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Preface 

The thesis consists of three chapters. Chapter one narrates the motivation for this work, 

literature survey encompassing the extensive review about natural nacre composition, its 

structure, fabrication methods, introduction to Layer-by-Layer (LbL) self-assembly 

technique and application of nacre inspired structures. Chapter two explains the LbL 

method adopted by varying concentration and adsorption time, and vacuum assisted 

filtration assembly method for fabrication of multilayer thin films. Chapter three elaborates 

the detailed results obtained for fabrication of multilayers on quartz slides, silicon wafers 

and flexible poly urethane foam (FPUF) as monitored with UV-vis spectrophotometer, 

ellipsometer and X-ray photoelectron spectroscopy (XPS) as well as mechanical properties 

determined using nanoindentation and tensile testing. The video exhibiting flame retarding 

properties of composite thin films evaluated through UL-94 are given in CD. 
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Abstract 

Nacre inspired mechanically strong, robust, colorful and flame retardant multilayered 

films were successfully prepared using Layer-by-Layer (LbL) self-assembly. The 

nanofabrication of multilayered thin films was carried out on pre-activated silicon wafers, 

quartz slides and flexible polyurethane foam (FPUF) through dipping under ambient 

conditions. The components including poly (ethylene imine) (PEI), cresol novolac epoxy 

resin (CNER Mn ~ 870, CNER Mn ~ 1020), modified montmorillonite (NH2-MMT), 

triphenyl phosphate, oligomeric siloxane (PDMSs), graphene oxide (GO), laponite (LAP), 

poly (vinyl alcohol) (PVA) and phosphorylated chitin (P.Chitin) were employed. The 

selected components, owing to their functionality and intrinsic reactivity, were assembled 

into thin films with architectures; PEI(CNERh/NH2-MMT/PEI) n, PEI(CNERl/NH2-

MMT/PEI) n; PEI(CNERl/NH2-MMT/tPP) n ; (PEI/MMT/PDMSs) n ; 

(PEI/P.Chitin/MMT/GO) n; and (PVA/P.Chitin/LAP/GO)n where number of layer pairs 

(n) ranges 6-12, 6-25, 7-15, 4-20 and 2-50, respectively. The optimization for the buildup 

was done by testing various solvents, concentration, adsorption/dipping time, ratio of 

concentration and ratio of dipping time as a function of a layer pairs. The film growth was 

monitored through UV-vis spectrophotometry and ellipsometer after deposition of each 

layer pair. Afterwards, characterization using AFM, SEM, water contact angle, XPS and 

testing through Vicker’s indenter, cone calorimetry, nanoindentation, universal testing 

machine, UL-94 and resistance to corrosive solvents was studied. The PEI(CNER/NH2-

MMT/PEI) n multilayer thin films with a driving force hydrogen bonding and covalent 

linkage showed remarkable hardness (H ~ 1.996 GPa). Due to the barrier properties of 

clay, PEI(CNER/NH2-MMT/PEI) n and PEI(CNER/NH2-MMT/tPP) n multilayered thin 

films provided 20 and 25%, reduction in heat release rate (HRR) exhibiting significant 

protection for flexible polyurethane foam (FPUF) from burning. However, in 

(PEI/MMT/PDMSs) n thin films, mechanical properties such as reduced modulus Er ~ 65 

GPa and hardness H ~ 9.40 GPa with good chemical resistance due to layered structure 

was obtained. Whereas, hybrid (PVA/P.Chitin/LAP/GO)n multilayered thin films resulted 

in relatively thicker, robust, and colorful coatings on quartz slides with Er ~  25.53 GPa 

and H ~  1.45 GPa. Free standing (PEI/P.Chitin/Chi-MMT/GO) n multilayered thin films 

showed the Young’s Modulus ~ 384.17 MPa with outstanding flame retardance. Vacuum 
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assisted filtration (VAF) assembly was also used to prepare hierarchical nacre-like 

structures using PVA, P.Chitin, GO, LAP, Chi-MMT, and PEI. Henceforth, 

multilayered structure possessing comparable mechanical performance to nacre using 

environmental friendly technique and benign materials are obtained. These multilayered 

thin films are found to have potential to be applied as barrier against corrosive solvents, 

fire, as well as in packaging, ballistic and other protective coatings for advanced 

applications.  
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1.0 Introduction 

1.1 Motivation for this research 

Today’s world of advanced technology and miniaturization is standing on the shoulders of 

natural materials ranging from seashells to mountains. Homo sapiens gradually learned 

about the composition and function of natural materials and are now replacing most of such 

materials with synthetic compounds, exhibiting enhanced performance. The scientists of 

every age continue to be fascinated by complex architectures present in nature and 

endeavor to simulate them. Natural materials have inspired the confluence of mechanisms 

to develop strong and tough materials with a wide range of interactions acting at multiple 

length scales. Biomaterials are composite in one or other form and have attracted the 

research in this domain by presenting examples like butterfly wings, spider silk, gecko feet, 

mollusk shells, lotus leaves, plant cell walls, mussel byssi, venus’s flower basket, brittle 

star optics - Ophiocoma wendtii show that nature has stepped ahead of human intellect and 

it has actually foreshadowed the technical development. These materials can be, for 

instance, highly mineralized seashells, bone and teeth, lightly mineralized fish scales and 

lobster cuticle and purely polymeric like insect cuticle, wood, bamboo or silk with the 

mechanical properties often surpassing those of their individual components. It is very 

challenging to transfer features which are present at micro and nanoscale in nature to macro 

scale for mankind use. To do so, copy of the architectural configuration and material 

characteristics from natural materials without using the actual components is investigated.  

Almost all natural products are composite materials containing relatively fewer number of 

basic units pooled in such a fashion so as to give extraordinary properties. Mentioning a 

few, cellulose combining with lignin and hemicellulose can make up wood, bamboo, and 

palm; protein with keratin, chitin, or calcium carbonate (CaCO3) gives off hair, insects 

cuticle or nacre; hydroxyapatite and its combination with collagen can produce tooth 

enamel and bone/antler; whereas cornea is made up of collagen only. However, intrinsic 

properties of individual components are weaker, actually, the interacting mechanism is 

giving them off augmented properties. Thus, the contemporary fabrication methods and 

characterization techniques allow to decipher the complex mechanism acting at different 

scales which bestows unique characteristics in natural materials. Currently, there is a great 
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need of lightweight, multifunctional materials which can be used in technologies of 

different fields including, packaging, transportations, energy and medicine, built solely 

through greener synthetic routes for a sustainable future. 

Actually, bio mimicking involves the study of formation, structure or function of 

biologically produced substances and materials (enzymes, silk, nacre), biological 

mechanism and processes (protein synthesis/ photosynthesis) especially for the purpose of 

synthesizing same products by artificial mechanisms. The biomimetic research focuses on 

learning science, physical, chemical mechanism working at molecular, cellular, tissue and 

organism level. Equivocally, the advanced material obtained are at times entirely different 

from the bio material due to differences in biological constraints on later and economical 

stress on former. The designing of biomimetic research can be split up into three phases: 

 Elucidation of structure-property relationship in biological system. 

 Development of physical and chemical principles of structure-function relation. 

 Designing of optimum process/methodology to manufacture materials. 

For instance, while designing bio-inspired materials like nacre, the emphasis and focus 

must be the at the selection of materials, operational mechanism and finally how can it be 

scaled up to the level of modern engineering methods. 

  

1.2  Natural nacre - evolution and structure 

1.2.1 Nacre composition 

 

Nacre, also known as mother-of-pearl, is an ultra-tough, non-brittle nanocomposite which 

forms the inner shiny surface of shells.  Many species of mollusks including cephalopods, 

gastropods and bivalves have shells with the primary purpose of protecting their soft bodies 

from predators. Nacre mainly comprises aragonite platelets 95% by volume (200-900 nm 

thick and 5-8 µm diameter), covered by biopolymers 5 % by volume (10-50 nm thick) with 

millions of nano grains (30 nm) generating characteristic “brick and mortar” structure. This 

arrangement of inorganic aragonite and organic biopolymers develop a composite structure 

with around 1000-fold increased toughness than constituents (Wang et al., 2001; Barthelat 

et al., 2007; Barthelat and Zhu., 2011). 
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Figure 1.1: (a) Abalone shell ;(b) nacreous layer in shell ; (c) brick and mortar 

structure with aragonite and organic matrix (Kakisawa and Sumitomo, 2012; Yao et 

al., 2011) 

The aragonite platelet forming 95% by volume of nacre was initially believed to be a single 

continuous crystal, but later it was observed and found that it is also a composite. This 

nanocomposite is made up of aragonite nanoparticles dispersed homogeneously in an 

organic matrix forming a pseudo single crystal (Xie et al., 2016; Wang et al., 2018; 

Kakisawa and Sumitomo, 2012). Firstly, aragonite nanoparticles develop into core-shell 

structures with the biopolymer which upon assimilation and compaction yields mature 

aragonite platelets. Therefore, platelets are not single crystal plates which are brittle but are 

ductile generating pseudo single crystal platelets also known as super structured 

composites (Li et al., 2006). The detailed structure and composition of nacre is given in 

Figure 1.1. 

The organic material making approximately 5% by volume of nacre can be present at 

interlamellar (in-plane to aragonite platelets), intertabular (laterally sandwiched between 

aragonite platelets) and intracrystalline (in voids of platelet/matrix associated) places. 

(Bezares et al., 2011; Heinemann et al., 2011). The organic material present in the 

(a) 

(b) 

(c) 
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interlamellar matrix consists of polysaccharides and proteins. The polysaccharide is chitin 

(N-acetylglucosamine or 2-(acetylamino)-2-deoxy- D-glucose) which is easily identifiable 

however proteins (e.g. silk/fibroin) are not absolute as it varies with species. Intertabular 

matrix which is present laterally between aragonite platelets contains chitin, glycoproteins, 

carboxylates, sulphates and aragonite nucleating proteins.  However, the thickness of 

intertabular is about 50 nm, which cannot be easily observed by TEM (Heinemann et al., 

2011; Cartwright and Checa, 2007).  

Chitin which is chemically and mechanically stable polymer is linked up with protein 

through pores (100 nm in diameter) shaped the core structure of organic matrix (Zhang and 

Li, 2012). The demineralization, which is carried out to investigate the organic structure of 

nacre, exhibits that proteins not only released from intracrystalline but from 

mineral/intercrystalline matrix also. However, about 40 protein sequences present in the 

organic matrix are identified while for rest research is under progress (Barthelat et al., 

2016).  These proteins have sequence of aspartic acid, arginine, glycine, serine, proline, 

cysteine, tyrosine and leucine. The growth of inorganic mineral is controlled by organic 

part and proteins, for instance, sugar binding and crystallization by Perlucin; calcite growth 

inhibition by perlawpin; aragonite nucleation by perinhibin; matrix-platelet adhesive by 

Lustrin. Likewise, investigation of nacre cleavage shows protein called “Lustrin A” 

illustrating its role in interface endowed to its extraordinary extensibility and sacrificial 

bonds. (Barthelat et al., 2016 ; Stempflé et al., 2010; Heinemann et al., 2011).  

During the construction of nacre, interlamellar membranes are formed at a distance of ca. 

500 nm from the previous membrane from a viscous liquid containing constituents. The 

constituents will be secreted again when constituents are consumed up during the making 

of a membrane. The interlamellar membrane is formed and then it is filled up with the 

calcium carbonate and its polymorph aragonite required to make the nacre. In mollusks, 

usually, when the mineralization has taken place in a layer below, it can begin in a layer 

above in different fashion for different taxa. This can pass the information through such 

mineral bridges so that crystallographic information remains same throughout this process. 

The mineral nanoparticles are spherical and harder than the organic matrix. 

The intracrystalline matrix is less rigid than intercrystalline and former influences the 

properties of aragonite platelets. The plastic deformation of nacre sheet is basically 
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dependent upon the intracrystalline matrix since it is two times less elastic than 

intercrystalline matrix (Barthelat et al., 2016).  

1.2.2   Nacre_ paradigm for strength, stiffness and toughness 

In natural materials such as bone, nacre and teeth, structural performance is inferior than 

engineering materials (e.g. steel) while mechanical performance (strength and toughness) 

is remarkable blend of individual meager constituents. Many of the natural materials are 

hybrid materials entailing large portion of inorganic material surrounded by small portion 

of organic matrix with the mechanical properties surpassing the pristine monoliths 

(Barthelat et al., 2016). The distinct features of nacre are combination of its strength, 

stiffness and toughness which set the paradigm for advanced, lightweight and 

multifunctional materials. Toughness of biomaterials is different from structural materials, 

in former it is the measure of energy dissipated or absorbed before the catastrophic failure, 

while in later case it is the resistance to propagation of cracks. Whereas, stiffness (E) of 

organic part is E = 78.8 GPa originating from the synergistic contribution of organic matrix 

stiffness 4.0 GPa, asperities area fraction 40.0 % and 2% from pillars (Askarinjad and 

Rahber, 2015). In view of the contributions from these components several models have 

been proposed for explaining the mechanical behavior of nacre. The deformation 

mechanism explaining mechanical behavior can be explained well by considering 

following stages.  

Nacre is an exceptional widely acknowledged biomaterial, initially all its components carry 

the weight, until the organic matrix fails. In second stage, pillars and proteins carry the 

load, however, upon failure of pillars, proteins are left behind as responsible element. Later 

in third stage, mechanical failure occurs when no organic-inorganic interaction remains 

between two platelets on displacement. It is believed that presence of asperities and pillars 

facilitate in this behavior of nacre thus giving it off the enhanced mechanical properties. 

Though, different mechanisms responsible for toughening of nacre are proposed, but it is 

an accepted fact that synergy of different components operating at different length scales 

generates outstanding biological and mechanical properties. Hence, nacre due to complex 

micro mechanisms of deformation and fracture possess high stiffness (70–80 GPa), high 

tensile strength (70–100 MPa) and high fracture toughness (4–10 MPa m-2) (Barthelat and 

Rabiei, 2011). Inorganic component is aragonite which offers strength but in the absence 
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of dissipating strain will be brittle. To cater this, strain redistributions are managed by 

interlayer shearing by organic phase which confers the toughness to composite as discussed 

in section 1.2.1. Young’s modulus of organic component has significant effect on stiffness 

of nacre which is largely influenced by moisture content (Barthelat and Espinosa, 2007; 

Askarinjad and Rahbar, 2015). Likewise, in dry state, nacre has high stiffness due to lower 

moisture in organic matrix which lowers the ductility and toughness, while in wet state, it 

is ductile so nacre shows higher toughness. Besides providing adhering points, nano 

asperities keeps small molecules of organic matrix in proximity to platelets to give the 

toughness (Begley et al., 2012).   

1.2.3 Structure-mechanical property relationship 

The structure property relationship is an important tool to learn about the biological 

components to mimic them so as to apply them in daily life as cost effective and 

environment friendly. The missing links between structure property relationship of nacre 

needs to be explored, matured that the numinous mechanical performance of inexpensive 

materials constituting nacre can be simulated.  

1.2.3.1 Inorganic component aragonite 

Inorganic aragonite provides strength whereas the organic phase serves the role of 

viscoplastic energy/strain dissipation layer and gives toughness. If the platelets are rigidly 

interlocked, the structure would be hard and brittle. Thereby, the presence of quasi ductile 

biopolymer between and along alternating layers allow limited deformation with the 

provision of ductility and maintaining the strength of structure. If the mortar (organic 

matrix) is ample or hard, it causes the brick failure. The strength of brick is fractionally 

higher than biopolymer which facilitates in toughness of mortar during bricks pull out. 

Additionally, the composite nature of aragonite platelets also contributes towards 

exceptional mechanical property of nacre against deformational stresses (Xie et al., 2016). 

Along the aragonite, there are mineral bridges/pillars which basically connect platelets in 

two adjacent layers. The density of pillars is higher in central regions than outer regions of 

platelets. These structures also carry the essential information required to maintain the 

crystallographic structure same for the next layers of inorganic component. Nanoasperities 

(nanograins on inorganic platelets) connect the organic matrix with platelets. The role of 

nanoasperities in mechanical behavior is elicited by creating nanoasperities artificially on 
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platelets. It was observed that under load, when sliding of platelets takes place on one 

another micro cracks can develop dissipating energy, as well as strain hardening also occur 

due to interlocking of platelets under the effect shear loading (Xia et al., 2015; Zhang and 

Li, 2012).  

1.2.3.2 Energy dissipation by organic phase 

Young’s modulus of organic matrix directly increases the young moduli of multilayered 

structure. When the surface of the inorganic phase is smooth, it does not allow the easy 

binding for organic layer. However, there is a maximum critical level for efficient energy 

dissipation by organic phase, if it is thicker, then many of the energy dissipation mechanism 

may not be supported.  Whereas, being smaller in thickness, multitude of energy dissipation 

can be elicited. The nacreous hybrid material is different from ceramic, metallic, 

intermetallic, biomimetic composites though latter are strong and stiff, but are not 

prototype of nacre. The difference lies in the non-segmented layers, absence of ligament 

formation upon stress and crack bridging by metallic layers. The exact mechanism behind 

energy dissipation in natural biomaterial is not known, but few are the propositions for it. 

The toughness behavior can lay on the aspect of crack deflection, appearance of surface, 

pull out of ceramic, sliding up of aragonite layers upon each other, and hole formation upon 

platelet displacement, high anchorage of matrix, ligament formation, its role in crack 

bridging, nano roughness of aragonite, reorientation of biopolymer, its plasticity upon 

hydration and energy absorption by residual stresses (Mayer, 2005, Wegst et al., 2015 ).  

1.2.3.3 Interfaces in nacre  

Strong interfaces are required to ensure adequate load transfer and strong cohesion for the 

material, but the interfaces must also be weak enough to de-bond ahead of propagating 

cracks, to deflect cracks and to enable inelastic shear deformations between the fibers and 

the matrix. For example, in fiber-reinforced materials, the interface between the fibers and 

the matrix must be strong enough to ensure stress transfer to the fibers and overall strength, 

but weak enough to enable inelastic deformation that can redistribute stresses around holes, 

notches, defects and cracks. Strong interfaces lead to brittleness, thus ‘pseudo-ductile’ 

composites are preferred for their robust design and damage tolerance. Although the weak 

interfaces in synthetic materials are generally brittle and have relatively simple geometries, 

in natural materials the architecture of the interfaces is more sophisticated, and the 
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inclusion of organic materials confers inelastic deformation capabilities. Interfaces are 

organic materials adhering well to the aragonite surface and forms ligaments upon opening 

and complete cleavage exposes organic materials on either surface. In this mode, fracture 

toughness is about 10 Jm-1 being able to elastically deform (10-20 MPa) with strain 

hardening 30-50 MPa. This reflects that low strength of interfaces is needed for 

deformation with high extensibility for inelastic mechanism to incur toughness in nacre. 

The organic interface consists of chitin which is sandwiched between proteinaceous layers 

(Barthelat & Rabiei, 2011). 

1.3 Attempts to mimic nacre  

There has been great progress to develop nacre inspired composites representing its 

intrinsic “Brick and Mortar” model using different fabrication processes. Where, polymer 

is usually used as mortar and inorganic component serves the purpose of brick.  

The flow directed assembly process under effect of vacuum filtration known as vacuum 

filtration assisted self-assembly, facilitate dispersions of micro- and nano-building blocks 

which accumulate together under the force of liquid flow. Various filtration modes have 

now been developed but vacuum or suction filtration is preferred to get composite thin 

films as it is advantageous to use vacuum assisted assembly when filtration volume is more 

than 1-2 ml. This method is based upon four steps, preparation of homogenous solution 

often assisted with sonication, filtration using appropriate filter paper size, type and 

porosity, washing during composite formation, and then drying in oven and peeling off the 

film from filter paper (Rahaman et al.,2019; Pavia et al., 2002). Thereby, in the 

construction of bio-inspired structural materials, nacre-like layered artificial materials have 

been fabricated using 2D nano sheets such as PVA–clay, chitosan–clay, PVA–graphene 

oxide, and chitosan-reduced graphene oxide (Zhang, 2010). When layered composite 

structure was prepared using polystyrene (PS) and graphene oxide (GO), later was grafted with 

Ce(IV)/HNO3 in aqueous solution. In this composite, modified GO served the role of hard 

moiety while PS plays the role of adhesive/glue similar to proteins in natural nacre. The 

multilayered structure and its mechanical properties were evaluated by SEM, XRD, and stress–

strain measurements, respectively. PS chains which forms coiled conformation with GO slides 

against each other and energy will be dissipated under the effect of deformation. The tensile 

strength of composite with 12% PS loading was 36.9 MPa. However composite prepared using 
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lower PS loading, tensile strength was 66.5 MPa with 54 % enhancement in Young’s Modulus. 

This increment in mechanical properties are due to better interfacial bonding and efficient 

energy dissipation mechanism. While, this variation exhibits the dependence of mechanical 

properties on polymer fraction of composite (Wu et al., 2015). Nacre like composite prepared 

using vacuum filtration yields multi functionality besides fulfilling the pre-requisite of 

enhanced mechanical strength, like heat conductivity, elasticity, UV protection, wear and 

tear resistance etc. Graphite exfoliation was carried out using natural polyphenol (Myrtan 

Condensed Tannins-MCT) and then its composite was developed. The epoxy rubber latex 

was used as crosslinking agent which not only improved the crosslinking but also the 

flexibility and stretchability of composite. The composite prepared in this manner have 

shown the tensile strength 2.26 MPa and elongation at break 31% with conductivity (154 

Sm-1) enough to lighten the bulb (Yu et al., 2017).  

The solvent evaporation assisted assembly is another simple, time and energy efficient 

method to prepare bio inspired layered structure. Zhang and his co-workers in the year 

2006, have prepared the nacre like organic-inorganic layered composite based upon 

inorganic metal units with solvent evaporation and subsequent crosslinking and 

polymerization. Similarly, the significant increment in mechanical properties was found 

with the integration of PVA and GO due to hydrogen bonding. In comparison to natural 

nacre, with 20 wt.% organic content, 76% increment in tensile strength was obtained. 

However, to improve the electrical conductivity of the same composite, reduction with HI 

gave good results (Li et al., 2012). In bio-inspired composite structure, chitosan modified 

with N-succinyl was used as mortar and GO as bricks and Zn ions as crosslinkers. In this 

composite with hierarchical structure, remarkable increase in tensile strength and 

toughness was obtained. While, inorganic content GO (as a brick) in this study was around 

20% at maximum content which is much lower than natural nacre. However, the increased 

tensile strength with enhanced crosslinking for chitosan biopolymer is significant (Wang 

et al., 2017). Cellulose is abundantly present in natural polymers which are emerging as 

environment friendly alternative to petroleum based polymers due to their biocompatibility 

and biodegradability and thus offer a greener solution. This biopolymer can be transferred 

to its derivative like ester and ether, which not only improves its flexibility and 

transparency but also the film forming ability. To overcome the natural mechanical 



Chapter 1  Introduction 

10 
 

weakness of biopolymers, composites are prepared with other advanced materials. 

Likewise, GO was selected for its excellent mechanical properties to get the layered nacre 

like structure with methyl cellulose (MC). 1, 3 and 5 wt % of GO was used to prepare 

solution with respect to MC with the help of sonication and allowed to slowly evaporate at 

room temperature. The interaction forces participating in buildup of these composites 

include hydrophobic and hydrogen bonding between GO and MC. The obtained films 

being flexible have Young’s Modulus of 3.8 MPa and stress at break 104 MPa reflecting 

the significant enhancement in mechanical performance of low cost, renewable biopolymer 

(Layek et al., 2018).  

Besides the filtration and evaporation assisted assembly, another technology is 

electrophoresis for assemblage of spherical colloids to make ordered colloidal crystals. It 

involves the utilization of external electric field to deposit the colloidal charges from 

suspension on counter electrode via particle coagulation. This technique is simple, low 

cost, and enables the deposition of thick films over large surface areas. Variety of 

substances such as polymers, colloids, metals and clays can be used to prepare layered 

nanocomposites. However, while working with clays, problem of agglomeration can be 

faced which can eventually deteriorate the layered structure of composites being deposited 

(Velev and Bhatt, 2006). To prepare the biomimetic composites, ceramic films using 

gibbsite nano platelets having high aspect ratio have deposited on the electrode surface 

under external electric field. The thickness of deposited film can be controlled by adjusting 

the concentration of deposition solution whereas, ethoxylated trimethylolpropane 

triacrylate (ETPTA) was infiltrated into ceramic films to get the composite. The 

mechanical tests exhibit improved tensile strength of nacreous composite structure than 

neat polymer. Similarly, to other techniques, films deposited by this method are also 

influenced by the linkages, for instance, covalent linkage between nano platelets and 

polymer significantly enhanced the mechanical properties (Lin et al., 2009). In another 

study poly (amic acid) was employed in combination with montmorillonite (MMT) using 

the same technique. The association of these two materials through electrophoretic 

deposition results in nacre-like composite films with layered structure. The composite films 

produced this way have improved mechanical properties, namely, a modulus increment of 
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155% and strength increment of 40% when compared with those of the pure polymer film 

(Wang et al., 2008).  

 

One of the most innovative and successful efforts for mimicking nacre, employed ice 

crystals to template the nacre structure (Deville et al., 2006). Under certain conditions, ice 

dendrites can be formed in a ceramic solution that expel any impurities from the ice crystals 

and entrap them in channels between the crystals. The ice can then be sublimed from the 

solution leaving a porous layered material. Layers as thin as 1 μm can be formed by 

controlling the speed of the freezing. The porous scaffold can then be filled in with another 

material, metallic or organic, to form bulk nacre-like composite. Ice template also known 

as freeze caste, was used in preparation of mechanically strong bioinspired composites 

using bioceramic β-tricalcium phosphate (β-TCP) and polymer poly(ε-caprolactone) 

(PCL). I nitially, scaffolds of (β-TCP) have bene prepared by ice template which exhibits 

aligned, opened and lamellar pores morphology. These scaffold were impregnated with 

PCL, which beside filling up the pores, deposit a thin film also. This polymer is bio-

resorbable and thermoplastic which not only provides strength and toughness but also 

contributes towards build-up of fibrils during rupture and thus increases the energy 

dissipation. This combination of polymer with ceramic enable the resultant composite to 

tolerate the bending and compressive load with elastic and plastic deformation of PCL and 

the ceramic attached by PCL enhances the resistance (Flauder et al., 2014). 

Several other techniques have also been developed to prepare nacre-like structures like bio 

mineralization, doctor blading, Langmuir-Blodgett (LB) self-assembly in combination 

with Layer-by-Layer (LbL) method (Oaki et al., 2006; Mirkhalaf and Barthelat, 2016; 

Michel et al., 2012).  

1.4 Nanofabrication of composite multilayered thin films 

In order to tailor desirable characteristics in a material, which are not present inherently are 

termed as surface modification and engineering. This modification can be causative of 

changes in composition and structure of material. From the past few years, an increase in 

importance of engineered surfaces has been recognized due to their functional properties 

like hardness, bio-inertness, contact angle, surface energies, tribology, adhesion/abrasion 
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with corrosion resistance and many more. Deposition of thin films, building block of 

surface engineering, is not only done for aesthetic reasons but also to protect the underlying 

surfaces from harsh environmental conditions. Thin films range in thickness from 

nanometer (nm) to micrometers (µm) on a cleaner surface and generally nanoscale entails 

from 1 to 100 nm (Wang et al., 2007). One of the earliest documented examples of thin 

film is of gold layers’ which dates back 5000 years mastered by Egyptians, who deposited 

<3000 A˚ thin films found on ancient tombs, pyramids including statues, jewelry and 

religious artefacts. The protective layers at the µm scale of the historic relics is a 

manifestation of the fact that the then civilizations were aware of the importance and 

potential of protective coatings. In 1959, Richard Feynman introduced one step down 

length scale called nanoscale and Norio Taniguchi in 1983 coined the term 

“Nanotechnology” for such materials which are being designed, synthesized and 

characterized with at least one dimension in nm scale. This technology is considered green 

due to its contribution in environmental sectors like air, water, soil and energy with 

minimum resource utilization. The importance of nanoscale was realized centuries after 

the birth of the universe by scientists, however nature was already playing at this scale for 

refined mechanisms, for instance, diameter of blood producing protein-hemoglobin is 5.5 

nm and width of strand of Deoxyribonucleic Acid (DNA) is only 2 nm (Ramsden, 2009; 

Ren et al., 2010). 

