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SYNTHESIS AND CHRACTERIZATION OF Ni(II), Cu(II) AND Zn(II) 

COORDINATION POLYMERS AND THE APPLICATIONS IN 

ELECTROCHEMICAL STUDIES AND ADSORPTION OF DYES 

ABSTRACT 

This work describes the synthesis and characterization of benzylimidazole and 

piperazine based coordination polymers with two different linkers (adipic acid (A) and 

terephthalic acid (T)) namely: TBim-Ni-CP (a), TBim-Cu-CP (b), TBim-Zn-CP (c), 

ABim-Ni-CP (d), ABim-Cu-CP (e), ABim-Zn-CP (f), TP-Ni-CP (g), TP-Cu-CP (h), 

TP-Zn-CP (i), AP-Ni-CP (j), AP-Cu-CP (k), AP-Zn-CP (l). The physical and chemical 

characterization of these coordination polymers have been studied by elemental 

analysis, Fourier transform infrared spectrometry, single crystal and powder X-ray 

diffraction, BET surface area analysis, thermogravimetric analysis and electrical 

impedance spectroscopy for conductivity analysis. The synthesized coordination 

polymers were used as a modifier for carbon paste electrode to study the 

electrochemical behaviour of ferricyanide. Electrochemical characterization revealed 

that the newly synthesized coordination polymers have excellent potential as electrode 

modifier for the redox reaction of ferricyanide. The redox reaction of ferricyanide was 

reversible and diffusion controlled and the calculated diffusion coefficient values were 

in the range of 1.89-5.96 ×10-5 cm2 s-1. BET and conductivity measurements showed 

that AP-Ni-CP has large pore size of 361.57 Å and high conductivity of 1.28×10-3 S/cm 

compared to other coordination polymers. Therefore, AP-Ni-CP was selected as 

electrochemical sensor to study the electrochemical detection of H2O2. Systematic 

optimization procedures were carried out for AP-Ni-CP/CPE by cyclic voltammetry and 

chrono-amperometry methods. Under optimized condition AP-Ni-CP/CPE response 

was linear for H2O2 in the concentration from 0.004 to 60 mM with the limit of 
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detection of 0.0009 mM. The effect of interfering species on the reduction peak current 

response show a minor change of signals (>5%). The modified electrode has good 

repeatability due to lifetime stability. AP-Ni-CP/CPE electrode was also applied in real 

samples (lens cleaner solution) for the detection of H2O2 with the recoveries of 94.7 to 

107%. The application of the synthesized coordination polymers has been extended to 

adsorption study. Adsorption behaviour of the synthesized coordination polymers 

towards two oppositely charged dyes (Methylene Blue and Chicago Sky Blue) were 

explored through batch method by UV–vis spectrophotometer. Comparison study of 

adsorption of dyes show that coordination polymers were more selective toward anionic 

dyes Chicago Sky Blue (CSB) compared to cationic dye Methylene Blue (MB) due to 

the presence of cationic groups in coordination polymers. The % removal for CSB and 

MB are in the range of 65-95% and 4-48 % respectively. ABim-Zn-CP (f) was selected 

for the kinetic and isotherm study of CSB and MB due to it good % removal towards 

both dyes. Adsorption parameters, including adsorbent dosage, pH of solution, dye 

concentration, and time were optimized. ABim-Zn-CP has excellent percentage capacity 

of 144.26 mg/g and 174.64 mg/g for CSB and MB respectively. Kinetics studies 

indicated that the synthesized adsorbent ABim-Zn-CP (f) followed the pseudo-second 

order rate model with R2 value 0.991 and 0.993 respectively, for CSB and MB. The 

Langmuir isotherm with high R2 value as compared to Freundlich isotherm indicated 

that CSB and MB adsorption for the synthesized coordination polymer follows 

monolayer adsorption. The adsorbent also has excellent potential application in 

environmental water sample with recovery of 98% for mixture of both dyes. 

Keywords: Coordination polymers; piperazine; benzylimidazole; H2O2; CSB.   
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SYNTHESIS AND CHRACTERIZATION OF Ni(II), Cu(II) AND Zn(II) 

COORDINATION POLYMERS AND THE APPLICATIONS IN 

ELECTROCHEMICAL STUDIES AND ADSORPTION OF DYES 

ABSTRAK 

Kerja ini menerangkan tentang sintesis dan pencirian polimer koordinatan berasaskan  

benzilimidazole dan piperazin dengan dua penghubung yang berbeza (asid adipik (A) 

dan asid terephtalik (T)) iaitu: TBim-Ni-CP (a), TBim-Cu-CP (b), TBim-Zn-CP (c), 

ABIM-Ni-CP (d), ABIM-Cu-CP (e), ABIM-Zn-CP (f), TP-Ni-CP (g), TP- Cu-CP (h), 

TP-Zn-CP (i), AP-Ni-CP (j), AP-Cu-CP (k), AP-Zn-CP (l). Pencirian fizikal dan kimia 

polimer koordinasi ini telah dikaji menggunakan, analisis elemen, pegubah Fourier 

inframerah, pembelauan hablur tunggal sinar X-ray, pembelauan serbuk sinar-X, 

analisis kawasan permukaan BET, analisis termogravimetri dan analisis kekonduksian 

EIS. Polimer koordinatan yang telah disintesis digunakan sebagai pengubahsuai pes 

karbon elektrod (CPE) untuk mengkaji tingkah laku elektrokimia ferrisianida. 

Keputusan pencirian elektrokimia mendedahkan bahawa polimer koordinatan yang baru 

disintesis mempunyai potensi yang sangat baik sebagai pengubahsuai elektrod untuk 

tindak balas redoks bagi ferrisianida. Tindak balas redoks ferrisianida adalah berbalik 

dan dikawal oleh pembauran dan nilai pekali resapan yang dikira adalah dalam julat 

1.89-5.96×10-5 cm2 s-1. BET dan ukuran kekonduksian ukuran polimer koordinasi  

menunjukkan bahawa AP-Ni-CP mempunyai saiz liang besar 361.57 Å dan 

kekonduksian lebih tinggi 1.28×10-3 S/cm berbanding polimer koordinasi lain. Oleh 

yang demikian, AP-Ni-CP telah dipilih sebagai penderia elektrokimia untuk mengkaji 

pengesanan elektrokimia bagi H2O2. Prosedur pengoptimunan yang sistematik telah 

dijalankan bagi AP-Ni-CP/CPE mengunakan kaedah kitaran voltammetri dan krono-

amperometri. Di bawah keadaan yang dioptimumkan, sambutan AP-Ni-CP/CPE adalah 

linear untuk H2O2 dalam kepekatan dari 0.004 hingga 60 mM dengan had pengesanan 
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0.0009 mM. Kesan spesies pengganggu terhadap isyarat penurunan puncak arus 

menunjukkan perubahan isyarat yang kecil (> 5%). Elektrod yang terubahsuai 

mempunyaii kebolehulangan yang baik kerana kestabilan jangka hidup. AP-Ni-CP/CPE 

elektrod juga diaplikasikan dalam sampel sebenar (cecair pembersih kanta) untuk 

mengesan H2O2 dengan perolehan semula 94.77-107%. Penggunaan polimer 

koordinatan yang telah disintesis telah diperluaskan kepada kajian penjerapan. Sifat 

penjerapan polimer koordinasi yang disintesis terhadap dua pewarna yang bercas 

berlawanan (MB dan CSB) telah diteroka melalui kaedah kumpulan oleh UV-vis 

spektrofotometer. Kajian perbandingan penjerapan pewarna menunjukkan bahawa 

polimer koordinasi lebih selektif ke arah pewarna anionik CSB daripada pewarna 

kationik MB kerana kehadiran kumpulan kationik dalam polimer koordinasi. Peratus 

penyingkiran untuk CSB dan MB adalah masing-masing dalam lingkungan 65-95 % 

dan 4-48%. Tambahan pula, ABim-Zn-CP (f) telah dipilih untuk kajian kinetik dan 

isoterma daripada CSB dan MB kerana peratusan penyingkirannya yang baik ke atas 

kedua-dua pewarna. Parameter penjerapan, termasuk dos penjerap, pH larutan, 

kepekatan pewarna, dan masa, telah dioptimumkan. ABim-Zn-CP mempunyai 

peratusan kapasiti yang cemerlang iaitu 144.26 mg /g masing-masing dan 174.64 mg /g 

untuk CSB dan MB Kajian kinetik menunjukkan bahawa penjerap ABim-Zn-CP (f) 

yang sintesis mengikut model kadar tertib pseudo-kedua dengan nilai R2 0.991 dan 

0.993 masing-masing untuk CSB dan MB. Isoterma Langmuir dengan nilai R2 lebih 

tinggi berbanding isoterma Freundlich menunjukkan bahawa CSB dan MB terjerap 

kepada polimer koordinatanang disintesis melalui monolapisan. Penjerap juga 

menunjukkan  keupayaan aplikasi terhadap sampel air alam sekitar dengan perolehan 

semula 98% untuk campuran bagi kedua-dua pewarna. 

Kata Kunci: polimer koordinatan; piperazin; benzilimidazole; H2O2; CSB. 
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CHAPTER 1: INTRODUCTION AND LITERATURE REVIEW 

1.1  Background study 

The word ―coordination polymer‖ was firstly used by Shibata in 1916 to report the 

dimers and trimers of various cobalt(II) amine nitrate and the first review based on 

coordination polymer has been published in 1964 (Batten et al., 2012). In coordination 

chemistry, coordination polymers (CP) are defined as coordination complexes behaving 

as polymer units extending into polymeric chains through the coordination active sites 

(Biradha et al., 2009). Coordination polymers are composed of metal center, ligands 

and/or organic linkers, forming strong and stable complexes. The metal center 

coordinated to either same or more than one organic entity to make a polymeric array of 

coordination compounds into one-, two-,  or  three-dimensional frameworks (Figure 1.1) 

(Batten et al., 2012).  

 

 

Figure 1.1: Coordination polymers into one-, two-, or three-dimensional frameworks. 
(S = spacer inside the ligand, D= donor groups of the ligand; M=  metal ions) (Robin & 
Fromm, 2006). 

 The study on the structure of porous coordination polymers has significantly 

increased since early 1990s and a large number of well-designed microporous 
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coordination polymers are reported in literature. The researches on coordination 

polymer were more motivated due to flexible framework based on variety of 

multifunctional organic bridging groups and metal center (Huang et al., 2012). The 

combination of the metal ion and the organic linker of a coordination polymer, size of 

the ligand, ability of interaction between metal ions and ligand are among the important 

element needed to construct different type of geometries of coordination polymer 

(Valente et al., 2010; Yaghi et al., 2003; Yaghi, 2000; Yaghi et al., 1997). There are 

various reports in the field of coordination polymers due to the following points.  

(1)  The coordination of metal ion in the network of supramolecular structure not 

only controls the position of metal ion but also give properties to the materials based on 

metal as well as binding ligands.  In order to get stable coordination polymer which can 

be tuned, the types of metal centers and distances between them are very important for 

selection. (2) The selection of linkers and nodes suggested infinite opportunities for 

researchers to build new compounds with interesting structures and topologies. 

Furthermore, due to the computational resolution techniques and technological 

improvements in the field of X-ray measurements, the studies of crystals become much 

easier (Robin & Fromm, 2006). In coordination polymers the arrangement of 

constituents mostly present in solid state (in which the atoms or molecules occupying 

fixed positions with respect to one another and unable to move freely) (Janiak, 2003). 

The components are co-ordinated by coordination interactions and weaker forces such 

as van der Waals interactions, π–π stacking, hydrogen bonds in solution producing some 

small molecular units, and then, based on the same interaction self-assembly processes 

grow the coordination polymers (Figure. 1.2) (Kitagawa & Noro, 2004). Metal ions are 

usually called nodes whereas the ligands are the linkers. At the time of dissolution, the 

solid products are generally degrade 
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 or insoluble. X-ray crystallographic methods are the only method to determine the 

structures of coordination polymers and characterizations in solution usually prove only 

the existence of oligomer fragments. 

 

Figure 1.2: Formation of coordination polymers. 

Coordination polymers are specific chemical species, their properties are different 

from the metal ions, ligands and linkers from which they are composed. For designing a 

target structure with distinct role and properties, first step is to understand the 

underlying geometric principles. The approach for such principle was determined by 

O‘Keeffe and Yaghi by converting the crystal structures of coordination polymer into 

their underlying topological nets, which are basis for the design and description of other 

coordination polymer structures (Hu, 2011; Rosi et al., 2002). To achieve the desired 

structure from molecular building blocks there many synthetic approaches have been 

established. The structural chemistry has reached to a very mature level in a very short 

period of time. Coordination polymers (Figure 1.3) are now the new class that has been 

added in the conventional classification and occupied a significant position the area 
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materials (Kitagawa et al., 2004). However, the design of target complexes with the 

predicted structures and properties is still difficult and outstanding challenge due to 

many aspects, such as the nature of ligands used, metal ions, pH values, temperature, 

counter ions, the metal–ligand ratio and solvents (Ma et al., 2014; Cui et al., 2012; Hao 

et al., 2012; Effendy et al., 2004). 

 

Figure 1.3: Types of porous coordination polymers (Lee et al., 2013).  

1.2  Linkers and connectors  

Linkers and connectors are the fundamental parts of coordination polymers. 

They are the starting substances which construct the basic framework of the 

coordination polymer. There are other secondary constituents, such as, counter ions, 

template molecules or nonbonding guests and ligands. The significant features of linkers 

and connectors are the coordination of their binding sites and coordination numbers 

(Kitagawa et al., 2004). The building of coordination polymers transition-metal ions is 

often used as connectors.  Coordination numbers can vary from 2 to 7 giving numerous 

geometries depending on the central metal atom and its oxidation state such as linear, 

trigonal, tetrahedral, square-planar, square-pyramidal, trigonal-bipyramid, octahedral, 
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pentagonal-bipyramid, trigonal-prismatic, and the other distorted forms. By changing 

the reaction conditions such as ligands, counter ions and solvents, the metal ions with 

d10 configuration (CuI and AgI  ion) giving rise different types  of  geometries with 

different coordination number (Khlobystov et al., 2001; Kitagawa & Munakata, 1993; 

Munakata, Wu, & Kuroda-Sowa, 1998).  The polyhedral coordination geometry of the 

lanthanide ions and large coordination numbers from 7 to 10 are useful for the 

generation of novel and rare complex topologies. This reported coordination polymer 

[Ni(C12H30N6O2)(1,4-bdc)]⋅4 H2On (C12H30N6O2=macrocyclic ligand; 

bdc=benzenedicarboxylate) exhibit 1D chains, in which the bridging ligand 1,4-bdc 

occupied each axial site of the nickel–macrocyclic unit and 3D network forms by the 

hydrogen interaction between the chains (Choi & Suh, 1999). 

  Many organic linkers and ligands reported in literatures for the designing the 

coordination polymers. The linkers are the  organic functional groups such as -COO, –

NH2, OH, –SH, –SO3H, -PO3H that are used to bind with metal ions in order to produce 

different geometries for various applications (Sel et al., 2015b). There are different 

linking sites which provided by linkers with coordinate binding directionality and 

strength. The composition, preparation, and application of coordination polymers based 

on flexible linker were reported by Kitagawa and coworker (Kitagawa, 2014). The 

simplest and smallest of all linkers are halides (F, Cl, Br, and I). In last two decades‘ 

carboxylates based linkers have been widely used to design different types of 

coordination frameworks in order to get high surface areas (600 to >5000 m2/g) and 

uniform pore size distribution (Gagnon et al., 2011). The most familiar and generally 

used organic linkers with carboxylic acid functional group are adipic acid, benzene 1,4-

dicarboxylic (terephthalic) acid, benzene 1,3,5-tricarboxylic acid (TMA, trimesic acid), 

and benzene 1,2,4,5-tetracarboxylic acid (Figure 1.4). These are geometrically fixed 

organic linkers which are used to construct high topological frameworks and these 
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frameworks have good thermal and mechanical stability and having the ability to retain 

the porosity of compound after the removal of guest (solvent) molecule (Lin et al., 

2014). Dicarboxylate are most common ligands used in coordination polymers and 

present in the form derivative with benzene or naphthalene (rigid ligand) or flexible 

species with alkyl chains between terminal carboxylate groups. The subclass  of 

aliphatic carboxylates (malonate, succinate, glutarate and adipate)  have  a  large 

conformational freedom property, which yield a wide variety of structural design and 

topologies  to shows itself in a variety of connection modes (Baca et al., 2016; Batten et 

al., 2009). Terephthalic acid is a widely used ligand due to the rigidity of benzene ring. 

The attachment of carboxylic acid at para position facilitate polymer formation and 

discourages the formation of distinct complexes. Yaghi, O‘Keeffe and co-workers have 

been widely study the synthesis of coordination polymers and to investigate the packing 

of infinite rod-shaped building blocks using large rigid dicarboxylate. Large number of 

terephthalate polymers have been synthesised for carbon dioxide uptake, the 

frameworks of those polymers are a-Po or distorted a-Po topology. For example a 3D 

polymer [Gd2(1,4-bdc)3(DEF)2] H2O (Poulsen et al., 2005) (DEF= N,N-

diethylformamide) containing ligand terephthaic acid in which carboxylate chains are 

connected by the terephthalic acid linker (similar to those observed for 

monocarboxylate ligands) with the DEF ligands projecting into the 1D channels. A new 

Cu based microporous framework Cu(BDC-OH) (H2O) 0.5DEF  (where BDC-OH = 2-

hydroxybenzene1,4-dicarboxylic acid) shows diamond pores in 3-D  layers and almost 

square networks in 2-D microporous layers (Evans & Lin, 2002; Hoskins & Robson, 

1990). 
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Figure 1.4: Structures of organic linkers with carboxylic acid functional group. 

Coordination polymers contain ligands, which can be ions or neutral molecules, 

which have lone pairs that can be donated to the central metal atom. Benzylimidazole 

and piperazine are well-known N-donor ligands often used in coordination chemistry. 

Flexible N-donors ligands which have free conformation and rich structural information 

are more focused due to their flexibilities which allow them for greater structural 

diversity. Benzylimidazol ligands can rotate and bend when coordinating to metal 

centers due to the presence of –(CH2)n– (n=1–6) spacers and consequently produce 

more strong and complex networks. The flexibility and steric hindrance of the N-donor 

organic ligands are very important in the formation of desired coordination polymers 

(Wang et al., 2013; Kan et al., 2012). Due to the remarkable flexible conformations and 

coordination ability of benzylimidazole derivatives, have been demonstrated to be good 

ligands in the composition of coordination polymers. Furthermore, this N-donor ligand 

able to act as hydrogen-bond donors and π–π stacking interactions due the presence of 

larger conjugated π system and imidazole ring to expand the supramolecular 

constructions (Li et al., 2015; Li et al., 2010a, 2010b). Zhang et al. (2017) reported a 

new coordination polymer (NJU-Bai 19) based on piperazine to enhance the CH4 
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storage and demonstrated that the introduction of piperazine group in coordination 

polymer exhibits the following advantages compared with other aromatic ring 

functional groups: (1) it is cheaper and easier to introduce into coordination polymer (2) 

compared with other aromatic rings piperazine given more framework density and more 

balanced porosity to coordination polymer. N donor ligand are the good candidates to 

produce distinctive networks with advantageous applications.  In addition, aromatic 

dicarboxylates have showed to be excellent co-ligands, due to their significant 

coordination ability and flexible coordination approaches (Li et al., 2015). Large 

number of porous materials has been prepared from mixture of N donor ligands and 

dicarboxylates linkers to build multidirectional configurations and topologies. Mixed-

ligand assembly scheme including N-donor ligands and dicarboxylates has confirmed a 

productive approach for the building of distinctive frameworks (Krishnamurthy & 

Agarwal, 2014). 

1.3 Synthetic techniques for coordination polymers 

Coordination polymers have been synthesized by several methods. The most 

important methods are listed in Figure 1.5.  

