

772, 663. 

Synthesis of {Co2(1,3-pda)(px3ampy)(H2O)2}n (2) 

A mixture of CoCl2∙6H2O (59.5 mg, 0.25 mmol), px3ampy (72.5 mg, 0.25 mmol) and 1,3-

H2pda (48.5 mg, 0.25 mmol) was dissolved in 10.0 ml of distilled water and stirred for 30 

minutes. The pH of the reaction mixture was adjusted to 6.76 by adding 0.5 M NaOH 

solution and the resulting reaction mixture was placed in a 23 ml Teflon-lined stainless-
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steel autoclave, which was sealed and heated at 160 
0
C for 3 days. The autoclave was 

allowed to cool to room temperature over 48 hours to obtain red block crystals of 

compound 2  in 45% yield (based on Co). Anal. Calcd for C56H60Co2N8O12 (Mr =1154.98): 

C, 58.23%; H, 5.24 %; N, 9.7%. Found: C, 58.13%; H, 5.32%; N, 9.61%.  IR ( KBr pellet, 

cm
-1

 ) :3328, 3266, 3028, 1505, 1474, 1138, 1107, 1071, 1055, 988, 952, 777, 751, 699, 

523. 

Synthesis of {Co2(hfipbb)2(bpbix)2}n (3): 

A mixture of CoCl2.6H2O (59.5 mg, 0.25 mmol), bpbix (78.5 mg, 0.25 mmol) and 

H2hfipbb (98∙5 mg, 0.25 mmol) was dissolved in 10.0 ml of distilled water and stirred for 

30 minutes. The pH of the reaction mixture was adjusted to 6.15 by adding 0.5 M NaOH 

solution and the resulting reaction mixture was placed in a 23 ml Teflon-lined stainless-

steel autoclave, which was sealed and heated at 160 
o
C for 3 days. The autoclave was 

allowed to cool to room temperature over 48 hours to yield red block crystals of 

compound 3  in 65.5% (based on Co). Anal. Calcd for C74H52Co2F12N8O8 (Mr =1527.10): 

C, 58.20%; H, 3.43 %; N, 7.34%. Found: C, 58.32%; H, 3.36%; N, 7.45%.  IR (KBr 

pellet, cm
-1

): 3121, 2930, 1598, 1541, 1515, 1391, 1288, 1252, 1205, 1174, 1143, 1107, 

1086, 1024, 973, 947, 854, 787, 746, 658.  

 

2.2.4. Single Crystal X-ray Structure Determination of the Compounds 1–3 

Single-crystals suitable for structural determination of all the compounds (1-3) were 

mounted on a three circle Bruker SMART APEX CCD area detector system under Mo-Kα 

(λ = 0.71073 Å) graphite monochromatic X-ray beam. Crystal to detector distance was 60 

mm with a collimator of 0.5 mm. The scans were recorded with a ω scan width of 0.30. 

Data reduction was performed by SAINTPLUS
18a

; empirical absorption corrections were 

made using equivalent reflections performed by program SADABS.
18b

 Structure solution 

was done using SHELXS-97
18c

 and full-matrix least-squares refinement was performed 

using SHELL-97
18d

 for above compounds. All the non-hydrogen atoms were refined 

anisotropically. Hydrogen atoms on the C atoms were introduced on calculated positions 

and were included in the refinement riding on their respective parent atoms. Crystal data, 

structure refinement parameters for all the compounds (1-3) are summarized in Table 2.1. 

For the crystal structure of compound 3, the residual electron density related to the 

disordered DMF molecule was removed by using squeeze option in the PLATON tool 

with WINGX package.  Alert level A is present due to this squeezing.  C47 and C52 of 
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one of the benzene rings of bpbix linker (Alert level B) were treated with EADP 

instruction to remove ADP errors. 

 

2.3 Results and Discussion 

2.3.1. Description of Crystal structures 

{Co(3-mboba)(1,2-bix)}n (1) 

The result of the crystallographic analysis reveals that the compound 1 crystallises in 

triclinic space group P-1. The thermal ellipsoidal diagram of the compound 1 shows that 

the asymmetric unit consists of one Co(II) ion, one 3-mboba
2-

 ligand and one 1,2-bix 

ligand (Figure 2.1a). Overall, in the crystal structure, Co(II) metal centre is surrounded by 

four O atoms from two different 3-mboba ligands and two N atoms of imidazole ring from 

two different 1,2-bix linkers affording a octahedral coordination sphere around the Co(II) 

metal ion. All the Co – O bond distances are in the range of 2.089 – 2.319Å and the Co – 

N bond distances are 2.053Å and 2.084Å. 1,2-bix linker connects two Co(II) centres by 

the N atoms of the imidazole rings with a distance of 8.160Å. Both the carboxylate groups 

of the 3-mboba
2-

 ligand adopt the chelating bidentate (µ
1
-η

1
: η

1
) coordination mode to 

connect the Co(II) metal centers with a separation of 9.62Å. The dihedral angle between 

the two –COOH groups of the 3-mboba
2-

 ligand is 89.63°. Interestingly, the connectivity 

of the Co(II) metal ions with 3-mboba
2-

 ligand and 1,2-bix linker results in the formation 

of two different macrocycle rings, i.e., 28-membered{Co2(3-mboba)2} ring (Figure 2.1b) 

and 24-membered {Co2(1,2-bix)2} ring (Figure 2.1c). These two different macrocycles 

meet at the common Co(II) center, resulting the formation of a 1D chain, where {Co2(3-

mboba)2} and {Co2(1,2-bix)2} macrocycle rings are arranged alternatively (Figure 2.1d). 

 

(a)                                                            (b)  
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(c)                                          (d)       

 

 

Figure 2. 1. Crystal structure of compound 1: (a) thermal ellipsoidal plot (hydrogen atoms are omitted due to 

clarity), (b) a sketch of {Co2(3-mboba)2} macrocycle ring, generated by connecting  two Co(II) metal ions 

using two 3-mboba
2-

 as bridging ligands, (c) a structural drawing of {Co2(1,2-bix)2} macrocycle ring, 

generated by bridging two Co(II) centers using two 1,2-bix ligands  and  (d) 1D chain, formed by connecting 

these macrocycles in an alternative fashion.  

{Co2(1,3-pda)(px3ampy)(H2O)2}n (2) 

Single crystal X-ray analysis reveals that the compound 2 is crystallized in triclinic space 

group P-1. The asymmetric unit of the compound 2 consists of two crystallographically 

independed Co(II) centers, one 1,3-pda
2-

 ligand (Scheme 1), one px3ampy linker (Scheme 

1) and two water molecules (Figure 2.1a). Both the Co(II) metals are in almost perfect 

octahedral geometry where two equatorial positions are occupied by the two-oxygen atom 

from two different acid ligands and other two by two water molecules and the two-apical 

positions are occupied by the two N atoms from two px3ampy ligands. All the Co – O 

bond distances are in the range of 2.064 – 2.150Å and the Co – N bond distances are 2.154 

and 2.163Å. Both the acid groups of the 1,3-pda
2-

 ligand adopt monodentate µ1-η
1
:η

0
 

coordination mode in trans conformation and connected to the Co(II) center to generate a 

1D zig-zag single chain along the crystallographic a axis. Further, the 

px3ampyconnectivity with the metal centers results another 1D zig-zag single chain along 

the same axis (Figure 2.2b). The connectivity of both these two different chains (one is 

dicarboxylate chain and other one is N,N linker chain) through common Co(II) centers  

(a)                                                                            
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(b)  

 

 

 

 (c) 

   

 

 

 

 

 (d) 

 

 

 

 

 

 

 

 

 

 

Figure 2. 2.  Crystal structure of compound 2: (a) thermal ellipsoidal diagram (hydrogen atoms are omitted 

due to clarity), (b) connectivity of the {Co(1,3-pda)(px3ampy)} macrocycles leading to the formation of 1D 

chain, (c) connectivity of the {Co(1,3-pda)(px3ampy)} macrocycles leading to the formation of 1D chain 

and  (d) inter-chain N–H···O hydrogen bonding interactions (shown in cyan color). 

 

results in the formation of a ladder-like chain (Figure 2.2c), in which each block/ 

compartment is a 25-membered metallo-macrocycle ring {Co2(1,3-pda)(px3ampy)}. 

Additionally, the uncoordinated oxygen atom of the carboxylate groups in 1,3-pda
2-

 ligand  

of one chain participates in formation of the strong intermolecular H-bonding with the ‘–

NH’ groups of the px3ampy ligand of the other chain; this way, two different N–H···O 

hydrogen bonding (N2 – H2N···O2, dN…O = 2.930 Å and N3 – H3N···O5, dN…O= 3.303 

Å) interactions further extend the 1D chains to a 2D supramolecular network (Figure 

2.2d). 
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{Co2(hfipbb)2(bpbix)2}n (3)  

Compound 3 crystallizes in monoclinic space group P21/c and the asymmetric unit is 

comprised with the two independent Co(II) metal ions, two hfipbb
2-

 ligands and two bpbix 

ligands (Figure 2.3a). Both the Co(II) ions are in distorted tetrahedral geometry 

coordinated by two oxygen atoms from two different hfipbb
2-

 ligands and two N atoms 

from two different bpbix ligands. The Co – O bond distances (1.972Å and 1.994Å) around 

Co1 metal ion are lesser than those around Co2 metal ion (2.043Å and 2.010Å), whereas, 

the Co – N bond distances around both the Co(II) ions are almost in the same range from 

2.027 – 2.055 Å. The distortion parameter for tetrahedral geometry of Co1 and Co2 metal 

ion are 0.89 and 0.85 respectively, indicating that both the metal ions are in slight 

distortion in their tetrahedral geometry. Both the carboxylate groups of the hfipbb
2-

 ligand 

adopt the monodentate µ1-η
1
: η

0
 coordination mode to connect the Co(II) metal ions. The 

connectivity of the hfipbb
2-

 ligand with the crystallo-graphically independent metal ions, 

Co1(II) and Co2(II), leads to formation of two different metal acid chains (Figure 2.3b). 

The Co1 – Co1 and Co2 – Co2 distances are same (14.16Å) along both the Co-hfipbb
2-

 

chains. All the phenyl rings of hfipbb
2-

 ligands, in both metal-acid chains are oriented in 

the same side of the axis, unlike the zigzag fashion. But, the orientation of the phenyl rings 

in Co1-hfipbb chain and Co2-hfipbb chain are not identical to each other. These two 

metal-acid chains are interconnected by the flexible bpbix linker (see Scheme 1) through 

Co(II) centers in a twisted manner. The bpbix linker adopts two conformations:  (i) gauche 

conformation, closely to cis conformation (may be named as Type I), in which, the 

imidazole rings twist with respect to each other by an synclinal torsion angle of 59.21° 

(viewed through N3-C21-C34-N2) and the two phenyl ring are in almost same plane with 

a twisting angle 10.80º and (ii)  closely to trans conformation (named as Type II)  with a 

anticlinal torsion angle of 135.78º between the two imidazole rings followed by a 

considerable deviation between the planes of the two phenyl ring with a twisting angle 

51.63º, as shown in Figure 2.3c. The imidazole rings of both types of bpbix ligands are 

connected to a Co1 metal ion (of the Co1-Hfipbb chain, in Figure 2.3d, down one) and the 

imidazole rings at the opposite side of these two linkers are connected to two different Co2 

metal ions (of the Co2-Hfipbb chain, in Figure 2.3d, the upper chain) in a bifurcated 

manner and vice versa, thereby forming a {Co3(hfipbb)(bpbix)2} metallo-macrocycle. The 

resulting situation is the formation of a supramolecular pipe (Figure 2.3d) with the 47-
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membered {Co3(hfipbb)(bpbix)2} metallo-macrocycle as a building unit.  The front view 

of the supramolecular pipe (Figure 2.3d, right) shows the internal hole along the pipe. 

   

(a)                                                                     

 

 

 

 

 

 

 

    (b)         
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   (d)  

 

  (e) 

 

 

 

 

 

 

 

 

Figure 2. 3. Crystal structure of compound 3: (a) asymmetric unit in the crystal structure, (b) 1D metal-acid 

chains, (c) the linking of the metal-acid chains by bpbix linker that can adopt two different conformations, 

Type I and Type II, (d) left: the space-filling plot of the supramolecular pipe and right: the front view of the 

pipe showing the internal hole of the pipe and (e) representation of the 47-membered metallo-macrocycle 

ring, the basic building unit of the pipe. 
 

The metallo-macrocycle is separately shown in Figure 2.3e. In the pipe, the Co1 – Co2 

separation, created by the type I and type II bpbix ligands are 16.56Å and 16.05Å 

respectively.  

2.3.2. Electronic Spectra of Compounds 13 

(a)                                                            (b) 
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            (c)              (d) 

 

 

 

 

 

 

 

 

 

                                   (e) 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4. Solid state diffuse reflectance (electronic absorption) spectra of the ligands (a) 3mboba, hfipbb, 

(b)1,3-pda, (c)1,2-bix, (d) bpbix px3ampy and (e) compounds 1-3. 

 

The solid state electronic properties of the compounds 1-3 have been investigated and the 

relevant diffuse reflectance spectra are displayed in Figure 2.4. The adsorption peaks at 

540, 286 (compound 1), 545, 325, 255 (compound 2) and 554, 258, 230 (compound 3) are 

observed in the respective spectra. All three compounds have almost identical d-d band at 

the lower energy range of 540 nm-560 nm. The higher energy bands are comparable with 

the electronic spectra of the ligands and can be assigned for the intraligand π···π* 

transitions. 

2.3.3. PXRD and Thermogravimetric Analysis (TGA) 

Powder X-ray diffraction (PXRD) data for the compounds 1 - 3 have been recorded to 

ensure the phase purity of the products. The corresponding diffraction patterns for the 

simulated data (calculated from respective single crystal data) and observed data prove the 

bulk homogeneity of the crystalline solids (Figure 2.5).  
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Figure 2. 5. Powder X-ray diffraction patterns of the compounds 1-3. 

                  TGA curves have been recorded under the flow of N2 for crystalline 

samples 1–3 in the temperature range 30–1000 °C (Figure 2.6). Compound 1 is stable up 

to 300
0 

C and then it undergoes continuous weight loss in the temperature range of 300  

800 °C indicating towards the decomposition of the organic part i.e. 3-mboba and 1,2-bix. 

The remaining weight is in accordance with the mass of CoO residue. The TGA curve of  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2. 6. Thermogravimetric plots of the compounds 1-3. 

