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respectively. 

Figure 3.2.5. (a)  illustrates the FTIR Spectra of CSG1, CSG2 and CSG3 nanocomposites 

synthesized from 2-4nm, 5-7 nm and 15-17 nm Si coated CCTO NPs, respectively. Fig. 3.2.5. 

(b) represents the FTIR Spectra for precursor materials. 

Figure 3.2.6. (a)  illustrates the Raman Spectra of CSG1, CSG2 and CSG3 nanocomposites 

synthesized from 2-4nm, 5-7 nm and 15-17 nm Si coated CCTO NPs, respectively. Fig 3.2.6. 

(b) represents FTIR Spectra for precursor materials. 

Figure 3.2.7.(a) and (b) illustrate UV-Vis NIR Spectrums of pure CCTO NPs, GO NPS, 

CSG1, CSG2 and CSG3 nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si 

coated CCTO NPs, respectively. 

Figures 3.2.8. (a), (b), (c) and (d) Illustrate the Variation of dielectric constant (ε′), dielectric 

loss (ε′′), impedance constant (Z′) and impedance loss (Z′′) with respect to frequency of 

CSG1, CSG2 and  CSG3 nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si 

coated CCTO NPs, respectively. 

Figure 3.2.9. (a), (b) and (c) Illustrate the Variation of dielectric constant with different 

temperature from RT to 400
o
C at variable frequency region for of CSG1, CSG2 and CSG3 

nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm  Si coated CCTO 

respectively. 

Figure 3.2.10. represents temperature-dependent plot with a variable frequency of highest 

thickness coated silica-CCTO over GO for CSG3 nanocomposite. 

Figure 3.2.11. (a), (b) and (c) represent the Cole-Cole plot in the low and high-frequency 

region for of CSG1, CSG2 and CSG3, nanocomposites respectively. 

Chapter 3-Results and Discussion Part IIA 

Figure 3.3.A. Objective diagram for stimuli responsive biocompatible synthetic polypetidic 

nano micelles [α-OMe-ω-NH-PEG-b-(PBLG)5-b-PBLA)18] 

Schematic 3.3.1: The mechanistic pathway involved in the synthesis approach of polymers 

through ring-opening polymerization of [PEG-b-PBLG-b-PBLA]. 
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Figure 3.3.1. (a), (b), (c) and (d) represent the 
1
HNMR results of diblock copolymer [PEG-b-

BLG] and triblock copolymer of [PEG-b-BLG5-b-BLA18] before catalytic hydrogenation, 

respectively. Where p= no. of CH2 units of PEG, n= no. of CH2 units of glutamate and m= 

no. of CH2 units of aspartate, (See Scheme 3.3.1). Figs. 3.3.1. (c) and (d) represent the cross-

sectional H
1
NMR data of diblock copolymer of [PEG-b-PBLG] and triblock copolymer of 

[PEG-b-PBLG-b-PBLA] after catalytic hydrogenation respectively. Where n= no. of CH2 

units of glutamate and m= no. of CH2 units of aspartate 

Figure 3.3.2. (a) represents the FTIR spectra of type triblock copolymer of [PEG-b-PBLG-b-

PBLA], before [PEG-b-BLG-b-BLA] and after catalytic hydrogenation [PEG-b-PBLG-b-

PBLA], respectively and (b) MALDI-TOF of triblock copolymer of [PEG-b-BLG5-b-BLA18] 

before catalytic hydrogenation. 

Figure 3.3.2. (a) and (b) represent the MALDI data of NCA BLG  which is a precursor for the 

synthesis of diblock copolymer [[PEG-b-PBLG-b-PBLA]  before catalytic hydrogenation 

respectively. 

Figures 3.3.3. (a), (b) and (c) are the HRTEM micrographs of diblock copolymer micelles of 

[PEG-b-PBLG] from lower to higher resolution. Fig 3.3.3 (d), (e) and (f) illustrate the 

distorted shape of the triblock copolymer micelles of [PEG-b-PBLG-b-PBLA]. Figs. 3.3.3. 

(g), (h) and (i) show the ribbon type triblock copolymer of [PEG-b-PBLG-b-PBLA] at 

various ranges of 100 nm-200 nm. Figs. 3.3.3. (j) and (k)  are the particle size distribution of 

[PEG-b-PBLG-b-PBLA] triblock copolymer and [PEG-b-PBLG] diblock copolymer, 

respectively. 

Figures 3.3.4. (a) and (b) represent XRD plots and TGA thermogram of [PEG-b-PBLG-b-

PBLA] triblock copolymer and an a-AB diblock copolymer of [PEG-b-PBLG], respectively. 

Figures 3.3.5. (a) and (b) represent the UV-Vis spectra for triblock copolymer of [PEG-b-

PBLG-b-PBLA] at the range 190-300 nm and 450-550 nm, respectively. 

Figure 3.3.5. (c) illustrates the UV graph of an a-AB diblock copolymer of [PEG-b-PBLG] 

Figures 3.3.6. (a) and (b) illustrate Laser Confocal images of diblock [PEG-b-PBLG], and 

Fig. 3.3.6(c) and (d) represent triblock copolymer [PEG-b-PBLG-b-PBLA] for laser and 

bright-field images, respectively. 
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Figures 3.3.7. (a) and (b) show the profile for Zeta potential for triblock copolymer [PEG-b-

PBLG-b-PBLA] and di-block copolymer [PEG-b-PBLG], respectively at different pH (pH 4 

to10) and 25°C. 

Figure 3.3.8. illustrates CD results for triblock copolymer of [PEG-b-PBLG-b-PBLA] at 20 

to 50 C with different pH (a) pH 4, (b) pH 5, (c) pH 6, (d) pH 7, (e) pH 8, (f) pH 9 and (g) 

pH 10, respectively. 

Figure 3.3.9. illustrates Circular Dichroism analysis for a-AB diblock copolymer of  [PEG-b-

PBLG] over a change of temperature range 20°C to 50°C with respect to different pH 

conditions (a) pH 4, (b) pH 5, (c) pH 6, (d) pH 7, (e) pH 8, (f) pH 9 and (g) pH 10 

respectively. 

Figure 3.3.10. Cell viability results for diblock copolymer of [PEG-b-PBLG] and triblock 

copolymer [PEG-b-PBLG-b-PBLA], respectively. 

Schematic 3.3.2. Probable schematic representation of Reactive Oxygen Species Pathway 

(ROS) mechanism to kill the bacteria by tri-block-copolymer. 

Figures 3.3.11. (a) and (b) show the in vitro antimicrobial activity results for diblock 

copolymer of [PEG-b-PBLG] and triblock copolymer of [PEG-b-PBLG-b-PBLA] for Gram 

(+) Staphylococcus aureus and Gram (-) E.Coli,  respectively. 

Chapter 3-Results and Discussion Part IIB 

Figure 3.4.A. Objective diagram for Designing of a new polypepto based nanovesicles sized 

macromolecular triblock biomaterials for [PEG-b-(PBLA)7-b-(PBLG)17]. 

Scheme 3.4.1. Mechanistic pathway for [PEG-b-(PBLA)7-b-(PBLG)17] via modified ring-

opening polymerization where p= no of –CH2 units for α-CH3-ω-NH2-PEG, n= no of –CH2 

units for NCA-BLA and m= no of –CH2 units for NCA-BLG respectively 

Figures 3.4.1. (a) and (b) represent the HRTEM micrograph of [PEG-b-(PBLA)7]  and Fig 

3.4.1(c) and (d) show for [PEG-b-(PBLA)7-b-(PBLG)17] respectively. Fig 3.4.1. (e) and (f) 

illustrate the average size for [PEG-b-(PBLA)7] nano micelles of average size 8 nm and 

[PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles. 

Figure 3.4.1. (g) EDAX analysis for [PEG-b-(PBLA)7-b-(PBLG)17] block copolymer 
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Figures 3.4.3. (a) and (b) represent the H
1
NMR spectra for diblock[PEG-b-(PBLA)7], triblock 

[PEG-b-(PBLA)7-b-(PBLG)17] and precursor [α-OCH3-ω-NH-PEG] respectively with CDCl3 

as solvent and tetramethylsilane (TMS) as an internal reference. Where p=no. of CH2 units in 

a-MeO-PEG-NH2   n= no. of CH2 units in b-(NCA-BLA)7 and m= no. of CH2 units in b-

(NCA-BLG)17. 

Figures 3.4.2. (a) and (b) represented LCSM images for of [PEG-b-(PBLA)7] whereas Fig. 

3.4.2.(c) and (d) indicated the LCSM images for [PEG-b-(PBLA)7-b-(PBLG)17] respectively. 

Fig 3.4.2. (e) represents the axial view of [PEG-b-(PBLA)7-b-(PBLG)17] at a magnification of 

50µm. 

Figure 3.4.3. (a) and (b) represent the H
1
NMR spectra for diblock [PEG-b-(PBLA)7], triblock 

[PEG-b-(PBLA)7-b-(PBLG)17] and precursor [α-OCH3-ω-NH-PEG] respectively with CDCl3 

as solvent and tetramethylsilane (TMS) as an internal reference. Where p=no. of CH2 units in 

a-MeO-PEG-NH2, n= no. of CH2 units in b-(BLA)7 and m= no. of CH2 units in b-(NCA-

BLG)17. 

Figures 3.4.4. (a) and (b) illustrates the FT-IR spectra and MALDI-TOF data for [PEG-b-

(PBLA)7] and [PEG-b-(PBLA)7-b-(PBLG)17] respectively with DCM and CHCl3 as a 

standard soluble solvent. 

Figures 3.4.5. (a) and (b) illustrates the XRD and TGA data for [PEG-b-(PBLA)7]  and [PEG-

b-(PBLA)7-b-(PBLG)17]  respectively. 

Figures 3.4.6. (a) and (b) show the δ potential value for [PEG-b-(PBLA)7] and [PEG-b-

(PBLA)7-b-(PBLG)17] respectively with  DDI H2O as a standard soluble solvent. 

Scheme 3.4.2. Plausible acid-base interaction in the colloidal solution in of nanovesicular 

[PEG-b-(PBLA)7-b-(PBLG)17]. 

Figures 3.4.7. (a) and (b) represent the UV spectra for [PEG-b-(PBLA)7]  and [PEG-b-

(PBLA)7-b-(PBLG)17]  respectively at room temperature with a variation of pH from 4 to 10. 

Figure 3.4.8. illustrates the CD component spectra showing deconvoluted protein folding 

behaviour of [PEG-b-(PBLA)7-b-(PBLG)17], the concentration of solution 0.5mg/ml with the 

variation of pH 4 to 10 and temperature from 20°C to 50°C with 23 reference proteins. 
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Figure 3.4.9. illustrates the CD spectra showing protein folding behaviour of [PEG-b-

(PBLA)7] at acidic pH 4, neutral pH 7 and basic pH 8 with the temperature ranged from 20°C 

to 45°C. 

Figures 3.4.10. (a) and (b) represents the antibacterial susceptibility test showing the 

inhibition of growth for [PEG-b-(PBLA)7] and [PEG-b-(PBLA)7-b-(PBLG)17] at room 

temperature with two different bacterial strains of gram (-)  E.coli and gram (+) 

Staphylococcus aureus respectively. Fig 3.4.10 (c): Probable Reductive Oxygen-Free radical 

mechanism against antibacterial infection. 

Figure 3.4.11. Cytotoxicity MTT assay test of [PEG-b-(PBLA)7] and [PEG-b-(PBLA)7-b-

(PBLG)17]  solution in solvent medium towards MDA-MB231after 24 h incubation. 
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ABSTRACT 

Being small and compact structures, nanomaterials are regarded as smart materials. 

Since the creation of this earth until now, the existence of nanomaterials has been proved by 

many pioneer researchers with interesting phenomena at several stages. There are wide 

varieties of designing procedures for different morphological nanomaterials to be used for 

numerous purposes. Looking towards the development of interesting behaviour and 

application of nanomaterials, this dissertation is mainly focusing on the synthesis and study 

of morphologically varying organic-inorganic dielectrics and amino acid based biocompatible 

copolymeric nanomaterials for electrical and biomedical applications. Morphologically 

varying polymeric self-assembled nanomaterials have been synthesized by ring-opening 

polymerization techniques with other chemical purification methods like condensation, 

crystallization, separation and recrystallization methods whereas organic-inorganic 

nanocomposites followed the modified sol-gel method, nano chemical processes like 

ultrasonication, ultracentrifugation, hydrolysis, dehydrolysis and drying. The organic-

inorganic dielectric nanocomposites have developed by solid-state route and mainly focused 

towards the development of charge storage devices, sensors and electronic application 

purpose.  The synthesis of very small sized morphologically changed amino acid based 

polymeric nanomaterials have attracted many researchers to focus on their application 

towards anticancer therapy, antibacterial treatment and as drug carriers into the human cell 

line due to its small size ranges from10
1
-10

2 
nm, biochemical properties and surface 

functionalities. To overcome few hurdles in the field of electrical and biological applications, 

self-assembled organic-inorganic nanocomposites along with block copolymeric 

nanostructures are designed for human need.  

The first chapter of this dissertation is about the introduction and literature review of 

organic-inorganic dielectrics and amino acid based block copolymer nanoparticles 

respectively. This chapter includes various topics i.e.  Natural science, nanomaterials, 

nanocomposites, organic-inorganic dielectrics, calcium copper titanate, silica, grapheme 

oxide, dielectric study for electrical and storage application, amino acid based peptides, 

polyethylene glycol, block copolymer, challenges, biocompatibility test/MTT assay, 

antibacterial treatment and therapeutic applications. The last section of this chapter 

summarizes with motivation and objectives towards the development of morphologically 

biased nanomaterials. 
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The second chapter includes the chemicals required, experimental procedures and 

characterization techniques performed for the synthesis and the purpose of investigation on 

physical, structural, biophysical, chemical and biological behaviours. 

The third chapter is the results and discussion part & has been classified into four 

different parts with the detailed application of nanomaterials. The synthesis and applications 

of core-shell CCTO@SiO2 NPs and sheet like CCTO@SiO2-GO nanocomposites in 

nanodevice applications with a high dielectric constant is the main aim to develop the 

different morphological appearance of organic-inorganic dielectrics. The synthesis of amino 

acid based organic block copolymer and its biological applications is another aim of this 

dissertation. The dissertation is targeted to use different morphological based nanomaterials 

for different applications including nanodevices and nanomedicines.  

The fourth chapter of this dissertation summarizes with the significant conclusion and 

future scopes in the field of electrical and biological applications. This chapter of this 

dissertation concludes with the summary of different nanosized designed nanomaterials and 

their exceptional application features in electrical nanodevices and biotechnology area. The 

benefits and use of morphologically varied synthesized nanomaterial with concrete proofs for 

our future development is also depicted and discussed. 

The fifth chapter concisely discussed the future scope of the dissertation including the 

development of different dielectrics and the amino acid based block copolymers towards 

various usage. 

 



 

1 
 

CHAPTER-1 

INTRODUCTION AND LITERATURE REVIEW 

INTRODUCTION 

1. Natural Science, Material Chemistry and Nanotechnology 

1.1. Natural science 

1.2. Material chemistry 

1.3. Nanotechnology 

1.4. Nanomaterials  

1.4.1. Classification of nanomaterials 

1.5. Section I - Dielectric nanocomposites 

1.5.1. Inorganic-inorganic nanocomposites 

1.5.2. Organic-Inorganic dielectric solids 

1.5.3. Organic-organic hybrid nanocomposites dielectrics 

1.5.4. History of dielectric materials 

1.5.5. Details of dielectric materials 

1.5.6. Calcium copper titanate 

1.5.7. Silica (SiO2 NPs) 

1.5.8. Amine functionalized SiO2 NPs 

1.5.9. Core-Shell Inorganic NPs 

1.5.10. Graphene Oxide (GO) 

1.5.11. GO Synthesis method 

1.5.12. GO Functionalization 



 

2 
 

1.5.13. GO NPs Conjugation functionalization 

1.6. Section II- Polymeric nanomaterials 

1.6.1. History of polymeric materials 

1.6.2. Effect of polymeric materials 

1.6.3. Classification of polymeric Nanomaterials 

1.6.4. Important chemical and physical properties of triblock copolymers 

1.6.5. Challenges of block copolymer 

1.6.6. Importance of block copolymer 

1.6.7. Monomer blocks 

1.6.8. MTT/ Biocompatibility Assay Test 

1.6.9. Antibacterial Study 

LITERATURE REVIEW 

1.7 .  Literature Review for Organic-inorganic dielectrics  

1.8. Literature Review for amino acid based polymeric nanomaterials 

1.9. MOTIVATIONS 

1.10. OBJECTIVES 

  

 

 

 

 

 



 

3 
 

CHAPTER-1 

INTRODUCTION AND LITERATURE REVIEW 

INTRODUCTION 

The life has first started emerging on this earth from water, carbon with the energy 

from the Sun. Much more life formed starting from simple unicellular to complex multi-

cellular organisms. The outcome of modernization is possible because of accurate 

development in the field of materials research available on this earth. The effective growth in 

science and technology comforts human need and become more effective with sustainable 

and green research with many applications. 

1. Natural Science, Material Chemistry and Nanotechnology 

 

 

 

 

 

 

   

Figure 1.1. Schematic Classification of areas associated with the development of 

nanomaterials. 

1.1. Natural Science 

Natural science is associated with the understanding of natural phenomenon with the 

help of experiments and scientific proofs. The branches like Chemistry, Physics and Biology 

are very influential for the study of natural science leading to understanding. The journey 

from the ancient time to the modern world, Chemistry became a salient area of research 

which provides suitable solutions for mankind as well as flora and fauna. The study of 

chemical science is divided mainly into three categories i.e. physical, inorganic and organic 

Natural Science 

Materials Chemistry 

 
Nanotechnology 

 
Nanomaterials 
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chemistry, respectively. History of chemistry was mainly focused on the study of chemical 

physics, inorganic and organic chemistry and prominent examples are common salt, 

Ayurvedic medicines consist of metallic components, organic polymers and natural steroids 

[1]. But contemporary physical chemistry research leads to various interdisciplinary research 

topics like green chemistry, environmental chemistry, materials science and nanotechnology. 

This dissertation is mainly focused on Nanotechnology and Nanomaterials. A schematic is 

depicted as Fig 1.1. 

1.2. Material Chemistry 

Among the above-mentioned topics, materials science and nanotechnology have impacted 

several aspects in the human development process with the elements of Physics, Chemistry, 

Biology and Mathematics. Ages like Bronze, Stone and Iron were excellent examples of 

metal ages which were prominently used by our ancestors in the very early stages of 

civilization process. But later to the end of the nineteenth century, the interdisciplinary 

materials science has developed significant roles among the researchers and attracted many 

pioneer scientists towards itself. This field includes an area of research like biomaterials [2], 

nanomaterials [3], polymers, magnetic materials, ceramics, metals and alloys [4-5]. With 

these very broad research fields, scientists from all over the world have made this field of 

research very effective and useful for the human being. 

1.3. Nanotechnology 

The existence of nanotechnology started from the date of the evolution of this earth, 

which later was discovered by scientists in the form of DNAs, RNAs, size of microorganism, 

metals and alloys and many more. Nanotechnology is an applied science which studies 

materials at the nanoscale. The word nano is used to define objects that are 10
-9

 m in size and 

materials belong to nanoscience and technology range from 1 to 100 nm in size. The 

American Physicist Richard Feynman is known to have predicted the various possibilities of 

nanoscience and technology in his famous lecture “There’s Plenty of Room at the Bottom” 

at American Physical Society, Caltech on 29 Dec 1959 [6]. He even has suggested another 

term “on the head of a pin” which also opened a pathway for contemporary scientists to the 

world of interesting, obscure and unknown nanomaterials search at a very small level. The 

usage of nanotechnology and nanomaterials reached 1.6 trillion Dollar value as shown by a 

survey on the importance of the current technology [3]. 
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1.4. Nanomaterials  

Nanomaterials are the materials at its molecular level size in nanometer with unique 

behaviour which enable significant applications. These are categorised various manners 

according to their structures, size, morphology, physical and chemical properties, synthesis 

methods, dimensions etc. Structures like 0D, 1D, 2D and 3D nanomaterials are available in 

the literature, however, 3D nanomaterials are much optimized and useful than the other 

dimensions due to their extraordinary properties [7]. Nanomaterials possess all the 

dimensions such as micelles [8], metal nanoparticles [9], biomaterials [10], polymer-metallic 

vesicles [11, 12], and nanocomposites [13-15] are very popular. They can be synthesized by 

direct or modified top-down, bottom-up, sol-gel, hydrolysis, polymerization methods [16-19] 

and other nano chemical processes keeping other environmental parameters as a change [20]. 

The positive impacts of nanomaterials are like high stability, high carrier capacity, easy 

synthesis, good storage capacity, compatibility with animal cell lines. Nature has included the 

best examples of varying size of nanomaterials from decimal to hundredth value, as shown in 

Fig 1.2. 

 

Figure 1.2. Showing the different sized nanomaterials [21]. 
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1.4.1. Classification of Nanomaterials 

 

 

 

 

 

 

 

 

Figure 1.3. Types of classification of polymer based nanomaterials [22]. 

There are many factors available in literature based on which nanomaterials 

classification established [22]. This dissertation is mainly focused on the classification of via-

polymeric nature. Based on the polymeric nature, the nanomaterials have been categorised 

into non-polymeric and polymeric nanomaterials, as shown in Fig. 1.3. 

Non-polymeric nanomaterials are associated with the materials composed of organic 

and inorganic groups from the periodic table. Focusing on the chemical composition of the 

nanomaterials, it has been categorised into inorganic-inorganic, organic-inorganic and 

organic-organic non-polymeric nanomaterials. Many theories are available in the literature to 

classify the non-polymeric nanomaterials concentrating on their composition, structure, and 

nature. But in this dissertation, we will be mainly focusing on the development of organic-

inorganic nanomaterials. The discussion is associated with the dielectric and impedance 

study, its scientific behaviour via-numerous characterization techniques along with elaborate 

applications. Such type of non-polymeric nanomaterials mostly come under ceramics or 

metal nanocomposites category. The presence of more than one solid phase with at least one 

phase dimension in the nanoscale range (50-100) nm is the basic synthetic principle of such 

nanocomposites. Physical methods like spray pyrolysis, vapour deposition methods and 

chemical methods like sol-gel, precipitations and reverse micro-emulsions are mostly used 

for preparations of such composites [23]. 

Nanomaterials 

Non-polymeric Organic-Inorganic 

Inorganic-

Inorganic 

Polymeric 

Homo Polymeric 

Organic-Organic 

Block- Copolymeric 

Polymeric Nature 
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1.5. Section I - Dielectric Nanocomposites 

Nanocomposites consist of more than one phase with the size in nanometer range of 

each phase. These are broadly classified into metal [24, 25], polymer matrix [26], ceramics 

[27], and magnetic matrix composites [28]. Recent research is mainly focused on their novel 

application in numerous areas of human civilization including health, medicine, medical 

apparatus, electronics and daily uses. To realize these requirements with less cost, time and 

effective results the study of nanocomposites came into play. The structural and 

compositional differences of composites have led their uses in different areas according to 

their behaviour. Ceramics matrix composites are used in the electronic device uses. Metal 

matrix composites based on single metal oxide, double metal oxides mostly used for drug 

delivery carrier. Polymer matrix composites are also very prominent in drug delivery study 

[29].  

The best dielectric nanocomposites are made up of inorganic metal based materials 

like CCTO, BaTiO3, PbTiO3, PZT etc. due to their perovskite lattice positions and structures 

[30, 31]. Reports are available for such nanocomposites with a very wide direction of 

applications including insulator, filler, integral/thin-film capacitors and charge storage device. 

Important properties of such nanocomposites are good transparency due to nanosize, 

improved mechanical performance, large surface area, good adhesive nature and high aspect 

ratio [31]. 

1.5.1. Inorganic-inorganic nanocomposites 

Elements other than C, H, N, O, S and P consist of inorganic materials which mostly 

include metals, non-metals, and metalloids in these classifications. The modified inorganic 

material at the nanoscale is otherwise called as inorganic hybrid nanomaterial with numerous 

physical and chemical properties for wide practical applications. The very suitable examples 

of these composites are based on BaTiO3, CaTiO3 and other perovskites like structure and 

mainly used for electrical and insulation purpose [32].  

Historically, there are many man-made inorganic hybrid materials like bronze, brass 

while other alloys like silica-aluminium, silica- magnesium present in the earth‟s crust. The 

classification based on chemical composition, the nanomaterials are divided into inorganic-

inorganic, organic-inorganic and organic-organic nonpolymeric nanomaterials [33, 34]. This 

dissertation is based on organic-inorganic nanomaterials, composed of organic and inorganic 
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groups brought together via electrostatic interaction along with other chemical bonding 

mechanisms. The dielectric constant possessed by such type of materials is very high in 

nature of the order of 10
5
-10

6
. These composites possess very good optical, electronic, 

catalytic, magnetic properties compared to bulk inorganic composites. 

1.5.2. Organic-Inorganic Dielectric Solids 

The literature has revealed the study of metallo-organic nanocomposites e.g. Al-

Propylene [35], Pt-NPG leaves [36-38], Au-PS [39], GO-MO [40], PolyVinylSulfonate-Co 

[41], PolyMethaMAcrylate-MnO2-AgO [42, 43] for electro-catalysis, optical phenomenon, 

energy harvester, inverter, transistor, biosensing, dielectric and supercapacitor purposes. 

Organic compounds based metal oxide nanocomposite/nanomaterials have shown highest 

dielectric constant from 10
1
-10

2
 for pendant-type poly-(acetoxystyrene-co-isobutylstyryl-

polyhedral oligomeric [44], poly(vinylidene fluoride)−barium titanate (PVDF-BaTiO3) [45], 

Mixed-Metal Phenylphosphonates, ATi(C6H5PO3)3, A= Ca, Mg, Ba, Sr and Pb [46], PVDF-

BaTiO3[47, 48], Silicotungstic Acid-H3PO4-Poly(vinyl alcohol) [49] dielectric 

nanocomposites. The contemporary material science research is growing with the 

development of this category of nanomaterials which show a moderate range of dielectric 

constant with low loss. The materials designed under this category are cost-effective, easy to 

synthesize and handle for better electrical application compared to the pure organic based 

dielectric materials. 

 

1.5.3. Organic-organic hybrid nanocomposites Dielectrics 

Nanomaterials associated with polymer-polymer or polymer-organic nanocomposites 

fall in this category with very low dielectric constant (ε') and loss (ε'') less than 10
-2

.  Organic 

based material with different organic concentrations and polymer-modified layers used as a 

dielectric material is mostly used for the development of transparent and environmentally 

safe gate dielectric materials [50]. These are not effectively used for the electrical insulation 

properties due to the availability of more number of free conducting electrons in the 

polymeric structure influencing the current flow. Generally, such dielectric materials are used 

for electrical application purpose like coating on the surface of electrical wires. 
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1.5.4. History of Dielectric Materials 

Since 1945, after the discovery of capacitors by Cunaeus and Mussachenbroek, the 

study of inorganic dielectrics has gained interest and become useful. Thereafter, dielectric 

research has been shown its significance and importance by many pioneer scientists. William 

Whewell first coined the term “Dielectric” (Dia+Electric) along with Michael Faraday 

(1836) [51]. The influence of an external electrical field on dielectrics materials is to causes 

the shifting of atomic nuclei towards the negative side and electrons towards the positive side 

resulting in several types of polarization [52]. 

1.5.4. Details of Dielectric Materials 

1.5.4.1. Insulators 

The material which does not allow the free flow of current through itself acts as an 

insulator upon application of the externally applied field. There is no perfect insulator except 

few materials like wood, paper, glass etc. [53], which duplicate its behaviour. The excitation 

of electrons from the valence band to the conduction band requires applied parameters like 

temperature and electric field due to the giant magnitude of the energy gap. The high energy 

gap is the main reason behind the insulators to act as a barrier to the current flow [54]. 

1.5.4.2. Dielectric Materials 

A dielectric material is a type of electrical insulator e.g. silica having very low ε′, 

which stores electrical energy with the externally applied field [55]. The presence of 

dielectrics causes no flow of electric charges through the material, but only a little change in 

dipole position resulting in dipolar polarization [56, 57]. Piezoelectric ceramics, ferroelectric 

relaxor materials, magnetic polymer and perovskite like materials are mostly associated with 

a high value of dielectric constant [58]. On the application of a field, positive charges move 

toward the field and negative charges shift away from the field. Creation of another field 

inside dielectric material opposing the flowing external electric field is the main reason for 

observed dielectric behaviour [59-62]. 
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1.5.4.3. Types of Dielectric Materials 

1.5.4.3.1. Dielectric materials have been classified based on dielectric constant strength 

(i) Electrical dependence properties like dielectric constant, refractive index, tensile strength, 

electrical conductivity, low dissipation, low leakage current, low charge trapping property 

due to presence of an insulator, high electric-field strength, high reliability and chemical 

properties like chemical resistance, microfabrication of chemicals, low moisture uptake, low 

solubility in H2O, low gas permeability, high purity, anticorrosion towards metals, long 

storage life and environmentally safe are required to be a very good low dielectric material. 

Including few other mechanical and thermal parameters like thickness uniformity, good 

adhesion, low stress, high hardness, crack resistance, high tensile modulus and high thermal 

stability with low coefficient of thermal expansion is also required to act very good low 

dielectrics [63]. Low dielectric constant materials which are composed of polymer and 

organic framework, possess ε′   4 (   iO2 = 3.9) and have less ability to polarize. Due to the 

less polarization caused by the material, they have less tendency to hold the charges. Being 

low dielectric constant materials like SiO2, Air, Polyethylene, Polypropylene, Polystyrene 

and Perylene, they are mostly used for the insulating purpose at higher frequencies [64]. 

(ii) High dielectric constant materials have high ε′ with numerous applications discussed in 

the later section of the dissertation. Si3N4 is a primary high dielectric strength material and the 

materials possessing ε′ ˃ 7 are generally considered as good dielectric strength materials [64]. 

Alumina possesses high surface area, highly porous material with a dielectric constant >10
8
 

and it is evident that this class of material with dielectric constants greater than 10
5
 at low 

frequency also. Applications like storage devices, adhesion layers, coatings of nanoporous 

materials, photoelectron chemical cells, protective coatings, electroluminescence and 

microwave electronics are associated with high dielectric strength materials [65]. 

1.5.4.3.2. Dielectric Materials have been classified based on Polarity 

(i)  Polar dielectrics are mainly possessed of permanent dipole moment due to the dipolar 

molecules associated with the material. The asymmetrically shaped molecules like HCl, NH3 

and H2O mostly fall in this category with intrinsic permanent dipole moment [66]. 

(ii) Nonpolar dielectrics are of symmetrical shape with no dipole moment. Here the charges 

cancel each other resulting, µ=0. The best examples of nonpolar dielectrics are C6H6, CH4 etc. 

[67]. 
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1.5.4.4. Terms Associated with Dielectric Study 

1.5.4.4.1. Dielectric Constant 

It is a parameter to calculate the electrical energy storage in a material [68]. Mathematically, 

it can be defined as the ratio between the permittivity of medium and free space. 

 

 

Where, 

k = Dielectric Constant 

ε′ = real permittivity of the material  

εo = permittivity of free space 

If the dielectric constant value is high then there will be more chances of charge storage in 

the material. 

The relation between capacitance and dielectric permittivity is  

     

Where, 

C= Capacitance of dielectric material 

A = Area of the electrodes 

d = Thickness of material 

1.5.4.4.2. Dielectric Loss 

The dissipated energy produced due to the charge motion in an alternating filed 

medium is a dielectric loss. The phenomenon mainly occurs due to the polarization 

mechanism involved in the material depending on the force applied on the system and the 

resonance associated with the various transitions like electronic, rotational and vibrational 

transitions [69]. It is measured as Loss tangent (tan δ). 

 

  
     

 
                                             ........................................... (2) 

               
  

  
                                                     ........................................... (1) 
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Mathematically, 

 

Where,  

ε′ = real permittivity of material  

ε′′ = permittivity of free space 

δ = Tangent 

1.5.4.4.3. Breakdown Voltage  

Dielectric strength, which is also known as breakdown voltage is a very important 

property of a dielectric material. The mechanism behind the breakdown associated with the 

dielectric material is due to the sudden excitation of more number of electrons from the 

valence band to the conduction band with the effect of the external electric field. The sudden 

change in current flow causes few phenomena like melting, burning and vaporizations which 

led to degradation and failure of the material. The magnitude of the electric field required for 

the breakdown of dielectric material is known as dielectric strength. Generally, it is 

hypothesized that the strength is related to the dielectric constant of a material. 

1.5.4.5 Polarizations involved in Dielectric medium 

Dielectric materials possess various polarizations caused dielectrics with respect to 

frequency and temperature dependence.  

The relation between flux density and dielectric gradients can be represented, 

 

Where, D= Electric Flux density 

εr /ε′ = real part of dielectrics/ permittivity of free space 

εi / ε′′ = imaginary part of dielectrics/ relative permittivity of material 

E=applied electric field 

                                       D= εr εi E                         ........................................... (4) 

 

       
   

  
                                        ........................................... (3) 
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There are four types of polarization processes involved including electronic 

polarization (Pe), ionic polarization (Pi), orientation/dipolar polarization (Pd) and space charge 

polarization (Ps) [70]. These four polarizations are the important backbone of dielectrics 

behaviour (Fig. 1.4.) [71].  

 

Where,  

P (t) = Polarization as a function of time 

P = Maximum Polarization 

tr = Relaxation time 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Represent the different Polarization Mechanisms (i) Electronic polarization (Pe) 

(ii) Ionic polarization (Pi) (iii) Orientation/dipolar polarization (Pd) and (iv) Space charge 

polarization (Ps), respectively [70]. 

The prime factor for the generation of polarization is the structural and atomic 

rearrangement inside the material and solution during the synthesis parameters [72, 73]. The 

            ( )    ,     ( 
 

  
)-                      ........................................... (5) 
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temperature and frequency parameters are associated with polarization processes. Under an 

applied field, the relation between the function of time and polarization is depicted as in Fig. 

1.4. 

The shifting of the positive nucleus and negative electrons in opposite directions to 

each other under application of an external electric flow is the reason for electronic 

polarization. This polarization helps in the displacement of the electron cloud to the positive 

end of the applied field. The formation of ionic bonds by acquiring the excess of ions under 

the application of electric field cause a shift of ions relative to the oppositely charged 

neighbours and is the main cause of ionic polarization in dielectrics. Both the electronic and 

ionic polarizations are independent of temperature. The dipolar polarizations are mainly 

caused by the presence of permanent dipoles which tend to flow in the direction of the 

applied field and dependent on temperature. Mostly this type of polarization occurs in the low 

frequency region due to the relaxation processes. Lastly, the space charge polarization occurs 

due to the gathering of charges or ions at the interfaces in phases of dielectric materials [74, 

75]. 

Electronic polarization occurs very fast in the optical range of frequency 10
15 

Hz, 

whereas ionic, dipolar and space charge polarization found to be placed in the infrared range 

(10
13 

Hz), audio range and 10
2
 Hz respectively. Frequency increment has a direct impact on 

polarization with an increase in frequency, space, orientation and ionic polarization become 

ineffective in order [64]. 

Mathematically it is represented as,  

 

1.5.4.6. Major challenges of Dielectric Organic-Inorganic Hybrid Materials  

Dielectric breakdowns are the most disadvantage features for dielectric material. 

Since 1745, scientists are trying to develop the best dielectric material as a charge storage 

device along with high capacitance property [76]. The breakdowns like electric, intrinsic, 

thermal and defective breakdowns are caused by excessive charge displacement by increased 

field strength, excitation of electrons by excess voltage, over dissipated heat and presence of 

pores and cracks on the dielectric material surface respectively [77, 78]. Current research is 

mainly focused on to avoid such type of irregular breakdown using high dielectric constant 

and low loss dielectric materials. This dissertation has also led to the synthesis of two 

P total = Pe+ Pi + Pd + Ps          ........................................... (6)  
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different types of dielectrics with high dielectric constant and low loss compared to 

previously reported work. 

The challenges of organic-inorganic dielectrics are breakdowns caused due to 

different environmental factors, high loss, hard synthesis procedure at high temperature 

>1000°C, high sintering temperature, the formation of cracks and pores due to thermal, 

electrical breakdowns in the interface and not suitable for biomedical application. But the 

extensive and significant reasons of such dielectrics like possibility of high real part 

dielectrics [35], easy attachment of inorganic and organic groups [42, 48], minimum toxicity 

[79] with the presence of essential metal groups [80], probability of high energy storage 

density of CCTO [25, 81-82], low loss, good thermal stability at 1000°C, can be used in 

capacitors, microelectronic devices [57, 60] made our motivations to work on it. 

1.5.5. Calcium copper titanate 

 

 

 

 

 

 

Figure 1.5. CaCu3Ti4O12, shown as TiO6 octahedral, Cu atoms (blue) bonded to four oxygen 

atoms (red), and large Ca atoms (yellow) without bonds [75]. 

Till date, Calcium copper titanate (CaCu3Ti4O12) has been reported one of the most 

eligible and best dielectrics for applications required high dielectric constant and low loss. 

Being a perovskite and body centred cubic (BCC) type structured material (Fig. 1.5.) it 

possessed dielectric constant up to 10
6 

and 10
4
 in crystal and bulk medium respectively with a 

very low loss [78-81]. The elemental composition of Ca, Cu, Ti and O make the composite 

toxic-free and stable at room temperature (RT). Hence for this dissertation work, we have 

targeted the development of new dielectric material with CCTO NPs as a base material. The 

important factors like chemical functionalization on the surface, the microstructure of 

composite and nano or microparticles of CCTO strongly control the dielectric property as 
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well as impedance properties of the nanocomposites. This study has targeted for the 

development of this core-shell material as a better dielectric than few other lanthanide series 

perovskite materials such as ACu3M4O12 (where, A= Ca, M=La, Nd, Sm, Gd and Y) at 100K 

Hz [82]. Previously it is elucidated about perovskite oxides as excellent dielectrics material. 

This reason attracted us to focus CCTO as a base material for the development of this 

dielectric material [83]. 

