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Pl'e/ace 

Preface 

The thesis consists of three chapters. Chapter one contains the literature review of the 

Layer by Layer (LbL) nanofabrication techniquc wit h specia l emphas is on cova lent 

LbL assemblies, mechanical robustness of LbL assembl ies and epoxy resins. 

Chapler two include detai ls of the experimental procedure for the optimizati on of 

various parameters fo r the fi lm bu ild up at nanomelre scale and a brief introduct ion of 

various characterization techniq ues used. 

Whi le chapter three elaborates rhe results o f the prepared ultrathin film s via LbL 

rnultilayers growth on s ilicon wafer and qua rtz substrate as monitored with the help of 

an ellipsometer, UV-Visible spectrometer and their robustness studied with the help 

of an indigenously manufactured rubbing machine. Surface morphological studies 

using atomic force microscopy (AFM) technique of virgin and ru bbed samples of neat 

epoxy-amine films and epoxy protected go ld nanoparticle films is discussed in detail 

in this chapter. Finally, the epoxy-amine network used for the protection of Au-NPs 

films for their robustness is al so described. Effect of catalysts and acce lerators 0 11 

curing of epoxy-amine LbL assembl ies is also demonstrated in this chapter. 
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Abslracl 

Abstract 

Nanofabrication of two component epoxy adhesives via covalent linkage was carried out 

using Layer by Layer (LbL) multilayer assemblies, adopting a dipping as well as 

alternate spraying-dipping technique fo r the deposit ion onto pre-activated silicon or 

quartz substrates and gold nanoparticles (Au-NPs). Dipping technique was employed for 

the curing of cresol novolac epoxy resin (CNER), phenol epoxy novolac resin DEN-43S® 

(PNER) and Araldite MY-nO with poly(ethylenimine) (PEl) and tetraethylenepcntamine 

(TEPA) on silicon and quartz surfaces. Thus the LbL film architectures obtained for 

variolls adsorption times and polymer concentrations were (PEI/CNER)n. (PEIIPNER)n. 

(PEl/MY -720)", PEI(CNERffEPA)"ICNER, PEI(PNERffEPA)"IPNER and PEl (MY -

720ffEPA)rlMY-nO (where n = number of layer pairs deposited). The classical 

condit ions of polyelectrolyte multilayer build-up for covalent LbL assem bly were 

optim ized fo r lhe construction of multi layers havi ng linear growth increment with respect 

to the number of laye rs chem isorbed. The thickness of each layer pai r was measured 

using an ellipsometer and found in the range of 10 to 40 nm depending on the epoxy 

compound used. The multilayer films so prepared were quite homogeneous and highly 

rcproducible. UV-Visible spectroscopy was also employed to monitor the chemisorption 

of UV active chromophores. 

The optimised epoxy-amine network layers thus fonn ed by covalent LbL assembl y of 

epoxy res ins were then appl ied onto Au-NPs films of the architecture (pA I-IIA u-NPs)s. 

These epoxy protected All-NPs films hav ing archi tecture (PAI-i /All-NPs)5/(PEI/CN ER)1O 

and (PAJ-I/Au-NPs)s!(PEUPNER)1O were tested for their mechanical robustness with the 

help of a rubbing mach ine. The surface morphology of the rubbed samples was studied 

by AFM, although certain grooves appeared, but there is no significant di ffe rence in 

overa ll fi lm th ickness before and after ru bbing test. So, epoxy protected Au-NPs film 

proved to be quite strong to endure 60 rubbing cycles as compared to virgin Au-N Ps film 

wh ich were mechan ically much weak. 

The adsorpt ion process was further optimised to get fast curing process by employing 

varioll s acce lerators, increasing the polymer concentrat ion, decreasing the adsorption 

time and also by reducing the number of layer pairs. Lupasol-HF, proved to be an 

exceptional curing agent after dialysis (to get narrow but high molar mass PEldl.). for the 

XIX 



Ab.~·fI·aCI 

curing of various epoxy resins at room temperature. The spraying of PEldi3 (40 mg mL-I
) 

for 10 s followed by dipping for 10 min in epoxy solution (100 Illg mL· I
) great ly 

enhanced the speed of cova lent LbL adsorpt ion process. Although curing of these film s 

at elevated temperature resu lted in ultimate robustness with no loss in thickness after 20 

rubbing cycles, yet room temperature curing was also employed for a specified time 

period by storing the films in air tight containers. The epoxy~allline film thickness for the 

protection of Au~NPs was found to be 10 nm for CNER and 6 nm fo r PNER. The 

ellipsometer data revealed that after more than 60 rubbi ng cycles, the epoxy protected 

Au~NPs film lost ca. 6% of ini tial film thickness, 

Moreover, the study has proved to be an econom ica l preparation of more effect ive 

cova lent LbL assemblies, both in tenns of cost and ti me. Therefore, the epoxy~amine 

network has great potential to protect the underlying weak Au-NPs fi lms and many sLich 

future appl icati ons. 

xx 
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In the present work , various surfaces were funct ionalized with mo lecularly thin films 

via cova lent LbL assembly. Individ ual layers of sllch multilayer architeclllres typically 

have a thickness in the nanometre range and a surface roughness of the order of a 

certain percentage of their thickness. The chemisorption of each individual layer must 

be controllcd in a way that the molecules in each layer do not adsorb with a ll their 

functional groups binding to the surface below. This wou ld be catastrophic, if a ll the 

functional b'TOUP S we re utilised in onc layer build ~up and would not lead to a regular 

film growth. Instead conditi ons must be found at which molecu les chemisorb onto the 

surface with on ly some of thei r functi ona l groups bound 10 the surface while expos in g 

the remaining functiona l groups to the solution interface. 111is field of research is 

s ituated in the nanosciences and more precisely in the area of nanomatcria[s. Herein, 

these fie lds and the area o f organic monolayers and films including the so-called LbL 

assembly technique which is a simple yet powerful method fo r the preparation of 

nanoscale multi~material films are briefly introduced. 

1.1 Nano-science and Technology 

The idea of nanotechnology was a ired by Feynman, (a noble laureate) in hi s lecture 

entitled, "TIlere's Plenty ('If Room at the Bottom" at annual meet ing of American 

Physical Soc iety in Ca llechl. He presented the idea of manipu lation of extremely small 

objects by tak ing one atom of matter at a time. He amazed his audience by an nouncing 

how all the 24 volumes of Encyclopaedia Britannica can be written on a paper pin head 

by reduci ng the [etters by 1125,000 of thcir norma l size2
• Feynman di scussed how thi s 

cou ld be done wi thout loss o f reso lution and read using an electron microscopc. 

The tenn nanotechnology was first used by Taniguchi), as it mai nly consisted of 

processing, separation, consoli dation, and defomlat ion of materia ls by one atom or by 

one molecu le. Generally, more acknowledged definition of nanotechnology is the 

manufacture and study of objects with dimensions less than 100 nm. According to 

Drexler", existence of life is enough proof that machines could be designed and bui lt 

atom by atom. Consequently with the invent ion o f the scanning tunncmng microscope 

(STM), nanoscience and nanotechnology were realized enonnously in the scientific 

world. 

While nature plays with the rull range of objects on the length sca le from femtometres 

to parsecs, mankind is somewhat lim ited to the length sca le between subatomic 
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particles and the size of our planet for instance. Functionality of an object on any length 

scale depends on the intricate interplay of its constituents. Complex systems had new 

properties which may be different from the ir constituents. Electrons and nuclei form 

atoms in the sub-angstrom scale, while atoms ronn molecules in the angstrom scales 

(Figure 1.1). In material sc ience, polymers cou ld be prepared from monomers which 

represent the early nanometre sca le. Although the range access ible to man is al ready 

limited, yet we hardly master more than a fraction of what is ava ilable to us. 

~.~'" -
-...... ........ -­_ _ .. _t._-. 

, .. ' .. --

Figure: 1.1 Length scale of complexitl 

An interesting length sca le is provided by the organization of matter in nanomelre 

level. Life is the most fascinating but complex property of matter. Nature clearly shows 

that the minimum size of a life fonn is nanoscopic to microscopic in dimension e.g. 

viruses are 75- 100 nm, ribosome 25 nm, proteins 5-50 nm and DNA 2 nm6
. This is the 

length sca le that is just being touched but not mastered yet by either bottom up 

(chemical synthes is) or top down (miniaturization) approaches. 

1.1.1 Nanofabrication 

Nanofabrication invo lves the manipulation of matter at the nanoscopic length scale to 

provide design structures and patterns with purposeful functions. Matter can be shaped, 

positioned and organized at the nanosca le using e ither top down or bottom up 

nanofabrication7
. The top down approach sculpts matter from macroscopic to 
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nanoscopic dimension in a seria l process to form functional constructs with pu rposeful 

utility. In bonom up self-assemblies, the macroscopic objects construct ion takes place 

in a parallc l l1lanner from nanosca lc bui lding blocks like electrons, protons, atoms and 

ions etc. The concept of self-assembly has matured sc ientifical ly in chemist ry. physics, 

material s sc ience, engineering, biology and medicine over the past few decades. These 

concepts are now largely exploited in nanofabrication of a number of applications. The 

constantly increasing potential ofnanofabrication is much appreciated in se lf-assembl y 

o f alkanethiol monolayers on gold for a myriad of soft-lithographies8
•
9

. LbL 

electrostatic assembly of po lye lectrolytes fo r smart drug del ivery vehicles10
.
1I

, bio­

conjugated self-assembled nanocrystals for medica l diagnostiesl 2
,13 self-assembled 

semiconductor nanowires for flexib le eleclronics l4 and microphasc separated block 

copolymers as nanolithographic masks for sili con-based flash memories!). These are a 

few high profile examples of how se lf-assembly has enabled nanofabrieation and a 

facilitated nanotechnology. 

1.2 Thin Films 

Surface science has become a very important pan of materia l sc ience as in teraction of 

an Object with its environment is always through iI'S surface. An ever-increas ing 

segment of materials science is revolvi ng around panicles (nano- and mlcropartlc1e), 

thin films and layered material s. The fabrication, patterning and structural 

characterization of hybrid multilayer films on nanometre length sca le is both crucial as 

we ll as imperat ive to the fi eld of material science. 

Thin films have enab led progress in numerous advanced technological and industTial 

fieldslS such as protective thin films for prevention of wear and tear, contact damage, 

and also to protect the underlying substrate from thermal degradation, corrosion etc. 

They are also used as ant istatic coatings, antireflection coatings16
, electro-optics l1 and 

non-linear optics, optica l switches and filters ls optical data slorage l9 and light 

emitters2o,21, chemical22 and biochemical sensors23,24, conductive films2s
, bio 

compatibilization of surfaces26
•
27 self-cleaning hydrophobic surfaces28 and many other 

explorable sectors. A number of parameters have to be optimised before the thin film s 

lind various real world applicat ions, e.g. in optical devices, they need to have very 

precise and uniform thicknesses and refractive indices. These parameters are usually 

met in inorganic coatings deposited by rather expensive vacuum instruments. Organic 

3 
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material s are now fi nding their due share in the preparation of ultra-thin film s. The 

organic or polymeric thin films are much soft ; and orrer specific advantages over 

inorgan ic thin film s ror particular appli cations, for example fluid like coatings can 

provide scratch resistance to plastic lenses. The processability of such films is much 

easier and cheaper as compared to inorgani c materials, as they can be created at room 

tcmperatures. Another advantage of organic thin film coatings is that they call be 

applied to surface of any shape and kind, in add ition to large surface areas. Organic thin 

films can be depos ited on a solid substra te by various techniques such as: thermal 

evaporation, chem ica l vapour deposition, sputtering, e lectro-deposition, Langm uir­

Blodgett (LB) technique, se lf-assembly, forced solvent removal tcchniq ucs etc. 

The so-cal led LbL assembly method, introduced by Decher et 01. in the early 90'S29 has 

proven successful fo r the fabrication of nanoscale hybrid fi lms. In the rollowing 

secti on, LB, se lf assembled monolayers (SAMs) and LbL techn ique for ultrathi n film 

fonnat ion, their methods and basic principles involved therein are e laborated. 

1.2.1 Langmuir-Blodgett (LB) Monolaycrs 

The effect of oily films on an aqueous surface was first documented by FranckJ in30 in 

1774. Later, Pocke ls31 described a method to manoeuvre oily films at the a ir-water 

interface by means of movable barriers. Ra leigh 30,32.33 explained that the films reported 

by Pockels at the a ir-water interface were one molecule thick (15 A 0). 

Thin organic fi lms, ranging in thickness from about sub nanometres to 100 nanometres 

w ith molecular ordered structure; show a considerable sc ientific and technica l prom ise. 

LB technique is one of the conventional methods of ultrathin film fabrication in which 

weJl-organized systems of moieties are cfficiently bu ilt to one monolayer at a time 

(Figure 1.2). The procedu re invo lves the transfer o f monolayer of a part icular 

substance. originally adsorbed at the gas-liquid interface, to a substrate. The thickness 

of these LB mu lti layers films depend on the molecu lar structure of the compound and 

the num ber of layers deposited 34 . Blodgen reported mUltiple deposition of long 

ali phatic carboxylic ac ids onto a solid substrale35
•
36

. The apparatus Llsed fo r the 

fonnation of LB films include a Langmui r trough with a dipping device to manipu late 

the substrate through the gas-liquid interface, an automated movable barrier, wh ich 

4 
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moves during the deposition process in order to maintain a controlled surface pressure, 

and a surface pressure sensor that controls the movable barrier37
• 

Unlike the traditiona l LB films of amphiphiles having poor themlal and mechanical 

stability, robust monolayer fabrication of ligand-stabilized go ld nanoc lusters33.39 

scmiconducting quantum dots40
.
41 and polymeric films42

•
43 was al so reported . I-luang el 

a/39 descri bed a long range hexagonal close packed order of a lkanethiol encapsulated 

Au-NPs. Films were not completely devoid of defects. In fact, it was di scovered that, at 

lower particle concentrations (0.06-0.3 mg ml- I
) , the leve l of orderliness increases, as 

shown by the fast Fourier Transformati on images. 

Chen38 modified that work by using bifunctional linkers as encapsulating ligands on the 

surface of Au-NPs. By the use of rigid aryl d ithiols as the chemical cross-linkers to the 

neighbouring particles, the mechanical stabi lity of the monolayer film was further 

im proved. The LB technique provided long range ordering of mono layers and 

multi layers 44 of species that self-assemble at the liquid surface. Functional units can be 

fomled from systems of monomolecular layers having properties not shown by 

individual layers4s. Upon UV irradiation, an energy transfer takes place from a 

sensitizer layer to an acceptor layer and resu lts in nuorescencc of fonner. Cyanine dyes 

as acceptor and sensitizer were used in the experiment. The energy transfe r model can 

be used to ascertain whether the required structure has in fact been produced. Kuhn ct. 

af6 demonstrated that planned structures showing order dependent properties were 

assembled by nanomanipulation of successive deposit ion of compressed monolayers 

fo rmed at the water-air interface. Traditionally, LB films were prepared from low 

molar mass compounds, like fatty acids but have poor mechanical, thermal and 

chemica l stability, which reduced their application in practical devices. This problem 

was solved by the use of polymeric LB films, that enhanced the thennal, mechanical 

and chem ica l stabil ity ofthese films47
•
48

• 

Figure 1.2: Fonnation ofLB films by immersing the substrate into the solulion~'J. 

5 
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Although, LB method is an elegant way to build -up mult ilayer assembl ies, but it 

requi res rather expensive instruments with tedious maintenance and it is also not 

applicab le to many kinds of non-amphiphilic matcrial so, The LB techn ique is also 

limited by the choice of solvent and requirement of very smooth and homogenous 

surfaces for depositionsl
. Moreover, LB fi lms have low stabi li ty towards solvent and 

temperature changess2
• Although, early investi gations were re lated to the interfacia l 

phenomena, but now the interest is shifted to functional LB film s with potentia l 

applications41 in thin fi lm optics, sensors and transd ucers, protective layers, paltc mab le 

materials, for surface preparation and modi fication, for chemically modified electrodes 

and biological membranes. 

J .2.2 Self Assc m bled Monolaycrs (SAMs) 

In the light of nanofabricat ion by bottom-up approach, self-assembly has provided a 

powerfu l tool for mak ing materials and organizing them into functiona l blocks 

designed for a specific purpose. MaUer of all kinds, e.g. atoms, molecules, colloids and 

polymers, can undergo spontaneous self association 10 get advanced level of structu ral 

complexity. The self-assembly idea seems to be from the work of Langmuir and 

Blodgetr3 and observations of Bigelow et al54 Ihat long chain alkylamines fonn a 

heavily crowded monolayer on the platinum surface. 

SagivSS po inted out that homogeneously mixed monolayers contai ning components 

with different properties and molecular shape may be eas ily fonned on various so lid 

polar substrates by adsorption fi'om organic solutions. There was irreversible adsorption 

via covalen t bonding of acti ve silane molecules to the surface o f the substrate. 

Monolayers covered surfaces become inert to further bind ing of mo lecules from the 

nu id phase due to nonpolar moieties (li ke methyl groups), thus preventing fo rmation o f 

ordered multi layers as we ll. In his later research work, he56
,57 proposed a mu ltilayer 

assembling procedure aimed at Circumventing th is difficulty. In the two step strategy, 

first monolayer adsorption was fo llowed by chemical act ivation of the exposed surface, 

to prov ide polar adsorption sites for the adsorpt ion of the coming monolayer. This was 

achieved by means of a bifunctiona l surfactant possessing a polar and a non-polar 

tenni nal functional group convertible to a suitable polar group after completion of the 

fi rst adsorption step. 

6 
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Nuzzo and All ara coated go ld surfaces with alkyl di sulfides and d iscovered that they 

formed close ly packed mono layers of chemisorbed alkanethio late molecules, ca lled 

self-assembled monolayers {SAMs}'i8. In these SAMs, there was evidence of strong S-S 

attachment of alkyl disulfidcs with polycrystalli ne gold substrate. Their structures were 

characterized by IR and photoe lectron spectroscopy that possessed chemica l and 

thennal stabi lity59. Same group also reported the adsorption of dimethyl disulfide and 

methanediol under ultra high vacuum (UHV) conditions on Au ( III ) substrate surface. 

Although, both adhered strongly but the adsorption of di sulfide was more favourecro. 

Monolayers of alkanethiols on gold were stable indefinitely at ambient temperature but 

desorption of constitucnts took place in hexadeeane at 80DC61
• 

Self assembled monolayers provided a convenient way to adsorb specific organic 

molecules having - SI-I, -COOH, - NI-I2, and silane functiona l groups onto noble meta ls 

and nanocluster surfaces (Figure 1.3). The hydrophobic or hydrophilic behaviour of 

metal surface can be guided by the choice of the tenninal functional groups of organic 

molecules. Organic inorganic nano hybrid materials so prepared were used to construct 

electronic devices, sensors, super capac itors, catalyt ic reagen ts, rechargeable power 

supplies etc. 

Terminal 
Funct ional 

Grou 

Spacer 
(Alkane Chain) 

I Organic Interface: 

- Determines surface pfopertie!. 
Prescnts chemical 

Organic Inlcrphase (1 -3 nm): 
- Provides wetr-deOned th ickness 
- Acts as a physical barrier 
- Alters electron ic conductivity 

I I . 

Metal-Sulfur Interface: 
- Stabil izes surface atoms 
- ModlOes electronic states 

Figure 1.3: Representation of self assembled mono layers {SAMS)8 

The adsorbates organize spontaneously and sometimes epitaxially into crystalline or 

semicrysta lline structures. The molecules or ligands fonning SAMs have a chemical 

funct ionality, called "headgroup". which have a specific affinity for a part icular 

substrate . In many cases, the headgroup has a hi gh affini ty for the surface and displaces 

the already adsorbed adventitious organic materials from the surface. There are a 

number of headgroups that bind to specific meta ls, metal ox ides, and semiconductors. 

7 
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The most extensively studied class of SAMs is derived from the adsorption of 

alkancthiols on go ld62.63 s il ver64,65 copper62,66 pallad itHl167 plat inum68 and mercury69. 

The experiments established many of the basic structura l characteristics of these 

systems (surface struclllre, chai n organization, orientation), practical protoco ls fo r 

preparing SAMs (concent rat ions, length of lime for immers ion, so lvents, temperature) 

and some detai ls of the thermodynamics and kinetics govern ing the process of self 

assembly7o,71, Since early 1990s, a major portion of the research was focused on the 

expansion of types o f substrates used to support SAMs and to some degree, on the 

types o f molecules used. However, the variety of ligands studied is still limited to 

functional it ies formed from a small set of elements in a narrow range of ox idation 

states and much of the work has continued to focus on SAMs fonned from thiois, The 

SAMs tcchnique can be appl ied to a wider range of substances, but it is not a useful 

method for mult ilayer fabr icati on, 

1.2.3 Layer by Layer Sel f Assembly: - An O\'c rvicw 

Iler in 1966n mentioned the alternate deposition of oppositely charged mineral 

parti cles onto smooth surfaces stich as glass, His work was later improved by Ga ines73 

but was completely discontinued afterwards in the whole community, 

Thc LbL assembly o f organic and po lymeri c compounds was pioneered by Decher 

starting in early I 990S74,29,75,76.77 . Since then, research in this novel field of material 

science had attracted the anent ion of sciemists, all over the world, across the academic 

and industrial fields. The LbL techn iq ue is based on the alternating exposure o f a 

substrate or a solid support in oppositely charged polyelectrolyte solutions ei ther 

through di pping or spraying (Figure 1.4). There are several rinse steps after each 

exposure to remove any unwadsorbed or loose ly bound material on the surface7s, So, 

one can bu ild as many layers as needed, with any desired thickness, depending on the 

parti cular type or requirements of the experiment. Therefore, the LbL nanofabrication 

technique offers very precise control over the thickness and unifonn ity of the coating or 

the ultrathi n fi lms built, down to the sub nanomctrc scale. 

In LbL assembly process, each corresponding component is adsorbed in a single step. 

and after whole assembly construction, films have a defined sequence. Therefore, LbL 

assembly can be considered as a sort of mullifunctional synthesis using mostly weak 

interact ions, LbL has a great analogy to a classical chemical synthes is process, While in 

8 



Chapter I Literature Review 

a chemical synthesis, different reacting species through a series of reaction steps yield a 

product oflen accompanied by a co-product. So purity and overall yield are always a 

compromise in chemica l synthesis. In LbL process, through a series ofdcposilion steps, 

a multilayer film of defined architecture is obtained, which is highly pure and 

reproducible with high device yield79
. The fabrication of multi -composite film s by the 

LbL procedure means li terally the nanoscopic assembly of hundreds of different 

materials in a s ingle device using envi ronment friendly, ultra low cost technique 

operated at room temperature. The materia ls can be small organic molec ules or 

inorganic compounds80
.
81 macromoleculesll

.
82 biomacromolecules such as proteins83 or 

DNA 84,85,86.87.88, carbon nanotubes89, c1ay90, nanoparticles91 or even co lloids (metallic 

or oxide collo ids or latex particles92
,93, The technique can be applied to solvent 

accessible surfaces of almost any kind and shape, the more exotic ones being 

microcapsules, colloids or biological cells94
,95 and a surface coating even for objects 

with a surface of several square meters is also possib le. 

1) Polyanion 

2) Wash ~Y 4\ Wash 

~~ 
--------~.~------

~ 
~J 

2 3 

Figure 1.4: Top: Si mplified molecular concept o f the first two adsorption steps depicti ng film 
deposition starting with a positi vely charged substrate. Botlom: Steps I and 3 represent the 
adsorption ofa polyan ion and polycation respecti vely, and steps 2 and 4 are washing steps, 

On contrary, other thin film making techniques have a serious limitation as they work 

on special kinds of materials. However, by this technique, thin fi lm can be coated on a 
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number of different substrates such as silicon, gold, platinum, plastic, glass, quartz, 

stainless stee l, clay, nanopaniclcs. blood cells and colloidal part icles96
. The whole 

process can be automated us ing robots, making the coating procedure less lime 

consuming and applicable fo r commercial applications where productivi ty and labour 

are the major problems. The LbL deposition technique is categorised as a template 

assisted assembly which is much faster as compared to self-assembly or chemical 

modification, The result of self-assembly is mostly uncertain or difficult to predict. The 

LbL nanofabrication allows multimateria l assembly of several compounds, thus giving 

access to multi layer films whose complex functionality fall into either of the (Wo 

categories: 

The properties of an object depend on the interaction of its surface with environment. 

So surface can be tai lored for specific purposes like corrosion protection97
, 

anti reflect ive coatings98
, stickiness or non-stickiness99

, surface induced 

nuc leation1 oo, IOI, antifoul ing l02, hydrophillicity or hydrophobic ityl03,104, 

biocompatib ilit/o5
,106. chemica l sensing or biosensingl07

,108, biomaterial coatingslO9 and 

microchanncl now control 11 0, 

The sequence of adsorption of different substances on a substrate defines the 

architecture of multi I ayers and thus the overall device properties. Therefore, it is wisely 

called a knowledge based or programmed assembly. In contrast to self-assembly, il 

leads 10 property engineering by controlling mostly one-d imensional spatial 

arrangement o f fllncti onalities in multimaterial layered nanocomposite membrane 

reactors lll
, optoelectronicsl12

, photon ic devices such as li ght emitt ing diodes94,11 3 or 

complex waveguides, companmentalized films with barrier layers or separation 

membranesl 14,1 15,116, 

There are severa l techn iques to carry out adsorption of materials for LbL 

nanofabrication assemblies. The most common preparation method introduced by 

Decher initi all y was di pping7S which is still the mostly used deposition method. 

Winterton 117 patented spray deposition of opposite ly charged polye lectrolytes onto 

ophthalmic lenses which was latcr reported by SchlenoW 18
. Spin-coat ingI07

,1I9 is also 

widely used in LbL deposition technique now-a-days. Both spraying and spin-coat ing 

adsorption techniq ues reqlli re a very sllla ll volume of liquid fo r surface coating as 

compared to dipping deposition, The structure and properties o f LbL assembled film s 
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are infiuenced by the preparation methods. Various analytical instruments can be used 

10 monitor lilm bu i ld~up process during LbL nanofabricalion, sllch as UY·Yisible 

spectroscopy can efficiently monitor multilayer build·up if al least one chromophore 

group is present in the constituent polymers. Film thickness can be measured with the 

hclp of an cllipsometer, whereas film growth mechanism can be studied in·silll wi th 

Quanz Crystal Microbalance (QCM), while su rface Plasmon spectroscopy was used to 

study various in teractions in LbL fihns1 20.12I. 

1.3 Multilayer Structu re 

1.3.1 Laycrcd or Amorpbous 

Does polyelectrolyte multi layer have a rea l layered structure or polyelectrolyte cha ins 

in terpenetrate giving rise to a perfectly homogeneous structure? To answer this 

quest ion, X-ray re fl ect ivi ty and neutron re flectivity measu rements were carri ed out to 

characterize po lyelectrolyte mu lti layer structure. Both instruments are widely used in 

the characterization of polyelectrolyte multilayer fil ms121.m. In X·ray refi ect ivity 

experiment, e lectron dens ity in the nonnal direction wi ll be analyzed. Kiessig fringes, 

derived from the destruct ive interference ber.'1een reflected beam from airlfi lm 

interface and fitmlsubstrate interface, can be observed123,124.125 in smooth films. 