 

compound 2displays the weight loss 3.6% (calc.3.1%) in the temperature range of 205-

217
o
C indicating loss of coordinated water molecules. It exhibits stability up to 300 °C 
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followed by continuous decomposition up to 800 °C. Finally, the remaining residue is 

presumed to be CoO. The TGA curve of compound 3 exhibits stability up to 360 °C, 

followed by a sharp weight loss due to decomposition of organic moieties present in the 

compound 3. The comparative thermogravimetric studies show that compound 3 is 

relatively stable. This is on a par with the formation of coordination polymer tube in the 

crystals of compound 3.  

 

2.4. Conclusion 

In this article, we have demonstrated that diverse metallo-macrocycles can be 

constructed from a library of three different dicarboxlylic acids (as ligands) and three 

different N,N linkers. For example, in compound {Co(3-mboba)(1,2-bix)2}n (1), the 

formation of two different metallo-macrocycles, namely, 28-membered {Co2(3-mboba)2} 

ring and 24-membered {Co2(1,2-bix)2} ring is observed; these two macrocycles link in an 

alternative fashion leading to the construction of  one-dimensional coordination polymers 

in the relevant crystals. In the crystal structure of compound {Co2(1,3-

pda)(px3ampy)(H2O)2}n (2), a mixed ligand metallo-macrocycle, {Co(1,3-

pda)(px3ampy)}, a 25-membered macrocycle ring, is formed. Because of unsaturation in 

the coordination sphere of cobalt(II) centres in this macrocycle, it undergoes further 

coordination with adjacent metallo-macrocycles to fulfil saturated coordination resulting 

in the formation of an 1D coordination of polymer. The metallo-macrocyle, 

{Co3(hfipbb)(bpbix)2}, observed in the crystal structure of compound 

{Co2(hfipbb)2(bpbix)2}n (3), is not only mixed-ligand macrocycle but also a relatively 

bigger 47-membered macrocycle with two bpbix linkers and one hfipbb dicarboxylic acid 

ligand. The relevant crystal structure shows the abundance of a supramolecular pipe, 

formation of which becomes possible by the adaptation of two different conformations of 

bpbix N,N linker.    

     Compounds 1, 2 and 3 are not soluble in common solvents including water. 

Therefore, this system can be used as solid host to encapsulate the small molecules (as 

guests) in the cavities of the metallo-macrocycles in gas-solid / solid-liquid interface 

reactions. Interestingly, compound {Co2(1,3-pda)(px3ampy)(H2O)2}n (2) is characterized 

with two coordinated water molecules per merallo-macrocycle along the 1D coordination 

polymer. These two Co(II)-coordinated water molecules are lost from the system at around 

210 
o
C, as indicated by thermogravimetric studies. Thus compound 2, having Co

II
‒OH2 
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moieties in the macrocycle, has potential to act as heterogeneous electrocatalyst for water 

oxidation. We are now working in these directions.   

 

Table 1: Crystal data and structural refinement parameters for compounds 1–3. 

 

                                                      1                                        2                                        3 

 

 Empirical formula            C29H24CoN4O6       C56 H60 Co2 N8 O12           C74 H52 Co2 F12 N8 O8 

 Formula weight                          583.45                      1154.98                            1527.10 

 T(K) / λ(Å)             298(2)/0.71073        298(2) /0.71073               298(2) /0.71073           

 Crystal system             Triclinic                          Triclinic                           Monoclinic   

 Space group             P-1                       P-1                                   P2 (1)/c 

 a (Å)               9.999(2)         9.495(11)                         14.160(13) 

 b (Å)                           12.493(3)                      10.999(13)                        30.094(3)  

 c (Å)                           12.523(3)                        14.303(16)                       18.219(16) 

 α (°)              115.27(3)                      82.666(2)                          90.00 

 β (°)              98.85(3)                      74.097(2)                          111.424(10) 

 γ (°)              91.92(3)         64.650(2)                          90.00 

 Volume (Å
3
)    1337.0(5)                      1298.4(3)                          7227.8(11) 

 Z, ρcalcd (g cm
-3

)    2, 1.449                          1, 2.086                             4, 1.403   

 μ (mm
-1

), F(000)             0.693/ 602                      5.021/ 784                         0.550/3112   

 goodness- of-fit on F
2
            1.122                      1.050                                 1.038 

 R1/ wR2 [I > 2σ (I)]            0.0334/0.0914                0.0508/0.1109                   0.0521/0.1395 

 R1/ wR2 (all data)            0.0427/0.1075                0.0663/0.1182                   0.0676/0.1481 

 Largest diff peak/ hole (e Å
-3

)      0.253 /-0.295                 0.507/-0.289                      0.883/-0.403 
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 A ’two-in-one’ crystal having two different 

dimensionality in the extended structures: A series 

of cadmium(II) coordination polymers from V-

shaped organic linkers 3 

Three Cd(II) containing coordination polymers, formulated as {Cd(oba)(biip)}n·nH2O (1),  

{Cd(sdba)(biip)}n·n5H2O (2) and {[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n·n2H2O (3), have 

been synthesized by using ditopic V-shaped ligands i.e., H2oba (4,4′-oxydibenzoic acid), H2sdba (4,4ʹ-

thiodibenzoic acid), H2hfipbb {4,4ʹ-(perfluoropropane-2,2-diyl)dibenzoic acid} and an auxiliary linker, 

biip {3,5-di(1H-imidazol-1-yl)pyridine} under solvothermal conditions. Compounds 1−3 are 

characterized by single crystal X-ray diffraction analysis, IR spectroscopy, thermogravimetric (TG) and 

elemental analyses. Compound 1 contains a 3D framework, formed by the connectivity of {CdO4N2} 

secondary building unit (SBU) with the organic linkers, whereas compound 2 is a 2D coordination 

polymer. Interestingly, unlike to compounds 1 and 2, compound 3 possesses a distinctive structural 

feature having two crystallographically independent polymeric motifs (polymers, A and B) having two 

different dimensionality within the same crystal, i.e., coordination polymer A (CP-A) that forms a one-

dimensional motif and coordination polymer B (CP-B), which has a two-dimensional structure. 
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3.1. Introduction 

The synthesis of new coordination polymers (CPs) or metal-organic framework 

(MOF) containing compounds by the rational combination of organic ligands and 

metals through the ‘self-assembly’ process is an interesting aspect of ‘structural 

chemistry’. An infinite number of coordination polymers with different 

dimensionalities (one, two and three) have been synthesized from various metal 

ions in combination with linear and non-linear organic building units (OBUs) as 

spacer linkers. MOF containing compounds have been extensively explored in 

different interdisciplinary areas due to their wide range of potential applications, for 

example, in gas adsorption and separation,
1
 catalysis,

2
 sensing,

3
 host−guest induced 

separation,
4
 drug delivery

5
 etc. The design and construction of these materials are 

not only significant for their functional applications, but also because of their ability 

to form aesthetically pleasing structures. The formation of interesting architectures 

is, somewhat, predicted by the crystal engineering which, in turn, is governed by the 

supramolecular interactions, such as hydrogen bonding, halogen interactions and 

other non-covalent interactions, present in the concerned material. 

Recently, increasing number of publications are seen in the literature reporting 

either 'entangled polymeric systems' or 'polythreaded supramolecular architectures', 

in which two or more independent polymeric motifs are packed within the same 

crystal having same or different dimensionalities.
6
 In general, the entangled 

coordination networks or MOFs are formed either by simple interpenetration 

(parallel or inclined interpenetration of individual layers) or by inextricable 

interpenetration as seen in polycatenanes, polyrotaxanes, molecular knots, 

polythreaded networks and so on.
7 

Many up-to-date investigations are focused on the design of new molecule-based 

functional materials. In this regard, Batten and Robson reported a variety of  

interpenetrating structures.
8
 However, distinctive coordination polymers co-existing 

within the same crystal structure, are fairly rare in the literature. Coordination 

polymers having diverse structural motifs with different dimensionality within the 

same crystal are found to result in the formation of 2D and 3D structures, for 

example: 2D layers + 1D double linear chain + 1D chains  3D,
9,10,11 

2D layers + 

2D layers  3D,
12,13,14 

1D chains + 2D net  2D,
15 

1D chains  3D,
16

 2D sheets 

+ 3D network  3D,
17

 2D sheets  2D networks,
18

 1D chain + 2D layers  3D 
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net,
19

 1D ladders + 1D chains  3D,
20

 2D square grids + 1D linear chain  3D,
21

 

1D double chain + 2D net  2D polycatenation,
22

 1D ribbons + 2D network  

3D,
23

 two 1D chains + two 2D double layers  3D,
24

 three 1D chains + 2D layers 

 3D,
11

 1D ribbons of rings + 2D network  3D,
25

 3D network + 3D network  

3D
26

 supramolecular structures. 

              Herein, we have synthesized three new coordination polymers starting 

from Cd(OAc)2∙2H2O and three ditopic V-shaped ligands (as shown in Scheme 1) 

i.e., H2oba (4,4′-oxydibenzoic acid), H2sdba (4,4ʹ-thiodibenzoic acid), H2hfipbb 

{4,4ʹ-(perfluoropropane-2,2-diyl)dibenzoic acid} and a N,N linker, biip {3,5-di(1H-

imidazol-1-yl)pyridine} under solvothermal conditions. All these compounds 

{Cd(oba)(biip)}n·nH2O (1), {Cd(sdba)(biip)}n·n5H2O (2), and 

{[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n ·n2H2O (3) are characterized by 

routine spectral techniques, such as, Infrared- and electronic absorption-

spectroscopy, thermal analysis including CHN analysis and unambiguously by 

single crystal X-ray diffraction (SCXRD) studies. Compound 1 shows a three-

dimensional network, whereas compound 2 exhibits a two-dimensional structure. In 

contrast to compounds 1 and 2, compound 3 possesses a distinctive structural 

feature having two crystallographically independent polymeric motifs (coordination 

polymers -A and -B) within the same crystal with two different dimensionality; CP-  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.1. The V-shaped ligands, used to synthesize the compounds 1−3 in the present study. 
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A forms a one-dimensional motif and CP-B is a two-dimensional structure (see 

Scheme 2). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 5.2. Representation of synthetic protocol of compounds 1−3. 

 

The interpenetration of 1D chains of CP-A into the 2D layers of CP-B results in an 

overall three-dimensional supramolecular architecture in the crystal structure of 

compound 3. All three compounds show good thermal stability as evidenced by the 

TGA analysis. 

3.2. Experimental  

3.2.1. Materials and physical Methods 

All the chemicals and solvents were received as reagent grade and used without any 

further purification. The chemicals H2oba, H2sdba, H2hfipbb were purchased from 

Aldrich. The metal salt {Cd(OAc)2·2H2O} and DMF solvent were procured  from SDFCL 

and Finar (India), respectively. The auxiliary ligand, biip˗{3,5-di(1H-imidazol-1-

yl)pyridine}, was prepared following the literature procedure.
27 

3.2.2. Characterization 

Elemental analyses were determined by FLASH EA series 1112 CHNS analyser. 

Thermogravimetric analyses were carried out on a STA 409 PC analyser under the flow of 

N2 gas with a heating rate of 5 °C min
−1
, in the temperature range of 30−750 °C. Infrared 
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spectra of solid samples obtained as KBr pellets on a JASCO−5300 FT−IR 

spectrophotometer. Powder X-ray diffraction patterns were recorded on a Bruker 

D8−Advance diffractometer using graphite monochromated CuKα1 (1.5406 Å) and Kα2 

(1.54439 Å) radiations. All the compounds were synthesized in 23 mL Teflon-lined 

stainless-steel vessels (Thermocon, India) under solvothermal conditions. The electronic 

absorption spectra have been recorded in the solid state on a UV−2600 Shimadzu 

UV−visible spectrophotometer at room temperature. Gas adsorption isotherms of all the 

compounds were performed by using Autosorb iQ, Quantachrome gas adsorption 

analyzer. 

3.2.3. Synthesis 

 Synthesis of compound {Cd(oba)(biip)}n∙nH2O (1)  

A mixture of Cd(OAc)2·2H2O (0.1 mmol, 26.6 mg), H2oba (0.1 mmol, 25.8 mg), and biip 

(0.1 mmol, 21.1 mg), taken in a mixed solvent — H2O (6 mL) and DMF (2 mL) — was 

stirred for 30 minutes and then the pH of the reaction mixture was adjusted to 6.1 by 

adding  few drops of aq. NaOH solution (0.5 M conc.). The resulting reaction mixture was 

then placed in a 23 mL Teflon-lined stainless-steel autoclave, which was sealed and heated 

at 120 
○
C for 72 hours. The autoclave was allowed to cool to room temperature over 48 

hours to obtain colourless block shaped crystals of compound 1 in 67.5% yield (based on 

Cd). Anal. Calcd. for C25H19N5CdO6 (Mr = 597.86): C, 50.22%; H, 3.2%; N, 11.71%. 

Found: C, 50.29%; H, 2.83%; N, 11.65%. IR (KBr pellet, cm
-1

): 1593(br), 1551(m), 

1500(m), 1391(br), 1303(s), 1257(m), 1164(s), 1102(m), 1014(m), 952(m), 880(m), 

849(m), 777(s), 658(s), 606(m), 523(m), 503(m). 

Synthesis of compound {Cd(sdba)(biip)}n∙n5H2O (2) 

Compound 2 was prepared by following the same procedure as that of compound 1 except 

that the ligand H2sdba (0.1 mmol, 30.6 mg) was used in place of H2oba ligand and the pH 

of the reaction mixture was adjusted to 7.5 in this case. After the completion of the 

reaction, colourless block shaped crystals were obtained by filtration in 62.4% yield 

(based on Cd). Anal. Calcd. for C25H27CdN5O11S (Mr = 717.98): C, 41.82%; H, 3.79%; N, 

9.75%. Found: C, 41.32%; H, 3.65%; N, 9.56%. IR (KBr pellet, cm
-1

): 3256(br), 1589(s), 

1547(m), 1507(m), 1395(m), 1316(m), 1297(m), 1270(m), 1250(m), 1163(m), 1134(s), 

1100(m), 1070(s), 1011(m), 956(m), 936(m), 850(m), 783(s), 744(m), 727(m), 691(m), 

648(m), 618(s), 580(m). 