1.5.6. Silica (SiO2) NPs 

The previous study has proved silica as a smart material and is one of the best 

inorganic filler with less dielectric behaviour. SiO2 has ε′ 10 and very useful for insulating 

application [84]. SiO2 is considered as a shell material due to factors like eligibility of 

forming uniform shell thickness, amorphous nature, absence of organic functional group, less 

chance of groups lost after sintering at high temperature, high optical transparency, low 

toxicity, inert to all pH medium, easy functionalization [85] with organic life making groups, 

broad range of accessible sizes form 5 nm-2000 nm, low dielectric loss due to change of 

charge polarization and dipole moment due to presence of various polar groups, we consider 

SiO2 as a shell material [86-88]. It is also proved that silica can entrap fluorescent dyes for 

applicative purpose easily without any structural changes (Fig. 1.6.). Its excellent 

morphology, inorganic filler property and enhanced chemical functional group incorporations 

influenced its positive action for the dielectric study. 

 

 

 

 

 

 

Figure 1.6. Shows the structure of SiO2 (silica), shown as, Si atoms (blue) bonded to two 

oxygen atoms (red) [85]. 
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1.5.7. Amine functionalized SiO2 NPs 

Few functionalizations of organic/inorganic groups on CCTO have been reported 

previously [89], but no research has been done with amine functionalization of silica on 

CCTO yet. We aimed for a unique modification of amine coated silica on CCTO NPs (shown 

in Fig.1.7.) and found to be effective for dielectric study. Herein, we have functionalized 

silica with an amine by using (3-Aminopropyl) triethoxysilane (ATPS) with tetraethyl 

orthosilicate (TEOS) for the better core-shell interaction to generate the required shell 

thickness along with covalent [90, 91] interaction and synthesized by the modified Stober 

method. There is no literature available with amine functionalized metal or non-metal 

embedded on organic or inorganic base precursors. This dissertation will have a detail 

explanation and analysis for such materials in the chapter-3 sections. Typical 

functionalization of silica with organic amine is shown in schematically in Fig. 1.7. 

  

 

 

 

 

 

Figure 1.7. Shows the functionalization of –NH2 with SiO2 (silica), shown as, Si atoms (blue) 

bonded to two oxygen atoms (red) and one organic amine (NH2) group (yellow) [87]. 

1.5.8. Core-Shell Inorganic Nanoparticles 

The nanoparticles prepared with an inorganic core and one or more inorganic 

shell layer is defined as core-shell based inorganic nanomaterials. The applications 

of inorganic core-shell NPs are found to be very useful in many fields including Biology, 

Chemistry, Physics and Engineering in the recent development of science age [92-94]. The 

surface functionalization chemistry of shell on the surface of core remained a great hope for 

many suitable applications in the field of current technology. 
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1.5.9. Graphene Oxide (GO) 

Ali et al. [98] and Cheon et al. [99] have mentioned about the multiple emulsion 

templating route and chemo-photothermal therapy of GO. The chemical functionality of GO 

made our target to a new pathway for the development of noble dielectric material. In 

addition to other applications, GO plays an important role in making optoelectronic device, 

fuel cells, supercapacitors, lithium ion batteries and biocomposites to various applications 

such as drug delivery, tissue engineering purposes.  

In this study, GO (Fig.1.8.) is chosen instead of graphene due to the availability of 

less number of electrons (presence of lesser double bonds) which is also a suitable non-/semi-

conducting material and is useful as good storage material. These are the factors for which, 

we have focused on GO as substitute dielectric component which is further synthesized via-

modified sol-gel method leading to the development of nanocomposites. The 

functionalization of GO is shown in Fig. 1.8. 

 

 

 

 

 

 

 

Figure 1.8. Chemical Structure and arrangement of functional groups in Graphene Oxide 

sheet [93]. 

1.5.10. GO NPs Synthesis Methods  

The Graphene oxide based materials seemed to have many advantages which we have 

discussed in the previous paragraph. The most used Hummers method has been used for the 

development of GO NPs from Graphite flakes being reduced in acidic medium. There are 

also many reports are associated with the development of GO NPs. Daniela et al. [100] in the 

year 2010, have developed GO excluding the NaNO3. The higher amount of hydrophilic 

oxidized graphene material has been obtained compared to Hummers method with the 

increased concentration of KMnO4 [100]. In a few other reports, graphene sheets have shown 
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its outstanding thermal, mechanical, and electrical properties, incorporating its one property 

material with its structural property enhancements. Such sheets are being used as electrically 

conducting polymers and inks and ultracapacitors [101, 102]. 

 

1.5.11. GO Functionalization 

The functional approach of organic and inorganic based groups on any type of matrix 

has shown its excellent significance towards many directions of scientific applications. The 

oxidized GO shows significant properties including high mechanical strength, adsorbent 

nature, optical transparency, easy surface functionalization of organic groups present on the 

surface of GO and association of both nucleophilic and nucleophobic functional groups 

which make itself much useful in the fields ranging from medicine to solar cells [103]. To 

solve the insoluble property, functionalization methods were followed. The chemically 

modified GO functionalizations also have shown its great efficiency in its mechanical, 

chemical thermal behaviour.  

The GO modification with tris-hydroxymethyl)aminomethane (TRIS) and PVA 

matrix has shown a very strong interaction of covalent amine and amide bond with epoxy and 

carboxylic acid groups on the basal plane and edge of GO nanosheets [104]. Even GO has 

been functionalized with hexamethylene diisocyanate (HDI) with a lot of optimizations. The 

hydrophobic behaviour of HDI-GO sheets seemed to have higher tin nature than unspoilt GO. 

To check the suspension property, HDI-GO were allowed to disperse in few polar aprotic 

solvents like N,N-dimethylformamide (DMF), N-methylpyrrolidone (NMP) and dimethyl 

sulfoxide (DMSO) along with non-polar solvents such as tetrahydrofuran (THF), chloroform 

(CHCl3) and toluene (C6H5CH3). The modified GO sheets left an impression of being a 

suitable candidate as nanofillers for high-performance GO-based polymer nanocomposites 

[105]. 

1.5.12. GO NPs Conjugation Functionalization 

The tuning of GO NPs and its conjugation effect with polymers or other inorganic 

particles have been reported [106]. The strategy of fabrication of functional 3D nitrogen-

doped graphene aerogel and spinel oxides composite materials acts as a very good as 

electrocatalysts for the application in batteries [107]. The in-situ reprecipitation poly(3-

hexylthiophene) (P3HT) NPs with GO exhibited exciton coupling constants and indicated 

favourable charge separation due to π–π interface interactions between the P3HT NPs and GO 
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sheets.GO open new pathways for the fabrication of improved optoelectronic thin-film 

devices [108, 109] 

 

1.6. Section II-Block copolymeric Nanomaterials 

After metal ages from ancient time, contemporary society is known as polymer age. 

The urbanization is solely dependent on smart materials like polymers. The molecular 

approaches and maximum performance phenomenon of organic polymers are quite 

interesting for which they are otherwise known as smart and intelligent materials [110, 111]. 

The identification and use of amino acid based polymeric nanomaterials have gained 

popularity due to the longevity, biocompatibility and cost-effective nature [112, 113]. The 

polymeric nanomaterials seem to be useful as drug conjugates, nanocarriers, biomedical 

equipment and anti-disease ailments, as shown in Fig. 1.9. 

 

Figure 1.9. Schematic shows the different polymer-based materials and a wide range of 

usage [17] 
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1.6.1. History of Polymeric Materials 

In this modern time, humans require polymeric materials for their essential need 

everywhere to their presence naturally. Natural polymers like proteins, carbohydrates, lipids, 

and nucleic acids are mainly found in all living things. Further, the scientists modified them 

and used enormously. Herman Francis Mark, Austrian American (1895-1992) chemist is 

known as the father of polymer science [114], even though he is not the first person 

associated with the polymer. Before his research, many pioneer scientists like Henri 

Braconnot (1777), Christian Schonbein (1846) have opened a pathway for polymer science in 

the use of human need [115]. Polymer word was given by a Swedish chemist, Jons Jakob 

Berzelius in 1833 [116]. The journey of the synthetic polymer was started nearly around 250 

years ago. But after 176 years of polymer research by prominent scientists, in the year 1953, 

Hermann Staudinger [117] who is also known as the father of polymer chemistry was 

awarded the Nobel Prize for the first time in the polymer research area for the explanation of 

bonding association in the polymer [118]. Starting from 1777 to 2019 the research and 

development of polymer are still going on and progressing rapidly [119-121]. 

1.6.2. Effect of Polymeric Materials in the current situation 

We can not live our life without using a polymer. From cell phone to aircraft, plastic 

bags to the home decorator, everywhere you look around where you are now, any corner in 

the World you can see the use of polymer. We can't think of a better and easy World. 

Synthetic polymers like nylon, polyethylene, polyester, Teflon etc. have become a human 

necessity. Nowadays the use of polymeric nanomaterials have been increasing more due to 

cost-effective nature, self-assembled nature, temperature and pH responsive behaviour, nano 

sized drug carrier, biocompatible, sustainable synthesis procedure, pure form of samples and 

for other biomedical applications including antibacterial susceptibility. Polymeric 

nanomaterials are very easy to clean and sterilize for which the medical persons prefer to use 

to reduce infections in the hospital as well as outside premises. It has increased hopes for a 

better and healthy World.  

1.6.3. Classification of Polymeric Nanomaterials 

1.6.3.1. Classification by Monomer and Building blocks 

Polymeric nanomaterials are the nanosized materials whose building block is a mer. 

Based on structure, polymeric particles are classified into homopolymer and copolymer [117, 

https://en.m.wikipedia.org/wiki/Henri_Braconnot
https://en.m.wikipedia.org/wiki/Henri_Braconnot
https://en.m.wikipedia.org/wiki/Christian_Sch%C3%B6nbein
https://en.m.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius
https://en.m.wikipedia.org/wiki/J%C3%B6ns_Jakob_Berzelius
https://en.m.wikipedia.org/wiki/Hermann_Staudinger
https://en.m.wikipedia.org/wiki/Nobel_Prize
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122]. Homopolymers consist of similar block throughout the long chain whereas copolymer 

may consist of two or more than that in the polymeric chain. Recent research has targeted the 

drug delivery application via polymeric nanomaterials to the animal cell line based on their 

chemical and physical properties. These polymers are classified into diblock, triblock, 

tetrablock, pentablock copolymer and so on based on block attachment of different 

monomers. But current research is mainly focused on the synthesis of tri and tetrablock 

copolymers. 

This dissertation is partially based on triblock copolymers. The polymer which 

consists of two or three different monomers via covalent linkage in a block like strategy is 

called tri-block copolymer. They are mostly amphiphilic. The arrangement of blocks is found 

in ABC, ABA, BAB and ACB types [115].  

1.6.3.2. Classification by Origin 

Polymeric particles are divided into synthetic organic, semi synthetic, inorganic and 

natural bio polymers. Modern polymer technology is mainly dependent on semi synthetic and 

synthetic polymers [123]. Synthetic organic polymers are polymers which consist of essential 

elements like C, H, N, O, S and P where Carbon acts as long chain backbone of the polymer. 

They include fibres, paints, plastics etc. and mostly derived from flora, fauna and micro-

organisms. Synthetic Inorganic polymers are polymers which consist of chains of elements 

belong to the group 13, 14, 15 and 16 elements along with few transition metals. Natural 

silicates, polymeric chain of Si, P, Ge, Sn and S come under this type of polymers. Natural 

polymers are the most vital part of polymer science which consists of DNAs, RNAs, Proteins, 

Carbohydrates, Peptides, Amino Acids, natural rubbers etc. Semi synthetic polymers are the 

modified form of natural polymers which includes cellulose nitrates and acetates. 

There are twenty essential amino acids which are biocompatible with nature. 

Choosing the effective and useful amino acids is a not a very tough job but the attachment of 

these amino acids with various types of metal, organic and inorganic network, block 

copolymers and even with other amino acid is a tricky job. The presence of chemical groups 

in amino acid has helped us for the synthesis of artificial peptide bond which is otherwise 

called as proteins. 
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1.6.3.3. Classification by Structure 

Polymers are again classified based on their structure to linear, branched and cross-

linked polymers [124]. Linear polymers possess a high degree of unsymmetry and density 

which includes polymers like polyethylene, PVC, Polyesters, Nylons etc. Branched chain 

polymers are low dense polymers including glycogen, starch. Cross-linked polymers are 3D 

network type polymer formed from linear polymers. Bakelite is an example of cross-linked 

polymers. 

1.6.3.4. Classification by Polymerization Method 

Polymerization is divided into additional and condensational polymers based on 

synthesis [115, 125]. Additional polymers do not produce any byproducts whereas 

condensational polymer mainly produces byproducts like CO2, H2O etc. Common examples 

of additional polymers are polystyrenes, polyacrylates, BuNa-S, Teflon etc. whereas 

condensation polymers are cellulose, polypeptide chains etc. [117]. 

1.6.3.5. Classification by Tacticity 

Tacticity refers to the arrangement of atoms or molecule in a long chain format. 

According to tacticcity, polymers are classified as isotactic, synditactic and atatctic polymers. 

Isotactic polymers are defined as polymers which have similar d-, l- arrangement of atoms, 

whereas synditactic polymers have alternate d-, l- arrangement but atactic polymer is having 

random d-, l- arrangements [126]. 

1.6.3.6. Classification based on Self-assembly Structure 

Self-assembly is the rapid and reversible organization of molecules via noncovalent 

bonding. There are three distinct features help in self-assembly process order, interactions 

and building blocks [7, 117]. Polymers mostly follow the building block path as these are 

made up from monomer blocks. This property looks important for phenomenons like 

synthesis, functional properties and biomedical applications. The polymer structures are 

classified into dendrimers, liposomes and micelles as shown schematically in Fig. 1.10. 

Dendritic polymers are tree like in structure and growth. They are three dimensional and 

regular branches in nature. Liposomes are normally bigger compared to micelles. Liposomes 

are synthesized by bi-layer lipids with hydrophobic chains where micelles are monolayer 

which consists of hydrophobic cores.   
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Figure 1.10. Polymeric nanostructures: (a) Dendrimers, (b) Liposomes and (c) micelles [7]. 

1.6.4. Important Physical and Chemical Properties of Triblock Copolymers 

Two or three different types of blocks attached via covalent bonding are known to 

form as triblock copolymers. There may be a repetition of block copolymers (BCPs) occurred 

during the formation of a large segment of a block copolymer. Generally, these polymers are 

formed with the attachment of the type head to tail, whereas other variations like head-head 

and tail-tail are also possible. 

Physical Properties of Triblock Copolymer 

The properties of polymer which can be determined without changing the skeletal 

backbone or composition are known as physical properties. Solubility, viscosity, density, 

crystallinity are the main properties studied under the physical category. The complete 

physical properties study of the triblock copolymer has not been established for a general 

trend due to the variety of structures [127]. Due to heavy mass with a large segment of 

monomer, the triblock copolymers are not completely soluble in water irrespective of the 

presence of the hydrophilic group. Triblock copolymers are highly tensile, which support the 

mechanical strength for many applications. The melting point of these block copolymers 

normally falls under high range revealed from the TGA data. Usually, the monomeric unit of 

block copolymers for bioapplications is amino acids. The acidity (pKa) of block copolymer 

depends upon the amino-acids structure. If the amino acid contains more acidic (carboxylic 

acid) group then the corresponding block copolymer will be acidic and if the amino acid is 

basic then the corresponding block copolymer will be basic. For amphiphilic amino acids, the 

block copolymer is neutral with regards to acidity. 
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(i) The solubility of Triblock Copolymer 

Most of the polymers are less soluble in a particular solvent due to the coiled and 

entangled structure along with the high molecular weight. Those polymers which dissolve in 

a solvent have greater solvent-solute interaction over solute-solute and solvent-solvent. The 

polymers are generally solubilised through the process of swelling in which solvent molecule 

penetrate the space between the polymer chain [127]. Polar polymers are usually soluble in 

polar solvents and non-polar polymers are solubilised in a nonpolar solvent. The polymers 

having linear sigma polar linkage like -O-, -S- are more soluble than the polymers having 

rigid pi linkage like -C=C-, -N=N- due to the flexible nature of polymer [128]. The low 

solubility of polymers is mainly due to the high secondary interactions present between 

polymers. 

(ii) The viscosity of Triblock Copolymer 

The resistance to flow under external conditions like temperature, force, the pressure 

is known as viscosity. The polymers with the flexible structure are less viscous than the 

polymer having rigid structures. As most of the polymers have coiled or entangled structure, 

so the viscosity increases with the increase in molecular weight. Also more cross-linked or 

branched polymers show high viscosity [128]. 

(iii) The density of Triblock Copolymer 

The polymers normally have low density than other material for which these are 

widely used for various applications. Polymers having heavy elements like heavy metals, 

bromine or metalloids show high density [128]. 

(iv) The crystallinity of Triblock Copolymer 

Most of the polymers are amorphous due to long chain length, coiled and entangled 

structure. Only those polymers show crystallinity for which the molecular arrangement is 

long range order in nature. Those polymers tend to crystalize which have simple and highly 

regular structural units [125]. This property of polymers is known as crystallizability. The 

rate of crystallization is very slow in case of polymers due to its coiled structure with high 

molecular weight. The study of polymers based on its physical properties is very useful for 

the application with the toughness, stiff behaviour, elasticity and viscous properties in many 

areas of polymer science. 
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Chemical Properties of Triblock Copolymer 

The tendency of a material to react chemically with another material through chemical 

bonding is named as chemical properties and the process is called chemical process. In this 

process the composition of material changes from one form to another. This tendency arises 

due to the reactive functionality like -NH2, -OH, -COOH, -CHO, -CONH2, -X (Halogen or 

any good leaving group), -COX (X= electronegative element or group) etc. present in the 

polymer [128, 129]. In solid-state or concentration solution at ambient temperature, the linear 

polymers react slowly due to the availability of less number of functional groups for reaction 

whereas branched polymers react faster due to availability of more reactive centre. With an 

increase in temperature, the rate of reactivity increases for most of the polymers. 

The number of monomer units present in a polymer is called as degree of 

polymerization and mathematically it is expressed as, 

 

 

Calculation of Molecular weight of Polymers 

There are different methods available in the literature by which the molecular weights 

of polymers can be determined. The most used equations are based on the molar mass of 

polymers as seen from equation (8)-(11) including number average, mass average, Z-average 

and V-average molar masses, respectively. 

Number average molar mass (M̅n) = , ∑ nᵢMᵢ ÷ ∑ nᵢ- 

 

Mass average molar mass (M̅m) = , ∑ nᵢMᵢ² ÷ ∑ nᵢMᵢ- 

            .............................. (9) 

 

                     ............................ (10) 

 

                                                         ............................. (11) 

             .............................. (8) 

 

  Degree of Polymerization (p) =   
*                      ( )+

*                      ( )+
          .............................. (7) 

 V - average molar mass (M̅v) = , ∑ Mᵢ¹⁺ᵃNᵢ ÷ ∑ MᵢNᵢ-¹′ᵃ 

  Z - average molar mass (M̅z) = , ∑ nᵢMᵢ³ ÷ ∑ nᵢMᵢ²- 
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1.6.5. Challenges associated with Block Copolymer 

There is a saying “every coin has two sides”. The same principle rules to the 

application and use of synthetic polymers. If we see the disadvantaged part it has many like 

improper degradation, increased risk of global warming, emission of toxic fumes, people do 

not prefer to stay nearby polymer industry for increased risk of diseases. According to a Slate 

article 2007, scientists estimated that a single plastic bag could take as much as 500 years to 

break down. Forty-four percentages of seabird species are known to have ingested synthetic 

polymers that have been mistaken for food, with millions dying from this indigestion every 

year reported in a survey of U.S. National Institutes of Health. If we do not control the 

pollution caused by the toxic chemicals then, maybe the term "a rapidly increasing, long-term 

threat." given by NIH, US, will be seen true and will not able to wipe the tear of this globe 

(see Fig. 1.11.). 

 

 

 

 

 

 

 

Figure 1.11. Schematic representation of recently used polymers, its side effects and armour 

to save the globe. 

The Challenges of this dissertation was to overcome the non degradation, cytotoxicity 

[2, 4-8], side effects, less drug loading efficiency [10, 11] and biocompatible [118-120] issue 

of block copolymer which can lower environmental pollution risk and can be used in various 

domains of chemistry and biology. The factors like the availability of naturally occurring 

polymeric proteins sufficiency, possibility of biocompatible nature, biodegradation in animal 

cell line, smart material, less side effects with essential amino acid, highly stable colloid, self-

assembled in nature, temperature and pH responsive, antibacterial resistive [118] in nature 

have made us to focus to develop artificial proteins along with various amino acids. There are 
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twenty essential amino acids which are biocompatible with nature. The presence of chemical 

groups in amino acid helps us for the synthesis of the peptide bond and produces long-chain 

proteins. Many studies have fulfilled the target of biodegradability of few block copolymers 

and proved a lot of application in the biomedical domain.  In this dissertation, we have shown 

the cost-effective and smart polymer, which is affordable and available for everyone‟s use.  

1.6.6. Importance of Block Copolymer in wide areas 

(i) Thermoplastic Elastomers as Primary Block Polymer 

The current world needs advance technology with low cost, durability and low MW. 

The first thermoplastic polymer was synthesized by Menon et al. [8] from urathanes via two 

step condensation polymerization. Following at his work, Legge et al. have developed a 

noble TPE, commercially called Kraton in 1965. Later to these TPEs, polyester and 

polyamides were synthesized for better access to society [8, 11, 42]. 

(ii) Self-assembly behaviour of the Copolymer in selective Solvents 

The self-assembly property of block copolymers can be determined by using a 

solvent. The soluble organic groups become soluble whereas the insoluble part remained 

separated in the solvent [111]. Based on the micellar theory, the insoluble part forms core 

while the soluble part acts as a shell in the solution. This property is very suitable for 

encapsulation and drug delivery applications [112, 113]. 

(iii) Block Polymer usage in Biomedical Applications 

The self-assembly nature, biocompatibility, numerous functional groups attached to 

the backbone, economical, low density, easy chemical interactions, interesting morphology in 

a medium and easy degradation theory help block copolymer to be effectively used for 

biomedical applications [26]. 

(iv) Drug delivery and DNA effect of Block Copolymer 

The importance of functional groups helps the polymer to change its morphology in 

the medium. Due to different morphological features like micelles, vesicles, dendrimers, 

nanogels and liposomes [8], these are quite easy to implicate as good drug carrier [29, 113]. 

In spite of a large number of chemotherapeutics and powerful drugs, the current research is 

focusing on the smart material of amino acid based block copolymers. 
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(v) Block Polymer as Anticancer and Antibacterial agent 

The variant functional properties of amino acid based block copolymers help the 

inhibition of cancer and bacterial growth. Even the presence of a very low concentration of 

polymeric samples, the probability of inhibition of infected cells is more due to the 

dissociation of COO
- 

and NH4
+
 ions and formation of ammonium salt in the medium at 

different stimuli condition [126]. The stimulus responsive segments have notable factors of 

smart functional groups, self-assembly nature, stimuli active property caused the resistance of 

cancer and other microbes. In spite of more antibiotics and therapeutic medicines due to the 

high possibility of side effects in the later stage of human life, the amino acid based polymers 

seem to be very effective and multi resistant microbe material with minimal side effects. 

1.6.7. Monomer Blocks associated with the development of amino acid based Polymers 

1.6.7.1. [α-Methoxy-ω-Amino-Polyethylene Glycol] or [α-OMe-ω-NH-PEG]  

Organic polymeric materials have a significant outcome in comparison to the 

inorganic and other metal based NPs. Organic framework consisting of polymers will have a 

very unique effective result for numerous biological applications due to the presence of life 

making elements like C, H, N, O, S and P. Due to the amphiphilic nature of di- and tri-block 

co-polymers in many solvents, it provides a broad space for parameters responsive research. 

There are many reports available for the synthesis of self-assembled di-block/tri-block-

copolymers having pH and temperature-responsive nature using two to three identical or non-

identical monomers. There are also few reports available with the application in the effective 

antibacterial study of di and tri-block polymers.  

However, very few reports are available with three or more than three distinct 

monomer units to form synthetic block-copolymers with a wide range of biological 

applications. Clinically, PEG has proven to be very good for constipation in children with 

long term safety depending on their alkyl chains associated with the polymer [130, 131]. 

Nalam et al. [132] have discussed the surface association mechanism that arose from the PEG 

polymeric chains and its suitable interaction with other biological polymeric materials. The 

reduced entropy caused by such force also acts as a partition between the polymeric solution 

and allowed PEG based material for biological applications [132, 133]. The helical 

conformation confirmed that the PEG based chain has an easy interaction with cationic 

polymers due to the oxygen in PEG and with the ammonium ions in polymers via hydrogen 

bonding and electrostatic interactions [134]. The hydrophobic PEG conjugated polymers 
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have shown their advantages in chemotherapy, artificial protein chain, helical structures [135-

138]. 

The precursors of the above triblock polymers are consist of PEG (Fig. 1.11.), [NCA 

glutamate (NCA-BLG)] derivative (Fig. 1.12.) and [NCA aspartate (NCA-BLA)] derivative 

(Fig. 1.13.), respectively shown below. Among these three monomers, the later two 

monomers come under essential amino acids whereas the former one is completely 

biocompatible. PEG acts as a very biocompatible backbone of any macromolecule due to its 

amphiphilicity which attracted our team to work on it with other essential amino acids. 

 

 

 

 

Figure 1.11. 2D Ball and stick model of PEG polymeric materials [131] 

1.6.7.2. L-Glutamic Acid-β-Benzyl Ester 

 

 

 

 

Figure 1.12. 2D Ball and stick model of L-Glutamic Acid-β-Benzyl Ester polymeric 

materials as an amino acid based precursor [131]. 

We have considered amino acid chain as our primary backbone of the polymer due to 

its associative nature, unique colloidal properties, numerous functional groups present in 

them, and high lifetime, more durability and biocompatible nature which further can be used 

for various pharmaceutical and medical applications. Morphology of numerous shapes of 

these type polymers can also exhibit significant results in physio-chemical behaviour.  
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1.6.7.3. L-Aspartic Acid-δ-Benzyl Ester 

 

 

 

 

 

Figure 1.13. 2D Ball and stick model of L-Aspartic Acid-δ-Benzyl Ester polymeric materials 

as an amino acid precursor [131]. 

Noble vesicle sized macromolecular polymeric nano-bio compounds for the 

biomedical applications have been designed considering (α-CH3-ω-NH-PEG), (L-AspA-4-

BE) and (L-GluA-5-BE) as starting materials. The bio-chemical behaviour of polypepto 

vesicles includes self assembly nature [131-144] in presence of the solvent medium, 

biocompatibility with human carcinoma cells [145, 146], antibacterial active agent [147, 

148], possessed of helical proteins [149], responsive experimental parameter and possessed 

of chirality. Due to the multipurpose behaviour of the macromolecule, it can be defined as a 

smart material. We have focused on the modified synthesis of newly designed 

macromolecule through ring-opening polymerization and succeded with the application in 

vitro biotechnology process. Due to the spherical vesicular property, it can be used for the 

drug delivery process and tissue engineering application [150, 151]. 

1.6.8. MTT/ Biocompatibility Assay Test 

The primary technique to know the biological behaviour of the newly designed 

materials is an assay test. Among many assay tests, the MTT assay test is known to be very 

easy, accurate and time saving procedure. The chemical MTT is used as a dye to know the 

survival percentage of carcinogenic or non-carcinogenic cells in the human. This experiment 

is most favoured to perform in the human cell lines [152-154]. In brief, the MTT assay 

experiment performed in 96 well plates using several cell lines. The required medium 

contained 5000 cells in each block and allowed for incubation. After an estimated time 

interval, the targeted material is allowed to pass through the assay tray. The biocompatibility 

otherwise known as cell viability is represented mathematically by using below equation, 
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Where, 

ABST= Absorbance of treated culture  

ABSC= Absorbance of controlled culture at a given wavelength (say 570nm) 

1.6.9. Antibacterial Study 

Across the globe, diseases are spreading epidemically be it cancer, dengue, malaria, 

diabetes, skin problem or bacterial growth. Bacterial growth may occur in both plants and 

animals. It seems to be very minute micro-organisms but their negative effect can cause 

severe damage to the living world. To avoid the bacterial infection many researchers have 

made easy way outs, but still, the research to inhibit the growth of bacterial infection is going 

on. If we look at previous literature, nanomaterials like metal oxide, polymer composite, bio 

drugs are available to kill the bacteria in the environment. This dissertation also includes 

bacterial study with biocompatible triblock copolymers with interesting morphology at 

nanolevel [155-157]. The methods like micro broth dilution method, agar disc diffusion 

methods are quite easy and cost-effective experiments against pathogenic and non-pathogenic 

bacteria cell line [140, 141]. Previously, the literature also suggested techniques like the  

Stokes method, Kirby Bauer method for the estimation of bacterial growth in the medium 

[142]. 

This dissertation will be mainly focusing on the bacterial susceptibility test through a 

broth dilution method. The optical density calculation for broth dilution method with positive 

inhibition represented mathematically, 

 

The optical density calculation for broth dilution method with positive inhibition represented  

Mathematically, 
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There are many mechanisms are associated with the antibacterial behaviour towards 

both the pathogenic and nonpathogenic bacterial world [158]. The mechanisms are described 

shortly in this section. The very common mechanism is alterations in the cell membrane and 

its lipid profile and mostly useful for Grampositive bacteria due to its simple wall which 

allows the penetration of antibiotics [159]. The mechanism is difficult to apply in gram-

negative bacteria due to the complex cell wall. The other mechanisms are inhibition of 

ATPase, cell division, motility and biofilm formation and membrane porins, anti quorum 

sensing effects [160]. The inhibition of ATP phase is related to the performance of many 

enzymes with ATP phase activity inhibits the growth of bacteria. The bacterial cell division is 

another mechanism of antibacterial action by a prokaryotic element [155]. The 

hydrophobicity of materials also led to a better antibacterial therapy following to porin 

membrane inhibition. An intracellular sensing effect, as well as biofilm formation, develops 

the proliferation and adhesion to develop the growth of useful bacteria [160]. 
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LITERATURE REVIEW 

1.7. Section I Dielectric Nanocomposite 

1.7.1. Inorganic Dielectric Material 

Prolonged research based on inorganic dielectric composite received a lot of attention 

towards the end of the twentieth century due to its functional and variable properties [30, 31]. 

Mainly the dielectric behaviour of materials has been carried out concerning frequency and 

temperature as the structural and atomic arrangement can be affected by these two 

parameters. 

1.7.1.1. Calcium Copper Titanate 

Dielectric materials have huge applications in the fabrication of microelectronic and 

energy storage devices. Homes et al. discovered TiO2@Co material, which has shown an 

extremely high dielectric constant and negligible dielectric losses [161]. In 2013, Hao et al. 

mentioned a review of dielectric materials with high permittivity and low losses being used in 

making the capacitors [162]. His team even suggested about four kinds of materials of 

antiferroelectrics, dielectric glass-ceramics, relaxor ferroelectric and polymer-based 

ferroelectrics with high energy-storage density, low loss, and good temperature stability. For 

metals, relative permittivity is negative and the surface charge dissipates at a faster rate. On 

the other hand, the surface charge dissipates very slowly for dielectrics. Materials with 

colossal permittivity used in capacitor design meet the limited success. However, because of 

the evolution of the materials with high dielectric constant, like ATiO3-type perovskite 

titanates (where, A = Ca, Sr, Ba, Pb or their solid solution), the making of a large number of 

electronic devices with variable capacitance can be possible.  

The perovskite, calcium copper titanium oxide (CCTO, CaCu3Ti4O12) is an excellent 

dielectric material, having a very high dielectric constant (ε′ ~10
4
-10

5
) with a low dielectric 

loss. Fundamental dielectric study has established calcium copper titanate (CCTO, 

CaCu3Ti4O12) as the best dielectric material, which possesses a high dielectric constant of 

~10
5
 and a low loss due to its perovskite nature having a wide area of applications in charge 

storage devices, sensors, etc. as compared to other ferroelectric materials (ε′, 1×10
3
-5×10

4
). 

 
 
 
 
 

https://en.wikipedia.org/wiki/Calcium
https://en.wikipedia.org/wiki/Copper
https://en.wikipedia.org/wiki/Titanium
https://en.wikipedia.org/wiki/Oxide
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1.7.1.2. Synthesis of CCTO Materials 

  

In 1967, the synthesis of the highest possessing dielectric constant material with low 

loss calcium copper titanate / (CaCu3Ti4O12) / CCTO was discovered by Deschenes et al. 

[163].  In the year 2000, Subramanian et al. became the first team to introduce the high 

dielectric value for CCTO more than 10
4
, at 1 kHz and 300°C along with its cubic centred 

structural determination [164]. ACu3Ti4O12 based CaCu3Ti4O12 showed a dielectric constant 

of 1.2×10
5
 at 1 kHz and nearly constant from room temperature 573K. Even his team 

mentioned that due to the perovskite nature of CCTO, TiO6 can produce a square planar 

environment that leads to higher dielectric values. There is a very low dissipation of heat 

released from the surface of perovskite like structure.  

Following Subramanian et al. work, Homes et al. studied the optical conductivity 

associated with the physics of CCTO.  This team was able to find ε′ of 80 at RT due to the 

presence of dipolar relaxation at very low frequencies [165]. Optical conductivity 

measurement on CCTO was observed with a giant dielectric effect at low frequency range of 

≤ 1 kHz.  Later in 2000, many researchers like Lunkenheimer et al. [166], Thomas et al. 

[167] and Si et al. [168] have established CCTO and studied the dielectrics with different 

temperature and frequency. Lunkenheimer et al. have mentioned about the large magnitude 

of a colossal constant of transition metal oxide NPs and their application in capacitance based 

storage devices. The generation of interfacial effects from external and internal boundaries 

and electronic phase separation led La2−xSrxNiO4 NPs to generate high dielectric constant. 

Tang et al. [59] extended the CCTO synthesis method with the attachment of polymers on the 

surface of CCTO to increase the dielectric value of both CCTO and polymer matrix. The 

aspect ratio phenomenon of dispersed filler CCTO NPs increased the aspect ratio of polymer 

based nanowires with a higher yield of the nanomaterials. 

Turky et al. [78] in 2015 developed CCTO NPs by using the organic acid precursors 

and allowed for annealing at 1000ºC for 2hrs. CCTO NPs have shown its size from 40-60nm 

and effective porous nature with suppression of loss value to a very minimal extent [80]. The 

promising synthesis method for the development of CaCu3Ti4O12 NPs was developed by 

Chen et al. by using a stoichiometric amount of CaCO3, CuO and TiO2 in molten NaCl-KCl 

and Na2SO4-K2SO4 medium. A giant dielectric constant of up to 10
4
 was observed for 

corresponding CCTO NPs with a very low loss tangent ≤ 0.2 at RT in the frequency range 

from 100 Hz to 100 kHz and used suitably for technological applications. In the previous year 

in 2019, Tripathy et al. [81] synthesized CCTO ceramic pellets of 10 mm dia. by solid state 
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route. The sample has shown a dielectric constant of around 5×10
3
 at 1 kHz frequency due to 

capacitance of the grain boundaries associated with the IBLC model with a loss of 0.14.  

 

1.7.1.3. CCTO based Composites 

 

 In 2009, Thomas et al. [167] observed a complex oxalate precursor containing 

CCTO, CaCu3 (TiO)4 (C2O4)8·9H2O, (CCT-OX) which exhibited giant dielectric constants up 

to 4×10
5
 (1 kHz) at 25°C with dielectric losses, <0.07.  Even the dielectric material has 

shown very good sintering capacity at high temperature, the particle size of 30 nm-80 nm. 

Pulsed-laser deposition CaCu3Ti4O12 on LaAlO3 and SrTiO3 substrates was performed by Si 

et al. in 2000. His team was able to develop the epitaxial thin films of CCTO composites with 

or without various conducting buffer layers. Earlier researchers performed against the 

frequency dependence study of CCTO based composite but in this year they observed the 

temperature-dependent dielectric study of nanocomposites and also the frequency 

dependence of its dielectric properties below 150 K indicated an activated relaxation process. 

Pandirengan et al. [75] in 2017 modified CCTO NPs with (Bi4Ti3O12) X as thin films 

and allowed to grow on a platinized silicon substrate using the spin-coating technique. 

He observed two different crystal phases of orthorhombic BTO and cubic CCTO exist 

together in the film matrices. The percolation theory also proved the better dielectric constant 

of (Bi4Ti3O12) and used as a suitable candidate for the modern microelectronic devices. 

The dielectric behaviour of CCTO-Fe3O4/polyimide (PI) hybrid films was studied by 

Chi et al. [79] in 2016 with the application of an external magnetic field. His team observed 

that Fe3O4 NPs were deposited on the surface of CCTO with a substantial increase in 

dielectric permittivity (10
2
-10

3
), a slight increase in dielectric loss, and a decrease in the 

percolation threshold for the hybrid composites subjected to a magnetic field treatment. 

Following the interesting dielectric study of CCTO NPs, Krohns and Lunkenheimer 

developed lanthanide titanate based dielectric which has shown the value of the dielectric 

from 10
4
-10

5
at 300C, 10 kHz [166]. In 2009 Wang et al. [172] reported an exceptional work 

on organic polymer based nanocomposite which showed its dielectric constant less than 10
2 

due to the unavailability of polarization like electronic, atomic, etc. Dielectric material 

including CCTO has invaded the area of capacitors, as they do not allow conductivity of 

electricity and used as charge storage devices with high dielectric property [169]. Substantial 

lattice vibrations (phonons) results in the intrinsic dipole moment and yield giant dielectric 

permittivity of CCTO which could be explained by the Lyddane-Sachs-Teller model [170, 
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171]. CCTO can be synthesized by a solid-state reaction using the stoichiometric amount of 

CaCO3, TiO2, and CuO as precursor materials [172].  