There has always been a struggle to mimic the natural mechanisms and functions for the 

controlled production and utilization of the same in industries. Furthermore, emergent 

technologies have stimulated the development of thin film deposition. In wake of the 

applications, thin films are deposited physically via Physical Vapor Deposition(PVD); 

Chemical Vapor Deposition (CVD) (Figure 1.2 (a and b); Atomic Layer Deposition (ALD); 

Pulsed Layer Deposition (PLD); Molecular Beam Epitaxy (MBE), Chemically via 

Chemical Etching; Sol gel; Spray pyrolysis and Self-assembly Figure 1.2 (c and d) ensuing 

the top down or bottom up approaches (Chachibaia, 2015; Righini et al., 2014).  
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Figure 1.2: Physical Vapor Deposition techniques (a); Chemical Vapor Deposition 

techniques (b) for preparation of thin films. Vacuum Assisted Filtration (c) and 

Layer-by-Layer method for fabrication of nacre inspired thin films (Hatta et al., 2007; 

Wang et al., 2017; Shu et al., 2012). 

 

1.4.1 Self-Assembly- modern approach 

Self-Assembly is the construction of structure and patterns built on its own without any 

external assistance as found in larger objects, galaxy and living organisms. Generally, 

preexisting entities like atoms and molecules put themselves together in a specific design 

under the impact of covalent, non-covalent interactions operating at microscale and 

gravitational, capillary or electromagnetic force at macroscale. Nature has also already 

chosen this pattern to develop advanced, complex and hierarchical structures such as sea 

shells and folding of polypeptide chains to develop proteins. Such structures are self-

healing, defect free and thermodynamically stable. 

(a) (c) 

(b) (d) 
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The idea of modern self-assembly is derived from Langmuir and Blodgett (1935) work. It 

can be divided into dynamic or static self-assembly, where later is reversible and former is 

irreversible (formation of DNA helix). Now a day, self-assembled monolayer (SAM), 

Langmuir Blodgett films (LB) and Layer-by-Layer (LbL) methods are in common practice 

(Ozin et al., 2009; Zhang, 2010, Johal and Johnson, 2011; Michel et al., 2012).  

1.4.2 Layer-by-Layer (LbL) assembly 

           The second level of hierarchy of nacre originates the characteristic brick and mortar 

microstructure with the inclusion of biopolymer and inorganic platelets. Equally, such 

arrangement parallel to lamellae also contribute to carry the load by the structure. Several 

authors have knocked at the door of natural nanostructure to unlock the second level 

hierarchy artificially by incorporating variety of organic, inorganic, bio-polymeric and 

carbonic moieties. The LbL technique has been successfully exploited to develop 

functional coatings on various substrates. The basic principles for this technique were given 

by Iler in 1966 when he presented this novel idea of making inorganic multilayers using 

alternate immersion of substrate into oppositely charged colloidal solution. However, his 

work was not fully acknowledged until Prof. Gero Decher and his coworkers published 

work upon deposition of multilayers from oppositely charged polyelectrolytes (Decher, 

1997; Decher and Schlenoff, 2002). His contemporary scientist - Prof. Nicholas Kotov’s 

research group has extensive study for utilization of LbL in preparing bioinspired 

composite multilayer thin films. The fabrication of multilayer thin films using 

Polydiallydimethyl ammonium chloride (PDDA) alternately with montmorillonite (MMT)  

            to mimic nacre was investigated by his research group (Tang et al., 2003; Srivastava and 

Kotov, 2008).  

LbL is one of the simple, fundamental, low cost, versatile, multidimensional and 

environment friendly technique for fabricating strong, homogenous, structured, robust, 

functional and ultra-thin films. It allows the buildup of complex multilayer structure with 

provision of control over composition and thickness (Xiao,F et al., 2016).  LbL is a 

template assisted self-assembly technique and sometimes after deposition of films, 

substrate is removed to prepare free standing macroscopic films or hollow capsules. The 

tailorability of a variety of architectures of LbL is another feature which has enabled the 

researchers to use diverse materials for the buildup of multilayer or composite multilayer 
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thin films as a constituent in different combinations such as polymers, polyelectrolytes, 

nanoparticles, clays, inorganic hydroxides, superstructures, carbon allotropes etc. 

Moreover, this nanofabrication technology with simplicity and versatility is able to coat 

any solvent accessible planar e.g. glass, quartz, silicon wafer (Gill et al., 2015), textile (Li 

et al., 2010), PUF (Pan et al., 2014), PET films (Svagan et al., 2012), PLA (Hikey et al., 

2011), particulate substrates (Nanoparticles) and biological matter of any size.  

LbL is actually a sequential exposure of substrates to oppositely charged materials with 

intermittent steps of rinsing and drying in an inert atmosphere. This one exposure 

constitutes the one-layer pair generally called as bilayer, trilayer or quadlayer (dependent 

upon the repeating constituents) with thickness up to several nm. This process can be 

repeated several times to get the desired number of layer pairs. When depositing 

polyelectrolytes in multilayer, electrostatic force will facilitate in assemblage but other 

molecular interactions like covalent, hydrogen bonding, hydrophobic interactions, host-

guest and hydrogen bonding can also be involved as reported by many authors (Borges and 

Mano, 2014; Kozlovskava et al., 2012). These interactions are pre-requisite to incorporate 

various components alternatively into multilayers. Sometimes, this can be checked prior to 

deposition by checking the solubility of components in the same solvent. LbL is now more 

than two decades old method for nanofabrication and various studies concerning 

functionality improvement in building blocks has also been considered (Zayas-Gonzales et 

al., 2017). Careful selection of the imparted functionalities can allow the adherence of 

components largely via hydrogen bonding and others, synergistically (Lee et al., 2011) .  

Likewise, exploitation of covalent linkage is extensively investigated to prepare strong and 

robust films (Buck and Lynn, 2011; Jiao et al., 2018). Besides functional sites, attachment 

of functional polymers on to surface and availability for incoming is also essential to be 

taken into account. Several factors can affect the film thickness and properties like 

assembly technology, adsorption time, concentration of constituents, solvent type, pH of 

solutions, speed of dipping or spraying, polymer solvent compatibility, humidity, 

temperature, agitation, solubility, substrate roughness, rinsing time and drying. (Decher 

and Schlenoff, 2002; Tan et al., 2003; Wang,X et al., 2014).  Use of LbL in various fields 

with a variety of protocols has led to the development of different technologies like 

dipping, roll to roll, electrodeposition, spraying, filtration, fluidized beds, centrifugation 
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and spinning. These methods are often called “black boxes” as in these technologies the 

focus is on the input which are the constituents for preparing the films i.e. the output.  

However, less emphasis is being laid on the LbL assembly method which mainly 

determines and influences the physicochemical properties like thickness, inter and intra 

layer films and homogeneity of nanostructures (Zhao et al., 2018; Richardson et al., 2015).   

The successful application of assembled thin films requires careful selection of technology 

for film buildup. Generally, following three technologies (i) dipping (ii) spin (iii) spray are 

commonly used for nanofabrication of multilayer thin films (Figure 1.3).  

1.4.2.1 Dip assembly 

Dip assembly also referred to as ‘immersive LbL assembly’, is an established method to 

which black boxes are often compared. It is typically performed by immersing the substrate 

into the solutions with subsequent washing for removal of loosely adhered material and 

drying with an inert gas. In addition, for particulate materials, centrifugation is also done 

to wash the substrate after immersion.  Any material (particulate or planar) having suitable 

surface charge or functional groups can be used to deposit multilayer if suitable conditions 

are present. The thickness of layer pair being deposited depends on the size of particles, 

solution density and viscosity, surface tension and is also influenced by equilibrium of 

forces at air-liquid interface and withdrawal speed of substrate (Costa and Mano, 2014; 

Zhang, 2010; Xiao,F et al., 2016).  This assembly allows the formation of more 

homogenous films than any other LbL technique. The dipping time required for colloids 

and particles is usually 1 min or less and for polymers is 5-30 min. The dipping time is 

directly related with surface charges and adhesion between alternating layers, and can be 

adjusted for low surface charges by the process of dewetting. It involves the doping of 

typical solvent with organic solvent, thus shifts the adsorption from typical random 

diffusion to evaporation and dewetting. Similarly, polymer solution kept under stirring 

during LbL can also produce robust multilayers in seconds after immersion. Unlike the 

planar substrates, particulate substrates require centrifugation, which is laborious and time 

inefficient. This can be minimized, if concentration is adjusted according to the saturation 

level, and maintenance of zeta potential along with sonication at regular intervals. Overall, 

immersive assembly is used for preparation of material applicable in numerous applications 

due to easy choice of templates and components. For example, light emitting diodes 
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(LEDs), conductive thin films, flame retardant coatings, anti-fogging, self-cleaning, drug 

delivery, barrier and gas sensors. (Seo et al., 2009; Li et al., 2012) 

As discussed earlier, solvent accessible surface (any shape or size) can be coated with 

layering solutions employing different components irrespective of their organic, inorganic 

and carbonic nature in one multilayer composite to get desired mechanical and 

morphological properties. The resulting films produced “fuzzy” nanoassemblies with 

interpenetrated structure.  Although, waste can be an issue, if depositing a large size 

substrate into the solution, but this issue can be overcome by reusing the solutions as long 

as cross-contamination is avoided. Dip method is work horse of LbL and will continue to 

play an integral role in development of thin films and composite multilayers to meet the   

demands of advanced and hi tech applications.  

           1.4.2.2 Spin assembly 

LbL assembly can use the technology of spinning to facilitate the faster deposition of 

materials. The concept of using spin coater to fabricate multilayers in LbL was first tested 

by  J.D.Hong and H.L.Wang and utilizes the spin coater. Generally, a flat substrate is 

placed on spin coater and excess of solution is dropped on substrate and it is spun at higher 

speed. The electrostatic interactions participate for depositing multilayer film 

encompassing adsorption from oppositely charged moieties. Other forces operational 

during spinning like centrifugal, viscous and air shear participates in removal of excess 

liquid, desorption of loosely adhered polymers and drying of resultant film. This is a 

relatively faster LbL assembly mode as sometimes carried out without intermittent rinsing 

and drying steps. The multilayer thin film can be developed either through dropping a 

solution on spinning substrate or by spinning the stationery substrate containing solution. 

This assembly method offers a combination of automation, time reduction and utilization 

of larger substrates (~10 cm long) for coating (Cho et al., 2001; Chiarelli et al., 2010; Seon, 

2014).  

In contrast to immersive assembly, thinner and homogenous films with ordered internal 

structure are obtained. When colloids are deposited monolayer is obtained instead of 

pseudo monolayer as by immersive assembly. The fabricated thin films are thinner and 

transparent with distinct stratification as compared to thicker, rougher, opaque and 

interpenetrated layers obtained with immersive assembly. Also, the exponentially growing 



Chapter 1  Introduction 

18 
 

films can propagate linearly with this assembly with lower roughness and faster 

equilibrium. There are some limitations of this method also like films with varying 

thickness at center and edge can be obtained due to higher ionic strength and lower spin 

speeds. This may not develop uniform layers in aqueous solution. This method is suitable 

for flat planar substrates only and complicated for non-planar substrates, it also limits the 

applications for preparing coatings for variety of fields (Richardson et al., 2015; Xie et al., 

2018).   

1.4.2.3 Spray assembly 

Another assembly category for LbL is spray assembly where polymer solutions are 

aerosolized and subsequently coated in sequential manner on substrates. This method is 

very fast and can coat layer in less than a minute, which surpasses its applications in 

industries than spin assembly. It enhances the lateral ordering of materials incorporated in 

the multilayers. This offers tunable properties, for example, morphology, composition and 

uniformity similar to the dip assembly. However, the thickness is directly influenced by 

concentration, flow rate, flow direction, spray time, wash time and intermittent gap time. 

The movement in liquid films enables the rearrangement of polymers and improves its 

adhesion with substrate resulting in submicron thickness of film. The films prepared with 

washing steps are thicker than those left unwashed as washing lets the polymer to 

rearrange. (Li et al., 2012; Izquierdo et al., 2005). The films are inhomogeneous as gravity 

cause increased deposition at the edges with irregular patterning under the effect of spray 

from certain distance. This assembly allows the coating on large substrates by rotating them 

continuously at concentration much lower than being employed in immersive assembly 

(Richardson et al., 2015).  

In recent years, LbL technique has been exploited as one of the most useful surface 

modification tool able to create functional coating on several substrates. Most of the studies 

have reported the utility of LbL based coatings for protection of fruit, paper, textiles, drug 

delivery. It has gained interest due to versatility, simplicity requiring minimum setup 

without the need of expensive equipment and able to merge functionalities from myriad of 

material classes. As we know that composites are materials developed from combination 

of matrix and filler chosen from ceramics, inorganics, metals or polymers depending upon 

the required properties. Such materials are able to give properties which are not possible to 
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achieve by either component separately. This also allows the room to design materials 

based upon structure-property relationship with full consideration of final application. 

  

 

 

 

 

 

 

 

 

 

 

Figure 1.3: Schematic presentation of multilayers deposition via LbL (a) 

Dipping/Immersive; (b) Spin; (c) Spray method (Richardson et al., 2015) 

1.5 Progress in real life applications of LbL assembled multilayered 

composites 

The utilization of LbL based coatings on variety of substrates has allowed them to utilize 

in different fields including electronics, medicines, energy, surface protection, gas barriers, 

packaging, textiles, furniture, solvent permeation and many more, broadly categorizing 

them into physical, chemical and mechanical applications. 

LbL deposited multilayers can be used to separate metallic ions from aqueous solution thus 

can help in mitigating the pollution problem. Multilayer composite with film architecture 

PEI/PSS-CaCO3 deposited via LbL on PAN substrate shows higher rejection towards 

divalent cations such as Mg2+, Ca2+, Cd2+ and Zn2+ in aqueous solution (Qin et al., 2016). 

GO and nano fibrillated cellulose (NFC) thin films developed on flexible NFC have been 
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layered up with the action of hydrogen bonding. The in-plane thermal conductivity of 

composite increased under the effect of layer pairs and significant increment in thermal 

conductivity anisotropy is comparable to other composites. The combination of 1D NFC 

with 2D GO giving off the increased thermal conductivity and tensile strength with 

flexibility make them useful in thermal management applications (Song et al., 2017).  

Nanoprotective films deposited using novolac epoxy resin (CNER) and 

poly(ethyleneimine) (PEI) alternately through covalent linkage upon silicon substrate. The 

abrasion resistance of such covalently linked films was found in good comparison to 

electrostatically adhered multilayers. These multilayer films sustained the 25 rubbing cycle 

with only 2% reduction in thickness (Qureshi, et al. 2013).  In another study, Liu et al., 

2015 has constructed the covalently linked multilayer films using p-phenylenediamine 

(PPD) with graphene oxide (GO) through LbL. These ultrathin films coated electrode 

exhibited good capacitance which highlighting their potential application as super 

capacitor (Liu et al., 2015).  

Du and his group fellows have prepared the In2O3 nanotubes on LbL grown films of 

architecture (PDDA/PSS/PDDA)n on Carbon nanotubes (CNTs). Upon exposure to air, 

oxygen will be adsorbed to surface, and reduce the conductivity of In2O3. Later, when 

exposed to NH3 gas, the gas will react with adsorbed oxygen and will release the electrons 

which will increase the conductivity of In2O3. Since prepared nanotubes are sensitive to 

NH3 gas and can function at room temperature, so are useful in various chemical 

manufacturing industries (Du et al., 2007).  Likewise, (PAH/SPANI)n based multilayers 

were deposited for humidity sensing application. When efficiency was compared to spin-

coated films, sensitivity, response time were found higher for the LbL deposited 

multilayers (Nohria et al., 2006). Electrochemical sensor can also be constructed using 

gold nanoparticle and Choline on glassy carbon electrode (GCE) via LbL. Such electrodes 

possess good oxidation potential for dopamine, uric acid and ascorbic acid (Wang et al., 

2007). Moreover, cobalt phthalocyanine (CoPcTs) and layered double hydroxide (LDH) 

based thin films fabricated on ITO electrode can also be used for oxidation of dopamine. 

The fair electrocatalytic activity of dopamine-based biosensor in LDH matrix than PDDA 

depicts the uniform dispersion of electroactive CoPcTs molecules in hydroxides. This 

finding paves the way for future utilization of LbL in bioanalytical tools (Han et al., 2011). 
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LbL can be used to coat variety of 2D and 3D substrates. In order to improve the security 

and health risk monitoring, various chemiresistive sensors can be developed on engineered 

textiles. The LbL coating assisted with vacuum spray on electrospun porous fiber mat show 

detection to 10 ppb and 5 ppb in aqueous and vapor phase for dimethyl methyl phosphonate 

(DMMP), respectively (Saetia et al., 2014).  In order to avoid the toxic effects of pollutants 

being released into air during manufacturing and other industrial activities, efficient gas 

sensors are in great demand. The PANI/GO/PANI/ZnO multilayer films can detect NH3 in 

range of 25-500 ppm (Andre et al., 2017).  

1.5.1 Mechanical, packaging and gas barrier applications 

Following the physical barrier effect of platelet like ceramics, the same building blocks are 

useful in nacre-like mechanically strong composites for packaging and gas-barrier 

applications. These are useful to protect devices (such as polymer-based flexible devices) 

which are highly susceptible to permeation by gas molecules for instance water and oxygen 

molecules. The most-used platelet-like ceramic building block is inorganic clay, with a 

high aspect ratio. The key point for use of clay in barrier layers is its alignment parallel to 

the substrate, which can extend the diffusion path of gas and decrease the gas transmission 

rate (Priolo et al., 2015). Ebina & Mizukami have prepared flexible transparent clay films 

with high gas-barrier properties, as reported in the year 2007. The obtained film with a 

thickness of 10 µm show oxygen permeability as low as 0.074 cm 3 m −2 day −1 atm −1, 

surpassing any other plastic film (Ebina and Mizukami, 2007). Cellulose nanofiber/clay 

nacre-like layered nanocomposites films have also been reported to show excellent gas-

barrier properties. MTM/ PVA based composite have good gas-diffusion barrier properties 

with reduced water-vapor transmission value. GO platelets can also be used in place of 

MMT.  

The Oxygen Transmission Rate (OTR) of 20 bilayers based upon GO was found better 

than MMT due to its larger aspect ratio. These barrier properties come directly from the 

zig-zag pathway offered by polymer and platelet alternate orientation (Yang et al., 2013). 

Multilayers based upon acrylamide-modified chitosan (AMCS) joined through Schiff base 

with alginate aldehyde (ADA) are transparent and self-healable with antifogging property. 

These films have applications in food packaging as they can regain transmittance and fog 

resistance after mechanical abrasion (Hu et al., 2018). Poly(sodium 4-styrenesulfonate) 
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(PSS) polyelectrolyte and [Mg2Al(OH)6]CO3.nH2O layered double hydroxide (LDH) 

platelets produced a nanostructure mimicking nacre. The self-assembly has produced a thin 

film with improved mechanical properties such as elastic modulus (28-65 GPa) and 

hardness (1.07-2.34 GPa) (De Luca et al., 2015). Nacre like multilayers based upon 

biopolymer chitosan and MMT has shown the modulus and hardness up to 6.64 GPa and 

0.8 GPa, respectively as reported by Wang and his co-workers (Wang,S.S et al., 2014). 

The reduction of poly(vinylamine) and GO based multilayers render them electro 

conductive with high elastic modulus 30 GPa and hardness up to 1.8 GPa (Guin et al., 

2016). Epoxy based nacre inspired multilayers incorporating MMT and PEI have shown 

hardness up to 1.996 GPa as reported by our group (Batool et al., 2018). Such nacre 

inspired multilayers are mechanically strong enough to be used as protective coatings 

against abrasion, chemicals, flame and gas molecules.  

1.5.2 Flame retardant applications 

The addition of flame retardants produces interior defects that deteriorate the film-forming 

ability and mechanical properties of polymers. Therefore, fabrication of high-performance 

flame-retardant polymer films via the conventional strategy remains a challenge worldwide 

(Chen et al., 2018). LbL has now been adopted as technique to develop fire resistant 

coatings, employing green components, in contrast to toxic which persist in environment 

and can subsequently enter in the food chain.  As discussed above, LbL has already been 

extensively use in different applications varying from surface protection, medicines, gas 

barrier, conductivity, capacitors, sensors, abrasion resistance and many more. In 2009, for 

the first time Grunlan’s group has published work on utilization of flame retardant in LbL. 

From then onwards, various studies have been carried out employing clays, carbon 

nanotubes (CNTs), layered double hydroxide (LDH), chitosan phosphate, titanate 

nanotubes, GO and many other materials as flame retardants (Laufer et al., 2012: Gao et 

al., 2014; Yan et al., 2016; Zhang et al., 2013; Hu et al., 2013; Pan et al., 2014) to impart 

flame retardancy in 2D (PVA, PET fabric) and 3D (FPUF, Rigid PUF) substrates by 

selecting appropriate components and conditions. Flexible polyurethane foams (FPUF) are 

widely used as comfort component in upholstered furniture. They can easily catch fire and 

are the reason for a number of casualties annually around the world. Due to the 

flammability, small fire can rapidly spread into life threat at large, hence improvement in 
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its flame retardant property is significant and essential. Recently the European regulations 

research has drifted towards safer/greener alternatives to persistent flame retardants, which 

are otherwise difficult to remove from environment (Pan et al., 2016; Maddalena et al., 

2018). Organophosphorus based flame retardants are considered to be safer but their 

efficiency to control fire need to be optimized (Wang,X et al., 2014). Spray assisted LbL 

is considered to be a viable method for speed up fabrication but is not feasible for PU foam 

due to its porous surface. Dipping can appear as best solution for such substrates. This 

method can allow the instantaneous deposition of film depending on the interacting forces 

and removal of solvent efficiently. 

In presence of sufficient oxygen, combustion of PUF occurs and produces combustible and 

non-combustible gases along with the solid mass and char. However, these products may 

vary depending upon the composition of foam. The heat of combustion will raise the 

temperature of gases and subsequently increase the heat transfer through radiation. 

Generally, combustion process can be divided into two phases; 

a) Condensed phase 

b) Gas phase 

The polymer flammability is the surface property and when any material catches fire, heat 

radiates from the flame, transmits from the surface to the bulk part of material. This causes 

the polymer degradation with the production of combustible volatiles, which diffuses from 

condensed phase to gas phase through crossing superficial layer and thus feed the flame. 

Whereas, in the presence of flame retardants, either material will stop burning just after the 

removal of fire source, or generate the char layer upon superficial layer of condensed phase. 

This char layer will subsequently stop the flow of heat and materials between two phases 

and extinguishes the fire (Singh and Jain, 2009; Maddalena et al., 2018).  

Laachachi et al., 2011 prepared multifunctional coatings and, in particular, highly efficient 

intumescent flame-retardant coatings, based on the diffusion of polyphosphates (PSPs) in 

exponentially growing films made from MMT and poly (allylamine hydroxide) (PAH). In 

another study, polyamide-6 (PA6) substrate was coated with flame retardant film, made up 

by alternate adsorption from PAH and MMT. The (PAH/MMT) n assembly exhibit an 

exponential growth regime. At 20 layer pairs, the film was 5mm thick due to the alignment 

of MMT in the direction parallel to the substrate. Thermogravimetric analysis (TGA) 
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revealed the enhanced thermal stability of the polyamide substrate and heat release rate 

(HRR) also decreased by 60% with 20 layer pairs as compare to uncoated PA6. Continuous 

charred layer with thickness twice than initially observed confirmed the presence of 

expanded charred layer at the surface which acts as protective limiting heat and mass 

transfer (Apaydin et al., 2013). Multilayers based upon PEI, MMT and PAA in different 

combinations yield good foam protection with 42% and 71 % reduction in peak and heat 

release rate, respectively. In addition to the lab scale testing, real time analysis was also 

carried out with the same architecture and noticeable flame retardant effect was observed 

(Kim et al., 2014). Besides inorganic moieties, only polymeric components can also be 

utilized in the buildup of flame retardant coatings. During compression, the stress normally 

transfers to the coating, and film either withstand the stress or detaches from the substrate. 

However, rigid inorganic moieties can result in aggregation and so gives off the stiffness. 

Carosio and Alongi, 2016 selected the lower deposition time for the utilization of chitosan 

and poly phosphoric acid on PUF in contrast to inorganic components for flame retardant 

coatings. When exposed to cone calorimeter, unmodified PUF collapses and forms a 

vigorously burning pool of liquid with maximum heat release rate (531kWm-2), while LbL 

coated foam showed 33% reduction in peak heat release rate pKHH (358kWm-2) with slow 

shrinkage by the fire (Carosio and Alongi, 2016).  

These study have enabled the realization of LbL approach in fabrication of fire resistant 

coatings on foams at low dipping time, eliminating the hindrance in its use at industrial 

scale.   

1.6  Applications of materials selected  

1.6.1 Graphene Oxide (GO) 

Graphite is a mineral found naturally in abundance in many areas of the world and known 

to man since antiquity. Originally, it was considered as a separate compound and later in 

1855, Brodie prepared pure graphite and identified it as an allotrope of carbon. Naturally, 

it is soft, often graded lower than talc because of softness and is black with luster. It is 

planar stacked layered structure with sp2 trigonal carbons. Compounds of graphite are made 

through insertion of foreign species (ions, atoms or molecules) between the graphite lattice. 

Graphite oxide and graphite fluoride are mainly obtained via covalent linkage. The 

covalent bond develops between “C” and foreign moiety which disrupts the π bonds in 
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layers and restricts the motion of delocalized π electrons. The structure will be changed 

from planar to puckered like diamond, with the increment in interlayer spacing from 0.3 

nm to 0.7 nm. Graphite oxide is obtained by oxidation of graphite in presence of strong 

oxidizing agents like potassium permanganate (KMnO4), nitric acid (HNO3) or potassium 

chlorate (KClO3). Upon purification and exfoliation in water, yellow colored colloidal 

dispersion is obtained. Graphite oxide - 2D material is also known as graphene oxide (GO), 

one atom thick with honey comb structure, and subsequently reduced graphene can be 

obtained after reduction. Though, various structural models for graphite oxide has been 

proposed, but generally it is presented with various hydroxide, carboxyl, epoxide and C=C 

bonds (Pierson, 2012; Mittal et al., 2015).  

GO possess large number of functional groups rendering them hydrophilic- dispersible in 

water and provide active/functional sites for further bonding. It is an insulator contrary to 

conductive graphene and sometimes it is reduced with the thermal and chemical means. It 

is noteworthy, foreign functionalities like oxygen decorates the carbon planes from both 

sides thus making the triatomic layer 2D carbon plane being sandwiched between two 

layers of oxygen groups.  GO possess large number of disordered sp3 carbon atoms with 

few sp2 bounded carbons (Ji et al., 2016; Dimiev & Eigler, 2016). Reduction process can 

convert few carbons from sp3 to sp2 state giving reduced-graphene (red-GO), but structure 

of graphene is not restored fully. The structure of graphite, graphite oxide (GO) and 

reduced graphite oxide (rGO) is shown in Figure 1.4. Apart from being a precursor of 

graphene, it is an interesting material, possessing dimension of molecule to particle.  For 

example, its thickness is in nm range but lateral dimension can be in orders of micrometer, 

thus can be considered as molecule or colloidal particle, thereby getting attention of both 

chemist and material scientists (Tanaka and Ijjima, 2014). GO can stay in two forms either 

in solution in contact with solvent molecules or upon surface being surrounded with air 

and substrate on other side. While if present in bulk known as graphite oxide, when its 2D 

structure is not well pronounced, and it can be obtained by oxidation of graphite without 

delamination step. It will have loose disordered structure and can be explained by referring 

it as accumulation of GO single layer sheets (Goddard and Grubber, 1999). There are 

different methods which can be used to self-assemble film of GO on variety of substrate 

through Langmuir Blodgett, electrophoresis, chemical vapor deposition (CVD), spin 
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coating, and vacuum filtration. However, LbL is relatively newer to embed GO with 

myriad of components merging their intrinsic properties via different interfaces to get 

nanocomposite. Such composites have found application in areas like gas barrier, 

mechanically strong and fire retardant coatings (Chen et al., 2018). 

Infact, the reason behind GO incorporation in composite preparation lies in its superior 

mechanical properties (mechanical strength; 63 GPa, modulus; 200−500 GPa), thermal and 

electrical property. These intrinsic properties have enabled the use of graphene into various 

emerging fields like electrodes, solar cells, sensors, nanocomposites, flame retardant, gas 

storage, superstrectchability and many more. Several bio-inspired composites with the 

consideration of its mechanical properties has been carried out with GO, but its mechanical 

strength is yet not realized in artificial composites.  

 

 

Figure 1.4: Structure of graphite and graphene oxide 

1.6.2 Polydimethylsiloxane (PDMS) 

Interestingly, inorganic silicon exists in nature but organosilicon compound is man-made. 

