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Abstract 

[Index No: 26/19/Chem./26] 

Title: Coordination Polymer: Synthesis, Characterization and Structure-

Property Correlation for Sensing and Electrical Conductivity 

Coordination Polymers (CPs) or Metal-Organic Frameworks (MOF) have extensive role in the 

field of sensing, electrical conductivity, gas absorption, magnetism, water splitting, 

environmental management, drug delivery and other biological applications. Structural 

diversity plays important role to exhibit different property with diverse applications. The 

coordination polymers are synthesized using the different metal nodes with the combination of 

bridging ligands. Transition metal CPs with N-heterocyclic bridgers and/or aromatic or 

aliphatic carboxylate (linker) serve as efficient magnetic materials.  Many methods (like, slow 

evaporation, hydrothermal etc.) are followed to synthesize the CPs and characterised by using 

different spectroscopic methods (SXRD, TGA, PXRD, IR etc.). Coordination polymers are 

assembled via C-Cl···, ···, C-H··· and H-bonding. The CPs are also used for the selective 

detection of environmentally important metal ions, anions and small molecules. Extended -

conjugation, structural flexibility, ··· interaction and metal nodes are the reason for electrical 

conductivity in the dark/light condition and these materials are used to fabricate the Schottky 

diode. The CPs are also used in the field of biology to derive microbiologically potential drugs. 

A short review and motivation of this research is delineated in the Chapter 1. 

In Chapter 2 the design, synthesis and structural characterization of two Zn(II) based 1D 

coordination polymers, [Zn(adc)(4-Cltpy)(H2O)] (CP1) and [Zn(trans-muca)(4-Cltpy)] (CP2) 

(4-Cltpy = 4′-Chloro-2,2′:6′,2′′-terpyridine, H2adc = Acetylene-dicarboxylic acid, trans-

H2muca = trans, trans-muconic acid) are described. Both CPs have selectively detected Cu2+ 

in aqueous medium with limit of detection 0.14 μM (CP1) and 0.06 μM (CP2). Also these CPs 

have shown internalization within HepG2 cells and subsequent microscopic cell images are 

collected. 

In Chapter 3 Zn(II) based 1D coordination polymer, {[Zn(2,6-NDC)(4-Cltpy)](H2O)4} (4-

Cltpy = 4′-chloro-[2,2′;6′,2′′]terpyridine and 2,6-NDC = 2,6-Naphthalene dicarboxylic acid) is 

spectroscopically characterized and has been confirmed by the Single Crystal X-Ray 

diffraction measurements. Here, 1D chains are assembled via Cl···, ··· and H-bonding and 
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have formed 3D geometry. This CP was used to detect the Fe2+/3+ by Absorption spectroscopic 

studies. Zn(II) coordinated metal centre was substituted by Fe and color of CP was changed 

from colorless to pink in aqueous medium. Limit of detection (LOD) are 0.11 M (Fe2+) and 

0.15 M (Fe3+). The Zn-CP also exhibits microscopic cell imaging using MDA-MB 231 cells. 

In Chapter 4 the design and synthesis of Cd(II) based 2D coordination polymer, 

{[Cd(HAIPA)(tppz)(OH)].3H2O}n (2,3,5,6-Tetrakis(2-pyridyl)pyrazine (tppz), and 5-

Aminoisophthalic acid (H2AIPA)) is reported. Single crystal X-ray diffraction data had helped 

to evaluate the structure. In presence of different secondary interaction, a 2D network was 

assembled. The 2D-CP uses selectively and specifically to detect Pd2+ in aqueous medium with 

a limit of detection is 0.08 M even in presence of large number of cations. The CP shows 

exhibited electrical conductivity in light and dark condition and upon incorporation of Pd2+ in 

the CP the electrical conductivity is increased. 

The Chapter 5 reports three Cd(II) based 3D coordination polymers, [Cd(tppz)(adc)(MeOH)] 

(1), [Cd(tppz)(trep)] (2) and [Cd(tppz)(2,6-ndc)] (3) (tppz = 2,3,5,6-Tetrakis(2-

pyridyl)pyrazine, acetylene dicarboxylic acid (H2adc), terephthalic acid (H2trep) and 2,6 

naphthalene dicarboxylic acid (2,6 H2ndc)). Different spectral techniques have helped to 

characterise these CPs. The CPs 1 and 2 form 2D network and compound 3 forms 1D chain. 

DFT computational study of CPs helped to evaluate the band gap that supported the electrical 

conductivity results. 

In Chapter 6 one coordination complex, [CdI2(4-nvp)2] (1) (CdI2 = Cadmium iodide and 4-nvp = 

4-(1-naphthylvinyl)pyridine)) has been reported. Single crystal X-ray diffraction study confirms the 

formation of complex (1). Different secondary interactions help to assemble the complex. This 

complex is very much selective and sensitive towards the detection of TNP (trinitrophenol) in 

acetonitrile. DFT computational study helps to determine the band gap and mechanistic aspect of 

sensing.  
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Chapter 1 

 

Abstract 
 

Diversity in Coordination chemistry enters into the strange fields of polymers to explore 

astounding prodigious wonderful area of CPs (Coordination Polymers)/ MOFs (Metal-Organic 

Frameworks). These are beyond the conventional solid-state materials and open an arena of 

potential applications of exceptional scope, extending from gas storage and separation, sensing, 

drug delivery, outstanding magnetic activity, to electronic applications. The development of 

electrically conductive CPs/MOFs is a research objective of Sustainable Development Goal 

(SDG) which provides avenues to novel technologies including electrical energy storage 

materials, photovoltaics, electrocatalysis etc. In the construction of CPs/MOFs in addition to 

general covalent and ionic interaction, the role of different secondary interactions to assemble 

the monomeric motif/s is very crucial.  The physical significance of this secondary interaction 

and application of the CPs/MOFs in the different fields such as, physics, environment, biology, 

engineering, pharmaceuticals and drugs, etc. are important. The introductory chapter (Chapter 

I) focuses briefly outline - the type of synthesis, principles of characterization, the area of 

applications in consultation with updated research literature, in general to the particular fields 

explored in this Thesis. It is expected that literature survey will be helpful to justify the results 

and discussion that have been exemplified in the successive chapters.  
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1.1 Introduction: coordination polymers 

Coordination polymers (CPs) are the polymeric forms of the coordination compounds. Highly 

ordered crystalline coordination polymers are formed with combination of organic linkers and 

inorganic metal ions/clusters as knot. Solid crystalline compounds have greater chemical, 

thermal, mechanical and optical stability.1-5 

The definition of coordination polymers (according to Wikipedia)6 is “A coordination polymer 

is an inorganic or organometallic polymer structure containing metal cation centers linked by 

ligands. More formally a coordination polymer is a coordination compound with repeating 

coordination entities extending in 1, 2, or 3 dimensions”. Depending upon the structural 

diversity, dimensionality and availability of permanent cavity in the CPs are recognizing as 

MOFs (metal-organic frameworks)4 or MOCNs (metal-organic coordination networks). The 

repeating coordination entities are extended through 1D (one dimensional), 2D (two 

dimensional) and 3D (three dimensional) way (Figure 1.1). 

 

Figure 1.1 Design of 1, 2 and 3 dimensionally CPs. 

The CPs associated with the internal porosity are known as the MOF (Metal-Organic 

Framework) or PCPs (Porous Coordination Polymers). From the last few decades, research in 

hybrid material is increased extensively due to their various application fields. In 1995 Prof. 
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O. Yaghi et al. first observed and investigated the sorption of guest molecule and recently, this 

is coming from different other research groups. 

In this aspect, The CP is different from the organic polymers3. Organic polymers are 

containing high molecular weight and known as macromolecules consisting of only C, H, N, 

O, S and/or P while CPs contain any element from the Periodic Table. However, in the last 

three decades exploration of CPs includes s, p, d (3d/4d) block elements and very recently f-

block elements are using to develop this field. In the coordination polymers the repeated 

structural unit is growing via coordination bonds (Figure 1.2) along with the noncovalent weak 

interactions such as C–H···, π···π and H-bonding etc. Coordination bond forms when ligand 

is coordinated with the metal ion centres and corresponding interaction is directional than the 

weak secondary interaction. But both the interactions are important for the assemblage of CPs. 

 

Figure 1.2 Components of coordination polymers (metal centres).12 

In early 1890s, Alfred Warner first used the word “coordination compound” and he awarded 

the Noble Prize in 1913 to explore the field of the coordination chemistry. Research area in this 

topic has grown gradually and the structure-property relationship was noted. J. C. Bailar first 

introduced the word “coordination polymer” in 1964 and developed the structural concept, 

diversity and comparative discussion of organic polymer with the inorganic polymer.7 Based 

on this concept, he established a guideline for the formation of building block, structural unit 

and essential property for the construction of new species containing the metal node and 
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ligands. Organic linker and metal ion as knot have designed the structural diversity of the CPs 

those have explored outstanding application in the field of sensing, gas storage, biology, 

magnetism, conductivity, energy storage and conversion, environmental monitoring etc.5,8-11 

Coordination geometry, around the metal centre has diversity and it could be the linear, planar, 

tetrahedral, trigonal bipyramidal, octahedral etc. The interesting fact about the metal-organic 

polymers are organised in the infinite number of possibilities using the metallic system (centre 

or knot) and organic ligand as a linker. Most popular bridging ligand (linker) is carboxylate 

moiety. Because of versatile binding mode of the poly-carboxylates with the metal ions/clusters 

along with bridging capacity make thermally and chemical stabile materials those are finding 

wide application.  

The synthetic routes of the coordination polymers are valuable for their fine structure, 

chemical, physical, magnetic, electronic and optical propertis in an organized way by the 

choice of metallic system and ligands. New realm of research in the material chemistry arises 

due to the design and synthesis of the desirable coordination polymers. Porous coordination 

polymers (PCPs) have been designed and synthesized by Prof. Yaghi and his group members 

using the polycarboxylic acid for the diversity of CPs and have applied in gas storage.13,14 They 

also proposed the “reticular chemistry”15 for the careful synthesis of the framework. Prof. 

Kitagawa et al. has established a method of synthesis of flexible, porous CPs with different 

functionalized groups using robust and flexible molecular framework.16 

The stability of the CPs is increased if the auxiliary ligand is added in the carboxylate polymer. 

For the synthesis of multidimensional coordination polymer, mostly used functional groups 

carboxylate and pyridine moiety. To fabricate the pillar like coordination polymer, nitrogen 

donor pyridyl ligand has been used.  

In 1998, Kitagawa et al. classified the PCPs (Figure 1.3).16 According to the classification, 

first generation material framework is collapsed irreversibly during the exclusion of the guest 

molecule. The second-generation material is stable, robust framework and after exclusion of 

guest molecules they attained the stable framework. These are used for the studies on the 

adsorbent materials (like zeolites). Third generation materials exhibit the flexibility and pores 

are dynamic in nature. In presence of external stimuli, they give reversible response and induce 

excellent deliverable properties. 
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Figure 1.3 Classifications of PCPs by Kitagawa et al 

The flexible structure of third generation PCPs materials exhibits many exclusive properties. 

On the basis of structural transformation ability, PCPs materials are classifying mainly two 

types (i) rigid or robust and (ii) flexible. In presence of the external stimuli like, heat, guest 

molecule, magnetic field, electric field, light irradiation the robust PCPs are not stable and they 

do not show structural transformation whereas flexible PCPs exhibit the structural conversion 

in presence of external stimuli. The formation of such flexible materials and their application 

in the various field is helpful to explore the research extensively.  

  

1.2 Crystal Engineering 

For the last three decades the field of coordination polymer is expanding exponentially to 

design, synthesize, characterization and exploration of different fields of application. The 

single crystal X-ray diffraction (SXRD) structure analyses have explored the crystal 

engineering that has discussed growth through the self-assembly via supramolecular 

interaction. Dr. Schmidt was used the word crystal engineering in 1971 and synthesized 

dimerization product of cinnamic acid18 in sloid state in presence of light. According to Prof. 

G. R. Desiraju, the definition of the crystal engineering is “the understanding of intermolecular 

interactions in the context of crystal packing and the utilization of such understanding in the 

design of new solids with desired physical and chemical properties.”19 This field is developed 
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and broadened tremendously and interlinked the crystal field with the chemistry.20 

Crystallography is related with the crystal, extended crystal and assemblies form of crystal 

whereas chemistry is related to the molecules. 

Initially, this field is only in the organic based system. The last three decades this field has 

witnessed tremendous expansion and exploration of metal-organic framework and organic-

inorganic hybrid materials with different interesting structural architecture, topology and 

unthinkable arena of application towards the achievement of SDG. 

The information of the crystal engineering field is more important towards the area of materials 

science, biology and pharmaceutical science.21 In the presence of different noncovalent 

interactions and self-assembly the union of molecules and ions form solid materials. This is the 

center of the crystal engineering. The weak interaction forces like H-bonding, X-H--, --- 

interaction etc those are associated with the organic chemistry crystal engineering make 

Covalent Organic Framework (COF) and in coordination with metal ions/metal clusters prepare 

the Metal-Organic Framework (MOF) or Metal-Organic Coordination Network (MOCN). 

Investigation of halogen-halogen, S---S interaction are important part in MOF or Organic-

Inorganic hybrids to assemble the molecular unit supramolecularly. Design and synthesis of 

the 3D structure is an indefinite aim but recently developed this area and synthesized some 

functional 3D network.19,22  

Crystal engineering is a growing research field and published international journals with a very 

good impact factor. These include the Inorganic Chemistry, ACS Applied Materials & 

Interfaces, Crystal Growth Design from the American Chemical Society; Journal of Materials 

Chemistry, New Journal of Chemistry, CrystEngChem from the Royal Society of Chemistry; 

Journal of Molecular Structure, Polyhedron, Inorg. Chim. Acta. etc, from Elsevier; Crystals 

of MDPI (Multidisciplinary Digital Publishing Institute) and IUCrJ publishes on the crystal 

engineering, Acta Crystallographica Section D, Journal of Applied Crystallography and an 

open access Journal International Union of Crystallography. 
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1.3   Supramolecular Chemistry 

Latin word ‘Supra’ means beyond and above, that indicates the chemistry beyond the 

molecules. Previously, this term was used for the understanding of interaction between 

different macromolecules, membrane system and arrangements of enzyme. However, Jean-

Marie Lehn first applied the concept in the modern science in 1978 and defined as ‘chemistry 

of the intermolecular bond, covering the structure and functions of the entities formed by the 

association of two or more chemical species’.23 Donald J. Cram, Jean-Marie Lehn and Charles 

J. Pedersen explored the importence of the supramolecular chemistry and awarded the Nobel 

Prize in 1987 for their work in this area.24 

This chemistry discussed in the Supramolecular Chemistry that is beyond the chemistry of 

simple discrete molecules and their importance towards the assembled of chemical system 

through distinct number of components and subunits.23 However, conventional molecular 

chemistry commonly inflections on the covalent bond whereas far weaker and noncovalent 

interaction25 (π…π interactions, H-bonding, metal coordination and van der Waals forces etc.) 

was explored in the supramolecular chemistry. 

The supramolecular chemistry explores multidisciplinary topic which have discussed the 

different other discipline, such as area of physical, organic and inorganic chemistry, synthetic 

strategy of precursor, to recognize the properties of supramolecular units and composite 

behavior of the system even by the computational modeling. Molecular self-assembly, host-

guest chemistry, molecular recognition and mechanically-interlocked molecular constructions 

such type of important concepts are core in the supramolecular chemistry.26 

1.3.1   Molecular self-assembly 

 It is the very important term in the supramolecular chemistry. Relatively, small molecule was 

aggregated spontaneously and formed the large, stable and structurally well-defined material 

under equilibrium condition. The driving force operates in the molecular assembly is generally 

noncovalent.27 Careful designed of molecular building blocks that can occur naturally through 

the stepwise interaction and lead to form assemblies which is most important feature of the 

molecular self-assembly. Stable structural framework is formed through ionic bonds, C–H…π, 

π…π and H-bonding interactions. Even this type of interaction is relatively weak but the 

collectively these interactions form the high stability of supramolecular assemble body. Self-

assembly is mainly two types: intramolecular and intermolecular self-assembly. Formation of 
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the supramolecules was included in the intermolecular self-assembly whereas intramolecular 

self-assemble was responsible for the construction of the macromolecules like membranes, 

micelles, liquid crystals, vesicles and this topic has more important in the crystal engineering 

field.28 

1.3.2 Molecular recognition 

A well discussed terminology in the supramolecular chemistry is molecular recognition. This 

topic has discussed about the specific binding through the different noncovalent interaction 

between the two or more molecules. Here, noncovalent interaction is π···π interactions, 

hydrogen bonding, halogen···halogen interactions, metal coordination and van der Waals 

interaction etc.29 This type of force can be electrostatic or electromagnetic30 in nature. 

Additionally, molecular recognition in the solution,31 solvent plays the important role. 

Noncovalent interaction is helpful in the identifying of different types of molecules. The area 

is applicable in molecular sensor and catalysis32. Organic and organic-inorganic type33 

functional materials were designed and synthesized following the route of molecular 

recognition along with the self-assembly of molecular building blocks.  

1.3.3 Host-guest chemistry 

In the supramolecular chemistry, most significant branch is the host-guest chemistry. Herein, 

host molecules form a chemical compound with the interaction with the guest molecule or ions. 

Weak type of chemical forces present in this chemistry and this force is the weaker than the 

covalent interaction. Self-assembly and molecular recognition type noncovalent interaction are 

included in the host-guest chemistry. As a definition of the host and guest which compound is 

included in the guest and which one is host - it is arbitrary. According to Donald Cram, “The 

host component is defined as an organic molecule or ion whose binding sites converge in the 

complex… The guest component is any molecule or ion whose binding sites diverge in the 

complex”.34 

During the host-guest interaction, host molecule occupied the appropriate binding site for the 

binding of guest molecule. For an example, if the guest molecules possess the greater number 

of hydrogen bond acceptor site (like carboxylates) then host molecule hold the same number 

of hydrogen bond donating site (like secondary, primary amine). To get the maximum stability 

they are oriented in such a manner where the greater number of interactions is present in 

between the host and guest molecules. Lewis acid base interaction is included in the host-guest 
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interaction where host acts as a Lewis acid center and gust possess the Lewis base center. After 

discovery of the crown ethers35,36 in 1967, host-guest chemistry field was improved more 

sharply. 

 

Figure 1.4 Host-Guest Interactions with the water helicate inside the channel of the 

coordination polymer [Cu3(bpy)3(muco)2(H2O)2](ClO4)2·5.5H2O.37 

 

To find the relationship between the supramolecular chemistry and coordination chemistry, we 

have to go back in 1960,35,36 at that time broad research area on macrocyclic and macro-

polycyclic and their association with the different metals in solution is linked between the 

supramolecular chemistry and coordination chemistry.  

Initially progress of the supramolecular chemistry was very slow but it is exposed in 1990 to 

onwards. In the present time major journals come from the metal-ligands coordination entities 

(Figure 1.4) and this chemistry is included in the supramolecular chemistry.   

1.4   Supramolecular interactions 

Important part of the chemistry is supramolecular interaction or intermolecular interaction. 

Supramolecular interactions are responsible for the periodic arrangement of molecular crystal. 

This interaction is also responsible for the stability of chemical and biological macromolecules, 

organic molecules and different structural motif of coordination polymers.38a,38b It is also 

evaluated the orientation of the molecular species in crystal lattice. From the crystal 

engineering view this is the most important part and corresponding force is called the 

noncovalent interaction. 
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More disperse electromagnetic force of attraction is related with the noncovalent interaction 

but electron pair sharing is not involving in this interaction. The role of the noncovalent 

interaction in the synthesized molecular crystal structure and 3D structure in the large molecule 

is very important. The chemistry of the noncovalent interaction is the dynamic research area 

with valuable application in the field of chemistry, physics, biology and engineering field.39 

The weak interactions have some common properties which are important in the crystal 

engineering field. 

(i) The strength of the acting force is weak, moderate and strong. The attractive force for an 

interaction has the fixed energy value and the corresponding value is 0.6 kcal mol-1. 

(ii) Direction of this interaction is important for the design and synthesis of desirable 

supramolecular crystal with valuable application. 

(iii) The nucleation and crystallization process are dependent in the distance which is an 

important factor. 

A strong noncovalent force is the classical H-bonding which is studied from the many years 

ago and used in the field of crystal engineering as an important tool.38,40 Recently, non-classical 

H-bonding41 is included in the weak noncovalent interaction. The π···π, C-H···π and 

halogen···halogen interactions (Table 1.1; Figure 1.5) are included in the formation and 

orientation of the 3D structure and this type of the interactions have been investigated.   

 

Figure 1.5 Various types of supramolecular interactions. 
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Table 1.1. Different types of supramolecular interactions 

Types of interactions Strength (kJ/mol) 

Ion---Ion 100-350 

Ion---dipole 50-200 

Dipole---dipole 5-50 

H-bonding 4-162 

Halogen---Halogen Interaction 5-180 

π---π 1-50 

C–H---π Interactions 6-13 

van der Waals < 5.0 

 

1.4.1 Hydrogen bonding 

Hydrogen bond is weak natured electrostatic interaction. This bonding is weaker than the ionic 

or covalent bond but it is stronger than the van der Waals force. According to the definition, 

hydrogen bonding is the interaction between the pair of atoms where H atom situated in it.42 

This electropositive hydrogen is interacted with the electronegative N, O, F atoms when 

hydrogen atom bonded to this atom and it is binding with another atom through H-bonding 

within the same molecule or other molecule. It is not like that true bond; it is a weak interaction. 

This type of interaction plays a vital role in the field of crystal engineering and increases the 

stability of molecular arrangement in the crystal structure. 

The classical hydrogen bonding may describe as X–H···Y–Z. H-bonding is denoted by the 

three dotted line. Here, Y is bonded with the Z and acceptor is Y atom or anions, or may be the 

molecular part of Y-Z. In the many cases X and Y are same and distance of X-H is same with 

the Y-H and forms symmetric hydrogen bonds. Here, acceptor is electron rich atoms and may 

be the lone pair of Y atom or electron pair of -bond in the Y-Z. 

According to definition, H-bonding is (a) weak electrostatic nature, (b) electronegativity of the 

X atom is greater than the electronegativity of H, and (c) the bond formation has been 

evidenced by spectroscopy; and has been supported energetically, functionally and 

geometrically. It is not a simple type interaction, it has cooperative effect in the component 

interaction, polarization, electrostatic and van der Waals interaction with small amount of 
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covalency. Contribution of this interaction to the H-bonding is discussed in the broad range.43 

In this type, the hydrogen bonds (X–H···Y– Z) have some important criteria which are 

discussed in the Pure Appl. Chem.42 by E. Arunan et al. 

(i) H-bonding involves electrostatic force, dispersion or charge transfer.  

(ii) If the electronegativity of the X atom increases, bond strength is increased. 

(iii) For the greater stability X–H···Y angel should be 180º or nearly 180 º. 

(iv) During H-bond formation the X-H length is increased as a result red shift of the IR 

stretching frequency occurs. 

(v) In the 1H NMR spectrum H goes to the more deshielding zone that indicates the 

formation of the H-bonding. 

(vi) Gibbs energy corresponding to the formation of H-bonding is greater than the 

thermal energy of system. 

From the energy calculation it is revealed that the H-bond exhibits the low energy range (1-2 

kJ/mol) to high energy range (161.5 kJ/mol in the ion HF2−)44,45. Here, all type of H-bonding 

discussed but more focused to the O-H···O bonds.46 

Hydrogen bonding is the electrostatic interaction that is first established by the Pauling in 1939 

and he assumed the X and Y are two electronegative atoms like N, O and F. Under certain 

condition H atom is attracted by the other ion or same ion and formed hydrogen bonds.47 It is 

exhibit that the electrostatic interaction is predominate in the N–H···O, O–H···O, and O–H···F 

types of H-bonds. C–H···O, C–H···N, C–H···π this type of weak force is excluded from the 

H-bonding interaction. From the recent definition this type weak interaction is included in the 

subject of evidence of bond formation. Hirshfeld surface analysis is a useful tool for visualizing 

weak interactions like H-bonding interactions in molecular crystals. When donor and acceptor 

centres are very powerful and they form strong hydrogen bond (energy range 80-160 kJ/mol), 

in this situation the covalent character48,49 of H-bond is included. Weak van der Waals force is 

included when the weak hydrogen bond is formed. 

Types of hydrogen bonding 

Various types39a of H-bonding are present in the compound which is based on the geometry of 

the H-bonds. Generally, simple type is the D–H···A and angel is 180° and is shown in the 

Figure 1.6. Here, donor denoted by the D and acceptor is A. H-bonding shows the liner 

interaction and it is very rarely observed in the crystal structure. Bent structure type b was 
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observed with angel 165°. In type c of the hydrogen bonds one H atom is bonded with the 

two acceptor atoms. This H-bonding is called the bifurcated H-bonding and formed a center 

with three atoms. Trifurcated H-bonding is observed in the hydrogen bonding type e. Here one 

hydrogen atom is interacted with the three acceptor atoms. In the organic crystal multifurcated 

hydrogen bonds is also observed. In the carbohydrate molecules hydrogen bonding is 

multifurcated and this is over 25% and this value is higher for the amino acids.46a   

 

Figure 1.6 Different types of hydrogen bonding geometries: (a) Linear; (b) Bent; (c) Donating 

bifurcated; (d) Accepting bifurcated; (e) Accepting Trifurcated; (f) Three-centred bifurcated.39a 

 

Graph sets 

The connectivity of the H-bonded array and recognition of the morphology are the reasons for 

the graph set. For a particular pattern, the H-bonds have assigned the specific graph set. On the 

basis of the donor and acceptor nature of the H-bonding, distinguish the different types of 

hydrogen bonds are distinguished. Margaret Etter,50 was proposed the nomenclature of the 

different pattern of this type of the hydrogen bonds. In simplest way, one type of hydrogen 

bond is repeated to generate the complex system; more than one type of of H-bonds repeat to 

generate complex form of structures. For the intermolecular hydrogen bonding, designators are 

ring (R), chain (C) and dimer or finite set (D). Intramolecular hydrogen bonding is denoted by 

the ‘S’. Motif subscript (d) and superscript (a) are denoted the number of donors and acceptors, 

respectively. Total number of atoms was present in the motif is indicated in parentheses. 

Herein, benzoic acid dimer is a motif with graphic set R2
2(6) (Figure 1.7).    
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Figure 1.7 Graph set nomenclature of hydrogen bonding (Hs are omitted for clarity). 

 

1.4.2 Halogen···Halogen Interaction 

HalogenHalogen interaction is the weak interaction involved amongst the halogen atoms. 

This type of weak noncovalent interaction was used by Desiraju and his groups for the design 

of crystal engineering of the organic crystals.51 Interhalogen distance (ri) should be less than 

the sum of van der Waals radii (rvdw) of halogen atoms then halogenhalogen (R1–X1···X2– 

R1) interaction is considerable (Figure 1.8). Recently, the nature of this interaction is explained 

by the polarization effect but it is unknown in the past. When carbon atom is covalently bonded 

to the halogen atom then a positively polarized region is formed in the shortest distance of the 

halogen atom which is along the C-X axis and equatorial region is negative charge and maintain 

the overall charge is zero of the atom. In this aspect, negative polarize end is interacted with 

the positive polarize end of another same or different halogen atom. In the presence of this 

halogenhalogen interaction molecules (Figure 1.9) are aggregated supramolcularly and form 

the 3D network.  

 

Figure 1.8 Polar flattening effect.52 
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Figure 1.9 (a) View of 3D supramolecular aggregate by Cl···Cl interactions and (b) 

View of Cl···Cl interactions.53 
 

1.4.3 π···π Interaction 

This type of noncovalent interaction was observed in the aromatic ‘’ system and this is similar 

to the H-bonding. In the self-assembly54 to molecular recognition process,  stacking and 

arenearene interaction plays the important role and it is very crucial in biology55,56 as well as 

in chemical system. For the last three decades, research progress is in a great volume and is 

oriented in the interaction in aromatic ring to find out the physical and geometrical 

convenience in the -involving stabilizing system.57 interaction is an important factor for 

the molecular self-assembly and with the help of this interaction design the desired crystal 

structure is designated and has been used in the field of crystal engineering. Average energy 

calculated for this interaction is 1.5-2.0 kJ/ mol.58 Prof. Christoph Janiak et al. discussed this 

area in the various aspect of its interaction in their article.59 If the two arene moieties are parallel 

with inter-planer distance 3.3-3.8 Å, then they attain supramolecular assemble through 

stacking. 



Chapter 1 

17 

There are two types of stacking: (i) Face-to-face and (ii) edge-to-face present in aromatic 

ring. Edge-to-face arrangement has created the T-shaped through C-H interaction. Face-to-

face arrangement is not perfect rather a displaced or offset arrangement and this phenomenon 

is observed in the major cases. 

To understand the nature of stacking performed various type of theoretical as well as 

experimental study have been conducted and have concluded the importance of the nature of 

this interaction. Hunter and Sanders56 proposed the model to discuss the interaction 

(Figure 1.10).  

Hunter-Sanders suggested a rule for the non-polarize -system to understand the 

interaction.56c These are as follows: 

• Rule 1: In the face-to-face π-stacked geometry, the π–π repulsion predominates. 

• Rule 2: T-shaped geometry or in an edge dominates π–σ attraction. 

• Rule 3: In the offset π-stacked geometry, the π–σ attraction predominates. 

• Rule 4: Charge–charge interaction dominates due to the interaction between highly charged 

atoms. 

• Rule 5: For pronounced face-to-face interaction of neutral or weakly polarized site, it needs 

a π polarization in the aromatic ring (π-deficient atom). 

• Rule 6: The face-to-face interaction of neutral or weakly polarized site needs a σ polarization 

in the aromatic ring (positively charged atom). 

 

 

Figure 1.10 Principal orientations of π···π stacking interactions. 
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Houk and Wheeler provided the computational evidence of the π···π stacking.60 As a result, it 

may be evaluated the dispersion, electrostatic interaction and direct interaction by π···π 

stacking. Weak nature of π···π stacking plays a very important role in molecular packing, self-

assembling, folding61 and thermal stability of proteins.62 It can play important role to design 

and synthesis of metal-organic framework or metal-ligand coordination polymers just like 

hydrogen bonding. 

1.4.4 C–H···π Interaction 

This is one type of weaker non-classical H-bonding interaction.41 Herein, soft acidic C-H 

interacted with the soft or borderline basic π- system. This interaction plays an important role 

for crystal packing,63 self-assembly64 and molecular recognition.65 In supramolecular system 

this type of interaction was first shown by Andreetti and his co-workers and that was discovered 

on the crystallographic data in the various calix[4]arene with toluene system.66 The 

conventional hydrogen bonds have attractive nature and it is strong directional whereas the C–

H···π interaction (Figure 1.11) is weaker and originated from the charge transfer from the π to 

* or may be due to delocalization of electron and dispersion. Herein, direction is not important 

in this force. This interaction is nonpolar and is also observed in the aqueous medium that has 

indicated the important role in the biological system67. The average energy value is 6-13 kJ 

mol-1 for this typical C–H···π interaction. 

 

Figure 1.11 Orientation in case of C-H···π interactions. 

 

Atom in molecules (AIM) studies68 was helped to evaluate the nature of H-bonding interaction 

and this study is comparative with the MOs of intermolecular system.69 Electrostatic energy70 

follows the order sp3-CH···π < sp2-CH···π < sp-CH···π. This type of interaction for the 

aromatic C-Hs is more efficient than the aliphatic ones. C–H···π interaction (Figure 1.11) 

forms a T-shaped dimer of benzene ring. Main origin of this interaction is dispersion force. 

