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ABSTRACT 

Self-assembly of organic-inorganic hybrid solids is primarily dictated by metal-ligand 

interactions. The nature of metal ions and ligands involved in the self-assembly directs 

the formation of a myriad of hybrid solids ranging from discrete metal complexes to 

extended three dimensional metal organic frameworks. The present thesis explores the 

nature of reaction conditions such as temperature, pH, nature of reacting molecular units 

and effect of solvent to investigate the formation of various hybrid solids. The reaction 

parameters as stated above affect the nature of molecular units participating in the self-

assembly leading to different solids. 

This thesis explores the formation of different types of hybrid solids based on cobalt, 

copper and molybdenum by varying the organic moieties and other reaction conditions, 

which in turn affect the properties of the hybrid solids.  

Chapter I provides a detailed review of various types of hybrid solids reported in 

literature, their classification and application of these hybrid solids in fields such as 

magnetism, catalysis, antimicrobial activity and luminescence. 

Chapter II primarily discusses the interaction of transition metal ions namely cobalt and 

chromium with molybdenum precursors in the presence of organic ligands such as 

pyrazole and 2-aminopyrazine. The interaction of the moieties results in the formation of 

organically templated Anderson cluster based solids.  

Subtle changes in the reaction conditions resulted in the formation of a new 

pseudopolymorph of cobalt namely [Co(2-Hampz)2Cl4] and therefore, the properties of 

this new pseudopolymorph with the reported one has been discussed in Chapter III. The 
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nature of supramolecular interactions, magnetic moments and antibacterial activities of 

the two pseudopolymorphs has been extensively studied in Chapter III. 

In Chapter III it was observed that the direct reaction of cobalt chloride with the ligand 

resulted in the formation of discrete complex of cobalt. Therefore, in Chapter IV, instead 

of cobalt chloride, copper chloride was reacted with isomeric aminopyridines which 

resulted in isomeric solids. The solids were found to exhibit chromotropism. A detailed 

investigation of intermolecular interactions has also been carried out using Hirshfeld 

surface analyses and associated 2-D finger print plots. 

The use of long chain amines particularly surfactants has been explored in literature for 

the synthesis of organically templated hybrid solids. Therefore, in Chapter V, the 

molybdenum precursors were treated in the presence of cationic surfactants in acidic 

medium to form organically templated phosphomolybdates. The solids synthesized were 

found to be highly effective in removal of methylene blue, a cationic dye, from aqueous 

medium. 

Long chain amines when replaced with heterocyclic compound pyrrole in the presence of 

ammonium persulphate resulted in the formation of composite material based on 

phosphomolybdates which has been discussed in Chapter VI. 
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Summary 

Organic-inorganic hybrid solids form an interesting class of solids owing to their 

intriguing properties and applications. It is certain that hybrid solids can revolutionize 

current technological and scientific world. Therefore, in this chapter, a general 

introduction to organic-inorganic hybrid solids has been provided, along with an 

overview on different types of hybrid solids based on polyoxometalates and transition 

metals. In addition, the applications of these solids in diverse fields have also been 

included. The chapter also provides an insight on the various synthetic methods employed 

for preparing hybrid solids. Finally, the motivation and objectives of the present research 

work have been highlighted towards the end of the chapter. 
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I. Introduction 

Man‟s quest for survival and his inherent curiosity enkindles many to delve into the 

mysteries of matter. Right from the Alchemists, it has resulted in continuing human 

attempts to explore, create and make use of materials that possess unique and novel 

properties. However, it often takes a lot of endeavours to gain in-depth knowledge and 

understanding of the hidden characteristics and potentials of such materials. 

The field of Hybrid Solids is one such area where the scientific community still strive 

hard to fully understand the chemistry of formation, to create innovative combinations 

and to explore the possible applications. 

 I.1 Hybrid solids 

      Hybrid solids, constituting both organic and inorganic components, represent an 

interesting class of materials due to its structural versatility and diverse applications [1-

3]. According to the International Union of Pure and Applied Chemistry (IUPAC), a 

hybrid solid is defined as “Material composed of an intimate mixture of “inorganic” 

components, “organic” components, or both types of components. Note: The 

components usually interpenetrate on scales of less than 1μm” [4]. Hybrid solids are not 

just a physical mixture; rather it‟s a creative blend of organics and inorganics, 

incorporating the properties of both components [5,6]. The organic part provides the 

structural diversity, tunability and flexibility whereas rigidity and thermal stability is 

given by the inorganic components [7]. Such tailored solids not only combines the 

characteristics of the building blocks but can also present unusual and/or improved 

properties acquired from the interaction of both [8].  
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I.1.1 Hybrid Solids: Historical Perspective 

The concept of hybridisation in developing hybrid solids is not just man‟s merit; rather 

it is the basis of evolution. Materials like mollusc shells or crustacean carapaces, bone or 

tooth tissues in vertebrates, are all naturally occurring integrated hybrid systems [9] 

The mixing of organic and inorganic components was carried out in ancient world. 

Novel mixtures of dyes or inorganic pigments were used in mural paintings thousands 

of years ago. The colourful pigment Maya Blue is a very good example for a hybrid 

material used by the Mayan people around 6
th

 century AD, which was prepared by 

mixing of natural dye “indigo” and “palygorskite” ,  a natural fibrous and microporous 

clay[10]. This hybrid showed improved colour fastness, thermal and chemical stability 

compared to the pure components [11]. Chinese rice – lime mortars developed by 

mixing sticky rice soup with lime and other standard mortar ingredients were used in 

ancient China around 1500  years ago [12]. Amylopectin from the sticky rice organic 

component bound with the inorganic components such as clay minerals, calcium 

carbonate, and sand (silica) resulted in mechanically stable hybrids used for construction 

of tombs and sections of the Great Wall during the Ming dynasty [13]. Many other clay 

– organics were used worldwide in various fields like cosmetics and medicine [14]. 

However, the field of research on hybrid solids was more developed by the end of the 

20th and the beginning of the 21st century, because of the availability of modern 

physico–chemical characterization methods, which gives a deep insight into the hybrid 

architectures [15]. Since then, „hybrid solids‟ has become a mushrooming 

multidisciplinary research area driven by the curiosity of scientists from all fields of 

science. 
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Figure I.1 A few examples of hybrid materials used in ancient world; (a) Maya blue 

[10], (b) Chinese porcelain [2] and (c) pre-historic paintings [2]. 

I.2 Classification of Hybrid Solids 

The term „hybrid solid‟ spans over a wide variety of materials ranging from simple 

metal complexes to crystalline highly ordered coordination polymers and metal organic 

frameworks, metal-oxo clusters, amorphous sol – gel compounds, nanocomposites and 

several other solids with and without interactions between the inorganic and organic 

units. Different authors categorise hybrid solids in various ways, making it a very 

subjective process. The nature of interaction between the organic and inorganic 

components plays a significant role in controlling the physical and chemical properties. 

Sanchez et.al. has classified hybrid solids into two main classes depending on the 

strength of interaction between the components [16]; 

Class I - Hybrid solids which are formed through weak interactions like Vander Waals 

interaction, hydrogen bonding or weak electrostatic interactions, between the organic 

and inorganic components. 
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Class II- Hybrid solids that are formed through strong chemical interactions in which 

the components are linked by covalent or ionic-covalent chemical bonds. 

In this thesis, we have classified hybrid solids into two main classes based on the nature 

of the inorganic building blocks. Class A belongs to hybrid solids based on 

polyoxometalates (POMs) whereas Class B consists of hybrid solids based on transition 

metals. Scheme I.1 shows the various types of class A and class B hybrid solids. 

 

 

  Scheme I.1 Different types of class A and class B hybrid solids 

 

The work presented in this thesis is mainly focused on type I- type IV hybrid solids. 

Therefore, a brief explanation on POM hybrids with organic ligands/metal complexes or 

coordination polymers (type I), organically templated nanostructured POM hybrids 

(type II), composite-POM hybrids (type III) and transition metal complexes (type IV), 

are provided in the following sections. 
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I.3 Polyoxometalate based hybrid solids (Class A) 

Polyoxometalates (POMs) are a significant class of polynuclear anionic clusters, made up 

of transition metals in high oxidation state (usually of Mo, V, W, Ta, Nb, etc.) and 

oxygen atoms [17]. These POMs are well known for their rich topology and intriguing 

physical and chemical properties and hence have received immense attention [18]. The 

unique properties of POMs have made them promising candidates in the fields of 

catalysis [19-21], magnetism [22], medicine [23-27], sensors [28] and material science 

[29].  

POMs are broadly classified into two types; isopolyanions with the general formula 

([HxMyOz]
n-

) which lack heteroatoms and heteropolyanions ([XxMmOy]
q-

, X = 

heteroatom, usually a first row transition metal) that contains one or more heteroatoms in 

the metal-oxide framework [30]. The presence of heteroatoms can bring about a great 

structural variety of POM solids which includes Keggin [XM12O40]
n- 

[31], Wells-Dawson 

[XM18O62]
n-

[32], Strandberg [XM5O23]
n-

[33] and Anderson-Evans archetypes [XM6O24]
n-

[34,35].  

In this work, hybrid solids based on Keggin type and Anderson-Evans type POMs have 

been synthesized and therefore, a brief structural description of these two types are 

discussed below. 

I.3.1 Keggin type cluster, [XM12O40]
n- 

Keggin type POM cluster, [XM12O40]
n-

 was first structurally determined by Keggin in 

1933 [31]. It consists of a central XO4 tetrahedra surrounded by 12MO6 (M = Mo or V) 

octahedra arranged in four groups of three edge– shared octahedral, M3O13. The common 

site of M3O13 is also linked to the central heteroatom X. Baker and Figgis have reported 

five geometrical isomers of Keggin ion, of which the α isomer being the more 
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predominant and thermodynamically stable [36]. The structure of PW12O40
3-

 studied by 

Keggin corresponds to α form [31]. Rotation of one, two, three or all the four M3O13 units 

by 60° give rise to β, γ, δ and ε isomers respectively. Keggin type cluster anions when 

treated with alkaline solutions result in the loss of one or more metal centres thereby 

forming lacunary Keggin POMs [37]. The vacant sites can then be filled by suitable 

transition metal ions forming substituted Keggin clusters [38,39]. 

 

                Figure I.2 Structure of Keggin type POM. 

I.3.2 Anderson-Evans type cluster, [XM6O24]
n-

 

Anderson-Evans type is one of the most common POM clusters having the general 

formula [Hx(XO6)M6O18]
(9-x)-

, where x = 6-7, M = addenda atoms (Mo
VI

) and X = a 

central heteroatom [40]. The structure of Anderson-type POMs was first suggested by J. 

S. Anderson [34] in 1937 and later confirmed by H. T. Evans [35]. It consists of six edge 

sharing [MoO6] or [WO6] octahedra arranged in a hexagonal manner around the central 

[XO6] octahedron resulting in a planar structure of D3d symmetry [35]. The oxygen atoms 

present in the Anderson cluster exhibits three different types of coordination modes; six 

triple-bridged oxygen atoms (μ3-O) connecting the two adjacent addenda atoms and the 

central heteroatom, six double-bridged oxygen atoms (μ2-O) connecting two addenda 

atoms and two terminal oxygen atoms (Ot) linking to each of the six addenda atoms 
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(Figure I.3). The Anderson POM can be generally classified into two types; A-type 

Anderson in which all six μ3-O atoms are unprotonated with the general formula 

[X
n+

M6O24]
(12-n)−  (the central  heteroatom is usually in a high oxidation state, for example, 

X = Te
VI

 , I
VII

) [41,42] and B-type Anderson in which the μ3-O atoms are protonated with 

the general formula [X
n+

(OH)6M6O18]
(6-n)−

(heteroatoms usually in low oxidation state, for 

example, X = Cr
III

, Fe
III

) [43,44]. 

 

            Figure I.3 Structural unit of Anderson-Evans cluster anion 

 

Designing POM cluster hybrids 

I.3.3 POM-organic ligands/MC/CP hybrids (Type I) 

POM anionic clusters possess counter cations other than inorganic ions as well. POMs 

can frequently interact with transition metal complexes, coordination polymers, or 

organic ligands via self-assembly approach thereby increasing its structural diversity and 

thus resulting in novel POM cluster based hybrid solids [45,46]. Hence, the design and 

synthesis of such hybrids, which result from the incorporation of organic moieties into the 

metal oxide framework, have received a lot of interest. Several well-defined POM-based 

hybrid solids, including the Keggin [47,48], Wells-Dawson [49,50] and Lindquist kinds 

[51,52], have been reported. Anderson type POMs with its planar geometry are ideal 
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inorganic building blocks and have been explored by many groups to synthesize 

Anderson cluster based hybrid solids with metal-organic complex or coordination 

polymers [53-57]. It can form hybrids in which Anderson-Evans cluster occurs as discrete 

anion and metal-organic complex or coordination polymer occurs as counter cation as in 

[{M2(2-pzc)2(H2O)4}{CrMo6(OH)7O17}]3.17H2O (M = Co or Cu, 2-pzc = Pyrazine-2-

carboxylate) and assembled through non-covalent interactions [58]. On the other hand, in 

some cases, Anderson cluster is coordinated to metal-organic complex or coordination 

polymers which are further extended to form 1-D chains, 2-D sheets, or 3-D frameworks. 

For example, Shivaiah et.al. reported a novel POM hybrid comprised of Anderson cluster 

anion and a coordination polymer {[Cu
II
(2,2′-bipy)(H2O)2Cl][Cu

II
(2,2′-

bipy)(H2O)2Al(OH)6Mo6O18].4H2O}, which was the first example of an extended spiral 

chain hybrid structure [59]. Pavani et. al. has synthesized three new extended Anderson 

hybrids viz; [{Cu2(ox)(pz)4}{H7CrMo6O24}].11H2O, 

[{Cu(pz)2(H2O)2}{Cu2(ox)(pz)4}{H5CrMo6O24}].8H2O and 

[{Cu(pz)3Cl}{Cu2(ox)(pz)4}{H6CrMo6O24}].8H2O in which the Anderson cluster is 

covalently linked into 1-D chain and 2-D sheets via oxalate(ox) bridged copper pyrazole 

(pz) units [60]. Organic ligands also can serve as counter cations to POM anionic clusters 

which can assemble through supramolecular interactions as in 

(H2pip)5[AlMo6(OH)6O18]2(SO4)2.16H2O [61]. Anderson type chromium molybdates with 

organic cations reported in literature has been summarized in Table II.1 of chapter II. 

Applications: 

POM cluster hybrids not only exhibit diverse architectures but also interesting properties 

and hence, a wide range of promising applications especially in the field of catalysis, 

photochromism, material science and medicine [62,63]. 
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The presence of termninal oxygen atoms in POMs contributes to high reactivity and 

therefore, POM clusters with varying counter ions are studied for their catalytic properties 

in a variety of reactions. For instance, Peng et.al. isolated a new Anderson hybrid 

(H3O)[(3-C5H7N2)2(Cr(OH)6Mo6O18)].3H2O (3-C5H6N2 = 3-aminopyridine), and found to 

possess good catalytic oxidation activity for eliminating acetone at lower temperature 

[64]. Wang‟s group has reported a Keggin type POM hybrid templated by a coordination 

polymer, [Cu2(H2O)2(bpp)2Cl][PM12O40]·∼20H2O (M = Mo; bpp = 1,3-bis(4-

pyridyl)propane) which exhibited significant electrocatalytic activity towards the 

reduction of nitrite [65]. 

POMs combined with organic amines, π-conjugated molecules or polymers can form 

hybrid solids with enhanced photochromic properties. For instance, 

(H2DABCO)2(NH4)2[Mo7O24] was found to exhibit photochromic behavior upon UV 

excitation together with trimolybdate and octamolybdate derivatives as reported by Coué 

et. al. [66]. Recently, Liu et.al. prepared a polyoxomolybdate-naphthalenediimide hybrid, 

[Ce2(BINDI)(DMF)8]·[Mo6O19], (BINDI = N, N′-bis(5-isophthalic acid)-1,4,5,8-

naphthalene diimide), which showed reversible photochromic behavior under uv–

visible light irradiation. It also showed good photocatalytic activity for degradation of 

methylene blue under visible light [67]. 

POMs can also form biologically active hybrid materials and hence show potential 

applications in medicine. Anderson type solid, [NH3Pr
i
]6[Mo7O24].3H2O was tested in 

vivo against various tumor cell lines and exhibited potential antitumor activity [68]. A 

series of novel pyridinium polyoxometalates synthesized by Wang and co-workers are 

reported to have good anti-HIV-1 activities [69]. 

Apart from above fields, POM hybrids are also explored for their potential applications in 

macromolecular crystallography studies and magnetism [70]. The synthesis of POM 
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cluster based hybrids continues to fascinate the researchers owing to its interesting 

properties and versatile applications. 

I.3.4 Organically templated nanostructured POM hybrids (Type II) 

Nanostructured POMs templated by organic moieties such as organic amines, proteins, 

surfactants, etc. constitute another prominent type of hybrid solids [71-73]. These 

nanostructures are self-assembled via supramolecular interactions and are much less 

ordered. The type of organic template used has a significant impact on the morphology 

and properties of the hybrid formed, in addition to other synthetic variables like pH, 

reactant quantity, temperature, etc. Long chain amines have been used for synthesizing 

nanostructured vanadium and molybdenum oxides by using soft chemistry routes [74-77]. 

Spahr et. al. isolated a lamellar type vanadium oxide hybrid templated by hexadecylamine 

having nanotubular morphology. The tunnel apertures were between 5 and 50 nm, and the 

tube diameters varied from 15 to 100 nm [74]. Molybdenum oxide nanofibres were 

synthesized by intercalation of primary amines into layers of MoO3 with diameters 

ranging from 50-150 nm, as reported by Niederberger et. al. [75]. The introduction of 

surfactants as unique counter cations offers a feasible way of creating nanostructured 

POM hybrids. Surfactant encapsulated clusters are formed from a solution containing 

reduced POM species [78]. On the other hand, surfactants intercalated into POM 

framework tend to form chains and sheets, if the solution contains only the oxidized POM 

species [76,79]. Thomas et.al have investigated the growth of phosphomolybdate solids 

templated by dodecylpyridinium cations (DPC) under acidic conditions, and resulted in 

nano rods of high aspect ratio [80]. Keggin type polyoxometalate nanorods were prepared 

using polyethylene glycol (PEG) surfactant as a template by Yang et. al.[81]. 

 

 



Chapter I. Introduction and literature review 

 

12 
 

Applications:  

Nanostructured POM hybrids show promising applications as catalysts, pH probes, 

photochromic/electrochromic materials and as adsorbents for dye removal [82-85]. 

Peroxo polytungstophosphates (P:W = 1:4) prepared using Aliquat 336 as a surfactant 

showed good catalytic activity towards epoxidation of propylene [82]. Wang and co-

workers have fabricated multibilayer films consisting of Na9[EuW10O36] (EuW10) 

templated by dimethyldioctadecylammonium chloride (DODA) which exhibited 

photoluminescence [84]. Surfactant encapsulated nanospherical polyoxometalate, 

(H5[PV2Mo10O40]) was found to exhibit remarkable anionic dye removal activity [85]. 

Organic functionalities are particularly intriguing for bioactive POMs because they 

improve the POMs' association with biologically significant targets as well as their 

stability in specific media. Nanorods of amino acid – phosphomolybdates synthesized 

using reverse micelles as a template showed potential antibacterial activity against 

Escherichia coli than the individual components [86]. Such a remarkable activity could 

be primarily attributed to the nano-size effect. 

The use of organic templates in forming nanostructured POMs has led to the expression 

of synergistic functionality and diverse applications in POM hybrid materials. 

I.3.5 Composite based POM hybrids (Type III) 

Composite based POM hybrids have gained increased attention in recent years because of 

their multifaceted architectures, superb redox activities, and exceptional proton and 

electron transport capabilities. POMs can form composites with conducting polymers, 

graphene, carbon nanotubes (CNTs), and metal nanoparticles (NPs) resulting in hybrid 

materials of improved stability and interesting properties [87-90]. Several studies have 

shown that embedding POMs into polymers can be used to control the nanoscale 

https://www.sciencedirect.com/topics/materials-science/composite-films
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aggregation behaviour of the hybrids which in turn can affect the final properties [91,92]. 

Among the various polyoxometalates, Keggin and Dawson type POMs are widely used 

for preparing composite based hybrid solids. Cuentas-Gallegos et al. prepared a novel 

composite using Keggin type POMs and functionalized CNTs [93]. Dawson type 

phosphotungstate-graphene oxide composites were synthesized by Wang et.al.[94]. A 

Keggin-type POM, H3PMo12O40.nH2O, that can be used as a potent oxidising agent to 

polymerize pyrrole and form composite material has been reported by Gomez-Romero 

and Lira-Cantu [95]. 

Applications: 

Composite based POM hybrids find promising applications in various fields such as 

photocatalysis [94], as sensors [96], supercapacitors [93] and energy storage devices [97]. 

A few of such applications are discussed below. 

Keggin-type POM modified Ag/Graphene composite materials synthesized by Li.et.al. 

displayed excellent activity and stability for electrocatalytic oxidation of water under 

neutral conditions [98]. Ammam and Easton prepared a Dawson type POM-Polypyrrole 

composite which exhibited remarkable sensing activity towards NOx gases [96]. 

Polyaniline (PANI), a conducting polymer, has been combined with Keggin POMs to 

form composites for supercapacitor applications [99,100]. A novel POM hybrid, 

[(C4H9)4N]3[PMo12O40] and graphene composite, was reported to be an advanced cathode 

material for high performance lithium ion batteries (LIBs) [101]. Another Keggin type 

SiW12/rGO nanocomposite as a cathode material for LIBs has been reported by Wang et. 

al.[102]. POMs have also been combined with naturally occurring polymers such as 

chitosan, which showed enhanced thermal stability and mechanical properties [103] and 

were also found to possess good antimicrobial activity [104]. A review of 
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phosphomolybdate-polymer composites and its applications, reported in the last decade, 

has been summarized in Table VI.1 in chapter VI. 

I.4 Transition metal based hybrids (Class B) 

I.4.1 Metal complexes (Type IV) 

Metal complexes, comprising of transition metal atoms/ions and organic ligands linked 

via coordination bonds, are an intriguing class of organic-inorganic hybrid solids. The 

topology and properties of these hybrid solids can be tailored through judicious choice of 

their molecular building blocks. There are two main building blocks used for forming 

metal complex viz; metal ions and organic ligands. 

Among the various metal ions, transition metal ions are widely used for the construction 

of metal complexes since they can exhibit variable oxidation state and diverse 

coordination geometries. For example, Cu(II) exhibits Jahn-Teller distortion and usually 

form distorted octahedral or distorted tetrahedral or square planar geometries. Co(II) 

usually prefers octahedral geometry, however, in strong acidic solutions it adopts 

tetrahedral form. Ni(II) and Pt(II) generally tends to form square planar geometry. 

Various metal ions also form other geometries like linear, trigonal planar, square 

pyramidal, etc. 

Organic ligands are coordinated to the metal centre via the donor atoms, usually, N, S and 

O atoms. It can be either monodentate or multidentate for effective coordination to the 

metal centre. Ligand molecules also differ in their charges, being neutral or anionic. The 

shape of the ligand and other functionalities such as presence of aromatic rings, 

heteroatoms, chirality, etc. also plays crucial role in tuning the properties of the metal-

complex hybrid. Heterocyclic compounds, especially N-containing heterocyclic ligands 

such as pyridines, pyrazines, pyrazoles, etc. are ideal moieties for coordinating with the 
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metal ions as they possess interesting properties [105, 106]. Besides the metal ions and 

organic ligands, solvent molecules also play a role in the formation of metal complex, 

either by coordinating with the metal centre or as co-crystals. 

Applications: 

Transition metal complexes (TMCs) are well-known for their potential applications in 

various fields including medicine [107], catalysis [108], solar energy conversion [109], 

magnetism [110], etc. A vast number of studies of TMCs are based on their potential to 

be used as antimicrobial, antitumor, antiviral, antioxidant and antidiabetic agents. A novel 

triazene based Ni(II), Co(II), Cu(II) and Zn(II) complexes were reported to exhibit 

promising antidiabetic and antioxidant activity [111]. Saha et.al. synthesized a Cobalt 

complex with histidine that displayed significant antibacterial and antifungal activity 

against  various multidrug resistant bacterial and fungal strains in comparison to 

commercial antibiotics [112]. A series of Cu, Zn and Cd complexes based on 2-

acetylpyridine and L-tryptophan were tested for anti-cancer activity on MDA-MB-231 

breast cancer cells and the Cd complex showed the highest anti-proliferative activity 

among the three complexes as reported by Zhang et. al.[113]. 

TMCs are studied for their catalytic properties in various reactions such as 

polymerization, oxidation of organic compounds, reduction of thionyl chloride, etc.[108]. 

For example, Iron(III) and cobalt(II) complexes based on pyridine bis(imine) ligand 

showed significant catalytic activity for polymerization of ethylene [114]. A new Ru(II) 

carbonyl complex containing „pincer like‟ ONS donor Schiff base and triphenylphosphine 

was prepared by Tamizh et. al. for selective oxidation of alcohols at room temperature 

[115]. 

TMCs have also been explored for efficient energy storage/conversion devices including 

dye sensitized solar cells [116], organic light emitting diodes [117] and in drug delivery 
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systems [118]. Several TMCs are also promising candidates as chromotropic materials 

[119-120]. A detailed review of chromotropism shown by complexes of Cu(II) 

tetrahalides with various organic ligands have been summarized in Table IV.1 in chapter 

IV. 