These organosilicon compounds take properties liberally from both organic and inorganics 

chemistry and thus characterization tools are also interdisciplinary. The term silicone was 

initially used by Wohler in 1857 and since then the same is in use. The base compound in 

silicone is silane (SiH4) and it is the derivatives for all the silicon containing compounds 

and monomers. To name a few, dimethyldichlorosilane Si(CH3Cl)2, 

ethylmethylphenylsilane EtMePhSiH, phenyldichlorosilane SiPhHCl2, tetrabromosialne 

SiBr4 and methyltriphenylsilane MeSiPh3.   Organosilicon compounds are usually used as 

polymers and properties varies with molecular size, shape, cross linking, substituents and 
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functional groups. The preparation of silicone based compounds begins with elemental 

silicon (purity 98-99%). Methyl chloride react with silicon fine powder at 250-300℃ to 

yield chlorosilane monomers. This is called direct process and reaction is given in Equation 

1.1.  

Si + CH3Cl  Si + MeCl  → Me2SiCl2  + Me3SiCl + MeSiCl3 + SiCl4 + …. (1.1) 

These chlorosilanes need to be carefully fraction distilled as boiling temperature spread is 

not very wide. When these purified monomers either individually or in combination 

hydrolyzed, siloxane polymers and hydrogen chloride (HCl) is produced. General reaction 

of siloxane preparation is given in Equation 1.2 (Smith, 1974). Hydrolysis can produce 

either fluids, crystalline solids, gel, gums or resins depending upon the average 

functionality of monomers. Polymers consisting of alternating silicon and oxygen atoms 

are called siloxane. The prefix exhibits the number of silicon atoms in a repeat unit like di-

siloxane, tri-siloxane, hexamethyl disiloxane and polydimethylsiloxane (PDMS). 

Generally, silicon substituent is methyl group, while phenyl and organics like vinyl, 3-

chloropropyl also exist in commercial products. The repeat unit in PDMS is (Si (CH3)2O)n  

(Figure 1.5) which not only defines the viscoelastic property but also the molecular weight.  

Me2SiCl2 + H2O → HO-[Me2SiO]nH + [Me2SiO]3,4,5+ HCl …………. (1.2) 

Siloxanes are very stable to thermal and oxidative degradation and upon chemical attack 

may be subject to rearrangement to form subsequent structures of different molecular size. 

Si-O has lower electronegativity than C-O, and bonds are ionic in nature.  The flexibility 

in Si-O-Si bond is due to charge transfer from O to Si-O due to electropositive Si and 

electronegative O. This results in charge depletion at oxygen lone pair and alters its sp3 

hybridization. It is non-toxic, bio compatible, non-flammable, high lubricity, antifriction, 

hydrophobic with low glass transition temperature Tg -127◦C (Gill et al., 2010), stable 

elastic modulus which varies at 1.1 kPa per Celsius. Due to weak intermolecular forces, 

chains are flexible exhibiting low surface tension and low stability. Its chemical inertness 

has made wide use possible in medical and cosmetic industry (Seethapathy and Gorecki, 

2012; Goddar and Gruber, 1999). Considering these astounding properties PDMS, it is 

used in preparation of nanocomposite materials also. Roy and Bhowmick, 2010 has shown 
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the improvement in thermal and mechanical properties of in situ polymerized PDMS in 

presence of clay.  

The use of PDMS as a substrate for biomedicine is more as compare to its use in fabrication 

of multilayers.  The toughness of epoxy based composite has been improved by 

incorporation of PDMS in the resins (Ding et al., 2016) Based upon covalent interaction, 

PDMS has been employed in the multilayers with PEMA where its amino end groups 

reacted with anhydride (Gill et al., 2010). Keeping in view of functionalities, block 

copolymers of PDMS were prepared with trichlorogermyl pendant group containing 

polyamides and were subsequently assembled into multilayers with PEMA. The 

homogenously and robust films were able to sustain the load of 400 nano newton (nN) (Gill 

et al., 2015).  Similarly, oil adsorption of PDMS-Epoxy based multilayers has also shown 

promising potential (Batool et al., 2017).  

 

 

         

 

Figure 1.5: The molecular structure of polydimethylsiloxane 

1.6.3 Clays 

1.6.3.1 Montmorillonite (MMT) 

Montmorillonite (MMT) is a member of the smectite mineral group, naturally occurring 

layered materials having high aspect ratio and surface area. MMT is composed of 

octahedral aluminum silicate layers which are organized in a parallel fashion to form stacks 

with a regular van der Waal gap in between them called interlayer spacing or gallery 

sandwiched in tetrahedral silica layers (Figure 1.6 a). Oxygen atoms present existing on 

both sheets are responsible for interface between them. MMT has high negatively charged 

surface that is compensated by cations Ca2+ or Na+(Moucka et al., 2011). 

Like other clay minerals it also contains active sites such as silanols, and exchangeable 

metal cations as Na+, Li+, Ca2+, etc., located in the interlayer space. This structure confers 
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high hydrophilicity to natural MMT, but also renders this silicate incompatible with several 

organic polymers. Thus, a good dispersion of the MMT into a polymer matrix can be 

achieved by introducing organic groups on the layered surface. This process not only 

increases the interlayer distance, also facilitates the penetration of the polymer chains 

inside the clay galleries (Cyras et al., 2008). The most useful procedure to prepare 

organophilic MMT and other clay minerals includes incorporation of ammonium or 

phosphonium salts on the clay surface through its cation exchange with the metal ions 

present in the structure of the clay. However, this kind of surface modification does not 

provide an efficient linkage between the intercalating agent and the clay. Moreover, there 

is always the possibility of degradation of the quaternary ammonium salt when the 

nanocomposite is prepared at high temperatures. For these reasons, the grafting reaction of 

hydrophobic groups into the layer surfaces are seeking attention (Su et al., 2013). These 

are performed through the reaction between silane coupling agents and the reactive silanol 

groups. These are located at the broken edges of the clay platelets and at the structural 

defects at the interlayer and external surfaces. Several organo silanes with different 

functionalities have been used to modify layered silicates such as MMT, sepiolite and 

laponite (Silva et al., 2011). Among numerous platelet-like inorganic materials, 

montmorillonite (MMT) sheets have been extensively investigated as reinforcing platelets 

for the fabrication of biologically inspired organic-inorganic hybrid films. 

The importance of utilization of clays as the inorganic bricks is threefold: 

(a) The natural abundance of the nanomaterial imparts low cost to its application; 

(b) The anisotropic, sheet-like structure is of great importance for control of transport 

properties through the films; 

(c) Nanomaterials having single crystalline, defect-free structure with mechanical 

properties (Wang,S.S et al., 2014). With the addition of inorganic elements, materials with 

improved thermal, mechanical and barrier properties are achieved. Such as, unsaturated 

polyester (UP) was intercalated with MMT which improved the thermal stability as well 

as mechanical properties of UP (Jo et al., 2008). 

1.6.3.2 Laponite 

Smectite group of phyllosilicates are characterized by 2:1 crystal, in which two tetrahedral 

silica sandwich the octahedral sheet.  Besides, naturally existing clay minerals, Laponite a 
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synthetic clay has gained attention of material scientists due to its size, structure, 

composition and cation exchange capacity.  

Laponite crystals are disk-shaped with diameter 25-30 nm and thickness up to 1 nm, with 

an empirical formula of Na+
0.7[(Si8Mg5.5Li0.3)O20(OH)4]

−0.7 . In it lithium cations substitute 

the magnesium, as a result crystals possess negative charges on surface counterbalanced 

by positive charges present in space between crystals (Figure 1.6 b). This can promote the 

crystal stacking with the formation of electrostatic interactions. The negative charges 

present on surface of the crystals are weaker so promote the water absorption and 

ultimately increases the clay’s volume (Goehring et al., 2013). This is hydrophilic and 

charged, but unlike other clays can form stable aqueous dispersions. It forms clear colloidal 

solution when small concentration is dispersed in water due to dominant electrostatic 

repulsive forces.  In the presence of other polar molecules, change in environment lead to 

the generation of attractive forces and subsequently the gel forms. This clay has high aspect 

ratio and thixotropic property which is influenced by the shear stress (Shikinaka et al., 

2017; Xiao,S et al., 2016). Similar to other silicates, addition of Laponite also improves 

the mechanical strength, stiffness, elasticity modulation and biocompatibility when used in 

composites. (Ghadiri et al., 2013; Tomas et al., 2017).   

 

 

 

a)                                                               b) 

Figure 1.6: Structure of (a) montmorillonite (Chiu and Lin, 2012); (b) Laponite 

(Cummins et al., 2007) 
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Keeping in view the hybrid organic and inorganic structure of nacre we planned to design, 

develop and optimized the deposition of nacre-inspired multilayered composite thin films. 

Montmorillonite (MMT), Laponite (LAP) and Graphene Oxide (GO) were chosen as hard 

inorganic substances. However, cresol novolac epoxy resin (CNER), oligomeric siloxanes 

(PDMSs), poly(ethyleneimine) (PEI), poly (vinyl alcohol) (PVA), chitosan and 

phosphorylated Chitin (P.Chitin) was employed as soft organic matrix. These components 

were used in different combinations to get nacre like composite structures. Such as, CNER 

thermosetting polymer was employed with MMT and PEI. Siloxanes due to their 

elastomeric and toughness characteristics, were prepared and layered up with MMT. As 

mentioned in section 1.1, binding sites in the form of pillars plays crucial role in 

transferring information between alternating inorganic layers and also keep them in close 

proximity. Laponite, synthetic clay having property of high aspect ratio and stability in 

solution was selected because it is relatively less engaged in bio-inspired structure 

preparation. GO is well studied modern material for its surprisingly higher mechanical and 

electrical properties. Chitin is underutilized biopolymer due to its insolubility. To the best 

of our knowledge, any study incorporating chitin in mimicking bio-inspired structure has 

not been reported so far. Therefore, integration of GO and LAP as inorganic hard materials 

with PVA and P.Chitin was also carried out to fabricate nacre like novel structure. The 

surface attached multilayered nanostructures were prepared using LbL and free standing 

through vacuum assisted filtration (VAF) assembly. To characterize these composite 

multilayered structures, nanoindentation and mechanical testing machine was used.   
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Following are the aims and objectives of the present study. 

1.7   Aims and objectives 

 To synthesize, modify and characterize the components such as, NH2-MMT, 

PDMSs, and P.Chitin, for use in fabrication of thin films. This will generate reactive 

sites on clay and chitin rendering them reactive.  

 To use Layer-by-Layer (LbL) deposition for nanofabrication of nacre-like 

nanostructures and selection of proper components considering their material 

property relationship and role towards performance for LbL deposition. 

 To optimize the concentration, concentration ratio and dipping time in the 

fabrication of substrate coated multilayers and monitoring of buildup through in-

situ and ex-situ techniques and evaluate their mechanical performance using 

nanoindentation. 

 To propose a model to indicate crosslinking behavior, load transfer and mechanism 

of mechanical performance endowed by the thin film assemblies. 

 To study the heat barrier performance of nacre inspired multilayers coated on 

flexible polyurethane foam (FPUF) for commercial applications as fire retardant 

and assessment of the flame retardant behavior of nacre inspired free standing films 

prepared by LbL and VAF. 
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2.0 Materials and Methods 

Table 2.1 enlists the polymers used along with molecular weight, number average 

molecular weight and the supplier of each polymer used to prepare multilayers.   

 Montmorillonite (MMT), Laponite (LAP), Dimethyldichlorosilane (CH3)2SiCl2, Sodium 

sulphate decahydrate (Na2SO4.10H20), Phosphorus Pentaoxide (P2O5), Triphenyl 

phosphate (ΦO)3P=O), Aminopropyltrimethoxysilane (APTMS) Si(OCH3)3(H2N(CH2)3, 

Glutaraldehyde (C5H8O2), Methanol (99.7 %), Toluene (99.5%) and Methane Sulfonic acid  

(CH3SO3H) were purchased from Sigma Aldrich. Acetone (Riedel-de-Haen; 99.5 %), 

Diethyl ether (BDH; 99.5 %), Hydrochloric acid HCl (RCI Lab Scan; 37%), Sulphuric 

Acid H2SO4 (Lab Scan; 98%), Nitric Acid HNO3 (RCI Lab Scan; 65%) and all the 

chemicals/solvents were used as received without further purification or otherwise 

mentioned. The molecular weight of each polymer alongwith the respective supplier is 

enlisted in Table 2.1 below.  

Table 2. 1: Polymers used for the multilayers’ fabrication 

Polymers 

Molecular 

Weight 

Mw (g/mol) 

Supplier 

*Poly [(o Cresyl glycidyl ether)-

co-formaldehyde] (CNER) 
1080 Sigma Aldrich 

*Poly [(o Cresyl glycidyl ether)-

co-formaldehyde] (CNER) 
870 Sigma Aldrich 

Poly(ethylene mine) (PEI) 25,000 Sigma Aldrich 

Poly (ethylene mine) (PEI) 70,000 

Sinopharm Chemical 

Reagent 

Chitin - Sigma Aldrich 

Poly (acrylic acid) (PAA) 100,000 Sigma Aldrich 

Poly (vinyl alcohol) (PVA) 44.053 
ShangHai Guoyao 

Chemical Company 

* CNER= Number average molecular weight 
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2.1 Characterization Techniques 

Fourier transform infrared (FTIR) spectra were taken using Nicolet 6700 spectrometer 

(Thermo- Nicolet). Spectra were taken in the frequency region of 4000−400 cm−1 at a 4 

cm−1 resolution by using 32 scans. End group analysis for chloride was carried out using 

sodium fusion test (Lassigne method) with known weight of PDMSs (0.208 g) using slight 

excess of sodium metal with volume of water extract upto 10 mL and titrated against 0.01 

N AgNO3 using K2CrO4 as indicator (Ault, 1998). 

The degree of aminopropyltrimethoxysilane intercalation and effect of modification on 

interlayer spacing of montmorillonite was assessed by recording the X-ray diffraction 

(XRD) pattern using X’pert Pro X-ray diffractrometer (PANalytical, The Netherlands) 

equipped with a Cu-Kα radiations (λ= 0.15418 nm) at 40 kV and 30 mA at scan rate of 

0.068/s. In order to confirm the phosphorylation of chitin, XRD pattern was recorded using 

X-ray diffractometer with rotating anode (Rigaku ,Japan) Cu Kα tube and Ni filter (λ = 

0.1542 nm). The scanning was carried out between angles 10-80°. A UV-visible 

spectrophotometer (UV-1602, Biotechnology Medical Services) was used to monitor the 

growth of the multilayers deposited onto quartz slides. The thickness of composite 

multilayer was measured using SE400 adv. Ellipsometer (SENTECH, GmbH, Germany), 

placed at the Materials and Environmental Chemistry Laboratory, Department of 

Environmental Sciences, Fatima Jinnah Women University, Rawalpindi, Pakistan. The 

instrument was adjusted at a wavelength of 632.8 nm with an incidence angle of 70°.  

2.1.1. Surface and Morphological studies of multilayered thin films 

X-ray photoelectron spectroscopy (XPS) measurements were completed using a Scienta-

Omicron (Germany), XPS instrument equipped with a Mg-Kα X-ray source. The source 

was operated at 15 keV at constant analyzer energy 100 eV for survey scans and 20 eV for 

detailed scans. VG ESCALAB 250 spectrometer (ThermoFisher Scientific, Waltham, 

MA, USA)  using Al- Kα X-ray source was also used. The curve fitting of spectra was 

achieved using Gaussian-Lorentzia line shape after shrilly background corrections using 

XPS peak 41 software. 

Scanning Electron Micrograph (SEM) of the multilayer surfaces were taken using 

SEM, JEOL JSM 6460 LV (Peabody, MA, USA) with secondary electron detector 

operated at voltage 20 kV. The images were taken at 20 µm resolution. The morphologies 

of uncoated and multilayer coated flexible polyurethane foams (FPUF) as well as their char 
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residues after cone test were probed with SEM-AMRAY1000B (Amray Inc, Bedford, 

Mass, USA). All the samples were coated with conductive gold layer prior to analyses. 

Contact angle measurement was performed to classify the film surfaces as hydrophobic or 

hydrophilic using Sony HR webcam while stability of the films was tested with a polar 

solvent (1 µL) at 20 ± 2 °C. From geometrical analysis of the obtained images, the angle 

between solvent drops to surface was determined. Raman spectroscopy was used to 

characterize the multilayers and graphitic structure of FPUF samples after burning. These 

measurements were taken at room temperature using laser Raman spectrometer (SPEX-

1403, Spex Co., USA) with an argon laser line at 514.5 nm. 

Atomic Force Microscopy (AFM) was used to analyze the topographical and 

morphological parameters of the thin films like surface roughness, homogeneity and phase 

analysis. AFM images of multilayers were taken in tapping mode using MULTIMODE 

AFM (Veeco model TAP 150 USA). 

2.1.2 Mechanical characterization of multilayered thin films  

In order to assess the nanomechanical properties of multilayered composite thin films, 

nanoindenter (Triboindent, Hysitron) was used. A berkovich indenter with tip radius 50 

nm was used for indentation. Load-displacement profile was obtained at different points 

on the film surfaces (average 6 points) spacing 10 µm, with loading and unloading times 6 

s and load holding time 2 s. Corrections were done for contact area, penetration depth and 

instrument compliance by calibration with fused quartz specimen. In order to avoid the 

substrate effect on measured mechanical property of multilayer thin films, penetration 

depth was kept below 10-20% of initial multilayer thickness. The ‘hardness’ (H) and 

‘reduced modulus’ (Er) were calculated through method of Oliver and Pharr on load–

contact depth curves. In load-control mode indentation, the loading, unloading time, load-

holding time were kept same for all the samples except the different maximum load 

adjusted according to the film thickness. Likewise, load was applied in the range of 8-800 

µN for siloxane based multilayers. For 450 nm thick multilayer, maximum load: 50 μN, 

225 nm thickness: 40 μN, 125 nm thickness: 15 μN was applied. In-situ nanoindentation 

images of residual indent impressions were also obtained. The mechanical properties of 

composite films were tested using a Instron universal testing machine 5565 (Instron, 

Norwood, MA, USA) equipped with two flat surface compression stages and 500 N load 
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cells. Measurement was done at a loading speed of 2 mm min-1 with a gauge length of 5 

mm.  

2.1.3 Thermal and flammability studies of multilayered thin films 

Thermogravimetric analysis (TGA) was carried out to determine the decomposition 

behavior of samples using Q5000 thermal analyzer (TA Co., USA) under air and nitrogen 

(N2) atmosphere. Samples were tested from 50-800 °C at heating rate of 20 °C/min. 

Flammability of the FPUF uncoated and coated with multilayers was determined using 

cone calorimeter (Fire Testing Technology, Derby, U.K.) following ISO 5660 standard 

procedures. The sample size was kept 100 mm × 100 mm × 25 mm and wrapped in 

aluminum foil. The samples were exposed horizontally to heat flux of 35 kWm-2. The 

measurements for each sample was repeated three times and then average was taken.  The 

vertical burning test (UL-94) of vacuum filter assisted self-assembled composites was done 

using samples 127.3 ×12.7×3.3 mm3 according test standard ASTM D635.)  

Thermogravimetric-Infrared Spectroscopy (TG/FTIR) was used to evaluate the evolved 

gases from decomposition of uncoated and multilayer coated FPUF. TGA Q5000IR 

thermal gravimetric analyzer (TA Co., New Castle, DE, USA) interfaced with the Nicolet 

6700 FTIR spectrophotometer (Thermo Scientific, Waltham, MA, USA) was used. 

Samples were decomposed at temperature from 30 to 600 °C with heating rate of 20 °C/min 

in helium (He) atmosphere and flow rate was maintained at 45 mL/min. 

2.2. Substrate Preparation 

Quartz slides were obtained from Electron Microscopy Sciences, Singapore for film 

fabrication, their nanoindentation and other studies. Silicon wafers with an orientation 

(100) were obtained from Micro mega solution, Pakistan.  Silicon wafers were cut to a size 

of 30 mm × 20 mm for deposition of multilayered thin films throughout the studies. The 

substrates activation was done by dipping the quartz slides and silicon wafers in acid (1:1, 

v/v) mixture of CH3OH and HCl for 30 min. to clean and degrease the surfaces. The 

degreased substrates were then kept in conc. H2SO4 overnight to generate silanol groups 

on surfaces rendering them negatively charged. Prior to film fabrication, the substrates 

were removed from acid bath and extensively washed with distilled water and then dried 

under inert gas. Flexible polyurethane foam (FPUF) prepared by our group at the State Key 
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Laboratory of Fire Sciences, University of Science and Technology of China, Hefei, Anhui, 

China was used. The FPUF was cut into size 100 mm × 100 mm × 25 mm for cone 

calorimetric test and size 10 mm × 20 mm was used for other analyses.  

2.3. Fabrication of epoxy based multilayers via dipping Layer-by-Layer (LbL)   
 

2.3.1 Amine modification of montmorillonite (MMT) 

 For the films having architecture PEI(CNER/NH2-MMT/PEI)n, MMT was incorporated 

as inorganic component to fabricate the tri-component composite multilayers. As 

functionality plays a key role for effective covalent linkage thus, pristine clay was modified 

with aminosilane to impart amino functional groups on it. For modification, few grams of 

MMT were purified by exposing it to distilled water. The purified clay was reacted with 

isopropanol and APTMS and stirred for 6.0 h in the reflux under N2. Afterwards, clay was 

filtered, washed several times and then vacuum dried to ensure the removal of solvent 

(Varadawaj et al., 2013). The modified clay resulted in grafting and intercalation with 

APTMS and was designated as NH2-MMT (Scheme 2.1). 

 

 

 

     

 

 

 

 

 

 

  

 

Scheme 2.1: Modification of MMT with APTMS 
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2.3.2 Nanofabrication of PEI (CNER/ NH2-MMT/PEI)n on quartz slides and silicon 

wafers  

Epoxy based multilayers were fabricated using dip-LbL assembly technique. Poly [(o-

cresyl glycidyl ether)-co-formaldehyde] of two different number average molecular weight 

Mn ~ 1020 (designated as CNERh) and Mn ~ 870 (designated as CNERl) were used as epoxy 

component. For the composite multilayer buildup of architecture PEI(CNER/ NH2-

MMT/PEI)n, aqueous solutions of PEI and NH2-MMT were prepared while CNERh and 

CNERl solutions were prepared in acetone. Initially, the substrate was dipped in PEI 

solution for 15 min followed by rinsing with distilled water and drying in stream of N2 gas. 

During optimization, substrate with precursor layer was dipped in w/v solutions 2.5 mg/mL 

of CNERh for 25 min, rinsed in acetone, and dried under N2 gas and then dipped in w/v 

solutions 1.0 mg/mL of NH2-MMT for 12.5 min and was subsequently immersed in w/v 

solutions 2.5 mg/mL of PEI for 25 min (Table 2.2). Similar procedure was adopted by 

preparing solutions of 5.0, 10, 20 and 40 mg/mL of CNERh and PEI along with 2.5, 5.0, 

10, and 20 mg/mL of NH2-MMT respectively. In order to study the effect of dipping time 

for both epoxies (CNERh and CNERl), five different sets of adsorption time were selected; 

which for PEI and CNER were t1=3.0, 6.0, 12.5, 25, and 50 min and for NH2-MMT t2=1/2 

t1= 1.5, 3.0, 6.0, 12.5, 25 min respectively. The number of layer pairs (n) varied from 6–

30. (Batool et al., 2017; Batool et al., 2018)  

Table 2.2:  Optimization of concentrations for the architecture CNERh/NH2-

MMT/PEI at dipping time 25:12.5:25 min, respectively 

 

Sample codes 

 

 

CNERh 

mg/mL 

 

 

MMT-NH2 

mg/mL 

 

PEI 

mg/mL 

SB 70 40 20 40 

SB 71 20 10 20 

SB 72 10 5.0 10 

SB 73 5.0 2.5 5.0 

SB 74 2.5 1.0 2.5 
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2.3.3 Optimization of time 

After selection of appropriate concentration for thin film build up, optimization of time 

was carried out for both epoxies Mn ~ 870 and Mn ~ 1080 as mentioned in Table (2.3). 

Table 2.3: Optimization of time for the architecture PEI(CNERh/NH2-MMT/PEI)n 

and PEI(CNERl/NH2-MMT/PEI)n at concentration 10:5:10 mg/mL 

Sample codes 
CNERh 

min 

NH2-MMT 

min 

PEI 

min 

SB-79 50 25 50 

SB-72 25 12.5 25 

SB-75 12 6 12 

SB-76 6 3 6 

SB-80 3 1.5 3 

Sample 

Codes 

CNERl 

min 

NH2-MMT 

min 

PEI 

min 

SB 86 50 25 50 

SB 87 25 12.5 25 

SB 88 12 6 12 

SB 89 6 3 6 

SB 90 3 1.5 3 

 

2.3.4 Film deposition of PEI(CNER/NH2-MMT/PEI)n multilayers on flexible 

polyurethane foam (FPUF) substrate 

CNER solution (5 mg/mL) was prepared using acetone and PEI solution (5 mg/mL) was 

prepared in deionized water (DI). MMT (2.5mg/mL) was dispersed by adding it into DI 

water and stirred for 24 h to keep the dispersion homogenous. To deposit the multilayers, 

FPUF was soaked for 5 min in a 0.1 M HNO3 solution to generate positive charges onto 

the surface (Wang et al., 2015). Then, FPUF was squeezed to remove acidic solution and 

subsequently washed with DI water. Positively charged FPUF foam was then dipped into 

PAA (1% w/v) solution prepared in DI water for 5 min to develop a primer layer. Now, 

FPUF with enhanced   adherence for incoming layer was alternately immersed in solutions 

of CNER, MMT and PEI, respectively. For each component, FPUF was immersed for 2 

min, rinsed and then squeezed to expel excess liquid giving out one trilayer (Scheme 2.2). 
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The same procedure was repeated using tPP also replacing PEI. When the required trilayer 

was deposited, FPUF was dried in oven at 60 °C overnight and then placed in a desiccator  

prior to subjecting to various testing.  

Scheme 2.2: Layer-by-Layer (LbL) deposition of PEI(CNER/NH2-MMT/PEI)n 

nanostructured multilayers on FPUF 

2.4. Fabrication of siloxane based multilayers via Layer-by-Layer (LbL) 

 

2.4.1 Synthesis of oligomeric siloxanes (PDMSs)  

25 mL of diethyl ether was added in two neck round bottom flask containing 5 g (38 mmol) 

of Na2SO4 .10H2O in reflux assembly. 15 mL of (CH3)2SiCl2 was added using dropping 

funnel and low temperature condenser was used (Noll, 2012). The reflux was maintained 

for 2 days. Quenching of HCl on addition of water indicated unreacted Cl.  

 

 

 

 

 

 

 

 

 

Scheme 2.3: Preparation of oligomeric siloxanes (PDMSs) from hydrolysis of 

dimethyldichlorosilane (DMDCS) 
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The separating funnel was used to isolate the oligomeric siloxane and several washings 

with distilled water were carried out to dissolve the unreacted Na2SO4. Organic layer was 

separated and dried over anhydrous Na2SO4 to remove the moisture with occasional 

shaking for 2 h. The occasional heating with hot air gun, and finally heated up to 80°C in 

vacuum line for 5 decanted solution was filtered using Whatman No.40 filter paper and 

evaporated with h to isolate the low molecular weight oligomeric siloxane (Scheme 2.3).         

2.4.2 Preparation of solutions for multilayer buildup (PEI/MMT/PDMSs)n 

The solutions of PEI were made using DI water for all the experiment.                                                                                                                                                                   

Synthesized siloxane- PDMSs solution was prepared in toluene and the same solvent was 

used for rinsing the respective component after deposition of thin film. MMT clay 

suspension was prepared by dispersing the 500 mg clay into 100 mL distilled water. The 

suspension was stirred for a week and then subjected to centrifugation at 5000 rpm for 20 

min. The supernatant layer was removed and clay was dried in an oven at 105 ℃. The 

weight of dried clay was then subtracted from the initial weight of clay. In this manner, 

clay concentration in supernatant layer was calculated and adjusted accordingly. For the 

buildup of multilayers based upon siloxane, effect of concentration and dipping time were 

thoroughly studied. The detailed description of concentration, dipping time and respective 

ratios are given in Tables 2.4 and 2.5 respectively (Gill et al., 2010; Gill et al., 2015). 