The electron donating ability of the π donor moiety plays vital role. Toluene has more π 

donating (C-H acceptor) ability than the benzene and toluene forms the stronger CH···π bonds. 
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An inclusive review in the C–H···π interaction field is presented by Prof. Motohiro Nishio72 

and gives more information about it. Novel single-chain magnets (SCMs)73 is designed with 

the help of theoretical study of C–H···π interaction between the monomeric units. This 

interaction is very significant in the field of crystal engineering but it is less explored. For the 

design and synthesis of the coordination polymer in the presence of this type of weak 

interaction has needed the strong motivation and toolkit in the construction of supramolecular 

layer structure.  

1.5 Electrical Conductivity Related Terms 

Diode is an electronic device which flow the current in one direction and it consists of two 

terminal electronic components. There is low resistance in one side but other side has higher 

resistance which opposes the current flow. A Schottky diode is known as hot carrier 

semiconducting diode. In the combination of a metal and semiconductor generally form a 

Schottky diode which is created the barrier. Here, metal acts as anode and semiconductor acts 

as cathode in the n-type diode. 

1.5.1 Schottky Barrier 

The energy difference between the fermi energy level of metal and conduction (or valence) 

band of semiconductor edge is known as Schottky barrier. Rectifying property is belonging to 

the Schottky diode and the barrier develops due to the difference of work function between the 

semiconductor and metal. In case of n-type, electron flows from the semiconductor to metal 

due to surpasses of work function of metal (øm) into the work function of semiconductor (øs) 

and attains equilibrium with the fermi level and forms a depletion region. This charge transfer 

process attains the thermal equilibrium. 

 

Diffusion potential (Vdo) is writing as 

                        Vdo = m - s                                           (1) 

If the value of m>s, then Vdo is positive, for the n-type semiconductor the band is rising 

upward and electron transfer from the semiconductor to the metal occurs (Figure 1.12a). In 

this process, electron overcomes the barrier and transfer into metal. It occurs mainly due to the 

rectifying property. For the p-type semiconductor no obstruction of the hole motion is observed 

due to the band-bending. In the ‘ohmic’ contact rectification does not occur   (Figure 1.12b). 
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The band is going to the downward direction if the m<s. The rectifying contact is formed for 

the p-type (Figure 1.12c) and ohmic contact is formed for the n-type in shown in Figure 1.12d. 

 

Figure 1.12 Schottky barriers for semiconductors of different types and work function. The n-

type semiconductor: (a) the electron transfers from the semiconductor to the metal, (b) electron 

transfers from the metal to the semiconductor, ohmic contact (c) the p-type ohmic contact, (d) 

the n-type ohmic contact. 

Advantages of Schottky Diode 

Low turn on voltage: Turn on voltage in between the 0.2 to 0.45 volts is good for Schottky 

diode. 

Fast recovery time: A small amount of stored charge is used for the high speed switching 

application due to the fast recovery time. 
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Low junction capacitance: Capacitance level is very low if the contact area is very small. 

Applications 

Schottky diode is used in the application of radio frequency and radio detector due to their low 

capacitance, high switching speed and high frequency capability. Most powerful application 

appears in the rectifiers. Because of low forward voltage drop and high current density. So, low 

power was used in the Schottky diode than the general p-n junction. Schottky barrier acts as 

circuits in the two power supplies.  

Solar cell applications: In the solar cell low voltage drop Schottky diode is used, because 

voltage drop in the scholar cell is not expected. Ability of the solar cell is reduced due to this 

voltage drops.  

Clamp diode: Actually, clamp diode is a Schottky diode and it is used in the transistor circuit 

to controlling the speed of the process during the switching process.  

1.5.2 Diode Parameters 

Ideality Factor: Ideal behavior of the Schottky diode is measured by ideality factor. Current in 

the low voltage region is measured by this factor and it is directly proportional to the dV/dlnI. 

Series Resistance: Total amount of resistance value in a series of Schottky diode is known as 

series resistance and current flows through the all resistors. 

Barrier Height: One of the most important parameter is Schottky barrier height (SBH) in metal 

semiconductor (MS) interface. Schottky barrier height is signifying the rectifying barrier of 

electrical conduction through the MS. For the metal/n-type semiconductor, Schottky barrier 

height is the difference between the metal fermi level and conduction band minimum of the 

semiconductor. The Schottky barrier height is the difference between the metal fermi level and 

valance band maximum of the semiconductor in case of p-type. 

1.5.3 Charge transport parameter 

Mobility: Mobility is defined as the how fast carriers transfer charge through the metal or 

semiconductor. Mobility of the semiconductor depends on the electron, hole concentration, 

impurity concentration (like, donor and acceptor concentration), electric field and temperature.  
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Transit time: Time required for a carrier to travel from the cathode to anode or vice versa is 

called the transit time. This time related to the total time of free carries as well as time required 

for the trapped carrier in the traps. 

Diffusion Length: The current flow through the metal semiconductor junction is dependent on 

the majority carriers. Among the exciting mechanism, diffusion of the carriers from the 

semiconductor to metal is an important mechanism. According to the diffusion theory, 

diffusion length is a length of depletion layer where driving force is distributed.  

1.5.4 Photosensing Parameter 

Responsivity: When unit power of photocurrent is generated in the effective area of the device 

is called the responsivity. 

Specific Detectivity: Device performance, as detector is characterizing using the specific 

directivity and it is denoted the D*. This is the reciprocal of the noise-equivalent power (NEP). 

Photosensitivity: A fixed amount of energy is absorbed by the targeted materials/substance 

during the irradiation process is known as photosensitivity.  

Photoconductivity Sensitivity: At a certain voltage conductivity is increased due to the 

irradiation on materials at a certain input power. This phenomenon is known as 

photoconductivity sensitivity. 

1.6 Sensor Application 

In the growth of civilization as well as the origin of life, its growth and reproduction of all 

living systems are regulated by the cations and anions. Metal ions are non-biodegradable and 

play an active role in the food chain, ecological system and causes very high level of pollution. 

Therefore, all the metals have the certain limit of safe zone. Maximum contaminate level of 

different metals in the various type of drinking water is examined by the different organizations 

like, Environmental Protection Agency (EPA), World Health Organisation (WHO) from all 

over the world. WHO and EPA are recommended the standard guideline for the heavy metals 

(Table 1.2). 74-78  
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Table 1.2. Threshold limit of biologically important/toxic metals in human body 

Metal WHO 

ppm 

EPA 

ppm 

Metal WHO 

ppm 

EPA 

ppm 

Metal WHO 

ppm 

EPA 

ppm 

Mn 0.4 - Pd 4 x 10-7 - Hg 0.001 0.002 

Zn 3 5 As 0.010 0.010 Al 0.9 - 

Cr 0.05 - Fe 1.0 - Cu 2 1.3 

Ni 0.07 0.04 Pb 0.010 0.015 Cd 0.003 - 

 

1.6.1 Advantages of Fluorescence Technique in Quantitative Analysis 

Different analytical methods like volumetric, spectrophotometric, gravimetric and 

electrochemical techniques are used for quantitative analysis of ions and elements in the 

analytical field. Traditionally elemental analysis proceeds using the different technique like, 

voltammetry,79 ICPMS (inductively coupled plasma mass spectrometry),83 ICP-AES 

(inductively coupled plasma-atomic emission spectrometry),81,82 AAS (flame or graphite 

furnace atomic absorption spectroscopy),80 thin chitosan films,85 flame atomic absorption 

spectroscopy (FAAS),84 and several functionalized metal nanoparticles86,87 etc. In addition to 

this, fluorescence and UV-Visible spectroscopy are used to recognize the important analytes 

environmentally as well as physically. Importance of this method is cell imaging of analyte in 

biological system and low level detection limit. Fluorescence technique is important for 

researcher in the biochemical and chemical field due to their sensitivity, selective detection, 

quick response, operational simplicity, cost-effectiveness, and high temporal resolution and 

easy to signal detection.    

1.6.2 Chemical sensor 

Sensor is a device that measures the physical quantity and transforms it to a signal and this 

signal is read by the instrument or observer. Mercury thermometer is an example of the sensor. 

Here, thermometer measures temperature by liquid expansion or contraction and that shows 

the reading in glass tube. A chemosensor is a combination of three units (signaling subunit, 

spacer and binding subunit) (Figure 1.13). Chemical receptor accepts the guest unit with a high 

selectivity and this binding mode is converted by the signaling subunit and measurable physical 

changes occur.  
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Different group of the receptors has been used in different types of approaches. Mainly, three 

types of approaches are used (i) Chemodosimeter, (ii) Binding site-signaling approach and (iii) 

Displacement approach88,89 which differs in the method the last two are arranged with respect 

to each other. A specific ion-induced chemical reaction is occurring in the chemodosimeter as 

a result the optical signal appears. In the binding site-signaling approach, covalent bond90 is 

the connector of the two parts. When analyte contacts to the binding site, it helps to change the 

electronic properties of signaling subunit and hence the sensing of the targeted analyte. 

Molecular assemble occurs between the binding site and signaling subunit in the displacement 

approaches.91 Here, coordination of the binding site to the certain ion/s occurs then release 

signal subunit in the solution or optical properties changed.92    

 

Figure 1.13 Schematic diagram of an analyte (guest) by a chemosensor (host). 

 

1.6.3 Fluorescence sensing mechanism 

Three basic requirements are receptor, transducer and signal processing unit for the ideal 

fluorescence sensing device; (i) receptor has strong binding affinity towards the target analytes 

and bind to the analytes selctively, (ii) environment interference is neglected by the 

fluorescence signal and (iii) under this experimental process sample should be stable. 

Generally, ‘Turn on’ and ‘Turn off’ type fluorescence is observed. ‘Turn on’ process is mainly 

three types : (a) wavelength shift, (b) normal turn on and (c) ratiometric turn on.  

(i)  Paramagnetic fluorescence quenching 

Paramagnetic metal ions added to the fluorophore materials which assist forbidden inter-system 

crossing (ISC) very fast and it is defining as paramagnetic quenching. Upon excitation of the 

fluorophore goes to the S1 state and presence of the paramagnetic metal ions moves from S1 to 

T1 through the ISC and subsequently deactivated by non-radiative process (Figure 1.14).93 
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Figure 1.14 Schematic diagram shows binding of a paramagnetic ion (eg. Cu2+) with 

fluorophore. 

 

(ii) Photo-induced electron transfer (PET) 

Electron donation from the donor centers of N, O, S and P to the HOMO of excited 

fluorophore generally happen the PET. The PET process is inhibited when the metal 

ions are 

 

Figure 1.15 Schematic diagram for PET mechanisms. 

 

interacted with the donor atoms and fluorescence turn on happens. In addition to this the PET 

process depends on the solvent polarity. Electron transfer is easier in the polar solvent. 

Fluorescence sensor occurs through the photo-induced electron transfer (PET) inhibition 

mechanism and addition of the metal ions inhibit PET and switch on emission (Figure 1.15).94 
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(iii) Intra and intermolecular charge transfer (ICT) 

Intra and intermolecular charge transfer from the electron donor centre to the acceptor is 

increased in the presence of the light excitation and fluorophore is directly linked with acceptor 

without any spacer forming π-electron conjugated electron rich system and electron deficient 

terminals (Figure 1.16).95   

 

Figure 1.16 Schematic diagram of ICTmechanism. 

 

(iv) Chelation enhanced fluorescence (CHEF) and Chelation enhanced quenching 

(CHEQ) 

A metal ion binds with the receptor in a fluorescent probe, emission intensity is enhanced or 

quenched. Chelation enhanced fluorescence (CHEF) exhibits the red shift of emission band 

and blue shift was shown due to the chelation enhanced quenching (CHEQ). Forbidden 

intersystem crossing (ISC) was faster upon addition of the paramagnetic metal ions in the 

fluorophore and quenching process occurs. Upon excitation, the fluorophore moves from S1 

state and presence of the paramagnetic metal ions goes S1 to T1 through the ISC and 

subsequently deactivated by non-radiative process (Figure 1.17).96 
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Figure 1.17 Schematic diagram of CHEF processes. 

 

(v) Fluorescence resonance energy transfer (FRET) 

Distance dependent FRET process is the interaction between the excited fluorophore with 

another fluorophore.  In this process the excitation energy was transferred from the donor unit 

without any emission of the photon and the emission of another fluorophore is identified upon 

excitation of a fluorophore. For the FRET process some necessary condition was to required : 

(i) distance between the donor and acceptor unit is 10 to 100 Å, (ii) emission spectra of the 

donor and absorption spectra of the acceptor must overlap, (iii) transition dipole orientation of 

the donor and acceptor should be parallel (Figure 1.18).97  

 

Figure 1.18 Schematic diagram of FRET processes. 
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(vi) Excited-state intramolecular proton transfer (ESIPT) 

ESIPT process is the process where the excited molecules relax their energy through the proton 

transfer in the excited state. Hydroxyl/amino group acts as a proton donor and acceptor group 

is containing nitrogen or oxygen atoms who are engaged by the intramolecular H-bonding 

mainly. During ESIPT process the excited molecule has less probability of the photochemical 

reaction and increase the photo stability of the molecule with a large specious stokes shift 

(Figure 1.19).98 

 

Figure 1.19 Schematic diagrams shows ESIPT processes. 
 

1.6.4 Cation sensor 

Out of 92 naturally occurring elements about 1/3 (27 elements) are involved in the origination, 

sustenance and death of living cells. Metal ions99 are fundamental to life; some of the cations 

appear in bulk amount (Na, K, Mg, Ca) and some other present in trace amount (Cr, V, Mn, 

Co, Fe, Cu, Ni, Zn, Mo, Al, Si, Se, Sn). Any change in balance of concentration of the ions 

shows huge impact on the metabolic, electrical charge balance, neural signalling and muscular 

activities, osmotic pressure, photosynthesis, redox processes, DNA stability and activity, DNA 

transcription etc. Thus they are essential in right concentration for the maintenance of life.  
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Therefore, their quantitative measurement is of first truck information to the sustainability in 

the environment. Herein three such metal ions are discussed. These are Cu2+, Fe2+/3+ and Pd2+. 

Selection of these three metal ions in this research is considered due to their much involvement 

in the environment and health issues but literature review shows these are relatively less 

handled from analytical perspective.  

 

(i) Cu2+ sensor 

Third most abundant element is copper and it is important in the biological system. It plays a 

vital role in the physiological and co-factor of numerous enzyme. Many researchers are 

developing various fluorescence probes who selectively detect the Cu2+ ion through the turn 

off/turn on sensing process. In 2020, Zhao-Feng Wu100 et al. synthesized calcium based 

coordination polymer and selectively detect the Cu2+ with a detection limit 0.064 ppm. Another 

fluorescent probe to detect the Cu2+ is done by Komthep Silpcharu101 et al in 2021. Here, 

spirobifluorene derivative was used to detect the Cu2+ with a limit of detection 98.2 nM. 

Maksim Royzen102 et al. ware prepared dye compound to detect the Cu2+ selectively. Here, in 

presence Cu2+ exhibits the radiometric sensing and paramagnetic substance (Cu2+) is detected 

by the chelation-enhanced fluorescence method. Prabhakaran Srinivasan103 et al. characterized 

two fluorescent probes, BDICB (4-butyl-N-((1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-

yl)carbamothioyl)benzamide) and BTHCB (4-butyl-N-(2-(thiophene-2-carbonyl)hydrazine-1-

carbonothioyl)benzamide) and used them to detect Cu2+ in solid state with limit of detection 

0.38 and 0.45 ppb.   

 

(ii) Fe3+/ Fe2+sensor 

Fe is the essential trace element which shows important role in the evolution of life. Iron is 

extensively used in the industry, housing, railways, bridges, construction of the road, medical 

equipment and the growth of the human civilization. Fe is main component of oxygen binding 

centre in the blood, redox centre in the cytochromes, ferritin and ferredoxins etc. In the presence 

of excess amount of the iron is causes the DNA damage, lipid peroxidation that is related to 

the tumour in liver and colon etc. Hence, Fe detection is most important.  Few groups designed 

the fluorescence probes for the selective sensing of Fe. In 2023, S. Prajapati104 et al. published 

a paper containing two fluorescence probes for the selective sensing of the Fe2+. In the presence 

of the Fe2+ ion, both probe exhibits the turn on sensing in the MeOH-H2O (1:1) medium. Limit 

of detection (LOD) values are the 1.91 M, 3.54 M and the Fe2+ sensing happens through the 

PET inhibition mechanism. A FRET based rhodamine B Schiff base sensor was designed for 
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the detection of Fe3+ ion. K. Chantarasunthon105 et al. (2023) reported a Schiff base for the 

detection of Fe3+ with LOD, 83 nM. The probe is changing their color from colorless to pink. 

In 2016, B. -L. Hou et al.106 synthesized water stable Zn-MOF that was used for the detection 

of Fe3+ ions with LOD, 0.20 mmol L–1 and in presence of the Fe3+ ion followed by the 

quenching. Total Fe was determined by the colorimetry and fluorometric methods by the probe, 

(2-((2-(naphthalen-1-ylamino)ethylimino)methyl)phenol) with a limit of the detection for Fe3+ 

as 20.85 μM. In presence of the Fe2+ and Fe3+ color of the probe changes to yellow-brown and 

purple respectively and the detection of Fe2+ and Fe3+ were reported by K. Ghosh et al.107 in 

2014. Song-Liang Cai et al.108 (2011) synthesized a Tb–organic framework with 3D network 

which had shown green emission and detected Fe3+ ion in water.  

 

(iii) Pd2+ sensors 

Pd is mostly used in the catalysis for the synthesis of large number of important organic 

molecules, pharmaceuticals, polymers etc. Besides, it is used in the making of jewellery, watch 

making, electrical contact and surgery equipment etc. In the organic and organometallic 

complexes; it is used in different type of coupling reaction like Heck reaction, Suzuki coupling, 

Wacker oxidation process etc. Because of this, sensing of Pd is important in the field of 

fluorescence field. In 2015, S. Sanda et al.109 synthesized a Zn(II)-constructed coordination 

polymer for the sensing of Pd2+ ion. Here, the CP exhibits blue emission and in presence of 

Pd2+ the emission is quenched. M. H. Mir et al.110 synthesized a 1D CP, [Cd(4-nvp)2(5-ssa)], 

(4-nvp = 4-(1-Naphthylvinyl)pyridine and 5-ssa = 5-Sulfosalicylic acid). This 1D CP is 

selectively sensing of Pd2+ in aqueous medium. In the presence of the Pd2+ emission intensity 

of the CP is decreased due to the incorporation of Pd2+ in the CP network. A. K. Adak et al.111 

characterized Rhodamine-Appended Benzophenone Probe for the detection of Pd2+ by 

changing ‘blue’ colour of the probe to ‘pink’ emission in the UV-chamber. Emission intensity 

of the probe is increased in presence of Pd2+ with a detection limit (LOD) 34 nM. B. Dutta et 

al. synthesized the [Zn(cit)(4-nvp)]n coordination polymer112 for the sensing of Pd2+ in water, 

where 4-nvp = 4-(1-Naphthylvinyl)pyridine and H2cit = citraconic acid. It exhibits the 

machanochromism in the detection of Pd2+ ion. 
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1.7 Aim and Scope of the Dissertation 

In this research, a group of CPs of Zn(II) and Cd(II) will be reported using dicarboxylato, 

polypyridyl-N based ligands as organic linkers. The CPs will be structurally characterized  and 

their application in the various fields will be discussed. For the synthesis of the CPs mainly 

multidentate N-donating heterocycles and dicarboxylate linkers are used. In this dissertation 

the main focus of the study is: (a) Design and synthesis of coordination polymers with 

interesting structural framework, (b) Role of the supramolecular interaction in the formation of 

coordination polymer, (c) Physical significance of the supramolecular interaction and their role 

in the application as sensor and electrical conductivity field, (d) To explore the biological 

application of the synthesized coordination polymers.  

 

In Chapter 2 the design, synthesis and structural characterization of two Zn(II) based 1D 

coordination polymers, [Zn(adc)(4-Cltpy)(H2O)] (CP1) and [Zn(trans-muca)(4-Cltpy)] (CP2) 

(4-Cltpy = 4′-Chloro-2,2′:6′,2′′-terpyridine, H2adc = Acetylene-dicarboxylic acid, trans-

H2muca = trans, trans-muconic acid) are described. The sensing efficiency of the CPs are 

examined and it is found that the CPs selectively detect the Cu2+ in the aqueous medium with 

limit of detection : 0.14 μM (CP1) and 0.06 μM (CP2). The internalization of the CPs within 

the HepG2 cells are examined and subsequent microscopic cell imaging are collected. 

 

Scheme 1. Synthesis of CP1/CP2 upon reaction of Zn(NO3)2 with 4-Cltpy and H2adc/trans-

H2muca. 
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Zn(II) based 1D coordination polymer, {[Zn(2,6-NDC)(4-Cltpy)](H2O)4} (4-Cltpy = 4′-chloro-

[2,2′;6′,2′′]terpyridine and 2,6-NDC = 2,6-Naphthalene dicarboxylic acid) is described in 

Chapter 3. The complex is spectroscopically characterized and has been confirmed by the 

Single Crystal X-Ray diffraction measurements. Here, the CP has shown sensitivity to Fe2+/3+ 

via absorption spectroscopic measurement. Zn(II) coordinated metal centre was substituted via 

Fe and color of CP was changed from colorless to pink in aqueous medium. Limit of detection 

(LOD) are 0.11 M (Fe2+) and 0.15 M (Fe3+). The Zn-CP also exhibits microscopic cell 

imaging using MDA-MB 231 cells. 

 

 

Scheme 2. Synthesis of Coordination Polymer 1, Reaction of Zn(NO3)2 with 4-Cltpy and 2,6-

H2NDC 

 

In Chapter 4 the design and synthesis the Cd(II) based 2D coordination polymer, 

{[Cd(HAIPA)(tppz)(OH)].3H2O}n (2,3,5,6-Tetrakis(2-pyridyl)pyrazine (tppz), and 5-

Aminoisophthalic acid (H2AIPA)) is reported. Single crystal X-ray diffraction data had helped 

to evaluate the structure. In presence of different secondary interaction, a 2D network was 

assembled. The 2D-CP uses selectively and specifically to detect Pd2+ in aqueous medium with 

a limit of detection is 0.08 M even in presence of large number of cations. The CP shows 

exhibited electrical conductivity in light and dark condition and upon incorporation of Pd2+ in 

the CP the electrical conductivity is increased. 
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Scheme 3. Synthesis of CP1, using Cd(NO3)2.4H2O and tppz followed by addition of 5-

Aminoisophthalic acid. 
 

The Chapter 5 reports three Cd(II) based 3D coordination polymers, [Cd(tppz)(adc)(MeOH)] 

(1), [Cd(tppz)(trep)] (2) and [Cd(tppz)(2,6-ndc)] (3) (tppz = 2,3,5,6-Tetrakis(2-

pyridyl)pyrazine, acetylene dicarboxylic acid (H2adc), terephthalic acid (H2trep) and 2,6 

naphthalene dicarboxylic acid (2,6 H2ndc)). Different spectral techniques have helped to 

characterise these CPs. The CPs 1 and 2 form 2D network and compound 3 forms 1D chain. 

DFT computational study of CPs helped to evaluate the band gap that supported the electrical 

conductivity results. 

 

Scheme 4. Synthesis of 1,2 and 3 using Cd(NO3)2.4H2O, tppz and corresponding acid. 
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The Chapter 6 describes the design and sythesis of one coordination complex [CdI2(4-nvp)2] 

(1) using CdI2 and 4-(1-naphthylvinyl)pyridine (4-nvp). This complex is assembled through the 

combination of non-covalent interactions, π⋯π and C–H⋯I to form a supramolecular entity. 

This complex selectively detects TNP (trinitrophenol) with a detection limit 16.55 × 10−7 M.  

 

Scheme 4. Synthesis of 1 using CdI2 and 4-(1-naphthylvinyl)pyridine ligand. 
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Abstract 

 

Two newly designed coordination polymers (CPs), [Zn(adc)(4-Cltpy)(H2O)] (CP1) and 

[Zn(trans-muca)(4-Cltpy)] (CP2) (4-Cltpy = 4′-Chloro-2,2′:6′,2′′-terpyridine, H2adc = 

Acetylene-dicarboxylic acid, trans-H2muca = trans, trans-muconic acid), are synthesized and 

structurally characterized by single crystal X-ray crystallography, PXRD, TGA, IR and 

elemental analysis. The coordination unit gets polymerized through the bridging of 

dicarboxylic acids and a 1D chain has been constructed. Self-assembly of 1D chain via H-

bonding, C–H⋯π and π⋯π interactions makes supramolecular geometry. Interestingly, the 4′-

chloro-2,2′:6′,2′′-terpyridine appended CPs are highly emissive in aqueous media and exhibit 

selective quenching by Cu2+ ions; the calculated (3σ method) limits of detection (LODs) are 

0.14 μM (CP1) and 0.06 μM (CP2), respectively. Microscopic cell imaging determines the 

internalization of CPs within HepG2 cells. An MTT assay displays a tolerance limit of 100 μM. 
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2.1. Introduction 

In the history of inorganic chemistry (after the winning of the Nobel prize by Alfred Werner in 

1913), the coordination polymers (CPs)1–11 have been most stimulating in the field of materials 

science (Chapter 1). CPs are the polymeric form of a coordination moiety, and are composed 

of inorganic and organic components. On judicious selection of the metal and ligands, a variety 

of CPs can be designed that could exhibit different properties who are the key factor for 

application. Thus, there is a vital relationship among the structure, properties and applications. 

CPs are employed for numerous applications, like gas absorption, electrical conductivity, 

catalysis, water splitting, electrochemistry, magnetism, dye degradation, drug delivery, device 

fabrication and sensing, etc.12–19 The sensing properties of CPs are utilized as a powerful tool 

for fluorescence chemosensors20–28 because of their high sensitivity, selectivity, rapid response, 

reusability and low cost. Recently, fluorescent materials have been used intensively for the 

detection of toxic or useful cations, anions and small organic molecules, explosive 

materials, etc. by achieving perceivable changes via quenching or enhancement of the 

luminescence. Fluorescence sensing of CPs has also been applied to detect volatile organic 

compounds29,30 (styrene etc.), heavily toxic metal ions, chemical sensing and temperature 

sensing31etc. However, the fluorescence properties of CPs have been recognised in few 

cases.32,33 

Copper is the 3rd most abundant element34 among the heavy metals (next to Fe, Zn) in 

biological systems and is a naturally occurring element in the soil, rocks, air, sediment and 

water. It has played a major role in the growth of civilization by contributing to building 

construction, electrical equipment, industrial machinery and so forth. It also plays a pivotal role 

in several physiological processes and is a co-factor of numerous enzymes. But excess uptake 

of copper is injurious to health as it causes Menkes disease, Wilson's disease, Alzheimer's 

disease, hypoglycaemia, gastrointestinal disease, dyslexia, infant liver 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit1
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit12
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit20
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit29
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit31
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit32
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit34
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damage, etc.35 Therefore, it is important to measure Cu2+ in food stuffs, drinks, 

beverages etc. as well as in living systems for public health management. Due to its essentiality 

and toxic nature, intracellular copper absorption and distribution is strictly controlled by cells. 

One of the methods is to utilise fluorophoric chemosensors for copper detection. There are a 

few reports36–38 where CPs are used for Cu2+ detection in aqueous solution. Sensor applications 

in aqueous media are scarce, which may be mainly due to poor solubility and complicated 

synthetic strategies. 

In this aspect, some fluorescence chemosensors have been designed based on coordination 

compounds, which are mostly 0D, 1D or 3D in nature.32,33,39–42 This work is focused on the 

synthesis of two Zn(II)-based CPs of H2adc (Acetylene dicarboxylic acid)/trans-H2muca 

(trans, trans-muconic acid) along with 4-Cltpy (4′-Chloro-2,2′:6′,2′′-terpyridine) as a capping 

agent. Both coordination polymers can specifically detect Cu2+ ions in aqueous media with 

high sensitivity. They are 1D coordination polymers that can undergo H-bonding, C–H⋯π, 

π⋯π and C–Cl⋯π interactions and form a 3-D supramolecular network. The coordination of 

carboxylato-O of the CPs to Cu2+ may be the reason for the detection of Cu2+ in aqueous media 

by quenching of the emission. Cell imaging experiments support the biocompatibility of the 

respective CPs and the detection of intracellular Cu2+ within HepG2 cells. 

2.2. Experimental Section 

2.2.1. Materials and Physical Measurements 

Zn(NO3)2·6H2O, acetylene dicarboxylic acid (H2adc), trans, trans-muconic acid (trans-

H2muca) and 4′-chloro-2,2′:6′,2′′-terpyridine (4-Cltpy) were purchased in reagent grade from 

different commercial sources and were used without any further purification. The elemental 

analysis (C, H, N) was executed by a PerkinElmer 240C elemental analyser. FT-IR spectra 

were obtained with a PerkinElmer spectrometer following the technique of attenuated total 

reflectance (ATR). The powder X-ray diffraction (PXRD) data collection was performed at 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit35
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit36
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit32
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room temperature in a Bruker D8 Advance X-ray diffractometer using a Cu Kα radiation source 

having a wavelength of 1.548 Å. Thermogravimetric analysis was performed by a PerkinElmer 

TGA 4000 System, at 100–240 V/50–60 Hz in the temperature range of 30–900 °C with a 10 

°C min−1 (CP1) and 20 °C min−1 (CP2) heating rate, under a nitrogen atmosphere. The 

fluorescence spectra were examined by a PerkinElmer spectrofluorometer model LS55 and 

UV-vis spectra were obtained using a PerkinElmer Lambda 25 spectrophotometer. 

Measurements of fluorescence lifetime were carried out using a Horiba Jobin Yvon 

fluorescence spectrophotometer. 

 

Scheme 2.1. Synthesis of CP1/CP2 upon reaction of Zn(NO3)2 with 4-Cltpy and H2adc/trans-

H2muca 

2.2.2. Preparation of CPs (CP1, CP2) 

The coordination polymer of CP1 and CP2 (Scheme 2.1) was synthesized by the layering 

method at room temperature (27 °C). Firstly, an aqueous solution (2 ml) of Zn(NO3)2·6H2O 

(0.06 g, 0.2 mmol) was taken in a tube and a buffer solution of H2O–MeOH (1 : 1, v/v; 2 ml) 

was added slowly; then, a methanol (2 ml) solution of 4-Cltpy (0.084 g, 0.05 mmol) was 
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carefully layered. Finally, the solution of H2adc (0.023 g, 0.2 mmol) neutralized by Et3N (0.042 

g, 0.4 mmol) in EtOH (2 ml) was coated. Colourless block crystals of (CP1) were produced 

after three days (0.090 g, yield 64%). Elemental analysis (%) Calculated for C19H12ClN3O5Zn: 

C, 49.27; H, 2.61; N, 9.07. Found: C, 49.34; H, 2.66; N, 9.12. IR  (cm−1) 1640 ν(–C O), 

1558 νas(COO), 1311 νsys(COO), 775 ν(C–Cl), 3078 ν(H2O) (Figure 2.1a). 

The coordination polymer CP2 was also synthesized following an identical procedure 

using trans-H2muca. The crystals of (CP2) were produced after seven days (0.096 g, yield 

65%). Micro analytical: (%) Calculated for C21H15ClN3O5Zn: C, 51.45; H, 3.08; N, 8.57. 