However, X·ray reflectivity measurement can not reveal the internal layered structure 

of polye lectrolyte multi layer, represented by Bragg peaks. The absence of Bragg's 

peaks in X-ray reflectivity measurement may be either due to the fact that the 

stratification in multilayers is not suffic ient fo r adjacent layers to inter·digitate or the 

electron densi ty contrast of individual layers is not large enough. 

On contrary, in neutron reflectometry, the scattering length densi ty (SLD) pro fi le 

perpendicul ar to the surface wi ll be analyzed. This SLD profil e can be interpreted by a 

"box" model with a speci fic value fo r thi ckness, roughness and density attributed to 

each box. Besides Kiess ig fringes, Bragg peaks have also been observed by several 

groupsI26.127. 112.113 for film s containing individua l layers o f de ute rated polymers. These 

Bragg peaks ind icate a well ·defined strat ified multilayer structure, corresponding to a 

sll per lattice structu re in normal direct ion, with more or less interpenetration of adjacent 

layers not only in different zones border but a lso in the whole film . (Figure 1.5) 
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Figure I.S: Neutron refl cctivity seans and layer profiles of 4 muhilayer samples with different 
film structure91 Left : Neutron reflectivity scans and numerical fit s leadi ng to the layer profil es 
shown on the right. Right: Scattering length density profil es of the 4 reflectometry scans on the 
left. Each o f the eight deuterated layers is clearly picked up in every multilayer sample. Bottom 
two have 80 layers wi th architecture «PSS~h7/PAH)JPSS-d7/PAH). while upper two 64 layers 
with architecture «PSS-h7IPAH).JPSSd7/PAH)a. 

1.3.2 Polyelectrolyte Multi layer Formation: - Three Zone Model 

A three zone-model descri bed by Decher el a/
128

,129 for the fonnalion of po lyelectrolyte 

multilayer is shown in Figure 1.6. Zone 1 is composed of one or few polyelectrolyte 

layers close to the substrate surface. Zone III is also composed of one or few 

polye lectrolyte layers c lose to the outer surface of the film. Zone II is the " bulk" film 

between zone I and zone III. Properties o f thi s zone are not influenced by either 

substrate or air. In most cases, chemi cal composition and structure of these three zones 

are different. Zone II is globally neutral while zone I and III are normally charged by 

different num bers of extrinsic charge s ites. Although zone II is neutral, some 

counterions may be found there. As a result, even polye lectrolytes w ith I: I 

stochiometric ratio might not be able to realize I: I charge overcompensation. Charge 

density in zone III is more imponant than in zone I because zone III is respons ible for 

further polyelectrolyte adsorption, charge overcompensation and film growth . This 

means that cOllnterions are found everywhere in zone III. TIle very presence of 

cQunterions indicates that the border between different zones is not sharp. Individual 

po lymer layers are rather strongly intenni ngled with neighbouring layers, even layers 

further away from the surface will contribute to the surFace charge excess. T hi s is the 
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"fuzzy" notion introduced by Decher7s
• The structure of polyelectrolyte multilayer is 

not perfectly defined as crysta lline, but it is not completely disordered as we ll. There is 

positional order between molecules, but not between atoms. 

Zone ill 

ZoneD 

Zone I 
I Substrate 

Figure 1.6: Three zones model for polyelectrolyte multilayer. Interfaces between different 
zones are diffuse rather than a sharp plancl30

• 

The number of layers belonging to zone I and III respective ly, depend on a number of 

parameters, including nature of substrate, chemical structures of polyions complex and 

deposition method andJor conditions, but the exact condition remains still unknown. 

The three zone model is only va lid in polye lectrolyte multi layers with a sufficient 

number of layers deposited. Detailed film formation is presented in Figure 1.7. 

In the three zones model, zone II will be fonned when both zone I and 1II have reached 

their fina l chemica l composition and thickness and more polyelectrolyte deposition and 

polyions fonnation will not change the thickness of zone I and III. Only then the 

thickness of zone II will increase. As mentioned before, the borders of these three 

zones is not sharp but gradual and there is probably chain inter-ditfusion between 

different zones interfaces. When more polye lectro lytes have been deposited on the 

surface, newly created polyions complex will increase the distance between polymers 

at the interface of zone II/III and the surface. Influences of these po lymers at the 

interface to the oulmost surface wi ll be decreased as well. These polymers will now be 

considered more like ly to be a part of zone II instead of fonnerly interface si tuated 
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polymers. TIlese polymers will successive ly embed in zone II when more layers are 

added, so keeping the thickness of zone III almost constant. 

Increasing numbers of layers 

Figure 1.7: The zone model for polyelectrolyte multiiayerJ29. On the very right is depicted how 
the three zones can be correlated with model consisting of individual but strongly overlapping 
layers ' 3 I, I29. 

Infact, the po lyelectrolyte multilayer th ickness increase depends on the film growth of 

zone II. This "transition" character during multi layers assembly also defines the notion 

of "fuzzy" and makes borders between each zone gradual. Polymer chains inter­

diffusion at each zone interface level, presented on the very right part of Figure 1.7, is 

possible. Even though the exact structure and composition of these three zones are not 

clear, the difference between charged zone 11111 and "neutra l" zOlle II influences the 

physiochemical behaviour of the whole polyelectro lyte multi layer. Charged zones, 

especia lly zone III where film growth occurs only on the top, acts more like ind ividual 

polyelectrolyte during a film build-up process while "neutra l" zone II is not so active in 

film construction. An attention should be paid here; the inactiv ity of zone II is only 

valid fo r linear growth film . In super linear growth film, polymers can diffuse into zone 

II, and in this case, zone II is a "reservoir" for these mobile polymer chains. Even zone 

II is " neutral" and inactive in a global way; many different chemical compounds can 

di ffuse " into" a fi lm at high "outside" concentrations. The swell/deswell tendency of 

certain polyelectrolyte multilayer in the presence of salt in the solution was observed by 

Dccher132
• 
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1.3.3 Deviation from Linear G rowth Behaviour 

H .. di ll 134 135136 h I· .. I d I ft I owcvcr, It IS note ... I at a mear regime IS never reac le or on y a e r t le 

deposition of a large num ber o rlayers. The groups of Schaaf, Voegc l, and Dccher have 

reported multi layers composed of weak polyelcctrol)1eS showing strong super linear 

growlh I31
•
1J8

. 

Many combinations o f strong polyelectrolytes yie ld a growth behav iour that becomes 

li near a fter the first few laycr pairs, a typical example is shown in Figure 1.7. However, 

it was discovered lhat th is linear growth reg ime has not been observed in certain 

polyelectrolyte systemsl31
·
139

,140. During LbL deposition, afte r a few layer pa irs. film 

shows a super· linear growth behaviour wh ich has been frequently observed in weakly 

charged polyelectrolytes se lf·assemblies sllch as poly(L-glutamic acid) (PGA), poly(L­

lys ine) (PLL), hyaluronic ac id (HA), polysaccharide etc. Schaaf' 41,142.143 suggested " in" 

and " alii" theory of " free" polye lectrolyte chains in the multi layer to explain the 

mechani sm o f thi s super-linear growth regime. A model is proposed in whi ch polyions 

are not kinetica ll y trapped in the position where they were origina lly deposited, but 

diffuse inside the fi lm l38. Laugel el ai 44 suggcsted a semi-theoretica l model for the 

pred iction of which polyelectrolyte couples will have a linear or super- linear growth 

regime durmg the multilayer construction. The supe r-linear growth regime is frequently 

observed in nonnally less than 10 layer pa irs. If deposit ion cycle continues, a linear 

growth regime will be observed <:I ner 15 or 20 layer pa irs, or even moreI45
,146.141. 

However, the mechan ism of this super-linear/linear transit ion is not c lear yet. 

1.4 Adsorption Techniques for LbL Assemblies 

1.4.1 Dip ping, Spraying and Spin Coating 

The conventional tcchnique to prepare mult ilayers is solution dipping (Figure 1.4), 

whi le spraying and spin coating are the othcr major adsorption methods used in LbL 

assembly. The use of spin coating is lim ited due to substrate size and planarity, 

therefore, dipping and sprayin g are the two 1110St frequently used adsorption techniques. 

In dippi ng adsorption techn ique for the mu lti layer fonnation, the substrate is brought 

into contact with polyelectrolyte solutions. During adsorption, po lymer cha ins will 

diffuse from bulk solution to the surface and get adsorbed . The adsorption time for a 

single layer pair construction varies from few minutes up to an hour depending upon 

nature of polymers used and other experimenta l considerations. 
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1 

Figure 1.8: Spraying deposition technique for multilayer build-up. 

Wintertonll 7.148 and Schlenoff 18 introduced spraying deposition in the last decade. The 

spraying technique decreases the adsorption time with a factor of 25_150149 as 

compared to conventional dipping method. Spraying is a very efficient technique to 

produce a homogeneous film at the surface placed at a certa in distance. II is thus 

extremely well suited for LbL multilayer assembl ies, especia lly for the homogeneous 

wetting of large and/or uneven surfaces. In the spraying process, a substrate is held up 

vertica lly and liquid is horizontally sprayed onto the substrate. Once polymer solution 

strikes substrate surface. drainage caused by gravity wi ll ensure the liquid coverage on 

the surface (Figure 1.8/ 1). So po lymer is di spersed and adsorbed unifonllly onto the 

substrate. Because of the vertically insta lled substrate and the gravity induced drainage, 

some polymer chains are much weakly adsorbed than the others. A spec ified wait 

period is necessary to a llow maximum adsorption of the polyelectrolyte cha ins on to 

the substrate. Rinsing is done after the wait period to remove weak ly adsorbed 

polyelectrolytes from the substrate surface. Rinse solution is sprayed onto the substrate 

for a spec ified time period and an additional wa iting time is necessary for the drainage 

of rinse solution containing some of the un-adsorbed polye lectrolytes (Figure 1.8/2). 

After the rinse step, oppos itely charged polymer solution is sprayed onto the substrate 

surface (Figure 1.8/3), fo llowed by another rinsing step (Figure 1.8/4). 

Recently, Ko lasinska el a/Iso compared the properties of polyelectrolyte multilayer 

films prepared us ing the dipping and spraying techniques. The purpose was to establish 

whether the dipping LbL process cou ld be replaced by spraying technique w ithout 

compromising the qua lity. Films obtained us ing spraying techniques are thinner than 

those prepared by dipping hav ing the same number of layers pairs. Although spraying 
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Icchniqllc offer great advantage of sharI ti me of preparation, yel cannol providc some 

fea tures prov ided by polye lectrolyte multi layers prepared by dipping technique such as 

stability and unifomlity. Genera lly, confinncd by X-ray rcnectomctry and AFM 

analysis, sprayed polyelectrolytc muh ila)cr is thinner but smoother than tlipped 

ones149. As explained before, different physiochemica l conditions will in n uence the 

stru cture and propert ies of polyelectrolyte multilayer. One of the facto r in obtaining 

thinner fi lms from spraying deposit ion was the relatively lesser contact time (typ ica lly 

few seconds)149 between polymer and substrate surface. 

Some controllable and uncontrollab le parameters in spray ing LbL assembly149 can 

exp lain this phenomenon. Examples of controllable parameters include spray di stance, 

spray volume, concentrations of po lyelectro lyte wh ile uncontrollable parameters 

include droplet s ize, droplet speed and specd di stribution during spraying process and 

concentrati ons of polye lectTolytes in droplets. The use of spin-coaters was 

demonstrated by Hong e l a / .
1S1

,152 and Wang and co-workers1S3• Both sprayi ng and spin 

coating have the advantage that only small amounts of liquids are needed to coat large 

surface areas. 

1.4.2 Simultancous "one-step" Spraying 

A s imultaneous spraying method fo r the polyelectrolyte fi lm formation was described 

by Hubbell et ai S4
• However. no further detai l of film deposition mechanism and 

structure was provided. J-liorth et a/ISS developed simultaneous spraying method on a 

rotating cy linder fo r polyelectrolyte film construction. The films fonned by 

simultaneous spraying technique were dry and salt or other substances present in 

aqueous solution cou ld not escaped from the films as there were no wash ing steps 

invo lved in between depos ition cycles. However, spraying procedure using polycation 

and polyani on at the same time is a promising mcthod to perform a single step 

funct ionali zation proccss. Porcel el a/1S6 proposed a new simultaneous spraying 

method, in whi ch trad itional spraying instruments was used (Figure 1.9). A linearly 

grown (PGA/PAH)n film was obta ined with simultaneous spraying process1S6, although 

a typica l super-linear growth regime for such film was obscrved in LbL self-assembly. 

In simultaneous spraying process, important controlling parameters are polye lectrolyte 

concentrations, spraying rate, spraying time, adsorption time and rinse time. 
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P= lbar 

Silicon wafer 

Polycation + 
Figure 1.9: Experimental sel up for simultaneous spraying processl56

. 

They also proposed a fi lm format ion mechanism for simultaneous spraying process. [n 

polyions complexation, there exists a characteristic time t when all charged funct iona l 

groups ofa polye lectrolyte interact thoroughly with functional groups of the oppositely 

charged polyelectrolyte. When a polycation is sprayed onto a surface covered with 

negative ly charged groups, it will interact immediately with polyanion on the surface. 

After this characteristic time t , polyions complexation may be considered as complete. 

But on the other hand, if during the time t another po lyan ion is sprayed again onto the 

surface, it will also interact immediately with po lycat ions already present on the 

surface, even though the complexation between polycation and fonner adsorbed 

po lyanion is not yet completely finished. If polyelectrolyte spraying time interva l is 

within thi s characteri stic time t , the film formation process should be continuous and 

sim ultaneous. 

The unusual linear growth regime of (PGAlPAH}n film was due to the steady-state 

condit ions caused by constant spraying and deposition of sprayed LbL fi lm was totally 

possible on the top of such simultaneous sprayed film. However, difficult ies in 

simultaneous spraying process are the lack of precise ly controlled parameters in film 

fonnal ion and the possibil ity to apply this method to other polyelectrolyte pairs. But 

simultaneous spraying is a promising method in one step functionali zation by combing 

different components. 
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1.5 Monitoring Multilayer Build-up 

1.5.1 £ 1i:-SifU Characterisation Techniques 

Ex-shu characterization techniques for LbL build up studies are non-destruc tive and 

hi ghly accurate. UV-Visible spectroscopy is the sim plest and easiest way 10 follow 

mu lt ilayer build-up process. (PSS/PAH)n films is proba bly the best characterised 

system so far (Figure 1.10). UV-Vis spectroscopy is used to measure the optical 

absorbance due to the presence of chromophore groups in both the polymers . 
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Figure I.tO; Left: UV-VisibJe spectra taken after different adsorption cycles (k) during the 
preparatIon of a PSSlPAI-i mu ltilayer. The bands at 195 nrn and 226 11m originate from the 
aromatic chromophore of the styrene monomer unit of PSS. The absorbance increases 
regularly with the number o f PSS layers. Right: PIOI of the absorbance of the I)SS band at 225 
nm versus the number of layers deposited. The numerical fit to the data (solid line) shows that 
the increase of absorbance per layer is constant. 

The film thickness can a lso be determined by e lli psometry and X-ray reflectometry 

studies as shown in Figure 1.11. The reflectivity traces were taken on a dry specimen at 

vario lls stages of multi layer build-up. Each reflectivity trace corresponds to a single 

data point in the e lli psometric data curve. Salt concentration great ly affects the 

multi layer bLlild~up process157
• In case ofwenk polyelectrolytes, layer th ickness can be 

precise ly controlled by pH1 58 . Ex-situ methods are s imple and provide sumcient 

information on the deposition behaviou r. 

Very recently. nuclear magnetic resonance (NMR) was added to the " toolbox" of 

multi layer research IS9,160 and this deserves special attention as it gives access to 

structural data. 
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Figure 1.1 J: X-ray reflcctomctry o f multilayer films of the architecture (PSS/PAH)n, II ranging 

from 6 to 25. Left: raw data obtained from a single specimen at diffe rent n in the dry state. 
Right: plot of film thickness versus number of layers for three sets of curves as the one on the 
left. 

1.5.2 Ill-situ Characterisation Techniques 

The ex-situ characterization techniques for multi/ayers bu ild-up are simple and w idely 

used but onc of the major drawbacks is that the deposition process has to be intcrrupted 

to make the measurement. The ex-situ measurements not only disrupt the adsorption 

process but they have to be takcn in the dry state, which may not be desirab le in some 

cases. One of the consequences of deposition under different conditions is, for example, 

that the film thicknesses are different fo r identical numbers of layers. It is usuall y 

observed, that film s depos ited from identica l so lutions with identical adsorption times 

at same temperature show a diffe rent film thickness for the same number of layers 

depending on whether they have intennittenlly been dried and characteri zed or not. 

In-sifll characterization methods are, therefore, necessary in order to obtain resul ts for 

samples that need not be dri ed during the course o f measurements. These methods may 

all ow one to follow the adsorption ki netics and/or multilayer reorgan isation depend ing 

on time resolution as shown in Figure 1.12. During the adsorpt ion of a polyanion, the 

surface charge changes fTom positive to negative, leading to e lectrostatic repu lsion and 
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hencc to se lf limitation of the adsorbed amount. In most cases the adsorption of 

polyelectrolytes is irrevers ible and rinsing helps to remove the weak ly adsorbed 

polyelectrolyte molecules. The adsorpt ion, thus leads to a surface charge reversal that 

a llows adsorbing a polyelectrolyte of opposite charge and th us continuing the !:,'Towth 

process 128. 

-:!! -• 

In-situ Monitoring of Layer Deposition by QCM 
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Figure 1.1 2: Continuous QCM trace of the third harmon ic at 15 MHz (raw data) during the 
deposit ion of PSS (large di splacements) and PAl-! (small displacements) during t t adsorption 
steps. 

Besides measurements of the zeta potential and results obtained by quartz crystal 

microbalance (QCM) (F igure 1. 13), typica l ill-silll methods include surface Plasmon 

spectroscopi61 .162 optica l waveguide light mode spectroscopy (OWLS} IJ8·16J oplical 

reflectometry in stagnat ion point flow cel1s164 scann ing angle reflectometry (SAR}1 6S 

e llipsometryl 66,161 in situ atomic force microscopy (AFMi 68 attenuated total re flection 

Fourier transfonn infrared spectroscopy (ATR-FTlR}I 69, surface forces 

measurementsl70,171 X-ray and neutron reflectometryl72,17J or second hannon ic 

generation (SHG) but the latter are not widely available. 
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Fig ure 1.13: Streaming potential measurement showi ng the surface <.:harge reversal during 
multil ayer build-up in sifll . The fi rst layer (PEl) was followed by 5 deposition cycles of PSS 
and PAH. 

1.6 Driving Force for LBL Assemblies 

1.6.1 Polyelectrolytes and Polyelectrolyte Multilayers 

A macromolecular species that dissociates into a hi ghly charged polymeric molecu le 

when placed in some so lvent like H20 is tenned as polyelectrolyte or poly ions. Counter 

ions are an additional product of dissociation which are sma ll oppositely charged ions 

that tend to neutralize the charge on the repeat un its of the polyelectrolyte, thus 

mainta ining the electro neutrality. Polyelectro lytes are class ified on the basis of their 

origin into natural and synthetic. Examples of naturally occurring polyelectro lytes are 

biopolymers like proteins and DNA whi le PAH and PSS are categorised as synthetic 

po lymers. At higher ion ic strength, a polyelectrolyte tends to become thicker and more 

coiled due to the screening effects of polymer charges by the presence of excessive sa Il 

counter~ions in solution. At low ion ic strength, polye lectrolytes tend to be in its 

extended and uncoiled fonn. The factor responsib le fo r the extended form of 

polyelectrolytes is the presence of intramolecular repu lsion of the un screened charges 

on each monomer unit. 

Polyelectrolytes have found a number of applications in chem istry, largely at the 

interface of polymer, materi als, co lloids, surface and ana lytical chem istry. They have 

been used in the health and personal care industry as th ickening reagents 174
, rheology 
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modifiers l7s and viscosity enhancers for shampoos, conditioners, deodorants and body 

lot ions176
,177. They have also been used for water trcatment 178

, waste treatment l79 sludge 

de,\mering180 and the paper and pulp industry as retention aids as wel l as nocculating 

and coagu lating agents for solid-liquid separations. Recently Shiratori and SalO have 

des igned a thin film coating of polyelectrolytes assembled from ch itosan and another 

polye lectrolyte containing an enzyme extracted from bamboosi . The thin film wrap 

prepared was effective in preventing decomposition and ripening of fresh fruits by 

suppressing the em ission o f ethylene gas, and thus keeping these fruits fresh for longer 

periods of ti me. In addition, these polye lectro lytes were assembled into ultra-thi n film 

composite membranes and has received signi ficant attenti on and interest in the field of 

technology and industry I76,18I.1 82,183.!84,!85,186, Other applications include the coagulati on 

of colloida l dispersions,I87 biocompatible coatings for hemo-sorbents and other medical 

devices in contact with blood188.189, dialysis membranesl90,191 , ultra fi hration l92, 

concrete stabilizati on, and enzyme mimicsI 93. 194, Another rcccnt applicat ion of the 

polyelectrolyte complexes is Iheir abi lity to form complexes with biomacromolecul es. 

For example, po lye lectrolyte complexes between DNA and a polycalion is used to 

compact DNA, thus protecting it from digestive enzymes in the blood stream and living 

tissues and increasing the efficiency of in vivo gene transfection 195.196. 

1.6.2 LbL Assemblies Based on Hydrogen Bonding 

One of the most commonly sltldied, non-electrostatic intenno lecu lar interactions used 

in LbL assembly techn iq ue is hydrogen bonding. By uti lising this interaction, many 

uncharged materia ls have been successfully integrated into Illul tilayer films. This is due 

to the presence of various mo ieties that can provide hyd rogen bond ing among 

ind ividual polymers chains. For example, the highly electronegati ve oxygen atoms 

present on polyethylene oxide (PEO) polymer backbone provides hydrogen bondin g 

s ite. Chen el al.197 reported that cova lently attached di-azo resin (DAR)/poly(acrylic 

ac id) (PAA) mu ltilayers were fabricated by the LbL se lf assembly of DARlPAA in 

aqueous solution fo llowed by UV irrad iationl98 , The reaction between DAR/PAA in the 

fi lm is shown in Figure 1.1 4. UV radiation tUOlS the interact ion between the fi lms from 

ionic to cova lent, th us the stability of the DAR/PAA is greatly improved as compared 

to unexposed fi lm1984. 
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Stockton and Rubnerl99 conducted seminal studies in LbL multilayer assembly based 

on hydrogen bonding. Po lyaniline was used in alternation with a variety of water 

so luble macromolecules. such as po ly(v inylpyrrolidone), poly(vi nyl alcohol). 

polyacrylamide (PAA). and PEO, Infrared spectroscopy'99 verified that the multilayer 

build-up was driven by hydrogen bonding due to the appearance of the N- J-J strctching 

peaks at ca. 3300 cm-l
• Zhang and co-workers2OO used PAA and poJy(4-vinyJpyridinc) 

for the build-up of multilayer~oo. Earlier attempts to assemble positively charged 

po lyelectrolytes resulted in very li mited film growth if hydrogen bonding was not 

involved ill the assemblYOI. 

Sukhishvil i e/ aP02,20) established that water soluble uncharged molecu les capable of 

hydrogen bonding interactions were self-assembled at vari ous surfaces using the LbL 

approach. The multiJayers so fabricated were dissolved at high pH va lue. Routes to 

stabilize hyd rogcn-bonded se lf-assemb ly via thenna l. phOlochemical204 or chemical 

cross_linking20S,206 as wel l as the ability to deposit and stabi lize hydrogen-bonded LbL 

assemblies on spherica l substrates20S
,207,20& have been recently reponed by several 

groups. Stabi lized hydrogen-bonded assemblies were exp lored for encapsulating 

va rious chemica ls and con tro lled rel ease of encapsulated cargo207
, Caruso e/ 01.

209 

mentioned LbL adsorplion of negatively charged polynucleot ides at surfaces based on 

DNA hybridization driven by hydrogen bond ing. SchlenofT and co-workers2lO studied 

LbL deposition of similarly charged hydrogen-bonding homopolynucleolides (poly­

(adeny lic acid) and poly(uridylic acid)) and found that these two molecu les fa il ed to 
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produce film s, unless they were co·assernbled into films with a polyca tion. Sukhishvili 

el aP 11 explored hydrogen·bonded LbL se lf·asscmbly ofa weak zwitterion polybclaine 

(PB) with a neutral po lymer in aqueous environment (Figure 1.1 5) . Interest to 

incorporate PBs into th ill layers was greatly due to PBs' improved biocompatibility2l2. 

antibacterial properties213 and the ir utility for building bioinert coati ngs21~.2 1 ~ . As a 

diazonium containing polycations is photosensitive, it wou ld provide an alternati ve 

method for fabricating patterned surfaces216. 

f igure 1.15: Hydrogen bonding between PB and PVCL unils211 . 

1.6.3 Covalent Layer by Layer Assemblies 

To make grafts through covalent LbL is a new approach of surface modification having 

ancient roots. The preparation of oriental lacquer-ware started in 4000 Be in China and 

Japan is analogous to cova lent multilayer assembly processes2l7
·
218. The sap used for 

the lacquer-ware coatings was an aqueous emulsion of phenolic lipids and 

polysaccharide-glycoprotein complexes derived from lacquer trees. TIle process that 

generates the product's high gloss and durable coating was an LbL process involving 

around 40 repeated cooring-drying-polishing-rubbing-dlying cycles. Enzymatic radical 

di merization or polymerization of phenolics leads to cova lent bonds during the drying 

cycle of that covalent LbL process. 

Although ionic or hydrogen bonded se lf-assembly processes are experimentally simple 

and broadly useful, yet they have some drawbacks. In particular, ion ic or hydrogen 

bonded LbL assem blies can disassemble under conditions where the ion ic or hydrogen 

bonds are unstable e.g., strongly acidic, strongly basic or high ionic strength so lutions 

can infl uence the mull ilayers stability. In still other cases, this tender disassembly of a 

mu lti layer gra fls even prov ides advantages (e.g. in drug release applications"). 
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Nevertheless, some applications are better served by chemically more robust multilayer 

assembl ies that wi thstand harsh cond itions. Covalent LbL assembly process was 

patented by Decher grollP21 9. Since then, formmion of covalent LbL assembled films 

has been an area of enormous investigation. 

Earlier literature about the covalent LbL assembly concerns the condensat ion reactions 

between electrophi llic polyfunctional or polymeric carbonyl compounds and a number 

of nllcleophi les like amine, amide, ester, urea, urethanes, oxime, and imine etc. Owing 

to the extra stability of amide bonds, the most commonly employed LbL reaction is 

between amine and an activated carboxy li c acid. Crooks and co-workcrsno performed 

sequenti al covalen t assembly of polymers, lIsing a copolymer of maleic anhydride 

reacted in alternation with a polyamidoamine dendrimer. ARer fou r react ion cycles, the 

film reached a thickness of 40-50 nm220
. 