I.5 Synthetic strategies 

Various synthetic methods generally employed for the synthesis of type I to type IV 

hybrid solids mentioned above are briefly discussed in this section. 

I.5.1 Solvent evaporation method 

Solvent evaporation is one of the most commonly used methods for preparing POM 

hybrid solids and metal complexes. Reactants are dissolved in a suitable solvent and left 

undisturbed for crystallization, usually at room temperature. As the solution becomes 

saturated, either by cooling the solution or by evaporating extra solvent, crystals gradually 

develop. The obtained crystals are filtered, washed with water or other solvents and dried 

at room temperature. 

I.5.2 Hydrothermal method 

Hydrothermal synthesis is another technique employed in the synthesis of a wide range of 

hybrid solids, especially if the organic moieties have poor solubility. The reactants along 

with water are added into a sealed Teflon container. The reaction is carried out under 

autogenous pressure at temperatures ranging from 100-250°C. The apparatus is allowed 

to undergo slow cooling and the product obtained is filtered, washed with water or other 

solvents and dried. This method is especially suitable for the growth of good-quality 

crystals required for single crystal analysis and offers more control over the composition 

of the hybrid formed. 
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I.5.3 Sol-gel method 

Sol- gel method is another technique particularly useful for the synthesis of organically 

templated nanoclusters and nanocomposites. The basis of this method is preparing a 

homogeneous sol from the molecular precursors and converting into a gel. The gel 

obtained is dried after removing the solvent by suitable methods. The sol-gel method is 

very useful for the preparation of highly homogeneous composites with very high purity. 

Various other methods such as co-precipitation, layer diffusion, sonication, etc are also 

occasionally used for the synthesis of different types of hybrid solids. 

I.6 Motivation 

Polyoxometalate hybrids and transition metal complex hybrid solids holds a prominent 

position among the wide range of organic-inorganic hybrid materials. They exhibit 

interesting properties and diverse applications as evident from the literature. POM 

clusters can form structurally diverse hybrid solids with organic ligands, metal complexes 

or coordination polymers. POMs can also form interesting nanostructures templated by 

organic moieties such as long chain amines, surfactants, etc. When POMs are combined 

with polymers or carbon nanotubes, it can result in the formation of nanocomposites. This 

structural versatility contributes to its potential applications in the area of catalysis, 

sensors, material science and medicine. Transition metal ions on interaction with organic 

ligands form metal complexes driven by metal-ligand coordination, which shows 

promising applications in various fields. In addition, hybrid solids of POMs and TMCs 

are also capable of exhibiting supramolecular interactions such as H-bonding, C-H··π, 

π··π interactions, etc. that can provide extra stability to the crystal structure. However, 

varying the reaction parameters such as pH, temperature, nature of the metal ions, nature 

of the organic ligands, solvents, etc. exert a strong influence on the self-assembly process 

of hybrid solids. 
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In this context, synthesis of structurally diverse hybrid solids and investigating its 

properties, by varying the synthetic parameters, seems to be an interesting area of 

research. The study of various supramolecular interactions that dictate the self-assembly 

process can also throw light on the properties of hybrid solids. 

I.7 Objectives 

Based on the above observations, the major objectives of this thesis are, 

▪ Synthesize Polyoxometalate (POM) hybrid solids based on Mo; to exploit its 

linking propensity with transition metal ions and heterocyclic organic ligands like 

Pyrazole and 2- aminopyrazine. 

▪ Explore the role of supramolecular interactions such as hydrogen bonding, C-

H··π, π··π interactions, etc. in the crystal packing of the hybrid solids. 

▪ Investigate the phenomenon of „chromotropism‟ in aminopyridine based copper 

tetrahalides. 

▪ Explore the biological activities of selected synthesized solids. 

▪ Investigate the effect of long chain surfactants on the composition and 

morphology of phosphomolybdate solids and its application in dye removal. 

▪ Synthesize ammonium phosphomolybdate-polypyrrole composite and investigate 

the effect of synthetic parameters and properties. 
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Summary 

Three Anderson-Evans type polyoxomolybdate hybrid solids  

[{Hpz}2{H7CrMo6O24}]·6H2O (1), [{Cr3(O)(CH3COO)6(H2O)3}2{H7CrMo6O24}]·24H2O 

(2) and [Na{Na(H2O)3}2{H6CrMo6O24}]·2H2O (3) have been crystallized via solvent 

evaporation technique in the presence of pyrazole (pz) as organic ligand. The solids were 

characterized using single crystal X-ray diffraction, fourier transform infrared 

spectroscopy and thermal analysis. While, solid 1 is an example of organically templated 

Anderson-Evans cluster based hybrid solid (Type I); in both 2 and 3 Anderson cluster is 

stabilized due to inorganic cationic moieties. Crystal structure analysis of 1-3 suggested 

that supramolecular interactions facilitate the crystal packing in synthesized solids. The 

role of synthetic parameters in dictating the nature of self-assembly of solids in aqueous 

medium was analyzed and the potential of solids 1-3 for the synthesis of Polypyrrole or 

Polypyrrole composite using chemical oxidative polymerization of pyrrole was examined. 
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II.1 Introduction  

Self-assembly of hybrid solids involves a spontaneous aggregation of molecular 

precursors usually driven by metal-ligand coordination and supramolecular interactions 

such as hydrogen bonding, π···π and C-H···π interactions [1, 2]. However, synthetic 

parameters such as temperature, pH, metal ions, nature of organic ligand and solvent can 

alter the nature of the reacting molecular precursors. Therefore, subtle changes in reaction 

parameters can affect the aggregation of molecular precursors in the reaction medium, 

which in turn, affects the crystallization of hybrid solids [3-6]. Polyoxometalates, 

particularly Anderson–Evans cluster based solids provide an excellent opportunity to 

explore these issues as they can form a large variety of hybrid solids ranging from 

organically templated cluster based solids to coordination polymer incorporated cluster 

anions forming extended 3-D architectures [7, 8].  

Anderson-Evans cluster has the general formula [Hx(XO6)M6O18]
(9-x)-

, where x = 6-7, M 

= addenda atoms (Mo
VI

) and X = a central heteroatom [9]. Since, it can incorporate 

various heteroatoms, inorganic and organic cations and molecules exhibiting various 

coordination modes, it serves as an attractive building block for the crystallization of 

hybrid solids having rich topology, intriguing physico-chemical properties and diverse 

applications [10-13]. In addition, Anderson-Evans cluster specifically exhibits a relatively 

high tendency to undergo protonation and incorporate a large number of lattice water 

molecules during crystallization [14-16]. However, there are only limited examples of 

organically templated Anderson-Evans cluster based solids reported in literature (refer 

Table II.1).Therefore, in the present work an attempt has been made to synthesize 

Anderson-Evans cluster based solids using organic ligands and understand the role of 

synthetic parameters in dictating the nature of self-assembly in aqueous medium. The 

results are significant as such analysis provides clues for engineering new solids with 
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desired structure and dimensionality. In addition, the use of Anderson solids, for the 

synthesis of Polypyrrole (Ppy) or Polypyrrole composite via oxidative polymerization has 

also been investigated. 

 

Table II.1 Organically templated Anderson-Evans cluster based solids reported in 

literature. 

S. 

No. 

Solid Cell parameters Synthetic 

technique 

Structural description Ref. 

1 {Hpym}2 

[{H7CrMo6O24}] 

·2H2O 

 

pym= pyrimidine  

Triclinic 

P-1 

a = 6.830(1) Å 

b = 10.159(1)Å 

c = 10.644(2) Å 

α = 76.922(3)° 

β = 74.540(3)° 

γ = 87.543(4)° 

Z = 1 

 

Solvent 

evaporation 

method 

Anderson-Evans cluster 

anions linked to a pair of 

protonated pyrimidine 

moieties through C-

H···O forming a zig–zag 

1-D chains. 

16 

 

 

2 {(Htemed)3} 

[{H6CrMo6O24}2] 

·16H2O 

 

temed= 

tetramethylethyle

nediamine 

Monoclinic 

P21/c 

a = 13.592(3) Å 

b = 21.475(5) Å 

c = 14.286(3) Å  

α= 90° 

β = 114.538(4)° 

γ=90° 

Z = 2 

Solvent 

evaporation 

method 

Organic amine links 

Anderson-Evans cluster 

into 1-D chains through 

N-H···O interactions. 

16 

3 (BEDT-

TTF)4[Cr(OH)6M

o6O18]·2H2O 

 

BEDT-TTF= 

bis(ethylenedithio) 

tetrathiafulvalene] 

Triclinic 

P-1 

a = 5.9545(2) Å 

b = 16.3767(6) Å 

c = 21.8643(6) Å 

α= 110.829(2)° 

β = 91.262(2)° 

γ = 98.129(1)° 

Z = 1 

 

Electrochemic

al synthesis  

The cluster and the 

organic moieties are 

arranged alternatively 

leading to 1-D chains 

through H-bonding 

interactions. 

17 

4 {(N2H5CO)[(CH3)3

N(CH2)2OH]2} 

[H6CrMo6O24]· 

4H2O 

Monoclinic 

C2/c 

a = 13.707(3) Å 

b = 22.113(4) Å 

Solvent 

evaporation 

method at 

Anderson anion cluster is 

linked to a pair of choline 

molecules and one 

18 
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c  =13.194(3) Å 

α=90° 

β= 109.73(3)° 

γ= 90° 

Z = 4 

room 

temperature 

protonated urea molecule 

leading to 3-D assembly 

via N(urea)-H···O 

interactions. 

5 (4-Hampy)2[H3O] 

(H7CrMo6O24)· 

2H2O 

 

ampy = 

aminopyridine 

 

 

Triclinic 

P-1 (no. 2) 

a = 7.951(5) Å 

b = 10.036(5) Å 

c = 10.345(5) Å 

α= 88.976(5)° 

β= 78.016(5)° 

γ= 86.207(5)° 

Z = 1 

Hydrothermal 

synthesis 

Protonated 4-

aminopyridine moieties 

and H3O
+
 cations link 

Anderson polyoxoanions 

through N-H···O 

interactions forming a 

layered structure. 

19 

6 (H3O)[(3-ampy)2 

(H6CrMo6O24)]· 

3H2O 

 

 

Triclinic 

P-1 

a = 7.848(8) Å 

b = 10.180(10) Å 

c = 10.410(10)Å 

α = 88.031(3)° 

β = 78.308(2)° 

γ = 88.842(3)° 

Z = 1 

Hydrothermal 

synthesis 

Protonated  3-

aminopyridines link the 

Anderson cluster anion 

through strong N-H···O 

interactions. 

20 

7 (C4H10NO)3 

[H6CrMo6O24]· 

4H2O 

 

 

Triclinic 

P-1 

a = 7.947 (4) Å  

b = 9.965 (5) Å  

c = 13.740 (7) Å 

α = 110.392 (1)° 

β = 102.921 (1)° 

γ = 90.635 (1)° 

Z = 1 

Refluxed and 

cooled to 

room 

temperature, 

followed by 

solvent 

evaporation. 

The cluster anion, 

organic cations and water 

molecules are linked by 

N-H···O and O-H···O 

interactions. 

21 

8 (Hbipy)2 

[Cr(OH)6Mo6O18

H](bipy) 

 

bipy = bipyridine 

Triclinic 

P-1  

a = 8.540 (5) Å 

b= 10.593 (5)Å  

c= 11.864 (5)Å 

α =74.901 (5)° 

β =85.216 (5)° 

γ = 88.651 (5)° 

Z= 1  

Hydrothermal 

synthesis 

 [Cr(OH)6Mo6O18]
3-

 

anion and three bipy 

molecules, two of which 

are protonated are linked 

via H-bonding 

interactions leading to 

supramolecular 

assembly. 

22 
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II.2 Experimental 

II.2.1 Synthesis 

All reagents were of reagent grade and were used as received from commercial sources 

without further purification in the present thesis. The solids were synthesized using 

solvent evaporation technique, similar to that reported in literature [23]. Scheme II.1 

summarizes the synthetic methodology employed in this study to prepare Anderson 

cluster based hybrid solids. Initially, two different aqueous solutions were prepared for 

the synthesis of 1. Solution A was prepared by adding Na2MoO4·2H2O (2.35 mmol, 

Merck, 99%) to a solution of CrCl3·6H2O (1.57 mmol, Merck, 99%) in 15 mL of water 

and 5 mL of glacial acetic acid. Solution B was prepared by adding pyrazole (2.52 mmol, 

Merck, 99%) to a solution of CoCl2·6H2O (1.68 mmol, Merck, 99%) in 10 mL of water 

and 10 mL of methanol. Subsequently, Solution B was added to Solution A and acidified 

using dilute HCl. The resultant green colored solution of pH ~ 2 was left for 

crystallization at room temperature. After 4 weeks, purple needle like crystals of 1 were 

obtained, filtered, washed with acetone and air dried. Yield: 72% (based on Mo). 

When Solution A was left undisturbed at room temperature, dark green block like crystals 

of 2 were obtained after 3 weeks in about 54% yield (based on Mo). The crystals of 2 

were washed with acetone, filtered and air dried. The filtrate upon evaporation at room 

temperature resulted in pink block like crystals of 3 after 2 weeks in about 32% yield 

(based on Mo). Using 2-aminopyrazine (2-ampz) instead of pyrazole resulted in 

crystallization of solid [Co(2-Hampz)2Cl4], 4, which is discussed in detail in Chapter III. 
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Scheme II.1 Scheme showing the synthetic pathway for the crystallization of solids 1-3. 

 

II.2.2 Synthesis of Polypyrrole using Anderson-Evans hybrid solids 

To a stirring solution of 10 mL of [{Cr3(O)(CH3COO)6(H2O)3}2{H7CrMo6O24}].24H2O, 

2 (0.03M), 0.5 mL pyrrole dissolved in 20mL of distilled water was added, followed by 

0.02g of ammonium persulphate (APS). The contents were stirred for about 15 minutes 

and the resultant black powder was washed with distilled water, filtered and dried in oven 

at 50°C. The same procedure was repeated with solid 3. Polypyrrole was also synthesized 

using only APS with the same concentration of pyrrole and APS as stated above. 

II.2.3 Characterization 

II.2.3.1 X-ray crystallographic studies 

X-ray diffraction studies of crystal mounted on a capillary were carried out on a 

BRUKER AXS SMART-APEX diffractometer with a CCD area detector (MoKα = 

0.71073Å, monochromator: graphite) [24]. Frames were collected at T = 298K (for 1) and 

293K (for 2 and 3) by ω,  and 2-rotation at 10s per frame with SAINT [25]. The 

measured intensities were reduced to F
2
 and corrected for absorption with SADABS [25]. 

Structure solution, refinement, and data output were carried out with the SHELXTL 
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program [26]. Non-hydrogen atoms were refined anisotropically. C-H and N-H hydrogen 

atoms were placed in geometrically calculated positions by using a riding model. Images 

were created with the DIAMOND program [27]. Hydrogen bonding interactions in the 

crystal lattice were calculated with SHELXTL and DIAMOND [26, 27]. Crystal and 

refinement data have been summarized in Table II.2. 

II.2.3.2 Powder X-ray diffraction  

Powder X-ray diffraction (PXRD) data was collected on a Malvern Panalytical Aeris 

diffractometer using Ni-filtered CuKα radiation. Data were collected with a step size of 

0.02° and count time of 2s per step over the range 5° < 2θ< 60°. 

 

II.2.3.3 Fourier Transform Infrared Spectroscopy 

Fourier transform infrared (FTIR) spectra were recorded using Shimadzu FTIR 

spectrophotometer (model: IR Affinity-1S) equipped with Attenuated total reflection 

(ATR) in the range 400-4000 cm
-1

. 

 

II.2.3.4 Thermogravimetric Analysis  

Thermogravimetric analysis (TGA) was done on Perkin-Elmer TGA7 from room 

temperature to 900
o
C at a heating rate of 10

o
C/min. in nitrogen atmosphere to determine 

water and organic content as well as overall thermal stability of the products. 
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Table II.2 Crystal data and structure refinement parameters for 1-3. 

 1 2 3 

Chemical formula C6H22CrMo6N4O30 C24H36Cr7Mo6O80 CrMo6Na3O32 

Molecular weight 1257.91 2544.17 1208.61 

Temperature (K) 298(2) 293(2) 293(2) 

Crystal system orthorhombic Triclinic Triclinic 

Space Group Pbca P-1 P-1 

a (Å) 23.1796(8) 10.1347(14) 6.4631(16) 

b (Å)  11.1281(4) 14.688(2) 10.904(3) 

c (Å) 25.1499(9) 15.442(2) 10.929(3) 

α (°) 90.00 108.076(2) 109.100(4) 

β (°) 90.00 93.539(2) 106.790(4) 

γ (°) 90.00 92.825(2) 95.509(4) 

Volume (Å
3
) 6487.3(4) 2175.4(5) 681.1(3) 

Z 8 1 1 

ρcalc (g·cm
-3

) 2.576 1.942 2.700 

μ (mm
−1

) 2.678 1.791 2.727 

F (000) 4816 1240.0 1274 

Crystal size (mm) 0.47 x 0.31 x 0.26 0.35 x 0.29 x 0.25 0.37 x 0.27 x0.22 

Radiation Mo Kα Mo Kα Mo Kα 

2Ɵ range for data 

collection (°) 

4.12 to 56.280 2 to 60 2.08 to 50 

Index ranges -28 ≤ h ≤ 30, -14 ≤ 

k ≤ 13, -33 ≤ l ≤ 29 

-12 ≤ h ≤ 12, -17 ≤ 

k ≤ 17, -18 ≤ l ≤ 18 

0 ≤ h ≤ 13, -12 ≤ k 

≤ 13, -16 ≤ l ≤ 17 

Reflections collected 38438 20309 7773 

Independent reflections 7911  7660 3380 

Data/restraints/parameters 7911/0/442 7660/0/535 5549/0/433 

Goodness-of-fit on F
2
 1.061 1.051 1.125 

R[F
2
> 2σ(F

2
)], wR(F

2
) 0.0338, 0.0841 0.0313, 0.0954 0.0344, 0.0776 
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II.3 Results and Discussion 

II.3.1 Crystal Structure of 1-3 

II.3.1.1 Crystal Structure of 1 

The asymmetric unit of 1 consists of one Anderson-Evans cluster anion, two protonated 

pyrazole moieties (designated as {N1N2} and {N3N4} hence forth) and six lattice water 

molecules. The crystal structure analysis of 1 revealed that Anderson-Evans cluster anion 

was identical to those reported in literature (Table II.1). The Anderson cluster anion viz. 

[H7CrMo6O24] was a B-type Anderson structure consisting of six [MoO6] octahedra 

arranged in a hexagonal manner around the central [Cr(OH)6] octahedron (FigureII.1). 

Each [MoO6] octahedra exhibited three kinds of Mo-O distances in 1(Table II.3). These 

included molybdenum-terminal oxygen, Mo-Ot bonds (1.695(2)-1.709(2) Å) and two 

types of molybdenum bridging oxygen bonds namely Mo-Ob and Mo-Oc. While, Ob 

adopted a μ2-bridging mode linking two adjacent molybdenum centers (1.892(2)-2.037(2) 

Å), Oc adopted μ3-bridging mode linking two molybdenum centers and the central 

chromium atom (2.268(2)-2.314(2) Å). The bond-valence sum calculations [28] 

suggested that Cr was in +3 oxidation state, all Mo atoms were in the +6 oxidation state 

and seven oxygen atoms in 1 were protonated. Lattice water molecules namely O1S, O2S, 

O5S and O6S formed strong hydrogen bonds (Table II.4) with the cluster ions to form 

zig-zag 1-D chains propagating along b axis (FigureII.2). One of the pyrazole moieties 

viz. {N1N2} was linked to cluster anions via O1S through N-H···O interactions. O2S 

connected the 1-D chains via H-bonding interactions to form a sheet along ab-plane 

(FigureII.3). The sheets were further connected via lattice water molecules (O3S and 

O4S) and {N3N4} moiety to form 3-D supramolecular structure as shown in Figure II.4. 
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Figure II.1 ORTEP diagram of 1. Non hydrogen atoms are shown as 50% ellipsoids and 

hydrogen atoms as arbitrary spheres. Lattice water molecules have been omitted for 

clarity. 

Table II.3 Mo-O distances in 1. 

 

 

Category Mo···O Bond Distance (Å) 

 

 

 

 

 

 

Molybdenum-terminal oxygen (Mo-Ot) 

Mo1···O1  1.697(2) 

Mo1··· O2  1.706(2) 

Mo2···O7  1.691(2) 

Mo2···O8  1.690(2) 

Mo3···O11  1.702(2) 

Mo3···O12 1.706(2) 

Mo4···O15  1.705(2) 

Mo4···O16  1.708(2) 

Mo5··· O19  1.695(2) 

Mo5···O20  1.706(2) 

Mo6···O23  1.699(2) 

Mo6··· O24  1.709(2) 

 

 

 

 

 

 

Molybdenum-bridging oxygen (Mo-Ob) 

Mo1··· O6  1.946(2) 

Mo1··· O3  1.936(2) 

Mo2···O6  1.905(2) 

Mo2··· O9  2.037(2) 

Mo3··· O9 2.028(2) 

Mo3··· O13 1.899(2) 

Mo4··· O13 1.986(2) 

Mo4··· O17  1.892(2) 

Mo5··· O17  1.961(2) 

Mo5···O22  1.915(2) 

Mo6···O22  1.932(2) 

Mo6··· O3  1.946(2) 
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Molybdenum-internal oxygen (Mo-Oc) 

Mo1···O4  2.280(2) 

Mo1··· O5  2.303(2) 

Mo2···O5 2.299(2) 

Mo2···O10  2.273(2) 

Mo3··· O10  2.272(2) 

Mo3··· O14  2.268(2) 

Mo4··· O14  2.274(2) 

Mo4··· O18  2.287(2) 

Mo5··· O18  2.299(2) 

Mo5···O21  2.314(2) 

Mo6··· O21  2.300(2) 

Mo6··· O4  2.279(2) 

 

 

Figure II.2 1-D zig-zag chains in 1. H-bonding interactions are shown in dashed red 

lines. Each cluster anion is linked to lattice water molecules O1S, O2S, O5S and O6S 

through H-bonding. Lattice water molecule, O1S is linked to {N1N2} moiety through N-

H···O interaction. 
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Figure II.3 (a) O2S connecting two neighboring 1-D zig-zag chains (depicted in cyan and 

pink polyhedral) to form 2-D sheet in 1. Inter-chain H-bonding interactions are shown in 

solid red lines. (b) View along b axis showing two 1-D chains forming a sheet. 
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Figure II.4 View along b axis showing O3S and O4S connecting two neighboring sheets 

(depicted in cyan and green) via H-bonding interactions mediated by {N3N4} moiety in 

1. 

 

Table II.4 H-bonding interactions in 1. 

D-H···A D-H (Å) H···A (Å) D···A (Å) D-H···A (°) 

O(1S)-H(1SA)···O15 0.8510(27) 1.9202(19) 2.7628(32) 170.3(1) 

O(1S)-H(1SB)···O5 0.8500(27) 2.0211(23) 2.8657(36) 172.3(1) 

O(2S)-H(2SA)···O19 0.8489(28) 1.7511(19) 2.5699(32) 161.4(1) 

O(2S)-H(2SB)···O12 0.8495(30) 1.9548(21) 2.7863(35) 165.8(1) 

O(3S)-H(3SA)···O18 0.8507(28) 2.0102(19) 2.8175(33) 158.1(1) 

O(3S)-H(3SB)···O14 0.8501(28) 1.9859(23) 2.8316(36) 173.0(1) 

O(4S)-H(4SA)···O6 0.8509(30) 1.9710(19) 2.7902(35) 161.2(2) 

O(4S)-H(4SB)···O10 0.8514(30) 2.0048(22) 2.8364(37) 165.2(2) 

O(5S)-H(5SA)···O6 0.8494(24) 1.7503(19) 2.5757(30) 163.3(1) 

O(5S)-H(5SB)···O10 0.8514(23) 1.9300(23) 2.7790(33) 174.8(1) 

O(6S)-H(6SA)···O6 0.8492(28) 1.7807(19) 2.5732(32) 154.4(1) 

O(6S)-H(6SB)···O3 0.8492(29) 1.9194(21) 2.7649(35) 173.5(1) 

N(2)-H(2N) ···O(1S) 0.8608(32) 1.8238(32) 2.6733(46) 168.7(2) 

N(3)-H(4N) ···O(4S) 0.8603(42) 1.8444(33) 2.7047(54) 179.5(2) 

N(4)-H(4) ···O(3S) 0.8598(38) 1. 9493(30) 2.7090(49) 146.6(2) 
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Table II.5 O···O interactions in 1. 