Table 2.4: Buildup of multilayers (PEI/MMT/PDMSs)n on silicon wafers from 

different concentration of PEI and PDMSs at constant dipping time of 10 minutes 

 

Sample 

Codes 
PEI 

mg/mL 

MMT 

mg/mL 

PDMSs 

mg/mL 

AR-02 1 1 1 

AR-04 2 1 1 

AR-16 3 1 1 

AR-17 4 1 1 

AR-20 1 1 2 

AR-21 1 1 3 

AR-22 1 1 4 
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AR-04 2 1 1 

AR-05 2 1 2 

AR-18 2 1 3 

AR-19 2 1 4 

 

Table 2.5: Buildup of multilayers (PEI/MMT/PDMSs)n on silicon wafers from 

different dipping times of PEI and PDMSs at constant concentration (mg/mL) 1:1:1 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.4.3 Deposition of multilayered (PEI/MMT/PDMSs)n composite thin films  

on silicon wafers  

For the deposition of multilayered (PEI/MMT/PDMSs)n composite thin films, the pre-

cleaned and activated quartz slide or silicon wafer substrates were immersed in PEI 

solution for  10 min and subsequently rinsed three times with distilled water followed by 

drying under stream of inert gas. Afterwards, PEI coated substrate was dipped in MMT 

solution for 10 min with subsequent rinsing 2 min each in three different washings followed 

by drying. The substrate with PEI and MMT layers was dipped in PDMSs solution for a 

10 min and then rinsed three times with toluene and dried (Scheme 2.4). The same 

procedure was repeated for preparation of samples following the concentration and 

adsorption time as given in Table 2.4 and 2.5. Number of layer pairs (n) were kept 8-20 

depending upon the subsequent analytical tests.  

Sample Codes 
PEI 

min 

MMT 

min 

PDMSs 

min 

AR-29 5 5 5 

AR-02 10 10 10 

AR-26 15 15 15 

AR-30 5 5 5 

AR-04 10 10 10 

AR-27 15 15 15 

AR-11 5 5 5 

AR-05 10 10 10 

AR-28 15 15 15 
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Scheme 2.4: Deposition of (PEI/MMT/PDMSs)n multilayers via LbL in dipping 

mode 

2.5 Fabrication of chitin based nacre inspired multilayered thin films  

 

2.5.1 Phosphorylation of chitin 

In a three necked 250 mL round bottom flask fitted with mechanical stirrer and continuous 

flow of nitrogen gas to ensure removal of moisture placed in an ice bath, 2 g of chitin and 

30 mL of methane sulfonic acid was added. 10 g of P2O5 was charged carefully in small 

portions and reaction kept on stirring for 3 h (Scheme 2.5). On appearance of change in 

color, the reaction mixture was transferred to a separating funnel for three times washings 

with diethyl ether, acetone and then methanol, respectively and diafiltered using dialysis 

membrane. Figure 2.1 shows the reaction process and diafiltration of product. The 

diafiltration was continued overnight by constantly changing water three times. Later the 

moisture was removed using a rotary evaporator. The sample was then dried in vacuum 

oven to ensure complete drying (Pan et al., 2015). The phosphorylated chitin was 

designated as P.Chitin.   

 

 

 

 

 

 

 

 

Scheme 2.5: Chemical reaction depicting phosphorylation of chitin 
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Figure 2.1: Experimental setup used in phosphorylation of chitin and dialysis of 

product 

2.5.2 Preparation of graphene oxide (GO)  

To prepare the graphene oxide (GO), modified Hummer’s method was used. Graphite 

powder (10 g) and NaNO3 (5 g) was charged into round bottom flask containing conc. 

H2SO4 in ice bath to maintain the temperature at 0 °C. Then, KMnO4 (30 g) was added 

gradually under vigorous stirring for 1 h while maintaining the temperature below 15°C to 

get the thick paste. Afterwards, the ice bath was removed and reaction temperature was 

raised to 35 °C for 60 min followed by addition of 92 mL of DI water and reaction 

temperature was increased up to 90 ℃. The reaction was allowed to stir for 30 min and 

500 mL of DI water was added gradually along with the 20 ml of 30 % H2O2 which turned 

its color from dark brown to yellow and was subsequently centrifuged to collect the 

product.  Finally, the product was washed with dilute HCl (aq) and distilled water and 

product as dark black suspension having concentration ~ 25 mg/mL was obtained (Ruan et 

al., 2016).  

2.5.3 Preparation of chitosan modified montmorillonite (Chi-MMT) 

4.0 g of chitosan was dissolved in 2% v/v acetic acid (392 mL) solution. The pH of solution 

was maintained at 4.9 with 1 M NaOH. MMT (2.5 g) was dispersed in distilled water (200 

mL) and then subjected to ultra-sonication for 1 h. Afterwards, chitosan solution (392 mL) 

was slowly added to the clay suspension (200 mL) and stirred at 60 °C for 24 h (Monvisade 

and Siriphannon, 2009). Then, washing of chitosan modified MMT (Chi-MMT) was done 



Chapter 2  Materials and Methods  

45 
 

till neutral pH and centrifuged at 4000 rpm for 15 min. Subsequently, it was dried in oven 

at 70 °C for 24 h and kept in desiccator prior to further characterization.  

2.5.4 Fabrication of chitin based composite multilayered thin films on Quartz Slides 

For multilayer buildup, pretreated quartz substrate was immersed sequentially to PVA, 

P.Chitin, LAP, and GO solutions (Table 2.6) for 2 min each with intermittent steps of 

rinsing, washing and drying under stream of nitrogen. The pH of aqueous solutions was 

adjusted using either 1 M HCl and 1 M NaOH. The pH of PVA (2 mg/mL), P.Chitin 

(1mg/mL), LAP (1mg/mL) and GO (0.5 mg/mL) was adjusted to 2, 7, 11 and 7, 

respectively.  

Likewise, Chi-MMT based multilayers (PEI/P.Chitin/ Chi-MMT/GO) were also prepared 

and the concentration employed in their deposition is given in Table 2.7. Similar to the 

LAP based multilayers, solutions of all components were prepared in aqueous medium and 

pH was adjusted to 9, 7, 7 and 7 for PEI, P.Chitin, Chi-MMT and GO, respectively.  

Nanofabrication of composite multilayered thin films for both architectures 

(PVA/P.Chitin/LAP/GO) n and (PEI/P.Chitin/ Chi-MMT/GO) n was carried out following 

the same procedure as described for epoxy (Section 2.3.2) and siloxane (Section 2.4.2) 

based multilayers. The process of dipping was continued till the desired number of layer 

pairs ‘n’ which usually varied from 2-50 layer pairs. 

Table 2.6: Deposition of multilayers (PVA/P.Chitin/LAP/GO)n at dipping time of 2 

min. per layer on quartz slides 

 

Sample 

Codes 

PVA 

mg/mL 

P.Chitin 

mg/mL 

LAP 

mg/mL 

GO 

mg/mL 
n 

CG-2 2 2 1 1 2 

CG-5 2 2 1 1 5 

CG-10 2 2 
1 

 
1 10 

CG-15 2 2 1 1 15 

CG-20 2 2 1 1 20 
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Table 2.7: Deposition of multilayers (PVEIP.Chitin/Chi-MMT/GO)n at dipping time 

of 2 min. per layer on quartz slides 

 2.6 Preparation of nacre inspired multifunctional films via vacuum assisted 

filtration (VAF) self-assembly 

 

To prepare the free standing films of PVA, P.Chitin, LAP, Chi-MMT and GO, vacuum 

assisted filtration (VAF) self-assembly method was used. The solutions of PEI (2 mg/mL), 

P.Chitin (2 mg/mL), Chi-MMT (0.5 mg/mL) and GO (0.5 mg/mL) were prepared using DI 

water. Composite thin films were prepared in different combinations as given in Table 2.8.  

In order to prepare the solutions for vacuum filtration assisted self-assembly (Figure 2.2), 

initially desired volume of PEI and P.Chitin, Chi-MMT and GO solutions were taken, 

mixed appropriately and subjected to sonication for 30 min. Then using vacuum assisted 

filtration assembly setup, composite film was obtained through Whatman filter paper No. 

42. For the preparation of solutions for composite films, ultra-sonicator was used at 450 

kW power. Upon completion of filtration, film with filter paper was kept in hot air oven 

for drying and finally peeled off from filter paper for further analyses.    

 

 

 

 

 

 

Sample 

Code 

PVA 

mg/mL 

P.Chitin 

mg/mL 

LAP 

mg/mL 

GO 

mg/mL 
n 

CM-1 2 2 1 1 1 

CM-5 2 2 1 1 5 

CM-10 2 2 1 1 10 

CM-20 2 2 1 1 20 
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Figure 2.2: Vacuum assisted filtration self-assembly to prepare nacre like composite 

films 

Table 2.8: Solution preparation for VAF self-assembly using PEI, P.Chitin, Chi-

MMT and GO 

S.No 
PEI 

% 

P.Chitin 

% 

Chi-MMT 

% 

GO 

(%) 

1 33.3 33.3 33.3 - 

2 40 40 20 - 

3 25 25 50 - 

4 33.3 3.3 - 33.3 

5 40 40 - 20 

6 25 25 - 50 

7 33.3 33.3 16.65 16.65 

8 28.5 28.5 28.5 14.5 

9 28.5 28.5 14.5 28.5 

 

By considering the natural nacreous composition, inorganic content was kept as high as 

possible to keep the composition of artificially self-assembled films close to the natural 

nacre. The solution of P.Chitin (4 mg/mL), PEI (40 mg/mL), PVA (40 mg/mL), GO (1 

mg/mL) and Chi-MMT (1 mg/mL) were prepared in DI water. These solutions were mixed 

in composition as given in Table 2.9. For VAF self-assembly the volume of PEI, PVA and 

P.Chitin were adjusted to 20 % while the volume of Chi-MMT and GO up to 80 % of total 

solution was kept. The solutions of PEI, P.Chitin and PVA were mixed in ratios as given 

in Table 2.9 while Chi-MMT and GO suspension was added with subsequent sonication 
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for 30 min. Later on, filtration was done using VAF set up through nitrocellulose 

membrane which was later dried in vacuum oven.  

Later on, films using PVA, P.Chitin, LAP and GO were also prepared by following the 

composition as given in Table 2.10 using the same procedure as stated above. The solutions 

of P.Chitin (4 mg/mL), PVA (40 mg/mL), GO (1 mg/mL) and LAP (1 mg/mL) were 

prepared in DI water. GO was added to the solution mixture of PVA, P.Chitin and LAP 

and subjected to sonication for 30 min to get the homogenous solution for VAF set up. As 

mention earlier, nitrocellulose membrane was used in VAF self-assembly which were later 

dried in vacuum oven and peeled off from the composite film.  

 

Table 2.9: Composition of films prepared via VAF self-assembly using PEI, 

P.Chitin. PVA, GO and Chi-MMT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

S.No 
PEI 

% 

P.Chitin 

% 

PVA 

% 

GO 

% 

Chi-MMT 

% 

1 5 5 10 40 40 

2 5 5 10 80 - 

3 5 5 10 - 80 

4 - 7.5 12.5 40 40 

5 5 5 10 30 50 

6 5 5 10 20 60 

7 5 5 10 10 70 

8 5 5 10 50 30 

9 5 5 10 60 20 

10 5 5 10 70 10 
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Table 2.10: Composition of films prepared via VAF self-assembly using PVA, 

P.Chitin, GO and LAP 

S.No 
PVA 

% 

P.Chitin 

% 

GO 

% 

LAP 

% 

1 - 20 40 40 

2 20 - 40 40 

3 10 10 0 80 

4 10 10 40 40 

5 10 10 20 60 

6 10 10 30 50 

7 10 10 50 30 

8 10 10 60 20 

9 10 10 70 10 

10 15 5 10 70 

11 15 5 20 60 

12 15 5 30 50 

13 15 5 50 30 

14 15 5 60 20 

15 15 5 70 10 
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3.0 Results and Discussion 

Nature, has always been inspiring the inhabitants of planet earth. This is clearly evident 

from the research activities and resultant publications being discussed on various scientific 

platforms. Talking about man-made and nature-inspired materials, directly or indirectly, 

the scientific link takes us back to the Mother Nature. Thus, standing in the queue of similar 

researchers, an attempt was made to prepare materials being inspired by nacre “a gold 

standard for biomimicry”. The efforts are dedicated to mimic the characteristic “brick and 

mortar” structure with outstanding mechanical performance in an environmentally friendly 

manner. To do so, and following the background literature, the strategy adopted in this 

study was to combine hard inorganic component serving the role of ‘brick’ with polymers 

as ‘mortar’. The role of the polymeric component can be justified in terms of its ability to 

distribute stress to adjacent hard component and protect the structure from collapsing. 

Nacre is iridescent inner lining of shells and to humans it reaches more commonly in the 

form of pearls. The majestic sheen on pearls is at the credit of nacreous coating.   

The real world applications of thin films and coatings in contrast to bulk materials has 

fostered the research progressive in this dimension. To name a few, these applications 

include scratch resistance, shatter resistance, adsorption of pollutants, flame protection, gas 

barrier and fruit protection. Broadly, films are made up of either organic, inorganic, 

nanoparticles, metallic or hybrid materials (Mehrotra et al., 2012; Chen et al., 2009; Zhang 

et al., 2007; Poverenov et al., 2013). In contrast, multilayered composite thin films allow 

the embedding of organic-inorganic materials alternatively yielding hybrid lamellar 

nanostructures. Where, thermoplastic and thermoset polymers are used as organic while 

aluminosilicates and metal oxides are used as inorganic. The utilization of biopolymer for 

this purpose has also been investigated due to their easy availability, low cost and bio-

degradability. Hence, their use can serve an important role in reducing the pollution. 

Although, nature has fascinated the human through numerous examples (bone, shell, teeth, 

fish scales etc.) and even continuously inspiring by showing the remarkable coalition of 

strength, toughness, hardness, functionality and responsiveness to variety of stimuli. In the 

similar manner, fabrication of nacre like multilayered structure with outstanding 

mechanical properties was apprehended. To achieve this goal, Layer-by-Layer (LbL) self-

assembly technique was chosen from the contemporary film deposition methods. It was 
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selected owing to its simplicity, flexibility, tailorability, ease for the selection of substrate, 

components for fabrication and respective dipping time, generation of non-hazardous bi-

products, ambient conditions and also without any requirements of vacuum or other energy 

intensive equipment. Another strong reason to select LbL was the typical layered structure 

obtained from fabrication of thin films resembling nacre’s natural microstructure. However, 

in certain cases to scale up the applications of nacre like structures, large size nacre inspired 

layered structures are also obtained for instance through vacuum assisted filtration self-

assembly. In the present study, flexibility to use variety of substrates in LbL was realized 

by using quartz and glass slide, silicon wafers, flexible polyurethane foam (FPUF) for the 

deposition of multilayer thin films and for subsequent testing and characterization. 

Alongside, myriad of components irrespective of their organic, inorganic, polymeric, 

carbonic, metal oxides and bio-polymeric origin can be used to fabricate functional 

nanostructures by adjusting their functionality and deposition conditions. Similarly, 

various architectures were foreseen and investigated before reaching the goal to deposit 

nacre inspired thin films for multiple environmental applications.  

PEI (thermoplastic) has found applications in household and industrial products endowing 

its elastomeric properties (Trybala et al., 2009). Epoxy resin (thermoset) considering its 

excellent mechanical, adhesive and corrosion resistance are being widely used in sealants, 

encapsulation, coatings and as an adhesive material (Ananda Kumar et al., 2006). Siloxane 

(elastomer) based upon its viscoelasticity and hydrophobicity were chosen in fabrication 

of such composite thin films. Initially, the fabrication of thin films using CNER and PDMS 

was investigated by studying the effect of concentration, dipping time, solvent, ratio of 

concentration and dipping time. PEI(CNER/PDMS)n multilayers were fabricated based 

upon covalent linkage between epoxy and amine functional group attached to PDMS. The 

film morphology appeared homogenous as investigated through AFM and were found 

substantially hydrophobic. These films have shown the oil adsorption ca. 97 % when 

coated on quartz slide, while it was 60 % when coated on silicon wafers. The possible 

difference in adsorption comes from the coating on double sides of quartz as compared to 

single side of silicon (Batool et al., 2017). Similarly, growth of multilayer 

PEI(PVC/PDMS-NH2)n architectures on silicon wafers was also investigated by LbL in an 

effort to get super hydrophobic and self-cleaning surfaces. In another study, biopolymer 
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such as chitosan was also used in deposition of PEI(MMT/chitosan)n multilayer films on 

silicon wafers to get the nacre inspired multilayered structure. Besides good chemical 

resistance, surprisingly strong antifungal resistance was achieved for this nanostructure.  

All these studies provided a baseline to select the components from range of available 

polymers and biopolymers to prepare nacre like multilayers structures. The selection of 

components and fabrication on substrates was carried out considering their functionality 

and applications. Herein, three architectures are discussed and presented in subsequent 

sections 3.1, 3.2, 3.3, 3.4 and 3.5.  

3.1 Nacre inspired epoxy-montmorillonite based hybrid multilayers  
 

 

 

Polyethyleneimine (PEI) and epoxy can be layered up using LbL technique based upon 

covalent linkage (Qureshi et al., 2013). Moreover, with the addition of clay, nacre inspired 

structure can be obtained. For the construction of such multilayers, effect of concentration 

of polymers and dipping time was investigated in detail and conducive and optimized 

conditions were further tested for their reproducibility. Subsequently, mechanical 

properties, chemical resistance and fire retardant ability of as prepared multilayers was 

assessed.   

Addition of inorganic elements improve the mechanical properties of the composite, due 

to a strong interfacial adhesion with organic moieties. When load is applied to such 

materials, resistance is offered by tightly folded organic-inorganic moieties as they can 

absorb, deflect or even initiate a crack. Clay such as montmorillonite (MMT) is extensively 

used inorganic material in preparation of hybrid composites mimicking biomaterials like 

artificial nacre. When clays are deposited in multilayers, ‘ceramic tile floor’ like mosaic 

can be obtained (Podsiadlo et al., 2008). MMT not only offer mechanical strength but also 

provides thermal and barrier effect by making pathway complicated. It is used either 

pristine or after grafting/ modification with polymers to make it hydrophobic and 

compatible with other polymers in composite system. Commonly, silanes are one of the 

commonly employed modifying agents for clays. Silanes attach onto MMT surface with 

covalent or ionic bonding as shown in Scheme 2.1. 

MMT – dioctahedral 2:1 phyllosilicate clay belongs to smectite group of clays comprising 

two tetrahedral Si-O sheets which sandwich the octahedral sheet of Al(Mg)–O4(OH)2. 
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Naturally, Mg2+ and Fe2+ substitutes the Al3+ and Si4+ replace the Al3+, rendering the layers 

negatively charged and interlayer space is occupied by cations (Na+, K+, Ca2+) to balance 

the overall charge on clay.The modification of clay with APTMS involves structural 

defects in Si-O layer and broken edges of clay. The condensation reaction takes place 

between –OH groups on clay surface and Si-OH or Si-O-CH3 groups of APTMS during 

drying in vacuum condition at 60 ℃ (Wu et al., 2012). In present study, the purpose of 

modification of MMT with APTMS is to impart the amino functionality. This is required 

in fabrication of multilayered composite thin films based upon hydrogen and covalent 

bonding with poly (o cresyl glycidyl ether-co-formaldehyde) (CNER) and 

Polyethyleneimine (PEI). Fourier transform infrared spectroscopy (FTIR) and X-ray 

Diffraction results are discussed in support of this modification in Section 3.1.1-3.1.2.   

3.1.1. Modification of montmorillonite (MMT) 

FTIR spectroscopy is a useful analytical technique aptly employed to characterize the 

materials after modification. The FTIR spectra of unmodified clay (MMT) and APTMS 

modified clay (NH2-MMT) are shown in Figure 3.1. 

The FTIR spectrum of MMT shows stretching vibrations at 3647 cm-1 attributed to the 

structural –OH groups which are bound to Al3+ or Mg2+ of clay (Shen et al., 2007). The 

bending vibrations at 1630 cm-1 correspond to the -OH deformation in adsorbed water 

present in clay interlayer. Whereas, bending vibration at 792 cm-1 correlates to the Si-O-

Al. (Dutta et al., 2011; Muthuvel et al., 2012). However, in the FTIR spectrum of NH2-

MMT, appearance of new peaks along with the significant MMT peaks support the 

successful modification. The modification of clay involves the -OH groups so decrease in 

attached -OH groups’ intensity is observed. In addition, the intensity of stretching and 

bending vibration of peaks in region of 3600-3000 cm-1 and 1633 cm-1 are also decreased. 

Due to the amino alkylsilane group of APTMS, peak at 2933 cm-1 appeared   which can be 

attributed to asymmetric stretching vibration of –CH2. Whereas, the bending vibrations of 

secondary amine (-NH) and amino alkyl groups (-CH2 and -CH) appeared at 1490 cm-1, 

1555 cm-1 and 690 cm-1, respectively (Bruce et al., 2014; Bertuoli et al., 2014; Huang et 

al., 2011). Thus, the appearance of new alkyl and amino peaks in NH2-MMT support the 

successful modification of MMT with silane groups.  
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Figure 3.1: FTIR spectrum of  montmorillonite (MMT) and APTMS modified 

montmorillonite (NH2-MMT) 

3.1.2. X-ray diffraction analysis (XRD) 

The grafting of silane on MMT was done to improve the reactivity and dispersion of clay 

in multilayered system. The XRD patterns of MMT and NH2-MMT are shown in Figure 

3.2 (a and b). The intensity of characteristic peaks corresponds to the crystallinity of clay 

is decreased in NH2-MMT due to formation of amorphous silica and loss of crystallinity 

upon modification. The decrease in crystallinity was further probed by calculating the 

crystallite size of particles before and after the modification. The crystallite size was 

calculated more conveniently using Equation 3.1 given by Paul Scherrer (Langford and 

Wilson, 1978; Monshi et al., 2012).  

                                            𝑳 =
𝑲𝝀

𝜷𝑪𝒐𝒔𝜽
  ……………………. 3.1 

L= Crystallite size 

K= Constant, usually 0.9 

λ = X-Ray Wavelength 

β = Peak at full width half maximum height 

θ= Peak position (2θ angle converted to rad.) 
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The calculations using Equation 3.1 gave the particle size for MMT~ 54.6 nm and NH2-

MMT~14. 36.  The broadening of diffraction peaks also relates to the incorporation of 

silane inside the clay layers. MMT shows the typical diffraction pattern with the 

characteristic reflections at 2θ ~ 20˚ and 26˚. When clay is successfully modified, these 

peaks shifts to the lower degrees as reported previously (Wan et al., 2008). Bragg’s 

equation λ= 2dsin θ was used to calculate the “d” spacing. The increase in d spacing is an 

indicator of intercalation of modifying agent into the clay galleries (Sanjay and Sugunan, 

2006). Similarly, d spacing at 20˚ was increased from 4.24 to 4.40 Å and at 26 ˚from 3.33 

to 3.34 Å.          

                      (a)                                                                         (b)                                             

Figure 3.2: XRD pattern of (a) montmorillonite (MMT); (b) APTMS modified 

montmorillonite (NH2-MMT) 

 

3.1.3. Deposition of multilayers PEI(CNER/NH2-MMT/PEI)n on quartz slides 

 

3.1.3.1 Effect of concentration 

The PEI, CNER and NH2-MMT dipping solutions were used to fabricate PEI(CNER/NH2-

MMT/PEI)n multilayered thin films using LbL. The effect of concentration of each 

component was studied (Table 2.3) to reach the optimized conditions for linear and 

homogenous growth of multilayers. The fabrication of PEI(CNER/NH2-MMT/PEI)n 

multilayer thin film was monitored using UV-vis spectrophotometer after deposition of 

each layer pair. Prior measuring the absorbance, background scan was performed every 

time. The absorbance was recorded in λmax 200-400 nm range after deposition of every 

layer pair. The intensity at λmax 202 and 280 nm ~ aromatic group and λmax 230 nm ~ cresol 

group of CNER increased as a function of number of layer pairs. UV spectra (Figure 3.3 
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a-f) reflects the growth of multilayers deposited at dipping time 25 min:12.5 min :25 min, 

respectively for each component. It can be observed from spectra that UV absorbance for 

multilayers increases as concentration of polymers increased from 2.5 to 40 mg/mL (Figure 

3.3 f). However, slightly non-linear trend was observed for film build at 10 mg/mL 

concentration of polymer. The multilayers prepared at higher concentration (SB-70 and 

SB-71) yielded films which are thicker and translucent with transmittance up to 78 %. 

Basically when concentration of clay increases, it forms agglomerates, deteriorates the film 

transparency, while on the other hand can increase the barrier properties. 

UV spectra shows the linear increment in absorbance for SB-72 and SB-73 and increment 

in intensities at respective λmax is also illustrated from Figure (3.3 c, d). Although, SB-74 

Figure (3.3 e) was prepared at lower concentration, but linear increase in growth of 

multilayer is not obvious. When the clay based composites are prepared through 

conventional means, they show 20-50 % reduction in transmittance owing to the 

aggregation of clay particles.  

However, LbL provides a way to assemble clay platelets in a sophisticated fashion to 

reduce the chances of aggregation while retaining the transparent properties of composite 

films (Priolo et al., 2010).   Increase in clay content, deteriorates film transparency, at 

higher concentrations, clay tends to form agglomerates, thus reducing the transparency 

although enhancing the barrier properties.  

Films prepared at high concentration of clay (SB-70) have shown lower transmittance i.e. 

78%, whereas 96 % transmission was obtained for film (SB-74) having low clay content. 

The reason behind haziness of film was the increased viscosity with inadequate clay 

exfoliation (Priolo et al., 2011). However, films (SB-72) prepared in the present study at 

the similar clay concentration gave out 83 % transmittance, supporting the exfoliation of 

clay during modification step. 
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                                (a)                                                       (b) 

                                  (c)                                                                       (d) 

                                                   

 

 

 

 

 

 

 

 (e)                                                                  (f) 

Figure 3.3: UV spectrophotometric studies of multilayered thin films fabricated using  

(a) 40:20:40 mg/mL (SB-70) ; (b) 20:10:20 mg/mL (SB-71);  (c) 10:5:10 mg/mL (SB-

72); (d) 5:2.5:5 mg/mL (SB-73) ; (e) 2.5:1:2.5 (mg/mL) (SB-74) deposited at dipping 

time 25:12.30:25 min per layer pair  (f) UV absorbance at λmax 202 nm vs number of 

layer pairs. L1 –L10  shows number of layer pairs (1-10). 
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(a) 

                                                                    (b) 

Figure 3.4: (a) Predicted interactions involved in buildup of multilayer composite 

assemblies PEI (CNER/ NH2-MMT/PEI)n. (b) FTIR spectra of MMT, PEI, and 

MMT-PEI. 

Multilayers based upon PVP/PAA were prepared through hydrogen bonding as the driving 

force between alternating layers. Later on, molecular force spectroscopy studies explained 

that interaction was not solely based upon hydrogen but also a combination of others too. 

As Decher and Schlenoff (2002) have explained that synergistic combinations of more than 
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one force is possible in multilayered thin films system. Therefore, it is proposed that 

buildup of these multilayered PEI(CNER/NH2-MMT/PEI)n films is based upon hydrogen 

bonding and covalent bonding as shown in Figure 3.4.The amine curing of epoxy is well 

established leading to covalent bonding as shown in Figure 3.4 a. Hence, linear increase in 

UV absorbance is attributed to the availability of functional groups by incoming layers 

involved in hydrogen and covalent bonding. It is possible to confirm hydrogen bonding in 

a material through FTIR. The spectrum taken for PEI combined MMT was compared with 

neat PEI and NH2-MMT (Figure 3.4 b). When hydrogen bonding takes place, red shift in 

IR vibrational frequency occurs, likewise observed in FTIR of PEI combined MMT. The 

shift from 3450cm-1 (PEI) to 3406.44 cm-1 and 3628 cm-1 (MMT) to 3562.64 cm-1 in PEI 

combined MMT is an indicator of hydrogen bonding. Similar decrease in vibrational 

frequency has been observed as an indicator of hydrogen bonding between epoxy and silica 

by Zhang et al., 2008.  

3.1.3.2 Effect of adsorption time 

After studying the effect of concentration on multilayer thin films, effect of adsorption time 

was also studied to reach an appropriate adsorption condition of components while also 

maintaining the film homogeneity. The effect of adsorption time was studied by varying it 

from 7.5 to 125 min per layer pair for CNER, NH2-MMT and PEI at 10mg/mL, 5 mg/mL 

and 10 mg/mL, respectively (Figure 3.5). It was observed that when films were prepared 

at shorter dipping times (SB 80, SB 76), significant increase in absorbance as a function of 

layer pair was obtained. According to the Beer Lambert law, increase in absorbance is 

directly proportional to the concentration. Linear increase in absorbance with homogenous 

growth was obtained for films (SB-75) build at 12:06:12 min/layer pair with 87.7 % 

transmittance. When films were fabricated at longer dipping times, prominent increase in 

absorbance was not observed attributable to desorption of the polymers (SB-72, SB-79). 

Apart from the concentration and adsorption time, structure and nature of components also 

play a significant role in film homogeneity. However, at moderate adsorption time and 
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concentration of components, aligned films with well dispersed clay can be obtained   

(Priolo et al., 2010).  