Found: C, 51.54; H, 3.16; N, 8.66. IR  (cm−1) 1624 ν(–C O), 1553 νas(COO), 

1351 νsys(COO), 866 ν(C–Cl) (Figure 2.1b). 

 

Figure 2.1 (a) IR spectra of CP1 and CP1+Cu(II) ion, (b) IR spectra of CP2 and CP2+Cu(II) 

ion. 

2.2.3. X-Ray crystal structure determination 

Two colourless crystals with suitable dimensions (size 0.29 × 0.14 × 0.08 Å (CP1)/0.29 × 0.14 

× 0.07 Å (CP2)) were used for data collection for single crystal X-ray diffraction with the help 

of a Bruker APEX-II CCD diffractometer equipped with a graphite-monochromated MoKα 
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radiation source (λ = 0.71073 Å) for CP1 and CP2 at 273(2) K. Determination of the single 

crystal structures was done with the help of the SHELX-9743 package. Non-hydrogen  

Table 2.1 Crystal data and refinement parameters of CP1 and CP2. 

Compounds CP1 CP2 

Formula C19 H12 Cl N3 O5 Zn C21 H15 Cl N3 O5 Zn 

fw 461.19 490.20 

crystsyst triclinic Triclinic 

space group P -1 P-1 

a (Å) 9.0876(7) 8.697(5) 

b (Å) 10.0804(8) 10.798(6) 

c (Å) 11.7778(9) 13.165(7) 

(deg) 66.626(2) 100.543(14) 

(deg) 75.962(2) 105.004(14) 

γ (deg) 65.717(2) 113.587(14) 

V (Å3) 898.68(12) 1035.5(10) 

Z 2 2 

Dcalcd(g/cm3) 1.704 1.572 

(mm-1) 1.515 1.354 

(Å) 0.71073 0.71073 

data[I >2(I)]/params 3093/268 3529/286 

GOF on F2 1.343 1.073 

final R indices[I >2σ(I)]a,b R1 = 0.0270 

wR2 = 0.0990 

R1 = 0.0766 

wR2 = 0.2159 

aR1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, 
bwR2 = [Σw(Fo

2  ̶  Fc
2)2/Σw(Fo

2)2]1/2 

atoms were refined with anisotropic thermal parameters. Hydrogen atoms are situated in their 

geometrically idealised positions and constrained to ride over their parent atoms. The 

crystallographic data of CP1 and CP2 are summarised in Table 2.1 and selected bond angles 

and bond lengths are tabulated in Table 2.2 and 2.3. 

 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit43
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Table 2.2 Selected bond lengths and bond angles in CP1. 

Zn(1)  -  O(1) 1.9870(19) N(1) - Zn(1) - O(4)b 87.32(8) 

Zn(1)  -  O(3) 2.082(2) N(2) - Zn(1) - N(3) 75.55(8) 

Zn(1)  -  N(1) 2.154(2) N(2) - Zn(1) - O(4)b 82.66(7) 

Zn(1)  -  N(2) 2.080(2) N(3) - Zn(1) - O(4)b 86.46(8) 

Zn(1)  -  N(3) 2.166(2) Zn(1) - O(3) - C(1) 120.03(17) 

Zn(1)  -  O(4)b 2.510(2) C(4) - O(4) - Zn(1)a 122.45(18) 

O(1) - Zn(1) - O(3) 100.39(8) Zn(1) - N(1) - C(15) 115.47(17) 

O(1) - Zn(1) - N(1) 110.65(8) Zn(1) - N(1) - C(19) 125.85(16) 

O(1) - Zn(1) - N(2) 163.19(8) Zn(1) - N(2) - C(10) 119.84(16) 

O(1) - Zn(1) - N(3) 95.85(8) Zn(1) - N(2) - C(14) 118.93(16) 

O(1) - Zn(1) - O(4)b 82.41(7) Zn(1) - N(3) - C(5) 124.97(16) 

O(3) - Zn(1) - N(1) 95.18(8) Zn(1) - N(3) - C(9) 115.85(17) 

O(3) - Zn(1) - N(2) 94.03(7) N(1) - Zn(1) - N(3) 151.69(7) 

O(3) - Zn(1) - N(3) 89.46(8) N(1) - Zn(1) - N(2) 76.27(8) 

O(3) - Zn(1) - O(4)b 175.29(8)   

a = x,-1+y,z                          b = x,1+y,z 

 

Table 2.3 Selected bond lengths and bond angles in CP2. 

Zn(1)  -  O(1) 1.961(4) N(1) - Zn(1) - N(2) 74.7(2) 

Zn(1)  -  O(3) 1.951(5) N(1) - Zn(1) - N(3) 150.69(18) 

Zn(1)  -  N(1) 2.211(6) N(2) - Zn(1) - N(3) 76.2(2) 

Zn(1)  -  N(2) 2.092(5) Zn(1) - O(1) - C(19) 119.5(4) 

Zn(1)  -  N(3) 2.174(7) Zn(1) - O(3) - C(3) 115.4(4) 

O(1)   - Zn(1)  -  O(3) 98.53(18) Zn(1) - N(1) - C(14) 116.1(4) 

O(1)   - Zn(1)  -  N(1) 92.3(2) Zn(1) - N(1) - C(18) 125.6(4) 
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O(1)   - Zn(1)  -  N(2) 132.83(19) Zn(1) - N(2) - C(9) 117.8(4) 

O(1)   - Zn(1)  -  N(3) 104.9(2) Zn(1) - N(2) - C(13) 119.9(4) 

O(3)   - Zn(1)  -  N(1) 105.0(2) Zn(1) - N(3) - C(4) 126.3(5) 

O(3)   - Zn(1)  -  N(2) 128.6(2) Zn(1) - N(3) - C(8) 115.4(5) 

O(3)   - Zn(1)  -  N(3) 95.8(2) N(1) - Zn(1) - N(3) 150.69(18) 

a = x,-1+y,z                          b = x,1+y,z 

2.2.4. UV-Visible and Fluorescence experiments 

Finely powdered CP1 was mixed in 10 ml of CH3CN to make a suspension (1.0 × 10−3 M). An 

acetonitrile solution of CP2 (1 × 10−3 M) was also prepared in a similar way. All required metal 

M(OAc)x (M = Zn2+, Cu2+, Cd2+, Hg2+), M(NO3)x (M = Al3+, Pb2+, Co2+) and MClx (M = Mn2+, 

Ni2+, Fe3+, Mg2+, Ca2+, Ba2+, Na+, K+) solutions (1 × 10−3 M) were prepared in methanol. For 

all the spectral measurements (UV-visible, Fluorescence), a 50 μM working solution was 

prepared in H2O (HEPES buffer, pH 7.2) by taking 50 μl of the above stock solution and into 

this solution 1.00 equivalent of metal salt was added. A similar experiment was also performed 

using a solution of CP2 and the sensor experiments were performed at pH 7.2. Fluorescence 

measurements of CPs were carried out using excitation slit 15, emission slit 5 (CP1) and 

excitation slit 15, emission slit 7 (CP2). Excitation wavelengths of 285 nm (CP1) and 260 nm 

(CP2) were used for the fluorescence experiments. In the absence of quencher (Q), the lifetime 

is abbreviated as τ0 of CPs and the corresponding fluorescence quantum yield is abbreviated 

as ϕ0. According to the following equation: ϕ0/ϕ = 1 + Kqτ0[Q], where Kq is the rate constant 

and ϕ is the fluorescence quantum yield in the presence of the quencher. The fluorescence 

quantum yield is proportional to the emission intensity. The quenching rate constant were 

calculated using I0/I = KSV [Q] + 1, where I0 is the intensity of the coordination polymer 

(CP1/CP2), I is the intensity after the addition of Cu2+ ions and KSV = Kqτ0 (Stern–Volmer 

constant). 
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2.2.5. Cell line culture 

Hep G2 (Human liver cancer cell line) and WI-38 (human lung fibroblast cells) were procured 

from the National Center for Cell Science (NCCS) Pune, India. These human cells were 

cultured in DMEM, 10% FBS (Fetal Bovine Serum), and penicillin/streptomycin (100 units 

per ml) at a temperature of 37 °C and CO2 pressure of 5%. All the treatments were performed 

at a cell density that facilitates growth of the cells exponentially. 

2.2.6. Cell Imaging 

The HepG2 cells were cultured for 24 h in coverslips. The cultured cells were then either mock-

exposed or exposed to CP1/CP2 at a concentration of 10 μM of CP1/CP2 in the absence or 

presence of Cu2+ salts (10 μM) and were incubated for a span of 24 h at a temperature of 37 

°C.44 Thorough washing was then carried out with 1 × PBS buffer solution and the cells were 

used for investigation under a fluorescence microscope (Leica). 

2.2.7. Cell survivability assay 

The cell survivability study of CP1 and CP2 was performed against the human lung fibroblast 

cells, WI-38.45 To carry out the MTT assay, the viability of WI-38 cells was assessed after 

exposure to several concentrations of the ligand. The cells were seeded at 1 × 104 cells per well 

in 96-well plates and were treated with the ligand at different concentrations (0–100 μM) for a 

span of 24 h. The cultured cells were washed twice with 1 × PBS and incubated at a temperature 

of 37 °C with a solution of MTT (450 μg ml−1) for a period of 3–4 h. The MTT solubilisation 

buffer was employed to dissolve the produced formazan crystals and the peak of absorbance 

was observed at 570 nm with the aid of a spectrophotometer (BioTek). 

2.3. Results and Discussion 

2.3.1. Structural Description of CP1 and CP2 

Single crystal X-ray data reveal that CP1 crystallises in the triclinic space group P  with Z = 2. In 

the molecular unit, Zn(II) appears in a distorted octahedral geometry with a ZnO3N3 coordination 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit44
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit45
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sphere. Three-Ns are coming from 4-Cltpy in a chelating fashion, two-O atoms coordinate from two 

adc2− anions in a monodentate fashion and one H2O molecule is also coordinated (Figure 2.2a). 

Hence, dicarboxylate anions bridge two Zn2+ centres and form a linear 1D polymeric chain (Figure 

2.2b) [Zn1–O1, 1.987(19), Zn(1)–O(3), 2.082(2), Zn1–O4, 2.510(2), Zn1–N2, 2.085(2), Zn1–N1, 

2.147(2), Zn1–N3, 2.211(3) Å]. Strong intermolecular hydrogen bond formation occurs between 

the coordinated H2O and carboxylato-O of adc2− with the O⋯H separation of 1.958 Å (Figure 2.3). 

This intermolecular H-bonding interaction has been employed for the formation of a 2D 

supramolecular assembly.  

 

 

Figure 2.2. (a)The coordination atmosphereof hexa-coordinated Zn(II) in CP1, (b) View of 1D 

coordination polymer with four Zn(II) center, (c)  interaction in CP1,(d) Supramolecular 

assembly of linear 1D coordination polymer. 
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Figure 2.3. (a) H-bonding interaction between water and adc2- ion in CP1. (b) spell field model 

of CP1. 

There are π⋯π stacking interactions between the adjacent pyridine rings of 4-Cltpy (Figure 2.2c). 

Thus H-bonding along with π⋯π stacking gives rise to supramolecular aggregates (Figure 2.2d). 

Dutta et al. designed a Zn(II)-based 1D CP of the same ligands, but the coordination atmosphere 

and the structural architecture are different.46 

The asymmetric unit of the block shaped colourless crystals of CP2, space group-triclinic, P

 and Z = 2, displays a distorted trigonal bipyramidal geometry where Zn(II) is coordinated 

with three N atoms of 4-Cltpy in a tridentate fashion and two carboxylate-O of the 

muca2− moiety coordinated in a monodentate fashion (Figure 2.4a). This coordination repeating 

unit is extended into a 1D linear polymeric structure through muca2− bridging with two Zn(II) 

centres. Elongation of the asymmetric unit along the “a” axis generally forms a beautiful zig 

zag structure (Figure 2.4b). The connectivity of the neighbouring carboxylate-O with the Zn(II) 

centres generates a 1D CP [Zn1–O1 1.961(4), Zn1–O3 1.951(5), Zn1–N2 2.092(5), Zn1–N1 

2.211(6), Zn1–N3 2.174(7) Å] which assembles through π⋯π interaction (Figure 2.5) and 

displays a chair-like structure (Figure 2.4c). The distance between the neighbouring π clouds 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit46
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of two 1D coordination polymers is 3.843 Å. The supramolecular aggregate ion of the 1D 

coordination polymer due to C–Cl⋯π, C–H⋯π and π⋯π interactions is shown in Figure 2.4d. 

The phase purities of CP1 (Figure 2.6a) and CP2 (Figure 2.6b) were determined from PXRD 

data. 

 

 

 

Figure 2.4 (a)The coordination atmosphereof penta-coordinatedZn(II) in CP2,(b)View of 1D 

Coordination polymer with four Zn(II) centre,(c) View of interaction in 

CP2,(d)Supramolecular assembly of linear 1D coordination polymer. 
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Figure 2.5. (a) Supramolecular aggregate of 1D coordination polymer. (b) Spell field model 

of CP2. 

 

Figure 2.6. Powder X-ray Diffraction analysis of CP1 (a) and CP2 (b). 

The thermal stability of the CP1/CP2 coordination polymers was checked by thermogravimetric 

analysis (TGA), which was performed in the temperature range of 30–900 °C, at a rate of 10 °C 

min−1 under a N2 atmosphere. For CP1, the first weight loss of 3.82% (calcd. 3.90%) was observed 

in the temperature range of 175–180 °C, which is due to the loss of a water molecule from the crystal 

lattice. This compound is stable up to 350 °C and then decomposes (Figure 2.7a). For CP2, weight 

loss starts at 300 °C, and it is stable up to 340 °C and then decomposes (Figure 2.7b). The TGA 



Chapter 2 

66 

analysis of CP1 shows that there is one water molecule in the lattice. But below 200 °C, no weight 

loss for CP2 is observed, which means that there is no coordinated water molecule in the crystal 

lattice. 

 

Figure 2.7. Thermogravimetric analysis (TGA) spectra of CP1 (a), CP2 (b). 

 

 

Figure 2.8. (a) UV Visible spectra of CP1 and CP1+Cu2+ in aqueous medium. (b) UV-Visible 

spectra of CP2 and CP2+Cu2+ in aqueous medium. 
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Figure 2.9. (a) Emission spectra of CP1 in presence of different metals ion solutionwith excitation 

wavelength 285 nm in water medium; (b) Emission spectra of CP2 in presence of different metals ion 

solution with excitation wavelength 260 nm in water medium; (c) Change in fluorescence emission 

spectra of CP1 upon addition of Cu2+ ion with excitation wavelength 285 nm in aqueous medium; (d) 

Fluorescence quenching of CP2 on adding Cu2+ ion with excitation wavelength 260 nm in aqueous 

medium. 

2.3.2. Fluorescence quenching performance of CP1/CP2 towards Cu2+ 

The UV-visible spectrum of CP1 in aqueous solution displays two absorption bands at 327 and 

315 nm (Figure 2.8a). Similarly, CP2 also shows peaks at 327 and 316 nm (Figure 2.8b). 

CP1 and CP2 exhibit emission in aqueous media at 354 nm (CP1) and 352 nm (CP2) (room 
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temperature 27 °C) upon excitation at 285 and 260 nm, respectively. Polypyridines are 

excellent π-acidic fluorophoric scaffolds and Zn(II) coordination (d10 configuration) 

complexes of polypyridines are highly emissive due to the elimination of photo-induced 

electron transfer (PET) and inclusion of chelation enhanced fluorescence (CHEF). Thus, the 

Zn(4-Cltpy)-scaffold is emissive in nature.47 The emission intensity (354 nm/352 nm) 

drastically decreases upon addition of Cu2+ ions (Figure 2.9a-b), but other metal ions (Zn2+, 

Cd2+, Hg2+, Al3+, Pb2+, Co2+, Mn2+, Ni2+, Fe3+, Mg2+, Ca2+, Ba2+, Na+, K+ (MCln, M(OAc)n, 

M(NO3)n, where n = 1, 2, 3)) do not exhibit any significant change in emission property. To 

examine the effect of anions, the copper salts of different anions (Cl− NO3
−, SO4

−, OAc−, ClO4
−) 

were used and no significant change of fluorescence behaviour is observed (Figure 2.10a (CP1) 

and Figure 2.10b (CP2)). Hence, the emission property of CPs is indifferent to anions. For 

quantitative detection of Cu2+ ions, fluorometric titration was also performed for CP1 (Figure 

2.9c) and CP2 (Figure 2.9d). The emission intensity (354 nm (CP1) and 352 nm (CP2)) 

gradually decreases upon addition of Cu2+ ions (1.5 μL in every step). The emission intensity 

 

Figure 2.10. (a) Emission Intensity of CP1 in presence of different Cu2+ salts, (b) Emission 

Intensity of CP2 in presence of different Cu2+ salts. 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit10
https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit47
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 of CP1 and CP2 does not change with variation of the pH (2 to 12), the complexes are emissive 

in the pH range used and in the presence of Cu2+ ions, the emission is quenched without 

preferring any pH (Figure 2.11). The fluorometric experiments were evaluated at pH = 7.2 

maintained by HEPES buffer. The Stern–Volmer constant, KSV, is calculated 

from I0/I = KSV [Q] + 1 (I0, the intensity of the coordination polymer (CP1/CP2) only; I, the 

intensity after the addition of Cu2+ ions) and it is 2.30393 × 105 M−1 (CP1; Figure 2.12) and 

3.685 × 105 M−1 (CP2, Figure 2.13). The calculated lifetime (τ0) is 1.5145 × 10−9 s (CP1) and 

1.6478 × 10−9 s (CP2) before addition of the quencher. Here, KSV = Kqτ0 » 1; this indicates 

static quenching for both CPs. The results display that the Ksv value of CP2 is higher than that 

of CP1 and the lifetime ((τ0) values are nearly the same for both CPs.  

 

Figure 2.11. (a) Emission Intensity of CP1 and CP1 in presence of Cu(II) ion at different pH, 

(b) Emission Intensity of CP2 and CP2 in presence of Cu(II) ion at different pH. 

As a result, the quenching rate constant Kq is higher in CP2 than CP1. In addition, the quencher 

Cu2+ is more efficient for CP2 than CP1, i.e., CP2 is more sensitive towards Cu2+ quenching. 

From the above experimental evidence, it is concluded that the CPs (CP1 and CP2) are efficient 

Cu2+ ion sensors; the efficiency of the Zn(II)-coordination 
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Figure 2.12. (a) Stern-Volmer plot of CP1. (b) Stern-Volmer plot of CP1 at lower range of 

quencher [Cu2+] (in M) concentration. 

 

Figure 2.13. Stren-Volmer plot of CP2. (b) Stern-Volmer plot of CP2 at lower range of 

quencher [Cu2+] (in M) concentration. 

polymers has been compared with some other reported results in the literature.37,48–50 However, 

Cu2+ quenching in an aqueous medium with a low limit of detection is still challenging. The 

Zn(II) CPs in this work are highly selective to Cu2+ ions compared to the reported data (Table 

2.4). According to the World Health Organization (WHO) and U.S. Environmental Protection 

Agency (EPA), the limit of copper concentration is 2 ppm and 1.3 ppm in drinking water, 

respectively. Here, the detection limits of CP1 (0.06 ppm) and CP2 (0.03 ppm) (calculated by 

3σ/M, where M = slope, σ = standard deviation) mean that very low concentrations of Cu(II) 

https://pubs.rsc.org/en/content/articlelanding/2021/nj/d1nj00917f#cit37
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are easily detectable by the present CPs (Figure 2.14). The Cu(II) sensitivity of CP2 (LOD, 

0.06 μM or 0.03 ppm) is about twice that of CP1 (LOD, 0.14 μM or 0.06 ppm).  

Table 2.4. Comparison data for Cu2+ ion sensor. 
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Figure 2.14. (a) The linear dynamic response of CP1 for Cu2+ ion and the determination of the 

limit of detection (LOD) of Cu2+ ion. (b) The linear dynamic response of CP1 for Cu2+ ion and 

the determination of the limit of detection (LOD) of Cu2+ ion. 

 

Figure 2.15. Interference of various metal ions with Cu2+ in CP1 (a) and CP2 (b). 

The results may have some correlation with the structure of the CPs; Zn(II) is six coordinated 

(bond length C(1)–O(2) = 1.224 Å and ∠O(1)–Zn(1)–O(4) = 82.40°) and distorted octahedrally 

arranged in CP1, while it is five coordinated (bond length C(1)–O(2) = 1.243 Å and ∠O(1)–

Zn(1)–O(3) = 98.53°) and distorted trigonal pyramidal in CP2. Interaction of carboxylato-O 

towards Cu2+ ions become easier in CP2 than in CP1. This is because the longer –‘CO’ bond 

length and less steric hindrance (six coordinate and higher bond angle) in CP2 may allow better 

energy transfer in the excited state.  
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Figure 2.16 (a) Excited state decay profile of prompt, CP1 and Cu2+ ion with CP1 in aqueous 

medium. (b) Excited state decay profile of prompt, CP2 and Cu2+ ion with CP2 in aqueous 

medium. 

The quenching effect of Cu2+ in the presence of different competitive cations, like Zn2+, Cd2+, 

Hg2+, Al3+, Pb2+, Co2+, Mn2+, Ni2+, Fe3+, Mg2+, Ca2+, Ba2+, Na+, and K+, is shown in Figure 

2.15. Comparing the interference plots of the two CPs, it is shown that the quenching effect of 

Cu2+ ions in CP2 is interfered with by Cr3+ ions. The fluorescence lifetimes (τ) of CP1 and 

CP2 in the presence of Cu2+ ions are 3.4755 × 10−9 s and 2.5095 × 10−9 s, respectively, but the 

free CPs have a life time (τ0) of 1.5145 × 10−9 s (CP1) and 1.6478 × 10−9 s (CP2) (Figure 2.16). 

In the selective sensing of Cu2+ by CP1 and CP2 have no effect of constituent ligands (Figure 

2.17). 
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Figure 2.17 (a) Emission intensity of CP1, constitute materials of CP1 and their intensity 

change in presence of Cu(II) ion. (b) Emission intensity of CP2, constitute materials of CP2 

and their intensity change in presence of Cu(II) ion. 

 

 

Figure 2.18. (a) interaction between CP1 moiety, (b)interaction between Cu(II) and CP1, (c) 

interaction between CP2 moiety, (d) interaction between Cu(II) and CP2. 
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The mechanism of luminescence quenching in the CP system has been explored in various 

ways. As these hybrid materials are constructed of a metal centre connected through organic 

ligands, upon introduction of analytes (ions or small molecules) there is a chance of collapse 

of the framework. But in the case of CP1 and CP2, the PXRD (Figure 2.6), IR (Figure 2.1) 

(before and after Cu2+ addition) and absorption spectra (Figure 2.8) remain undistorted and 

indicate the retention of the structural architecture. The 1D chain of the coordination polymers 

are self-assembled by C–H⋯π, π⋯π and C–Cl⋯π interactions, and the emission of the CPs is 

significant. Upon interaction with paramagnetic Cu2+, the excited energy transfer causes 

quenching (Figure 2.18). 

2.3.3. Cell imaging study 

The cellular uptake of CP1 and CP2 (10 μM) by hepatocellular carcinoma cells, HepG2, has 

been examined by fluorescence microscopy. A promiscuous blue signal is evident for the cells 

treated with CP1 (Figure 2.19a) and CP2 (Figure 2.19b). The blue signal immediately 

disappears after the addition of Cu2+ (10 μM). Thus, it can be concluded that the cells 

internalize the compounds CP1 and CP2 readily. 

2.3.4. Cell survivability assay 

The in vitro cytotoxicity of the ligands is testified by the biocompatibility against the normal 

human lung fibroblast cells, WI-38. The cells were exposed to various concentrations (20 μM, 

40 μM, 60 μM, 80 μM and 100 μM) of the ligand for a span of 24 h and afterwards an MTT 

assay was performed. The results clearly depict the lack of any toxicity of the CPs against WI-

38 cells, even when they are treated with a 100 μM concentration (Figure 2.19c). Henceforth, 

the CPs are non-hazardous and can be effectively implemented in various biological arenas. 
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Figure 2.19. Image depicting the internalization of CP1 (a) and CP2 (b) within HepG2 cells, 

(c) Cell survivability assay on normal lung fibroblast cells, WI38 which confirms the 

biocompatibility of CP1 and CP2. 

2.4. Conclusion 

4-Cltpy serves as an end capping ligand and dicarboxylates adc2−/muca2− are chain propagating 

ligands to constitute Zn(II)-based 1D CPs. These CPs displayed strong emission in aqueous 

solution. Significantly, in an aqueous medium, these compounds are able to detect Cu2+ ions at 

LOD 0.14 μM (0.06 ppm) (CP1)/0.06 μM (0.03 ppm) (CP2). Cell imaging supports the 

biocompatibility of the respective CPs and intracellular Cu2+ detection in HepG2 cells. The cell 

survivability assay displays the tolerance limit as 100 μM. 
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Abstract 

The coordination polymer, (1), {[Zn(2,6-NDC)(4-Cltpy)](H2O)4} (1) (2,6-H2NDC = 2,6-

Naphthalene dicarboxylic acid and 4-Cltpy = 4′-chloro-[2,2′;6′,2′′]terpyridine) is structurally 

characterised by Single Crystal X-Ray Diffraction measurement and other physicochemical 

studies (PXRD, FTIR, Thermal analysis, Microanalytical data). 4-Cltpy acts as end capping 

ligand and NDC2- is a carboxylato bridging motif to constitute ZnN3O2 distorted trigonal bi-

pyramid core that propagates to construct 1D chain. The coordination polymer, 1 detects total 

iron (Fe3+ and Fe2+) in aqueous solution by visual colour change, colourless to pink. Absorption 

spectrophotometric technique in aqueous medium measures the limit of detection (LOD) 0.11 

M (Fe2+) and 0.15 M (Fe3+) and binding constants (Kd) are 6.7 × 104 M-1 (Fe2+) and 3.33 × 

104 M-1 (Fe3+). Biocompatibility of 1 is examined in live cells and intracellular Fe2+ and Fe3+ 

are detected in MDA-MB 231 cells. Zn(II) substitution is assumed upon addition of FeIII/FeII 

solution to the suspension of the coordination polymer, 1 in water-acetonitrile (41:1) (LZnII + 

FeIII/IILFeIII + ZnII, where L is defined as coordinated ligand) which is accompanied by 

changing colourless to pink at room temperature. The colour of the mixture may be assumed 

to the charge transfer transition from carboxylate-O to Cltpy via Fe(II/III) bridging centre 

(carboxylate-O-Fe-CltPy). The product isolated from the reaction is finally characterized as 

Fe(III)@1-CP. It is presumed that product Fe(II)@1-CP may undergo fast aerial oxidation to 

transform Fe(III)@1-CP. The FeIII exchanged framework (Fe(III)@1-CP) has been 

characterized by PXRD, IR, TGA and energy dispersive X-Ray analysis (EDX)-SEM. The 

MTT assay calculates the Cell viability (%) and the tolerance limit is 100 M to total of Fe2+ 

and Fe3+. 
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3.1. Introduction 

In the field of material chemistry, the coordination polymers (CPs) 1-13 are receiving great 

attention (Chapter 1) due to their novel applications like gas absorption, catalysis, electrical 

conductivity, magnetism, photocatalytic reduction and oxidation, chromatographic Separation, 

water splitting, electrochemistry, drug delivery, energy saving device fabrication, sensing and 

dye degradation etc.14-34 Use of CPs as sensor35-40 for the detection of trace quantity of ions, 

various pollutants, explosive materials, volatile organic compounds41-43 is currently focused in 

chemical, environmental, engineering and biomedical research. The sensing property of CPs 

(Chapter 2) in aqueous medium is a challenging task because biologically important ions are 

sorbed in living cells mainly from food, drinks, beverages etc. In comparison to molecular 

sensors CPs are beneficial and sustainable because of stability, flexibility and reusability. 

However, the sensing of paramagnetic ions/molecules is troublesome by fluorescence process 

because of paramagnetic quenching; absorption spectrophotometric process is more useful in 

this respect. 

The stable CPs/MOFs may be formulated following the selection of metal ion(s) and ligand 

centres using the Hard and Soft Acid Base (HSAB) principle.44-47 The -COO and pyridyl-N 

donor ligands are considered as a hard base and binding with the hard acid like Fe3+, Cr3+, Ti4+, 

Zr4+ etc. to form stable CPs. Sometimes, the post synthetic metathesis (PSM) and red-ox 

reactions48-50 may be used to transform more stable and useful CPs. The metal exchange 

reaction by the post-synthetic method is one of the common tools for the synthesis of new 

CPs.49-55 

Iron (Fe) is an essential element in the growth of civilization and life. Iron oxides form the 

outer layer and inner core of the earth. It is widely used in equipment manufacturing, 

construction of road, railway, bridge, housing, industry, surgical instrument and the growth of 
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human society.56 In living organism iron is an important trace element; it is the main component 

of oxygen binding centre in blood and nitrogen fixation of nitrogenase enzyme, redox centre 

in Cytochromes, ferredoxins, ferritin etc. Fe is important for the electron transfer process at the 

time of formation of DNA and RNA in biological system.57-59 In the ecosystem, Fe is increasing 

due to massive discharge of industrial wastes. Excess amount of Fe in body causes DNA 

damage, lipid peroxidation, imbalance of oxidant and antioxidant system which is related to 

the tumour in liver, colon and other organs.60-63 Some of the CPs/MOFs are known for the 

quantitative estimation of trace amount of Fe2+/3+.64-74 However, very few CPs are available to 

sense total amount of Fe2+ and Fe3+ .75,76 Therefore, it is urgently needed to design a suitable 

probe which can detect selectively and sensitively total iron (Fe3+ and Fe2+) in the consumable 

media. 

With this consideration in mind, we synthesise a compound (1) of 2,6-Naphthalene 

dicarboxylic acid (H2NDC) where 4′-chloro-[2,2′;6′,2′′]terpyridine (4-Cltpy) serves as 

tridentate end capping ligand. The coordination polymer (1) is used to detect trace amount of 

total Fe (Fe2+ and Fe3+) by absorption spectrophotometric method in aqueous solution in 

presence of other cations (Al3+, Cr3+, Zn2+, Pb2+, Co2+, Mn2+, Ni2+, Cu2+, Mg2+, Ca2+, Ba2+,Cd2+, 

Hg2+, Na+). Isolation of Fe(III)@1-CP from the reaction of compound (1) in water-acetonitrile 

(41:1) suspension with Fe(II) or Fe(III) solution in air and the physicochemical characterisation 

(PXRD, IR, TGA, (EDX)-SEM) of the product has accounted the plausible substitution of 

Zn(II) by Fe(II)/Fe(III) from 1 (followed by fast air oxidation of Fe(II) in case of substitution 

by Fe(II)). The cell line efficiency of 1 is examined by MTT assay and the cell survivability is 

determined for MDA-MB 231 and WI38. The effects of 1 on the growth of MDA-MB 231 

cells in presence of Fe2+ and Fe3+ are also examined. 
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3.2. Experimental Section 

3.2.1. Materials and physical methods 

Zn(NO3)2·6H2O, 4′-Chloro-[2,2′;6′,2′′]terpyridine (4-Cltpy), 2,6-Naphthalene dicarboxylic 

acid (H2NDC) were procured from Sigma-Aldrich Chemical company. All other reagents were 

collected Mark, India and used without further purification. PerkinElmer 2400 CHNS/O 

elemental analyser were collected the Microanalytical data (C, H, N). FTIR spectra have been 

investigated using a KBr disc on a PerkinElmer RX-1 FTIR Spectrophotometer in the 4000-

400 cm−1 range. Utilizing a Pyris Diamond Thermogravimetric Analyzer (TGA) in the 

temperature range of 30-850 °C, the thermal stability of the coordination polymer was 

evaluated. Powder X-ray diffraction (PXRD) data were recorded using a X-ray diffractometer 

(Bruker D8 Advance). Carl Zeiss SUPRA 55VP FESEM was used to record the morphological 

characterization via FESEM micrograph. Oxford Instruments X-Max linked to the FESEM 

with INCA software was used to evaluate the elemental analysis via EDX. Fluorescence and 

UV-Vis spectra were recorded on a PerkinElmer spectrofluorometer model LS55 and 

PerkinElmer Lambda 25 spectrophotometer, respectively. Horiba Jobin Yvon Fluorescence 

Spectrophotometer was used for measurement of Fluorescence lifetime. Cell line Study was 

examined using fluorescence microscope (Leica) using 350 nm monochromatic laser beams. 