 

 

 

 

II.3.1.2 Crystal Structure of 2 

Solvent evaporation of Solution A (as shown in Scheme II.1) resulted in the 

crystallization of green block like crystals of 

[{Cr3(O)(CH3COO)6(H2O)3}2{H7CrMo6O24}].24H2O, 2. The asymmetric unit of 2 

consists of an Anderson-Evans cluster anion, [H7CrMo6O24]
2-

and the counter cation being 

a chromium trinuclear cluster, [{Cr3(O)(CH3COO)6(H2O)3}
3+ 

as shown in Figure II.5. The 

inter cluster regions are occupied by twenty four lattice water molecules. Similar to the 

crystal structure of 1, the Anderson cluster anion viz. [H7CrMo6O24], a B-type Anderson 

structure consist of six [MoO6] octahedra arranged in a hexagonal manner around the 

central [Cr(OH)6] octahedron (Figure II.5).The Mo-O distances in [MoO6] octahedra in 2 

(Table II.6) ranges from 1.685(3)-1.709(2)Å for molybdenum-terminal oxygen (Mo-Ot), 

1.935(3)-1.983(3) Å for molybdenum bridging oxygen (Mo-Ob) and 2.270(3)-2.314(3)Å 

for Mo-Oc bonds. The bond valence sum calculations suggested +3 oxidation state for Cr 

atoms and +6 oxidation state for all Mo atoms and protonation of seven oxygen atoms in 

2. Strong intermolecular hydrogen bonding interactions in 2 (2.462(4)-2.529(5) Å, Table 

II.7) between Anderson cluster and chromium acetate complex leads to 1-D chain (Figure 

II.6). The chains are further connected by inter chain H-bonding interactions (2.620(4)-

2.641(4) Å) to form 2-D sheets as shown in Figure II.7. The packing of 2-D sheets into 3-

D supramolecular structure is facilitated by lattice water molecules mediated by O···O 

O···O Bond distance (Å) 

O2···O23  2.7329(27) 

O11···O24     2.7561(27) 

O4···O21 2.6807(27) 

O13···O20  2.6838(28) 



Chapter II. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application 

 

 

41 
 

interactions (2.604(6)-3.090(6) Å) as shown in Figure II.8a. Figure II.8b shows the 

interaction of water molecules resulting in 1-D zig-zag chain in 2.  

 

Figure II.5 Asymmetric unit in 2. Lattice water molecules are omitted for clarity. 

 

Table II.6 Mo-O distances in 2. 

Category Mo···O Bond Distance (Å) 

 

 

 

Molybdenum-terminal oxygen (Mo-Ot) 

Mo1···O11  1.689(3) 

Mo1···O12  1.704(3) 

Mo2···O4  1.697(3) 

Mo2···O5  1.707(3) 

Mo3···O1  1.685(3) 

Mo3···O2  1.709(2) 

 

 

Molybdenum-bridging oxygen (Mo-Ob) 

Mo1···O8  1.936(3) 

Mo1···O9  1.983(3) 

Mo2···O3  1.952(3) 

Mo2···O8  1.940(3) 

Mo3···O3  1.935(3) 

Mo3···O9  1.970(3) 

 

 

Molybdenum-internal oxygen (Mo-Oc) 

Mo1···O7  2.314(3) 

Mo1···O10  2.276(3) 

Mo2···O6  2.270(3) 

Mo2···O7  2.285(2) 

Mo3···O6  2.295(3) 

Mo3···O10  2.307(2) 
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Figure II.6 Anderson clusters are connected by H-bonding interactions through 

chromium acetate complex to form 1-D chain. 

 

Figure II.7 (a) View along a axis showing 2-D sheets in 2 formed by H-bonding 

interactions between Anderson cluster and chromium acetate species. (b) View along c 

axis showing 2-D sheets in 2. 
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Figure II.8 (a) Two neighboring sheets are connected via hydrogen bonded clusters to 

form 3-D supramolecular structure. Lattice water molecules are shown in pink color and 

O···O interactions are shown in solid pink lines. (b) Water-water interactions resulting in 

1-D zig-zag chain of water cluster in 2. 
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Table II.7 H-bonding interactions in 2. 

D-H...A D-H (Å) H...A (Å) D...A (Å) D-H...A (°) 

C3-H3C···O11 0.961(5) 2.529(5) 3.426(8) 155.44(3) 

C7-H7C···O1  0.960(4) 2.462(4) 3.327(6) 149.81(2) 

C9-H9B···O5 0.960(5) 2.641(4) 3.517(7) 151.99(3) 

C1-H1A···O1  0.960(5) 2.620(4) 3.278(7) 126.13(2) 

C3-H3A···O8  0.960(5) 2.777(6) 3.635(8) 149.37(2) 

C1-H1A···O12W 0.960(5) 2.759(7) 3.539(9) 139.0(3) 

 

Table II.8 O···O interactions in 2. 

O···O Bond distance(Å)  

O1w ···O8w 2.710 

O7w···O8w 2.799 

O6w···O8w 3.071 

O6w···O10w 2.879 

O4w···O10w 3.047 

O4w···O9w 2.746 

O5w···O9w 3.075 

O5w···O7w 2.865 

O9w···O11w 2.761 

O3w···O5w 3.200 

O3w···O9w 3.090 

O2w···O3w 2.779 

O2w···O11w 2.722 

O11w···O12w 2.604 

 

II.3.1.3 Crystal Structure of 3 

The supernatant liquid after filtration of 2 was left undisturbed at room temperature and it 

resulted in the formation of pink crystals of [Na{Na(H2O)3}2{H6CrMo6O24}].2H2O, 3. It 

consists of Anderson cluster anion [H6CrMo6O24]
3- 

and hydrated sodium cations along 

with two lattice water molecules. Of the two sodium centers, Na2 is surrounded by lattice 

water molecules forming 1-D chains propagating along c axis (Figure II.9). Neighboring 

Na2 hydrate chains are connected by Anderson clusters to form 2-D sheets as shown in 
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Figure II.10. These neighboring 2-D sheets are further connected by sodium (Na1) 

hydrate complexes to form 3-D structure as shown in Figure II.11. The bond-valence 

calculations suggested that Cr atoms are in the +3 oxidation state and all Mo atoms are in 

the +6 oxidation state in 3.  

Table II.9 Mo-O distances in 3. 

Category    Mo···O Bond Distance (Å) 

 

 

 

 

 

Molybdenum-terminal oxygen (Mo-Ot) 

Mo1···O1  1.694(2) 

Mo1···O2  1.708(3) 

Mo2··· O3  1.709(3) 

Mo2··· O4  1.718(2) 

Mo3··· O5  1.696(2) 

Mo3··· O6  1.685(2) 

Mo4··· O7  1.695(1) 

Mo4··· O8  1.707(3) 

Mo5··· O9  1.703(3) 

Mo5··· O10  1.709(2) 

Mo6··· O11  1.699(2) 

Mo6··· O12  1.696(2) 

 

 

 

 

 

Molybdenum-bridging oxygen (Mo-Ob) 

Mo1··· O13  1.907(1) 

Mo1··· O14  1.951(2) 

Mo2··· O14  1.956(1) 

Mo2··· O15  1.904(3) 

Mo3··· O15  1.945(3) 

Mo3··· O16  1.934(4) 

Mo4··· O16  1.919(1) 

Mo4··· O17  1.940(2) 

Mo5··· O17  1.946(1) 

Mo5··· O18  1.918(3) 

Mo6··· O13  1.959(4) 

Mo6··· O18  1.931(3) 

 

 

Molybdenum-internal oxygen (Mo-Oc) 

 

 

 

 

 

Molybdenum-internal oxygen (Mo-Oc) 

 

Mo1··· O20  2.293(4) 

Mo1···O10  2.276(3) 

Mo1··· O21  2.260(3) 

Mo2··· O21  2.263(1) 

Mo2··· O22  2.302(5) 

Mo3··· O22  2.372(2) 

Mo3··· O23  2.300(1) 

Mo4··· O23  2.289(4) 

Mo4··· O24  2.306(3) 

Mo5··· O24  2.287(1) 

Mo5··· O19  2.301(5) 

Mo6··· O19  2.295(2) 

Mo6··· O20  2.293(1) 



Chapter II. Self-Assembly of Anderson Cluster Based Hybrid Solids: Synthesis, Structure and Application 

 

 

46 
 

 

Figure II.9 Two sodium centers (Na2) connected by lattice water molecules forming 1-D 

chains propagating along c axis in 3. 

 

 

Figure II.10 Neighboring Na2 hydrate chains are connected by Anderson clusters to form 

2-D sheets in 3. 
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Figure II.11 2-D sheets are connected by sodium (Na1) hydrate complexes to form 3-D 

structure. 

II.3.2 Vibrational and Thermal Analysis 

The FTIR spectra of solids 1-3 displayed similar vibrations which are characteristic of the 

Anderson-type structure (Figure II.12). Vibrational bands were observed between 890 and 

950 cm
-1

 for the Mo-Ot bonds, between 660 and 740 cm
-1

 for the Mo-Ob groups, and 

between 400 and 600 cm
-1

 for the Mo-Oc groups. In 1, peaks in the range 3000-3300 cm
-1 

could be attributed to stretching vibrations of the N-H group in the pyrazole moiety. 

Peaks at 1621 and 1517 cm
-1

 corresponded to C-N stretching and N-H bending vibrations 

respectively. In 2, strong bands at 1612 and 1456 cm
-1

were attributed to as(CO2) and s 

(CO2) modes, respectively of the bridging acetic acid groups and strong band observed at 

665 cm
-1 

were attributed to the as(Cr3O) vibration. 3 also showed IR spectra 

characteristics of the Anderson cluster anion. 

TG analysis of 1 (FigureII.13a) showed weight loss in three steps. In 1, the first weight 

loss upto 110°C corresponding to 8.9% was due to loss of six lattice water molecules 
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(calcd. 8.6%). The thermal degradation of two pyrazole moieties could be accounted for 

the second weight loss of 11.4% upto350°C (calcd. 10.9%). Subsequent loss could be 

assigned to the decomposition of {CrMo6O24} cluster anion.TGA of solids 2 and 3 

showed the weight loss in multiple steps wherein the first step was due to loss of lattice 

water molecules. In 2, weight loss in next step was observed corresponding to the loss of 

chromium trinuclear complex, followed by degradation of Anderson cluster (Figure 

II.13b). 3 showed loss of lattice water molecules and degradation of Anderson cluster 

(Figure II.13c). 

 

Figure II.12 FTIR spectra of solids 1, 2 and 3. 
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Figure II.13 TG analysis plot of (a) 1, (b) 2 and (c) 3. 

 

Figure II.14 (i) Simulated and (ii) experimental powder X-ray patterns of (a) 1, (b) 2 and 

(c) 3. 
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II.3.3 Chemistry of Formation 

Self-assembly of Anderson-Evans cluster based solids usually occurs via solvent 

evaporation technique under acidic conditions. The synthetic methodology used in the 

current investigation involved mixing of aqueous molybdate solution containing 

chromium ions with a solution of cobalt ions in the presence of an organic ligand viz. 

pyrazole, under constant stirring. Once the two solutions were mixed, the solution was 

further acidified using HCl. Finally, the resultant solution when left undisturbed resulted 

in crystallization of solid 1. The addition of HCl resulted in a decrease in the pH of the 

reaction medium and provided large number of protons in the solution. Therefore, the 

addition of HCl had a twofold effect. Firstly, the highly acidic pH favored the formation 

of protonated [Hx(XO6)M6O18]
(9-x)- 

cluster species and secondly, it resulted in the 

protonation of the organic ligands. Therefore, in the case of 1, the increase in positively 

charged organic moieties (Hpz)
+ 

(pKa of pyrazole: 2.1[29]) inhibited cobalt-pyrazole 

interaction resulting in an organically templated hybrid solid 

[{Hpz}2{H7CrMo6O24}]·6H2O (1). Additionally, the crystal structure of 1 also showed 

the presence of six lattice water molecules. Earlier it has been demonstrated in several 

examples that aggregation of water cluster is a secondary factor in the crystal packing of 

such complex structures [16]. Protonation of Anderson-Evans cluster anion and synthesis 

under ambient conditions are the key factors that seem to be responsible for the 

aggregation of water molecules in cluster based solids. A close examination of results 

reported in literature (Table II.1) also suggested that Anderson-Evans cluster based solids 

synthesized under hydrothermal conditions were less hydrated as compared to those 

obtained via solvent evaporation technique.  

When solution A consisting of sodium molybdate, chromium chloride and acetic acid was 

allowed to evaporate at room temperature, it resulted in the formation of 2 and 3. The 
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presence of acetic acid favored the formation of chromium acetate trinuclear complex 

which acted as a counter cation to the Anderson cluster anion, 2. Since most of the 

chromium ions were utilized during the crystallization of 2, the remaining Anderson 

anions aggregate along with sodium ions to form hydrated Anderson cluster, 3. 

II.3.4   Synthesis of Polypyrrole and Polypyrrole composite using Solids 1-3 

            Polypyrrole, a conductive polymer, has gained immense attention owing to its interesting 

properties and wide range of applications [30]. One of the simple and feasible methods 

for the synthesis of Polypyrrole (Ppy) is by chemical oxidative polymerization of pyrrole 

monomer. Various oxidizing agents like ferric chloride (FeCl3), ammonium persulphate 

(APS), etc. are commonly used for polymerization [31]. Polyoxometalates, especially 

those containing molybdenum, have also been used in the synthesis of polymers or 

polymer composites since they can provide sufficient oxidizing medium for oxidative 

polymerization and can even form composite materials with the polymer [32]. Based on 

these considerations, Anderson cluster based solids 2 and 3 were examined for the 

formation of Polypyrrole and Polypyrrole composite through oxidative polymerization of 

pyrrole. Use of solid 1 was avoided as it already had an organic component incorporated 

in it which could hinder the polymerization process.   

Ppy was successfully synthesized using APS in presence of Anderson cluster solid 

[{Cr3(O)(CH3COO)6(H2O)3}2{H7CrMo6O24}].24H2O, 2 as per the procedure described in 

Section II.2.2. FTIR spectrum showed bands characteristics of the pyrrole ring (refer 

Figure II.15a). The formation of polypyrrole was further confirmed from the PXRD 

patterns of the synthesized polymer. X-ray diffraction pattern of synthesized polypyrrole 

showed a broad peak at 2θ=26°, which is characteristic peak of amorphous polypyrrole 

[33] as observed in Figure II.15b. Polymerization of pyrrole was also carried out using 
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Solid 2 without APS and also using only APS as the oxidizing agent. In the later case 

polypyrrole was obtained, but the yield was very less when synthesis was carried out 

using only APS (i.e. in the absence of 2). When solid 3 was used for polymerization of 

pyrrole, it resulted in the formation of Ppy along with traces of Anderson solid 3 which 

was confirmed from the PXRD pattern as shown in Figure II.16 indicating the formation 

of a composite material. 

 

  Scheme II.2 Formation of Polypyrrole using APS and solid 2. 

 

 

  Scheme II.3 Formation of Anderson-Polypyrrole composite using APS and solid 3. 
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Figure II.15 (a) FTIR spectrum and (b) PXRD pattern of Polypyrrole synthesized using 

APS and Solid 2. 

 

Figure II.16 (a) PXRD pattern of product synthesized using APS and solid 3, (b) PXRD 

pattern of Anderson cluster, 3. 

II.4 Conclusions 

Anderson-Evans type polyoxomolybdate solids 1-3 have been crystallized via solvent 

evaporation technique. Solvent evaporation technique offers a facile method for the 

synthesis of hybrid solids. Subtle changes in reaction parameters can affect the nature of 
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molecular precursors in solution and offer alternative pathway for the crystallization of 

new phases. Detailed structural analysis revealed the role of supramolecular interactions 

in the crystal packing of solids. The hydrogen bonding interactions mediated by organic 

cations in 1 and by lattice water molecules in all the three solids plays a significant role in 

stabilizing the crystal packing. The ability of solids 2 and 3 for the synthesis of 

Polypyrrole and Polypyrrole composite using oxidative polymerization method was 

investigated. Anderson cluster based solids were found to be promising candidates for 

effective polymerization of pyrrole and for preparing polymer based composite materials. 
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Summary 

In this chapter, two cobalt based pseudopolymorphs, viz. [Co(2-Hampz)2Cl4], 4 and 

[Co(2-ampz)4Cl2], 5 (Type IV hybrid solids), were synthesized using solvent evaporation 

method and characterized by SCXRD, FTIR, TGA and elemental analysis. It was 

observed that H-bonding and π··π interactions play a major role in the stabilization of 

crystal packing in both the solids. Therefore, three-dimensional Hirshfeld Surfaces and 

associated two-dimensional finger print plots have been performed to gain insight into 

these interactions. The classical electrostatic energy was found to be dominant in the 

crystal structures as indicated by the energy framework analysis. In addition, antibacterial 

potential of the solids was investigated and found to possess remarkable inhibitory 

activity towards various bacterial strains. Further, molecular docking studies were also 

performed with DNA gyrase as the target protein; the synthesized complexes, particularly 

solid 5 exhibited good binding affinity. 
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III.1 Introduction 

Pseudopolymorphs are solids having same chemical entities but in varying 

stoichiometries for example {Cu(pdz)Cl2} and {Cu(pdz)Cl}, wherein pdz: pyridazine 

[1,2]. As discussed in chapter II, subtle changes in the synthetic parameters influence the 

self-assembly process which may result in the formation of new phases. While 

investigating the role of reaction parameters that affect the self-assembly process in the 

formation of polyoxomolybdate hybrid solids, a heterocyclic ligand 2-aminopyrazine (2-

ampz) was chosen as the organic precursor instead of pyrazole (pz) as discussed in 

Scheme II.1. It resulted in the crystallization of pseudopolymorphs viz. [Co(2-

Hampz)2Cl4], 4 and [Co(2-ampz)4Cl2], 5. Both 4 and 5, belong to Type IV of hybrid 

solids i.e., metal complexes.  

Coordination complexes, especially transition metal complexes, are well-known for 

exhibiting a variety of coordination numbers, geometries, oxidation states and ligand 

binding affinities [3,4]. They constitute an important class of hybrid solids owing to their 

versatile applications in the field of catalysis, photochemistry and pharmaceuticals [5,6]. 

In recent years, the use of transition metal complexes as therapeutic compounds has 

gained great significance; particularly, cobalt based bioactive solids have been explored 

extensively owing to their potential as antiviral, antibacterial and anti-inflammatory 

agents [7-12]. Selection of ligands used for the formation of transition metal complexes is 

also crucial. The synergetic effect of metal   centers and ligands can enhance the activity 

of the complexes. For instance, pyrazine and its derivatives, especially aminopyrazines, 

form an important group of nitrogen containing heterocyclic compounds with 

antibacterial, antifungal, anti-inflammatory, anti-cancer and antioxidant activities [13-15]. 
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Therefore, the work presented in this chapter is focused on the synthesis, characterization, 

crystal structure, Hirshfeld surface analysis and antibacterial studies of two cobalt based 

pseudopolymorphs with 2-ampz viz. [Co(2-Hampz)2Cl4], 4 and [Co(2-ampz)4Cl2], 5. 

Molecular docking studies predict the biological activities of the compounds. Hence, the 

potential binding interactions between the synthesized solids and selected proteins were 

also investigated by molecular docking studies. 

III.2 Experimental 

III.2.1 Synthesis 

Solids 4 and 5 were synthesized using solvent evaporation technique at room temperature. 

4 was synthesized using similar a synthetic protocol as described in Section II.2.1 of 

Chapter 2, using 2-aminopyrazine as ligand instead of pyrazole. The purple block like 

crystals of 4 were obtained after 4-5 weeks in 80% yield (based on Co). 5 was crystallized 

from Solution B consisting of CoCl2.2H2O and 2-aminopyrazine in water/methanol in 

82% yield (based on Co) as shown in Scheme III.1. 

 

Scheme III.1 Scheme showing the synthetic pathway for the crystallization of 4 and 5. 
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III.2.2 Characterization 

The solids were characterized using single crystal X-ray diffraction, powder X-ray 

diffraction, fourier transform infrared spectroscopy and thermogravimetric analysis as 

discussed under Section II.2.3 in Chapter II. Crystal and refinement data have been 

summarized in Table III.1. Elemental analyses (C, H and N) were performed on 

ELEMENTAR Vario EL III CHNS Analyzer. Elem. Anal. Calcd. for 4: C, 24.43; H, 

3.05; N, 21.38. Found: C, 24.40; H, 3.03; N, 21.36%. For 5: Calcd: C, 37.62; H, 3.91; N, 

32.92. Found: C, 37.63; H, 3.92; N, 32.90%. 

 

III.2.3 Magnetic susceptibility measurements 

The magnetic susceptibilities of the solids were determined at room temperature using 

Guoy Balance (Sherwood, UK). 

The magnetic moment and molar susceptibility are given by the following equations: 

Magnetic moment (μ) = 2.828 √χm x T 

χm = χg x molecular weight 

χg = C x L x (R-Ro) 

w x10
9
 

           

                                     where, C = Calibration constant 

                                                  L = length of sample 

                                                  W = weight of sample 

                                                   R = sample reading 

                                                   Ro = Empty tube reading 
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Table III.1 Crystal data and structure refinement parameters for 4 and 5. 

 4 5 

Chemical formula C8H12Cl4CoN6 C16H20Cl2CoN12 

Molecular weight 392.97 510.27 

Temperature (K) 296(2) 293(2) 

Crystal system Triclinic Orthorhombic 

Space Group P-1 Pccn 

a (Å) 7.1986(5) 7.6347(2) 

b (Å)  7.3917(5) 15.7341(4) 

c (Å) 7.8896(6) 18.6074(4) 

α (°) 115.758(3) 90.00 

β (°) 110.450(3) 90.00 

γ (°) 96.904(3) 90.00 

Volume (Å
3
) 335.35(4) 2235.22(9) 

Z 1   4 

ρcalc (g·cm
-3

) 1.946 1.516 

μ (mm
−1

) 2.069 1.038 

F (000) 197 1044 

Crystal size (mm) 0.42 x 0.35 x 0.23 0.30x 0.20x 0.15 

Radiation Mo Kα Mo Kα 

2Ɵ range for data collection (°) 6.362 to 56.534 3.2 to 27.5 

Index ranges -9 ≤ h ≤ 9, -8 ≤ k ≤ 

9, -10 ≤ l ≤ 10 

-9 ≤ h ≤ 9, -20 ≤ k ≤ 

20, -24≤ l ≤ 24 

Reflections collected 2582 2234 

Independent reflections 1543 [Rint =0.0125] 2553[R int = 0.024] 

Data/restraints/parameters 1543/3/100 2553/4/157 

Goodness-of-fit on F
2
 0.899 1.057 

R[F
2
> 2σ(F

2
)], wR(F

2
) 0.0184, 0.0503 0.0250, 0.074 
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III.2.4 Hirshfeld surface analysis 

Hirshfeld surface analysis represents a novel approach for visualization of molecular 

surfaces and for investigating intermolecular interactions in crystals. The Hirshfeld 

surface can be defined as the space occupied by a molecule in a crystal by partitioning the 

crystal electron density into molecular fragments and were named after F.L. Hirshfeld. 

Developed from Hirshfeld‘s idea of ―stockholder partitioning‖ scheme for defining atoms 

in molecules, a weight function is defined for a molecule in a crystal by Spackman and 

Jayatilaka, 

(𝒓)  =  Σ  𝜌𝑖𝑎𝑡(𝒓) / Σ  𝜌𝑖𝑎𝑡(𝒓) 
               𝑖∈ 𝑚o𝑙𝑒𝑐𝑢𝑙𝑒 𝐴      𝑖∈ 𝑐𝑟𝑦𝑠𝑡𝑎𝑙 

 

      

                  = 𝜌𝑝𝑟𝑜𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒(𝒓)/𝜌𝑝𝑟𝑜𝑐𝑟𝑦𝑠𝑡𝑎𝑙(𝒓) 

 

where the numerator is a sum over the atoms in the molecule of interest (the promolecule) 

and the denominator is an analogous sum over the crystal (the procrystal). wA(r) is a 

continuous function with 0 < wA(r) < 1. Hence, Hirshfeld surface is the region 

surrounding the molecule in the crystal where wA(r) ≥ 0.5. It is the region where the ratio 

of promolecule contribution to the procrystal electron density exceeds from all other 

molecules in the crystal [16,17]. 

A van der Waals surface or an outer surface of the electron density also defines a volume 

around a molecule. But such molecular surfaces are defined only by the molecule itself, 

whereas the Hirshfeld surface is defined both by the molecule and its nearest neighbors, 

and hence can give information about intermolecular interactions. The presence of 

intermolecular interactions can be explained by mapping Hirshfeld surfaces on different 

properties viz., dnorm, di, de, molecular electrostatic potentials (MEP), curvedness and 

shape index. These properties can be analyzed using Crystal Explorer 21.5 software [18]. 
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III.2.4.1 dnorm, de and di 

dnorm is the normalized contact distance, defined in terms of de, di and the vdw radii of the 

atoms and mapped over red (distances shorter than sum of vdw radii) through white 

(distances equal to the sum of vdw radii) to blue (distances longer than sum of vdw radii) 

regions. ‗dnorm‘ can be mathematically represented as [17] : 

dnorm = (di - ri
vdw

) + (de – re
vdw

) 

            ri
vdw

              re
vdw

 

 

where,   de is the distance from a point on the surface to the nearest  

nucleus outside the surface and  

di is the distance from a point on the surface to the nearest nucleus 

inside the surface;  

ri
vdw

 and re
vdw

 are the van der Waals radii of atoms present inside 

and outside the 3-D Hirshfeld surface  

From the dnorm value, one can determine the regions involved in the intermolecular 

interactions in the crystals. di and de surfaces are viewed as red circular spots on each 

conformation and also consist of blue and green colored regions conveying the contact 

distances that are longer and equal to the sum of van der Waals radii. The nature of these 

two surfaces is also complementary to each other. 