Bruening et al.221 coatcd three layer pairs of GantrezIPAH film to obtain a thickness of 

27 nm on AI surface. l1le impedance of Al electrodes increased to 10 limes aRer 

im idization of the covalent LbL assembl y at 150°C. Grunlan and co_workers222 

developed covalent and ionic LbL assembly on funct iona lized polyethylene ePE) 

powder that results in conductive thin films. Li and colleaguesm prepared nuorescent 

nanotubes with PEl and 3,4,9,1 O-perylenetetracarboxylic dianhydride and dianhydride 

inside the pores of a lumina membranes. Alumina membrane was disso lved after 10 

layer pairs to get 350 nm d iameter nanotubes. Lynn el al.224 demonstrated cl ick route to 

the synthesis of cova lent LbL assemblies of PEl and carbonyl group of poly(2- vinyl-

4,4-dimethylazlactol1c) via a diamide of 2,2-dimethylglycine. The thickness of layer 

pa ir was 6 nm. Covalent LbL assembly method was applied on glass and gold 

substrates using polymer containing an aldehyde and an alkoxyamine to fonn 

oximes22s
. 

Gao and colleagues prepared covalent LbL assemblies of glutaraldehyde and PAH on 

MnCOJ particles226
• The template was di ssolved to get stable microcapsules wh ich 

indicate the successful cross linking of mult i layers. Yang ef al.221 reported thiols 

containing a boronic acid group assem bled on gold nanoparticJes by covalent 

assemblies between po lyvinyl alcohol and boronic acid. Electrophilic subst itution by a 

po lymeric aryl diazon iuJ1l sa lt and an electron rich polymer fonned from fonna ldehyde 

and m-cresol has successfully assembled grafts on quanz and su lfonated polystyrene 
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lmex:m ,229, These were stable to solvents like dimelhylformam ide (DMF) and 

tetrahydrofuron (TI-IF), Bcrgbre itcr and co-workers used water as solven t fo r 

nuc!eophil1ic aromatic substitution of PEl and c)anuric chl oride LbL grafts on siliciJO, 

Kohli and Blanchard2J' ,2J2 investigated various approaches to prepare multilayer films 

using a sequential cova lent LbL scheme, Unlike the use ofprefonned polymers to form 

mu lti layer fi lms, in these studies, the po lymer is effecti vely grown in stepwise fashion. 

addi ng one molecul ar subunit per cycle utilis ing urea interlayer li nking interfacial 

chemistry. Their fi rst pape?J) invest igated two variations in thi s theme: fi rstly the 

alternate react ion of dii socyanates and diamincs (Figure 1. 16) and secondl y, reacti on of 

isocyanate in the presence of small amount of water. In another approach, hydrolysis of 

isocyanate groups to get amine moieties followed by reaction with other isocyanate 

groups to fonn urea linkages. 

OCN 

I 
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• 
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Figure t.l6: Mult ilayer film fonnat ions via urea linkages2JI
, 

• 

m il 

NH2 

Linear growth of fil ms assembled using the fi rst approach was monitored by 

ellipsometry, with a tota l th ickness of 9,8 nm for 7 layer pairs. Some deviations from 
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li nearity were observed for the films assembled via the second approach. although the 

film s obtained were considerab ly thicker (62.5 nm for 7 layer p<li rs) . The thicknesses of 

these films were comparable to the polyclectrol)1c multi layers prepared with 

conventional electrostatic LbL processes. 

Further investigations were made in assembling an alternati ng hydroxyl phenyl 

maleimide and vinyl ether polymer with adipoyl chloridem . The ad ipoyl chloride 

reacts with the hydroxyl funct ionality to fonn cova lently bonded layers. Linea r fi lm 

bui ld-up was studied by using several techniques, with a thickness of 1.6 nm per layer 

pair. 

The sequent ial cova lent approach has been used to bu ild po ly(p-phenyienev inylene) 

polymers, which have potential appl ication as conducting material s234 . This was 

ach ieved by synthesizing two poly(p-phenylenevi nylene) derivatives with amino and 

acti vated ester side chains. The LbL assembl ies were formed by the alternat ion of the 

two materials whi ch faci litated a condensation reaction between the two functiona l 

groups. Linear film build-up was observed using both UV-VisibJe absorption and 

ellipsometry, the later reveali ng layer pair thickness of approx imately 0.8 nm. The 

stabi lity of these films was demonstrated by sonication in THF for several hours 

without Joss of any material. 

Caruso ef 0/.235 reported click chemistry approach fo r the fonnation of covalent 

multi layers. The cova lent linking methodology has generated significant research 

interest in the last few yea rs due to its efficiency, inerlness to functional groups, and 

mi ld react ion conditions. 1,2, 3-triazole linkage was formed by the reaction between an 

alkyne and azide group at the interface. The linear growth of cova lent layers was 

achieved us ing al ternate PAA polymers with a 14% component of azide and alkyne 

functionality (Figure 1.17). These systems were assembled in aqueous conditions and 

were stable to a wide range of pH and vari ous organic solvents. 
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Figure I.J 7: LbL assembly via stepwise triazole formation (cl ick reaction). The in itial layer 
was adsorbed elcctrostaticall r u. 

Cova lent LbL assembly differs from ionic LbL assembly in a number of aspects. 

• Ioni c LbL assembly is tile a lternat ive adsorption of oppositely charged 

polyelectrolytes whil e polymers to be used in covalent LbL assembly 
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possess complementary functional groups that can form in sifl/ stable 

cova lent bonds. 

• Ideally, such reactions occur unde r mild cond itions and amb ient 

atmosphere. 

• Side products should be easily separated from th e films so as to avoid 

film contamination. 

Reactions that Sharpless has described as 'click' chemistry are ideal candidates for this 

sort of chem istry236. For appl ications that require functional robust thin films or 

nanocomposites, cova lent LbL assembly has many advantages over traditional 

e lectrostatic LbL assembly methods 237 

• Covalently assembled LbL thin films are highly stable aga inst harsh 

conditions such as extreme pH or extreme ionic strength. 

• In silll covalent bond fonlla tion avoids the need fo r post assembly cross· 

linking. 

• A large number of functional groups are available in po lymers; so a 

number of reacti ons occurred during multilayer graft. 

• The process can be carried out in either aqueous or a rgnnic so lutions 

depending on the type o f reactions. T his can be advantageous if it is 

desirable to incorporate materials that do not di ssolve or that cannot be 

used in the aqueous solutions. 

• Cova lent bond fonnalion is spon taneous and energetica lly favourable 

process. So a newly deposited layer cannot readily disassemble from the 

previous layer. This makes it possible to incorporate low functionality 

molecu les during the LbL process. 

A cova lent LbL assembly process leaves behind excess reacti ve groups inside the 

mu lti layer matrix that can further react with other molecules to tailor the product. This 

can a ll be done by lIs ing various combinations of small molecules with polymers, 

polymers with polymers, or polymers with nanoparticles to form products of varying 

composit ion. Click chemistry has prov ided a nove l route for the formation of covalent 

LbL assembl ies for nanocomposites and robust ultrathin formation. In the coming days, 

the scope of this particu lar chemistry for Ihe fonnation of covalent LbL assemblies will 

be much attractive for nanotechnology and biomedicine. 
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1.7 Mechanical Robustness Studies of Multilayers 

First and foremost mnong the motivations for fabrica ting robust multilayers is the 

desire to exp loit them for applicat ions that require a slab Ie structure under harsh 

environment. Methods for fabr icating robust multilayer assemblies have been 

deve loped by Zhang e l 0/.200, Bruening and colleaguesl85 and Rubner and COM 

workers l99
. The concept of improving the stability of multilayer assemblies was further 

extended to hydrogen bonding assemblies l97
. Sun et a/. fabricated robust multilayers 

via LbL to produce chemical ly modified electrodes238
• The electrodes exhibit a high 

mechan ical stability in a solution of high ionic strength. Mechanica l properties of the 

electrostatic self assembled (ESA) films have been investigated using "tape peel 

tests .. 2J9
. Scanning force microscopy (SFM) technique was employed for the study of 

surface mechanical properties with a submicron resolution. In a SFM experiment, the 

tip acts as a model singleMasperity contact, combining careful control of the applied 

force with in silll microscopic analysis of the modified region. 

Surface mechanica l properties of polyelectrolyte multilayer films have been studied by 

AFM as force to di stance measurement experiments. A few investigations were also 

conducted to determine dynamic interactions and friction in single layer po lyelectrolyte 

film 240.241,141. Elasticity measurements for a series of PAJ-UPMAzo polyelectro lyte LbL 

films manufactured at various pi-I va lues was conducted to delennine the mechanical 

nature at various charge densities243. 

The physica l and chemical stabi lity of a nanoMstructured device are key parameters in 

its potential applications. Mechanica l properties of LbL assembled films have been 

extensively studied by several groups. Donath eJ ar44 detennined the Young's modu lus 

of LbL assembled (PSSIPAI-I)n capsules around 700MPa. Vinogradova et a/.145
)46].47 

investigated the Young' s modulus of LbL assembled polyelectrolyte film s around 100-

200MPa. He further suggested that the Young's modu lus of LbL assembled polymer 

films was related to thickness of films and also proposed the theory of ion ic strength to 

explain the Young's modulus difference in dilTerent polymer couples. The mechanical 

properties of Fully charged strong polyelectrol)1e (PSS) are beller than partially charged 

weak polyelectrolyte (PAl-I). Cohen el a!?48,249 suggested that the wear property of the 

(PAH/PAA)n films is also strongly associated with films thickness. In nanoMindentation 

experiment, a (PAHlPAA)n film with 70 nm thickness can protect efficiently the steel 

substrate248
• Kotov and cOMworkers2SO

,251 observed LbL assembled films with 
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nanomctric metallic or inorganic compounds demonstrate a considerable increase in 

mechanical properties and pointed out that phase se paration was rcsponsible for 

mechanical failure in hybrid material s. Free standing po ly(dia llydimcthylamrnoni ll m) 

chloride (POOA) /montmorillonite c lay films, have a Young's modulus of the order of 

IIGPa, compared to those of plywood bones 6_16GPa2SO and natural nacre (64GPa)2S0. 

Fery e l 01.
252 studied the Young's modulus o f sprayed LbL assemblies of Au-N Ps and 

different polyelectrolytes, a chemical covalent cross-linking treatment has been done 

after film fOnllation. The Young 's modulus of such films varies from O.4GPa to 

2.3GPa. With exce ll ent mechanical properties of LbL assembled fi lms, fabrica ti on of 

free-standing polymer or hybrid membrane becomes possible25o.253
• 

Most of the LbL fi lms studied so far can be considered in genera l as nonductile 

structures, whi le many appl ications, such as flexible e lectroni cs or biomedical coatings, 

need enhanced ducti lity and toughness. Nearly a ll LbL films show elastic moduli 

typically of a few GPa2SO,254, 255 256, 25 7 ,25 ~ (as high as 106 GPa259) and on ly a few 

percen tiles of ultimate strai n. Two reccnt examples of hydratcd mulli layers and LbL 

nanotubes were shown to be much "softer" in nature, with elastic moduli of only tens to 

a few hundreds of MPa; however, no strain data were provided260.261. Lutkenhaus e/ 

al.'!6'! pointed out that hydrogen bonded multi layers of PEQ and PAA have tcn:.;1!;! 

modulus of 2MPa and ultimate tensile stra in of 360%. 

Schon hoff el al.26J proposed a theoretical model to expla in mechanical behaviour based 

on residual water content in multilayer thin fi lms. In a freshly prepared (PSS/PAl-l)n 

films, th is immobil ized water volume fraction can be up to 56%. A polyions complex 

can associate 6-8 water mo lecu les263,264 and multilayer are capable to swe ll and deswell 

after fonnation. A hi gh percentage of hydrated films are supposed 10 have weak 

mechanical properties. In hybrid LbL assembled materials; the incorporated materials 

wi ll fill the void place, resu lting in the expUlsion of trapped water. So a decrease in the 

percentage of hydration water in films matrix leads to improved mechanical properties. 

Podsiadlo el oP,65 prepared LbL composites using water-so luble polyurethanes (PUs). 

l1le preparation of millimetre thick composites by hierarchical stacking of 

"exponentia l" LbL fi lms composed of cat ionic PU (Cat PU) and PAA is shown in 

Figure 1. 18. Individua l 70 Wll thick films showed ultimate tensile strain of approx. 

250%, ultimate tensile strength of approximately 30 MPa. These LbL film s were highly 
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robust and duct ile with ultimate strains reach ing as high as 680%. ll1is result is more 

than 2 orders of magnitude greater than most LbL assembl ies prepared thus far. 

Figure 1.18: Chemical structures of (A) Cat and (8) An~PUs. Charged groups are highlighted 
in Red, counterions in Bluc, and soft segments in Green26l

• 

Most of the studies so far focused on mechanical properties of LbL assembled 

multilayer films including tens ile strength , stretch or elastic properties etc. Very few 

have focused on wear properties of film s266
• Nano indentation is a powerfu l 

investigation technique in wear property study of multi layer films, and has been widely 

used. Ilowever, this technique provides limited information about a localised region. So 

far, no wear behaviour on macroscopic sca le is ava ilable. For rea l applications, the 

homogeneity of the mechanical response of a material should be investigated as we ll. 

1.8. Commercial Applications of LbL Assembled Films 

The use of both LB and SAMs ultra-thin film fonnation technique was limited due to 

lack of their commerc ial applications. The versati lity of LbL multilayer technique, in 

tenns of case of fabrication, surface functionalization by combining a large number of 

polymeric and macromolecular spec ies, nanoparticles, colloids, bio logica l materials 

etc. on any substrates surface regardless of its shape and size and speed of surface 

modification offers the accessibility of this technique to a grow ing number of real 

world commercial applications. The LbL multilayer technique requires minute 

quantities of the polymeric materia ls and the fo m181ion of no byproducts, may rightly 

be called, environmental friendly technique. 

Derived origi nally from " Bola" molecules, the LbL se lf-assembly technique has been 

o ffering solutions to a num ber of problems in many different fi e lds. For example, 
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catalytic membranes can be fab ricated by alternate LbL adsorption of polye lectrolytcs 

and metal nanoparticles on porous supports267 . Besides tradit ional planar substrate. 

po lye lectrolyte multilayer can be assembled on spherical substrate by using 

nanoparticle template, which makes the fabrication of hollow capsu le possible. These 

hollow capsules are frequently used for drug delivery purpose in add ition to dye 

di spersion industries and catalys is reported by several groups268,269. After many years 

of laboratory research activit ies, a few commercial products based on LbL self 

assembly technique have now been marketed. 

An important real world application o f the LbL assembly is the Vasa-Sheet, which was 

deve loped by Shiratori from Keio University Japan (F igure 1. 19). 

Figure 1.19: Vasa Sheet marketed by Sh iratori from Keio University Japan51
• 

The Vasa sheets have a multilayer film containing an enzyme extracted from bamboo 

that contro ls the ethylene concentration and thus extends the shelf- life of fru its and 

vegetablesSI
. The Vasa Sheets has achieved excellent product award from Nikkei in 

2001. 

The LbL coated contact lens gave vcry accurate measurement of contact anglc as 

compared to non-coated contact lenses. This property was utilised by Ciba-Vision to 

market their first commerc ial contact lens coated with a multilayer (Figure 1.20). 
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Figure 1.20: Photograph ic image ofCIBA-Vision' s Focus contact lens based on LbL films. 

Looki ng back at the history of LbL technique. many quest ions were frequently heard in 

its early years like, "pre-adsorbed layers shou ld desorb upon depos ition of the next 

layer "; " LbL multilayer coating are not stable"; "LB technique did not work for any 

appl icat ions so why shou ld LbL" ? But marketi ng of a ll these commercia l products 

contrad icts a ll initia l worries assoc iated wi th this techno logy. Th is is just a beginn ing of 

a num ber of rea l world app lications of LbL. 

1.9 Epoxy Resins 

The term epoxy, epoxy resin, or epoxide refers to a broad group of reactive compounds 

that are characterized by the presence of ailcasl two oxirane270 or epoxy rings as shown 

in Figure 1.2 1. 

/\ 
HC--C--R 

2 H 

Figure 1.21: Siructure of oxirane ring. 

Oxirane is a three-member ring with an oxygen atom linked to two a lready bonded 

carbon atoms271 .272 Epoxy groups are capable of reacting either with suitable curing 

agents or cata lytically homopolymerized to fonn high molecular weight po lymers. 

Once cured, the epoxy polymers have a densely cross linked, thermosetting structure 

with high cohesive strength and adhesion properties273 , However, the term epoxy can 

a lso be used to indicate an epoxy resin in the thermop lastic or uncured state. A genera l 

formula for an epoxy resin can be represented by a linear polyether with tennina l epoxy 

groups and secondary hydroxyl groups occurring at regular intervals a long the length of 

the chain (F igure 1.22). 
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Figure 1.22: Structure or dig,l}'cidyt ether ofbisphenol-A (DGEBA) 

The synthesis of epoxy resins began in the late 18905274. Schlack17
$ patented reaction 

products of am illes with epoxies, including one epoxy based on bisphellot-A and 

cpichlorohydrin . Castan276 and Green tee277 documented the commercia l importance of 

epoxy resins. Castan produced a low melting epoxy res in from bisphenol-A and 

ep ichlorohydrin that yielded a thermosets composition with phthalic anhydride276
• 

n le major use of epoxy res ins was as protective surface coatings and still thi s is the 

major consumption sector. Swem synthesised epoxy resins by the epoxidat ion of 

po lyo lefi ns with peroxy acids278
• Dow deve loped the phenol novolae epoxy resins279 

wh ile Shell introduced polyglycidyl ethers of tetrafunct ional phenols, and Union 

Carbide developed a Iriglycidyl p-aminophenol resin . These products proved their 

commercia l importance in highly demanding applications such as semiconductor 

encapsu lants and aerospace composites where their performance justifies their higher 

costs relati ve to bisphenol-A based epoxies. Several important statements can be made 

relat ive to the structure oflhe epoxy mOlccule280: 

• The epoxy groups at tennina ls of the molecule and many hydroxyl groups at 

the backbone of the molecule are highly react ive. The outstanding ad hesion 

of epoxy res ins is large ly due to the secondary hydroxyl groups located along 

the molecu lar chain (Figure 1.22) as epoxy groups are generally consumed 

during curing process. 

• Aromatic rings on epoxy resin backbone, prov ides a high degree of heat and 

chemical resistance. 

• The presence of aliphatic groups confers chemical resistance and flex ibi lity. 

• The epoxy resin can be of different molecular weight, viscosity. liquid or 

hard solids. Low viscosity is helpful in good penetration and wetti ng. 

• Based on the curing agents used and curi ng conditions, an epoxy res in can 

cure slowly or very quickly at room or at elevated temperatures. 
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• Epoxies exh ibit low shrinkage as there is no by-product of curing and they 

can be cured under very low pressure. This provides an adhcsivcjoint with a 

very low degree of internal stress when cured. 

The epoxy resins are used widely as adhesives, high performance coatings281 including 

paints, vamishes282,:ul3, dyes and also encapsu lating rnatcrials2
&4 . Epoxies have excellent 

electrical properties28S
,286, low shrinkage, good adhesion to many meta ls, flame 

rctardancy287, resistance to moistu re2l18 and thennal and mechanical shock289. Epoxy 

res ins are characteri sed by many parameters li ke viscos i~, cpox idc equ iva lent 

we ight29 l
• 292 and molecular weight. In spite of Illany favourab le properties and 

extensive use in many industrial applicat ions, one major drawback is their high 

briuleness293. 

Commercially produced epoxy resins are not necessarily completely linear or 

tenninated with ox irane rings. Sometimes branching may occurs, with the end groups 

being either epoxy or hydroxyl. Various end groups can be introduced as a result of the 

manufacturing process. The extent and degree of branching vary from resin to res in and 

from supp lier to supplier. Functionality of an epoxy depends on number of epoxy 

groups in a molecule273. In additi on to bifunctional epoxy resins, triM, tetraM, and 

polyfunct ional epoxies are also available. The ralio of the main ingredients used in the 

synthesis of epoxy resins (epichlorohydrin, bisphenol-A, phenol novo lac etc.) 

dctcnnines the extent of the react ion and the molecular weight (or va lue of n i.c. repeat 

units). As the number of repeat unit incrcases, the phys ica l properties like viscosity and 

l11eiting point also increases. The number or hyd roxyl groups also increases for hi gher 

value of n, while the number of epoxy groups remains constant. An important tenn that 

is used in formulating epoxy adhesive compositions is epoxy equi va lent weight 

(EEW)273. Th is may be defined as the we ight of resin in grams that conta ins one 

equ ivalent of epoxy. As the molecular weight of resin increases, the EEW wi ll also 

increases. 

1.10 Types of Epoxy Resins 

There are innumerous types of epoxy resins, bU I only a few of these are discussed here; 

1.10.1 Diglycidyl E ther ofBisphcnol-A (DGEBA) 

Epoxy res ins were first marketed by CibaMGeigy in 1946, although their development 

began decades earl ier. TIle most common commercial epoxy resin is fo rmed from the 
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reaction of bisphenol-A and epichlorohydrin. This resin is known as the diglycidyl 

ether of bisphcnol-A or DGEBA (Figure 1.22). 

1.10.2 Epoxy Novo lac Resins 

Epoxy novolac resins arc po lyglycidyl ethers ofa novolac resin29~. Polyhyd ric a lcoho ls 

having more than t\vo hydroxyl groups per molecu le (e.g. phenol novolac resins and 0-

creso l novolac resins) can be reacted with ep ichlorohydrin to produce epoxy novolac 

resins with structure shown in Figures 1.23 and 1.24. The epox ide functiona lity 

depends on the number o f hyd roxyl groups in the pheno l novolae mo lecule and also to 

lhe extent to which they are reacted. Thus, select ive epox idation is usua lly pract iced as 

complete epox idation limits the useful size of the cured polymer. The epoxy novo lacs 

are high-viscosity liquids or semisolids, and they are often mixed with other cpoxy 

res ins to improve hand ling and fonnulat ion properties. The thennal stability of most 

epoxy novolac systems is affected by the length of the cure cycle. Epoxy novo lacs 

usually produce a product w ith im proved elevated-temperature perfonnance295
• 

chemica l resistance, adhes ion and mechanical propert ies, superior electrica l properties, 

and heat and humidity resistance when cured with any of the conventional epoxy curin g 

agents as compared to those of the bisphenol-A based cured resins296. Thus, epoxy 

novolacs are used in structura l adhc:~ive sy:.lem:. that require high-temperature 

perfonnance. A high temperature cure is perfonned to get the maximum properti es of 

an epoxy novo lac. While a t room temperature cures, the properties o f the final product 

are similar to those of conventional DGEBA systems. 

1.10.2.1 Phenol Novol:tc E poxy Resins (PNER) 

Phenol novo lae epoxy resins (PNER) are multifunctional commercia lly im portant 

epox.ies obtained by the epox.idation of pheno l fonna ldehyde novolaes (Figure J .23). 

With increase in the functional iry, molar mass of the resin also increases. The epoxy 

functional ity in PNER is between 2.2 and 3.8296• When eured with polyamide or 

a li phatic polyamines and their adducts, epoxy novolac show improvement over 

bisphenol-A epox ies, but the critical performance of each cure is limited by the 

perfonnance of Ihe curing agent. The improved Ihemlal stability o f PNER based 

thennosets is useful at elevated tem perature perfonnances, such as aerospace 

compos ites. Chem ica l process equi pment and corrosion-resistant coat ings are rypical 

applicat ions tak ing advantage of the chemical resistant properties of PNER resins. 

PNER based systems cllre more rap id ly than DGEBA epoxy resi ns with higher 
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exothenns. However, epoxy novolac form very ri gid and brittle polymers whe n rull y 

cured because o r their hi gh crossli nk densi ty. So they are often used as modifiers in 

epoxy adhesive systems rather than as the base po lymer. 

Figure 1.23: Structure of phenol novolac epoxy resin (PNER). 

1.10.2.2 Cresol Novolac Epoxy Resins (CNER) 

The o-cresol novo lac epoxy res ins (CNER) are analogous to phenol novolac epoxy 

res ins. The only differences being the presence of methyl functional groups at onho 

position of the aromatic ring in CNER epoxy (Figure 1.24). The CNERs have greater 

fUl1ctionaiiry (generally 2.3 to 6.0) as com pared to conven tional DGEBA res ins, and the 

increased crosslink density results in greater temperature and chemica l rcs b>tance296
. 

Figure 1.24: Structure of cresol novolac epoxy resin (CNER). 

CNER exhibits better fonnula ted stabili ty and lower moisture adsorption than PNERs, 

but Ihey have hi gher costs. Cresol based epoxy resins are wide ly used as base 

components in high pcrform ance e lectron ic (semiconductors) and structural moulding 

compounds, high temperature adhesives, casti ngs and laminating systems> tooling, and 

powder coat ings. 
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1.10.3 Bisphcnol-F Rcsins (DGEBF) 

Dig lye idyl ether resins based on bisphenol-F (DGEBF) have been synt hesized to 

provide cured epoxy res ins with greater ncxibi lity and lower softening temperatures as 

compared to conventional DGEBA epoxy resins. These are prepared by the 

condensati on o f phenol to fo rmaldehyde ratio in large excess286
• Three isomers are 

possible depending upon the pH of the reacti on medium as substit ution can occur at the 

ortho-, meta-, or para- positions. The DG EBF res ins have much lower viscosity than 

their DGEBA counterparts fo r the same n va lue. The lower viscosity of DGEBF resins 

provides far greater latitude in fomlUlation. The major disadvantage of bi sphcnol-F 

epoxy resins is thei r highcr cost as compared to DGEBA resins. Bisphenol-F based 

epoxy resins (Figure 1.25) are analogous to DGEBA based epoxy res ins in most 

respects as they can be cured using similar curing agents and reaction mechanisms as 

do DGEBA epoxies. Bisphenol-F epoxies are often used in blends with DGEBA resins 

to lower the viscos ity or to modify some other properties. 

o 
~o 

o 
o~ 

Figure 1.25: Structure of diglycidyl ether ofbisphcnol F. 

1. 10.4 Tetraglycidyl Ether of Tetraphenolethane 

Tetraglycidyl ether of tetraphenolethane is an epoxy resin having high temperature and 

high-humidi ty resistance. It has a functionality of 3.5 and thus exhibits a very dense 

crosslink structure (F igure 1.26). It is used in the preparation of high-temperatu re 

adhes ives. The resin is commercially available as a solid (e.g., EPON Resin 103 1, 

Reso lution Performance Po lymers). It can be cross linked with aromat ic ami nes or a 

catalytic curing agent to induce epoxy-to-epoxy homopolymerization at high 

temperature. 
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Figul·e 1.26: Structure oftelra glycidyl ether oftetraphenolethane. 