 

Figure 1.5: Types of synthetic methods. 
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The slow evaporation is the method in which no external energy is required to 

complete the reaction. It is also known as room temperature method in which the 

mixture is concentrated by slow evaporation of solvent at room temperature. The 

evaporation depends on the boiling point of the solvent, low boiling point solvent 

evaporate quickly whereas high boiling point solvent take long time to evaporate (Dey 

et al., 2014). Tranchemontagne and his co-workers reported the room temperature 

synthesis of MOF-74, MOF-5, MOF-177, MOF-199 and IRMOF-0 (Tranchemontagne 

et al., 2008). Slow evaporation is a method slow among all the methods. It takes several 

months for completion. Solvothermal/hydrothermal widely used method for the 

synthesis of coordination polymer. Gándara and his co-worker reported the 

solvothermal synthesis of MOF-519 MOF-520 at temperature of 150 °C in 4 days 

(Gándara et al., 2014). In solvothermal process the product yield increased with the 

increase of reaction time and the reaction time is from 24 hours to 96 hours. Crystal 

obtained by this method are suitable for single x-ray analysis but one drawback of 

solvothermal method is that the reaction condition is not suitable for those starting 

materials which are thermally sensitive (Krishnamurthy & Agarwal, 2014: Cravillon et 

al., 2009). Therefore, to produce good quality crystal for single X-ray and short 

synthesis time, other method were employed, i.e. sonochemical, microwave-assisted, 

ionothermal electrochemical, and mecanochemical methods (Martinez Joaristi et al., 

2012; Klinowski et al., 2011; Klimakow et al., 2010; Li et al., 2009; Parnham & 

Morris, 2007). Table 1.1 represents the synthesis conditions of different methods. Cr-

MIL-100 was the first coordination polymer, which was prepared by microwave-

assisted method in 4 h at 22 °C and has the same textural properties to that one, which 

was prepared by conventional method (4 days at 220 °C) (Jhung et al., 2007). Choi and 

his group reported the synthesis of MOFs-5 by the irradiation of microwave (Choi et al., 

2008). This method has short synthesis time but the limitation of this method are related 

Univ
ers

ity
 of

 M
ala

ya



10 

to instrument and reaction condition because different instruments are not having same 

setting for temperature, reaction time and power of irradiation which effect the crystal 

structure (Lee et al., 2013). Sonochemical synthesis is the type of chemical reaction, 

which is concerned with the formation of acoustic cavitation (collapse and formation of 

bubbles) in solution. In this method the solution form of mixture is introduce into pyrex 

connected to a sonicator bar power output and sonicate the solution (Stock & Biswas, 

2011; Gedanken, 2004; Suslick et al., 1986). Sonochemical is a fast and quick method 

and crystals formed by this method having small particles size as compared to the 

conventional solvothermal method. Recently, MOF-5, Mg-MOF-74, HKUST-1 and 

ZIF-8 have been prepared by sonochemical method (Azad et al., 2016; Cho et al., 2013; 

Yang et al., 2012; Son et al., 2008). Lee and his group demonstrated the production of 

IRMOF-3 membrane on an Al2O3 support disk by sonochemical and microwave 

assisted method, which was used for CO2 adsorption. After comparison of the two 

different methods used for synthesizing of IRMOF-3 membrane they come to 

conclusions that sonochemical synthesis was superior to microwave method (Lee et al., 

2015). Electrochemical method was first reported in 2005 for the synthesis of 

coordination polymers. In electrochemical method electric energy are used to complete 

the chemical reaction. The first coordination polymer which was prepared by 

electrochemical method was HKUST-1 in which copper metal used as electrode (anode 

and cathode) and H3BTC used as organic linker dissolved in alcohol. The reaction time 

was 150 minutes and voltage was 12-19 V (Lee et al., 2013; Ulrich Mueller et al., 

2009). The electrochemical process has following advantages; 1. Electrochemical 

synthesis is fast method 2. Complete utilization of organic linker with high faraday 

efficiency 3. Instead of metal salt metal electrode are used. 4. Synthesis occur under 

smooth condition as compared to microwave and solvothermal synthesis method 

(Martinez Joaristi et al., 2012). 
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Table 1.1: Synthesis conditions of different methods commonly used for preparation of coordination polymers. 

Synthetic method Source of energy Time Temperature Solvent References 

Solvothermal Thermal energy 48-96 hours 353-453 K High boiling point 
organic solvent, DMF, 
DEF, methanol, ethanol, 
acetone, acetonitrile 

(Banerjee et al., 
2008) 

Microwave-assisted Microwave radiations 4 mints-4 hours 303-373 K High boiling point 
organic  solvent, DMF, 
DEF, methanol, ethanol, 
water 

 
( Park, et al., 2009; 

Choi et al., 2008;) 

Sonochemical Ultrasonic radiation 30-180 mints 273-313 K High boiling point 
organic  solvent, DMF, 
DEF, methanol, ethanol, 
water, NMP+TEA 

(Cho et al., 2013; 
Son, et al., 2008) 

Electrochemical Electrical energy 10-30 mints 273-303 K High boiling point 
organic  solvent, DMF, 
DEF, methanol, ethanol, 
water, TEA 

(Martinez Joaristi et 
al., 2012) 

Mechanochemical Mechanical energy 30 mints 2 hours 298 K Solvent free (Martinez Joaristi et 
al., 2012) 

Slow evaporation 
method 

No external energy 7 days 7 month 298 K High boiling point 
organic  solvent, DMF, 
DEF, methanol, ethanol, 
acetone, acetonitrile 

(Dey et al., 2014) 
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In mechanochemical method coordination polymers were synthesized without 

solvent or it is solvent free method. The first coordination polymer was synthesized by 

mechanochemical method by Pichon and his group (Pichon et al., 2006). The advantage 

mechanochemical method is that it is solvent free which is best to avoid the organic 

solvent as a medium. The reaction is completed in 10-60 minutes having short reaction 

time which gives a quantitive yield (Lee et al., 2013). 

 All the above methods have some drawbacks etc., instrument dependant, and 

low yield products, expansive and not suitable for industrial applications. 

Comparatively room temperature-method is more applicable in term of ease of 

synthesis, cheap, suitable for industrial application and an environment friendly but one 

drawback is of this method is time consuming method.  

Comparison study (Table 1.2) indicated that these methods can be more 

improved by optimizing the reaction condition in order to get high quality, small and 

uniform single crystals in short synthesis time and high yield product. 

Univ
ers

ity
 of

 M
ala

ya



 

14 

 

Table 1.2: Comparison of synthetic methods for the preparation of coordination polymers. 

Coordination 
polymers 

Composition CS 
Method 

MW 
Method 

SC 
Method 

EC 
Method 

MC 
Method 

Ref. 

MOF-5 Zn(NO3)2·4H2O 
+H2BDC +DMF/ 
chlorobenzene 

120 °C, 
24 hr 

800 W, 
 105 °C, 
30 min 

60 W, 
30 min 

300 W, 1 hr 30 Hz, 
30 min- 
2 hr 

(Lee et al., 2013; 
Banerjee et al., 2008;  

Son et al., 2008) 

HKUST-1 Cu(NO3)2·3H2+
H3BTC+H2O 
/EtOH 

180 °C, 
12 hr 

300 W,  
140 °C,  1  hr 

150 W, 1 hr 12-19 V, 1.3A, 
150 min 

25 Hz, 
15 min 

(Li et al., 2009; 
Seo et al., 2009; 
Pichon & James, 

2008; Mueller et al., 
2006; Chui et al., 

1999)  
ZIP-8 Zn(NO3)2·6H2+ 

HMeIm +DMF 
85 °C, 72 hr 14 °C, 

3 hr 
300 W, 1 hr Electrolyte dMTBS,  

25 °C,  50 mA 
5-60 min 
30 Hz 

(Cho et al., 2013; 
Lee et al., 2013; 

Martinez Joaristi et 
al., 2012; Park et al., 
2009; Banerjee et al., 

2008)  
Cr-MIL-101 
 

Cr(NO3)3·9H2O+ 
H2BDC +H2O 

 

220 °C, 8  hr 60 W,  
210 °C, 
40 min 

26.8 °C 
30-180 min 

 

29.85 °C 
10-30 min 

 

24.85 °C (Lee et al., 2013; 
Jhung et al., 2007; 
Gerard Férey et al., 

2005) 

CS=    Conventional Solvothermal,  MW=  Microwave, SC= Sonochemical,  EC= Electrochemical,  MC=  Mechanochemical
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1.4 Properties of coordination polymers 

Coordination polymers have some unusual properties, such as luminescence, 

redox activity, conductivity and negative thermal expansion etc. 

1.4.1  Luminescence 

 Luminescence is the emission of light due to the transition of electrons from an 

excited state to the ground state, caused by photoexcitation (Morsali & Hashemi, 2017; 

Feldmann et al., 2003). Luminescence can be divided into two types based on the nature 

of the excited state, i.e. fluorescence and phosphorescence. Fluorescence is a rapid 

process and the wavelength of emitted light increase compared to absorbed light while 

phosphorescence is slow process from a triplet excited state to a singlet ground state and 

this process is observed in the dark glow materials (Figure 1.6). Organic chromophoric 

ligands usually require for luminescent compounds, which absorb light and then transfer 

the excitation energy to the metal ion. The chromophoric ligands must have in excited 

state in order to sensitizing the metal ion emission. In this case the excitation of light is 

referred as a ligand-to-metal charge-transfer process (LMCT) while in reverse case 

called as metal-ligand charge-transfer (MLCT)  (Dai et al., 2002).  
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Figure 1.6: Luminescence occurs by either singlet–singlet decay (fluorescence) or 
triplet–singlet decay (phosphorescence). 

 

Luminescence properties of coordination polymer are studied due to their higher 

thermal stability compare to organic ligand and have the capability to affect the 

emission wavelength of the organic material by metal coordination. Coordination 

polymers are the most flexible materials, which have the potential of emission 

properties with guest exchange.  In some cases, it is suggested that the luminescence in 

coordination polymers is due to the ligand. For example, in the 2D coordination 

polymer of europium with carbamyldicyano-methanide (L34) [Eu(L34)3(H2O)3].H2O, the 

fluorescence results are alike to that of the sodium salt, NaL34 where the emission arises 

from ligand (L34) (Wang et al., 2011; Janiak, 2003). Carboxylate-based ligands are not 

the only bridging groups that can be used in luminescent materials but also more useful 

in bulk of other research areas. There are many examples of d-block coordination 

polymers with a range of different kinds of ligands reported. For example, 

bis(imidazolyl) ligands (Zhu et al., 2002), poly(pyridyl) ligands (Seward et al., 2004), 

Cu(I)–alkene polymer and bis(sulfonate) ligands (Fu et al., 2005), which have red 
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fluorescence due to MLCT process while [Ag4(Hbtc)2] which are carboxylate-based 

Ag(I) polymers, exhibit intense blue emission (Ding et al., 2005). 

1.4.2 Redox Activity 

Redox activity of a compound is the ability to change in the oxidation states of 

atoms. The redox-active coordination polymers are interesting targets for us due to 

having significance role in catalysis or photophysical and electrical phenomena (Balzani 

et al., 1996). The coordination polymers are the solid-state materials so designing redox 

activity is challenging task because the change in the oxidation must be compensated by 

opposite change in the structure. The reported redox-active coordination polymer, 

[Fe(III)(OH)0.8F0.2(O2CC6H4CO2)] is more attracted in Li based batteries applications 

due to reversible electrochemical consumption of lithium. In charging cycle the lithium 

is oxidised to Li(I) and the Fe(III)  is reduced to Fe(II) and the reverse process occurs 

during discharge cycle (Férey et al., 2007). 

 A series of structures, i.e. Ni(II) complexes based on cyclam and bridged by 

polycarboxylate ligands have been reported by Suh et al. In these structures, Ni(II) is 

oxidized to Ni(III) and the absorption of these Ni complexes in the solution of NaAuCl4 

or AgNO3 produce Ag and Au nanoparticles (Suh et al., 2006; Moon et al., 2005). The 

counter ions Cl-, NO3
-
  are absorbed into the structure and Ni(II) is oxidised to Ni(III).  

The molecule 7,7,8,8-tetracyano-p-quinodimethane (TCNQ) have been reported as one 

of the most important example of charge–transfer systems which is familiar as a good 

electron donor or acceptor, depending on its oxidation state (Pietraszkiewicz et al., 

1998). In the structure of [Zn(TCNQ)(4,40-bipy)] 6H2O, the TCNQ is present as an 

aromatic species and dianion. In order to achieve good potential applications a number 

of other redox-active center can be intentionally imported into coordination polymers. 

Ferrocene moiety is one of the well-known redox species; ligands containing this 
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moiety have been incorporated into a number of nets, which have then been shown to be 

redox active. Ferrocenes have good redox activity as well as also show central role in 

the field of materials science, as nonlinear optical materials molecular magnets and 

components of catalysts (Horikoshi et al., 2002).  

1.4.3 Conductivity  

Electrical conductivity of coordination polymers is a measure of its ability to 

conduct electric current under certain conditions (as applied current, pressure, 

temperature). It is well known that the researchers of materials science were more 

attracted towards the electrical conductivity of coordination polymers. However, the 

researches on the conductivities of coordination polymers are still in early stage. In 

coordination polymers the conductivity is not the main focus of research such as in 

order to get good conductivity in extended metal-ligand structures short inorganic 

bridges are required to introduce in the structure (Givaja et al., 2012).  The conductivity 

of metals are effected by temperature for example at room temperature the conductivity 

of metals are 104–105 S cm-1 and increases with decreasing of temperature. Stacked  

macrocyclic metal complexes of one dimensional coordination polymers have been 

studied for their conductivity and the conductivity significantly increases when doping 

with iodine (Janiak, 2003). The types of interaction of the d-orbitals of metal with the π 

orbitals of the bridging ligand affect the conductivity of these 1D coordination 

polymers.  Conductivity is higher for those metals, which have better π-bonding (Os > 

Ru > Fe). The conductivity of coordination polymer 2∞[Ni2(L21)4] (L21=  pyrimidine-2-

thiolate) has 5.00 × 10-3 S cm-1 28 °C due the µ3-bridging ligand (pyrimidine-2-thiolate), 

which acts to bind the three nickel atoms by N and S atoms and decrease the 

conductivity with temperature, indicating a semiconductor nature . 
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In recent years, a new 2D Cu–S coordination polymer have been reported by 

Low and coworkers and which is formed by the self-assembly of Cu(I) ions with 4-

hydroxythiophenol. Due to the ionic nature of the coordination network the electrical 

conductivity measured on pellets at room temperature of 120 S cm-1 (Low et al. 2010). 

Metallomacrocycles, are the types of low-dimensional compounds, which have been 

prepared in order to increase the electrical conductivity of coordination polymer by 

allowing the electron delocalization through π-π overlapping due to having a stacked 

co-planar arrangement with low interplanar distances. The ligand which are present in 

central metal–axises was considered to be a good pathway for conduction of electricity 

and in order to get this various types of bridging ligands were used between the 

metallomacrocycles to produce a linear coordination polymer (Givaja et al., 2012; 

Youngs et al., 1999). 

1.4.4 Negative Thermal Expansion  

 The ability of a coordination polymer to shrink rather than expand with increase 

of temperature is called negative thermal expansion (NTE) (Barrera et al., 2005; 

Lightfoot et al., 2001). NTE of coordination polymers were more focused by researcher 

with the discovery of framework contraction of Zn4O(BDC)3 (BDC: 1,4-

benzenedicarboxylate) (MOF-5 or IRMOF) with temperature which reported by 

Rowsell et al. In the same time Dubbeldam and coworkers reported three isoreticular 

coordination polymer (IRMOFs) including MOF-5 and suggested that NTE in the 

coordination polymers is due to the framework flexibility, thermal motion of linker and 

the coordination bonds of zinc atoms to oxygen of carboxylate (Dubbeldam et al., 2007; 

Rowsell, et al., 2005). In addition, it is revealed that the NTE more increases with 

increasing of linker size. Lock and his group members reported the elucidation of 

negative thermal expansion in MOF-5 and demonstrated that NTE in the framework 
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produced due to the vibrational motion of the aromatic ring and zinc carboxylate array 

(Lock et al., 2010). 

  The reported structures such as [Cu2(CN)3] [Ag4(CN)5] and [Cu2(SCN)3] contain 

two interpenetrating diamond nets in which cyanide is present as a bridge and NET is 

produce due to the thermal vibrations of bridge cyanide ligands around the metal–metal 

axis. The off-axis vibration increases when the temperature increases and the bridged 

metals are drawn closer (even though the individual ‗true‘ bonds increase in size). 

Shorter the ‗apparent‘ bond lengths, the cyanide atoms vibrate because of further away 

from the metal–metal axis ( Figure 1.7) (Batten et al., 2009). 

 

Figure 1.7: Transverse vibration of a two bridge atom, leading to NTE. 

 

The guest species has been found to play an important role in thermal expansion 

properties, i.e. the compound Er(III)[Co(III)(CN)6].4H2O shows negative thermal 

expansion (NTE) in the dehydrated form and positive thermal expansion (PTE) in the 

hydrated form. With the help of experimental evidence (reported in literatures large 
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NTE behaviour of carboxylate-based coordination polymer frameworks has been 

calculated (Wu et al., 2008). 

1.4.5 Magnetism 

 One the most important property of coordination polymer is magnetism (Day & 

Underhill, 1999). It can be produced in coordination polymers by incorporating such 

groups which have magnetic moment for example open-shell organic ligands or 

paramagnetic metals or both  (Kurmoo, 2009) . In magnetic material magnetic moment 

carrier not enough to explain magnetism, because magnetism is a phenomenon in which 

need some types of exchange among moment carriers. Thus, the distances of connection 

between moment carriers should be within the interacting range. In coordination 

polymers mostly magnetism can also be inserted in the form of guests while the 

structure remains non-magnetic. Up to now the first row transition metals (V, Cr, Mn, 

Fe, Co, Ni and Cu) (paramagnetic metal centres) are incorporating in the majority of 

coordination polymers network to make it magnetic. The allowance of variation of two 

important factors such as magnetic anisotropy and spin quantum number are present in 

that transition metal which exit in different oxidation state. Magnetic coordination 

polymers are well described within the classification of Molecular Magnets. There are 

two sub class of magnetic coordination polymers: 1. Those presenting long -range 

ordering 2.  Those that show a spin crossover (SCO) properties. A class of magnetic 

materials which composed of molecular components such as molecules or molecular 

ions are called molecule-based magnets (MBMs). These magnetic materials opposed the 

metallic lattices or inorganic network solids, which are constructed from single atoms. 

Mostly, MBMs are formed by rare earth ions, transition metals, diamagnetic ligands, or 

free radicals  (Batten et al., 2009).   
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The structure that allows for pairing of parallel spins, called ferromagnetism and 

pairing of antiparallel spins, termed ferrimagnetism. When antiparallel coupling of 

equal spins occurs, named antiferromagnetic, there is not observed the residual spin of 

the bulk material. Spin canting is an additional arrangement within these classes, which 

occurs when the local arrangement of spins differ in magnitude such that the moment is 

reduced but non-zero (Figure 1.8) (Batten et al., 2009; Janiak, 2003). 

 

Figure 1.8: Drawing of the spin orientation in (a) a ferromagnet, (b) an antiferromagnet, 
(c) a ferrimagnet and (d) a spin-canted ferromagnetic. 

 

1.5 Applications of coordination polymers 

Recently much attention has been focused on the various design and synthesis of 

coordination polymer due to their possible applications in different fields such as in 

sensor technology, catalysis, gas storage (Rachuri et al., 2016; Sheng et al., 2016; Lee et 

al., 2009), separation, ion exchange, drug delivery (Figure 1.9) and in removal of dyes 

(Chen et al., 2016; Li et al., 2016; Wang et al., 2014; Wu et al., 2016). Robson and 

group reported a new coordination polymer in 1990, which has been used in an anion 

exchange application.  Fujita et al. (1994) studied the catalytic properties of the 2D 

[Cd(II)(4,4′-bpy)2] (bpy=bipyridine) coordination polymer.  
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Figure 1.9: Applications of coordination polymers. 