3.2.2. Synthesis of coordination polymer 1, 

Methanol solution (2 mL) of 4-Cltpy (0.054 g, 0.2 mmol) was slowly injected into aqueous 

solution Zn(NO3)2·6H2O (0.06 g, 0.2 mmol, 2 mL) and H2O-MeOH buffer (1:1, v/v; 2 mL), 

followed by the subsequent addition of ethanolic solution (2 mL) of H2NDC (0.023 g, 0.2 

mmol) neutralized by Et3N (0.042 g, 0.4 mmol). Block shaped colourless crystals were 

obtained by slow evaporation for a week. Synthesis of 1 is following the route of Scheme 3.1. 

Elemental analysis (%) for C27H24ClN3O11Zn: Calcd.: C, 49.59; H, 3.62; N, 6.30. Found: C, 
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49.65; H, 3.67; N, 6.38. FTIR ͞data: ν (cm-1); ν(C=O), 1614; as(COO), 1551  νsys(COO), 1341; 

(C-Cl), 905 cm-1 ( Figure 3.1). 

 

Scheme 3.1. Synthesis of Coordination polymer 1, reaction of Zn(NO3)2 with 4-Cltpy and 2,6-

H2NDC. 

 

Figure 3.1. IR spectra of constitute ligands and compound 1. 
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3.2.3. Structure determination by Single Crystal X-Ray Diffraction Studies 

The crystal of compound 1, with suitable dimension (0.15× 0.08× 0.05 Å3) was used for data 

collection from the Single Crystal X-Ray diffraction using Bruker APEX-II CCD 

diffractometer equipped with graphite-monochromatized Mo-Kα radiation (λ = 0.71073 Å) at 

273(2) K. SHELX-97 package helped to evaluate single crystal structure. The indexing and  

Table 3.1. Crystal data and refinement parameters for compound 1 

Formula C27 H29 Cl N3 O11 Zn 

CCDC No. 2117331 

fw 672.37 

Crystal system monoclinic 

space group C 2/c 

a (Å) 13.4146(10) 

b (Å) 24.4795(19) 

c (Å) 11.5313(9) 

(deg) 90 

(deg) 124.357(2) 

γ (deg) 90 

V (Å3) 3126.1(4) 

Z 4 

Dcalcd(g/cm3) 1.429 

(mm-1) 0.932 

(Å) 0.71073 

data[I >2(I)]/params 2527/ 215 

GOF on F2 1.04 

final R indices[I >2σ(I)]a,b R1 = 0.0289 

wR2 = 0.0870 

aR1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, 
b wR2 = [Σw(Fo

2  ̶  Fc
2)2/Σw(Fo

2)2]1/2 

scaling of the data set, as well as cell refinement, were accomplished using the Bruker Smart 

Apex and Bruker Saint packages77. Direct method was used and subsequent Fourier analyses,78 
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to solve the structure. The structure was refined using the F2 based full-matrix least-squares 

technique with all detected reflections79 and anisotropic thermal parameters were applied to 

optimize non-hydrogen atoms. Hydrogen atoms are forced to ride over their parent atoms in 

their geometrically perfect position. The WinGX System, Ver 2018.3.39 was used for the 

calculations. Mercury 3.10.3 and Discovery Studio 2017R2 were used to prepare all the 

Molecular pictures. The crystallographic data of 1 were summarised in Table 3.1 and Table 

3.2 recorded the bond angle and bond lengths.                   

Table 3.2 Selected bond lengths and bond angles in 1. 

Zn(3)  -  O(12) 1.9817(19) N(7)-Zn(3)-N(6) 75.52(5) 

Zn(3)  -  O(12_a) 1.9817(19) O(12_a)-Zn(3)-N(6) 105.84(7) 

Zn(3)  -  N(7) 2.083(2) O(12_a)-Zn(3)-N(6_a) 93.81(7) 

Zn(3)  -  N(6) 2.1564(16) N(7)-Zn(3)-N(6_a) 75.52(5) 

Zn(3)  -  N(6_a) 2.1564(16) N(6)-Zn(3)-N(6_a) 151.05(7) 

O(12)-Zn(3)-O(12_a) 94.52(8) C(27)-O(12)-Zn(3) 112.74(13) 

O(12)-Zn(3)-N(7) 132.74(5) C(37_a)-N(7)-Zn(3) 119.42(12) 

O(12)-Zn(3)-N(6) 93.81(7) C(42)-N(6)-C(38) 118.87(17) 

O(12)-Zn(3)-N(6_a) 105.84(7) C(38)-N(6)-Zn(3) 116.16(13) 

O(12_a)-Zn(3)-N(7) 132.74(5) C(27)-O(12)-Zn(3) 112.74(13) 

O(12_a)-Zn(3)-N(6) 105.84(7) C(37)-N(7)-Zn(3) 119.42(12) 

  O(12_a)-Zn(3)-N(6_a) 93.81(7) 

 

3.2.4. Sensing Experiments 

A stock solution of 1 (1×10-3 M) was prepared by dissolving requisite amount of compound 1, 

in acetonitrile solution.  NaCl, KCl, CuCl2, ZnCl2, CdCl2, HgCl2, AlCl3, PbCl2, CoCl2, MnCl2, 

FeCl3, MgCl2, CaCl2, BaCl2, MnCl2, NiCl2, CrCl3 and (NH4)2Fe(SO4)2·6H2O salts were used 
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to prepare (1×10-3 M) aqueous solution using deionised water. For the measurement of UV-

Visible experiments, 50 M main solutions was prepared in water (HEPES buffer, pH 7.2) by 

taking the above stock solution and 1.00 equivalent metal salts were added into this solution. 

After mixing the metal ions in the coordination polymer 1 solution and then examined their 

spectra at 25C. 

Limit of detection (LOD) of Fe (Fe2+ and Fe3+ separately) were calculated using titration of 

UV-Visible measurement. Standard deviation was scrutinized from absorbance of coordination 

polymer (1). The LODs were evaluated using 3M method, where  is the standard deviation 

and M is slope of the calibration curve. Binding constant values of Fe2+ and Fe3+ with 1 were 

calculated using absorbance data following Benesi–Hildebrand equation, 

1/ΔA = 1/ΔAmax + (1/Kd[C])(1/ΔAmax). Here ΔA = A-A0 and ΔAmax = Amax-A0, where A0 = 

absorbance value of 1 measured in the absence of Fen+, A = absorbance values at an 

intermediate Fen+ concentration, Amax = Absorbance at saturation concentration of Fen+ and [C] 

= concentration of cation, Kd = binding constant. The value of Kd calculated from slope of this 

plot (Amax-A)/(A-A0) vs. 1/[C] for Fen+, where n = 2, 3. Thermal stability of the compound 1 

was determined using thermogravimetric analysis (TGA) with the temperature range 30-850 

C. Stability in excited state of 1 in presence and absence of Fe3+ was evaluated from life time 

plot. 

3.2.5. Cell line study 

Human cancer cell line MDA-MB 231 and normal lung fibroblast cell line WI-38 (NCCS in 

Pune, India) was used in the present studies. The cell lines were cultivated in a T25 flask with 

DMEM supplemented with sodium pyruvate (1 mM), non-essential amino acids, 10% FBS, 

penicillin (100 units/L), gentamycin (50 mg/L), L-glutamine (2 mM), streptomycin (100 

mg/L), and in a humidified incubator with 5% CO2 at 37°C. 
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The cell survival test of 1 was investigated using the MTT cell proliferation assay. MDA-MB 

231 and WI-38 cells were seeded at a concentration of 1×104 cells per well in 96-well plates 

for 24 h of incubation which would be exposed at different concentrations of solution 1 ranging 

from (0 μM-100 μM) for the time period of 24 h. After incubation PBS (1X) was washed and 

MTT solution (0.5 mg/mL, 100 µL) was added to each well and incubated for 3-4 h (37°C) in 

humidified incubator (5% CO2). The solution of formazan crystals in DMSO was used and the 

absorbance data were collected at 570 nm as usual.80 

The fluorescence of 1 in the presence of Fe2+ and Fe3+ was envisioned using MDA-MB-231 

cells. MDA-MB -231 cells were grown in cover slips for 24 h and then added with 10 μM of 1 

in the presence or absence of 10 μM Fe2+/Fe3+ separately and incubated for the time period of 

30 min in dark at 37ºC and washed with 1×PBS and detected under fluorescence microscope 

(Leica) using 350 nm monochromatic laser beams.81 

3.3. Results and Discussion 

3.3.1. Structure of 1 

Single Crystal X-Ray structure determination has shown that the asymmetric unit of 1 consists 

of ZnN3O2 core in a distorted trigonal bipyramid geometry about Zn(II) with monoclinic crystal 

system, space group C 2/c, Z = 4. Dicarboxylato-O (-OOC-R-COO-) of NDC2- bridges adjacent 

Zn(II) centres and propagates zig-zag 1D coordination polymer (Figure 3.2).  4-Cltpy acts as 

tridentate-NNN end capping motif. Bond lengths [Zn(3)-O(12), 1.9829(13);  Zn(3)-O(12_a), 

1.9830(13); Zn(3)-N(7), 2.081(2); Zn(3)-N(6), 2.1559(16); Zn(3)-N(6_a), 2.1559(16) Å] and 

bond angles [O(12)-Zn(3)-O(12_a), 94.49(8); N(7)-Zn(3)-N(6), 75.53(4); N(7)-Zn(3)-N(6_a), 

75.53(4); N(6)-Zn(3)-N(6_a), 151.06(9)] (Figure 3.2a, Table 3.2) are comparable with the 

reported data.54 1D chain (Figure 3.2b) of CP forms 
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Figure 3.2. (a) Asymmetric unit of 1, (b) View of 1D chain of 1 along crystallographic c axis, 

(c)View interaction (3.888 Å) along crystallographic c axis of two 1D chain with short 

distance between two -cloud 3.887 Å, (d) H-bonding (1.932 Å) between CP and water 

molecules along crystallographic b axis. 

supramolecular (2D) assemble (Figure 3.3a-c, Table 3.3) by ππ(3.887 Å, Figure 3.2c), 

hydrogen bonding and C-Clπ (Figure 3.3d) interaction. H-boding between CP and water 

molecules also make a strong 1D chain (Figure 3.2d). 4-Cltpy ligand has shown nearly planer 

structure with a dihedral angel 3.11° (Figure 3.3e).  
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Figure 3.3. View of supramolecular assemble along a (a), b (b) and c (c) axis. (d) C-Cl··· 

interaction with a distance 3.6279 Å (e) Planarity checked in terpyridine moiety. (f) diameter 

determination. 
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Table 3.3. List of ···, C–Cl···π and H-bonding interaction in compound 1. 

··· interaction 

Ring(i) → Ring(j) Distance between the (i, j) ring 

centroids (Å) in the crystal 

[ARU(j)] 

R(4) → R(3) 3.8884(16) [  3666.01] 

R(4) → R(3) 3.8873(14) [  4564.01] 

C-Cl···π interaction 

C-Cl(i) ···Ring(j) Cl..R(j) C···Ring (Å) ∠C-Cl..R(j) (°) [ARU(j)] 

C(35) - Cl(1)R(5) 3.6274(9) 4.590(2) 113.09(2) [  3666.01] 

C(35) - Cl(1)R(6) 3.6274(9) 4.590(2) 113.09(2) [  5555.01] 

H-bonding interaction 

Type Donor--- H Acceptor D - H H...A ∠D - H...A [ARU] 

Intermolecular 

(Classical) 

O(1) -- 

H(1A) 

O(19) 0.85 2.09 150 [  1655.05] 

Intermolecular 

(Classical) 

O(1) -- 

H(1B) 

O(19) 0.85 2.02 159 [  3665.05] 

Intermolecular 

(Classical) 

O(2)  --H(2) O(19) 1.12(9) 2.42(8) 105(5) [  7555.05] 

Intermolecular 

(Classical) 

O(18) --

H(18B) 

O(12) 0.87(4) 1.93(4) 173(6) - 

Intermolecular 

(Classical) 

O(19) -- 

H(19A) 

O(11) 0.84(3) 1.98(3) 179(7) - 

Intermolecular 

(Classical) 

O(19) -- 

H(19B) 

O(2) 0.86(4) 2.09(4) 164(5) [  7555.03] 
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Figure 3.4. Powder X-ray Diffraction analysis of 1, 1 in different aqueous condition, 

Fe(II)@1-CP and Fe(III)@1-CP. 

Phase purity of coordination polymer 1 is determined by the PXRD (Figure 3.4). The stability 

of 1 has been checked by measuring the PXRD of water immersed compound 1 for seven days 

and also in boiling water for 24 h who does not show any change in the spectral pattern and 

supports the stability of 1 in water medium (Figure 3.4). 

3.3.2. Spectroscopic detection of Fe2+/ Fe3+ 

Absorption spectra of 1 suspended in water shows band at 325 and 282 nm. UV-Visible spectra 

of 1 show absorption at 558 nm in presence of Fe3+ and Fe2+ ion. In presence of other metal 

ions Al3+, Cr3+, Zn2+, Pb2+, Co2+, Mn2+, Ni2+, Cu2+, Mg2+, Ca2+, Ba2+, Cd2+, Hg2+, Na+, K+  the 
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spectra of 1 did not show any noticeable difference of the spectra of the compound 1 (Figure 

3.5a). UV-Visible experiments determine the Fe3+ and Fe2+ in aqueous medium. The  

 

Figure 3.5. (a) Change of absorption spectra with addition of different metal ions in probe 1, 

(b) Change of absorption intensity of probe 1 upon addition of Fe2+ gradually in an aqueous 

medium at the peak 558 nm, (c) Change of absorption intensity of probe 1 upon addition of 

Fe3+gradually in a aqueous medium at the peak 558 nm. 

absorption peak at 558 nm shows visual colour change from colourless to pink. Aqueous 

solution of 1 is weakly emissive (Figure 3.6). A The absorption peak at 558 nm observed after 
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adding Fe3+/2+ to 1 suspension may be due to the coordination of free oxygen donor centre of 

carboxylate-O of Ar-C(O)-O-Zn followed by substitution of Zn(II) by Fe(III)/Fe(II) which may 

allow charge transfer from carboxylato moiety to metal center (Fe) which consecutively 

transfer charge to -acidic chloroterpyridine (Cltpy) (Ar-COO-Fe-Cltpy).82-84 

 

Figure 3.6. Fluorescence spectra of 1 in water with excitation wavelength 325 nm. 

For quantitative detection of Fe3+ and Fe2+, titration was performed for 1 in aqueous medium. 

The absorption of coordination polymer 1 is increased gradually with addition (2.5 L in every 

step) of Fe2+ (Figure 3.5b) /Fe3+ (Figure 3.5c) at 558 nm. The experiment was performed at 

pH=7.2 maintained by HEPES buffer. Absorption intensity of 1 does not change in appreciably 

at the pH range 2 to 11 (Figure 3.7). Similarly, the absorption intensity remains insensitive to 

the variation of pH in the range of 2 – 11 even after addition of Fe2+/3+ ions (Figure 3.7). 

Thermal stability of coordination polymer 1 was examined by thermogravimetric analysis 

(TGA). Temperature range 30 – 850 C with rate 10 C/ min was performed TGA under the 

N2 atmosphere. 
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Figure 3.7. (a) pH plot of 1 and 1 in presence of Fe(II) ion. (b) pH plot of 1 and 1 in presence 

of Fe(III) ion. 

 

Figure 3.8. (a) TGA of 1, (b) TGA of Fe(III)@1-CP. 

For the coordination polymer 1, first weight loss 5.37 % (calcd. 5.35 % for 2H2O) at the range 

of 180-220 C was observed, which is due to loss of more weakly bounded two water molecule 

from crystal lattice. The compound is moderately stable upto 390 C (Figure 3.8) and 

decomposition started at 390 C. This decomposition has been completed at 727 °C. 

Excited state life time of 1 is 2.62 ns and in presence of Fe3+ is decreased to 1.87 ns (Figure 

3.9) and life time of 1 after addition Fe2+ is nearly same with the Fe3+ (Figure 3.9b).  
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Figure 3.9. (a) Excited state decay profile of prompt, 1 and Fe3+ ion with 1 in aqueous 

medium. (b) Life time plot of 1+ Fe(II) and 1+ Fe(III). 

 

Figure 3.10. (a) Limit of detection (LOD) plot of 1 in presence of Fe(II) ion. (b) Limit of 

detection (LOD) plot of 1 in presence of Fe(III) ion. 

Hence, the excited state stability of pure 1 is higher than in presence of Fe2+/3+ ions. This implies 

that Fe2+/3+ affects the integrity of the CP 1. Limit of detections (LOD) are 0.11 M and 0.15 

M for Fe2+ and Fe3+ respectively (Figure 3.10). Literature shows that sensing of Fe2+/3+ by 

CPs are scarce and the present result of Zn(II)-CP (1) is highly selective and sensitive (Table 

3.4). Binding constant (Kd) of 1 with Fe2+ (Figure 3.11a) and Fe3+ (Figure 3.11b) are 3.33 × 

104 M-1 and 6.7 × 104 M-1 respectively which shows that stronger binding with Fe3+ than the 
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Fe2+. The spectral effect of Fe2+ and Fe3+ in presence of other metal ions Al3+, Cr3+, Zn2+, Pb2+, 

Co2+, Mn2+, Ni2+, Cu2+, Mg2+, Ca2+, Ba2+, Cd2+, Hg2+, Na+, K+ is shown in Figure 3.12. 

Absorption intensity of 1, intensity change with different metal ions (M) and intensity diagram 

with Fe3+ along with different metal ions in aqueous medium. 

 

Figure 3.11. (a) Benesi-Hildebrand plot of 1 in presence of Fe(II) ion. (b) Benesi-Hildebrand 

plot of 1 in presence of Fe(III) ion. 

 

Figure 3.12.  (a) Absorption intensity of 1, intensity change with different metal ions (M) and 

intensity diagram with Fe2+ along with different metal ions in aqueous medium (b). 
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Table 3.4. Comparison of the sensitivities of 1 with previously reported CPs to Fe3+ and Fe2+ 

ions. 

Sl. 

No

. 

Ligand Selectivity 

(LOD) 

Solvent Live Cell 

Imaging 

Reference 

 

 

1. 

 

HN N

HO

 

20.85 M Water-

Methan

ol 

(1:4) 

No 85 

 

2. O

CN N

HO

OCH3 

14.53 μM Acetoni

trile 

No 86 

 

3. 
N

N

OH

N

 

10 μM MeCN No 87 

 

4. 

[Zn(L)0.5(2,6-NDC)]n (L = 1,6-bis(1-

(pyridin-4-ylmethyl)- 

1H-benzo[d]imidazol-2-yl)hexane, 

2,6-H2NDC = 2,6-

naphthalenedicarboxylic acid) 

0.82 μM MeOH No 88 

 

 

5. 

[Zn5(hfipbb)4(trz)2(H2O)2] 

( H2hfipbb = 4,4′ 

(hexafluoroisopropylidene)bis(benzoic 

acid), Htrz = 1H-1,2,3-triazole) 

0.20 μM Water No 89 
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6. 

 

[Co(OBA)(L1)0.5]n (1) and 

[Co(HBTC)(L2)]n (2) 

(H2OBA = 4,4′-oxybis(benzoic acid), 

H3BTC = 1,3,5-benzenetricarboxylic 

acid, 1,3-bis(1-(pyridin-4-ylmethyl)-

1H-benzimidazol-2-yl)propane (L1) 

and 1,4-bis(benzimidazol-1-yl)-2-

butene (L2)). 

6.92 μM 

(1) and 

10.16 

(2)μM 

water No 90 

 

7. 

 

1 

0.11 M 

(Fe2+) and 

0.15 M 

(Fe3+) 

Water Yes This 

Work 

 

3.3.3. Kinetic Study of compound (1) with aqueous solution of FeCl3 

The crystals of compound (1) was suspended in aqueous solution of FeCl3. The colourless 

crystals of 1 turned to dark brown (Figure 3.13). Energy Dispersive X-Ray Analysis (EDX) 

study reveals the exchange of Zn(II) by Fe(III). The metal exchange process may explain that 

the Zn-N and Zn-O bonds are dissociated and Fe-N and Fe-O bonds are formed. 

 

Figure 3.13. Color changes colorless to dark brown of crystal 1 uptake of Fe3+. 
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Figure 3.14. (a) Fe3+ uptake kinetic of 1 monitored via UV-Visible spectroscopy in water 

medium, (b) Absorbance vs. time (min) plot for Fe3+ uptake kinetic. 

The UV-Visible spectroscopy was used to determine the concentration of Fe3+ in solution after 

absorption by 1 (Figure 3.14, Figure 3.16) via substitution reaction; the uptake level of Fe3+ 

concentration was increased with increasing time. Crystal colour was changed from  

 

Figure 3.15. Absorbance of 1 in presence of Fe3+ after 2 days. 
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colourless to dark brown (Figure 3.13). Fe3+ uptake by coordination polymer is a substitution 

reaction that follows first order kinetics48 (like I2 sorption15) and rate constant (k) value is 2.20 

× 10-3 min-1 (Table 3.5) calculated from the plot of, log(qe – qt) vs t (min) (Eq. 3.1, 3.2). No 

further change of absorbance after 2 days (Figure 3.15) is observed, which indicates that the 

system has reached at equilibrium. Rate constant (k) of the process (uptake of Fe3+ by 

coordination polymer 1) was determined using UV-Visible spectroscopy.91,92 

 

 

Figure 3.16. (a) Fe(III) uptake UV-Visible experiments and calibration curve under five 

different concentration solutions at wavelength 558 nm, (b) Plot log(qt – qe) vs. time (min.) for 

calculation of rate constant (k) during the Fe(III) uptake kinetics of 1. 
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The following equation7-8 define the amount of Fe3+ uptake at the time t, 

𝒒𝒆(𝒕) =
𝑽(𝑪𝒊−𝑪𝒆(𝒕))

𝒎
                                                          (3.1) 

Where, Ce  and  Ct  are  the  concentration  at  equilibrium  (mol/L)  and  at  time  t,  Ci    is  

the  initial concentration of Fe3+ in water (mol/L), qe and qt are the amount of Fe3+ uptake at 

equilibrium (mol/mg) and at time t, m is the mass of CP of 1 were used (mg). 

The linear form of pseudo first order kinetic model is expressed by the following equation91-93, 

Where, qe and qt are  previously  defined,  k is  the  pseudo  first  order  rate  constant  for  the 

adsorption process (min-1). 

𝐥𝐨𝐠(𝒒𝒆 − 𝒒𝒕) = 𝒍𝒐𝒈𝒒𝒆 − (
𝒌

𝟐.𝟑𝟎𝟑
) 𝒕                                                   (3.2)       

Table 3.5. Determination rate constant (k) using the UV-Visible spectroscopy. 

Rate constant (k, min
-1

) Slope Intercept 

0.0022 9.56318×10
-4

 4.40354 

 

This substitution reaction is also substantiated by the PXRD, IR and SEM-EDX study data. 

The IR spectra, in general, show the shifting of the frequency (cm-1) to the higher values 

(Figure 3.17). Frequency of –COO group is shifted 1601 cm-1 (1) 1683 cm-1 (Fe(III)@1-

CP) and 1673 cm-1 (Fe(II)@1-CP). TGA also shows the decomposition temperature is higher 

for Fe(III)@1-CP (796 °C) than the 1 (727 °C) (Figure 3.8). The PXRD pattern shows the 

crystalline nature of the product Fe(III)@1-CP after reaction (Figure 3.4) where phase pattern 

of Fe(III)@1-CP remains same as 1 with some additional signals. 



Chapter 3 

109 

 

Figure 3.17. IR spectrum of 1, 1+Fe(II) and 1+Fe(III). 

To support the substitution of Zn(II) by Fe(II/III) the SEM mapping and EDX analysis were 

performed. The SEM image shows the crystalline morphologies of 1, Fe(III)@1-CP and 

Fe(II)@1-CP in the range of 10 μm to 50 μm respectively (Figures 3.18a-c) and Figures 

3.18d-f show mapping of Fe; and Zn mapping is shown in Figures 3.18g-h of the sample 1, 

Fe(III)@1-CP and Fe(II)@1-CP respectively. Similary, Cl and N mapping of 1, Fe(III)@1-

CP and Fe(II)@1-CP was shown in Figure 3.19. However, PXRD at higher angle of 

diffraction (2 > 30) shows signal shifting from that of simulated spectrum which is not very 

uncommon. Elemental data analysis and SEM mapping clearly show the increase in Fe 

percentage (Figure 3.20, Table 3.6) and decrease in Zn percentage (Figure 3.20) during 

substitution reaction. 
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Figure 3.18. SEM images of 1 (a), Fe(III)@1-CP (b) and Fe(II)@1-CP (c) in the range of 10 

m. EDX mapping of Fe in 1 (d), Fe(III)@1-CP (e) and Fe(II)@1-CP (f); EDX mapping of 

Zn in 1 (g), Fe(III)@1-CP (h) and Fe(II)@1-CP (i). 

 

Table 3.6. Atom% of 1, Fe(II)@1-CP and Fe(III)@1-CP in the EDX spectrum. 

Sample N% Zn% Fe% 

1 4.18 24.08 - 

Fe(III)@1-CP 3.27 - 30.47 

Fe(II)@1-CP 2.47 1.12 19.68 
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Figure 3.19. EDX mapping of Cl in 1 (a), Fe(III)@1-CP (b) and Fe(II)@1-CP (c); EDX 

mapping of N in 1 (d), Fe(III)@1-CP (e) and Fe(II)@1-CP (f). 

In colorimetric experiment, the colour of suspension of 1 in water has changed from colorless 

to pink upon addition of Fe2+/3+ (Figure 3.21). Zn(II) ion is exchanged with Fe3+ ion and formed 

the Fe(III)@1-CP. In presence of Fe(II) the coordination polymer 1 also joined in the exchange 

reaction along with fast air oxidation to Fe(III) as it is evidenced from same spectral pattern 

(IR, EDX) and formed Fe(III)@1-CP.48  

All inorganic salts (NaCl, KCl, CuCl2, ZnCl2, CdCl2, HgCl2, AlCl3, PbCl2, CoCl2, MnCl2, 

FeCl3, MgCl2, CaCl2, BaCl2, MnCl2, NiCl2, CrCl3 and (NH4)2Fe(SO4)2·6H2O were used (1×10-

3 M) to prepare aqueous solution using deionised water. Cl- presence as a counter ion was 

observed by AgNO3 test (Figure 3.22). Stability of the compound 1 (Figure 3.23) and 

reversibility (in presence of EDTA) was checked (Figure 3.24). 

3.3.4. Cell imaging study 

Upon addition of MDA-MB 231 cells to the solution of 1 (10 μM), [1+ Fe2+ (10 μM)] and [1 

+ Fe3+ (10 μM)] at the incubation time frame of 30 min a bright blue fluorescence was recorded 

by Fluorescence microscopy imaging technique, while no fluorescence has been  
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Figure 3.20. (a) EDX spectrum of 1 (b) EDX spectrum of Fe(III)@1-CP, (c) EDX spectrum 

of Fe(II)@1-CP 
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Figure 3.21. Visualization test of Coordination polymer, 1 with different metal ions. 

 

Figure 3.22. AgNO3 test for presence of Cl- as counter ion in Fe(III)@1-CP. 

observed in untreated as well as cells treated with only the coordination polymer, 1 (Figure 

3.25a). This experiment confirms that the cells readily uptake the 1 (10 μM) in the presence 

of Fe2+ and Fe3+. Results from fluorescence microscopy also justified that in the presence of 

Fe2+ and Fe3+, 1 has shown that the blue emission is not an artefact of one of either added 

compounds. 
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Figure 3.23. Water stability of 1 examined via UV-Visible experiments. 