Synthesis of compound {[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n∙n2H2O (3) 
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Compound 3 was also prepared by following the same procedure used for synthesizing 

compound 1 except that the ligand H2oba was replaced with H2hfipbb (0.1 mmol, 39.4 

mg) and the pH of the reaction mixture was adjusted to 6.5. The resulting colorless needle 

shaped crystals were isolated by filtration in 60.5% yield (based on Cd). Anal. Calcd. for 

C80.5H52Cd2.5F18N13O15 (Mr = 2064.38): C, 46.84%; H, 2.54%; N, 8.82%. Found: C, 

46.19%; H, 2.41%; N, 8.65%. IR (KBr pellet, cm
-1

): 3114(br), 1672(m), 1600(m), 

1512(m), 1394(s), 1316(m), 1249(s), 1209(m), 1166(s), 1135(m), 1070(m), 1010(m), 

970(m), 943(m), 928(m), 897(m), 849(m), 800(m), 777(m), 747(m), 723(s), 700(s), 

651(m). 

3.2.4. Single Crystal X-ray Structure Determination of the Compounds 1–3 

Data for single-crystals of all the compounds 1−3 were collected on a Bruker D8 Quest 

CCD diffractometer under a Mo−Kα (λ = 0.71073 Å) graphite monochromatic X-ray 

beam with a crystal-to-detector distance of 40 mm. The data reduction was performed 

using Apex-II Software.
28

 Empirical absorption corrections using equivalent reflections 

were performed with the SADABS program.
29

 Structure solutions, and full-matrix least-

squares refinement were carried out using standard crystallographic software package for 

all the compounds.
30,31

 All the non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms on the C atoms were introduced at calculated positions on their respective 

parent atoms and were included in the refinement riding model. Attempts to locate 

hydrogen atoms for the solvent molecules (water˗ for all compounds) in the crystal 

structures through Fourier electron density map were not successful. Hence these atoms 

were made to fix on their parent atoms at calculated positions. The carboxylate oxygen 

atoms of oba
2-

 and sdba
2-

 i.e., O4 and O6 in the crystal structures of compounds 1 and 2, 

respectively, exhibit some disorder because of diffused electron densities which in turn 

leads to splitting of these atoms. The Alert 2 A (large solvent Accessible VOIDS) in 

compounds 2 and 3 is the result of removing residual electron density of the disordered 

solvent molecules using PLATON tool of WINGX software package. In compound 3, the 

pyridine ring of biip ligand along with half part of the imidazole ring in CP-A resides in 

highly disordered environment, due to which we could not model this part of the ligand, 

despite of several attempts. This resulted in Alert 2A and 2B pertaining to the ADP issues 

of C81, N12 and C76 of biip ligand. The corresponding unit cell and refinement 

parameters for the single crystals of all three compounds are given in Table 3.1.  
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3.3. Results and Discussion 

3.3.1. Synthesis 

In this work, three different dicarboxylic acids (Schemes 1 and 2) and a common neutral 

‘N’ donor ligand (biip) have been employed to synthesize three different compounds 

{Cd(oba)(biip)}n·nH2O (1), {Cd(sdba)(biip)}n·n5H2O (2) and 

{[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n·n2H2O (3). In all three concerned 

syntheses, NaOH has been utilized to deprotonate the carboxylic acids. The temperature 

and time duration of the solvothermal syntheses have been kept identical for all three 

syntheses. Even then, the title compounds show diversity in terms of their supramolecular 

structures. This is because the dicarboxylic acids, H2oba, H2sdba and H2hfipbb ― the V-

shaped ligands used to synthesize compounds 1, 2 and 3, respectively ― are diverse in 

relation to their non-aromatic components excluding the dicarboxylic acids. 

3.3.2. Description of Crystal Structures 

Compound {Cd(oba)(biip)}n∙nH2O (1) 

Single crystal X-ray analysis reveals that the compound {Cd(oba)(biip)}n·nH2O (1) 

crystallizes in monoclinic space group C2/c. The concerned asymmetric unit consists of 

one Cd(II) center, one oba
2- 

ligand, one biip ligand and a lattice water molecule. As shown 

in Figure 3.1a, the Cd(II) centre is coordinated by the four oxygen atoms and two nitrogen 

atoms from two oba
2-

 ligands and two biip ligands respectively, to form a distorted 

octahedral {CdO4N2} coordination sphere which act as a secondary building unit (SBU) in 

this compound. All the Cd−O bond distances are in the range of 2.213−2.663 Å and Cd−N 

bond distances are 2.239 and 2.359 Å. The bond angles between the Cd(II) centre and 

coordinated atoms are in the range of 54.4−135°. The dihedral angles between the two 

carboxylate groups and the two phenyl rings of oba
2−

 ligand are 81.77° and 74.04°, 

respectively. The dihedral angle between two imidazole rings of biip ligand is found to be 

71.98º. The carboxylate groups of oba
2−

 ligand attain bidentate µ1-η
1
:η

1 
coordination mode 

while connecting to the metal center. In this way, each oba
2-

 ligand connects to two Cd(II) 

metal centres from two sides resulting  in the formation of 1D metal-acid chain along the 

crystallographic 'ac' plane as shown in Figure 3.1b. The two metal centre’s within the one-

dimensional chain are separated through oba
2−

 at a distance of 15.32 Å.   
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(e) 

 

 

 

 

 

 

 

 

Figure 3.1 Crystal structure of compound {Cd(oba)(biip)}n·nH2O (1): (a) Molecular diagram representing 

the coordination environment around the Cd(II) metal ion; hydrogen atoms are omitted for clarity, (b) 1D 

chain, formed by the connectivity of oba
2−

 ligands with the Cd(II) metal centers along the crystallographic 

'ac' plane, (c)The biip linkers are coordinated to the metal centres to form two different 1D metal-linker 

chains in two different crystallographic axes i.e., 'a' and 'b', (d) 2D layered structure, formed due to 

connectivity of 1D chains with the biip linkers and (e) 3D topological representation of 1.  

 

On the other hand, the biip linkers are coordinated to the metal centres to form two 

different 1D metal-linker chains in two different crystallographic axes i.e., 'a' and 'b' 

(Figure 3.1c). The Cd(II) centers in 1D metal-acid-chains, that are parallel to each other, 

are connected by biip ligands (through N donors) along the crystallographic 'a' axis 

resulting in the formation of 2D layered structure as shown in Figure 3.1d. These 2D 

layers are further are pillared by the biip linkers along the crystallographic 'b' axis to give 

an overall 3D structure for compound 1 (Figure 3.1e). 

Compound {Cd(sdba)(biip)}n·n5H2O (2) 

Single crystal X-ray analysis of compound {Cd(sdba)(biip)}n·5nH2O (2)  shows that it  is 

a 2D coordination polymer, which crystallizes in the monoclinic space group P2(1)/c. The 

relevant asymmetric unit contains one Cd(II) metal centre, one completely deprotonated 

sdba
2−

, one biip ligand and lattice water molecules as shown in Figure 3.2a (four lattice 

water molecules are present in highly disordered environment affecting the overall data, 

hence the SQUEEZE option was employed). In the crystal structure, the Cd(II) ion is 

coordinated by four oxygen atoms from two sdba
2−

  and two nitrogen atoms from two biip 

ligands resulting in a distorted octahedral {CdO4N2} coordination moiety, which acts as a 

secondary building unit (SBU).  The relevant Cd−O bond lengths are in the range of 

2.229−2.673 Å and the Cd−N bond lengths are 2.222 and 2.236 Å. The bond angles 

around the Cd(II) metal centre are in the range of 54.67 to 136.17
○
. The dihedral angle 

between the two imidazole rings in the biip is found to be 63.62°, which is lesser than the 
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dihedral angle between the same found in the crystal structure of compound 1. The 

carboxylate groups of sdba
2−

 ligand exhibit µ1-η
1
:η

1 
coordination mode and connect to  

 (a)                                                                                                                                       

 

 

 

 

(b) 

 

 

 

 

 

(c)                                                                                

 

 (d)                            

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Crystal structure of compound {Cd(sdba)(biip)}n·n5H2O (2): (a) Asymmetric unit, (b) 1D square 

wave-like chain, formed by the connectivity of sdba
2-

 ligands with Cd(II) metal centers, (c) 1D chain with 

the V-shaped geometry of the biip ligand and  (d) 2D structure, formed by the connectivity of sdba
2-

 and biip 

ligands with the SBUs.  
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Cd(II) centres resulting in the formation of 1D square wave-like chain (Figure 3.2b). Two 

Cd(II) centres along the chain are separated by the sdba
2−

 ligands  through a distance of 

13.59 Å. The biip ligands are coordinated to Cd(II) centres resulting the  formation of 1D 

zig-zag chainlike arrangement (Figure 3.2c). The crossover of these two 1D chains 

through metal centers results in the formation of a 2D structure as represented in Figure 

3.2d. 

Compound {[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n·n2H2O (3) 

Single crystal X-ray diffraction analysis reveals that, compound 

{[Cd1.5(hfipbb)2(biip)1.5(H2O)][Cd(hfipbb)(biip)]}n·n2H2O (3) crystallizes in triclinic 

space group P-1. As shown in Figure 3.3a, the asymmetric unit contains two coordination 

polymers i.e., {Cd1.5(hfipbb)2(biip)1.5(H2O)} (CP-A) and {Cd(hfipbb)(biip)}n (CP-B), and 

lattice water molecules. The relevant structure contains highly disordered solvent 

molecules in the crystal sktructure; hence the SQUEEZE option was used. This squeezed 

electron density accounts for one water molecule per asymmetric unit (ASU), which is 

consistent with the CHN- and TGA- experimental analyses.  

Structural depiction of {Cd1.5(hfipbb)2(biip)1.5(H2O)} (CP-A): 

CP-A consists of two crystallographically independent Cd(II) ions (Cd01 and Cd02), two 

hfipbb
2−

, two biip linkers and one coordinated water molecule (Figure 3.3b). Overall, in 

the crystal structure, the Cd01 is in slightly distorted octahedral environment defined by 

two oxygen atoms and four nitrogen atoms from two coordinated water molecules and 

four biip linkers, respectively. The Cd02 also adopts distorted octahedral coordination 

geometry, which is completed by five oxygen atoms and one nitrogen atom from three 

hfipbb
2−

 ligands and one biip linker, respectively. In CP-A, the Cd   O bond distances are 

in range of 2.206−2.645 Å, which are similar to those of other reported cadmium 

complexes
32

 and Cd−N bond distances are in the range of 2.242−2.333 Å. The hfipbb 

ligands adopt different coordination modes towards Cd02 in CP-A: one hfipbb
2−

 exhibits 

μ1-η
1
:η

1
 and μ1-η

1
:η

0
, while the other hfipbb

2-
 shows μ1-η

1
:η

1
 coordination mode   leading 

to the formation of metal acid chains as shown in Figure 3.3c. These metal acid chains are 

further connected by Cd01 metal ions through the biip linkers, resulting in the formation 

of 1D ribbon-like structure (Figure 3.3d). 

Structural depiction of {Cd(hfipbb)(biip)}n (CP-B): 
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CP-B includes one Cd(II) ion, one hfipbb
2−

 and one biip ligand  as shown in Figure 3.3e. 

In this, each cadmium ion (named as Cd03) is six coordinated by four oxygen atoms and 

two nitrogen atoms from two hfipbb
2−

 ligands and two biip linkers, respectively, affording 

distorted octahedral geometry around cadmium(II) ion. The {Cd2(COO)2} dimeric unit is 

formed by the connectivity of two carboxylate groups in bridging bidentate mode with a 

Cd---Cd separation of 4.286 Å, acting as secondary building unit (SBU) in the crystal 

structure. The Cd−O bond distances are in range of 2.229−2.733 Å. The Cd−N bond 

distances are 2.290 and 2.373 Å. The bond angles within the Cd(II) coordination geometry 

are in the range of 81−164.7°. One carboxylate group of hfipbb
2-

 shows monodentate μ1-

η
1
:η

0
 coordination fashion and the other carboxylate group shows bidentate μ2-η

1
:η

1
 

coordination fashion towards cadmium(II). The connectivity of SBUs with the hfipbb
2−

 

ligands leads to the formation of 1D metal acid chain along the crystallographic 'bc' plane, 

having a separation of 13.083 Å between two dimers (Figure 3.3f). The biip linkers are 

connected to the two different {Cd2(COO)2} dimeric units of adjacent chains resulting in a 

Cd2(biip)2 macrocycle along the crystallographic 'ac' plane, finally leading to the 

formation of a 1D chainlike structure (Figure 3.3g) and the separation created by biip 

linkers between the two dimers in this chain is 10.958 Å.  The cross over connectivity of 

Cd-hfipbb
2-

 chain and Cd(II)-biip chain through the {Cd2(COO)2} dimer results in the 

formation of 2D structure as shown in Figure 3.3h.   

        The crystal packing of 1D chains of CP-A (shown in Figure 3.3d) and 2D layers of 

CP-B (shown in Figure 3.3h), finally results in an overall three-dimensional 

supramolecular architecture of compound 3 (Figure 3.3i). 

 

(a)                                                              (b) 
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(c) 
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(g) 
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Figure 3.3 Crystal structure of compound {[Cd1.5(hfipbb)2(biip)1.5(H2O)] [Cd(hfipbb)(biip)]}n·n2H2O (3): (a) 

asymmetric unit of 3, (b) the basic unit in CP-A, (c) metal-acid chains of CP-A coordinated by the hfipbb
2-

 

ligands with Cd02 metal ions, (d) topological representation of 1D structure of CP-A, (e) the basic unit in 

CP-B, (f) 1D metal acid chain of CP-B, formed due to the connectivity of hfipbb
2-

 ligands and SBUs along 

the crystallographic 'bc' plane, (g) 1D chainlike structure of CP-B, connected by the [Cd2(biip)2] macrocycle 

and [Cd2(COO)2] dimeric units along the crystallographic 'ac' plane, (h) 2D structure of CP-B and (i) a 

simplified representation of compound 3 formed via interpenetration of CP-A (red) into the 2D layer of CP-

B (green). 
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In all three compounds, the common auxiliary linker is biip {3,5-di (1H-imidazol-1-

yl)pyridine}. It is known that first-row transition metal compounds containing imidazole 

type ligands have potential to act as the agents of anticancer and antitumor activity.
33

 So, 

compounds 1–3, described in the present work, have some biological relevance. 

 

3.3.3. Powder X-ray Diffraction (PXRD) Patterns of the Compounds 13 

Powder X-ray diffraction (PXRD) data for compounds 1–3 have been recorded to confirm 

the phase purity of all synthesized compounds. The matching of patterns of simulated data 

(calculated from respective single crystal data) with the corresponding observed 

diffraction data proves the bulk homogeneity of the crystalline solids (Figure 3.4). 

 (a)                                                          (b) 

 

(c) 

 

 

 

 

 

 

 

Figure 3.4 Observed powder X-ray diffraction patterns of the compounds 1−3 (blue curves), including 

simulated patterns obtained from respective single crystal data (black curves). 