In many areas of chemistry, the host-guest behavior of coordination polymers was 

investigated by many researchers. The first host material (IRMOFs) was developed by 

Rosi and his co-worker for the application of energy storage (Rosi et al., 2003). High 

density hydrogen storage is one of the promising applications of coordination polymer 

due to its high volume. The advantage of coordination polymer has also been explored 

in heterogeneous catalysis like in zeolites. An amide group functionalized 3-D porous 

coordination polymer was reported by Hasegawa et al, which exhibited the ability to 

catalyzed Knoevenagel condensation (Hasegawa et al., 2007). Similarly, Sabo et al. 

have reported the coordination polymer (MOF-5), which could be use in catalysis of 

styrene within the cavities of MOF-5 that serve as palladium substrate (Sabo et al., 

2007). Due to the biodegradability of coordination polymer, they can also use as a 

container material for drug delivery. Horcajada et al. have demonstrated MIL-53‘s 

ability for controlled release vehicle for ibuprofen (Hu, 2011; Horcajada et al., 2008).     
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1.5.1 Applications in electrochemical sensors 

 Coordination polymers have promising potential in electrochemistry and sensor 

technology. Zhang et al. (2014) have synthesized the first coordination polymer that has 

redox active sites which was used in lithium batteries as novel cathode active material. 

High porosity, adjustable chemical functionality and ordered structures make 

coordination polymers promising modifiers in electrochemical analysis and providing 

novel electrochemical sensors. Wang et al (2013) was developed an electrochemical 

sensor with ZnO4(BDC)3(MOF-5) for the detection of lead, which was modified to 

carbon paste electrode and suitable for the quantification of lead with the good 

reproducibility and high sensitivity and increase the scope of electrochemical sensor Ma 

and his co-workers demonstrated a redox-active Cu-based coordination polymers 

having good electrochemical ability towards electro-active probe ferricyanide ion 

[Fe(CN)6]3- and as an excellent electrochemical sensor for nitrite ion. For the first time 

Ma et al. reported the ZIF material as a matrix to expand the electrochemical biosensors 

(Ma et al., 2013). Moreover, the electrochemical application of new stable coordination 

polymers is still one of the new challenges for researchers. Xu et al (2014) demonstrated 

the coordination polymer, NH2-MIL125(Ti) modified carbon paste electrode as a 

photochemical sensor for the detection of Mn2+ under the irradiation of light they 

explored the photo oxidation character of NH2-MIL125(Ti) for the sensing of Mn2+. A 

novel carbon paste electrode (MIL-101(Cr3X(H2O)2O(BDC)3; X = F, OH) with 

excellent electroanalytical performance can be used in the applications of 

electrochemical sensors. Li and his group reported the electrocatalytic oxidation of uric 

acid (UA) and dopamine (DA) by CV and electrochemical impedance spectroscopy 

(EIS) using modified electrode of MIL-CPE. In the absence of UA and DA there was no 

redox peaks in the CV of CPE and MIL-CPE. In phosphate buffered solution (PBS), 

MIL-101 (Cr) itself is totally inert in terms of direct electrochemistry. At the same time, 
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two well-defined redox peaks were detected on MIL-CPE in the presence of UA and 

DA. They concluded that electrocatalysis towards DA and UA is attributed to contact 

electrocatalysis from MIL-101 and they reported linear concentration ranges for UA and 

DA (Li et al., 2013).  Coordination polymers are found to be promising candidate for 

sensing of volatile organic compounds due to following three properties (1) The tuning 

the intermolecular distance when Au(I) Pt(II), Ag(I), or those organic molecules which 

have π-π delocalized electrons are used (2) ligand-gas host guest interaction; (3) metal-

gas interaction. The sensitivity of coordination polymers depends on the tuneable 

porosity, specific surface area and good thermal stability (Kumar et al., 2015). 

Coordination polymers also have important role in the detection of nitro explosives 

materials. Hu et al (2015) synthesized new Cd based coordination polymer and used as 

fluorescent sensor for the detection of explosives (TNT) material with good selectivity 

and reproducibility. Recently, the enzyme-free electrochemical sensors reports increase 

up to 343. The most widely used analytes for enzyme-free electrochemical sensors, are 

uric acid (UA), glucose and hydrogen peroxide (H2O2) due to their potential 

applications in various fields (Chen et al., 2014). Zhang et al. (2013) reported a new 

coordination polymer (Cu-MOF), which has good electrocatalytic activity toward H2O2 

oxidation. H2O2 was oxidized to O2 by Cu-MOF and a good linear relationship was 

obtained between the concentration of H2O2 and the anodic peak current (Ipa) in alkaline 

solution with a limit of detection of 0.068 μmol L-1. The research on H2O2 detection is 

of practical importance for both industrial and academic purposes. Electrochemistry can 

offer rapid, simple, sensitive, and cost effective means as H2O2 is an electroactive 

molecule. 
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1.5.2 Applications in Adsorption of dyes   

The adsorption of larger organic molecules (dyes) (Figure 1.10) by coordination 

polymers is another area where the pore dimensions, high porosities and large surface 

areas of coordination polymer provide distinctive opportunities as sorbents for 

environmental purification and remediation (Kitagawa et al., 2004). 

 

Figure 1.10: Adsorption of organic molecules by adsorbent. 

Hague and co-workers demonstrated the results of the adsorption of cationic dye 

(MB) and an anionic dye (MO) by using coordination polymer MOF-235, 

[Fe3O(terephthalate)3(DMF)3][FeCl4] and they observed that the adsorption capacities 

of the coordination polymers were higher than the commercially available activated 

carbon (Haque et al., 2011). Xu et al. (2015) reported the MSPE method for the removal 

of Congo red dye by using Fe3O4@SiO2-Cu-BTC as adsorbents. The combination of 

coordination polymers with MSPE method will be an efficient way for water treatment 

and environmental protection. Various types of coordination polymer have been used 

for removal of different types of ionic dyes removed from polluted water reported in 

literature such as MCM-41, Cr-MIL-101, ED-MIL-101, MIL-53(Al) and MIL-53 (Fe) 

(Shakeel et al., 2016; Adeyemo et al., 2012). Leng et al. (2014) have been investigated 

the adsorption interaction of uranine dye with MIL-101. Hasan and co-worker reported 

the mechanisms of interactions for the selective adsorptions. The type of interactions for 

the adsorption mechanism are π–π stacking/interaction, electrostatic interaction, 
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hydrogen bonding, acid–base interaction and hydrophobic interaction (Hasan & Jhung, 

2015). A novel anionic coordination polymer (BUT-201) were used to study the 

adsorption of cationic, anionic and neutral dyes by Sheng et  al. and it was found that 

coordination polymer were more selective  toward cationic dye with a smaller size, but 

show no adsorption towards cationic dyes with large size, anionic dyes, and neutral 

dyes, which indicated that adsorption not only effected by charge but also effected by 

the size of the dyes (Sheng et al., 2016). Pore sizes of coordination polymers play a very 

important role in the adsorption of dyes. Porous properties of coordination polymers 

have attracted more attention not only in adsorption process but also in industrial 

applications, i.e. gas storage, separation and heterogeneous catalysis. In order to 

determine the porous properties of coordination polymers, the adsorption of guest 

molecules onto the solid surface plays an important role. The adsorption is not only 

influenced by interaction between the guest molecules and surfaces but also shape and 

pore size. Pores are classified according to their size (Table 1.3). 

Table 1.3: Classification of pores. 

Types of pore Pore size (Å) 

Ultramicropore <5 

Micropore 5-20 

Mesopore 20-500 

Macropore >500 

 

Variety of coordination designs with uniform pore structures own in porous 

coordination polymers. In inorganic zeolites and activated carbons (conventional porous 

materials) the pore shapes are often cylindrical like or slit respectively. Moreover, it is 

not necessary that coordination polymers possess only cylindrical like and slit pore 
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shapes, they also exhibit other shapes, such as triangles, squares and rectangles. In 

porous coordination polymers there are new adsorption profiles have been establish, 

which are characteristic of the uniform microporous nature such as, a square pore has 

four corner sites where a strong attractive potential is formed for guests (Kitagawa et 

al., 2004) 

Haque et al. reported that the kinetic constant of adsorption increases with the 

increase of pore size, i.e. MIL-101 show high adsorption towards methyl orange then 

MIL153 due the large pore size of MIL-101 and this was observed in liquid phase as 

well as in gas phase. Coordination polymers with small pore size in microspore range 

limits the amount of dyes that can be adsorbed in the framework (Haque et al., 2010). 

1.6   Objectives of research 

Following are the objectives of this study: 

i. To synthesize piperazine and benzylimidazole based coordination polymers with 

two different type of linkers (adipic acid, terephthalic acid) and three different 

metals, i.e. (Ni(II), Zn(II), Cu(II)). 

ii. To characterize the synthesized coordination polymers by CHN, IR, SXRD, 

XRD, TGA, BET and EIS. 

iii. To investigate electrochemical study of synthesized coordination polymers as 

electrode modifier. 

iv. To apply the synthesized coordination polymers as electrochemical sensor for 

hydrogen peroxide detection. 

v. To apply the synthesized coordination polymers as adsorbent for the removal of 

dyes. 
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1.7 Scope of study  

Synthesis of new and more effective coordination polymers as a multifunctional 

material (as an electrode modifier in sensor technology and as an adsorbent for the 

removal of dyes) is the main objective of this study. In order to achieve this, we 

synthesized a series of coordination polymers (Scheme 1.1) with three different metals 

(Cu, Ni and Zn), two different linkers (adipic acid and terephthalic acid) and two 

different ligands (benzylimidazole and piperazine) for the purpose of analytical 

applications and characterized by various techniques CHN, IR, SXRD, XRD, TGA, 

BET and EIS. 

 The main consideration of these new materials are the presence of dicarboxylate 

linkers and N donor ligands, which are capable to improve the porosity of coordination 

polymer. Porosity play a very important role in dyes removal and sensor applications.  

The synthesized coordination polymers were applied as modifier for carbon 

paste electrode to study the electrochemical behavior of ferricyanide and 

electrochemical detection of H2O2.  In addition, the synthesized coordination polymers 

were also applied as an adsorbent to investigate the removal of two different dyes with 

two oppositely charged dyes such as Chicago sky blue (CSB) dye and methylene blue 

(MB) dye.  
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Scheme 1.1: Synthetic pathways. 
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CHAPTER 2: METHODOLOGY 

2.1 Chemicals and reagents 

Adipic acid, terephthalic acid, 1-benzylimidazole, chicago sky blue dye, methylene 

blue dye, sodium dihydrogen phosphate and sodium monohydrate phosphate were 

purchased from Sigma–Aldrich (Steinhem, Germany). Piperazine, ZnCl2, NiCl2.6H2O, 

CuCl2.2H2O, KCl, potassium ferricyanide and hydrogen peroxide (30%) were obtained 

from R&M Chemicals (Essex, UK). Graphite was purchased from HmbG Chemicals 

(Hamburg, Germany). All the chemicals and solvent were analytical grade and used 

without further purification. All the working solutions were prepared in ultrapure water 

(UPW; Milli-Q water purification system, Millipore, Billerica, MA, USA). 

2.2 Instrumentations and measurement parameters 

Elemental analyses of coordination polymers were performed using CHN 

analyzer LECO model CHNS-932 and Perkin Elmer CHNS/O Analyzer series II 2400 

(Waltham, MA, USA). 

Fourier Transform Infrared Spectroscopy (FTIR) was used to collect the Infrared 

spectra by Perkin Elmer Spectrum 400 FTIR/FT-FIR spectrometer (Waltham, MA, 

USA). The ultraviolet-visible spectrometry (UV-vis) analyses were performed on UV-

vis spectrophotometer UV-1650 (Shimadzu) (Kyoto, Japan) from 200 to 800 nm for the 

measurements of dyes.  

X-ray single crystal data for coordination polymers were collected at 293(2) and 

171(1) K on Oxford Supernova Dual Wavelength diffractometer (Oxford, England) (λMo 

Kα = 0.71073 Å). High quality crystals were chosen under a polarising microscope and 

mounted on a glass fibre. Data processing and absorption correction was performed by 

multi-scan method using CrysAlis PRO, with empirical absorption correction using 

spherical harmonics, implemented in SCALE3 ABSPACK scaling algorithm (Oxford 

Diffraction). The structures were solved by direct method using SHELXS solution 
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programme. All of the data were refined with full matrix least-squares refinement 

against |F2| using SHELXL refinement programm (Sheldrick, 2015) and the final 

refinement include atomic position for all the atoms, anisotropic thermal parameters for 

all the non-hydrogen atoms, and isotropic thermal parameters for all the hydrogen 

atoms. The programmes Olex2 (Dolomanov et al., 2009), PLATON (Spek, 2009) and 

Mercury (Macrae et al., 2008) were used throughout the study. The crystallinity of 

coordination polymers were characterized by PANalytical, X'Pert HighScore 

diffractometer (Westborough, MA, US) with primary monochromatic high intensity Cu-

Kα (λ=1.54184) radiation in the scanning range of 5° to 40°.  

Thermogravimetric analysis (TGA) was conducted under nitrogen atmosphere in the 

range of 50 ˚C to 900 ˚C at a heating rate of 10 ˚C/min by using TGA7, Perkin Elmer 

(Waltham, MA, USA). The surface area, pore size and pore volume of coordination 

polymers were measured using Brunauer–Emmett–Teller (BET) by nitrogen adsorption-

desorption isotherms at 77.35 K in Micromeritics ASAP2020 (Norcross, GA 30093 

USA). Surface morphology were determined by field emission scanning electron 

microscope (FESEM, FEI, Quanta 400, Carl-Zeiss, Germany).  

For conductivity measurement, the synthesized coordination polymers were first 

dried in a vacuum oven at 60 ºC for 24 h, then compressed to form disks by applying 

about 10 tons. The prepared disks have area of about 1.326 m2 and thickness of about 

11.15-26.16 mm. The sample disks were sandwiched between two stainless steel holder 

which act as electrode. The conductivity of synthesized coordination polymers was 

determined by Cole-Cole impedance plot of imaginary impedance against real 

impedance using HIOKI3532-50LCRHiTESTER (Cranbury, NJ 08512, USA) from 

room temperature to 373 K. The frequency range is from 50Hz to 5MHz. Impedance 

spectroscopy is the main analysis carried out to calculate and study the conductivity of 

prepared coordination polymers.  
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All electrochemical experiments (CV and chronoamapherometry) were performed 

on a computer-controlled Auto lab potentiostat using PGSTAT 101 (Utrecht, 

Netherlands). 

2.3 Synthesis method 

2.3.1  Synthesis of benzyl imidazole based coordination polymers 

2.3.1.1  Synthesis of TBim-Ni-CP (a) 

a has been prepared according to the reported method (Groeneman et al., 1999). 

An aqueous solution (20 mL) of NiCl2.6H2O (0.0025 M, 0.594 g) was slowly added to a 

methanol solution (10 mL) of 1-benzylimidazole (0.01 M, 1.582 g) resulting an aqueous 

light green solution. The mixture was left stirred for about an hour. The DMF solution 

of terephthalic acid (0.0025 M, 0.415 g) was then added into the green solution and was 

left for continuous stirring for about 3 hours. No precipitate was obtained and the light 

green solution was left for slow evaporation. Light green crystals suitable for single 

crystal X-ray data collection were obtained after a week. 

2.3.1.2  Synthesis of TBim-Cu-CP (b) 

The synthetic method as in 2.2.1.1 was repeated by changing the metal salt to 

CuCl2.6H2O (0.0025 M, 0.426 g) resulting light blue precipitate. No crystals were 

obtained for this compound. 

2.3.1.3  Synthesis of TBim-Zn-CP (c) 

The synthetic method as in 2.2.1.1 was applied by replacing NiCl2.6H2O with 

ZnCl2 (0.0025 M, 0.341 g) resulting colorless precipitate. No crystals were obtained for 

this compound. 

2.3.1.4  Synthesis of ABim-Ni-CP (d) 

The synthetic method as in 2.2.1.1 was employed by changing the organic linker 

terephthalic acid to adipic acid (0.365 g, 0.0025 M) and the solvent from DMF to 

methanol. Compound d precipitated out as light green powder. 

Univ
ers

ity
 of

 M
ala

ya



36 

2.3.1.5  Synthesis of ABim-Cu-CP (e) 

The synthetic method as in 2.2.1.1 was repeated by changing the organic linker 

and metal salt to adipic acid (0.365 g, 0.0025 M) and CuCl2.6H2O (0.0025 M, 0.426 g) 

respectively. Blue powder was obtained for compound e. 

2.3.1.6  Synthesis of ABim-Zn-CP (f)  

The synthetic method as in 2.2.1.1 was performed by changing the organic 

linker and metal salt to adipic acid (0.365 g, 0.0025 M) and ZnCl2 (0.0025 M, 0.341 g) 

respectively. Colorless precipitate was obtained for this compound. 

2.3.2  Synthesis of piperazine based coordination polymers  

2.3.2.1  Synthesis of TP-Ni-CP (g) 

g has been prepared according to the 2.2.1.1 method. An aqueous solution (20 

mL) of NiCl2.6H2O (0.0025 M, 0.594 g) was slowly added to an aqueous solution (10 

mL) of piperazine (0.215 g, 0.0025 M) resulting an aqueous light blue solution. The 

mixture was left stirred for about an hour. The DMF solution of terephthalic acid 

(0.0025 M, 0.415 g) was then added into the blue solution and was left for continuous 

stirring for about 3 hours. The resultant sky blue precipitate of g was filtered off and 

washed thoroughly with DI water, and then dried in oven at 100 °C for 24 hr.  

2.3.2.2 Synthesis of TP-Cu-CP (h) 

A similar procedure as in 2.2.2.1. was carried out by changing the metal salt to 

CuCl2.6H2O (0.0025 M, 0.426 g) resulting dark green color precipitate.  

2.3.2.3  Synthesis of TP-Zn-CP (i) 

A similar procedure as in 2.2.2.1 was applied by changing the metal salt to 

ZnCl2 (0.0025 M, 0.341 g) resulting colorless precipitate.  
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2.3.2.4  Synthesis of AP-Ni-CP (j) 

The synthetic method as in 2.2.2.1 was repeated by changing the organic linker 

to adipic acid (0.365 g, 0.0025 M). Turquoise powder were obtained for this compound. 

2.3.2.5  Synthesis of AP-Cu-CP (k) 

The synthetic method as in 2.2.2.1 was performed by replacing the metal salt to 

CuCl2.6H2O (0.0025 M, 0.426 g) and organic linker to adipic acid (0.365g, 0.0025M). 

Green powder was obtained for this compound. 

2.3.2.6  Synthesis of AP-Zn-CP (l) 

The synthetic method as in 2.2.2.1 was employed by changing the metal salt to 

ZnCl2 (0.0025 M, 0.341 g) and organic linker to adipic acid (0.365 g, 0.0025 M). 

Colourless precipitate was obtained for this compound.  

2.4 Electrochemical study   

2.4.1 Fabrication of working electrode 

The CPs/CPE were prepared by mixing 0.3 g of graphite powder with 0.015 g of 

coordination polymers. 0.1 mL paraffin oil was added to the mixture as binder. The 

mixture was firmly packed into a syringe with tip internal diameter of 3.0 mm and 

copper wire was used as the electrical contact. The modified electrode was dried at 60 

°C for 1 hour, before use. 

2.4.2 Study of electrochemical behavior of ferricyanide at modified carbon paste 

electrode 

A 15 mL solution of 10 mM [Fe(CN)6]-3 and 0.1 M KCl (electrolyte) was 

analyzed by cyclic voltamogramm at CPs/CPE. For the electrochemical study the 

coordination polymer modified carbon paste electrodes (CPs/CPE) were used as the 

working electrode, platinum wire as the auxiliary electrode and Ag/AgCl (saturated 

KCl) as the reference electrode.   
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2.4.3 Electrochemical detection of H2O2 

In chronoamperometic method, a 10 mL solution containing various 

concentration of H2O2 ranged from 0.004 to 60 mM and 0.1 M of phosphate buffer 

solution (pH 7.0) was transferred into an electrochemical cell. A conventional three 

electrode system was used consisting of AP-Ni-CP/CPE as the working electrode, 

platinum wire as the auxiliary electrode and Ag/AgCl (saturated KCl) as the reference 

electrode. The electrode surface was mechanically renewed by smoothing 2-3 mm AP-

Ni-CP/CPE paste off, and then polishing for the next measurement. The potential of 

H2O2 was at −0.25 V vs Ag/AgCl (saturated KCl).   

2.4.3.1 Interference study 

For the purpose of good selectivity of the proposed electrochemical sensor, the effect 

of interfering species (glucose, urea, ascorbic acid, ethanol, FeCl2 and CuCl2) were 

studied. The amperometric current response were recorded by the successive addition of 

0.5 mM H2O2 followed by glucose, urea, ascorbic acid, ethanol, FeCl2 and CuCl2 (0.5 

mM) containing 0.1 M PBS (pH 7) and change in the current signal were calculated by 

using the following equation. 