Many theories [173-177] have been reported to explain the origin of the giant 

dielectric permittivity. It has been observed that several factors like shape, sizes, surface 

morphology; grain boundary contributions, internal material layers, and distribution of ions 

of doping, etc. are the possible contributors for the giant high dielectric properties. Apart 

from these, the high dielectric phenomenon is appeared due to the extrinsic properties such as 

the interfacial polarization of highly delocalized electrons at the interface of the grain 

boundaries [161]. A report by Hu and co-workers have found out that doping of In
3+ 

(electron 

acceptors) with Nb
5+ 

(co-dopant) into rutile, lower the dielectric losses. This is happened due 

to the stoichiometric local lattice defects (defect clusters due to the conversion of Ti
+4

 to Ti
+3

) 

and is responsible for the extraordinarily high value of intrinsic permittivity in the radio 

frequency range [178]. Recently, it is observed that core-shell nanomaterials have a great 

impact on fabricating charge storage devices, microelectronic devices etc. [179]. 

 

1.7.1.4. Barium Titanate, Lead Titanates and PZT 

BaTiO3 is the first ferroelectric perovskite ceramics and used for different electrical 

applicative purposes. Since 1940, BaTiO3 has been used as a mica substitute in the capacitors. 

Chen et al. [180] in 2003 has synthesized BaTiO3 by hydrothermal method at a temperature 

between 75°C and 180°C and for 10 min to 96 hr in an alkaline medium. Physical 

characterization has proven the influence of Ti NPs on the size and morphology of barium 

titanate of 0.1 µm size. More et al. [181] discussed the dopants and their role in the 

development of the dielectric behaviour of BaTiO3 at A and B site cations. Solid-state 

reaction method for the synthesis of barium titanate was established by Andreda et al. in 2014 

[182] with significant dielectric behaviour. The doping process made the of BaTiO3 

nanocomposites very effective at different temperatures. 

BaTiO3 based composites have shown a greater effect in the development of better 

dielectric behaviour with respect to frequency and temperature. Jiang et al. in 2018 [183] 

have developed numerous types of nanoparticles, nanorods, nanotubes and nanowires and 

controlled crystal phases like cubic, tetragonal and multi-phase of BaTiO3/polymer 

nanocomposites. Even his team mentioned the advantages of simple solution processibility, 

high breakdown strength, lightweight device scalability and high dielectric constant.  
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After a few decades later, Lead Titanate (PbTiO3), Lead Zirconate Titanate (PZT) and 

Lead Lanthanum Zirconate Titanate (PLZT) came in to picture with moderate dielectric 

properties [23-24]. Being a ferroelectric ceramics, PbTiO3, possessed of high capacitance 

value. Nurbaya et al. [184] have discussed the synthesis and dielectric properties at low 

temperatures. They have explained the process involved for the uniform grain size possessing 

stable dipole moment leading to better dielectric values at different temperature ranges. 

Mridula et al. [185] designed via solid-state reaction technique. The dielectric 

constant was found to be 515.50 at 1 K Hz with the loss tangent is 0.005 due to the migration 

of oxygen ions towards the electrodes. But among all the materials, BaTiO3 seems to have a 

better dielectric property with more constant and strength than other inorganic based 

nanocomposites reviewed by Chaudhuri et al. [186]. Being economical, easily synthesized, 

environmentally friendly and unique crystalline solid, it is possessed of fascinating 

ferroelectric, piezoelectric and dielectric properties. 

  

1.7.1.5. Silicon Oxide Nanoparticles (SiO2 NPs) 

In late 1960, Stober et al. [187] were taken the initiative to synthesize uniform 

spherical shaped particles. Till today, this synthesis method is used extensively in all the 

fields of applied sciences. The interesting uniform size and morphology were controlled via 

the addition of surfactants by this team. Later to this research, SiO2 NPs acts as a best known 

inorganic insulator possessing a very low dielectric constant (~50-100) and have a good 

impact on environmental compatibility [133, 135]. Due to its surface functionality and 

presence of a lone pair of oxygen associated with the main non-metal silica, the pathway of 

chemical functionality became very easy. Volksen et al. [188] have mentioned many 

significant effects of low dielectric constant materials and their effect against porosity. The 

thermal stability of a porous thin film of silica seemed to show any appreciable loss of 

samples up to 600°C. Esposito et al. [189] mentioned the loss of weight % of silica sample at 

700°C due to less polarizable bonds. 

 Tang et al. [82] have developed CCTO based polymer film@ SiO2 nanocomposites 

with the effect of an aspect ratio of filler CCTO NPs on SiO2 and polymer matrix via- 

hydrothermal process. This effect led to lower dielectric loss value 0.081 and constant up to 

68 of this composite is due to the core-shell structure of the composite. 
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1.7.2. Organic Dielectric Materials 

The organic polymer based nanocomposite is otherwise known as organic dielectric 

material. These dielectrics mostly possessed of very low ε′ [29] and ε′′ due to unavailability 

of conducting electrons [32]. 

1.7.2.1. Graphene Oxide (GO Sheets) 

In the year 2007, Geim et al. [190] have mentioned the history and rise of graphene 

oxide very briefly. GO is a two-dimensional (2D) material, a flat monolayer of sp
2 

hybridized 

carbon atoms, tightly packed into a honeycomb lattice and basic synthetic frame for all 

graphene materials have been reported a few decades ago [191].  

Following this work, others such as Bonaccorso et al. [192]., Stankovich et al. [193] 

and Lee et al. [194] have studied the photonics-optoelectronics, elastic properties and 

intrinsic strength of monolayer graphene. Bonaccorso et al. described the high mobility and 

optical transparency, flexibility and environmental stability. They also mentioned about the 

benefits of the presence of exfoliation present in GO due to which tuning occurred even with 

the absence of band gap leading to the linear dispersion responsible for the optoelectronic 

activity.  The elastic properties and intrinsic breaking strength of GO were first studied by 

Lee et al. via nanoindentation process. The nonlinear elastic stress-strain response was 

observed to be 340 Newtons per meter (N m
−1

) for GO NPs and found to be the strongest 

material till that year. Their research on of GO also suggested many significant advantages of 

electrical stability, highly stable thermal and mechanical properties along with biocompatible 

nature.  

Contemporary researchers, Cai et al. and Zeng et al. discussed the applications of GO 

for the development of 3D smart material, biosensors and nanohybrid materials due to variant 

groups association[195-197]. The association of GO with impermeable membranes leads to 

the creation of pressure differences between itself and atmosphere became an advantage for 

the microfabrication of devices by calculating its mass and elastic constants [198]. GO has 

shown its significant roles towards the application in biology, chemistry and engineering field 

due to the structural distortion phenomena with the presence of various oxygen moiety on its 

surface [199-201]. Gupta et al. have reported that GO-MnO2 nanosheets possessed of 10
3 

with low loss, became useful for electronic applications, optical devices, thin films and 

sensors [202]. In detail, GO@MnO2 nanocomposites have been synthesized by a chemical 
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route. The existence of MnO2 in GO@MnO2 nanocomposites led to the effective 

enhancement of the electronic polarization, interfacial polarization and anisotropy energy in 

the presence of microwaves and used suitably in microwave applicative purpose. 

1.7.2.2. Synthesis of GO NPs 

 

Singh et al. [203] synthesized GO by modified Hummer‟s method with the exfoliation 

of graphene sheets. These GO composites act as a suitable material for solar cell, water 

purification, supercapacitors, and an antibacterial agent. Paulchamy et al. also developed GO 

in a very simple approach. This team confirmed the existence of oxygen, C-O, and C=C by 

physical characterization techniques [204]. Yu et al. in 2016 [205] reported an economical 

and efficient by removing NaNO3 from established Hummers method and replacing KMnO4 

with K2FeO4. He also performed such type of GO to the super electrode application purpose.  

In 2017, Sharma et al. [206] reported a simple and convenient method for synthesis of 

GO by using a reducing agent hydrazine hydrate to yield reduced graphene oxide with the 

elimination of oxygen containing functional groups and acts as a very potential material for 

the purpose. Ranjan et al. [207] have synthesized GO via improved Hummers‟ approach by 

not using hydrogen peroxide in the reaction medium. This procedure led to a higher yield of 

GO NPs with the release of excess toxic gas to the environment. 

Following the previous work, Santhosh et al. introduced very few-layered GO 

synthesis with the ultrasonication method. His team has also suggested a very high dielectric 

constant of 10
6
 and a very low loss at 1 kHz, 30ºC due to the mechanistic approach and the 

role of functional groups, defects [208].  

1.7.2.3. GO NPs based Nanocomposites and its Dielectric behaviour 

 

Zhang et al. [209] developed silica-graphene oxide GO@SiO by the hydrolysis of 

tetraethylorthosilicate (TEOS) in the presence of hydrophilic GO NPs via modified Hummers 

method. The dielectric constant of  GO@SiO2 was found to be less than 10 from a frequency 

range of 20-10
6
 Hz. Sang et al. [210] also designed GO@SiO2  nanocomposites to enhance 

the electrorheological activity and suitable for the use in smart suspensions with high ER 

responses. 

Song et al. [211] have synthesized GO/-PDMS-PGMA by the molecular design 

process. The composites had shown a high dielectric constant of 40 at 1 kHz frequency at RT 

and used in the electronics and engineering fields. 
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1.7.2.4. Composite Dielectric Material 

  The literature review on CCTO, other perovskites like BaTiO3, PZT, PbTiO3, SiO2, 

GO and GO based nanocomposites discussed in detail above. The significant change of 

dielectric behaviour from low to high constant with very minimal loss tangent at different 

temperature and frequency has been a great interest for the development of dielectric 

materials based on their chemical composition and its suitable use in electronics and storage 

applications. However, an exception to the ferroelectric material, temperature-dependent 

behaviour of CCTO from RT to 500K, with a giant dielectric constant and a very low loss 

showed an exceptional result to the dielectrics study which encourages us to go for further 

development of new nanocomposites including CCTO nanoparticles (NPs) and GO Sheets. 

GO and silica coated calcium copper titanate (CCTO@SiO2) NPs were synthesized from the 

established Hummer‟s method and sol-gel process, respectively [212-220]. Table 1.1 with 

reported research work for CCTO, Silica, GO and composite based dielectric nanomaterials, 

composition, real part permittivity values and dielectric study has been attached below for a 

better understanding of the background of such materials. 
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Table 1.1: Reported Research work for CCTO, Silica and GO nanomaterials dielectric study 

Dielectric 

Type 

Journal  Composition  Real part 

(ε′) 

Temperature Reference 

Organic-

inorganic 

Nanoenergy, 

(2015), 17, 

302-207 

CaCu3Ti4O12 

Nanowires 

70 10 kHz Tang et al. [59] 

Inorganic Thin Solid 

Films 628 

(2017) 117–126 

(Bi4Ti3O12)X-

(CaCu3Ti4O12)

1 − X, 

[(BTO)X–

(CCTO)1 − X] 

9×10
3
 100 Hz Pandirengan et 

al. [75] 

Organic-

inorganic 

RSC Adv., 

2015, 5, 18767 

CaxCu3_xTi4O

12 synthesized 

by organic acid 

0.05×10
3
 1.75 Hz Turkey et al. 

[78] 

Organic-

inorganic 

J. Mater. Chem. 

C, 2016, 

4, 8179 

CCTO-

Fe3O4/PI 

308 100 Hz, 363K  Chi et al. [79] 

Inorganic 

Pellet 

Materials 

Science and 

Engineering 

115,(2016), 

012022 

CaCu3Ti4O12 5×10
3
 1 kHz Tripathy et al. 

[81] 

Inorganic Journal of Solid 

State Chemistry 

151, 323-325 

(2000)  

CaCu3Ti4O12 12,000  573 K, 1kHz  Subramanian et 

al. [164] 

Inorganic Science  

(80) 293, 

 673–676 

(2001) 

 

CaCu3Ti4O12 80 RT Homes et al. 

[165] 
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Inorganic Eur. Phys. J. 

Spec. Top. 180 

(2009) 61–89  

CaCu3Ti4O12 10
4
 473 K, 28 Hz  Lunkenheimer 

et al. [166] 

Organic Journal of 

Thermal 

Analysis and 

Calorimetry, 

Vol. 95 (2009) 

1, 267–272 

CaCu3Ti4O12 

(C2O4)8·9H2O 

4×10
4
 278K, 1kHz Thomas et al. 

[167] 

Inorganic Appl Phys Lett 

81:11 

CaCu3Ti4O12 

on LaAlO3 and 

SrTiO3 

1.5×10
3
 300 K, 100 

kHz 

Si et al. 

[168] 

Polymer Progress in 

growth and 

characterization 

of materials, 

60, 2014 (15-

62) 

CCTO 1.5×10
5
  1 kHz  Singh et al. 

[169] 

Inorganic Electron. 

Mater. 43,2607-

2613,2014  

CCTO@SiO2 12.78×10
4
 100 Hz, 293 

K 

Wang et al. 

[172] 

Organic RSC Adv 

5:14768–

14779, 2015  

GO 5000 180, 5 kHz Santhosh et al. 

[208] 

Inorganic-

organic 

Langmuir 2012, 

28, 7055−7062 

GO@SiO2 4.5 10
-1 

Hz Zhang et al. 

[209] 

Polymer ACS Appl 

Mater 

Interfaces 

8:31264–

31272,2016  

GO/PDM −P

GMA  

25 10
4 

Hz Song S et al. 

[211] 
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LITERATURE REVIEW 

1.8. Section II Block Copolymer 

Many polymer reports are available with polyethylene glycol which is low toxic, high 

biocompatibility [8], amphiphilic [9], higher thermal stability up to 400°C, higher presence of 

methylene groups in longer chains [12]. 

1.8.1. Synthesis and Development of Amino acid based Block Copolymer 

There are numerous amino acids available in nature, but among them, twenty amino 

acids play a vital role in the survival of human being. These amino acids constitute of -NH2,  

-COOH-, -CONH2, -CH3, -CH2- and few cases N, S related functional groups. The properties 

like hydrophobic, hydrophilic character, charge density, chirality, reversible cross-linking, 

numerous chances of various bond formation etc. are the important factors why scientists 

focusing these bio-based amino acids for nanomedicine, drug delivery, anticancer and 

bacterial agent.  

A very simple amino-acid block copolymer [poly(ethylene glycol) (PEG)-poly(amino 

acids) (PAA)] has developed by Miyazaki et al. [214] via ring-opening polymerization (ROP) 

method with biocompatible nanostructures. The polymeric micellar solution showed a 

significant blood circulation and biodistribution in the solvent medium. 

Ladmiral et al. [215] have synthesized amino acid based poly (amino acid 

methacrylate) via reversible addition-fragmentation chain reaction (RAFT) polymerization 

with the effective biomedical application. Their electrophoresis solution study has also 

proved that the polymer possessed of the cationic character below pH 3.5 and anionic 

character above pH 3.5.  

 

1.8.2. Study of Amino acid based Block Copolymer for Anticancer activity 

Kumar et al. [216] tried to develop safe and effective nanocarriers for multi type of 

delivery system, gene engineering and succeeded at their aim. They have designed the amino 

acid based polymer of monomethoxy poly(ethylene glycol)-b-poly(Boc-amino acid 

methacryloyloxyethyl ester) (mPEGn-b-P(Boc-AA-EMA)) via RAFT polymerization, In 

vitro experiments by encapsulation of nile red dye, doxorubicin drug into the core of the 

micellar nanoaggregates has performed along with high cytotoxicity performance 
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Levit et al. [217] have synthesized amphiphilic block copolymers PMAG-b-PAA 

RAFT polymerization. The encapsulation of paclitaxel drug into the desired polymer and its 

cytotoxicity effect on human lung carcinoma cells (A549) and human breast adenocarcinoma 

cells (MCF-7) were observed to be more significant. In Situ, polymerization method was 

followed by Liang et al. [218] strategy to develop PS-b-P4VP with a higher degree of 

freedom for tailoring the surface functionality in the pores. Osada et al. [219] have discussed 

DDS based on polymeric micelles for anti-cancer drug and gene delivery. 

Ponta et al. [220] have developed and collected six block copolymers possessed of 

drug-binding linkers. They performed the conjugation of anticancer drugs to these polymers 

which resulted in nano micelles of size <50 nm. These PEG-poly(amino acid) block 

copolymer has shown a promising effect for chemotherapeutic treatment due to its self-

assembly nature and pH-responsive behaviour. 

 

1.8.3. Protein Folding Study of Block copolymers 

The chirality properties are mostly associated with organic based compounds. The 

circular dichroism (CD) study helps the chirality behaviour of organic based materials very 

easily. Hawkins et al. [221] have measured the CD spectra for optically active (a-

aminocarboxylate) pentaamminecobalt (111) complexes under different pH conditions with 

the presence of salts of polarizable anions. The observed spectra associated with significant 

chiral properties with the Cotton effects. 

The hydrophobic P(Boc-L-Ile-HEMA)-b-PMMA and P(Boc-L-Leu-HEMA)-b-

PMMA was reported by Bauri et al. [222] with the formation of optical activity and α-helical 

structures. The study was performed by RAFT polymerization in N, N-dimethylformamide 

(DMF) medium. The side chain amine functionality initiates the pH-responsive behaviour of 

such cationic polymers due to -NH3 became a suitable candidate for drug delivery 

applications and conjugation of biomolecules. 

 

1.8.4. Antimicrobial activity of Block copolymer 

Reports proved that synthetic polymer-based antimicrobial materials destroy the 

conventional antibiotic-resistant microorganisms. The block copolymer of (poly(l-

lysine·hydrochloride)100-b-poly(l-leucine)40) was synthesized by Bevilacqua et al. [223] and 

performed against few Gram-positive and Gram-negative bacteria and yeast with different 

multidrug-resistant strains. The long-chain, cationic and hydrophobic properties enhance the 

polymer to acts as a very good antimicrobial agent and to prevent wound infections. 
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In 2017, Szczeblinska et al. [224] have synthesized poly(ester-amide)-PEG block 

copolymers and discussed the preparation and antibiotic loading of polymeric microspheres, 

composed of copolymers. The streptomycin, chloramphenicol and amphotericin B antibiotics 

were used against bacteria like E. coli bacteria, and C. albicans and exhibited a strong 

antibacterial activity. 

The morphological change of a bacterial cell from rod to spherical shape in the 

presence of antimicrobial polymers [P(Boc-Ala-HEMA)14-b-PPEGMA60] and [P(Boc-Ala-

HEMA)14-b-PMMA37], were designed by Mukherjee et al. [225] in 2017. The desired 

polymer showed a great efficiency towards antibacterial activity against E. coli and Bacillus 

subtilis bacteria. 

 

1.8.5. PEG and Amino acid based Di and Triblock Copolymer activity towards drug 

delivery 

Previous polymer study has proven that polyolefins are mostly nondegradable. But in 

2010, Gandhiraman et al. have studied the organic amine group functionalization of 

cycloolefin polymer for bio diagnostics purpose [226]. His team created amino functional 

coatings on COP substrates by PECVD and the use of mixtures of APTES and EDA has been 

mainly emphasized in this case. The chemical composition, homogeneity, stability, reactivity 

and morphological properties were developed through chemical and physical 

characterizations. They published the siloxane functionality as essential to creating a stable, 

adherent amine reactive network on COP substrates along with the application of siloxane 

surfaces to biomolecule binding.  

Nano and micro sized polymeric materials have been receiving recognition due to 

several uses in chemistry, medical technology, therapeutics, biosensors (diagnostics), etc. in 

recent times. Shixianet et al. have studied PEG-b-P(Glu-co-Phe) amphiphilic triblock 

copolymer synthesis and its use as doxorubicin-loaded drug delivery for cancer treatment 

[227, 228]. The current authors developed an anionic mPEG-b-P(Glu-co-Phe) block 

copolymer and a model cationic anticancer drug, DOX. The excellent biocompatibility, easy 

fabrication, strong self-assembling structure under the physiological conditions, a high drug-

loading capability and an intracellular pH-triggered drug release capability revealed its great 

potential for delivering anticancer drugs have been discussed by his team. Polymerized DOX-

NP has shown a high level of tumour cell uptake along with high inhibition of cancer cell 

growth compared to virgin DOX was confirmed by biological imaging assays like CLSM and 
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flow cytometry and in vitro cytotoxicity and the cell apoptosis studies, respectively. Hence, 

the self-assembled polymer/drug complexes driving power of electrostatic interactions of 

self-assembled polymerized drugs remained a suitable platform for cancer therapy.  

The self-assembled smart polymeric materials with different morphological features 

along with their nanostructures are used as potential drug carriers, site-specific drug vehicles, 

scaffolds, stents, catheters, plastics, things for conventional uses. These smart polymers 

exhibit more advantages over low molecular weight polymers. Reynhout et al. have reported 

the self-assembled nature of biohybrid triblock copolymers [229]. His team mentioned the 

advantages of block copolymer use by varying the length and composition of the monomers 

provided. In 2013, Kang et al. have developed PEG-b-PCL-grafted poly(β-amino ester) 

diblock copolymer which originally was a pH-triggered and biodegradable. The former 

polymer has shown a very effective anti-cancer drug delivery [230]. Further in 2015, Shao et 

al. have reported the cytotoxicity study of polymeric NPS for zeta potential gradient [231]. 

Interestingly, the responsive behaviour of polymeric macromolecules towards pH, 

temperature, solvent system and reaction time advances its use in biomedical sciences and 

technology [232, 233]. However, polymeric vesicles and micelles with different 

morphologies are trending nowadays in all the areas of bioscience and technology due to their 

biocompatible nature, cost-effectiveness, easy synthesis, stable nature at body temperature 

(37
o
C) and therapeutic importance such as for targeted drug delivery [233].  

Currently, in 2017, Galiano et al. [234] have reported the polymeric organic 

acryloyloxyalkyltriethyl ammonium salts responsible for an effective antibacterial result 

against several bacteria cell line concerning variant parameters [234]. Wang et al. have 

developed a novel temperature-responsive PNIPAM polymer based hierarchical surface. In 

this work, they performed bactericidal experiments through a temperature-triggered 

hydration. They mentioned that the release of dead bacterial cells by the inhibition of 

bacterial cells at a certain temperature, RT was due to the formation of a hierarchical surface 

by switching to a zwitterionic ions mechanism [235]. Many polymeric-inorganic and organic-

inorganic nanocomposites also have shown its significant effect from device applications to 

biological applications including its effective result towards antibacterial susceptibility. 

1.8.6. [PEG-b-L-GluA] Di- Block Copolymer for Therapeutic application 

  In 2010, Yang et al. have developed an amino acid based diblock copolymer [poly(l-

glutamic acid)-b-poly(lactic-co-glycolic acid)] with self assembly and pH dependent property 
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[236]. Here in this work, his team suggested the polymer behaviour towards high pH 

response and distinct self-assembly property. The shape and size variation of the polymer was 

caused by carboxylic ions on PGA block of the copolymer, the in the diffusion of alkaline 

water into the core and by the solvation of the inner carboxylic ions in the medium, which 

have shown its efficacy for drug control release and bio applications. Further in 2016, Xu et 

al. have developed a similar type of morphological dependent polymer for drug delivery 

applications. The chemical functionality of hydrophobic and hydrophilic groups have 

enhanced the biofeasible application of copolymers [237]. In the same year, Amgoth et al. 

[238] have developed the  [PEGlyted-b-(L-GluA)]-PCL block copolymer for therapeutic 

applications [167]. Priftis et al. have reported a very interesting study of block copolymer 

related to the protein folding nature. Here they have discussed the self assembly nature and 

helical properties of block copolymer [239]. However, organic polymeric materials have a 

significant outcome in comparison to the former. Organic framework consisting of polymers 

will have a very unique effective result to numerous biological applications due to the 

presence of life making elements like C, H, N, O, S and P. Due to the amphiphilic nature of 

di- and tri-block-co-polymers in many solvents; it provides a broad space for parameters 

responsive research. There are many reports available for the synthesis of self-assembled di-

block/tri-block-copolymers having pH and temperature-responsive nature using two to three 

identical or non-identical monomers [240].  

In 2009, Paik et al. [241] have reported the enantioselective separation process of 

block copolymers. They have separated mesoporous spherical silica enantioselectivity by 

using chiral block copolymers of [PEG-b-L GluA]. His team has clearly described the impact 

of chirality on almost any chemical and biological process. They have shown that CBCs 

based on a PEO block and an amino acid block is good surfactant templates for the 

fabrication of CMPPy. The CMPPy has shown high enantioselectivity after the extraction of 

the CBCs. 

Only very few reports are available with three or more than three distinct monomer 

units to form synthetic block-copolymers with a wide range of biological applications. 

Therefore, in this work, we have focused on the synthesis of a triblock copolymer [MeO-

PEG-NH]-b-(L-GluA)5-b-(L-AspA)18 and its numerous applications in the various fields of 

medical biotechnology. 
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Herein, we have synthesized ABC type triblock copolymer of α-methoxy-ω-amino-

(poly ethylene glycol)–L-glutamic acid-L-aspartic acid, i.e., [MeO-PEG-NH]-b-(PBLG)5-b-

(PBLA)18] by ring-opening polymerization method of NCAs and studied various biomedical 

applications including antibacterial activity due to its colloidal properties like self-assembled 

nature with temperature and pH responsive behaviour for biological activities inside the 

body, very minute sized micelle morphology and thermal stability. We have earlier reports on 

diblock copolymer [PEG-b-PBLG] with its characteristic properties, however, the detailed 

study on folding, morphology, versatile biological application scope and size variation with 

the adverse effects such as pH and temperature have never been reported yet. We have 

considered amino acid chain as our primary backbone of the polymer due to its associative 

nature, unique colloidal properties, and biocompatible nature which further can be used for 

various pharmaceutical and medical applications [242-245]. Morphology of numerous shapes 

of these type polymers can also exhibit significant results in physio-chemical behaviour [246-

248]. Very few reports are available with the application in the effective antibacterial study of 

di and tri-block polymers [231, 233]. 

1.8.7. [MeO-ω-NH-PEG]-b-(L-AspA)] for Cancer and Bacterial Treatment 

The era of nanoparticles is the platinum age of the world as it troubleshot many of the 

problems which are generated due to micro- or nano-devils like bacteria, virus, fungi, etc. 

[249-250]. Nanoparticles perfectly counter-attack these microorganisms for their growth 

which keeps the human habitat healthy. Various forms of nanoparticles have been reported 

with their broad applications in the research of chemistry, physics, material science with the 

major contribution in the biological field [226, 231, 240 251]. The major challenge remains 

with nanoparticles in the field of biology with the pathway of carriers to the affected site for 

the counter attack. Block co-polymers play a vital role in the transfer of nanoparticles to the 

desired site by forming non-covalent interactions with nanoparticles. Protein based 

copolymer is amazing copolymer for the carrier of nanoparticles as they possess many 

polarized functional group which involved in non-covalent interaction [236, 246, 252]. 

Research has been done for different micelles and vesicle sized self-assembled polymeric 

nanoparticles but our study based on a very small size is very exception result which attracted 

our target towards biological application [229, 230, 253]. Many of the anti-microorganisms 

possess chirality for the complete protection of the antimicrobial effect [254, 255]. Recently 

few groups have focused their attention on designing a new class of chiral amino acid based 

copolymer for its application in bio-field [256, 257].  
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In general, self-assembled nanosized amphiphilic polymeric materials are playing a 

vital role in biology as well as in chemistry for biocompatible nature, antimicrobial activity, 

as site specific drug vehicles, material synthesis and many more. In 2015, Li et al. have 

reported about the reversibly cross-linked PEG-poly(amino acid)s copolymeric micelles and 

its drug release study at different cell lines [245, 258]. The previous study regarding the 

zwitterionic colloidal solution of the polymer has gained attention from scientists for its 

variable property in different solutions of solvents [259,260]. Table 2 with reported research 

work for PEG and essential amino acid based polymers has been attached below with a better 

understanding of the background of such materials with its numerous applications and 

morphology. 
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Table 2: Reported Research work for amino acid based polymers and its application  

Author Journal  Polymer 

Composition 

Shape and Size Antibacte

rial 

stability 

Cancer 

Survival 

Refer

ence 

Miyakazi 

et al. 

ACS biomaterials 

Science and 

Engineering 

PEG−PLL Micelles like 

Sphere 

- - [214] 

Ladmiral 

et al. 

Polymer 

Chemistry, 2015, 

1805 

GSHMA Worm like - - [215] 

Kumar et 

al. 

Lamgmuir, 2013, 

29, 15375−15385 

PEGn-CTA 
 

- Gene and 

Drug 

delivery 

[216] 

Levit et 

al. 

Polymers, 2020, 

12,183; 

doi:10.3390/poly

m12010183 

PMAG-b-

PAA 

- - Drug 

delivery 

[217] 

Liang et 

al. 

Chinese chemical 

Letter, 2019 

PS-b-

P4VP(Py-

Phe)1 

Spherical with 

good mechanical 

property 

  
[218] 

Ponta et 

al. 

Pharm Res (2010) 

27:2330–2342 

PEG 
   

[220] 

Shixian 

et al. 

ActaBiomater., 

2013, 9, 9330–

9342  

mPEG-b-

P(Glu-co-

Phe) 

Micelles 140nm - 5 mg/l 

DOX  

[227] 

Reynhou

t et al.  

J. Am. Chem. 

Soc., 2007, 129, 

2327–2332  

PSm-b-

PEG113 

micelle rods, 

vesicles, toroids, 

Figure eight , 

- - [229] 
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structures,spheres  

S. W. 

Kang et 

al.  

Polymer (Guildf)., 

2013, 54, 102–110  

PAE-b-PCL-

PEG  

Spherical 100nm - Anticancer 

less than 

70% 

[230] 

X.R. 

Shao et 

al. 

Cell Prolif., 2015, 

48, 465–474  

poly-3-

hydroxybutyr

ateco-3-

hydroxyhexa

noate 

(PHBHHx)  

-30 mV  50% [231] 

Galiano 

et al. 

Chempluschem, 

2017, 82, 1235–

1244  

Acryloxyalky

ltriethylamm

oni bromides 

(AATEABs)  

- MIC 

value of 

64 

mg/mL  

- [234] 

Yanan 

Yang et 

al. 

Polymer (Guildf)., 

2010, 51, 2676–

2682  

PLGA-b-

PGA)  

Distorted vesicles 

2um  

- - [236] 

Amgoth 

et al.  

Nanotechnology, 

2016, 27, 0  

MeO-PEG-

NH-(L-

GluA)10-

PCL  

Porous capsules 

200nm 

- ∼279 and 

∼480 

ng/μg 

[238] 

Dimitrio

s et al.  

Angew. Chemie - 

Int. Ed., 2015, 54, 

11128–11132  

PPLGPG50/P

Glu50 and 

PLys50/PGlu5

0 

Micelles, 36 nm   [251] 

Yuling 

Li et al.  

RSC Adv., 2015, 

5, 20025–20034  

PEG–

PGlu(EDA–

LA)–PPhe 

Micelles 19 nm. 

-19 mV 

- 1.0 

mg/mL  

[258] 
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1.9. MOTIVATIONS, RESEARCH GAPS AND PROBLEM DEFINITION 

This thesis confined to the development of four different types of nanomaterials 

which are morphologically distinguished. Basically, in this dissertation, the synthesis of 

organic-inorganic dielectrics and amino-acid based polymeric materials will be discussed. 

These designed nanomaterials are applied according to their primary composition. 

Electronic applications 

Organic-inorganic based nanomaterials including CCTO, SiO2 and GO as precursors 

were mainly implicated for the electrical insulation. There are many reports available with 

polymer based CCTO and GO dielectric materials with very low constant and loss [172]. 

Even possessing very low ε′, polymer-inorganic nanomaterials also have been used in sensor 

and electric storage applications. This thesis has an elaborate discussion about the amine 

organic group attachment on the surface of inorganic filler and CCTO. The study suggested 

that the dielectric behaviour of SiO2 NPs mostly used for insulating applications whereas the 

organic groups mostly possessed with very low ε′ [261]. Possessing low ε′ and ε′′ for both the 

former case, it was quite difficult to develop high ε′ for charge storage device applications 

[156]. But, the precursors like CCTO and GO possessed ε′ up to 10
5
-10

6
 at higher frequency 

regions. Even reports are available that the Polymer, organic or silica based CCTO and GO 

nanocomposites seems to have very low dielectric strength materials due to the disappearance 

of polarization at the different frequency at external magnetic field [262]. Providing such 

types of challenges and disadvantages, our team decided to develop an organic-based 

inorganic dielectric and proved to have better dielectric constant and low loss and can be used 

for various applications. Extensively we have studied the newly designed organic-inorganic 

dielectric material for dielectric and impedance study to use these materials or various 

applications. 

Therapeutic applications 

Amino acid based polymeric nanomaterials were mainly used for antibacterial 

applications. The development of biocompatible polymeric micelles and vesicles have done 

by using organic including α-Methoxy-ω-Amino-Polyethylene Glycol, L-Glutamic Acid-β-

Benzyl Ester, L-Aspartic Acid-δ-Benzyl Ester as precursors. The development has been 

based on modified ring opening polymerization following a few other chemical processes for 

further purification of material. Previously, the amino acid based diblock polymers has shown 
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the morphology and few biological applications with some challenges [226]. The diblock 

polymer was unable to act as a smart material, possessing high protein folding behaviour, 

effective therapeutic applications and high δ value remained a challenging situation for 

current researchers [263]. The attachment of a new block to the diblock polymer and its 

purification procedure also seemed to be challenged but finally resolved with high yield [264. 

Even, the disadvantages of [PEG-b-PBLG5-b-PBLA18] and [PEG-b-(PBLA)7-b-(PBLG)17] 

polymers were very unstable at different pH and temperature due to their stimuli and self-

assembly behaviour. The instability leads to aggregation of particles and was unable to load 

at different stimuli conditions [230]. Hence to avoid such situations, we have optimized 

suitable conditions and parameters after repeated experiments several times and reach a 

conclusion of the polymers with effective application pH 6-8 and temperature of 25°C to 

35°C. However, the synthesized polymers have shown effective in vitro antibacterial and 

anticancer applications. Further, the polymeric nanomaterials showed high protein folding 

behaviour and δ value at different stimuli conditions. To reduce the epidemic diseases in the 

human world and to overcome non-biodegradable processes, the polymer can be a very good 

option. 

 

1.10. OBJECTIVES OF THIS DISSERTATION 

The objectives of this dissertation are as follows. 

1. Designing of CCTO@SiO2core-shell nanoparticles via Sol-gel method following other 

nano chemical processes like hydrolysis, evaporation, purification, centrifugation, and drying 

of solvent 

2. Determination of  the physical, structural and chemical characterizations of CCTO@SiO2 

NPs via XRD, EDAX TGA, FTIR, Raman and UV-Vis measurements and to target the 

design of a different range of the shell thickness 

3. To study the role of SiO2 shell over CCTO core surface and CCTO@SiO2 NPs during 

dielectric and impedance measurements. 

4. Developing graphene oxide decorated with nanocomposite silica-coated calcium copper 

titanate (CCTO) nanoparticles via modified Sol-gel technique and design different sheet type 

decorated GO-CCTO@SiO2nanocmposites. 
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5. To investigate the morphology, crystallinity, functionality and vibrational mode 

arrangement, thermal stability, and electronic excitation phenomenon. 

6. Dielectric and Impedance study performance on GO-CCTO@SiO2nanocomposite at 

different frequency and temperature ranges. 

7. To prepare polypetidic nano micelles of [α-OMe-ω-NH-PEG-b-(PBLG)5-b-PBLA)18] via 

ring opening polymerization method at an inert environment and control the morphology over 

parameters. 

8. Designing of new triblock polypepto vesicle sized [α-OMe-ω-NH-PEG-b-(PBLA)7-b-

PBLG)17] nanobio materials and its action upon antibacterial activity. 

9. To study the biological, chemical, structural and physical characterization of artificial 

peptides via essential techniques of Circular Dichroism, DLS, ZETA, and UV at different 

temp range 20°C-50°C and pH 4-10. 

9. The biological study of the amino acid based block copolymeric nanoparticles against 

several bacteria and cancer cell lines. To investigate the block copolymers through LCSM 

techniques, MTT assay and broth dilution method 

10. An extensive study of protein block copolymers via circular dichroism and DLS-Zeta 

experiment at different environmental conditions including pH and temperature as 

parameters. 

10. Structural confirmation analysis of [PEG-b-(PBLG)5-b-PBLA)18] and [PEG-b-(PBLA)7-

b-PBLG)17] will be performed by 
1
HNMR, chemical functionality via FTIR spectra and the 

molecular weight determination via MALDI-TOF analysis. 

11. Performance of other physical and chemical characterization including XRD, TGA, and 

other techniques. 
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CHAPTER-2 

MATERIALS, METHODS, EXPERIMENTAL PROCEDURES AND 

CHARACTERIZATION TECHNIQUES 
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MATERIALS AND METHODS 

2.1. Introduction 

This chapter includes required chemicals and materials, synthesis methods, 

experimental procedures and characterization techniques in detail for the study of 

morphologically varying of organic-inorganic solids and amino acid based triblock 

copolymeric nanomaterials. Nanomaterials in this dissertation are of two different types (a) 

organic-inorganic solids (b) amino-acid based triblock copolymeric nanomaterials. 