1.10.S Glycidyl Amine Epoxy Resins 

Glycidy lamine based epoxy res in are reaction products of aromatic flmines and 

epichlorohydrin . They have high modulus and high glass trans ition temperature. These 

res ins have been used in aerospace composites and high-temperature ad hes ive 

formulations. The most important resin In this cla"5 i.. tetraglycidyl 

diam inophenylmethane (fGDOM) with trade name Araldite MY-nO, as shown in 

Figure 1.27. Th is resin is used widely in advanced composites for aerospace 

appl ications due to its outstanding high temperature properties. These resins are more 

costl y than either the bifunctional bisphenols or the various novolacs. Advantages of 

TGODM resins include exce ll ent mechanica l properties and high glass transition 

temperatures. Glycidyl amines are high viscos ity liquids or sem isol ids at room 

temperature. Large amounts of epich lorohydrin produces lower molecular we ight 

resins297,298. 

o 
/\ ~, -o-'i'-o- ~, >~§~~§< 

"\-C7r-~, H H,C-"\:-j7 

Figure 1.27: StruclUreof Amldile My-nO. 
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1.11 Cu ring of Epoxy Resins 

The epoxy res ins are capable of reacti ng with a variety of curing agents or wi th 

themselves in the presence of a catalyst to form solid. cross linked material s wi th 

cons iderable strength and adhesion. nlis transformation is generally referred to as 

cu ring or hardening. Curing is carried out by the addi tion of a chemically acti ve 

compound known as a curing or hardening agent. Depending on the nature o f epoxy 

formulation, curing may be accompli shed at room temperature with the application of 

externa l heat, or with the application of an external source of energy other than heat 

such as ultravioler99 
, TG_FTIRJOO or rnicrowa ve30I

. Two primary types of epoxy 

cu ring reactions are possib le: 

• Polyaddition reactions 

• Homopolymcrization reactions 

Both po lyaddition and homopolymerizat ion reactions can result in increased molecu lar 

weight and cross linking. The curing react ions occur without the fonnation of 

byproducts and are exothermic, and the rates of reaction increases with temperature. 

Since the epoxy resin cures primarily by a ring-opening mechanism, it exhibi ts a 

smaller degree of cure shrinkage than other thennosett ing resins. The 

homopolymeri zalion reactions in genera l require higher temperature cure as compared 

to poiyaddit ion. However, most curing agents or catalysts will react, at least partially, 

with the resin at room temperature if given a long enollgh time. 

J .11.1 Polyaddition Reactions 

Po lyaddilion is the most commonly used type of reaction for the cure of epoxy resins. 

When curing takes place by the reaction of epoxy molecule and Olher kinds of reactive 

molecules with or withollt the help of a catalyst, the reaction is called polyadd ition 

reaction. The resuhing cured structure is a heleropolymer that is composed essentially 

of epoxy resin molecules linked together through the reactive sites of the curing agents. 

The polyfunctional curing agent makes up a significant portion of the epoxy 

formulat ion. The curing agents used in thi s type of reaction have active hydrogen li ke 

amines, amides, and mercuptans. For polyaddilion curing, the most important curing 

agents for adhesives are primary and secondary amines containing at least three active 

hydrogen atoms and various di- or polyfunctional ca rboxy lic acids and their 

an hydrides. A generalized polyaddit ion reaction of an active hydrogen compound and 
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an epoxy molecule is represented in Scheme J. J. Hydroxyl groups, especia lly phenolic 

hydroxyls, and tertiary am incs catalyze thi s react ion. 

/ \ 
H,C- C- C.lVV'-

- H H2 

/ H 
RN, H 
H,C-C-C~ 

- I H, 
OH 

+ 

• 

Scheme 1.1: Polyaddition reaction or an epoxy resin with an active hydrogen compound. 

1.11.2 Homopolymerization Reactions 

This is the selr curing process among the reactive epoxy molecules (Scheme 1.2). The 

cured network is essentia lly made up only o r the origina l epoxy molecules linked 

together through their own reacti ve s ites. Thus, the propert ies of cured epoxy system 

are mainly due to the nature o f epoxy resin alone. Homopolymerization provides bener 

heat and environmenral resistance as compared to polyaddition reactions. 

I-Iomopolymeri zation requi res the presence of both cata lYSIS and high temperatures for 

the reaction to proceed. Like the polyaddition reaction, the horn opo lymerization 

reaction is also accelerated by hydroxyl groups or tert iary ami nes. 

• ~ 0-+ H, I 
o c -c-c 
I H H, n- J 

BF) 

H,C=C-C-
- H H 

Scheme 1.2: Homopolymerization reacti on or an epoxy resin compound. 

1_12 Epoxy Curing Agents 

1.12.1 Amine Curing Agents 

Amines are one of the most common types of epoxy curing agents for multi funct ional 

epoxy compounds302
• The ami nes can be categorised as primary, secondary and 

tertiary. Aliphatic amines, such as d iethylenetriamine or triethylenetetramine (TETA), 

were the fi rst curing age nts used for epoxy resins. The functionality of an amine 

hardener depends on the availability of active hydrogen atom bonded to nitrogen atom. 
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Th us two acti ve hydrogcn moms are £l\lnilablc fo r curin g in case of primary ami ne 

while one in secondary and none in tert iary amine hardeners. Epoxy curi ng by a 

primary amine hardener is shown in Scheme I.I JOJ
• Primary am ine hardeners react 

rapidl y al room temperature as compared to secondary ami ne curing agcnts304
.305. The 

curi ng mechanism of epoxy wi th primary amine results in secondary amine and 

seconda ry alcohol. The secondary amine in tum reacts to give terti ary amine and two 

secondary alcohol groups (Scheme 1.1 ). Tertiary amine catalyses the reaction between 

excess epoxy and the hydroxyl groups so producedJ06
• 

In general, reacti vity of amines toward aromat ic glycidyl ethers fo ll ows their 

nuclcophilic ity: aliphatic amines > cycloaliphalic amines > aromatic amines. Aliphatic 

amines can cure aromatic glycidyl ether resins even at room temperature without 

acce lerators. whereas aromatic amines require higher temperatures. 

Epoxy res ins cured with a liphatic amines will blush and produces an o ily surface under 

humid conditions. This is due to the reac tion of the primary hydrogen atom of amine 

with carbon dioxide. A tertiary amine is o ften used as an accelerator in primary amine 

systems to correct for the problem of bl ushi ngJ07 . Tertiary amines are a lso used as 

cata lysts for homopolymerizal ion of epoxy resins and as accelerators with other curi ng 

agents. 

TETA, tetraethylenepcntamine (TEPA)30& diethylam inopropylamine (DEAPA), 1/1-

phenylenediamine (MPOA). and diaminod iphenyl sulfone (DDS) are the most 

commonly used primary amines. These give ambient or e levated temperature cure near 

sto ichiometric ratios. Ethylenediamine is too reactive 10 be used in most practica l 

adhesive fonnu lations. Polyoxypropyleneamines (amine-terminated polypropylene 

glycols) give superior flex ibility and adhes ion. Some aromatic and aliphatic ami nes are 

shown in Figure 1.28. 
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Poly(oxypropylcne triamine) 

Figure 1.28: Structure of some aromatic and aliphatic amines used for epoxy curing reactions. 

1.12.2 Polyamide Curing Agents 

Polyamide curing agents are the reaction products of dimerized fatty ac ids 

and aliphatic amines like diethylenetriamine. This introduces a bulky, oi l compatible, 

C36 carbon group between the am ine sites. These are prepared by addi ng the fatty acid 

to an excess of am inc. Polyamides are ava il ablc in a wide range of viscos ities that can 

be achieved by vary ing the am ine/acid molar ratio in the reaction . The reactive 

functi onal groups are the term inal primary and internal secondary amine groups along 

the backbone of the polyamide. Commonly, polyamides are used as room temperature 

curing agents. These products have higher molecu lar we ight than primary am ines and, 

therefore, exh ibit lower vapour pressure and resulting in lower irritation potential. 
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Higher concentrations of the curing agel11 yields increased flexibility and adhesion but 

reduces heat di stortion temperature and chemica l resistance. Polyamide cured DGEBA 

epoxies provide improved flexibi lity, moisture resistance, and adhesion over al iphatic 

amincs alone. However. po lyamide cured epoxy resins are generally inferior in thennal 

resistance and shear strength due to the reduction in crosslink density. Polyamide cured 

epoxy resins lose structural strength rapidly with increasing temperatures. 

1.12.3 Anhydride Curing Agents 

Besides primary amines, acid anhydrides are the next most important class of epoxy 

curing agents, although these arc not common ly used in adhes ive systems. The Illost 

common types of anhyd rides are hexahyd rophtha lic anhydride (HHPA), pht ha lic 

anhydride (PA), nadic methyl anhydride (NMA), and pyromell itic dianhydride 

(PMDA). Anhydrides do not readily react with epoxy res ins except in the presence of 

water, alcohol, or some other base, called an accelerator. Tertiary ami nes, imidazo lcs, 

and meta llic sa lts often act as accelerators for epoxy curi ng of an hyd ride. The reaction 

of anhydrides with epoxy groups is complex, however, thei r use in adhesive 

fo rmulations is limited except for high temperature applications because of the rather 

slow reactivity, long and elevated-temperature cure requirement and inferior adhesion 

compared to amine cured I.!poxies. The mo,!,t important anhydride in epox,' ad hesive 

fom1Ulations is PMDA (Figure 1.29), which provides very high temperature resistance 

properties. 

o 

o 

Pyromel litic dianhydride 

Figure 1.29: Structure ofpyromell it ic dianhydridc. 

1.13 LbL Assembly of Gold Nanoparticles 

Colloida l gold also known as "nanogold" is an aq ueous suspension of micrometre to 

nanometre sized gold part icles. As one of the stable nob le metal nanoparticles, the use 

of co lou rful aqueous so lution of gold colloids can be dated back to Roman times309
. 

The notation of gold nanoparticle was first introduced by Michael Faradai 10 in 1857 
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for "activated gold". Astruc111 reviewed synthesis of Au-NPs as well as their 

functional ization by lIs ing a nu mber of methods. Properties of Au-NPs were a lso 

discussed in detail. Michael Faraday introduced a meth od for the reducti on of a 

solution of gold chloride by phosphorus. At prescnt. the most commonly used method 

for the synthesis of Au-N Ps is by the citrate reduction of HA lIC I ~ in aqueous so lution, 

reported by Nat'an ef al.l12
. Synthesized Au-N Ps are stabi lized and surrounded by 

negati vely charged citrate ions as shown in Figure 2.2. Most o f the previously 

described work was re lated to the chcmical coupling reactions on the gold surface but 

there was no general method for the functionali zation of Au-NPs. 

Most of the nanoparticles have relat ive ly low di spersion stability except gold. 

Therefore, Au-NPs were used in the fabr ication of a large number of multifunctional 

mal'erialsll3J l4. Au-NPs are finding important applications in a large number of fie lds 

based on LbL se lf-assembly. Decher el al.3ls fabricated Au-NPslpolyelectrol yte LbL 

assembled multilayer showing linear growth. One characteri stic property of Au-NPs is 

their strong surface plasmon interactions, caused by electronic clouds of free electrons 

on the surface. This strong surface plasmon interaction between two adjacent Au-NPs 

layers causes a 120 nm red shift in plasmon absorption band. However, such 

interactions can be minimil.ed e ither by incre<e.ing the distance betVveen the two 

adjacent Au-NPs layers1lS, by changing the environment of adsorbed Au_N PSlI6
• or by 

applying proper post-treatment, such as anncalingl l7
. 

Covalent mu ltilayer liIm form ed by the UV irradiation of DAR and Au-NPs was 

introduced by Zhang et a131B
• Schneider and Decherl l9 cla imed that corel she ll 

nanoparticles prepared via LbL were so stable that they can be centrifuged. Till the 

deposition of 20 layer pa irs., there was little aggregation of Au-NPs. LbL approach 

demonstrated a nove l method for the functionaliz81ion of nanoparticles in aqueous 

media, thus limiting the risk of ligand exchange reactions. UV-Visible spectroscopy and 

TEM confinn that nuorescenl label led corelshell Au-NPs were stable at all stages of 

their fonnation320
• Various parameters for the bui ld-lip o f LbL Au-N Ps assembl ies were 

optimised later on to discover that best yield o f functional nanoparticles was obta ined at 

higher polyions concentrations121
• 

Labbe and co_workers122 and Natan and colleaglles323 independently observed redox 

and conductive behaviour of Au-NPs fil ms respect ively. Natan measured the resisti vity 

47 



Chapfer I Uferalllre Re l/ie ll' 

of Au·NPs film s as 5x 10-1 Q cm which was in good agreement to that of pure go ld 

(2.4 >< 10-6 .Q cm). Au·N Ps/polyelectro lyte multi layers described so far were assembled 

via di pping process with typical Au-NPs adso rpt ion time of around 4·6 hrs3 1's. This 

adsorption ti me can be greatly reduced with the help of spray ing technique. Fery et 

al.324 demonstrated the use of spraying LbL technique for the construction of Au·NPs 

mult ilayer films. Spraying LbL technique is much faster as compared to dipping for the 

construction of Au-NPs. 

Since their discovery, Au·NPs are finding increased utility as hybrid organic inorganic 

and bio· inorgan ic app lications in various fields as di ve rse as oplica l, electron ic, 

magnetic, catalyt ic and biomedical. Particularly, their extra·ordinary stability, complete 

biocompatibili ty, variety in modes of synthes is (like bio- and template synthesis), and a 

number of benign properties paved the way fo r their future role in nano·science. 

nanotechnology, bio·sensing, bio-nanotechnology and materials sc ience. Another 

fascination of Au·NPs is thei r optoelectronic property re lated to surface plasmon 

absorption reflecting the collective osc ill ation of electrons of Au core. The combinat ion 

of photonic property of Au·NPs wi th medicine and biology has paved the way for bio­

molec ular manipulation of DNA labelling, detection and ge netic di sorders. Biosensors 

and environmental :.en~on. uti li:.e the nuore~ence, l umjne~ence and eledrochemical 

characteristics of Au-NPs with DNA, sugars and bio·molecules. 

In a nutshell, a number o f structures based properties and applications of Au-NPs in 

interdisciplinary research involving chemistry, physics and biology are to be exp lored 

in coming future. But for a number o f surface based applicat ions, mechanica lly strong 

andJ or protected Au-NPs are required. For this purpose the electrostatically assembled 

Au-NPs are being coated with mechanically strong protective layer to be used in future 

app lications in present research work. 

1.14. Mechanically Robust Ultra-thin Films Using Epoxy Oligomers 

Multifunctional polymers in LbL self·asse mbly can be linked not only by electrostatic 

interaction but also by Van der Waals interactions, hydrogen bonding and cova lent 

in teractions to form a 3-D network. Among such polymeric substances, epoxy is an 

interesting class of compounds which can be cured via the formation of numerous 

cova lent linkages with curing agents. Generally epoxy resins can be cured or cross­

linked with a number of reagents to form structural adhesives. Epoxy novo lac resins are 
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known fo r their excellent adhesion, chemica l and therm al stabil ill 25 and excellent 

mechanica l properties as wel l as flame retardanr 26 behaviour. 

A major drawback of epoxy resins, however, is the ir high brittleness and nOlch 

sens itivity. A number of efforts were made to improve thc toughness of the epoxy 

compounds327,m. G leason et al?'29 prepa red a mechanica lly strong nano-ad hesive fi lm 

us ing po ly(gJyc idyl methacrylate) (PGM) and PAH po lymers. A number of substrate 

can be used for the deposition of (PGM/PAI-I)n fil m includi ng si licon, glass, quartz, 

po ly(elhylene te rephthalate), poly(carbonate) and poly(tclrafluoro ethy lene). In order to 

modi fy the behaviour of epoxy resins, carbon nanotubcs (CNT) were a lso used which 

provides re in forcement in composites so formed . Grujic ic et al.no showed the excellent 

mechanical behaviour of multilayer prepared with poly(vinyl-estcr-epoxy) reinforced 

with multi-wa ll ed carbon nanotubes (MWCNT). Although, epoxy resins are usually 

soluble in organi c solvents; the application of epoxy based materials in biological field 

has a lso been indicated in areas such as in enzyme immobilization33l
. The amino epoxy 

film s a llow a rapid enzyme immobilization process to be carried out a t a relatively low 

ion strength concentration and hydrophi lic substrate su rfaces. Gurumurthy et al.
332 

explained the excellent adhesive and mechanical properties of epoxy ti lllls. During 

epo).y-polyimide <';fO:.:.-linking reaction, the epo'-y ll1ole<.;u les penetrat into polyimide 

layer, thus incrc..1.s ing the entanglement among the po lymer chains. Number of covalent 

bonds fa nned between epoxy and polyimide also increases during curing process. 

However, TSlikruk el a/.ll3 pointed out that, some epox ies containing silane functional 

groups fonn a chemically heterogeneous and disordered molecular layer due to the 

hydro lysis-adsorpti on-reactivity competition of the head end epoxy groups with the 

hydroxyl terminated silicon oxide surfaces. A thorough investigation of epoxy/silane 

monolayer fo rmation at various concentrations and diffe rent adsorption times was 

carried out as we ll as the corresponding mechanical properties were also accomplished . 

It was observed that a smooth uniform film with rare surface aggregates can be formed 

at re lative ly hi gh concentration ( 1% volume ratio), while loosely packed film with 

many bi- or tri-Iayer molecular aggregates will be formed at re lati vely low 

concentrations (0.1-0.5%, volume ratio). So, in order to ensure a uniform epoxy layers 

fonnatiol1, preparation conditions had to be optimised, like epoxy concentration, 

adsorption lime etc. The homogeneously form ed epoxy tilm is extreme ly stable and 
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we ll attached onto the substrate surface. However, it is difficu lt to mcchanica lly 

remove the layer wit hou t damaging underlying silicon substrate. 

The cpoxysiJane SAMs formed are highly robust and extremely stable. The SAMs 

carlnot be mechanically removed without damaging the sil icon substrate. An optimal 

combination of se lf-assembly parameters allows rabrication of truly monomolecul ar 

and complete film s. Epoxys ilane molecules fo rm ing monolayer of 0.85 nm thickness 

are predominantly oriented along the surface in thei r extended confonnation. The 

tennina l epoxy groups are generally located on the surface of the SA Ms. The presence 

of epoxy groups at the SAMs surface results in higher adhes ive forces and strong 

reacti vity of these functional SAMs. The organic epoxysilane monolayers chemically 

attached to the silicon surface sign ificantly reduces the shear strength and diss ipation of 

mechanical energy at the interface in such a way which is comparable with the 

behav iour of other fu nctional SAMs. The epoxysilane SAMs may also serves as a 

mo lecul arly smooth temp late for chemical tethering of composite polymer layers. It 

was noted that a grafted polysryrene layer completely screens the SAMs substrate by 

very strong attachment, and was difficult to be removed by very long contact to a good 

solvent accompanied by ultrasonic treatment. The epoxysilane polymer layer was 

mechan ica lly stablc and susmins significant shear stresses produced by the SPM tip at 

high loads. Fabrication o f long embedded micro chan nels through LbL assemblies was 

ind icatcd by Rapt is et af. 334
• The process was based on fab ricati ng two epoxy based 

layers havi ng varying photo acid generator concentration. 

1.15 Objectives of Present Work 

Although the polyelectrolyte multilayers prepared by the alternate adsorpti on of 

polyanions and polycations have found numerous uses in the real world, yet the 

mechanical stabil ity of such assemblies is uncerta in. Th us there is a limil'ation to their 

potential appl ications in hosti le environments. If it is poss ible to assemble together 

different complex th in film devices in a modu lar production line, the assembly of 

mechanica lly robust mu lt i layers wou ld, therefore, proves to be an extremely interesti ng 

objective for various industria l applicati ons. As a covalent bond is more stable lilan an 

electrostatic bond, therefore, in the present work covalent LbL approach was selected 

fo r the preparation ofult'fathin films. The cova lcntly assembled mu ltilayers may a lso be 

extremely effective as coating materia l for the protection of polyelectro lytes and 

nanoparticles. To achieve these objectives, primarily very strong j oint between the two 
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surfaces by a two component epoxy adhesive was stud ied. Very fast click reaction 

between the polyamine and epoxy components. may be used to prepare cova lently 

bonded mult ilayer th in fi lms. 

Followi ng optimizations to be established are; 

• To construct mechanically robust ultra·thin cova lent LbL multi layers, 

commerciall y ava ilable epoxy res ins were se lected. 

• Whether the covalent LbL assembl ies follow the classica l ru les of 

polyelectro lyte mu lti layer format ion like linear increase in thickness as a 

functi on o f num ber o f layer pai rs, effect of polymers conce ntration and 

adsorption time on multilayer growth. 

• Reproducibility of the resul ts and optical homogeneity of the mu ltilayer films. 

• Min imum concentration o f the epoxy·amine network required to ach ieve 

mec hanical robustness as wel l as the speed of deposit ion process, wi thout any 

compromise on the qua lity of cova lent multilayer fi lms. 

• The effect of accelera tors or cata lysts on thickness increment, speed of the 

deposition process and mechan ical strength wi ll a lso be investigated. 

• The th ickness increment of the covalent multilayer films to be mon itored with 

the help of an e llipsometer and UV· Visible spectroscopy_ 

• The mechanica l robustness of the covalent LbL assemblies wi ll be studied with 

the help of a rubbing machi nc. 

• Another importan t investigation 10 be conducted is the construction of a des ired 

thickness of epoxy·amine cova lently bonded mullilayers in minimum num ber of 

layer pa irs by utilising e ither higher concentrat ion of polymer solutions or by 

employing longer adsorption times. This may result in reduction of the 

process ing lime, consumption of po lymer solutions, lesser waste and ulti mately 

minimum processing cost. 

• Finally, the optimized parameters wi ll be appl ied to protect the weak Au 

nanoparticlcs fi lms. 
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• The minimum thickness o r the epoxy-amine network req uired \0 im prove the 

mechanical strength of the weak Au-N Ps fi lm will be determined. 

• The surface morphology of the epoxy amine and epoxy protected Au colloid 

nanopartic1es films will be studied with the help of AFM. 

• A com parison o f thermal and ambient temperature time cu ring wil l be carried 

out, in order to appl y these thin films in various types of other appli cations. 
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2.1 Materials and Methods 

2. 1.1 Po lymers and Re:tgents 

Various polyelcclrolytes and epoxy res ins used ror the construction of epoxy-amine 

LbL assembly. Au-NPs rnulti layers and the protection of Au-NPs using epoxy-amine 

cova lent LbL assemblies are summarized in Table 2.1. Polyethyleni mi nc (PEl) W<l S 

obtained rrom two sources; one from Sigma Aldrich (PEl) and the other with trade 

name LUPASOL-H~ from BASF SE (Germany) and used after dialys is (PEldia) . 

Table 2.1: Polyelectrolytes and po lymers used for the constructi on of multilayers. 

Polymers 

Poly( ethy lenimine) 

PEl 

Poly( ethylen imine) 

(LUPASOL-~ 

Poly(a llylamine hydrochloride) 

PAH 

I>oly(styrene sulphonate) 

PSS 

Poly[(o-cresyl glycidyl ether) -co-fonnaldehyde] 

CNER 

PoJy[(pheny l glycidyl ether)-co-formaldchyde] 

PNER (DEN 438) ' 

TetraglycidyJ-4, 4' -diam ino-d iphenylmelhane 

Araldite MY-720 

Tetraethy!ene 

pen tam ine 

TEPA 

Mw (g/mol) Supplier 

25,000 Sigma-Aldri ch 

25,000 BASF Germany 

70,000 Sigma-Aldrich 

70,000 Sigma-Aldrich 

1270 Sigma-A ldri ch 

580 Dow Chemica ls 

Huntsman 

TCI, Japan 
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Dialysis was carried out with "SPECTRNPRO·DIALYSIS MEMBRANE"' (MWCO: 

3500) obtained from Spectrum Laboratories Inc. USA. High purity solvents wc re used 

during this research work. Percentage purity and supplier names of the so lvents and 

chemica ls are summarized in Table 2.2. 

Table 2.2: Solvents and chemicals used for the blli ld· up ofmlllti layers. 

Solvent and Reagents Percentage Purity Supplier 

Sodium citrate dihydrate 99.0 Sigma-A ldrich 

Gold ( III) chloride trihydrate >49.0 Sigma-Aldrich 

Acetone 99.8 Carl Roth 

Methanol 99 Carl Roth 

Sulfuric ac id 98 Carl Roth 

Hydrochloric acid 37 Carl Roth 

Eth anol 99.9 Merck 

Sodium chloride 99.5 Sigma 

Variolls catalysts and accelerators were employed to speed up the curing process of 

epoxy with amines. The cata lysts/accelerators were always added to polyamine 

so lution in the concentrations as reported in Table 2.3. The addition of accelerators 

in the polyamine solution also avoided the self polymerization of epoxy molecules. 

All the accelerators used were in liquid state to ensure complete miscibility with the 

polyamine solution. All the accelerators! catalysts, their structures and suppliers are 

summarized in Table 2.3. 
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Table 2.3: Catalysts and accelerators for the curing of epox ies in multi layers. 

Accelerators 

Acce lerator A-3992 

(contai ns piperazine) 

Piperazine) (99%) 

Triethanolamine (98%) 

2,4, 6-tris( d i III clh y lam i no 

methyl)phenol (>95%) 

EEM 

Structure 

HN l 

~NH 

HNl 

~NH 

j=t
l 

- N f_~ : 

HO N 
\ 

Molar Mass Supplier 

Huntsman 

86. 14 Sigma 

149.19 Sigma 

265.2 Fluka 

Structural formulae of various multi func tional epoxies used during thi s research 

work are shown in Figu re 2. J. One o f the most important considerations beh ind the 

selection o f a particular molecule for LbL synthesis is its fu nctionality. In a 

multifunctional mo lec ule, it is expected that some of the funct iona l groups mi ght 

react with the functional groups of molecu le of the underlyi ng layer while some 

remain un-reacted to accommodate the molecu les of in-coming layer. 

The multifunctiona l poly[(o-cresyl glyc idyl ether)-co-formaldehydeJ also known as 

creso l novolac epoxy resin (CNER), n=3 was purchased from Ald ri ch (Figu re 2. IA). 

Re latively viscous and low molar mass epoxy poly[(phenyl glycidy l cthcr)-co­

formaldehyde] also called phenol novolac epoxy resin (PNER), n= 1.6 was gifled by 

Dow Chemica l Company (DEN 438) (Figure 2. 1 8). N, N, N', N'- tetraglycidyl-4, 4'­

diamino-d iphenyhnethane gifted by Huntsman with trade name Ara ld ite MY·nO is 

a low viscosity and low molar mass tetra functional epoxy resin (Figure 2.1 C) 
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(A) 

(B) 

/\ 

(C) 

Figure 2. 1: Stnlctural fonnulae of epoxies; CNER (A), PNER (B) and Araldite My-nO (C) 

2.1.2 Polymer Solutions Preparation 

All the epoxy solutions were prepared in acetone and kept in caped glass boWes, 

while PEl solution was prepared by using ultrapure water (Milli-Q plus system, 

Mill ipore) with a resist ivity of at least 18.2 MQ'cm in polystyrene bottles. 

Polye lectrolyte so lutions were always freshly prepared by direct dissolution of their 

respective adequate amounts. Thus, PEl at 1.0 mg mL·1
, PSS at 0.6 mg mL- 1 and 

PAH at 0.27 mg mL·1 were prepared respective ly for the bui ldup of po lyelectrolyte 

multilayers and Au-NPs multilayer. Each polyelectro lyte, except PEl, was dissolved 

in 0.5 M sodium chloride so lution prepared in Milli-Q water. All fina l 
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polye lectrolyte concentrat ions correspond to about 3x lO-1 monomol L-1 in which 

monomol corresponds to moles of the respecti ve monomer repeat unit. 