         
             

     
       Eq. 2.1 

Where Am (i) is the initial current change of H2O2, Am (int) is the current change of 

interfering species. 

2.4.3.2 Reproducibility  

  The reproducibility of AP-Ni-CP/CPE electrode was determined by seven 

modified electrodes which were prepared under optimum condition and used 

continuously 10 days. The relative standard deviation (RSD%) of amperometric 

response of these seven electrodes were calculated by the following equation:  
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  ̅
        Eq. 2.2 

Where SD is calculating from the following equation. 

     
√      ̅   

   
     Eq. 2.3  

Where  ̅ is representing mean value, x is the result of every run, and n is the number of 

measurements  

In order to check the stability of AP-Ni-CP/CPE electrode, it was stored in 

refrigerator at 4°C and the amperometric current were monitored consecutively for 10 

days. The change in the current response were calculated by the following equation.  

                             
     

     
      Eq. 2.4 

Where Am(f) is the current response of final day, and Am (i) is the current 

response of initial day. 

2.4.3.3 Limit of detection (LOD) and Limit of quantification (LOQ)  

The limit of detection (LOD) and the limit of quantification (LOQ) are two important 

factors that determined the lowest concentration of an analyte that can be reliably 

detected by an analytical procedure. The limit of detection and quantification were 

determined from the standard deviation of the blank (SB) and slope of calibration curve 

(b) (Konieczka & Namiesnik, 2016) by using following equations: 

      
  

 
    Eq. 2.5 

    
  

   
                 Eq. 2.6 
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2.4.3.4 Real sample analysis 

The real samples (lens cleaning solutions were purchased from a shopping mall 

were filtered and adjusted to pH 7 using   phosphate buffer solution (pH 7). Later 0.1, 

0.5, 1, 5, 50 mM of H2O2 were spiked into real sample solutions and transferred to 

voltammetric cell for detection of H2O2. by AP-Ni-CP/CPE sensor. The percent 

recovery (% R) was determined by using equation 2.7. 

    
  

  
       Eq. 2.7 

Where Cf is the final concentration of H2O2 and Ci is the initial concentration of 

H2O2. 

2.4.3.5 Standard addition method 

The determination of H2O2 in real sample were carried out by using standard addition 

method. Standard addition method is a type of quantitative method often used in 

analytical chemistry whereby the standard is added to an unknown which already 

contains some analyte. This method is used in situations where the intensity of the 

signal of the analyte is affected by the composition of the matrix, by the temperature or 

by other factors. 

2.5 Adsorption procedure (batch method) 

Sorption experiments were determined by the following batch method: in each 

experiment 10 mg/5 mg of adsorbent (coordination polymers) was mixed with 10 mL of 

an aqueous solution of CSB or MB at a known concentration in a tightly sealed vial. 

The solution was shaken for 30 min on a shaker (180 rpm) at room temperature. After 

the adsorption process, the adsorbent was separated by filtration and the residual 

concentration was determined using Ultraviolet-Visible spectroscopy (UV–Vis) 

equipped with 1 cm quartz cells at 280 nm. The percentage of adsorbate adsorbed on the 
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coordination polymer (removal efficiency, R (%)) was calculated by the following 

equation:  

           
     

  
                          Eq. 2.8 

where Ci (mol L−1) is the initial concentration of solution before the adsorption and Ce 

(mol L−1 is the final concentration after the adsorption of CSB and MB. 

 The amount of dyes (CSB/MB) adsorbed per unit mass of adsorbent (qe) was 

calculated by following equation. 

    
 

 
                                  Eq. 2.9 

where Ci and Ce are the initial and equilibrium concentrations of CSB and MB 

(mgL−1), respectively, m is the mass of adsorbent (g), and V is volume of the solution. 

2.5.1 Optimization factors effecting adsorption process 

 (i) Effect of adsorbent dosage 

The effect of dosage was studied in the range of 5-30 mg. The dyes initial 

concentration was fixed at 10 mg L−1 in 10 mL of an aqueous solution of CSB or MB 

dyes. The percentage of removal was determined by Eq. 2.8. 

(ii) Effect of pH 

The effect of pH was studied in the range of pH (4.5–10.5) at room temperature. The 

desired pH was adjusted with 0.01 M HCL and 0.01 M NaOH using pH meter (Model 

Ella Instrument). The initial concentration of dyes was fixed at 10 mg L−1 in 10 mL. The 

percentage of removal was determined by Eq. 2.8. 
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(iii) Effect of contact time 

The effect of contact time was studied at different time intervals (5-60 min) at room 

temperature. The initial concentration of dyes was fixed at 10 mg L−1 in 10 mL of pH 

7.5.  

(vi) Equilibrium studies 

The equilibrium studies were done at different dye initial concentrations (10–500 mg 

L−1) at pH 7.5.  

2.5.2 Real Sample analysis 

Real sample (lake water) was collected from a lake located in University of Malaya, 

Kuala Lumpur.  The collected lake water sample were filtered off by filter paper. Later 

10 ppm solution of mixture of both dyes were spiked into the lake water and added 10 

mg of adsorbent and were analysed by UV-Vis spectrophotometer. The percent 

recovery (% R) was determined by using equation 2.7.  
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CHAPTER 3: RESULTS AND DISCUSSION 

3.1 Characterization of synthesized coordination polymers 

 Twelve coordination polymers (a, b, c, d, e, f, g, h, i, j, k, l) based on two 

different ligands (benzylimidazole and piperazine), two different linkers (adipic acid 

and terephthalic acid) and three different metals (Ni, Cu and Zn) were synthesized. 

Chemical and physical characterization of these compounds were carried out via CHN 

analysis, infrared spectroscopy, single crystal X-ray diffraction, powder X-ray 

diffraction, BET analysis, thermal gravimetric analysis, electrical impedance 

spectroscopy (for conductivity measurement) and electrochemical characterization. 

3.1.1 Physical characterization  

   Results tabulated in Table 3.1 summarised the molecular formula, IUPAC 

names, molecular weight, % yield, and elemental analyses for the synthesized 

coordination polymers. The molecular weight of coordination polymers was calculated 

from the proposed structures of the compounds (Scheme 1.1). The yields of most of the 

compounds are considered as moderate, but compounds synthesized are the expected 

compounds as confirmed by elemental (CHN) analysis, which are well matched the 

calculated CHN results of proposed structures.
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Table 3.1: Physical data (molecular weight, yield, CHN analysis) for piperazine and benzylimdazole based coordination polymer. 

S.No Coordination 
polymers 

Molecular 
formula 

IUPAC Name M.W Yield 
(%) 

Found (Calculated) 
C H N 

1. a C30H28N2NiO6 poly[[diaquadibenzylimdazolenickle(II)
]di-μ-terephtalato κ2 O,Oʹ] 

575.3 87.0 58.71 
(58.46) 

4.80 
(4.90) 

8.7 
(9.74) 

2. b C29H30CuN4O7 poly[[dibenzylimdazoledihydoxocopper
(II)]di-μ-terephtalato κ2 O,Oʹ] 

594.1 75.7 59.45 
 (59.09) 

4.53 
(4.96) 

10.67 
(10.18) 

3. c C14.5H12ClN2O2Zn poly[[benzylimidazole](chlorozinc(II))d
i-μ-terephtalato κ2 O,Oʹ] 

341.1 63.6 48.19 
(49.29) 

4.33 
(3.54) 

8.50 
(8.21) 

4. d C27H34N4NiO6 poly[[di-μ-adipato κ2 O,Oʹ] 
dibenzylimdazoledihyroxonickle(II)] 

568.2 79.3 56.48 
(56.79) 

6.07 
(6.02) 

10.06 
(9.84) 

5. e C28H37CuN4O6 poly[[di-μ-adipato κ2 
O,Oʹ]dibenzylimdazoledichlorocopper(II)] 

589.2 52.5 58.22 
(57.08) 

5.94 
(6.33) 

10.56 
(9.51) 

6. f C27H31ClN4O4Zn poly[[di-μ-adipato κ2 O,Oʹ] 
dibenzylimdazolechlorozinc(II)] 

576.4 84.0 55.97 
(56.26) 

6.51 
(5.42) 

10.96 
(9.72) 

7. g C21H39Cl2N4Ni2O5 poly[[chlorohyroxodipiperazinenickle(II
)] di-μ-terephtalato κ2 O,Oʹ] 

617.1 50.3 41.9 
(41.7) 

5.81 
(5.38) 

9.56 
(9.10) 

8. h C15H24Cl2Cu2N2O6 poly[[dichlorodihydroxopiperazinecopper 
(II)]di-μ-terephtalato κ2 O,Oʹ] 

526.4 71.1 32.93 
(34.23) 

3.23 
(4.60) 

4.75 
(5.32) 

9. i C18H27ClN4O4Zn poly[[chlorodipiperazinezinc(II)]di-μ-
terephtalato κ2 O,Oʹ] 

464.3 58.5 45.66 
(46.57) 

5.84 
(5.86) 

11.44 
(12.07) 

10. j C15H31ClN4NiO5 poly[[di-μ-adipato κ2 O,Oʹ] 
chlorohyroxodipiperazinenickle(II)] 

444.1 56.4 42.01 
(43.29) 

7.39 
(7.91) 

12.60 
(11.88) 

11. k C22H44CuN4O8 poly[[di-μ-adipato κ2 O,Oʹ] 
dipiperazinecopper(II)] 

556.2 79.5 46.34 
(47.51) 

7.11 
(7.97) 

10.04 
(10.07) 

12. l C16H33N4O5Zn poly[[di-μ-adipato κ2 O,Oʹ] 
hydroxodipiperazinezinc(II)]] 

426.8 54.4 44.10 
(45.02) 

7.51 
(7.79) 

12.96 
(13.13) Univ
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3.1.2 IR Spectroscopic characterization 

The IR spectral data for free linkers (terephthalic acid and adipic acid) and the 

synthesized coordination polymers are represented in Table 3.2. It was observed that the 

IR spectra of linkers and coordination polymers (Appendix A, B) depicts peaks in 

nearly similar region. However, some significant variations have been illustrated in the 

spectra of the coordination polymers and their free linkers. The IR peaks for terephthalic 

acid at 3060, 1670 are attributed to C–H (aromatic) and C=O stretching, respectively. 

By comparing the infrared spectra of free terephthalic acid with its coordination 

polymers, the coordination mode and sites of the ligand and linker to the metal ion were 

explored.  The IR stretching vibrations of TBim -M-CP shows some additional bands at 

3100-3152 cm-1 (N-H), 1513-1577 cm-1 (COO-  asymmetric), 1318-1355 cm-1 (COO- 

symmetric), 670-708 cm-1 (M-O) and 464-511 cm-1 (M-N), respectively. A broad band 

(OH-) in the range of 3426-3430   cm-1 were only seen in a, b. It has been observed that 

the stretching frequency of COO- at 1670 cm-1 in terephthalic acid has been shifted to 

the higher wave length (lower wave number) 1513-1577 cm-1 (νas) and 1318-1355 cm-1 

(νs) in TBim-M-CP due to the interaction with metal ion (Liu et al., 2015; Demirci et 

al., 2015b; Refat et al., 2008). The IR stretching frequency for adipic acid at 2959 cm-1 

and 1682 cm-1 are attributed to C–H and C=O stretching respectively. Similarly, like 

TBim-M-CP, ABim-M-CP also show some additional bands in the range of 3109-3164 

cm-1, 1519-1565 cm-1, 1361-1390 cm-1, 594-702 cm-1 and 456-517 cm-1 for OH- broad 

band, N-H, COO- asymmetric, COO- symmetric, M-O and M-N respectively. The 

stretching vibrations for the υ(COO-) bond experienced a significant shift from 1682 to 

1519-1565 cm-1 (νas) and 1361-1390 cm-1 (νs) in ABim-M-CP.  
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Piperazine based coordination polymers also show particular peaks almost in the 

same range like benzylimizole based coordination polymers. New characteristic peaks, 

which were absent in the spectrum of linkers were observed in piperazine based 

coordination polymers in the range of 3355-3599 cm-1 (OH-), 3135-3300 cm-1 (N-H), 

1507-1594cm-1 (COO- asymmetric), 1308-1396 cm-1 (COO-  symmetric), 588-640 cm-1 

(M-O) and 446-488 cm-1 (M-N), respectively.  

Yang and co-workers reported that if Δ(νas-νs) > 200cm-1, carboxyl is 

monodetate while if Δ(νas-νs) < 200 cm-1, carboxyl is bidentate (Yang et al., 2005). The 

calculated results of a, b, c, d, e, f, g, i, j, k and l are 136, 236, 195, 162, 131, 204, 205, 

228, 245, 199, 204 and 192, respectively, which indicated the coordination of metal 

with linker.  According to the calculated values, the linkers in a, c, f, g, h, i, l are 

monodentate whereas in the remaining compounds the linker is bidentate. 
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Table 3.2: Selected IR absorption bands of linkers (terephthalic acid and adipic acid) 
and coordination polymers. 

IR spectral data of 1- benzylimidazole based coordination polymers 
 

Wave number υ(cm-1) 
Coordination 

polymers 
ν(O-

H 
ν(N-
H) 

ν(C-
H) 

ν(COOH) ν(COO- 
asymmetric) 

ν(COO- 
symmetric) 

ν(M-
O) 

ν(M-
N) 

Δ(νas-
νs) 

Linker 
terephthalic 

acid 

- - 3060 1670 - - - - - 

a 3426 3100 2953 - 1577 1355 670 464 222 
b 3430 3152 - - 1573 1337 690 511 236 
c - 3117 - - 1520 1310 708 482 210 

Linker 
adipic acid 

- - 2959 1682 - - - - - 

d 3423 3109 2942 - 1552 1390 684 517 162 
e - 3134 2948 - 1519 1388 702 456 131 
f - 3164 2930 - 1565 1361 594 505 204 

IR spectral data of piperazine based coordination polymers 
Linker 

terephthalic 
acid 

- - 3060 1670 - - - - - 

g 3355 3170 2959 - 1530 1325 588 485 205 
h 3400 3146 2948 - 1589 1361 594 488 228 
i - 3135 2954 - 1594 1349 640 482 245 

Linker 
adipic acid 

- - 2959 1682 - - - - - 

j 3599 3300 2958 - 1507 1308 616 464 199 
k - 3171 2960 - 1582 1390 592 471 192 
l 3384 3174 2927 - 1580 1376 594 446 204 
 

3.1.3 Single crystal X-ray diffraction 

 Out of twelve coordination polymers we able to get crystal structure for two 

compounds (TBim-Ni-CP (a), TBim-Zn-CP (c)) and the rest of the compounds we 

obtained in precipitate form without any crystal structure due to solubility problem 
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3.1.3.1 Crystal structure of [Ni(bim)2(L1)(H2O)2]n (a)  

X-Ray single-crystal diffraction analysis revealed that a crystallized in the triclinic 

system  with space group P ̅, whilst c crystallized in the monoclinic system with space 

group P21/n. Crystallographic data and structural refinement details for both crystals are 

listed in Table 3.3.  

The asymmetric unit of a consists of two [aqua(benzylmidazole)Ni(II)] fragments 

linked by a terephthalate bridge through coordination between the carboxylato oxygen 

atoms to the central nickel atoms (Figure. 3.1). The crystal structure of a consists of a 

one-dimensional network symmetrically generated, with the center of inversion at the 

terephthalate ring (Figure. 3.2). The nickel atom is coordinated to two benzylmidazole 

ligands through their nitrogen atoms, two water ligands, and carboxylato oxygen atoms 

of the bridging terephthalate ligands in an almost perfect octahedral environment. The 

Ni-O1W bond length of 2.1077(12) Å is slightly longer than the Ni-N1, Ni-O2 and Ni-

O4 distances, of 2.0961(14), 2.0586(10) and 2.0778(11) Å respectively. Therefore, the 

two water ligands occupy the axial positions and N1, O2, N1A and O2A occupy the 

equatorial positions. The O2-Ni-N1, O2A-Ni-N1, O2-Ni-O1W and O2-Ni1-N1A cis-

angles are all between 87 and 91°. Other bond lengths and angles are in the normal 

ranges (Table. 3.4) and in agreement with other previously reported nickel complexes 

(Mukhopadhyay et al., 2003).  

The crystal structure is stabilized by both intra and intermolecular O-H…O, C-

H…O and C-H…N hydrogen bonds (Table. 3.5).  

Univ
ers

ity
 of

 M
ala

ya



 

49 

 

Figure 3.1: Asymmetric unit of a drawn with 50% probability ellipsoids. 

 

Figure 3.2: One-dimensional structure of a catenation complex drawn at 50%       
probability ellipsoids.  

3.1.3.2 Crystal structure of [Zn(bim)(L1)(Cl)]n (c) 

Unlike a, the asymmetric unit of c  consists of a Zn complex with half of a 

terephthalate ligand, one chloride, and one benzylimidazole ligand (Figure. 3.3). A one-

dimensional polymeric chain is also produced by symmetry. The two zinc atoms are 

linked by two pairs of carboxylate oxygen atoms to give a dinuclear zinc complex 

(Figure. 3.4). The central zinc has a distorted tetrahedral geometry with bond angles 

about the Zn atom between 107 and 112°. Each zinc atom is attached to one 
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benzylimidazole ligand through a nitrogen atom, plus one chlorine and two oxygens 

from the monodentate cabroxylates of two terephthalate ligands, forming a heterocyclic 

eight membered ring incorporating two Zn atoms. The 

Zn1/O2/C11/O1/Zn1A/O2A/C11A/O1 cyclooctyl ring adopts a chair conformation, 

with the chlorine ligands on the two zinc atoms oriented in opposite directions. The 

dinuclear zinc complexes are linked through the two phthalate ligands, giving a one-

dimensional framework. The Zn1-N1, Zn1-O1, Zn1-Cl1, and Zn1-O2 bond lengths of 

1.993(3), 1.962(2), 2.2240(9), and 1.954(2) Å, respectively are all slightly shorter than 

the previously reported bond lengths (2.001, 2.0746, 2.2511(6), and 2.093 Å, 

respectively) for similar zinc coordination polymers (Bibi et al., 2017; Krishnamurthy 

& Agarwal, 2014) Other bond lengths and angles are in normal ranges (Table 3.4) and 

comparable to those found in a. 

There is only one intermolecular hydrogen bond, C14-H14…O2 (symmetry 

code: x, 1+y, z) with D-H= 0.93, H...A= 2.56, D…A= 3.268(4) Å and D-H-A= 134° in 

the solid structure, compared to the multiple hydrogen bonds observed in a. It is clear 

that the coordination geometry and metals play an important role in the formation of 

multi-dimensional metallic polymers or metal-organic frameworks, although the 

reaction conditions for a and c were the same.   

. 

Figure 3.3: Asymmetric unit of c drawn with 50% probability ellipsoids. 
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Figure 3.4: One-dimensional linear polymeric chain structure of c along the a-axis,     
drawn at 50% probability ellipsoids. 
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Table 3.3: Crystal data and structure parameters for crystal [Ni(bim)2(L1)(H2O)2]n (a) 
and [Zn(bim)(L1)(Cl)]n  (c). 

 

 

 

 

 

 

 

 [Ni(bim)2(L1)(H2O)2]n 
(a) 

[Zn(bim)(L1)(Cl)]n 

(c) 
CCDC No 1513753 1545205 
Empirical formula C28H28N4NiO6 C14H12ClN2O2Zn 
Formula weight 575.25 341.08 
Temperature/K 293(2) 171(1) 
Wavelength CuKα (λ = 1.54184) MoKα (λ = 0.71073) 
Crystal system triclinic monoclinic 
Space group P ̅ P21/n 
a/Å 6.5366(4) 6.5058(6) 
b/Å 9.2294(5) 7.4002(5) 
c/Å 21.7393(6) 28.996(3) 
α /˚  91.686(3) 90 
β/˚ 90.884(4) 95.690(9) 
γ/˚ 93.765(5) 90 
Volume/ Å

3
 1307.90(11) 1389.1(2) 

Z 2 4 
ρcalcg/cm3 1.461  1.631 
μ/mm-1 1.500 1.961 
F(000) 600 692 
2Θ range  range for data 
collection/° 

4.8 to  74.5 3.5 to 29.6 

Reflections collected 8802 11272 
Independent reflections 5122  3410  
Data/restraints/parameters 5122/0/357 3410/0/181 
Goodness-of-fit on F2 1.091 1.051 

Final R indices 
[I>2sigma(I)] 
Final R indices (all data) 

R1 = 0.0345, wR2 =0.0967 
R1= 0.0373,   wR2=0.0996 

R1 = 0.0480, wR2 = 0.0844 
R1 = 0.0818, wR2 = 0.1010 

Largest diff. peak/hole/ e.Å-3 0.338/-0.453 0.543/-0.495 
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Table 3.4: Selected bond lengths (Å) and bond angles (˚) for a and c. 