(a)                                                                (b) 

(c)                                                                (d) 

 

   

 

 

 

                                                                         (e) 

Figure 3.5: UV spectra of multilayers deposited for varying adsorption time of (a) 

50:25:50 min (SB-79);  (b) 25:12.5:25 (SB-72); (c) 12: 6.0 :12 (SB-75);  (d) 6: 3.0: 6 

min (SB-76) and (e) 3:1.5: 3 min (SB-80) at 10: 5: 10 mg/mL concentration for CNER, 

NH2-MMT and PEI. L1 –L10  shows number of layer pairs (1-10).  
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3.1.3.3 Thickness measurement using ellipsometer 

The change in thickness as a function of layer pair of multilayered thin films deposited on 

silicon wafers was monitored by ellipsometry that shows the linear increase as a function 

of dipping time (Figure 3.6).  Relatively thicker films were obtained when the multilayers 

were fabricated at 25:12:25 min/layer pair. The effect of shorter and longer adsorption time 

is depicted in Scheme 3.1. When fabricated at longer adsorption time, polymers get enough 

time to relax and flatten leading to thinner films.  Once film gets appropriate thickness, a 

transition from exponential to linear phase takes place with subsequent inter diffusion of 

 electrolyte. However, Inter-diffusion may take place earlier in the presence of clay 

component resulting in thickening of the films.  

 

 

 

 

 

 

 

 

 

 

Figure 3.6: Thickness of multilayers PEI(CNER/NH2-MMT/PEI)10 at concentration 

10:5:10 mg/mL per layer pair as a function of dipping time. 

 

While, in shorter dipping times, polymers may not get enough time to diffuse within the 

clay layers and generating thicker films up to initial 3-4 layer pairs. While, as number of 

layer pairs increases, thickness of films obtained at longer dipping times will be more due 

to transition to linear phase (Xiang et al., 2013). Thereby, thickness of films obtained at 

longer dipping times is more than shorter dipping times as shown in Figure 3.6.  
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Scheme 3.1: Influence of shorter and longer adsorption time on film thickness. 

3.1.3.4 Atomic force microscopic (AFM) studies 

The surface structure of deposited multilayers was studied using tapping mode AFM. 

Figure 3.7 a and b show the AFM height images of multilayer thin film build at 20 and 10 

mg/mL of NH2-MMT. Similar to UV results, high concentration of NH2-MMT produces 

translucent film, correlating to the aggregation of clay platelets lying parallel to the surface 

(Cain et al., 2014) It increases the surface roughness as RMS=15.3 nm was obtained, 

reflecting the fact that roughness increases with increase in concentration. In contrast, when 

film build up was done at 10 mg/mL of NH2-MMT, tightly packed structure with RMS= 

2.58 nm was obtained. The AFM image reveals that clay platelets are lying on substrate 

with larger dimension, while observed roughness can arise from overlapping of clay 

platelets (Tzeng et al., 2014; Jang et al., 2008). The phase images (3.7 c-d) show that 

polymers have well covered the clay particles in alternating layers and depression is arising 

from the inappropriate covering of substrate with clay particles. The effect of concentration 

on film roughness was further strengthened when RMS = 3.15 nm was obtained for film 

built at 5 mg/mL concentration of clay. It was suspected that, RMS will be lower as 

compared to film build at 10 mg/mL, but the deviation concerns the actual thickness of 

multilayered thin film as discussed in section 3.1.3.1. 
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Figure 3.7: Two-dimensional views of AFM height image of film build up at 

concentration of ; (a) 20 mg/mL ; (b) 10 mg/mL ; two-dimensional phase image (c) 10 

mg/mL ; (d) 10 mg/mL of clay in PEI(CNER/NH2-MMT/PEI)6 at 12:6:12 min per 

layer pair. 

3.1.3.5 Scanning electron microscopic (SEM) studies 

The SEM images obtained for films fabricated at 1.0 and 5.0 mg/mL concentration of NH2-

MMT are shown in Figure 3.8. The images were recorded at 20 µm magnifications show 

that clay particles are dispersed evenly on the surface of films. Certain places obviate the 

stacking of clay while separation of clay is also prominent where it is placed flat. It seems 

that clay particles are protruding out of the surface corroborating the higher concentration 

of clay as compared to polymeric component of multilayer thin films. Adsorption time has 

significant influence on the density and coverage of clay particles. When adsorption time 

is relatively longer, better coverage of clay is possible as presented in Figure 3.8 (a). In 

shorter dipping times, clay density is higher on surface and similar behavior is in 

correspondence with literature (Kim et al., 2012; Huang et al., 2011; Podsiadlo et al., 2008).  
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Figure 3.8: Scanning electron microscopic (SEM) images of PEI(CNER/NH2-

MMT/PEI)10 films build at (a) 1.0 mg/mL; 6.0 min (b) 5.0 mg/mL; 3.0 min of NH2-

MMT. 

3.1.3.6 X-ray photoelectron spectroscopy (XPS) 

XPS was carried out to depict the films’ surface after deposition of multilayer thin films at 

10 mg/mL concentration of clay. Figure 3.9 shows the survey scan exhibiting the presence 

of carbon (C), nitrogen (N), silicon (Si), oxygen (O) and fluorine (F). These elements were 

not recorded on surface of neat silicon wafer. The deconvoluted spectra of these elements 

are given Figure (3.9 b and c) reflects the significant components of coatings. Although, 

thickness of multilayers as determined through ellipsometer is 25 nm but in XPS films 

were scanned to the depth of 10 nm. The C-O at binding energy 287.5 eV corresponds to 

the CNER, where resonating electron density lies upon the epoxide group. In N1s 

deconvoluted scan, typical peaks at binding energy 400.3 and 398.9 eV corresponding to 

C=N and C-N is related to the PEI. The intensity of C=N is more than C-N in PEI and 

increased electron density on N atom makes it an order higher in PEI than later. These 

observations attribute the successful deposition of all components in multilayers. The peak 

assignments are in accordance to the literature. (Fernandez et al., 2000; Yun et al., 2014) .  
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Figure 3.9: XPS spectra of multilayer thin films PEI (CNER/NH2-MMT/PEI)10 

deposited at 10:5:10 mg/mL concentration with dipping time 12:6:12 min per layer 

pair (a) survey scan; (b)C1s; (c) N1s. 

a 

b 

c 
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3.1.3.7. Water contact angle measurement 

The surface of thin films was characterized using contact angle measurement in terms of 

hydrophilicity and hydrophobicity (Meiron et al., 2004). When the angle between film 

surface and interacting liquid drop is less than 90°, surface is hydrophilic. Which means 

the more wetting property of film surface. However, if the drop of water forms the angle 

more than 90° with the surface, then film is hydrophobic. Figure (3.10 a and b) shows the 

contact angle images obtained for films build at 2.5 and 5.0 mg/mL concentration of clay. 

The contact angle between the film and water drop is 54° and 52° exhibiting the 

hydrophilicity of surfaces. The hydrophilicity is mainly attributed to the outermost 

hydrophilic PEI layer which can easily be dissolved in polar solvents. However, the 

hydrophilicity is not to the level that film will wash away upon exposure to polar solvents 

or on interacting with environmental moisture. Rather it can be used in adsorption due to 

its hydrophilicity. Thereby, in continuation of this factor, chemical resistance of multilayer 

thin film was studied.   

 

Figure 3.10:Contact angle of film PEI (CNER/NH2-MMT/PEI)10 coated on silicon 

wafers at adsorption time (a) 30 min; (b) 62.50 min.  

3.1.3.8. Effect of solvents on multilayer composite thin films 

Simulated laboratory conditions allow to probe the chemical resistance of films against 

commonly present chemicals in the environment. The effect of acid (98% H2SO4); basic 

medium (1 M NaOH); and organic solvent (THF) was investigated by recording the change 

in absorbance after the interval of 24 h. Absorbance of the films was measured using UV 

spectrophotometer before immersing them in different solutions and then change in 

absorbance was recorded up to 120 h. The change in absorbance recorded as a function of 
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time is shown in Figure 3.11. 20 % degradation in multilayer upon immersing into 1 M 

H2SO4 was observed by the decrease in absorbance measured through UV 

spectrophotometer. The degradation of coating can be due to the amine blushing 

phenomenon. Since, the concentration of acid is very high, which is several times more 

than the environmental acid rain thus the exhibited degradation depicts the good acid 

resistance and can be effectively employed as outdoor surface protective coatings. 

Multilayered thin film showed good resistance against alkaline medium, although 

degradation was expected due to ion exchange with clay. The possible reason behind the 

negligible degradation is compact structure formed by clay inside the multilayers. Organic 

solvents are corrosive to several polymeric surfaces owing to their ability to dissolution 

and degradation. Epoxy based multilayered thin films did not show obvious sign of 

degradation as prominent influence on absorbance was not recorded upon immersing in 

THF for 120 h. Clay possess intercalation sites which enables the clay to swell. However, 

clay forms the tortuous pathway inside the composite which can also reduce the diffusion 

of THF inside, hence improves the resistance of film surface towards degradation. These 

observations in laboratory scale points towards more advanced application of composite 

multilayered thin films.  

 

 

 

 

 

 

 

Figure 3.11:  Effect of acid, base, and organic solvents on absorbance of films PEI 

(CNER/NH2-MMT/PEI)n coated on quartz slide as the function of number of hours. 
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3.1.3.9. Mechanical properties of multilayers PEI(CNER/NH2-MMT/PEI)n using 

microVicker’s indentation 

 

The mechanical properties of nacre inspired multilayer composite thin films were assessed 

by a microVicker indenter. Hardness (GPa) was measured for films deposited at 6.0 min 

for clay layer and its concentration was increased from 1.0 to 10 mg/mL. Generally, a linear 

relationship between hardness and thickness of thin films is observed, indicating increase 

in thickness increases the hardness of multilayered materials. Similar behavior was shown 

by films build by keeping 3.0 min for clay layer. The homogenous growth with smooth 

topography of multilayer surfaces at higher concentration attribute to the uniform coverage 

of clay platelets with polymers and thus the effect of substrate will be diminished after a 

few layer pairs.  

 

As discussed in section 3.1.3.2, if adsorption time given to multilayer is less than required 

for optimum growth, film thickness can be compromised and eventually the hardness. The 

results given in Table 3.1 shows that multilayers with more thickness yield high hardness; 

and less thickness with less number of layer pairs gives lower hardness. The thickness of 

films increases prominently as a function of number of layer pairs for initial layers, but 

further increase in layer pairs can lead to saturation behavior. This behavior lead to 

insignificant change in hardness upon depositing the further layer pairs. Similar trend was 

observed for film build at 5 mg/mL of clay, where upon increasing the layer pairs from 15 

to 25 layer pairs, effect on hardness was not observed. On other hand, lower concentration 

of components can lead to homogenous growth of multilayers with less roughness and 

more hardness (Waraich et al., 2012).  

 

The data presented in Table 3.1 shows the maximum hardness 1.996 GPa was obtained for 

multilayers (CNER/NH2-MMT/PEI) comparable to other nacre like multilayered structure. 

For instance, 1.65 GPa hardness was obtained for (PEI/MMT)50 and 0.44 GPa for 

(PDDA/Laponite) based multilayers (Humood et al., 2016). The Vicker’s hardness 

determined for Crassostrea virginica was 1.17-1.55 GPa rendering the composite prepared 

in the present study comparable to natural nacre’s hardness. 

 



Chapter 3  Results & Discussion  

69 
 

 

   Table 3.1 Hardness measurement for films PEI(CNER/NH2-MMT/PEI)n 

 

3.2.Thermal studies of epoxy based multilayers for protecting flexible polyurethane 

foam (FPUF)     
 

Nanofabrication of tri-component composite multilayered systems based upon integration 

of two polymers and clay platelets with the action of various interacting force such as 

hydrogen and covalent bond is studied. The nanofabrication of multilayered systems is 

influenced by various factors (Decher, 1997) thus it was vital to reach to conducive 

conditions to achieve exponential growth and film homogeneity. The growth of multilayers 

with architecture PEI(CNER/NH2-MMT/PEI)n was optimized by depositing the films on 

quartz slides as a function of concentration and dipping time. The absorbance was 

measured at λmax 202 and λmax 230 nm corresponding to the aromatic group and cresol group 

of epoxy novolac, respectively (Qureshi et al., 2013). The uniform increase in absorbance 

was obtained with the increase in dipping time as shown in Figure 3.12 (a -f). The longer 

dipping time allows more component to adsorb, settle and align themselves on the 

substrates as compared to shorter dipping time in these mechanically strong nacre-like 

ultra-thin films (Batool et al., 2018).  

 

Dipping time 

per layer pair 

Concentration 

mg/mL 

Number of layer pairs  

n 
Hardness 

GPa 

 

6.0: 3.0: 6.0 min 
2.5: 1.0: 2.5 25 1.584 

5.0:2.5:5.0 18 1.893 

20:10:20 5 1.996 

 

12: 6.0: 12 min 
5.0:2.5:5.0 10 1.046 

10:5.0:10 10 1.81 

10:5.0:10 25 1.778 
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                                (a)  (b) 

 

 

                              

 

 

 

 

 

 

 

 

 

                                   (c)                                                                    (d) 

 

 

 

                        

 

 

 

 

 

 

 

 

                                     (e)                                                                         (f) 

Figure 3.12: UV absorbance spectra of multilayers coated on quartz slide at different 

adsorption time (a) 50:25:50 min (SB-86); (b) 25: 12.5:25 min(SB-87); (c) 12:6.0:12 

min (SB-88); (d) 6.0 :3.0 :6.0 min (SB-89); (e) 3.0 :1.5:3.0 (SB-90); (f) Incremental 

increase in absorbance at λmax 202 nm deposited at 10 mg/mL: 5 mg/mL: 10 mg/mL 

as a function of adsorption time. L1 –L10  shows number of layer pairs (1-10). 
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                                      (a)                                                                           (b) 

Figure 3.13: Atomic force microscopic (AFM) studies of multilayer thin films 

deposited at adsorption time (a) 3.0 :1.5:3.0 min ; (b) 6.0 : 3.0 : 6.0 min. per layer pair.  

 

3.2.1. Deposition of PEI(CNER/NH2-MMT/PEI)n on quartz slide and silicon wafers 

In continuation of the previous study given in Section 3.1, multilayers PEI(CNER/NH2-

MMT/PEI)n were deposited using epoxy having Mn ~870  (Batool et al., 2018). The 

absorbance obtained as a function of adsorption time shows the linear increase in 

absorbance irrespective of short or long adsorption time.  The % transmittance for the 

multilayered films was ~ 87%, ratifying the homogenous dispersion and layering up of 

alternate layers endowed by synergistic interacting forces. The surface studies of 

multilayered thin films carried out using atomic force microscopy (AFM) showed uniform 

growth with tight packing of clay and cobblestones like pathway structure as shown in 

Figure 3.13 (a and b).  

Similarly, the effect of Mn of epoxy on thickness of film PEI(CNER/NH2-MMT/PEI)n was 

monitored by dip coating the multilayers at concentration 5.0 mg/mL, 2.5 mg/mL; 5.0 

mg/mL with dipping time of 12 min; 06 min and 12 min on silicon substrate. The thickness 

was recorded for these films after every layer deposition illustrating that on the average, 

maximum thickness with uniform growth per layer pair was observed for CNER (Mn 870) 

as compared to CNER (Mn~1080) (Table 3.2). 
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Table 3.2: Layer Thickness (nm) of multilayers fabricated at 5.0 :2.5: 5.0 mg/mL at 

dipping time 12:06:12min. 

Layer Pair 

CNER 

Mn ~1080 

CNER 

Mn ~ 870 

                     Layer Thickness  (nm) 

1 15.84 26.12 

2 30.31 31.63 

3 35.56 39.42 

4 47.99 46.73 

5 58.01 61.63 

6 61.88 62.87 

 

The possible reason for this maximum thickness is functionality as it is higher for CNER 

Mn~870 than CNER Mn~1080. The functionality of later is 5, and former is 4.8. The 

functionality corresponds well to the availability of reactive sites for subsequent reactions, 

thus higher functional sites resulting in increased thickness of prepared films (Ratna, 2009). 

Similar effect of functionality has been reported (Gill et al., 2010).  

 

3.2.2. Deposition of multilayers PEI(CNER/NH2-MMT/PEI)n  on flexible 

polyurethane foam (FPUF) 
 

Table 3.3 shows the mass gain of FPU foams upon deposition of multilayer composite 

when the number of adsorption cycles are varied and also the components for fabrication. 

Increase in mass gain is obtained as a function of ‘n’ which corroborates well with UV 

spectrophotometer and thickness measured by ellipsometry. The concentration of 

deposition components was kept constant and 42 layer pairs gave 14.17 % mass gain as 

compared to uncoated foam (FPUF-0). When multilayers were deposited with 

conventional flame retardant tPP (FPUF-C), 3.84% mass gain was obtained with 12 layer 

pairs. It shows that % weight gain follows a similar trend as observed for PEI based 

multilayers. 
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Table 3.3: Effect of mass gain for FPUF by depositing multilayers 

* n depicts the number of layer pairs coated on FPUF  

** FPUF-0, FPUF-7, FPUF-14, FPUF-21, FPUF-28, FPUF-42 indicate [PEI(CNER/NH2-MMT/PEI)n] with n having 

0, 7, 14, 21, 28 and 42 number of layer pairs, respectively.FPUF-C indicates [PEI(CNER/NH2-MMT/tPP)n] having 12 

number of layer pairs.   

The morphological studies (Figure 3.14) of uncoated and LbL coated FPUF was carried 

out using scanning electron microscopy (SEM). Micrographs obtained both at low and 

higher magnifications show typical characteristic feature of pristine FPUF. i.e. open cell, 

porous and smooth surface while, in coated foams, surface morphology was changed 

without rendering effect on its macroscopic structure. Surface of coated foam exhibits 

obvious changes in surface roughness, elicited at higher magnifications of inset images. 

The increase in surface roughness was accompanied with reduction in % porosity of foam 

(Table 3.3). The uniform dispersion visible at higher magnifications obviates the clay 

benefits in flame retardant behavior of coated foams owing to physical barrier and thermal 

stability (Wang et al., 2015).  

Besides preserving the macroscopic structure, multilayered coated foam maintains the 

robust mechanical properties also. When evaluated through compression measurements, it 

was found that compressive stress at 10 % deformation increased from 6397 to 6597 kPa 

for neat and coated foam, respectively. Compression sets showed the increase from 5%  

(FPUF-7) to 36% (FPUF-42), attributable to the mechanical strength offered by tri-

**Sample *n 
CNER 

mg/mL 

NH2-

MMT 

mg/mL 

PEI 

mg/mL 

tPP 

mg/mL 

Coating 

mass gain 

% 

Porosity 

% 

FPUF-0 - - - - - - 33.57±0.2 

FPUF-7 7 

5.0 2.5 

 

5.0 

- 0.42±0.01 27.93±0.3 

FPUF-14 14 - 2.96±0.02 30.51±0.3 

FPUF-21 21 - 6.26±0.01 23.1±0.45 

FPUF-28 28 - 10.02±0.03 21.75±0.5 

FPUF-42 42 - 14.17±0.02 16.56±0.4 

FPUF-C 12 - 5 3.84±0.01 - 



Chapter 3  Results & Discussion  

74 
 

component multilayered structure. Coated foam was rigid and able to recover deformation; 

this property is attributed to the tough thin multilayers extending uniformly throughout the 

foam (Pan et al., 2016). 

Figure 3.14. SEM images showing surface morphology of uncoated (a) FPUF-0; 

coated samples (b) FPUF-7; (c) FPUF-14; (d) FPUF-21; (e) FPUF-28; (f) FPUF-42 

3.2.3 Thermal stability of multilayers deposited on FPUF 
 

Thermogravimetric analysis is another tool to determine the thermal properties of FPUF. 

Figure (3.15 a, b) shows the thermal curves of uncoated and coated FPUF in air and (3.15 

c, d) in nitrogen atmosphere. The % mass residue and other typical thermal parameters are 

listed in Table 3.4. 

It is observed that in all multilayered films having architecture (CNER/NH2-MMT/PEI)n 

deposited onto FPUF showed two stage degradation. The first degradation step takes place 

at (Tmax1) 250-257℃ and that is attributed to the liberation of diisocyanate compound due 

to the depolymerization of polyurethane and bi-substituted urea. Whereas, the second 

degradation stage takes place in the temperature range of (Tmax2) 357 to 393℃ and is 

ascribed to the pyrolysis of polyether chain of FPUF (Zammarano et al., 2008). For 

uncoated foam samples, almost no char residue was obtained after decomposition in both 

b 

 

e 

 

f 
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N2 and air atmosphere. The initial decomposition temperature T-5% (°C) of all the coated 

samples is lower than FPUF-0 which correlates with the evaporation of physically absorbed 

water and organic solvent residue (Rao et al., 2017). The increase in number of trilayers 

have resulted in better thermal stability with improved char residue as given in Tables 3.4 

a and b. The number of trilayers have direct influence upon the % mass gain and ultimately 

delay the rapid thermal decomposition of FPUF (Pan et al., 2015). Ultra-thin multilayers 

have significantly delayed the second stage degradation by 6% as depicted in Table 3.4 (a 

and b). 

Figure 3. 15: TGA and DTG curves of uncoated and coated FPUF in (a, b) air 

atmosphere; (c, d) N2 atmosphere 

 

Table 3.4 (a): Thermal studies of coated and uncoated foams in air atmosphere 

showing char residue (wt%) at 600 oC 
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Table 3.4 (b): Thermal studies of coated and uncoated foams in N2 atmosphere 

showing char residue (wt%) at 600 oC 

 

The char residue in air atmosphere for samples; FPUF-0, FPUF-7, FPUF-14, FPUF-21, 

FPUF-28, FPUF-35 and FPUF-42 at 600 °C is 0.152%, 3.37%, 3.86%, 4.01%, 4.64%, 5.32% 

and 7.868%, respectively, corresponding to the high MMT content in the coated foam 

prepared on FPU foam. Similar, trend for decomposition and char residue was observed in 

N2 atmosphere. Generally, the combustion under inert atmosphere e.g. N2 gives higher char 

residue, being inert so interference is minimum. However, the water in clay can accelerate 

the decomposition process in N2 atmosphere. In the case of air, carbonaceous silicate char 

Sample T-5%  °C  Tmax1  °C Tmax2  °C 
Char Residue (wt%) at 

600 oC 

FPUF-0 259.714 292 370 0.158 

FPUF-7 258.126 293 383 3.343 

FPUF-14 258.253 293 386 3.866 

FPUF-21 256.550 297 387 4.014 

FPUF-28 257.439 291 390 4.642 

FPUF-35 259.034 289 391 5.321 

FPUF-42 259.614 290 393 7.868 

Sample T-5% °C Tmax1  °C Tmax2  ℃ 
Char Residue (wt%) at 

600 oC 

FPUF-0 259.71 295.23 374.52 0.155 

FPUF-7 256.56 291.14 379.10 3.337 

FPUF-14 228.02 260.48 357.61 3.834 

FPUF-21 257.72 293.06 384.06 3.055 

FPUF-28 257.55 290.14 392.21 3.205 

FPUF-35 250.56 283.51 380.68 3.494 

FPUF-42 258.55 288.56 390.47 7.864 
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layer will be formed which enhance the barrier effect of clay and ultimately increase in 

decomposition temperature and yield was observed (Qin et al., 2003).  
 

3.2.4 Cone calorimetric studies  

In order to investigate the real time combustion trend of uncoated and coated FPUF, cone 

calorimetry test at 35 kW/m2 was conducted. It is a standard tool for assessment of the 

flammability of the material with an external heat flux. The ‘heat release rate’ (HRR) and 

“time to ignition’ (TTI) are key factors in evaluating the fire safety of material. Peak heat 

release rate (pHRR) corroborates the heat which can further propagate or extend the fire 

to other objects, thus reduction in inflammability of real life objects is necessary from 

safety point of view. Whereby TTI, is a time taken by material to get ignited upon exposure 

to fire. Table 3.5 presents the cone calorimetric data and Figure 3.16 (a,b), depicts the HRR 

curves and residues left after the test. When uncoated FPUF was exposed to heat flux, it 

showed significant reduction in volume with release of volatile gases which propagate the 

fire (Pan et al., 2014). This rapid burning results in melting of sample yielding low 

viscosity liquid with the HRR value reaches 885 kW/m2 and TTI of 11 sec (Figure 3.16). 

Foams coated with 7 and 14 trilayers, 5.87 and 14% decrease in HRR with 36% delay in 

TTI was observed (Figure 3.16 a). While, further decrease in HRR and delay in TTI was 

obtained with more number of trilayers as shown in Figure 3.16 b.  The HRR was decreased 

by 20 % and TTI was delayed to 14 sec with mass gain 14% for FPUF-42 without the use 

of conventional flame retardants. This decrease is associated with the physical barrier effect 

of clay which limits the oxygen passage and thus decreases the heat and mass transfer (Cain 

et al., 2014). The higher TTI and decreased HRR than the uncoated foam attributes to the 

better inflammability performance of multilayered composite coatings. In multilayers 

based upon tPP, 25% reduction in HRR with 3.58% mass gain was obtained. Besides this, 

TTI increased to 20 sec, which is significantly higher than uncoated FPUF. 

 

 

 

 

 

 

 

Table 3.5: Cone calorimetric data of coated and uncoated foam 
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Figure 3.16: HRR curve of uncoated and coated foams (a and b) showing decrease 

in fire propagation; Photographs of (c) uncoated; (d-h) post burnt FPUF 

Composition 
TTI 

sec 

HRR 

kW/m2 

pHRR 

reduction % 

FIGRA 

kWm-2s-1 

FPUF-0 11 885 - 21.07 

FPUF-21 13 835 5.64 19.39 

FPUF-42 14 710 20 15.19 

FPUF-C 20 665 25 11.83 

FPUF-42 FPUF-21 

Uncoated burnt 

foam 

Neat FPUF FPUF-C 

FPUF-7 

(c) (d) (e) 

(h) (g) (f) 



Chapter 3  Results & Discussion  

79 
 

The ‘fire growth rate index’ (FIGRA) used to assess the flame propagation rate of products 

was found to be 21.07 kWm-2s-1 for uncoated foam (Guo et al., 2018). For the coated foams 

it was significantly decreased as a function of trilayers stressing the potential of material 

in suppressing fire hazard. The decrease in pHRR was observed with increased combustion 

time. This behavior also supports the ability of material to limit the propagation of fire and 

risk associated with flash fire that spreads over large area (Laoutid et al., 2009). This barrier 

effect can be explained by the tPP inclusion/penetration inside the clay galleries which 

reduces its evaporation, otherwise liable to evaporate, and enhances its flame retardant 

effect. 

Exposure to the flame results in the generation of phosphoric acid and carboxylic acid from 

tPP and epoxy, respectively (Li and Zeng, 2007),  these products may react with each other 

to produce the ester.  Epoxy resin and clay play important role in preventing the tPP from 

evaporation and degradation to let it play effectively in flame retardance. The resulting 

ester promotes the char formation, which is an essential feature to reduce the transfer of 

heat to foam and prevention of fire propagation (Lee et al., 2002; Kiliaris and Papaspyrides, 

2010). Post burnt photographs of coated and uncoated foam are given in Figure 3.16 c-h. 

3.2.5. Char residue and Raman spectroscopy 

Raman spectra was recorded to characterize the graphitization degree of char residues as 

shown in Figure 3.17 a. The D band of FPUF-7 and FPUF-14 at 1362.9 and 1405.7 cm-1 

respectively is due to the vibration of carbon atoms in disordered samples. The peaks at 

1601.0 and 1607.2 cm-1 are ascribed to G band of respective samples which correspond to 

the vibration of carbon atoms in crystalline samples (Kim et al., 2013). The ratio of ID/IG 

values for FPUF-7, FPUF-14 and uncoated FPUF (Pan et al., 2014) are found to be 0.85, 

0.87 and 3.63 ratio, respectively indicating the enhancement of graphitization degree of 

char residues of samples after incorporation of clay (Mu et al., 2015). The char residues 

with lower ID/IG value shows the better thermal stability and its function in physical 

protection leading to enhancement of flame retardance of the samples. SEM images of the 

post burnt samples obtained after cone calorimetry are shown in Figure 3.17 b and c. 

Generally, uncoated FPUF exhibits a loose and porous residue after burning, and which 

obviates its high inflammability. These holes and gaps serve as sites where heat and oxygen 

could easily penetrate through the surface of foams and thermally damage the internal parts. 
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FPUF-7 also shows a loose residue but some compact sections are also formed. By contrast, 

FPUF-14 displays an entirely different behavior from the former samples showing 

continuous evolution of volatiles and producing compact residue. This residue provides a 

protective shield to slow down heat and mass transfer between the flame and the underlying 

materials, corresponding well with cone calorimetric and thermal studies.  The fact that 

multilayers have direct influence on the barrier performance and retain structure upon 

burning is fully supported by the data. 