2. 1.3 Gold Nanoparticles Synthesis 

Au-NPs may be synthes ized by reducing the tetrachloroauric ac id (HAuCI4·3H20) in 

aqueous solution'" in the presence o f different reducers such as sodium citnlte, 

sodium borohydrate or even some polymers with amine groups, li ke 

poly(ethylenimine). The experimental conditions for the synthesis of Au-NPs, such 

as heating or ambient, depends on the nature of reducing agents used. In thi s work, 

Au-NPs were synthesized by reducing HAuC I4 with sodium citrate at 90aC. 

HAuCI. 

1_, " 

"-' 'j, (,-) \,:-' ~. 
• ~J , ' , \ 

a,. 0 ,· "--

Citrate 

Exces 

{ .... 
t; I 

Au 

( .. ' \ , \ 
~ a.· I!'/ 

, a .' -
Figure 2.2: Representation o f citrate based Au-NPs 

HAuClt solution (1.0 mM) was heated at 90aC with vigorous stirring followed by 

the addition of 150 ml of 38.8 mM sodium citrate solut ion wh ich resulted in the 

fo rmation of Au-NPs. These Au-NPs hav ing excess of sodium c itrate (Figure 2.2) 

were used without further pu rification. The mean diameter of the synthesized Au­

NPs was approximately 13.6 nm4. 

2.1.4 Dialysis of LUPASOlrK.,e 

The polyethylen imine (PEl) supplied by BASF specia lty chemicals, with trade name 

Lupasol-H~ was highly branched with molar ratios of primary to secondary to 
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tertiary amino groups of 34:40:265
,6 respectively, The polydispcrsity of BASF 

LlIpaso l-H~ hav ing M ... = 25,000 is very high as it contai ns polymer chai ns of 

varying molecular weight along with traces of ammonia, To get the molecular chains 

with a narrow molar mass distribution, dialysis of Lupaso l-HF® was carried out with 

SPECTRA/PRO-DIALYSIS MEMBRANE (MWCO: 3500) obtained from Spectrum 

Laboratories Inc. USA. A pre-weighed quantity of Lupasol-HF was dilu ted ten times 

with Milli Q water in a polystyrene bottle and stirred fo r 30 min. The d ia lysis 

membrane was cut and washed thoroughly with osmosed wate r and then placed in a 

10 L beaker and ag itated for further half an hour (Figure 2.3). 

Figure 2.3: Dialys is set up ofLupasol -H~. 

It was removed from the beaker and washed aga in before sealing one end with a 

plastic clip. The d ilute solution of Lupaso l -H~ was poured into the d ialysis 

membrane carefully and then its rece iving end was also carefully clipped and placed 

back in a 10 L beaker filled with osmosed water. The stirring was continued fo r 8 to 

10 days while water of the system was changed twice daily. The low molar mass 

polyamines emerging out of the dialysis membrane were monitored with the help of 

litmus paper after every 24 hr till neutra l solution was obta ined. More than 70 percent 

73 



Chapter 2 Experimenfa! 

of water was removed from th e Lupasol-HF® ll sing rotary evaporator. The remaining 

traces o r waler were removed using rreeze drying process with liquid nitrogen. The 

PEldla obtained was tess than half of the ori gi nal mass of Lupaso l-I-IF® taken before 

dialysis. 

2_1.5 Substrate Preparation 

Sil icon wafers with an orientat ion (100) were purchased from Wafernet Inc. UK. All 

warers were cut to a size of about 12 nun x 45 mill for film construction and 25 mm 

x 75 mm for rubbing mach ine tests. Standard cut edge quartz s lides we re purchased 

from Gesclminen, Zu 100 ST. Neutral Verpacket Mikro. Quartz slides Thvet B 

France, Lames en QZS, UV, (32 x 12 x Imm) and also from I-klima, Gennany. 

Before the film deposition, all Si wafers and quartz slides were cleaned by 

immers ing in a mixture of methanol and hydrochloric acid (I: I, v/v ratio) [or 30 min 

to remove any dirt and grease and then stored in concentrated su lfuric ac id solution 

for overnight. All wafers were extensively rinsed with Mi lli-Q water and dried under 

a stream ofn itrogen gas and used within a few hours for the deposition of multilayer 

film s. 

2.2 Film Build-up 

2.2.1 E poxy Film Build-up via Dipping Technique' 

For all (PEIIER)n multi layer films, the pre-cleaned substrate (Si li con wafer or Quartz 

slide) was first dipped in PEl solution fo r a spec ifi ed times (t l), followed by 2 min 

subsequent rinsing (12) with Milli -Q waler in three different washing steps. After 

dry ing the substrate with nitrogen or compressed air, the substrate with PEl layer was 

then d ipped in the epoxy resin solution prepared in acetone. Th is dipping time (h) fo r 

epoxy solution was kept the same as that of PEl solution (II = t3), fo ll owed by the 

rins ing in pure acetone fo r 2 min (4), in three different wash ing steps. The vo lumes of 

al l solutions for dipp ing and ri nsing steps were 15-20 mL. 

Subsequently rin sing in three different solvent baths ensu res the removal of weak ly 

adsorbed materia l and reduces cross-contamination of the solutions in comparison 

with rinsing in a single wash beaker. After drying the film under a stream of pure 

nitrogen or compressed air, ellipsometric measurements were made to determ ine the 
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thickness of the layer pair. Typicall y, for the multilayer architectures (PEIIER)n. the 

total nu mber o f deposited layer pairs ··n" was between 4 and 12. The outermost layer 

is always an epoxy laye r. So, fo r a single laye r pair, the total depos ition ti me is T = tl + 

12+ 13+ 14. 

The wlv concentrat ions of the epoxy so lutions were the same as the concentration of 

PEl solution, so that (PEl cone.) = (ER cone.). Six concentrations of I , 10,20, 40, 80 

and 100 mg mL-I for both PEl and epoxy so lutions were used for the bui ldup o f 

epoxy·amine multi layers. The effect of lime course was studied by changing dipp ing 

time of the substrate in PEl and epoxy solu tions. Five different dippi ng time, I I = 13 = 

25, 50, 120, 180 and 240 min were chosen initially. In subsequent experiments, the 

adsorption time was reduced by using PEIdia and the paint brush spray system to spray 

the PEIdia (40 mg mL-1) solution for time as low as lOs wh ile dipping time in ER (100 

I11g mL-1
) was reduced to 10 min, thus speeding up the deposition process. 

For all concentrations and dipping times, the rinse time was kept the same i.e. three 

rin se cycles for 2 min each (t2 = ll). After the deposition of each layer pair, the film 

thickness was measured by ell ipsometry. For the fi lms which were deposited on quarTL 

substrates, UV·Visible measurements were also taken after deposition of each layer 

pair to ensure whether film growth was tak ing place by observing increase in 

absorption at the A....a:o; of UV active chromophore. 

2_2.2 Accelerators Uscd for the Curing of E poxy Resins 

A number of acce lerators and catalysts were also used to effecti vely cure the epoxy­

am ine LbL assemblies. Accelerators along with their structure and source are 

summarized in Table 2.3. The acce lerators were used in order to get rapid curing of 

epoxy compounds as well as to get th icker layer pairs of epoxy-amine network as 

compared to un--cata lysed systems. The acce lerators used were in liquid stale and 

completely misc ible with the aqueous polyam ine so lut ion in the concentrations 

reported. P· . (P) acceleralor 399' 'peraZlne , (A-399) and 2, 4, 6-

tris(dimethylaminomethyl)phenol, also ca lled epoxy embedding med ium accelerator 

(EEM) was added in 10 mg mL-' based on polyamine solution. Another catalyst 

system used was a combination of EEM (- 10 mg mL-I
) , piperazine (- 10 mg mL-1

) 

and triethano lamine (- 24 mg mL-') as reported by Waddi ll
g

• 
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2.2.3 Au-Colloid Film Buildup by Spny Technique 

The (PAI-I/Au-N Ps)1l co llo id film was deposited on silicon wafer or quartz s lide by 

spray; a technique di scovered by Schleno ffand his team9
. This technique allows lIS to 

fabricate a layer pair in I or 2 min, an acceleration of 50-150 times lO in teml of 

working time compare to the traditiona l dipped film. In addition, the sprayed film 

keeps the stratified structure the same as given by the dipped film l l. A fanner paperll 

has described in detail s the fabrication and characterization of sprayed (PAHlA u­

NPs)1l films. The procedure is described briefl y. 

PEl layer was deposited onto a substrate by dipp ing foll owed by a PS5 layer deposited 

by spray technique, followed by the consecutive PAl-:! and Au-NPs spray. TIle spray 

conditions for polymer and Au-NPs were. spray time tl=5s, adsorption or wa iting time 

12= 15 s, rinse solution NaC) (0.5 M) for PAI-I or Milli-Q water for Au-NPs spray lime 

13 = 5 s, wai ting time 4 = 15 s. It should be noted here that, in order 10 ensure a full 

surface coverage by Au-NPs layer, the spray and rinse cycle for Au-NPs were 

repeated 5 times. So, for the deposition of a single PA l-:! layer, the total working time 

is 40 S. and for Au-N Ps layer, the working time is 200 s. After the (PAHlAu-N Ps)n 

colloid film deposition, an additional (PAHIPSS) layer has been sprayed on the 

colloid fi lm in order to cover the colloid film and make a connection to the neAt 

sequential PEllER film deposition. 

The film growth was measured by el lipsometry. Prior to the ell ipsometric 

measuremen t, all samples were rinsed by the particular solvent thoroughl y based on 

the last layer and dried under a stream of nitrogen gas. 

2.3 Mechanical Protection of Au Colloid Film 

2.3. 1 Protection of Au Colloid Fi lm via D ipping Process 

Two epoxy resins (CNER and PNER) were chosen for the protection of Au-NPs. 

The epoxy architecture of (PAJ'VAu-NPs)y'(PEIIER) lO was obtained following the 

optimised adsorption conditions se lect ing PEl and epoxy resin concentration as 40 

mg mL· I
. The dipping time for both polymer so lutions (t l and t) were 50 min each. 

lllUs it was ensu red that the epoxy layer was a lways an outer layer. The samples 

were then stored in the polystyrene containers to a llow time cure process at room 

temperature before being subjected to rubbing machine test. 
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2.3.2 Fast Epoxy Protection of Au Colloid Film 1';(1 Alternate Spray-Di lJping 

P"ocess lJ 

On the other hand in order to fasten the deposition process, PEId'D with narrow 

molecular weigh t range was se lected as polyamine curing agent for the two epoxies. 

PEldl3 (40 mg mL" ) was sprayed wi th the help of paint spray brush for tl =- lOs 

fo llowed by adsorption time of 30 s. Wash ing was done with the help ofMilli-Q water 

usi ng "AIR-BOY" spray cans for three times with 12:: 10 s wash time. The substrate 

was then dipped into the epoxy resin so lution made in acetone (100 mg mL·1
) for 13 

= 10 min. Three eq llallime wash with 4 = 2 min were then applied followed by drying 

with the belp of compressed air. After obtaining the desired epoxy-amine fi lm 

thickness onto the Au co llo id film, the samples were stored for time curing process 

fo llowed by rubbing analysis and AFM measurements. 

2.4 Instruments Used 

2.4.1 Manua lly Operated Sprayer Cans: " Air Boy" 

All polye lectrolyte mu ltilayer films or po lymer Au-NPs fi lms were depos ited on a PEl 

precursor laye r. The PEl layer was obtained by dipping a pre-cleaned Si wafer or 

quartz slide for 5 min in aqueous PEl so lution. This was followed toy rin"ing with 

abundant Mi lli-Q water and drying wilh the help of nitrogen nux before further spray 

or dipping deposition. 

l1le Au nanoparticlcs film s were depos ited on the substrate by spray with a 

commercial manual sprayer "AIR-BOY" purchased from Carl Roth . The spray bOUle 

is made up of polypropylene and polyethylene (Figure 2.4). For each multi layer film 

fonnation experiment, four spray cans were needed: one for polyanion, one fo r 

polycation, one each for the rins ing solution of polycat ion and polyanion. 
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Figure 2.4: Photograph of man ual sprayer "AIR-BOY". 

2.4.2 Paint Brush Spray System 

Paint brush spray system (Aerographe doub le act ion) obtained from PAASCHE 

Millennium-Wood was used to spray PEldia onto substrate in order to speed up the 

adsorption process (Figure 2.5). 

Figure 2.5: Photographic image of paint brush spray system. 

The paint brush spray is advantageous in terms of polymer solution consumption and 

accuracy of spraying arca. In addition compressed air is used to make a fine jet of the 

spray solut ion. During time of flight of the spray to the substrate, some of the solvent 
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might dried up due to evaporation, thus more concentrated polymer solution adsorbed 

on the substrate. 

2.4.3 Ellipsometry 

Ell ipsometry l4 is an absolute non-contact and non-destructive optical techn iq ue for the 

measurement of thickness in the nm to micrometer scale with an angstrom resolution. 

It is highly accurate and reproducible technique for the measurement of surface 

roughness, crystallinity, an isotropy and refractive index of ultrathin transparent 

absorbing films on opaque absorb ing substrates. Basically, it uses a po larized light as 

the investigation source and measures the po larization changes of reflected or 

transmitted light beam in the UV and IR region of the electromagnetic spectrum. In 

terms of sample preparation, the sample should be covered by optically homogeneous 

and we ll-defined isotop ic layers to get the best die lectric properties of these layers. 

The ellipsometer measures change in polarization of light reflected from a sample in 

terms of two parameters 6. and "II. These values are related to the ratio of Fresnel 

amplitude reflection coefficients for p- and s- polarised light through the equation; 

R"tR. ~ (an'!' exp (j 1'\) 

tan \fJ measures the ratio of the modulus of the amplitude of reflection. The phase 

difference between p- and s-polarized re flect ions light is given by 6. The e llipsometer 

measures the ratio of these two values so accurately that it does not need a reference 

sample and also it is not susceptible to ti ght source fluctuations. 

E O-pl61e 

Figure 2.6: Block diagram of an elti psometerls. 

Since it measures phase changes, it is highly sensitive to the presence of ultrathin 

films down to sub monolayer coverage. The s- plane is perpendicular to the plane of 
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incidence while the p- plane is parallel to the plane o f incidence as shown in the 

Figure 2.6. 

Measurement of the film thickness after every layer pair was carried out with a 

PLASMOS SD-2300 instrument operating with a HeINe laser source at the single 

wavelength o f 632.8 nm and a constant incident angle o f 70° (Figure 2.7). The 

refractive indices of all polymer films was assumed to be constant at n = 1.465. While 

this procedure leads to a slightly incorrect values with respect to th e absolutc film 

thickness, but it allows for a quick detemlinat ion of the relative film thickness. During 

the thickness mcasurement of each layer pair, tcn di ffe rent points were taken to obtain 

an average value and homogeneity . 

The film thickness values mentioned in thi s study were obtained using the following 

assumption. For a polymer, the imaginary part of the refractive index is negli gible 

because most polymers have no measurable absorbance in the range of the operat ing 

laser wavelength, which is around 632.8 nm . As a result, there is no Kramers-Kronig 

restricti on fo r the measurement of th ickness of most polymer fi lms l6
• However. 

attention needed for the polymer/nanopanicle fil ms, especially polymer/gold 

nanopanicie fi lms. Au-NPs have strong plasmon absorption in the wavelength range 

550-600 nm, which is close to operati ng laser wave length of PLASM OS 50-2300 

ell ipsometer. So, duri ng this measurement, there is a measurable light absorption by 

the Au-NPs present within the polymer films. As a consequence, the imaginary part of 

the refracti ve index should not be negligible any more corresponding to a Kramers­

Kroni g restricti on. 

However, qualitative interpretation of the film thickness is possible even when 

neglecting the absorbance of the film. For PLASMOS SD-2300 ellipsometer, there is 

no imaginary part in the refracti ve index settings, the thickness of polymer/Au-NPs 

film measured by such elli psometer will be an indicative value other than a true vallie. 

However, these thickness measurement va lues give liS a rap id estimat ion for the film 

growth mechanism. The linear growth of sllch polymerlAu-NPs film was also 

monitored with the help of UV-Visib le spectroscopic stud ies. 
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Figure 2.7: Photographic image of the PLA SMOS 50 -2300 ellipsometer. 

2.4.4 Ultraviolet-Visible Spectroscopy 

For the monitoring of LbL bui ld-up, UV-Visiblc spectroscopy has proved to be a 

primary too l as with increase in number of layer pairs. the absorption increases 

linearly. UV-Visible studies were perfonned by a Varian CARY 500 Scan UV-Vis­

NIR spectrometer version 8.0 1 with a wavelength range of 190-800 nm. Source 

changeover takes place at 350 nm. All the samples were analysed at a scan rate of 50 

11m min-I with data interva l 0.083 nm. The substrate for this purpose was always a 

quartz s lide with particular dimensions to fit in the UV sample chamber. 

Ultrav iolet Vis ible NIR spectroscopy refers to absorption spectroscopy in the UV­

Visible and near in fra red region of the e lectromagnetic spectrum ( 190-3300 nm). Thi s 

means it uses light in the vis ible and adjacent (near-UV and near-infrared (N IR» 

ranges. In this region of the electromagnetic spectrum, molecules undergo electronic 

transitions. This method is quantitati ve for dctennining the concentration of an 

absorbing species in solution using Beer-Lambert Law. 

Accord ing to Beer-Lambert law. the absorbance of a solutio n is directly proport ional 

to the concentration oC the absorbing species in the solution and the path length of the 

cell containing it. Thus. for a fixed path length. UV-Visib le spectroscopy can be used 

to detennine the concentration of the absorbing species in a solut ion. It is important to 
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know dependence o f absorbance with change in concentration of the absorbing 

species. This can be taken from literature or morc accurately, determined from a 

calibration curve. The mathematica l fonn of the Beer-Lambert Law is give n as; 

A ~ -log" (J 110 ) ~ E . c. L 

where A is the absorbance to be measured, 10 is the intensity of incident li ght at a 

particu lar wavelength, 1 is the intensity of the transmitted light. L is the path length of 

the cell contain ing sample so lution and c is the concentration of the absorbing species 

(chromophore) in the solution. E is a constant known as the molar absorptivity or 

exti nction coefficient. For each species at a specific wavelength, this constant is a 

fundamental molecular property in a given solvent, at a particu lar temperature and 

pressure. 

2.4.4.1 Instrumenta l Se tup of UV-Visible Spectrometer 

UV-Visible spectrophotomctcr measures the intensity of light passmg through a 

sample (I) , and compares th is intensity to its original intensity (10). The rat io IlIa is 

called transmittance, usually expressed as a percentage (%T). The absorbance, A, is 

based on the transmittance as well: 

A ~ -log,,(%T II 00%) 

The basic set up of a UV-Visible NIR spectrophotometer consists of a ligh t source, a 

sample ho lder. a dirfracti on grat ing or monochromator to separate the di lTerent 

wavelengths of light and a detector. A deuterium discharge lamp is usually used as 

light source for UV measurements and a tungsten-ha logen lamp for visible and near 

infra red (NIR) measurements. The instruments automatically swap lamps when 

scanni ng between the UV, visible and NIR regions. 

The wave lengths of these continuous tight sources are typically dispersed by a 

holographic grating in a single or double monochromator or spectrograph. The 

spectra l bandpass is determ ined by the monochromator slit wid th or by the array­

element wid th in array-detector spectrometers. A combinat ion ofa PMT and a Pe ltier­

cooled PbS IR detector is used in UV-Vis-N LR spectrometer. The light beam is 

82 



Chapter 2 Experimental 

red irected automatically to the uppropriale detector while scann ing between the visible 

and NIR regions. 

2.4.4.2 Applications of UV-Visible Spectroscopy 

UY-Yisible spect roscopy is usually used in the deteml ination of materia ls containing 

metal ions and highly conj ugated organ ic molecu les. The d electrons of the metal ions 

or organ ic compounds, especia lly those with a high degree of un-saturation can be 

excited by the incident light from onc e lectronic state to another, resulting in an 

absorption peak in the spectrum. Every substance has its unique absorption peak 

(absorption maximum, Absmax) at a certain wave length (wavelength maximum, Amax), 

which makes the UY-Yisible spectroscopy a quantitative and qual itative techn ique to 

characterize the presence of absorb ing substances. 

2.4.5 Atomic Force Microscopy (AFM) 

AFM is a major tool for visualizing the surface morphologica l studies of ultra-thi n 

samples. So, most of lhe AFM measurements were performed on MULTIMODE 

AFM supplied by Yeeco USA with a controller Nanoscope IIla ·(fonnerly called 

Digital Instnllnents) at the Institut Charles Sadron, Strasbourg, France. For surrace 

topo logy studies. AFM was operated in tapping mode wi th a noncoated Silicon 

cantilever (Veeco, model T AP1 50, typ ical frequency is about 68-132 kHz) . Inner 

morpho logy of the epoxy-amine network was also studied in the contact mode by 

gradually raising the cantilever force upto 400 nN. AFM images of some sample 

were anal ysed using AFM Omicron ultra high Vacuum (UHV) scanning probe 

microscopy (SPM) system at University of Manchester while some other AFM 

images were taken using Nanoscope 3, Multimode SPM supplied by Yeeco, at Bath 

Uni versity. The AFM images of those samples which were subjected to rubbing 

analys is were scanned in two different scan sizes 5-6 11m and IO- 12 11m. 

Binnig, Quate and Gerber invented the first atomic force microscope (AFM) in 

198617
• Scanning electronic microscope (SEM) visua lize the sample surface while 

AFM feels the sample surface with a mechanica l probe by measuring the variations in 

interaction between the scanning probe and the sample surface 1
!. AFM is similar to 

the high-resolution scanning tunnelling microscope (STM). The piezoelectric 

elements helps in the movements of tile scanning probe on the sample surface. which 
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makes AFM one of the best analytical instruments for imagi ng, measuring and 

manipulating small objects on the surface with a nanometre scale resolution. 

2.4.5.1 Principle and Basic Set up of AFM 

A typica l AFM instrument is composed of a cantilever with a sharp tip at its end to 

scan surfaces, a piezoelectric element as mechanical movement unit ; a laser source 

and a photodiode detector as ana lytica l unit. A basic set up of an AFM unit is shown 

in Figure 2.8. The cantilever is usually made up of silicon or silicon nitride. The 

curvature radius of the tip is of the order of nanometres and the tip is idea lly 

terminated by a single atom in order to ensure the best resolution. When the tip is 

brought into the proximity of a sample surface, forces between the tip and the sample 

lead to deflection of the cantilever according to Hooke's law. 

Photodiode 

...... __ .... '- Cantilever & Tip 

Figure 2.8: Block diagram of AFM I9. 

If the tip of the cantilever scanned the sample surface at a constant height, a risk 

wou ld exist that the tip collides with the surface, causing damage to the tip. Therefore, 

in most cases a feedback mechanism is employed to adjust the tipMtoMsample distance 

to maintain a constant force between the tip and the sample. The sample is mounted 
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on a piezoe lectric tube, which move the sample in the z directi on for mainta ining a 

constant fo rce, whi le the x and y directions for scanning the sample. 

When the cantilever tip is brought into the proximity of a sample surface, interaction 

energy between the tip and the sample is shown in the Figu re 2.9. The interaction 

energy between the AFM tip and atoms on the sample surface has two components, 

one is repu lsive component, indicat ing that the lip is very close to the surface and the 

olher one attract ive, ind icating that the tip is not too close to the surface. 
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Figure 2.9: Surface/AFM tip interaction energy variation as a function of distance. 

Typically, in an AFM imaging. interactions like capillary interactions, chemical 

bonding, electrostat ic interactions etc could be exc luded except the Van der Waals 

interactions, which correspond to the minimum leve l of interaction energy in the 

above figure. It is the region where AFM tip can detect the interacting energy changes, 

for example. from repuls ive to attractive. According to the strength of these 

interaction energies, there wi ll be a denection of the AFM can tilever tip and thi s 

deflection is governed by the Hooke' s law. The deflection of the canti lever is 

measured using a laser spot reflected from the top surface of the cantilever into an 
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array of photodiodc. The movemenl of this laser spot plus the computat ional 

simu lation will provide info rm ation aboul the topology of lne sample surface. 

2.4.5.2 Imaging Modes 

The AFM inst rumen t can be operated in various imagin g modes, such as static (a lso 

cal led contact) mode or dynamic (tapp ing) mode. In contact mode, the ti p deflection is 

used as feedback signal. A low st iffness cant ilever is used in order to min imize the 

influence o f acoustic. However, when the tip is approaching the surface. the an ractivc 

forces may become qu ite strong thus causing the tip to "snap~ in" to thc sample 

surface. Thererore, the contact mode AFM is always done in contact wi th the sample 

where the overall force is repUlsive, and hence it is given the name "contact mode". In 

th is mode, the force between the tip and the surface is kept consta nt during scan by 

maintaining a constant de flect ion. In the contact mode, interactions between AFM tip 

and the surface is repu lsive, Figu re 2.9 (repulsive component). 

In the dynamic mode (tapping mode), the cantilever is externally osc illated at or close 

to its fundamenta l resonance frequency. The resonance frequency amplitude, phase 

and oscillation are customized by tip to sample interaction forces. The changes in 

osc illation with respect to the external reference oscillation provide infonnation about 

the samples features. In thi s mode, the interactions between AFM tip and the su rface 

is attract ive, Figure 2.9 (anractive component). 

However, at ambient cond ition, most of the samples develop a liquid meniscus layer 

on the surface, which may stick the tip to the surface during the scan for a shorl ~ra nge 

forces investigation, the dynamic imaging mode has by-passed this problem very we ll 

bUllhe resolution is better in contact mode. 

Tapping mode in herent ly prevents the tip from sticking to the surface and thus 

preventing damage during scanning. Tapping mode prov ides three ty pes of data i.e. 

height mode, phase mode and amp li tude mode. Another benefi t of the tapping mode 

techn ique is its large, linear operating range . This makes the vertical feedback system 

highly stab le, allowing rou tine reproducib le sample measurements. In thi s imaging 

mode, the vari ation in am plitude of oscillation gives direct information about surface 

morpho logy of the sample while the phase oscillation variation provide info rmation 
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abollt chemical contrast orthc sample surrace. During thi s research work, th e dynamic 

(tapping) imaging mode was mostly employed 10 record Ihe height images . 

2.4.5.3 Adva ntages of AFM Imaging 

AFM has a num ber of advantages as it prov ides a true 3-D topological imaging of 

the sample surrace. Al so, samples subjected to AFM do not require any spec ial 

pretreatment (such as meta l/carbon coatings) that would irreversibly change or 

damage the sample surface. Most of the AFM can work flawlessly well in ambient 

air or even in a liquid environment. This makes it possible to study bio­

macromolecules and even living micro~organi sms . The AFM can scan a maximum 

height up to micrometers and a maximum scanning area of around 150 x ISO 

micrometers. 