 

11-X, -Y,1-Z; 22-X, -Y, -Z 

Table 3.5: Hydrogen Bond (Å) for [Ni(bim)2(L1)(H2O)2]n. 

Symmetry codes (i) 1+x, y, z, (ii) 1-x, -y, 1-z, (iii) 1+x, y, z, (iv) 1+x, y,z, (v) x, 1+y, z, 

(vi) 2-x, -y,-z. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[NiC28H28N4O6]n (a) 
Atom Length/Å Atom Angles/ ˚ Atom Angles/ ˚ 

Ni1-O1W 2.1077(12) O2-Ni1-N1 91.53(5) N1-Ni1-O1W 90.98(5) 
Ni1-O2 2.0586(10) O2-Ni1-N1 88.47(5) N3-Ni2-O4 89.46(5) 
Ni1-N1 2.0961(14) O1W-Ni1-O1W 180.0 N3-Ni2-O4 90.54(5) 

Ni2-O2W 2.1152(12) N1-Ni1-N1 180.0 N3-Ni2-O2W 93.05(5) 
Ni2-O4 2.0778(11) O2-Ni1-O1W 87.99(5) N3-Ni2-O2W 86.95(5) 
Ni2-N3 2.0487(14) O2-Ni1-O1W 92.01(5) O4-Ni2-O2W 93.36(5) 

O2-Ni1-O2 180.0 N1-Ni1-O1W 89.02(5) O4-Ni2-O2W 86.64(5) 
[ZnC14H12ClN2O2]n (c) 

Zn1-O2 1.954(2) O2-Zn1-Cl1 107.65(7) N1-Zn1 Cl1 112.70(8) 
Zn1-Cl1 2.2240(9) O2-Zn1-N1 110.77(10) O1-Zn1 Cl1 118.37(7) 
Zn1-N1 1.993(3) O2-Zn1-O1 109.93(10) O1-Zn1 N1 97.10(10) 
Zn1-O1 1.962(2) N1-Zn1-Cl1 112.70(8) C11-O2-Zn1 129.4(2) 
O2-C11 1.267(4) O1-Zn1-N1 97.10(10) C11-O1-Zn1 118.7(2) 

[NiC28H28N4O6]n  

D-H……A d(D-H) d(H…..A) d(D…A)           d(D-H…..A) 
intermolecular hydrogen 

O1W-H1WB….O1i 0.82(2) 2.05(2) 2.8331(17) 160(2) 
O1W-H1WA….O1ii 0.820(18) 1.914(17) 2.7166(16) 166(2) 
O2W-H2WB….O3iii          0.82(3)               2.06(3)                 2.8574(17) 164(2) 
C14-H14….O1iv 0.93 2.52 3.350(2) 149 
C24-H24….O3v 0.93 2.58 3.480(2) 162 

Intramolecular hydrogen bonds 
O2W-H2WA….O3vi 0.824(18) 1.890(16) 2.6930(16) 165(3) 
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3.1.4 Powder X-ray diffraction  

3.1.4.1 Powder X-ray diffraction patterns of coordination polymers 

XRD spectra were obtained to elucidate the crystal structure of benzylimidazole 

and piperazine based coordination polymers. The XRD signals of the prepared 

coordination polymers a, b, c, d, e and f are given in Figure.3.5. Comparison of peaks 

of metal-linker (adipic acid, terephthalic acid) and metal-ligand (benzylimidazole) with 

the peaks of coordination polymers (b, d, e, f) indicated the successful synthesis of 

coordination polymers due to the presence of new peaks which confirmed the insertion 

of linker in the metal complex to form a polymeric structure. The sharp and strong 

diffraction peaks in the range of 14-28° of 2θ for b, d, e and f indicated high 

crystallinity and confirmed the purity of coordination polymers, which can also justified 

by the CHN and IR results.  However, the powder X-ray diffraction patterns of 

coordination polymer a and c compared with simulated patterns, which are well in 

position and shows that the single X-ray is the representative of bulk material.  

Similarly, comparison of peaks of metal piperazine and metal linker with 

coordination polymers g, h, i, j, k, l (Figure 3.6) shows many new diffraction peaks in 

the range of 14° to 25° of 2θ.  The diffraction peaks in the range of 14° to 28° of 2θ 

usually observed for inorganic porous materials (Chandra et al., 2008; Szostak, 1989). 

Furthermore, the diffraction patterns of coordination polymers could not match with 

other coordination polymers known in literatures, indicating that the synthesized 

coordination polymers have new phases. 
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Figure 3.5: X-ray diffraction patterns of benzylimdazole based coordination polymers. 
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Figure 3.6: X-ray diffraction patterns of piperazine based coordination polymers. 

3.1.5 Thermal gravimetric analysis 

 Figure 3.7 and 3.8 display the thermograms of prepared benzylimidazole and 

piperazine based coordination polymers to evaluate their thermal behaviour and thermal 

stability. In benzyl imidazole series the TG profile of complex d exhibits four steps, a, 

b, c, e three steps and f shows two steps pyrolysis. The initial weight loss (6-19 %) at 

temperature range of 71-271 °C from a to d is attributed to loss of solvated/ coordinated 
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water/solvents whereas in e and f the initial temperatures range of 106-473°C show the 

weight loss from 43 to 72.2 %, which were correspond to the loss of organic linkers. 

The second curve from a-f shows weight loss in the range of 15.5-54 % at temperature 

range of 236-664 °C, third and fourth curve from compound a-e and d show weight loss 

in the range of 3.1-50.3 % and 13 %, which are attributed to decomposition of all the 

ligands and leaving 12.3-33.9 % as their final residues, which are well matched with the 

calculated residues (NiO, CuO, ZnO, 2NiO, Cu3N and metallic zinc). The degradation 

temperatures ranges and weight loss of coordination polymers are given in Table 3.6. In 

this series the coordination polymers e (large amount of residue left) and d (due to high 

degradation temperature of 477-664 °C) are the most stable compounds.   

On the other hand, the TG curve for piperazine series; i, k show two steps, h, l 

three steps and g, j show four steps degradation profile, respectively. As obvious from 

Table.3.6 the initial weight loss (3.5-16 %) of complexes g, h, j, and l was attributed to 

removal of water molecules at temperatures range of 90-293 °C while in i and k the 

initial temperatures range of 181-410 °C show the weight loss from 32 to 37 % which 

were corresponds to the loss of organic linkers. In piperazine series, compound k is 

more stable than the other compounds due to high thermal degradation temperature (640 

°C). Moreover, in piperazine series the decomposition starts at temperature range of 

167-640 °C was due to loss of all organic contents and ligands that give abrupt weight 

reduction of 63-89 % and leaving behind 11.95- 37 % as their final residues, which 

were correspond to NiO, 2Cu(II), ZnO, 2 Ni(II), Cu3N and 2 Zn(II). 

From the results it was found that the thermal stability of coordination polymers 

was affected by the ligands, linkers, and central metal atom. As obvious from the Table 

3.6 that the compounds containing piperazine (ligand), comparatively more stable than 

benzylimiazole based compounds because piperazine is more thermally stable 

(degradation temperature 106 °C) then benzylimdazole (degradation temperature 71 
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°C). On the other hand, in case of linker, the coordination polymers containing adipic 

acid are thermally more stable than those containing terephthalic acid because in most 

of the synthesized compounds adipic acid is present in bidentate (two site attached with 

metal ion) form, while terephthalic acid is present in monodentate (one site attached 

with metal ion) form, which are also justified by IR results. Thus, adipic acid is more 

strongly attached to metal ion and requires more energy for degradation. Furthermore, 

metal ion also effects the thermal stability of synthesized coordination polymers. As we 

observed that copper containing compounds with bidentate adipic acid have high 

thermal stability then Ni and Zn containing compounds because Cu has d9 system which 

make strong bond with bidentate linker while Ni and Zn has d8 and d10 system which 

make comparatively weak bond with bidentate adipic acid. 

 

 

 

 

 

 

 Univ
ers

ity
 of

 M
ala

ya



 

59 

 

 

Figure 3.7: TGA thermograms for benzylimidazole series (a), (b), (c), (d), (e), (f). 
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Figure 3.8: TGA thermograms for piperazine series (g), (h), (i), (j), (k), (l). 
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Table 3.6: TGA temperature range and decomposition steps for benzylimidazole and 
piperazine based coordination polymers. 

 

 

Coordination 
polymers 

Decomposition Range Weight of 
remaining 

residue 
Exp, 

(Calc) (%) 
 

Expected 
residues Temperature range 

(°C) 
Weight 

loss 
(%) 

(a) 197-271 
272-388 
411-530 

11 
54 
22 

13 
(12.8) 

NiO 

(b) 190-262 
263-335 
356-408 

19 
53 
15 

13 
(13.3) 

CuO 

(c) 103-218. 
240-327 
368-509 

15.9 
10.23 
50.3 

23.57 
(23.87) 

ZnO 

(d) 71-190 
191-306 
307-476 
477-664 

6 
19.5 
37 
13 

25.5 
(26) 

2 NiO 

(e) 131-318 
330-415 
448-505 

43 
20.8 
3.1 

33.9 
(34.7) 

Cu3N 

(f) 106-473 
528-655 

72.2 
15.5 

12.3 
(11.2) 

metallic 
zinc 

(g) 116-151 
236-286 
287-346 
347–433 

3.5 
23.34 

42 
19.21 

11.95 
(12.6) 

NiO 

(h) 100-293 
295-415 
418-558 

16 
45 
12 

25 
(24) 

2 Cu(II) 

(i) 274-410 
411-500 

32 
49 

19 
(17.4) 

ZnO 

(j) 90-160 
167-298 
301-450 
450-621 

8 
18 
37 
12 

24 
(24.5) 

2 Ni(II) 

(k) 181-336 
337-640 

37 
26 

37 
(37) 

Cu3N 

(l) 150-200 
201-263 
264-440 

9.12 
25.74 
36.11 

29.03 
(30.6) 

2 Zn(II) 
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3.1.6 BET analysis and morphology of coordination polymers  

Figure 3.9 and 3.10 display the nitrogen adsorption desorption isotherms of 

synthesized benzylimidazole and piperazine based coordination polymers to investigate 

their pore size, surface area and pore volume. Table 3.7 represents the BET results for 

both series. It is found from the Table 3.7 that piperazine based coordination polymers 

have pore size in the range of 116.26-361.57 Å with BET surface area in the range of 

0.62-9.50 m2/g, while benzylimidazole based coordination polymers have pore size of 

20.70-193.14 Å with BET surface area of 0.90-5.37 m2/g. It can be seen from the results 

that the coordination polymer AP-Ni-CP (j) has highest pore size among both series and 

the SEM images of AP-Ni-CP are display in Figure 3.11 (a- d) which showed that AP-

Ni-CP (j) has irregular plate like shape and has distinctive pores in the structure.   

From the BET results of both series we observe that there is a big change in the 

pore size of coordination polymers and it was found that the pore size was also effected 

by ligand, linker and metal ion of coordination polymers. The tabulated results shows 

that piperazine based coordination polymers have high pore size compared to 

benzylimidazole based coordination polymers because the insertion of piperazine in the 

coordination compounds brings more balanced porosity compared to other aromatic ring 

ligands (Zhang et al., 2017; Sachdev et al., 2016; Mowat et al., 2009) and in the 

structure of piperazine suppose two sites are available for attachment, one with metal 

ion and second to continue the polymeric chain while in case of benzyimidazole only 

one site (N atom) is available, which attached with metal ion and there is no further site 

available to continue the polymer chain. Thus, piperazine makes more porous structure 

then benzylimidazole. Moreover, in case of linker, adipic acid containing compounds 

have comparatively high pore size then terephthalic acid because adipic acid is non rigid 

aliphatic dicarboxylate and terephthalic acid is rigid aromatic dicarboxyltes (Kaskel, 

2002). So adipic acid brings more porosity in the compounds due to the flexible and 
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bending nature of its structure while terephathlic acid has fixed and non-bending 

structure, which decrease the porosity of compounds. 

In addition, the metal ion (Ni(II), Cu(II), Zn(II)) also play an important role in 

the pore size of coordination polymers. The result shows that the pore size of Ni (II) and 

Cu (II) compounds are higher than Zn (II) compounds in the series of coordination 

polymers having same linker and ligand and this is due the geometry of compound 

which arise from metal ion such as in case of Ni and Cu the geometry is octahedral 

while in zinc compounds mostly the geometry is tetrahedral, which effect the porosity 

of compound (Schoedel & Yaghi, 2016). 
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Figure 3.9: Nitrogen adsorption –desorption isotherm for benylimidazole series 
coordination polymers. 
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Figure 3.10:  Nitrogen adsorption –desorption isotherm for piperazine series 
coordination polymers. 
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Figure 3.11: SEM images of AP-Ni-CP (a) solid structure morphology (b, c, d)      
different morphology of porous structure.  
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Table 3.7: BET surface area analysis of coordination polymers. 

 

3.2 Electrochemical studies 

This electrochemical part is further divided into three sub parts. First part introduces 

the electrochemical characterization of coordination polymers, second part discussed the 

conductivity of the synthesized compounds and the third part gives a brief discussion of 

electrochemical detection of hydrogen peroxide by AP-Ni-CP/CPE.  

3.2.1 Electrochemical characterization of coordination polymers 

Ferricyanide is one of the widely used redox active specie to increase the 

solutions redox potential in physiological experiments (Jiao et al., 2016). It also has an 

important role as an electrode transfer mediator and as a potential standard. It can be 

used to determine electrode areas and to detect the problems related with new 

electrochemical cell design. Ferricyande, as a redox couple, has good electrochemical 

reversibility and known to be good behaved both electrochemically and chemically. 

Moreover, it is also used as a model system in electrochemical experiments (Niranjana 

Types of coordination 
polymers. 

BET surface 
area ( m²/g) 

BET pore size 
(Å) 

BET Volume 
(cm³/g) 

AP-Ni-CP 2.56  361.57  0.02  
AP-Cu-CP 1.55 303.25  0.01 
TP-Ni-CP 9.50 250.14  0.05  

TBim-Ni-CP 5.37  193.14  0.02  
TP-Cu-CP 1.40 135.92  0.004  
AP-Zn-CP 1.40 134.32  0.68  
TP-Zn-CP 0.62   116.26 0.001  

ABim-Ni-CP  0.62 109.52  0.006  
ABim-Cu-CP  2.49 87.53  0.002  
TBim-Cu-CP 1.31 80.51  0.002  
ABim-Zn-CP  1.31 25.78  0.001  
TBim-Zn-CP 0.90 20.70 0.004  
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et al., 2009) and also internal potential standard in many electrochemical reaction 

(Behadon et al., 2013). 

Carbon paste electrodes (CPEs) are being prepared from a non-conductive 

binder and graphite powder with specific mixing ratio (Kachoosangi et al., 2007). The 

CPEs are favoured due to low background, current, wide potential window and low 

costs. Different types of materials can be mixed easily with CPEs and their modified 

forms have been widely applied in electrochemical processes (Rubianes & Rivas, 2003). 

Nowadays various studies focused on chemically modified electrodes due to their 

significant advantages (Nezamzadeh-Ejhieh & Hashemi, 2012). Applications and 

properties of CPEs modified with zeolites and  coordination  polymers have attracted 

much attention  due to its easy fabrication and good stability  (Nezamzadeh-Ejhieh & 

Esmaeilian, 2012).  

In this study, we applied piperazine and benzylimidazole based coordination 

polymers modified carbon paste electrode to study the electrochemical behaviour of 

Fe(CN)6
4-/Fe(CN)6

3-. The piperazine and benzylimdazole based coordination polymers 

are new type of materials, which have π bonds in the structure, potentially allowing for 

fast electron transfer, electrolyte diffusion, and excellent electrolyte penetrability during 

the electrochemical reaction process, and therefore showing high electrochemical 

performance towards ferricyanide. 

Table 3.8 summaries the results of electrochemical study of benzylimidazole and 

piperazine based CPs/CPE. The electrochemical of electrode-electrolyte interface were 

studied by CV in 0.1 M KCl solution at various scan rate (0.01-0.5 mV) using 

benzylimidazole based CPs/CPE (Figure. 3.12 (A) a-f) and piperazine based CPs/CPE 

(Figure. 3.13 (A) g-l) for 10 mM [Fe(CN)6]3- containing 0.1 M KCl solution at various 

scan rate (υ) (0.01-0.5 mV). It was observed that bare CPE electrode (Figure 3.12 B (a-
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f) & 3.13 B (g-l)) showed no electrochemical response while in the presence of 

CPs/CPE show typical redox peaks for ferricyanide. The plots of anodic peak current 

(ipa) and cathodic peak current (ipc) as a function of square root of scan rate are 

presented in Figure. 3.12 C (a-f) & 3.13 C (g-l). There are two redox couples (1, 2) 

appeared in the CV of ferricyanide, at nickel based CPs/CPE (Figure 3.12 A (a), A (d) 

and Figure 3.13 A (g), A (j)) where peak 1 represents the electrochemical event of 

[Fe(CN)6]3-/4- in the range of 0.2-0.8 (Yuan et al., 2015) and the peak 2, which appear in 

the range of -0.2 to 0.4 V represents the redox reaction of Ni(II) and Ni(0) (Gale et al., 

1979). Furthermore, the CV of ferricyanide at copper and zinc containing CPs/CPE 

(Figure 3.12 A (b), A (c), A (e), A (f) and Figure 3.13 A (h), A (i), A (k), A (l)) shows 

only one redox couple peak appear, which corresponds to ferricyanide (in the range of 

0-0.4 V). The Cu and Zn has a d9, d10 system which make it difficult to undergo redox 

reaction. The peak current ratio of the anodic and cathodic scan of ferricyanide at 

CPs/CPE was close to unity (ipa/ipc=1) and peak potential separation (Epc-Epa) were in 

the range of 570-300 mV. The results show that [Fe(CN)6]3- undergoes a linear diffusion 

controlled process at CP/CPE. It means that this redox active specie showed diffusional 

behaviour at CP/CPE and the reversibility of carbon paste electrode for ferricyanide was 

strengthened due the presence of coordination polymers (Li et al., 2013). The redox 

couple of [Fe(CN)6]3−/4−  are represented as below: 

[Fe(CN)6]3− + e−     [Fe(CN)6]4−  Eq.  (3.1) 

Where e− is the exchanged electron. 

The peak current for a reversible process obeys Randles Sevick equation (Eq. 

3.2), which is used for determination of diffusion coefficient (D) (Comminges et al., 

2006; Zuman, 1970). Randles Sevick equation state that mass transfer occurs only by a 

diffusion process in which ipa and ipc are proportional to υ1/2. Diffusion coefficient can 
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be define as the mass of the substance diffuses through a unit surface in a unit time at a 

concentration gradient of unity.   

ip= (2.69*105) n3/2ACD1/2 υ1/2   Eq. (3.2) 

Where ip is the peak current (A), n is the number of electrons transfer during redox 

process, A is the electrode area (cm2), D is the diffusion coefficient of electroactive 

species (cm2 s-2), υ is the scan rate (Vs-1), C is the bulk concentration of electroactive 

species (mol cm-3). The calculated diffusion coefficient (D) values (1.89×10-5-5.96×10-5 

cm2 s-1) from the above equation for ferricyanide suggesting that the electrochemical 

process between [Fe(CN)6]3-and [Fe(CN)6]4- were reversible and diffusion controlled. 

Table 3.7: Electrochemical study of coordination polymers. 