 

3.3.4. Thermogravimetric Analysis (TGA) Curves of the Compounds 13 

Thermogravimetric (TG) plots have been recorded under flow of N2 gas for the crystalline 

compounds 1−3 in the temperature of 30−750 
○
C (Figure 3.4). The compound 1 is found 

to be stable up to 400 
○
C and the weight loss of 2.8% (calcd. 3%) in the range of 30−120 

○
C corresponds to the loss of lattice water molecule. Beyond 400 

○
C, it shows continuous 

weight loss indicating the decomposition of organic ligands i.e., oba
2-

 and biip, present in 
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compound 1. TGA curve of compound 2 shows weight loss of 11.8% (calcd. 12.5%) in the 

temperature of 30−90 
○
C corresponding to the loss of lattice water molecules, and then it 

undergoes continuous weight loss after 320 
○
C leading to decomposition of the framework 

material. The TGA profile of compound 3, exhibits stability up to 250 
○
C. The weight loss 

of 3 % (calcd. 3.17%) beyond this temperature (250 
○
C to 400 

○
C) corresponds to removal 

of coordinated and lattice water molecules. After 400 
○
C, it displays significant weight 

loss indicating the collapse of framework integrity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Thermogravimetric plots of the compounds 1−3. 

3.3.5. Electronic Spectra (DRS) of Compounds 13 

The solid-state diffuse reflectance spectra (DRS) of compounds 1−3 are recorded along 

with the free ligands i.e., H2oba, H2sdba, H2hfipbb and biip at room temperature (see 

Figures 3.5a and 3.5b). The absorption maxima are observed at 259, 289 nm for 

compound 1 and 248, 286 nm for compound 2, whereas compound 3 exhibits absorption 

maxima at 240, 280 nm (Figure 3.5c). 

  (a)           (b) 
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(c) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.5 Solid state diffuse reflectance (electronic absorption) spectra of the ligands (a) H2oba, H2sdba, 

H2hfipbb, (b)biip, and (c) compounds 13. 

 

The corresponding free ligands show absorption bands at 253, 289 nm (for H2oba); 

257,267, 289 nm (for H2sdba); 253, 291 nm (for H2hfipbb) and 261, 296 nm (for biip) in 

their respective electronic absorption spectra (Figures 3.5a and 3.5b). Hence, the 

absorption bands of compounds 1−3 can be attributed to the intra-ligand charge transfer 

transitions by comparing with their corresponding free ligand spectra. 

 

3.3.6 Gas adsorption analysis 

(a) 
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(b) 

 

 

 

 

 

 

 

 

 

 

(c) 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.6 N2 adsorption isotherms of compounds 1−3 (  adsorption points;  desorption points) 

at 77K: (a) compound 1, (b) compound 2 and (c) compound 3. 

 

The gas-adsorption measurements of compounds 1−3 were performed at 77 K. The 

compounds were preheated at 473K and evacuated under dynamic vacuum for 6 h to 

generate activated samples prior to the analysis. Figure 3.6 describes the N2 sorption 

properties of compounds 1−3, with a maximum N2 uptake of 3.15, 6.48 and 74.45 cm
3
 g-1 

(STP) at P/Po =0.99 relative pressure, respectively. The N2 adsorption isotherms of 1−3 

display a characteristic type III adsorption isotherm curves, and the calculated Brunauer– 
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Emmett–Teller (BET) surface area were found to be 3.37, 7.65 and 29.10 m
2
 g−1, 

respectively. 

3.4. Conclusions and future scope 

In summary, we have employed angular ligands i.e., H2oba (4,4′-oxydibenzoic acid), 

H2sdba (4,4ʹ-thiodibenzoic acid), H2hfipbb {4,4ʹ-(perfluoropropane-2,2-diyl)dibenzoic 

acid} and an auxiliary linker, biip (3,5-di(1H-imidazol-1-yl)pyridine) along with 

Cd(OAc)2·2H2O to synthesize three coordination polymers {Cd(oba)(biip)}n·nH2O (1), 

{Cd(sdba)(biip)}n·n5H2O (2) and {[Cd1.5(hfipbb)2(biip)1.5(H2O)] 

[Cd(hfipbb)(biip)]}n·n2H2O (3) under solvothermal conditions by heating the 

corresponding reaction mixtures at 120 
○
C for three days. All the compounds have been 

analysed by routine characterization techniques, such as, Infrared spectroscopy (IR), UV-

DRS, CHNS and thermal analysis (TGA).  The structures of all the compounds are 

unambiguously determined by single crystal X-ray diffraction (SCXRD) studies. The 

structural analysis reveals that the compound 1 forms a three-dimensional network by 

means of pillaring of 2D layers by secondary linkers, whereas the compound 2 is a two-

dimensional structure. Interestingly, the compound 3 consists of two distinct and 

crystallographically independent polymeric motifs (CP-A and CP-B) that are packed 

together within the same crystal. CP-A forms a one-dimensional coordination polymer, 

whereas CP-B is a two-dimensional structure. The interpenetration of 1D chains of CP-A 

into the 2D layers of CP-B gives an overall three-dimensional supramolecular architecture 

to compound 3. The bulk purity of all the compounds have been ensured by powder X-ray 

diffraction (PXRD) studies. Thermal stabilities are determined by TGA measurement, 

which shows that these compounds exhibit good stability, except that they lose solvent 

molecules in the lower temperature region.    

     All the three compounds possess the d
10

 metal ion i.e., cadmium (II) ion in their 

crystal structures, coordinated to different organic ligands and a common secondary linker. 

Interestingly, the compound 3 exhibits two-in-one kind of system, where two polymers co-

exist in one crystal structure having different dimensionalities. This encourages us to 

develop a synthetic route to generate such compounds with multiple dimensionalities 

which could have potential applications. We are currently working in this direction. 

 

 

 



 
 

62 

 

Table 3.1: Crystal data and structural refinement parameters for compounds 1–3 

 

                                                          1                                     2                                 3 

 

 Empirical formula  C25H19N5CdO6        C25H27N5CdO11S        C80.5H52Cd2.5F18N13O15 

 Formula weight   597.86         717.98                         2064.38 

 T(K) / λ(Å)   297(2)/ 0.71073        297(2)/ 0.71073          297(2)/ 0.71073           

 Crystal system   Monoclinic                 Monoclinic                  Triclinic   

 Space group   C2/c        P2(1)/c                          P-1  

 a (Å)    17.4954(7)       11.7676(5)                    13.8241(19) 

 b (Å)    12.6153(5)       19.7794(8)                    15.109(2)  

 c (Å)    22.1892(10)       13.9176(5)                    23.106(4) 

 α (°)    90.00        90.00                             78.213(6) 

 β (°)    95.2010(10)       104.5080(10)                74.280(6) 

 γ (°)    90.00        90.00                             64.202(5) 

 Volume (Å
3
)                               4877.2(4)      3136.1(2)                       4161.8(11) 

 Z, ρcalcd (g cm
-3

)                          8, 1.628       4, 1.368                          1, 1.633 

 μ (mm
-1

), F(000)   0.947/ 2400      0.808/ 1296                    0.747 /2036   

 Goodness- of-fit on F
2
  1.033                    0.970                               1.052 

 R1/ wR2 [I > 2σ (I)]  0.0246/0.0706           0.0371/0.1062                0.0738/0.1450 

 R1/ wR2 (all data)  0.0264/0.0730           0.0436/0.1106                0.1292/0.1647 

 Largest diff peak/ hole (e Å
-3

)       0.444 /-0.654            0.882/-0.883                   0.614 /-1.016 
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Diverse coordination architectures based on a flexible 

multidentate carboxylate ligand and N-donor linkers: 

synthesis, structure, supramolecular chemistry and 

related properties 4 

Three new metal-organic framework (MOF) containing compounds, namely {Cu2(tci)(btx)0.5(µ3-

OH)(H2O)}n (1), {Cu1.5(tci)(biip)}n (2), {Co1.5(tci)(biip)}n (3) [H3tci = tris(2- carboxyethyl)isocyanurate, 

btx=1,4-bis(triazol-1-yl-methyl)benzene, biip = 3,5-bis(imidazole-1-yl)pyridine] have been successfully 

synthesized through the assembly of metal ions [Cu(II) ion for compounds 1 and 2, Co(II) for compound 

3] with H3tci and two different N-donor ligands under solvothermal conditions. All compounds were 

characterized by IR spectroscopy, elemental and thermogravimetric (TG) analyses, powder X-ray 

diffraction (PXRD) studies and finally, the structures of all compounds were unambiguously determined 

by single-crystal X-ray diffraction (SCXRD) technique. Compound 1 is a 1D coordination polymer, 

constructed by the connectivity of copper tetramer as a secondary building unit (SBU) with the H3tci 

and btx ligands. Whereas the crystal structure of compound 2 possesses two different SBUs i.e., 

paddlewheel and square involving Cu(II). The connectivity of these two SBUs results in the formation 

of 2D layers which are further pillared by biip ligand to result in a 3D structure. In the case of compound 

3, both Co1 and Co2 exhibit distorted octahedral geometry in their SBUs. Further, the connectivity of 

these SBUs with tci
3-

 and biip ligands results in the formation of a 3D framework. 
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4.1. Introduction 

The design and construction of metal-organic frameworks (MOFs) have fascinated great 

consideration not only because of their intriguing architectures and topologies but also due 

to their huge potential applications in gas storage,
1
 sensing,

2
 drug delivery,

3
 catalysis,

4
 ion 

exchange,
5
 magnetism,

6
 etc. A great deal of research has been done in optimizing the 

synthetic procedures to obtain new materials including, the utilization of single ligand 

(either carboxylate or N-linker) or mixed ligand strategies (two different carboxylate or N-

linkers, or a combination of carboxylate ligand and N-linker). Most of the reported 

structures were constructed by using the rigid organic linkers, whereas the flexible organic 

linkers are less preferred owing to the possibility of attaining n-number of conformations 

within the given reaction conditions, which in turn, complicates the predictability of the 

resulting structures. In contrast, the flexible ligands offer the unique properties in resulting 

materials.
7,8

  Generally, the dicarboxylate ligands are chosen as bridging ligands to obtain 

extended structures which further pillared by the secondary ligands in resulting materials 

of diverse dimensions; on the other hand, polydentate carboxylate ligands are found to be 

good candidates, essentially due to their multiple coordination sites and diverse 

coordination modes for achieving metal-carboxylate poly clusters, such as di-, tri- and 

higher-nuclearity clusters, which are useful in exploring certain functional properties such 

as magnetism, sensing and so on.
9-11

 

             By choosing appropriately well-designed and multi-functional organic ligands, 

interesting functional coordination networks with useful properties could be obtained. In 

this regard, we have chosen the flexible organic carboxylate ligand i.e., H3tci {tris(2-

carboxyethyl) isocyanurate} due to the following reasons: (i) multidenticity (three 

COOH groups), (ii) conformational liberty imposed by three (CH2-CH2) arms, which 

generally assumes cis,cis,cis and cis,cis,trans conformations, (iii)  secondary (c=o) 

functional moiety,   and (iv) the diverse coordination modes of the carboxyl group. The 

versatile nature of this ligand has been utilized to construct various coordination polymers 

with different metal ions such as Mg(II),
12

 Mn(II),
13,14

 Co(II),
15-17

 Cu(II),
18-24

 Zn(II),
25-32

 

Cd(II),
33,34,

 and some lanthanide ions.
35-40

 Auxiliary ligands also play an important role in 

the construction of coordination polymers/MOFs. They increase the stability of the 

structure by pillaring or connecting the individual layers, thereby modulating the resulting 

framework structure. In this line, we reported diverse coordination polymers having 

diverse physical properties using such flexible and auxiliary ligands.
41-47
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           Herein, we describe syntheses, structures and properties of three coordination 

polymers based on H3tci ligand, {Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n (1), {Cu1.5(tci)(biip)}n 

(2), {Co1.5(tci)(biip)}n (3) (see Scheme 1). Compound 1 is a one-dimensional coordination 

polymer, in which copper tetramer acts as a secondary building unit (SBU) which 

coordinates to H3tci and btx ligands. In the case of compound 2, paddle wheel and square 

planar Cu(II) act as SBUs, connected by tci
3-

 ligand to result in two-dimensional layered 

networks, which are further pillared by biip linker affording 3D structure. Compound 3 

has also three-dimensional structure, in which the distorted Co1 and Co2 octahedral SBUs 

are coordinated to tci
3-

 ligand resulting in three-dimensional metal-acid networks, where 

the biip ligand acts as a pillar. All these compounds were well characterized by routine 

spectral techniques including single-crystal X-ray diffraction studies. 

 

Scheme 4.1. Representation of synthetic protocol of compounds 1−3. 

4.2. Experimental  

4.2.1. Materials and physical methods 

The chemicals CoCl2∙6H2O and DMF (N,N-Dimethyl formamide) were purchased from 

Finar, India; whereas Cu(NO3)2∙3H2O and H3tci [tris(2-carboxyethyl)isocyanurate] 

chemicals were procured from  SRL and TCI Chemicals, India, respectively.  All the 

chemicals were received as reagent grade and used without any further purification. The 

ligands, biip [1,4-bis(triazol-1-yl-methyl)benzene] and btx [3,5-bis(imidazole-1-

yl)pyridine] were prepared according to the literature procedures.
48,49 

4.2.2. Characterization 

Elemental analyses were determined by the FLASH EA series 1112 CHNS analyzer. 

Infrared spectra of solid samples were obtained as KBr pellets on a JASCO-5300 FT-IR 

spectrophotometer. Thermogravimetric analyses were carried out on an STA 409 PC 
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analyzer and corresponding masses were analyzed by QMS 403 C mass analyzer, under 

the flow of N2 gas with a heating rate of 5 °C min
−1
, in the temperature range of 30−800 

°C. Powder X-ray diffraction patterns were recorded on a Bruker D8-Advance 

diffractometer using graphite monochromated CuKα1 (1.5406 Å) and Kα2 (1.54439 Å) 

radiations. All the compounds were synthesized in 23 mL Teflon-lined stainless-steel 

vessels (Thermocon, India) under solvothermal conditions. The electronic absorption 

spectra have been recorded in the solid-state on a UV-2600 Shimadzu UV−visible 

spectrophotometer at room temperature. 