 

Figure 3.24. (a) Effect of constitute ions in the colorimetry by Fe2+/3+, (b) reversibility checked 

by UV-Visible experiments. 
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Figure 3.25. (a) Microscopic images of untreated MDA-MB 231 cells (Control), cells treated 

with 1(10μM), [1 (10 μM) + Fe2+ (10 μM)] and [1(10 μM) + Fe3+ (10 μM)] after 30 min, 

incubation period under bright, fluorescence and merged field, (b) Cell survivability of MDA-

MB 231 and WI-38 cells exposed to various concentration of 1. The data are from at least three 

independent experiments, and the bar graph shows the mean ± SEM, ***p < 0.001 were 

interpreted as statistically significant, as compared with the control, (c) histogram of the 

fluorescence intensity, 

3.3.5. Cell survivability assay 

In-vivo cell survivability and cytotoxicity of the 1 was checked on MDA-MB 231 and WI-38 

cell line. MTT assay data revealed no significant toxicities, even at higher concentration of 100 

μM of 1 (Figure 3.25b). Hence, 1 is biocompatible and favourable for biological applications. 
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3.4. Conclusion 

The coordination polymer 1 is formed with the capping ligand 4-Cltpy, linked with 

dicarboxylate NDC2- and Zn(II) ions. This 1D CP is assembling through , C-Cl and H-

bonding interactions to make a supramolecular geometry. In aqueous medium, it detects total 

Fe (Fe2+ and Fe3+) through colour change, colourless to pink and in solid state changes 

colourless to dark brown while other fifteen ions do not show any impact on the absorption 

spectra of 1. The product analysis by the SEM, EDX mapping, PXRD, TGA and IR spectral 

data support the substitution of Zn(II) from 1 by Fe(II/III) to isolate Fe(III)@1-CP. Moreover, 

the biocompatible Cell imaging study of this coordination polymer revealed that the 

intracellular FeII, FeIII detects in MDA-MB 231 cells line and the cell viability (%) tolerance 

limit to 100 M displays in the MTT assay.  
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Abstract 

2,3,5,6-Tetrakis(2-pyridyl)pyrazine (tppz), and 5-Aminoisophthalic acid (H2AIPA) served as 

bridging groups in two almost mutually perpendicular directions with Cd(II) as node and 

propagates to constitute a 2D coordination polymer (2D-CP), 

{[Cd(HAIPA)(tppz)(OH)].3H2O}n, (CP1). The 2D-CP is self-assembled via H-bonding and 

 interactions to constitute 3D supramolecule. The CP1 is highly blue emissive in aqueous-

acetonitrile (40:1, v/v) suspension and is selectively quenched by Pd2+ without any interference 

in presence of as many as sixteen cations. The limit of detection (LOD) is second lowest in the 

literature (0.08 M). The binding constant (Ksv = 7.25 x 104 M-1) also supports the strong 

interaction of CP1 with Pd2+. The optical band gap of CP1 ((3.61 eV) lies in semiconductor 

region and is improved on binding with Pd2+ (3.05 eV [CP1+Pd2+]).  The electrical conductivity 

of CP1 is enhanced upon light irradiation (CP1: 7.42 × 10-5 S m-1 (dark) and 2.45 × 10-4 S m-1 

(light)) and has upgraded to non-Ohmic I-V relationship. Upon binding with Pd2+ the electrical 

conductivity of the composite, [CP1+Pd2+], is increased by 1.6 times ([CP1+Pd
2+

]: 1.20 × 10-4 S 

m-1 (dark) and 3.81× 10-4 S m-1 (light)) and the rectification ratios (Ion/Ioff) of CP1 and 

[CP1+Pd2+] are 2.5 and 2.78 times higher at light phase than at dark phase, respectively. DFT 

computation has been attempted to explain the electronic properties. 
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4.1. Introduction 

Palladium (Pd), an abundant metal, is mostly used in catalytic transformation in a number of 

well-known name reactions in organic synthesis including the Suzuki, Stille, Heck, Buchwald-

Hartwig cross-couplings; the Tsuji-Trost allylation, the Wacker process along with 

hydrogenation, hydrogenolysis, carbonylation, cycloisomerization, pericyclic reactions etc. 1-

7. Even after thorough purification the hazardous Pd may present in the target products at very 

low concentration. Out of three redox states Pd(0/II/IV), the Pd(II) is most toxic on human 

health and the recommended threshold limit for Pd is 5-10 ppm and the dietary intake range is 

1.5-15 µg/person/day (14 - 140 nM) as per reference of the USEPA (United States 

Environmental Protection Agency).7,8 Pd(II) obstructs many enzymatic functions such as, 

alkaline phosphatase, carbonic anhydrase, propyl hydroxylase, kinase, aldolase, succinate 

dehydrogenase. Besides, Pd(II) binds selectively biothiols (-SH) and becomes carcinogenic to 

DNA, proteins and vitamins.6,7 Therefore, precise, accurate, easy and low-cost determination 

of Pd in the fine chemicals and pharmaceutical products is an important research. Therefore, 

different detection techniques have been designed for trace to ultra-trace amount measurement 

of Pd(II) in the consumable items. Use of fluorescent probes in the visual detection of Pd(II) 

even in presence of excess of Pd(0) and other PGMs (Platinum Group Metals) is of current 

interest.9-16  

Recently, Luminescent Coordination Polymers (LCPs) or Luminescent Metal Organic 

Frameworks (LMOFs) are used as superior sensors of ions/molecules than that of molecular 

sensors17-25 because of their thermal, mechanical, chemical, photophysical and radio-analytical 

stability and very low leaching affinity. Use of LMOFs for the selective and specific detection 

of Pd(II) is currently focused by few researchers after first report in 2013.22-25 A luminescent 

2D Cd(II)-CP, {[Cd(HAIPA)(tppz)(OH)].3H2O} (CP1) [tppz = 2,3,5,6-Tetrakis(2-

pyridyl)pyrazine, H2AIPA = 5-Aminoisophthalic acid], strong emissive, is vastly quenched by 
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Pd2+ in aqueous-acetonitrile (40:1, v/v) medium (LOD, 0.08 M) in presence of many other 

ions.24,25 The optical band gap 3.61 eV (CP1) and 3.05 eV [CP1+Pd2+] encourage to check their 

electrical conductivity at dark and under illumination. The CP1 shows significant improvement 

of electrical conductivity upon addition of Pd2+ in both phase (light and dark) and has been 

thoroughly examined in this work. 

4.2. Experimental Section 

4.2.1. Materials and Physical Measurements 

All reagents such as Cd(NO3)2.4H2O, 5-Aminoisophthalic acid (H2AIPA) and 2,3,5,6-

Tetrakis(2-pyridyl)pyrazine (tppz) and solvents were purchased from different viable sources 

and used without any further purification. The micro-elemental analyses (C, H, N) were 

examined by Perkin-Elmer 240° C elemental analyser. FT-IR spectral data were collected from 

Perkin Elmer RX1 FT-IR spectrophotometer. Bruker D8 Advance X-ray diffractometer has 

been used for collection of Powder X-ray diffraction (PXRD) data, using the Cu Kα radiation 

source (= 1.548 Å). PerkinElmer TGA 4000 System were used in Thermogravimetric 

analysis using 100−240 V/50−60 Hz with temperature ranging from 30−800 °C at the heating 

rate 10 °C min−1, under the nitrogen atmosphere. The fluorescence and UV−vis spectra were 

analysed from PerkinElmer spectrofluorometer model LS55 and Lambda 25 

spectrophotometer, respectively. Fluorescence lifetime was measured using the Horiba Jobin 

Yvon fluorescence spectrophotometer. Bruker (AC) 300 MHz FT-NMR spectrometer was used 

to examine the 1H NMR spectra where TMS was used an internal standard. Crystallographic 

parameters of coordination sphere of CP1 were used in the DFT computation using Gaussian 

09 software of B3LYP basis set for C, H, N, O and LanL2DZ basic set for Cd and Pd.  The 

band gap was calculated from the energy difference of HOMO and LUMO. Fractional 

contribution of different ligands and metal was calculated using the GAUSSSUM. 
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Scheme 4.1. Synthesis of CP1, using Cd(NO3)2.4H2O and tppz followed by addition of 5-

Aminoisophthalic acid. 

4.2.2. Synthesis of CP1 

To methanol (2 ml) solution of tppz (0.0194 g, 0.05 mmol) was carefully layered aqueous (2 

ml) solution of Cd(NO3)2·4H2O (0.06 g, 0.2 mmol) using buffer of H2O-MeOH (1:1, v/v; 2 ml) 

followed by H2AIPA (0.0362 g, 0.2 mmol) and neutralized with 0.042 g of Et3N (0.4 mmol) in 

EtOH solution (2 ml) (Scheme 4.1). Block shaped yellow crystals of (CP1) were deposited 

after four days and collected and dried (0.072 g, yield 63.6%). Elemental analysis (%): 

Calculated for C20H19CdN4O8: C, 43.22; H, 3.45; N, 10.08. Found: C, 43.29; H, 3.56; N, 10.16. 

IR ͞ν (cm-1) 3329 ν(-OH), 3218 ν(-NH), 3130 ν(-CH), 1677 ν(-COOH), 1609 (COO), 1371ν 

(-OH bending) (Figure 4.1). 
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Figure 4.1. FTIR spectra of CP1 and [CP1+Pd2+]. 

4.2.3. Single Crystal X-Ray Crystallography 

Yellow colored crystal with suitable dimension (0.15×0.08×0.05 mm3) was used for data 

collection with Bruker APEX-II CCD diffractometer consisting of graphite-monochromated 

MoKα radiation (λ = 0.71073 Å) at 273(2) K.  The crystal structure solution was carried out 

using SHELX-9726 package. The least-square refinements of all reflections and the hkl values 

(−22 ≤ h ≤ 22, −12 ≤ k ≤ 12, −27 ≤ l ≤ 27) were used for the estimation of the crystal-orientation 

matrices and unit cell parameters. The collected data (I > 2σ(I)) were integrated by using the 

SAINT program,27 and the absorption correction carried out by SADABS.28 SHELXL-2014 

and SHELX-97 package26 were used for solving the molecular structure of single crystal. 

Anisotropic thermal parameters were used for refinement of the non-hydrogen atoms of crystal. 

All the hydrogen atoms were placed in their geometrically perfect positions and constrained to 

ride on their parent atoms. Details of crystallographic data for compound CP1 is enlisted in 

Table 4.1. The selected bond lengths and bond angles were included in Table 4.2.  

Table 4.1 Crystal data and refinement parameters for compound CP1 
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Formula C20 H14 Cd N4 O5 

fw 502.75 

Crystal system monoclinic 

space group C 2/c 

a (Å) 18.5722(19) 

b (Å) 10.2375(10) 

c (Å) 23.082(2) 

(deg) 90 

(deg) 91.983(3) 

γ (deg) 90 

V (Å3) 4386.1(7) 

Z 8 

Dcalcd(g/cm3) 1.523 

(mm-1) 1.032 

(Å) 0.71073 

data[I >2(I)]/params 3859/ 272 

GOF on F2 1.106 

final R indices[I >2σ(I)]a,b R1 = 0.0532 

wR2 = 0.1076 

aR1 = Σ||Fo|  ̶  |Fc||/ Σ|Fo|, 
b wR2 = [Σw(Fo

2  ̶  Fc
2)2/Σw(Fo

2)2]1/2 

4.2.4. Sensing experiments 

The CP1 (6.67 mg, 0.012 mmol) was crushed in powder and suspended in acetonitrile (10 ml) 

and used to prepare stock solution. ZnCl2, CdCl2, HgCl2, CuCl2, NiCl2, CoCl2, FeCl3, MnCl2, 

CrCl3, PbCl2, AlCl3, MgCl2, CaCl2, BaCl2, NaCl, KCl salts were used to prepare 10-3 M 

aqueous solution. For UV-Visible and Fluorescence experiments, the stock solution of CP1 

was diluted appropriately to prepare 50 mM solution in water (HEPES buffer, pH 7.2) and 

added the equivalent amount of metal salt solution at 27°C. The excitation wavelength was 

selected from UV-Vis spectra of the mixture and the Fluorescence experiments were carried  
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Table 4.2. Selected bond lengths and bond angles in CP1. 

Cd(01) – O(4) 2.283(4) O(9) – Cd(01) – N(3) 92.48(14) 

Cd(01) – O(9) 2.319(4) N(4) – Cd(01) – N(3) 92.20(14) 

Cd(01) – N(4) 2.379(4) N(1) – Cd(01) – N(3) 136.19(15) 

Cd(01) – N(1) 2.390(5) O(4) – Cd(01) – N(2) 151.40(14) 

d(01) – N(3) 2.401(4) O(9) – Cd(01) – N(2) 86.99(14) 

Cd(01) – N(2) 2.406(4) N(4) – Cd(01) – N(2) 95.62(14) 

      Cd(01) – O(3) 2.658(4) N(1) – Cd(01) – N(2) 67.34(14) 

O(4)– Cd(01) – O(9) 88.69(14) N(3) – Cd(01) – N(2) 68.87(14) 

O(4) – Cd(01) – N(4) 90.90(14) C(8) – O(4) – Cd(01) 101.8(3) 

O(9) – Cd(01) – N(4) 175.22(15) C(9) – N(1) – Cd(01) 120.2(4) 

O(4) – Cd(01) – N(1) 140.56(14) C(13) – N(1) - Cd(01) 119.6(3) 

O(9) – Cd(01) – N(1) 86.58(14) C(15) – N(2) – Cd(01) 116.9(3) 

N(4) – Cd(01) – N(1) 90.72(14) C(14) – N(2) – Cd(01) 120.4(3) 

O(4) – Cd(01) – N(3) 83.10(14) C(16) –N(3) – Cd(01) 117.1(3) 

C(4) – N(4) –Cd(01) 114.7(3) Cd(01)  - O(9)  -  H(9) 109 

C(20)– N(3) –Cd(01) 122.6(4) H(4A)  - N(4) - Cd(01) 109 

O(3) - Cd(01) - O(4) 52.31(13) O(3)  -  Cd(01)  -  N(2) 155.55(13) 

O(3) - Cd(01) - N(1) 88.41(13) O(3) -  Cd(01)  -  N(3) 135.38(14) 

O(3)  - Cd(01) - N(4) 87.44(13) Cd(01) - O(3) - C(8) 83.9(3) 

Cd(01) - N(3) - C(16) 117.1(3) Cd(01) - N(3) - C(20) 122.6(4) 

 

out. Limit of detection (LOD) of Pd(II) sensing by CP1 in aqueous-acetonitrile (40:1, v/v) 

medium was determined using the 3/M method, where M is the slope and  is standard 

deviation of calibration curve. Binding constant value KSV examined using Stern-

Volmerequation, I0/I = KSV [Q] + 1, where I0, I are the emission intensity of CP1 in absence of 
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quencher and presence of quencher (Pd2+), respectively. [Q] is the concentration of quencher 

(Pd2+). Stability of coordination polymer in the excited state was evaluated using life time plot. 

Thermal stability of CP1 was evaluated using the Thermogravimetric analysis (TGA) with 

temperature range 30-800C under the N2 atmosphere. Phase purity was examined using PXRD 

data. 

4.2.5. The Electrical Device fabrication  

 

Figure 4.2. Metal-semiconductor (MS) junction Schottky device architecture 

 

The metal-semiconductor Schottky junction devices were made by coating fresh ITOs with 

CP1 and [CP1+Pd2+] then covering it with Al-electrode (ITO/CP1/Al or ITO/[CP1+Pd2+]/Al) 

(Figure 4.2). The ITO-coated glass substrates were cleaned in an ultrasonic bath, and then 

washed for 15 minutes in deionized, ethanol, acetone, and 2-propanol then dried at 80° C hot 

plate. The composites (20 mg) dispersed in N, N-dimethylformamide (DMF, 500 µl) by mixing 

and sonicating in two separate vials. A thin film of the synthesized material was obtained by 

spin coating of a well-dispersed solution (50 µl) of the material at 1000 rpm for 30 sec. This 

spin coating process was repeated one more time at 1500 rpm. The process of film formation 

was same for the palladium-based composite. Then films were dried in a vacuum oven at 90°C 

for 30 min to completely remove the solvent portion. Finally, aluminium (Al) electrodes were 
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formed on the spin coated film using a vacuum coating unit with adequate masking to maintain 

a cross-sectional area of 35 × 10-6 m2. 

4.3. Results and Discussion 

4.3.1. Structure Description of CP1 

The compound CP1 crystallises in the Monoclinic Crystal System and space group C 2/c with Z=8. 

The geometry around Cd(II) is distorted pentagonal bipyramidal (Figure 4.3a) with CdN4O3 

coordination environment. Ligand tppz carries six pyridyl-N donor centres where  

 

Figure 4.3. (a) View molecular unit of CP1, (b) Two molecular units binding via. Cd-N bond. 

three Ns are in terpyridyl mode and 5-aminoisophthalate (HAIPA-) bears two -COO and one -

NH2 group. The coordination sphere is constituted by three pyridyl-N from tppz and one N (-

NH2) from HAIPA- while one -COO chelates and charge is balanced by coordinated OH-. Thus 

a 2D coordination polymer is constituted.  One of the carboxylic acid groups (-COOH of 

HAIPA-) remains free and is engaged with H-bonding with next layer. Thus, a 2D network is 

started to develop (Figure 4.4).  
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Figure 4.4. (a) View of ∙∙∙ interaction, (b) View H-bonding in different molecular unit of 

CP1, (c) Polyhedron Structure of coordination polymer CP1. 

Bond lengths of Cd-N(tppz) (Cd(01) – N(4), 2.379(4); Cd(01) – N(1), 2.390(5); Cd(01) – N(3), 

2.401(4); Cd(01) – N(2), 2.406(4) Å) are comparable with reported data.29-33 The chelated bond 

angles and bond lengths lie within acceptable limit.34-36 The Cd-O(carboxylate) lengths and 

angles (Cd(01) – O(3), 2.658(4); Cd(01) – O(4), 2.283(4); Cd(01) – O(9), 2.319(4) Å and O(4) 

– Cd(01) – O(9), 88.69(14)) also lie within experimental perimeter.18,19,29 Two Cd(II) centres 

are bridged by –NH2 of HAIPA- unit (Figure 4.3b) and forms a thirteen member metallo-

macrocycle which propagates in 1D pattern. It is also noted that accessible solvent molecules are 

there with in crystal lattice which are masked for clarity.  
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The H-bonds (2.06, 2.08 Å) are formed using the –NH2 and carboxylate function of adjacent 

coordination units (Figure 4.4b) and makes the 2D network. The H-bonding and  interactions 

(3.928, 3.990 Å) (Table 4.3) in the 2D network lead to self-assembly for the construction of 

supramolecule (Figure 4.4c, Figure 4.5). The architecture is formed via four nodal net, with the 

point symbol for net with loops {2} (Figure 4.6) and point symbol for net is {0}3{4}4. 

 

Figure 4.5. Packing of CP1 along b axis (a) and c axis (b). 

Table 4.3. … interaction and H-bonding interaction related data of CP1. 

… interaction 

Ring(i) → Ring(j) Distance between the (i, j) ring 

centroids (Å) in the crystal 

[ARU(j)] 

R(1) → R(4) 3.990(3) [  3666.01] 

R(3) → R(4) 3.928(3) [  7556.01] 

H-bonding interaction 

Type Donor--- H Acceptor D - H H...A ∠D - H...A [ARU] 

Intermolecular 

(Classical) 

N4 -- H4B O7 0.89 2.08 155 [6545.01] 

Intermolecular 

(Classical) 

O9 -- H9 O3 0.85 2.06 149 [3666.01] 
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Figure 4.6. 1D +1D rectangular topological structure view in ab (a), ac (b) and bc (c) plane. 

 

Figure 4.7. Powder X-ray Diffraction analysis of CP1. 

Phase purity of the coordination polymer has been determined by using the powder crystal X-

ray in the range of 2 is 0-50°. PXRD pattern of powdered as-synthesized sample well matched 

with simulated pattern (Figure 4.7) which have confirmed the bulk purity of material. TGA 

curve reveals the thermal stability (in the range 30 – 800C) of CP1 at a heating rate of 10 

C/min. Water molecule is removed from the lattice site at 105C. This first weight loss of 9.63 

% (calculated 9.71 %) corresponds to the loss of three water molecules. The compound has 
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remained stable up to 350C; exhibiting that high range of framework consistency tempted 

towards the material application along with device fabrication (Figure 4.8). 

 

Figure 4.8. TGA plot of CP1. 

4.3.2. Sensing of Pd2+  

Finely powdered CP1 is dispersed and sonicated in acetonitrile and has been used for stock 

solution. The UV-Visible spectrum is collected with properly diluted solution by water which 

shows absorption at 315 nm with a shoulder at 363 nm (Figure 4.9). Upon irradiation at 315 

nm (excitation slit 15 and emission slit 10) the strong emission is observed at 412 nm (Figure 

4.10a). Repeated irradiation at UV wavelength (315 nm) followed by the absorption spectrum 

of CP1 solution does not show any photodegradation which suggests photostability of the 

material. On addition of aqueous solution of salts of the metal ions like Fe3+, Al3+, Cr3+, Cd2+, 

Zn2+, Mn2+, Ni2+, Co2+, Cu2+, Pb2+, Hg2+, Ba2+, Ca2+, Mg2+, K+, Na+ do not hamper the intensity  
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Figure 4.9. UV-Visible spectra of CP1 and [CP1+Pd2+]. 

 

of emission of CP1 significantly while the addition of Pd2+ solution shows substantial 

quenching (Figure 4.10a) that may be due to the heavy atom effect of Pd2+.24 The calculated 

LOD is 0.08 M (3/M method, Figure 4.10b) (Figure 4.11) which is second lowest in the 

literature (Table 4.4). There are significant numbers of molecular fluorescence sensor available 

for the detection of Pd2+ at trace level17-22 while first report of Pd2+ sensing by luminescent 

MOF appeared in 201322 and so far a few reports are available in literature (Table 4.4)23-25. 
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Figure 4.10. (a) Fluorescence intensity of CP1 and presence of different metal salts solution 

with CP1; (b) Quenching of emission intensity by adding Pd2+ gradually in the suspension of 

CP1 in aqueous-acetonitrile (40:1, v/v) medium. 

 

Figure 4.11. LOD determination plot of CP1 in presence of Pd(II) ion. 

 

The pH (2-12) effect on the intensity of the CP1 and [CP1+Pd2+] is examined by measuring the 

change of emission intensity which shows no observable variation with tuning of pH (Figure 

4.12). The chemical stability of CP1 has been checked by IR, PXRD and SEM images in 

different pH range (2 to 12)). Results show that the IR spectra (Figure 4.13), 



Chapter 4 

145 

Table 4.4. Comparison of the sensitivities of CP1 with previously reported CPs to Pd2+ ions. 

Sl. 

No. 

Ligand Selectivity 

(LOD) 

Solvent Electrical 

Conductivity 

Reference 

1. [Cd(4-nvp)2(5-ssa)] 

[4-nvp = 4-(1-

naphthylvinyl)pyridine and 5-ssa 

= 5-sulfosalicylic acid] 

0.05 M 

 

Water 

 

No 55 

2. [Tb(ppda)(npdc)0.5(H2O)2]n 

4-(pyridin-3-yloxy)-phthalic 

acid (H2ppda) and 1,4 

naphthalenedicarboxylic acid 

(H2nbdc) 

94.4 M.  Water No         56 

3. {[Zn(fum)(4-nvp)2]·2H2O}n 

(1) 

{[Zn(mes)(4-nvp)2]·H2O}n (2) 

[Zn(glu)(4-nvp)]n (3) (H2fum 

=fumaric acid, 4-nvp = 4-(1-

naphthylvinyl)pyridine, H2mes = 

mesaconic acid and H2glu-

glutaric acid)               

0.132μM 

     (1) 

0.146μM 

(2) 

0.152μM 

(3) 

 

Water No 57 

4. [Zn2(1,2,3,4-tcpb)4(bpeb)2] 

(bpeb=1,4-bis[2-(4-

pyridyl)ethenyl]benzene), 

(H4tcpb = 1,2,4,5-tetrakis(4-

carboxyphenyl)benzene) 

0.05 M DMF       No 58 

5.                      CP1 0.08 μM Water       Yes This Work 
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Figure 4.12. Emission intensity of CP1 and [CP1+Pd2+] at different pH range (2 to 12). 

 

Figure 4.13. IR spectra of CP1 at different pH 

PXRD pattern (Figure 4.14) and SEM images (Figure 4.15) were quite indifferent with respect 

to original material. Binding constant, (KSV), 7.25×104 M-1 (Figure 4.16) is evaluated using 

Stern-Volmer equation, (I0/I – 1) = KSV[Q]. The plot shows upward curvature which  
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Figure 4.14. Powder X-ray pattern of CP1 at different pH. 

 

Figure 4.15. FESEM image of CP1 at different pH : pH = 2 (a), pH = 4 (b), pH = 7 (c) and 

pH = 12 (d) 

suggests both static and dynamic quenching of the emission of CP1 by Pd2+ and the extent of 

quenching is high at a higher concentration of Pd2+. The excited state stability of CP1 is 

evaluated from the life time plot (Figure 4.17a) and the values are 4.50831 × 10-9 s (CP1) 

and 6.28401 × 10-10 s ([CP1+Pd2+]). Therefore, the stability of the CP1 in excited state is 

decreased in presence of Pd2+ ion. 
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Figure 4.16. Stern-Volmer plot of CP1 

Quenching effect of Pd2+ in presence of other ions like Fe3+, Al3+, Cr3+, Cd2+, Zn2+, Mn2+, Ni2+, 

Co2+, Cu2+, Pb2+, Hg2+, Ba2+, Mg2+, Ca2+, Na+, K+ do not show any interfering effect (Figure 

4.17b). Also, the chemical constituent (tppz, H2AIPA) of CP1 do not show any emission or 

weakly emissive and have no effect (Figure 4.18) towards the Pd2+ ion sensing. 

 

Figure 4.17. (a) Excited state stability of CP1 and [CP1+Pd2+] (b) Quenching efficiency of 

Pd2+ in presence of the other metal salts (M).  
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Figure 4.18. Emission of different constituent of CP1 separately 

 

The surface morphology of CP1 and [CP1+Pd2+] has been characterised by the scanning 

electron microscopy (SEM) (Figure 4.19) with energy dispersive spectroscopy (EDS) analysis 

and results show that Cd, O, C, N are present in the CP1 and Cd, O, C, N, Pd exist in the 

[CP1+Pd2+]. Element analyses (Table 4.5) and EDS have shown that the Pd appears in 

[CP1+Pd2+] (Figures 4.20). The chemical stability of the CP1 has also been examined by the 

SEM at different pH range. SEM photographs show that the morphology of the CP1 is nearly 

same at the different pH range i.e the probe is stable in solution phase at the pH = 2-12 (Figures 

4.15). The quantitative evaluation of Pd impression on CP1 confirms the presence of Pd on the 

surface. This implies that Pd(II) is injected in the CP1 while the chemical composition of the 

host and its structure remain unchanged.  The cavity measurement helps to find sufficient space 

between the O9O4 (2.813 Å) atoms of two layers and Pd2+ (VdW, 1.7 Å37,38) may be placed 

therein (Figure 4.21). 
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Figure 4.19. (a) SEM image of CP1, (b) SEM image of [CP1+Pd2+], (c) Mapping of Cd in 

CP1, (d) SEM mapping of Cd in [CP1+Pd2+], (e) Mapping of Pd in [CP1+Pd2+]. 

Table 4.5. Atomic % of the CP1 and [CP1+Pd2+] 

Sample Cd% O% Pd% 

CP1 18.96 77.98 - 

[CP1+Pd2+] 16.55 65.64 3.56 
 

 

Figure 4.20. EDS spectra of CP1 (a) and CP2 (b). 
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Figure 4.21. Mechanistic model for Pd2+ ion sensing, distance between O3···O9 is 2.813 Å. 

 

The 1H NMR spectral pattern of the CP1 has changed upon addition of Pd2+ where most of the 

peaks of the CP1 have been broadened. This may be due to the interaction of Pd2+ with CP1. 

The X-Ray structure identifies (Figure 4.4) the presence of free -COOH that may be able to 

bind Pd2+; however, the cavity size may have substantial role to monitor the selectivity 

(interlayer O9O4 distance is 2.813 Å and Van der Waal’s radius of Pd2+ is 1.7 Å), as well as 

the -cloud of tppz and 5-aminoisopthalate may enhance the stability of Pd(II)--complex of 

polymeric network. The 1H-NMR spectral shifting to higher  and signal broadening (Figure 

4.22) may be the reason for electron drifting by guest Pd2+ in the coordination network.  
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Figure 4.22. 1H NMR (300 MHz, DMSO-d6) spectra of CP1 and CP1 in presence of Pd2+. 

The XPS (X-ray photoelectron spectroscopy) study is useful to analyse the composition of 

material with oxidation state and effective interaction of analyte with donor atoms. The peaks 

in XPS spectra (Figure 4.23, 4.24) have been assigned to C1s, N1s, O1s, Cd3d and Pd3d of CP1 

and [CP1+Pd2+] on comparing with literature report.39-43 After adding Pd2+ in the CP1, binding 

energy of C1s for -C-C/ -C-H 39 and –C=N/-C=O is shifted to higher value (E0.2 eV) which 

indicates the weak interaction with the Pd. The peak for carboxylate group is shifted from 

287.94 eV to 286.63 eV; that corresponds to the interaction of the Pd2+ with the free carboxylate 

group. The N1s binding energy of compound shows two peaks those are assigned to -NH2 

(400.20 eV)40 and –C=N41 (399.09 eV) which are shifted to 399.91 eV and 399.19 eV 

respectively; this also unambiguously supports the weak interaction of CP1 with the Pd2+.  
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Figure 4.23. XPS spectra of (a) Pd for [CP1+Pd2+], (b) Cd for CP1 and (c) Cd for [CP1+Pd2+]. 

 

The O1s peak39,42 for –COO-Cd, -COOH and Cd(-OH)/-C-OH are assigned to 533.05, 532.22 

and 531.02 eV, respectively. After addition of Pd2+, the peak at 532.22 eV is shifted to the  
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Figure 4.24. XPS pattern of C1s in CP1 (a), [CP1+Pd2+] (b), N1s in CP1 (c), [CP1+Pd2+] (d) 

and O1s in CP1 (e), [CP1+Pd2+] (f). 

higher value (533.63 eV) that superpose on the peak of –COO-Cd which also supports the 

binding of Pd2+ with -COOH of CP1. Another peak (at 531.02 eV) has been shifted to 531.16 

eV because of weak interaction of analyte. The Cd3d shows two peaks at 405.18 and 411.93 eV 
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those remain at same position even after addition of Pd2+. The XPS pattern of [CP1+Pd2+] 

shows the peaks at the position of 338.00 (3d5/2) and 343.24 eV (3d3/2) those indicate that Pd 

exists in ‘+2’ oxidation state. Therefore, the XPS has conveyed the binding of the Pd2+ with 

the free carboxylate group along with the interaction of the ligand moieties of framework. 

Table 4.6. DFT table of CP1. 

Excitation 

energy 

(eV) 

Wavelength 

Exp. (nm) 

Wavelength 

Thro. (nm) 

Oscillation 

frequency 

(f) 

Key transitions Nature of 

Transitions 

3.9532 314.64 313.63 0.2118 (31%) 

HOMO-

2LUMO+8 

 

ILCT 

3.3607 363.64 368.92 0.0701 (37%) 

HOMOLUMO+4 

 

ILCT 

 

ILCT: Intra-ligand charge transfer. 

Table 4.7. DFT table of [CP1+Pd2+]. 

Excitation 

energy 

(eV) 

Wavelength 

Exp. (nm) 

Wavelength 

Thro. (nm) 

Oscillation 

frequency 

(f) 

Key transitions Nature of 

Transitions 

4.0392 295.19 306.95 0.0048 (41%) 

HOMO-10 

LUMO+4 

 

ILCT 

3.2061 380.87 386.71 0.0391 (22%) 

HOMO-

6LUMO+4 

 

ILCT 

 

ILCT: Intra-ligand charge transfer. 

Table 4.8. DFT computed bond lengths (in Å) and bond angels (°) 

Bond lengths (Å) 

CP1 [CP1+Pd2+] 

Cd(41)-O(45) 2.099 Cd(41)-O(45) 2.074 
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Cd(41)-O(61) 2.344 Cd(41)-O(61) 2.082 

Cd(41)-O(46) 2.508 Cd(41)-O(46) 2.068 

Cd(41)-N(69) 3.883 Cd(41)-N(69) 2.111 

Cd(41)-N(43) 2.432 Cd(41)-N(43) 2.131 

Cd(41)-N(42) 2.552 Cd(41)-N(42) 2.132 

Cd(41)-N(44) 2.456 Cd(41)-N(44) 2.141 

Bond angels (°) 

O(61)-Cd(41)-O(46) 55.20 O(61)-Cd(41)-O(46) 59.36 

N(42)-Cd(41)-N(44) 66.14 N(42)-Cd(41)-N(44) 73.64 

N(42)-Cd(41)-N(43) 65.55 N(42)-Cd(41)-N(43) 74.02 

 

DFT optimization and TDDFT data of CP1 and [CP1+Pd2+] to evaluate the electronic transition 

(Tables 4.6, 4.7) which may match with the Tauc’s plot (Figure 4.27). A small decrease in 

theoretical calculated band gap is reasonably due to the electron withdrawing nature of ligand 

and geometry strain of polymer. In this case, band gap of CP1 and [CP1+Pd2+] was calculated 

using the single motif (Figure 4.25). Corresponding transition at 314.64 (HOMO-2 

LUMO+8), 363.64 nm (HOMOLUMO+4) were observed for CP1 and 295.19 (HOMO-

10LUMO+4), 380.87 nm (HOMO-6LUMO+4) for the [CP1+Pd2+]; this transition were 

nearly matched with the theoretical values (Tables 4.7, 4.8). After addition of Pd2+ in the CP1 

wavelength was shifted to the higher wavelength that was observed in theoretically and 

experimentally. 

To get insight the binding mode, the DFT computation has been carried out using 

crystallographic parameters. Use of full polymeric network in the DFT computation is 

formidable and only coordination repeating motif is considered. The bond length and bond 

angles of CP1 are compared with theoretical (DFT computed, Table 4.8) and experimental 

(Single Crystal X-Ray) data (Table 4.2; Figure 4.25) and match well. The energy difference 

between highest occupied molecular orbital (HOMO, -5.34 eV) and lowest unoccupied  
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Figure 4.25. DFT optimized structure of CP1 and [CP1+Pd2+]. 