 

 

 

Types of coordination 
polymers 

ipa/ipc E=Ec-Ea Diffusion coefficient (D) 
(×10-5) cm2 s-1 

AP-Ni-CP (j) 1.07 0.57 5.96 

TP-Cu-CP (h) 1.36 0.51 4.86 
AP-Zn-CP (l) 1.12 0.32 3.44 
AP-Cu-CP (k) 1.08 0.24 3.44 
TP-Ni-CP (g) 1.08 0.78 2.66 
TP-Zn-CP (i) 1.18 0.27 1.89 

TBim-Cu-CP (b) 1.21 0.39 4.87 
ABim-Ni-CP (d) 1.08 0.44 3.44 
ABim-Zn-CP (f) 1.03 0.21 3.44 
TBim-Zn-CP (c) 1.03 0.41 3.44 
ABim-Cu-CP (e) 1.29 0.41 2.88 
TBim-Ni-CP (a) 0.91 0.30 1.89 Univ
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Figure 3.12: (A) (a-f) CV for [Fe(C)6]3- at benzylimdazole based CPs/CPE in 0.1M KCl 
at different scan rate (0.01 to 0.5 mV) (B) CV for [Fe(C)6]-3 at CPE without CPs (C (a-
f)) Plot of Ip verses υ1/2. 
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Figure 3.13: (A) (g-l) CV for  [Fe(C)6]3- at piperazine based CPs/CPE in 0.1M KCl at 
different scan rate (B) CV for [Fe(C)6]3- at CPE without CPs (C (a-f)) Plot of Ip verses 
υ1/2. 
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3.2.2 Electrical Impedance spectroscopy/conductivity analysis 

The conductivity of synthesized coordination polymers was studied in order to 

investigate their electrical properties. The conductivity (σ) of the coordination polymers 

were determined from the ohmic region of Cole-Cole impedance plot (Appendix C & 

D.) and calculated by using Eq.3.3. 

σ = l/(R.A)   Eq. (3.3) 

where l is the thickness, R is the resistance of the disks, and A is the cross-

sectional area of the electrodes. The calculated conductivity of synthesized coordination 

polymers are given in Table 3.9. The tabulated results show that the conductivity of the 

coordination polymers are in the range of 9.07×10-8-1.28×10-3 S/cm. As obvious from 

the results that conductivity of AP-Ni-CP (1.28×10-3 S/cm) (Figure. 3.14) is very high 

among all the synthesized coordination polymers as well as with respect to the other 

reported coordination polymers (Table 3.10). The high conductivity of AP-Ni-CP make 

it as a good conducting material and having potential use in sensor applications.  

It can be seen that the conductivity increases in the same range as increase in the 

pore size of coordination polymers, for example those compounds having high pore 

size, their conductivity is very high. It indicates that in more porous structure, more 

space is available for the conduction of electrons, so we can conclude that conductivity 

value is proportional to the pore size of coordination polymers. Univ
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Figure 3.14 : Cole-Cole plot of AP-Ni-CP. 

Table 3.8: The calculated conductivity values of coordination polymers. 

S.No Coordination polymers  Conductivity S/cm 
 

1. AP-Ni-CP   (j) 1.28×10-03 

2. AP-Cu-CP   (k) 3.75×10-7  

3. TP-Ni-CP    (g) 3.02×10-07 

4. TBim-Ni-CP (a) 2.97×10-07 
5. AP-Zn-CP   (l) 2.80×10-07  

6. TP-Cu-CP   (h) 2.28×10-07 

7. TP-Zn-CP    (i) 1.71×10-07  

8. ABim-Ni-CP (d) 1.32×10-07 
9. ABim-Cu-CP (e) 9.07×10-08  

10. TBim-Cu-CP (b) 2.15×10-08 

11. ABim-Zn-CP (f) 7.74×10-09  

12. TBim-Zn-CP (c) 6.84×10-09 
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Table 3.9: Comparison study of conductivity values of AP-Ni-CP with previously 
reported coordination polymers. 

Coordination polymers Conductivity 
(S/cm) 

References 

TMA–Ni 2.65×10-08 (Sel et al., 2015a) 
TMA-Cd 7.6×10-11 (Sel et al., 2015) 
TMA-Cu(CH3COOH)2 (DIW) 4.16×10-10 (Sahiner et al., 2014) 
Cu[Cu(pdt)2] 6×10-4 (Takaishi et al., 2008) 
Cu[Ni(pdt)2] 1×10-08  (Kobayashi et al., 2010) 
Fe2(DSBDC) 3.9×10-6 (Sun et al., 2015) 
Mn2(DOBDC) 2.5×10-12 (Sun et al., 2015; Sun et al., 

2013) 
AP-Ni-MOF_ 1.28×10-3 This work 

 

3.2.3 Electrochemical detection of H2O2 

 The increasing demand of hydrogen peroxide (H2O2) sensor were more focused 

in recent years due to the significance role of hydrogen peroxide in various field such as 

food industry, fuel cell, chemical synthesis, biotechnology, environmental, clinical and 

pharmaceutical application (Yang et al., 2015; Zhang et al., 2015; Hosseini et al., 

2014). In the past decade‘s electrochemical biosensor based on enzymes have been 

greatly studied due to their high performance (Wang et al., 2010; Ding et al., 2007). 

However, the enzyme based electrochemical biosensors are expensive, complicated and 

effected by temperature and pH due to activity of enzyme. Alternatively, non-enzymatic 

electrochemical sensors are attracted more attention for the determination of H2O2 due 

to long term stability, high sensitivity, pH free, quick response time and low cost (Shang 

& Dong, 2009; Zhao et al., 2009; Cai et al., 1995). Transition metal oxide, nobel 

metals, alloy and nano particles are employed as non-enzyme electrochemical sensor 

but their application were limited due to poor operating stability and low electronic 

conductivity (Heli & Pishahang, 2014; Wang et al., 2014; Gu & Hasebe, 2006). In order 

to overcome this problems, the development of new highly sensitive, selective, fast, low 

cost non enzyme electrode material with the high performance for H2O2 detection is still 

needed. 
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Design and synthesis of different types of coordination polymers for 

electroanalysis application have become an interesting field of research. Literature 

survey clarified that coordination polymers showed attractive electrocatalytic activity 

towards oxidation of L-cysteine (Hosseini et al., 2013), methanol (Lu et al., 2012), 

hydrazine (Hosseini et al., 2013), oxygen reduction reaction NADH (Zhang et al., 2013) 

and H2O2 (Yang et al., 2015; Zhang et al., 2013).  

The application of CPs as electrochemical sensor is still very rare and one of the 

main reason could be due to the fact that most CPs are nonconducting materials 

(Fateeva et al., 2010; De Combarieu et al., 2009). As a result, it is a tough challenge to 

fabricate a high performance sensor for H2O2 detection based on CPs. In order to 

address the above issue, we have designed a new type of nickel-based CPs (AP-Ni-CP) 

which have very high conductivity compared to previously reported coordination 

polymers (Sel et al., 2015; Sun et al., 2015; Takaishi et al., 2008) potentially allowing 

for fast electron transfer and thus showing high electrochemical performance. 

Herein, we select AP-Ni-CP (j) as non-enzyme electrochemical sensor for the 

detection of H2O2 due to its high conductivity and diffusion coefficient value. For 

sensing study, AP-Ni-CP was modified with carbon paste (CP) due to its easy 

fabrication, renewability, good reproducibility and good stability.   

3.2.3.1 The morphology and surface characteristics of AP-Ni-CP, CPE and AP-

Ni-CP/CPE 

The FESEM images of AP-Ni-CP, CPE and AP-Ni-CP/CPE were given in Figure 

3.15 respectively. Figure 3.15a shows that AP-Ni-CP exhibited rod like structure with 

average length of 732 nm and 495 nm. The image of the surface of CPE was seen in 

Figure 3.15b, which is consist of unrecognized and isolated flake graphite with clearly 

distinguished layers. Moreover, the surface of AP-Ni-CP material as seen in Figure 
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Figure 3.16: CV of 1mM H2O2 in the presence of 0.1M PBS at pH 7 at scan rate of 100 
mVs-1 (a) CPE (b) AP-Ni-CP/CPE. 

 

 

 

Scheme 3.1. Electroactive mechanism of AP-Ni-CP/CPE for H2O2. 
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3.2.3.3 Sensor optimization   

To obtain a high performance of sensor, the effect of the amount of AP-Ni-MOF on 

the reduction peak current of H2O2 were investigated with different weight percentages 

of AP-Ni-CP/graphite/mineral oil based on previously reported literatures (Li et al., 

2013; Wang et al., 2013). The ratio of weight percentages are (a) 2:68:30 (b) 5:65:30 (c) 

17:53:30 and (d) 27:43:30. From the results, it was found that 2:68:30 showed the best 

signal of current toward H2O2 and was selected for further experiment.  

Figure 3.17a displays the voltammograms of different pH ranged from 5 to 8.5 of 

the phosphate buffer solution (0.1 M). The reduction peak current increases steadily 

from pH 5 to 7. However, the effect of the pH of 0.1M phosphate buffer solution (PBS) 

(pH range from 5 to 8) on the reduction peak current of H2O2 on AP-Ni-CP/CPE 

electrode was studied using CV (Figure 3.17a). From pH 5 to 7 the reduction peak 

current increases and after pH 7 the current decreased slowly (Figure 3.17b). It is 

obvious from the results that pH 7 was the optimized condition for electrochemical 

reduction of H2O2. The decrease of current in alkaline solution might be related to self-

degradation of H2O2 (Špalek et al., 1982). Therefore pH 7 phosphate buffer solution was 

used for further experiment. 

 

Figure 3.17: (a) CV of 1 mM H2O2 in 0.1 M PBS at scan rate of 0.1 Vs-1 on AP-Ni-
CP/CPE electrode at 5 to 8 pH solutions (b) pH verses peak current. 
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 The kinetic process at AP-Ni-CP/CPE electrode was studied by CV. The scan rate 

verses the electrochemical response of 1 mM H2O2 in 0.1 M PBS (pH 7) were recorded 

(Figure.3.18a). It is obvious from Figure 3.18b that there is a linear relationship between 

cathodic peak current intensity and square root of scan rate, indicating that reduction 

process of H2O2 at AP-Ni-CP/CPE electrode is a typical diffusion controlled reaction 

(Yang et al., 2015). 

 

Figure 3.18: (a) CV of 1 mM H2O2 in 0.1 M PBS (pH 7) on AP-Ni-CP/CPE electrode 
at various scan rates (from 0.01 to 0.50 Vs-1). (b) Plot of I vs ʋ1/2 . Inset plot of Epc vs ln 
ʋ. The error bar length accounts for the relative standard deviations for 3 measurements. 

 

 The sensing performance of an electrochemical sensor is usually effected by the 

applied potential and therefore, in this work, the applied potential was studied and 

optimized. The hydrodynamic voltammogramms of H2O2 was optimized by 

amperometric method as shown in Figure 3.19a. The increase of applied potential were 

increase the reduction peak current of H2O2 (line 1) and background current (line 2). 

Due to that reason, the alternative of current signal (hydrodynamic of signal to 

background ratio) was studied as shown in Figure 3.19b. The signal to background ratio 

measured at -0.25 V exhibited highest sensitivity for detection of H2O2, thus -0.25 V 

was selected for further experiments as an amperometric detect  ion applied potential.    
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Figure 3.19: (a) Hydrodynamic voltammogram of 1 mM H2O2 (line 1), and background 
(line 2) in 0.1 M PBS pH 7 at 15 s sampling time measured on AP-Ni-CP/CPE and (b) 
hydrodynamic voltammogram of the signal-to-background ratios extracted from the 
data in (a). 

 

3.2.3.4 Analytical performance of AP-Ni-CP/CPE sensor 

The amperometric method were used to assess the electrocatalytic activities of AP-

Ni-CP/CPE sensor due to its wide applicability and high sensitivity. The amperometric 

response of AP-Ni-CP/CPE to various concentration of H2O2 was carried out under 

optimum conditions. The concentration of H2O2 and reduction current responses were 

used to derive the calibration curve (Figure 3.20). The calibration curve shows a linear 

relationship between the reduction peak current and concentration of H2O2 in the wide 

range of 0.004-60 mM and after 60 mM saturation were started. The limit of detection 

was estimated to be 0.0009 mM and the limit of quantification is 0.003 mM. 
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Figure 3.20: The calibration curve of amperometric response of H2O2 with the 
concentration of 0.004-60 mM. The error bar length accounts for the relative standard 
deviations for 3 measurements. 

 

3.2.3.5 Interference study 

In order to examine the selectivity of AP-Ni-CP/CPE towards H2O2, the effect of 

various species including glucose, urea, ascorbic acid, ethanol, Fe2+, Cu2+, Co2+, Na+, 

K+, Ca2+, Ba2+ and Mg2+ were studied on AP-Ni-CP/CPE in 0.1 M PBS (pH 7) 

containing 0.5 mM H2O2. It is obvious from the results of Table 3.10 that the change in 

signals of H2O2 has quiet negligible by all interfering species and signal changes of 

below 5%. Thus, AP-Ni-CP/CPE has good selectivity toward H2O2.  
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Table 3.10: The effect of some interfering species (0.5 mM) on the determination of 0.5 
mM H2O2. 

 

 

 

 

 

 

 

 

3.2.3.6 Reversibility, Reproducibility and lifetime stability 

Reversibility, reproducibility and stability of sensor are important factors in 

practical applications (Gupta et al., 2015; Jain et al., 2010). The reversibility of AP-Ni-

CP/CPE electrode was investigated by cyclic voltammetry. The cyclic voltamogramm 

of 1 mM H2O2 in the presence of 0.1M PBS (pH 7) at scan rate of 100 mVs-1 exhibit 

well defined reduction peak in the range of -0.3 to -0.35 V (Figure 3.21) and this peak is 

still retaining after reverse scans (30 cycle at the same scan rate), suggesting the 

reversible nature of electrode process.  

 

 

Interfering species % Signal 
Glucose 1.59 

Urea 3.73 
Ascorbic acid 3.19 

Ethanol 0.19 
Fe2+ 4.65 
Cu2+ 0.07 
Co2+ 0.22 
Na+ 1.08 
K+ 1.74 

Ca2+ 1.30 
Ba2+ 2.83 
Mg2+ 3.26 
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Figure 3.21.  Cyclic voltamogramm (30 cycle) of 1 mM H2O2 in the presence of 0.1M 
PBS (pH 7) at scan rate of 100 mVs-1. 

 

The reproducibility and stability of the prepared AP-Ni-CP/CPE electrode were 

studied by amperometric response towards H2O2. Seven modified electrodes were 

prepared under optimum condition and relative standard deviation (RSD%) of the 

amperometric response of modified electrode toward 1 mM H2O2 was found to be 1.47 

% after 10 consecutive days, indicating that the results can be reproducible. In addition 

to study the stability of AP-Ni-CP/CPE sensor, the AP-Ni-CP/CPE electrode was store 

in refrigerator at 4°C and the current were continuously monitored for 10 days, the 

sensor retained 86-97% of its initial current response after 10 days. The suggested 

results indicated that AP-Ni-CP have good reproducibility and stability.  

3.2.3.7 Real sample analysis 

In order to check the reliability of the AP-Ni-CP/CPE sensor for the detection of 

H2O2, the lens cleaning solution was used. The phosphate buffer solution (pH 7) was 

used to dilute the samples before measuring the current response. H2O2 solutions were 

then added to the cell by using standard addition method. The data collection was 

repeated four times for each sample. The average recoveries of all samples are listed in 

Table 3.11 The calculated relative standard deviation (RSD) values and recoveries from 
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Table 3.11, indicated that the as synthesized sensor has promising use in the 

determination of certain concentration range of H2O2. 

Table 3.11: Determination of H2O2 in Real samples. 

       n RSD% calculated from four measurements 

 

3.2.3.8 Comparison of AP-Ni-CP/CPE sensor with other published H2O2 sensors 

Comparison of the limit of detection and the linear range of synthesized AP-Ni-

CP/CPE electrode with the published coordination polymers and other compounds 

which are used for the detection of H2O2 are given in Table 3.12. On the basis of this 

comparative study, it is found that the AP-Ni-CP/CPE electrode is able to get favourable 

LOD and linear range for the detection of H2O2. 

Table 3.12: Comparative study of as prepared sensor with published sensors. 

 

Samples Add  
(mM) 

Found (mM) n RSD% % Recovery 

1. 0.1 0.11 1.31 107 
2. 0.5 0.49 0.46 97.7 
3. 1 0.96 0.35 96.1 
4. 5 4.78 0.55 95.6 
5. 50 47.3 4.53 94.7 

Modified electrodes Linear range 
(mmolL-1) 

LOD 
(µmolL-1) 

References 

Cu-bipy  
BTC/MWCNTs/GCE 

0.003-0.07 0.46 (He et al., 2011) 

[Co(pbda)(4,4-
bpy)(2H2O)]n/GCE 

0.05-9 3.76 (Yang et al., 
2015) 

Cu-MOF/MPC/GCE 0.01-11.6 3.2 (Zhang et al., 
2013) 

[Cu(adp)(BIB)(H2O)]n/GC 0.0001-0.00275 0.068 (Zhang et al., 
2013) 

Ni(OH)2/ERGO.MWNT/GC 0.01-9.05 4 (Gu et al., 2010) 
Co3O4/MWCNTs/CPE 0.02-0.43 2.46 (Heli & 

Pishahang, 2014) 
AP-Ni-CP/CPE 0.004-60 0.9 This work 
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3.3  Adsorption of dye studies 

3.3.1 Introduction 

Recently, annual utilization of more than 10000 different types of textile dyes 

has exceeded 7×105 tons (Al-Degs et al., 2006; Crini, 2006). Dyes are widely used for 

coloring in several industries, such as pulp mill electroplating printing, paper, cosmetic, 

medicine, and textile, wherein huge amounts of colored wastewater is produced (Gao et 

al., 2016; Yu et al., 2015; Li et al., 2014; Kamboh et al., 2013; Mittal et al., 2007). 

Dyes not only influence water quality but also impact human health, including 

mutagenic, carcinogenic, teratogenic, and other inflammatory effects (Polak et al., 

2016; Yap & Neuhaus, 2016; Chen et al., 2010). The toxicity and bio-resistivity of dyes 

have been comprehensively reviewed (Bedekar et al., 2015; Sponza, 2006; Golka et al., 

2004). Dye are difficult to degrade because of their stability towards light and oxidation 

(Chen et al., 2011). Hence, removal of dyes from wastewater is very essential for safer 

environment, various methods have been reported in literature for the removal of 

dyestuffs (Lig et al., 2016; Shahabuddin et al., 2016; Coasne et al., 2009; El-Gohary & 

Tawfik, 2009; El-Naas et al., 2009; Unuabonah et al., 2008). Adsorption technique is 

one of the competitive technologies used for dye removal and purification of colored 

contaminated water (Zare et al., 2017). 

Design and synthesis of different types of CPs for the removal of dyes have 

become an interesting research (Hasan & Jhung, 2015). Literature survey clarified that 

CPs are considered attractive and optimistic adsorbents for the detoxification of dye 

effluents owing to their unique features, such as high surface area, high adsorption 

capacity, microporosity, and potentially strong interactions with dye molecules (Kligler 

et al., 2016; Lin & Lee, 2016; Liu et al., 2016; Jhung et al., 2012). Various type of CPs, 

such as Cr-MIL-101, PED-MIL-101, MIL-53 (Fe), MCM-41, MIL-100(Fe), MIL-
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53(Al), and MOF-235, have been reported for the removal of different types of textile 

dyes from contaminated water (Adeyemo et al., 2016). Recently research attention has 

focused on design of new innovative and highly efficient CPs to treat dye-contaminated 

effluents. 

The structures of adsorbents and dyes play an important role for the removal of 

dyes. Most of the dyes have a conjugated system, thus the coordination polymers could 

stabilize the dyes through π–π interactions or stacking with dyes (Hasan & Jhung, 

2015). Herein, we select two oppositely charged dyes, methylene blue (cationic dye) 

and Chicago sky blue (anionic dye) as a main dye contaminant to evaluate the 

adsorption property of the synthesized coordination polymers. The effect of structure of 

coordination polymers on the removal of methylene blue and Chicago sky blue dye 

(Figure 3.22) was also investigated. The extraction behavior was explored through 

solid-phase adsorption (batch method) using UV–vis spectrophotometry.  