4.2.3. Synthesis 

Synthesis of compound {Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n (1):  

A mixture of Cu(NO3)2∙3H2O (24 mg, 0.1 mmol), H3tci (34.5 mg, 0.1 mmol), and btx 

(23.8 mg, 0.1 mmol) was dissolved in 4 ml of distilled water and 2 ml DMF, which was 

then stirred for 30 minutes. The pH of the reaction mixture was adjusted to 7.4 by adding 

0.5M NaOH solution and the resulting reaction mixture was placed in a 23 ml Teflon-lined 

stainless-steel autoclave, which was sealed and heated at 120 
o
C for 60 hours. The 

autoclave was allowed to cool to room temperature over 48 hours to obtain green needle-

shaped crystals of compound 1 (61% yield, based on Cu). Anal. Calcd, for 

C18H21N6Cu2O11 (Mr =624.48): C, 34.62 %; H, 3.39 %; N, 13.46 %. Found: C, 34.71 %; H, 

3.32 %; N, 13.36 %. IR (KBr pellet, cm
-1

): 3128, 2969, 1961, 1687, 1599, 1473, 1435, 

1391, 1364, 1282, 1205, 1145, 1079, 1052, 1013, 887, 854, 799, 761, 635. 

Synthesis of compound {Cu1.5(tci)(biip)}n (2): 

A mixture of Cu(NO3)2∙3H2O (24 mg, 0.1 mmol), H3tci (34.5 mg, 0.1 mmol), and biip 

(21.1 mg, 0.1 mmol) was dissolved in the mixed solvent of 4 ml of distilled water and the 

reaction mixture was 2 ml DMF, stirred for 30 minutes. The pH of the reaction mixture 

was adjusted to 7.5 by adding 0.5M NaOH solution and the resulting reaction mixture was 

placed and sealed in a 23 ml Teflon-lined stainless-steel autoclave. This was then heated at 

120 
o
C for 3 days. The autoclave was allowed to cool to room temperature over 48 hours 

resulting in needle-shaped green crystals of compound 2, in 68% yield (based on Cu). 

Anal. Calcd. for C23H21N8Cu1.5O9 (Mr =648.78): C, 42.58 %; H, 3.26 %; N, 17.27 %. 

Found: C, 42.65 %; H, 3.29 %; N, 17.19 %. IR (KBr pellet, cm
-1

): 3137, 3059, 1696, 1670, 

1629, 1558, 1458, 1427, 1381, 1288, 1267, 1123, 1066, 1009, 957, 926, 901, 828, 771, 

720, 653, 518. 
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Synthesis of compound {Co1.5(tci)(biip)}n(3): 

A mixture of CoCl2∙6H2O (24 mg, 0.1 mmol), H3tci (34.5 mg, 0.1 mmol), and biip (21.1 

mg, 0.1 mmol) was dissolved in a mixed solvent of 4 ml of distilled water and 2 ml DMF, 

which was then stirred for 30 minutes. The pH of the reaction mixture was adjusted to 7.8 

by adding 0.5M NaOH solution and the resulting reaction mixture was placed in a 23 ml 

Teflon-lined stainless-steel autoclave, which was sealed and heated at 120 
o
C for 72 hours. 

The autoclave was allowed to cool to room temperature over 48 hours to obtain red block 

crystals of compound 3  (63% yield, based on Co). Anal. Calcd. for C23H21N8Co1.5O9 (Mr 

=641.86): C, 43.04 %; H, 3.30 %; N, 17.46 %. Found: C, 43.12 %; H, 3.38 %; N, 17.36 %. 

IR (KBr pellet, cm
-1

): 3147, 3127, 3059, 1691, 1608, 1577, 1484, 1433, 1340, 1288, 1262, 

1117, 1071, 1004, 947, 926, 844, 761, 658, 523, 467. 

 

4.2.4. Single crystal X-ray structure determination of the compounds 1−3 

Data for single-crystals suitable for structural determination of all the compounds 1−3 

were collected on a Bruker D8 Quest CCD diffractometer under a Mo−Kα (λ = 0.71073 

Å) graphite monochromatic X-ray beam with a crystal-to-detector distance of 40 mm. The 

data reduction was performed using Apex- II Software.
50

 Empirical absorption corrections 

using equivalent reflections were performed with the program SADABS.
51

 Structure 

solutions and full-matrix least-squares refinement were carried out using standard 

crystallographic software for all the compounds.
52,53

 All the non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms on the C atoms were introduced on calculated 

positions and were included in the refinement riding on their respective parent atoms. 

Crystal data and structure refinement parameters for compounds 1–3, are summarized in 

Table 4.1. 

4.3. Results and Discussion 

4.3.1. Synthesis 

In this work, a common flexible tripodal carboxylate ligand i.e., tris(2-

carboxyethyl)isocyanurate (H3tci) and two different neutral ‘N’ donor ligands (btx and 

biip) have been employed to obtain three different compounds {Cu2(tci)(btx)0.5(µ3-

OH)(H2O)}n (1), {Cu1.5(tci)(biip)}n (2), {Co1.5(tci)(biip)}n (3) as shown in Scheme 1.  The 

deprotonation of the carboxylic acid groups was ensure by adding NaOH (0.5M) for all 

three concerned reactions. The temperature and time duration of the solvothermal 

syntheses have been kept identical for all three syntheses. All the three compounds show 
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diverse supramolecular architectures in spite of having a common primary ligand. This is 

due to the different chemical nature of secondary ligands, btx and biip ― the V-shaped 

ligands and the two metal ions which were employed are different i.e., Cu(II) and Co(II). 

4.3.2. Description of crystal structures 

{Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n  (1) 

Single-crystal X-ray diffraction (SCXRD) analysis reveals that the compound 

{Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n (1) is crystallized in triclinic space group 'P-1'. The 

asymmetric unit of compound 1 consists of two crystallographically independent Cu(II) 

centers, one tci
3-

 ligand, half of the btx linker, one coordinated water molecule, and one 

µ3-OH species (Figure 4.1a). One Cu(II) metal ion is in octahedral geometry where in 

three positions are occupied by the three oxygen atoms from one tci
3-

 acid ligand, one 

position is occupied by the µ3-OH, one position is occupied by oxygen atom from 

coordinated water, and another position is occupied by N atom of btx ligand. Another 

Cu(II) metal center is in square pyramidal geometry where two positions are occupied by 

two oxygen atoms from one tci
3-

 acid ligand, two positions are occupied by two oxygen 

atoms from the µ3-OH, and the fifth position is occupied by N atom of the one btx ligand. 

All the Cu–O bond distances are in the range of 1.917–2.561 Å and the Cu–N bond 

distances are 2.021 and 2.031 Å. Three carboxylate groups of the tci
3-

 ligand adopt three 

different coordination modes in this compound. Among them one carboxylate group of the 

tci
3-

 connects to the copper metal ion in monodentate µ1-η
1
:η

0
 coordination mode, other 

two carboxylate groups of the tci
3-

 connect to the metal ion in two different bidentate 

modes, i.e., µ1-η
1
:η

1 
and µ2-η

2
:η

0
 coordination mode to results the formation of metal-acid 

structure (Figure4.1b). The connectivity of the linkers with Cu(II) centers gives a unique 

cupper tetramer as the SBU unit (Figure4.1c). Further, the btx connectivity with the SBUs 

results {Cu2(btx)}n 1D linear single chain (Figure 4.1d). The final connectivity of the tci
3-

 

and btx with the SBUs results in the formation of a 1D network (Figure 4.1e). 

  (a)  (b) 
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(c)                                       (d) 

 

 

(e) 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Single-crystal structural analysis of compound {Cu2(tci)(btx)0.5(µ3-OH)(H2O)}n 

(1): (a) asymmetric unit of compound 1; (b) metal-acid structure, connectivity of the acid 

linker tci
3-

 with Cu(II) metal ions; (c) Cu(II) tetramer as the SBU unit; (d) 1D chainlike 

arrangement in the crystal structure formed by the connectivity of btx ligand and Cu(II) 

metal ions; (e) 1D chain of compound 1 formed by the connectivity of the tci
3-

 and btx 

ligand with the SBU 

 

{Cu1.5(tci)(biip)}n (2) 

Single crystal structural studies reveal that compound {Cu1.5(tci)(biip)}n (2) crystallizes in 

the triclinic space group 'P-1'. As shown in Figure 4.2a the molecular diagram consists of 

a {Cu2(COO)4} paddle-wheel in which the apical sites are coordinated to the imidazole 

nitrogen atoms of two biip ligands. Each Cu(II) ion in the paddle-wheel is in distorted 

octahedral geometry constituted by the four oxygen atoms from the four tci
3-

 ligands in the 

basal plane and one nitrogen atom from the biip ligand in the apical position, and the other 

apical positions of both metal centers are connected to form a long bond between them. 

The Cu1−Cu1A bond distance in the paddle-wheel is 2.677 Å, which is considered to be a 

long bond. Cu2 is in square planar geometry surrounded by two oxygen atoms from two 

tci
3-

 ligands and two nitrogen atoms from two biip ligands. The Cu−O bond distances are 

in the range of 1.963−1.98 Å and the Cu−N bond distances are in the range of 

2.004−2.137 Å. The Cu1 and Cu2 are bridged by tci
3-

ligands. The carboxylate groups of 

tci
3-

 ligand adopts two different coordination modes; two of them are coordinated to the 

Cu1 metal ion in a bidentate chelating (µ2-η
1
:η

1
) coordination fashion, and the other 

carboxylate group is coordinated to Cu2 metal ion in a monodentate (µ1-η
1
:η

0
) 
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coordination fashion. Each tci
3-

 ligand connects to two Cu1 metal ions and one Cu2 metal 

ion in its trans-trans-trans conformations to form 2D metal-acid layer structure (Figure 

4.2b). The Cu1 and Cu2 metal ions are arranged alternatively. These adjacent 2D metal-

acid layers are further connected by secondary linker biip by creating a separation of 

10.373 Å to form a layered pillared 3D framework. The biip linker connects Cu1 and Cu2 

between the adjacent layers, in which the imidazole nitrogen atom of one end of the linker 

coordinates to the Cu1 center, which has distorted octahedral geometry (paddlewheel), and 

the other end imidazole nitrogen of the linker is attached to the Cu2 center, which has 

square planar coordination sphere as shown in the Figure 4.2c. The overall connectivity of 

the 2D metal acid sheets with the biip linkers results in the formation of a 3D framework 

(Figure 4.2d). 

(a)                                                           (b) 
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Figure 4.2. Crystal structure depiction of compound {Cu1.5(tci)(biip)}n (2): (a) Molecular diagram of the 

compound 2, hydrogen atoms are omitted for clarity. (b) 2D metal-acid layer, connectivity of the acid linker 
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tci
3-

 with Cu(II) metal ions. (c) The Cu1 and Cu2 metal ions are arranged alternatively by the connectivity 

with biip linkers. (d) 3D topological representation in the crystal structure of of the compound 2. 

 

Compound {Co1.5(tci)(biip)}n (3) 

SCXRD analysis of compound {Co1.5(tci)(biip)}n (3) reveals a three-dimensional (3D) 

framework that crystallizes in the monoclinic space group 'P2(1)/c'. The asymmetric unit 

contains two Co(II) ions, one tci
3- 

ligand and one biip ligand as shown in Figure 4.3a. Co1 

metal is in distorted octahedral geometry where four positions are occupied by four 

oxygen atoms from two different tci
3-

 ligands in the basal plane and the epical positions 

are occupied by two nitrogen atoms from two different biip ligands. Co2 metal is also in 

distorted octahedral geometry where five positions are occupied by oxygen atoms from 

four different tci
3-

 ligands and the other position is occupied by nitrogen atom from biip 

ligand. The Co-O bond distances are in the range of 2.052 to 2.330 Å and the Co−N bond 

distances are in the range of 2.102−2.113 Å. The bond angles around the Co1 Centre are in 

the range of 60.44-180° and the bond angles around the Co2 are in the range of 82.74-

174.4°. Three carboxylate groups of tci
3-

 ligand adopt three different coordination modes: 

among these, two carboxylate groups adopt bidentate coordination modes in different 

ways, i.e., µ2-η
1
:η

1
; µ1-η

1
:η

1
 (chelate) and the other one is in tridentate µ2-η

2
:η

1 

coordination mode. The tci
3-

 ligand coordinates to two Co2 centers: from one side it 

coordinates to one Co2 center in a tridentate mode and on the other side, it coordinates to 

another Co2 center in a bidentate bridging mode to result in a two-dimensional Co2-acid 

layer in the crystallographic 'ac' plane as shown in Figure 4.3b, whereas the third 

carboxylate group of the tci
3-

 ligand coordinates to the Co1 center in a bidentate chelating 

mode to form three-dimensional (3D) metal-acid network (Figure 4.3c). Further, the biip 

ligand connects both the Co1 and Co2 centers within the metal-acid 3D structure, giving 

rise to an overall 3D network (Figure 4.3d). 

(a)                                                      (b)  
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(c)                                                       (d) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Interpretation of crystal structure of compound {Co1.5(tci)(biip)}n (3): (a) The basic unit of 

compound 3. (b) Two-dimensional Co2-acid layers formed by the connectivity of tci
3-

 ligands and Co2 

centers in the crystallographic 'ac' plane. (c) Three-dimensional (3D) metal-acid network, formed due to 

coordination of Co(II) centers with tci
3-

 ligands. (d) Overall 3D structure formed by the connectivity of the 

tci
3-

 and biip ligands with the Co(II) centers. 

 

4.3.3. PXRD and Thermogravimetric Analysis (TGA) 

Powder X-ray diffraction (PXRD) data for compounds 1–3 have been recorded to 

ensure the phase purity of these products. The well-matching between the experimentally 

observed diffraction peaks and the corresponding patterns from simulated data (calculated 

from respective single crystal data) prove the bulk homogeneity of these crystalline solids 

(Figure 4.4).  

 

          

 

 

 

 

 

 

 

Figure 4.4. Powder X-ray diffraction patterns of the compounds 1−3 (blue curves), including simulated 

patterns obtained from respective single crystal data (black curves). 

Thermogravimetric analysis (TGA) has been performed under the flow of N2 gas in the 

temperature range of 30−800 
○
C in the powdered phase. The TGA plots of compounds 



 
 

76 

 

1−3 are shown in Figure 4.5. Compound 1 is stable up to 250 °C and then it undergoes 

continuous weight loss in the temperature range of 250−800 °C indicating the 

decomposition of the organic parts, i.e. H3tci and btx ligands. The TGA curve of 

compound 2 exhibits stability up to 280 °C and undergoes continued weight loss attributed 

to the decomposition of btx and tci
3−

 ligands. Compared to compounds 1 and 2, compound 

3 shows high thermal stability up to 360 °C, followed by decomposition with a weight loss 

up to 800 °C attributed to the consecutive losses of the tci
3-

 ligand and the biip linker 

molecule. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.5. Thermogravimetric curves of the compounds 1−3. 