Morphologically varying organic-inorganic solids and amino acid based triblock copolymeric 

nanomaterials were designed by modified sol-gel techniques, various nano chemical 

processes and modified ring opening polymerization along with catalytic debenzylation, 

crystallization, recrystallization and purification methods  

2.2. Chemicals, Solvent and materials used for the applicative purpose 

Table 2.2.1: List of Solvents Used for This Work 

Sl No Solvent name Make 

1 Cyclohexane (C6H12, 99.5%) FINAR 

2 Tetrahydro Furan (THF) FINAR 

3 Dimethyl Sulphoxide (DMSO) Sigma Aldrich 

4 Methanol (CH3OH, <99.9% pure) FINAR 

5 Ethanol (C2H5OH, <97.9% pure) MERCK 

6 Acetone (CH3COCH3 , <99.9% pure) SDFCL 

7 Iso-Propanol(C2H5OH, <99.9% pure) FINAR 

8 Ethyl Acetate FINAR 

9 Petroleum Ether ( n-Hexane) FINAR 

10 Deionized Water (DDI H2O) UOH 

11 Chloroform (CHCl3) Sigma Aldrich 

12 Duterated chloroform (CDCl3) FINAR 
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Table 2.2.2: List of Precursor Materials Used for This Work 

Sl N0 Chemicals name Make 

1 Calcium Carbonate (CaCO3, 99%) Sigma Aldrich 

2 Titanium Dioxide (TiO2, 99%) Sigma Aldrich 

3 Cupric Oxide (CuO, 99%) Sigma Aldrich 

4 Tetraethylorthosilicate (TEOS, 98%) Sigma Aldrich 

5 (3-Aminopropyl) triethoxysilane (APTES, 98%) Sigma Aldrich 

6 Ammonium Hydroxide (NH4OH, 95%) Sigma Aldrich 

7 Igepal (99%) Sigma Aldrich 

8 Triphosgene (>99.9%)  Sigma Aldrich 

9 L-Glutamic acid-γ- benzyl ester (>98%, Sigma-Aldrich) Sigma Aldrich 

10 L-Aspartic acid-β- benzyl ester (>98%, Sigma-Aldrich) Sigma Aldrich 

11 
α-Methoxy-ω-amino PEG [MeO-PEG-NH2 (>98.5%, 5000 

Dalton), 

Iris Biotech GMBH, 

Germany 

12 
α-Methoxy-ω-amino PEG [ MeO-PEG-NH2 (>98.5%, 2000 

Dalton), 

Iris Biotech GMBH, 

Germany 

13 Sodium Bicarbonate (NaHCO3) (>98.5%) SRL 

14 
Palladium activated carbon charcoal (10%) (>99.9%, sigma-

aldrich) 
Sigma Aldrich 

15 Benzophenone (>99.9%) Sigma Aldrich 

16 Phosphotungstic acid (PTA, >93.8%) Sigma Aldrich 

17 Na metal(>99.9%, dipped in mineral oil), Sigma Aldrich 

18 Potassium Bromide (KBr, >99.9%) Sigma Aldrich 

19 Graphite powder (synthetic powder) Sigma Aldrich 

20 Sulphuric Acid (conc. H2SO4, 95-98%, ACS reagent) Sigma Aldrich 
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21 Potassium Persulphate (K2S2O8), (99%, ACS reagent) Sigma Aldrich 

22 Phosphorous Pentoxide (P2O5, 99.9%) Sigma Aldrich 

23 Potassium Permanganate (KMnO4, 99.9%) Sigma Aldrich 

24 Hydrogen Peroxide (H2O2) Sigma Aldrich 

25 Hydrochloric Acid (dil. HCl solution, 37%, ACS reagent) Sigma Aldrich 

 

Table 2.2.3: List of Materials Used for Application Purpose of This Work 

Sl No Materials Name Make 

1 Silver Paste cat. no. 735825 Sigma Aldrich 

2 Polyvinyl Alcohol (PVA) Sigma Aldrich 

3 MTT (Methyl Thiazolyltetrazolium) SRL 

4 DMEM Medium (Dulbecco‟s modified eagle medium) GIBCO 

5 MDA-MB231 (Human breast carcinoma cells) NCCS PUNE, INDIA 

6 gram negative Escherichia coli (ATCC-25922) Supplier Hyderabad 

7 gram positiveStaphylococcus aureus (ATCC-25923) Supplier Hyderabad 

8 Medium Supplier Hyderabad 

 

In detailed, the list of chemicals has been provided for the synthesis of organic-

inorganic solids and amino acid based triblock copolymeric nanomaterials from different 

makers and suppliers. The chemicals with high purity have been used without further 

purification and modification. 
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2.3. Synthesis of core-shell like amine functionalized SiO2 NPs on CCTO NPs 

2.3.1. Synthesis of CCTO NPs 

CCTO has been synthesized by solid-state reaction method using the stoichiometric 

amount of CaCO3, TiO2 and CuO as a precursor. The precursors were mixed with acetone for 

24 hr with the help of an agate mortar followed by drying. Then the mixture was allowed 

under calcination for 8 hr at 800°C with the atmospheric condition. The CCTO NPs were 

collected and used for the further synthesis of core/shell materials. 

2.3.2. Synthesis of CCTO@SiO2-NH2 NPs 

CCTO@SiO2-NH2NPs have been successfully synthesized by an improved sol-gel 

method. Pure CCTO NPs (500 mg) were taken with 50 ml of cyclohexane and ultrasonication 

was performed for 10 minutes. Igepal 50 (2 ml) was added dropwise to the given solution as a 

surfactant and allowed under ultrasonication for 20 minutes. The same ratio of Igepal 50 and 

conc.NH4OH was added to the above solution dropwise and sonicated for 30 minutes. The 

reaction mixtures were separated into a few sets of the reaction medium with different 

concentrations of TEOS and APTES (1:2:3) and added to each solution of mixture set. The 

solution sets were allowed on an orbital shaker (48 hrs, 600 rpm, 25
o
C). The solid particles 

were collected by repeated centrifugation (30 mints, 10000 rpm) and washing processes with 

distilled water followed by ethanol. The purified materials were collected and dried at 100°C. 

All the samples were characterized by standard methods. Before sintering the synthesized 

aminated CCTO@SiO2 core-shell NPs, we named the samples as pure CCTO (PCNS), 

CCTO@SiO2-NH2-5 nm (CS1NS), CCTO@SiO2-NH2-10 nm (CS2NS), and CCTO@SiO2-

NH2-20 nm (CS3NS) respectively and after sintering the samples at 1000°C for 6 hrs, the 

samples are designated as pure CCTO (PCS), CCTO@SiO2-5 nm (CS1S), CCTO@SiO2-10 

nm (CS2S) and CCTO@SiO2-20 nm (CS3S) respectively. Samples are prepared as pellets for 

the dielectric study as listed in Table 2.2.3. 

2.3.3. Preparation of Pellet for Dielectric analysis 

 The impedance experiments have been performed by the pellets which were 

made up of 150 mg of CCTO@SiO2-NH2 NPs and 1 mg of PVA. The diameters of the 

prepared pellets were around 8 mm and thickness around was 1.5 mm. The powder was 

compressed with 2 tonnes of pressure load for 1 minute. The pellets were allowed to keep in a 

hot oven at 120
°
C for the removal of moisture and other impurities in it. To observe the 
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dielectric behaviour of the material at high temperature, e.g. 1000°C, the proper electroding 

was done by using silver paste (Cat. No. 735825, Sigma-Aldrich) on both sides of the pellet 

and allowed for drying further at 50°C for 2 hrs. The final dimensions of the pellets were 

found to be approximately 8.0 mm in diameter and 1.5 mm in thickness (Shown in Table 

2.3.1).   

Table 2.3.1: Show the details of the sintered CCTO@SiO2-NH2 NPs sample properties  

 

2.4. Synthesis of CCTO@SiO2 core-shell NPs decorated on sheet like Graphene oxide 

nanocomposites 

2.4.1. Synthesis of GO: 

Graphene oxide (GO) was synthesized from an established Hummer‟s method. We 

have reported the synthetic procedure for GO in our previous work [203]. 

2.4.2. Synthesis of CCTO@SiO2 NPs 

CCTO@SiO2 NPs were synthesized by the general sol-gel method and cyclohexane as 

an appropriate solvent. CCTO@SiO2NPs have been successfully synthesized by following 

the sol-gel synthetic method. 1gm of CCTO NPs were taken with 130 ml of cyclohexane and 

allowed under for few minutes. 5 ml of Igepal-50 was added dropwise to the given solution 

and allowed under ultrasonication for 30 minutes. The ratio of Igepal-50 and conc.NH4OH 

was maintained with the previously used condition and added to the above solution dropwise. 

The solution mixture was allowed under sonication for 30 minutes. Numerous ratios of silica 

Sample 

Name 

Silica ratio 

TEOS : APTS ( 

µl) 

Thickness of the silica 

shell (nm) (measures 

through TEM) 

the diameter of the 

sinter palette (mm) 

(after sintering) 

The thickness of the 

palette (mm), (after 

sintering) 

PCS 0:0 No silica 7.85±0.120 1.25±0.10 

CS1S 150:50 (3-5)  7.87±0.11 1.25±0.12 

CS2S 300:100 (7-10) 7.86±0.12 1.25±0.11 

CS3S 450:150 (15-17) 7.85±0.14 1.25±0.13 
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(APTS: TEOS) have been used for the synthesis of CCTO@SiO2 NPs through sonication and 

centrifugation process maintaining other environmental parameters too. After 48 hrs of 

reaction on a shaker at 600 rpm, the products were collected by centrifugation and washing 

processes with distilled water followed by ethanol. 

2.4.3. Synthesis of CCTO@SiO2-GO 

CCTO@SiO2-GO nanocomposites were synthesized using the modified sol-gel 

method in which, CCTO@SiO2 NPs and GO act as precursor materials which are previously 

synthesized by hammer‟s method and sol-gel process respectively. The mixture is allowed 

under hydrolysis process and sonication for few minutes in different ratios. These solutions 

are poured into a reagent bottle and allowed for sonication for 4 hours by consistently 

maintaining room temperature (RT). Several decoration types of CCTO@SiO2-GO 

nanocomposites are mainly depended on few environmental parameters given in the below-

attached Table 2.4.1. The concept of covalent bonding of silica and GO or amide bonds may 

play the role for the synthesis of CCTO@SiO2 NPs on the surface GO sheet. The reasons of 

choosing water as the suitable solvent as FTIR study has shown a clear image of C-N bond 

present in the composites which may arise due to the interaction between carboxylic –COOH, 

hydroxyl (-OH) or ether (-O-) of GO and -NH2 or SiO2 groups of CCTO@SiO2 NPs. C-N 

bond is strongly polarized towards N due to the presence of lone pair in N so why the dipole 

moment arises making C-N bond soluble in water [208]. After the process of sonication 

completes the solution bottle is kept in a shaker for 72 hrs at 600 rpm. With the completion of 

3days, the composite material was continuously centrifuged with distilled water at high rpm 

14000, 30 minutes and very low temperature. Once the centrifugation is over, the material 

was allowed for drying at 100°C and the grey colour material was collected. Various steps of 

the sol-gel synthesis method of CCTO@SiO2 NPs are shown in Schematic 3.1.1. 

Table 2.4.1: Synthesis of CCTO@SiO2-GO nanocomposites at different condition 

Sample 

Name 

CCTO@

SiO2 NPs 

Amount of 

CCTO@SiO2N

Ps 

Amount of GO 

NPs 

Shell 

thickness 

Sonication 

Time 
rpm 

CSG1 CS 3 50 50 3 nm 45 mints  14000 

CSG2 CS 7 50 50 5-7 nm 3 hrs 14000 

CSG3 CS16 100 25 15-20 nm 3 hrs 12000 
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Several experiments were performed but among all the synthesis procedure it is 

confirmed that at higher rpm of the centrifugation process helps in better extraction of water 

like solvent along with unnecessary surfactant from the final product of the composite 

material. This method also signifies that more time of shaking also enhances the 

spreading/decorating capability of silica coated CCTO on the surface of GO. 

2.5. Amino-acid based stimuli responsive biocompatible [PEG-b-PBLG-b-PBLA] nano 

micelles synthesis 

2.5.1. Synthesis of NCA BLG and NCA BLA 

In brief, a solution of triphosgene (2.5 g, 0.0043 mol) each in 50 mL dry THF was 

added to a milky white solution of L-glutamic acid -benzyl ester (4 g, 0.0085 mol) in 50 mL 

of THF in round bottom 1 (RB1) and L-aspartic acid-β-benzyl ester (4.2gm) in 50 ml of THF 

in RB2. The reactions were carried out in an inert atmosphere, as the reducing agent and 

solvent medium are very sensitive to the moisture. The mixtures were stirred for around 4h at 

50 °C and after the initial step completed, the product formation was observed as a clear 

solution. Purification of NCAs was done by evaporation followed by crystallization and 

recrystallization methods (Hexane: THF, 1:1). The yield of NCA BLG is 3g (75%) and for 

NCA BLA 3.2gm (80%). 

 

2.5.2. Synthesis of Diblock copolymer [PEG-b-PBLG] 

The synthesis method for AB type [PEG-b-PBLG] diblock polymer has been 

followed in detail as reported in our earlier work.
 

 

2.5.3. Synthesis of a triblock copolymer of [PEG-b-PBLG-b-PBLA] 

This method involves the conversion of acid to anhydride with the help of a reducing 

agent triphosgene which is highly hygroscopic. 4 gm PEG was added to a solution of 1.6 gm 

of NCA BLG and allowed for 72 hrs of reaction till it produced a shiny pale yellow solid. 

After 72 hrs of reaction, the dissolved solution of NCA BLA with dry THF was added to the 

[PEG-b-BLG] solution. The reaction mixture turned into a transparent solution after the 

addition of NCA BLA. The reaction mixture was again allowed to stir for 72 hrs at 600 RPM 

and 40°C with an inert atmosphere till the completion of the reaction. After the completion of 

the reaction, the mixture was evaporated and purified through recrystallization method 

(hexane and THF). Then hydrogenation was performed using Pd-C, H2/THF to obtain the 

final block copolymer. The synthesized product was collected and allowed for freeze-drying. 
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In short, the AB diblock copolymer of PEG-b-BLG has been synthesized first then the new 

block of NCA BLA has been attached to the electron-rich N-terminal of glutamate forming 

an amide -(C=O)-NH2 bond. For better understanding, the prepared samples are designated as 

diblock [PEG-b-BLG] polymeric micelles and triblock [PEG-b-BLG-b-BLA] polymeric 

micelles before catalytic hydrogenation method. 

 

2.6. Synthesis of polypepto vesicle sized [(α-OCH3-ω-NH-PEG)-b-(PBLA)7-b-(PBLG)17] 

2.6.1 Synthesis of NCA BLA and NCA BLG 

NCA-BLA and NCA-BLG were synthesized under an inert atmosphere with dry 

solvent THF from L-aspartic acid-4-BE and L-glutamic acid-5-BE respectively. Revised ring 

polymerization of both the NCAs with the precursor (α-OCH3-ω-NH-PEG) has resulted in 

nanovesicle sized ABC type triblock copolymer of [PEG-b-(PBLA)7-b-(PBLG)17]. A solution 

of triphosgene (5g, 0.0086 mol) in 50 ml dry THF was added to a powdered white solution of 

L-aspartic acid-4-benzyl ester (8 g, 0.0085mol) in 50 ml of THF in experiment system 1 and 

milky white solution of L-glutamic acid-5-benzyl ester (8 g, 0.017 mol) in 50 ml of THF in 

system 2 respectively under an inert atmosphere due to hygroscopic nature of reagent and 

solvent medium.  Purification of NCAs was done when the reactions end after 4 hrs following 

evaporation and crystallization method (Hexane:THF). The yield of NCA BLA and NCA 

BLG were found to be 85% and 80% respectively.  

2.6.2. Development of triblock copolymer of [(α-OCH3-ω-NH-PEG)-b-(PBLA)7-b-

(PBLG)17] 

The previously reported method for the synthesis of AB type [PEG-b-(PBLA)7] was 

followed [29]. After the synthesis of [PEG-b-(BLA)], following the same method we have 

added NCA GluA to the solution mixture of [PEG-b-(BLA)] and allowed for 72 hrs at 600 

rpm and 45°C with an inert atmosphere condition so that the polymerization would take place 

completely. The Di-PA block copolymer of [PEG-b-(BLA)] has been synthesized first then 

the new block of NCA-BLG has been attached to the N-atom of aspartate forming an amide -

(C=O)-NH2 bond. The functional groups like carboxy (-COOH) and amine (-NH2) helps for 

further condensation polymerization. The benzylic deprotection method of block copolymer 

with the help of Pd/C catalyst has led to the formation of benzene free block copolymer of 

[PEG-b-(PBLA)7-b-(PBLG)17]. The purified polymeric particles were collected and allowed 

for freeze-drying at a low temperature of -20°C. 
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2.7. In Vitro Studies 

2.7.1. In Vitro Antibacterial activities with different stains 

In vitro antibacterial susceptibilities of polymeric nanomaterials were investigated by 

prominent broth micro-dilution method using two microorganism gram negative ATCC 

bacterial strains of Escherichia coli (ATCC-25922) as well as with gram positive 

Staphylococcus aureus (ATCC-25923). The bacterial strains were taken and maintained at 

4°C. Briefly, 5µl of the bacterial culture in each segment of 96-well plate followed by 150µl 

of broth containing 50µl different concentrations (1.25mg/ml with serial dilution up to 0.0048 

mg/ml) of samples [PEG-b-PBLG-b-PBLA], [PEG-b-PBLG5-b-PBLA18], [PEG-b-(PBLA)7-

b-(PBLG)17] and [PEG-b-(PBLA)7]  incubated for 24hr at a physiological temperature 37°C 

for both the bacterial strains. The last segment was the tenth segment consisting of bacterial 

strains but without any sample medium. We have studied the antibacterial activities of 

polymeric materials with different types of bacteria and have found the effectiveness of our 

materials for further biomedical applications. All the polymeric samples were characterized 

by suitable methods [265-266]. 

2.7.2. In Vitro Cell maintenance for Cytotoxicity assay test 

The standard methyl thiazolyltetrazolium (MTT) assay was used for the bio-

compatibility test of the above polymeric samples using the human breast carcinoma cell of 

MDA-MB231 cells (obtained from National Centre for Cell Science (NCCS), Pune, India). 

Cells were cultured in Dulbecco‟s Modified Eagle medium (DMEM) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, 100µg/ml streptomycin 

and cultured at 37
o
C, 5% CO2 humidified incubator. Details of the methods have been 

discussed in our previous reports [195,199].  
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2.8. INSTRUMENTATION 

2.8.1. Physical Study Characterizations 

2.8.1.1. Transmission Electron Microscopy (Morphology Analysis) 

2.8.1.2. Field Emission Scanning Electron Microscopy (Morphology) 

2.8.1.3. Energy Dispersive X-Ray Analysis Spectrometer (Elemental Analysis) 

2.8.1.4. X-ray Diffraction (Crystalline nature) 

2.8.1.5. Thermo-Gravimetric Analysis (Thermal Stability) 

2.8.1.6. Raman Spectra (Atomic order) 

2.8.2. Structural Characterization 

2.8.2.1. Fourier Transform Infrared Spectroscopy (Identification of Chemical Functionality) 

2.8.2.2. Proton Nuclear Magnetic Resonance Spectroscopy (positioning of hydrogens) 

2.8.2.3. Matrix-assisted Laser Desorption/Ionization Mass Spectrometer (Exact molecular 

weight) 

2.8.2.4. Dynamic Light Scattering Method (Size of macromolecules) 

2.8.3. Biological and Physical Applicative Characterization 

2.8.3.1. Dielectric Study (Dielectric constant and loss) 

2.8.3.2 . Zeta potential measurement (Electro-kinetic potential) 

2.8.3.3. Circular Dichroism (Secondary structure of proteins)    

2.8.3.4 . Ultra-violet Spectroscopy (Absorbance band) 

2.8.3.5. Laser Confocal Scanning Microscopy 

2.8.3.6 . MTT Assay (Biocompatibility against human carcinoma cell) 

2.8.3.7 . Antibacterial Susceptibility test (Killing Efficiency Bacteria) 
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Different Characterization Methods 

2.8.1. Physical Study of the nanomaterials 

2.8.1.1. Transmission Electron Microscopy (TEM) 

Morphology and Elemental detection of four different types of dielectric solids and 

polymeric based nanomaterials i.e. core-shell like amine functionalized SiO2 NPs on CCTO 

NPs, CCTO@SiO2 core-shell NPs decorated on sheet like Graphene oxide nanocomposites, 

biocompatible [PEG-b-PBLG-b-PBLA] nano micelles and vesicle sized [[(α-OCH3-ω-NH-

PEG)-b-(PBLA)7-b-(PBLG)17]were analysed in a Transmission Electron Microscope TEM 

(Model FEI Technai G2 200 S -Twin). 

The transmission electron microscope was used to obtain the size, shape, morphology 

and structure of the synthesized materials [265]. 

Sample preparation of organic-inorganic of dielectric solids 

Organic-inorganic of dielectric solids were dispersed in ethanol and allowed under 

ultra sonication to avoid the agglomeration of CCTO NPs for 5 minutes. One drop of the 

dispersed solution was put on a carbon coated Cu grid followed by proper drying for 12 hrs. 

The sample containing Cu grid was allowed under accelerating voltage of 200kV and 

morphology of nanomaterials obtained. 

Polymeric Samples preparation for TEM 

The amino acid based polymeric samples were dissolved in mili-Q water by using 

vortex for 30 sec. Following drop casting method, one drop of polymer sample was placed on 

the Cu grid. The solvent was allowed to evaporate for 10 minutes. As the polymeric samples 

are very sensitive to voltage and to avoid the damage of samples, the coating of phospho 

tungstic acid (PTA) was preferred as a stain. PTA also helped to change the contrast of the 

samples at high voltage. Once the PTA solution dried for some time, the sample based grid 

was cleaned by casting off 1 drop of water to avoid an excess amount of PTA from the 

sample surface. 
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2.8.1.2. Field Emission Scanning Electron Microscopy (FESEM) 

The field emission scanning electron microscope model Zeiss Ultra
TM

 was used to 

obtain the images of its surface morphology, patterned nanostructures, shapes and sizes the 

synthesized materials [265]. 

Preparation of Samples 

The prepared samples were taken and a very small amount of it directly placed on the 

carbon tape and attached to the stub provided by instrument accessories. The gold coating 

was preferred to be done for around 50-60 second for the conductivity issue. 

2.8.1.3. Energy Dispersive X-Ray Spectroscopy (EDAS) 

This is a nondestructive energy dispersive tool to know the elements present in the 

new and unknown synthesized material. When a sample is allowed under a high energy 

electron beam, the excitation of electrons from the sample with numerous signals occurs. 

Among these exciting signals, X-rays happened to interact with the EDXS detector providing 

the peaks of present atoms in the material [265]. 

2.8.1.4. X-Ray Diffraction (XRD) 

Structural characterization was carried out in a Bruker Powder AXS Model D8 

Advanced X-Ray Diffractometer. The X-rays used is Cu Kα of wavelength = 1.5408 ˚A. To 

investigate the crystalline, amorphous nature of the material, crystalline phase, crystallite size 

and distance of planes associated in the material, XRD used to be done as a primary 

assessment. The principle of powder based XRD instrument is that when a monochromatic 

X-ray beam falls on the synthesized nanomaterial, there are chances of excitation of various 

signals [265].  The Bragg‟s Law is the most important formula which satisfies the relation 

between the crystalline phase, bond angle, planes, diffraction properties and kinetics order of 

the material by, 

 

Where, n = integer 

λ = Wavelength 

d =atomic distance 

θ = Bond angle 

                         nλ = 2dsinθ                                    .......................................... (15) 
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Solid state crystal structure of synthesized material was studied through XRD in the range of 

2θ value = 10°-90
o
 and time of 30 minutes.  

2.8.1.5.Thermo Gravimetric Analysis (TGA) 

TGA technique provides the information of variation of weight loss of synthesized 

material corresponding to change of temperature. Processes like dehydration after 100C, 

evaporation of the solvent and volatile materials, phase change at higher temperature and 

decomposition are the optimum functions [265]. Thermal stability of the materials was 

studied through TG/DTA (Thermo ONIXS Gas lab 300). The TG/DTA study was done in 

N2atmoshpere from 30°C to 1000°C with a heating rate of 10°C/min. The thermal study 

including the weight loss percentage, amount of heat flow and phase transition was done by 

TG/DTA experiment. TGA gives the information of precise endothermic, exothermic 

behaviour along with the phase change study. 

2.8.1.6. Raman Spectra (Atomic order) 

To investigate the atomic order or disorder movement, Raman scattering study was 

carried out using Witech alpha 300 Raman Spectrometer. This is also associated with the 

study of vibrational as well as rotational motions of atoms and molecules present in the bulk 

and nano material. When the monochromatic light falls on the liquid or gas medium scatterer, 

a small fraction of beam tends to radiate scattered due to the collision phenomenon between 

molecules of sample and photons of light [265]. There are possibilities of stokes and anti-

stokes lines mostly caused by lower and higher Raman frequencies respectively. In the 

Raman spectra, there are also possibilities of elastic and inelastic collisions formation which 

leads to modification of Raman lines causing various modes in the molecules. The Raman 

shift is also an important equation which defined as the difference between Rayleigh‟s line 

and Raman line; 

 

Where, Δν = Raman Shift 

νR = Rayleigh‟s line 

ν0 = Raman line 

 

                Δν=νR-ν0                                 ........................................... (16) 
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Structural Characterization 

2.8.2.1. FTIR (Identification of Chemical Functionality) 

Surface chemical structure of the nanomaterials, functional groups were investigated 

with FT-IR(Nicolet model impact -410) by making KBr by grinding in an agate mortar 

followed by making pellets. FTIR spectrum was collected after removing unnecessary 

background format. 

This spectroscopy is mostly observed in between visible and microwave region 

(4000cm
-1

 to 400cm
-1

) of the electromagnetic spectrum.  Following to Beer Lambert‟s law 

and Hooke‟s law, the principle and mechanism of FTIR are based on [266]. The equation for 

Hooke‟s stretching frequency is represented as, 

 

 

Where, ῡ = Stretching Frequency 

   c = Velocity of light 

   k= Hooke‟s Constant 

   µ=Reduced mass 

 

2.8.2.2. Proton (
1
H) Nuclear Magnetic Resonance Spectroscopy  

To know the positioning of the Hydrogen at respective functional groups and 

chemical structures, 1HNMR model no Bruker DPX 
1
HNMR (400 MHz) (Ultra Shield

TM
) 

has been used in this dissertation.  

The principle and reason of NMR are associated with the presence of positive nuclei 

which create a magnetic field on their spin rotation with the application of an external 

magnetic field. In short, this spectroscopy reveals the relationship between the applied 

magnetic field and magnetic field of H atom. When the sample is placed in a magnetic field 

region, there is a probability of formation of two types of orientation by H atom  i.e. 

alignment with and against the field. The proton aligned in the direction of the magnetic field 

generally absorbs energy whereas against the field led to the loss of energy [266]. Hence 

NMR term is satisfied with the resonance between nucleus and radio frequency together. 

                     ῡ = 
 

   
√                      ........................................... (17) 
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2.8.2.3. Matrix-assisted Laser Desorption/Ionization Mass Spectrometer (MALDI-TOF) 

The exact molecular weight of the synthesized polymers was confirmed through a 

MALDI-TOF instrument model MALDI TOF/TOF-Autoflex III smart beam, Bruker 

Daltonics. In the year 1988, eminent scientist Hillenkemp and Karas have developed the 

MALDI TOF instrument for the purpose to estimate the molecular weight of protein, 

peptides, amino acids and other long range biomolecules. This is a quite extensive, non-

destructive vaporization technique which provides the accurate weight of the material at a 

short period time. Here the sample is dissolved in the soluble medium (UV absorbing) 

forming matrix-matrix mixture and allowed to pass through the laser light. The matrix is the 

prominent factor due to the absorption phenomenon by laser light energy which found to be 

the main reason for vaporization and ionisation of the system [266]. During the experiment 

procedure, the velocity of ions derived from the matrix depends on its mass, energy and time. 

 

Biological and Physical Applicative Characterization 

2.8.3.1. Dielectric Study (Dielectric constant and loss) 

Dielectric Study (Dielectric constant and loss) The dielectric studies of CCTO and 

CCTO@SiO2 NPs/composites were performed after making of pellets within the 

electromagnetic frequency range of 20 Hz to 2 MHz using an Impedance spectrometer 

(AGILENT LCR Meter, Model E4980A Precession Impedance Analyzer). The dielectric 

study of material CCTO@SiO2-GO nanocomposite was done by Impedance spectrometer 

after making of pellets. The pellets were prepared by the general method i.e. adding PVA as 

binder and water to help the powder mixed properly to give a better result. 

 

2.8.3.2 . Zeta Potentia (Electro-kinetic potential) 

ZETA analysis was performed through DLS instrument with model no Malvern 92 2008 

instrument to give size distribution intensity along with potential raised on the interface of the 

particles. The principle lies with the illumination of the sample by a laser beam. The scattered 

light from the beam is detected at a known scattering angle θ by a fast photon detector [266].  

2.8.3.3. Circular Dichroism (CD)    

The secondary structure, physical properties and folding of proteins, peptides were 

studied through a Circular Dichroism instrument with model no JASCO Corp., J-810. The 
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principle deals with the differences between the absorption of left and right circularly 

polarized lights of molecules containing chiral chromophores [266].  

Sample Preparation 

The concentration of 0.5mg/1ml followed for each sample with the respective pH. For 

acidic pH, we have used electrolytes of 1M glacial acetic acid and 1M ammonium hydroxide 

solution. The UV wavelength recorded between 300-180 nm with the cell path length of 

1mm. 

2.8.3.4. Ultra-Violet Spectroscopy (UV-Vis) 

This is spectroscopy where we can calculate the percentage of transmittance with the 

passing of a particular range of wavelength and frequency of light through the sample 

medium. UV-Vis absorption of the samples was studied through a UV-Vis-NIR spectrometer 

(LAMDA 750 spectrometer, PerkinElmer). The important components of UV instruments are 

Tungsten filament as light source, a discharge lamp, monochromator, detector, amplifier and 

recorder. The principle is when the monochromatic beam is allowed to pass through the 

sample medium and the other beam is passed through the reference sample, at that time the 

intensities of transmitted beams are compared over the decided instrumental wavelength 

range [266]. 

UV spectroscopy analysis based on Beer Lambert‟s law which stated as, 

 

 

Where,  

c = concentration of solution (mol.dm
-3

) 

 l = length of the solution of light passes through (cm) 

The structural elucidation of UV spectroscopy mainly focused on Frank Condon 

Principle where he suggested the rapidity of electronic transitions phenomenon and it‟s 

internuclear distance. In his theory, it is clear that the molecules participated during vibration 

does not change their inter-nuclear distance. When the sample is undergone UV experiment, 

the promotion of electrons from the ground state to excited state takes place and two types of 

transition occur i.e. spin-forbidden and symmetry forbidden transition. Spin forbidden 

                        - 
  

   
  =   ε′ l c                   ........................................... (18) 
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transitions are mainly based on the spin of electrons and symmetry forbidden transitions are 

mainly dependent on symmetry of molecules present in the samples. 

2.8.3.5. Laser Confocal Scanning Microscopy (LCSM) 

To overcome traditional microscopes, in 1975 Marvin and his team invented confocal 

microscopy images with better visualization of sample loaded with drugs, dye and infected 

cell lines. This is an advanced design of simple wide field fluorescence microscopy. Confocal 

Microscopy Laser imaging of polymeric nanoparticles was performed using a confocal 

microscope with model no Zeiss LSM 700. When a laser beam is allowed to pass through a 

light source and focused the samples by an objective lens into a small area, the required 

image is produced by the emitted photons of fluorophores [266]. 

2.8.3.6. MTT Assay (Biocompatibility against human carcinoma cell) 

Multimode microplate reader can be used to study physical, chemical and biological 

behaviour of nanomaterials. The methyl thiazolyltetrazolium (MTT) assay was used for the 

bio-compatibility test of the above polymeric samples using the human breast carcinoma cell 

of MDA-MB231 cells. Cells were cultured in Dulbecco‟s Modified Eagle medium (DMEM) 

supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 units/ml penicillin, 

100µg/ml streptomycin and cultured at 37
o
C, 5% CO2 humidified incubator. The insertion of 

prepared cells placed in 96 well microplates with a uniform volume added to each block. 

After the preparation of samples, there are allowed under a specific wavelength light source. 

For this dissertation work, we have used Multimode reader with model no iMark™ 

Microplate Absorbance Reader, Bio-Red. 

2.8.3.7. Antibacterial Susceptibility test (Killing Efficiency Bacteria) 

Antibacterial Susceptibility test was performed by using Infinite 200 PRO 

NanoQuant, TECAN spectrometer. In vitro antibacterial susceptibilities of polymeric 

nanomaterials were investigated by easily available broth micro dilution method using two 

microorganism gram negative ATCC bacterial strains of Escherichia coli (ATCC-25922) as 

well as with gram positive Staphylococcus aureus (ATCC-25923). The bacterial strains were 

taken and maintained at 4°C. Briefly, 5µl of the bacterial culture in each segment of 96-well 

plate followed by 150µl of broth containing 50µl different concentrations (1.25mg/ml with 

serial dilution up to 0.0048 mg/ml) of samples [PEG-b-PBLG-b-PBLA], [PEG-b-PBLG5-b-
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PBLA18], [PEG-b-(PBLA)7-b-(PBLG)17] and [PEG-b-(PBLA)7]  incubated for 24hr at a 

physiological temperature 37°C for both the bacterial strains. The last segment was the tenth 

segment consisting of bacterial strains but without any sample medium. 

Other techniques and instruments have been used for the development of 

morphologically varying organic-inorganic solids and amino acid based block copolymeric 

nanomaterials. 
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CHAPTER-3 

RESULTS AND DISCUSSION 

 

Part I. Dielectric study on the Organic-inorganic nanoparticles 

3.1 Results and Discussion: Part IA 

A detailed study on the dielectric properties of CCTO@SiO2 core-shell nanoparticles: Role of 

SiO2 shell over CCTO core surface 

3.2 Results and Discussion: Part IB 

Dielectrics of graphene oxide sheets decorated with nanocomposite silica-coated calcium 

copper titanate (CCTO) nanoparticles 
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RESULTS AND DISCUSSION 

Part I. Dielectric study on the Organic-inorganic nanoparticles 

Part IA: A detailed study on the dielectric properties of CCTO@SiO2core-shell nanoparticles: 

Role of SiO2 shell over CCTO core surface 
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Objectives of this Part IA 

Part IA (Objective 1): To synthesize CCTO@SiO2 nanoparticles and design the respective 

NPs in core-shell aclimates of variant shell thickness range. 

 

 

 

 

 

 

 

 

Figure 3.1.A. Objective diagram of CCTO@SiO2core-shell nanoparticles synthesis. 

3.1.1. Abstract for This Part 

In this part, an attachment strategy of an organic group –NH2 has been developed with 

smart silica nanoparticles via sol-gel method. The inorganic metallic group of calcium copper 

titanate (CCTO) developed an electrostatic interaction with the amine functionalized silica to 

form a new core-shell type nanostructure. This approach of attachment is between an organic 

and inorganic part resulted in a high dielectric solid phase which further can be used for the 

electrical application purposes with its high dielectric constant and low loss. The morphology 

of CCTO@SiO2 core-shell NPs consists of CCTO as core (dia. 100 nm - 300 nm), and silica 

as a shell of thickness from 5 nm - 20 nm with the increase in a weight percentage ratio of 

APTES: TEOS during chemical reactions. CCTO@SiO2core-shell NPs were characterized 

with suitable characterization tools and the dielectric behaviours were measured through 

impedance measurement. The dielectric study confirmed that CCTO@SiO2 core-shell NPs 

prepared at sintered temperature 1000°C (6h) has shown significantly high dielectric 

properties than nonsintered samples prepared at room temperature (RT). Further, with the 

increase in the shell thickness of coated SiO2 on CCTO core, the dielectric constant ε′, as well 
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as the dielectric loss ε″ values decreased at respective frequencies, ranges between 10
2
 Hz and 

2 MHz and vice versa. The study also suggests that at the lowest frequency of 10
2
 Hz, 

CCTO@SiO2 NPs with a thickness of ~15 nm shows a very low ε′ value (1.39×10
2
) whereas 

for shell thickness of ~5nm shows a maximum ε′ value of 1.39×10
3
. However, with a change 

in the thickness of SiO2 the values of ε′ and ε″ varied with a regular trend (10
2
 Hz to 2 MHz). 

The thinner and thicker coated SiO2 on CCTO NPs exhibited ε″ of (0.39, 0.3) and (0.65, 4.49) 

at 1 kHz and 2 MHz, respectively. Looking at the very low tangent values of less coated 

CS1S, CCTO@SiO2-NH2 core-shell NPs, it is confirmed that the material is appropriate to 

use for electrical storage material. The values of ε′ as a function of frequency for 

CCTO@SiO2 core/shell NPs at different temperature range between RT to 300°C signifies 

that when coated sample undergoes heat treatment, it leads to the removal of some organic 

group before 150°C which contributes to the increase of ε′ due to the property showing by 

CCTO surface towards the externally applied field. Finally, it can conclude that this series of 

CCTO@SiO2 with a different dielectric constant can be used for designing various electronic 

devices.  

3.1.2. Introduction and Motivation 

Concentrating on the above facts, in this work we have designed a series of core-shell 

materials of CCTO and SiO2-NH2 NPs where CCTO has been used as precursor core and 

SiO2-NH2 as a shell so that with a change in the shell thickness, the properties of charge 

storage devices/ microelectronic devices can be tuned. The important factors like chemical 

functionalization on the surface, the microstructure of composite and nano or microparticles 

of CCTO strongly control the dielectric property as well as impedance properties of the 

nanocomposites. We have targeted for the development of these core-shell materials as better 

dielectrics than few other lanthanide series perovskite materials such as ACu3M4O12 (M=La, 

Nd, Sm, Gd and Y) at 100K Hz and found to be succeeded [59]. Previously it is elucidated 

about perovskite oxides as excellent dielectrics material [76, 78]. This reason attracted us to 

focus CCTO as a base material for the development of this dielectric material. Due to the 

capability of forming uniform shell thickness, change of charge polarization and dipole 

moment due to presence of various polar groups, we consider SiO2 as a shell material which 

further could help the CCTO to improve its stability even after sintering at a very high 

temperature (e.g. above 1000°C) with a long time heating. The other reasons why we choose 

silica as our shell nanomaterial are the absence of organic functional group, less chance of 
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group lost after sintering at high temperature, and low dielectric loss. Few functionalizations 

of organic/inorganic groups on CCTO have been reported previously [167, 169], but no 

research has been done with amine functionalization of silica on CCTO. We aimed for a 

unique modification of amine coated silica on CCTO NPs and found to be effective for 

dielectric study. Herein, we have functionalized silica with an amine by using (3-

Aminopropyl) triethoxysilane (ATPES) with tetraethyl orthosilicate (TEOS) for the better 

core-shell interaction to generate the required shell thickness along with covalent interaction 

and synthesized by the modified Stober method [187]. The impedance study was performed 

in the frequency range of 10
2 

Hz and 10
6 

Hz to find out the role of shell thickness in tuning 

the dielectric properties (real and imaginary) [267]. Further, the impedance studies also were 

performed at a very low frequency (at 20-100 Hz) to check how the interfacial polarization 

change with shell thickness [268, 269]. The studies were performed for both the sintered and 

non-sintered materials. Here, in this study, the role of –NH2 and the chemistry behind the 

core-shell CCTO @SiO2-NH2 NPs have also been investigated in both the non-sintered and 

sintered materials. Again, the surface chemistry, dipolar polarization, thermal vibrations of 

involved groups which prove the variation of dielectric constant ε′/ ε′′ at different 

temperatures has also been studied. Adding to the exception, the non-sintered pure CCTO 

was showing better dielectrics than sintered, but choosing of sintered CCTO@SiO2-NH2 NPs 

core-shell material over non-sintered material for dielectric study as-sintered coated samples 

showing better dielectric behaviour than non-sintered NPs. 