 

 

Chicago sky blue dye 

 

Methylene blue 

Figure 3.22: Chemical structures of selected dyes used in the study. 
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3.3.2 Adsorption of methylene blue and Chicago sky blue by coordination 

polymers 

The adsorption of the dyes were studied because of porous nature of 

coordination polymers. To assess the adsorption property of benzylimidazole and 

piperazine based coordination polymers, two dyes were selected, which possess 

different charges, cationic dye (methylene blue (MB)) and anionic dye (Chicago Sky 

Blue (CSB)). Figure. 3.23 depicts the screening results for the % removal of dyes by 

coordination polymers. It was observed that percentage removal of methylene blue is 

less than 50% while the percentage removal for Chicago sky blue is in the range of 65 

to 95 % which is quite high compare to methylene blue. The result indicated that 

adsorption not only depend on the pore size of coordination polymers but also effected 

by the types of interactions between dye and coordination polymers. A comparative 

study shows that coordination polymers were more selective toward the adsorption of 

anionic dyes than cationic dyes because of the different types of interactions between 

the coordination polymer and anionic dyes (Figure. 3.24). 
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(a) Electrostatic interactions: Following the dissociation process in aqueous media, 

the Na+ and SO3
-2 groups of the dyes become positively and negatively charged, 

respectively. In this situation, the lone-pair electron of the nitrogen atom in the 

piperzine/imidazole ring in coordination polymers forms an attractive interaction 

with the positive Na+ ion. 

(b) Metal ion interactions: The metal ions of coordination polymers can bind the lone 

pair of electrons of oxygen of the CSB molecules, and thus the dye can be extracted 

via metal–dye coordination. 

(c) π–π interactions: CSB is a benzidine-based dye with a rich aromatic core (π–π 

arrangement), and the synthesized coordination polymers adsorbents also have 

aromatic cores (terephthalic acid units). Thus, due to the formation of π–π electron 

interactions, the dye is extracted. 

(d) Hydrogen bonding: Hydrogen atoms of the dye molecules form hydrogen bonds 

with oxygen atoms of the linker present in coordination polymers, thereby 

extracting the dye. 

 

Figure 3.23:(A) % Removal of methylene blue by coordination polymers and (B) % 
removal of Chicago sky blue by coordination polymers. 
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Figure 3.24: Proposed adsorption mechanism of CSB by coordination polymer. 

 

On the other hand, in the case of methylene blue, there were also some 

interactions between MB and the coordination polymers because of the presence of the 

benzene rings, but due the repulsive interactions between cationic groups (metal ion, 

nitrogen atoms in CPs and nitrogen atoms in MB) decreases the adsorption of the dye.  

Screening results of MB shows that all the zinc containing coordination polymers 

show comparatively good adsorption than Cu and Ni containing compounds because Zn 

has d10 system (which has high stability due to filled d orbital) and the repulsive force 

toward MB is comparatively less than Cu and Ni. That‘s why we select ABim-Zn-CP 

(f) which shows good percentage removal towards both dyes (CSB and MB) for the 

further adsorption studies.  

3.3.3 Optimization factors affecting adsorption process 

For the quantitative removal of CSB and MB dye, different parameters were 

optimized (i.e., adsorbent dosage, pH solution, adsorption time as well as CSB and MB 

concentration). 
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3.3.3.1 Effect of the ABim-Zn-CP (f) amount on CSB and MB 

The mass of ABim-Zn-CP were studied within the range of 5 to 30 mg.  The 

result in Figure.3.25a show that the removal of CSB and MB increased with increase in 

content of f.  Quantitative removal of the CSB and MB was obtained using 10 mg and 5 

mg of f respectively.  At above 10 mg and 5 mg of adsorbent, the CSB and MB removal 

remained nearly constant.  Therefore, 10 mg and 5mg of adsorbent were used for further 

experiments 

3.3.3.2 Effect of solution pH on the removal of CSB and MB 

pH plays an important role in adsorption process because it affects the degree of 

ionization of the material present in the solution and the dissociation of functional 

groups on the active sites of the adsorbent (Kamboh et al., 2013). The effect of pH (4.5–

10.5) on the removal of CSB and MB dye using f was examined.  As shown in 

Figure.3.25b, 88 % removal of CSB dye and 64 % removal of MB dye were achieved at 

pH 7.5.  It was found that above pH 7.5 percent removal was decrease in MB and 

remains constant in CSB. The adsorption mechanism of CSB and MB onto f depend not 

only on the surface charge but also depend on the types of various interactions. As 

obvious from the zeta potential value of f (Figure 3.26) that the surface charge on the 

adsorbent is less negative (more towards positive) at pH 7.5 while more negative in 

basic and acid pH.  

The adsorption of CSB at lower pH decrease due to the presence of excess H+ 

ions because:  

 Competition of anionic dye and high negatively charge adsorbent: 

Competition of anionic dye and high negatively charge adsorbent toward excess of 

H+ ions decrease the adsorption process. 

 Repulsion between anionic dye and negatively charge surface of adsorbent 
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Electrostatic force of repulsion between anionic dye and negatively charge surface of 

adsorbent also decrease the adsorption of dye.  

Similarly, in basic pH the adsorption decrease because:  

 Repulsion between dye anion and the excess of OH- in the solution  

The excess of OH- increase the surface charge and negatively charged surface site on 

the adsorbent does not favour the adsorption of dye anions due to electrostatic repulsion 

thus decreases the percent removal.  At pH 7.5 there was low negative charge (more 

toward positive) on the surface, no competition with H+ and OH- ion and the lone pair of 

oxygen of SCB dye show coordination toward adsorbent cation (metal ion), which 

suggests a strong metal dye interaction, Therefore, by virtue of strong metal dye 

interaction, the dye is extracted. 

Moreover, the adsorption of MB at low pH also effected due the excess of H+ 

ion because: 

 Competition between excess of H+ ion and cationic dye:  

Competition between excess of H+ ion and cationic dye toward adsorbent site 

decrease the adsorption while in high pH:  

 Competition between OH- and surface charge of adsorbent:  

The excess of OH- in the solution compete with the surface charge of adsorbent for 

the dye cation to decrease the adsorption. The maximum adsorption of MB at pH 7.5 is 

due the interaction of surface charge of adsorbent and dye cation and there is no 

competition with H+ and OH- ions Thus, pH 7.5 is selected as optimum pH for both 

dyes for further experiment.             
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Figure 3.25: (a) Effect of content and (b) solution pH on the adsorption of CSB and      
MB dye. 

 

 
Figure 3.26: Effect of pH on the zeta potential of ABim-Zn-CP (f). 

 

3.3.3.3 Effect of contact time and kinetic study  

The effect of contact time for the removal of CSB and MB dyes were studied 

using f at different adsorption times (5 to 60 min), as shown in Figure. 3.27a. The 

adsorption capacity for the removal of CSB and MB increases during the first 30 min, 

and then remained constant afterward.  Thus, 30 min was sufficient to reach to 

equilibrium, 30 min is selected as optimal shaking time for further experiments. 
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The validity of the adsorption rate of CSB onto f was investigated through 

kinetics models, i.e. pseudo-first-order and pseudo-second order kinetic models.  The 

pseudo-first-order kinetic parameters were calculated using Eq. 3.4   

                                                    

where k1 (min−1) is the adsorption rate constant, and qe (mg g−1) and qt (mg g−1) are the 

adsorption capacity at equilibrium time and at time t, respectively. The pseudo-second-

order constants were calculated using Eq.3.5. 

  

  
           

                                                    

where k2  (g mg−1  min−1) is the pseudo-second-order rate constant.  

 

Figure 3.27: (a)Effect of contact time on adsorption capacity and (b) pseudo-second-
order linear form. 

 

The calculative parameters of both tested models are presented in Table 3.13 and 

Figure. 3.27 (a, b). The experimental data is well fitted in pseudo-second-order model 

with determination of coefficient (R2) of 0.993 and 0.991 for both dyes. In addition, the 

obtained theoretical value of qe (9.36 and 8.74 mg/g) for the pseudo-second-order model 

matches satisfactorily with experimental values at equilibrium time (9.00 and 7.79 

mg/g). Thus, experimental data fit the pseudo-second-order model. 
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Table 3.13: Kinetic study, modelling constants, and coefficient of determination for 
CSB and MB adsorption onto f. 

 
Model Kinetic constants  CSB MB 

Pseudo-first-order 

qe(mg g-1) 119.6 98.4 

k1 (min-1) 0.00001 0.00002 

R2 0.813 0.790 

Pseudo-second-

order 

qe (mg g-1) 9.36 8.74 

k2 (g mg-1 min-1) 0.3429 0.7055 

R2 0.993 0.991 

 

3.3.3.4 Initial concentration and adsorption isotherm 

The effect of initial CSB and MB concentration on the adsorption capacity of f 

was investigated under equilibrium condition at room temperature (Figure. 3.28 (a, b)). 

The plot between qe and Ce shows that adsorption capacity increase with the increase in 

CSB and MB concentration until the adsorbent site becomes saturated.  The adsorption 

capacity of f toward CSB and MB dye were calculated using Eq. 2.9. 

 

Figure 3.28: (a) Adsorption capacity for CSB and (b) adsorption capacity for MB. 
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The validity of the adsorption experiments were investigated by Langmuir and 

Freundlich isotherm models (Quiñones & Guiochon, 1996). The relationship between 

adsorption of CSB and MB dye onto f and the equilibrium concentrations were studied 

using linearized form of Eqs.3.6 and 3.7. The Langmuir and Freundlich models 

correspond to the monolayer and multilayer adsorption, respectively (Sa    Kutsal, 

1996). 

  

  
 

  

  
 

 

  
                                            

where qe (mg g−1) is the amount of CSB and MB adsorbed at equilibrium, ce (mg L−1) is 

the equilibrium CSB and MB concentration, and qm (L mg−1) is the Langmuir constant 

related to the maximum adsorption capacity. 

          (
 

 
)                              

where n is the dimensionless exponent of the Freundlich equation, and KF 

([(mg/L)/(mg/g)1/n]) is the Freundlich constant related to the adsorption capacity. 

Comparison of R2 values shows that adsorption of CSB and MB onto the f follow the 

Langmuir model better than Freundlich isotherm respectively. Moreover, the obtained 

theoretical value of qm (144.9 and 178.5 mg/g) for the Langmuir model matches 

satisfactorily with experimental values at equilibrium (144.2 and 174 mg/g). The kF 

values for CSB and MB were 16.5 and 17.9 respectively. The calculative parameters of 

both tested models are tabulated in Table 3.14 and Figure. 3.29 a, b. The applicability of 

Langmuir adsorption model suggests the monolayer coverage of CSB and MB on the 

surface of f. 
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Figure 3.29: (a) Langmuir isotherm and (b) Freundlich plots for the adsorption of CSB 
and MB onto f. 

 
 
Table 3.14: Isotherms parameters for CSB and MB adsorption onto ABim-Zn-CP (f). 

 
 
 
3.3.3.5 Adsorption of mixture of dyes (CSB+MB) by ABim-Zn-CP (f) 

Mixture of dyes (CSB+MB) were also study in order to further investigate the 

percentage removal efficiency of adsorbent (f) towards binary mixture of CSB and MB. 

For the mixture preparation we mixed both dyes with concentration of 10 ppm to make 

it 10 mL solution and analyzed by UV-vis spectrometer.  It can be observed that mixture 

of dye gives its own peak at wavelength of 600 cm-1, which shows that after mixing the 

CSB and MB dye, their properties are quite changed from the individual dye (CSB and 

Model Isotherm constant  CSB MB 

Langmuir isotherm 

 

 

qm (mg g-1) 144.92 178.57 

b (L mg-1) 0.0872 0.4055 

R2 0.998 0.991 

Freundlich isotherm 

 

KF ((mg g-1)( L mg-1)1/n) 16.50 17.98 

1/n (g mg-1 min-1) 2.64 2.73 

R2 0.975 0.946 
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MB). When we added the prepared adsorbent (f) (10 mg) in the binary mixture (10 mL) 

of dyes, the removal efficiency of adsorbent (f) increase up to 94 %. The result indicates 

the synthesized adsorbent also has an excellent removal efficiency toward mixture of 

CSB and MB. 

3.3.3.6 Real sample analysis 

In order to authenticate the field application of the newly synthesized adsorbent 

(f), lake water (from University of Malaya) was analysed. 10 ppm mixture of dyes were 

spiked into the lake water and added 10 mg of adsorbent. It was found that the recovery 

in real sample is about 98 %, indicated that the synthesized adsorbent was applicable for 

the removal of mixture of dyes in environmental water samples. 

3.3.3.7 Comparison of current adsorbent with reported materials  

A comparison of the synthesized adsorbents (f) for the removal of carcinogenic 

azo dye CSB and MB with previously reported materials is given in Table 3.15. The 

absorption capacity of the prepared coordination polymer is comparatively higher than 

the other reported materials.  
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Table 3.15: Comparison of the adsorption capacity of carcinogenic azo dyes of the 
current study with several published materials 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Adsorbent 
 

 
Type 

of 
Dye 

Adsorption 
capacity 
qe (mg/g) 

 

Ref 

ABim-Zn-CP (f) CSB 144.92 Current study 
ABim-Zn-CP (f) MB 178.57 Current study 
 Polymer 1 based on β 
cyclodextrin 

CSB 7 (Yilmaz et al., 
2010) 

Polymer 2 base  on β cyclodextrin CSB 12 (Yilmaz et al., 
2010) 

p-tert-Butylcalix[4]arene CSB 97 (Kamboh et al., 
2013) 

CNTs MB 112.2 (Ma et al., 2012) 
HKUST-1/GO MB 183.49 (Li et al., 2013) 
Activated carbon MB 26 (Hameed et al., 

2007) 
MOF-235 MB 187 (Haque et al., 

2011) 
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CHAPTER 4: MISCELLANEOUS STUDY  

Synthesis, characterization, photoluminescence, and electrochemical studies of 

novel mononuclear Cu(II) and Zn(II) complexes with the 1-benzylimidazolium 

ligand 

 

4.1 Introduction 

Recently, coordination complexes have become attractive for use in the 

production of medicines and drugs, primarily because most metals and organic 

compounds have some biological activity, such as antifungal agents, antibiotics, and 

anticancer (Hackenberg & Tacke, 2014; Salehi et al., 2012). However, coordination 

complexes also have physical and chemical applications, such as in catalysis, 

luminescence, hydrometallurgy, and sensors (Parthiban et al., 2016; Yam et al., 2015; 

Prier et al., 2013). In addition, coordination complexes have been widely used in 

electrochemical studies because of the different oxidation state of transition metal 

(Begum et al., 2016; Wang et al., 2015). 

Coordination complexes contain ligands, which can be ions or neutral 

molecules, that have lone pairs that can be donated to the central metal atom (Wang et 

al., 2016; Malone & Crowston, 1990). The ligand can be varied by the donor atom, for 

example, N, S, O, or P in phosphines (Sutra & Igau, 2016), alkoxides, imides (Tsai et 

al., 2015), phosphoramidites (Duursma et al., 2003), and more (Brändén & 

Reinhammar, 1975). Benzylimidazole is a popular N-donor ligand often used in 

coordination chemistry. The imidazole ring of benzylimidazole is an important 

component of numerous natural products, including purine, histidine, histamine, and 

nucleic acids. The exposed imidazole nitrogen atom of benzylimidazole can bind as a 

monodentate ligand to a central metal atom (González-Ortega & Guzmán, 2015; 

Nardecchia et al., 2013). Benzylimidazole is also known to be good Lewis base and 
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metal coordinator because of its pKa value (approximately 7), and the rotational freedom 

around the C-N bond in benzylimidazole allows changes in molecular conformation that 

lead to distinct coordination compound structures (Kovalevsky et al., 2010; Wu et al., 

1996). A large number of d-block transition metal and imidazole complexes and their 

derivatives are known to have biological and physiochemical properties (Majumder et 

al., 2006), and the coordination capability of a number of monodentate benzylimidazole 

derivatives (Maru & Shah, 2012; Goodgame et al., 1972). 

In this study, we explore two novel crystal structures of benzylimidazole-based 

complexes: [Cu(bim)4Cl2]2H2O (1) and [Zn(bim)2Cl2] (2). The [Zn(bim)2Cl2] (2) 

complex has been previously reported by Pettinari and coworkers, although no crystal 

structure (Pettinari et al., 1998). Therefore, here, we report the synthesis, spectroscopic 

characterization, single crystal structure, X-ray diffraction (XRD) measurements, and 

thermogravimetric (TGA) analysis of complexes 1 and 2 and their electrochemical 

behavior. The electrochemical studies of both complexes were carried out using cyclic 

voltammetry (CV). 

4.2 Experimental  

4.2.1  Materials and measurements  

1-Benzylimidazole (Sigma–Aldrich, 99%, Germany) CuCl2.2H2O, ZnCl2 (98%; 

R&M chemicals, UK). Ultrapure water (Milli-Q water purification system, Millipore, 

Billerica, MA, USA) was used as the working solution. All reagents are commercially 

available and were used without further purification.  

IR, UV-vis, Powder X-ray diffraction (PXRD) and TGA instruments and their 

methods are similar as it is explained in Section 2.1.2. Fluorescence spectra were 

measured using a JASCO FP-6500 spectrofluorometer. 
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X-ray single crystal data for complexes 1 and 2 were collected at 304(4) and 

293(2) K on a Bruker AXS SMART APEX II diffractometer with a CCD area detector 

(Mo Kα = 0.71073 Å, monochromator = graphite). High-quality crystals were chosen 

under a polarizing microscope and mounted on a glass fiber. Data processing and 

absorption correction were accomplished using the APEXII software package (Bruker, 

2005). The structures were solved by the same method as explained in section 2.1.2. 

  Cyclic voltammograms were recorded on a CHI602E electrochemical analyzer 

using a three-electrode cell.  

4.2.2 Synthesis of [Cu(bim)4Cl2].2H2O (1)  

An aqueous solution (20 mL) of CuCl2.6H2O (0.0025 M, 0.426 g) was added to 

a methanol solution (20 mL) of 1-benzylimidazole (0.01 M, 1.582 g) at a molar ratio of 

1:4. The mixture was stirred for 4 to 5 h at room temperature, and then the resultant 

clear solution was filtered off and allowed to stand for crystallization. Dark blue crystals 

formed after a week and were analyzed by single crystal X-ray diffraction technique. 

Anal. Calc.for C40H44Cl2CuN8O2: C, 59.81; H, 5.52; N, 13.95; Found: C, 58.62; H, 

4.33; N, 11.26. mp = 135–148 °C. Yield = 83%. 

4.2.3 Synthesis of [Zn(bim)2Cl2] (2) 

A DMF solution (20 mL) of ZnCl2 (0.0025 M, 0.341 g) was added to a methanol 

solution (20 mL) of 1-benzylimidazole (0.01 M, 1.582 g) at a molar ratio of 1:4 and the 

mixture was stirred for 4 to 5 h at room temperature. Colorless crystals were obtained 

from the filtrate after a week and analyzed by single crystal X-ray diffraction technique. 

Anal. Calc. for C81H80Cl8N15Zn4: C, 53.03; H, 4.45; N, 12.38; Found: C, 52.55; H, 4.48; 

N, 11.58. The mp of 162–174 °C is in the range of previously reported proposed 

complex (Pettinari et al., 1998). Yield = 94%. 
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4.3 Results and discussion  

General and spectroscopic characterization 

4.3.1  IR analysis 

Table 4.1 lists the FT-IR spectral analysis of the ligand benzylimidazole and its 

complexes, 1 and 2. The infrared spectrum of the benzylimidazole ligand contains a 

prominent band at 3137 cm-1, which can be attributed to N-H stretching vibrations. The 

IR band appearing at 1178 cm-1 can be assigned to N-C stretching of the 

benzylimidazole ring (Katsyuba et al., 2004).  As evident from Table 5.1, the IR spectra 

of the ligand and the complexes contain peaks in a similar region. However, some 

significant variations are seen in the spectra of the metal complexes and their free 

ligands. By comparing the infrared spectra of the free ligand with those of its 

complexes, the coordination modes and parts of the ligand bound to the metal ion were 

explored. On coordination, the stretching vibrations for the υ(N-H) and υ(C-N) bonds 

show a significant shift, with υ(N-H) shifting from 3137 to 3122 and 3115 cm-1, 

whereas υ(C-N) shifted from 1178 to 1158 and 1150 cm-1 in metal complexes 1 and 2, 

respectively. New characteristic peaks, which were absent in the spectrum of the ligand, 

were observed in metal complexes at 510 and 530 cm-1, indicating M-N linkages 

(Jayaseelan et al., 2013) for complexes 1 and 2, respectively.  