 

4.3.4. Electronic Spectra of Compounds 1, 2 and 3 

The electronic absorption spectra of compounds 1−3 are recorded in solid-state diffuse 

reflectance (DRS) mode at room temperature. The absorption peaks for compound 1 are 

observed at 650, 460, 250 nm in its electronic spectrum (Fig. 5). Likewise, the electronic 

absorptions at 490, 355, 247 nm (compound 2) and 550, 500, 474, 280 nm (compound 3) 

are observed in the respective diffuse reflectance spectra as shown in Fig. 5. The lower 

energy bands, in all the compounds, are assigned due to the d-d transitions of metal ions 

present in these materials, i.e., Cu(II) ion in compounds 1 and 2 and Co(II) ion in 

compound 3. Apart from these metal-based transitions, all compounds exhibit higher 

energy bands in the wavelength range of 247− 355 nm, that are ascribed to the ligand-

centered transitions by comparing with the electronic spectra of the free ligands, used to 

prepare the title compounds (Fig. S3, Supporting Information). 
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Figure 4.6. Solid state-diffuse reflectance spectra (DRS) of (a) compounds 1, 2 and 3 

 

4.3.5. Gas adsorption analysis 

The nitrogen sorption measurements of compounds 1−3 were executed with liquid 

nitrogen Dewar at 77 K. Before going to analysis, the compounds were heated at 373 K 

for degassing under dynamic vacuum to activate the samples for 10 hours. As shown in 

Fig. 6, the nitrogen adsorption-desorption properties of compounds 1−3 were measured at 

P/Po = 0.99 relative pressure with a maximum N2 uptake of 56.7450, 14.3255, 11.7686 

cm
3
/g (STP), respectively.  The isotherms of compounds 1−3 appear to be characteristic of 

type III adsorption isotherm curves, indicating macroporous structures for compounds 1-3. 

The BET (Brunauer– Emmett–Teller) surface areas of 1−3 are found to be 3.615, 10.672 

and 14.356 m
2
/g correspondingly. The CO2 adsorption isotherms of compounds 1−3 have 

been obtained at 273 K with temperature-controlled circulating water bath. The samples 

were degassed for 10 hours at 393 K for activation. The CO2 adsorption isotherms (Fig. 7) 

  (a)       (b)  
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(c) 

 

 

 

 

 

 

 
Figure 4.7. N2 adsorption-desorption isotherms for compounds 1−3 at 77 K: (a) compound 1, (b) compound 

2, (c) compound 3. 

 

for compounds 1−3 show CO2 uptake of 13.0984, 1.5111 and 1.1317 cm
3
/g (STP) at P/Po 

relative pressure, respectively. The CO2 adsorption isotherms of compounds 1−3 were 

obtained at 273 K with temperature-controlled circulating water bath and degassed the 

samples for 10 hours at 393 K for activation. The CO2 adsorption isotherms for 

compounds 1−3, illuminating the uptake of 13.0984, 1.5111 and 1.1317 cm
3
/g (STP) at 

P/Po relative pressure in that order (Figure 4.8). 

(a)                                                       (b) 
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Figure 4.8. CO2 adsorption isotherms for compounds 1−3 at 373 K: (a) compound 1, (b) compound 2, (c) 

compound 3. 
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4.4. Conclusions and future scope 

In summary, in this work, three new coordination polymers have been synthesized by 

using tripodal flexible carboxylic ligand {tris(2-carboxyethyl) isocyanurate} and two N-

donor secondary ligands, btx, and biip. All three compounds are structurally characterized, 

besides their routine spectral analyses. In compound 1, ligand tci
3-

 is coordinated to the 

copper tetramer (SBU) with mono- and bi-dentate coordination modes and the resulting 

metal-acid chain is further bridged by btx ligand to results one-dimensional coordination 

polymer. In compound 2, the tci
3-

 ligand is connected to two different SBUs i.e., 

paddlewheel and square planar Cu(II) in bidentate chelating and monodentate coordination 

modes respectively, resulting in the creation of 2D metal-acid layers. These metal-acid 

layers are pillared by the biip ligand leading to the formation of a 3D framework. On the 

other hand, in compound 3, the tci
3-

 ligand coordinates to Co1 and Co2 with tridentate and 

chelate bidentate modes to result in a metal-acid network structure. The overall 

connectivity of tci
3-

 and biip with cobalt(II) metal ions result in the formation of a 3D 

network in the crystal structure of compound 3. Thus, all the three compounds exhibit a 

unique behaviour in the construction of secondary building units (SBUs) in their 

respective crystal structures in relation to the geometry of the metal ions involved. We 

have observed that compound 3 exhibits good thermal stability compared to those of 

compounds 1 and 2. Compounds 1-3 have been characterized by obtaining gas adsorption 

BET isotherms including CO2 adsorption studies. 

     Interestingly, the compound 1 exhibits a metal-water coordination along with the 3-

OH linkage within the tetrameric motif. This kind of structural arrangement is crucial in 

electrochemical catalysis involving electrocatalytic water splitting. We are currently 

working in this direction. 
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Table 4.1: Crystal data and structure refinement parameters for compounds 1–3 

 

                                                          1                                     2                                    3 

 

 Empirical formula            C18 H21 Cu2 N6 O11       C23 H21 Cu1.5 N8 O9           C23 H21 Co1.5 N8 O9 

 Formula weight                          624.48                     648.78                                641.86 

 T (K) / λ (Å)             100(2) /0.71073        100(2) /0.71073                100(2) /0.71073           

 Crystal system             Triclinic                         Triclinic                            Monoclinic   

 Space group             P-1                      P-1                                     P2 (1)/c 

 a (Å)               8.4907(6)         7.510(2)                            12.6430(7)  

 b (Å)                           9.4850(7)                      12.476(3)                          27.8804(15) 

 c (Å)                           14.0489(10)                    14.006(4)                          6.7417(3) 

 α (°)              102.240(3)                     79.241(10)                         90 

 β (°)              93.681(3)                       77.270(11)                         92.350(2) 

 γ (°)              94.337(3)         85.150(12)                         90 

 Volume (Å
3
)    1098.79(14)                   1256.2(6)                            2374.4(2) 

 Z, ρcalcd (Mg/m3)    2, 1.888                          1, 1.715                              2, 1.796 

 μ (mm
-1

), F(000)             2.012/634                       1.353 /661                          1.136 /1310   

 Goodness- of-fit on F
2
            1.039                      1.023                                  1.072 

 R1/ wR2 [I > 2σ (I)]            0.0325/0.0791                0.0384/0.0789                   0.0354/0.0836 

 R1/ wR2 (all data)            0.0416/0.0858                0.0608/0.0856                   0.0367/0.0843 

 Largest diff peak/ hole (e Å
-3

)     0.490 /-0.646                  0.600 /-0.345                     1.327 /-0.47 
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Coordination Polymers from Angular Dicarboxylate- 

and Imidazol-Ligands: Synthesis, Structure and 

Supramolecular Chemistry 5 

A series of coordination polymers- / metal-organic frameworks-containing four compounds, 

formulated as {Cu2(ADA)2(biip)}n.4nH2O (1), {[(Co)(sdba)(biip)]2}n.4nH2O (2), 

{Co(ADC)(biip)(H2O)}n  (3) and {(Co)(ADAH)2(biip)}n (4), have been synthesized by using flexible 

as well as rigid ligands, where H2ADA = 1,3-adamantanediacetic acid; H2ADC = 1,3-

adamantanedicarboxylic acid; H2sdba (4,4ʹ-thiodibenzoic acid) and an secondary linker, biip {3,5-

di(1H-imidazol-1- yl)pyridine} under solvothermal conditions. Compounds 1-4 have been well 

characterised by IR spectroscopy, single crystal X-ray diffraction analysis, thermogravimetric (TG) 

and elemental analyses. Compound 1 is 3D structure, formed by the connectivity of two different 

2D- and 1D-metal−acid chains through the biip linkers. In the crystal structure of compound 2, one 

dimensional square wave-like chains are formed by the coordination of Co(II) with sdba
2-

 ligands 

and these chains are further connected by the biip ligand, leading to the formation of a 2D structure. 

The crystal structure of compound 3 consists of 2D sheets, constructed by the connectivity of Co(II) 

with N,N-linker and dicarboxylate ligand. In the crystal structure of compound 4, two altered 

metallo-macrocyles, 20-membered metal–acid {Co2(ADA)2} ring and another 20-membered metal-

N-linker {Co2(biip)2}ring, are formed, and these macrocylic-rings are arranged alternatively, leading 

to the formation of a new 1D extended coordination polymer. The related supramolecular chemistry 

has been discussed for all four compounds. 
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5.1. Introduction 

Metal-organic frameworks (MOFs)/coordination polymers (CPs) are generally porous 

crystalline solid materials that are formed by multidentate organic ligands with metal ions 

through the coordinate covalent bonds resulting in diverse supramolecular architectures of the 

concerned MOFs and CPs. The metal-ligand coordination bonds inorganizing molecular 

building blocks can lead to diverse supramolecular architectures of 1D, 2D and 3D networks. 

Yaghi and co-workers have coined the term MOF (metal organic framework) and now it is a 

popular field in chemstry.
1
 MOFs are explored in interdisciplinary areas and MOFs have 

pleasing structures / topologies. In general, MOFs have drawn considerable attention because 

of their potential applications in diverse areas, such as, gas storage,
2,3 

separation,
4
  

heterogeneous catalysis,
5,6

 drug delivery,
7
 energy storage,

8
 bio-medicine,

9
 electrode materials 

for supercapacitance,
10

 ultrasonics,
11

 water treatment,
12

 toxic material removal,
13

 

luminescence,
14-17

and sensing application.
18

  More than 20000 MOFs have been reported, that 

are different from each other in terms of their designs, synthetic methods, pore sizes and 

topologies. Design and synthesis of MOFs/CPs having desired architectures and tailor-made 

properties can be one of the most important challenges in the field of framework materials. 

Toward achieving expected architectures, selection of a ligand or a linker is a vital factor as 

far as “flexibility versus rigidity” issue is concerned.
19,20

 The flexibility and rigidity of the 

organic ligands/linkers, concerned in the assembly of coordination networks, has a great 

impact in transforming the functional properties of the networks to the concerned resulting 

compounds.
21

 In particular, flexibility plays in important role in controlling inherent 

properties including mechanical features of the framework materials.
22

 Many crystalline 

frameworks containing compounds have been discovered with dynamic behaviours in the last 

few decades.One predominantly essential mode of MOF flexibility is classified as breathing 

of the concerned crystals that refers to structural transitions induced by guest adsorption or 

desorption, involving noteworthy changes in the crystallographic unit cell volume and in the 

resultant pore size of the relevant MOF.
23

 

In contrast to the flexible ligands, rigid linkers have potential to predict the 

coordination patterns of the resulting MOF compounds. Rigid linkers having relatively high 

stability with certain topologies are in line with the prediction of final structures.
24 

It is 

important to mention that, MOF synthesis always begins with the selection of two main 

interacting components: organic building units (OBUs, including various bridging 

polycarboxylic groups containing ligands) and secondary building units (SBUs, associated 

with metallic centres). 
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In this work, we have chosen the flexible as well as rigid linkers for the construction of four 

new coordination polymer containing compounds.The dicarboxylic acids are, rigid 1,3-

adamantanedicarboxylic acid (H2ADC), flexible 1,3-adamantanediaceticacid (H2ADA) and 

flexible 4,4ʹ- thiodibenzoic acid(H2sdba) as shown in Scheme 5.1. In this work, the common 

N,N linker is 3,5-di(1H-imidazol-1-yl)pyridine (biip) (see Scheme 5.1) and metal sources are 

Cu(NO3)2∙3H2O and CoCl2·6H2O. Herein we describe synthesis of four coordination 

polymers {Cu2(ADA)2(biip)}n.4nH2O (1), {[(Co)(sdba)(biip)]2}n.4nH2O (2), 

{Co(ADC)(biip)(H2O)}n (3) and {(Co)(ADAH)2(biip)}n (4), that have been characterization 

by the single crystal X-ray diffraction analysis. The ligand- and synthesis-schemes are shown 

in Schemes 5.1 and 5.2, respectively. Compound 1 exhibits the three-dimensional structure, 

whereas compounds 2 and  3 are two-dimensional architectures; compound 4 shows one-

dimensionalextended coordination polymer. 

 

 

 

 

 

 

 

 

 

 

Scheme 5. 1. The ligands used in this chapter. 

 

Scheme 5.2.Diagram of the synthetic protocol for the compounds 1-4, described in this chapter. 
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5.2. Experimental  

5.2.1. Materials and physical methods 

The chemicals CoCl2∙6H2O and DMF (N,N-Dimethyl formamide) were purchased from 

Finar, India; whereas Cu(NO3)2∙3H2Ochemical was acquired from  SRL Chemicals, 

India.The chemicals H2ADA, H2ADC, H2sdba were purchased from Sigma-Aldrich. All the 

chemicals were received as reagent grade and used without any further purification. The V-

shaped ligand, biip [1,4-bis(triazol-1-yl-methyl)benzene], was prepared according to the 

literature procedures.
25 

5.2.2. Characterization 

Elemental analyses were determined by the FLASH EA series 1112 CHNS analyzer. Infrared 

spectra of solid samples were obtained as KBr pellets on a JASCO-5300 FT-IR 

spectrophotometer. Thermogravimetric analyses were carried out on an STA 409 PC analyzer 

and corresponding masses were analyzed by QMS 403 C mass analyzer, under the flow of N2 

gas with a heating rate of 5 °C min
−1
, in the temperature range of 30−800 °C. Powder X-ray 

diffraction patterns were recorded on a Bruker D8-Advance diffractometer using graphite 

monochromatedCuKα1 (1.5406 Å) and Kα2 (1.54439 Å) radiations. All the compounds were 

produced in 23 mL Teflon-lined stainless-steel vessels (Thermocon, India) under 

solvothermal conditions. The electronic absorption spectra have been recorded in the solid-

state on a UV-2600 Shimadzu UV−visible spectrophotometer at room temperature. 