In conclusion, the remarkably new core-shell materials make it as new competing 

materials and allow the use as colossal permittivity materials which permit scaling advances 

in electronic devices with shell thickness. 

In this chapter, the discussion of short synthesis method, characterization and 

application of CCTO@SiO2-NH2 core-shell like NPs have been represented. 

 

3.1.2. Brief Synthesis Procedures of CCTO@SiO2-NH2 NPs 

Detailed synthesis procedure for CCTO@SiO2-NH2 NPs has been described in the 

chapter-2 and section 2.3.2. In short, core-shell CCTO@SiO2-NH2 NPs have been 

successfully synthesized by an improved sol-gel method. Pure CCTO was synthesized by 

solid-state reaction method [179]. Pure CCTO NPs along with cyclohexane were allowed for 

stirring following to the ultrasonication. The addition of surfactant Igepal 50 and 
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conc.NH4OH was added to the above solution dropwise and sonicated. The reaction mixtures 

were separated into a few sets of the reaction medium with different concentrations of TEOS 

and APTES (1:2:3) and added to each solution of mixture set. The solution sets were allowed 

on an orbital shaker. The synthesized materials were collected by repeated centrifugation and 

washing processes. The purified materials were collected and dried at 100°C. All the samples 

were characterized by standard methods. 

3.1.4. Reaction Pathway of prepared core-shell NPs 

The proposed mechanism for CCTO@SiO2-NH2 NPs was followed by sol-gel 

method, hydrolysis, dehydrolysis, evaporation, centrifugation methods. The bonding 

interaction after the third step between aminated silica and CCTO NPs arises due to the 

electronic interaction of the lone pair of nitrogen present on the surface of silica led to the 

successful synthesis of CCTO@SiO2-NH2 NPs. 

 

 

Schematic 3.1.1. Schematic illustration of the formation of core-shell CCTO@SiO2-NH2 NPs 

with a stepwise mechanism via sol-gel method. 
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3.1.5. Morphological Characterization of core-shell NPs by HRTEM  

 

Figure 3.1.1. High resolution TEM images with varying shell thickness of aminated SiO2 on 

CCTO core (a) PCNS (uncoated CCTO) (b) CS1NS NPs, 3-4 nm (c) CS2NS NPs, 7-10 nm 

(d) CS3NS NPs, 15-20 nm (e) IFTT image of PCNS and (f) IFTT image of coated 

CCTO@SiO2-NH2 NPs, (g) and (h) illustrate the length and diameter of uncoated PCNS NPs 

of 500 nm-700 nm and (h) 100-200 nm, respectively. 
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TEM micrograph of Fig. 3.1.1(a), showed the formation of bare uncoated CCTO NPs 

and the particle size are found to be average of 150-200 nm in diameter and length ranges 

from 500 nm-700 nm (see Fig. 3.1.1(g) and Fig. 3.1.1(h)). 

 

Figures 3.1.1. (i)-(n) showed the HRTEM images with a varying shell thickness of aminated 

SiO2 on CCTO core NPs. Figs. 3.1.1(i) CS1NS NPs (5 nm) 3.1.1(k) CS2NS NPs (10 nm) 

3.1.1(m) CS3NS NPs (20 nm), respectively. Figs. 3.1.1(j), (l) and (m) have shown the 

average coating thickness of CS1NS, CS2NS and CS3NS, respectively. 

The core-shell CCTO@SiO2-NH2 NPs are in Figs. 3.1.1. (b), (c) and (d) for different 

SiO2-NH2 thickness samples, respectively. From Figs. 3.1.1. (b), (c) and (d), it is seen that the 

thickness of SiO2-NH2 on CCTO is increasing from 5 nm to 20 nm, which includes CS1NS 

NPs (5 nm), CS2NS NPs (10 nm) and CS3NS NPs (20 nm), respectively. The average 

thickness of the SiO2 shell of each sample has been confirmed by considering HRTEM image 
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consisting of more number of particles (statistical analysis) and the corresponding images and 

plots have been shown in the Figs. 3.1.1. (i) - 3.1.1. (n). The thickness of the silica layer 

coated on the CCTO particles was about 5 nm to 20 nm depending on the increase of silica 

ratio (APTES: TEOS) weight percentage during the chemical reaction which concludes to the 

increase of the shell thickness surrounded by CCTO core.  

Here in above, we observed the CCTO NPs are surrounded by some shadows showing 

the presence of the SiO2-NH2 shell on the CCTO core and the difference in shadow thickness 

signifies to the coating of SiO2-NH2 NPs. The shadow of SiO2 around CCTO is amorphous as 

the scattered light of TEM is allowed to pass through it [270, 172]. It is estimated that the 

average thickness of the SiO2-NH2 shell NPs are in between 5nm to 20nm and successfully 

coated on the surface of CCTO for the dielectric applications. The formation of a SiO2shell of 

the CCTO core can be explained in three steps. In step-1, CCTO dispersed in cyclohexane in 

presence of Igepal-50. In the second step, in the presence of APTS and TEOS, the addition of 

NH4OH forms sol-gel which contained amine functionalized SiO2. In the third step, nucleates 

of SiO2-NH2 deposited on the surface of CCTO in such a way that the shell has grown with a 

uniform thickness. However, with a change in the content of APTES and TEOS the shell 

thickness can be varied as shown in Figs. 3.1.1. (b) - (d). From TEM (Fig. 3.1.1.), it is seen 

that the SiO2-NH2 shell is quite transparent to the electrons and the transparency of SiO2 

decreases with the increase in thickness from 5 nm to 20 nm Figs. 3.1.1. (b)-(d).  

Figs. 3.1.1. (e) and (f) represent the IFTT images with a d-spacing value of 0.314 nm 

and 0.312 nm for PCNS and CCTO@SiO2-NH2 core-shell NPs respectively. The decrease of 

d spacing value in case of silica coated CCTO NPs is due to rearrangement of lattice positions 

from a CCTO NPs to CCTO@SiO2-NH2 core-shell structure. PCNS has shown the highest d 

values of 0.314 nm while other is showing a low value compared to it. The newly formed 

SiO2-NH2 shell on CCTO may have led to the decrease in the free atomic radii of Cu, Ti and 

O ions in CCTO upon external forces like covalent bonding. 

3.1.6. Crystalline nature and Thermal stability performance studied by XRD and Thermal 

Analysis 

Performing physical characterizations like XRD and TG-DTA, we have preferred 

nonsintered CCTO@SiO2-NH2 NPs over sintered to attain the aminated silica behaviour 

towards CCTO NPs. The crystalline nature of the samples was confirmed by XRD technique. 
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XRD was done in 2θ between 10
°
-80

°
. XRD results exhibited the peaks of CCTO NPs which 

are cubic perovskite structure in nature. 

 

Figure 3.1.2. (a) X-Ray Diffractrogram pattern for nonsintered uncoated PCNS and coated 

CCTO@SiO2-NH2 NPs and Fig. 3.1.2. (b) represents JCPDS file number 01-070-0609 for 

CS3NS NPs. 

From Fig. 3.1.2. (a), the XRD diffraction peaks are appeared at 2θ = 31.1°, 34.3°, 

38.2°, 43.7°, 46.5°, 49.8°, 63.8° and 74.2° for diffraction plane of (211), (220), (310), (222), 

(321), (400), (422) and (440), respectively [171, 187]. The prominent peak with plane 220 at 

34.3° indicated the presence of precursor CCTO NPs. Since the extent of SiO2 is very less, 

therefore, the peak positions for CCTO NPs and CCTO@SiO2-NH2 NPs remained unaltered 

due to the amorphous nature of SiO2 shell. The JCPDS card number 01-070-0609 of CS3NS 

NPs has been attached on Fig 3.1.2. (b). 
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CS1NS Wt. % At. % CS2NS Wt. % At. % CS3NS Wt. % At. % 

OK 42.95 72.68 OK 46.34 75.00 OK 45.13 73.04 

SiK 0.53 0.51 SiK 2.20 2.00 SiK 3.61 3.44 

CaK 3.96 2.67 CaK 2.79 1.78 CaK 4.44 2.87 

TiK 12.47 7.05 TiK 13.58 7.27 TiK 12.65 6.84 

CuL 40.10 17.09 CuL 34.60 13.95 CuL 34.17 13.93 

Total 100.00  Total 100.00  Total 100.00  

  

Figures 3.1.2. (c), (d) and (e) EDX graph and table obtained from FESEM of CS1NS, 

CS2NS and CS3NS NPs respectively.  

From EDAX images Figs. 3.1.2. (c) - (e), it is observed the presence of very less 

amount of amorphous SiO2-NH2 along with oxygen in coated CS1NS, CS2NS, and CS3NS 

NPs.  

The thermal analysis of nonsintered PCNS and CCTO@SiO2-NH2 NPs are shown in 

Fig. 3.1.2 (f). TGA graph showed a weight loss of PCNS NPs up to a maximum of 3% and 

CS1NS, CS2NS and CS3NS up to 1%, 3% and 14%, respectively. The least aminated silica 

coating on CCTO caused a lower weight loss than precursor CCTO proving the synthesized 

material more thermally stable. The highest percentage of weight loss occurs in case of CS3S 

NPs and it may be due to the presence of a high amount of functionalized silica groups along 

with organic amine component attached to the core surface which has been lost due to heating 

at 1000
°
C.  
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Figure 3.1.2. (f) and 3.1.2. (g) represents TGA and DTA thermogram for nonsintered 

uncoated PCNS and coated CCTO@SiO2-NH2 NPs with a heating rate of 10
°
C per minute in 

N2 atmosphere respectively. 

Fig. 3.1.2. (g) explained the DTA curve exhibits one endothermic peak and two 

exothermic peaks for all the sample of uncoated PCNS and coated CS1NS, CS2NS, and 

CS3NS NPs. The presence of an exothermic peak at 276°C is concerned with the 

decomposition of many organic functional groups associated in the NPs. In the meantime, a 

significant weight loss due to the evaporation of water and decomposition of the organic 

compound is observed in the TGA plot around 280°C. The first endothermic peak was 

observed around 600°C for all the coated NPs except PCNS may be due to the melting of 

organic functional groups. The second endothermic peak at 795°C in the DTA curve is related 

due to the secondary phase formation of perovskite CCTO and CCTO@SiO2-NH2 [271, 272].  

The sharp endothermic peak at 795 °C also led to the crystalline change of the 

CCTO@SiO2-NH2 NPs. Previous reports have verified the weight loss of precursor CCTO 

around 10% [187, 273] whereas our work has shown the loss up to a minimum 1% in lowest 

amine coated silica CCTO NPs. Silica with organic functionalization have shown its loss up 

to 50% previously reported [274, 275] after 500°C, but exception happened when loss 

decreased to only 1% at 1000°C after coated with CCTO NPs. Hence, all the synthesized 

coated samples are thermally quite stable up to 1000ºC. The CS1NS is the most effective 

material for thermal application which is also confirmed from the dielectric study in the 

below discussion. 
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3.1.7. Functional group identification by FTIR experiment 

 

Figure 3.1.3. Comparison between FTIR spectrums for (a) non-sintered PCNS, CS1NS, 

CS2NS and CS3NS NPs (b) sintered PCS, CS1S, CS2S and CS3S NPs, respectively. 

We performed FTIR experiments for non-sintered and sintered CCTO@SiO2-NH2 

NPs to check the functionality and chemical groups present in the composites at room 

temperature and high temperature i.e. 1000
°
C, 6 hr. This difference will help us to make easy 

distinguish of chemical functionality at various temperatures like RT and 1000
°
C. Figure 

3.1.3. (a) has shown the characteristic absorption bands at 1048 cm
-1 

appeared due to 

asymmetric stretching vibration of Si–O–Si. The peaks at 3300 cm
-1

 and 1627 cm
-1 

are 

corresponding to the N-H stretching and bending modes of amine molecules present in non-

sintered CCTO@SiO2-NH2 NPs but absent in sintered CCTO@SiO2 NPs (see Fig. 3.1.3. (b)). 

The sharp band at 3000 cm
-1 

and 1376 cm
-1

 are corresponding to C-H stretching and bending 

mode. But in this case, the hump formed shows the presence of the SiO2 group. Fig. 3.1.3. (b) 

showed the FTIR spectrum for samples sintered at 1000
°
C temperature, where all the organic 

contents (amine,-CH2, -OH etc.) are removed (see TGA results, Fig. 3.1.2. (f)) whose 

functional groups usually show the FTIR bands at 3500 cm
-1 

and 1635 cm
-1

.  Both sintered 

and non-sintered NPs show a peak at 3750 cm
-1

 which may be due to the presence of free O-

H bonds. For all the samples, the vibrational mode of Ti-O-Ti showed a peak at 470 cm
-1

, Ca-

O showed at 606 cm
-1

, whereas the bending mode of Cu-O showed a peak at 590 cm
-1 

[276]. 

It is worth mentioning that all the samples are containing CCTO with Ca-O, Cu-O and Ti-O-

Ti bond. 
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3.1.8. Comparative Raman Study between sintered and nonsintered samples 

 

Figure 3.1.4. Comparative study of RAMAN spectrums for (a) non-sintered PCNS, CS1NS, 

CS2NS and CS3NS NPs (b) sintered PCS, CS1S, CS2S and CSNS) NPs, respectively. 

Further, the CCTO and CCTO@SiO2-NH2core-shell NPs were characterized to see 

the Raman activity. It is found that the pure CCTO and CCTO@SiO2core/shell NPs (sintered 

or non-sintered) are Raman active in nature (Fig. 3.1.4). The band associated with heavy 

atoms like bonds of CCTO showed low Raman shift, whereas bands associated with light 

atoms like Si-O-Si showed high Raman shifts and it was described based on molecular 

weight. The significant intensity bands of pure CCTO (PCS and PCNS) NPs falls in the 

region of 200 to 500 cm
-1

, whereas important bands related to silica are falling under the 

region from 1100 to 1500 cm
-1

. The perovskite structure like CCTO possessing high 

dielectric constants mainly caused by the atomic displacement within a non-centre 

symmetrical structure and the Raman spectra of CCTO bands are assigned due to the phonon 

modes in various scattering intensities. Fig 3.1.4. (a) and (b) has shown expected Raman 

active modes for CCTO structure were observed at 295cm
-1

 (Eg), 444cm
-1 

and 503 cm
-1

(Ag 

Sym, TiO6), 567cm
-1 

(Fg sym, O-Ti-O anti stretching) and 1147cm
-1

(CCTO) [277, 278]. The 

charge redistribution or Ti-shift within the TiO6 octahedral affects the frequency of modes 

involving Ti-O stretching lesser extent than TiO6 rotations. The rotation modes, however, 

would be more sensitive to changes of the TiO6 tilts [173]. The peak at 1316 cm
-1

 and 1497 

cm
-1

 indicated the bond stretching vibration of Si-O-Si bridging group [279, 280] 

functionalized with organic amine groups.   
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The experiments were performed in RT so that the molecules possess low values of 

kinetic energies which lead to stokes lines to be more intense. Due to increase in SiO2 shell 

thickness on CCTO, some stretching frequencies are formed around 1316 cm
-1

 and 1497 cm
-1

 

and it may cause more number of SiO2 molecules along with amine groups which helps in 

more polarization of molecules [281] (see Fig. 3.1.4). At room temperature, the number of 

molecules possessing low energy is more but after sintering at 1000
o
C, the kinetic energy of 

the molecules increases and number of molecules are raised to higher energy state, due to 

which the intensity of the material observed to be high. The Raman spectra show sharp peaks 

which represent the crystalline nature of CCTO and the broad/diffused peaks show the 

amorphous nature of aminated SiO2 coated over the CCTO NPs. Finally, CCTO@SiO2 is 

Raman active showing rotational, as well as the vibrational motion of the molecules due to 

which it affects the change of polarizability. This leads to the change in dipole moment for 

which it is an easy way to calculate the impedance and dielectric parameters. 

3.1.9. Investigation of the absorption behaviour through UV-Visible Measurement 

 

  

 

 

 

 

Figure 3.1.5.Ultra-Violet measurement of non-sintered PCNS, CS1NS, CS2NS and CS3NS 

NPs from 180-700 nm, respectively. 

The study has confirmed the excitation of electrons from the ground to excited state 

via bonding and antibonding orbitals in the electronic transition of CCTO@SiO2 complex 

system. Fig. 3.1.5 suggested two different types of excitation occur at lower λ 210 nm and 

higher λ 670 nm due to the excitation of n→π⃰   and d-d transition effect. The former 

excitation is mainly found due to the organic groups attached on the shell area where the 

latter transition is mainly observed with the presence of d
9
 orbital state of Cu in CCTO core 

surface. 
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3.1.10. Dielectric analysis for non sintered and sintered sample of CCTO@SiO2 NPs 

3.1.10.1. Frequency-dependent dielectric study of nonsintered samples 

The dielectric study of sintered PCS, CS1S, CS2S, and CS3S provide the information 

about the orientation adjustment of dipoles and translational motion of mobile charges present 

in it, in response with the application of the external electrical field [282-284]. The study also 

explained about the relaxation time or exponential decay, behaviour of dipoles or charges 

with respect to a different temperature from RT to 250
o
C and frequencies from 20 Hz to 2 

MHz at which the experiments were conducted. The reason why we choose the sintered 

samples over non-sintered NPs is due to the better dielectric constant values of sintered 

samples without amine groups (see in the later section of 3.1.10.2).  

 

Figure 3.1.6. (a), (b), (c) and (d) represent the variation of the real part of dielectric constant 

(ε′) and imaginary part of dielectric constant (ε′′) with respect to frequency (20 Hz to 2 MHz) 

for PCNS NPs. 
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Figure 3.1.6. (e), (f), (g) and (h) represent the variation of impedance constant (Z′) and 

impedance loss (Z″) loss with respect to frequency (20 Hz to 2 MHz) for nonsintered  PCNS 

NPs. 

 

Figure 3.1.6. (i) εas a function of the frequency of PCNS NPs at different temperature range 

between RT to 200 °C. 
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Figure 3.1.7. (a), (b), (c) and (d) represent the variation of the real part of dielectric constant 

(ε′) and imaginary part of dielectric constant (ε′′) with respect to frequency (20 Hz to 2 MHz) 

for PCNS NPs. 

 

Figure 3.1.7. (e) and  (f) represents the variation of impedance constant (Z′) and impedance 

loss (Z″) loss with respect to frequency (20 Hz to 2 MHz) for nonsintered  CS1NS NPs. 
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Figure 3.1.7. (g) and (h) represent the variation of impedance constant (Z′) and impedance 

loss (Z″) loss with respect to frequency (20 Hz to 2 MHz) for nonsintered  CS1NS NPs. 

 

Figure 3.1.7. (i) ε as a function of frequency of CS1NS NPs at different temperature range 

between RT to 400 °C. 

  

Figure 3.1.8.  (a) and (b) represent the variation of the real part of dielectric constant (ε′) and 

imaginary part of dielectric constant (ε′′) with respect to frequency (20 Hz to 2 MHz) for 

CS2NS NPs. 
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Figure 3.1.8. (c) and (d) represent the variation of the real part of dielectric constant (ε′) and 

imaginary part of dielectric constant (ε′′) with respect to frequency (20 Hz to 2 MHz) for 

CS2NS NPs. 

 

Figure 3.1.8. (e), (f), (g) and (h) represent the variation of impedance constant (Z′) and 

impedance loss (Z″) loss with respect to frequency (20 Hz to 2 MHz) for nonsintered CS3NS 

NPs. 
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Figure 3.1.8. (i) ε as a function of frequency of CS2NS NPs at different temperature range 

between RT to 400 °C. 

Figure 3.1.9. (a), (b), (c) and (d) represent the variation of the real part of dielectric constant 

(ε′) and imaginary part of dielectric constant (ε′′) with respect to frequency (20 Hz to 2 MHz) 

for CS3NS NPs. 
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Figure 3.1.9 . (e), (f), (g) and (h) represent the variation of impedance constant (Z′) and 

impedance loss (Z″) loss with respect to frequency (20 Hz to 2 MHz) for nonsintered  CS3NS 

NPs. 

 

Figure 3.1.9. (i) ε as a function of the frequency of CS3NS NPs at different temperature 

range between RT to 400 °C. 
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The Figures. 3.1.6. (a)-3.1.6. (i), 3.1.7. (a)-3.1.7. (i), 3.1.8. (a)-3.1.8. (i), 3.1.9. (a)-

3.1.9. (i) explained about the variation in the frequency and temperature dependent study of 

the real and imaginary part of dielectric constant, impedance study of non-sintered PCNS 

,CS1NS,CS2NS and CS3NS NPs respectively.  

PCN  is showing highest ε′ value 1.2×10
7 

at 50Hz among synthesized materials. The 

coated sintered samples are showing better ε′ and the factor may depend on various factors 

like synthesis method, group interaction, absence of dipolar groups and micropores 

containing oxygen [276]. Figs. 3.1.6 (e-h), Figs. 3.1.7 (e-h), Figs. 3.1.8 (e-h) and Figs. 3.1.9 

(e-h) represent the impedance data of nonsintered samples, where it is found that PCNS, 

CS1NS, CS2NS, and C 3N  have Z′ of  73, 17300, 1.83×10
6
 and 2.93×10

6
, respectively 

within the temperature range 25
o
C to 250°C for 1kHz (constant frequency).  

3.1.10.2. Frequency-dependent dielectric study of sintered samples 

Previous reports have mentioned the CCTO impedance at a very low value [129, 285, 

286] but our study is showing higher value for all the sintered samples. This may be affected 

by the different synthesis parameter along with the groups present on the surface of CCTO 

NPs. The impedance study was done for non-sintered and a sintered sample of both bare 

CCTO and CCTO@SiO2 NPs which shows very similar behaviour to ε′ with respect to 

frequency from 20Hz to 2×10
6  

Hz for each sample. But with an increase in the thickness of 

shell diameter, the Impedance is also increasing at the respective frequency in the applied 

field. We found that sintered PCS, CS1S, CS2S and CS3 NPs possessing a uniform graph in 

increasing order of Z′ 73, 1.7×10
6
.1.18×10

6
 and 2.93×10

6 
at 1×10

3 
Hz and 63.4, 1.01×10

3
, 

2.7×10
3
 and 9.3×10

3 
at 2×10

6 
Hz, respectively. But Z′ is increasing with frequency leading to 

the increase in the ac conductivity of the material. The impedance loss is showing a regular 

trend in all the coated NPs, whereas the constant is showing a different trend for all NPs. 

Figs. 3.1.10 (c) and (d) revealed that with an increase in shell thickness, the real part of 

impedance constant and imaginary part of impedance loss increases and vice-versa. Silica 

ceramics has shown previously impedance constant up to 10
3
 but our work is showing the 

development of impedance up to 10
6 

[211]. This increased value of impedance results to a 

major contribution from this work in ac conductivity of the material. However, beyond 5 kHz, 

it is showing a gradual fall in its values up to 2 MHz.  
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Figure 3.1.10. (a), (b), (c) and (d) shown the variation of dielectric constant (ε′), dielectric 

loss (ε′′), impedance constant and impedance loss with respect to frequency (20Hz to 2MHz) 

for sintered uncoated (PCS) and coated CCTO@SiO2 (CS1S, CS2S and CS3S) NPs, 

respectively at 25
o
C. 

Figure 3.1.10. (a) showed the variation of the dielectric constant with frequency 

ranges from 20 Hz - 2 MHz for the following samples PCS, CS1S, CS2S, and CS3S NPs. At 

lowest frequency (20 Hz), sintered PC  NPs possess ε′ is obtained to be ~2.49×10
6
. But with 

an increase in frequency from 20 to 200 Hz there was a sudden fall of ε′ of pure CCTO is due 

to the space charge polarization and interfacial polarization [267, 272]. With the increase in 

frequency, there is a gradual decrease of ε′ from 20 Hz to 5×10
3 

Hz due to the absence of 

ionic or orientation polarization. A sudden hump has been observed between 3.5×10
3 

Hz to 
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1×10
6 

Hz caused by immediate ionic interaction with the external field and space charge 

mechanism [233].  

 

Figure 3.1.11. Represents frequency dependence ε for PCS NPs from 20Hz to 1×10
4
Hz. 

From Fig. 3.1.10. (a), it has been observed that with an increase in the thickness of the 

SiO2 shell on CCTO core, there is a clear decrease in dielectric constant ε′ at a particular 

frequency. At 20 Hz, highest coated C 3  showed less ε′ value of 1.39×10
2
, whereas least 

coated C 1  showed maximum ε′ value of 1.390×10
3 

and CS2S showed an intermediate 

value 9.7×10
2 

(see Fig. 3.1.11). Fig 3.1.11 also represented ε′ that at 1×10
3 

Hz, CS1S, CS2S 

and CS3S NPs showing a uniform plot in the decreased order of ε′  700, 94.1 and 42.7, 

respectively. The decrease of ε′ with the increase in shell thickness is due to the absence of 

interfacial polarization in lower frequency region contributing to less space charge in the 

interface region at the core and shell barrier of CCTO@SiO2 NPs. Sintered PCS, CS1S, 

CS2S, and C 3  have shown ε′ values -14.7, 1.11×10
2
, 55.2 and 6, respectively at a 

maximum frequency 2 ×10
6 

Hz. From the results, it can be explained that with an increase in 

the frequency from 20Hz to 2×10
6 

Hz, the ε′ values are in decreasing trend. This happens may 

be due to the ceasing of various polarizations in case of PCS NPs, or maybe due to the 

circumscription of the CCTO in SiO2 shell which leads to the presence of few extents of 

charge at the interface of core and shell of the core-shell nanostructure [287, 288]. Table 

3.1.1 has information about the difference between dielectric constant values for non-sintered 

and sintered samples. 
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Table 3.1.1: The dielectric constant (ε′) values for nonsintered samples (PCNS, CS1NS, 

CS2NS and CS3NS) core-shell NPs and sintered samples (PCS, CS1S, CS2S and CS3S) 

core-shell NPs with varying frequency at RT have been elucidated in a tabulated form. 

Frequency(Hz) PCNS C S1NS CS2NS CS3NS PCS CS1S CS2S CS3S 

2 × 10
1
 Hz 5.1703E6 56.9 966.52 101.98 2.49E6 1390 971 139 

1 × 10
3 

Hz 160175.2 44.56 93.28 39.84 27300 700 94.1 42.7 

5 × 10
3 

Hz 83884.7 41.06 119.55 33.60 13100 521 129 34.9 

1 × 10
4 

Hz 45597 39.53 103.16 31.89 4770 450 129 33 

5 × 10
4 

Hz 8567.6 36.19 81.10 28.99 -111 349 120 30.1 

1 × 10
5 

Hz 7927.2 34.69 68.87 27.98 -166 310 134 29.1 

5 × 10
5 

Hz 10705.4 32.90 200.4 26.59 1390 200 117 26.3 

1 × 10
6 

Hz 4267.8 29.04 124.82 23.83 1050 129 87.7 21 

2 × 10
6 

Hz 420.8162 22.80 -175.6 18.44 -14.7 111 55.2 5.74 

 

Figure 3.1.10. (b) showed with the increase in the thickness of the SiO2 shell on 

CCTO core there is a gradual decrease in dielectric loss ε′′ as similar behaviour like real part 

dielectrics variation. At 1×10
3
 Hz, the imaginary part of dielectric ε′′ for PC  NPs was 

observed to be 5.65×10
6 

and with an increase in frequency, ε′′ seems to decrease slowly and 

reaches to a negative value of -3.5×10
3
 at 2MHz. The reason of PCS nanomaterial to possess 

a negative value of ε′′ is due to the absence of different polarisations which may be useful for 

the absorbance of microwaves generation and used for electronic devices [187, 289]. The 

study also revealed that, at low and high frequency (1×10
3 

Hz and 2M Hz), CS3S, CS2S and 

C 1  possessed ε′′ value of 1.3×10
1
, 6.2×10

1
, 2.7×10

2 
and -25, 64 and 72, respectively. But 

with an increase of frequency from 1×10
3 

Hz to 2×10
6 

Hz, the imaginary part of dielectric 

constant is decreasing and following a regular decrease trend. Further, it has been observed 

that with an increase in the SiO2 thickness the negative loss has become more prominent as 

SiO2 does not allow the applied field to interact/penetrate with the CCTO NPs [134]. Table 
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3.1.2 has also further clarified that the non-sintered possessed higher dielectric loss than 

corresponding sintered NPs. The dielectric losses for the sintered samples are very less 

compared to constant ε′ for respective samples at particular frequencies, which will be helpful 

to use them for better applications for designing the charge storage devices, sensors etc. 

Table 3.1.2: The dielectric loss ε′′ values for nonsintered samples (PCNS, CS1NS, CS2NS 

and CS3NS) core-shell NPs and sintered samples (PCS, CS1S, CS2S and CS3S) core-shell 

NPs with varying frequency have been elucidated. 

Frequency(Hz) PCNS CS1NS CS2NS CS3NS PCS CS1S CS2S CS3S 

2 × 10
1
 Hz 1.3334E9 24.05 13306.9 102.49 2.86E8 960 6060 159 

1 × 10
3 

Hz 2.27164E7 4.04 136.95 12.08 5.65E6 270 62.3 12.8 

5 × 10
3 

Hz 4.3991E6 3.58 60.74 5.64 1.11E6 207 9.69 5.98 

1 × 10
4 

Hz 2.2591E6 3.5 43.78 4.3 549000 187 5.45 4.4 

5 × 10
4 

Hz 429808.2 3.33 36.11 2.43 -10200 139 -8.06 2.3 

1 × 10
5 

Hz 215752.2 3.2 49.68 1.88 -60700 132 -43.7 1.63 

5 × 10
5 

Hz 40680.3 1.64 147.32 0.8 12000 128 67.2 -

0.526 

1 × 10
6 

Hz 31125.6 -0.76 130.08 1.04 7590 119 62.7 -3.68 

2 × 10
6 

Hz 13541.6 -10.25 -66.68 -19. -3570 72.4 64 -25.8 

 

                    Figs. 3.1.6. (e-h), Figs. 3.1.7.  (e-h), Figs. 3.1.8. (e-h) and Figs. 3.1.9. (e-h)  

represent the impedance data of nonsintered samples, where it is found that PCNS, CS1NS, 

CS2NS, and C 3N  have Z′ of  73, 17300, 1.83×10
6
 and 2.93×10

6
, respectively within the 

temperature range 25
o
C to 250°C for 1kHz (constant frequency). Tables 3.1.3 and  3.1.4 have 

given a clear idea of the nonsintered NPs possessing higher impedance constant and loss 

value than their sintered NPs at respective frequencies. 
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Table 3.1.3: Frequency with respect Z′ for nonsintered samples (PCNS, CS1NS, CS2NS and 

CS3NS) core-shell NPs and sintered samples (PCS, CS1S, CS2S and CS3S) core-shell NPs 

with varying frequency have been elucidated. 

Frequency(Hz) PCNS CS1NS CS2NS CS3NS PCS CS1S CS2S CS3S 

2 × 10
1
 Hz 12.9 1.32751E8 1.4255E6 1.11754E8 76 5.31E6 4.48E6 1.02E8 

1 × 10
3 

Hz 31.421 954200 810616.6 3.7369E6 73 173000 1.83E6 2.93E6 

5 × 10
3 

Hz 39.47 162974.6 90764.6 526080.7 72.2 48800 63100 417000 

1 × 10
4 

Hz 46.10 83469.2 37271.4 223409.6 71.3 28000 18300 175000 

5 × 10
4 

Hz 35.75 16614 1663.8 30315.5 70.8 8520 5870 23300 

1 × 10
5 

Hz 37.03 7623.8 2636.9 12431.1 70.7 5420 11600 9040 

5 × 10
5 

Hz 36.69 1555.4 2485.7 990.3 72.4 2280 3970 690 

1 × 10
6 

Hz 28.18 850.3 2088.7 748.4 57.4 1740 2900 4280 

2 × 10
6 

Hz 31.50 8031.1 1773.9 6861.1 63.4 1010 2410 9380 

 

Table 3.1.4: Frequency with respect to Z′′ for nonsintered samples (PCNS, CS1NS, CS2NS 

and CS3NS) core-shell NPs and sintered samples (PCS, CS1S, CS2S and CS3S) core-shell 

NPs with varying frequency have been elucidated. 

Freq(Hz) PCNS CS1NS CS2NS CS3NS PCS CS1S CS2S CS3S 

2 × 10
1
 Hz 0.02394 3.74499

E8 

210207.9 1.04021

E8 

0.0423 1.57E7 55000

0 

2.04E

8 

1 × 10
3 

Hz 0.29854 1.04169

E7 

1.1751E6 1.15073

E7 

0.42 57800

0 

4.61E

6 

1.2E7 

5 × 10
3 

Hz 0.86816 2.2011E

6 

315267.6 2.9536E

6 

1.06 15600

0 

81400

0 

2.91E

6 

1 × 10
4 

Hz 1.0563 1.1382E

6 

175783.1 1.5813E

6 

0.81 88800 40600

0 

1.54E

6 
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5 × 10
4 

Hz 0.7722 244754.8 42072.3 352104.

4 

0.24 23200 87300 3340

00 

1 × 10
5 

Hz 1.4352 127067.5 19225.9 183294.

9 

0.04 13000 35100 1720

00 

5 × 10
5 

Hz 10.1091 27712.3 3368.4 39373.1 8.63 3220 6880 3910

0 

1 × 10
6 

Hz 4.8454 16219.5 2013.9 21876.9 6.8 2030 4050 2360

0 

2 × 10
6 

Hz 1.2637 20052.2 1143.8 6479.6 0.12 1560 2060 2210 

 

3.1.11. Temperature-dependent dielectric behaviour of CCTO@SiO2 NPs core-shell NPs 

Figures 3.1.6. (i), 3.1.7. (i), 3.1.8. (i) and 3.1.9. (i)  represent the temperature 

dependence of dielectric constants for the non-sintered samples, where it is found that PCNS, 

CS1NS, CS2NS, and C 3N  have ε′ of  6×10
5
, 1×10

2
, 4×10

6
 and 3.9×10

2
, respectively 

within the temperature range 25
o
C to 250°C. The dipoles of SiO2 and amine act as important 

factors in the explanation of the dielectric behaviours of the non-sintered coated CCTO@SiO2 

NPs. The permanent dipole moments of amine group in CS1NS, CS2NS and CS3NS are 

randomly oriented in the absence of electric field. However, once amine functionalized 

CCTO@SiO2NPs are placed in the electric field, the permanent dipole moments of the 

molecule gets oriented in the direction of the electric field [268]. Due to orientation 

polarization of the polar groups like amine –NH2 helps in the increment of dielectric strength 

of non-sintered coated CCTO NPs. For materials that possess permanent dipoles, there is a 

significant variation of the ε′ values with variation in temperature. This is due to the effects of 

thermal vibration and orientation polarization [286, 291]. The reason for such a high ε′ is still 

unknown, and to describe we choose sintered samples for further study. For most of the 

sintered material after a certain range of frequency, it is showing low dielectric properties. 

Due to more loss in the synthesized non-sintered CCTO@SiO2NPs which leads to more 

heating can be used for microwave heating purpose [168]. 
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Figure 3.1.12. (a), (b), (c) and (d) ε as a function of frequency of sintered uncoated CCTO, 

coated CS1S, coated CS2S and coated CS3S at different temperature range between RT to 

250°C, respectively. Figure 3.1.12. (e) represents the temperature-dependent  ε for PCS NPs 

at higher frequency region. 
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It is known that SiO2 possess ε′ ~ 100 and for pure CCTO shows ε′ value is 1×10
6
 

[179, 187]. The temperature dependence of dielectric constant has been studied for the 

samples PCS, CS1S, CS2S and CS3S NPs within the temperature range RT to 250 °C at 

different frequencies and shown in Figs. 3.1.12. (a-d). It was found that ε′ is showing an 

interesting variation in the temperature range with frequency from 1kHz to 2MHz. Coated 

sintered  NPs already lost most of the organic groups were present in it, and due to which they 

show more dielectric constant (ε′) as compared to non-sintered samples. The above study 

revealed that the ε′ for C 1 , CS2S, and CS3S are quite less than PCS NPs. This is occurred 

due to the presence of inorganic insulator silica. But the ε′ for coated functionalized silica is 

showing better dielectric behaviour than other polyimides as well as inorganic dielectric 

[267,292, 293]. It has been shown that PCS is showing an increase in ε′ of 4.9×10
3
 at 100°C, 

but suddenly it increased up to 3.8×10
4
 at 1×10

3
 Hz, 250°C. In the former case, it happened 

due to moisture and other impurities lost at 100°C and after that base CCTO material is 

showing the interface polarization more effectively by increasing ε′.  

PC  is showing minimum ε′ at 2×10
6
 Hz and showing similar trends with an increase 

in temperature from RT to 250°C as at high frequency region polarization does not occur for 

CCTO (see Fig. 3.1.12. (e)). It is also observed that with an increase in the frequency from 

1×10
3 

Hz to 2×10
6 

Hz, the ε′ of sintered coated C 1 , CS2S, and CS3S NPs decreases at a 

particular temperature range from RT to 150°C, but after 150°C it gradually increases up to 

250°C. The reason for the increase of ε′ after 150°C is may be due to the number of surface 

charges activation on CCTO@SiO2 NPs occurred helps them to interact with the applied field 

causing to various polarisation. Thicker coated CS3S and thinner coated C 1  are having ε 

of 2.5×10
2
 and 1.2×10

4 
for frequency 1×10

3 
Hz respectively. But for pure bare CCTO at RT 

and 1×10
3 
Hz ε found to be 2×10

4
. The sudden decrease in ε′ is more significant in the low-

frequency range and at a low temperature is may be due to the ionic or dipolar migration 

occurred in coated materials before 150°C and structural disturbance occurred in CCTO NPs 

[239, 267].  