2.4.6 R ubbing Machine 

A rubbing mach ine was used fo r testing the mechanical robustness of the prepared 

epoxy-amine LbL films as well as cpoxy~amine protected and unprotected Au 

nanoparticJes mu lt ilayers at room temperature. This rubbing machine was built by the 

Atelier Mechanique Department of Inst itut harles Sadron, Strasbollrg, France. The 

working pressure of rubbing machine is 2 bars. The working of the rubb ing machine 

consists o r brushing the sample surface with the help of cotton ve lvet cloth held by a 

pneumatic vacuum pump20 (Figure 2. 10). The brushing/rubbing cycles are automated 

and controlled by an electropncumatic way. This rubb ing machine is not a quantitative 

apparatus, so there arc no exact val ues ror applied fo rce, but fo r each ru bbing cycle, 

the app lied rorce was kept always constant, which means, for all rubbing test, the 

operating conditions are the same. 

The thickness of the sample before and after rubbing test was always measured with 

an ell ipsometer to observe any loss of materia l caused by the rolli ng cy linder of the 

rubbing machine. The surface morphologica ly studies were perfonned with AFM in 

tapping mode. 
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Figure 2.10: Photographic image of the rubbing machine. 

All the prepared samples were subjected to 1, 5, 15 and 20 rubb ing cycles in itially to 

observe the mechanical strength of the prepared films. After establi shing the 

mechanica l robustness of the epoxy-amine multilayer films upto 20 rubbing cycles, 

the number of rubbing cycles was increased to observe the maximum number of 

rubbing cycles endured by a particular sample. 
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3.1 Cova lent LbL Nanofab J"ication using Epoxy Compounds 

TIle polye lectrolyte/epoxy fi lms prepared by cova lent LbL assembly \\e re extreme ly 

robust and capable of protecting the weak polyelectrolyteJAu-N Ps fi lm assembled by 

pure electrostatic interactions using LbL technique. The virgi n polye lectro l)1e/Au-NPs 

film s were very easily removed by wiping the film soft ly with a ti ssue paper. 

Appropriate protection fi lm was needed fo r the weak underl yi ng multi layers so as to 

prov ide them the desired mechan ical strength for various appl ications. 

The chemisorption of each individual layer must be controlled in a way that the 

molecul es in each layer do not adsorb with all their functional groups bind ing to the 

surface below, This would be catastrophic, if all the functional groups were utili sed in 

one layer bu ild -up and would not lead to a regular fi lm growth . Instead cond itions must 

bl;: found at which molecules chemisorb onto the surface with only some of thei r 

functional groups bound to the surface whil e exposing the remaining functional groups 

to the solut ion interface as depicted in Figure 3, 1, 

An obvious choice for the formation of mechanically strong polymer films was the two 

components of epoxy adhes ive, An additional ad vantage of choosing th is combi nation 

was that polyamine can be used as intermediate layer between the gold nanopart icles 

electrostat ic assembl ies and the protective epoxy covalent LbL assemblies. 

After screening a number of different commercial ly availablc compounds, a branched 

po ly(elhyJcnim inc) (PEl) and a linear tetraethylpentamine (TEPA) were chosen as 

po lyamine component while poly(o-cresyJglycidyl ether)-co-fonnaldchyde also known 

as cresol novo lac epoxy resin (CNER), poly(phcnylglycidyl ether)-co-form aldehyde 

ca lled phenol novo[ac epoxy res in (PNER) and Araldite MY -720 were se lected as 

epoxy component to build cova lent LbL assemblies for the protection of weak Au 

co ll oid layers, The molecules so selected were capable of forming 4 to 12 consecuti ve 

multilayers at room temperature for various adsorption times using different polymer 

concentrations without compromise on optica l homogeneity and linear growth. 
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Figure 3.1: Schematic of adsorption of epoxy (Red) and polyamine (Blue) on Si 
substrate (Grey). Some of the functional groups remained unMadsorbed at each step of 
LbL build-up_ 

3.1.1 Optimisation of Concentration and Adsorption Time for 

(PEIICNER), System 

Whether the covalent LbL assemblies fo llow the classical rules of polyelectrolyte 

mu lti layers. like linear growth. concentration course, adsorption time effect, 

homogeneity and reproducibility etc. Various concentrat ions of these polymers were 

used along with different adsorption times to observe whether there is linear growth of 

the covalent LbL as a funct ion of concentration of polymers and adsorption times. The 

concentrations of PEl and epoxy were kept the same throughout the optimisation stage 

except stated otherwise. Thus 1, 10, 20, 40, 60, 80, 100 mg mL'1 w/v polymer 

concentrations were employed for the construction of covalent multilayers during the 

optimisation stage. In addition, effect of deposition time on the growth of layer pairs 

for PEl and epoxy resins was also studied. Five different dipping times 50, 100, 240, 
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360 and 480 min per layer pair were employed . PEl was a lways dissolved in ultra-pure 

MiIl i-Q water wh ile epoxy so lutions were prepared in acetone. 

For the construction of (PEI/CNER)n cova lent Illultililycrs, the pre-ilctivated substrate 

(silicon wafer or quartz slide) was dipped in aqueous solution of PEl for a specific time 

(tl) followed by subsequent 2 min waShing w ith Milli-Q wate r in three equa l wash 

baths (t2). During each washing sequence, substrate was given sli ght manual ag itat ion 

to ensu re the removal of un-adsorbed polymers chains. The substrate was dried with a 

stream of ni trogen or compressed air before it was placed in epoxy solution for th e 

same lime (t3) as it was dipped prev iously in PE l solution so that tl = tJ = 25, 50, 120, 

180, 240 min. The substrate was then washed with pure acetone for 2 min in three 

equal wash (t4). For a si ngle layer pair, the total process ing time was, T = tJ+ t2+ t3+ 4. 

The polyamines so lutions were a lways kept in polystyrene bottles whi le epoxy 

solutions in well caped glass bottles. All the dipping and rinsing solutions had a volume 

of at least 20 mL. Consecutive rinsi ng in three different solvent baths ensured the 

removal of loosely bound and un-adsorbed polymeric materia l and also reduced cross­

contamination of the so lutions in comparison with rinsing in a single bath. After drying 

the film under a stream of pure nitrogen gas, ellipsometry measurements were carried 

out to determine the thickness of the multilayer. For the multi layer architectures 

(PEI/CNER)n, the total number of deposited layer pairs "n" was between 4 and 12. The 

outermost layer was always an epoxy layer. 

Figure 3.2 shows a linear build-up of (PEJICNER)JO film as a function of different 

polymer concentrations. During this experiment, the concentration of PEl and CNER 

solutions were kept the same and the dipping time for each polymer layer was 50 min. 

The choice of thi s dipping time will be exp lained later. The film thickness of 

(PEIICNER) IO increases linearly as a function of number of layer pairs deposited on the 

surface. The data correlation coefficient was quite high as ev ident from the statistics 

reported by the Ka leidagraph. Error in each indiv idual measurement is represented by 

error bars which also provide information about the surface roughness of the 

multi layers so formed. Very low value of error bars for (pEIfCNER)!o system 

confirmed the homogeneity of these covalently bonded LbL assemblies (Figure 3.2). 

92 



Chapter 3 Results and Discussion 

60 ,-

CPO 
PEl = CNER = I, 5, 10, 20, 40, 60, 100 mglmL 

Adsorpl ion Time = 100 mini Layer Pair 

y - 3.058' + 0.55722x R- 0.95242 
Y • 3.8885 + 1.2565x R'" UI7202 

-- Y • 3,2036 + 1,9638x R- 0.98948 

• 

Figure 3.2: Thickness of(PEIICNER)1l films for different po lymers concentrations as a 
function of the number of layer pairs at 100 min per layer pair adsorption ti me. 

The thickness of the epoxy-amine fi lm was measured with the help of an e lli psometer 

after every layer pa ir and plotted against number of layer pairs, The single layer pa ir 

increment " R" in case of all the concentrat ions prov ides infonnation about the average 

increase in thickness of each layer pair were obtained from the graph of thickness vs 

number of layer pairs (F igure 3.2). The single layer pai r increment was calcul ated fo r a 

series of experiments using I, 10,20,40, 80 and 100 mg mL·1 concentrations fo r both 

the epoxy and polyamine solutions using 50, 100, 240,360 and 480 min per layer pair 
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adsorption times. The results show a linear increase in thickness as a function of both 

number of layer pairs and concentration of po lymers. The experiments were repeated to 

ensure their reproducib ility. 
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Figure 3.3: Variation of the single layer pair increment of (PEIfCNER)n film s at 
different adsorption times as a function of polymer concentrations. 

Slope coefficients (R) of these experiments were calcu lated and a matrix was 

constructed between slope coefficients (ca lled single layer pair increment) against 

po lymer concentrations for different dipping time (Figure 3.3) and secondly aga inst 

adsorption time for different polymer concentrations (Figure 3.4). Thus, the matrix 

obtained from about 30 different experiments for (PEI/CNER)lO. it was observed that 

the single layer thickness increment increases exponentially in the beginning up to 40 

mg mL·1 polymer concentrations. 

When the concentrations of PEl and CNER were increased from 1.0 to 40 mg mL-1
, the 

single layer pair film increment increased eight folds (0.55 nm for 1.0 mg mL-1 

polymer solutions to 4 nm for 40 mg mL-1
). wh ile for 100 mg mL-1 concentration, it 
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increases ten folds (5.2 nm) as shown in Table 3. 1. This means there was no 

proportionate increase in layer pair increment on ra ising po lymer concentration from 40 

10 100 mg mL·1
• It was rurther noted thaI the higher concentrations o f polymers we re 

not on ly dirficult to hand le but after a certain number of layer pai rs, the optica l 

homogeneity of the multilayer was also deteriorated. Based on these observations. 40 

mg mL·1 polymer concentration was selected as opt imum concentration for further 

work. 

Table 3.1: Single layer pai r increment (R) for (PEI/CNER)I fil m build~up for difTerent 
polymer concentrat ions, as determined from Figure 3.2. 

Concentration of Polymers Single layer pair increment 

(mg mL") (nm) 

I 0.5 

10 2.5 

40 3.9 

100 5.2 

An appreciable increase in single layer pair increment was observed fo r adsorpt ion time 

up to 100 min per layer pa ir for various polymer concentrations (Figllre 3.4). Variation 

of the single layer pai r increment with adsorpt ion time for different po lymer 

concentration also show that the longer dipping limes do not give a proportionate 

increase in thickness rather steady th ickness increment was obta ined. The longer 

dipping times are practica lly difficult to carry out with optical non-homogeneity of the 

films. So 100 min per layer pair adsorption time was optimised fo r dipping mode 

cova lent LbL assembl y of epoxy~amine mult ilayers. 

95 



Chapter 3 

7 

6 

5 

g 
c • 4 a 

" .5 
• 
~ 3 

~ 
2 

~ 

• 
• 

• 
• 

• 

Results and Discussion 

Conct.'t1tration Course 
PEl '" CNER "" I, 10, 20,40,80, 100 mglmL 

Adsorption Time '" SO, 100, 240, 360, 480 mirllLayer Pair 

• • 
• • 

• 

• 
• • • 

• 

• • -• 
100 200 300 400 

Adsorption Timel Luyer Pllir (min) 

• 

• 

• 

--Img 
... IOmg 

- a- 20mg 
40mg 

• 80mg 
... loomg 

• 

500 600 

Figure 3.4: Variation of the single layer pair increment of (PEI/CNER)n films at 
different polymer concentrations as a function of adsorption times. 

UV-Visible spectroscopic measurements also continned the linear growth of 

(PEIICNER)lO multilayer fil ms. The multilaycrs for this purpose were deposited onto 

the quartz substrate by di pping process. The pre-cleaned quartz substrate was dipped 

into PEl and CNER epoxy so lution fo r 50 min each fo llowed by washing and dry ing. 

UV-Visible spectra were recorded after every layer pair. Figure 3.5 (A-D) shows that 

for different polymer concentration absorbance increases at 202 and 280 nm 

wavelength with increase in number of layer pairs, thus complementing the presence of 

UV acti ve aromat ic chromophores in CNER epoxy. As concentrat ion of the two 

po lymer solutions increases from 1.0 to 100 mg mL- I
, there is an increase in 

absorbance max imum. llle absorption at around 280 nm corresponds to the aromatic 

group of CNER. 

96 



Chapter 3 Results and Discussion 

0.15 

1\ 
• 

\ 
'\ 
'\ j 

< 1\ 
.(\, "i 

0.05 ' , 

o 
200 

\ 
\ 

250 

CPD-Qullrtz 
PEl ao CNER "' I.O mgfml. 

Adsorption Time - IOOmin/Layer Pair 

300 350 400 

Wavelength (nm) 

LayerlO 
Layer9 
LayerS 
layer7 
Uo"ro 
I.ayep 

450 500 

Figure 3.SA: UV-Visible spectra of(pEI/CNER) lo for polymer cone. 1.0 mg mL-I . 
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Figure 3.SB: UV-Visible spectra of(PEUCNER)1Q for polymer cone. 10 mg mL-'. 
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So, UV-Visib le spectroscopy results a lso verified the linear growth of the epoxy-amine 

layer by layer covalent assemblies. The absorbance max imum as a function of number 

of layer pair shows a linear rise for all the four po lymer concentrations. With increase 

in polymer concentration, there was a steady increase in absorbance ma ximum 

ind icating a li near increase in th ickness of these cova lently bonded LbL assemblies 

(Figure 3.5). These results also strongly support the linear gro\.vth of the (PEIICNER)IO 

fi lms as shown by elJipsometric measurements in Figure 3.2. 
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Figure 3.6: Absorbance maximum as a function of num ber of layer pairs fo r different 
concentrations of (PEJI CNER)IO system. 

AFM images o f (PEIICNER)n, where n= I for polymer concentrat ions I, 40 and 100 

mg mL-1 were takcn in the tapping mode to substantiate our choice of 40 mg mL-1 as 

optimised polymer concentration for further protection work (Figure 3.7). The nns 

roughness va lues for the three samples increases with increase in concentrations of 

po lymers (Table 3.2). 
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Ta ble 3.2: Thickness of one layer pair and rms rough ness of (PEIICNER)I films. 

Sa mple Code T hickness nns roughness 

J LP (nm) (nm) 

CPO-IIIOO 2.67 5.3 

CPO-40/ 100 5.00 29.0 

CPO-I 00/1 00 6.02 40.4 

All the AFM images presented in Figure 3.7 (A~C) were the result of I f.1m 2 surface 

area scan for thi s particular study. An important point to be mentioned for the AFM 

images presented below and elsewhere is that out of every set of three images, the one 

on left is always a 2-D surface image, the middle one is 3-D image indicating the 

surface roughness while IT11 S surface roughness is presented as line profile on right side. 

The surface morphology of 1.0 mg mL-1 sample (Figure 3.7A) shows that the polymer 

chains especially epoxy resin chemisorbs onto PEl horizontally. This may be due to 

very dilute polymer so lutions where the ind ivid ual po lymer chains have ample space to 

lie down flattened on the underlying polymer or substrate. The AFM image of 40 mg 

mL-1 sample shows a very homogeneous surface morphology with uniform hill s and 

va lleys in the 3-D image. The epoxy chains adsorb verti ca lly onto the polyamine 

(Figure 3.78) due to hi gher concentrations o f polymers as compared to 1.0 mg mL-1 

concentrati on (Figure 3.7A). 

The surface morphology o f 100 mg mL-1 sample was even less homogeneous (F igure 

3.7C) due to higher concentrations of the two polymers, so the density of vert ica l 

chains was quite thick. The nns roughness value fo r the 100 mg mL·1 concentration 

samples was 40 nm as compared to 20 nm for 40 mg mL-1 sample. So based on thi s and 

many other prev iously stated observations, 40 mg mL-1 polymer solution was chosen 

for the further protection of weak multilayers. 
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Figure 3.7: Surface morphological studies of(PEIICNER)I for 1.0 mg mL-1 (A), 40 mg 
mL-1 (8 ), 100 mg mL-1 (C) polymer concentrations. 2-D image (L), 3-D image 
(Middle), (R) nns surface roughness (line profile)_ 

3.1.2 Optimisation of Concentration and Adsorption Time for 

(pEIIPNER). System 

For the construction of (PEIlPNER)n dipped film s, the concentration for polymer 

solutions PEl and PNER were kept the same_ The dipping times for both po lymer 

solutions were kept at 50, 100, 240, 360 and 480 min per layer pair. The concentrations 

of the polymers used were 5, 10,20, 40, 60, 100 mg mL-I
. Ellipsometry data indicates a 

linear film growth for all the (PEI/PNER)n films (Figure 3.8). The film th ickness 
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increases with increase in the polymer concentration from 5 to 100 mg mL-I
. Because 

at low concentration, polymer chains may have a linear extended state and they adsorb 

horizontally to give a very little increase in thickness of the layer pairs. When the 

concentration increases rurther, more and more polymer chains arc adsorbed on the 

surface. Due to electro-repulsion among the adjacent polymer chains, they began to 

adsorb verticall y creating more free space on the surface. As the molecular mass of 

PNER polymer (n = 1.6) is lesser as compared to CNER polymer (n = 3), a PNER 

polymer chain is more capable to enter and occupy any free available space as 

compared to CNER. As a consequence, a surface can easily be saturated by a long 

polymer chain instead of a short po lymer chain . That is why the film thickness 

increment for (PEIIPNER)~ are less as compared to (PEIICNER)n multilayer systems. 
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Figure 3.8: Thickness of (PEIIPNER)n fi lms for different polymers concentrations as a 
function of the number of layer pai rs at 100 min per layer pair adsorption time. 
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The plot of thickness as a functi on of number o f layer pa irs shows a rcgular increase 

with increase in concentration of polymer. But for the higher concentrations of 

po lymers, tbe thi ckness increase was not proportional rather fo r 20, 40. 100 mg mL·1 

concentrations, there appear simi lar th ickness regime (Tab le 3.3). 

Ta ble 3.3 : Single layer pair increment (R) fo r (PEI/PNER)n film bui l d~ lI p fo r diffe rent 

polymer concentrations, as determi ned from Figure 3.8. 

Cone. of Polymers Single Layer Pair Increment 

(mg mL-') (nm) 

5 0.8 

20 3.1 

40 3.35 

100 3.72 

Thc single layer pair increment obt:lined by plotting layer pair thickness vs number of 

layer pairs for various concentrat ions and adsorption ti mes was then plotted agai nst 

various po lymer concentrations and for all the adsorption times are shown in the Figure 

3.9. T hi s matri x was obtained as a result of conduct ing about 25 di ffe rent experiments 

for (PEIIPNER)n. e laborates that the thickness increases exponentially in the beginning 

up to 40 mg m L'! polymer concentrations. When the polymer concentrations were 

increased from 5 to 40 mg mL·I, the thickness per layer pair increases four fo lds (0.8 

nm for 5 mg mL' 1 polymer solutions to 3.3 nm for 40 mg mL' I), while for 100 mg mL'l 

concentrat ion, it increases 4.5 folds (3.7 nm) as given in Table 3.3. 

This means there was no proportionate increase in layer pa ir increment on ralsmg 

polymer concentration from 40 to 100 mg mL' ! (Figure 3.9). Thus 40 mg mL'1 

concentration was selected as optimised polymer concentration fo r further work as it 

gives very smooth, homogeneous and optically good quality film with good layer pair 

growth. 
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l 

Figure 3.9: Variation of the single layer pair increment of (PEJlCNER)n films at 
d iffe rent adsorption times as a function of polymer concentrations. 

For (PEJlPNER)n multilayer fi lm, the po lymer chai n reorganization increases the slope 

coefficient as a function of dipp ing time uplO a certa in concentrat ion (F igure 3. 10). But 

as PNER is short chain prepolymer as compared to the CNER, they can adopt the 

optimal confonnation more rapidly. Thus, 480 min per layer pair d ipping time overlaps 

with 360 min per layer pair di pping time, because the PNER has already adopted its 

optimal confonnation with 360 min per layer pair dipp ing time. As there was a sharp 

increase in thickness per layer pair at adsorption time 100 min per layer pair, therefore, 

thi s may be an optimum dipping time for both the polymers. The optimised polymer 

concentrat ion fo r PEl and PNER was 40 mg mL-1 fo r the protection of underlying weak 

colloidal layers as revealed in Figure 3.10. 
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Figure 3.10: Variation of the single layer pair increment of (PEJIPNER)n films at 
different po lymer concentrations as a function of adsorpt ion limes. 

This linear growth of (PElf PN ER) 10 multilayer films was also validated by conducting 

UV-Vis ible spectroscopic measurements. The multi layers for this purpose were 

deposited onto the pre-cleaned quartz substrate and UV spectra were taken after every 

layer pair. Four different polymer concentrations were employed including I, 10, 40 

and 100 mg mL-1 for the two polymers. Figure 3. 11 (A-D) shows that with increase in 

number of layer pairs, absorbance increases at around 280 nm wavelength. 

It was also observed that as concentration of the two polymer solutions increased from 

1.0 to J 00 mg mL-I
, there was an increase in the intensity of absorbance max imum. The 

absorpt ion at around 280 nm was due to the aromat ic group present in PNER. 
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Figure 3.IIB: UV-Visible spectra of(pEIIPNER)IO for polymer cone. 10 mg mL· I. 
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The absorbance maximum as a function of number of layer pair indicates a linear 

relationship for 10, 40 and 100 mg mL- 1 polymer concentrations. With increase in 

po lymer concentration, there is a steady increase in absorbance maximum which shows 

a linear increase in thickness for these covalently bonded LbL assemblies. The 

absorbance maximum for 1.0 mg mL-1 polymer concentration was below the threshold 

limit of the instrument, so it is missing here (Figure 3. 12). 
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Figure 3.12: Absorbance maximum as a function of num ber of layer pa irs fo r di fferent 
concentrations of (PEIIPNER) IO system. 

Therefore, it may be concluded that for (PEIICNER)IO and (PEI/PNER) IO systems, the 

d ipping time was optimised at 100 min per layer pair with polymer concentrat ion as 40 

mg mL-I
. 

3.2 Mechanical Robustness Studies of Optimised Systems 

Mechanica l stabi lity is one o f the key parameter that controls the genera l stability of the 

ultrath in fi lm devices and thus its further appl ications. Therefore, mechan ical 

robustness of a ll these film s was tested by a rubbing machine. This machine gives 

qua litat ive info rmation about the wear-tear behaviour of a polymeric material in 
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addit ion to molecular alignment. The film thickness before rubbing test was measured 

with ellipsometer. After a definite number of rubbing cycles, the substrate was washed 

with acetone to remove any loose material, dried with a stream of compressed air and 

then its thickness was once again measured with the help of ellipsometer. Any change 

in the film thickness before and after rubb ing test was noted. It is important to mention 

that rubbing machine works with a constant pressure of2 bars using cotton velvet cloth 

wrapped around a cylinder as shown in the Figure 2. 10. The surface morphology of the 

rubbed and un~rubbed film was then studied with AFM. Whether the epoxy films 

withstand hostile environment of the rubbings test? The ell ipsometry along with AFM 

provides answer to such questions. The AFM image of the (PEIICNER)IO film before 

rubbing test shows a homogeneous surface morphology with rms roughness value 8.9 

nm. The 3-D image shows the presence of very smooth hill-valley view (Figure 3. 13). 

Figure 3.13: Surface morphology and roughness profile of un~rubbed (PElfCNER)lO. 

The sample was subjected to 60 consecutive rubbing cycles with rubbing machine. 

Thickness of the sample before and after the rubbing test was measured with 

ellipsometer. After rubbing cycles, the thickness loss was only around 2% of the whole 

film thickness (Table 3.4). 
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Table 3.4: Thickness and nns roughness of (PEJlCNER)lo before and after rubbing. 

Film Thickness (nm) rms Roughness (nm) Percentage 

Architecture Before After 60 Before After 60 Loss after 

Rubbing Rubbings Rubbing Rubbings 60 Rubbings 

(PEI/CNER)" 3 1.65 3 1.05 8.9 3.99 1.8 

l1le tapping mode AFM image ind icates that there is no dramatic change in surface 

morpho logy o f the fi lm before and after rubbing test. However, the appearance of 

certain grooves was observed on the surface of 60 rubbed epoxy-amine film while 

ellipsometry results show that whole of the film adhered onto the substrate (Tab le 3.4 

& Figure 3. 14). These grooves appeared in vert ical d irect ion of the film as shown by 

the 3-D image suggesting that the whole epoxy fi lm sticks on the substrate. Surface 

roughness analysis indicates a sl ight decrease of nns roughness from 8.9 nm to 3.99 nm 

ind icating the possibi lity of film compression due to cylinder of rubbing machine. Thi s 

a lso rules out any loss in film thickness as a result of rubbing test. These observat ions 

also confinned the excellent mechanical properties of ultrathin LbL assemblies made 

with ami ne curing of epoxy, as mentioned in literature review. 

Figure 3.14: Surface morphology of 60 rubbed (PEIICNER) IO film. 

In another interesting study, the inner morphology of the same (PEI/CNER)IO film was 

studied in the contact mode. It was noted that the cantilever was not able to pierce the 

outer portion of hard epoxy-amine film, although the cantilever force was successively 

increased to 400 nN. However, the cantilever marked a square compression on the 
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sample (Figure 3.15). The rms roughness value for this sample was 2.99 nm indicating 

a very smooth surface even after the implication of 400 nN cant ilever force. 

Figure 3.15: Contact mode image of (PEIICNER)lO with canti lever force of 400 nN. 

Surface morphology of (PEIIPNER)lo ultrathin fi lm is given in Figure 3.16 (A, B) in 

the tapping mode for the two concentrations i.e. 20 mg mL-j (3. 16-A) and 40 mg mL-
j 

(3. 16-B) of the polymers with 100 min per layer pair adsorption time. It was observed 

that rms roughness va lue increase from 4.83 nm to 7.47 nm with increase in polymer 

concentration . 

Figure 3.16A: Surface morphology images of(PEIIPNER)1O for 20 mg mL·1 
• 

... 
Figure 3.168: Surface morphology images of (PEIIPNER)lO for 40 mg mL-1 

• 
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3.2.1 Minimum T hickness Required to AHain Mechanical Robustness 

Now the question arises, how much of the epoxy·amine film thickness is req uired to 

endure the harsh environment of rubbings test. The minimum thickness of the epoxy· 

amine network required to protect the underlyi ng weak Au-NPs film has to be 

ascertained. 

To answer such questions, apart from the (PEI/CNER) 1O and (PEI/PNER)lO systems, 

another part icu larly important system was tried using Araldite MY -no epoxy with PEl 

obtained from Ald rich and BASF respecti vely. Araldite MY·nO was lI sed to prepare 

high performance structural adhesives and showed best properties when cured at hi gh 

temperatures l
. 

Araldite MY·720 was used to prepare covalent multilayers of the architecture 

(PEIIMY-720)10 for adsorption times of 50 and 100 min per layer pair (Figure 3. 17). 

The overall film thickness obta ined after 10 layer pa irs for 50 and 100 min per layer 

pa ir adsorption time was less than 5 and 10 nm respectively with large error bars. 

Therefore, 20 min per layer pa ir sample was not prepared as the expected overall 

growth was much less to be used for fut1her applications. The (PEl/MY -720)10 samples 

prepared were then CU i to iwo parts. One part was subjected 10 thermal cure at I DOlle 

fo r I hr and the other to time cure for 3 days at room temperature. Both the fi lms wcre 

then subjected to rubbi ngs test. The th ickness of the films was measured before and 

after the rubbing test. 