III.2.4.2 Shape index 

Shape index is another interesting property of Hirshfeld surface that can represent the 

nature of self-complementary pairs in the crystal packing, where the two shapes differ 

only by a sign. Hence, it can be used to identify complementary hollows (red) and bumps 

(blue) where two molecular surfaces touch each other [17]. Shape index map is very 

sensitive to minute changes in the shape of a surface. Several small scattered yellowish-
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red colored concave regions on them exhibits weak intermolecular interactions. Further, 

shape index also provides information on π···π interactions by the presence of red and 

blue colored triangular patches on surface of rings of the molecule [18,19]. 

III.2.4.3 Curvedness 

Curvedness is a function of the root-mean-square curvature of the surface. The maps of 

curvedness typically show large regions of green (relatively flat) separated by dark blue 

edges (large positive curvature) [18]. Curvedness can be used to identify characteristic 

packing modes, especially planar stacking arrangements, and even the ways in which 

adjacent molecules contact one another. Relatively broad and flat regions on curvedness 

surface are characteristic of planar stacking of molecules [20]. Curvedness is a measure of 

‗‗how much‘‘ shape, defined in terms of principal curvatures [21]. Areas on the Hirshfeld 

surface with a higher degree of curvedness tend to divide the surface into contact patches 

with each neighboring molecule; hence, the curvedness property could be used to define a 

coordination number in the crystal. Small yellow and red color spots may also be seen on 

the curvedness surface which indicates the presence of strong hydrogen bonding 

interactions. 

III.2.4.4 Molecular electrostatic potentials (MEP) 

Crystal Explorer can also generate electrostatic potential of the electron density mapped 

on the Hirshfeld surface. A clear insight about electrostatic interaction between 

neighboring molecules can be obtained which is indicated by red (electronegative) and 

blue (electropositive) regions on the electrostatic potential maps, while the white regions 

correspond to electrically neutral parts [22]. The electrostatic potentials were mapped on 

the Hirshfeld surface using the STO-3G basis set at the Hartree–Fock level of theory over 

the range ±0.1 au. 
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III.2.5 2-D finger print plots 

2-D Finger print plot is a novel graphical method of representing the percentage 

contribution from various interatomic contacts in forming a 3-D Hirshfeld surface [23]. 

The graph is plotted using di and de distances on x and y axes respectively to represent the 

distance of any selected pair X and Y. These unique ‗finger print‘ plots not only indicate 

which intermolecular interactions are present but also give the relative area of the surface 

corresponding to each kind of interaction. The contribution of each X···Y pair is 

represented by different colors; points with small contribution to the surface are colored 

blue, those with large contribution are indicated by colors ranging from green to red while 

the points with no contribution are left uncolored [23]. 

The molecular Hirshfeld surface analyses and their associated 2-D finger print plots (full 

and decomposed) were mapped employing the Crystal Explorer 21.5 program. The CIF 

files of the solids were given as input. The Hirshfeld surfaces were generated using a 

standard (high) surface resolution. The 2-D finger print plots were displayed using the 

expanded 0.6–2.8 Å range view with the di and de distance scales shown on the graph axes. 

III.2.6 3-D Energy framework analysis 

Energy frameworks provide a powerful and unique way of 3-D visualization of 

supramolecular aggregation of molecules in a crystal. Energy framework analysis by 

Crystal Explorer offers a better understanding of crystal packing by allowing calculation 

of various intermolecular interaction energies and a 3-D graphical representation of their 

magnitude [18]. The total interaction energy followed and used by Gavezzotti and others 

is [24]: 

Etot = Eele + Epol + Edis + Erep 

which shows that the total energy framework is calculated by summing up of   
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Eele    classical electrostatic energy 

Epol  polarization energy 

Edis  dispersion energy 

Erep  repulsion energy  

This method was also extended to transition-metal coordination compounds as reported 

by Maloney et al. [25]. The interaction energies are calculated using molecular pair-wise 

interaction and are represented as cylinders joining the centroids of pairs of molecules. 

The radius of the cylinder is proportional to the magnitude of interaction energy. 

The energy framework calculations were carried out using Crystal Explorer 21.5 software 

with HF energy model and 3-21G basis set by generating a molecular cluster around 

3.8Å. 

III.2.7 Antimicrobial studies 

The determination of antibiotic susceptibility of a pathogen is important in selecting the 

most appropriate one for treating a disease. The in vitro screening of the antibacterial 

activities of the ligand, 2-aminopyrazine and its two Co(II) complexes were carried out 

using Kirby-Bauer Disc Method. 

The Kirby-Bauer Disc Method is also called the agar diffusion method or the disk 

diffusion method [26]. In this method, a filter disk impregnated with an antibiotic is 

applied to the surface of an agar plate containing the organism to be tested and the plate is 

incubated at 37°C for 24-48 hours. As the substance diffuses from the filter paper into the 

agar, the concentration decreases as a function of the square of the distance of diffusion. 

At some particular distance from each disk, the antibiotic is diluted to the point that it no 

longer inhibits microbial growth. The effectiveness of a particular antibiotic is shown by 
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the presence of growth-inhibition zones. These zones of inhibition (ZOIs) appear as clear 

areas surrounding the disk from which the substances with antimicrobial activity diffused. 

The diameter of the ZOI can be measured with a ruler and the results of such an 

experiment constitute an antibiogram. The agar diffusion method uses commercially 

available filter paper disks, each containing a defined concentration of a specific 

antibiotic. The relative effectiveness of different antibiotics provides the basis for a 

sensitivity spectrum of the organism.  

III.2.6.1 Materials required 

Sterile petriplates, Nutrient broth, MHA agar, Antibiotic discs (gentamycin), cultures of 

Escherichia coli (E.Coli), Staphylococcus saprophyticus, Bacillus subtilis and 

Pseudomonas fluorescence. 

III.2.6.2 Procedure 

The sterilized molten agar of bearable warmth was poured into the petridish and left to 

cool and solidified. A sterile swab was dipped into the broth cultures in excess moisture 

by pressing the swab against the side of the tube. Swab the surface of agar completely. 

Then the plates were turned 90 degrees and repeated swabbing. Ran the swab around the 

circumference of the plate and allowed the surface to dry for about 5 minutes before 

placing antibiotic disc on agar. Cut wells (10mm diameter and about 2 cm apart) in each 

of these plates using sterile cork borer. The samples were prepared by dissolving it in 

DMSO (1mg/ml) and added into the wells and allowed to diffuse at room temperature. 

Disc with DMSO but without samples were used as the control. The standard discs were 

placed aseptically with sterile forceps on the agar surface. Lightly touch each disc with 

sterile forceps to make sure that it is in good contact with agar surface. The inoculated 

petri dishes were incubated upside down at 35°C. After incubation for overnight, the ZOI 
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was measured using a ruler at the widest diameter from one edge of the zone to the other 

edge. The disc diameter is reported in millimeters, looked upon the standardized chart and 

the result is reported as sensitive (S), resistant (R) or intermediate (I). 

III.2.7 Molecular docking 

Molecular docking is a computational technique used in the field of computational 

chemistry and drug discovery to predict the binding orientation and affinity of a small 

molecule (ligand) to a macromolecule (receptor), usually a protein [27]. 

Molecular docking typically involves three main steps: preparation of the ligand and 

receptor structures, generation of multiple conformations of the ligand and receptor, and 

scoring of the resulting conformations to identify the most likely binding mode. Various 

algorithms and scoring functions are used to evaluate the interactions between the ligand 

and receptor and to predict the binding affinity of the ligand for the receptor. The goal is 

to identify the optimal orientation of the ligand within the receptor, which maximizes the 

number of favorable interactions (such as hydrogen bonding, electrostatic interactions, 

and van der Waals forces) and minimizes any unfavorable interactions. Molecular 

docking is also used to understand the mechanism of action of drugs at the molecular 

level.  

In silico docking studies were performed using Autodock 4.2 version [28] and the images 

were rendered using Biovia Discovery Studio Visualizer 2018 [29]. The crystal structures 

of the target enzyme/protein, DNA gyrase of E.Coli (PDB ID: 1AJ6) and Bacillus subtilis 

(PDB ID: 4DDQ) were obtained from the RCSB protein data bank in pdb format. The 3-

D structure of the ligand 2-aminopyrazine (2-ampz) was downloaded from PubChem 

( https://pubchem.ncbi.nlm.nih.gov/compound/2-Aminopyrazine) and converted to pdb 

format using Open Babel software. The CIF files of the metal complexes were also 

converted to pdb using Open Babel. Before docking, there was a pre-treatment process 

https://pubchem.ncbi.nlm.nih.gov/compound/2-Aminopyrazine
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for both the proteins and the ligands. The protein preparation was done by removing the 

native ligands and water molecules, followed by addition of missed hydrogen atoms. 2-

ampz and its Co(II) complexes were also prepared for docking by adding hydrogen atoms 

and energy minimization was carried out using force field in Autodock. Grid maps were 

generated using Auto Grid programme. Lamarckian genetic Algorithm (LGA) was 

employed as docking algoritham and all the docking parameters were set to default [30]. 

The structure with the lowest binding free energy was chosen for the optimum docking 

conformation. 

III.3 Results and Discussion 

III.3.1 Crystal Structure of 4 and 5 

III.3.1.1 Crystal Structure of [Co(2-Hampz)2Cl4], 4 

Crystal structure analysis of 4 showed that [Co(2-Hampz)2Cl4] is centro-symmetric with 

the metal atom at the centre of an octahedron formed by four chlorine atoms and a 

nitrogen atom from each of the two 2-Hampz molecules (Figure III.1). While, Co–N bond 

distance is 2.1822(11) Å; the Co–Cl bond distance was found to be 2.4583(4) and 

2.4645(4) Å. Each [Co(2-Hampz)2Cl4] complex is connected to neighboring complexes 

through H-bonding interactions between the chloride ions and N–H groups of 2-ampz 

ligands to form 1-D chain (Table III.2). Each of these chains is connected through H-

bonding interactions to two others to form a 2-D sheet (Figure III.2). Each sheet is 

connected to two others through π–π stacking (3.406(3) Å) between 2-Hampz moieties of 

neighboring sheets (Figure III.3). Detailed structural analysis revealed that 4 is 

isostructural to [Fe(2-Hampz)2Cl4] reported by Rusbridge et. al.[31]. Interestingly, it is 

also the new pseudopolymorph of [Co(2-ampz)4Cl2], 5 [32] which will be discussed in 

detail in Section III.3.1.2. Unlike in [Co(2-ampz)4Cl2], one of the azine nitrogen atoms in 
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4 is protonated. Interestingly, this protonation seems to be the key factor for the 

crystallization of the new pseudopolymorph [Co(2-Hampz)2Cl4]. 

 

 

 

 

Figure III.1 ORTEP diagram of 4. Non hydrogen atoms are shown as 50% ellipsoids and 

hydrogen atoms as arbitrary spheres. 

 

Table III.2 H-bonding interactions in 4. 

D-H...A D-H (Å) H...A (Å) D...A (Å)  D-H...A (°) 

N2-H3…Cl2 0.860(3) 2.617(4) 3.260(6) 132.52(8) 

N3-H2A…Cl1 0.860(3) 2.638(4) 3.301(6) 134.82(9) 

N3-H2B…Cl1  0.860(2) 2.322(5) 3.175(7) 171.65(9) 
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Figure III.2 (a) H···Cl interactions shown in dashed red lines link complex moieties to 

form 1-D chains propagating along a axis. (b) Inter-chain H···Cl interactions shown in 

solid red lines connect neighboring chains to form 2-D sheet. 

 

Figure III.3 Figure showing three sheets (depicted in cyan, yellow and green colors) 

connected to each other through π-π stacking. 
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III.3.1.2 Crystal structure of [Co(2-ampz)4Cl2], 5 

Crystal structure of [Co(2-ampz)4Cl2] consists of Co
2+

 ion at the centre of the octahedron 

formed by four 2-ampz moieties and two chlorine atoms as shown in Figure III.4. The 

Co-Cl bond distance was found to be 2.421(0)Å, whereas the Co-N1  and Co-N4 bond 

distances being 2.207(1)Å and 2.194(1)Å respectively. Adjacent [Co(2-ampz)4Cl2] units 

are connected by N-H···Cl hydrogen bonding interactions of 2-ampz ligands to form 1-D 

zig-zag chains (Figure III.5a). Details of H-bonding interactions are given in Table III.3. 

Each 1-D chains are further connected to form 2-D sheets as shown in Figure III.5b. 

Intermolecular H-bonding interactions further connect the sheets to form 3-D network 

(Figure III.6). 

 

 

 

Figure III.4 Crystal structure of 5. 
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Figure III.5 (a) N-H···Cl interactions (shown in red dashed lines) leading to 1-D zig-zag 

chains in 5. (b) Intermolecular H-bonding interactions connect neighboring chains to form 

2-D sheets.  

 

Figure III.6 Inter and intra molecular H-bonding further connects the sheets to form 3-D 

network. Intramolecular H-bonding is shown in solid red lines. 
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Table III.3 H-bonding interactions in 5. 

D-H...A D-H (Å) H...A (Å) D...A (Å)  D-H...A (°) 

N3—H1···Cl1 0.85 (1) 2.36 (1) 3.209 (2) 175 (2) 

N3—H2···N5 0.86 (1) 2.43 (2) 3.134 (2) 140 (2) 

N6—H3···Cl1 0.85 (1) 2.42 (1) 3.265 (1) 171 (2) 

N6—H4···N2 0.86 (1) 2.33 (2) 3.045 (2) 142 (2) 

 

III.3.2 Vibrational and Thermal analyses 

The FTIR spectra of 4 and 5 (Figure III.7) displayed bands in the region 3300-300 cm
-1

 

due to N-H stretching vibrations of the 2-aminopyrazine ligand. The strong peaks in the 

range 1650- 1530 cm
-1 

could be attributed to N-H bending vibrations. A medium intensity 

band due to the C-N stretching was observed at around 1200 cm
-1

. The low frequency 

region of the spectra indicated the presence of a medium intensity band at around 420 

cm
−1

 in 4 and 428 cm
−1

 in 5 due to Co-Cl vibrations. 

Figure III.8 shows the TG plots of 4 and 5. TG analysis of 4 showed weight loss in two 

steps; an initial weight loss of 49.2% upto 360°C corresponding to the loss of two 2-ampz 

moieties (calcd. 48.3%). The second weight loss of 37.4% upto 690°C was observed in 4 

corresponding to the loss of four chloride units (calcd. 36.1%). The residual 13.4% could 

be attributed to cobalt metal. On the other hand, in 5, the first weight loss upto 370°C 

corresponding to 75% was due to the degradation of four 2-ampz moieties (calcd. 74.5%). 

Subsequent weight loss of 14% upto 700°C could be assigned to the loss of two chloride 

units (calcd. 13.9%). The remaining 11% could be attributed to cobalt metal. 
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Figure III.7 FTIR spectrum of (a) 4 and (b) 5. 

 

 

Figure III.8 TG plots of 4 (black) and 5 (blue). 

III.3.3 Hirshfeld surface analyses 

The Hirshfeld surface of 4 cover 309.80 Å² area and spread over 328.40 Å³ volumes with 

0.5 isovalue. The 3-D ―dnorm‖ surfaces were mapped (along c axis) over a fixed color scale 

of -0.484 to 0.949 Å, di ranging from 0.790 to 2.397 Å, de in the color scale of 0.790 to 

2.398 Å, whereas, shape index mapped within the color range of -1.000 to 1.000 Å, and 

curvedness in the range of -4.000 to 0.400 Å respectively (along b axis), as shown in 

Figure III.9. The surfaces are shown transparent to permit visualization of the crystal 

structure. 
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Figure III.9 Hirshfeld surfaces for visualizing the intermolecular contacts in 4 

(a) dnorm highlighting the regions of N—H⋯Cl hydrogen bonds, (b) de, (c) di, (d) shape 

index and (e) curvedness. 

 

The red spots inside the contours on shape index map indicate intermolecular interactions 

as given in Table III.3. The appearance of consecutive red and blue triangular patches 

over the aromatic ring in the shape index map (Figure III.9d) confirms the presence of 

weak π···π interactions in the crystal packing. 

The large flat regions delineated by a blue outline on the curvedness map (Figure III.9e) 

shows the planar stacking of molecules [17]. 
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Figure III.10 Hirshfeld surfaces for visualizing the intermolecular contacts in 5 

(a) dnorm highlighting the regions of N—H⋯Cl hydrogen bonds, (b) de, (c) di, (d) shape 

index and (e) curvedness (along b axis). 

 

The Hirshfeld surface of 5 spread over 444.03 Å² area and holds 548.96 Å³ volume with 

0.5 isovalue; the scaled color patches on the surface were generated in the range -0.454 to 

1.180Å, 0.810 to 2.660Å, 0.811 to 2.610 Å for dnorm, di and de respectively, whereas the 

shape index plot and curvedness plot are engendered from -1.00 to 1.00 a.u. and -4.000 to 

0.400 a.u., respectively, as shown in Figure III.10. As discussed in the Hirshfeld surface 

(HS) of 4, red circular spots on the Hirshfeld surface of 5 indicate intermolecular close 

contacts of N-H···Cl hydrogen bonding interactions as shown in Figure III.10a. Shape 

index map and curvedness map shows the characteristic features of weak π···π stacking 

interactions in the crystal structure of 5 (Figures III.10d and 10e). 
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III.3.3.1 Molecular electrostatic potentials (MEP) 

The electrostatic potential maps reveal the electropositive regions represented by blue 

color and electronegative regions represented by red color in the molecules as shown in 

Figure III.11. In 4, red color regions can be seen near the chlorine atoms corresponding to 

highly electrostatic negative acceptor potential whereas in 5 electronegative spots 

indicated by red color can be seen around chlorine atoms and also nitrogen atoms in the 

aromatic ring. 

 

Figure III.11 Electrostatic potential mapped on the Hirshfeld surface of (a) 4 and (b) 5. 

 

III.3.3.2 Finger print plots 

The 2-D finger print plots for overall and individual interactions in the crystal packing of 

solids 4 and 5 were calculated and results are shown in Figures III.12 and III.13 

respectively.  

In 4, the major contribution to the HS area is due to H⋯Cl/Cl⋯H contacts (51.2%). 

H⋯Cl/Cl⋯H contacts can be attributed to N-H⋯Cl hydrogen bonding interactions and 

appear as two sharp symmetric spikes in the finger print plots of 4 (refer Figure III.12b). 

The second major contact is H···H, since it has a contribution of 22% to the total surface 

area (Figure III.12c). The C···H, N···H contacts also have significant contributions to the 

HS in 4 as can be seen in the 2-D plots.   
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Figure III.12 2-D finger print plots of solid 4 showing the contributions of different types 

of interactions: (a) all intermolecular contacts, (b) H⋯Cl/Cl⋯H contacts, (c) H⋯H 

contacts, (d) N⋯H/H⋯N contacts, (e) C⋯H/H⋯C contacts and (f) C⋯C contacts. The 

outline of the full finger print is shown in grey.  

Finger print plots revealed that H···Cl interactions plays a major role in the stabilization 

of crystal packing in 4. However, in 5, the H···H interactions are the most abundant 

contributing to 42.9% to the total Hirshfeld surface area as shown in Figure III.13b, 

followed by N···H interactions (23.8%) characterized by two sharp symmetric spikes at 

de+di~2.6Å (Figure III.13d). This is due to the abundance of H and N on the molecular 

surface of solid 5 arising from four 2-aminopyrazine moieties in the unit cell. H···Cl 

interactions also contribute significantly (15.7%) to the HS appearing as two prominent 

long spikes at de+di~2.8Å as shown in Figure III.13c. In addition, as can be seen in Figure 

III.13e, the C···H contacts contribute 12.9% to the Hirshfeld surface characterized by two 

symmetric wings in the FP plot. 
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Figure III.13 2-D finger print plots of solid 5 showing the contributions of different types 

of interactions: (a) all intermolecular contacts, (b) H⋯H contacts, (c) H⋯Cl/Cl⋯H 

contacts, (d) N⋯H/H⋯N contacts, (e) C⋯H/H⋯C contacts and (f) C⋯C contacts. The 

outline of the full finger print is shown in grey.  

 

Figure III.14 Graphical representation of the contribution of interatomic contacts in the 

crystal packing of (a) 4 and (b) 5. 
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III.3.4 Energy framework analysis 

The various intermolecular interaction energies were computed for solids 4 and 5 by 3-D 

energy frameworks using the default red, green and blue colored solid cylinders in the 

construction of Columbic or classical electrostatic Eele, dispersion Edis and total energy 

components Etot, respectively. The molecular pairs involved in the calculation of 

interaction energies for 4 and 5 are shown in Figures III.15. 

 

 

 

Figure III.15 Molecular pairs involved in the interaction of (a) 4 and (b) 5. 

 

3-D energy frameworks corresponding to coulomb energy (red), dispersion energy 

(green) and total energy (blue) along the crystallographic axis is displayed in Figures 

III.16 and III.17 for solids 4 and 5 respectively. 
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Figure III.16 Energy framework diagrams for a cluster of molecules in 4: (a) 

electrostatic or Coulomb energy, Eele; (b) dispersion energy, Edis (c) total energy, Etot. The 

cylindrical radius was adjusted to the scale factor of 80 kJ mol
-1

 with a cut-off value of 10 

kJ mol
−1

. Weak molecular interactions below threshold energy value of 10 kJ mol
−1 

were 

omitted for clarity. 

 

As discussed in section III.2.6, the thickness of the cylinders in each energy framework 

corresponds to the strength of the interaction energies between respective molecular pairs 

which were also confirmed by the higher negative energy values as shown in Tables III.4 

and III.5. The tables provide information on various interaction energies and total 

energies based on a color code scheme of molecular pairs interacting. In addition, other 

information can be obtained from the table, such as the existence of rotational symmetry 

operations with respect to the reference molecule (Symop), the centroid-to-centroid 
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distance in Å between the reference molecule and interacting molecules (R) and the 

number of pair(s) of interacting molecules with respect to the reference molecule 

(N), which helps in the calculation of lattice energy of a crystal [33]. 

 

Table III.4 Interaction Energies (kJ/mol) in component form of 4.  

           Etot = Eele× kele + Epol×kpol + Edis×kdis + Erep×krep 

 

Color 

code 
N Symop R 

Electron 

Density 
Eele Epol Edis Erep Etot 

 
2 x, y, z 15.01 HF/3-21G 0.0 -7.3 0.0 0.0 -4.7 

 
2 x, y, z 7.20 HF/3-21G -114.4 -90.0 -35.2 103.6 -122.7 

 
2 x, y, z 8.10 HF/3-21G -326.9 -117.3 -66.8 96.5 -391.4 

 
2 x, y, z 13.79 HF/3-21G 0.0 -3.5 0.0 0.0 -2.2 

 
2 x, y, z 8.62 HF/3-21G -317.3 -112.8 -56.7 94.7 -371.0 

 
2 x, y, z 8.14 HF/3-21G -40.9 -30.7 -16.7 23.4 -57.8 

 
2 x, y, z 12.72 HF/3-21G 0.0 -6.9 0.0 0.0 -4.5 

 
2 x, y, z 7.89 HF/3-21G -47.5 -35.6 -15.1 14.0 -73.8 

          

        

        Scale factors for benchmarked energy models 

 

Energy Model kele kpol kdisp krep 

CE-HF ... HF/3-21G electron densities 1.019 0.651 0.901 0.811 

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities 1.057 0.740 0.871 0.618 
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Figure III.17 Energy framework diagrams for a cluster of molecules in 5: (a) electrostatic 

or Coulomb energy, Eele; (b) dispersion energy, Edis (c) total energy, Etot. The cylindrical 

radius was adjusted to the scale factor of 80 kJ mol
-1

 with a cut-off value of 10 kJ mol
−1

. 

Weak molecular interactions below threshold energy value of 10 kJ mol
−1 

were omitted 

for clarity. 

 

kele, kdis, kpol and krep are the conversion factors for calculation of total energies which are 

reported only for two benchmarked energy models of electron density functions CE-

HF…HF/3-21G and CE-B3LYP…B3LYP/6-31G(d,p), scaled appropriately and are 

displayed just below the tables III.4 and III.5 [34]. 
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Table III.5 Interaction Energies (kJ/mol) in component form of 5. 

Color 

code 
N Symop R Electron Density Eele Epol Edis Erep Etot 

 
4 

-x+1/2, y, 

z+1/2 
12.04 HF/3-21G 0.0 -3.7 0.0 0.0 -2.4 

 
2 -x, -y, -z 14.43 HF/3-21G 0.0 -0.4 0.0 0.0 -0.2 

 
2 x, y, z 7.63 HF/3-21G -104.3 -35.6 -42.5 91.6 -93.5 

 
2 -x, -y, -z 9.57 HF/3-21G -70.7 -15.6 -44.1 38.4 -90.8 

 
2 

-x+1/2, y, 

z+1/2 
9.30 HF/3-21G -4.5 -2.0 -39.7 13.7 -30.5 

 
4 

x+1/2, -y, -

z+1/2 
10.28 HF/3-21G -36.6 -12.8 -23.6 36.0 -37.7 

 

   Scale factors for benchmarked energy models 

 

Energy Model kele kpol kdisp krep 

CE-HF ... HF/3-21G electron densities 1.019 0.651 0.901 0.811 

CE-B3LYP ... B3LYP/6-31G(d,p) electron densities 1.057 0.740 0.871 0.618 

 

 The highest total interaction energy obtained was, Etot = -391.4 kJ/mol in solid 4 at the 

molecular centroid distance R = 8.10Å (refer Table III.4). In 5, the highest total 

interaction energy obtained was Etot = -93.5kJ/mol as can be seen in table III.5. 