Another reason for sudden drop also occurred due to the degradation of material 

resulting in the rearrangement of molecular moieties which affect the polarization. it is 

noticed that the dipolar and interfacial polarization is mainly responsible for the development 

of dielectric property of a material. So why it involves the perturbation of thermal motion of 

ions or groups present in the material. It is observed that a single polarisation with low loss is 
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present. Another reason for the coated sintered samples to show such type of decrease in ε 

may be due to the average alignments of dipoles with a decrease in the field strength and as a 

result polarisation decreases which further resulted to the low dielectric constant which is 

analysed that from RT to 150°C. From Fig. 3.1.12. (b - d) it has been revealed that once the 

temperature increases beyond 150°C the ε gradually increases with increase in temperature 

and this phenomenon is observed mainly due to the contribution of ionic groups present in all 

coated CCTO@SiO2NPs. At this temperature range, most of the organic groups like –NH2, C-

H and H2O are degraded out along with few SiO2 molecules. Further, after the removal of the 

organic moieties from the CCTO@SiO2NPs some microporosity generated also leads to the 

enhancement of dielectric constant ε. 

3.1.13. Analysis of COLE-COLE plots for CCTO@SiO2 NPs 

 

Figure 3.1.13. (a), (b), (c) and (d)–The Cole-Cole plot of sintered uncoated PCSNPs, coated 

CS1S,   coated CS2S and coated CS3S NPs, respectively. 

The impedance measurements have been done and the plots between the real and 

imaginary parts of the impedance possessing different relaxation behaviour. The width of the 
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distribution of relaxation frequency is explained by the Cole-Cole plot. Fig. 3.1.13. represents 

the Cole-Cole plot of the pure CCTO NPs and it is evident in support that synthesized 

sintered CCTO NPs acts as a very good dielectric material as it is a perfect semicircle [168]. 

From Figs. 3.1.13(a) – (d), it is clear that uncoated sintered CCTO NPs possesses higher 

dielectrics than silica coated CCTO@SiO2 NPs. It is established that CCTO has the best 

dielectric property from room temperature to 600°C without any structural distortion due to 

relaxation [161, 294]. In Fig. 3.1.13. (a) the origin of the circular Cole-Cole plot is (0, 0). For 

a better visibility, the plot has been magnified and showed in the manuscript. However, the 

exact figure with (0, 0) origin has been incorporated below. 

The ac conductivity of the samples can be calculated from the diameter of the 

semicircle in the cole-cole plot. We observed Cole-Cole plots for coated samples, it is clear 

that the impedance values are changed enormously when compared to bare CCTO sample. 

Further, within the measured range of frequency, the plots are not showing full circles and 

contributions from various species. Though contributions from two different species exist, to 

see the effect of various contributions, the measured frequency range is not sufficient.  The 

three plots we obtained show a straight line which is in fact a small part of a half circle 

Although the coated NPs (CS1S, CS2S, and CS3S) are not showing perfect semi-circles, but 

the ac conductivity can be estimated as all these plots are partially semi-circle in nature. The 

presence of arc-like straight line in Fig. 3.1.13. (b) - (d) mainly represents the contribution 

from the grain boundary. 

 

Figure 3.1.14. represents the Cole-Cole plot for PCS. 

But Fig. 3.1.13. (c) is showing a similar nature of Cole-Cole plot to the pure CCTO 

NPs comparative to CS1S and CS3S. It is observed that beyond 5×10
6 

Hz frequency the 
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dielectric property is diminished and the loss property is becoming prominent in these coated 

materials which can be used for microwave heating purpose. The straight-line Cole-Cole plot 

confirmed due to the interface and dipolar contribution from space charge and dipoles from 

the interface of synthesized material became the εis low at high frequency region. 

 

3.1.14. Conclusions for Part IA 

In this work, a series of the core-shell nanostructure of CCTO and amine 

functionalized SiO2 with a shell thickness from 5 nm to 20 nm have been prepared and their 

dielectric properties have been studied. The amine functionalized silica-coated CCTO NPs 

are showing better dielectric than bare silica NPs, few metal oxide composites along with 

CCTO polymeric composites. It is confirmed from the impedance studies that sintered core-

shell CCTO@SiO2 NPs exhibited better dielectric properties than other dielectric 

nanocomposites like organic polymer, barium titanates and other perovskite oxides including 

non-sintered CCTO@SiO2-NH2 NPs. The synthesis procedure and surface chemistry have a 

great impact on the dielectric study of CCTO@SiO2-NH2 NPs. With the dielectric loss, we 

can use the material for microwave heating purposes. This type of core-shell nanoparticles 

can be used for polymer composite materials due to the organic amine groups present on the 

surface of CCTO core shell. The attachment can be possible with the control of various 

external parameters during the experiment process. The results further suggest that using 

these core-shell materials microelectronic and energy storage devices with variable dielectric 

properties can be designed due to its high loss compared to bare CCTO NPs and other related 

materials reported. This novel work is on the basis of thickness, hence showed that with 

minimum coating can increase the dielectrics behaviour to a high level and for better charge 

storage device application in future. 
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RESULTS AND DISCUSSION  

Part I. Dielectric study on the Organic-inorganic nanoparticles 

Part IB. Dielectrics of the noble synthesized nanocomposite silica coated CCTO over 

Graphene oxide with the efficacy of CCTO@SiO2 NPs decoration. 

 

Schematic TOC for Dielectrics of the noble synthesized nanocomposite silica coated CCTO 

over Graphene oxide with the efficacy of CCTO@SiO2 NPs decoration. 
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Part IB (Objective 2) : To design CCTO@SiO2-GO sheet based nanocomposite 

 

 

 

 

 

 

 

 

 

 

Figure 3.2.A. Objective Diagram for Dielectrics of the noble synthesized nanocomposite 

silica coated CCTO over Graphene oxide with the efficacy of CCTO@SiO2 NPs decoration. 

3.2.1. Abstract for this part IB 

This work presents the synthesis of the noble nanocomposites of Silica Coated 

Calcium Copper Titanate-Graphene (GO-CCTO@aminated-SiO2) by the established Sol-gel 

method. This work showed the decoration of CCTO@SiO2 NPs on the surface of Graphene 

oxide and how the decoration/attachment depends on various environmental along with the 

instrumental factors like sonication time, stirring rate, centrifugation rpm and the thickness of 

GO-

CCTO@SiO2 

Nanocomposites 

 

Aminated 

SiO2 NPs 

 

Functionalized 
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silica shell coated on CCTO NPs. The prepared CCTO@SiO2-GO composites were 

characterized by suitable characterization techniques. FESEM and TEM techniques 

confirmed the morphological study of nanocomposites and how the CCTO@SiO2 NPs are 

attached to the surface of GO sheet. FTIR has shown the presence of O-H, N-C groups which 

helps in the formation of types of bonds between CCTO@SiO2 NPs and GO. This work 

further revealed an excellent result of a dielectric study indicating the best-decorated 

CCTO@SiO2 NPs over the surface of the GO sheet causes the increment of dielectric 

constant ε′ from 10
2
 up to 10

5
. Meanwhile, this study also suggested high loss ε′′ up to 10

6 
at 

a lower frequency, i.e. 20 Hz at RT which can be useful for microelectronic devices. This 

variance of dielectrics is due to the effect of polarization and decoration of CCTO@SiO2 NPs 

over the GO sheets. As the frequency increases from 20 Hz to 2 MHz, the dielectric constant 

ε′, as well as the loss of ε′′, reached up to 10
2 

values for the highest decorated material. Our 

study also clearly explained a uniform variation of dielectric constant ranges from 1×10
2 

to 

1.5×10
4 

at a different temperature range from room temperature to 560°C with a frequency 

range of 3×10
4 

Hz to 2×10
6 

Hz and the value varies accordingly with the synthesis method. 

3.2.2. Introduction and Motivations 

From the literature, it is clear that with an increase in shell thickness over CCTO NPs 

leads to the gradual decrease of dielectric constant ε′ and loss ε′′ [46, 47]. In contrary to the 

silica thickness over dielectric constant [86], our work has revealed an interesting fact that the 

effect of silica shell thickness is unable to cease the real part of dielectrics ε′, whereas the 

effect of spreading of core-shell NPs on the GO sheet becomes prominent. The effect of the 

decoration of CCTO@SiO2 NPs with the best positioning causes the nanocomposite material 

to increase the dielectric constant ε ′ and loss ε′′ within the frequency range of 20 Hz - 2MHz. 

The study of temperature dependence dielectrics with respect to variable frequency showed 

exceptional behaviour towards the effect of spreading which is not clear in this case. This 

might be either due to the charge polarization effect with a change in dipole moment. Various 

characterization techniques help in the analysis of synthesized silica coated calcium copper 

titanate on graphene oxide (CCTO@SiO2-GO) nanocomposite to confirm its several 

chemical properties and physical behaviour. The dielectric study of these nanocomposites 

reveals a very different and significant study of the decorated CCTO@SiO2-GO 

nanocomposites. 
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3.2.3. Preparation of sheet like CCTO@SiO2-GO Nanocomposites 

The detailed synthesis method for the development of CCTO@SiO2-GO has been 

explained earlier in chapter 2 and section 2.4.3. CCTO@SiO2-GO nanocomposites were 

synthesized using the modified sol-gel method in which, CCTO@SiO2 NPs and GO act as 

precursor materials which are previously synthesized by Hummer‟s method and sol-gel 

process respectively. The mixture is allowed under hydrolysis process and sonication. These 

solutions are poured into a reagent bottle and allowed for sonication. Several decoration types 

of CCTO@SiO2-GO nanocomposites is mainly depended on a few environmental parameters 

given in the below-attached Table 3.2.1. With the completion of 3days, the composite 

material was continuously centrifuged with distilled water at high rpm and very low 

temperature. Once the centrifugation is over, the material was allowed for drying at 100°C 

and the grey colour material was collected. Various steps of the sol-gel synthesis method of 

CCTO@SiO2 NPs are shown in Schematic 3.1.1. The pellet preparation method is the same 

as available in our previous work [268]. 

Table 3.2.1: Synthesis of CCTO@SiO2-GO nanocomposites with different parameters 

Sample Name Shell thickness Sonication Time RPM 

CSG1 3 nm 45 mints  14000 

CSG2 5-7 nm 3 hrs 14000 

CSG3 15-20 nm 3 hrs 12000 

 

We did several experiments but among all the synthesis procedure it is confirmed that 

at higher rpm of the centrifugation process helps in better extraction of water like solvent 

along with unnecessary surfactant from the final product of the composite material. This 

method also signifies that more time of shaking also enhances the spreading/decorating 

capability of silica coated CCTO on the surface of GO. 

3.2.4. Reaction Mechanism for CCTO@SiO2-GONanocmposites 

The reaction mechanism follows the concept of covalent bonding of silica and GO or 

amide bonds may play the role for the synthesis of CCTO@SiO2 NPs on the surface GO 

sheet. The reasons of choosing water as the suitable solvent as FTIR study has shown a clear 

image of C-N bond present in the composites which may arise due to the interaction between 

carboxylic -COOH, hydroxyl (-OH) or ether (-O-) of GO and -NH2 or SiO2 groups of 
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CCTO@SiO2 NPs. C-N bond is strongly polarized towards N due to the presence of lone pair 

in N which is why the dipole moment, arises making C-N bond soluble in water [216]. 

 

 

Schematic 3.2.1. Schematic steps of the sol-gel synthesis method of CCTO@SiO2 NPs 
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3.2.5. Investigation of Shape and Morphology of sheet like nanocomposites via HRTEM 

and FESEM 

 

Figures 3.2.1. (a), (b) and (c) are the HRTEM images of pure CCTO NPs, coated 

CCTO@SiO2NPs and GO, respectively. Figs. 3.2.1 (d), (f) and (h) illustrate the coating 

CCTO@SiO2 NPs GO named as CSG1, CSG2 and CSG3, respectively. Figs. 3.2.1. (e), (g) 

and (i) show the shell thickness of silica coated on CCTO NPs which are attached on the 

surface of GO layers of thickness 2-4 nm, 5-7 nm and 15-17 nm, respectively. Figs. 3.2.1. (j), 

(k) and (l) illustrates IFTT images with d-spacing values of pure CCTO NPs, CCTO@SiO2 

core-shell NPs and CCTO@SiO2 NPs over GO, respectively. 

mailto:CCTO@SiO2NPs.Fig
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Figure 3.2.2. (a), (b), (c) and (d) illustrates FESEM images of CSG1, CSG2 and CSG3 

derived nanocomposites synthesized from 2-4 nm, 5-7 nm and 15 nm CCTO@SiO2 core-shell 

NPs. Fig. 3.2.2. (e) 2 represents EDX data for CSG 2 nanocomposites. 

Table 3.2.2 represents EDX data for CSG 2 nanocomposite. 

 

 

 

 

CS1NS Wt. % At. % 

CK 35.90 46.15 

OK 46.05 44.15 

SiK 15.10 8.30 

CaK 2.39 0.32 

TiK 0.56 0.18 

Total 100.00  
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In Fig. 3.2.1(a), the HRTEM image suggests that uncoated pure CCTO has been 

successfully synthesized with a diameter range of 200 nm and length 500 nm. Fig. 3.2.1. (b), 

HRTEM micrograph has confirmed the formation of silica-coated CCTO (CCTO@SiO2) 

NPs, bearing silica shell thickness of 2-3 nm. GO sheet has been observed clearly in Fig. 

3.2.1(c) with the transparent pattern and layers which is alike reported earlier and further 

confirmed by FESEM images of  (Figs. 3.2.2 (a) and (b)).  

These layers like shapes are modified to folded like sheets in (Figs. 3.2.2 (c) and (d)), 

due to the interaction of the functional groups present on the GO sheets and experimental 

factors. From these images, it is also noticed that several random unshaped particles are 

attached to the layer of GO which may indicate the presence of CCTO@SiO2 core-shell 

particles. HRTEM images in Fig. 3.2.1(d) (low magnification) and Fig. 3.2.1(e) (high 

magnification) confirm the attachment/decoration of 2-3 nm thick silica-coated CCTO 

(CCTO@SiO2) core-shell NPs over GO surface. This could be possible only by the formation 

of enormous covalent bonding between GO and CCTO@SiO2 NPs which further have been 

confirmed through FTIR results. There are numerous possibilities of bonding which may 

include hydrogen molecular bonding due to the presence of secondary amine group of 

CCTO@SiO2 core-shell NPs,-COOH groups of GO, C-N covalent bond attached to the Si-O-

GO surface [268]. Composites were synthesized in the water medium to facilitate the 

formation of C-N bonds between -COOH, -OH or -O- of GO and -NH2 or SiO2 groups of 

CCTO@SiO2 NPs. C-N bond is strongly polarized towards N due to the presence of lone 

pairs in N so why the dipole moment arises making C-N bond soluble in water [210]. 

From Fig. 3.2.2(e) and Table 3.2.2., the EDS spectra of CCTO@SiO2-GO-2 (CSG2), 

confirmed that all the precursor materials i.e.SiO2, CCTO, CCTO@SiO2 including Cu, Ti, O, 

C and Si are present. GO property helps itself to undergo the formation of sheets which 

enhances the surface area of GO so its weight percentage is more compared to Cu, Ti, and Si 

whereas we have taken the same amount of CCTO@SiO2: GO (1:1) [295]. The dark colour 

particles represent Si coated CCTO and the brighter parts represent for the GO sheet NPs. 

Here many particles attached to the surface are seen to be less and not effectively coated all 

over the surface of the GO sheet. In the latter study, we will discuss the better coating of 

CCTO@SiO2 NPs on the GO sheet. Fig. 3.2.1. (e) gives a better idea of how CCTO@SiO2 



 

117 
 

NPs attached to the GO sheet. Figs. 3.2.1. (e), (g) and (i) clearly show the transparent nature 

of GO for single or few layers is due to GO impermeable property [296]. 

Fig. 3.2.1. (a) and Fig. 3.2.3. (b) represent the 15-20 nm coated silica (CCTO@SiO2) 

NPs are attached to the surface as well as it is shown that the excess of silica whatever 

attached to CCTO NPs has come out from the core-shell and formed agglomerations in few 

places. It may be due to the effect of excess sonication time or else increased rpm of the 

centrifugation process. Figs. 3.2.1(j), (k) and (l) illustrate the IFTT images with a d-spacing 

value of 0.525 nm, 0.419 nm and 0.398 nm for pure CCTO NPs, CCTO@SiO2 NPs and 

CCTO@SiO2 NPs over GO, respectively. 

 

Figure 3.2.3. (a) and (b) represents well spread silica-CCTO over GO for CSG2 and CSG3 

nanocomposites respectively. 

Figure 3.2.3. (a) shows an effective coating of CCTO@SiO2 on GO sheet as the dark 

coloured material is well spread over the brighter material. This is why in other images it is 

shown the brighter particles clearly but not in this image. It is a well-occupied material and 

may be due to the effect of stirring time which helps CCTO@SiO2 to absorb all over the GO 

sheet. The concept of adsorption signifies the morphology of CCTO@SiO2-GO composites 

that CCTO@SiO2 molecule acts as an adsorbate on the surface of GO sheet as an adsorbent. 

Fig. 3.2.1. (f) shows a near view of Fig. 3.2.3. (a) which helps us to see the particles very 

clearly.  
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3.2.6. Crystalline nature and Thermal Stability Study by XRD and TGA 

 

Figure 3.2.4 (a) and (b) illustrates XRD Pattern and TGA Thermogram of CSG1, CSG2 and 

CSG3 nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si coated CCTO NPs, 

respectively. 

The crystalline structure of the nanocomposite was confirmed by XRD. GO shows its peak in 

the range of 7-10º 2θ with Cu Kα radiation [297]. Inset Figure of Fig 3.2.4.(a) found to be 

very similar peaks for GO, pure CCTO and silica-coated CCTO NPs [125,191]. But after the 

reduced synthesis of CCTO@SiO2 -GO nanocomposites, GO is showing its peak at 25.2º 

with Cu Kα radiation. It may be due to GO is reduced with water or maybe with other 

precursor material of CCTO@SiO2 NPs. Earlier we discussed the bonding between 

CCTO@SiO2 and GO surface and here we conclude that GO converted to r-GO showing the 

peak range at 25.2 º (2θ) with Cu Kα radiation which confirms the crystallinity of GO NPs or 

it may happen that shifting causes may be due to the decrease of spacing between the layers 

of GO shown in Fig. 3.2.1. (j), (k) and (l) on reduction helps in the broad peak of GO at the 

peak value of 9 at 2θ shifted towards 25 making it more diffused i.e. small hump like a peak. 

Meanwhile, Fig. 3.2.4. (a) represents the other 2 theta values of 30.3º, 35.4º, 38.3º, 43.7º, 

46.4º, 49.1º, 63.2º and 74.2º like (211), (220), (310), (222), (321), (400), (422), and (440) 

shows the presence of CCTO patterns[150]. But it is not showing any peaks for silica. It may 

be due to very less weight percentage of Si is present in the material but the presence of silica 

is already confirmed from earlier EDX analysis in Fig. 3.2.2. (e). 

Fig. 3.2.4. (b) represents the TGA thermogram of CSG1, CSG2 and CSG3 

nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si coated CCTO NPs 

respectively at inert atmosphere, heating rate 10
o
C/min. It is clear that GO shows thermal 
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instability between RT to 1000
o
C. The factor of the highest percentage of coating or well 

spreading of material over the surface shows an exceptional behaviour as compared to 

another disturbed coating. It is mentioned earlier that a significant weight loss occurs in GO 

NPs [298]. The total weight loss % of CSG1and CSG2 is showing ~80%, 92% whereas 

CSG3 has shown only 50%. The less weight loss in the highest thickness coated 

CCTO@SiO2 is due to the presence of silica which has higher thermal stability. In the former 

case weight loss is showing mainly in between 150
o
C to 250

o
C and the loss % is ~25% and it 

may be due to the presence of some by-product gases like H2O, CO2 etc.CSG1 shows a 

gradual decrease in weight loss from 250
o
C to 900

o
C without any significant changes and its 

weight loss finally reaches 80%. But in the case of CSG2, the weight loss has been 

remarkably occurred in between 300
o
C to 500

o
C and the loss% is 92 %.  

3.2.7. Chemical Functionality through FTIR Spectra 

 

Figure 3.2.5. (a)  Illustrates the FTIR spectra of CSG1, CSG2 and CSG3 nanocomposites 

synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si coated CCTO NPs, respectively. Fig. 

3.2.5. (b) represented FTIR Spectra for precursor materials. 

Hence it is proved that the highest silica decorated CCTO core-shell NPs on the GO 

sheet is not thermally stable in nature. Contradict to both CSG1 and CSG2, the highest silica 

coated CCTO over GO i.e. CSG3 is showing the lowest 50 % of weight loss with maximum 

stability at high temperature 1000
o
C. The sudden weight loss may occur due to the breaking 

of the covalent bond between the amine group of silica and carboxylic acid (-

COOH)/hydroxyl (-OH) group of GO or other functional groups attached to the silica-coated 

CCTO have been decomposed between this range. 
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Figure 3.2.5. (b) represents FTIR spectra for GO, Pure CCTO NPs and CCTO@SiO2 

NPs, which resembles peaks like CCTO NPs at 560 cm
-1

,590 cm
-1

 and 450 cm
-1

 for Ti-O and 

Cu-O str while GO has shown peak near 1643 cm
-1

, 1095 cm
-1

 and 1198 cm
-1

 for aromatic 

C=C, C-O alkoxy group and C-O epoxy groups confirming the precursor for synthesized 

nanocomposites. Figure 3.2.5. (a) suggests the chemical functionality of the decorated 

CCTO@SiO2-GO composite. In this plot, it is clearly shown that the schematic diagram 

(Scheme 3.2.1.) of CCTO@SiO2-GO composite exists with the group functionality proof. 

The OH bond of the GO can be observed at 3413 cm
-1

. The stretching vibration band has seen 

at 1724cm
-1 

was associated with the stretching of the free -C=O or -COOH band which is 

arisen due to the unreacted carbonyl groups in GO with core-shell NPs. The characteristic 

peak of the silica can be seen at 1235 cm
-1

 (Si–O–Si, asymmetric stretching). 1570 cm
-1 

peak 

has been observed and is responsible for the formation N-C asymmetric stretching mode, it 

may be arisen due to the bonding interaction of amine group of CCTO@SiO2 NPs and 

hydroxyl of carboxylic group of GO NPs. The peaks of 563 cm
-1

, 557 cm
-1

 and 447 cm
-1 

show the presence of precursor material Ti-O, Cu-O and Ca-O bending modes respectively. 

GO has epoxy groups before the experimental synthesis procedure but after the required 

process, the nucleophilic O of the epoxy group may be converted to a hydroxyl group and 

electrophilic C-H group attached to the nucleophilic part of the Si-coated CCTO NPs [298, 

299]. CCTO is a perovskite material [283] and it does not have any organic functional group 

in the material so why coated Silica bearing functionalized amine group is helping in the 

fabrication of this nanomaterial composite.CSG-2 is showing the highest percentage of 

transmittance that means maximum frequency passed straight through this material without 

being absorbed as it is well spread over the surface of GO so why it is showing the highest 

value of transmittance. 

3.2.8. Raman Spectra analysis of CCTO@SiO2-GO nanocomposites 

After going through the literature of Raman spectra for CCTO, silica coated CCTO 

NPs and GO we have observed a very similar vibrational mode result for the precursors of 

nanocomposites of CCTO@SiO2-GO. Figure 3.2.6. (b) confirmed the peaks at 1353 cm
-1

 (D-

band) and 1593 cm
-1

 (G-band) for GO whereas very similar peaks were observed at 444 cm
-

1
,503 cm

-1
,572 cm

-1
,1122 cm

-1
 and 1324 cm

-1
 for CCTO as well as core-shell CCTO@SiO2 

NPs. Figure 3.2.6 (b) suggest the Raman spectrum of the synthesized nanocomposite as it is 

a non-invasive method to give huge information about the randomness of atoms, the thermal 

conductivity of a nanocomposite material [300]. 
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Figure 3.2.6. (a)  Illustrates the Raman Spectra of CSG1, CSG2 and CSG3 nanocomposites 

synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si coated CCTO NPs, respectively. Fig. 

3.2.6. (b) represented Raman spectra for precursor materials. 

The CCTO@SiO2-GO composite shows two important bands of Raman spectrum 

irradiated by an laser beam, showing significant and strong D peaks at 1386 cm
-1

, 1394 cm
-1

 

and 1353 cm
-1 

and G peaks at 1586 cm
-1

, 1602 cm
-1

 and 1602cm
-1

 for CSG1, CSG2 and CSG 

3 which is very similar to D band at 1350 cm
-1

 and G band at 1580 cm
-1

 of GO sheet [301]. 

TEM images of the material suggested the presence of multilayer of the prepared 

nanocomposite. As the number of graphene oxide layers increases the shift of spectrum 

occurs and it mainly depends on the polarization of atoms through various angles [302].  

Here it has seen that G band and D band for GO at 1602 cm
-1

 and 1394 cm
-1

 whereas 

TiO6 rotation like and O-Ti-O anti stretching show their peak at 439 cm
-1

 and 494 cm
-1

for 

highest coated CCTO@SiO2-GO-3. Its intensity is very high as compared to other decorated 

material is shown in below Table 3.2.2. The G band is shifted to 1602 cm
-1

 may be due to the 

presence of isolated organic unsaturated bonds in the material [303] which resonates at a 

higher frequency. To understand easily the concept of Raman modes of vibration of 

synthesized nanocomposites of CCTO@SiO2-GO, Table 3.2.2 has been attached below.
 

As the disorder randomness increases, Raman intensity increases with separate 

disorder peaks. It is proved that longitudinal optical phonon mode is active near the armchair 

edge, where transverse optical phonon mode is active near the zig-zag edge. So this the 

reason leads the G-band intensity is enhanced from 1580 cm
-1

 to 1602 cm
-1

. Hence, it is 

concluded that the polarization of the excitation layer is parallel to the armchair edge and 

perpendicular to the zig-zag edge. 
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Table 3.2.2.: Raman modes of vibration of newly synthesized nanocomposites of 

CCTO@SiO2-GO 

Name of the 

composite 

D-Band(cm
-1

) G-Band (cm
-1

) D-Band(intensity) G-Band(intensity) 

CSG1 1386 1586 371 391 

CSG2 1394 1602 953 1033 

CSG3 1353 1602 443 461 

 

3.2.9. UV-Visible analysis for sheet like decorated CCTO@SiO2-GO nanocomposites  

 

Figure 3.2.7. (a) and (b) illustrate UV-Vis NIR Spectrums of pure CCTO NPs, GO NPS, 

CSG1, CSG2 and CSG3 nanocomposites synthesized from 2-4nm, 5-7 nm and 15-17 nm Si 

coated CCTO NPs, respectively. 

Figure 3.2.7. (a) shows the UV-Visible spectra in which GO is showing the highest 

intensity peak whereas other coated CSG1, CSG2 and CSG3 nanocomposites, as well as pure 

CCTO, shown a very less intensity. The effect of coating on GO is not allowing to occur the 

excitation of electrons from the surface in addition to the absence of high-intensity peaks.  

This above figure clearly shows the absence of π-π interactions of graphene oxide with any of 

the CCTO@SiO2-GO nanocomposites where PGO is showing a clear excitation near 570 nm 

[212, 304]. 
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3.2.10. Study on frequency and temperature dependence dielectrics of CCTO@SiO2-GO 

nanocomposite: Dielectrics behaviour with respect to change in frequency 

Table 3.2.3: Indicating the relative ε′ and ε′′ of CCTO@ iO2-GO sheet like Nanocomposites 

at various frequency region 

Frequency

(Hz) 

CSG1(ε′) CSG2(ε′) CSG3(ε′) CSG1(ε′′) CSG2(ε′′) CSG3(ε′′) 

2×10
2
 Hz 15.03 79873.9 66.55 397.88 6.2434E6 5.07 

1 × 10
3 

Hz -9.65 4921.3 53.04 15.03 105888.5 -2.47 

5 × 10
3 

Hz 0.04 1674.9 60.3 -16.4 20350.8 -9.68 

1× 10
4 

Hz 9.5 1149.5 66.78 -15.77 10059.6 -8.5 

5 × 10
4 

Hz 16.44 572.8 70.07 -7.15 2239.4 -0.96 

1 × 10
5 

Hz 19.22 448.23 69.29 -13.03 1199.9 -3.26 

5 × 10
5 

Hz 39.04 259.67 69 -14.55 338.37 -12.41 

1 × 10
6 

Hz 61.03 192.73 102.2 -3.38 208.98 -16.2 

2 × 10
6 

Hz 52.89 122.05 117.09 33.1 116.36 26.92 

 

Table 3.2.4: Indicating the relative impedance constant and loss data of CCTO@SiO2-GO 

Nanocomposites at various frequency region 

Frequency 

(Hz) 

CSG1(Z′) CSG2(

Z′) 

CSG3(Z′) CSG1(Z′′) CSG2(Z′′

) 

CSG3(Z′′) 

2 × 10
1
 Hz 4.77569E

7 

2953.2 1.55391E-

11 

2.9788E6

  

33.49  5.1888E-

12 

1 × 10
3 

Hz 1.79215E

7 

4433.1 1.58087E-

11 

1.44526E

7  

192.17 7.20277E-

13 

5× 10
3 

Hz 4.9876E6 4642.7 1.80118E-

11 

1.247E6 338.89 2.928E-12 

1 × 10
4 

Hz 2.3954E6 4608.3 2.00809E-

11 

868213

  

441.6 2.594E-12 

5 × 10
4 

Hz 275739.3 4269.5 2.10168E-

11 

428790

  

919.27 2.13612E-

13 

1 × 10
5 

Hz 120973.1 3859.4 2.05731E- 131754.6 1223 8.04998E-
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11   13 

5 × 10
5 

Hz 7568.3  2176 2.0031E-11 17500.5

  

1459.5 2.9909E-

12 

1 × 10
6 

Hz 553.98  1558.8 2.92046E-

11 

6234.5  1292.7 3.6693E-

12 

2 × 10
6 

Hz 1566.6  1254.5 3.1197E-11 2519  1205.2 8.354E-12 

 

Fig. 3.2.8. (a) represents the plot for the variation of dielectric constant, with respect 

to frequency, range from 1×10
3 

Hz to 1 ×10
6
 Hz for of CSG1, CSG2 and  CSG3 

nanocomposites synthesized from 2-4nm, 5-7nm and 15-17 nm  SiO2 coated CCTO core-

shell NPs respectively. Although the experiment was started at 20Hz as lowest frequency, 

due to an instrumental error we have avoided the data from 20Hz and have shown from 1×10
3
 

to 2×10
6 

Hz. Complete data including dielectric along with impedance constant have been 

attached in Table 3.2.3. and Table 3.2.4. Fig. 3.2.8. (a) and 3.2.8. (b) have clearly shown 

about CSG2 which is showing the highest dielectric constant ε′ of ~3×10
5
 and loss of ε″ 

~1×10
6
 at 1×10

3
 as due to the highest decoration property. The HRTEM image of Fig. 

3.2.3(a) includes CSG2 nanocomposite and the coated CCTO NPs is well-spread all over the 

GO sheet. In the bearing of high dielectric constant nature of CCTO NPs over GO enhances 

the dielectric values as compared to other CSG1 and CSG3 nanocomposites. But the same 

composite is remarkably showing a giant value of constant ε′ and loss ε″ of 7.9×10
5 

and 

6.2×10
6
 at 20 Hz. In comparison to CSG2, the other two composites i.e. CSG1 and CSG3 

show dielectric constant ε′ of 9 and 53 with loss ε″ of 15 and -2 at the same frequency. 

Dielectric values are very low, due to surface area covered by the CCTO@SiO2 core-shell 

NPs over GO NPs, which helps in a net polarization of dipoles or atoms present in both the 

material in the presence of an applied electric field. When an electric field is applied to the 

material of CSG1 and CSG3 it is not capable to show atomic polarisation effectively so why 

it shows very low dielectric constant ε′ as compared to CSG2, wherein CSG2 core-shell NPs 

helps in the atomic polarisation. 
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Figures 3.2.8.(a), (b), (c) and (d) Illustrate the Variation of dielectric constant (ε′), dielectric 

loss (ε′′), impedance constant (Z′) and impedance loss (Z′′) with respect to frequency of 

CSG1, CSG2 and  CSG3 nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm Si 

coated CCTO NPs, respectively. 
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Another reason can be attributed for the high constant and loss of CSG2 once the 

frequency reached up to 1×10
4
 Hz may be due to the dropping of dipole motion of dipole 

active atoms [282]. The dipoles present in the less decorated material i.e. CSG1 and CSG3 

are dropping with an increase in frequency is due to less and more number of dipole active 

atoms respectively. As the number of dipoles is less the friction between dipoles against the 

surface of the precursor sheet will be less and contributes to the decrement of charge 

polarization attached to the material helping in the increment of dielectric constant ε′. But in 

the case of CSG2, the number of dipoles are more, leads to less polarization of charges hence 

dielectric constant ε′ decreases. The higher the dielectric loss ε′′ of silica coated CCTO-GO 

nanomaterial than the constant ε′ CSG2 can be used in microwave technology as it may be 

due to the microwave property shown by the CCTO or Silica. This phenomenon can be used 

for application in microwave appliances [276]. CSG1 and CSG3 are showing a variable 

property which is not common in the dielectric study. The explanation for why the dielectric 

property shows a significant variation with the increase in frequency at constant room 

temperature is that it may be due to the dipoles like silica, ammine or CO2 present in the 

material arises friction which goes against dipole motion and helps in dropping of constant 

[268].  

Another significant variation of this nanocomposite may be due to the forces of 

attraction present in the material. We have already discussed a study about the presence of 

permanent dipoles inside the material, which may be affected by electronic polarization that 

leads to the electron shifting within the molecules. In a few cases, it is showing a negative 

dielectric constant and it may be due to the contribution of restoring force present in the 

isotropic sheet-like the structure of GO NPs [213]. 

From the above discussion, it is clear that only CSG2 is showing the best result of 

dielectric constant as compared to other coated nanocomposite. Fig. 3.2.8.(c) and (d) confirm 

that CSG2 nanocomposite is giving the lowest impedance value of ~ 10 
3
whereas another 

composite is giving the value up to ~ 10
7
. It confirms that CSG2 has a lower conductivity of 

electrons compared to other composites [211]. 
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3.2.11. The temperature dependence of the dielectric properties of silica coated CCTO-GO 

nanocomposite  

 

 

Figures 3.2.9. (a), (b) and (c) Illustrate the Variation of dielectric constant with different 

temperature from RT to 400
o
C at variable frequency region of CSG1, CSG2 and CSG3 

nanocomposites synthesized from 2-4 nm, 5-7 nm and 15-17 nm  Si coated CCTO 

respectively. 
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The temperature dependence of the dielectric behaviour of silica coated CCTO-GO 

composite shows a variable observation. As from earlier studies, it is clear that there can be a 

variation of dielectric constant with increase in temperature and it may be due to the 

crystallinity of the material or atomic arrangement or some other physical behaviour like the 

presence of permanent dipoles like secondary amines. The presence of secondary amine 

groups in the material shows the presence of H- bonding attached to the N- atom which leads 

to the permanent dipole effect, slightly less, but still, it behaves like a permanent dipole(See 

scheme 3.2.1 for bonding interaction).  

Earlier studies give the information that the presence of permanent dipole inside 

material will contribute to the significant variation of dielectric constant ε′ with temperature 

which can be explained in our study. The CSG2 material shows the best dielectric flow as we 

see in Fig. 3.2.9 (b). Fig. 3.2.9 (b) shows an explanatory image of temperature dependence 

dielectric behaviour. It shows the decrease of ε′ from 7×10
2
 to 3×10

2
 with the temperature 

range from RT to 175°C may be due to the loss of organic groups like hydroxyl or amine 

groups, which have reached their respective boiling points and ceases the charge polarization. 

But after reaching 175°C, ε′ started to increase till it reaches up to a higher temperature and 

can be explained based on the occurrence of structural disturbance. The structural disturbance 

may occur due to the vanishing of hydroxyl /COO- groups in GO to form numerous bonding 

interactions with the amine or silica group of core-shell CCTO@SiO2 NPs and make it as 

defective structure. The formation of covalent C-N or VanderWaals O-Si –H may also play 

the variation of dielectric constant. Fig. 3.2.9 (a) and (c) images of CSG1and CSG3 have 

given an idea that with an increase in shell thickness of silica coated CCTO on GO sheet the 

dielectric constant is also increasing. Here CSG3 gives highest ε′ of ~ 1.3×10
4 

(Fig. 3.2.10.) 

while CSG1 and CSG2 are giving around 1× 10
3
 and 1× 10

2
. These two composites have 

shown an irregular dielectric behaviour as compared to CSG2. Fig. 3.2.9. (a) shows that at 

high-temperature, ε′ is slightly decreasing may be due to the polarity effect. The polar groups 

present in the material like SiO2 affects the disturbance to the alignment of dipoles like 

leftover substituted amine for which it causes to decrease of ε′ at high temperature [198, 

305].   
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Figure 3.2.10. represents temperature dependent plot with variable frequency of highest 

thickness coated silica-CCTO over GO for CSG3 nanocomposite. 

Hence, CSG3 composite possessed a high dielectric constant up 10
4 

value is due to the 

more amount of silica present in the material (Figs. 3.2.3 (a)) and 3.2.10. also confirmed that 

this composite is even stable up to 550°C possessing constant up to ε′ ~ 1.15×10
4
 ~ 1.3×10

4 

for 500 kHz and 700 kHz respectively with all other frequency in descending order. 