5.2.3. Synthesis 

Synthesis of compound {Cu2(ADA)2(biip)}n.4n H2O (1) 

A mixture of Cu(NO3)2∙3H2O (24 mg, 0.1 mmol), H2ADA (25.2 mg, 0.1 mmol), and biip 

(21.1mg, 0.1 mmol) was suspended in 10 ml of distilled water and then stirred for 30 

minutes. The pH of the reaction mixture was adjusted to 6.45 by adding 0.5M NaOH solution 

and the resulting reaction mixture was placed in a 23 ml Teflon-lined stainless-steel 

autoclave, which was sealed and heated at 120 
o
C for 72 hours. The autoclave was allowed to 

cool to room temperature over 48 hours to obtain green needle-shaped crystals of compound 

1 (61% yield, based on Cu). IR (KBr pellet, cm
-1

): 3448, 3127, 2897, 2843,2463, 2283, 2248, 

2172, 2158, 2135, 2096, 2073, 2049, 2010, 1980, 1957, 1605, 1562, 1508, 1449, 1392, 1356, 

1317, 1297, 1273, 1255, 1187, 1152, 1126, 1071, 1008, 959, 943, 885, 842, 826, 798, 773, 

746, 692, 650, 625, 599, 567, 526. 
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Synthesis of Compound {[(Co)(sdba)(biip)]2}n.4nH2O (2) 

A mixture of CoCl2·6H2O (0.1 mmol, 23.7 mg), H2sdba (0.1 mmol, 30.6 mg), and biip (0.1 

mmol, 21.1 mg), taken in a mixed solvent — H2O (6 ml) and DMF (2 ml) — was stirred for 

30 minutes and then the pH of the reaction mixture was adjusted to 6.1 by adding 0.5 M aq. 

NaOH solution. The resulting reaction mixture was then placed in a 23 ml Teflon-lined 

stainless-steel autoclave, which was sealed and heated at 120 
○
C for 72 hours. The autoclave 

was allowed to cool to room temperature over 48 hours to obtain purple colour block crystals 

of compound 2 in 67.5% yield (based on Co). Anal.Calcd.forC50H46Co2N10O18S2 (Mr = 

1256.95): C, 47.78%; H, 3.69%; N, 11.14%. Found: C, 50.29%; H, 2.83%; N, 11.65%.  IR 

(KBr pellet, cm
-1

): 3391, 3131, 2465, 2359, 2175, 2157, 2140, 2074, 2050, 2026, 2009, 1978, 

1657,1599, 1557, 1508, 1448, 1385, 1318, 1296, 1239, 1163, 1131, 1099, 1069,1012, 947,, 

849, 781, 743, 725, 693, 650, 622, 577. 

Synthesis of Compound {Co(ADC)(biip)(H2O)}n(3) 

Compound 3 was prepared by following the same procedure as that of compound 2 except 

that the ligand H2ADC (0.1 mmol, 22.4 mg) was used in place of H2sdba ligand and the pH 

of the reaction mixture was adjusted to 6.4 in this case. After the completion of the reaction, 

red colour block shaped crystals were obtained by filtration in 62.4% yield (based on Co). IR 

(KBr pellet, cm
-1

): 3366, 3129, 2894, 2846, 2182, 2156, 2096, 2047, 2010, 1979, 1967,1940, 

1600, 1544, 1527,1500, 1448,1421, 1388, 1306, 1260, 1238, 1180, 1122, 1107, 1073, 

1059,1010, 952, 932, 908, 889, 834, 818, 796, 761, 730, 705, 672, 650, 614, 571. 

Synthesis of Compound {(Co)(ADA)2(biip)}n (4) 

Compound 4 was prepared by following the same procedure as that of compound 1 except 

that CoCl2·6H2O (0.1 mmol, 23.7 mg) was used in place of Cu(NO3)2∙3H2O and the pH of the 

reaction mixture was adjusted to 7.3 in this case. After the completion of the reaction, purple 

colour block shaped crystals were obtained by filtration in 61% yield (based on Co). IR (KBr 

pellet, cm
-1

): 3119, 2901, 2864, 2842, 2464, 2210, 2182, 2074, 2048, 2024, 2010, 1992, 

1979, 1966, 1941, 1660, 1598, 1550, 1508, 1446, 14061342, 1319, 1287, 1265, 1220, 1174, 

1144, 1117, 1102, 1073, 1062, 1004, 951, 933, 899, 863, 849, 808, 771, 745, 718, 695, 656, 

638, 621, 600, 567, 526. 
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5.2.4. Single crystal X-ray structure determination of the compounds 1−4 

Data for single-crystals suitable for structural determination of all the compounds 1−4 were 

collected on a Bruker D8 Quest CCD diffractometer under a Mo−Kα (λ = 0.71073 Å) 

graphite monochromatic X-ray beam with a crystal-to-detector distance of 40 mm. The data 

reduction was performed using Apex- II Software.
25

Empirical absorption corrections using 

equivalent reflections were performed with the program SADABS.
26

Structure solutions and 

full-matrix least-squares refinement were carried out using standard crystallographic software 

for all the compounds.
27,28

All the non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms on the C atoms were introduced on calculated positions and were included 

in the refinement riding on their respective parent atoms. Crystal data and structure 

refinement parameters for compounds 1–4, are summarized in Table 5.1. 

5.3. Results and Discussion 

5.3.1. Synthesis 

In this article, four different coordination polymers {Cu2(ADA)2(biip)}n.4nH2O (1), 

{[(Co)(sdba)(biip)]2}n.4nH2O (2), {Co(ADC)(biip)(H2O)}n (3) and {(Co)(ADAH)2(biip)}n 

(4) have been synthesized solvothermally by using a common neutral 'N' ligand (biip). 0.5M 

NaOH was used to deprotonate the carboxylic acids in all concerned syntheses. The synthesis 

of all four compounds was performed at 120 °C for 5 days including cooling. All the 

compounds were insoluble in water and stable in air. The composition metal/acid/N-donor 

linker with a 1:1:1 ratio of the reaction mixtures for compounds 1−4 were executed, in the 

aqueous medium for compound 1 and 4; and mixed solvent— H2O (6 ml) and DMF (2 ml) —

used for compounds 2 and 3. 

 

5.3.2. Description of Crystal structures 

Compound {Cu2(ADA)2(biip)}n.4nH2O (1) 

The result of crystallographic analysis reveals that compound {Cu2(ADA)2(biip)}n.4nH2O(1) 

crystallizes in monoclinic space symmetry P2(1)/c. In the relevant crystal structure, the 

asymmetric unit contains the two crystallographically independent Cu(II) metal ions, two 

different ADA
2-

, one biip and four lattice water molecules (Figure 5.1a). As shown in Figure 

5.1b, each carboxylate groups of one ADA
2-

 ligand (type I) adopts the bidentate μ2-η
1
:η

1 

coordination mode and other ADA
2-

 (type II) exhibits monodentateμ1-η
1
:η

0
fashion. In the 
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crystal structure, Cu1 adopts the formation of {Cu2(COO)4} paddle wheel as a SBU 

(secondary building unit), in which four oxygen atoms of carboxylate group of type I ADA
2-

are connected to Cu1 metal ions with Cu-O bond distance in the range of 1.959 to 1.998Å 

along equatorial positions, nitrogen atom of pyridyl group of biip ligand with a distance of 

2.200 Å at one of the apical position and other apical position of paddle wheel is occupied by 

copper metal atom with a distance of 2.602 Å. In the paddle wheel {Cu2(COO)4}, both the 

cupper atoms are present in the distorted octahedral geometry. In the crystal structure, torsion 

angle of type I ADA
2-

 is 24.32° viewed through the C1−C2−C13−C14, connected to the 

paddle wheels with alternating left and right turns of strand along the crystallographically 'a' 

and 'b' axes to result in the formation of 2D sheets (figure 5.1c). The bond angles around the 

Cu1 centre are in between 84.84 to 169.06°. In the relevant crystal structure, paddle wheels 

are separated by the ADA
2-

 with distance of 12.201Å.In this compound, Cu2 is in square 

planar geometry, which is comprised of two oxygen atoms from two type II acid ligands with 

the torsion angle of −87.71° (viewed through C15−C16−C27−C28) and two nitrogen atoms 

of imidazole ring from two different biip linkers. The connectivity of copper centres with the 

type II ADA
2-

 leads to the formation of infinite 1D chain (Figure5.1d). The bond angles 

around Cu2 centre exists in between 88.38
o
 to 176.23° and these cupper atoms are separated 

     (a)   (b)                                                                                   

 

 

 

 

       

     (c) 
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 (d) 

    

 

(e) 

 

 

 

(f)  

 

 

 

 

 

 

Figure 5.1.Crystal structure of compound {Cu2(ADA)2(biip)}n.4nH2O (1): (a) asymmetric unit; hydrogen atoms 

are omitted for clarity, (b) conformations of the type I and II ADA
2-

ligands, (c) 2D sheets, formed by the 

connectivity of paddle wheel {Cu2(COO)4} and type I ADA
2-

 ligand, (d) 1D chain constructed by the 

connectivity of Cu2 metal centres with type IIADA
2-

 ligand, (e) connectivity of copper atoms with the biip 

linkers and (f) 3D topological representation of 1 in its crystal structure. 

 

with a separation of 9.398Å by the acid ligand having the dihedral angle of 49.62° between 

two acetate groups. The biip ligand is coordinated to copper metal centres along the 

crystallographic c axis to form 1D zigzag chain as shown in Figure5.1e. Interestingly, the 

connectivity of 2D metal acid sheets and 1D infinite chains through the biip linkers results in 

the formation of 3D network. In this structure, two nitrogen atoms of imidazole rings from 

biip ligand coordinated to paddle wheel copper atoms and other nitrogen atom of pyridine 

moiety from biip is connected to the Cu2 metal centre (Figure 5.1e). Finally, the overall 

connectivity of acid ligands and biip linkers with the copper metal atoms leads to the 

formation of extended 3D framework (Figure 5.1f) in the crystals of compound 1. 

Compound {[(Co)(sdba)(biip)]2}n.6nH2O (2) 
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Single crystal X-ray diffraction analysis of compound 2 reveals that the compound 

crystallizes in the triclinic space symmetry P−1. As shown in Figure 5.2a, the basic unit 

consists of two crystallografically independent Co(II) ions, two sdba
2-

 anions, two biip linkers 

and six lattice water molecules.Co1 and Co2 are four coordinated with distorted tetrahedral 

geometry composed of two oxygen atoms from two sdba
2-

 (bond distances:Co1−O = 1.962 & 

2.012Å and Co2−O = 1.976 & 2.006 Å) and two nitrogen atoms from two biip linkers with 

bond lengths of Co1−N = 2.026 & 2.028 Å and Co2−N = 2.023 & 2.034 Å. The bond angles 

are in the range of 96.59 to 124.87° and 95.65 to 127.02° around the metal centres, Co1(II) 

and Co2(II) respectively. As shown in Figure 5.2b, the carboxylate groups of sdba
2-

 ligands 

adopts mono dentate μ1-η
1
:η

0
 coordination mode and these carboxylate groups are 

coordinated to Co1(II) and Co2(II) with a separation of 13.398Å to result in the formation of  

           (a) 

 

 

            

          (b) 

 

 

 

         (c) 

 

 

              

        (d)  

 

 

 

 



 

93 
 

 

 

Figure 5.2.Crystal structure of compound {[(Co)(sdba)(biip)]2}n.6nH2O (2): (a) the basic unit, (b)1D square-

wave like chain constructed by the coordination of sdba
2-

 with the cobalt atoms, (c) 1D chains formed by the 

coordination of  Co1(II) and Co2(II) with biip linkers and (d) 2D  structure, formed by the connectivity of sdba
2-

 

ligand and biip linker with the cobalt(II) metal centres. 

 

1D square-wave like chain. The rigid biip ligand coordinates to crystallographically 

independent metal ions, Co1(II) and Co2(II), leading to formation of two metal linker chains 

as shown in Figure 5.2c. In the crystal structure of compound 2, overall connectivity of the 

ligands with the metal ions results in formation of 2D structure (Figure 5.2d). 

 

Compound {Co(ADC)(biip)(H2O)}n(3) 

The asymmetric unit in the crystal structure of compound {Co(ADC)(biip)(H2O)}n(3) 

consists of one cobalt atom, one ADC
2-

, one biip linker and one coordinated water molecule. 

A single crystal X-ray diffraction study reveals that the compound 3 crystallizes in the 

monoclinic space group ‘P2(1)/n’. As exposed in Figure 5.3a, the cobalt centre has distorted 

octahedral geometry, surrounded by three oxygen atoms from two different ADC
2-

 ligands, 

one oxygen atom from coordinated water molecule and two nitrogen atoms from two biip 

linkers to form a [CoN2O4] moiety that acts as a secondary building unit (SBU). In the crystal 

structure, Co−O coordination bond distances are in range of 2.017 to 2.181Å and Co−N bond 

distances are 2.116 and 2.148Å.The bond angles around the Co(II) metal centre are in the 

range of 60.32 to 175.23°. One carboxylate group of acid ligand adopts bidentate μ1-η
1
:η

1
 

coordination mode and another carboxylate group adopt mono dentate μ1-η
1
:η

0
 coordination 

mode as shown in Figure 5.3b. These carboxylate groups are connected to Co(II) metal centre 

along crystallographic b axis to results in the formation of 1D linear chain (Figure 5.3c). The 

cobalt metal centres are separated by the acid ligands with distance of 10.223Å. The 1D 

chains are further connected by the biip linkers leading to the formation 2D sheets as shown 

in Figure 5.3d. 

     (a)    (b) 

 

 

 



 

94 
 

    (c)  

 

    (d) 

 

 

 

 

 

Figure 5.3.Crystal structure of compound {Co(ADC)(biip)(H2O)}n (3): (a) the molecular structure of compound 

3, (b) coordination modes of ADC
2-

 ligand, (c) 1D linear chain constructed by the coordination of ADC
2-

 with 

the cobalt atoms along crystallographic 'b' axis, and (d) 2D network  formed by the connectivity of ADC
2--

 

ligand and biip with the cobalt metal centres. 

 

Compound {(Co)(ADAH)2(biip)}n (4) 

The study of single crystal X-ray analysis reveals that the compound 

{(Co)(ADAH)2(biip)}n(4) crystallizes in triclinic space group ‘P−1’. In the crystal structure, 

the relevant asymmetric unit containsa Co(II) metal ion, two ADAH
-
 ligands(type I and type 

II) as shown in Figure 5.4a. In the crystal structure, Co(II) is situated in a special position and 

thereby the full molecule has a Co(II) center, coordinated by four carboxylates from four 

ADAH
-
 ligands (each ADAH

- 
has one uncoordinated hanging carboxyl group) and two 

nitrogen atoms of imidazole rings from two biip linkers, completing an octahedral geometry 

around the Co(II) center; this acts as a secondary building unit in the crystal structure.  Co−O 

bond distances are in the range of 2.008 to 2.241Å, Co−N bond distances are 2.074 and 

2.104Å. As shown in Figure 5.4b, one carboxylate group of type I ADAH
-
 adopts 

monodentate μ1-η
1
:η

1
 coordination form and another carboxylate also shows monodentate μ1-

η
1
:η

0
 mode, and type II ADAH

-
 exhibits monodentate μ1-η

1
:η

0
 coordination type. These type 

I and type II ADAH
-
 ligands are connected to Co(II) metal ion; interestingly, the connectivity 

of Co(II) ion and type I ADAH
-
 ligand, leads to the formation of 20-membered 

{Co2(ADAH)2} macrocycle ring (Figure 5.4c). The biip linkers are coordinated to cobalt 

metal ion to form another macrocycle {Co2(biip)2} ring (Figure 5.4d). 