An overall analysis of energy frameworks of 4 and 5 show that the major contribution 

towards the interaction energies comes from classical electrostatic or coulomb energy 

followed by dispersion energy. From the energy framework diagrams (Figures III.16 and 

III.17) and the interaction energy tables (tables III.4 and III.5), it can be inferred that 

classical electrostatic/Coulomb energy, Eele dominates over the dispersion energy, Edis 

frameworks in both solids 4 and 5. 
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III.3.5 Antibacterial activities 

Solids 4, 5, ligand (2-aminopyrazine) and cobalt chloride were screened for their 

antibacterial activity against four different bacterial strains; two-gram positive bacteria: 

Staphylococcus saprophyticus, Bacillus subtilis and two gram negative bacteria: E. Coli, 

Pseudomonas fluorescence. Gentamycin was used as the standard. The solvent (DMSO) 

was used as the control. The results are shown in Figure III.18. The calculated zone of 

inhibition is listed in Table III.6 

    

Figure III.18 Anti bacterial activity of solids 4 and 5 compared with 2-ampz, cobalt 

chloride and standard antibiotic Gentamycin (S-solvent, L-2-ampz, M-cobalt chloride, G-

Gentamycin); (a) Escherichia Coli, (b) Staphylococcus saprophyticus, (c) Bacillus 

subtilis and (d) Pseudomonas fluorescence. 
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Table III.6 Anti bacterial activity (zone of inhibition) against clinical pathogens. 

Microorganism 

Zone of inhibition (mm) 

4 5 2-ampz CoCl2.6H2O Standard 

(Gentamycin) 

E.Coli 19 25 12 10 15 

Staphylococcus 

saprophyticus 

22 32 14 16 20 

Bacillus subtilis 25 38 20 23 18 

Pseudomonas 

fluorescence 

32 36 28 26 16 

Solvent-DMSO No activity 

 

From the anti bacterial studies, it was observed that 4 and 5 showed higher activities than 

the free ligand 2-ampz and metal chloride, CoCl2.6H2O. Both solids showed higher 

activities when compared with the standard Gentamycin towards both gram-positive and 

gram-negative bacteria. Solid 5 was particularly more sensitive than solid 4 towards all 

bacterial strains. The greater sensitivity of 5 could be attributed to the presence of four 2-

ampz moieties in the structure in contrast to two 2-ampz units in 4. 

The higher activity of metal complexes when compared to ligand can be explained on the 

basis of Tweedy‘s chelation theory [35,36]. Chelation reduces the polarity of the metal 

ion due to partial sharing of the positive charge with the donor atom of the ligand and also 

due to delocalization of π-electrons over the chelate ring. This decrease in the polarity 

enhances the lipophilic nature of the complexes, which makes it easier to penetrate the 

cell walls of microorganisms thus interfering with the normal cell processes. 
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III.3.6 Molecular docking studies 

In order to better understand the antibacterial potentials of 4 and 5, molecular docking 

studies were carried out using DNA gyrase present in E.Coli (PDB ID: 1AJ6) and 

Bacillus Subtilis (PDB ID: 4DDQ) as the protein target. The DNA gyrase enzyme, a 

subclass of Topoisomerase II, is an attractive target due to its presence in all microbes. It 

plays a significant role in DNA replication and catalyses the ATP-dependent negative 

super-coiling of double-stranded closed-circular DNA [37]. 

The negative values of the binding free energy of the docked complexes (refer Table 

III.7) indicated that the complexes reasonably bind to the DNA gyrase. 2-ampz and solids 

4 and 5 interact with the target enzyme mainly through H-bonding and Vander Waals 

interactions.  

Table III.7 Interaction of 2-ampz, 4 and 5 with protein targets, 1AJ6 and 4DDQ. 

Compound 1AJ6 4DDQ 

Interacting residues 

(H-bonding) 

B.E 

(kcal/mol) 

Interacting residues 

(H-bonding) 

B.E 

(kcal/mol) 

2-ampz GLY77, ARG76, 

GLU50 

-3.8 VAL38, ARG39 -3.59 

4 VAL118, VAL97, 

ASN46, ASP49 

-5.06 PHE479, ASP481, 

MET102, VAL104 

-3.65 

5 ALA100, ILE94, 

ASP45, ASN46 

-5.70 ASP297, ARG298, 

ARG484, ASP96, 

PRO219, LEU264, 

ALA221 

-6.37 

 

The binding energies of 2-ampz, 4 and 5 with 1AJ6 were found to be -3.8, -5.06 and -5.70 

kcal/mol respectively. With 4DDQ, binding energies were -3.59, -3.65 and -6.37 kcal/mol 

for 2-ampz, 4 and 5 respectively. In this analysis, 5 showed relatively high negative 

binding energies, indicating its greater affinity towards DNA gyrase. Strong H-bonding 

interactions could be the reason for the enhanced activity of 5 than 4. The results were in 
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good agreement with the wet lab experiments. The docking results with DNA gyrase 

present in E.Coli and Bacillus Subtilis are represented in figures III.19 and III.20 

respectively. 

 

Figure III.19 Molecular docking of (a) 2-ampz, (b) 4 and (c) 5 with the target protein 

PDB ID: 1AJ6. Left and right hand images represent 2-D and 3-D interaction diagrams 

respectively. 
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Figure III.20 Molecular docking of (a) 2-ampz, (b) 4 and (c) 5 with the target protein 

PDB ID: 4DDQ. Left and right hand images represent 2-D and 3-D interaction diagrams 

respectively. 
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III.3.8 Magnetic properties  

For solids 4-5, the magnetic moment was calculated using spin only formula, µ = 

[n(n+2)]
1/2 

BM (where n is number of unpaired electrons).  

In solids 4-5, only one cobalt center is present and the observed magnetic moment 

obtained was 4.61 and 5.83 BM respectively. The calculated magnetic moment using spin 

only formula is 3.80. Therefore, the observed value showed a deviation from the 

calculated values which indicated that other parameters seem to be affect the magnetic 

behavior of these two solids.  

 

III.4 Conclusions 

Two cobalt based pseudopolymorphs with 2-ampz viz. [Co(2-Hampz)2Cl4], 4 and [Co(2-

ampz)4Cl2], 5 were synthesized using solvent evaporation method and characterized by 

SCXRD, FTIR, TGA and elemental analysis. The role of non-covalent interactions that 

stabilize the crystal packing was investigated in detail using Hirshfeld surface analyses, 

finger print plots and energy framework analysis. The metal complexes 4 and 5 showed 

significant antibacterial activities when compared with the ligand, 2-ampz and with the 

standard antibiotic Gentamycin. 5 exhibited greater sensitivity towards all bacterial 

strains. Molecular docking studies were carried out to substantiate the in vitro 

antibacterial studies and also to find out the best binding site of the complexes with the 

target protein. From the in vitro and in silico studies it can be concluded that the 

synthesized Co(II) complexes can be promising novel antimicrobial agents. 
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Summary 

In this chapter, phenomenon of chromotropism in aminopyridine based 

tetrachlorocuprates has been investigated. Isomeric aminopyridines namely 2-, 3- and 4-

aminopyridine (ampy) based tetrachlorocuprate(II) solids viz. (2-Hampy)2[CuCl4] (6), (3-

Hampy)2[CuCl4] (7) and (4-Hampy)2[CuCl4].H2O (8) were synthesized under ambient 

condition using solvent evaporation method upon reacting copper(II) chloride with 

aminopyridine (ampy) in the presence of hydrochloric acid. The structural elucidation of 

the synthesized solids was carried out using fourier transform infrared spectroscopy, CHN 

analyses, single crystal X-ray diffraction and powder X-ray diffraction. The thermal 

stability of the solids was established using thermogravimetric analysis and spin only 

magnetic moment was calculated by means of magnetic susceptibility measurements. In 

addition, a detailed investigation of the intermolecular interactions and proportion of 

contacts has been evaluated using Hirshfeld surface analyses and associated 2-D finger 

print plots. Solids 6-8 exhibited chromotropism particularly solvatochromism and 

vapochromism. In addition, 8 showed reversible thermochromism in the solid state. 

Solids 6-8 belong to Type IV of hybrid solids. 
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IV.1 Introduction 

Chromotropism is the reversible or irreversible change in color of a substance due to the 

physical and chemical properties of its ambient surrounding medium, such as 

temperature, pressure, light, solvent and ions [1]. The type of hybrid solids in which the 

above phenomena occur most frequently is undoubtedly the area of coordination 

complexes (Type IV). Among the different types of coordinate compounds of copper(II), 

anionic halocuprate(II) complexes containing protonated organic moieties as counter-ions 

represent a unique category of hybrid solids. Interestingly, most of these solids reported 

in literature exhibit thermochromism (refer Table IV.1). Thermochromism is a special 

type of chromotropism in which a solid undergoes a change in color upon heating [2]. 

This unique feature can be attributed to the ability of {CuCl4}
2-

 units to exist as either 

tetrahedral or square-planar motifs. In most of the cases, usually the green {CuCl4}
2-

 

square planar phase undergoes transformation into pale green or yellow colored {CuCl4}
2- 

tetrahedral phase upon heating [3]. On the other hand, a very few tetrachlorocuprate(II) 

anion based solids can undergo a change in color upon applying pressure i.e. 

piezochromism [4,5] as shown in Figure IV.1. However, only two examples of 

photochromism [6] in tetrachlorocuprate(II) anion based solids has been reported so far 

[7,8]. To the best of our knowledge, other forms of chromotropism particularly 

vapochromism [9,10] or solvatochromism [11,12] have not been explored in 

tetrachlorocuprate(II) anion based solids. Therefore, based on the above considerations, in 

this chapter an attempt has been made to synthesize tetrachlorocuprates based on three 

isomeric aminopyridines (ampy) and to explore their ability to act as chromotropic 

probes. Under our experimental conditions, reaction of copper(II) chloride with 2-, 3- and 

4-ampy in the presence of hydrochloric acid resulted in solids viz. (2-Hampy)2[CuCl4] (6), 

(3-Hampy)2[CuCl4] (7) and (4-Hampy)2[CuCl4].H2O (8) under ambient conditions. 
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Hirshfeld surface analyses and 2-D finger print plots revealed significant intermolecular 

interactions that stabilize the crystal structures. It was found that 6-8 exhibited 

solvatochromism and vapochromism. In addition, 8 showed reversible thermochromism 

in the solid state. It is noteworthy that solvatochromism and vapochromism in {CuCl4}
2- 

based hybrid solids have been demonstrated for the first-time using solids 6-8. 

 

Figure IV.1 Figure showing the percentage of tetrachlorocuprate(II) anion based solids 

exhibiting thermo-, photo- and piezochromism.
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Table IV.1 Literature review of Tetrachlorocuprate(II) solids exhibiting chromotropism. 

S.No

. 

Solid Cell parameters
 

Geometry 

of copper 

center 

Synthesis Chromotropic 

property 

Ref. 

1. (DMe-DABCO)[CuCl4] 

 
DMe-DABCO = N,N’-

dimethyl-1,4-

diazoniabicyclo[2.2.2] 

octane 

Monoclinic, Pca21 

a = 19.676Å, b = 8.083Å, c = 17.679Å 

β = 92°, Z = 8 

Yellow crystals 

 

Distorted 

tetrahedral 

geometry 

Hydrothermal 

technique 

Thermochromism [3] 

2. (pipzH2)[CuCl4].2H2O 

 

 

 

 

Monoclinic, C2/c 

a = 10.538Å, b = 7.431Å, c = 17.281Å 

β = 111.90°, Z = 4, Yellow crystals 

Distorted 

tetrahedron 

 

 

 

Solvent 

evaporation 

Thermochromism,  

Photochromism 

[7] 

 (pipzH2)2[CuCl4]Cl2. 

3H2O 

 

pipz= piperazine 

Triclinic, P-1 

a = 9.264Å, b = 10.447Å, c = 11. 366 Å 

α = 68.38°, β = 82.86°, γ = 83.05°, Z = 2 

Green crystals 

Square 

planar 

geometry 

   

3. (C4H9NH3)2[CuCl4] Cell parameters not reported. 

Golden sheet-like crystals 

Distorted 

tetrahedron 

Reflux 

followed by 
recrystallization 

Photochromism [8] 

4. [CH3C(NH2)2]2[CuCl4] 

 

CH3C(NH2)2 =  

acetamide 

Monoclinic, P21/a  

a = 23.06Å, b = 7.93Å, c = 14.69Å 

β = 94.5°, Z = 4, Yellow plates  

 

Distorted 

tetrahedral 

geometry 

Solvent 

evaporation 

Thermochromism [13] 
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5. (C2H5NH3)2[CuCl4] Orthorhombic, Pbca 

a = 21.18Å, b = 7.47Å, c = 7.35Å 

Z = 4, Yellow sheets 

Square 

planar 

Solvent 

evaporation 

Thermochromism [14] 

6. [(NH3CH2CH2)2NH2]

Cl.[CuCl4] 

Orthorhombic, Pnma 

a = 7.117Å, b = 23.78Å, c = 7.342 Å 

Z = 4 

a = 7.15Å, b = 23.70Å, c = 7.36 Å
 

Z = 4, Yellow, green, orange
* 

 

Square 

planar 

 

 

Solvent 

evaporation 

 

 

Thermochromism 

 

 

[15] 

7. [(CH3)2CHNH3]2 

[CuCl4] 

Triclinic, P-1 

a = 7.245 Å, b = 14.588Å, c = 21.738Å 

α = 87.08°, β = 103.59°, γ = 104.73° 

Z = 6, Green needles
1a

 

 

Distorted 

square 

planar 

geometry 

 

Solvent 

evaporation 

 

Thermo- 

Chromism
2
 

1a. [16] 

1b. [17] 

2.   [18]  

 

 [(C2H5)2NH2]2 

[CuCl4] 

Monoclinic, P21/n 

a = 7.293Å, b = 14.881Å, c = 44.751Å 

β = 90.12°, Z = 12, Green needles
1b

 

Distorted 

square 

planar 

geometry 

Solvent 

evaporation 

 

  

8. [C6H5CH2CH2NH 

CH3H]2[CuCl4] 

Monoclinic, P21/c 

a = 6.495Å, b = 22.678Å, c = 8.584Å 

β = 116.08°, Z = 2, Green needles 

 

Square 

planar 

geometry 

Solvent 

exchange 

method  

Thermochromism [19] 
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9. [bzpipzn] 

[CuCl4]0.5H2O 

 

 

[bzpipzn][CuCl4] 

 

bzpipzn= 

N-benzyl piperazine 

Monoclinic, P21/a 

a = 17.015Å, b = 16.977Å, c = 11.377Å 

β = 97.15°, Z = 8, Yellow crystals 

 

Monoclinic, P21 

a = 12.075Å, b = 28.479Å, c = 9.925Å 

β = 109.54°, Z = 8, Green crystals 

Moderately 

flattened 

tetrahedral 

geometry 

Unequally 

flattened 

tetrahedral  

Solvent 

evaporation 

 

Thermochromism [20] 

10. Bis(dipropylammonium) 
tetrachlorocuprate(II) 

Orthorhombic, Pbca 

a = 13.029Å, b =15.252Å, c = 20.997 Å 

Z = 8, Light green plates 

 

Distorted 

tetrahedral 

geometry 

Solvent 

evaporation 

 

Thermochromism [21] 

11. (nmpH)2[CuCl4] 

nmp = N-

methylphenethyl amine) 

Monoclinic, P21/c 

a = 6.495Å, b = 22.678Å, c = 8.584Å 

β = 116.08°, Z = 2, Green needles
1a

 

Square 

planar 

geometry 

Solvent 

exchange 

method 

Piezochromism
2
 1a. [19] 

1b. [22] 

1c. [23] 

1d. [24] 

 

 (NphpipH2)[CuCl4] 
Nphpip=N-phenyl 

piperazine 

 

Orthorhombic, P212121 

a = 17.698Å, b = 8.615Å, c = 9.841 Å 

Z = 4, Yellow-green crystals
1b

 

 

Flattened 

tetrahedral 

geometry 

 

Solvent 

evaporation 

 2. [4] 

 

 (NbzpipzH2Cl)2[CuCl4] 

Nbzpipz = 

N-benzyl piperazine 

Monoclinic, Pc 

a = 21.954Å, b = 7.089Å, c = 9.139Å 

β = 97.054°, Z = 2, Green crystals
1c

 

Extremely 

flattened 

tetrahedron 

Solvent 

evaporation 

  

 

 

 (tmba)2[CuCl4] 
tmba = Trimethylbenzyl 

amine 

Monoclinic, P21/n 

a = 9.584Å, b = 9.104Å, c = 28.43Å 

β = 92.50°, Z = 4, Yellow leaflets
1d

 

Flattened 

tetrahedron 

 

Solvent 

evaporation 

  

12. (pCH3C6H4NH3)2 Orthorhombic, Pbca Distorted Solvent Thermochromism
1a

 1a.[25] 
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[CuCl4] a = 6.911Å, b = 7.052Å, c = 33.182 Å 

Flat sheet like yellow crystals
1a

 

tetrahedral 

geometry 

evaporation 

 

1b.[26] 

 (pClC6H4NH3)2 

[CuCl4] 

 

 

Monoclinic, P21/c 

a = 16.4359Å, b = 7.396Å, c = 7.262 Å 

β = 101.51°, Z = 2 

Brown plate like crystals
1b

 

Distorted 

tetrahedral 

geometry 

 

Solvent 

evaporation 

 

  

13. (C4H6ClN2S)2[CuCl4] 

 

 

 

Triclinic, P-1 

a = 8.168Å, b = 10.919Å, c = 11.437 Å 

α = 64.24°, β = 80.03°, γ = 84.72°  

Z = 2, Amber colored crystals 

Distorted 

tetrahedral 

geometry 

 

Solvent 

evaporation 

 

 

Thermochromism [27] 

 (C4H7N2S)2[CuCl4] Triclinic, P-1 

a = 7.750Å, b = 8.474Å, c = 11.437 Å 

α = 64.24°, β = 80.03°, γ = 84.72°, Z = 2 

Yellow colored crystals 

Distorted 

tetrahedral 

geometry 

 

Solvent 

evaporation 

 

  

14. (C3N3H10)2[CuCl4] Triclinic, P-1 

a = 9.522Å, b = 11.215Å, c = 7.680 Å 

α = 93.85°, β = 100.41°, γ = 84.48°,  

Z = 2, Green-yellow crystals 

Flattened 

tetrahedron 

Solvent 

evaporation 

Thermochromism [28] 

15. (C5N3H8O)2[CuCl4] Triclinic, P-1 

a = 11.053Å, b = 11.334Å, c = 14.038Å 

α = 95.76,β = 101.35, γ = 90.15°, Z = 4 

Dark green crystals 

Square 

planar 

geometry 

Solvent 

evaporation 

Thermochromism [29] 

16. (C7H11N2)2[CuCl4] Monoclinic, C2/c 

a = 11.973Å, b = 12.522Å, c = 14.523Å 

β = 113.86°, Z = 4 

Parallelepiped shaped yellow crystals 

Compressed 

tetrahedral 

geometry 

Solvent 

evaporation 

 

Thermochromism [30] 

17. 2[(CNH2)3][CuCl4]. Monoclinic, P21/c Pseudo Solvent Thermochromism [31] 
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*  Yellow plates at room temperature (RT), pale green below RT, convert to orange brown on heating to 120°C 

2H2O a = 8.084Å, b = 18.484Å, c = 16.939 Å 

β = 91.44°, Z = 8 

Parallelepiped yellowish-green crystals 

tetrahedral 

geometry 

evaporation 

18. (C7H7N2)2[CuCl4] Monoclinic, C2/c 

a = 14.903Å, b = 7.815Å, c = 16.130Å 

β = 92.93°, Z = 8, Yellow crystals 

Distorted 

tetrahedral 

geometry 

Solvent 

evaporation 

Thermochromism [32] 

19. (C8H12N)2CuCl4 Triclinic, P-1 

a = 7.923Å, b = 9.150Å, c = 16.134Å 

α = 75.40°, β = 86.96°, γ = 64.49° 

Z = 2, Yellow crystals 

Flattened 

tetrahedral 

geometry 

Solvent 

evaporation 

Thermochromism [33] 

20. (EDBE)[CuCl4] 

 
EDBE= 2,2’-

(ethylenedioxy)bis(ethyl 

ammonium) 

Orthorhombic, Pccn 

a = 23.613Å, b = 7.594Å, c = 7.625Å 

Z = 4, Thin yellow - green plates
1
 

Distorted 

tetrahedral 

geometry 

Layering 

method 

Thermochromism, 

Piezochromism
2
 

1.[34] 

 

2.[5]  

21. [(R)-(+)-1-

C10H7CH(CH3)NH3] 

[CuCl4] 

Monoclinic, P21 

a = 12.715Å, b = 7.197Å, c =14.054Å 

β = 94.37°, Z = 2, Yellow crystals 

Highly 

distorted 

tetrahedral 

geometry 

Solvent 

evaporation 

Thermochromism [35] 

 [(R)-(+)-2-

C10H7CH(CH3)NH3] 

[CuCl4] 

 

Monoclinic, C2 

a = 10.796Å, b = 7.234Å, c =16.945Å 

β = 97.00°, Z = 2, Green crystals 

Distorted 

square 

planar 

Solvent 

evaporation 

Thermochromism  

22. (C7H7N2S)2[CuCl4] Monoclinic, P21/c 

a = 6.952Å, b = 9.697Å, c = 13.963Å 

β = 97.84°, Z = 2, Green crystals 

Square 

planar 

Reflux 

followed by 
recrystallization 

Thermochromism [36] 
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IV.2 Experimental 

IV.2.1 Synthesis 

Initially, (2-Hampy)2[CuCl4] (6), (3-Hampy)2[CuCl4] (7) and (4-Hampy)2[CuCl4].H2O (8) 

were crystallized from a solution of CuCl2.2H2O, ampy and HCl in methanol or water as 

per the procedure given in literature by Kumar et. al.[37] and Halvorson et. al.[38] 

respectively. For the synthesis of 6 and 7, Cu(II)acetate.2H2O (198 mg, 1 mmol) was 

dissolved in water (10 mL) and concentrated HCl (4 mL). Subsequently, aminopyridine 

(188 mg, 2 mmol) in methanol (15 mL) was added and the solution was kept for 

crystallization at room temperature. On the other hand, crystals of 7 were obtained upon 

evaporation of a saturated solution of 4-ampy and CuCl2.2H2O in a dilute HCl solution. 

The cell parameter of the as-synthesized crystals was established by single crystal X-ray 

diffraction. 

In the present work, however it was observed that 6-8 could be synthesized using only 

water as a solvent (Scheme IV.1). Initially, 10 mL of an aqueous solution of 2-ampy 

(0.553 g, 2 mmol) was added to an aqueous solution (10 mL) of CuCl2.2H2O (0.507 g, 1 

mmol) and stirred using a magnetic stirrer. 5M HCl was added dropwise to obtain a clear 

blue solution having pH = 1.0±0.1. The resultant solution was left undisturbed for 

crystallization. After a few weeks, orange crystalline blocks of 6 were obtained (yield, 

78.9% based on copper). The crystals were filtered, washed with water and acetone and 

dried in air. The same procedure was repeated using 3-ampy and 4-ampy and green 

crystalline blocks of solid 7 (yield, 77.5% based on copper) and yellow flakes of solid 8 

(yield, 79.2% based on copper) respectively were obtained after a few weeks. The phase 

purity of the as-synthesized crystals was established by Rietveld analysis [39]. 
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Scheme IV.1 Scheme showing the synthetic protocol. 

IV.2.2 Characterization 

The solids were characterized using techniques discussed under Section II.2.3 in Chapter 

II. Elemental analyses (C, H and N) were performed on ELEMENTAR Vario EL III CHNS 

Analyzer. The magnetic susceptibilities of the solids 6-8 were determined at room 

temperature using Guoy Balance (Sherwood, UK) and the spin only magnetic moment of 

the solids was calculated. The solid-state absorption spectra were recorded on a Jasco V-

550 UV/Vis spectrophotometer in the range 200-800 nm. The electronic absorption spectra 

of 6-8 in different solvents were measured using Shimadzu UV-1800 spectrophotometer in 

the range 400-900 nm. 

Results of CHN analysis of the bulk product were found to be consistent with the 

stoichiometry. Anal. Found:C, 30.01; H, 3.42; N, 14.08 %: Calcd: C, 30.30; H, 3.54; N, 

14.15 % for 6; Anal. Found: C, 30.25; H, 3.59; N, 14.50 %: Calcd: C, 30.30; H, 3.54; N, 

14.15 % for 7 and Anal. Found: C, 21.06; H, 2.98; N, 10.42 %: Calcd: C, 21.53; H, 2.87; 

N, 10.05 % for 8. 

IV.2.3 Hirshfeld Surface Analyses 

The molecular Hirshfeld surface analyses and their associated 2-D fingerprint plots (full 

and decomposed) were mapped employing the CrystalExplorer 21.5 program [40]. The 

CIF files of the solids were given as input [37,38]. The Hirshfeld surfaces were generated 
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using a standard (high) surface resolution. The 2-D fingerprint plots were displayed using 

the expanded 0.6–2.8Å range view with the de (distance from a point on the surface to the 

nearest nucleus outside the surface) and di (distance from a point on the surface to the 

nearest nucleus inside the surface) scales shown on the graph axes. 