 

Figure 4.26. DFT calculated energy and band gap of CP1. 

molecular orbital (LUMO, -2.70 eV) in CP1 is 2.64 eV that corresponds to 470 nm. The 

observed max, 315 and 363 nm, differ at length which may be due to the consideration of only 

coordination unit in calculation. In [CP1+Pd2+] the HOMO (-3.15 eV) lies at lower in energy 
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than that of LUMO (-2.70 eV) of CP1. Upon excitation, the electron from HOMOLUMO in 

CP1 may transfer energy to the LUMO of quencher, [CP1+Pd2+]. This may be defined as PET 

(Photoinduced electron transfer) process in presence of Pd2+ as heavy atom quencher (Figure 

4.26). 

4.3.3. Optical Characterization 

The solid-state absorption spectra (Figure 4.27) have been recorded using thin films of CP1 

and [CP1+Pd2+] prepared by the dispersion of the composites in DMF. The Tauc’s equation 

(Eq. 4.1)43 has been used to measure the optical band gap (3.61 eV (CP1) and 3.05 eV 

[CP1+Pd2+]) between the conduction and valence band in the basic absorption edge regions 

(around 300–550 nm). The band gap supports semiconducting behaviour of the materials. 

(𝜶𝒉𝝂)𝒎 = 𝑲(𝒉𝝂 − 𝑬𝒈)        (4.1) 

Here, α = absorption coefficient, h is Planck's constant, ν is the frequency with the band gap Eg 

and K is a constant. 

The values of m = 2 and 1/2 indicate the permitted direct and indirect optical transitions 

between the valence band and the conduction band.  

 

Figure 4.27. UV-vis absorption spectra (inset) and Tauc’s plots for the (a) CP1, (b) 

[CP1+Pd2+]. 
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4.3.4. Electrical Characterization 

The current-voltage (I-V) data were collected (Keithley 2400 source meter) with and without 

illumination (Intensity ~ 100 mW.cm-2) at 300 K by applied bias voltage within ±1.5 V range 

with step size 0.03 V (Figure 4.28) across the thin-film metal-semiconductors (MS) junction 

of CP1 (ITO/CP1/Al) and [CP1+Pd2+] (ITO/[CP1+Pd2+]/Al). The electrical conductivities are 

7.42 × 10-5 S m-1 (CP1) and 1.2 × 10-4 S m-1 [CP1+Pd2+] at dark and upon illumination, the 

conductivities are improved to 1.45 × 10-4 S m-1 (CP1) and 3.81 × 10-4 S m-1 [CP1+Pd2+] (Table 

4.10). This improvement in conductivity upon illumination is probably due to the increment of 

charge transportation via multiple routes, such as through covalent conduction bond and 

coordination bonds in the composite and through space charge travels via noncovalent 

interactions.44 The DFT computation has been attempted to explain the enhancement of 

electrical conductivity on incorporation of Pd2+ into CP1 (Vide infra).  

 

Figure 4.28. I-V characteristic curves for composite-based MS devices under light and dark 

conditions of (a) CP1 and (b) [CP1+Pd2+]. 

The I−V characteristic of the composite exhibits nonlinear rectifying behaviour in both dark 

and illumination environments. The rectification ratio (Ion/Ioff) calculated from the plots reveals 

that the devices based on CP1 and [CP1+Pd2+] have 2.5 and 2.78 times higher at light phase 
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than at dark phase, respectively (Table 4.9). Hence, the photo conducting properties of the 

devices, such as photosensitivity (PS), photoresponsivity (R), photoconductivity sensitivity (S), 

and specific detectivity (D*) were estimated and compared under dark and light conditions. 

The ratio of photocurrent generated (Iphc = Ilight − Idark) to the current in dark (Idark) is known as 

the photosensitivity and is given by (PS; Eq. 4.2).45 The remarkable photosensitivity level and 

high specific detectivity of the proposed devices make it an appealing candidate for 

photovoltaic applications. 

𝑷𝒔 =
𝑰𝒑𝒉𝒄

𝑰𝒅𝒂𝒓𝒌
          (4.2) 

The ratio of photocurrent of a photodiode to the incident optical power is defined as 

photoresponsivity (R) and can be obtained from the Eq. 4.3:  

𝑹 =
𝑰𝒑𝒉𝒄

𝑷𝒊𝑨𝒆𝒇𝒇
          (4.3) 

Where Pi is incident optical power (100 mW.cm−2) and Aeff (9 × 10−6 m2) gives the effective 

area of device. Diode suitability of a photo detector is judged from the specific detectivity (D*) 

as given in Eq. 4.4: 

𝑫∗ =
𝑹

√𝟐𝒒𝑰𝒅𝒂𝒓𝒌
          (4.4) 

Where, electric charge is denoted by q. Another parameter, the photoconductivity sensitivity 

(S), is estimated by Eq. 4.5. 

𝑺 =
𝑳.𝑰𝒑𝒉𝒄

𝑽.𝑷𝒊.𝑨𝒆𝒇𝒇
          (4.5) 

Table 4.9: Photosensing parameters of the Schottky junction device. 

Device Rectification 

ratio 

Photose

nsitivit

y (Ps) 

Respons

ivity (R) 

(AW−1) 

Specific 

detectivity 

(D*) 

(Jones) 

Photoconductivity 

sensitivity (S) 

 (m Ω−1 W−1) 

 

CP1 Dark 40.24 1.5 0.77 1.99 × 1010 5.11× 10-7 

Light 100.2 

[CP1+Pd2+] Dark 24.78 2.9 2.46 4.97 × 1010 1.64 × 10-6 
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The thermionic emission (TE) theory has been adopted for measuring I-V characteristic of the 

composite-based device (Eq. 4.6).46 

𝑰 = 𝑰𝟎 [𝒆𝒙𝒑 (
𝒒𝑽

𝒓𝒌𝑻
) − 𝟏]        (4.6) 

Where V, q, r, k, and T have denote the applied bias voltage, electronic charge, ideality factor, 

Boltzmann constant, and operating temperature in Kelvin. The reverse saturation current, I0 

calculated using Eq. 4.7. 

𝑰𝟎 = 𝑨𝑨∗𝑻𝟐𝒆𝒙𝒑 (−
𝒒ɸ𝒃

𝒌𝑻
)                               (4.7) 

Where A is the effective area of Schottky diodes, which is 35 ×10-6 m2, 𝐴∗ represents effective 

Richardson constant, which is assumed as 1.20 × 106 AK−2 m−2, ɸb is the barrier height (BH) at 

the junction. The reverse saturation current (I0) is derived from the intercept of lnI vs V at V = 

0.  The temperature dependence of ideality factor (r) is expressed in Eq. 4.8. 

𝐫 =
𝒒

𝒌𝑻
[

𝒅𝑽

𝒅(𝒍𝒏𝑰)
]           (4.8) 

The barrier height (ɸb) at zero bias can be achieved from Eq. 4.7 and can be expressed as Eq. 

4.9. 

 ɸ𝒃 =
𝒌𝑻

𝒒
𝒍𝒏 (

𝑨𝑨∗𝑻𝟐

𝑰𝟎
)         (4.9) 

The values of r and ɸb of the Schottky device are estimated from the slope and intercept of the 

plots respectively (Table 4.10). Schottky parameters like ideality factor (r), series resistance 

(Rs), and barrier height (ɸb) have been determined from the forward bias I–V characteristics 

employing Cheung’s method (Eq. 4.10).47 

 
𝒅𝑽

𝒅(𝒍𝒏𝑰)
= 𝑰𝑹𝑺 +

𝒓𝒌𝑻

𝒒
                    (4.10) 
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Table 4.10. The Schottky Device Parameters for the Composite Based Thin Film Devices. 

Device  

Condition 

 

Conductivity 

(S. m-1) 

Ideality 

factor 

(r) 

Series Resistance from 

(Rs in Ω) 

 

(Rs) 

Barrier Height from 

(ɸb in eV) 

dV/dlnI vs I H(I)-I 

 

I-V plot H(I)-I 

CP1 Dark 7.42× 10-5 2.36 443.36 453.30 0.69 0.65 

Light 1.45× 10-4 2.29 330.44 344.11 0.67 0.62 

[CP1+Pd2+] Dark 1.20× 10-4 2.14 412.25 421.12 0.65 0.63 

Light 3.81× 10-4 1.99 342.41 355.81 0.62 0.59 

 

From the intercept of the plot dV/dlnI vs. I (Figure 4.29a, 4.29c) ideality factor (r) for the 

developed devices under both condition has been estimated whereas the slope of this 

corresponding plot gives the value of series resistance (RS) of the MS device (Eq. 4.11).47 

𝑯(𝑰) = 𝑽 −
𝒓𝒌𝑻

𝒒
𝒍𝒏 (

𝑰

𝑨𝑨∗𝑻𝟐)  = 𝒓ɸ𝒃 + 𝑹𝑺𝑰         (4.11) 

The y-axis intercept for the H (I) vs. I curve (Figure 4.29b, 4.29d) provides potential barrier 

height (ɸb). In general, the ideality factor (r) in the dark deviates from ideal behaviour due to 

Schottky barrier junction inhomogeneities, a high chance of electron and hole recombination 

in depletion zone, and the presence of series resistance as well as interfacial states.48,49 Under 

dark and light conditions, values of r for the device based on CP1 are 2.36 and 2.29, 

respectively, whereas the values for [CP1+Pd2+] are 2.14 and 1.99, respectively. These values 

differ from the desired value (~1). This could be owing to the presence of Schottky barrier 

junction in homogeneities and series resistance at the junction. 



Chapter 4 

163 

The decrement in ideality factor (2.36 (dark) and 2.29 (light) for CP1; 2.14 (dark) and 1.99 

(light) for [CP1+Pd2+]) towards ideal value in presence of light suggests that the composite-

based device has less carrier recombination at the junction.50  

As a result, under lighting condition, the barrier potential height is likewise reduced. The 

accumulation of photo-induced charge carriers near the conduction band possibly is the 

primary cause of this decrease. Series resistances (Rs) achieved by both procedures are 

consistent. The resulting series resistances were shown to decrease when exposed to light 

(Table 4.10), indicating their usefulness in the area of optoelectronic devices.  

 

Figure 4.29. (a) dV/dlnI vs. I (A), (b) H (I) vs. I (A) curves for the CP1 composite and (c) 

dV/dlnI vs. I (A) , (d) H (I) vs. I (A) curves for the [CP1+Pd2+] composite based device under 

dark and photo illumination condition. 
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In this regard, we estimated the transit time and mobility to achieve a comprehensive view of 

the charge transfer kinetics. The distinctive I-V curves of CP1 on logarithmic scale under dark 

and light conditions revealed that it can be divided into two slope regions (Figure 4.30a and 

4.30b). 

However, the I-V properties of [CP1+Pd2+] have three regions. The various regions of these I-

V characteristics represent various charge transfer methods. Region-I has slope ∼1, implying 

the Ohmic region, and it follows the I∝V relation. In Region-II, the current is  

 

Figure 4.30. (a) and (b) lnI vs. lnV plots, (c) and (d) I vs. V2 curves for CP1 and [CP1+Pd2+] 

composite based devices under dark and illumination conditions. 
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roughly proportional to V2, indicating a space charge limited current (SCLC) regime. The 

trapped-charge-limited-current (TCLC) exists in Region III (Figure 4.30d) which has a slope 

greater than 2. This means that as the voltage goes over a certain threshold, electrons are 

trapped by Pd(II) defect-induced traps of the sample that are distributed exponentially within 

the forbidden gap. As a result, the electrical current will rapidly increase until it approaches the 

ON state. If the injected charge carriers are higher than background charge carriers, then 

injected charge carriers spread and create a space-charge field. Guided by this model, the 

effective charge carrier mobility has been evaluated from the higher voltage region of the plot 

I vs.V2 (Figure 4.30c and 4.30d) following Mott-Gurney equation: 51 

𝐈 =
𝟗µ𝐞𝐟𝐟𝛆𝟎𝛆𝐫𝐀

𝟖
(

𝐕𝟐

𝐝𝟑)         (4.12) 

where, I, μeff, ε0 and εr, is the current, effective mobility, permittivity of free space and relative 

dielectric constant of the synthesized materials respectively. 

Diffusion length (LD) and transit time (τ) are some of the important parameters, for analyzing 

charge transport across the junction. For such purpose, the value of τ has been calculated (Eq. 

4.13) from the slope of the logarithmic plot of the forward biased I-V characteristics in SCLC 

region (Region-II, Figure 4.30a and 4.30b). 

𝛕 =
𝟗𝛆𝟎𝛆𝐫𝐀

𝟖𝐝
(

𝐕

𝐈
)          (4.13) 

𝛍𝐞𝐟𝐟 =  
𝐪𝐃

𝐤𝐓
          (4.14) 

𝐋𝐃 =  √𝟐𝐃𝛕          (4.15) 

where, D is the diffusion coefficient and estimated using Einstein–Smoluchowski equation 

(Eq.4.14).52 As MS junction gets developed, the diffusion length (LD, Eq. 4.15) of the charge 

carrier has a prominent role in the performance of the device.  



Chapter 4 

166 

 

Figure 4.31. (a) and (b) represent capacitance vs log frequency of CP1 and [CP1+Pd2+] based 

MS device respectively. 

The dielectric permittivity (r) of the composite has been derived (Eq. 4.16) from the saturated 

value of capacitance at the higher frequency region (Figure 4.31): 

𝜺𝒓 =
𝟏

∈𝟎
.

𝑪.𝒅

𝑨
          (4.16) 

Where, C gives the capacitance (at saturation), A defines the effective area and d is the 

thickness of the film considered to be ~1 μm. From the relation (Eq. 16) above, the relative 

dielectric constant of the CP1 and [CP1+Pd2+] composite have been found to be 0.83 and 1.30. 

Almost all characteristics in the SCLC regions demonstrated that the charge transport 

properties of CP1 is enhanced after Pd2+ incorporation as well as under light conditions (Table 

4.11). The increased diffusion lengths (LD) under light demonstrates that charge carriers travel 

a long distance before recombination, resulting in an increment in the current shown by the 

device under illumination. The [CP1+Pd2+] composite-based diode exhibits enhanced charge 

transfer kinetics than CP1. Results have concluded that such material emerges as pathway for 

bright future in device applications. 
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Table 4.11. Charge conduction parameters of the CP1 and [CP1+Pd2+] Composite Based MS 

Thin Film Devices 

Device Condition εr Effective 

mobility 

μeff 

(m2V-1s-1) 

Transit time 

        

     (S) 

μeff 

(m2V-1) 

Diffusion 

coefficient 

D (× 10-7) 

(m2s-1) 

Diffusion 

length, LD 

(× 10-10) 

(nm) 
CP1 Dark 0.83 4.15 × 10-6 1.01 × 10-12 1.44 × 10-18 1.07  2.73 

Light 1.21 × 10-5 3.47 × 10-13 1.23 × 10-17 3.11 7.96 

[CP1+Pd2+] Dark 1.30 4.27 × 10-6 2.36 × 10-12 3.68 × 10-18 1.10  4.36 

Light 1.22 × 10-5 8.61 × 10-13 2.88 × 10-17 3.18 1.22 

 

The electrical Schottky contact may be employed by lattice matching with the molecular 

system and deformation potential. Usually, deformation refers to the energy gap between 

HOMO and LUMO. Normally, absolute deformation potential (ADPs) has been used for 

evaluation of the band gap53 in CPs. The calculated energy difference between HOMO and 

LUMO in CP1 is 2.64 eV, which corresponds to the experimental band gap 3.61 eV. The 

calculated energy difference of HOMO and LUMO of [CP1+Pd2+] is 1.09 eV where the 

experimental gap is 3.05 eV. Difference of energy gap is dependent on the electronic nature of 

structural components including the geometrical strain of network54 of CP. Therefore, the 

energy gap of CP1 and [CP1+Pd2+] reveals the lowering of gap upon inclusion of Pd2+ and has 

resulted the better charge transportation as well as electrical conductivity. 

4.4. Conclusion 

A 2D coordination polymer (2D-CP), {[Cd(HAIPA)(tppz)(OH)].3H2O}n, (CP1) is self-

assembled to 3D supramolecule and is highly blue emissive in aqueous-acetonitrile (40:1, v/v) 

suspension. The CP1 selectively absorbs Pd2+ only out of sixteen cations and quenches the 
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emission (LOD, 0.08 M).  Besides, the material, CP1 and [CP1+Pd2+], lies in semiconducting 

region (band gap : 3.61 and 3.05 eV) and exhibits better electrical conductivity at light 

irradiation (CP1 : 7.42 × 10-5 S m-1 (dark) and 2.45 × 10-4 S m-1 (light) and ([CP1+Pd
2+

]: 1.20 × 

10-4 S m-1 (dark) and 3.81× 10-4 S m-1 (light)). Hence, the material is accommodating Pd2+ 

within it followed by severe quenching of blue emission and detection limit is also quite low. 

Upon inclusion of this metal ion there is an enhancement of electrical conductivity taken place. 

It may be stated that Palladium included compound may be employable to resolve the energy 

crisis issue. With this we believe that the single material having multifunctional applicability 

will be acted as an ornament for the material researchers. 
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Abstract 

Energy is the centre of importance for the sustenance of the civilization. Use of fossil fuel is 

going to be suspended and renewable energy is technologically costlier. In quest of new energy 

sources and to minimise fuel expenditure, the design of energy efficient devices is of current 

solution. Towards this objective, a highly delocalised -acidic N-hetreocycle pyrazine bridged 

CPs of Cd(II)-carboxylato derivatives,  [Cd(tppz)(adc)(MeOH)] (1), [Cd(tppz)(trep)] (2) and 

[Cd(tppz)(2,6-ndc)] (3) (tppz = 2,3,5,6-Tetrakis(2-pyridyl)pyrazine) are  synthesized in 

combination with dicarboxylato linkers (acetylene dicarboxylic acid (H2adc), terephthalic acid 

(H2trep) and 2,6 naphthalene dicarboxylic acid (2,6 H2ndc)). The structures of the compounds, 

1-3, have been confirmed by the single crystal X-ray diffraction measurements. The ‘CdN3O4’ 

core is distorted pentagonal bipyramidal geometry and is self-assembled via  stacking, H-

bonding and constructed supramolecular networks. Analysis of electrical property 

demonstrates that the conductivity follows the order 3 > 2 > 1; the compound 3 shows the 

highest conductivity (1.93×10-3 (light), 1.12×10-4 S.m-1 (dark)) than 2 (1.10×10-4 (light), 

1.80×10-4 S.m-1(dark)) and 1 (5.06×10-5 (light), 4.72×10-5 S.m-1 (dark)). The trends of 

conductivities follow the order of the charge mobility through the coordination networks. 

Theoretical study (HOMO-LUMO energy gap) supports the experimental band gap (3<2<1) of 

CPs which guide the variation of conductivity. 
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5.1. Introduction 

Coordination polymers (CPs) are unveiling outstanding deliverable properties (Chapters 1-4). 

A continuous effort has been entrusted to fabricate diverse materials of higher chemical, 

optical, magnetic and thermal stability to make them attractive for the researcher with valuable 

application potential. The coordination polymers (CPs)1-14 have been attracted much for the 

multifunctional property and are potential for sustainable applications. These materials have 

been exploited in the field of gas storage and mixture separation,15,16 electrical conductivity,17-

19 sensing,20-23 water splitting,24 variable temperature magnetism,25 catalysis26, ion exchange27 

etc. It is surprising that a diamagnetic metal knot bridged via non-conducting O-donor 

(Carboxylato) centres also exhibit conducting properties.17,18 Many of the CP frameworks are 

showing great conductivity and fine-tunability through self-assembly and become a 

challenging material for the next generation electronic devices. The advancement of this 

research is very important issue regarding the increasing energy demand and environmental 

pollution towards sustainable development28 and needs condensed holistic effort for 

developing energy harvesting supercapacitor and superconductor. The tuning of the structure 

and electrical conductivity with the choice of metal knot, bridge building groups and 

experimental program (solvents, reaction condition etc.) to extensive application in 

environmental responsive technologies, such as batteries, molecular wires, sensors and 

photovoltaics is of utmost important.  

Mainly ‘N’ (pyridyl or other N-heterocycles), ‘O’ (Dicarboxylates), halides/  pseudohalides 

donor ligands are used to fabricate the bridging ligands to architect the CPs.29-31 Naphthalene 

dicarboxylate is more conjugated than the alkyne/alkene/phenyl dicarboxylates and has been 

used to design the CPs those respond smartly to external stimuli.32 The properties of CPs 

depend on the electronic and steric effect of organic/inorganic nature of linkers and electronic 
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configuration, periodic position of the metal knot.33 Most of the CP’s act as insulator or low 

conducting due to insulating nature of carbon atom enriched linker and weak interaction 

between linker orbitals and metal d-symmetric  functions. The CPs constituted by metal 

ions with d10 electronic configuration (Zn2+, Cd2+) and carboxylate-O linkers exhibit 

semiconducting property34-36 and have smart application in the electronic devices. Cd2+ (4d 

series) is more delocalisable than Zn2+ (3d series) and demonstrates better conducting CPs.32,33 

The semiconductivity of the CPs has been capitalized to design Schottky barrier diodes (SBD) 

by depositing on conducting surface for fast switching speed and low forward voltage drop.  

In this situation, suitably constructed crystalline CPs in presence of electrically conducting 

surface are playing beneficial role for the material science. Our group has reported few Zn37-

39/Cd-based40-42 CPs with electrical conductivity. Herein, we focus attention on the synthesis 

of three pyrazine based Cd(II)-CPs (1-3) with organic bridging ligands from three different 

dicarboxylates such as, acetylene dicarboxylic acid (H2adc, 1), terephthalic acid (H2trep, 2) and 

2,6 naphthalene dicarboxylic acid (2,6 H2ndc, 3). The structural motifs are assembled via  

and H-bondings and exhibit appreciably high electrical conductivity. Out of three CPs, 3 has 

been shown highest electrical conductivity (1.93×10-3 (light), 1.12×10-4 S.m-1 (dark)) than 2 

(1.10×10-4 (light), 1.80×10-4 S.m-1(dark)) and 1 (5.06×10-5 (light), 4.72×10-5 S.m-1 (dark)) which 

may be due to better conjugation in ndc2-. For higher conjugation, the band gap decreases 

and has been calculated from the DFT computation. Experimental band gap (Tauc’s plot) is 

nearly matched with the theoretically calculated energy difference of HOMO and LUMO levels 

which has been supported by the electrical conductivity measured from the optical devices 

fabricated using the compounds (1, 2 and 3).  
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5.2. Experimental Section 

5.2.1. Synthesis and formulation  

 

Scheme 5.1. Synthesis of 1,2 and 3 using Cd(NO3)2.4H2O, tppz and corresponding acid. 

 

A model synthesis is detailed below (Scheme 5.1) for the compound 1. To aqueous solution (2 

mL) of Cd(NO3)2.4H2O (0.06 g, 0.2 mmol) water-methanol solution (1:1 v/v; 2 mL) was added 

slowly to make a buffer layer followed by the slow covering with methanol solution (2 mL) of 

tppz (0.0194 g, 0.05 mmol) carefully. To this unstirred solution, H2adc (0.023 g, 0.2 mmol) in 

ethanol solution (2 mL) neutralized by Et3N (0.042 g, 0.4 mmol) was added gradually. Finally, 

colourless block shaped crystals were obtained within 5 days (Yield: 0.76 mg, 68%). Elemental 

analysis (%): calculated for 1: C, 43.91; H, 2.53; N, 9.60. Found: C, 43.83; H, 2.45; N, 9.54. 

IR, ͞ν (cm-1): 3209, ν(-OH); 2918, ν(-CH); 1583, νasy(-COOH); 1536, sys(COO); 1370, ν (-OH 

bending). (Figure 5.1a). Other two compounds 2 and 3 were also followed same synthesized 

route using H2trep and 2,6 H2ndc, respectively. Colourless crystal 2 (yield: 0.78 mg, 57%) and 

3 (yield: 1.16 mg, 63%) were obtained within a week. Elemental analysis (%): calculated for 

2: C, 47.16; H, 2.96; N, 7.86. Found: C, 47.08; H, 3.01; N, 7.79. IR ͞ν(cm-1) : 3441, ν(-OH); 
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1660, νasy(-COO); 1546, sys(COO); 1370, ν(-OH bending). (Figure 5.1b). Elemental analysis 

(%): calculated for 3: C, 60.47; H, 3.10; N, 11.75. Found: C, 60.34; H, 3.04; N, 11.67. IR ͞ν 

(cm-1) : 3242, ν(-OH); 1659, νasy(-COO); 1597, sys(COO); 1387, ν(-OH bending). (Figure 

5.1c). 

 

 

Figure 5.1. IR spectra of compounds 1(a), 2(b) and 3(c). 

 

Phase purity of the compounds was examined by comparing the Powder X-Ray 

Diffraction (PXRD) profile with the as-synthesized simulated pattern of the compounds (1, 2 

and 3). The spectra are well matched with the simulated pattern (Figure 5.2). Thermal stability 

of the compounds was observed by the Thermogravimetric analysis (TGA). The  
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Figure 5.2. Powder X-ray diffraction pattern of 1, 2 and 3. 
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results of the TGA exhibited that compounds 1, 2 and 3 stable upto nearly 267°, 391° and 423° 

C, respectively, i.e stability order of the CPs is 3>2>1 (Figure 5.3). 

 

Figure 5.3. Thermogravimetric Analyses Curves of compounds 1, 2 and 3. 

 

5.2.2. Materials and Physical Measurements 

All the chemicals (H2adc, H2trep, 2,6 H2NDC, tppz, and Cd(NO3)2, 4H2O) and solvent were 

purchased from commercial sources (Sigma, TCI, Merck) and used for experiments without 

further purification. Elemental analyser Perkin-Elmer 240C was used for the microelement 

analyses (C, H, N). Infrared (IR) spectrum was recorded using a Perkin Elmer SPECTRUM II 

LITA FT-IR spectrometer. Bruker D8 Advance X-ray diffractometer was used to collect the 

powder X-ray diffraction (PXRD) data, using Cu Kα radiation source having wavelength of 

1.548 Å at the room temperature. Thermogravimetric analysis at the temperature range 30-850 

°C were done using the PerkinElmer TGA 4000 System with heating rate 10°C/min under the 

N2 atmosphere. Lambda 25 spectrophotometer was used for UV−vis spectra. Gaussian 09 
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software used to optimize the CPs motif and determined the band gap. B3LYP strategy and 

LAN2DZ basis set was applied for optimization. Herein, GAUSSSUM used to calculate the 

fractional distribution of metal and different ligands. Crystal explorer 3.1 version software was 

used to evaluate the Hirshfeld surface and 2D fingerprint plots using the CIF as an input file. 

Presence of different interaction in compounds was evaluated using this software. 

5.2.3. Structure determination by X-Ray 

Cd-coordination polymers 1, 2 and 3 ware characterised using singe crystal X-Ray diffraction 

with suitable dimension. Bruker APEX-II CCD diffractometer equipped with graphite-

monochromatized Mo-K radiation (λ = 0.71073 Å) was used. Single crystal structure was 

evaluated with the helped of SHELX-97.43 Crystal orientation matrices and unit cell parameter 

were evaluated for the CPs by least square refinements of all reflection within the hkl range -

10 ≤ h ≤ 10, -13 ≤ k ≤ 12, -14 ≤ l ≤ 13 (1); -13 ≤ h ≤ 13, -26 ≤ k ≤ 26, -29 ≤ l ≤ 29 (2); -14 ≤ h 

≤ 14, -16 ≤ k ≤ 16, -16 ≤ l ≤ 16 (3). For cell refinement, indexing and scaling of data set were 

done by the Bruker Smart Apex and Bruker Saint packages.44,45 Crystal structure was solved 

with the help of direct method and subsequent Fourier analyses. Non hydrogen atoms were 

refined using anisotropic thermal parameters. All the hydrogen atoms were located in their 

exact geometrical position. All the data and molecular pictures are evaluated using the WinGX 

System, Mercury 3.10.3 and Discovery Studio 2017R2. Crystallographic data of 1, 2 and 3 is 

concise in Table 5.1, respectively. Selected bond lengths and bond angle are prescribed in 

Table 5.2 (1), Table 5.3 (2) and Table 5.4 (3). 
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Table 5.1. Crystal data of 1, 2 and 3 

Compound 1 2 3 

Formula C17H11CdN3O5 C20H12CdN3O4 C74H47Cd2N12O9 

Formula Weight 449.69 470.73 1473.06 

Crystal System Triclinic Orthorhombic Triclinic 

Space group P-1 Ccca P-1 

a[Å] 8.0423(18) 10.3257(8) 11.4086(9) 

b[Å] 10.441(2) 20.751(2) 12.7091(10) 

c [Å] 11.159(3) 23.1700(17) 12.9609(11) 

Alpha [°] 89.872(6) 90.00, 60.921(2) 

beta [°] 88.659(6) 90.00 83.658(2) 

gamma [°] 86.687(6) 90.00 78.909(2) 

V[Å3] 935.1(4) 4964.6(7) 1611.4(2) 

Z 2 8 1 

D(calc) [g/cm3] 1.597 1.260 1.518 

Mu(MoKa) [ /mm ] 1.198 0.903 0.730 

F(000) 444 1864.0 743 

Temperature (K) 273(2) 273 273(2) 

Radiation [Å] 0.71073 0.71073 0.71073 

Observed data [I > 2.0 

sigma(I)] 

3229 2368 5145 

R 0.1390 0.0356 0.0446 

wR2 0.3469 0.1006 0.1229 

S 1.104 1.102 1.127 
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Table 5.2. Selected bond length (Å) and bond angels (°) of 1. 

Bond length (Å) 

Cd1 - O3 2.301(13) Cd1 - N2 2.405(12) 

Cd1 - O5 2.336(14) Cd1 - N1 2.408(15) 

Cd1 - O2 2.373(12) Cd1 - O1 2.440(14) 

Cd1 - N3 2.391(17)   

 

Bond angels (°) 

O3 - Cd1 - O5 170.1(5) N2 - Cd1 - N1 68.4(4) 

O3 - Cd1 - O2 81.4(5) O3 - Cd1 - O1 83.1(5) 

O5 - Cd1 - O2 89.7(5) O5 - Cd1 - O1 88.1(5) 

O3 - Cd1 - N3 93.1(7) O2 - Cd1 - O1 54.1(5) 

O5 - Cd1 - N3 90.6(6) N3 - Cd1 - O1 139.5(5) 

O2 - Cd1 - N3 85.5(5) N2 - Cd1 - O1 150.8(5) 

O3 - Cd1 - N2 105.6(4) N1 - Cd1 - O1 84.6(5) 

O5 - Cd1 - N2 84.3(4) O3 - Cd1 - C16 81.2(5) 

O2 - Cd1 - N2 153.6(4) O5 - Cd1 - C16 88.9(5) 

N3 - Cd1 - N2 68.9(5) O2 - Cd1 - C16 27.1(5) 

O3 - Cd1 - N1 86.8(6) N3 - Cd1 - C16 112.6(6) 

O5 - Cd1 - N1 97.0(7) N2 - Cd1 - C16 173.1(5) 

O2 - Cd1 - N1 138.0(5) N1 - Cd1 - C16 111.3(5) 

N3 - Cd1 - N1 135.5(6) O1 - Cd1 - C16 26.9(5) 

 

Table 5.3. Selected bond length (Å) and bond angels (°) of 2. 