Table 4.1: IR spectral data of ligand benzylimodazole and its complexes 1 and 2. 

 

Compound υ(N-H) υ(C-N) υ(M-N) 
Ligand 
(benzylimidazole) 

3137 1178 - 

Complex 1 3126 1158 510 
Complex 2 3115 1104 530 
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4.3.2 UV-visible absorption spectroscopy  

Figure 4.1 shows the solid state UV-Visible spectra of the ligand and its 

complexes 1 and 2. As evident from the spectrum of the free ligand, a prominent 

absorption band appears between 200 and 300 nm with maxima at 212, 234, and 270 

nm; these may be assigned to the π-π* transitions of benzylimidazole (Saral et al., 2017; 

Xing et al., 2008). The absorption spectra of complexes 1 and 2 displayed different 

absorption patterns compared to that of the free ligand. The absorption bands observed 

with maxima at 335 nm in the spectrum of 1 and 211, 231, and 264 nm in the spectrum 

of 2 were assigned to the π-π* transitions of the imidazole group. Complex 1 exhibited 

broad and sharp absorption bands between 500 and 800 nm, which may be attributed to 

d-d transitions, a unique characteristic of transition metal ions (Cu2+), whereas the 

spectrum of complex 2, which has a d10 metal ion (Zn2+) configuration, does not contain 

any peaks arising from d-d (Begum et al., 2016) The shifting of the absorption bands in 

the spectra of the complexes towards higher wavelengths for complex 1 and lower 

intensity for complex 2 is indicative of the metal ion coordination with the 

benzylimidazole ring.  

 

Figure 4.1: Solid state UV-Visible spectra of (a) free ligand (benzylimidazole), (b) 
complex 1 (c) complex 2. 
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4.3.3 Fluorescence spectroscopy 

Figure 4.2 shows the solid-state fluorescence emission spectra of the free ligand 

and its complexes, 1 and 2, at ambient temperature. As obvious from the figure, the 

emission spectrum of the free ligand contains three significant emission peaks at λmax = 

308, 367, and 420 nm upon excitation at 270 nm, and these may be assigned to the π-π* 

transitions of the delocalized π electrons in the imidazole ring and the n-π* transitions 

of the n-electrons of the nitrogen atoms of imidazole (Cheng et al., 2014). The emission 

spectrum of complex 1 contains two emission peaks at 375 and 497 nm upon excitation 

at 335 nm, whereas complex 2 displayed two emission peaks at 297 and 419 nm upon 

excitation at 264 nm. Comparing the emission spectral data of the free benzylimidazole 

ligand with those of its complexes, the emergence of new peaks in the emission spectra 

of the complexes can be attributed to the π-π* transition of the benzylimidazole ligands 

with metal ion charge transitions. In addition, there is fluorescence quenching in 

complexes 1 and 2. The fluorescence quenching of a ligand by transition metal ions 

during complexation is a common phenomenon and can be explained by processes such 

as magnetic perturbation, redox activity, and electronic energy transfer (Erkarslan et al., 

2016; Hopa & Cokay, 2016; Yasemin, 2016). On the formation of metal complexes, the 

energy of the ligand excited states, which are responsible for the emission spectrum, 

transfers to the metal ions, leading to a decrease in the fluorescence intensity (Önal et 

al., 2011). 
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Figure 4.2: Fluorescence spectra for (a) free ligand (benzylimidazole) (b) complex 1 (c) 
Complex 2. 

 

4.3.4 Crystal structure description 

Complex 1 crystallized in the monoclinic space group P21/c. The crystal data 

and structural refinement parameters are shown in Table 4.2. 

Complex 1 (tetrabenzylimidazole dichlorocopper(II) dihydrate) possesses one 

half-molecule with the center of symmetry at the Cu1 atom in the asymmetric unit, and 

the molecular structure is shown in Figure 4.3. However, the octahedral geometry is due 

to the long-range interactions of Cu1 with the two Cl atoms occupying the axial 

positions. The Cu-Cl1 distances are 3.0897(7) Ǻ. Similar observations has been 

observed in catena-poly[bis(1-methyl-1-tetrazole-ĸN4)copper(II)]-di-μ-bromo], in 

which the Cu-Br bond length is 3.101(4) Å (Ivashkevich et al., 2005). The N2, N2A, 

N3, and N3A nitrogen atom of the imidazole rings occupy equatorial positions, with 

N2–Cu1–N3 and N2–Cu1–N3 bond angles of 86.94(7) and 93.06(7)°, respectively, 

making the geometry slightly distorted. The Cu1–N2 and Cu1-N3 bond lengths of 
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1.9887(17) and 2.0253(16) Å, respectively, are longer than that in [Cu(bhs)(Hdmpz)] 

(1.924(2) Å) (Paul et al., 2008). Other bond length and angles are normal and 

comparable to the Zn complex (Table 4.3). The cis imidazole rings, N1/N2/C8-C10 and 

N3/N4/ (C11-C13), are not coplanar but are twisted with an angle of 45.98°.  

 

Figure 4.3: Molecular structure of complex 1. 

 

In the crystal packing structure of complex 1, the interactions are dominated by 

C11-H11Cl1 and intermolecular hydrogen bonds between the water molecules and 

chloride atoms, forming a two-dimensional network (Figure 4.4). All the symmetry 

codes are given in Table 4.4. 

 

Figure 4.4: Crystal packing of complex 1 viewed down a axis. The dashed lines 
indicate hydrogen bond except chlorine to Cu atoms. 
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Complex 2 (dibenzylimidazoledichlorozinc(II)) crystallized in the triclinic space 

group P-1. The asymmetric unit contains four crystallographic independent complexes. 

In the molecular structure of complex 2, the Zn atom is coordinated by two nitrogen 

atoms (from two benzylimidazole ligands) and two chlorides, resulting in a tetrahedral 

coordination geometry (Figure. 4.5).  

 

Figure 4.5: Asymmetric unit of complex 2. 

 

The two chloride atoms located at the basal position have Cl1-Zn1-Cl2, Cl3-

Zn2-Cl4, Cl5-Zn3-Cl6, and Cl7-Zn4-Cl8 bond angles ranging from 117.45(2) to 119.87 

(2)°, while the two nitrogen atoms of the imidazole rings are in equatorial positions with 

N1-Zn1-N3, N7-Zn2-N5, N9-Zn3-N11, and N13-Zn4-N15 bond angles of 108.02(7) to 

108.52(7)°, resulting in a significantly distorted tetrahedral geometry. The cis 

benzylimidazole rings are not coplanar. The Zn-N bond lengths (Zn1-N1, Zn1-N3, Zn2-

N7, Zn2-N5, Zn3-N9, Zn3-N11, Zn4-N13, and Zn4-N15) range from 2.0022(17) to 

2.0106(17) Å, and these are slightly shorter than those in [ZnCl2(C14H12N2)2], which 

have bond lengths ranging from 2.0048(17) to 2.0225(17) Å to the imidazole group 
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(Deng et al., 2016; Bouhfid et al., 2014). Other bond lengths and angles are within 

normal ranges (Table 4.3).  

As shown in the crystal packing diagram, the intermolecular interactions are 

dominated by C-HCl and C-Hπ interactions (blue dotted line), resulting in three-

dimensional layers (Figure 4.6). There are no classical hydrogen bonds in the structure. 

 

Figure 4.6:Crystal packing of complex 2 viewed down a axis. 
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Table 4.2: Crystal data and structure parameters for crystal complex 1 and complex 2. 

 
 
 
 

 1 2 
CCDC No 1478266 1519004 
Empirical formula C40H44Cl2CuN8O2 C81H80Cl8N15Zn4  

Formula weight 803.27  1808.68  

Temperature/K 304(2) K 293(2)  

Crystal system monoclinic triclinic  

Space group P21/c P-1 

a/Å 10.9435(7) 12.3756(4)  

b/Å 17.8491(13) 14.5480(4)  

c/Å 10.5662(6) 24.7577(7)  

α /˚  90 106.590(2)  

β/˚ 109.201(2) 104.191(3)  

γ /˚ 90 90.275(3)  

Volume/ Å
3
 1949.1(2)  4128.1(2)  

Z 2 2  

Density (calculated) /g/m3 1.369  1.455  

Absorption coefficient/ mm
-1

 0.743  4.119  

F(000) 838.0 1854.0  

Crystal size/ mm
3
 0.430 × 0.240 × 0.160  0.3 × 0.3 × 0.3  

Theta range for data collection 3.0 to 28.3°. 7.4 to 149.4°  

Reflections collected 63639 28752  

Independent reflections 4845 [R(int) = 0.0587] 16214 [R(int) = 0.0262] 

Completeness to theta = 28.3° 99 % 99 % 

Max. and min. transmission 0.8903 and 0.7405 0.088 and 1.000 

Refinement method Full-matrix least-squares on 
F2 

Full-matrix least-squares on 
F2 

Goodness-of-fit on F2 1.062 1.005 
Final R indices [I>2sigma(I)] R1 = 0.0448, wR2 =0.0927 R1 = 0.0409, wR2 = 0.1141 
R indices   R1 = 0.0775, wR2 = 0.1067 R1 = 0.0470, wR2 = 0.122 
Largest diff. peak and hole/ e.Å-3 0.23 and -0.88 0.77 and -0.78 
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Table 4.3: Selected bond lengths (Å) and bond angles (°) for complex 1 and 2. 

 
 
Table 4.4: Hydrogen Bond (Å) for complex 1. 

x,1/2-y,1/2+z 

4.3.5 X-ray powder diffraction pattern 

Figure 4.7 shows the experimental powder X-ray diffraction patterns for the 

Cu(II) and Zn(II) coordination complexes, which agree well with the simulated patterns 

calculated from the single crystal structures of complexes 1 and 2, indicating that the 

samples are single phase and free from impurities. 

 

Complex 1 
Atom Length/Å Atom Angle / ° 

Cu1–N2 1.9887(17) H(1WA)-O(1W)-H(1WB) 107(4) 
Cu1-N3 2.0253 (16) N(2A)-Cu(1)-N(2) 180.0 
Cu1-Cl1 3.0897(7) N2–Cu1–N3 86.94(7) 

N(3)-C(1) 1.310 N2–Cu1–N3A 93.03(7) 
Complex 2 

Atom Length/Å Atom Angle/ ° 
Zn(1)-N(1) 2.0096(17) N(1)-Zn(1)-N(3) 108.35(7) 
Zn(1)-N(3) 2.0106(17) N(7)-Zn(2)-N(5) 108.52(7) 
Zn(1)-Cl(1) 2.2511(6) N(9)-Zn(3)-N(11) 108.20(7) 
Zn(1)-Cl(2) 2.2572(5) N(13)-Zn(4)-N(15) 108.02(7) 
Zn(2)-N(7) 2.0060(16) Cl(1)-Zn(1)-Cl(2) 117.45(2) 
Zn(2)-N(5) 2.0087(17) Cl(4)-Zn(2)-Cl(3) 118.24(2) 
Zn(2)-Cl(4) 2.2500(5) Cl(5)-Zn(3)-Cl(6) 119.87(2) 
Zn(2)-Cl(3) 2.2535(5) Cl(8)-Zn(4)-Cl(7) 117.85(2) 
Zn(3)-N(9) 2.0079(17) N(15)-Zn(4)-Cl(7) 102.3(5) 

Zn(3)-N(11) 2.0111(17) N(1)-Zn(1)-Cl(1) 112.30(5) 
Zn(3)-Cl(5) 2.2507(5) N(7)-Zn(2)-Cl(4) 102.41(5) 
Zn(3)-Cl(6) 2.2531(5) N(9)-Zn(3)-Cl(5) 111.35(5) 
Zn(4)-N(13) 2.0022(17) N(13)-Zn(4)-Cl(8) 104.01(5) 
Zn(4)-N(15) 2.0160(17) N(3)-Zn(1)-Cl(2) 113.30(5) 
Zn(4)-Cl(7) 2.2526(5) N(5)-Zn(2)-Cl(4) 111.97(5) 
Zn(4)-Cl(8) 2.2495(5) N(11)-Zn(3)-Cl(6) 111.52(5) 

Complex 1 
D-H……A d(D-H) d(H…..A) d(D…A) d(D-H…..A) 

2O(1W)-H(1WA)…Cl1 0.82(2) 2.52(2) 3.293(3) 158(3) 
2O(1W)-H(1WB)….Cl1 0.82(4) 2.65(4) 3.424(3) 158(4) 

C(11)-H(11)…….Cl1 0.93 2.77 3.462(2) 132 
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Figure 4.7: X-ray powder diffraction pattern of complex 1 and complex 2 (Black- 
simulated from CIFs, Red and Blue Experimental). 

 

4.3.6 Electrochemical study 

Electrochemical studies were performed for complexes 1 and 2. Due to the 

different metal oxidation states, some redox properties are expected. Electrochemical 

measurements were carried out using a glassy carbon electrode in the presence of four 

different electrolytes: KCl, phosphate buffer, TRIS, and ammonium chloride (Table 4.5) 

at a scan rate of 50 mVs-1. As shown in Figure 4.8, the peak potential separations 

(Epc  Epa) for complex 1 were 107, 93, 122, and 102 mV in KCl, phosphate buffer, 

TRIS, and NH4Cl electrolyte solutions, respectively, and the ratios of cathodic current 

to anodic current Ipc/Ipa are 0.9, 0.86, 0.81, and 0.87, respectively, indicating that the 

redox reaction of the complex was quasi-reversible. Only one redox couple was 

detected for complex 1 using the previously mentioned conditions, which suggests that 

the cathodic peak is due to the reduction of Cu(II) to Cu(I). When the potential scan was 

reversed to positive potentials, anodic waves were observed at 0.01, 0.13, 0.12, and 

0.15 V, respectively, indicating the oxidation of Cu(I) to Cu(II) (Mamun et al., 2010). In 

contrast, under the same condition, only one reduction peak was observed for complex 

2, which indicates that Zn(II) was reduced to Zn(0) at -0.68 V. The absence of an anodic 
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peak in the reverse scan suggests that the reduced form of complex 2 is more redox 

stable 

 

Figure 4.8: Cyclic voltammogram at a scan rate of 50 mVs-1for (a) complex 1 (b) 
complex 2 using glassy carbon electrode (diameter = 2mm) in the presence 50mM KCl , 
phosphate buffer,TRIS,and ammonium chloride electrolyte solution.Scanning was 
performed against Ag/AgCl (sat.KCl) reference electrode. 

 

Table 4.5: Electrochemical study Complex 1 and Complex 2 in different electrolytes 
solutions using glassy carbon electrode. 

 

 

Complex 1  

Electrolytes 

Glassy carbon 

EP,A EP,C E1/2 
Phosphate buffer 0.00977 0.10254 0.05615 

TRIS 0.13184 0.00977 0.07080 
KCl 0.12451 0.01709 0.13794 

NH4Cl 0.15137 0.04883 0.10010 
Complex 2 Glassy carbon 

Electrolytes EP,A EP,C E1/2 
Phosphate buffer No 0.67871 No 

TRIS No 0.68359 No 
KCl No 0.67627 No 

NH4Cl No 0.68359 No 
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CHAPTER 5: CONCLUSION 

A total of 12 compounds based on benzylimidazole and piperazine ligand 

(TBim-Ni-CP (a), TBim-Cu-CP (b), TBim-Zn-CP (c), ABim-Ni-CP (d), ABim-Cu-CP 

(e), ABim-Zn-CP (f), TP-Ni-CP (g), TP-Cu-CP (h), TP-Zn-CP (i), AP-Ni-CP (j), AP-

Cu-CP (k), AP-Zn-CP (l)) were successfully synthesized and characterised using 

various analytical techniques, including IR spectroscopy, elemental analysis, powder X-

ray diffraction, single crystal X-ray diffraction, BET surface area analysis, 

thermogravimetric analysis and electrical impedance spectroscopy (conductivity 

analysis).  

The synthesized coordination polymers were modified with carbon paste 

electrode (CPs/CPE) to study the electrochemical behaviour of ferricyanide and 

electrochemical sensing of H2O2. The electrochemical study of ferricyanide at CPs/CPE 

show that the newly synthesized coordination polymers have excellent potential as 

electrode modifier for the redox reaction of ferricyanide. The redox reaction of 

ferricyanide was reversible and diffusion controlled and the calculated diffusion 

coefficient value for ferricyanide at CPs/CPE were in the range of 1.89×10-5 -5.96×10-5 

cm2 s-1.  

On the basis of good pore size (361.57 Å) and high conductivity (1.28×10-3 

S/cm), AP-Ni-CP was applied for the electrochemical detection of H2O2. Under 

optimum condition, the voltammetric reduction of H2O2 at AP-Ni-CP/CPE in phosphate 

buffer solution has been studied. Under selected conditions, there was a linear 

relationship between the peak current and certain concentration range (0.004 to 60 mM) 

of H2O2 with low LOD (0.0009 mM). Moreover, it also showed good reproducibility, 

stability and good selectivity. In addition, high percentage recovery (94.7 % to 107 %) 

in real samples (lens cleaner solutions), suggested that the AP-Ni-CP modified to CPE 
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is a promising method to improve the CPE material in electrochemical analysis and 

extend its application in the scope of electrochemical sensing.  

The synthesized compounds were further study for the adsorption of two 

oppositely charged dyes CSB and MB (Chicago sky blue and methylene blue) by batch 

method. The percentage removal for Chicago sky blue and methylene blue are in the 

range of 65-95 % and 4-48% respectively, which indicates that coordination polymers 

have more adsorption behaviour toward Chicago sky blue than methylene blue. On the 

basis of good results of percentage removal toward both dyes, ABim-Zn-CP was 

applied for kinetic and isotherm study of CSB and MB. The results show that pseudo-

second-order kinetic model and Langmuir model matched well with the adsorption of 

CSB and MB onto ABim-Zn-CP (f). Under optimum condition the adsorption capacity 

(qe) of ABim-Zn-CP (f) toward CSB and MB were 144.26 mg/g and 174.60 mg/g 

respectively. Furthermore, the binary mixture of both dyes were also study in order to 

investigate the adsorption behaviour of ABim-Zn-CP in real sample (lake water). The 

high percentage of removal of binary mixture of dyes by using ABim-Zn-CP (f) in lake 

water (98 %), suggested that the ABim-Zn-CP (f) is a promising adsorbent for the 

removal of the dyes from an environmental water samples. 

The miscellaneous study is about the synthesis of crystal structures of those 

complexes which were related to the synthesized coordination polymers but without 

linker. In this study we successfully synthesized and structurally characterized two new 

coordination complexes [Cu(bim)4Cl2]2H2O (1) and [Zn(bim)2Cl2] (2). Spectroscopic 

techniques confirmed the metal-ligand coordination, and single X-ray diffraction results 

show that Cu(II) complex is octahedral geometry, while the Zn(II) complex is 

tetrahedral. Both complexes exhibit photoluminescence properties. In the 

electrochemical measurements, the voltammogram of complex 1 shows quasi-reversible 
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redox reaction, while complex 2 shows only one reduction peak and no oxidation peak, 

arising from its stability in reduced form. 
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Future Research Plan  

The applications of coordination polymers in analytical chemistry have attracted 

more interest in recent years due to their specific surface area, high porosity and good 

thermal stability. In future we will further expand the applications of coordination 

polymers in photocatalysis, bioactivity, ion exchange, and removal of heavy metals to 

meet the environment friendly demands. Further improvement to synthesized more 

porous coordination polymers with good conductivity for analytical applications. 

Meanwhile, we are able to get two crystal structures of coordination polymers in this 

study, so in future effort is being carried out towards establishing more good methods to 

get the crystal structures of the remaining compounds.  
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 APPENDIX 

Appendix A: IR spectra of benzylimidazole based coordination polymers. 
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Appendix B: IR spectra of piperazine based coordination polymers. 
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Appendix C: Cole-Cole plot of benzylimidazole series. 
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Appendix D: Cole-Cole plot of piperazine. 
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