The effect of accelerators on growth of the LbL films and also on mechani cal strength 

o f the prepared films was also studied (Table 3.5). After 20 rubbing cycles there was no 

loss in thickness of the thermally cured fi lms. So thermal curing im proves the 

mechanical strength of the (PEIIMY-720)10 film s wh ich was al so indicated in the TDS 

of Araldite MY -720. The rubbing data obtained after 20 rubbing cycles show good 

mechan ical strength for particularly longer dipping time samples (Table 3.5). Epoxy 

embedding medi um accelerator gives comparati ve ly good mechanical strength for the 

longer as well as shorter dipping time for both thermally and time cured samples. 
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Figure 3. t 7: Thickness as a function of number of layer pairs (PEIIMY -720)10. 

Tablc 3.5: Mechanica l robustness of (PEl/MY -720) 10 for different curing modes. 

System Thickness Percent Percent Thickness Percent Percent 
50 minllp loss Loss 100 loss temp. loss time 

(nm) curcd Time min/lp cured film cured 
film cured (nm) film 

film 

APD 4.9 No Loss 29.0 9.2 No Loss 6.5 

APDA 5.6 No Loss 24.0 9.8 No Loss 15.0 

APDP 4.95 No Loss 4.2 9.2 No Loss 13.0 

APDE 4.6 No Loss 4.4 8.3 No Loss 4.2 

APDC 4.4 9.0 22.0 8.0 No Loss 30.0 
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In another interesting study, minimum thickness of the (PEIICNER)n and (PEI /PNER)n 

films required for maximum mechan ical robustness was detennined (where n = 2 and 4 

layer pairs). High concen trations of all the polymers (1 00 mg mL-I
) were lIsed to gel 

maximum thickness for lesser number of laycr pairs chemisorbed. The samples were 

then subj ected to time and thermal cure process <IS stated earlier. The results are 

summari sed in Table 3.6. 

Table 3.6: Mechanica l robustness as a function of thickness for time and thermal cure. 

System Number T hickness Percent Loss Percent Loss 

of layer (nm) after 20 rubs after 20 rubs 

pairs (Thermal (Time cure) 

cure) 

CPD-100-20 2 8.0 6.5 92.0 

CPD-100-20 4 15.8 2.6 74.0 

CPO-I 00-1 00 2 11.2 73.0 92.0 

CPO-I 00-1 00 4 22.6 24.5 81.0 

PPD-100-20 2 6.0 26.0 90.0 

PPD- 100-20 4 12.8 No Loss 94.0 

PPO-I 00- 1 00 2 8.4 5 1.0 72.0 

PPO-I 00-1 00 4 16.0 1.0 29.0 

It was interesting to note that irrespective of the dipping time, (PEI/CNER)4 and 

(PEI/PNER)4 fi lms demonstrated good mechanical strength for both the time and 

therma l cured systems as compared to the samples with two layer pairs. Thermal curing 

greatly affects the mechanical strength of four layer pair samples. Th is means 15 nm of 

(PEIICNER)n while 10 nm of (PEIIPNER)n films may be su ffic ient to withstand 

rubbings by rubb ing machine (Table 3.6). 
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3.3 Preparation of Au-colloid Nanofilms 

The research work reported in thi s section was conducted in collaborati on with 

Zhiqiang Zheng, a doctorate student worki ng under the supervision of Dr. Gero Decher. 

in lnstitut C harl es Sad ron, Universite de Strasbourg. Strasbourg, France. 

A gold nano-particle film of the (PAJ-I/Au-NPs)n architecture on sili con wafer or quartz 

slide was bu ilt-up by spray method. The spray deposition technique was di scovered by 

Schlenoffand his team2
. This technique a llows fab rication ofa layer pa ir in I or 2 min, 

an acce leration of 50-1503 times in terms of working time compared to the traditional 

LbL dippi ng technique. 

For the construction of Au-NPs film, PAH was chosen as polycat ion and its 

concentTat ion was kept as 3 mM. The procedure for the spray deposition of Au-NPs 

onto the substrate follow Ihe sequence described be low; 

Precu rsor PEl layer was deposited onto the substrate by dipping followed by a PSS 

layer deposited by spray. This was foll owed by the consecut ive PAl-I and Au-NPs 

adsorpt ion by spray technique. At first the polymer was sprayed onto the substrate fo r 11 

= 5 s fo llowed by adsorption (wait) lime t2 = 15 s. Then the wash so lution (0.5 M NaCI) 

was sprayed onto the subsrrate for t3 " 5 s followed by waiting time 4 = 15 s. Same 

procedure was carri ed out for the deposition o f Au-NPs except that washing was done 

with Mill i-Q water instead of aq ueous NaCI soluti on_ In order to ensure a ful l surface 

coverage by Au-NPs layer, the spray and rinse cycle for Au-NPs were repeated 5 times. 

In this way the total processing time fo r the deposition of one PAH layer, was 40 s, as 

compared to 200 s for a Au-NPs layer. After tbe (PAHlAu-NPs)n collo id film 

deposition, an addi ti onal (PAH/ PSS) layer was sprayed on the colloid film to make a 

connection to the next sequential PEUCNER film deposition. Concentrations of both 

PSS and PAI-I were kept the same. The complete arch itecture of this Au colloid film 

was Si/PEIIPSS/(PAH/Au-NPs)n, generally called (PA J-I/Au-NPs)n film. 

In this system, th ere was no interlayer di ffusion of Au-N Ps in PAl-llayers because Au­

NPs were separated by only one PAH layer with a thickness less than 1.5 nm, 

(accord in g to neutron reflectometry measurement). This value was much less than Au­

NPs mean size, 13.6 nm in diameter, which avoids any particles inter-diffusion and 

11 5 



Chapter 3 Results and DisclIssion 

leads to a linear film growth mechanism. LbL film construction of(PAH/A u-NPs)s was 

monitored by ellipsometry (Table 3.7 Figure 3. 17) and UV -Visible spectroscopy 

(Figure 3. 18). 

Table 3.7: Thickness of (PAHlAu-NPs)n film as a function of number of layer pairs. 

Film architecture Film thickness (nm) 

(PAHlAu-NPs), 14.1 ±0.2 

(PAH/A u-NPsh 24.4 ± 0.3 

(PAHlAu-NPs)3 32.8 ± 0.3 

(PAHlAu-NPs). 40.4 ± 1.0 

(PAH/Au-NPs), 44.8 ± 0.9 

Film th ickness and UV-Visible absorption were measured after each layer pair 

deposition. Both ellipsometry and UV-Visible data indicate a linear fi lm growth for 

(PAH/Au-NPs)s films as depicted in Figure 3. 18. 
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Figure 3.18: Thickness of Au-NPs layer as a function of number of layer pairs. 
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The eliipsometric measurement for Au~N Ps film may not give the tru e thickness or tile 

fi lm". Thi s lack o f precision is due to the Kramers-Kroni g effect linked to the optical 

absorption of A u~NPs at the measuring laser wave length 632.8 nm of the e llipsometer'. 

For these qualitative experiments, the true th ickness of the fi lms was not an important 

issue, it was suffic ient to determine the re lati ve growth increments wit hout applying the 

Kra mers-Kroni g correction. 

The UV ~Vi s ib l e absorption spectrum for the fonnat ion of(PAH/Au~NPs)5 (Figure 3. 19 

Right) shows that the fi rst gold nanopanicie layer deposited onto the surface leads to an 

absorption peak around 520~550 nm corresponding to the plasmon absorpti on o f 

" ind iv idual" Au-NPs. The absorpt ion peak shi fts to 640 - 680 nm by adding more Au ~ 

NPs layers onto the substrate surface. This red shift in wavelength of absorption is due 

to the strong plasmon interactions between two adjacent Au-NPs layers6. The li near 

growth o f the (PAH/Au-N Psh nanopartic le multi layer fi lm was demonstrated by 

plott ing absorbance maximum as a fu nction of number of layer pairs (Figure 3. 19 Le ft). 
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Figure 3.19: UV-Visib le absorption of (PAHIAu~NPsh film (L) and absorbance 

maximum vs number of layer pa irs (R)7. 
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3.4 Mechanical Robustness of Epoxy-Amine Protected Au-NPs Films 

The research work reported in this sect ion was also conducted in col laboration with 

Zhiqiang Zheng, a doctorate student working under the supervision of Dr Gero 

DECHER, Inslilul Charles Sadron, Universi te de Slrasbourg, Strasbourg, France. 

The potentia l appl ications of an ultrathin device depend on its wear resistance In 

addition to its physical and chemica l stability. Several research groups are working on 

gold colloid nanoparticle films for thei r potential applications in catalys is8
, 

nanoe lectronic9
, optical dev iceslO and a tremendous horizon of applications in 

biologica l and biomedical areas. As a noble metal, Au·NPs have an excellent chemica l 

and physica l stabil ity. Particu larl y, the mechanical properties of colloid film s have been 

studied ll
. 

The main emphas is in the present work was to improve the mechanical resistance of 

functiona l LbL film s. First of all, the mechanica l strength of virgin sprayed Au colloid 

fi lms was tested us ing a sim ple rubb ing machine descri bed in chapter 2. After few 

rubbing cycles, nearly whole of the sprayed, virgin (PAH/Au-NP)s film was removed 

from the substrate (Table 3.8). The un·protected Au colloid film has lost more than 

88% of the original fi lm thickness after 15 rubbing cycles of this 3 month old film. 

Table 3.8: Thickness of Au colloid film as a function of different rubb ing cycles. 

Number of rubbing eycles Sprayed film thickness (nm) 

0 41.2±0.4 

I 36.4±0.5 

5 8.8±2.4 

15 5.0f 1.0 

The sprayed (PAHIAu~NPs)s IiIms prepared were quite homogeneolls as indicated by a 

very small error in thickness. After one rubbing cycle, the loss in fi lm thickness was 

only 10%. However, after 15 rubbing cycles, the loss in thickness o f film was 90%. 
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Very low mechanical strength of the Au colloid films may be due to the weak 

interactions between PAH and Au-NPs. In the Au colloid films, spherica l gold 

nanoparticle are connected with PAH polymer chains via negat ively charged citrate 

which in turn was weak ly bound to the Au-N Ps. When a strong shear force was applied 

in the form o f rubbing test, the weak interactions between Au-N Ps and PAH layer are 

disturbed with decrease in film thickness. However, with the same architecture, the 

reason why d ipped co ll oid films had weaker mechanical resistance than sprayed colloid 

fil ms is still un known. But apparently, sprayed fil ms are robust than di pped fi lms, for 

this reason, investigation on sprayed co lloid fi lms was focused on in order to have 

stronger mechanica l resistance film . 

The surface morphology of sprayed Si/PEI/PSS/(I'AfI/Au-NPsls!PAH co lloid fil m 

before and after rubb ing test was studied by AFM analysis. The AFM image of the 

virgin Au colloid fi lm (Figure 3.20A), shows quite homogeneous surface morpho logy 

with rms roughness of 6.7 nm in a scan area of 15 Jim. After only one rubbing cycle 

(Figure 3.20B), a big crack in addition to some grooves appear under the shearing 

force. Section analysis indicates a vertical distance of 16.1 nm and a horizontal distance 

o f 1.9 J.Ull for the trench on the surface. The vertical distance of the trench represents 

a lready - 40% of the initial thickness o f the co lloid fi lm. 

Figure 3.20 : AFM images of virgin Au-NPs film (A) and I rub Au-NPs film (8 ) 

Furthennore, the surface roughness analysis in Figure 3.208 reveals nns roughness 

value of 5.2 nm. During the rubbing test, the coll oid film surface was progressively 
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eroded by forming a trench. However, the slight decrease of surface roughness of 

rubbed film was probab ly due to the pa leuewknife effect, which may make film 

smoother. 

The mechanical strength of Au colloid films prepared vi(l dipping process was even less 

than sprayed fi lms. Therefore. a protective film was necessary for potential applicat ions 

of these colloid fi lms. The protective laye r was coated on the otherwise very weak Au 

coll oid layers in the same manner as was followed in the classica l LbL assemblies. Out 

of many possible candidates, a (pSS/PAH)o film was se lected as the first candidate for 

the protection of Au collo id film because such films were easy 10 prepare. The Au 

col loid fi lms protected with (PSSIPAH)o layers had a slight improvement in mechan ical 

resistance as compared to virgin AuwNPs. The multil ayer film s prepared by the 

e lectrostatic attractions of oppos ite ly charged polye lectrolytes proved to be much 

weaker as protect ive layers. In order to overcome th is problem, very fast cu ring 

reaction between the components of epoxy adhes ive was chosen to construct the 

cova lent LbL assemblies. T his covalent reaction was first optimised to construct 

cova lent LbL assemblies in nanoscale on Si and quartz surface and then app lied onto 

the Au colloid films for their protection aga inst host ile env ironment of the rubbing 

ma .... hini!. 

For th is purpose, very fast room temperature covalent react ion between the two 

components of epoxy adhesive was studied. Epoxy adhesives are chem ica l compounds 

used to join components by providing a bond between two surfaces. The epoxy resins 

are widely used in many applicati ons including au tomob il es, e lectri ca l and electronic 

industry, constructi on, medica l, aircraft industry etc. The epoxy resins have a number 

o f peculiar characteri stics that promote their use in industry including; 

• Nearly infini te number of ways to engineer an adhesive to provide the 

required application properties and endwuse propert ies in ajo int. 

• A variety of fo rms and curing methods Lo optimize the assembly process. 

• No evo lution of volatiles and low shrinkage during cure. 

Good wett ing properties resulting in exce ll ent adhesion to most substrates. 

Excellent cohesive strength and mechan ical properties. 

Good moisture, humidity. chemica l, and temperature res istance. 
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For the protecti on o f Au colloid nanoparticle films, CNER, I)NER and Ara ldite MY-

720 ' were se lected as epoxy component whi le a branched PEl and TEPA as po lyam ine 

curing agen t were used. Previously optimised polymer concentration and adsorpti on 

times were employed to prepare epoxy-amine multi layers for the protection of Au-NPs 

film s. So epoxy resin and polyamine concentration o f 40 mg mL, j each and adsorption 

time as 100 min per layer pai r were used in it ially. 

In order to establi sh a minimum thickness of epoxy-amine network required to protect 

the Au-NPs fi lm, the th ickness of Au colloid film was kept almost constant while 

epoxy-amine protective layer thickness was varied. Th is depends on number o f epoxy­

am ine layer pai rs deposited on the Au col loid film. This means the improved 

mechanical resistance of the Au colloid film will depend on the thickness of epoxy­

ami ne film . After the epoxy-amine film construction on top of (pAH/Au-NPs)s films, 

the mechanical resistance of these film s were tested with the help of rubbing machine. 

In order to optimise the minimum thickness of epoxy-amine multilayers needed to 

protect the Au-NPs layers, two film architectures were initially fo llowed; 

[PEIIPSS/(PAHlAu),JPAHIPSS]/[PEI/CNER], coded as (PA I-IIAu-NPs),!(PEI/CNERl<; 

[PEI/PSSI(PAIIIAu),JPAIIIPSS]/[pEIiCNER], coded as (PAI-I/Au-NP,),!(PCI/CNERh 

The film thickness changes before and after rubbing test was measured by e lli psometry 

after washing the rubbed film wirh acetone (Table 3.9). Surface morphology before and 

aftcr rubbing test was studi ed by AFM in the taping mode and Ihe images were 

recorded as hc ight images. The mechanical resistance test of these epoxy-amine 

protected Au co lloid films revealed a great im provement as a function of the epoxy 

film thickness. 

As compared to the e llipsometric data of Au colloid film with no epoxy protection, 

(Table 3.8 after 15 rubbing cycles, only 5 nm left. 12.15%), data in the Table 3.9 

indicates very clearly that the presence of an epoxy layer had greatly improved the 

mechan ica l resistance of the colloid film . This mechanica l robustness may be due to a 

speci fic thickness of epoxy-amine film coated on the Au colloids. After 25 rubbing 

cycles, the thickness of (PAH/Au-NPs)s!(PEUCNER)6 film does not change too much 
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as less than I nm film have been wiped o rr during the rubbing lest as compared 10 30 

nm of the (PAI-IIAu-NPs),!(PEI/CNERh_ 

Tublc 3.9: Evaluation of fi lm thickness for epoxy protected colloid film as a func tion 

of various number of rubbing cycles. 

Rubbing Film thickness (1I1ll) 

cycles (pAHlAu-NPs),!(pIWCNER), (PAHlAu-NPs),!(PEIICNERh 

0 55.48 48.72 

I 54_97 47.61 

5 54_69 38.53 

15 55. 16 28_76 

25 54.63 17.76 

This means that marc than 98% of the fi lm still remains in tact, as compared to 

36.45% of(PAHlAu-NPs)sl(PEIICNERh after 25 rubbing cycles. Loss o f I nm in the 

thickness of (PAHJAu-NP~)sI(PEUCNER)6 film may be due to the filling o f 

interstices among the Au-NPs by the compression of rubbing machine. So. 

(PEIICNER)n fi lm has successfully protected the underlying weak Au colloid film. It 

also showed that certain thickness of the epoxy-amine fil m may be requ ired to protect 

the underlying film as 3 layer pairs of (PAHJAu-NPs)s!(PEUCNERh were not 

suffi cient fo r protection purpose. 

A FM surface morphological ana lysis confirmed the improvement in mechanical 

resistance of the epoxy coated Au-NPs fi lm as a function of epoxy film thickness. 

This was evident from the difference in the surface morphology of (PA H/Au­

N Ps),!(PEI/CNERh film (Figure 3_2 1 C- I) and (PAJ-llAu-N Ps),/(PEIICNER)6 film 

(Figure 3.2 1 D-I). AFM surface roughness analysis indicates a rms roughness val ue 

of3.38 nm for (PAHJA u-NPsh/(PEIICNERh film before the rubbing test, which was 

very sim ilar 10 the nns roughness value (2.91 nm) for pure epoxy film. It was 

important to note that the outer most layer was always an epoxy layer. 
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Figure 3.21: Surface morphological images of samples before and after rub test (A) 
Virgin (PAH/Au-NPs),!(PEIiCNERj, fi lm (B) Virgin (PAHlAu-NPs),!(PEI/CNERj, 

film (C) (PAI-i/Au-NPs),!(PEI/CNERj, fi lm after 5 rubbing cyc les and (D) (pAH/Au­
NPs),!(PEI/CNER). film after 25 rubbing cycles. 

The (PAH/Au-NPs),!(PEI/CNERj, film was completely torn off after 5 rubbing 

cycles, indicated by the dark part in the AFM images. The surface roughness analysis 

shows an increase in nns value to 10.65 nm (Figure 3.2 1 C), and the vertica l distance 
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50.70 nm (Figure 3.21 C- I). AFM image presented in Figure 3.21 C was probably the 

PEl layer on the si li con subst rate. 

As for (PAI-lJAu-N Psh/(PEI/CNER)6 film , a deja vu AFM image was obtained. There 

are some small compressions and a groove on the surface (Figure 3.21 D) shown by the 

AFM image taken after 60 rubbing cycles at a stretch of this particular sample. The 

frict ion force causes an enlarged crack (Figure 3.2 1 0-1) with an increase in rrns 

roughness from 3.40 nm to 24.68 nm, and a vertica l distance of 55.45 nm of thi s big 

groove. Except th is com pression, rest of the film shows quite homogeneous surface 

morphology and it V'ias also supported by the e llipsometric data. 

This tremendous difference in rms roughness values i.e. between the (PAI-I/A u­

N Psj,/(PEIICNER), and (PAH/A u-NPs),I(PEI/CNER), fi lms may also be observed 

from the surface morpho logical images. As a large part o f film has been wiped off 

after only 5 rubbing cycles in the case o f (PAJ-I/Au-NPs)s1(PEIICNERh film, the 

si licon substrate or the PEl layer has been exposed. Surface morphology of both 

substrate surface and PEl was very smooth. In case o f (PAf-VAu-NPs)s1(PEIICNER)6 

film, after 60 rubbi ng cycles, almost all of the film was slill on the substrate (Tab le 

3.10). The mechanical friction caused by lhe rubbing machine has developed only one 

deep crack on the surface in addition to some slighl compress ions. 

Table 3.10: Percent loss of thickness after 60 rubbing cycles fo r (PEI/CNER)!O and 

(pA H/A u-NPsj,/(PEI/CNER), fi lms. 

F ilm Architecture T hickness (urn) Percentage 

Before After 60 Loss after 

Rubbing Rubbings 60 Rubbings 

(PEI/CNER)IO 3 1.65 3 1.05 1.8 

(PAH/Au-NPsj,/(PEI/CNER), 55.48 52.34 6.3 

These compressIons may be due to the 2 bar pressure exerted by the cylmder of the 

rubbing machine. Both e ll ipsometry and AFM surface analysis confirmed that the 

deposition of epoxy layer over Au colloid film can improve the mechanical resistance 
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of the whole film and this improvement changes as a funct ion of the epoxy film 

thickness. Therefore, it may be concluded that a 6 layer pair epoxy-amine film provides 

an optimal protecti on to the underlying weak Au-NPs film because after 25 rubbing 

cycles, - 97% of the fi lm was still on the surface as compared to 36% for 3 laycr pairs 

epoxy-amine film for the same number of rubbings and 120/. for virgin Au nanopartic le 

film after on ly 15 rubb ing cycles. 

3.5 Speed up of Film DepositioD via Dipping 

In order to increase the speed of deposition process and to reduce the process ing time 

for cova lent LbL film fonnation, smaller adsorpt ion times than the previously 

optimised 100 min per layer pair adsorption time were employed. It should be 

important to know that PEl supplied by Aldrich was employed for this particular study. 

The adsorption times of 20, 50 and 100 min per layer pair were used with po lymer 

concentration 40 mg mL·1 for both the polymers. The thickness per layer pair increases 

linearly for (PEI/CNER)l o system as a funct ion of number of layer pairs but as 

expected the longer dipping times yie ld more thickness increment (Figure 3.22). Data 

correlation was high with low error for each measurement. 
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Figure 3.22: T hickness vs number of layer pairs (PEIfCNER)lo. 

For the DEN® -438 epoxy resin, thickness per layer pair increases linearly as a function 

of number of layer pairs. Here again. longer dipping times yield more thickness 
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increment but data scatter was more as compared to smaller d ipp ing times (F igure 

3.23). Also data corre lat ion for longer dipping ti mes was less with relatively more error 

for each measurement. 
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Figure 3.23: Thickness vs number of layer pairs (PEIIPNER) IO. 

Figure 3.24: Thickness vs number of layer pairs (PEl/MY -720)10. 
The th ickness per layer pair increases linearly for (PEI/MY-720) 1O as a function of 

number of layer pairs (Figure 3.24). Longer dipp ing times yield more layer pair 

thickness films with low data scatter as compared to smaller dipping times (Figure 

126 



Chapter 3 Results and Discllssion 

3.24). Data correlation for longer dipping times was less with relatively low error for 

each measurement. As compared to (PEIICNER) IO and (PEIIPNER)IO systems. the 

overall thickness for (PEl/MY -720)10 was quite less for the same number of layer pairs 

which was also obvious as molecu lar size and molecular weight of Araldite MY-720 is 

smaller as compared to the other two epoxy resins. 

Same set of experiments was carried out using TEPA in place of PEl with all the three 

epoxy resins. In all the experiments where TEPA was used as curing agent, first layer 

pair used was always of the architecture (PEllER) fo llowed by replacing PEl with 

TEPA to get the film arch itecture PEI(ERffEPA)9ER. The overall thickness of these 

systems was also less due to low molecular we ight and small size of TEPA as 

compared to PEl. Data corre lation and error was quite high for the smaller deposition 

times (Figure 3.25). 
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Figure 3.25: Thickness vs number of layer pairs PEI(CNERffEPA)9CNER. 

There was a regu lar increase in film thickness as a function of number of layer pairs for 

the PEI(PNERffEPA)9PNER system with low error values and high data correlation 

(Figure 3.26). Longer dipping times yield more film thickness as compared to small er. 

Longer dipping limes yield ident ical growth per layer pair. 
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Figure 3.26: Thickness vs number of layer pairs PEI(PNERffEPA)9PNER. 
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Figure 3.27: Thickness vs number of layer pa irs PEI(MY -720rrEPA)9MY -720. 

Figure 3.27 shows highly irregular and scattered data for the deposition times of 50 and 

100 min per layer pa ir. The overall film thickness was also qu ite low due to the low 

molecular weight of both TEPA and Ara ldite MY-720. So, 20 min per layer pair 

dipping time was not employed in this case. 
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So. it may be concluded thatlhe longer dipping times always yie lded more fi lm growth 

and overa ll fil m thickness as compared to small er ones. Th is may be due to the 

provision of ample time to po lymer chains to arrange themse lves in the verti cal 

configuration. 

3.6 Effect of Various Accelerators on Curing 

Some catalysts/accelerators we re a lso used during the optimisation of fast c llrlng 

process of cpoxy-amine. lt was ensured that accelerators se lccted wcre in solution fo rm 

and completely mi scible wi th polyamine soluti on in Mil1i-Q wate r. In additi on the 

accele rators should decrease the curing time and increase the thickness of the epoxy­

amine layer pair. So four acce lerator systems were selected which inc lude; 

1- Piperazine (P) 

2- A-399 (A) 

3- Epoxy embeddi ng medium accelerator (E) and 

4- A combination ofP, E and triethanolamine (C). 

These accele rators were a lways added in the po lyam ine soluti on and not in epoxy 

solut ion to avoid se lf polymeri sat ion of epoxy. As a control, a para lle l set of un­

catalysed system was a lso carri ed out in order 10 make a com parison between the 

catalyscd and un-catalysed curi ng o f the epoxy-amine network under s imilar processing 

condit ions. 

As Araldite MY -720, gives less growth even for the longer dipping times, so it was not 

lIsed to construct Illulti layers for shorter dipping time of 20 mi n per layer pa ir. The 

cata lysts increased the overa ll thickness of the (PEUCNER) lO and (PEIIPNE R)lo 

systems as compared to un-catalysed system for 20 mi n per layer pair adsorption time 

(Figure 3.28 A, B, C, D, E) . Data scaner fo r the catalysed and un-catalysed 

(pEIICNER) 1O system was more as compared to the other systems prepared. As 

expected, the overal l thickness of the (PEIICNER)1O was always more than 

(PEIIPNER)1O system due to difference in molar mass of the CNER and PNER epoxy 

res ins. As for as mechanica l robustness of the multi layer was concerned, the catal ysts 

has no dramatic effect on 20 min per layer pa ir systems as com pared to un-cata lysed 

system (Table 3. 11). 
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The overall thi ckness o f the cata lyscd systems prepared with the 50 min per layer pair 

dipping time was more than the un-catalysed systems. Data scatter was hi gh for the 

(PEIIMY-720) lo and PEJ(MY-720rrEPA)9MY-720 systems with lesser overa ll growth 

(Figure 3.29 A, B, C, D, E). Mult il ayer systems base on CNER epoxy give more 

overa ll growth for 10 layer pairs as compared to other epoxy res in based multilayers. 

Data correlation was hi gh fo r the catalysed systems, so cata lyst has a positive effect on 

the reduction of data scatter. The epoxy-amine mu lti layer prepared with 50 min per 

layer pair dipping time shows more mechanical robustness as compared to samples 

prepared with lesser dipping time (Tab le 3. J I). 