Bond length (Å) 

Cd(1)  -  N(7) 2.396(2) Cd(1)  -  O(2) 2.376(3) 

Cd(1)  -  N(8) 2.397(3) Cd(1)  -  O(1) 2.335(2) 

Cd(1)  -  O(1)a 2.335(2) Cd(1)  -  O(2)a 2.376(3) 

Cd(1)  -  N(7)a 2.396(2)   
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Bond angels (°) 

O(1)   -  Cd(1)  -  O(2) 55.00(10) O(1)   -  Cd(1)  -  N(7) 125.41(10) 

O(1)   -  Cd(1)  -  N(8) 134.72(6) O(1)   -  Cd(1)  -  C(1) 27.38(9) 

O(1)   -  Cd(1)  -  O(1)a 90.56(8) O(1)   -  Cd(1)  -  O(2)a 128.62(10) 

O(1)   -  Cd(1)  -  N(7)a 86.53(9) O(1)   -  Cd(1)  -  C(1)a 110.90(10) 

O(2)   -  Cd(1)  -  N(7) 85.96(11) O(2)   -  Cd(1)  -  N(8) 87.94(7) 

O(2)   -  Cd(1)  -  C(1) 27.62(11) O(2)   -  Cd(1)  -  O(1)a 128.62(10) 

O(2)   -  Cd(1)  -  O(2)a 175.89(11) O(2)   -  Cd(1)  -  N(7)a 92.52(11) 

O(2)   -  Cd(1)  -  C(1)a 155.94(11) N(7)   -  Cd(1)  -  N(8) 68.36(6) 

N(7)   -  Cd(1)  -  C(1) 106.82(9) N(7)   -  Cd(1)  -  O(1)a 86.53(9) 

N(7)   -  Cd(1)  -  O(2)a 92.52(11) N(7)   -  Cd(1)  -  N(7)a 136.73(8) 

N(7)   -  Cd(1)  -  C(1)a 89.37(9) N(8)   -  Cd(1)  -  C(1) 112.18(8) 

N(8)   -  Cd(1)  -  O(1)a 134.72(6) N(8)   -  Cd(1)  -  O(2)a 87.94(7) 

N(8)   -  Cd(1)  -  N(7)a 68.36(6) N(8)   -  Cd(1)  -  C(1)a 112.18(8) 

C(1)   -  Cd(1)  -  O(1)a 110.90(10) C(1)   -  Cd(1)  -  O(2)a 155.94(11) 

C(1)   -  Cd(1)  -  N(7)a 89.37(9) C(1)   -  Cd(1)  -  C(1)a 135.65(11) 

O(1)a  -  Cd(1)  -  O(2)a 55.00(10) O(1)a  -  Cd(1)  -  N(7)a 125.41(10) 

O(1)a  -  Cd(1)  -  C(1)a 27.38(9) O(2)a  -  Cd(1)  -  N(7)a 85.96(11) 

O(2)a  -  Cd(1)  -  C(1)a 27.62(11) N(7)a  -  Cd(1)  -  C(1)a 106.82(9) 

 

Table 5.4. bond length and bond angel of 3. 

Bond length (Å) 

Cd(1)  - O(3) 2.667(7) Cd(1)  - O(4) 2.241(4) 

Cd(1)  - O(5) 2.561(4) Cd(1)  - O(6) 2.254(3) 

Cd(1)  - N(7) 2.393(4) Cd(1)  - N(8) 2.405(3) 

Cd(1)  - N(9) 2.346(4) Cd(1)  - C(37) 2.757(4) 
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Bond angels (°) 

O(3)  - Cd(1) - O(4) 51.2(2) O(3)  - Cd(1) - N(7) 134.74(19) 

O(3) - Cd(1) - C(37) 106.6(2) O(4)  - Cd(1) - N(7) 83.51(19) 

O(4) - Cd(1) - C(37) 118.4(2) O(5)  - Cd(1) - N(8) 72.00(18) 

O(6)  - Cd(1) - N(7) 106.36(18) O(6) - Cd(1) - C(37) 26.4(2) 

N(7) - Cd(1) - C(37) 92.99(17) N(9) - Cd(1) - C(37) 101.00(17) 

Cd(1) - O(5) - C(37) 85.7(5) Cd(1) - N(7) - C(30) 117.7(4) 

Cd(1) - N(8) - C(25) 120.1(3) O(3)  - Cd(1) - O(5) 131.5(2) 

O(3)  - Cd(1) - N(8) 144.32(17) O(4)  - Cd(1) - O(5) 137.3(2) 

O(4)  - Cd(1) - N(8) 134.59(18) O(5)  - Cd(1) - O(6) 52.7(2) 

O(5)  - Cd(1) - N(9) 95.04(18) O(6)  - Cd(1) - N(8) 123.96(19) 

N(7)  - Cd(1) - N(8) 67.38(16) N(8)  - Cd(1) - N(9) 68.49(17) 

Cd(1) - O(3) - C(12) 82.1(5) Cd(1) - O(6) - C(37) 99.9(4) 

O(3)  - Cd(1) - O(6) 81.2(2) O(3)  - Cd(1) - N(9) 81.47(19) 

O(4)  - Cd(1) - O(6) 96.7(2) O(4)  - Cd(1) - N(9) 123.9(2) 

O(5)  - Cd(1) - N(7) 79.23(18) O(5) - Cd(1) - C(37) 26.3(2) 

O(6)  - Cd(1) - N(9) 104.74(18) N(7)  - Cd(1) - N(9) 135.06(17) 

N(8) - Cd(1) - C(37) 97.94(18) Cd(1) - O(4) - C(12) 102.8(5) 

 

5.2.4. Device Fabrication 

The Schottky devices of the compounds were developed in a sandwich-like ITO/1, 2, and/or 

3/Al arrangement. In an ultrasonic bath, acetone, soap solution, distilled water and ethanol were 

used to clean indium tin oxide (ITO) covered glass substrates. To create a stable dispersion, 

the substance was disseminated in DMSO medium and ultrasonicated. The material was then 

created as a thin film on the ITO coated glass using the spin-coating process at 1000 rpm for 

60 seconds and then dried. Surface profiler was used to determine the thicknesses of the 

developed films (5 µm). Metal semiconductor (MS) junction was architected using Al as a 



Chapter 5 

189 

rectifier metal contact and located on the films using a thermal evaporation process. A shadow 

mask kept the effective diode area constant at 3×3 mm2. The current was recorded at the 

corresponding applied bias voltage progressively within the range of ±1.5 V to investigate the 

electrical attributes. 

 

5.3. Results and Discussion 

5.3.1. Structure determination 

The compound 1 is crystallized in the triclinic system with space group P-1 and Z=2. The 

molecular unit consists of distorted pentagonal bipyramid about the Cd(II) centre having 

CdN3O4 sphere (Figure 5.4). The coordination zone is constituted by three pyridyl-Ns from 

tppz, chelation of carboxylate-O, O of one adc2- and monodentate carboxylate-O of another 

adc2- linker and a coordinated MeOH. The bond lengths Cd1 - O3, 2.301(13); Cd1 - O5, 

2.336(14); Cd1 - O2, 2.373(12); Cd1 - N3, 2.391(17) Å.  Cd1 - N2, 2.405(12); Cd1 - N1, 

2.408(15); Cd1 - O1, 2.440(14) Å, and chelate angle O2 - Cd1 - O1, 54.1(5) and other angles 

(°)O3 - Cd1 - O5, 170.1(5); N2 - Cd1 - N1, 68.4(4); N3 - Cd1 - N2, 68.9(5) (Table 5.2) lie 

within reported limit.46-48 Two bridging ligands (tppz and adc2-) are mutually orthogonal to form  

 

Figure 5.4. Coordination unit of CdN3O4 sphere of [Cd(tppz)(adc)(MeOH)] (1), 

[Cd(tppz)(trep)] (2) and [Cd(tppz)(2,6-ndc)] (3)  
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2D network (Figure 5.5a) and constitute 3-nodal net and the point symbol is {0}2{12^3}2{12}3 

(Figure 5.5b). The noncovalent interactions (∙∙∙interaction, 5.126 Å) in 1 makes 

supramolecular assemble (Figure 5.6) to form 3D network (Figure 5.7). 

The compound 2 crystallizes in orthorhombic system with Ccca space group and Z=8 and 3 is 

crystallized in triclinic system and the space group is P1 and Z=2. These two compounds are 

isostructural with 1 and bear CdN3O4 coordination environment having pentagonal bipyramidal 

geometry about Cd(II). The coordination is satisfied by the three tppz-Ns and four carboxylate-

‘O’ of two different trep2-/ndc2- moiety. The bond parameters are comparable with 1. The bond 

lengths about coordination zone are Cd(1) - O(2), 2.376(3); Cd(1) - N(7), 2.396(2); Cd(1) - 

N(8), 2.397(3); Cd(1) - N(7)a, 2.396(2); Cd(1) - O(1), 2.335(2); Cd(1) - O(1)a, 2.335(2); Cd(1) 

- O(2)a, 2.376(3) Å, and bond angels (°) are O(1) - Cd(1) - O(2), 55.00(10); O(1)a - Cd(1) - 

O(2)a, 55.00(10); N(7) - Cd(1) - N(8), 68.36(6); N(8) - Cd(1) - N(7)a, 68.36(6) for compound 

2 (Table 5.3).  In compound 3 the bond lengths are Cd(1) - O(3), 2.667(7); Cd(1) - N(7), 

2.393(5); Cd(1) - N(8), 2.404(5); Cd(1) - N(9), 2.344(5); Cd(1) - O(4), 2.243(6); Cd(1) - O(5), 

2.560(7); Cd(1) - O(6) 2.251(5) Å and bond angles are O(3) - Cd(1) - O(4), 51.2(2); O(3) - Cd(1) 

- O(4), 51.2(2); O(5) - Cd(1) - O(6), 52.7(2); N(7) - Cd(1) - N(8), 67.38(16); N(8) - Cd(1) - 

N(9), 68.49(17)° (Table 5.4). The 2D network of 2 is extended to 3D supramolecule via  

interaction (4.317 Å, Figure 5.5c, (Figure 5.6, Table 5.5) with 2-nodal net and point symbol 

for net is {12^3}2{12}3 (Figure 5.5d). Similarly, the compound 3 (Figure 5.5e) with 3-nodal 

net constitutes the point symbol {0}(Figure 5.5f). This 1D chain of 3 has been assembled by 

the  stacking (4.142 Å, Figure 5.6, Figure 5.7).  
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Figure 5.5. View of 2D network with a tropology of (a, b) 1, (c, d) 2 and (e, f) 3. 
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Figure 5.6. ··· interaction of 1 (5.126 Å), 2 (4.317 Å) and 3 (4.142 Å). 

 

Figure 5.7. (a) Supramolecular assemble of 1 along a axis, (b) 2 along the b axis and (c) 

along the a axis 3. 
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Table 5.5. Presence of … interaction in the 1, 2 and 3. 

… interaction (1) 

Ring(i) → Ring(j) Distance between the (i, j) 

ring centroids (Å) in the 

crystal 

[ARU(j)] 

R(1) → R(3) 5.114(14) [  2666.01] 

R(3) → R(1) 5.035(14) [  2566.01] 

R(3) → R(3) 5.141(15) [  2556.01] 

 … interaction (2) 

R(1) → R(1) 4.31(18) [  2555.01] 

R(2) → R(2) 5.16(19)  [ 10565.01] 

R(1) → R(2) 5.71(2) [  9445.01] 

… interaction (3) 

R(1) → R(3) 4.14(3) [  2666.01] 

R(4) → R(5) 4.15(3) [  2676.01] 

R(4) → R(8) 4.23(3) [  2675.01] 

R(6) → R(1) 4.48(3) [  1545.01] 

 

5.3.2. Hirshfeld surface analysis 

In the Hirshfeld isosurface two different type of distance di and de are present, where di has 

denoted the distance between the surface and the nearest nucleus internal to the surface, 

whereas de define as a just opposite to the di, i.e the distance between the surface and nearest 

nucleus external to the surface. The normalized contact distance (dnorm) following the equation 

dnorm = {(di − ri
vdW)/ri

vdW } + {(de – re
vdW)/re

vdW} 

ri
vdW and re

vdW denoted as the van der waal radii49 of the atoms. Hirshfeld surface of the 

compound mapped completed with the dnorm, shape index and curvedness. Intermolecular  
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Figure 5.8. Hirshfeld surface mapped with (a-c) d norm (d-f) shape index (g-i) curvedness of 

1, 2 and 3.  

contact are longer than, shorter than or equal to van der waals separations depends on the dnorm 

values, may be positive, negative and equal, respectively. The value of dnorm at the different 

point is variant which denote by the different colour (red, blue and white). Herein, red colour 

spot assigned the shorter contact, blue was lacking of short contact and white spot region 

denoted the contact equivalent to the van der waal separation (Figure 5.8). Shape index of the 
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hirshfeld surface used to identify complementary hollow (red) and bumps (blue) and two 

molecular surfaces touch one another. The shape index has formed combination of two shape 

and the properties depends on the two shape. If the change in the sign its changes to the 

complementary pairs. Hirshfeld surface gives the information about the possibility of the 

different intermolecular interaction in crystal system. Herein, local morphology of the surface 

was represented by the shape Index using the different colours (red and blue). Hirshfeld surface 

(HS) analyses of the compounds were mapped by calculating the dnorm, shape index and 

curvedness to support noncovalent interactions. Colour code defines the intermolecular 

contacts relative to Van der Waals separation, such as, red spot is assigned to the shorter 

contact, blue color corresponds to the short contact and white spot region denotes the contact 

equivalent to the Van der Waal’s separation (Figure 5.8). The interactions involve C-H/H-C, 

N-H/H-N, O-H/H-O and H-H/H-H combination pattern in the 2D finger print region (Figure 

5.9). Local morphology determines the shape indices using red and blue colours. 

Symmetrically presence of blue and red triangle in the compound 3 indicates the presence of 

 interaction which is denoted by black circle (Figure 5.8f). 

 

Figure 5.9. 2D fingerprint plot full of compounds 1(a), 2(b) and 3(c). 

 

Blue triangle interprets the convex region due to the C-atoms in the naphthalene ring of the 

molecule inside the surface and red triangle represents the concave region due to the -stacked 
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outside it. Root means square curvature of the surface was evaluated from the curvedness. 

Relatively flat green region of the map was separated by the dark blue edges. 

Presence of  interaction in the molecules was characterised by the flat region of the 

curvedeness.50 Compound 3 has the greater number of red and blue spots in Shape index and 

flatter green region in curvedness than the others (2, 3) which may be the region of the highest 

conjugation of  electron density and therefore, the cause of high electrical conductivity. 

The surface morphology of the compounds has been investigated by FESEM micrographs 

(Figure 5.10). These types of microstructures of the polymeric CPs are very much helpful to 

exhibit shape and sizes; in this case, the characterization of MS junction is carried out to 

fabricate the Schottky diodes. The images revealed that the particles of 1 and 2 are block shaped 

and for compound 3 is square shaped. These shapes normally offer higher surface area and 

conveyed to higher contact area and resulted efficient charge transportation as well as higher 

electrical conduction. This has motivated us to undertake fabrication of devices for the 

electrical conductivity measurement of these compounds. 

 

Figure 5.10. FESEM image of compounds (a) 1, (b) 2 and (c) 3 at range 1m. 

5.3.3. Electrical characterisation 

The absorption spectra (200-600 nm) of thin films deposited on the ITO plates of compounds 

(1, 2, and 3) by spin coating of the dispersed solution in DMSO (insets, Figure 5.11) were used 
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to calculate optical band gap (3.35 eV (1), 3.34 eV (2), 3.22 eV (3)) by using Tauc’s plot 

following the equation (Eq. 5.1).51 

(𝜶𝒉𝝂)𝒌 = 𝑲(𝒉𝝂 − 𝑬𝒈)        (5.1) 

Where, absorption coefficient, band gap, Planck’s constant are denoted by α, Eg and h, 

respectively with frequency of light is ν and exponent k is dependent constant of electron 

transition processes and value is 0.5 in the process.  

Theoretical calculations (DFT) have been done by using crystallographic parameters of the 

compounds 1-3 and the energy difference of CPs (E = ELUMO –EHOMO, in eV) are 3.43 (1), 

3.29 (2), 2.90 (3) eV. The experimental results differ slightly because of selection of the 

parameters in the DFT computation; only coordinative monomeric motif is selected for 

computation. However, both experimental and calculated results support the fabrication of 

effective semiconducting device using these materials.  

The substantial absorption of the compounds, 1-3, in the UV and visible region has suggested 

that the charge transport mechanism may generate substantial current with small change in 

potential, i.e., non-Ohmic current. Furthermore, the lowest optical band gap in the compound 

3 is observed compared to the other two compounds (1 and 2) that has implied that metal 

semiconductor barrier of [Cd(tppz)(2,6-ndc)] (3) is lowest. 
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Figure 5.11. Absorption spectra (inset) and corresponding Tauc’s plots of thin film devices 

formed by the compounds: (a) 1; (b) 2; (c) 3. 

The thin films on the top of ITO coated glass substrates were formed with addition of well-

dispersed solution of CPs. Under dark and light conditions, the current(I)-voltage(V) 

characteristic plots for 1, 2, and 3 based thin film devices are recorded (Figure 5.12). It is clear 

that the I-V characteristic curves display extremely nonlinear rectifying behaviour. The non-

Ohmic nature of the dominant conduction mechanism is indicated by the logarithmic I-V 

characteristic's nonlinearity. Under dark condition, the rectification ratios of 1 is 8; for 2 and 3 

the values are 8.99 and 13.5, respectively.  
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Figure 5.12. I−V characteristics curve for ITO/compounds (1‒3)/Al structured thin film 

devices under dark and light condition. 

 

The I-V representative of the composite-based device has been investigated using thermionic 

emission (TE) theory (Eq. 5.2).52 

𝑰 = 𝑰𝟎 [𝒆𝒙𝒑 (
𝒒𝑽

𝒓𝒌𝑻
) − 𝟏]        (5.2) 

Where, applied bias voltage, electronic charge, ideality factor, Boltzmann constant and 

operating temperature (K) are denoted by the V, q, r, k, and T respectively. Reverse saturation 

current, I0, of TE theory was revealed in the Eq. 5.3. 

𝑰𝟎 = 𝑨𝑨∗𝑻𝟐𝒆𝒙𝒑 (−
𝒒ɸ𝒃

𝒌𝑻
)                             (5.3) 

Where, Effective area of Schottky diodes was denoted by A and the value is 9 ×10-6 m2, 

effective Richardson constant was signified by 𝐴∗, which is expected as 1.20 × 106 AK−2 m−2, 

barrier height (BH) is denote ɸb at the junction. From the intercept of lnI at V = 0, the reverse 
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saturation current was extracted. Temperature dependence ideality factor (r) is expressed in 

Eq. 5.4. 

𝐫 =
𝒒

𝒌𝑻
[

𝒅𝑽

𝒅(𝒍𝒏𝑰)
]           (5.4) 

Eq. 5 is used to obtain the temperature-dependent BH (ɸb) at zero bias and can be articulated 

as Eq. 5.5. 

 ɸ𝒃 =
𝒌𝑻

𝒒
𝒍𝒏 (

𝑨𝑨∗𝑻𝟐

𝑰𝟎
)         (5.5) 

Slope and intercept of lnI vs. V plots are helped to evaluate the ideality factor and ɸb of the 

Schottky device, respectively (Table 5.6). Forward biased dV/dlnI vs. I plot (Figure 5.13) is 

aided to evaluate series resistance (Rs) which is an important Schottky parameters and the plot 

is employing by Cheung’s method 18 (Eq. 5.6). 

 
𝒅𝑽

𝒅(𝒍𝒏𝑰)
= 𝑰𝑹𝑺 +

𝒓𝒌𝑻

𝒒
                       (5.6) 

 

Figure 5.13. dV/dlnI vs. I curve of CPs (1‒3) based on thin film devices under dark, and photo-

illumination condition. 

Inhomogeneity in the Schottky barrier junction is the reason for the deviation of the ‘r’ factor 

from the ideal behaviour in the dark and is the reason for recombination of hole and electron 

in the depletion zone.53 Under dark and light conditions, the rs values of the device based on 1 
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are 2.00 (dark) and 1.84 (light), respectively; for other devices the rs are 1.53 (dark) and 1.33 

(light) for 2 and 1.36 (dark) and 1.29 (light) for 3. These values are deviated from the ideal 

value (~1). This could be owing to the presence of inhomogeneities at the Schottky barrier 

junction and series resistance of the junction of Schottky device.53,54 The decrement in ideality 

factor from the ideal value in presence of light suggests that the composite-based device has 

less carrier recombination at the junction and the barrier potential height is decreased 

under photo-illumination condition (Table 5.6). The better photosensitivity of 3 makes it good 

rectifier (17.60, light) than 1 and 2. 

Table 5.6. Some electrical parameters of 1‒3 based Schottky device. 

Sample Condit

ion 

Rectificatio

n ratio 

Conductivity 

(S.m-1) 

Photo 

sensitivity 

Ideality 

Factor 

(r) 

Barrier 

Height 

(eV) 

RS 

From 

dV/dln

I 

(Ω) 

1 Dark 8.05 4.72×10-5 1.12 2.00 0.74 51031 

Light 10.20 5.06×10-5 1.84 0.72 27235 

2 Dark 8.99 1.80×10-4 1.35 1.53 0.74 23677 

Light 16.70 1.10×10-4 1.33 0.71 5608 

3 Dark 13.5 1.12×10-4 5.79 1.36 0.75 16757 

Light 17.60 1.93×10-3 1.29 0.70 2477 

 

Investigation of the current-voltage (I-V) curves following the space charge limited current 

(SCLC) theory has facilitated to interpret the Schottky diode property of the device. The 

parameters of charge transport phenomena like transient response time (τ), effective carrier 

mobility (μeff), threshold voltage (Vth) and trap energy (Et) have been evaluated from the 

analysis of forward bias steady state I-V characteristics. Effective carrier mobility has been 
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estimated from the slope of I vs. V2 graph (Figure 5.14a) at higher voltage region using the 

Mott−Gurney equation (Eq. 5.7)55: 

𝐈 =
𝟗µ𝐞𝐟𝐟𝛆𝟎𝛆𝐫𝐀

𝟖
(

𝐕𝟐

𝐝𝟑)         (5.7) 

Where, d = thickness of the film which was ∼5 μm for the device. The plot of capacitance (C) 

vs. frequency of the device fabricated from the synthesised materials in the form of film at 

constant bias potential has been used to determine the relative dielectric constant (Figure 

5.14b). Saturated capacitance values at the higher frequency regime and the dielectric 

permittivity of the CPs were assessed from the equation (Eq. 5.8).56,57 

𝜺𝒓 =
𝟏

𝜺𝟎

𝑪.𝑫

𝑨
          (5.8) 

Where, capacitance denoted as C at the saturation and thickness of the film denoted by the D 

which was considered as ~5 μm with an effective area A. Relative dielectric constant of the 

compounds were determined using the above formula and the values are 0.338 (1), 0.506 (2) 

and 1.48 (3).  

 

Figure 5.14. (a) I vs. V2 plot 1-3; (b) Capacitance vs. frequency curve of three compounds-

based devices. 
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Transit time (τ) is one of the important parameters of the charge carriers which represents the 

average time of a carrier before they got collected at electrode or recombine. Hence, τ was 

estimated from Eq. 5.9, by using the slope of lnI-lnV characteristics in the SCLC region 

(Region-II) of Figure 5.15.57,58 

𝛕 =
𝟗𝛆𝟎𝛆𝐫𝐀

𝟖𝐝
(

𝐕

𝐈
)          (5.9) 

𝛍𝐞𝐟𝐟 =  
𝐪𝐃

𝐤𝐓
          (5.10) 

𝐋𝐃 =  √𝟐𝐃𝛕          (5.11) 

Estimated values of effective carrier mobility, transit time, diffusion constant (D) and diffusion 

length (LD) (Eqs. 5.9-5.11) of the devices are presented in Table 5.7. The results exhibited that 

the compound 3 has far better charge transport properties than the that of 1 and 2. The higher 

mobility implies the higher transport through the MS junction of 3, and the transit time in the 

device represents totality of carrier lifetime and carrier trapping time. The device based on 3 

has four times faster carrier transit rate than 1 and 3.5 times faster than 2.  Therefore, to explain 

the carrier transit through the device, consideration of trapping of charge carrier gives the 

complete understanding of charge transport mechanism.  

Table 5.7. Charge conducting parameters of compounds, 1‒3, based on thin film devices. 

Device Condition 𝜺𝒓 µ𝒆𝒇𝒇 

(m2V-1s-1) 

τ (ns) µ𝒆𝒇𝒇. 𝝉 D LD 

(µm) 

1 Dark 0.338 2.67×10-4 5.53 1.48×10-12 6.91×10-6 0.27 

Light 2.72×10-4 4.36 1.19×10-12 7.04×10-6 0.25 

2 Dark 0.506 5.01×10-4 5.12 2.57×10-12 1.30×10-5 0.37 

Light 6.62×10-4 3.97 2.63×10-12 1.71×10-5 0.36 

3 Dark 1.48 5.03×10-4 2.26 1.14×10-12 1.30×10-5 0.25 

Light 8.24×10-4 1.37 1.13×10-12 2.13×10-5 0.24 
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The trapping of charge carriers plays an important character in the transport mechanism of the 

thin film-based system. It gives the information about smoothness of charge transfer pathway. 

To find out what extend and how charge carriers being controlled by traps in the device before 

collection at the electrode, the trap energy has been measured.  The lnI vs. lnV graphs (Figure 

5.15) have been analysed for the three discrete regions with different slopes.  The Region-I 

follows ohmic nature (I α V) as the slopes are ~1 (Table 5.8) and the current is mostly 

contributed by the bulk generated thermionic electrons of the film, as an alternative of the 

inserted free carriers.59 After a threshold voltage (V1 th), the Region-II maintains I α V2 relation 

and is dominated by space charge limited current (SCLC). In this region, injected carriers are 

accumulated near the electrode and create a space charge region which limits the current flow 

in the device. At higher voltages i.e., after second threshold voltage (V2 th), the accumulated 

space charges rush to occupy the traps in the film, considerably enhancing the current such that 

the slope is greater than 2. General form of this Region III is represented by I α Vm, where m 

> 2. This region is known as trap assisted SCLC region.60 Therefore, trapped charges are said 

to play a significant role within the region III for power law conduction mechanism. The 

HOMO and LUMO61 energy gap of the CPs is coupled in these traps. In presence of this trap 

levels, a large number of the transporters inserted from the electrode are trapped and is 

mentioned as trap charge limiting conduction (TCLC) process. 
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Figure 5.15. lnI vs. lnV curves of CPs 1-3 based Schottky devices respectively. 

The trap centres are expected to be exponentially spread, according to Eq. 5.12.62 

𝑔(𝐸) =
𝑁𝑇

𝑘𝐵𝑇𝑇
exp( 

−𝐸𝑛

𝑘𝑇𝑇
)         (5.12) 

Where, the total trap concentration (NT), Fermi energy (En), Boltzmann constant (k) and 

characteristic temperature (TT) are determined. The I-V characteristic was evaluated using Eq. 

5.12 to obtain the power law, I~𝑉𝑚+1; where V  applied voltage and m = TT/T. The linear 

fitting of lnI vs lnV provided two threshold voltages and three slopes for separate regions. The 

trap energies in Region-III have been demonstrated in Table 5.8. It shows that the trap energies 

for all three devices are quite high, which could be attributed to the existence of impurity, 
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vacancy state, and poor material-electrode interface. As a result, device conduction is ohmic at 

low biased regions (<<V1 th). However, at higher applied voltages (≥V2 th), exponentially 

distributed trap states regulate the device's injected carriers. In this region, traps are filled by 

injected carriers. Since device made up of 3 has a high mobility, the trap states fill at low 

applied voltages (Dark; 0.93 V, Light; 0.80 V) in comparison to the others, hence it requires 

less transit time (τ) to cover a diffusion length (LD). The density of free charge carriers is 

increased that causes high conductivity. The second threshold voltage for 1 and 2 is 

substantially high (Table 5.8) which may be linked to the low mobility of the samples. As a 

result, 3 is a potential and attractive material for the use of thin-film optoelectronic Schottky 

devices.  

Table 5.8 Threshold voltages and different parameters linked to estimation of trap energy. 

Sample Condition Region 

I 

Region II Region III 

Value 

of slope 

(m1) 

Threshold 

voltage 

V1 th (V) 

Value 

of slope 

(m2) 

Threshold 

voltage 

V2 th (V) 

Value 

of 

slope 

(m3) 

Trap 

energy, 

ET 

(meV) 

1 Dark 0.71 0.37 1.92 1.23 3.25 84.17 

Light  0.94 0.33 2.01 1.62 4.71 121.98 

2 Dark 0.69 0.16 1.82 0.99 2.30 59.57 

Light  1.03 0.12 2.03 0.82 2.50 64.75 

3 Dark 1.20 0.45 1.86 0.93 4.79 124.06 

Light  1.30 0.40 2.31 0.80 6.67 172.75 

 

Schottky electrical contact was generated to use the lattice matching and deformation potential. 

The deformation commonly refers the band gap between the HOMO and LUMO with 

corresponding energy E (eV) (ELUMO – EHOMO).63 Band gap of CPs were determined using 
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the absolute deformation potentials (ADPs).64 Coordination polymers are formed using organic 

and inorganic hybrids, so band gap as well as electrical contact of CPs depends upon the 

electronic nature of both. The CPs are formed with the Cd(II), a d10, metal centre, with greatly 

delocalised 4d-orbitals. The band gap was related with the electronic feature of ligand and 

geometrical strain of CPs framework. Theoretical band gaps between HOMO and LUMO were 

determined using the DFT computation (3.43 (1), 3.29 (2) and 2.90 (3) eV) which were nearly 

matched with the band gap of Tauc’s plot (3.35 (1); 3.34 (2); 3.22 eV (3)) (Figure 5.11). 

Table 5.9. DFT table of [Cd(tppz)(ADC)] (1) 

Excitation 

Energy 

(eV) 

Wavelength 

Exp.(nm) 

Wavelength 

Thro.(nm) 

Oscillation 

frequency (f) 

Key Transitions Nature of 

Transitions 

3.9983 311 310.09 0.008 (20%) HOMO-5 

LUMO+1  

ILCT 

3.9217 316 316.15 0.0091 (39%) HOMO-7 

LUMO+1 

ILCT 

 

ILCT: Intra ligand charge transfer transition. 

Table 5.10. Composition of MOs and their energy in 1. 

MO Energy(eV) Cd Ligand 

LUMO+10 -1.06 1 99 

LUMO+9 -1.15 0 100 

LUMO+8 -1.32 0 100 

LUMO+7 -1.39 0 100 

LUMO+6 -1.43 0 100 

LUMO+5 -1.45 0 100 

LUMO+4 -1.74 0 100 

LUMO+3 -1.78 0 100 
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LUMO+2 -2.04 0 100 

LUMO+1 -2.96 1 99 

LUMO -3.21 0 100 

HOMO -6.64 1 99 

HOMO-1 -6.95 0 100 

HOMO-2 -7.00 0 100 

HOMO-3 -7.04 0 100 

HOMO-4 -7.30 1 99 

HOMO-5 -7.48 2 98 

HOMO-6 -7.54 1 99 

HOMO-7 -7.57 0 100 

HOMO-8 -7.60 0 100 

HOMO-9 -7.62 1 99 

HOMO-10 -7.72 2 98 

 

Table 5.11. DFT table of [Cd(tppz)(trep)] (2) 

Excitation 

Energy 

(eV) 

Wavelength 

Exp.(nm) 

Wavelength 

Thro.(nm) 

Oscillation 

frequency (f) 

Key Transitions Nature of 

Transitions 

4.0652 304 304.99 0.0015 (40%) HOMO-17 

LUMO  

ILCT 

3.9279 314 315.65 0.0152 (44%) HOMO-12 

LUMO+1 

ILCT 

 

ILCT: Intra-ligand charge transfer transition. 