3.2.12. Cole-Cole plot for sheet like nanocomposites 

These three synthesized nanocomposites of GO-CCTO@SiO2 are showing a very 

dissimilar type of Cole-Cole plot among, ranges in low as well as the high-frequency region. 

Fig. 3.2.11.(a) CSG1 and (c) CSG3 represent two semicircle segment proving the presence of 

two types of dielectric relaxation for decorated material as the dipoles present in them have 

relaxed twice [202]. This type of two semi-circles have taken place due to the interaction of 

basal plane and functional groups like epoxy (-O-), carboxyl (-COOH)or hydroxyl (-OH)  

groups present in GO with applied field or may be due to interfacial polarization occurred 

due to decoration between GO and core-shell NPs which is mentioned in our previous work 

[268]. CSG2 with the highest decoration has shown a distorted semicircle may be due to 

relaxation caused by loss of conductivity in CCTO NPs.In the case of CSG2, all dipoles have 

relaxed in a single phase of time wherein the case of CSG1 and CSG3 have accomplished 

with two relaxation time resulting in them to two semicircles. Hence highest decorated 

material has shown a perfect Cole-Cole plot than other synthesized composites. 
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Figures 3.2.11. (a), (b) and (c) represent the Cole-Cole plot in the low and high-frequency 

region for of CSG1, CSG2 and CSG3 nanocomposites, respectively. 
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3.2.13. Part IB-Conclusion of CCTO@SiO2-GO nanocomposites 

In this work, a series of CCTO@SiO2-GO nanocomposites have been prepared 

through a novel synthesis method. Silica-coated CCTO NPs decoration over the surface of 

GO plays the vital for the successful synthesis which mainly considers few environmental 

conditions like balanced atmospheric condition, Stirring and centrifugation rpm, sonication 

time duration and amount of solute. It shows a variable study of dielectrics with respect to the 

different temperature and frequencies. The material shows a high ε′ of 1.5×10
4 

after 500°C 

which can be used as a good dielectric material for the electronics device use as sensors, 

charge storage devices etc. But a high loss was also observed more than constant at 

corresponding frequencies lead to its use in the microwave electronics device industry. 

Concluding to this chapter, the prepared nanocomposite can be used as a good dielectric 

material with the variation in the thickness of silica decoration over CCTO NPs and GO 

sheet. Even though many reports have given an idea about being used in wide areas, however, 

our work has established new nanocomposites which can be used in designing new functional 

electronic devices and electrochemistry.  
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RESULTS AND DISCUSSION 

Part II. Amino acid Based Polymeric Nanobiomaterials 
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Part IIA (Objective 3): Target to develop biocompatible synthetic polypeptidicnano micelles 

of [PEG-b-PBLG5-b-PBLA18]  

Amino acids Precurssors             Precurssor Polymer                                 Triblock Copolymer 

 

 

 

 

 

 

 

 

Figure 3.3.A. Objective diagram for stimuli responsive biocompatible synthetic polypetidic 

nano micelles [α-OMe-ω-NH-PEG-b-(PBLG)5-b-PBLA)18] 

3.3.1 Abstract  

This work represents the successful synthesis of self-assembled nano micelles of 

triblock copolymer of α-methoxy-ω-amino Poly(ethylene Glycol)-L-Glutamate-L-Aspartate 

[MeO-PEG-NH-b-(L-GluA)5-b-(L-AspA)18]/[PEG-b-PBLG-b-PBLA] through modified ring-

opening polymerization approach of NCAs L-Glutamic acid- γ-benzyl ester and L-aspartic 

acid-δ-benzyl ester. HRTEM have confirmed the average sizes of micelles range of     13 nm 

and     22 nm for triblock [PEG-b-PBLG-b-PBLA] and diblock [PEG-b-PBLG] copolymers, 

respectively. The Laser Confocal study has given the concrete evidence on the formation of 

micelles in the presence of the solvent medium. The folding, unfolding behaviour with 

several stimuli action was investigated detailed through dynamic light scattering, Zeta 

potential and Circular dichroism studies. The synthetic polypeptides exhibited self-

assembly behaviour and finally formed a stage of denatured protein due to the change in 

temperature and pH ranges. It is revealed that at pH 8 and 35°C, polymers exhibited the 

highest percentage of β-sheets and random coils. These polymers exhibited a significant 

protein folding behaviour with more percentage of random coils and antiparallel β-sheets 

L-Glutamic 

acid-γ-Benzyl 

ester/NCA-

BLG 

 [α-OMe-ω-

NH-PEG] 

L-Aspartic 

acid-δ-Benzyl 

ester/NCA-

BLA 

 

[α-OMe-ω-NH-

PEG-b-

(PBLG)5-b-

PBLA)18] 
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formation due to the presence of active -COO
- 
and -NH3

+
 groups on the surface of the 

micelles. Zeta potential analysis result supports the highly colloidal stability of polymer 

micelles with δ value of - 45 mV. Biocompatibility of the block copolymeric micelles 

was confirmed using against MDA-MB231 cell lines through MTT assay. Finally, the 

antibacterial activities for both the polymeric micelles were studied through the broth 

microdilution method and found to be effective both for gram (-) E.coli and gram 

(+) Staphylococcus aureus. It is revealed that the triblock copolymeric micelles inhibited the 

growth of the gram (-) E.coli at a very minimum concentration of 0.0048mg/ml. Thus the 

present work directed that the synthesized di-/tri-block-polymers and their micelles could 

have potential uses in biomedical and for therapeutic applications. 

3.3.2. Introduction and Motivations 

Herein, we have synthesized ABC type triblock copolymer of α-methoxy-ω-amino-

(poly ethylene glycol)–L-glutamic acid-L-aspartic acid, i.e. [MeO-PEG-NH]-b-(PBLG)5-b-

(PBLA)18] by ring-opening polymerization method of NCAs and studied various biomedical 

applications including antibacterial activity due to its colloidal properties like self-assemble 

nature with temperature and pH responsive behaviour for biological activities inside the 

body, very minute sized micellar morphology, and thermal stability. We have earlier reports 

on diblock copolymer [PEG-b-PBLG] with its characteristic properties. However, the 

detailed study on folding, morphology, versatile biological application scope and size 

variation with the adverse effects such as pH and temperature have not reported yet [241].We 

have considered amino acid chain as our primary backbone of the polymer due to its 

associative nature [242], unique colloidal properties [243], and biocompatible nature [244] 

which further can be used for various pharmaceutical and medical applications [245]. 

Morphology of numerous shapes of these type polymers can also exhibit significant results in 

physio-chemical behaviour[246-248] Very small polymeric micelles (d ~10nm) can be used 

as a drug delivery vehicle for targeted therapy and other biomedical applications. Present 

work is extended on the protein folding nature with changing the pH from 4 to 10 and 

varying the temperature from 20°C- 50°C using Circular dichroism of our polymeric 

micelles. Further, we have studied the biocompatibility of the synthesized polymers through 

MTT assay. Finally, the antibacterial susceptibility for polymer micelles was investigated 

using gram (+) staphylococcus aureus and gram (-) E.coli at a very minimum dilution of 

polymers. The antibacterial study provides information for the future applications of our tri-

block-copolymers. 
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3.3.3. Synthesis of a triblock copolymer of [PEG-b-PBLG-b-PBLA] 

The detailed synthesis method has been discussed elaborately in chapter 2 and section 

2.3. This method involves the conversion of acid to anhydride with the help of a reducing 

agent triphosgene which is highly hygroscopic. Few gm of  PEG was added to a solution of 

NCA BLG and allowed for few days hrs of reaction till it produced a shiny pale yellow solid. 

After the intermediate reaction is completed, we have added the dissolved solution of NCA 

BLA with dry THF to the [PEG-b-BLG] solution. The reaction mixture turned into a 

transparent solution after the addition of NCA BLA. The reaction mixture was again allowed 

to stirrer maintaining optimized environmental parameters. After the completion of the 

reaction, the mixture was evaporated and purified through recrystallization method (hexane 

and THF, 1:1). Then hydrogenation was performed using Pd-C, H2/THF to obtain the final 

block copolymer.The synthesized product was collected and allowed for freeze-drying.  

 

3.3.2.1. Cell Viability Study and MTT assay 

The standard methyl thiazolyltetrazolium (MTT) assay was used for the bio-

compatibility test of the above polymeric micelles using MDA-MB231 cells (obtained from 

National Centre for Cell Science (NCCS), Pune, India). Cells were cultured in Dulbecco‟s 

Modified Eagle medium (DMEM) supplemented with 10% heat-inactivated fetal bovine 

serum (FBS), 100 units/ml penicillin, 100µg/ml streptomycin and cultured at 37
o
C, 5% CO2 

humidified incubator. Details of the methods have been discussed in our previous reports 

[174]. 

 

3.3.2.2. Antibacterial activities Studies against different bacterial models 

In vitro antibacterial susceptibilities of polymeric micelles were investigated by broth 

dilution method using two microorganism gram negative ATCC bacterial strains of 

Escherichia coli (ATCC-25922) as well as with gram positive Staphylococcus aureus 

(ATCC-25923). The bacterial strains were taken and maintained at 4°C. Briefly, 5µl of the 

bacterial culture in each segment of 96-well plate followed by 150µl of broth containing 50µl 

different concentrations (1.25mg/ml with serial dilution up to 0.0048 mg/ml) of samples 

[PEG-b-PBLG-b-PBLA] and [PEG-b-PBLG5-b-PBLA18], and incubated for 24hr at a 

physiological temperature 37°C for both the bacterial strains. The last segment was the tenth 

segment consisting of bacterial strains but without any sample medium. We have studied the 

antibacterial activities of polymeric micelles with different types of bacteria and have found 
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the effectiveness of our materials for further biomedical applications. All the samples were 

characterized by suitable methods. 

3.3.4. Reaction Pathway for the formation of [PEG-b-PBLG-b-PBLA] block copolymer 

 

 

Schematic 3.3.1: The mechanistic pathway involved in the synthesis approach of polymers 

through ring-opening polymerization of [PEG-b-PBLG-b-PBLA]. 

In short, the AB diblock copolymer of PEG-b-BLG has been synthesized first then the 

new block of NCA BLA has been attached to the electron-rich N-terminal of glutamate 

forming an amide -(C=O)-NH2 bond. For better understanding, we have designated prepared 

samples as diblock [PEG-b-BLG] polymeric micelles and triblock [PEG-b-BLG-b-BLA] 

polymeric micelles before catalytic hydrogenation method. The mechanism followed the 

ring-opening polymerization method to develop di and triblock copolymer following 

dehydrogenation method. 
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3.3.5. Structural Confirmation through 
1
H NMR Analysis 

 

 

 

Figures 3.3.1. (a) and (b) represent the 
1
HNMR results of diblock copolymer [PEG-b-BLG] 

and triblock copolymer of [PEG-b-BLG5-b-BLA18] before catalytic hydrogenation, 

respectively. Where p= no. of CH2 units of PEG, n= no. of CH2 units of glutamate and m= 

no. of CH2 units of aspartate, (See Scheme 3.3.1). 
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Figure 3.3.1. (c) and (d) represent the cross-sectional H
1
NMR data of diblock copolymer of 

[PEG-b-PBLG] and triblock copolymer of [PEG-b-PBLG-b-PBLA] after catalytic 

hydrogenation respectively. Where n= no. of CH2 units of glutamate and m= no. of CH2 units 

of aspartate. 

(c) 

(d) 
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Figure 3.3.1. (a) represents the 
1
HNMR results of [PEG-b-BLG5] diblock copolymer 

before catalytic hydrogenation which confirms the presence of n = 5 number of glutamic –

CH2– units attached to the linear backbone of (MeO-PEG-NH2). This also confirmed from 

the number of –CH2 units in below MALDI results [241, 306].
 1

HNMR results confirm the 

presence of δ = (7.20, 5H, an aromatic proton of (BLG)5, δ = (7.0, CDCl3), δ = (5.21, Ar-

CH2-), δ = (3.36, 452H, CH2 group of MEO-PEG-NH2), δ = (3.4, -OCH3) δ = (3.1, CH2 alpha 

to C-N bond), δ = (2.26,11H, CH2 group (BLG)5 and δ = (1.9, 3H, -CH3). Whereas after 

addition of third block i.e, NCA BLA to diblock of [PEG-b-BLG], it has been calculated the 

presence of n = 18 number of –CH2 units, showing 46 units of around δ 2.3 (see in Fig. 3.3.1. 

(b)). Fig. 3.3.1(b) shows that additional n = 10 number of –CH2 units have been attached to 

the amide backbone of diblock and the other proton active bands present at δ =  (7.33, 12H, 

an aromatic proton of glutamic acid and aspartic acid with CDCl3), δ = ( 5.603, 3H, a 

benzylic proton), δ = (3.7, 452H, -a CH2 group of MEO-PEG-NH2) and δ = (2.261, 46H, -

CH2 group of glutamic acid, and aspartic acid). The synthesized benzylated triblock polymer 

[PEG-b-BLG5-b-BLA18] has shown the shifting of methylene group from δ = 2.279 to δ = 

2.209 due to the shielding effect caused by the more number of proton signals towards TMS. 

Fig. 3.3.1. (c) represents the near view cross sectional NMR data of [PEG-b-PBLG] 

diblock copolymer of after catalytic hydrogenation and very similar peaks to [PEG-b-BLG], 

however, there is the absence of benzyl protons. Fig. 3.3.1. (a) and (b) have shown the 

diastereoselective nature of polymer with 1:2 ratio. These figures confirmed the more 

diastereoselective property of the diblock and triblock copolymer before catalytic 

hydrogenation than after hydrogenation (1:1.2). The diastereoselective data for [PEG-b-

PBLG]: [PEG-b-PBLG-b-PBLA] explained the lower intense peak was integrated into one 

and the higher intense band was calculated with respect to the lower which shows 2:1 

diastereoselectivity after hydrogenation. Thus, 
1
HNMR study confirmed that the amino acid 

based NCA BLA groups are attached to the backbone of di-block polymer [PEG-b-BLG] 

successfully and the polymeric micelles are diastereoselective in nature. This result is 

promising in controlling the folding behaviour of the synthesized copolymers that have been 

explained in the subsequent section through the CD study. 
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3.3.6. Chemical Functionality and Molecular Weight Confirmation by FTIR and MALDI-

TOF Analysis 

 

Figures 3.3.2. (a) represents the FTIR spectra of type triblock copolymer of [PEG-b-PBLG-

b-PBLA], before [PEG-b-BLG-b-BLA] and after catalytic hydrogenation [PEG-b-PBLG-b-

PBLA], respectively and (b) MALDI-TOF of triblock copolymer of [PEG-b-BLG5-b-BLA18] 

before catalytic hydrogenation. 

 Figure 3.3.2. (a) shows the FTIR spectra of [PEG-b-PBLG5-b-PBLA18] triblock 

copolymer before and after catalytic hydrogenation of ABC copolymer. The characteristic 

bands appeared   at 3484 cm
-1

 (O-H str. of terminal acid), 3331 cm
-1

 (N-H str), 2873 cm
-1

 (C-

H str of –CH2 units), 1718 cm
-1

 (α-NH Carboxylic acid group), 1654 (amide, C=O), 1560 cm
-

1
 (2° amide), 1466 cm

-1
 ( C-H def) in methylene group and 841 cm

-1
 (-CH2 rocking). For 

triblock b-ABC bands appeared at 1651 cm
-1 

( for amide I, -CONH2), 1545 cm
-1 

( for amide 

II, -CONH-), 1738 cm
-1

 (for benzyl ester, C=O) .The bands for benzyl ester at 1738 cm
-1

 (-C-

O of MeO-PEG-NH2)  have disappeared due to the catalytic hydrogenation. Presence of 

absorption band at 1651 cm
-1

 is due to the α-helical structure which further has been 

confirmed through CD spectroscopy study [266]. Thus FTIR results exhibited that benzyl 

ester group gas been removed successfully by hydrogenation using H2/C/Pd from [PEG-b-

BLG-b-BLA] polymer [306-309]. Due to the removal of the benzyl group from the polymeric 

chain increases the biocompatibility of the synthesized polymers. The newly synthesized 

triblock copolymer of [PEG-b-PBLG-b-PBLA] after catalytic hydrogenation exhibited more 

intense band in FTIR spectra than [PEG-b-BLG-b-BLA] polymer, which happened due to the 

introduction of the additional number of functional groups as the new block produces several 

transmissions causing factors. Further, the FTIR spectra confirmed the presence of pure 
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triblock copolymer with targeted functional groups like amide, carboxylic, hydroxyl and C-N 

groups for targeted delivery to the human cell. 

 

Figures 3.3.2. (c) and (d) represent the MALDI data of NCA BLG which is a precursor for 

the synthesis of diblock copolymer [PEG-b-PBLG-b-PBLA], before catalytic hydrogenation 

respectively. 

 Figure 3.3.2. (c) and (d) represent the molecular weight measurement results 

acquired from MALDI-TOF of NCA-BLG which has been used as a precursor for the 

synthesis of triblock copolymer [PEG-b-BLG5-b-BLA18]. The results clearly revealed the 

molecular weight increases from ~ 4900 Dalton to 5890 Dalton after the polymerization to 

form diblock [PEG-b-BLG5]. Fig. 3.3.2. (b) further shows the stepwise addition of monomers 

and the increment of the molecular weight with respect to the band intensity of the starting 

material. Previous reports have explained that with the addition of new blocks, the molecular 

weight of the new polymer can be increased in many ways [310-312]. Fig.3.3.2. (b) exhibited 

a band at 10331 Dalton confirming the successful synthesis of [PEG-b-PBLG5-b-PBLA18] 

triblock copolymer with an attachment of n=18 number of –CH2- units of a new block named 

“C” block of NCA BLA attached to the backbone of AB-type diblock (see Schematic 3.2.1). 

3.3.7. Morphology and Size Analysis by using TEM 

 The HRTEM micrographs (Fig. 3.3.3. (a)-(c)) revealed the morphology of the 

di-block polymers synthesized in this work. From HRTEM it is observed that the triblock 

copolymer micelles of [PEG-b-PBLG] are distorted spheroid in shape which is mainly due to 

the self -assembly behaviour of charged ions in the solvent medium [313, 314].  
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Figures 3.3.3. (a-c) represent the HRTEM micrographs of diblock copolymer micelles of 

[PEG-b-PBLG] from lower to higher resolution. Figs. 3.3.3(d), (e) and (f) illustrate the 

distorted shape of the triblock copolymer micelles of [PEG-b-PBLG-b-PBLA]. Figs. 3.3.3(g), 

(h) and (i) show the ribbon type triblock copolymer of [PEG-b-PBLG-b-PBLA] at various 

ranges of 100 nm-200 nm. Figs. 3.3.3. (j) and (k) are the particle size distribution of [PEG-b-

PBLG-b-PBLA] triblock copolymer and [PEG-b-PBLG] diblock copolymer, respectively  

 From Figs. 3.3.3(d), (e) and (f) we observed the distorted shape of the triblock 

[PEG-b-PBLG-b-PBLA] micelles. From HRTEM it is observed that the tri-block copolymer 

micelles are seen to be less distorted spheroid in shape than the di-block copolymer, which is 
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observed due to the self-assembly behaviour of charged ions of more number of hydrophobic 

groups in a solvent medium. The average size of the micelles has been calculated to the range 

of 10-60 nm (see size distribution profile Figs. 3.3.3. (j) and (k)). The calculated average 

sizes of [PEG-b-PBLG-b-PBLA] and [PEG-b-PBLG] polymeric micelles are found to be 13 

nm and 22 nm, respectively. Although [PEG-b-PBLG-b-PBLA] polymer is having higher 

molecular weight than the [PEG-b-PBLG] copolymer, the [PEG-b-PBLG-b-PBLA] 

copolymer micelles exhibit smaller size in comparison to [PEG-b-PBLG-b-PBLA] polymer 

due to the association and interaction with the solvent (water) and intermolecular chains 

medium. Another reason for low radii of triblock copolymer micelles is due to hydrophobic 

part –O– ether groups are removed with hydrogenolysis. 

 Fig. 3.3.3. (g) shows the cross-linked mosaic pattern of size in the order of 1µm. 

Figs. 3.3.3. (h) and (i) are showing the ribbon shaped for [PEG-b-PBLG-b-PBLA]copolymer 

micelles/ fibrils of size in the diameter of the order of 100nm.  The variation of morphology 

for tri-block polymers is observed due to the change in the sample preparation method and 

parameters using deionized H2O under ultra-sonication for a few minutes. There may be 

chances of electrostatic forces of attraction caused by the solvent on the surface of polymer 

attracted positive and negative charged ions like -COO
-
 and -NH3

+
  groups leading to the 

formation of fibril like structure [315, 316]. 

3.3.8. XRD and TGA Analysis for the crystallinity and thermal stability of block copolymer 

Earlier it has been reported that block-co-polymers are mostly semicrystalline in 

nature [306].  From XRD (Fig. 3.3.4. (a)), it is observed that di- and triblock polymers 

synthesized in this work are semicrystalline in nature. From XRD the diffraction peaks 

appeared at 2 = 19.3, 23.2, 26.7, 27.9, 36.4 and 40.5, respectively for the presence of 

smaller domain of the crystalline region of the polymeric matrix of di- and tri-block 

copolymers. The intensity of the XRD peaks for di-block copolymer [PEG-b-PBLG] is more 

compared to the triblock [PEG-b-PBLG-b-PBLA] copolymers.  Therefore, with the addition 

of the third block to the di-block copolymer results in the decrease in the crystallinity. Less 

crystalline triblock copolymer [PEG-b-PBLG-b-PBLA] is more useful in biomedical science 

as it can be degraded easily compared to the di-block copolymers [317]. 
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Figures 3.3.4. (a) and (b) represent XRD plots and TGA thermogram of [PEG-b-PBLG-b-

PBLA] triblock copolymer and a-AB diblock copolymer of [PEG-b-PBLG], respectively. 

Thermal stability of the different block copolymers has been studied through TGA 

(Fig. 3.3.4. (b)) and found that the triblock copolymer [PEG-b-PBLG-b-PBLA] is more 

stable compared to the di-block copolymers [PEG-b-PBLG]. Degradation of [PEG-b-PBLG-

b-PBLA] polymers has occurred only at a higher temperature (say at 400°C) compared to the 

di-block copolymers. For di-block copolymer a continuous weight loss is observed before 

200°C. However, for [PEG-b-PBLG-b-PBLA] polymer the weight loss before 400°C is 

occurred mostly due to the loss of volatile components present along with more number of 

organic groups attached to the backbone of polymer in the sample. But after 400°C, [PEG-b-

PBLG-b-PBLA] is showing comparative less weightless till 800°C due to the covalent 

bonding associated in the polymer. Thus the synthesized tri-block copolymer [PEG-b-PBLG-

b-PBLA] is thermally more stable compared to the di-block copolymer [PEG-b-PBLG], 

owing to the possible uses at a relatively higher temperature in the solid phase [251]. 

3.3.9. Electronic excitation Study through UV-Visible Spectroscopy 

The broad absorption band appeared in UV-Vis spectra indicates the presence of 

chromophoric groups such as -(C=O)-NH2 and (-C=O) (at 220 nm and 206 nm, respectively). 

These bands appeared due to the free electron transfer from nonbonding to  antibonding 

orbital causing n→* and →* transitions for carbonyl and amide bonding. We have 

scanned the UV-Vis absorption of [PEG-b-PBLG-b-PBLA] triblock copolymer at room 

temperature (RT) by varying pH from 4-10.
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Figures 3.3.5. (a) and (b) represent the UV-Vis spectra for triblock copolymer of [PEG-b-

PBLG-b-PBLA] at the range 190-300 nm and 450-550 nm, respectively. 

From Fig. 3.3.5., it is obvious that with the decrease in pH the intensity of absorption 

bands decreases as the number of active acid chromospheres in the solution medium 

increases and lead to the broadening of the absorption bands. However, the number of active 

amine chromospheres increases at pH 10 resulting in a sharp and intense absorption band. A 

very small absorption band at 489 nm appeared indicating the presence of protein (-NH2) and 

–OH groups [318]. Figure 3.3.5. (c) is also showing absorption due to the occurrence of a 

similar mechanism of the copolymer of [PEG-b-PBLG] with a wavelength of maximum at 

196 nm causing by carbonyl groups associated in them.  

 

Figure 3.3.5. (c) illustrates UV graph of a-AB diblock copolymer of [PEG-b-PBLG] 
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3.3.10. Morphological and biological shape through Laser Confocal Scanning Microscopy 

 

Figure 3.3.6. (a) and (b) illustrate Laser Confocal images of diblock [PEG-b-PBLG], and 

Figs. 3.3.6. (c) and (d) represent triblock copolymer [PEG-b-PBLG-b-PBLA] for laser and 

bright field images, respectively. 

Laser Scanning confocal experiment was performed to give the concrete evidence 

about the formation of amino-acid based triblock copolymeric micelles in the presence of 

laser light. The polymers were loaded with Rhodamine 6G molecules along with several 

times washing. Figs. 3.3.6. (a) and (b) showed the presence of spherical particulate like 

structure indicating the presence of [PEG-b-PBLG] whereas the Figs. 3.3.6. (c) and (d) are 

representing the number of micellar like red coloured spherical structures are due to the 

higher MW polymeric materials of [PEG-b-PBLG-b-PBLA] respectively. Comparing the 

above microscopy data with HRTEM images, it is clear that the [PEG-b-PBLG-b-PBLA] are 

spherical micelles in shape. Hydrophilicity behaviour and the amphiphilic nature of the 

diblock and triblock polymer micelles led to the formation of micelles with the reluctance of 

solvation property of the hydrophobic group which caused particle size to decrease sharply 



 

147 
 

[235,319-324]. The self-association property along with intermolecular hydrogen bonding 

between cationic and anionic groups of [PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] triblock 

copolymer in a suitable solvent leads to the formation of micelles [325-328].
 

3.3.11. Electro Kinetic Potential Measurements by Zeta Experiment 

The solubility of triblock copolymer was checked in a various solvent medium, e.g., 

in THF, acetone, ethanol, 1, 2-dioxane, DMSO, cyclohexane, chloroform, DMF, toluene, 

water and ether. In this work, we have chosen DDI water as our solvent due to the suitability 

of water for biological applicability. For the sample for Zeta measurement, we have prepared 

dispersion at 0.5mg/ml conc. at 25°C. Fig. 3.3.7. (a) and 3.3.7. (b) represented the stability of 

colloidal dispersion of [PEG-b-PBLG-b-PBLA] triblock and [PEG-b-PBLG] di-block 

copolymers, respectively at different pH range. 

 

Figure 3.3.7. (a) and (b) show the profile for Zeta potential for triblock copolymer [PEG-b-

PBLG-b-PBLA] and di-block copolymer [PEG-b-PBLG], respectively at different pH (pH 4 

to10) and 25°C. 

 Results exhibited that [PEG-b-PBLG-b-PBLA] triblock copolymer has much 

more δ potential values than diblock copolymers due to the presence of more number of 

hydrophilic as well as hydrophobic groups present in it [329, 330]. From Fig. 3.3.7. it is 

further noticed that at all the pH from 4 to 10, both types of polymers are coagulated and 

responsive towards the colloidal particle formation.  The δ potential of [PEG-b-PBLG-b-

PBLA] copolymer micelles with having a maximum value of -44.6 mV at pH 10, whereas for 

di-block copolymer micelles it is -34 mV at pH 8.  The minimum δ potential possessed by 

[PEG-b-PBLG-b-PBLA] copolymer micelles was approximately 1 mV at pH 4. Synthesized 

triblock copolymers have exhibited two peaks in Fig. 3.3.7. (a), which may due to the 
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presence of two different pKa values (pKa1 and pKa2) produced by available dissociated 

ions in the medium and due to the distribution of particles size. The inter-ionic, as well as 

hydrogen bonding interactions on the micelle‟s surface of [PEG-b-PBLG-b-PBLA] block 

copolymers, leads to the increase in the δ potential value. This value seems to be more in the 

basic medium (up to δ = - 45 mV) compared to the values obtained in acidic medium (-9 

mV). In addition to the solvent effects, the basic OH
- 

groups also influence the surface 

activation (properties) indirectly providing H-interactions among the polymeric micellar 

solution. The reversal of the positive charge on the carboxylic group tends to the electronic 

delocalization and leads to the formation of neutral (charge) environment. The surface charge 

of the micelles of triblock copolymer has consisted of –COOH groups. On addition of 

NH4OH solution to the medium, it was immediately converted to -COO
-
 ions which repel the 

adjacent -COO
- 

groups of [PEG-b-PBLG-b-PBLA] copolymer resulting to an increase in δ 

values. However, on the addition of acid to the polymer solution, it hinders the formation of 

the cations at the surface of the micelles of the block copolymer. The reason for the 

increasing δ value is the reversibility nature of –COOH groups and the act of -COO- as 

counter ions in salvation [324,331, 332]. The highest δ potential value for [PEG-b-PBLG] 

micelles is -30 mV at pH 8 which showed the highest stability whereas the δ value of triblock 

polymer solution is stable at all the pH values ranging from 6 to 10 at 25
o
C (see Table 

3.3.1.). The detail δ potential values for di-block [PEG-b-PBLG] and tri-block [PEG-b-

PBLG-b-PBLA] copolymer solutions have been shown in Table 3.3.1. 

Table 3.3.1: (Data Obtained from Zeta exp.) 

Diblock copolymer 

[PEG-b-PBLG] 

Zeta potential Triblock copolymer 

[PEG-b-PBLG-b-PBLA] 

Zeta potential 

pH 4  -6.79 pH 4 -1.10 

pH 5 -1.65 pH 5 -8.14 

pH 6  -26.36 pH 6 -34.43 

pH 7  -22.8 pH 7 -38.6 

pH 8  -31.66 pH 8 -37.76 

pH 9  -23.46 pH 9 -32.93 

pH 10  -23.2 pH 10 -41.13 
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3.3.12. CD analysis for amino-acid based polymeric proteins with varying pH and 

temperature  

 The configuration of synthesized block copolymers are a mixture of both helical 

and random coil configuration(see CD band results Fig. 3.3.8.). From Fig. 3.3.8. it is 

calculated that the triblock copolymer of [PEG-b-PBLG-b-PBLA] consists of 6.00% α-helix, 

49.00% antiparallel β-sheets, 3.70% parallel β-sheets, 16.60% Beta-Turns, and 29.20% 

random coils at 35 C. The antiparallel β-sheets are calculated to be up to 50% for tri-block 

block copolymers synthesized in this work and they are exhibiting protein like structure in pH 

4 to 10. 

 The higher percentage of the anti-parallel β-sheet structure is observed due to the 

presence of more number of peptide bonds (-C=O-NH-) associated with each other through 

hydrogen bonding in the solvent medium. Its variation has been observed more distinctly 

with the increase in temperature from 20°C to 50°C. Although the difference in the 

percentage of α-helix, β-sheets, and random coils are obtained at numerous temperature and 

pressure,, there is no significant change in values compared to the values obtained at  35 °C 

and pH 8. The synthesized block copolymers exhibit bands with low intensity at 220 and 190 

nm when experiments were performed at 35 °C. The band at 220 nm is attributable to the 

n→π* transition of the peptide bonds in the block copolymer chain. Major bands appeared at 

208 nm (less intense) and 193 nm (maximum intensity) attributable to the parallel and 

perpendicular excitations of the π→π* transition of the [PEG-b-PBLG-b-PBLA] triblock 

polymer peptide due to the more percentage of antiparallel β-sheets in the solution. 

 However, the CD band intensities are not acting in the same way among the 

three sets of reference proteins including ours (CDNN) since the nature of the spectrum of 

CD components depend on the reference proteins used for the deconvolution [336-338].
 
Fig. 

3.3.9. illustrates CD analysis for [PEG-b-PBLG] diblock copolymer of [PEG-b-PBLG] 

obtained at 20 °C to 50 °C with varying pH, exhibiting less ellipticity than triblock 

copolymers. The folding of chain for [PEG-b-PBLG] diblock copolymers are less due to the 

less number of interaction acting between peptide bond which ceases its ellipticity compared 

to the [PEG-b-PBLG-b-PBLA] triblock polymers.
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Figure 3.3.8. illustrates CD results for triblock copolymer of [PEG-b-PBLG-b-PBLA] at 20 

to 50 C with different pH (a) pH 4, (b) pH 5, (c) pH 6, (d) pH 7, (e) pH 8, (f) pH 9 and (g) 

pH 10, respectively. 
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Figure 3.3.9. illustrates Circular Dichroism analysis for a-AB diblock copolymer of  [PEG-b-

PBLG] over a change of temperature range 20°C to 50°C with respect to different pH 

conditions (a) pH 4, (b) pH 5, (c) pH 6, (d) pH 7, (e) pH 8, (f) pH 9 and (g) pH 10 

respectively.
 

3.3.13. In vitro cytotoxicity assay of polymeric micelles 

 

 

 

 

 

Figure 3.3.10. Cell viability results for diblock copolymer of [PEG-b-PBLG] and 

triblockcopolymer[PEG-b-PBLG-b-PBLA], respectively. 
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 We have reported the dielectric composites with a significant dielectric 

behaviour with respect to both frequency and temperature-dependent method [338, 339]. 

Here in this work, we wanted to develop a method with biological applications. Cell viability 

assay was performed according to the method reported earlier [340]. In brief, compounds 

[PEG-b-PBLG] and [PEG-b-PBLG-b-PBLA] were dissolved in DMEM medium with mild 

sonication and treated with MDA-MB231 cell lines (human carcinoma cells), taking 5x10
3 

cells/well for 24 hr incubation in 96-well plates with different concentrations of polymers. 

The viability of cells was assessed by adding 10 µL of MTT solution (stock solution 5 

mg/ml) per well and incubated at 37 °C for 3 h. The medium was discarded, and the 

formazan blue, which formed in the cells, was dissolved in 100 µl of DMSO. The intensity of 

colour formation was measured at 570 nm (background 665 nm) in a spectrophotometer 

(iMark™ Microplate Absorbance Reader, Bio-Red). The percentage of cell viability was 

calculated concerning the control values (without test compound). Cell viability assay was 

performed for both the sets of micelles in DMEM medium treated against MDA-MB231 cells 

for 24 hr resulting to purely cell viable up to 200µg/ml of concentration. The cell viability % 

was gradually decreased with increase in concentration and significantly reduced to 88%, 

95%, 53% and 46% at 100, 200, 400 and 600µg/ml. The cells in the presence of triblock 

polymer (see Fig. 3.3.10.)are viable more than 95% up to 200µg/ml whereas [PEG-b-PBLG], 

showing cell viability only up to 50%. At higher concentration, the cell viability decreases 

indicating that at a lower concentration of the sample, the synthesized material can be used 

for various medical purposes. MTT assay test of [PEG-b-PBLG5-b-PBLA18] polymeric nano 

micelles against MDA-MB231 cells has shown a remarkable result than [PEG-b-PBLG], the 

polymer which is also discussed effectively in an antimicrobial study in the subsequent 

section. All these results reveal that the synthesized polymer can be used for a range of 

biomedical applications [340]. The toxicity of [PEG-b-PBLG-b-PBLA] polymer is found to 

be very less. Bearing low toxic conduct, this polymer can be used as a very good drug carrier 

for several therapeutic applications. 

3.3.14. In vitro antibacterial activity of polymeric micelles 

Previous works report that the polymeric materials associated with the quaternary 

ammonium salts directly can be used for the antibacterial activities [341]. The presence of 

quaternary ammonium salts has increased the antimicrobial activity of the prepared material 

which attracted us to perform the samples for antimicrobial profile test against bacterial 

strains. Fig. 3.3.11. (a) is showing the effective killing efficiency of bacteria at 0.156, 0.3125, 
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0.625 and 1.25 mg/ml with the lowest MIC and OD of 60%, 57%, 50% and 40% respectively 

[342]. The low OD value for triblock copolymers [PEG-b-PBLG5-b-PBLA18] against positive 

strain is far better than diblock copolymer [PEG-b-PBLG5] micelles due to the presence of 

more number of quaternary ammonium salts in the medium ceases bacterial survival 

effectively. 

 

Figure 3.3.11. (a) and (b) show the in vitro antimicrobial activity results for diblock 

copolymer of [PEG-b-PBLG]and triblock copolymer of [PEG-b-PBLG-b-PBLA] for Gram 

(+) Staphylococcus aureus and Gram (-) E.Coli,  respectively. 

Figure 3.3.11(b) is also showing an excellent low OD synthesized [PEG-b-PBLG-b-

PBLA] polymeric micelles than [PEG-b-PBLG] micelles, indicating the effective killing 

efficiency of bacterial cells at a concentration of 1.25mg/ml for both the strains. With the 

decrease of polymeric micelles concentration up to the lowest value of 0.0048mg/ml, the 

bacterial killing efficiency of [PEG-b-PBLG-b-PBLA] polymeric micelles remained around 

the same in gram (-) bacterial strain of E.coli. If we compare the antibacterial susceptibility 

test, [PEG-b-PBLG-b-PBLA] has shown a very good antibacterial effect in case of gram (-) 

E.coli. at very minimum dilution than gram(+) staph aureus bacterium. But when the serial 

dilution increased above 0.07813mg/ml, in the [PEG-b-PBLG-b-PBLA] polymer micelles, 

the cells have shown a very low difference of percentage of survival than [PEG-b-PBLG] 

polymer indicating better use for inhibition of the growth of microbial at a negative strain. It 

followed the probable reactive oxygen species (ROS) mechanism to destroy the bacteria. As 

the polymeric micelles enter inside the cell-wall of bacterium they led to the formation of 

reactive free radicals due to the ions in the solution medium causing the oxidation with the 

rupture of DNAs, lipids and folding of proteins by single electron mechanism process. Thus it 

is observed that these two polymeric nano micelles are capable of antimicrobial activity and 

can be used for further detailed study of medical therapy. The entire process is shown in the 
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schematic-3.3.2., which follows the reactive oxygen species mechanism pathway to damage 

the bacterial DNAs. 