 

 

 

 

 

 

 

 

(a) 

 

(b)                                                                 (c) 

Figure 3.17: (a) Raman spectra; SEM studies of char residue of coated foams (b) 

FPUF-7 ; (c) FPUF-14 after cone calorimetric test 

10 µm 10 µm 
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3.2.6. TG-FTIR studies 

 The gaseous products released from pyrolysis of CNER/NH2-MMT/PEI coatings on FPUF, 

TG-FTIR was used. The 3D TG-IR spectra obtained for uncoated (FPUF-0) and coated 

(FPUF-7 – FPUF-42) are given in Figure 3.18 a (i-vii). Whereas, FTIR spectra of coated 

and uncoated samples are presented in Figure 3.18 b. It can be seen that characteristic 

absorption bands appear in the range 1250-1000 cm-1, 1800-1650 cm-1, 3100-2800 cm-1 

and 3700-3400 cm-1.  It is evident from the spectra that coatings did not influence the 

pyrolysis process of FPUF significantly. The absorption at 3577 cm-1 shows the hydroxyl 

group stretching vibrations; 2950 cm-1 corresponding well with the aliphatic C-H stretching 

vibrations; 1754 cm-1 attributes to the carbonyl group and 1112 cm-1 relates to the C-O-C 

stretching vibrations. However, the absorption bands of coated samples were reduced than 

unocated sample due to the formation of char layer overlying the FPUF which participates 

in prevention of thermal degradation of foam [Gayani and John, 2005]. When in an effort 

to improve the flame retardancy, titanate nanotubes and chitosan solution were used to coat 

the surface    FPUF and fire-safe mechanism of deposited layer studied by TG-IR revealed 

the similar behavior. The coating did not change the composition of FPUF but delayed the 

burning by increasing the time to ignite by fire..Similar trend of decomposition for 

multilayered coated FPUF samples have been reported by Wang, X et al., 2014; Pan et al., 

2019. 

        

                   

                    FPUF-0 (i)                                                               FPUF-7 (ii) 



Chapter 3  Results & Discussion  

82 
 

 

 

                                            

                         FPUF-14 (iii)                                                                FPUF-21 (iv) 

 

                           FPUF-28 (v)                                                                    FPUF-35 (vi) 

         

                    FPUF-42 (vii)                                                          (b) 

Figure 3. 18: (a) 3D presentation of evolved gas analysis on thermolysis of (i) FPUF0; 

(II) FPUF-7; (iii) FPUF-14; (iv) FPUF-21; (v) FPUF-28; (vi) FPUF-35; (vii) FPUF-42 

;(b) FTIR spectra of gaseous products for FPUF-0 to FPUF-42 at maximum evolution 

rate  
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3.3. Fabrication of nacre inspired multilayers using siloxanes 

The controlled hydrolysis of DMDCS to get the siloxanes is shown in Scheme 2.3.  Mn 

determined through vapor pressure Osmometry (VPO) for siloxanes was ~ 779, indicating 

the formation of oligomeric siloxanes (PDMSs).   

3.3.1. FTIR spectroscopic studies of oligomeric siloxanes (PDMSs) 

The FTIR spectra of DMDCS is given in Appendix as Figure A-1 and prepared oligomeric 

siloxanes (PDMSs) is presented in Figure 3.19. The characteristic vibrations at 3699-3416 

cm-1 relates to the silanol group (Si-OH) and vibrations in region of 2962 cm-1 shows the 

C-H stretching of alkyl groups (Zhang et al., 2018). The C-H bands of Si-CH3
 are weaker 

and the vibrations at 1401 cm-1 show the non-symmetric deformation and 1446 cm-1 

corresponds to the asymmetric –CH3
 deformation of Si-CH3. Sharp and intense absorption 

in the region of 1240-1280 cm-1 relates to the symmetric –CH3
 deformation and it is the 

characteristic band of Si-CH3 (Rangel-Vázquez and Leal-García., 2010). It can split into 

two or more bands, if more than -CH3 group is attached with silicon, but usually appears 

single peak. If more than two kinds of Si-CH3
 are present, then closely spaced bands are 

often seen. The broad band at 1020 cm-1 and 1085 cm-1 corresponds to the characteristic 

siloxane (Si-O-Si) stretching vibrations. The strong band at 1261 cm-1 is accompanied by 

equally intense bands in the region of 870-750 cm-1 from the –CH3 rocking and Si-C 

stretching vibrations (Oshita et al., 2010; Pryce Lewis et al., 2000). This region is useful 

in characterizing the monomethyl, dimethyl and trimethyl associated with silicon.  

 

 

 

 

 

 

 

Figure 3.19: FTIR spectrum of oligomeric siloxane (PDMSs) 

 Likewise, vibrations at 694 and 803 cm-1 show the symmetric stretching and symmetric 

rocking of Si-C and -CH3 groups present in DMDCS and PDMSs (Launer, 1987). The 
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disappearance of vibrations at 534 and 464 cm-1 and appearance of vibrations in region of 

1020-1100 cm-1 along with weak stretching vibration at 627 cm-1 confirms the formation 

of Si-O-Si group of oligomeric siloxanes (Tripp & Hair, 1991; Takei et al., 1999).  

3.3.2. End group analysis  

 Initially, presence of halide in PDMSs was determined qualitatively by using bromocresol 

purple (BCP) indicator. The addition of BCP in ethanolic solution of PDMSs, showed the 

color transition from purple to yellow due to the unreacted chloro group. The end group 

analysis was also carried out following the method as given in Section 2.1 to determine 

the % Cl in PDMSs quantitatively. The solution of PDMSs solution was titrated with 0.01 

N AgNO3 till the appearance of red brick color and  ̴  1% Cl was calculated which is in 

accordance with the FTIR studies.  

3.3.3. Gas chromatography/mass spectrometry (GC-MS) analysis of PDMSs   

The gas chromatography-mass spectrometry has proved to be an invaluable tool    

structural elucidation of organosilicon compounds. The organosilicones are volatile and 

their decomposition products are usually cyclosiloxane. The methylcyclosiloxanes are 

characterized with the loss of methyl group (M-15)+ ion, other features vary with the size 

of the ring. The formation of doubly charged ions and metastable ions are invaluable in 

structure elucidation. For instance, in D4 mass spectrum, most intense peak was obtained 

at (M-15)+ with the m/z 281. However, second most intense ion was obtained at expense 

of (M-30)+.  Likewise, in D5, when the ring size is expanded by dimethylsiloxy -OSi(CH3)2 

unit, the base peak appears at m/z 73 and intense peak was observed at m/z 267 with the 

loss of (M-103)+; Similar transannular mechanism is followed for D6 and D7 with the loss 

of (M-103)+ having intense ion peak at m/z 341 and m/z 415 respectively. Whereas, for 

higher cyclosiloxanes - D8, D9 and D10, the base peak at m/z 73 is dominant and loss of 

neutral fragments likewise in smaller rings is prevalent (Smith, 1974; Gill, 2009). The 

absence of m/z 63 ion peak corroborates with absence of Si-Cl (chlorosilane) in PDMSs, 

whereas, end group analysis has shown the 1% of halide group in PDMSs.                                                      

3.3.4 Layer-by-Layer (LbL) deposition of multilayers (PEI/MMT/PDMSs)n                  

The fabrication of multilayered nanocomposite structure (Scheme 3.2) based upon 

poly(ethylene mine) (PEI), montmorillonite (MMT) and oligomeric siloxane  (PDMSs) 
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was monitored using ellipsometer. The multilayer buildup was evaluated after every layer 

pair deposition as a function of thickness. It is an established fact that film buildup by LbL 

is influenced by several factors like concentration and its ratio, adsorption time, and 

functionality of each component. These parameters have been considered systematically 

for architecture (PEI/MMT/PDMSs)n. It is reported that interaction is required for layering 

up of multilayers by LbL and it can be a single or synergistic but it is one of the basic 

prerequisite (Decher and Schlenoff, 2002). Prior to multilayer deposition, mixing up of the 

respective solutions is done and if flocculation occurs it is a sign that multilayer is possible. 

This rough testing was done prior to multilayer buildup and flocculation was observed. It 

was deduced that hydrogen bonding and electrostatic interaction is involved in alternate 

layering up of components being in use for LbL (Scheme 3.2). Hydrogen bond interactions 

can be confirmed by FTIR (Gorman, 1957).  

 

 

 

 

 

 

 

 

 

 

 

 

Scheme 3.2: Schematic presentation of multilayers (PEI/MMT/PDMSs)n deposition 

on silicon substrate by LbL in dipping mode 

3.3.4.1 FTIR studies of multilayered thin films  

The FTIR spectra of poly(ethyleneimine) PEI, MMT and composite multilayer is shown in 

Appendix as Figure A-2 (a) and characteristics absorptions are shown in Table 3.6. For 

PEI, absorbance at 3539 and cm-1 corresponds to N-H antisymmetric stretching vibrations 

of secondary amine. The C-H stretching vibrations appeared at 2850 and 2930 cm-1 are 

Repeat “n” times 
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ascribed to the -CH2
 moieties of PEI (Yudovin-Farber et al., 2010). Whereas, stretching 

and bending vibrations appeared at 1658 and 1580 cm-1 are due to primary amine group of 

PEI (Huang et al., 2014; Liu et al., 2018 ). The broad band in the range 1039-1119 cm-1 

relates to C-N stretching vibrations (Kasprzak et al., 2015).  

Table 3.6: Characteristics absorptions for PEI, MMT and oligomeric siloxanes 

(PDMSs) 

Compound 
Wavenumber 

(cm-1) 
Assignment 

PEI 

3539 
N-H Stretching Vibrations of 

NH2 

2930 
C-H stretching vibrations of CH2 

2852 

1658 N-H Deformation of NH2 

1580 Bending vibrations of NH2 

1460 Scissoring of CH2 

1039-1119 C-N stretching vibrations 

 

MMT 

3640 
Stretching vibrations of OH 

groups 

1640 
Bending vibrations of OH 

groups 

1058 
In-plane stretching vibrations of 

Si-O 

795 Symmetric stretching of quartz 

520 
Bending vibrations of Si-O in 

tetrahedral sheets 

466 Presence of quartz 

[PEI/MMT/PDMSs]n 

2925, 2850 
C-H stretching vibrations of –

CH2 groups 

1580 Bending vibrations of NH2 

1020 Si-O-Si stretching vibrations 

790 Symmetric stretching of quartz 

 

FTIR spectrum of MMT given in Figure A-2 (b) shows characteristic stretching and 

bending vibration of hydroxyl group at 3647 and 1640 cm-1, respectively (Wang et al., 
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2015). The in-plane stretching vibrations appeared at 1035 cm-1 due to Si-O group of 

silicates.  Whereas, the weak band at 916.22 cm-1 shows the -OH bending vibrations 

(Bertuoli et al., 2014). The stretching and bending vibrations at 795 and 466 cm-1 attributes 

to the presence of quartz. While, the absorbance at 520 cm-1 is due to Si-O bending 

vibration in tetrahedral sheets of clay.  

The FTIR spectrum of multilayers was also carried out to study the multilayered 

composition through the characteristic vibrations as shown in Appendix as Figure A-2 (c). 

The buildup of multilayers is proposed to be based upon hydrogen bonding between 

alternating components as shown in Scheme 3.2. The C-H stretching vibrations at 2850 

and 2925 cm-1 in the spectrum of multilayered composite confirms the appearance of PEI 

(Kasprzak et al., 2015). While, stretching vibrations at 1085 and 1028 cm-1 shows the 

presence of siloxane and absorbance at 790 cm-1
 relating to the quartz of silicate indicates 

the presence of clay in composite. It is generally apprehended that when intramolecular 

hydrogen bonding takes place, the blue shift is observed while intermolecular bonding 

results in red shift of wavelength. It can be seen in FTIR spectrum that red shift is observed 

from 3539 to 3416 cm-1, 1658 to 1633 cm-1 corresponding to formation of hydrogen 

bonding.  

3.3.4.2 Effect of concentration and adsorption time 

In order to optimize the buildup of multilayers, effect of concentration was evaluated by 

fabricating the films at varied concentration of PEI, MMT and PDMSs. Figure 3.20 (a) 

shows the growth of multilayer deposited by keeping the concentration 1 mg/mL for 

PDMSs and MMT at varied concentration of PEI. As discussed in Section 3.1.3.1, higher 

concentration of clay leads to rough and inhomogeneous structure so lower concentration 

of clay was used in fabricating thin films. It is elicited from the Figure 3.20 (a) that 

multilayer deposited at 1.0 and 2.0 mg/mL of PEI has shown the linear increase in thickness 

of films. When the concentration of PEI was increased further to 3.0 and 4.0 mg/mL, 

significant increase in thickness was not observed. The maximum thickness ca~ 64.75 nm 

for 1 mg/mL concentration of depositing solution was obtained. Similar thickness was 

obtained for 2 mg/mL, attributing the flexible nature of PEI, able to diffuse into the hard 

clay and porous PDMSs. Therefore, significant difference in thickness was not observed at 

this concentration. The effect of PDMSs concentration was studied by varying its 
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concentration from 1.0 to 4.0 mg/mL by keeping the concentration of MMT and PEI at 1.0 

mg/mL (Figure 3.20 b). Similar to the PEI, with the increase in concentration of PDMSs, 

no significant increase in thickness was observed. However, at lower concentration, linear 

increase in thickness as a function of number of layer pairs giving out ca ~ 62.81nm thick 

film.  

                             

                                              (a)                                                 (b)  

 

 

 

 

  

 

 

(c) 

Figure 3.20: Deposition of (PEI/MMT/PDMSs)n multilayers at 15 min adsorption 

time per layer by varying the concentration (a) PEI ; (b) PDMSs: (c) PDMSs at 2 

mg/mL PEI. 

This effect of concentration on multilayer build up was evaluated by changing the 

concentration of both polymers together. The thickness of multilayers obtained as a 
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function of number of layer pairs is given in Figure 3.20 c. Linear increase in thickness 

was obtained when the multilayers were deposited at lower concentration. It is in 

compliance with the trend obtained for change in PEI and PDMSs concentration as given 

in Figure (3.20 a and b). This behavior can be ascribed to the shorter adsorption time given 

during the fabrication being required for the multilayers. Secondly, as concentration of PEI 

increases, counter PDMSs concentration is lower thus subsequently the functional sites for 

incoming PEI for interaction. The same can be consider for the PDMSs also. However, 

when the concentration of both PEI and PDMSs is increased simultaneously, this reduction 

in functional sites can be overcome. Thus, linear increase in thickness was obtained for 

1:1:1 and 2:1:2 mg/mL as a function of number of layer pairs. The adsorption time given 

to multilayer deposition considerably influences the film buildup and homogeneity. Figure 

3.21 (a,b,c,d) shows effect of various adsorption time on film thickness. It shows that when 

the multilayer film is fabricated at 1, 2.5, 5.0 and 15 min per component, thickness is not 

high. The increase in thickness of multilayered thin film deposited at 5.0 and 15.0 min for 

each component is not linear. However, irrespective to the concentration and ratio, 

maximum thickness was obtained at 10 min adsorption time. Therefore, 1, 2.5, 5.0 and 15.0 

min were not considered for subsequent multilayer deposition. The behavior observed in 

the present study can be related to the phenomenon that adsorption time of 1, 2.5, 5.0, 15 

min is not sufficient for multilayer buildup indicating too short time to allow the 

components to adhere well. The longer adsorption time leads to desorption of the 

components affecting the thickness of the films. It is reported for polyelectrolyte and clay 

that when the adsorption time is shorter platelets adsorb loosely to give exponential growth 

and when the adsorption time is increased components get more time to settle and arrange. 
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(a)                                                               (b) 

 

                                              (c)                                                                  (d) 

Figure 3.21: Deposition of (PEI/MMT/PDMSs)n multilayers at (a) 2:1:2 concentration 

ratio at different adsorption time ; (b) 5.0 min ; (c)  10 min ; (d) 15 min at different 

concentration ratios 
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3.3.4.3 Scanning electron microscopy (SEM)  

 

Scanning electron microscopy (SEM) is a tool used effectively to study the surface 

morphologies of thin films. Figure 3.22 (a-h) exhibits the surface morphology and cross 

section images taken at various magnifications. To evaluate the uniformity, multilayers 

(PEI/MMT/PDMSs) n fabricated at 1:1:1 mg/mL ~13L.P. (83.3 nm) and 2:1:2 mg/mL ~10 

L.P. (58.51 nm); 9 L.P. (120 nm); 10 L.P. (65 nm) on silicon substrate are studied. The 

surfaces are very smooth and flat in 1 mm, 100 and 50 micron magnifications. Figure 3.22 

a shows the homogenous and uniform coverage of clay surface with PEI layer. Figure 3.22 

(d, e and h) show that film is microscopically smooth and PEI, MMT and PDMSs are glued 

well to each other. At certain places, MMT is protruding out where coverage is not uniform 

or PEI has penetrated inside the multilayer. Overall, the surfaces reflect the uniform 

coverage of substrate imparting planar conformation of clay platelets on the surface. It 

shows that deposited layers are being stacked alternately (Srivastava and Kotov, 2008). It 

can also be inferred that bonding between hydroxyl groups of PDMSs and MMT is taking 

place mainly at chain ends and not along with the polymer backbone. When multilayers  

were deposited at higher concentration, more adsorption of clay took place as compared to 

lower concentration as visible from micrographs showing development of aggregates of 

clay. These are possibly due to misalignment of clay and high concentration of organic 

component (d, e, f and g). At lower concentration, surface of multilayer at 5µ exhibits the 

uniform dispersion of clay without agglomeration. The cross sectional images (Figure 3.22 

h) show the homogenous coatings with thickness up to 120 nm. The layered structure is 

conceptually related to the characteristic brick and mortar-like structure of nacre (De Luca 

et al., 2015). At certain places, voids are shown, which relates to the surface roughness 

imparted by clay particles embedded and cavities formed inside the alternate layers.  

 

 

 

(a) (b) (c) 
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Figure 3.22: Top view scanning electron microscopic (SEM) images of multilayers 

(PEI/MMT/PDMSs)n (a) 65 nm ; (b) 58.51 nm (c-e); 83.3 nm (f-g); 120 nm; (h) cross-

section of (PEI/MMT/PDMSs) thin films coated on silicon substrate 

3.3.4.4 X-ray photoelectron spectroscopic (XPS) studies 

 

When surface is bombarded with X-rays, photoelectrons carrying specific binding energies 

related to particular elements are emitted from the surface. Thus, small change in chemical 

bonding after certain treatments are obvious from large shifts in binding energies. It can 

provide information related to oxidation state, bonding and neighboring atoms. Therefore, 

XPS is an important tool for surface analysis and characterization of multilayered 

composite thin films. The survey scan obtained for samples AR-10 and AR-11 show the 

presence of all the components O (1s), N (1s), C(1s) and Si (2p) present in the film sample 

(Figure 3.23). The % elemental composition as calculated from survey scan is given in 

Table 3.7. 

 

 

 

(d) (e) (f) 

(g) (h) 
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Table 3.7: % Elemental composition obtained from XPS data 

         

 

The peaks of these elements that appeared in both the samples were deconvoluted and 

analyzed further. The C1s energy level shows the complex peak and containing several 

bonds such as peaks at 288.1, 287.45, 286.097, 285.70 and 284.73 eV corresponding to C- 

N, C=O, C-O, C-OH, C-C/C-H, respectively (Zhao et al., 2017). The O1s spectra of 

composite multilayered thin films gives the deconvolution peaks at 530.76, 531.06. 532.2 

and 533.67 eV. The peaks at 530.76 and 531.06 eV corresponds to oxygen species present 

in siloxane as well as in MMT. While, 532.4 and 533.67 eV can be assigned to Si-O-Si and 

Si-OH groups (Villafiorita-Monteleone et al., 2012 ; Malecha et al., 2010). Whereas, the 

N1s spectra can be fitted with two peaks 399.8 and 401.8 eV corresponding to amine group 

and N+ segments. The presence of these two peaks correlate to the PEI used in fabrication 

of multilayered composite thin films (Zhao et al., 2017).                                                       

 

                                    (a)                                                                 (b) 

             

 

 

Sample Code N (%) C (%) O (%) Si (%) 

AR-11 6.26 32.33 42.12 16.29 

AR-02 10.15 48.48 30.61 10.76 
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                                       (e)                                                                         (f) 

 

  

 

 

 

            

                                        (g)                                                                   (h) 

Figure 3.23: XPS survey scan of (a) AR-10 ; (b) AR-11; fitted peaks C1s, O1s, N1s, 

Si2p (c,e,g) AR-10; (d,f,h) AR-11. 

 

The Si (2p) spectra were deconvoluted into peaks at binding energies 102.62 and 103.4 eV. 

Where, peak at 102.62 and 103.4 eV correlates to the Si-O-Si and Si-OH, respectively (Post 

et al., 2018; Malecha et al., 2010). These results show that multilayered thin films are 

successfully fabricated based upon constituents PEI, PDMSs and MMT. The appearance 

of particular bonds also support the existence of embedded moieties in the multilayer. As 
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PDMSs is outermost layer, and the presence of -OH signifies that multilayer thin film 

surface is functional for the upcoming next layer.    

3.3.4.5 Nanoindentation studies of (PEI/MMT/PDMSs)n multilayered thin films 

Various efforts have been made to develop techniques for probing the mechanical 

characteristics of substrate bound films. Nanoindentation also known as depth sensing 

technique has made it possible with continuous measurement of force and displacement. 

The technique is able to map the surface properties at submicron level with submicron 

resolution. Generally, elastic modulus and hardness are determined using load-

displacement data obtained from load-displacement curve. As indenter contact with the 

surface, it results in impression slightly different from tip geometry and gives off the 

information about multilayers upon elastic analysis. In 1980s, it was realized that depth 

sensing indentation methods can be useful for mechanical studies of films and coatings 

(Oliver and Pharr, 1992). 

Oliver and Pharr method is used to determine the hardness “H” and reduced modulus “Er”. 

It is significant to know that Er is combination of properties rendered by substrate, film as 

well as indenter (Equation 3.2). This combination of deformation takes place in sample and 

indenter itself. Therefore, can be defined as; 

1

Er
 = 

1−𝑣2

𝐸
+  

1−𝑣𝑖
2

𝐸𝑖
 ……………………………. 3.2 

Here, ν is Poisson’s ratio and E is elastic modulus for specimen; and Ei  is elastic modulus 

and νi  is Poisson’s ratio for indenter. 

Several models have been proposed to extract elastic properties of multilayer thin films. 

The model, initially given by Doerner and Nix, considering the influence of substrate was 

later modified by King to make it applicable to all substrate bound films being indented by 

cylindrical, triangular or quadrilateral punches. (Vertlib et al., 2008). Subsequently, Saha 

and Nix, extended this model to three face pyramidal shape indenter tips like berkovich, 

cube corner, 3- sided custom, as follow (Equation 3.3): 

1

𝐸𝑟
=

1−𝑣𝑖
2

𝐸𝑖
+

1−𝑉𝑓
2

𝐸𝑓
(1 − 𝑒

−𝛼(𝑡−ℎ)

𝑎 ) +
1−𝑉𝑠

2

𝐸𝑠
(𝑒

−𝛼(𝑡−ℎ)

𝑎 )……………. 3.3 

Here, νi is Poisson’s ratio and Ei is elastic modulus for indenter; Ef  is elastic modulus and 

νf  is Poisson’s ratio for film and νs is Poisson’s ratio and Es is elastic modulus for substrate. 
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The νi  and Ei of berkovich indenter used are 0.07 and 1141 GPa. Silicon wafer was used 

to deposit the multilayers, keeping the Es =176 GPa. The νf was kept 0.27 and calculated 

considering per layer volume of clay 2/3 and polymeric as 1/3. The thickness of PDMS 

layer was 1.88 nm and PEI layer was 0.76 nm, while for MMT 3.89 nm was measured.   

Figure 3.24 represents the load-displacement curve obtained for multilayers with 65 nm 

and 120 nm thickness.  

  

 

 

 

 

 

 

 

 

Figure 3.24: Load displacement curve for multilayers with thickness 65 (AR-02) and 

120 nm (AR-04)under the 10 µN load 

The difference in hardness of multilayers is obtained from the large differences in depth 

being achieved by them under similar load conditions as shown in Figure 3.25. The 

multilayer with 120 nm thickness is harder to penetrate as compared to 65 nm thickness as 

evidenced from its maximum contact depth. If displacement of indenter is not recovered 

upon unloading it attributes to the plasticity of material. The maximum elastic recovery is 

shown by the thicker films. During initial unloading, loading-unloading curves are obtained 

but material may not be elastic in later stages, so to overcome this phenomenon, peak load 

hold time is given.  
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(a) 

 

            (b)                                                                       (c) 

Figure 3. 25: Contact depth vs Er and H of multilayers ; (a) 65 nm (AR-02) at 15 µN 

load ; (b) 120 nm (AR-04) at 8 µN load ; (c) 120 nm (AR-04) at different loads 

 

However, several loading and unloading curves prior to determination of properties can 

also be adopted to overcome the plasticity effects. The ratio of hf/hmax (where hf and hmax 

represents residual indentation and maximum penetration depth, respectively) is significant 

in determination of elastic and plastic behavior of films (Oliver and Pharr, 2004). If the 

ratio of hf/hmax is closer to 0, it is considered as elastic and if closer to 1, it is regarded as 

plastic material. The load-displacement curve shows that 65 nm thick films are plastic and 

hence the ratio is also near to 0.7. This correlates with the little pile up around the 

indentation on specimen. Whereas, for 120 nm thicker film, curve shows the elastic 

behavior and similarly is shown by ratio ~ 0.2. Figure 3.25 (a-c) depicts the Er and H with 
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contact depth (hc) and as a function of load. Multilayers with less number of layer pairs 

and lower thickness has shown the less variability than thicker films due to difference in 

roughness of later. The mechanical properties of multilayers are summarized in Table 3.8 

for multilayers with different thickness as a function of number of layer pairs and applied 

load (Pmax).  

Table 3.8 shows the hardness (H) and reduced modulus (Er) obtained for multilayer 

composite thin films at different thickness under the effect of different loads. The 

multilayer with more thickness ~ 120 nm has shown the Er and H higher than the multilayer 

with thickness ~ 65 nm under the effect of similar load. This can be attributed to the 

decreased concentration of clay in later multilayer thin film. When the multilayer thin film 

was indented with higher load, increase in mechanical properties is observed. As the load 

is increased, subsequently there is an increase in hc. At deeper indentations, effect of 

underlying surfaces is pronounced (Mallikarjunachari and Pijush, 2016). When the soft 

films are formed on substrate, plastic deformation is observed and the indenter will be 

influenced only when it is in close vicinity to the substrate. 

 

Table 3.8: Mechanical properties of (PEI/MMT/PDMSs)n multilayer thin films 

 

Sample 

Code 

Thickness 

nm 

Load (Pmax) 

µN 

Contact 

Depth (hc) 

nm 

Er 

GPa 

H 

GPa 

Stiffness 

µN/nm 

AR-02 65 
10 28.61 9.574 0.148 2.52 

15 26.63 16.97 0.258 2.45 

AR-04 120 

8 5.61 7.92 0.08 2.65 

10 7.94 12.57 0.159 3.16 

198.08 36.94 30.94 2.52 9.78 

406.15 92.79 26.82 1.328 16.73 

598.13 31.90 65.19 9.40 18.55 

806.25 45.37 42.83 7.68 15.65 

 

However, Er and H obtained for multilayered thin film ranges from 7.92 - 65.19 GPa and 

0.08 -7.68 GPa. The mechanical properties measurement data shows regular increment as 
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a function of thickness. Another study for investigation of preparation of nacre inspired 

multilayered thin films (PEI/MMT)50 with thickness ~ 400 nm reported Er and H 38 and 

1.65 GPa, respectively Humood et al., 2016). In another study, Er and H is calculated to be 

11.9 and 0.42 GPa for bio inspired multilayers based upon PDDA and laponite using 

dipped LbL (Vertlib et al., 2008). ZrO2 based composite multilayers have shown the Er and 

H up to the 23 and 1.1 GPa, respectively (Zlotnikov et al., 2010). The mechanical properties 

obtained for multilayer composite thin films in present study are similar to the reported 

literature and corresponds well to natural nacre. As in natural nacre, nanoindentation data 

shows the Er and H up to 50-60 and 2-3 GPa, respectively (De Luca et al., 2015).  