IV.2.4 Investigation of vapochromism 

0.5 g of solid 6 was heated in a silica crucible at 100°C for 30 minutes and cooled in a 

desiccator for 2 hours. Thereafter, a small glass vial (10 mL capacity) containing 5 ml of 

double distilled water and the silica crucible were placed in a sealed glass jar for 18 hours. 

The same procedure was repeated with ammonia as another analyte. Similar experiments 

were performed with solids 7 and 8. 

IV.2.5 Investigation of solvatochromism 

Solvatochromic property of the solids was investigated by measuring the absorption spectra 

of the solids in different solvents like water, ethanol, acetone and dimethyl formamide 

(DMF) in the range 400-900 nm. The concentration of the solutions was adjusted to 3×10
-6 

M. 

IV.2.6 Investigation of thermochromism 

0.5 g of solids 6-8 was heated at 120°C in a silica crucible for 15 minutes and then cooled 

to room temperature in order to establish the reversibility of the process. 

IV.3 Results and Discussions 

IV.3.1 Crystal structure description 

The crystallographic details for solids 6-8 have been summarized in Table IV.2. 
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Table IV.2 Crystallographic details of solids 6-8. 

 

 

 

 

 

 

 

 

 

 

 

 

The asymmetric unit in all the three solids showed [CuCl4]
2-

anionic moiety displaying a 

distorted tetrahedral geometry. Solids 6 and 7 crystallized in the space group P-1 in 

contrast to solid 8 which crystallized in a monoclinic crystal system with space group 

C2/c and it had an additional lattice water molecule. In all the three solids, only the 

pyridinium N atom was protonated, whereas the amine group was unprotonated, resulting 

in a charge of +1 for the organic cation. Solids 6 and 7 were found to be isostructural 

(Figure IV.2). In 6 and 7, each [CuCl4]
2-

 unit was hydrogen bonded to surrounding 

protonated aminopyridine moieties to form 1-D chains (Figure IV.3) which were further 

 6 7 8 

Formula C10H14Cl4CuN4 C10H14Cl4CuN4 C10H16Cl4CuN4O 

Formula weight 

 

395.59 395.59 

 

557.45 

T (K) 293(2) 293(2) 295(2) 

Space Group P-1  P-1 C2/c  

a, Å 7.929(4) 7.9736(7) 8.457(2) 

b, Å 8.115(3) 8.1332(8) 14.318(2) 

c, Å 13.667(4) 13.6304(13) 14.382(2) 

α, ° 91.21(3) 91.231(2) 90 

β, ° 94.71(3) 94.731(2) 95.82(1) 

γ, ° 114.55(4) 115.009(10) 90 

V, Å
3
 795.71(50) 796.78(13)  1732.50(184) 

Z 2 2 4 

dcalc, g·cm
-3

 1.651 1.649 2.137 

MoK, cm
-1

 2.034 2.032 2.347 

λ  (Å) 0.70930 0.71073 0.71073 

R1(I>2I), WR2(all) 0.0576, 0.1572 0.0455, 0.1344   0.0349, 0.0750 

GOF 1.109 1.089 1.055 
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connected to form 3-D network (Figure IV.4). The crystal packing in 6 and 7 was also 

reinforced by π···π interactions between the protonated aminopyridine moieties. Also 

refer Table IV.3 and IV.4 for H-bonding interactions in 6 and 7. 

 

Figure IV.2 Asymmetric unit of (a) 6 and (b) 7. 

 

Figure IV.3 1-D chains formed via H-bonding interactions mediated by protonated 

aminopyridine moieties in (a) 6 and (b) 7. Intra-chain H-bonding interactions are shown 

as red lines. 

Table IV.3 H-bonding interactions in 6. 

 

  

D-H...A D-H (Å) H...A (Å) D...A (Å)  D-H...A (°) 

N7-H7A···Cl  0.969(54) 2.359(69) 3.289(47) 160.71(3) 

N1-H1···Cl2 1.009(14) 2.415(15) 3.230(35) 137.26(23) 

N7-H7B···Cl4 0.995(47) 2.344(70) 3.334(80) 173.26(35) 

N1-H1···Cl3 1.010(15) 2.193(14) 3.174(28) 163.40(24) 

N7-H7B··· Cl2 0.982(42) 2.354(44) 3.333(7) 173.86(26) 
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Figure IV.4 Through H-bonding interactions each 1-D chain is further extended into 3-D 

framework. Figure showing one chain (cyan) connected to four others (green, blue, 

orange, yellow). Inter-chain H-bonding interactions are shown in red dashed lines. Crystal 

packing in 6 and 7 is also facilitated by π···π interactions (3.767(31) and 3.779(1) Å 

respectively). π···π interactions are shown as black lines. 

Table IV.4 H-bonding interactions in 7. 

D-H...A D-H (Å) H...A (Å) D...A (Å)  D-H...A (°) 

N4-H4A···Cl4  0.983(59) 2.321(64) 3.289(5) 168.14(41) 

N4-H4B···Cl1  0.995(39) 2.356(40) 3.344(5) 171.78(26) 

N4-H4A···Cl4 0.992(38) 2.369(38) 3.330(6) 163.05(32) 

N4-H4B···Cl2 0.989(34) 2.288(36) 3.260(5) 167.77(26) 

C2-H2··· Cl4  1.081(3) 2.815(3) 3.726(4) 141.90(15) 

C2- H2···Cl1 1.081(3) 2.367(1) 3.241(4) 136.86(16) 

C5-H5···Cl3 1.081(3) 2.119(1) 3.167(4) 162.56(15) 

 

Unlike, solids 6 and 7, in 8 an additional lattice water molecule was observed in its 

asymmetric unit which enabled H-bonding interactions between [CuCl4]
2-

 units and water 

molecules to form 1-D chains propagating along a axis (Figure IV. 5). Through H-
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bonding interactions each 1-D chain was further extended into 3-D framework (Figure 

IV. 6). Also refer Table IV.5 for H-bonding interactions in 8. 

 

Figure IV.5 (a) Asymmetric unit in (4-Hampy)2[CuCl4].H2O, 8. (b) 1-D chains formed 

via H-bonding interactions mediated by protonated aminopyridine moieties and water 

molecule. H-bonding interactions mediated by lattice water molecule and [CuCl4]
2-

are 

shown in red solid and dashed lines respectively. (c) View along a axis. 

Table IV.5 H-bonding interactions in 8. 

D-H...A D-H (Å) H...A (Å) D...A (Å)  D-H...A (°) 

N2-H5···O1 0.798(46) 2.040(46) 2.824(5) 166.99(446) 

O1-H8···Cl1 0.800(29) 2.456(32) 3.224(6) 161.36(27) 

N1-H3···Cl2 0.795(40) 2.585(40) 3.353(5) 162.96(37) 

N1-H2···Cl1 0.803(44) 2.582(43) 3.367(11) 124.31(10) 



Chapter IV. Tetrachlorocuprate(II) hybrid solids templated by aminopyridines 

 

 

110 
 

 

Figure IV.6 Through H-bonding interactions each 1-D chain is further extended into 3-D 

framework. Figure showing one chain (cyan) connected to four others (green, blue, 

orange, yellow). Inter-chain H-bonding interactions are shown in red dashed lines. 

IV.3.2 Rietveld Analysis 

Rietveld powder diffraction analysis of all the solids was carried out using GSAS to 

ensure homogeneity of the synthesized products. The phase purity of all the solids was 

established by Rietveld analysis and it was found that the cell parameters and space group 

from experimental powder data of bulk sample match well with those reported in 

literature [37,38]. Figures IV.7-9 represents Rietveld refinement of 6-8. The red 

corresponds to the experimental data while black represents the calculated profile. The 

blue line gives the difference between the experimental and calculated diffraction profile. 

 

Figure IV.7 Rietveld refinement plot of 6. 
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Figure IV.8 Rietveld refinement plot of 7. 

 

 

Figure IV.9 Rietveld refinement plot of 8. 
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IV.3.3 Vibrational analyses 

FTIR spectra of 6-8 showed a medium intensity band in the region 490-418 cm
−1

 due 

to Cu-Cl vibrations (Figure IV.10). The peaks due to N-H stretching vibrations could also 

be seen at around 3300-3100 cm
-1

. The strong peaks in the range 1650-1540 cm
-1 

could be 

attributed to N-H bending vibrations [41]. A medium intensity band due to the C-N 

stretching was observed at around 1200 cm
-1

. 

 

Figure IV.10 FTIR spectra of solids 6-8. 

IV.3.4 Thermal analyses 

The thermal stability of solids 6-8 was established using TGA. For solids 6 and 7, weight 

loss occurred in two consecutive steps in the temperature range of 160-330°C and 400-

620°C, corresponding to the release of protonated aminopyridines and chloride ions 

respectively. The residual solid (⁓16%) could be attributed to elemental copper (Figure 



Chapter IV. Tetrachlorocuprate(II) hybrid solids templated by aminopyridines 

 

 

113 
 

IV.11). The TGA curve of 8 displayed three consecutive steps of weight loss in the 

temperature range 50-850°C which can be attributed to the loss of water molecule, 

aminopyridine moieties and chloride ions, leaving behind the residue of elemental copper 

(⁓19%) as shown in Figure IV.12. Differential Thermal Analysis (DTA) was also carried 

out to confirm the loss of lattice water molecule in 8. 

 

Figure IV.11 TGA curves of 6 and 7. 

 

Figure IV.12 TGA-DTA curve of 8. 
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IV.3.5 Magnetic studies 

The spin only magnetic moment of the solids was found to be 1.4, 1.73 and 1.84BM for 6, 

7 and 8 respectively, which confirmed the +2 oxidation state of copper in 6-8. The values 

were calculated using equations discussed under section III.2.3 in Chapter III. While 7 

seemed to be paramagnetic in nature, a lower magnetic moment in 6 indicated anti-

ferromagnetic interactions similar to those of related structures reported in literature [42, 

43].
 

Table IV.6 Magnetic susceptibility measurements.
 

 

Solid 

 

R0 

 

R 

 

L 

(cm) 

 

C 

 

W 

(g) 

 

g 

MW 

(g) 

 

m 

 

µ 

(BM) 

6 -24 100 1.8 1 0.1071 2.084×10
-6

 395.5 0.861×10
-3

 1.4 

7 -29 118 1.7 1 0.0784 3.187×10
-6

 395.5 1.26×10
-3

 1.73 

8 -29 86 1.6 1 0.0511 3.6×10
-6 

413.5 1.422×10
-3

 1.84 

 

IV.3.6 Hirshfeld Surface Analyses 

In order to get a deeper insight into various intermolecular interactions in the solids, the 

Hirshfeld surfaces (dnorm, di, de, shape index and curvedness) and 2-D fingerprint plots 

were generated using Crystal Explorer 21.5 [40]. 

The Hirshfeld surfaces of 6 cover 374.05Å
2
 area and spread over 388.96Å

3 
volumes with 

0.5 isovalue. The 3D dnorm surfaces were mapped over a fixed color scale of -0.468 to 

1.308Å, the distance to the nearest nucleus inside the surface di ranging from 0.801 to 

2.657Å, the distance to the nearest atoms outside de in the color scale of 0.800 to 2.554Å, 

whereas, shape index mapped within the color range of -1.000 to 1.000Å, and curvedness 
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in the range of -4.000 to 0.400Å respectively, as shown in Figure IV.13. The surfaces are 

shown transparent to permit visualization of the crystal structure. The bright red spots on 

the dnorm surface as shown in Figure IV.13a display short intermolecular contacts which 

mainly corresponds to N-H···Cl and C-H···Cl hydrogen bonding interactions. The 

appearance of consecutive red and blue triangular patches over the aromatic ring in the 

shape index map (Figure IV.13d) and large flat regions delineated by a blue outline on the 

curvedness map (Figure IV.13e) indicate the presence of weak π···π interactions in the 

crystal packing. 

 

 

Figure IV.13 Hirshfeld surfaces for visualizing the intermolecular contacts in [(2-

Hampy)2CuCl4], 6. (a) dnorm highlighting the regions of N—H⋯Cl and C-H···Cl 

hydrogen bonds, (b) de, (c) di, (d) shape index and (e) curvedness. 
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The Hirshfeld surface of 7 spread over 360.14Å
2 

area and holds 390.23Å
3
 volume with 

0.5 isovalue; the scaled color patches on the surface were generated in the range -0.523 to 

1.348Å, 0.766 to 2.684Å, 0.766 to 2.545Å for dnorm, di and de respectively, whereas the 

shape index plot and curvedness plot are engendered from -1.00 to 1.00 a.u. and -4.000 to 

0.400a.u., respectively, as shown in Figure V.14. Similar to 6, red circular spots on the 

Hirshfeld surface of 7 indicate intermolecular close contacts of N-H···Cl and C-H···Cl 

hydrogen bonding interactions as shown in Figure V.14a. Shape index map and 

curvedness map shows the characteristic features of weak π···π stacking interactions in 

the crystal structure.  

 

 

Figure IV.14 Hirshfeld surfaces for visualizing the intermolecular contacts in [(3-

Hampy)2CuCl4], 7: (a) dnorm highlighting the regions of N—H⋯Cl hydrogen bonds, (b) 

de, (c) di, (d) shape index and (e) curvedness. 
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The Hirshfeld surface of 8 cover 420.14Å
2 

area and holds 490.23Å
3
 volume with 0.5 

isovalue; the scaled color patches on the surface were generated in the range -0.598 to 

1.529Å, 0.745 to 3.195Å, 0.743 to 2.977Å for dnorm, di and de respectively, whereas the 

shape index plot and curvedness maps are plotted in the range -1.00 to 1.00 a.u. and -

4.000 to 0.400a.u., respectively, as shown in Figure V.15. In 8, the bright red circular 

spots on the surface correspond to N-H…Cl close contacts and also to H-bonding 

interactions mediated by water molecule. Shape index and curvedness plots suggests the 

presence of weak π···π stacking interactions similar to that in 6 and 7. 

 

 

 

Figure IV.15 Hirshfeld surfaces for visualizing the intermolecular contacts in (4-

Hampy)2[CuCl4].H2O, 8: (a) dnorm highlighting the regions of N-H⋯Cl and O-H⋯Cl 

hydrogen bonds, (b) de, (c) di, (d) shape index and (e) curvedness. 
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IV.3.6.1 Finger print plots 

2-D finger print plots are an effective way for quantifying relative contribution of various 

intermolecular interactions that stabilize the crystal structure. The 2-D plot for overall and 

individual interactions in the crystal packing of 6, 7 and 8 are shown in Figures IV.16-18 

respectively. The most significant contact in all three solids was due to H⋯Cl/Cl⋯H 

contacts since it contributes 51.2% in 6, 45.3% in 7 and 57.7% in 8 to the overall surface 

contacts. H⋯Cl/Cl⋯H contacts can be attributed to N-H⋯Cl and C-H···Cl hydrogen 

bonding interactions and appear as two sharp symmetric spikes in the finger print plots of 

6-8 (refer Figures IV.16-18b).The second major contact is H···H, since it has a 

contribution of 25.9%, 27.2% and 19.8% in the crystal packing of 6, 7 and 8 respectively. 

The C···H, N···H contacts also have significant contributions to the HS in all three solids 

as can be seen in the 2D plots. In 8, another important contact is O···H contributing to 

5.2% to the total surface due to the presence of water of crystallization. 

 

Figure IV.16 2-D fingerprint plots for 6 showing the contributions of different types of 

interactions: (a) all intermolecular contacts, (b) H⋯Cl/Cl⋯H contacts, (c) H⋯H contacts, 

(d) C⋯H/H⋯C contacts, (e) N⋯H/H⋯N contacts and (f) C⋯C contacts. The outline of 

the full fingerprint is shown in grey.  
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Figure IV.17 2-D fingerprint plots for 7 showing the contributions of different types of 

interactions: (a) all intermolecular contacts, (b) H⋯Cl contacts, (c) H⋯H contacts, (d) 

C⋯H/H⋯C contacts, (e) N⋯H/H⋯N contacts and (f) C⋯C contacts. The outline of the 

full fingerprint is shown in grey. 

 

Figure IV.18 2-D fingerprint plots for 8 showing the contributions of different types of 

interactions: (a) all intermolecular contacts, (b) H⋯Cl contacts, (c) H⋯H contacts, (d) 

C⋯H/H⋯C contacts, (e) O⋯H/H⋯O contacts and (f) N⋯H/H⋯N contacts. The outline 

of the full fingerprint is shown in grey. 
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Figure IV.19 Graphical representation of the contribution of interatomic contacts in the 

crystal packing of (a) 6, (b) 7 and (c) 8. 

IV.3.6.2 Crystal void analysis 

The Crystal Explorer 21.5 software can also be used to calculate the crystal voids 

contained in the solids, based on the electron density of the procrystal (0.002 au)-

isosurface. Figure IV.20 gives a graphical representation of voids present in the crystal 

structure of solids 6-8. The void volume in 6, 7 and 8 corresponds to 75.85Å³, 78.43Å³ 

and 218.11Å³ respectively; the surface area being 276.50Å², 283.48Å² and 671.94Å² 

respectively. The voids in solids appear to have occupied 9.53%, 9.84% and 12.58% of 

their respective unit cell volume. Thus, it can be inferred that cation and anion are 

strongly packed in the crystal structure. 
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Figure IV.20 Graphical representation of void analysis along a crystallographic axis for 

solids (a) 6, (b) 7 and (c) 8. 

IV.3.7 Chromotropism studies 

The synthesized solids were found to exhibit chromotropic behavior particularly 

solvatochromism, vapochromism and thermochromism. 

IV.3.7.1 Investigation of solvatochromism 

The synthesized solids exhibited solvatochromism which was confirmed from the shift in 

absorbance peak in their electronic absorption spectra in different solvents as shown in 

Figure IV.21. From Figure IV.21, it was evident that 6-8 resulted in green colored 

solutions in polar protic solvents like water and ethanol and yellow colored solutions in 

polar aprotic solvents like DMF and acetone.  
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Figure IV.21 Absorption spectra of solids (a) 6, (b) 7 and (c) 8 in different solvents. The 

image in the bottom right shows the color of the solids in solvents (i) DMF (ii) Acetone 

(iii) H2O and (iv) Ethanol. 

The UV-visible spectra of solids 6-8 exhibited similar patterns which are characteristic of 

[CuCl4]
2-

 species. Tetrachlorocuprates with tetrahedral symmetry exhibit ligand to metal 

charge transfer (LMCT) absorption bands in UV-visible region, usually ranging from 

250-450 nm and weak d-d absorption bands are shifted into the near-IR region in the 

range 800-1400 nm [44]. LMCT absorption bands correspond to the symmetry allowed 

electronic transition from the ligand-localized molecular orbitals to the half-occupied d-

orbital of the copper ion. The d-d absorption bands are due to symmetry forbidden 

electronic transition between the d-orbitals of the copper ion. In water and ethanol, a very 

broad d-d band was observed in the region near about 800-900 nm. The interaction of 

polar protic solvents with the solids results in solvation of Cu(II) ion and shows 

absorption maximum in the range 800-900 nm; being characteristic of copper(II) ion in a 

square planar structure. In DMF and acetone, bands were seen with maxima centered at 
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433 nm and 473 nm respectively which are the charge-transfer bands characteristic of 

[CuCl4]
2-

 species. Since CuCl4 in DMF and acetone have no d-d transition bands below 

900 nm, it can be inferred that solids retain their D2d flattened tetrahedral structure in 

solutions of DMF and acetone. A similar observation has also been reported by Max 

Elleb et.al. [45]. Extensive hydrogen bonding interactions of solids with the solvent 

molecules also play a crucial role in shifting the absorption peaks. 

IV.3.7.2 Investigation of vapochromism 

All the solids were examined for their ability to act as vapochromic sensors and 

promising results were obtained. 6 and 8 and showed distinct visible color changes in 

presence of vapors of H2O and NH3 (Figure IV.22). The color change in 7 when exposed 

to the above vapors was not visible owing to its dark color. Vapochromic response was 

not observed with other volatile organic compounds like acetone, benzene, nitrobenzene, 

diethyl ether and phenol. 6 and 8 were found to be extremely sensitive to ammonia. They 

showed a change in color within 6 minutes of exposure to ammonia whereas a response 

time of 30 minutes was observed for water. 

The solids when exposed to water showed green color and were hygroscopic. Further, the 

hydrated solids if left undisturbed under ambient environment for 3 days reverted back to 

the original state. However, the reversibility of color change occurred easily upon heating 

to 100°C for 12 minutes. On the other hand, 6 and 8 exposed to ammonia upon heating 

displayed interesting color variations. When heated at 100°C, the blue color changed to 

bright green. The green form when further exposed to ammonia changed to blue again 

which reversed to its green color upon heating. Therefore, the color change was found to 

be reversible. The green solid upon further heating turned black. 
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Figure IV.22 Vapochromic response of (a) 6 and (b) 8 to vapors of (i) H2O and (ii) NH3; 

(iia) shows the color change upon heating (ii). 

 

Due to the hygroscopic nature of 6 exposed to ammonia, a detailed study of vapochromic 

phenomena was able to conduct only for 8 in the solid state using PXRD, UV-visible 

absorption spectroscopy and TGA. A comparison of PXRD pattern of the pure solid and 

solid 8 exposed to NH3 vapors, showed a considerable shift in the peak positions (Figure 

IV.23). The alternate arrangement of tetrachlorocuprate anions and organic cations in the 

crystal packing apparently produces a porous structure as evident from the crystal void 

analysis (Figure IV.20). The void volume in solid 8 was calculated to be 218.11 Å³ from 

the crystal void analysis. Incorporation of the vapors into the porous lattice plausibly 

perturbed the cation-anion stacking structure and caused changes in the PXRD patterns. 
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Figure IV.23 PXRD patterns of (a) 8, (b) after exposing to NH3 and (c) after heating. 

The UV-visible absorption spectra of solid 8 exposed to NH3 vapors also showed marked 

differences from the spectral pattern of the pure solid (Figure IV.24). Absorption bands of 

varying energies could be observed in addition to chloride-copper charge transfer bands 

which are due to changes in the ligand field around the metal, leading to significant 

changes in the d-d and/or LMCT absorption in solid 8 exposed to NH3. The broad peak at 

around 650 nm can be attributed to d-d transition of Cu-ammonia complex, since peaks in 

the range 550-900 nm are general characteristics of Cu(NH3)n
2+

/Cu(NH3)n(H2O)
2+

6−n, 

n=0–4 species depending on the number of ammonia molecules involved in coordination 

[46]. Solid 8 exposed to NH3 after heating (green form) also shows the absorption 

spectrum similar to the blue form, which indicated that there are no significant structural 

changes between the blue and the green forms. 

The vapochromic response of 8 to NH3vapours was further examined by TGA. Contrary 

to the TG curve of pure solid which shows weight loss at 100°C due to the loss of water 

molecule, solid 8 when exposed to ammonia showed initial weight loss at 50-70°C due to 

the loss of ammonia molecules (4%) incorporated in the crystal lattice. Subsequent 
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weight loss could be attributed to the release of organic moieties and chloride ions. TGA 

curve of 8 exposed to NH3 after heating was similar and also shows small weight loss at 

around 70°C plausibly due to adsorbed moisture (Figure IV.25). 

 

Figure IV.24 Solid state UV-Visible absorption spectra of (i) Solid 8, (ii) 8 exposed to 

NH3 and (iii) after heating. 

 

 

Figure IV.25 TGA curves of solid 8 exposed to NH3vapors. 
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Based on the PXRD, TGA and UV-visible absorption spectra, the yellow-blue-green 

color variations exhibited by solid 8 when exposed to ammonia can be represented as 

shown in scheme IV.2. 

 

Scheme IV.2 Structural changes in solid 8 when exposed to NH3. 

IV.3.7.3 Investigation of thermochromism 

Among the three solids, 8 also showed thermochromism wherein it displayed a change in 

color from yellow to orange upon heating to 100°C due to the loss of the water of 

crystallization. This observation was confirmed using TGA-DTA analysis. The 

dehydrated form could easily reverse to the original yellow state upon cooling to room 

temperature (Figure IV.26).  

 

Figure IV.26 Thermochromism exhibited by 8. 
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IV.4 Conclusions  

In the present study, tetrachlorocuprates(II) of isomeric protonated aminopyridines were 

synthesized and characterized. Further the synthesized solids were examined for their 

ability to act as vapochromic sensors and they exhibited solvatochromism in the presence 

of selected solvents. 8 also exhibited reversible thermochromism. Chromotropism shown 

by these solids can be attributed to a synergy of various factors like changes in ligand 

field energy and supramolecular interactions such as hydrogen bonding. 