 

Schematic 3.3.2: Probable schematic representation for Reactive Oxygen Species Pathway 

(ROS) mechanism for the killing of bacteria by tri-block-copolymers. 
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3.3.15. Conclusion for Part IIA 

Herein, we have summarized our work with the noble synthesized biocompatible triblock 

copolymer [PEG-b-PBLG5-b-PBLA18] which showed greater relevance in UV-Vis 

absorbance, DLS, and ZETA potential with compared to the diblock copolymer [PEG-b-

PBLG]. The controlled surface morphology with the response to temperature and pH of this 

copolymers became the main reason of the micelles to behave as a most interesting structure 

than other low molecular weight polymers. Biocompatibility, the zeta potential of -45mV and 

CD results of the various secondary structure have revealed the synthesized block polymeric 

materials are effective for in vitro biomedical applications. Due to host-guest inclusion 

complex formation activity, our synthesized polymers can form complexes with various 

proteins, peptides, metal complexes and other biocompatible materials.  MTT assay test of 

polymer against human breast carcinoma found to be active and low cytotoxic. Further, the 

triblock copolymer is very efficient for the killing of gram (-) E.Coli than gram (+) Staph 

aureus bacteria. It can be used for further applications such as drug delivery (HRTEM 

images, 13 nm) and other biomedical application as a nano vehicle, antiseptic agent, 

antibacterial therapy element. Path of polymer science is growing very fast in everyday life 

and hopefully, we will able to implicate these block copolymers for further applications in 

microbiology and related biotechnology. 
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RESULTS AND DISCUSSION 

Part IIB: Amino acid Based Polymeric Nanobiomaterials 

Part IIB. Designing of a new polypepto based nanovesicles sized macromolecular triblock 

biomaterials and its action against bacterial resistance 
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2018 (Poster Presentation) 
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Part IIB (Objective 4): Designing of new triblock polypepto vesicle sized [(α-OCH3-ω-NH-

PEG)-b-(PBLA)7-b-(PBLG)17] nanobiomaterials 

 

 

          +                                                    +               

 

 

 

 

 

 

 

 

 

Figure 3.4.A. Objective diagram for Designing of a new polypepto based nanovesicles sized 

macromolecular triblock biomaterials. 

3.4.1 Abstract  

This work aims to design a triblock polymer of α -methoxy-ω-amino-Poly Ethylene 

Glycol)-L-aspartic acid-L-Glutamic acid [(α-OCH3-ω-NH-PEG)-b-(L-AspA)7-b-(L 

GluA)17]/[PEG-b-(PBLA)7-b-(PBLG)17]. The evidence of nanovesicle sized [PEG-b-

(PBLA)7-b-(PBLG)17] polymer has been synthesized by improved ring-opening 

polymerization method of NCA of BLA and BLG. In this part, we have performed physical, 

chemical and biological study of the designed polymers. The antibacterial resistive response 

of triblock nanovesicles against two different bacterial strains of Gram (+) bacteria 

Staphylococcus aureus and Gram (-) bacterial strain of E.coli respectively is found to be 

more significant than the diblock nano micelles at the similar environment and low 

concentration (<1mg/ml). The antibacterial inhibition for vesicles is found to be more 
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effective for conventional microorganisms E.coli than staph aureus. In vitro cytotoxicity was 

performed using MTT assay against cancerous Human Caucasian breast adenocarcinoma 

MDA-MB231 cells and viability percentage was found to be nearly 95% at 800µg/ml. We 

have performed series of experimental methods to know the morphological study through 

HRTEM and LCSM showing the size of the vesicles as 600 nm spherical shaped and to 

confirm the formation of synthesized triblock copolymer via -C=O-NH2- bonding formation 

(interaction of carbonyl with an amine). The molecular weight of the vesicle sized polymer is 

found to be 10360 Dalton. The stimuli responsive block polymeric nanovesicles have been 

analyzed with the change of pH from acidic to basic and temperature change from RT to 

50°C and observed to be embedded with more percentage of antiparallel β-sheets. The δ 

potential study of zwitterionic colloidal solution of this macromolecule has a regular trend of 

increase of δ potential value of -40 mV, RT.  

 

3.4.2. Introduction and Motivations 

The aim is the synthesis of noble vesicle sized macromolecular polymeric nanobio 

compounds for the biomedical applications depending on enormous properties. Previous 

reports by Arijit et. al. have mentioned that amino acid based polymers are biocompatible and 

easily metabolised by the human system  [240]. It is also reported that the biopolymers are 

degraded upon hydrolysis. The bio-chemical behaviour of polypepto vesicles include of the 

self assembly nature in presence of the solvent medium, biocompatibility with human 

carcinoma cells, antibacterial active agent, possessed of helical proteins, responsive 

experimental parameter and possessed of chirality. Due to the multipurpose behaviour of 

macromolecule, it can be defined as a smart material. Earlier reports based on smart materials 

have been include above behaviour but few reports only published with few of the above 

factors [328, 343]. We have focused the modified synthesis of newly designed 

macromolecule through ring-opening polymerization and succeded with the application in 

vitro biotechnology process. Due to the spherical vesicular property, it can be used for drug 

delivery process and tissue engineering application [344]. Previous reports like [244, 345] 

have shown PEG as a very biocompatible backbone of any macromolecule due to its 

amphiphilicity which attracted our team to work on it with other essential amino acids. The 

manuscript has a very detailed discussion about all the physio-chemical-biological behaviour 

of these smart polymeric vesicles in the later section.  
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3.4.3. Synthesis of a triblock copolymer of [PEG-b-(PBLA)7-b-(PBLG)17] 

We have followed the previously reported method for the synthesis of AB type [PEG-

b-(PBLA)7] [170]. After the synthesis of [PEG-b-(BLA)], following the same method we 

have added NCA GluA to the solution mixture of [PEG-b-(BLA)] and allowed for 72 hrs at 

600 rpm and 45°C with an inert atmosphere condition so that the polymerization would take 

place completely. The Di-PA block copolymer of [PEG-b-(BLA)] has been synthesized first 

then the new block of NCA-BLG has been attached to the N-atom of aspartate forming an 

amide -(C=O)-NH2 bond. The functional groups like carboxy (-COOH) and amine (-NH2) 

helps for further condensation polymerization. The benzylic deprotection method of block 

copolymer with the help of Pd/C catalyst has led to the formation of benzene free block 

copolymer of [PEG-b-(PBLA)7-b-(PBLG)17]. The purified polymeric particles were collected 

and allowed for freeze-drying at a low temperature, -20°C. 

3.4.4. Reaction Mechanism 

 

Scheme 3.4.1: Mechanistic pathway for [PEG-b-(PBLA)7-b-(PBLG)17] via modified ring-

opening polymerization where p= no of –CH2 units for α-CH3-ω-NH2-PEG, n= no of –CH2 

units for NCA-BLA and m= no of –CH2 units for NCA-BLG respectively. 
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3.4.5. Morphological Study of Polymer via HRTEM 

 

 

Figure 3.4.1. (a) and (b) represent the HRTEM micrograph of [PEG-b-(PBLA)7]  and Fig. 

3.4.1(c) and (d) show for [PEG-b-(PBLA)7-b-(PBLG)17], respectively. Figs .3.4.1. (e) and 

1(f) illustrates the average size for [PEG-b-(PBLA)7] nano micelles of average size 8 nm and 

[PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles of average size 670 nm respectively. 
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TEM samples have been prepared in deionised H2O as a standard solvent with the 

concentration of 0.5mg/ml. HRTEM micrographs for Figs. 3.4.1. (a), (b), (c) and (d) are 

showing a clear picture of spherical shapes for both the synthesized diblock micelles and 

triblock vesicle sized copolymers via modified ring-opening polymerization method. Figs. 

3.4.1. (a) and (b) are showing very minute spherical micelles of [PEG-b-(PBLA)7], AB type 

block copolymer. Fig. 3.4.1. (e) has shown an average size of 8 nm leading the formation of 

diblock polymers as nano micelles in a particular solvent at a fixed temperature [346]. The 

small nano micelles formed due to the involvement of interionic interaction among COO
-
 and 

NH4
+
 ions among themselves with H and OH

-
 ions of given solvent. The phenomenon of 

ionic interaction reduces the size of spherical diblock nanomicellic copolymers below 10 nm 

which is an excellent pathway for the drug delivery carrier response.   

Figures 3.4.1. (c) and (d) have shown a clear image of small spherical vesicles for 

[PEG-b-(PBLA)7-b-(PBLG)17]  [347]. The interaction of numerous ions along with the 

covalent interaction between different types of [a-(α-OCH3-ω-NH-PEG)], [b-(NCA-BLA)7] 

and [b-(NCA-BLG)17]  blocks among themselves causes many molecules of AB to come 

together with each other in the presence of a solvent. The vesicles are consisted of many 

micelles together via covalent and hydrogen bonding caused by polymer and solvent 

behaviour. The factors like chemical bonding, zwitterionic effect and amphiphilic nature of 

polymer caused micelles in agglomerated position to form bigger size vesicles. Fig. 3.4.1. (f) 

illustrated the average size for [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles is 670 nm. Fig. 

3.4.1. (f) helped to calculate the size of vesicles so that in future during the use of biomedical 

application it can be used as a drug carrier in the human cell line. Fig. 3.4.1. (g) and Table 

3.4.1. showed the elemental composition of [PEG-b-(PBLA)7-b-(PBLG)17]  block copolymer 

via EDX plot. 

                 (g) 

 

 

 

 

Figure 3.4.1.(g) EDAX analysis for [PEG-b-(PBLA)7-b-(PBLG)17] block copolymer 
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3.4.6. LCSM analysis of copolymer [PEG-b-(PBLA)7-b-(PBLG)17 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.2. (a) and (b) represented LCSM images for of [PEG-b-(PBLA)7] whereas Fig. 

3.4.2. (c) and (d) indicated the LCSM images for [PEG-b-(PBLA)7-b-(PBLG)17], 

respectively. Fig. 3.4.2(e) represents the axial view of [PEG-b-(PBLA)7-b-(PBLG)17] at 

magnification of 50µm. 

To verify the structural behaviour of synthesized [PEG-b-(PBLA)7-b-(PBLG)17] 

polymer, LCSM method was followed. Rhodamine 6G was used as a fluorescent dye as the 

polymer itself is not fluorescent active. From Fig. 3.4.2 (a) and (b) particles are observed to 

be like very small-sized whereas the Fig. 3.4.2 (c) and (d) show that particle is comparatively 

larger. If we take a close look at Fig. 3.4.2 (e), it can be observed the attachment of micelles 

via numerous chemical forces to form larger vesicles. This provides an anomalous structural 

determination to the developed polymer. 

Table 3.4.1: {EDAX analysis for [PEG-b-(PBLA)7-b-(PBLG)17]} 

    
 

                                              

 

  

Element Weight % Atomic % Net Int. Error % Kratio Z A F 

        

  

C K 64.29 93.30 484.09 8.34 0.4841 1.1873 0.6342 1.0000 

       
 

  

O 35.71 6.70 63.11 13.93 0.2408 0.6588 1.0235 1.0000 
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3.4.7. Position of Hydrogens by 
1
HNMR  

 

Figure 3.4.3. (a) and (b) represent the H
1
NMR spectra for diblock [PEG-b-(PBLA)7], 

triblock [PEG-b-(PBLA)7-b-(PBLG)17] and precursor [α-OCH3-ω-NH-PEG] respectively 

with CDCl3 as solvent and tetramethylsilane (TMS) as an internal reference. Where p=no. of 

CH2 units in a-MeO-PEG-NH2, n= no. of CH2 units in b-(BLA)7 and m= no. of CH2 units in 

b-(NCA-BLG)17. 

Figure 3.4.3. (a) represents the NMR data of diblock [PEG-b-(PBLA)7] with the 

various position of the hydrogen in the polymeric chain. The peaks are at δ = (7.3, 35H, 

(c) 
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aromatic proton), δ = (5.22, 2H, benzylic proton), δ = (3.75, 452H, -CH2 group of  a-PEG, 

(H
1
NMR spectra for precursor PEG (α-OCH3-ω-NH2-PEG)), δ = (4.34, 1H, -CH-), and δ = 

(2.60, 16H for –CH2 for aspartate) and with few other peaks may represent impurities. Fig. 

3.4.3(b) is showing NMR data triblock [PEG-b-(PBLA)7-b-(PBLG)17] which is very similar 

to the diblock copolymer and chirality by diastereoselectivity at δ=(4.7, 1H). The hydrogen 

positions are at δ = (7.35, 35H, aromatic proton due to unprotected polymeric chain), δ = 

(5.3, 2H, benzylic proton), δ = (3.7, 452H, -CH2 group of  a-PEG), δ = (4.34, 1H, -CH-), and 

δ = (2.60, 51H for –CH2 for b-NCA BLA and b-NCA BLG). The deshielding of -CH2 group 

of a-PEG is due to the presence of linked -O- group of PEG have shifted to the left of the 

standard TMS line. But the presence of amine group causes shielding of polymeric chain 

causing shifting towards low δ in the TM  standard [306]. Increased numbers of –CH2 units 

showed the attachment of new 17 NCA BLG to the diblock copolymer backbone. 

3.4.8. Chemical nature and Weight of the block copolymer study by FTIR and MALDI-

TOF Analysis 

 

Figure 3.4.4 (a) and 3.4.4 (b) illustrates the FT-IR spectra and MALDI-TOF data for [PEG-

b-(PBLA)7] and [PEG-b-(PBLA)7-b-(PBLG)17] respectively with DCM and CHCl3 as the 

standard soluble solvent. 

 Figure 3.4.4. (a) has given a clear data of various stretching and bending modes 

of functional groups present in the triblock [PEG-b-(PBLA)7-b-(PBLG)17], respectively 

nanovesicles as well as diblock [PEG-b-(PBLA)7], nano micelles. The important peaks at 

3473 cm
-1

 (O-H str of terminal acid in the polymeric chain, see scheme 3.4.1.) and 1718 cm
-1

 

(α-NH to the acid group) are the measure peaks as the % of transmittance for both the 

stretching modes are high compared to other functional groups present in the polymeric 



 

165 
 

vesicles. Other peaks are at 2896 cm
-1

 (C-H str of –CH2 units), 1651 (amide, C=O), 1555 cm
-

1
 (amide II, N-H) and 954 cm

-1
 (-CH2 rocking). The absence of peaks at benzyl ester at 1733 

cm
-1

 and 1259 cm
-1 

(C=O of MeO-PEG-NH2) confirmed the formation of deprotected benzyl 

polymeric nanovesicles [307-309]. The presence of 1651 cm
-1

 peak has indicated the 

presence of α-helix structure of peptides which have been confirmed in CD spectra in later 

section [244]. This peak is more prominent in [PEG-b-(PBLA)7-b-(PBLG)17], due to the high 

intensity of micelles in the vesicles resulting in the formation of more number of the peptide 

bond. 

 Molecular weight determination has performed under an advance process of 

MALDI-TOF using chloroform as standard solvent. Fig. 3.4.4. (b) represents the  MALDI  

data of [PEG-b-(PBLA)7-b-(PBLG)17] triblock copolymer bearing a hump-like structure of 

molecular weight around 10360D, whereas [PEG-b-(PBLA)7] bore its weight to 6515D. Fig. 

3.4.3 (b) is showing the stepwise addition of each block to each other concerning the intensity 

versus molecular weight (Dalton) [240,242]. We have calculated the MW of [PEG-b-

(PBLA)7-b-(PBLG)17] and correlated the given data with NMR (see Fig. 3.4.3.) and 

confirmed the attachment new 17glutamate units to the diblock [PEG-b-(PBLA)7]. 

3.4.9. Crystalline behaviour and thermal stability study by XRD and TGA analysis of 

vesicle sized polymers. 

 

Figure 3.4.5. (a) and (b) illustrates the XRD and TGA data for [PEG-b-(PBLA)7]  and [PEG-

b-(PBLA)7-b-(PBLG)17],  respectively. 

The crystalline nature of [PEG-b-(PBLA)7] nano micelles and [PEG-b-(PBLA)7-b-

(PBLG)17]  nano vesicle is confirmed from Fig. 3.4.5. (a). Fig. 3.4.5 (a) has shown diffraction 

peaks at 15.2º, 19.2º, 24.7º, 26.3º, 36.8º and 39.2º for all the samples including PEG. Previous 
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reports have shown the peaks for PEG are 13.1º, 19.3º, 23.4º and 27.8º [306]. However, in the 

present case, the peaks of polymer vesicles samples have shifted due to the atomic and 

molecular rearrangement of ions depending upon the chemical functional groups present, 

Diffraction peaks at 36.8º and 39.2º are new to the XRD study for [PEG-b-(PBLA)7-b-

(PBLG)17]  polymeric nanovesicles. These peaks may occur due to the various functional 

groups present in the polypeptide polymeric chain 

Fig. 3.4.5. (b) shown the phase change behaviour of all the polymeric samples 

including PEG. This Figure has given a clear idea that [PEG-b-(PBLA)7-b-(PBLG)17] 

nanovesicle is thermally more stable than [PEG-b-(PBLA)7] nano micelle up to 300°C. The 

bigger size of vesicle may help the polymer to bind each other with covalent bond due to 

more number of molecules present in [PEG-b-(PBLA)7-b-(PBLG)17]. The degradation of 

[PEG-b-(PBLA)7-b-(PBLG)17] occurs after 400°C while [PEG-b-(PBLA)7] occurred after 

only 100°C. The weight loss % of [PEG-b-(PBLA)7] and [PEG-b-(PBLA)7-b-(PBLG)17] are 

27% and 14% when it reached up to 300°C respectively. [PEG-b-(PBLA)7-b-(PBLG)17] is 

showing almost similar weight loss trend compared to base PEG precursor. Hence from this 

experiment, it is clear that [PEG-b-(PBLA)7-b-(PBLG)17] can be used for better use in in vivo 

biomedical application due to its synthesis temperature as well as in high temperature daily 

use products [251, 313]. 

3.4.10. Zeta Potential measurement at different pH of polymer vesicles 

Figure 3.4.6. (a) showed an excellent δ value for PEG-b-(PBLA)7] and [PEG-b-

(PBLA)7-b-(PBLG)17], respectively with  DDI H2O as the standard soluble solvent. The δ 

potential value for [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles has been observed to be more 

as compared to [PEG-b-(PBLA)7] micelles. Deprotonated α-COOH group and protonated 

NH4
+
of amino acids in the vesicular solvent system caused the increase in surface interaction 

potential value. The maximum value of δ potential -45.6 mV is for [PEG-b-(PBLA)7-b-

(PBLG)17] at pH 8, RT. The more δ value at pH 8 it is more favourable for biological 

application as it is very nearer to human body pH 7.4. The more δ potential has arisen due to 

more number of ions at the interface of the colloidal solution of polymeric nanovesicles.  

Even at pH 7 also [PEG-b-(PBLA)7-b-(PBLG)17] is showing δ value of -36.7. The same 

analysis was also done for [PEG-b-(PBLA)7] showing highest δ value of -41.4 at pH 8 

medium in RT. 
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Figure 3.4.6. (a) and (b) show the δ potential value for [PEG-b-(PBLA)7] and [PEG-b-

(PBLA)7-b-(PBLG)17], respectively with  DDI H2O as the standard soluble solvent. 

 Important plausible mechanisms of high δ potential are shown in scheme 3.4.2. 

In the basic medium, (i) on the dissociation of NH4OH with the solvent medium it released 

NH4
+
 and OH

-
  ions, Type I showed OH

-
 deprotonated the hydrogen of acidic part of polymer 

and type II caused the deprotonation of hydrogen from amide N occurred. In acidic medium 

donation of an electron to the hydrogen from O. N, primary amine and amide O respectively 

showed in type I, II, III and IV [348, 349]. However, among these six types of mechanisms, 

only four seem to happen in the colloidal solution. Total of six anions and four cations have 

been produced in basic and acidic medium respectively. This is the reason why δ potential is 

more in basic medium as the larger number of anions at the outer surface of Tri-PAG are 

formed and less in the acidic medium due to the less number of cations compared to anions in 

the colloidal dispersion medium. 
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Scheme 3.4.2: Plausible acid-base interaction in the colloidal solution in of nanovesicular 

[PEG-b-(PBLA)7-b-(PBLG)17]. 
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3.4.11. UV-Visible Measurement of vesicle sized block copolymer at different stimuli pH  

 

Figure 3.4.7. (a) and (b) represent the UV spectra for [PEG-b-(PBLA)7]  and [PEG-b-

(PBLA)7-b-(PBLG)17],  respectively at room temperature with variation of pH from 4 to 10. 

Ultraviolet measurements were performed using UV-Vis NIR LAMDA 750 

spectrometer (PerkinElmer) at 300 nm. The presence of 220 nm and 206 nm peaks in the UV 

range have indicated the availability of chromophores such as amide [-(C=O)-NH2] and keto 

(-C=O) functional groups, respectively. The transfer of electrons n→* transition takes place 

in the polymeric vesicles as well in micelles. From Fig. 3.4.7, it is represented that the 

absorption peaks are more prominent in [PEG-b-(PBLA)7-b-(PBLG)17] than [PEG-b-

(PBLA)7] due to more number of functional groups present in triblock compared to diblock 

copolymer [248]. 

 

3.4.12. CD Spectra for polymer vesicles at different pH medium and temperature range 

Circular Dichroism analysis explained the behaviour towards the change in the 

secondary structure of proteins at various pH and temperature. After 45°C, acidic pH formed 

an agglomerated particle due to the degradation of polymer particles as the synthesis 

parameters have been changed. Synthesized block copolymers are helical well as random 

which is confirmed from all the graphs of CD data. CD exhibited 7.1% of α-helix, +5% of 

parallel β-sheets, +44% of β anti-parallel-sheets, +18% of β-turns and 32% of random coils 

for Tri-PAG at pH 8 and 25 °C (see Fig. 3.4.8). CDNN software has been used for the CD 

analysis of block copolymers. The α-helices spectra exhibited two negative peaks at 227nm 

and 241nm whereas β-sheets confirmed two positive peaks at 203nm and 188nm 

respectively. The spectra exhibited a high percentage of β anti-parallel-sheets and random 

coils in the vesicular solution.  
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Figure 3.4.8. illustrates the CD component spectra showing deconvoluted protein folding 

behaviour of [PEG-b-(PBLA)7-b-(PBLG)17], the concentration of solution 0.5mg/ml with the 

variation of pH 4 to 10 and temperature from 20°C to 50°C with 23 reference proteins. 



 

171 
 

The factors behind this increment depends on (i) transition of micelles to vesicles, (ii) 

the mixing of two oppositely charged ions (see scheme 3.4.2.) and (iii) change of an external 

parameter of temperature and pH and (iv) the possibility of lateral overlapping of two peptide 

chains via hydrogen bonding [333-337]. 

Previous reports have mentioned the stability of peptides is due to α-helix and β anti-

parallel-sheets. Hence it is proved that, although the polymer is low in α-helix percentage, 

planar β anti-parallel-sheets made the polymer more stable in the solution medium via H 

bonding. The random coils are also effectively found in the polymer may be due to numerous 

chemical interactions between amino acid side chains. The change in polymer structure is 

induced by both temperature and pH which is seen in Fig. 3.4.8. Fig. 3.4.9. represent the CD 

spectra showing protein folding behaviour of [PEG-b-(PBLA)7] at acidic pH 4, neutral pH 7 

and basic pH 8 with the temperature ranged from 20°C to 45°C. It had shown less random 

coils than [PEG-b-(PBLA)7-b-(PBLG)17], as less number of peptide bond formation occur in 

the former case. Acidic pH showed a low percentage of α-helix, β-sheets, β-turns and random 

coils due to the repulsion between the amino acid residues and protonation effect caused in 

the [PEG-b-(PBLA)7-b-(PBLG)17] medium (see scheme 3.4.2) [321-324, 326]. Hence CD 

spectra for self-assembled [PEG-b-(PBLA)7-b-(PBLG)17] vesicular system confirmed the 

sheets and random coils due to the presence of peptide bonds in the various medium at 

different temperature. Fig. 3.4.9. illustrates the CD spectra showing protein folding behaviour 

of [PEG-b-(PBLA)7]  at acidic pH 4, neutral pH 7 and basic pH 8 with the temperature 

ranged from 20°C to 45°C. 

 

 

 

 

 

 

Figure 3.4.9.  illustrates the CD spectra showing protein folding behaviour of [PEG-b-

(PBLA)7] at acidic pH 4, neutral pH 7 and basic pH 8 with the temperature ranged from 20°C 

to 45°C. 
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3.4.13. Antimicrobial Resistance of [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4.10. (a) and (b) represents the antibacterial susceptibility test showing the 

inhibition of growth for [PEG-b-(PBLA)7] and [PEG-b-(PBLA)7-b-(PBLG)17] at room 

temperature with two different bacterial strains of gram (-) bacterial strain of E.coli and 

gram (+) bacteria Staphylococcus aureus respectively.  

Figure 3.4.10. (a) and (b) is showing the optical density of bacteria death for [PEG-b-

(PBLA)7] nano micelles and [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles against two types of 

bacterial strains i.e. gram (+) bacteria Staphylococcus aureus and gram (-) bacterial strain of 

E.coli for better assessment of our polymeric samples. [PEG-b-(PBLA)7-b-(PBLG)17] has 

indicated an excellent bacteria killing efficiency at concentration 1.25mg/ml for gram (-) 

E.coli than gram (+) staph aureus. With the increase in concentration from 0.07813, 0.1562, 

0.3125, 0.625 and 1.25 mg/ml, the gradual decrease in normalized OD 52%, 53%, 43%, 34% 

and 41% prohibited the growth of staph aureus bacteria in the medium, proving the polymer 

as a very effective antibacterial agent. With the increase of concentration from the lowest 

value to 0.0048mg/ml, the bacterial killing efficiency remained around the same in gram (-) 
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bacterial strain of E.coli, but the survival efficiency decreased after 0.00976mg/ml to 

1.25mg/ml due to more number of acidic anions present in the medium. 

 

 

 

 

 

 

 

 

 

 

 

Figure. 3.4.10. (c): Probable Reductive Oxygen-Free radical mechanism against antibacterial 

infection. 

Polymer [PEG-b-(PBLA)7-b-(PBLG)17] is showing better killing efficiency than 

[PEG-b-(PBLA)7] for both the bacterial strains from 1.25mg/ml up to 0.00976mg/ml. So 

from the above experiment, it is observed that these two polymeric nano micelles and 

nanovesicles are eligible for in vivo antibacterial activity [341-342, 278, 350]. The 

established ROS mechanism helps the polymer pathway to kill the pathogenic bacteria via a 

single electron transfer mechanism. (See Fig. 3.4.10. (c)). We have observed the performance 

of polymeric micelles with different bacteria and found to be effective for further biomedical 

activity and applications. 

 

 

 

(c) 
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3.4.14. In vitro MTT assay test for [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles 

The human breast carcinoma cell MDA-MB231 cells were cultured for 24 hours in 

DMEM medium. In vitro Cytotoxicity assay was performed for both [PEG-b-(PBLA)7] nano 

micelles and [PEG-b-(PBLA)7-b-(PBLG)17] nanovesicles (see Fig. 3.4.11.). Both the 

polymeric samples were dissolved in DMEM medium with mild sonication process 

separately. Then polymeric samples were allowed to treat with human breast carcinoma cell 

MDA-MB231 cells seeded on 96-well plates with different test concentrations and cell 

density of 5000 cells/well. The cell viability was assessed by adding 10 µL of MTT solution 

(stock solution 5000 µg/ml) per well and incubated at 37°C for 3 h. The medium was 

removed, and the formazon blue, which formed in the cells, was dissolved in 100 µl of 

DMSO. 

 

Figure 3.4.11. Cytotoxicity MTT assay test of [PEG-b-(PBLA)7] and [PEG-b-(PBLA)7-b-

(PBLG)17]  solution in solvent medium towards MDA-MB231after 24 h incubation. 

The colour formation intensity was measured at 570 nm. [PEG-b-(PBLA)7-b-

(PBLG)17] vesicular solution has shown consistency in high cell viability % up to 800 µg/ml 

and low cytotoxicity with more than 70% cell viable whereas [PEG-b-(PBLA)7] has shown 

up to 200 µg/ml. But the excellent result for [PEG-b-(PBLA)7-b-(PBLG)17] is due to a high 

amount of acidic anions released in the solvent medium which helps to kill the cancerous cell. 

From CD and Zeta analysis, we can correlate, the formation of more number of active ions in 

the colloidal solution helps to kill of carcinoma cell at acidic pH [338-340]. 
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3.4.15. Conclusion for Part IIB 

Here, in summary, we synthesized and characterized noble triblock copolymer [PEG-

b-(PBLA)7-b-(PBLG)17] which showed morphologically as well as a physio-chemie variation 

to other polymers. Compared to other self-assembled polymers, our polymer is showing 

greater impact in CD, Zeta and thermal stability performance. Polymer with higher thermal 

stability (up to 300°C) in solid phase can be used for the thermal instrument in the medical 

technology.  The giant δ potential leads to the stability of block copolymers and adoption of 

the double helix as well as β-sheets found in the solvent medium. The well-defined diameter 

of the polymeric vesicles ranges 100 nm-670 nm polymer has shown its effective action 

against human carcinoma cell along with various infected pathogenic bacteria. Polypeptide-

based vesicles acting as an interesting structure and may offer many advantages compared to 

low molar mass vesicles, in particular for applications in drug delivery, as nanocarrier with 

some other anticancer causing material. The other biological application of this triblock 

copolymer is in progress and hopefully can be used in advanced medical therapy. 
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CHAPTER 4 

SUMMARY AND CONCLUSION 

 

 

4.1 Summary  

The fourth chapter of this dissertation concludes to the different nanosized designed 

nanomaterials and its exceptional application features in electrical nanodevices and 

biotechnology area. Here we have discussed the beneficial and useful of morphologically 

varied synthesized nanomaterial with concrete proofs for our future generation development. 

This dissertation includes of following chapters 

Chapter-1: In detail, the introduction, important terminology, literature study for 

both the organic-inorganic dielectric solids and Amino-acid based biocompatible block 

copolymers has been discussed. Moreover, a systematic literature review on both the above-

mentioned materials for electronic and biomedical applications has been discussed. At the 

end of this chapter, motivations, challenges and objectives for dielectric and polymeric 

materials have been discussed elaborately. 

Chapter-2: The list of chemicals, chemical and experimental procedures, scientific 

characterization techniques along with detailed biological and electrical application 

procedures have been discussed in this chapter. The elaborate synthesis procedures of various 

morphology based nanomaterials of CCTO@SiO2 core-shell nanomaterials, GO- 

CCTO@SiO2 nanocomposites and amino acid based polymer with PEG as base material have 

been discussed. In continuation of this chapter, the techniques used to know the structural, 

physical, chemical and biological behaviour of materials have been discussed thoroughly. 

Chapter-3: This dissertation is dedicated to understanding to “Synthesis, 

Characterization and Application of Morphologically Varying Organic-Inorganic Dielectrics 

and Amino acid based Biocompatible Copolymeric Nanomaterials”. In this chapter, we have 

discussed the chemical, structural, physical and biological nature of four different 

morphologically varying nanomaterials i.e. Section A-organic-inorganic dielectrics and 

Section B-amino acid based copolymers. 
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4.2. Conclusions 

The conclusion chapter has been incorporated with the significant key points of the 

development of four different types of synthesized nanomaterials for electrical and biological 

applications. 

(Part-IA): A detailed study on the dielectric properties of CCTO@SiO2 core-shell 

nanoparticles: Role of SiO2 shell over CCTO core surface 

A series of the core-shell nanostructure of CCTO and amine functionalized SiO2 with 

a shell thickness from 5 nm to 20 nm have been prepared via a modified sol-gel chemical 

process. The amine functionalized silica-coated CCTO NPs are showing a far better dielectric 

than bare silica NPs, few metal oxide composites along with CCTO polymeric composites. 

The detailed dielectric and impedance properties have been studied for both sintered and 

nonsintered samples at various frequency ranges from 100Hz to 2MHz. At 20 Hz, least 

coated C 1  showed maximum ε′ value of 1.390×10
3
, whereas highest coated CS3S showed 

less ε′ value of 1.39×10
2
 and CS2S showed an intermediate value 9.7×10

2
. The increase of ε′ 

with the decrease in shell thickness is due to the presence of interfacial polarization in lower 

frequency region contributing to more space charge in the interface region at the core and 

shell barrier of CCTO@SiO2 NPs. The study also revealed that, at low and high frequency 

(1×10
3 

Hz and 2M Hz), CS3S, CS2S and C 1  possessed ε′′ value of 1.3×10
1
, 6.2×10

1
, 

2.7×10
2 

and -25, 64 and 72, respectively. Thicker coated CS3S and thinner coated CS1S are 

having ε of 2.5×10
2
 and 1.2×10

4 
for frequency 1×10

3 
Hz respectively with respect to 

temperature dependence study. It is confirmed from the impedance studies that sintered core-

shell CCTO@SiO2 NPs exhibited better dielectric properties than other dielectric 

nanocomposites like organic polymer, barium titanates and other perovskite oxides including 

non-sintered CCTO@SiO2-NH2 NPs. This type of core-shell nanoparticles can be used for 

polymer composite materials due to the organic amine groups present on the surface of 

CCTO core shell. The attachment can be possible with the control of various external 

parameters during the experiment process. The results further suggest that using these core-

shell materials microelectronic and energy storage devices with variable dielectric properties 

can be designed due to its high loss compared to bare CCTO and other related materials 

reported. This novel work is based on thickness, hence showed that with minimum coating 

can increase the behaviour of the dielectric to a high level and for better charge storage 

device application in future. 
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(Part-IB): Dielectrics of graphene oxide sheets decorated with nanocomposite silica-coated 

calcium copper titanate (CCTO) nanoparticles 

 In this work, a series of CCTO@SiO2-GO nanocomposites have been prepared 

through a novel synthesis method. Silica-coated CCTO NPs decoration over the surface of 

GO plays the vital for the successful synthesis which mainly considers few environmental 

conditions like balanced atmospheric condition, Stirring and centrifugation rpm, sonication 

time duration and amount of solute. It shows a variable study of dielectrics concerning the 

different temperature and frequencies. The material shows a high ε′ of 1.5×10
4 

after 500°C 

which can be used as a good dielectric material for the electronics device use as sensors, 

charge storage devices etc. But a high loss was also observed more than constant at 

corresponding frequencies lead to its use in the microwave electronics device industry. 

Concluding to this manuscript, the prepared nanocomposite can be used as a good dielectric 

material with the variation in the thickness of silica decoration over CCTO NPs and GO 

sheet. Even though many reports have given an idea about being used in the wide areas, 

however, our work has established new nanocomposites which can be used in designing new 

functional electronic devices and electrochemistry 

 

 Part-IIA: Stimuli responsive biocompatible synthetic polypetidic nano micelles: Novel 

approaches towards antibacterial & therapeutic applications) 

Herein, we have summarized our work with the noble synthesized biocompatible 

triblock copolymer [PEG-b-PBLG5-b-PBLA18] which showed greater relevance in UV-Vis 

absorbance, DLS, and ZETA potential with compared to the diblock copolymer [PEG-b-

PBLG]. The controlled surface morphology with the response to temperature and pH of this 

copolymers became the main reason of the micelles to behave as a most interesting structure 

than other low molecular weight polymers. Biocompatibility, the zeta potential of -45mV and 

CD results of the various secondary structure have revealed the synthesized block polymeric 

materials are effective for in vitro biomedical applications. Due to host-guest inclusion 

complex formation activity, our synthesized polymers can form complexes with various 

proteins, peptides, metal complexes and other biocompatible materials.  MTT assay test of 

polymer against human breast carcinoma found to be active and low cytotoxic. Further, the 

triblock copolymer is very efficient for the killing of gram (-) E.Coli than gram (+) Staph 

aureus bacteria. It can be used for further applications such as drug delivery (HRTEM 
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images, 13 nm) and other biomedical application as a nano vehicle, antiseptic agent, 

antibacterial therapy element. Path of polymer science is growing very fast in everyday life 

and hopefully, we will able to implicate these block copolymers for further applications in 

microbiology and related biotechnology. 

 

(Part-IIB):  Designing of new triblock polypepto vesicle sized nanobiomaterials and its 

action upon the antibacterial activity 

Here in summary, the evidence of noble triblock copolymer [PEG-b-(PBLA)7-b-

(PBLG)17] has been established by trivial ring-opening polymerization method. It has shown 

morphological as well as physio-chemie variation to other polymers. The well-defined 

diameter of polymeric vesicles ranges 100nm-670nm polymer has shown its effective action 

against human carcinoma cell along with various infected pathogenic bacteria. Compared to 

other self assembled polymers, our polymer is showing greater impact in CD, Zeta and 

thermal stability performance. Polymer with higher thermal stability (up to 300°C) in solid 

phase can be used for the thermal instrument in the medical technology.  The giant δ potential 

leads to the stability of block copolymer and adoption of the double helix as well as β-sheets 

found in the solvent medium. Polypeptide-based vesicles acting as an interesting structure 

and may offer many advantages compared to low molar mass vesicles, in particular for 

applications in drug delivery, as nanocarrier with some other anticancer causing material. The 

other biological application of this triblock copolymer is in progress and hopefully can be 

used in advanced medical therapy.  
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CHAPTER 5 

FUTURE SCOPES 

The future perspective of this dissertation can be made to understand the application and use 

in the further growth of science in the following ways: 

1. Designing of organic dipole based hydroxy, alkyl groups etc. attachment on CCTO@SiO2 

for better dielectric behaviour due to dipole polarization effect and capacitance activity. 

2. Modification of GO- MO@SiO2 can be done with lanthanide series oxides like CeO2, 

ErO2, GdO2 and NbO2 for better dielectric constant and low loss instead of CCTO NPs. 

3. Synthesis and application of triblock copolymer of [MeO-PEG-NH-b-(L-phenylalanine)-b-

(L-AspA)] and its effect on mice model for cancer study. 

4. Synthesis and application of triblock copolymer of [MeO-PEG-NH-b-(L-phenylalanine)-b-

(L-GluA)] and its effect on mice model (SCID) for cancer study. 

5. Synthesis of the triblock copolymer of [MeO-PEG-NH-b-(L-phynylalanine)-b-(L-GluA)]  

and [MeO-PEG-NH-b-(L-phynylalanine)b-(L-GluA)]  with graphene oxide for thermal 

activity and InVivo studies by rats and rabbit. 
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