                (a)                                             (b)                                              (c) 

Figure 3.26: in-situ indentation images of ; (a,b) (PEI/MMT/PDMSs)n multilayer with 

120 nm thickness ; (c) SEM images of (PEI/MMT/PDMSs)n multilayer after 

indentation  

During the nanoindentation, images 3.26 (a,b) were taken which shows uniform surface 

and no cracks upon indentation. After the indentation, SEM scan image (Figure 3.26 c) was 

obtained reflecting the similar behavior with no crack propagation around the indentation 

area is observed. Figure 3.26 (a,b) exhibits that no pile up occurs during indentation which 

is typical behavior of polymeric films upon loading.  In addition, the sink in behavior along 

with shallower indentation depth (nm) for films correlates with the hardness of thin films. 

Similar behavior for films based upon PEI and MMT has been reported (Humood et al., 

2016).  

The behavior of multilayers towards indenter as compression stress can be explained with 

the following model (Figure 3.27). When number of layer pairs are less, resistance to 

indenter will be offered by few layers and subsequently transfer of load will not be efficient 
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as will be the case for more layer pairs. What happens when the indenter comes in contact 

with the surface of multilayered thin films in contrast to single layer film? In the design of 

mechanically strong nacre inspired films, siloxane and PEI were chosen as shear stress 

transfer and strain dissipation components owing to viscoelasticity of siloxane. Whereby, 

MMT is hard and stiff component and provides deflecting pathway for the flow of stress 

inside the composite. As load is being applied on the multilayers, stress will be transferred 

from the top most layer to layers beneath through flexible matrix and stress can be 

subsequently deflected due to the presence of clay. When hybrid composites are developed 

using LbL and mechanical strength is being measured using nanoindentation, properties 

are obtained for whole structure instead of single components. Likewise, observed in the 

present study where tensile strength of PEI is 20 MPa and PDMS is 0.09 MPa. It shows 

that PEI and PDMS is reinforced successfully with clay platelets and hence increases the 

cohesive strength of multilayered composite. The presence of alternate clay layers 

significantly constrains the propagation of cracks and ultimately provides the composite 

with enhanced mechanical strength. Upon layering up with hydrogen and other interfacial 

bonding, strong structures which mimics the mechanical performance of nacre are thus 

developed. 

 

 

 

 

 

(a)                                  (b)                                        (c) 

Figure 3.27: Proposed mechanism for the deflection of stress applied by 

nanoindenter; (a) multilayered structure; (b) nanoindenter penetration inside the 

multilayers; (c) load deflection inside the multilayers. 

3.3.4.6. Chemical resistance of multilayer thin films 

Multilayer films can be obtained by various physical and chemical methods. As nano 

multilayered thin films are important from their functional nature as sensors, flame 
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retardant and protective applications as wear and corrosion resistance materials. Therefore, 

thin films were exposed to acidic, basic, organic solvent and distilled water for a certain 

period of time in order to assess their protective properties in simulated laboratory 

conditions. Exposure to harsh environment in inevitable in modern world due to increased 

risk of acid rain as a result of anthropogenic activities. Samples were dipped in 1M H2SO4,  

0.1 M NaOH, 99.5 % acetone and distilled water for 120 h and effect on thickness of 

multilayer thin film was monitored. Table 3.9 depicts the sample details and the changes 

in thickness measured before and after an interval of 24 h.  

Table 3.9:  Evaluation of chemical resistance of multilayered thin films 

Initially, thickness of multilayers was measured after 30 min of immersion in different 

media. Thin films showed appreciable resistance as minimal degradation in thickness was 

obtained only in acidic medium. The change in thickness showed the protective nature of 

thin films attributable to the multilayered nature of alternately stacked PDMS, MMT and 

PEI. PDMS is known for its chemical resistance owing to its hydrophobicity and 

biocompatibility, thus several researches have been published covering this aspect 

(Ejenstam et al., 2015).Generally, layered silicates undergoes swelling owing to their 

Effect of 

chemical 

 Thickness (nm) measurement using ellipsometer 

Degradati

on Sample 

Code 

Original 

Thickness 
30 min 24 h 48 h 72 h 96 h 120 h 

1 M H2SO4 

 

AR-18 46.34 52.97 50.02 55.5 53.1 51.9 49.18 Swelling 

AR-17 48.23 50.32 51.14 50.3 49.8 49.1 48.11 0.25% 

0.1 M NaOH 

AR-20 37.75 45 35.51 38.9 44.7 48.7 52.82 Swelling 

AR-28 29.23 29.64 39.56 44.6 56.8 68.4 79.6 Swelling 

Acetone 99% 

AR-29 26.76 29.68 26.44 28 29.3 30.6 31.4 Swelling 

AR-27 27.80 27.5 40.55 34.7 29.6 24.2 21.25 23.5 % 

Distilled 

water 
AR-30 21.21 21.92 20.3 22.3 24.5 26.7 28.05 Swelling 
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expandable nature and provide protection against wear and corrosive agents (Ruban et al., 

2014). Largely, the phenomenon responsible behind is swelling nature of clay as well as 

hindrance to the permeation of solvent uptake due to tortuous pathway developed by 

multilayer structure. This multilayer film offer resistance to diffusion by reducing the 

formation of cracks or holes, otherwise observed on films/coatings surfaces obtained by 

other methods. These cracks can facilitate the permeation and thus corrode the underlying 

substrate (Li et al., 2013). As, PDMS, PEI and MMT are well anchored to each other and 

surface roughness as shown in SEM images is another additional feature in resistance of 

thin films. The results in Table 3.9 show that thin films have better solvent resistance as 

less swelling is even obtained for distilled water. MMT based composites usually shows 

the degradation in NaOH/NaCl solutions due to exchange between clay anions with 

Na+(Ruban et al., 2014). However, in the present study, as PDMS is outermost layer, being 

hydrophobic due to -CH3 groups, restrict the permeation of polar groups inside (Cui et al., 

2018). This restricted permeation is also demonstrated by less swelling of films in distilled 

water attributable to the higher loading of clay. Similarly, reduction in swelling of clay 

based composites at higher clay loading was exhibited with less uptake of toluene 

(Vasilakos and Tarantili, 2012). While in another study, multilayered structure based upon 

Bis[3-(triethoxysilyl)propyl]tetrasulfide (BTESPT)/GO has shown the improvement in the 

corrosion resistance of aluminum substrate (Zhu et al., 2016).  

3.3.4.7 Water Contact Angle (WCA) Studies 

Surface wettability is an important aspect of thin films and coatings for biological and 

physical applications. Water contact angle (WCA) was measured for multilayered 

composite thin films while keeping the PDMS as outermost layer. PDMS is known for 

hydrophobicity with contact angle 102° (Cui et al., 2018), while clay and PEI is hydrophilic. 

Figure 3.28 shows that contact angle measured for AR-16 and AR-21 are 90° and 60°, 

respectively. 

According to the Cassie and Baxter’s law, hydrophobicity of surfaces is improved by 

roughness which allow more air to be accommodated between solid and liquid interface 

(Wang et al., 2018). Thickness of sample AR-16 is more as compared to AR-21 so 

ultimately the surface roughness being imparted by components also. When drop of liquid 

comes in contact with the surface, there is adhesion between vapor and surface. This work 
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of adhesion leads to the wettability and non-wettability of surfaces and it measures the 

amount of energy required to separate solid from liquid and vapor (Banerjee, 2008). When 

work of adhesion is positive or negative, it leads to wetting and vice versa. Work of 

adhesion (Equation 3.4) is explained by the expression: 

SL = γSV + γLV − γSL ………………………….. 3.4 

The contact angle was measured using Young’s equation 3.5. 

cosθY = (γSV − γSL)/γLV ……………………….. 3.5 

 γSL = γSV − γLV cosθY 

where,  

γSL= Surface energy solid liquid; 

γSV = Surface energy solid vapor; 

γLV = Surface energy liquid vapor; 

When γSL is lower than γsv the θY < 90o , so the surface is hydrophilic, and if θY > 90o , 

surface is hydrophobic.  

PDMS play a significant role in hydrophobic character of surfaces endowing its low energy 

surface and nano/micro structure (Gill et al., 2010). In the present study, AR-21 is prepared 

with 3 mg/mL of PDMSs as compared to 1 mg/mL used in AR-16, so it was suspected to 

be higher in hydrophobic character than the former. In contrast, unusual observation can 

be attributed to the fact that when PDMS conc. was 3 mg/mL, PEI conc. was kept at 2 

mg/mL. So hydrophobicity was decreased due to the increased concentration of 

hydrophilic components in fabrication of multilayers. Similarly, effect of hydrophilic 

component (CNER) on reducing the hydrophobicity of PDMS based multilayered 

composites have already been observed by our group (Batool et al., 2017). Another study 

referring the PDMS-clay based composite has shown the decreased hydrophobicity owing 

to the presence of hydrophilic clay. Likewise, influence of hydrophilic character of PVA 

on wettability of PDMS has also been reported (Trantidou et al., 2017). It was found that 

hydrogen bonding is developed between PVA and PDMS, that lead to the change in 

wettability.   

 



Chapter 3  Results & Discussion  

104 
 

 

 

 

 

 

 

 

 (a) (b) 

 

 

 

 

 

 

 

(c)                                                        (d) 

Figure 3.28: Water contact angle of  (a, b) AR-16 ; (c, d) AR-21 

3.4. Deposition of bioinspired (PVA/P.Chitin/LAP/GO) multilayered thin films using 

quartz slides and silicon wafers 

3.4.1 Phosphorylation and characterization of chitin 

Phosphorylated Chitin (P.Chitin) used in this multilayered thin films was prepared as 

mentioned in the Section 2.5.1 (Scheme 2.5). The P.Chitin was characterized by FTIR, 

XRD, TGA and XPS before fabrication of multilayered thin films. Figure 3.29 shows the 

FTIR spectra of chitin and P.Chitin. The stretching vibrations at 3400-3000 cm-1 are 

attributed to the –OH groups and 2927-2870 cm-1 signifies the stretching vibrations of –

CH2 groups present in pristine chitin (Kumar et al., 2017). Whereas, medium strong 

stretching vibrations at 1640-1560 cm-1 correlates with the presence of C=O and N-H 

groups and vibrations at 1160-1110 cm-1 relates to the glucosidic linkages (C-O-C) of chitin. 

Phosphorylation makes the chitin water soluble which is a significant indicator of 

successful modification of chitin. However, in FTIR spectrum of P.Chitin stretching 

vibration at 3500-3000 cm-1 shows the increased degree of substitution in the modified 

CA Left: 59.599 ; CA Right: 63.462 

CA Left: 92.487 ; CA Right: 93.405 
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chitin.  The asymmetric stretching vibration at 1380 cm-1 correlates to the P-O-CH2. The 

broad band with strong absorption in region of 1100-900 cm-1 signifies the P-OH. While, 

stretching vibration at 827 cm-1 denotes the P-O-C and weak absorption in region 490-480 

cm-1 relates to the P-O-P. (Jayakumar et al., 2009; Silverstein and Webster, 1962).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.29: FTIR studies of  chitin (     ) and  Phosphorylated Chitin (P.Chitin)(     ) 

Figure A-3 (a and b) shows the XRD patterns of chitin and P.Chitin. The pattern of chitin 

derivative is distinctively different from the original chitin as in pure form, chitin is 

crystalline and possess strong diffraction peaks at 10, 13, 20 and 27 2θ positions. This 

crystalline rigid structure originating from inter and intra hydrogen bonds makes the chitin 

insoluble in water. However, for the P.Chitin, any significant diffraction peak could not be 

observed which makes it amorphous. The sharp peak at 20° in Chitin converted to the 

broad peak at 20° due to the incorporation of phosphorous group into it, which decreases 

the crystallinity of chitin. The crystalline structure is not present in amorphous chitin so 

X-rays are scattered hence amorphous halo is observed. 

When, substituents are introduced into the crystalline structures like polysaccharide, it 

interferes with their structure usually through the disruption of hydrogen bonding and thus 

increases the water solubility (Jayakumar et al., 2009).  
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The TGA and DTG curves obtained for chitin and P.Chitin are given in Figure 3.30. TGA 

can give information about the phosphorylated derivative of chitin. Chitin (Figure 3.30 a) 

degrades in two stages with initial mass loss at 67 ℃ possibly due to water evaporation. 

The second stage occurs between the temprature range of 200-400 ℃ with maximum 

degradation peak (Tmax) at 364 ℃. The maximum weight loss is associated with this step 

of degradation linked with a complex process of biopolymer pyrolysis. It involves the ring 

dehydration, decomposition of polysaccharide and deacetylated units (Butto et al., 2018). 

TGA of P.Chitin shows a three stage degradation (Figure 3.30 b). The first decomposition 

stage Tmax1 78℃ is associated with dehydration and hydrolytic decomposition of phosphate 

groups attached to biopolymer backbone. The second stage occurs between 175-232 ℃ 

with Tmax2 = 206 ℃ referes to the ring opening and complex decomposition process with 

weight residue 48% of unknown composition. The third stage which occurs between 366-

437 ℃ with Tmax3=383℃ corroborates further decomposition of products obtained from 

second thermal degradation stage leaving behind the final residue of 38% of original weight 

of starting material. The thermal studies show that P.Chitin is less stable than chitin, 

possible due to disruption of crystalline structure. The degradation pattern is in accordance 

with previous studies (Butto et al., 2018; Jayakumar et al., 2009).  

(a) (b) 

 

Figure 3.30: Thermal studies of (a) chitin and (b) Phosphorylated Chitin (P.Chitin) 
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(a)                                                                 (b) 

Figure 3.31: Structure of (a) chitin and (b) chitosan with the representation of 

carbon positions 

XPS spectra of chitin and P.Chitin are presented in Figure 3.32 . Survey scan obtained for 

Chitin and P.Chitin reflects the appearance of P2p in P.Chitin confirming the successful 

phosphorylation of chitin. The % atomic composition obtained from XPS analysis of chitin 

and P.Chitin is given in Table 3.10. The chitin structure resembles with chitosan; therefore, 

assignments of peaks was made on the basis of assignment of chitosan. The structure of 

chitosan and chitin are given in Figure 3.31. The structural formula illustrates that the 

structure of chitin is similar to chitosan except the C2 position where primary amine group 

of latter is replaced by acetoamide group in former. The C1s peak of chitin is deconvoluted 

into six peaks as shown in Figure 3.32 (c,d). Total number of carbon atoms in structural 

unit of chitin are eight, when binding energies are closer, then single peak may appear for 

2 or 3 structural carbons. Likewise, the peak at 285.43 eV is associated with C4 and C8 as 

reported for these carbons in the literature. In a similar manner, 286.17 and 286.74 eV are 

attributed to the C2 (C-N), C3 and C5, C6 (C-O), respectively (Wan et al., 2015). The 

binding energy 287.80 and 288.35 eV signals the C1 and C7, respectively. As C1 is 

attached to two O atoms (Figure 3.31), therefore higher binding energy was obtained 

(Kostov et al., 2017). In contrast to chitosan and cellulose, having close structure to the 

chitin, binding energy at C8 relates to the acetyl amine (NHCOCH3) characteristic of chitin. 

The peak at 284.87 eV is usually ascribed to the adventitious carbon specie (Dementjev et 

al., 2000). Similar characteristic peaks are observed for P.Chitin. During phosphorylation 

as phosphorus is not attached with C, so binding energies for C were not changed 

significantly.   
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     (g) 

Figure 3.32: Survey scan spectra of (a) chitin and (b) P.Chitin (b) deconvoluted 

spectra for chitin ; (c) C1s; (e) (O1s); P.Chitin (d) C1s; (f) O1s; (g) P2p. 

The O1s scan of chitin and P.Chitin are presented in Figure 3.32 (e,f). Due to the 

phosphorylation with methanesulfonic acid, more peaks were found in P.Chitin as 

compared to pristine chitin. The O1s scan of chitin is consisted of four peaks with binding 

energies at 531.69, 532.64, 533.17 and 533.86 eV. The peaks at 531.69, 532.64, 533.17, 

533.86 eV are associated with ring OH, C-OH, adsorbed water and O-C-O bonds, 

respectively (Yap et al., 2011; Kostov et al., 2017). The deconvoluted scan of P.Chitin 

exhibited peaks at 530.48 (Al-OH) and 531.48, 532.4, 532.96 and 533.41 eV. Due to the 

bonding , there is a downward shift to 532.9 eV attributed to the adsorbed water and P 

functionalities C-OH/P-OH, 531.48 eV shows the P=O species and 533.41 eV exhibits the 

C-O-C and C-O-P bonding (Kundu et al., 2018; Wang and Liu, 2014). 

The P2p scan of P.Chitin is consisting of three peaks at binding energies 132.7, 133.6 and 

134.4 eV as shown in Figure 3.32 (g). These binding energies shows that peaks are 

associated with different environments of P atom incoporated in P.Chitin. The peak at 

132.7 eV is likned with C-N-P and 134.4 eV appears due to the C-O-P. While, binding 

energy 133.9 eV attributes to the phosphorus attached to C-2 in chitin (Kundu et al., 2018). 

It is worth mentioning that since P is not present in pristine chitin therefore, phosphorus 

P2p signal in chitin has not appeared as indicated in Table 3.10.       
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       Table 3.10: % Elemental composition for chitin and P.Chitin obtained from XPS 

 

3.4.2. Raman Spectroscopic study of graphene oxide(GO) 

Graphene oxide (GO) was synthesized as mentioned in Section 2.5.2 ; and characterized 

by Raman spectroscopy. It is a powerful tool to characterize the graphene based materials 

and can be effectively used to identify layers, and doping defects. Raman Spectra of GO 

and LbL films are depicted in Figure 3.36. The GO spectrum (Figure 3.33) shows two 

prominent peaks at 1356.64 and 1593 cm-1 corresponding to D and G band.  

  

 

 

 

 

 

 

                        

Figure 3.33: Raman spectrum for graphene oxide (GO) 

D band associates with the vibration of SP3 C atom linked with K point of A1g symmetry. 

It gives information about the development of defects resulting from the vacancies and 

grain boundaries. Whereas, G band is attributed to the hybridized carbon based material 

and gives first order scattering of E2g vibrational modes (Liu et al., 2013; Hansda et al., 

Chitin Binding Energy eV Atomic % 

C1s Scan A 284.8 13.54 

C1s Scan B 286.32 34.94 

C1s Scan C 287.93 14.86 

P2p 132.87 0.05 

O1s 532.72 36.6 

P.Chitin Binding Energy eV Atomic % 

C1s Scan A 284.8 16.88 

C1s Scan B 286.5 20.03 

C1s Scan C 288.03 8.45 

P2p 134.21 7.22 

O1s 532.71 47.42 
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2016) and corresponds to C-C stretching mode vibrations of SP2 carbon lattice. The D and 

G bands value found in the present study are in correspondence with the reported literature. 

(Chen et al., 2018) 

3.4.3 LbL studies of chitin based multilayered composite thin films 

(PVA/P.Chitin/LAP/GO)n 

Several biological, inorganic and polymeric components have been employed to fabricate 

nanostructures mimicking mechanical performance of nacre. In struggle to reach at the 

most favorable architecture for mechanically strong structure, GO in combination with 

laponite (LAP), PVA and P.Chitin was chosen. GO and LAP were selected considering 

their mechanical properties and PVA as a strong adhesive with multiple functionality. 

Whereas, considering the under utilization of abundantly present biopolymer-chitin was 

also used. This is the first study reporting the incorporation of chitin into multilayer thin 

films for fabricating the nacre like structures. The growth of thin films was monitored using 

UV-vis spectrophotometry, ellipsometry, Raman and reflectance spectroscopy, SEM-EDX, 

XPS and nanoindentation.  

The multilayer composite thin film was fabricated at 1 mg/mL conc. of GO and LAP and 

growth was monitored as a function of number of layer pairs. In previously discussed 

architectures (Section 3.2; 3.4), the effect of concentration and dipping time are studied in 

detail. On contrary, for this architecture, growth of film was found linear at lower 

concentration and shorter dipping time, therefore the effect of various concentrations and 

dipping times was not studied. The absorbance was recorded as a function of multilayers 

as shown in Figure 3.34 a. The film grown on quartz slides were used to monitor the film 

growth using UV-vis spectroscopy. It is observed that absorbance increases linearly with 

the number of layer pairs. The growth of the film was monitored at λmax 231 and 300 nm, 

respectively corresponding to π- π* transitions of cyclic C-C and n- π* transitions in C=O 

bonds of GO. The growth trend as shown in Figure 3.34 (b) exhibits the linear and uniform 

deposition of thin films through LbL dip assembly, as reported by Chen et al., 2018 for 

films based on GO and PVA. The uniform growth of films with nacre like appearance can 

be seen in photographs taken after the deposition of multilayers (Figure 3.37).  
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(a)         (b) 

Figure 3.34: UV spectra of ; (a) LbL deposited (PVA/P.Chitin/LAP/GO)n 

multilayers ; (b) Plot of UV absorbance at λmax 231 nm 

 

After the UV spectrophotometric studies, multilayered composite thin films were 

fabricated on silicon wafers to determine the thickness. The growth of multilayers as a 

function of number of layer pairs depicting the change in thickness (nm) is presented in 

Figure 3.35. The thickness increases linearly with deposition of multilayers as elicited by 

R2 = 0.991. The rapid increase in thickness ca ~ 8 nm per layer pair with homogenous 

growth of multilayers was obtained. To the best of our information only few published 

literature is available about utilization of chitin in fabrication of thin films. Hydrogen and 

covalent bonding is the main interaction force involved in layering up of thin films by LbL. 

It is proposed that interacting forces between components of alternating deposited layers 

are hydrogen bonding and covalent bonding. Hydrogen bonding occurs between -OH of 

PVA; -NH2 and -OH groups of P.Chitin; -OH group of LAP and oxygen species present on 

GO while covalent bonding can occur between -OH of PVA and phosphorus of P.Chitin. 

The alternate adsorption of PVA and LAP to assemble multifunctional thin films based 

upon hydrogen bonding and LAP and GO based composites depending upon covalent 

bonding via LbL has also been published (Patro and Wagner, 2011; Yoo et al., 2014). 

Likewise, the bonding between clays and chitosan, having structure similar with chitin, 

through hydrogen bonding is also reported (Mahdavinia et al., 2017).    

 

 

R2 = 0.991 
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Figure 3.35: Thickness (nm) of (PVA/P.Chitin/LAP/GO)n multilayers deposited on 

silicon wafers as a function of number of layer pairs 

The Raman spectra of GO and (PVA/P.Chitin/LAP/GO)15 and (PVA/P.Chitin/LAP/GO)50 

are presented in Figure 3.36. The D band at 1354 and 1351 cm-1; G band at 1587 and 1584 

cm-1 for 15 and 50 L.P, respectively are obtained. The appearance of these bands 

corroborates the successful embedding of GO in multilayers. In comparison to GO, 

significant change in peaks position and intensity for D and G bands for composite thin 

films is observed as shown in Figure 3.36.   

 

 

 

 

 

 

 

Figure 3.36: Raman spectroscopic studies of (PVA/P.Chitin/LAP/GO)n multilayered 

composite thin films 
 

R2 = 0.9914 
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D band corresponds with the defects of honey comb structure of GO (SP3 hybrid orbital) 

and G band relates with SP2 hybrid orbital of carbons present in aromatic structure of GO 

(Liu et al., 2015; Yuan et al., 2016). Thus, change in their positions and intensity correlates 

to the defects in GO upon fabricating its thin films using LbL assembly. 

Whereas, ratio of D to G band was computed from peak area by curve fitting using Origin 

Pro to calculate ID/IG. Furthermore, comparison of ID/IG shows that ratio of intensity 

calculated for thin films (~ 1.39 and 1.33) was increased as compared to GO ~ 1.26. This 

increment is associated with removal of oxygen based functional groups present on the GO 

surface. This can be attributed to the utilization of surface functional groups in hydrogen 

and covalent bonding with immediate alternative layers and similar trend has been reported 

(Luo et al., 2018).  The increase in intensity is also related to increase in defects of GO 

when interact with components in multilayered thin films as reported by Yuan et al., 2016. 

Iridescence is a color phenomenon commonly found in natural materials, likewise out of 

them pearl shine is most astonishing and admired. For instance, in nacre, colors of 

iridescence arise from the alternate layers working as Bragg's diffractor. Where organic 

mortar with inorganic tiles with uniform thickness plays the role of Bragg's reflector and 

render it iridescent. In contrast to architectures discussed in section 3.2-3.4, alternate layers 

of (PVA/P.Chitin/LAP/GO)n based composite thin films showed the iridescence in as 

shown in Figure 3.37. The intermittent stacking of layers of these components gives rise to 

the modulated refractive index which induces Bragg’s diffraction from the surface. 

 The iridescence was observed in films coated on quartz slide and also in the free-standing 

films prepared through vacuum filtration assembly. This property was further evaluated 

using reflectance spectroscopy and its reflectance spectra is presented in Figure 3.38. As 

the number of L.P. is increased, reflection at 420, 580 and 680 nm become gradually 

pronounced (Fuertes et al., 2007). Such reflection was not observed in multilayers prepared 

with less number of layer pairs such as 5 and 15 which is attributed to the scattering of light 

due to irregularities at interfaces in adjacent layers. While in (ZrO2/SiO2)7 based multilayer 

thin films gave refractive index in one dimension and behaved as photonic crystal with 

reflection in wide spectral range and hence offers protection from damaging effects of UV 
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(Smirnov et al., 2013). Nacre inspired multilayered thin films deposited by LbL using GO 

and LDH has also shown the similar iridescence behavior as reported by Yan et al., 2016.   

Similarly, Opal (gem stone) inspired materials also behave as photonic crystal owing to 

difference in refractive index of constituents and exhibit brilliant colors. The iridescent 

colors are produced from the interference and diffraction of light by transmitting and 

reflecting from the ordered packing of silica spheres (Saito,2012). The iridescent materials 

are needed in various industrial applications like buildings, packaging, writing ink and car 

paints etc.  

 

Figure 3.37: Photographs of LbL deposited (PVA/P.Chitin/LAP/GO)n  

multilayers on quartz slides taken in Fluorescent tube light 

 

 

 

 

 

 

 

Figure 3.38: Reflectance spectra for (PVA/P.Chitin/LAP/GO)n multilayered thin 

films 
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The SEM image (Figure 3.39 a, c, e) shows the morphology of the fabricated multilayers. 

The top upper surface of all multilayered composite thin films is composed of GO. It is 

evident from the figures that there are slight differences between the multilayers prepared 

with different number of layer pairs. The surfaces of 15 and 25 L.P. show the smooth 

surface compared to the rougher surfaces obtained after deposition of 50 L.P. This obvious 

difference in morphology is attributed to the increased number of layer pairs. The 

inhomogeneity of 50 L.P. is imparted by the GO aggregation, platelet overlapping and or 

its extrusion out from the surface due to weaker interaction among components (Zuo et al., 

2013).  
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        (g)                                                               (h) 

Figure 3.39: Surface morphological studies (a, c, e)  of multilayers 

(PVA/P.Chitin/LAP/GO)n; (b) EDX studies 15 L.P ; (d) 25 L.P. ; (f) 50 L.P.; (g-h) 

cross-sectional images of multilayers deposited on quartz slides.  

The increase in clay concentration as a function of number of layer pairs also increases the 

aggregation of GO in composites as elicited from SEM Figure 3.39 (e).  Similar effect on 

morphology of clay based multilayered composite thin film is reported (Jang et al., 2008). 

Overall, the surface roughness decreases and film homogeneity increases as a function of 

d’ d’ d’ d’ d’ 

f’ f’ f’ f’ 

(e) (f) 

f’ 
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layer pairs as can been seen in SEM images (Figure 3.39). The same phenomenon has been 

observed by several authors (Devi et al., 2014; Su and Cheng, 2009).  

 Energy dispersive X-ray spectroscopy (EDX) measures the atomic abundance as a 

function of X-rays emitted from the surface upon striking with electron beam (De Luca et 

al., 2015). Elemental mapping of the multilayers is shown in Figure (3.39 b, d, f) represents 

the uniform coverage. The presence of Mg, Si and P confirms the successful deposition of 

components in composite thin films. Moreover, EDX mappings confirms the presence and 

homogenous distribution of all components in multilayers and darker colored mapping at 

higher concentration. The higher concentration of components such as Si (b’, d’, f’), Mg 

(b’, d’, f’), P (b’, d’, f’), O (b’, d’, f’) and C (b’, d’, f’) is clearly exhibited in the film as the 

number of layer pairs increases as shown in Figure 3.39 (b, d and f). 

3.4.3.1. Nanoindentation studies of chitin based multilayered thin films 

In order to evaluate the mechanical properties, hybrid thin films (PVA/P.Chitin/LAP/GO)n 

were deposited on quartz slides for nanoindentation.  Initially, different loads were applied 

to select the appropriate load to find the reduced modulus (Er) and hardness (H) of hybrid 

thin films. As samples were prepared with different thickness, so appropriate load was 

applied to avoid the influence of substrate on measured properties. Figure 3.40 exhibits the 

load displacement curves with trapezoidal shape. When number of layer pairs were 

increase from 15 to 25., linear increase in Er, stiffness and H with the decrease in 

penetration depth was observed as presented in Table 3.11. In contrast, as number of layer 

pairs are increased further up to 50 L.P., load penetration increased. The correlation of 

shape of load-displacement curve with the mechanical properties of multilayered thin films 

has already been discussed in Section 3.3.4.5. The load-displacement curve obtained for 

15, 25 and 50 L.P. are presented in Figure 3.40 (a-c). 