Tetrachlorocuprate(II) anions stabilized by protonated aminopyridines represent an 

interesting and significant class of chromogenic materials which may find applications in 

various fields like chemical sensors and detectors. 
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Summary 

In this chapter, nanostructured phosphomolybdate solid templated by a cationic 

surfactant, cetyltrimethylammonium bromide (CTAB) was synthesized and characterized 

by PXRD, FTIR, FESEM and EDAX analysis. The thermal stability of the solid was 

established using TGA. Further, the potential of the synthesized solid in removing 

cationic and anionic dyes form aqueous solution was investigated and it was found that 

the solid had high adsorption capacity for removing cationic dyes. Langmuir and 

Freundlich isotherm models were applied to the experimental data to find the suitable 

model for describing the adsorption equilibrium. The adsorption kinetics were also 

evaluated using pseudo-first order, pseudo-second order and intra-particle diffusion 

models. 
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V.1 Introduction 

Pollution is one of the major global concerns and has serious consequences on the 

environment, human health, and the planet as a whole. In particular, pollution due to dyes 

is a significant environmental issue that affects the air, water, and soil in several parts of 

the world [1]. Dyes are used in a variety of industries, including textiles, leather, printing 

and cosmetics, to produce bright and vibrant colors. However, the release of dye effluent 

from factories is often discharged directly into rivers and lakes, contaminating these water 

bodies and making them toxic to aquatic life. In addition, dyes can bind to organic matter 

and sediments, causing them to sink to the bottom of water bodies and suffocating plant 

and animal life. This not only affects the immediate area, but also has wider implications 

for the entire ecosystem, as the food chain is disrupted and toxic substances are spread 

through the water [2,3]. Therefore, it is important to prevent or minimize the release of 

harmful dyes to protect the balance and tranquilly of the environment, particularly of 

aquatic ecosystems. 

Researchers from all over the world have made significant attempts to regulate water 

pollution, and a number of approaches have been suggested in literature. Some of these 

include coagulation, ion-exchange, photocatalysis, solvent extraction, chemical oxidation, 

adsorption, electrolysis, etc. [4-8]. Because of its convenience, ease of use, and simplicity 

of design, the adsorption process is preferred above other techniques currently available 

for controlling water pollution [9]. Adsorbents that are commonly used to treat dye 

contaminated water include zeolites [10], activated carbon [11], agro waste [12], clay 

[13], etc. However, these materials have poor selectivity and limited adsorption capacity. 

Hence, developing more suitable and efficient materials for removing dyes is vital. In this 

regard, surfactant templated polyoxometalate (POM) hybrid solids have been explored as 

novel adsorbents for removal of dye by a few researchers. For instance, Yao et.al. has 
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reported a Keggin type POM viz. decamolybdodivanadophosphate (H5[PV2Mo10O40]) 

encapsulated by a cationic surfactant dimethyldioctadecylammonium bromide as an 

efficient adsorbent for removal of Reactive black 5 dye [14]. 

Therefore, in this chapter, an attempt was made to synthesize phosphomolybdate (a POM) 

solid templated by a cationic surfactant viz. cetyltrimethylammonium bromide (CTAB) 

and investigate its potential as an adsorbent for removing cationic and anionic dyes from 

aqueous solution. The effect of adsorbent dosage, contact time and initial dye 

concentration on the removal efficiency was studied. In addition, various isotherm and 

kinetic models were also investigated in order to better understand the adsorption 

behavior. The results are significant as most of the works on surfactant-POM hybrids is 

limited to structural studies and only a few examples of their potential use as catalytic 

materials, pH probes and electro/photochromic properties have been reported [15-17]. 

These materials also offer a way to investigate the self-assembly behaviour of 

phosphomolybdate (PMO) hybrid solids [18-22]. Surfactants can act as an ideal structure-

directing agent for forming lamellar type PMOs via self-assembly approach [23,24]. In 

addition, the morphology and properties of surfactant-PMO solids can be tuned by 

varying the chain length, size and shape of the surfactant molecules resulting in 

amorphous or crystalline solids ranging from nano to micro dimensions [25-27].  

V.2 Experimental 

V.2.1 Synthesis of CTAB templated phosphomolybdates 

The synthesis was carried out similar to the procedure reported by Thomas.et.al.[22]. 

Initially two different solutions were prepared. Solution A was prepared by dissolving 

Na2MoO4⋅2H2O (0.30 g, 1.25 mmol) in 20 mL of water. Solution B was prepared by 

dissolving CTAB (0.08 g, 0.31 mmol) in 10 mL of water. Subsequently, solution A was 

added slowly to solution B with vigorous stirring, followed by adding 1M H3PO4 
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dropwise till the pH of the solution was ~1. Immediately, white precipitate was formed 

which gradually turned to yellow after stirring for 24 hours. Thereafter, it was left 

undisturbed for two days. Finally, a yellow-colored precipitate was obtained. It was 

washed with water and ethanol and dried in air. Scheme V.1 shows the experimental 

procedure for synthesis. 

 

 

Scheme V.1 Synthetic procedure for preparing CTAB templated phosphomolybdates. 

 

V.2.2 Preparation of dye stock solutions 

A stock solution (50 ppm) of methylene blue (MB), malachite green (MG), methyl orange 

(MO) and eosin Y (EY) was prepared by dissolving 50mg of it in 1L of distilled water. 

The stock solution was diluted for further studies. 

 

V.2.3 Dye removal studies 

A series of batch adsorption experiments were conducted to determine the adsorption of 

dyes on the PMO solid, 9. All the batch adsorption experiments were performed on a 

magnetic stirrer using 100 mL beaker containing 25mL each of dye solutions of pH 

7.0±0.1. Experiments were performed at 27°C (300 K). All solution samples post 

adsorption were filtered through Whatman No:1 filter paper. The concentrations of dye in 
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treated samples were determined by measuring the absorbance using UV-visible 

spectrophotometer (Shimadzu UV-1800). 

The amount of dye adsorbed per unit mass of the adsorbent was evaluated by using the 

following equation,  

 C0 - Ct 

Qt   =   ---------- × V 

  M  

 

where, 

C0 = Initial concentration of dye (mg/L) 

Ct = Liquid phase concentration of dye at any time (mg/L) 

V = Volume of dye took for adsorption, in ml 

M = Weight of adsorbent dose, in g. 

 

The percentage of dye removed was calculated by the following equation, 

         % Removal = (Co - Ct) 

                             ……………× 100 

                                    Co 

 

V.2.4 Modeling of adsorption isotherms and its studies 

In order to optimize the design of a sorption system to remove dyes from aqueous 

solutions, it is important to establish the most appropriate correlations for the equilibrium 

curves. The Langmuir and Freundlich isotherms are widely applied to adsorption 

processes. 

(a) Langmuir isotherm 

The most widely used isotherm equation for modeling of the adsorption data is the 

Langmuir equation, which is valid for monolayer sorption onto a surface with a finite 

number of identical sites and is given by following equation, 



Chapter V. Surfactant templated nanostructured phosphomolybdates 

 

 

138 
 

𝑞𝑒=
 Qmax  bL  Ce

1+bL  Ce
 

For solid - liquid systems, the Langmuir isotherm is expressed in the linear form as [28]:  

Ce

qe
   =   

1

 Qmax  bL
  +  

Ce

Qmax
 

where,  

qe = The amount of dye adsorbed per gram of the adsorbent at equilibrium 

Qmax = monolayer adsorption capacity, (mg/g), signifies the solid phase concentration, 

corresponding to the complete coverage of available sorption site, can be evaluated from 

the slope of Langmuir isotherm plot (Ce/qe against Ce)  

Ce = The equilibrium concentration of adsorbate (mg/L) 

 bL = Langmuir Isotherm constant ( L/g). This value corresponds to energy of sorption, 

calculated from the intercept of the linear plot of Langmuir isotherm. 

The best-fit equilibrium model was determined based on the linear squared regression 

correlation coefficient R
2
. The dimensionless separation factor RL describes the type of 

isotherms and is defined by, 

                                           RL =
1

1+bCo
 

where,  

b is Langmuir constant  

Co is the adsorbate initial concentration.  

The parameters indicate the shape of the isotherm accordingly, if, RL value lies in 

between 1 to 0, then favorable adsorption indicated. If, RL value greater than 1, 

unfavorable adsorption, while a value of 1 represents linear & unfavorable and 0 

represents irreversible. 
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(b)  Freundlich isotherm 

The Freundlich isotherm model is derived by assuming a heterogeneous surface with a 

non-uniform distribution of heat of adsorption over the surface, the Freundlich model in 

non-linear & linear form can be expressed as [29], 

𝑞𝑒  =   = KF (Ce) 
1/n

 

                                            log 𝑞𝑒  = logKF  +  
1

n 
 log Ce 

where,  

KF is the Freundlich characteristics constant and 1/n the heterogeneity factor of 

adsorption, obtained from intercept and slope of ln(qe) vs ln(Ce) linear plot respectively. 

KF and n are the physical constants of Freundlich adsorption isotherm which indicate the 

adsorption capacity and adsorption intensity, respectively.  

If n =1, then the partition between the two phases is independent of the concentration. 1/n 

<1 indicate normal adsorption, 1/n >1 indicate cooperative adsorption and 1/n =1 is the 

linear adsorption isotherm. 

 

V.2.5 Adsorption Dynamics 

 Kinetics is of great significance to evaluate the performance of a given adsorbent and 

gain insight into the underlying mechanisms. Solute uptake rate determines the residence 

time required for completing the adsorption reaction and can be enumerated from kinetic 

analysis. The kinetics of sorption that defines the efficiency of sorption of Methylene 

Blue dye was checked by the pseudo-first order, pseudo-second order and intra-particle 

diffusion models. 
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(a) Pseudo-First Order Model 

The pseudo-first order rate expression of Lagergren model is generally expressed as 

follows [30]: 

dq

dt
  = k1 (qe – q) 

where,  

qe and q are the amounts of adsorbed dye (mg/g) onto the adsorbent at equilibrium and at 

time t (min), respectively 

k1 is the rate constant of first-order adsorption.   

The linear form of the above equation can be obtained as:                                                  

                                 log (qe-q) = log qe- k1 ( 
t

2.303
 ) 

The plot of log(qe-q) against t for the pseudo-first order equation gives a linear 

relationship and k1 and qe values can be determined from the slope and intercept of this 

equation, respectively. 

 

(b) Pseudo-Second Order Model 

The differential form of the pseudo-second order equation can be represented as [31]: 

dqt

dt
= K2 (qe - qt)

2
 

 where,  

K2 is the pseudo-second order rate constant (g/mg/min).  

The linear form of the above equation can be obtained by integration of the equation for 

the boundary conditions qt= 0 at t=0 and qt =qt at t=t,     

t

𝑞𝑡
  = 

1

𝐾2qe 2 +    
t

𝑞𝑒
 

A plot of t/qt versus t gives a straight line with slope 1/qe and intercepts 1/k2qe. 
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The initial Sorption rate, h (mg/g.min), at t ⟶0 is defined as: 

h = K2qe
2 

(c) Intra-particle Diffusion Model
 

The intra-particle diffusion model was proposed by Weber and Morris to identify the 

diffusion mechanism of the adsorption process [32]. Intra-particle diffusion is a transport 

process involving movement of species from the bulk of the solution to the solid phase. A 

plot of the amount of sorbate adsorbed, qt (mg/g) and the square root of the time, gives 

the rate constant (slope of the plot). It is calculated by using the intra-particle diffusion 

model [32] given as, 

qt = Kdiff t1/2 + C  

where, 

qt is the amount of dye adsorbed (mg/g) at time t.  

C is the boundary layer thickness  

Kdiff  is the intra-particle diffusion rate constant (mg/g/min) 

The plot of the amount dye adsorbed, qt versus 𝑡1/2  will give a straight line with a slope 

of  Kdiff   and an intercept of C. 

V.3 Characterization 

The synthesized CTAB templated PMO nanoparticles, 9 were characterized by 

techniques namely PXRD, FTIR and TGA as discussed under Section II.2.3 in chapter II. 

Field emission scanning electron microscopy studies (FESEM) and Energy dispersive X-

ray analysis (EDAX) were carried out using Gemini SEM 300 (Carl Zeiss). 
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V.4 Results and Discussion 

V.4.1 Characterization of CTAB templated PMO nanoparticles, 9 

The PXRD pattern of 9 (Figure V.1a) showed broad 00l reflections which indicated 

lamellar characteristics, with a d-spacing ~ 3.5 nm. FTIR of the synthesized PMO solid 

showed the presence of strong bands around 1068 cm
-1

 due to PO4 groups, peaks around 

881 and 613  cm
-1

 were attributed to Mo=O and Mo-O vibrations. Two absorption peaks 

at 2926 and 2850 cm
-1

 corresponded to the C-H stretching vibrations of methyl and 

methylene groups of CTAB. Peak at 1473 cm
-1 

were attributed to C-H bending vibrations 

of CTAB moiety as shown in Figure V.1b. The morphology and composition of the 

synthesized PMO solid was analyzed using FESEM and EDAX analysis. FESEM images 

indicated a spherical morphology with particle size varying from 78 to 167 nm (Figure 

V.2a). EDAX spectrum showed the peaks corresponding to carbon, nitrogen, phosphorus, 

molybdenum and oxygen (Figure V.2b). TGA showed weight loss in the temperature 

region 290-400°C due to the decomposition of CTAB moieties incorporated in the Mo-O-

P framework. The amount of CTAB present in the sample was estimated to be ~ 30%. 

The second weight loss occurred after 400°C due to the decomposition of the 

phosphomolybdate anion and a residual mass of 55% was obtained at 800°C. On the basis 

of TGA and EDAX, the composition was found to be (CTAB)PMoO6. 
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     Figure V.1 (a) PXRD and (b) FTIR of solid 9. 

 

Figure V.2 (a) FESEM and (b) EDAX spectrum of solid 9. 

 

Figure V.3 TGA plot of solid 9. 
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V.4.2 Dye removal studies 

The dye adsorption behavior of 9 was investigated by using methylene blue (MB) as the 

model dye. It was observed that 9 could effectively remove MB from the aqueous 

solution as shown in Figure V.4. The effect of various parameters such as adsorbent 

dosage, contact time, initial dye concentration and reusability of 9 for the removal of MB 

was further investigated. The nature of dye was also examined by using other dyes. 

V.4.2.1 Effect of adsorbent dosage 

The effect of adsorbent dosage was studied by varying the amount of 9 from 0.02 to 0.1g 

for the removal of MB dye. 25 mL of 5 ppm MB solutions containing varying amounts of 

adsorbents were stirred for 20 minutes. From Figure V.5, it can be inferred that an 

increase in the amount of solid 9, more dye moieties could be removed from dye 

contaminated water. The maximum removal efficiency was observed with a dosage of 

0.1g of 9. A further increase in the amount of 9 showed no significant increase in the dye 

removal. 
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Figure V.4 UV-Visible spectra of (a) solution of 5ppm MB and (b) MB solution obtained 

after treatment with 9 for 1 hour. Figures in the inset represent (i) the original solution of 

MB and (ii) MB solution obtained after treatment with 9 for 1 hour. 

 

Figure V.5 UV-visible absorption spectra of MB (5 ppm, 25 mL) solution showing the 

effect of dose on dye removal upon stirring for 20 minutes. 
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V.4.2.2 Effect of contact time 

The effect of contact time on the dye removal efficiency was also investigated using 25 

mL of 5 ppm MB solution containing 0.1g of 9. The solution was stirred and absorbance 

was measured at regular time intervals (10, 20, 30, 40, 50 and 60 minutes). Figure V.6 

shows the effect of contact time with respect to MB removal efficiency. From the figure it 

can be observed that MB removal increased with increase in time and a maximum 

removal was achieved at 40 minutes of stirring. After 40 minutes, the efficiency of 

adsorption process did not change significantly, which could indicate the equilibrium 

adsorption of the MB dye. Therefore, the equilibrium time for the MB dye adsorption 

process was found to be 40 minutes. 

 

  Figure V.6 Effect of contact time on MB dye removal by 9. 

 

V.4.2.2 Effect of initial dye concentration 

The initial concentration of dye has a significant impact on the adsorption process since it 

provides the necessary driving force for mass transfer between the aqueous phase 

(aqueous solution containing dye) and the solid phase (adsorbent). Hence, the effect of 

initial concentration of MB on the adsorption process was studied by varying the 
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concentration of MB. Figure V.7 shows the effect of the initial concentration of MB dye 

in the range of 3–8 ppm on the efficiency of dye removal at a PMO dosage of 0.1g and 

contact time of 40 minutes. It was observed that the percentage removal of dye sharply 

increased from 77% to 95% on increasing the initial dye concentration from 3ppm to 5 

ppm. Further increase in the MB dye concentration caused a decrease in the adsorption 

efficiency as seen in Figure V.7. An increase in the removal efficiency at low 

concentrations of dye solution could be due to the greater interaction of dye molecules 

with the surface and active sites in the solid, 9. However, a decrease in the dye removal 

efficiency at high dye concentrations could be attributed to the saturation of active sites in 

the solid, 9 at high concentrations of MB solution. 

 

 

Figure V.7 Effect of initial concentration of MB on the adsorption process. 
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V.4.2.3 Effect of the nature of dye 

Apart from MB dye, the effectiveness of 9 in removing other dyes viz; malachite green 

(MB), methyl orange (MO) and eosin Y (EY) was also examined for a clear insight of the 

adsorption mechanism. 0.1g of adsorbent was added to each of the dye solutions (25 mL, 

5 ppm) and stirred for 40 minutes. The initial and final absorbance was measured using 

UV-visible spectrophotometer. Figure V.8 shows the absorption spectra of dyes before 

and after treating with 9. It was observed that 9 could effectively remove malachite green 

(MG) similar to that of MB. On the other hand, the absorption spectra of anionic dyes viz; 

MO and EY after treating with 9 did not show any significant decrease in its intensity as 

observed in Figure V.8. Hence, it can be inferred that the synthesized solid, 9 was more 

effective in removing only the cationic dyes. 

V.4.2.3 Reusability of CTAB-PMO solid 

One of the crucial factors in the wastewater treatment process is the adsorbent's capacity 

to be reused and recovered. Solid 9 after treatment with the MB dye solution was filtered, 

washed with water and air dried. It was then retested for its adsorption efficiency in 

removing MB dye solution upto 10 cycles. Figure V.9 shows that there is no decrease in 

the percentage of removal of MB upto 6 consecutive cycles. However, a decrease in the 

percentage of removal of dye was observed in later cycles. 
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Figure V.8 UV-Visible spectra of 5ppm dye solutions (a) MB, (b) MG, (c) MO and (d) 

EY before (colored curve) and after (black curve) treating with 0.1g of 9. Image in the 

inset represents (i) the original dye solution and (ii) dye solution obtained after treatment 

with 9 for 40 minutes. 
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Figure V.9 Reusability of 9 on MB removal (25mL, 5 ppm MB solution with 0.1g 9, 

stirred for 40 minutes). 

 

V.4.3 Adsorption isotherms 

Adsorption isotherms provide information on the amount of dye adsorbed onto the 

surface of the adsorbent, the adsorption capacity, multilayer or monolayer formation, and 

type of interaction in between the adsorbate and adsorbent. Therefore, in this study, 

Langmuir and Freundlich isotherms have been applied to evaluate the adsorption capacity 

of the CTAB-PMO solid. 

 

V.4.3.1 Langmuir isotherm 

Langmuir isotherm model predicts monolayer coverage of the adsorbate on the outer 

surface of the adsorbent [33]. The applicability of the Langmuir model was evaluated 

from the plot of Ce/qe against equilibrium concentration, Ce for MB (Figure V.10). Qmax 

and Langmuir isotherm constant, b was evaluated from the slope and the intercept of the 

plot. Langmuir isotherm parameters obtained from the respective linear plot (Figure 
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V.10) and correlation coefficient are presented in Table V.1. The value of R
2
 was only 

0.703 which indicated that adsorption process does not follow Langmuir isotherm model 

and also the adsorption was not limited to monolayer coverage. 

 

Figure V.10 Langmuir isotherm plot of dye adsorption on 9 at room temperature 

(adsorbent dosage = 0.1g, stirring time = 40 minutes). 

Table V.1 Langmuir isotherm parameters of dye adsorption on 9.  

Qmax (mg/g) RL 

Langmuir constant 

(b) (L/mg) 

R
2
 

244.6  0.179 0.00914 0.703 

 

V.4.3.2 Freundlich isotherm 

The applicability of the Freundlich isotherm model was studied by plotting log qe against 

log Ce which gave a straight line as shown in Figure V.11. The slope and the intercept of 

the plot gave the value of 1/n and Kf and are tabulated in Table V.2. Freundlich isotherm 

provided better regression analysis with R
2 

= 0.992 (Table V.2) than Langmuir model (R
2
 

= 0.703). The value of n also indicated a heterogeneous nature of the surface. Therefore, 
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it can be inferred that adsorption of MB onto surface of 9 corresponds to multilayered 

heterogeneous adsorption. 

 

Figure V.11 Freundlich isotherm plot of dye adsorption on 9 at room temperature 

(adsorbent dosage = 0.1g, stirring time = 40 minutes). 

Table V.2 Freundlich isotherm parameters of dye adsorption on 9. 

Kf n R
2
 

0.0071 0.097 0.992 

 

V.4.4 Adsorption kinetics 

The adsorption kinetics of MB removal was studied using the pseudo first-order, pseudo 

second-order and intra-particle diffusion models. 

 

V.4.4.1 Pseudo first-order model 

The values of ln (qe-qt) were linearly correlated with t from which k1 and predicted qe can 

be calculated using the slope and intercept of the plot. Figure V.12 represents the pseudo- 
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first order kinetic plot for MB adsorption by solid, 9. The kinetic parameters obtained for 

the adsorption of MB on 9 have been listed in Table V.3. 

 

Figure V.12 The pseudo-first order kinetic model for MB adsorption by 9 (25 mL of 5 

ppm MB, adsorbent dosage = 0.1g, stirring time = 40 minutes). 

 

Table V.3 Kinetics constants and parameters determined using pseudo first-order model 

for the adsorption process. 

K1 (min
-1

) qe (graph) (mg/g) qe (exp) (mg/g) R
2
 

0.0676 26.56 228 0.965 

 

The value of the correlation coefficient, R
2
 was 0.965 (Table V.3) and the calculated qe 

value obtained from the graph (Figure V.12) was very low when compared with the 

experimental qe value. Hence, it can be inferred that the MB adsorption by 9 did not 

adhere to the pseudo-first order kinetic model. 
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V.4.4.2 Pseudo second-order model 

The pseudo second-order kinetics were studied by plotting t/qt versus t which gave a 

straight line with slope 1/qe and intercept 1/k2qe. Figure V.13 represents the pseudo 

second-order kinetic plot for MB adsorption by solid, 9. The kinetic parameters obtained 

from the plot have been listed in Table V.4. 

 

   Figure V.13 The pseudo- second order kinetic model for MB adsorption by PMO solid 

(25 mL of 5 ppm MB and PMO dosage = 0.1g). 

 

Table V.4 Kinetics constants and parameters determined using pseudo-second order 

model for the adsorption process. 

K2 (g/mg/min) qe (graph) (mg/g) qe (exp) (mg/g) R
2
 

0.860 232 228 0.996 

 

Table V.4 shows that the experimental and calculated qe values were comparable. 

Moreover, the value of the correlation coefficient is nearly unity (R
2
 = 0.99). Therefore, 
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it can be concluded that kinetic mechanism of MB adsorption by 9 follows the pseudo-

second-order model. 

V.4.4.3 Intra-particle diffusion model 

The applicability of the intra-particle diffusion model on the adsorption of MB by 9 was 

evaluated by plotting a graph between qt and the square root of time (t
1/2

) as shown in 

Figure V.14. Kdiff (mg g
-1

 min
-1/2

) is the rate constant of the intra-particle diffusion 

obtained from the slope and C (mg g
−1

) is constant found from the intercept of the plot 

drawn between qt and t
1/2

. Table V.5 shows the values of kinetic constants and 

parameters determined using intra-particle diffusion plot. 

 

Table V.5 Kinetics constants and parameters determined using intra-particle diffusion 

model for the adsorption process. 

Kdiff (mg g
-1

 min
-1/2

) C (mg g
-1

) R
2
 

3.536  204.37  0.970 

 

 

Figure V.14 The intra-particle diffusion model for MB adsorption by PMO solid (25 mL 

of 5 ppm MB and PMO dosage = 0.1g). 
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According to this model, the intra-particle diffusion is the rate-limiting step when the plot 

passes through the origin (as C equals to zero) [32]. As shown in Figure V.14, qt versus 

t
1/2 

resulted in a linear plot and regression analysis showed the value of correlation 

coefficient, R
2
 = 0.97 (Table V.5). However, the plot did not pass through the origin 

indicating that the adsorption of MB onto 9 was not diffusion controlled. 

V.4.5 Mechanism 

Based on the experimental results, it seems that the fundamental mechanism of adsorption 

of dyes by solid 9 involves electrostatic interactions. Cationic dyes such as MB and MG 

could be strongly adsorbed onto the negatively charged surface of solid 9 via electrostatic 

attraction. A schematic representation of adsorption of MB by solid 9 is shown in figure 

V.15. However, repulsive electrostatic interactions become dominant between anionic 

dyes and solid 9, which resulted in their poor adsorption. 