(a)  (b)                                             
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(c)  (d) 

 

 

 

(e) 

 

 

 

Figure 5.4.Crystal structure of compound {(Co)(ADA)2(biip)}n (4): (a) The asymmetric unit in the crystal 

structure, (b) Conformations of acid ligand ADA
2-

 in compound 4, (c) Metal-acid macrocycle{Co2(ADA)2} ring 

is generated by the bridging of ADA
2-

 ligands with cobalt metal centres, (d) Representation of macrocycle 

{Co2(biip)2} ring, formed by the connectivity of two biip linkers bridged with the Co(II) centres and (e) 1D 

structure, connectivity of two macrocycle {Co2(ADA)2},{Co2(biip)2} rings through the Co(II) metal ion. 

The central Co(II) metal atom is separated by ADAH
-
 and biip ligands with the distance of 

10.212 and 6.401Å, respectively. These two macrocycle rings, in the crystal structure, are 

connected through the cobalt(II) ion resulting in the formation of 1D chain, in which these 

macrocycles are arranged alternatively as shown in Figure 5.4e. 

5.3.3. PXRD Studies and Thermogravimetric Analysis 

The X-ray powder diffraction studies have been recorded for compounds 1−4 to ensure the 

phase purity. Similar diffraction patterns for the simulated data (calculated from single crystal 

data for all compounds) and observed the data prove the bulk homogeneity of the synthesized 

crystalline solid materials. All major peaks of the experimental PXRD patterns of compounds 

1–4 matches well that of stimulated PXRD patterns, confirming the bulk phase purity of the 

synthesised compounds as shown in Figure 5.5. 
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Figure 5. 5. Powder X-ray diffraction patterns of the compounds 1-4. 

Thermogravimetric analysis (TGA) plots have been recorded under the flowing of N2 in the 

temperature range 30−700 °C for the crystalline compounds 1−4 (Figure 5.6). Compound 1 

exhibits thermal stability up to 220 °C with the weight loss of four lattice water molecules 

(calcd. 7.91%, found 7.26%) and then it undergoes continuous weight loss up to 700°C 

indicating the decomposition of the organic part i.e.,ADA
2-

 and biip. The remaining mass 

(calcd. 15.14%) above 600 °C is in accordance with the copper oxide (12.62%). TGA curve 

of compound 2 displays a weight loss of 8.694% (calcd. 8.60%) in region 40−80 °C 

corresponding to the loss of six lattice water molecules and the relevant crystals remain stable 

up to 320°C; then the framework collapses in two steps. In the first step, ligand H2sdba 

decomposes with a weight loss of 53.86% (calcd. 53.32%) in the temperature range of 

330−460 °C and in the second step, biip moieties come out with weight loss of 27.94% in the 

range of 480−576 °C; the remaining weight of 9.37% is in accordance with the mass of CoO 

residue (calcd. 5.96%). The increase in weight designates the partial decomposition at this 

temperature and complete decomposition at temperatures more than 700 °C. The 

thermogravimetric curve of compound 3 shows the stability up to 225 °C and then it 

undergoes continuous weight loss in the temperature range of 230–560°C indicating towards 

the decomposition of the organic part i.e. sdba
2-

 and biip. The remaining weight is 12.92% 

according with the CoO residue (12.32%). Compound 4 also follows the same trend as 

compound 3 and it displays the stability up to 220 °C and then it undergoes a significant 

continuous weight loss in the temperature range of 220−640 °C attributed to the consecutive 

loss of ADAH
-
 and biip ligands. The remaining weight is in accordance with the CoO residue 

of 6.26%. 
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5.3.4. Electronic Properties 

Electronic absorption (solid state diffuse reflectance) spectra of compounds 1-4 are recorded 

at room temperature along with the free ligands as shown in Figure 5.7 The absorption peaks 

at 692, 499, 232 nm (compound 1); at 686, 562, 400, 250 nm (compound 2); at 518, 280 nm 

(compound 3) and at 530, 290, 243 nm (compound 4) are observed in the respective spectra. 

The lower energy bands are attributed to d-d transitions of Cu(II) metal ions in compound 1 

and Co(II) metal ions in compounds 2−4. In all the relevant spectra, the higher energy bands 

are due to Π−Π* transitions from phenyl groups and n−Π*transitions from imidazolyl 

moieties, which are analogous with the electronic spectra of the respective free ligands. 

(a)                                                                   (b) 
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Figure 5.7. Solid state diffuse reflectance (electronic absorption) spectra of the ligands (a) H2SDBA, H2ADA, 

H2ADC, (b) biip, and (c) compounds 14. 

 

5.4. Conclusion 

 In summary, we have synthesized four new coordination polymeric compounds 

{Cu2(ADA)2(biip)}n.4nH2O (1), {[(Co)(sdba)(biip)]2}n.4nH2O (2), {Co(ADC)(biip)(H2O)}n 

(3) and {(Co)(ADAH)2(biip)}n (4) by using angular dicarboxylic acids, H2ADA = 1,3-

adamantanediacetic acid, H2ADC = 1,3-adamantanedicarboxylic acid, H2sdba (4,4ʹ-

thiodibenzoic acid), and an auxiliary linker,  biip {3,5-di(1H-imidazol-1- yl)pyridine}. The 

compound 1 is a 3D network, formed by the connectivity of two different 2D- and 1D-

metal−acid chains that are further coordinated by the biip linkers. Compound 2 is two-

dimensional polymer;in this case, square wave-like metal-acid chains are connected by the 

biip ligand. Compound 3 is also a two-dimensional coordination polymer. In the crystal 

structure of compound 4, a chainlike arrangement is formed by the connectivity of 20-

membered metal–acid {Co2(ADA)2} ring and another 20-membered metal-N-linker 

{Co2(biip)2} ring through the cobalt(II) resulting in the one–dimensional coordination 

polymer. The biip linker plays an important role in the construction of compounds 1−4; in 

case of compound 1, both the pyridyl nitrogen and imidazol nitrogen are involved, whereas in 

compounds 2−4, only imidazol nitrogen is participated in the coordination. All the 

compounds 1-4 are insoluble in common solvents including water. All the compounds are 

well characterized by single crystal X-ray diffraction analysis, IR spectroscopy, 

thermogravimetric (TG) and elemental analysis. 
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Table 5.1: Crystal data and structural refinement parameters for compounds 1–4 

 

                                                 1                                 2                               3                                  4 

Empirical formula             C39H53Cu2N5O12      C50H46Co2N10O18S2    C23H25CoN5O5       C39H45CoN5O8 

Formula weight               910.95     1256.95                       510.41                     770.73 

T(K) / λ(Å)               293(2)/ 0.71073     297(2)/ 0.71073         297(2)/ 0.71073       293(2)/ 0.71073  

Crystal system              Monoclinic                Triclinic                     Monoclinic              Triclinic 

Space group               P 21/c                   P -1                             P 21/n                      P -1 

a (Å)               14.4564(3)    11.3698(7)                  10.2230(6)               10.5979 

b (Å)               18.7051(4)     13.8535(7)                13.1251(7)  12.6971 

c (Å)               15.6698(4)                19.4645(12)               16.8036(10)             13.649 

α (°)               90.00                   89.617(2)                   90                            79.73 

β (°)               104.644(2)                88.479(2)                   103.558(2)               85.386 

γ (°)               90.00     75.053(2)                   90                             86.800 

Volume (Å
3
)                     4099.60(16)    2961.1(3)                   2191.8(2)                 1799.7(7) 

Z, ρcalcd (g cm
-3

)                4, 1.463     2, 1.396                     4, 1.547                     2, 1.422 

μ (mm
-1

), F(000)              1.105/ 1872    0.707/1268                0.830 /1060              0.538/810 

Goodness- of-fit on F
2
     1.101                  1.139                          1.072                        0.914 

R1/ wR2 [I > 2σ (I)]        0.0731/0.2060          0.0661/0.1987            0.0319/0.0755          0.1529/0.3376 

R1/ wR2 (all data)           0.1074/0.2351          0.0720/0.2032            0.0403/0.0797          0.4000/0.4874 

Largest diff                       1.422 /-1.087           1.125 /-0.722             0.475 /-0.283            0.976/-0.645 

peak/ hole (e Å
-3

) 
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Concluding Remarks 

This thesis deals with a series of coordination polymers consisting of diverse transition 

metal ions and a variety of organic ligands. The metal ions include Cu(II), Cd(II) and 

Co(II) and organic ligands include different bent carboxylic acids, for example [3,3'-

methylenebis(oxy)dibenzoic acid (3-H2mboba), 2,2'-(1,3 phenylene)diacetic acid (1,3-

H2pda) and 4,4'-(perfluoropropane-2,2-diyl)dibenzoic acid (H2hfipbb)]; ditopic V-shaped 

ligands i.e., H2oba (4,4′-oxydibenzoic acid), H2sdba (4,4ʹ-thiodibenzoic acid), H2hfipbb 

{4,4ʹ-(perfluoropropane-2,2-diyl)dibenzoic acid} and other flexible carboxylates,  H3tci = 

tris(2-carboxyethyl)isocyanurate, 1,3-adamantanediacetic acid (H2ADA), 1,3-

adamantanedicarboxylic acid (H2ADC) and  4,4ʹ-thiodibenzoic acid (H2sdba). Besides the 

carboxylates (which get deprotonated during the formation of coordination polymers), the 

neutral N,N donors have also been employed; some representative N,N linkers are  [1,2-

bis((1H-imidazol-1yl)methyl)benzene] (1,2-bix), N,N'-(1,4-phenylenebis(methylene)) 

dipyridin-3-amine (px3ampy) and 4,4'-bis((1H-imidazol-1-yl)methyl)biphenyl (bpbix), 

{3,5-di(1H-imidazol-1-yl)pyridine} (biip), 1,4-bis(triazol-1-yl-methyl)benzene (btx), etc. that 

act as secondary ligands.   

Chapter 2, the first working chapter, describes diverse metallomacrocycles that 

are constructed from three different dicarboxlylic acids and three different N,N linkers. 

These metallomacrocycles are of diverse sizes, ranging from 24-membered {Co2(1,2-

bix)2}ring  to 28-membered {Co2(3-mboba)2} ring through bigger 47-membered mixed 

ligand macrocycle{Co3(hfipbb)(bpbix)2}. Since the relevant compounds having extended 

structures, formed from these diverse macrocycles, are not soluble in common solvents 

including water, the system has potential to act as solid hosts to encapsulate the small 

guest molecules into the cavities of these macrocyles in gas–solid / solid–liquid interface 

reactions. This implies that this system has potential to function as a solid-state sensor, 

where the molecules to be sensed can be in vapor state, for example, methanol molecule.  
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One compound in this chapter, compound {Co2(1,3-pda)(px3ampy)(H2O)2}n 

contains Co(II)-coordinated water molecule; this can act as the active site for 

electrocatalytic water oxidation as proposed in the following scheme 1.  
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Scheme 1. Proposed electrochemical water oxidation scheme (L stands for coordination from 

coordination polymer) 

 

Chapter 3 has described an unusual interpenetration of 1D chains of a 

coordination polymer (CP-A) into the 2D layers of another coordination polymer (CP-B) 

giving rise to an overall three-dimensional inorganic-organic hybrid material. The gas (N2) 

adsorption studies of this material are demonstrated. CO2 adsorption can further be 

performed to study its CO2 capture capacity. 

 Chapter 4 has depicted three coordination polymers, that are again insoluble in 

common solvents including water. One of these compounds, {Cu2(tci)(btx)0.5(µ3-

OH)(H2O)}n has copper-water coordination and a hydroxyl bridging group. This 

compound has potential to exhibit electrocatalytic hydrogen evolution reaction (HER). 

Finally, chapter 5 has described synthesis and structural characterization four 

coordination polymers. One of these compounds, {Co(ADC)(biip)(H2O)}n is again 

characterized by Co(II)-OH2 coordination. According to the scheme 1 (shown above), this 

compound has potential to exhibit electrochemical water oxidation. In this chapter, 

compound {Cu2(ADA)2(biip)}n.4nH2O is three-dimensional network containing material. 

The gas adsorption studies can be performed on this system.  

 

 

  



104 
 

 

 

 

        

1. A ’two-in-one’ crystal having two different dimensionality in the extended 

structures: A series of cadmium(II) coordination polymers from V-shaped organic 

linkers,  

Mukara Ramathulasamma, Suresh Bommakanti, Samar K. Das, Polyhedron, 

2021, 210, Article No. 115508. 

 

2. Metallo-macrocycles from a library of flexible linkers: 1D cobalt(II) coordination 

polymers and a supramolecular pipe, 

 Paulami Manna, Mukara Ramathulasamma, Suresh Bommakanti, Samar K. 

Das, Polyhedron, 2018, 151, 394-400. 

 

3. Diverse coordination architectures based on a flexible multidentate carboxylate 

ligand and N-donor linkers: synthesis, structure, supramolecular chemistry and 

related properties,  

Mukara Ramathulasamma, Suresh Bommakanti and Samar K. Das*, Under 

review in Polyhedron.  

 

4. Coordination Polymers from Angular Dicarboxylate- and Imidazol-Ligands: 

Synthesis, Structure and Supramolecular Chemistry, 

 Mukara Ramathulasamma and Samar K. Das*, manuscript to be submitted 

 

 

 

List of Publications 



 

105 
 

 

 

 

1.  Mukara Ramathulasamma and Samar K. Das.        

Diverse coordination architectures based on a flexible multidentate carboxylate ligand and 

different N-donor linkers: synthesis, structure and properties. 

Oral and poster presentation in “CHEMFEST-2017” held at University of Hyderabad, 

Hyderabad, during 3-4 March, 2017. 

 

2. Mukara Ramathulasamma and Samar K. Das.        

A ’two-in-one’ crystal having two different dimensionality in the extended structures: A 

series of cadmium(II) coordination polymers from V-shaped organic linkers. 

Poster presentation in “CPCE-2020” held at NITJamshedpur, Jharkhand and Virtual      

National Conference, during 9-10 October, 2020. 

 

 

 

 

 

 

 

Posters and Presentations 

 






