While, graph representing effect on Er, H and stiffness as a function of contact depth for 

15, 25 and 50 L.P. are given in Appendix as Figure A4. The curves obtained for 15 and 

25 L.P. shows the elasticity, and 50 L.P. exhibits the plasticity of multilayered thin films. 

This deviation for 50 L.P. from trend which is observed for 15 and 25 L.P. is ascribed to 

the increased content of organic material (Liu, 2015). The nanoindentation measurement 

shows that (PVA/P.Chitin/LAP/GO)25 yield Er ~ 25.53 ± 1.52 GPa and H~ 1.45± 0.43 
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GPa as calculated using Oliver and Pharr approach while Er of GO film is about 7.3 GPa 

(Yan et al., 2016).  which is less than prepared multilayers. 

Table 3. 11: Mechanical properties of (PVA/P.Chitin/LAP/GO)n multilayered 

composite films 

 

 

The load displacement curves show the elastic behavior of films which participate in 

toughening of hybrid coatings. Functional nacre-like multilayered coating with good blood 

compatibility have been fabricated with HEP and LDH. (HEP/LDH)300 architecture based 

upon their strong synergistic interaction of electrostatic and hydrogen bond yielding 

modulus up to 23 GPa (Shu et al., 2012). Similarly, GO/LDH based hybrid multilayers 

have also been reported with having Young’s modulus 18 GPa and hardness 0.68 GPa with 

flame retardance and iridescence (Yan et al., 2016). Whereas, Er and H up to 15.2 and 1.1 

GPa were obtained for 400 nm thick ultra-strong multilayered thin films composed of poly 

(vinyl amine) PVAm and GO (Guin et al., 2016). While, GO in combination with Cu2O has 

shown the average Er ~ 20.514 GPa and H ~ 2.811 GPa for nacre like composite thin films 

(Ruan et al., 2016). However, in present study, mechanical properties (Er and H) are 

achieved higher than reported values except few studies (De Luca et al., 2015).  

 

This variation can come due to the difference in operating conditions, temperature and 

component properties. Indeed, the novelity of this work lies in utilization of chitin as 

building block for artificial nacre like coatings. This work can pave way for utilization of 

second most abundantly present biopolymer in the mainstream advanced materials.   

 

Sample 

Code 

Load  

(Pmax) 

µN 

Contact 

Depth 

 (nm) 

Reduced 

Modulus 

(GPa) 

Hardness 

(GPa) 

Stiffness   

(µN/nm) 

SB-15 12.99 7.47 ± 1.18 13.06 ± 1.53 0.26 ± 0.06 3.29 ± 0.175 

SB-25 38.00 14.95 ±0.94 25.53 ± 1.52 1.45 ± 0.43 4.65 ± 0.24 

SB-50 48.00 30.81±1.78 12.56 ± 0.57 0.79 ± 0.06 3.48 ± 0.04 
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(a)                                              (b) 

 

 

 

 

 

                   

 

    (c) 

Figure 3.40: Load-displacement curves for (PVA/P.Chitin/LAP/GO)n multilayers (a) 

15 L.P.; (b) 25 L.P. ; (c) 50 L.P. deposited on quartz slides 

 

3.4.4. Deposition of (PEI/P.Chitin/Chi-MMT/GO)n  multilayered thin films on 

quartz slides 

The FTIR spectra of MMT and chitosan modified MMT are given in Figure 3.41. The 

spectrum of MMT is already discussed in section 3.3.4.1 in detail.  The appearance of new 

peaks in spectrum of chitosan modified MMT can be clearly seen in Figure 3.41. The C-H 

stretching appeared at 2920 cm-1 is linked with aliphatic carbon of chitosan. The band at 

1652 cm−1 is assigned to the acetylated amino group present in the chitosan. The 

deformation vibration at 1540 cm-1 is associated with protonated amine group and its 

electrostatic interaction with negatively charged sites of clay.  However, C-N stretching 

associated with chitosan appeared at 1457 cm-1. (Wu and Wu, 2006; Thakur et al., 2015) 
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The bands around 1045 cm-1 and 520–560 cm−1 are due to Si-O stretching and bending 

vibrations in MMT respectively. (Bensalem et al., 2017). 

 

 

 

 

 

 

 

 

Figure 3.41: FTIR spectroscopy of MMT (       ) and chitosan modified MMT (       )  

Chi-MMT 

 

3.4.4.1 LbL studies of chitin based multilayered composite thin films 

(PVA/P.Chitin/Chi-MMT/GO)n  

Multilayers were also prepared using chitosan modified montmorillonite (Chi-MMT). 

Similar to LAP based architecture (Section 3.4.3), Chi-MMT based multilayered thin films 

growth was monitored using UV-vis spectrophotometer at λmax= 236 nm as a function of 

number of layer pairs as shown in Figure 3.42 (a and b).  

 

 

 

 

 

 

 

 

                                      

                                       (a)                                                          (b) 

Figure 3.42: UV spectra of (a) LbL deposited (PEI/P.Chitin/Chi-MMT/GO)n 

multilayers; (b) plot of UV absorbance at λmax 236 nm 

R² = 0.9492 

 



Chapter 3  Results & Discussion  

122 
 

The films deposited on quartz slides showed a uniform increase in absorbance due to π- π* 

transitions of cyclic C-C and n- π* transitions of C=O bonds of GO After the fabrication 

of nacre inspired multilayers on quartz slides, free-standing thin films were prepared by 

using nitrocellulose (0.22 µm pores) as substrate. 0.1 mm thick nacre inspired multilayered 

composite was obtained after deposition of 50 L.P. Afterwards, n=50 containing 

nitrocellulose membrane was immersed into N-methyl 2-pyrrolidone (NMP), it dissolved 

the membrane and thin film was obtained on the filter paper carefully by using tweezers 

(Chen et al., 2014). SEM image (Figure 3.43) shows the alternate deposition of 

PVA/P.Chitin/Chi-MMT/GO.  

 

 

 

 

 

 

 

Figure 3.43: SEM image of cross section showing free standing (PEI/P.Chitin/Chi-

MMT/GO)50 multilayered thin film 

Table 3. 12: Mechanical properties of free standing multilayered (PEI/P.Chitin/Chi- 

MMT/GO)50 thin films 

 

Mechanical properties of multilayered thin film were determined using tensile testing 

machine as given in Table 3.12 and Figure 3.44. The mechanical properties showed that 

0.1 mm thick film has tensile strength 9.27 MPa at strain ca. 14.383 %. Young’s modulus 

calculated automatically by machine is bigger than manually calculated from stress –strain 

 Stress 

MPa 

Strain 

% 

Young’s Modulus 

MPa 

Young’s Modulus calculated 

MPa 

1 10.01201 13.12 389.39362 302.03 

2 11.44455 19.92 377.61628 316.58 

3 6.36745 10.11 385.53623 307.27 
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curve. Along with tensile strength, Young’s Modulus is another important property as it 

relates with the stiffness of the material. Since nacre is well known for its strength, stiffness 

and toughness, therefore nacre inspired materials are characterized for their strength and 

stiffness considering these three aspects. The stress-strain curve can be divided into 

different parts revealing valuable information tensile strength, Young’s Modulus, 

toughness and fracture point (Figure 3.44).  

 

 

 

 

 

 

 

 

 

 

Figure 3.44: Typical stress-strain curve 

The typical stress strain curve was obtained for free standing (PVA/P.Chitin/Chi-

MMT/GO)n multilayered thin film as shown in Figure (3.45 a, b, c).  

                            

     (a)                                                                                  (b) 
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(c) 

Figure 3.45: Representation of stress-strain curve (a,b,c) obtained for multilayered 

thin films (PEI/P.Chitin/Chi-MMT/GO)50 prepared by LbL 

The region corresponding to toughness indicates that stress don’t change but strain 

continues to increase due to flexibility of material. This factor also supports the layered 

material to show resilience before fracture. The plastic deformation of composite material 

exhibits the load transfer from PVA, P.Chitin to GO and MMT effectively under shear 

stress. The staggered layered structure results in fair tensile strength and modulus 

attributing to toughness. The purpose was to study the probability of surface bound thin 

film as free standing and their flame retardancy.  

The flame barrier effect was studied through UL-94. Video images are shown in Figure 

(3.46). The UL-94 test is used to test the flammability of materials by vertically exposing 

the specimens to ignition source for 10 sec and cotton is placed 300 mm away from the 

sample (Boonkongkaew and Sirisinha, 2018). The cotton is expected to catch fire in case 

of any dripping that may falls down from sample burning. The observation for samples was 

recorded to classify the sample as V-0, V-1 and V-2 ratings based upon the performance. 

V-0 is desired classification when flame retardancy and extinction is required. Initially, the 

sample exposed to 20-mm high flame for 10 sec stopped burning after 30 sec. This same 

sample was re-exposed to flame for additional 10 sec, but the sample neither sustained 

flame after removal of source of ignition nor showed the fall of any dripping which could 

have burnt the cotton placed below. Based on these observations, sample was given V-0 
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rating. This flame barrier effect is attributed to the layered structure and presence of N, Si, 

Cl and Al (Ming et al., 2015). Additional flame retardancy was provided by GO and 

P.Chitin, which participates in reducing the fire spread by charring. In this experiment 

reduction in sample size and dripping was not observed, which is satisfying the V-0 rating. 

 

  

 

 

 

 

 

 

Figure 3.46: Video images of burning of free standing multilayered 

(PEI/P.Chitin/Chi-MMT/GO)n thin films using UL-94 

3.5. Studies of multilayered composite prepared by vacuum assisted filtration (VAF) 

assembly 

 

Scheme 3.3:  Fabrication of nacre like multilayered composite using vacuum 

assisted filtration assembly 
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Free standing films are in great demand due to their applications (flexible batteries, wound 

dressing, sensors, Li ion batteries, positive electrodes for super capacitors, fire resistance) 

and also ease in determination of their mechanical properties. Multilayered thin films 

prepared at different concentration of GO and deposited on quartz slides and silicon wafers 

were prepared as composite using VAF to get the free standing films such as tensile 

strength and Young’s Modulus. GO nano sheets were prepared using Hummer’s method. 

PVA/ P.Chitin/ Clay/GO based composite was obtained from aqueous suspension of GO 

and clay and solutions of PVA and P.Chitin. As discussed in Section 2.6, distilled water 

was used as dispersing agent and to prepare solutions. Therefore, GO suspension was 

initially mixed with clay suspension and then mixed with PVA and P.Chitin solution prior 

to sonication to get the homogenous mixture. When multilayers were deposited using the 

same components via LbL, regular increase in absorbance and thickness ca ~ 8 nm was 

obtained. In order to get the lamellar structure similar to natural nacre VAF assembly was 

used (Scheme 3.3). The selection of component considering structure property relationship 

was made. Such as the GO was used attributing to its orientation and LAP being inorganic 

similar to CaCO3 (aragonite) of nacre; while PVA considering its adhesion and 

functionality. Whereby, this is the first study as known to author at the time of conducting 

and reporting this work about the utilization of P.Chitin in nacre like structure preparation.  

Chitin is second most abundantly present biopolymer after the cellulose in world but is 

underutilized due to its insolubility in majority of solvents. The formulation of components 

in development of nacre inspired structure was selected by keeping in view the natural 

nacre composition. The detail of formulation is mentioned in Section 2.6, Table 2.8-2.10. 

A variety of composite thin films were also prepared via VAF by keeping the components 

similar to that as discussed in section 2.5.4. However, the variation in up to 30 samples 

were made by changing the percentage composition of the components.   However, for 

several samples, either the film was sticky and not detached successfully from the 

nitrocellulose membrane resulting to lower concentration of components and the thickness 

of film.  In some cases, multilayered composite thin films dried in oven were too brittle to 

detach it from the cellulose membrane. The intention behind performing these experiments 

was to study the behavior of nacre like films under tensile stress. It is interesting to mention, 

that nacre like iridescence (Figure 3.47) was noticeable in free standing films similar to 
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that observed in quartz slide based samples. The composite obtained using VAF assembly 

are flexible as presented in Figure 3.47 c. It is shown that film can be bent to any angle and 

cut in to variety of shapes and length according to its usage and application. There are 

simple tests which can be readily employed to evaluate the film stability, formulation and 

strength of bonding. In the same way, dispersing the film into water by subjecting it to 

mechanical stirring can yield significant information regarding its strength. When the film 

was dispersed in water and subjected to mechanical stirring, the film maintained its shape 

and did not disintegrated as observed for GO film (Wang et al., 2017). 

 

                     (a)                                      (b)                                          (c)                                                             

 

Figure 3.47: Photographs of nacre inspired composites obtained through VAF 

showing (a, b) iridescence; (c) flexibility of composite 
 

3.5.1 Surface morphological studies 

The cross sectional SEM images obtained for composite prepared using LAP and Chi-

MMT are given in Figure 3.48 (a,b,c ). The cross sectional analysis of composite by SEM 

reveals that all building blocks are stacked in regular fashion forming lamellar 

nanostructure. In analogy to natural nacre structure, GO nano sheet along with clay behave 

as “brick” and PVA with P.Chitin behave as “mortar”. In contrast with GO and clay, PVA 

and P.Chitin combination forms the discontinuous phase playing the role of mortar. The 

study carried out to exhibit the morphology of GO nano sheet shows the air pockets and 

gaps between the adjacent lamellar layers (Li et al., 2012). However, in present study, even 

the composite prepared without clay platelets (Figure 3.48 a) shows the compact structure 

owing to the presence of PVA and P.Chitin between alternatively stacked GO layers. The 

cross sectional study shows that components are well adhered and piled close together 
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when organic matrix penetrates well inside the GO and clay layers. Generally, the stacking 

of layers is identifiable as “brick” and “mortar” structure owing to good alignment of sheets.   

 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 

  

                                     (b)                                                                          (c) 

Figure 3.48: SEM images of cross section of ; LAP and Chi-MMT composites 

showing GO wt % (a) 80 (b) 60 (c) 10 

3.5.2. Mechanical properties  

Mechanical properties determined using universal testing machine are given in Table 3.13. 

For each sample, at least three specimens were tested. The maximum tensile strength ~ 

41.24 MPa and Young’s Modulus ~ 5.2 GPa with 1.11 % strain was obtained for composite 

thin films prepared using GO 80%; polymer 20% while clay was not used. On contrary, 

tensile strength ranging from 17.7-21.35 MPa with strain 1.33-1.81% and Young’s 

Modulus 1.35-2.46 GPa was obtained for clay, GO and polymer based composite structures 

as given in Table 3.13 and detail in section 2. 6 and Table 2.8. The % strain is more when 

GO and clay were used together in composite preparation while strength in GO only. 

Generally, GO film experience 11 % strain, therefore decrease in strain corresponds to the 

incorporation of polymers inside the GO nano sheets making them stiffer (Liang et al., 
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2017). The augmentation of GO has resulted in reducing the elongation at break owing to 

the restricted motion of nano sheets under the influence of stress. The increased % strain 

corresponds to the plastic deformation in presence of GO and Clay along with PVA and 

P.Chitin in composite structures. This behavior is ascribed to the development of strong 

interfaces between organic and inorganic moieties. The strong interaction between oxygen 

containing functional groups in alternating layers and covalent linkage between Al /Mg 

with OH group of clay and GO can efficiently contribute in formation of strong interface. 

Young’s Modulus 5.5 GPa; tensile strength ~ 96.9 MPa and 3.5 % strain was obtained for 

the MMT-hydrophobic polymer based 100 µm thick film due to high inorganic loading 

and strong interfacial interaction.  

In an effort to use methyl cellulose with GO to prepare nacre inspired structure, tensile 

strength ca ~ 60 MPa with Young’s Modulus 2 GPa was obtained for 80 µm thick film 

(Layek et al., 2018). The work concerning the buildup of nacre like structure is dedicated 

not only to obtain mechanical strength, its outstanding layered structure but also to the 

other applications including thermal conductivity and flame retardancy. In a similar 

attempt, Das and co-workers has prepared nacre inspired thermal conductors with tensile 

strength 18 MPa and 1.5 GPa Young’s Modulus (Das et al., 2018). Another study utilizing 

GO in combination with chitosan yielded 30 MPa tensile strength with 0.05 % strain 

(Zhang et al., 2017). The mechanical results obtained in the present study shows improved 

elongation at break point signifying the toughness of composite structures. 

Table 3.13: Mechanical properties of composite films (PVA/P.Chitin/LAP/GO) 

prepared by VAF 

GO 

(%) 

Clay 

(%) 

Chitin 

(%) 

Thickness 

(µm) 

Tensile 

Strength 

(MPa) 

Tensile 

Strain 

(%) 

Young’s 

Modulus 

(GPa) 

Young’s 

Modulus 

(automatic) 

(GPa) 

80 0 10 20 41.24 1.11 5.2 6.010 

60 20 10 30 18.59 1.4 1.74 2.18 

50 30 10 27 20.94 1.5 1.81 2.25 

40 40 - 18 21.35 1.33 2.46 2.95 

20 60 5 64 17.7 1.56 1.35 1.64 
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3.5.3 Flame retardancy  

The same testing is already being used before to assess the flame retardant property of LbL 

based free standing thin films as given in section 3.4.4.1. The video images are shown in 

figure 3.49 (a-e). Whereas, videos are given in appendix. The material classifies as flame 

retardant possess V-0 rating UL 94 and they should extinguish fire upon removing the fire 

and burning should be without dripping. It can be seen in Figure 3.49 (a) that MMT based 

multilayered films initially burn instantly with the flame and bent upon burning. Later, 

upon removing the flame, it continued burning and drippings were found and these 

materials were classified as UL-94 V-2. On comparing the results with LbL prepared 

multilayer composite, it is clearly evident that LbL forms the compact structure with 

nanoscale organization as compared to VAF assembly and did not sustain the burning after 

removal of flame (Yu et al., 2017).  
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(c) 

 

                                                                  (d) 

                                                                    (e) 

Figure 3.49: Burning of clay based multilayered composite films using UL-94 ; (a) 

PEI/P.Chitin/Chi-MMT/GO and varying concentration of GO for 

PVA/P.Chitin/LAP/GO ; (b) 10% ; (c) 20 % ; (d) 40 % ; (e) 50 % 
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When the PVA/P.Chitin/LAP/ GO based composite multilayers were exposed to flame in 

UL-94, neither the samples showed dripping nor sustained the flame upon removing the 

fire, thus all the studied composites prepared at different GO wt% categorized as V-0 

rating. The video images (Figure 3.49 b-e) are showing the burning of composite structures 

while video recordings are given in appendix on CD.  

In a study carried out by Shen and co-workers, flame retardancy of clay and PVA based 

composite was studied. Combustion behavior was studied by LOI and cone calorimetry. 

The reduction in flammability was subjected to the presence of phosphorus based specie 

belonging to Pentaerythritol octahydrogen tetraphosphate and non-combustible clay. 

Besides these, structural features like higher clay content, low thermal conductivity are also 

contributing towards reducing the inflammability of the film (Shen et al., 2016). In another 

study, PVA was burnt completely upon exposing to flame while addition of LAP has 

decreased the flammability. This reduction in inflammability is attributed to the promotion 

of charring and reducing the chain scission of polymers (Yacoob et al., 2010). GO is well 

known for its barrier properties. It is a source of carbon which can reduce the transfer of 

combustible gases and hence can play an effective role in flame retardancy. However, it 

can play effectively in the presence of other conventional flame retardants. Similarly, GO 

with phosphorus based flame retardants has shown the improved flame retardance. As 

char production promoted by phosphorus was encapsulated by graphene layers thus 

generated carbonaceous layer with improved strength, compactness and aided in 

maintaining the shield effects (Chen et al., 2017). The video images shown in Figure 3.49 

(b-e) reflects that the composite multilayers are acting as strong flame barrier and can have 

immense applications in household, buildings, industries such as (construction, lighting, 

flexible printed circuiting, textile, plastics, upholstered furniture), transportation and 

packaging. The coating prepared through LbL deposition (Figure 3.46) and Vacuum 

assisted filtration assembly (Figure 3.49 b-e) shows the flame retardancy, reflecting that 

nacre inspired materials prepared through any of the two methods can be used as heat 

barrier as well as flame retardant material.  
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4.0 Conclusions  

The mimicking of nacre’s hierarchical structure has proved to play key role for 

advancement and manufacturing of robust functional materials. The properties of such 

structures mainly rely on the materials being used for construction. herein, we have 

successfully reported nacre inspired multilayered thin films using polyelectrolyte, 

elastomer, thermoset, clays, biopolymer and graphene oxide. Multilayered composites 

were deposited on quartz slides, silicon wafers and flexible polyurethane foam (FPUF) via 

dipping Layer-by-Layer (LbL) self-assembly with the apprehension to get robust, 

mechanically strong and flame retardant thin films. These targets were materialized by 

optimizing the conditions for build-up of various architectures such as PEI(CNERh/NH2-

MMT/PEI) n, PEI(CNERl/NH2-MMT/PEI) n; PEI(CNERl/NH2-MMT/tPP) n; 

(PEI/MMT/PDMSs) n; (PEI/P.Chitin/MMT/GO) n and (PVA/P Chitin/LAP/GO) n. The 

studies carried out in this thesis has allowed us to investigate the reduced modulus (Er), 

hardness (h) and flame retardance property of LbL films by varying structural components.  

The growth of each layer pair in multilayered composites was observed at various 

concentration and adsorption time monitored by measuring absorbance and thickness (nm) 

by UV-vis spectrophotometry and ellipsometry. Both the multilayered PEI(CNERh/NH2-

MMT/PEI)n and PEI(CNERl/NH2-MMT/PEI)n thin films have shown the optimum growth 

at concentration ratio of 10:5:10 mg/mL for adsorption time 12:6:12 min per layer pair and 

5:2.5:5 mg/mL for 6:3:6 min per layer pair, respectively. These multilayered thin films 

have shown uniform and homogenous morphology with good resistance to corrosive 

solvents such as 98% H2SO4 and 1 M NaOH for 120 h. The mechanical performance of 

epoxy based thin films evaluated by microVicker indentation have shown the hardness up 

to 1.99 GPa at 100 mN load. FPUF coated with PEI(CNER/NH2-MMT/PEI) n with 14.17 % 

mass gain has shown the 20 % reduction in heat release rate (HRR), and 27 % reduction in 

fire growth rate index (FIGRA) while PEI(CNER/NH2-MMT/tPP) n with 3.84 % mass gain 

has shown the 25% reduction in HRR, 43.85 % reduction in FIGRA inferring the 

significant improvement in flame retardance of FPUF.  

Siloxane based (PEI/MMT/PDMSs) n multilayered thin films have shown the uniform 

increase in thickness at concentration 2:1:2 and dipping time 1:1:1 as a function of number 

of layer pairs. The mechanical properties of multilayered thin films with thickness 65 nm 
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are reduced modulus Er ~16.97 GPa and hardness H ~ 0.258 GPa as determined by 

nanoindentation. However, Er ~ 65 GPa and H ~ 9.40  GPa was obtained for thin films with 

thickness 120 nm at contact depth (hc) 31.901 nm. These multilayered thin films have 

revealed the significant resistance to various chemicals with minimal degradation. Thus 

strong interfacial adhesion between clay and siloxane allowed the effective load transfer.  

The multilayered multicolor reflecting thin films of flame retardant 

(PVA/P.Chitin/LAP/GO)n showed the uniform increase in absorbance and thickness 

deposited at 1.0 mg/mL concentration of GO and dipping time of 2.0 min per layer pair. 

The maximum Er ~ 25.53 ± 1.52 GPa and H~1.45 ± 0.43 GPa was found for multilayered 

thin films with 25 L.P. as evaluated by nanoindentation. Linear increase in thickness and 

absorbance was also observed for (PEI/P.Chitin/Chi-MMT/GO)n  multilayered thin films 

deposited under similar conditions. Free standing multilayered thin films have shown the 

Young’s Modulus ~ 384.17 MPa with substantive flame retardance.  

Hierarchical colorful structures of prepared free standing thin films using vacuum assisted 

filtration assembly have shown improved tensile strength with Young’s Modulus up to 5.2 

GPa. Furthermore, these films have shown good flame retardance when exposed to flame. 

These findings have demonstrated to be a success for utilization of chitin in preparation of 

nacre-like mechanically strong, robust thin films for various biological and technological 

application. 
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4.1 Future recommendations 

 

Layer-by-Layer (LbL) film deposition has proved to be promising method to produce 

artificial nacre or nacre-inspired materials. Not only it is possible to obtain layered 

structures with thickness controlled at nanoscale encompassing a myriad of different 

materials, but such composites can possess mechanical properties similar to those of natural 

nacre. It is also of great emphasis that nacre inspired materials are generally developed 

considering mechanical performance with little emphasis on applications. Considering so, 

the aerospace industries, biomedical engineering, flexible electronics, membranes and gas 

barriers applications of this unusual material should be thoroughly explored.  

In view of our previous successful studies, the following recommendations are made for 

future studies;  

 The deposition of multilayered thin films on other commercially important 

substrates like PET fabric and flexible polyurethane foam to make them flame 

retardant.  

 The evaluation of nacre-inspired multilayered thin films for flexible resistive 

heater, UV blocking, electrical conductivity and metallic ions rejection. 

 The fabrication of flame retardant free standing films into larger sheets and their 

incorporation as heat and gas barrier membranes.  

 The efficacy of other flame retardants as modifying agents for chitin and 

subsequent utilization in composites to obtain superior flame retardancy.  
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Figure A-1: FTIR Spectrum of dimethyldichlorosilane  

                (https: //Webbook.nist.gov/chemistry ) 
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(c) 

Figure A-2: FTIR studies of (a) PEI ;(b) MMT ;(c) multilayers (PEI/MMT/PDMSs)  
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                               a)                                                                                    b) 

Figure A-3: XRD studies of (a) Chitin and (b) Phosphorylated Chitin (P. Chitin) 

 

  

 

(a)                                              (b)                                              (c) 
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                              (g)                                                 (h)                                              (i) 

Figure A-4: Mechanical properties of multilayered thin films as a function of 

contact depth a,d,g (15 L.P); b,e,h (25 L.P.) ; c,f,i (50 L.P.) 

 

 

 

 

 

 

 

Figure A-5: Load-Displacement curve obtained at different positions under the low 

load nanoindentation of multilayered thin films (Thickness= 65 nm) 

 

 

 

 

 

 

Figure A-6: Load-Displacement curve obtained at different positions under the low 

load nanoindentation 120 nm Thickness 
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Film 

Architecture 

n Thickness 

(nm) 

Load 

(µN) 

Mechanical Properties Chemical Resistance Contact Angle Flame Retardant Properties 

 

   
H 

(GPa) 

Er 

(GPa) 

Stiffness 

(µN/nm) 

 

Acid 

(%) 

Base 

(%) 

Organic 

Solvents 

(%) 

 

Sample 

codes 

HRR 

kW/m2 

 

FIGRA 
kW/m2s 

PEI(CNERh/NH

2-MMT/PEI)n 

10 70 

 

1.81 

  80 99 100 

SB-75 SB-72 

18 65 1.893 
54 ° 51 ° 

25 50 1.584 

PEI(CNERl/NH2

-MMT/PEI)n 
10 69  1.78   80 99 99  

FPUF-0 885 21.07 

FPUF-21 835 19.39 

FPUF-42 710 15.19 

(PEI/MMT/PD

MSs)n 

12 65 15 0.258 16.97 2.45 

99 99 99 

AR-16 AR-21 

 

12 120 598 9.40 65.19 18.55 60 ° 92 ° 

(PEI/P.Chitin/C

hi-MMT/GO)n 
50 0.1 mm  

Stress 

(MPa) 

Strain 

(%) 

Young’s 

Modulus 

(MPa)  

UL-94 

9 14 383 Rating V-0 

(PVA/P.Chitin/

LAP/ GO)n 

15 125 13 0.26 13.06 3.29 

 25 225 38 1.45 25.53 4.65 

50 450 48 0.79 12.56 3.481 

(PVA/P.Chitin/

LAP/ GO)n 

 
Stress 

(MPa) 

Strain 

(%) 

Young’s 

Modulus 

(GPa) 

UL-94 

Rating 

20 µm 
 

45 1.11 6 V-0 

30 µm 
 

26 1.4 2.18 V-0 

18  µm 28 1.33 2.95 V-0 

Summary of optimized properties of multilayered thin films  
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