 

 

Figure V.15 Adsorption of MB onto the surface of solid 9 via electrostatic attraction. 
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V.5 Conclusion 

Nanostructured phosphomolybdate solid templated by cationic surfactant, CTAB was 

synthesized under ambient conditions and characterized. The synthesized hybrid was 

investigated for its efficiency in removing cationic and anionic dyes from aqueous 

solution. The solid, 9 was found to be effective adsorbent in removing cationic dyes viz; 

methylene blue and malachite green. The maximum removal efficiency of 94.8 % was 

achieved on treating 25mL of 5ppm MB solution with 0.1g of 9 for 40 minutes. The solid 

9 could be reused upto 6 cycles without any loss in adsorption efficiency. The equilibrium 

adsorption data was best modeled using the Freundlich isotherm and the pseudo second-

order kinetic model provided the best correlation for the experimental data. CTAB 

templated PMO nanoparticles appear to be a promising novel adsorbent for selective 

removal of cationic dyes in effluent treatment process. 
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Summary 

In this chapter, a novel binary composite of ammonium phosphomolybdate (APM) with a 

conducting polymer viz. Polypyrrole (Ppy), has been synthesized by chemical oxidative 

polymerization method using ammonium per sulphate (APS) as the oxidant. The 

formation of APM-Ppy composite was confirmed by FTIR and PXRD. The morphology 

and composition of the composite was established using FESEM and EDAX. The thermal 

stability of the composite was investigated using TG analysis. The effect of various 

parameters such as molar ratio of reactants, stirring time and temperature on the 

formation of the composite was also studied. Further, the potential of the synthesized 

composite to be used as an indicator in acid-base titrations was also investigated. 
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VI.1 Introduction 

Composite materials have gained significant attention due to their unique properties and 

potential for various applications. These materials are composed of two or more different 

components, which result in the final product having properties that are superior to those 

of the individual components. Keggin type phosphomolybdates belong to a class of 

polyoxometalate solids having the general formula [PMo12O40]
n-

 and they possess several 

unique properties [1-3]. Recently, a few composites of Keggin-type phosphomolybdates 

(PMOs) have been synthesized, and they seem to have potential uses as sensors, catalysts, 

and in energy storage applications [4-7]. Such PMOs with its strong oxidizing potential 

and inherent acidity can also serve as ideal candidates for the formation of 

polyoxomolybdate-polymer composites with polymers like acrylonitrile, vinyl alcohol, 

etc. [8-10]. A review of such binary composites of phosphomolybdates with polymers 

published in the past decade has been summarized in Table VI.1. 

Among the various Keggin based polyoxometalates, ammonium phosphomolybdate, 

{NH4}3[PMo12O40].xH2O is a redox active inorganic cluster solid exhibiting wide range 

of applications such as ion-exchanger, in drug delivery systems, DNA synthesis, 

dielectric material and memory device fabrication [11-15]. This versatile ammonium 

phosphomolybdate (APM) solid when embedded into the polymer matrix can often result 

in improved properties of the composites formed. For example, a composite of APM with 

polyacrylonitrile was found to be an effective ion-exchange membrane for selective 

removal of cobalt, strontium and cesium from radioactive laundry waste water as reported 

by Park et.al. [16]. Similarly, conducting polymers such as polypyrrole, polythiophene, 

polyaniline, etc. can serve as ideal platforms to embed the redox-active PMOs which in 

turn can produce novel composite materials with interesting properties [17]. 
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Table VI.1 A review of phosphomolybdate-polymer composites reported in the last 

decade. 

S. 

No. 

Keggin type and 

polymer 

Synthetic method Property/ 

Application 

Ref. 

1. APM - Polyacrylonitrile Chemical 

polymerization 

method using 

surfactant 

Removal of Cs
+
 by ion 

exchange 

Removal of cobalt, 

strontium and cesium 

from nuclear-waste 

water 

[ 8] 

[16] 

2. H3PMo12O40 - 

Poly vinyl alcohol 

Layer by layer 

(LBL) assembly 

technique 

Photochromic property [10] 

3. H3PMo12O40- 

Polyaniline 

Chemical oxidative 

polymerization 

with APS 

Electrocatalytic 

property 

[18] 

4. H3PMo12O40 - 

polyacrylamide 

Direct mixing of 

solutions in 

deionized water 

Photochromic property [19] 

5.  H3PMo12O40- 

Chitosan 

Direct mixing of 

the reactants with a 

cross linking agent 

Improved mechanical 

properties 

[20] 

6. H3PMo12O40- 

Chitosan 
By sonication 

method in presence 

of surfactant 

Antimicrobial activity [21] 

7. H3PMo12O40- 

Polymethylmathacrylate 

Prepared by 

electrospinning 

Photocatalytic property [22] 

8. [PMo12O40]
3-

- 

polyamidoamine 

LBL assembly 

method 

Electrocatalytic 

property 

[23] 

9. [PMo12O40]
3-

- 

polypyrrole 

Co-

electrodeposition 

using chrono-

amperometric 

technique 

Humidity sensing [24] 
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Therefore, in this chapter, synthesis of composite of APM with a conducting polymer viz. 

Polypyrrole (Ppy) via chemical oxidative polymerization method using Ammonium 

persulphate (APS) has been carried out and characterized. Further, the role of reaction 

parameters on the formation of composite was explored by varying the concentration of 

the reactants, temperature and stirring time. In addition, the potential of APM-Ppy 

composite to act as an indicator in acid-base titrations was also studied. 

VI.2 Experimental 

VI.2.1 Synthesis of APM/Polymer composite 

The synthesis of composite based on APM and Ppy was carried out as follows: 

To a stirring solution of 20 mL ammonium heptamolybdate, (NH4)6Mo7O24.4H2O (0.03 

M, Merck, 99%) kept in a water bath, 10 mL of disodium hydrogen phosphate dihydrate, 

Na2HPO4.2H2O (0.2 N, Aldrich, 99%) in 8 mL conc. HNO3 was added. 0.6 mL of pyrrole 

was dissolved in 10 mL of distilled water and was added in small aliquots along with 0.5g 

Ammonium persulphate (APS) simultaneously to the above stirring solution. The 

contents were stirred for 20 minutes and the resultant black powder was washed with 

water and filtered. The products thus obtained were dried in oven for 5 hours at 60°C. 

The effect of various parameters such as molar ratio of reactants, stirring time, 

temperature, etc. on the formation of the composite was also investigated.  

 

VI.2.2 Synthesis of APM 

Synthesis of APM and Ppy were carried out independently inorder to compare the FTIR 

and PXRD patterns of composite with that of APM and polymer, thereby it could also 

confirm the formation of the composite. 
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APM was synthesized as per the procedure reported in literature by Joseph et. al.[12]. A 

solution containing 11.05 g of (NH4)6Mo7O24.4H2O with 15 mL of ammonia solution and 

10 mL of distilled water was boiled and made upto 250 mL. 100 mL of the above solution 

was added to 40 mL of 0.067 M solution of Na2HPO4.2H2O and 20 mL of conc. HNO3 

and stirred for 10 minutes. The resultant solution was kept undisturbed for 18 hours. The 

canary yellow precipitate of APM thus obtained was washed with water, filtered and air 

dried. 

VI.2.3 Synthesis of Polypyrrole 

Ppy was synthesized via chemical oxidative polymerization of pyrrole using APS as the 

oxidant similar to the procedure reported in literature [25]. In a typical synthesis, 1.2 mL 

of pyrrole was dissolved in 20 mL of distilled water and kept in an ice bath. To the 

stirring solution, 0.5g APS dissolved in 10mL of distilled water was added and stirred for 

4 hours. The black powder of Ppy formed was washed several times with ethanol and 

water, filtered and dried in oven for 6 hours at 100°C. 

 

Scheme VI.1 Synthetic procedure for preparing APM-Ppy composite. 

 

VI.3 Characterization 

Synthesized APM-Ppy composite was characterized by techniques namely PXRD, FTIR 

and TGA as discussed under Section II.2.3 in Chapter II. The morphology and 
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composition of the composite was established using FESEM and EDAX as discussed 

under Section V.2.3 in Chapter V. 

 

VI.4 APM-Ppy composite as acid-base indicator 

Conducting polymers such as polyaniline are well-known for their electrical and optical 

properties that can be varied via protonation or deprotonation of the amine nitrogen 

atoms. Similarly, Polypyrrole also changes color in acidic and basic solutions due to 

protonation and deprotonation respectively. Therefore, APM-Ppy composite was tested 

for its behaviour in various acidic and basic solutions and investigated for its potential to 

be used as indicator in acid-base titrations. 

 

VI.4.1 Solubility test 

0.003g of Ppy and APM-Ppy was weighed separately in five beakers (i)-(v). 20mL of 

distilled water, HCl (0.1N), Oxalic acid (0.1N), Na2CO3 (0.1N) and NaOH (0.1N) 

solution was added respectively and stirred for 5 minutes. The contents were filtered and 

color in the beakers (i)-(v) was noted under visible light. Both Ppy and APM-Ppy showed 

yellow and reddish-brown color in acidic and basic solutions respectively. The change in 

color from yellow to reddish-brown upon increasing pH from acidic to neutral to basic 

was evaluated using UV-Vis spectroscopy as well. Therefore, it was tested as acid-base 

indicators for various titrations.  

 

VI.4.2 Acid-base Indicator test  

Preparation of Indicator Solution 

Since Ppy and APM-Ppy composite showed color changes in acidic, basic and neutral 

conditions, its ability to act as acid-base indicators was tested. 0.003 g of Ppy and APM-
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Ppy were dissolved separately in 10 mL of DMF. The indicator solutions were shaken 

well until the entire compound was dissolved completely. 

Titrations 

The following titrations were performed in the presence of 0.5 mL of the indicator 

solution at room temperature: 

(i) 20 mL 0.1 N of HCl versus 0.1N of NaOH  

(ii) 20 mL 0.1 N of Oxalic acid versus 0.1 N of NaOH  

(iii) 20 mL 0.1 N of HCl versus 0.1 N of Na2CO3 

(iv) 20 mL 0.1 N of Oxalic acid versus 0.1 N of Na2CO3 

In all titrations, 20 mL of base was pipetted into a conical flask and 0.5 mL of indicator 

solution was added. The solution was titrated against acid till the color changed from 

reddish-brown to yellow. The titration was repeated to get concordant results. The 

titrations were also carried out using standard indicators namely phenolphthalein or 

methyl orange to validate the accuracy of the end point. 

VI.5 Results and Discussion 

APM-Ppy composite was synthesized via chemical oxidative polymerization method 

using APS as the oxidant. The formation of the composite was confirmed by comparing 

the FTIR and PXRD patterns of APM, Polypyrrole and APM-Ppy composite. 

VI.5.1 APM-Ppy composite structure and characterization 

Figure VI.1a shows the PXRD patterns of APM, Ppy and APM-Ppy composite. The X-

ray diffraction pattern of Ppy displayed a broad peak at around 2θ = 25°, which is the 

characteristic peak of amorphous Ppy [25]. PXRD pattern of APM showed well defined 

peaks corresponding to its crystalline nature and it matched well with JCPDS file no. 43-

0315 indicating the formation of single-phasic cubic {NH4}3[PMo12O40].xH2O having 
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lattice constant a = 11.67 Å. The PXRD pattern of the APM-Ppy composite exhibits a 

semi-crystalline behavior with well-defined peaks of APM along with broad peaks of 

Ppy, thus confirming the formation of APM-Ppy composite. 

The FTIR spectrum of APM-Ppy composite showed peaks characteristics of APM and 

Ppy (Figure VI.1b). The bands in the region 1100-500 cm
-1

 were attributed to the 

characteristic peaks of Keggin type heteropoly anions [26]. The peaks at 1062, 963 and 

880 cm
-1

 were assigned to γas(P-Oa), γas(Mo-Od) and γas(Mo-Ob-Mo) respectively [12]. 

The peak at 3234 cm
-1 

was assigned to the presence of N-H stretching vibrations of Ppy. 

The characteristic peaks at 1518 cm
–1

 and 1423 cm
–1

 correspond to the C=C stretching, 

whereas peaks at 1656 cm
–1 

and 1355.4 cm
–1

 represented C=N and C–N vibrations 

respectively [27]. 

 

 

Figure VI.1 (a) PXRD of (i) APM (ii) APM-Ppy (iii) Polypyrrole and (b) FTIR of APM-

Ppy composite. 
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FESEM image of the APM-Ppy composite indicated that the particles are having 

spherical morphology with particle size ranging from 50-140 nm (Figure VI.2a). EDAX 

spectrum showed the peaks of carbon, nitrogen, phosphorous, molybdenum and oxygen at 

0.277(Ka1), 0.392(Ka1), 2.014(Ka1), 2.418(Lβ2) and 0.525(Ka1) respectively (Figure 

VI.2b). Scheme VI.2 shows the formation of APM-Ppy composite. 

 

Figure VI.2 (a) FESEM image and (b) EDAX of APM-Ppy composite. 

 

 

Scheme VI.2 Formation of APM-Ppy composite via oxidative polymerization. 

 

VI.5.2 Thermal analysis 

The thermal stability of the synthesized composite was studied using thermogravimetric 

analysis in the temperature range from RT to 800°C. Figure VI.3 shows the TG curve of 

APM-Ppy composite. The weight loss occurred in three steps corresponding to loss of 
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water molecules, Ppy moieties and finally formation of residual MoO3 with simultaneous 

release of P2O5. 

 

Figure VI.3 TG plot of APM-Ppy composite. 

VI.5.3 Influence of reaction parameters on the formation of composite 

The composition and morphology of composite materials are greatly influenced by 

reaction conditions such as molar ratio of the reactants, temperature, pH and stirring time. 

Therefore, the influence of reaction parameters viz. concentration of Ppy, stirring time 

and temperature on the formation of composite was studied. 

VI.5.3.1 Effect of concentration of pyrrole 

Different concentrations of pyrrole were used for preparing the APM-Ppy composite, 

keeping the concentrations of other reactants constant as per the procedure discussed 

under Section VI.2.1. It was observed that at lower concentrations of pyrrole (0.2 mL and 

0.3 mL), phosphomolybdate solids were formed as indicated by the PXRD patterns in 

Figure VI.4. When the concentration was increased to (0.6 mL), APM-Ppy composite was 

formed. However, upon further increasing the concentration to 1.2 mL, pure Ppy was 

obtained which was confirmed from the PXRD pattern shown in Figure VI.4. 
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Figure VI.4 PXRD patterns of solids obtained at various concentrations of pyrrole. 

 

VI.5.3.2 Effect of stirring time 

The influence of stirring time on composite formation was also studied. At stirring times 

of 5 minutes and 10 minutes, APM was formed. The composite formation began on 

increasing the stirring time to 15 minutes and the optimum time required for forming 

APM-Ppy composite was found to be 20 minutes which was confirmed from the PXRD 

and FTIR spectra as shown in Figure VI.5 

VI.5.3.3 Effect of temperature 

Polymerization of pyrrole is usually carried out at lower temperatures as reported in 

literature [25]. Hence, during the synthesis of composite, the reactant mixture was kept in 

an ice bath for effective polymerization and formation of APM-Ppy composite. The 

synthesis was repeated at varying temperatures for studying the effect of temperature on 

the formation of composite. It was observed that composite formation easily took place at 

temperatures ranging from room temperature (RT) to as low as 3°C as indicated by Figure 

VI.6 
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Figure VI.5 (a) PXRD and (b) FTIR patterns of solids obtained at different stirring time. 

 

 

 

Figure VI.6 (a) PXRD and (b) FTIR patterns of solids obtained at different temperatures. 
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VI.5.4 Solubility test and color 

The solubility of Ppy and APM-Ppy composite was tested in various solutions such as 

distilled water, 0.1N HCl, 0.1N oxalic acid, 0.1N NaOH and 0.1N Na2CO3. It was 

observed that Ppy was insoluble in water and acidic solutions but soluble in NaOH and 

Na2CO3. It displayed yellow color in neutral and acidic solutions whereas the color 

changed to reddish-brown in basic solutions (Figure VI.7a). A similar color variation was 

also displayed by APM-Ppy composite (Figure VI.7b), but the solubility of the composite 

in the solutions was more when compared to the polymer. 

 

Table VI.2 Table summarizing results obtained from solubility test and color displayed 

by Ppy and APM-Ppy in various acid-base solutions. 

 

Ppy Water HCl Oxalic acid NaOH Na2CO3 

 

Solubility Insoluble Insoluble Insoluble Soluble Soluble 

 

Color Yellow Yellow Yellow Reddish-

brown 

Reddish-

brown 

APM-Ppy  

Solubility Partially 

soluble 

Partially 

soluble 

Partially 

soluble 

Soluble Soluble 

 

Color Yellow Yellow Yellow Reddish-

brown 

Reddish-

brown 
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Figure VI.7 Color displayed by (a) Ppy and (b) APM-Ppy in (i) distilled water, (ii) HCl 

(0.1 N), (iii) Oxalic acid (0.1 N), (iv) Na2CO3 (0.1 N) and (v) NaOH (0.1 N). 

VI.5.5 Acid-base Indicator test  

Ppy and APM-Ppy composite had a stable color in acid, base and neutral solutions and 

showed reversible and sharp color changes when moving from acidic condition to the 

basic condition or vice versa. Hence, end point could be determined with high precision 

using both Ppy and APM-Ppy composite. The following tables include titration data of 

acid-base reactions that were used to evaluate the indicator property of Ppy and APM-

Ppy. Figure VI.8 and VI.9 show the colors of solutions in acid and base conditions using 

Ppy and APM-Ppy indicator solutions respectively. 
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Titration I: 20 mL 0.1 N of HCl versus 0.1 N of NaOH  

Indicator used Volume of 

NaOH (mL) 

Color in acid Color in base 

Phenolphthalein 19.4 Colorless Pink 

PPy 19.2 Yellow Reddish-brown 

APM-Ppy 19.1 Yellow Reddish-brown 

 

Titration II: 20 mL 0.1 N of Oxalic acid versus 0.1 N of NaOH  

Indicator used Volume of 

NaOH (mL) 

Color in acid Color in base 

Phenolphthalein 19.8 Colorless Pink 

PPy 19.7 Yellow Redddish-brown 

APM-Ppy 19.7 Yellow Redddish-brown 

 

Titration III: 20 mL 0.1 N of HCl versus 0.1 N of Na2CO3 

Indicator used Volume of 

Na2CO3 (mL) 

Color in acid Color in base 

Methyl orange 18.4 red Yellow 

PPy 18.2 Yellow Redddish-brown 

APM-PPy 18.1 Yellow Redddish-brown 

 

Titration IV: 20 mL 0.1 N of Oxalic acid versus 0.1 N of Na2CO3 

Indicator used Volume of 

Na2CO3 (mL) 

Color in acid Color in base 

PPy 20.5 Yellow Redddish-brown 

APM-PPy 20.4 Yellow Redddish-brown 
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Figure VI.8 Colors of solution before and after end point in using Ppy indicator solution 

in (a) HCl versus NaOH (b) Oxalic acid versus NaOH (c) HCl versus Na2CO3 (d) Oxalic 

acid versus Na2CO3 titration. 
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Figure VI.9 Colors of solution before and after end point in using APM-Ppy indicator 

solution in (a) HCl versus NaOH (b) Oxalic acid versus NaOH (c) HCl versus Na2CO3 (d) 

Oxalic acid versus Na2CO3 titration. 

 

Figure VI.10 Reversible color change of solution indicating the utility of APM-Ppy 

indicator solution for double burette titration as well. 
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The change in color from yellow to reddish-brown upon increasing pH from acidic to 

neutral to basic was evaluated using UV-Vis spectroscopy as well for APM-Ppy 

composite. A shift in λmax was observed upon change in pH as shown in Figure VI.11. 

The absorption peak of APM-Ppy composite showed a red shift in basic solutions due to 

the deprotonation of the pyrrole units. At lower pH solutions pyrrole moieties become 

protonated which causes a blue shift in the UV-visible spectra. 

 

 

Figure VI.11 UV-visible spectra of APM-Ppy composite in acidic, neutral and basic 

solutions. 

Table VI.3 λmaxvalues with varying pH. 

Solution pH APM-Ppy,λmax(nm) 

Distilled water 7.0 412 

0.1 N of HCl 1.5 409 

0.1 N of Oxalic acid 3.1 410 

0.1 N of NaOH 10.2 418 

0.1 N of Na2CO3 8.3 417 
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From the above results it can be observed that the APM-Ppy composite retains the acid-

base properties of Polypyrrole. Moreover, the composite is soluble in all solvents when 

compared to Polypyrrole and APM. This makes it an excellent medium as an indicator in 

acid-base titrations and also as a pH sensor. 

VI.6 Conclusions 

A novel composite of APM-Ppy was synthesized by chemical oxidative polymerization 

method using APS and characterized using FTIR, PXRD, FESEM and EDAX. The 

thermal stability of the composite was studied by thermogravimetric analysis. The 

influence of reaction parameters such as concentration of pyrrole, stirring time and 

temperature on composite formation was investigated. It was found that composite could 

be easily synthesized at temperatures ranging from RT to as low as 3°C, with 0.6mL 

pyrrole and 20 minutes stirring time. APM-Ppy composite was also found to be an 

excellent acid-base indicator in various titrations and can be used as a pH sensor. 
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This thesis describes the synthesis and characterization of various organic-inorganic 

hybrid solids of polyoxometalates and transition metal complexes, based on Cobalt, 

Copper and Molybdenum and investigation of its properties. A brief summary of the work 

discussed in previous chapters and the general conclusions drawn from the research are 

outlined in this chapter. 

Chapter I provides a brief review on organic-inorganic hybrid solids; its historical 

perspective and development. A detailed discussion on the structure, properties and 

applications of POM cluster based hybrids (Class A) and transition metal based hybrids 

(Class B) were presented. Various synthetic methods used for the preparation of hybrid 

solids were also discussed. Finally, the motivation for the present work was briefly 

outlined. 

Chapter II describes the self-assembly of Anderson-Evans type POM cluster based hybrid 

solids, prepared via solvent evaporation method and pyrazole as the organic precursor. 

The synthesized solids were characterized by SCXRD, PXRD, FTIR and TGA. The 

synthesized Anderson clusters were found to be promising candidates for effective 

polymerization of pyrrole and for preparing polymer based composite materials. 

One of the objectives of the work was to explore the nature of reaction conditions such as 

temperature, pH, nature of reacting molecular units and effect of solvent in the formation 

of various hybrid solids which in turn can affect the final properties. Hence, in Chapter 

III, an attempt was made to synthesize POM cluster hybrids with 2-aminopyrazine as the 

organic precursor. However, it resulted in the formation of a new complex of cobalt 

namely, [Co(2-Hampz)2Cl4] which was a pseudopolymorph of [Co(2-ampz)4Cl2]. The 

synthesized Co(II) complexes were screened for their antibacterial activity against various 

bacterial strains. Molecular docking studies were also carried out using DNA gyrase as 
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the protein target. The in vitro and in silico studies indicated that the complexes can cat as 

novel antimicrobial agents. 

Chapter IV investigates the phenomenon of chromotropism in aminopyridine based 

tetrachlorocuprates, particularly, solvatochromism, vapochromism and thermochromism. 

Tetrachlorocuprate(II) anions stabilized by protonated aminopyridines was found to be a 

significant class of chromogenic materials which may find application as sensors and 

detectors. 

Chapter V describes the synthesis and characterization of surfactant (CTAB) templated 

phosphomolybdate solid. The hybrid was investigated for its potential in removing 

cationic and anionic dyes from aqueous solutions and was found to be an effective 

adsorbent for removing cationic dyes. It could also be reused upto 6 cycles without any 

loss in its adsorption efficiency and hence it can serve as a novel adsorbent for selective 

removal of cationic dyes in effluent treatment process. 

Chapter VI explores the synthesis and characterization of a novel composite based on 

ammonium phosphomolybdate and Polypyrrole. It was found that the new composite 

displayed interesting color variations in acidic, basic and neutral solutions and hence, can 

be used as a pH sensor and as an end point indicator in different acid-base titrations. 
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“Our imagination is the only limit to what we can hope to have in the future.”  

- Charles F. Kettering 

 

This thesis has been mainly focused on the synthesis, characterization and properties of 

different types of organic-inorganic hybrid solids based on cobalt, copper and 

molybdenum. The work presented in this thesis opens up several new opportunities. A 

few of them are listed below. 

 Most hybrid solids in this work were synthesized by solvent evaporation method 

at ambient conditions which was more time consuming. However, various other 

methods like hydrothermal, layer diffusion, sonication method, etc. can also be 

tried for the self-assembly of hybrid solids which may result in new materials with 

improved properties. 

 In Chapter II it was found that Anderson-Evans type POM solids can be used for 

preparing pyrrole polymer composite materials. In continuation of this work, a 

different molybdenum source, APM was also tried for preparing polymer 

composites in chapter VI which showed potential as acid-base indicator to be used 

in titrations. There is more scope for further investigation of other properties and 

applications such as sensing of metal ions and biomolecules of such novel 

composites. Several POM hybrids are reported to be excellent photocatalysts in 

various reactions. Hence, the synthesized POM cluster hybrids and composites 

can also be explored for its photocatalytic activity. 

 Research on hybrid compounds belonging to the class of transition metal 

complexes is extensive. In Chapter III, Co(II) complexes with 2-aminopyrazine 

were screened for its antibacterial activity, whereas in Chapter IV, Cu(II) 

complexes with isomeric aminopyridines were explored for the chromotropic 
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phenomena. Further studies (in vitro and in vivo) can be done to investigate the 

potential of the above metal complexes as antioxidant, antiviral and anticancer 

drugs. In addition, aminopyrazines and aminopyridines can also be combined with 

other transition metal ions to form new complexes with novel properties. 

 In chapter V, CTAB templated PMO hybrids were found to be effective adsorbent 

for removing cationic dyes from aqueous solution. Such surfactant templated 

nanostructures provide scope for investigating other applications such as catalytic 

and chromogenic materials and also in biomedical field. 
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