Table 5.12. Composition of MOs and their energy in 2. 

MO Energy(eV) Cd Ligand 

LUMO+10 -0.76 0 100 

LUMO+9 -1.06 0 100 
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LUMO+8 -1.22 0 100 

LUMO+7 -1.34 0 100 

LUMO+6 -1.68 0 100 

LUMO+5 -1.69 0 100 

LUMO+4 -1.77 0 100 

LUMO+3 -1.79 0 100 

LUMO+2 -1.94 0 100 

LUMO+1 -2.86 1 99 

LUMO -3.10 0 100 

HOMO -6.39 2 98 

HOMO-1 -6.49 1 99 

HOMO-2 -6.68 0 100 

HOMO-3 -6.77 0 100 

HOMO-4 -6.91 0 100 

HOMO-5 -6.96 0 100 

HOMO-6 -6.96 0 100 

HOMO-7 -7.03 0 100 

HOMO-8 -7.17 4 96 

HOMO-9 -7.20 0 100 

HOMO-10 -7.35 4 96 

 

Table 5.13. DFT table of [Cd(tppz)(2,6-NDC)] (3) 

Excitation 

Energy 

(eV) 

Wavelength 

Exp.(nm) 

Wavelength 

Thro.(nm) 

Oscillation 

frequency (f) 

Key Transitions Nature of 

Transitions 

4.1186 301 301.04 0.0043 (40%) HOMO-3 

LUMO+4  

ILCT 

 

ILCT: Intra ligand charge transfer transition. 
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Table 5.14. Composition of MOs and their energy in 3. 

MO Energy(eV) Cd Ligand 

LUMO+10 -0.99 0 100 

LUMO+9 -1.05 0 100 

LUMO+8 -1.21 0 100 

LUMO+7 -1.32 0 100 

LUMO+6 -1.67 0 100 

LUMO+5 -1.67 0 100 

LUMO+4 -1.91 0 100 

LUMO+3 -1.92 0 100 

LUMO+2 -1.99 0 100 

LUMO+1 -2.84 1 99 

LUMO -3.09 0 100 

HOMO -5.99 0 100 

HOMO-1 -6.21 0 100 

HOMO-2 -6.34 2 98 

HOMO-3 -6.43 1 99 

HOMO-4 -6.68 0 100 

HOMO-5 -6.72 0 100 

HOMO-6 -6.77 0 100 

HOMO-7 -6.89 0 100 

HOMO-8 -6.94 0 100 

HOMO-9 -7.12 4 96 

HOMO-10 -7.31 4 96 
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Figure 5.16. DFT computational energy of 1, 2 and 3 and energy gap between HOMO and 

LUMO. 

A small change of calculated band gap may be assigned to the geometry factor which has not 

being considered during the DFT calculation; herein, only single motif of CPs has been used 

for computation studies by electronic transition [HOMO-5LUMO+1 (20%, 1), HOMO-

17LUMO (40%, 2) and HOMO-3 LUMO+4 (40%, 3) (Table 5.9-5.14)] of CPs were 

determined from the TD-SCF nearly matched with wavelength of UV-Visible experiments. 

The results of observation (calculated band gap, Figure 5.16) on lowest band gap of 3 (2.90 

eV) than the others 2 (3.29 eV), 1 (3.43 eV) were described by the higher conjugation and 

structurally flexibility of 1D chain of 3, over 2 and 1. In the compounds 1 and 2 both 2D 

coordination polymers attributed lower flexibility with lower conjugation. Among 1 and 2, the 

compound 2 has shown higher conjugation with short metal-metal distance and has exhibited 
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lower band gap with higher conductivity than 1. In addition to this, electrical property of the 

molecular systems has been corresponded to the charge transportation through it. The charge 

carrier delocalization is also manifested with the structural architecture. In case of these 

materials, to the close proximity of adjacent polymeric chains and networks, are able to form 

supramolecular assembly with different secondary interactions. The charge might transfer 

through covalent or coordination bonds and following noncovalent contacts by means of so-

called “hopping transport” (Scheme 5.2).  

 

Scheme 5.2. Schematic representation of charge transportation for photo-responsive electrical 

conductivity. 

Actually, the highly -organized structural components are well oriented in crystalline solid state 

to construct a unitary cell-like arrangement, even while, illumination of light, these cells-like 

system are do collected photons through the high surface area.65 The organic ligands are acted 

as antenna of the polymeric chains to collect light energy. Therefore, during the illumination, 

these ligands absorb light and boost the charge carriers, ensuing in the upsurge in mobility and 
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improvement of electrical conductivity.  As a consequence of this naphthalene-based system 

has been acted as a highly efficient in the above activity and exhibited higher conductivity. In 

addition to this, distance within polymeric layers and secondary interactions plays pivotal role 

in the exhibition of electrical property. The electrical conductivity of lower-dimensional 

coordination polymers has been well-established with different controlling factors32,67,68 and 

hence, our synthesized material following the similar trend.  

5.4. Conclusion 

In this report, a series of three Cd(II)-mixed ligand coordination polymers are utilized to 

explore structure-property relationship towards fabrication of smart electronic materials. 

Structural characterization has been well established regarding role of ligand moieties and 

secondary interactions in the molecular properties of the materials.  Highly conjugated fused 

aromatic ring decorated 3 (corresponds to ndc2- acid) exhibited highest electrical conductivity 

revealing better charge mobility. Interestingly, the CPs presented augmentation of electrical 

conductivity upon illumination of light in a similar trend. However, considering the energy 

crisis and environmental pollution, these types of light responsive materials are highly desire 

for sustainable development. In addition to this, findings of this case study, may be helpful for 

future researchers in this field for flagged the way of energy materials. 
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Abstract 

A Cd(II)-based coordination compound, [CdI2(4-nvp)2] (1), has been synthesized using CdI2 and 

monodentate N-donor ligand, 4-(1-naphthylvinyl)pyridine (4-nvp). The solid-state supramolecular 

architecture has been characterized by X-ray crystallography and shows supramolecular geometry 

assembled through C-H---I and --- interactions. Admirable thermal stability and excellent level of 

phase purity tempted us to use it for material applications. Interestingly, compound 1 exhibits a high 

selectivity towards trinitrophenol (TNP) in the presence of other nitroaromatics. Therefore, this 

material may be used for combating terrorist activities in the detection of explosive materials as well 

as in the recognition of TNP in analytical laboratories. 
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6.1. Introduction 

Synthetic inorganic chemistry is being enriched every day through the generation of various 

types of coordination compounds (Chapter 1).1–3 In the past, it was a really difficult task to 

authenticate and/or characterize coordination moieties. However, after the historic invention of 

Alfred Werner in the year 1913, the chemistry of these compounds attracted the attention of 

the research community. Metal ions and organic ligands are combined to form coordination 

compounds due to their inherent electronic properties. The desired structural architectures have 

been achieved via judicious selection of metal ions and ligands. The chemistry of such 

materials is of great interest to synthetic chemists because of their intriguing structural motifs 

as well as potential applications in the areas such as catalysis, magnetism, ion exchange, drug 

delivery, conductance, photoluminescence and chemical sensing.4–15 In addition to the direct 

role of the metal ions and organic ligands, there are many more essential conditions, including 

counter anions, reaction temperatures, solvent media, external stimuli, and pH of the reaction 

medium, which play crucial roles during compound formation. In addition, there is an eternal 

relationship among the structure, property and application of the compounds. Therefore, one 

can easily design the compound according to the desired application.16–19 

In recent years, the design of chemical sensors and their applications in the detection of 

ions/molecules have received active interest from chemistry, chemical engineering, physics, 

electrical and electronic engineering, and many other branches of science and technology. 

Usually, a molecular sensor is a chemical compound (organic or inorganic complex) that is 

used for sensing an analyte to crop a detectable change or signal. The action of a chemosensor 

typically involves the continuous monitoring of the activity of a chemical species in a given 

matrix such as solution, air, blood, tissue, waste effluents, and drinking water.20,21  All 

chemosensors are intended to comprise a signalling moiety and a recognition moiety and they 

are connected either directly or through a connector or a spacer.21,22 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit1
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit4
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit16
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit20
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit21
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Nitroaromatics22–29 are normally explosive in nature and have been used in terroristic activities. 

They have become an area of concern for the Crime Bureau of Intelligence (CBI), Ministry of 

Home Affairs (MHA), and Ministry of Defense (MOD) of the government.16,17 Many methods 

of detecting explosive materials such as energy-dispersive X-ray diffraction, police dog 

detection, ion migration spectroscopy, plasma desorption mass spectrometry, surface-enhanced 

Raman spectroscopy, and additional imaging techniques are known. However, none of them 

are economically viable. Therefore, it is very important to develop a special type of 

chemosensor that is efficient, commercially realistic, rapidly responsive, inexpensive and 

portable. In addition, there is a possibility of mixing aromatic compounds in the laboratory or 

in industry. Therefore, it is necessary to easily detect them at a glance and quantify. Keeping 

the above mentioned points in mind, we have designed and synthesized a Cd(II)-based discrete 

coordination compound [CdI2(4-nvp)2] (1), (4-nvp = 4-(1-naphthylvinyl)pyridine), which is 

highly selective towards trinitrophenol (TNP). 

6.2. Experimental section 

6.2.1. Materials and physical method 

All chemicals were obtained in reagent grade and were used without any additional 

purification. For the analysis of elements, i.e. C, H, N, a PerkinElmer 240C elemental analyzer 

was used. Thermo-gravimetric analysis (TGA) was performed using a PerkinElmer Pyris 

Diamond TG/DTA instrument in a temperature range between 30 °C and 800 °C under an inert 

nitrogen atmosphere at a heating rate of 10 °C min−1. The powder XRD data of the finely 

powdered sample was collected on a Bruker D8 Advance X-ray diffractometer using Cu Kα 

radiation (λ = 1.548 Å) produced at 40 kV and 40 mA. To verify the phase purity of the sample, 

the PXRD spectrum was recorded in a 2θ range of 5–50°. The fluorescence spectra were 

recorded using a PerkinElmer spectrofluorimeter model LS55. The UV-vis spectra were 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit22
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit16
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obtained from a PerkinElmer Lambda 25 spectrophotometer. The time-resolved single-photon 

counting measurements were performed using a time-correlated single-photon counting setup 

from HORIBA Jobin-Yvon. 1H NMR spectra were collected in DMSO-d6 using a Bruker 300 

MHz FT-NMR spectrometer with TMS as the internal standard. 

6.2.2. Synthesis of compound 1 

 

Scheme 6.1. Synthesis of 1 using CdI2 and 4-(1-naphthylvinyl)pyridine (4-nvp) ligand. 

A solution of 4-nvp (0.046 g, 0.2 mmol) in MeOH (2 mL) was slowly and carefully layered 

into a solution of CdI2 (0.073 g, 0.2 mmol) in H2O (2 mL) using 2 mL of a 1 : 1 (v/v) buffer 

solution of MeOH and H2O. It was then allowed to diffuse for a few days. The colorless needle-

shaped crystals of [CdI2(4-nvp)2] (1) were obtained (Scheme 6.1.) after three days (0.107 g, 

yield 65%). Elemental analysis (%) calcd for C34H26CdI2N2: C 49.27, H 3.16, N 3.18; found: 

C 49.31, H 3.13, N 3.41. 

6.2.3. Single Crystal X-ray Crystallography 

A suitable single crystal of compound 1 with the proper dimensions (0.124 × 0.105 × 0.099 

mm3) was used for data collection using a Bruker SMART APEX II diffractometer equipped 

with graphite-monochromated MoKα radiation (λ = 0.71073 Å). The molecular structure of the 

single crystal was solved using the SHELX-97 package.30 Non-hydrogen atoms of the 

compound were refined with anisotropic thermal parameters. All the hydrogen atoms were 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit30
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located in their geometrically perfect positions and constrained to ride on their parent atoms. 

The crystallographic data for compound 1 is summarized in Table 6.1. The selected bond 

lengths and bond angles are also given in Table 6.2. 

Table 6.1. Crystal data and refinement parameters for compound 1 

Formula C34H26CdI2N2 (1) 

fw 828.78 

Crystal system monoclinic 

space group C2/c 

a (Å) 28.4498(19) 

b (Å) 7.4390(5) 

c (Å) 17.7851(12) 

(deg) 90 

(deg) 125.191(2) 

γ(deg) 90 

V (Å3) 3076.1(4) 

Z 4 

Dcalcd (g/cm3) 1.790 

(mm-1) 2.742 

(Å) 0.71073 

data[I >2(I)]/params 2703/177 

GOF on F2 1.088 

Final R indices[I >2σ(I)]a,b R1 = 0.0329 

wR2 = 0.0887 
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Table 6.2. Selected bond lengths and bond angles in 1 

I(1) - Cd(1) 2.6915(4) Cd(1)-N(1)-C(5)-C(4) 166.6(5) 

Cd(1) - N(1) 2.306(4) C(3)-C(4)-C(5)-N(1) 1.0(10) 

Cd(1) - N(1)a 2.306(4) Cd(1)-N(1)-C(1)-H(1) 12 

I(1) - Cd(1) - N(1) 105.24(11) C(1)-N(1)-C(5)-H(5) 179 

N(1) - Cd(1) - I(1)a 110.10(11) N(1)a-Cd(1)-N(1)-C(1) 63.7(4) 

Cd(1) - N(1) - C(1) 1 1 8.4(3) I(1)-Cd(1)-N(1)-C(5) 5.5(5) 

I(1) - Cd(1) - I(1)a 131.34(2) I(1)a-Cd(1)-N(1)-C(5) 151.4(4) 

N(1)- Cd(1) - N(1)a 85.22(16) I(1)-Cd(1)-N(1)-C(1) 173.3(4) 

Cd(1) - N(1) - C(5) 123.3(4) I(1)a - Cd(1) - N(1)a 105.24(11) 

I(1) - Cd(1) - N(1)a 110.10(11) C(15)-C(16)-C(17)-H(17) 178 

 

6.2.4. Hirshfeld surfaces analysis 

Hirshfeld surfaces31–33 and the associated two-dimensional (2D) fingerprint34–36 plots were 

calculated using Crystal Explorer,37 with the bond lengths to the hydrogen atoms being set to 

standard values.38 For each point on the Hirshfeld isosurface, two distances, de (the distance 

from the point to the nearest nucleus external to the surface) and di (the distance to the nearest 

nucleus internal to the surface), were defined. The normalized contact distance (dnorm) based 

on de and di is given by 

 

Where, rvdW
i and rvdW

e are the van der Waals radii of the atoms. The value of dnorm is negative 

or positive depending on the intermolecular contacts being shorter or longer than the van der 

Waals separations. The parameter dnorm displays a surface with a red-white-blue color scheme, 

where the bright red spots highlight shorter contacts, the white areas represent contacts around 

the van der Waals separation, and the blue regions are devoid of close contacts. For a given 

crystal structure and set of spherical atomic electron densities, the Hirshfeld surface is 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit31
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit34
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit37
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit38
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unique,39 and thus suggests the possibility of gaining additional insight into the intermolecular 

interaction of molecular crystals. 

6.2.5. Theoretical calculations 

By utilizing the GAUSSIAN-09 40 program package, the optimized geometries and molecular 

functions of the compound were attained. The hybrid DFT-B3LYP41 theoretical functional was 

used throughout the process. The LanL2DZ basis set was allotted for the compound. The single 

crystal X-ray coordinates were taken for 1. To entrust the low lying electronic transitions in the 

spectra, the time-dependent density functional theory (TDDFT)42–44 formalism of the 

compound was developed. To calculate the fractional involvement of the metal molecular 

orbitals and organic ligand molecular orbitals, Gauss sum45 was operated. 

6.3. Results and discussion 

6.3.1. Structural descriptions of [CdI2(4-nvp)2] (1) 

 

Figure 6.1. (a) A representation of 1 showing the coordination environment of the Cd(II) 

centre. (b) The 1D chain formed by π⋯π stacking interactions. (c) C–H⋯I interactions in 1. 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit39
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit40
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit41
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit42
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit45
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Single Crystal X-ray crystallography analysis revealed that 1 crystallizes in the P  space group 

with Z = 4. The asymmetric unit contains a 4-nvp ligand, a Cd(II) ion, and an iodide ion. The 

coordination geometry around the Cd(II) ion is tetrahedral and bonded to two 4-nvp ligands 

through pyridine N atoms and two iodide ions (Figure 6.1a). In 1, the Cd–N and Cd–I bond 

distances are 2.306(4) and 2.6915(4), respectively. However, the 4-nvp ligands are not exactly 

planar. The dihedral angle between the planes of pyridine and the aryl rings is 5.54°. In the 

crystal structure, the discrete neutral [CdI2(4-nvp)2] units stacked together by the combination 

of π⋯π stacking (Figure 6.1b) and C–H⋯I (Figure 6.1c) interactions to generate a 

supramolecular assembly (Figure 6.2).  

 

Figure 6.2. 3D supramolecular assembly of compound 1 viewed along c-axis. 

As-synthesized pattern of PXRD was well matched with the simulated pattern (Figure 6.3). 

Thermogravimetric analysis (TGA) curve shown that compound 1 stable upto 260 °C and after 

that decomposition was started. Decomposition of compound 1 completed 490 °C (Figure 

6.4). 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#fig1
https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#fig1
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Figure 6.3. PXRD patterns of simulated 1 (black), as-synthesized 1 (red) and after sensing of 

1 in TNP (blue). 

 

Figure 6.4. Thermogravimetric Analysis Curve of 1. 
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6.3.2. Hirshfeld surface analysis of 1 

The Hirshfeld surfaces for 1 are mapped over the dnorm, shape index and curvedness (Figure 

6.5). The surfaces are shown as transparent to allow the visualization of the molecular moiety, 

around which they were calculated. The dominant interactions are between the C and H atoms 

for 1. Other visible spots in the Hirshfeld surfaces correspond to the H⋯H contacts. The small 

extent of the area and light color on the surface indicates a weaker and longer  

 

Figure 6.5. Hirshfeld surfaces mapped with (a) dnorm and (b) shape index (the presence of red 

and blue triangles is shown in the black ellipse, in which the red and blue color represent the 

bumps and hollow regions on the shape index surfaces, respectively). (c) Curvedness of 

compound 1 for identifying the planar (green) and curved (blue edge) regions for planar 

stacking interactions. 

contact other than hydrogen bonds. The C⋯H/H⋯C interactions appear as distinct spikes in 

the 2D fingerprint plot (Figure 6.6). The complementary regions are visible in the fingerprint 

plots, where one molecule acts as a donor (de > di) and the other as an acceptor (de < di). The 

fingerprint plots can be decomposed to highlight the contributions from different interaction 

types, which overlap in the full fingerprint.34 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit34
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Figure 6.6. 2D fingerprint plots: full (left), I⋯H/H⋯I (middle), and C⋯H/H⋯C (right) 

interactions that contributed to the total Hirshfeld surface area for compound 1. 

The proportion of C⋯H/H⋯C interactions comprise 21.5% of the interactions in 1. The C⋯H 

interaction is represented by a lower spike (di = 1.74, de = 1.16 Å) and the H⋯C interaction is 

also represented by a lower spike (di = 1.16, de = 1.74 Å) (Figure 6.6) and can be viewed as 

bright red spots on the dnorm surface (Figure 6.5). The proportions of the I⋯H/H⋯I interactions 

comprise 19.1% of the Hirshfeld surfaces for each molecule of the complex. The I⋯H 

interaction is represented by a lower spike (di = 2.06, de = 1.14 Å) and the H⋯I interaction is 

represented by another upper spike (di = 1.14, de = 2.06 Å) spike (Figure 6.6) and can be 

viewed as bright red spots on the dnorm surface (Figure 6.5). The shape index represents the 

local morphology of any given surface in terms of colour coded information, i.e., hollow (red) 

and bumps (blue).  Figure 6.5b-c show how the shape index and curvedness surfaces are used 

to identify planar π⋯π stacking interactions. The presence of red and blue triangles in the same 

region of the shape index surface shown by the black ellipse in Figure 6.5b indicates that the 

π⋯π interaction is almost identically present in the crystal structure. Blue triangles represent 

the convex region, which is formed due to the carbon atoms present in the naphthalene ring of 

the molecule inside the surface, while red triangles represent concave regions due to the carbon 

atoms of the π-stacked molecule above it. The mapping of the curvedness on the Hirshfeld 

surface (Figure 6.5c) shows a flat green region separated by blue edges. These clearly visible 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#fig2
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flat regions on the curvedness surface are another characteristic of the π⋯π stacking interaction. 

Compound 1 has delocalized π-electrons in the C  C bonds, due to which all C  C bonds can 

have different energy spacings between the ground and excited states, which are responsible 

for radiative recombination, leading to a luminescence spectrum for the grown crystal. 

Therefore, compound 1 can be a good candidate for sensing applications. 

6.3.3. Sensor application 

Compound 1 in acetonitrile shows two absorption bands at 222 and 318 nm (Figure 6.7a). On 

fixing the excitation wavelength at 320 nm, the compound exhibits strong fluorescence at 417 

nm (Figure 6.7b). Fluorescence spectra of compound 1 in acetonitrile after mixing with 23 

different aromatic compounds exhibit that the highest quenching is observed in the presence of 

TNP (Figure 6.8a). It is very astonishing to see a new emission band centered at λem = 524, 

developed in the presence of a higher concentration of TNP exclusively, which shifted in the 

red region by 107 nm compared to that for the free compound 1 (λem, 417 nm) (Figure 6.8b). 

Thus, compound 1 is very selective towards TNP, as confirmed by the fluorescence 

spectroscopy results in terms of both quenching at 417 nm (Figure 6.9a) as well as the turn-on 

at 524 nm (Figure 6.9b). Nitroaromatics are oxidants because of the presence of low-lying 

unoccupied π*-orbitals, which can accept an electron from the excited state fluorophore, thus 

efficiently turning off the fluorescence emission of this compound.35 For the fruitful 

fluorescence quenching of small toxic compounds such as nitroaromatic explosive compounds 

(NACs), it is necessary for them to be closer to the sensor molecule and interact with the sensor. 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit35
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The interactions are mainly based on π-interactions, namely, C–H⋯π and 

 

Figure 6.7 (a) UV-vis spectra of 1 in acetonitrile, (b) Fluorescence spectra of 1 in acetonitrile 

(λex 320). 

 

Figure 6.8. (a) Fluorescence spectra of 1 in the presence of various nitroaromatics (A: 1, B: 

DNP, C: nitrophenol, D: nitrobenzoic acid, E: dinitrobenzene, F: nitrotoluene, G: 

dinitrophenol, H: nitrosalisylic acid, I: chloronitro benzene, J: 4-nitrophenol, K: 

nitrocoumarine, L: TNP, M: p-cresol, N: 2,4-dichloro phenol, O: 4-chloro-3-methyl phenol, P: 

2-iodo benzoic acid, Q: 4-chlorophenol, R: o-vaniline, S: 4-chloroaniline, T: 4-methoxyphenol, 
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U: p-xylene, V: diphenylamine, and W: 2,6-ditertyarybutylp-cresol) in acetonitrile. (λex: 320 

nm; excitation slit: 15; emission slit: 10), (b) Changes in the fluorescence emission spectra of 

the Cd-complex on the gradual addition of TNP in acetonitrile medium. 

 

Figure 6.9. (a) Fluorescence quenching efficiency of the mentioned aromatic compound 

monitored at 417 nm (A to W as Figure 6.8a). (b) Fluorescence emission intensities at 524 nm 

of 1 in the presence of the mentioned aromatics (A to W as Figure 6.8a). 

π⋯π stacking interactions.36 Herein, the presence of polyaromatic rings in emissive 

compound 1 makes it electron rich and the structure shows the possibility to form a good π⋯π 

stacked charged transfer complex (Figure 6.10). The DFT computation using the 

B3LYP/LanL2DZ method for compound 1 resulted in LUMO (LUMOCd) and HOMO 

(HOMOCd) energy of −2.72 and −4.93 eV, respectively. However, the LUMO of TNP 

(LUMOTNP) was −4.21 eV, which was lower than LUMOCd, but higher than HOMOCd. On 

excitation, the electrons went from the HOMOCd to the LUMOCd and were unable to revert 

back due to the presence of the low-lying LUMOTNP. Thus, the electron jumps from the 

LUMOCd to the LUMOTNP and then comes to the ground state (Figure 6.11). Therefore, the 

quenching of the emission (λem, 417 nm) for 1 has been observed for TNP and the structure of  

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit36
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Figure 6.10. Possibilities for the π-interaction of TNP with the Cd-complex. 

 

Figure 6.11. Frontier orbital energy correlation diagram via electron transfer fluorescence 

quenching. 
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Figure 6.12. Fluorescence decay profile of compound 1 and compound 1 with TNP. 

the compound encourages TNP to come closer to 1 through π⋯π interactions (Figure 6.10). 

The fluorescence decay profiles of both 1 and 1 with TNP exhibit bi-exponential nature. The 

fluorescence lifetime of 1 is 1.06 ns, which decreased to 0.11 ns in the presence of TNP (Figure 

6.12). A red-shifted turn-on band observed at a higher concentration of TNP may have been 

observed due to the formation of a co-complex between TNP and 1, which resulted in a new 

band gap corresponding to the emission at 524 nm. 
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Figure 6.13. (a) 1H NMR spectra of 1 in DMSO-d6 solvent, (b) 1H NMR spectra of 1 with 

trinitrophenol (TNP) in DMSO-d6. 

In order to conclude the sensing and interaction mechanism of the nitroaromatics with the 

complex in solution, 1H NMR spectra have been recorded for varying amounts of TNP in 

DMSO-d6 (Figure 6.13a-b). It was detected that the protons of the aromatic region gradually 

shifted to the downfield area with an increase in the concentration of the nitroaromatic 

compound. As we know, nitroaromatics are electron deficient and hence, during the formation 

of the pi-complex with these components (compound and nitroaromatics), the nitrocompounds 

withdraw the electron density from the complex and shift the protons toward the deshielded 

region. The other peaks remain practically at the same position in each step of this NMR 

titration. It was also confirmed that compound 1 was not decomposed during the interaction 
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with the nitroaromatics. To understand the mechanism, fluorescence lifetime measurements for 

the sensor in the presence and absence of the quencher were performed. 

 

Figure 6.14 (a) Plot of I0/I against the concentration of TNP, (b) Limit of detection (LOD) plot 

for TNP using 3 method. 

The fluorescence intensity ratio (I0/I) was plotted against the concentration of TNP and a Stern–

Volmer (SV) plot was obtained (Figure 6.14a). The SV coefficient, Ksv, value was determined 

as 1.8 × 105 M−1, which was due to the quenching of the fluorescence intensity. To quantify 

the sensing efficiency, the limit of detection (LOD) was calculated as 16.55 × 10−7 M from the 

3σ method (Figure 6.14b).46 

6.4. Conclusion 

In conclusion, the 4-NVP coordinated Cd(II)-based coordination compound was synthesized, 

and the molecular arrangement was assigned from a single crystal X-ray study. Phase purity 

and excellent thermal stability were also realized via corresponding PXRD and TGA study. 

The exceptional emission of compound 1 tempted us to perform the sensing experiment for the 

explosive TNP. Interestingly, in the presence of different aromatic compounds, 1 can easily 

https://pubs.rsc.org/en/content/articlelanding/2019/ra/c9ra08614e#cit46
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detect TNP. Thus, compound 1 can be an outstanding material for detecting TNP during 

security checking. 
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7.1. Conclusions 

In this work, 1D (one-dimensional) and 2D (two-dimensional) coordination polymers (CPs) 

have been designed and synthesized using terpyridine/pyrazine based ligand and 

aromatic/unsaturated dicarboxylate linker. Herein, Zn(II) and Cd(II) metal ions coordinate with 

ligands and bridging dicarboxylates to construct the polymeric network (1D and 2D). 

Being a part of chemistry, material chemistry connects the area of physics, chemistry and 

biology. Only in the field of chemistry can materials be designed and synthesised for valuable 

applications in physics or biology. Design and synthesis of new 1D or 2D coordination 

polymers based on this concept. Metal ions with various dicarboxylates and 'N' donating 

ligands were used to synthesize the specified materials. In presence of secondary interactions, 

coordination networks (1D or 2D) are assembling to form supramolecular 3D network. In 

extension of -conjugation within the structural architecture are capable to bind with specific 

metal ions and molecules exhibiting selective sensing, biology and electrical conductivity. 

The chapter 2, describe about the design and synthesis of two 1D coordination polymers using 

Zn(NO3)2, 4-Cltpy and followed by addition of corresponding acid (H2ADC and trans 

H2muca). These 1D chain polymers are assemble in presence of different secondary interaction.  

This Zn(II) metal centre containing two coordination polymers exhibit higher emission 

intensity in presence of secondary interaction and structural network and exhibits selectivel 

Cu2+ quenching with biological cell imaging. 

The chapter 3 discuss about the synthesis of one Zn(II) based coordination polymer using the 

end capping ligand 4-Cltpy and 2,6 NDC2- linker. This 1D CP is extended in zig-zag way and 

supramolecular assemble occurs in presence of secondary interaction and specifically detectes 

Fe2+/3+ in presence of other metal ions. Color of the compound is changing from colorless to 

pink with addition of Fe2+/3+.  The Zn2+ is substituted by the Fe, from the coordination moiety. 
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Also biological cell imaging has been performed in presence of Fe2+/3+ using the MDA-MB 

231 cells. 

Synthesis of a Cd(II) based pyrazine appended 2D coordination polymer and characterise with 

using different spectroscopic technique in chapter 4. This 2D coordination polymer forms 3D 

assembly in presence of different supramolecular interactions. This CP exhibits selective 

quenching in presence of Pd2+ and shows potential electrical conductivity due to this type of 

structural architecture within CP and the substantial enhancement of electrical conductivity has 

been observed with addition of Pd2+ to the coordination polymer. 

The chapter 5, discuss design and synthesis three Cd(II) based coordination polymers 

Cd(tppz)(adc)(MeOH)] (1), [Cd(tppz)(trep)] (2) and [Cd(tppz)(2,6-ndc)] (3) using the 2,3,5,6-

Tetrakis(2-pyridyl)pyrazine (tppz) ligand with corresponding dicarboxylic acid (acetylene 

dicarboxylic acid (H2adc), terephthalic acid (H2trep) and 2,6 naphthalene dicarboxylic acid (2,6 

H2ndc)). Here, two compounds exhibits 2D network (1, 2) and other one (3) is 1D chain. This 

three compound exhibits electrical conductivity but compound 3 shows highest conductivity 

than the others due to the structural framework and high -conjugation within the networks. 

The DFT computational study correlates the semiconducting nature of this materils. 

Synthesis a coordination compound [CdI2(4-nvp)2] using CdI2 and 4-(1-naphthylvinyl)pyridine 

(4-nvp) in chapter 6. In presence of different secondary interactions (π⋯π, C-H⋯I) the single 

block unit has been assembled. This compound is highly selective to detect TNP in presence 

of other nitroaromatics. The mechanisim of the TNP sesing is supported by the DFT 

computational study. 
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