Table 3.11: Mechanical robustness of catalysed and un-catalysed epoxy-amine curing 
for various adsorpt ion times. Polymer concentration used was 40 mg mL-1 and 
adsorption times of20, 50, 100 min per layer pair. 

Sample Code Percent loss after Percent loss after Percent loss after 
20 Rubbing 20 Rubbing 20 Rubbi ng 

(-40-20) (-40-50) (-40-100) 

CPD 9.9 4.4 1.8 

CPDA 6.8 2.5 5.3 

CPDP No Loss No Loss 5.8 

CPDE 18.5 7.5 4.7 

CPDC No Loss 10.5 13.6 

PPD No Loss 2.0 1.4 

PPDA No Loss 4 .2 1.6 

PI'DP 7.3 14.9 1.2 

PPDE 11.6 4.2 2.0 

PPDC 13.8 6.6 2.75 
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Figure 3.28A: Un-catalysed epoxy-amine curing for 20 min/LP adsorpt ion lime. 
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Figure 3.28B: Piperazine catalysed epoxy-amine curing for 20 minILP ads. time. 
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Figure 3.29A: Un-catalysed epoxy-amine curing for 50 min/LP adsorption time. 
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Figure 3.30A: Un-catalysed epoxy-amine curing for 100 min/LP adsorption time. 
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Figure 3.30C: A-399 catalysed epoxy-amine curing for 100 miniLP adsorpt ion time. 
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Figure 3.30D: EEM catalysed epoxy-amine curing for 100 minILP adsorption time. 

137 



Chapter 3 Results and Discussion 

Combined Cllal )':'1 Syslem 
PEl ~ TEPA " CNER - PNER - MY120 " 40mgI'L 

Piperazine - EEM ~ 8mglmL.lriclhanolaminc - 24mglmL 
Dipping Time - 100ni llli Layer Pair 

40 ------~~~~~~~------------­y . 1.4035 + 0.6632 Ix R- 0.99892 

35 

30 

y 1. 1349 "1" 0.34743. R ~ 0.911741 

y - 2.6141 t2.842Ix R- 0.998 111 

y 2.5317 + 1.7229x R- 0.999J7 

R 0.99586 

R- 0.99869 
25 I 

! r 
~ 20 

y 2.5517+2.7013. 

Y -) .0881 + 1.7515. 

'PDC 
• ATDC 
.. CPDC 

-.-CTOC ." 
;;; 

15 
.. PPDC 
A I~roc 

10 

5 

o L-__ ~ __ ~ ____ ~ __ ~ ____ L-__ ~ 

o 2 4 6 6 10 12 

Figure 3.30E: Combined catalyst epoxy-amine curing fo r 100 min/LP adsorption time. 

Un-catalysed, piperazine and A-399 catalysed systems prepared with adsorption time of 

100 min per layer pa ir show more overa ll fil m th ickness as compared to samples 

prepared with EEM and combined catalyst system (Figure 3.30 A, B, C, D. E). Data 

correlation was less and high error in measurement for the (PEIIMY-720)1 0 and 

PEI(MY-720rrEPA)9MY-720 systems. As expected the mu lt ilayer prepared with MY-

720 epoxy resin show lesser overall growth due to low molecular weight. For other 

systems studied the errors in measurement were less and data correlation was high due 

to longer d ipping times. 

The mechanical robustness studies perfonned with rubbing machine revea led that the 

longer d ipping times he lps in improving the mechanical strength of the epoxy-amine 

films irrespecti ve of the use of catalysts (Table 3. 11 ). Although A-399 system supplied 

by Huntsman provides more mechanica l strength aga inst the harsh environment of the 

rubbing machine, yet the system with no catalyst also show good mechanical strength . 

In a nutshell the catalysts and accelerators used here have no dramatic increase in the 

overa ll thickness of the epoxy-amine multi layer film as a funclion of shorter dipping 
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times. There was a sma ll increase in thickness of tile cata lysed systems as compared to 

un-catal ysed. But an important findi ng was that the data correlation becomes hi gh with 

Jess error when catalysts and acce lerators were employed. 

3.7 Epoxy Curing with Dialyscd (PEld;, ) and Un-dialysed PEl 

One of the curing agen t used was PEl obtained from Aldrich whi ch is a 20% solution 

of PEl in water. BASF is the supp lier of PEl to Aldrich by trade name LUPASOL in 

two concentrations. LUPASOL- I-IF is 50% aqueous solution of PEl whi le LUPASOL­

WF is 100% pure PEl with no moisture in it. Lupasol-HF is highly branched polymer 

with molar ratios of primary to secondary to tertiary ami no f,'TOUpS of 34:40:26 12
.13 

respectively. The polydispersity of BASF Lupasol-HF havin g M ".= 25,000 is very high 

as it contains polymer chains of vary ing molecular weight along with traces of 

ammonia. All the different molecular we ight chains contribute towards the epoxy resin 

curing process. Whether the low molecular weight amine molecul e cure the epoxy 

res ins or not? And does it al so contribute towards the enhancement of mechanical 

strength of the cured epoxy-amine film ? In order to answer these questions, an 

experiment was can'ied out to prepare epoxy-amine LbL assemblies using very low 

molecular we ight am ine i.e. ammonia (as ammoniulll hydrox ide). After ten layer pai rs 

of epoxy-ammonia multi layer fonnation, total thickness obta ined was less than 10 nm 

(Figure 3.3 1). This means am monia can cure epoxy resi ns. 

The prepared PEI(CNER/Ammon ia~CNER sample was cut to two parts; one part was 

cured at 100°C for I hr while the other was time cured for 72 hrs at room temperature. 

Both the thermally cured and time cured samples gave no mechanical strength as after 

only 5 rubbing cyc les more than 80% of the overall 11 1m thickness was lost. It means 

that the low molecul ar weight polymer chains contribute towards decrease In 

mechan ical robustness o f epoxy-amine network although there was increase !n 

multi layer fi lm growth as a fu nction of number of layer pairs chemisorbed. 

So in order to speed up the curing process, highly purified PEl was required which 

have narrow molecular weight di stribut ion. For this purpose, the LUPASOL-HF was 

subjected to dialysis to remove the low molecu lar weight polymer cha ins. Thi s was 

achieved with the help of SPECTRA PRO DIALYSIS MEMBRANE wi th molecular 
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weight cut at 3500. After dia lysis, a ll the PEld!s po lymer chains should have more than 

3500 molecular weight. 

As is evident from the Figure 3.3 1. that there was appreciable increase in film thickness 

as a funct ion of number of layer pairs for the curing of CNER with PEI<.ha' The Figure 

a lso showed a good comparison for the curing o f PEld18 and un-d ia lysed I)EI using an 

A-399 and EEM acce lerator. The mu hilayers prepa red with PEld!' not only 

demonstrated larger growth increment as compared to un-d ialysed PEl based systems 

with less va lue o f e rror bars. The mechanica l strength of the samples prepared with 

PEldia was a lso much high as there was no loss in film th ickness after 20 rubbing cycles 

(Table 3.1 2). 

So it can be in fe rred that the mechanica l robustness o f the epoxy-amine fil ms was 

greatly affected by the presence of small mo lecular weight chains in the un-d ialysed 

PEL The dia lysis of the BAS F Lupasol-HF results in complete curing of the epoxy and 

thus greatly enhancing the mechanical strength o f the films in short span of curing t ime 

at room temperature which may also be the shelf life of the product. 
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Figure 3.31: Thickness of epoxy-amine films as a function of PEldia. un-d ialysed PEl 

and ammonia. 
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T .. blc 3.12: Mechanical robustness of epoxy·arn ine LbL films cured with catalysed and 
un·catalysed PEl d'J and un·dialysed PEl. 

System Percent loss after 20 rubs Percent Loss after 20 rubs 
thermal Cured (%) time cured (%) 

CA D 74.0 93.0 

CPD-Dia No Loss No Loss 

CPD-Ald 4.5 30.4 

CPDA·Dia No Loss No Loss 

CPDA-A ld 2.8 9.3 

CPDE-Dia No Loss No Loss 

CPDE-A ld 3.47 12.56 

3.8 Use of Paint Brush Spray System to Get Fast Adsorption Process 

In dipping deposition process, it is very difficu lt to agitate solutions in such a way that 

immersed substrates experience the same fl ow conditions on their whole surface, 

especially when substrates have complex shapes. "Di pping" experiments were, 

therefore, carried out in the absence of agitation. Deposit ion of polymer multi layers by 

spraying was tested as a way of agitati on. It is safe to assume that a fine spray jet 

arriving on a substrate surface provides much more homogeneous now conditions on 

macroscopic surfaces than immers ion via "dipping" in solutions. These flow conditions 

like local concentrations of adsorbing compounds close to the surface and adsorption 

times of polymers strongly innuence diffusion of molecu les onlO the substrate surface. 

It has already been demonstrated for electrostatic LbL assembly that spraying can 

accelerate the depos ition process by a factor of 2503 or more with respect to dipping. 

As the dialysed PEl shows considerab le increase in thickness as a fu nction of number 

of layer pairs and at the same time enhances the mechanica l robustness of the epoxy· 

amine films at room temperanlre time cure process. So in the next stage, the depositi on 

time was further reduced to speed up the curing process. The prev iously optimised 

di pping time was 20 min per layer pai r with very good mechanical strength. As the 

PEldia solution was prepared in Mill i ~Q water, so it can be sprayed onto the substrate 

with the help of a paint brush spray system obtained from PASCI-IE MfLLINIUM 

WOOD. The paint brush spray system was very economical in terms of solvent and 
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polymer consum ption. In add ition very finejels of the paint brush spray system made a 

very fine aerosol with a controlled droplet size. During the time of flight of the po lymer 

solution from paint brush spray system nozz le to the substrate, some of the solvent of 

the polymer solution might evaporates away, thus more concentrated polymer so lution 

was deposited onto the substrate. The paint brush spray system was not recommended 

to spray the epoxy solution prepared in organic solvent due to health and environmental 

Issues. 

PEldia was sprayed onto the substrate for (tl) = lO s, followed by a wait period of 30 s. 

The substrate was then given three repeated wash with Milli-Q with AlR-BOY spray 

bottles fo llowed by drying the substrate with a stream of compressed air. The dried 

substrate was then put in the ER solution in acetone for 10 min followed by three equal 

time wash with acetone solvent. It is important to note that to ensure the complete 

removal of loosely bound polymers, the substrates were again washed with the solvents 

using wash bottles. 

35 

30 

25 

E 
20 '" , 

0 
~ 

~ 15 

10 

o 

Alternate Spmy dipping 
PEl clio .. 40mgfrnl. (lOs spmying) 

CNER ~ PNER - MY·nO ~ IOOrnglmL ( IOmin Dipping) 

y - 1.2067 +2.8lJ3x R"' O.9996S 
y - I.1467 + 1.937x R~ O.998)4 

-- y - 0.57333 + 0.48485x R~ O.9916 

- C(d)p{$) 
---0--- P(d)P(s) 
---6--- A{d)P(s) 

2 4 6 

Number of Layer Pnil1l 

8 10 

1 
1 

12 

Figure 3.32: Thickness vs number oflayer pairs for alternate spray-dipping process. 

So, in this way we get a layer pair of epoxy-amine in a practical time of 10 min and 10 

s, a great enhancement in the deposition speed using alternate spray and dipping with 
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epoxy and amine so lutions respectively. The elli psometric data in the Figure 3.32 

demonstrate a linear rise in thickness of th is fast speed adsorption process as a funct ion 

of num ber o r layer pairs. For the curing of all the three epoxy resins wit h PEld,a. the 

data corre lation coeffic ient was also quite high with quite low value of error bars. 

The mechanica l robustness of the prepared epoxy-amine films was quite high in case of 

time cu re process. After 72 hrs curing at room temperature, both the films show good 

mechanica l strengt h as there was no loss in thickness after 20 rubbing cycles. After 10 

day time cure, both the system shows great robustness because there was no decrease in 

thi ckness of the two fi lms after 20 rubbing cycles. Time curi ng has a pos iti ve effect on 

the mechanical strength of epoxy-amine LbL assemblies at nanosca le, as shown be low 

in the tabu lated data (Table 3. 13). 

Table 3.13: Thickness of epoxy as a functi on of number of rubb ing cycles and time 
cu ring at ambient temperature. 

Syslem T hickness Thickness T hickness after Loss of after 
before after 20 60 Rubbings 60 Rubbings 

Rubbing Rubbings (nm) (%) 
(nm) (nm) 

(PEI,,,/CNER) ,, 29.4 30 .8 27.2 7.0 

(PEld,iPNER)IO 20.2 20.2 18.8 7.0 

Aner 60 consecllti ve ru bb ing cycles, there was only 7.0% decrease in thickness of both 

the (PEld,,/PNER) IO and (PEldiJCNER) lO multilayer films. Th is means that the PEldia 

has improved the mechanical strength of the epoxy-amine LbL assemblies and it can be 

used to protect weak electrostatic multi layers particularly of Au colloid. 

UV-Visib le spectra for the depos ition of (PEJdialCNER)lo and (PE1d,JPNER) 1O using 

PEldia as amine component is shown in the Figure 3.33 (A. B). PEldia was sprayed onto 

the quartz substrate with the help of paint spray brush for lOs followed by 30 s wait 

period and washings using Mill i-Q water. 

l1le quartz substrate was dipped in the epoxy solut ion for 10 min after drying with 

compressed air. The substrate was washed with acetone and dried under a stream of 
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compressed air. UV-Visible spectrum was recorded for each layer pair. Both the epoxy 

system shows an increase in absorbance (at wave length max imum 280 nm) as a 

function of number of layer pairs chemisorbed . 

The absorbance maximum at 280 nm was plotted against number of layer pairs which 

shows a linear increase thus complementing the li near growth of these fi lms as shown 

by e llipsometer data (Figure 3.34). 
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F igure 3.34: Plot of absorbance maximum vs number of layer pairs. 

So, an epoxy-amine network layer can be deposi ted in 10 mi n and lO s. a great 

enhancement in deposition speed of these cova lent LbL assemblies w ith great 

mechanical robustness to be applied fo r the protection o f weak multilayers. 

3.8.1 Protection of Au-NPs Films via Fast Adsorption Process 

After the optimisation of a lternate spray dipping process fo r the covalent LbL assembly 

of commercia lly avai lab le amine epoxy compounds, it was appl ied to protect the 

a lready prepared (PAH/Au-NPs)s film s. Before epoxy-amine protection, the surface 

morphology of the virgi n Au-NPs was recorded with the help of AFM in the tapping 
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mode. The AFM images show a very homogeneous morphology with nns roughness 

va lues of 12.04 11m at 6 and 12 J.lm length sca les (Figure 3.35). 

. .... 
Figure 3.35: AFM images of virgin (PAHlAu-NPs)s 

PEld,a layer was first deposited using paint brush spray system onto the Au-NPs layers 

of the architecture (PAI-I/Au-NPs)s. This was achieved by spraying the PEldia for 10 s 

fo llowed by 30 s wait time to ensure maximum adsorption of PEldia' The substrate was 

then washed with Milli-Q water in three equal wash (each 10 s sprays) and then dried 

with the help of compressed air. The substrate was then put into epoxy so lution in 

acetone for 10 min followed by three I min washings with pure acetone solvent to 

remove any un-adsorbed material especia lly epoxy at this slage. After drying the 

sample with compressed air, the thickness of the epoxy-amine layer was determined 

with ell ipsometer. Increase in thickness of the epoxy-amine film onto Au colloid film 

was not regular. So thickness was measured after each half layer. It was interesting to 

note that after every PEl dia layer adsorption there was s light decrease followed by an 

increase in thickness after epoxy layer adsorption for both the (PAH/Au­

NPs),!(PEI",1CNER), (Table 3. 14) and (PAH/Au-NPs),!(PEldiJPNER), (fable 3.15) 

systems. 
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Table 3.14: Thickness variations of PEl and CNER on (PAl-II Au·N Psh substrate. 

Architecture Thkkn~s~ Architecture Thickness 

(nm) (nm) 

(PAH/AuNPs), 47.7 

(PA 1-11 A uN Ps )slPEI 46.94 (PMUAu NPs),/PEI/CNER 47.7 

(PAl-II Au NPs) slPEIICNE RlPEI 47.53 (PAH/ AuNPs),/(PEI/CNERj, 48.52 

(PAH/AuNPs)sI(PEIICNERj,/PEI 48.6 (PA 1-11 AuNPs)s/(PEIiCNERh 49.55 

(PAHIAuNl's)sI(PEI/CNE RhIPEI 50.2 (PAHIAuN Ps)s/(PEIICNER), 5 1.66 

(PAH/AuN Ps)sI(PEIlCNER)4/PEI 52.37 (PAH/AuN Ps)sI(PEIICNER)s 53 .83 

(PAH/AuNPs)sI(PEIiCNER)sIPEI 55.58 (P AJ-JI AuNPs)sI(PEI/CNER), 56.53 

(PAH/AuN Ps)sI(PEI/CNER)oIPEI 57.23 (PAHIAuNPs)s/(PEI/CNER), 59.62 

(PAH/AuNPs)sI(PEI/CN ER),IPEI 60. 13 (P AJ-II Au NPs ),/(PE I/CNER). 62.16 

(PAH/AuNPs),/(PEIiCNER).IPEI 63.2 (P Al-I/ AuNPs)s/(PEI/CNER), 64.77 

(pAHIAuN Ps)sI(PEI/CNE R),1PEI 65.33 (PAHIAuNPs),/(PEJlCNER) 1O 67.7 

To know why and how the thickness showed an irregular trend for the adsorption of 

epoxy·amine network onto Au colloid fi lm, the sample was cut after the adsorption of 

only onc layer pair of epoxy·amine on Au·NPs layer and sUbjected to AFM analysis 

(Figure 3.36 and 3.37). 

The AFM images showed the penetration of epoxy-amine polymers among the 

interstices created due to the close packing of spheri cal Au colloid partic les. This 

means initia lly there was no increase in th ickness of epoxy-amine layers rather 

sometime a little decrease was observed in thi ckness which may be due to solvent 

interchange effect between epoxy and amine part of the Jayer pairs and the 

rearrangement of Au nanoparticJes in the interst ices l4
. The rms roughness values for the 

one layer pair (PEldialCNER) film was also quite hi gh showing that some of the epoxy 

might have penetrated while some sett les down onto the Au particles as can be seen in 

the AFM images shown in Figure 3.36. 
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"~, 

"~, 

Figure 3.36: AFM images and rms data ofCNER protected Au-NPs film ( ILP Epoxy). 

Similar trend was also observed for the deposition of PEl and PNER layer on 

(PAH/Au-NPsh as reported in Table 3. 15. However, as expected, thickness increments 

were much less for (PEI/PNER)n as compared to (PEl/CNER)n system due to smaller 

size of PNER epoxy. 

Table 3.15: Thickness variations of PEl and PNER on (PAWAu-NPs)s substrate. 

Architecture Thlcknl'S/l Architecture Thlcknl'S/l 

(om) (om) 

(PAH/AuNPs), 52.2 

(PAHIAuNPs),JPEI 51.69 (PAHIAuNPs),/PEIIPNER 51.68 

(PAHIAuNPs),!PEIIPNERIPEI 51.71 (PAHIAuNPs),!(PEI/PNERj, 51.6 

(PAH/AuNPs),/(PEI/PNERj,/PEI 5 1.4 (PAH/AuNPs),/(PEI/PNER)3 51.5 

(PAH/AuNPs),!(PEI/PNERh/PEI 5 1.44 (PAI·I/AuNPs),!(PEI/PNER)4 51.3 

(P AHI Au NPs ),/(PE I/PN ER ).,JPEI 51.5 (PAH/AuNPs),!(PEIIPNER), 51.92 

(PAHIAuNPs),/(PEI/PNER),!PEI 5 1.96 (PAH/AuNPs),/(PEI/PNER), 52.83 

(PAHIAuNPs),/(PEI/PNER)oIPEI 53.26 (PAHIAuNPs),!(PEIIPNERj, 54.2 

(PAH/AuNPs),/(PEI/PNERj,IPEI 54.65 (PAH/AuNPs),!(PEIIPNER)g 56.04 

(PAH/AuNPs),/(pEI/PNER)slPEI 56.08 (PAHIAuNPs),!(PEIIPNERj, 57.43 

(PAH/AuNPs),!(PEIIPNER).,JPEI 57.53 (PAH/AuNPs),/(PEIIPNER)" 59.4 
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ArM images taken in tapping mode show epoxy-amine covered homogeneous Au-NPs. 

The nns roughness values for the PNER protected fi lms were also quite high for the 

adsorption of one layer pair of(PEldiaiPNER) (F igure 3.37). 

Figure 3.37: AFM images and nns data ofPNER protected Au-NPs film (I LP Epoxy). 

After the adsorption of 10 layer pairs of epoxy-amine onto (PAHlAu-NPsls film, the 

substrates were put to time curing process in a tightly capped polystyrene bottles at 

ambient temperature. The 72 hrs time cured samples were subjected to ArM analys is in 

the tapping mode (Figure 3.38 A, 8). AFM images show quite homogeneous surface 

morphology for these un-rubbed epoxy-amine protected Au colloid samples. 

Figure 3.38A: Surfa .. morphology of virgin (PAHlA u-N Ps)s!(PEld;.!CNER) 1O film. 
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Figure 3.38B: Surface morpho logy of virgin (PAHlAu~NPs)sI(PE ldia/CNER)1O film . 

The rms roughness va lue o f 32 nm for the (PAH/Au~NPs)s/(PEldia/CNER) 1O protected 

Au colloid film confinns their homogeneous morpho logy in two different scan sizes of 

5 and I 0 ~m (F igure 3.38 A. B). 

Tapping mode surface morphology study of the PNER protected film (PAH/Au~ 

NPs)sI(PEldiJPNER)1O shows surface roughness as compared to CNER protected Au 

colloid film with less nns roughness va lue less than 15 nm (Figure 3.39). Some large 

partic les may be seen may be due to in~suffic ient washing for this particular sam ple. 

Figure 3.39: AFM images of virgin (PAHlAu-N Ps)sI(PEI/PNER)1O film. 
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Both the CNER and PNER protected Au co ll oid fi lms were then subjected to rubbing 

test. After 60 rubbing cyc les, the thickness of the fi lms was measured using 

e lli psometer. Berore thickness measurement, the samples were washed with acetone 

solvent to remove any inhomogeneity caused by the threads of rubbing cloth or any 

sc ratched materia l what so ever. The ell ipsometric data shows that there was very little 

change in the thickness of both the samples protected wi th the different epoxy 

compounds (Tab le 3. 16). This loss in Ihicklless may be due to the fill ing of the 

spherical Au colloid partic les into the interstices among themselves by the compress ion 

caused by rolling rubbing clOt'h. There was less than 4% decrease in th ickness of the 

epoxy protected gold colloid films after 60 rubbing cycles. Thus, the cova lentl y bonded 

epoxy~am ine network using the dialysed PEIdiu (Lupaso l HF) has success fu lly protected 

the underlying weak Au colloid fi lm using the alternate spray-dipping process. 

Table 3.16: Loss in CNER and PNER protected Au colloid fi lm thickness after 60 

rubbin g cycles. 

Film Architecture Thickness T hickness T hickness Percent 
before after 60 of epoxy loss 

rubbing rubbing layer a fter 60 

(om) (om) over Au rubbings 
colloid 

PEI(AuIPAH),Au(pEldi./CNER) ,o 69.1 65.6 20.0 3.6 

PEI(A uIPAH), Au(PEI",IPNER),o 59.8 58.4 7.2 2.3 

As the rubbing analysis is a macroscopic property of such protected film s, therefore, 

AFM analysis was carried out at 5 and 10 ].lm magnifications. A fter 60 consecutive 

ru bbing cycles, the AFM tapp ing image showed that all of the fi lm was intact and 

ellipsometry data al so con finn ed that there was no dramat ic change in the overall film 

thickness. However, some compressions appeared in the direction of the rubbing cloth 

movement Especia lly one big groove was observed with a depth of 20 11m which Ill ay 

be due to the inhomogeneous compression at that part icular part of the fi lm (Figure 

3.40) . Low nns roughness (1 5.6 to 25.5 nm) va lue a lso confi rmed the absence of cracks 

in the film evident a lso from the AFM image (Figure 3.40). 
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Figure 3.40: Surface morphology and nns surface analysis of(PAH/Au-NPs)9' 
(pEI! CNER) IO film after 60 rubbing cycles. 

The AFM image of the (pAHlAu-N Ps),!(PEld;,IPNER)1O showed more apparent 

inhomogeneity as compared to (PAHlAu-NPs)9'(PEld,a/CNER) 1Q (Figure 3.4 1). But 

there was no overall s ignificant decrease in thickness of this film as confinned by the 

e llipsometric data (only 2.3% loss in thickness after 60 rubbing cyc les). The depth of 

these grooves was 10 nm, so this inhomogeneity may be due to the compression of 

rubbing cloth on one side of the film . The force exerted by the ro ller of rubbing 

machine have compressed the spherical Au-N Ps in the interst ices present among the 

Au-NPs as shown also by the photographic image in the Figure 3.43. The overa ll 

morphology of the rubbed sample shows nns surface roughness va lue of 10 nm. This 

means that the PNER epoxy has successfully protected the weak Au-NPs present 

underneath. It is worth mentioning that PNER epoxy layer on the Au-NPs film was 

only 7.2 nm thick wh ich is almost three times less as compared to CNER epoxy coating 

(20 nm) over the same Au-NPs film. 
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Figure 3.41: Surface morphology and rms surface analys is of (pA I-I/ Au-NPs)s1 

(PEIIPNER) lO film after 60 rubbing cycles. 

A very homogeneous photographic image of the virgin (PAI-I/Au-N Ps)s with no 

rubbing (R) and after only one rub (L) is shown in Figure 3.42. It is im portant to note 

that after on ly one rub, whole of the (PAHlAu-NPs)s film has been wiped off leaving 

the grey silicon wafer. The same film was protected with the PNER hav ing fi lm 

arch itecture (PA J-I/Au-NPs)s!(PEldialPNE R) 1O and stored for time cure process at 

ambient temperature. The time cured film on the silicon wafer was cut to two parts. 

One port ion of the film was subjected to 60 continuous rubbing cycles (R) while other 

part was stored as such un-rubbed (L) for reference to st udy change in surface 

morphology. The photographic image clearly shows quite homogeneous surface of un­

rubbed film (L) while the there are many vertical grooves seen on the rubbed film (R) 

(F igure 3.43). 

Figure 3.42: Photogmph of virgin (pAH/Au-NPs), (L) I rub film (R) No rub film 
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-
Figure 3.43: Photographic image of un-rubbed (L) and 60 rubbing (PAI-IIAu­

NPs)sf(PEI/PNER)1O films (R). 

Therefore, CNER and PNER epoxy systems proved to be excellent in protecting gold 

co lloid films from the hostile environment of the rubbing mach ine_ The min imum layer 

needed to protect the underly ing weak Au-NPs was 20 nm for the CNER whi le 7 nm 

for the PNER epoxy while using (dialysed Lupasoll-l F) PEldia as curing agent. 

3.9 Effect of Thermal and Time Curing 

In the classica l method of curing. epoxy-amine film was subjected to elevated 

temperature for a specified time period. The film may be treated with still higher 

temperature to bring about post curing where all the remaining functional groups react 

to give a mechanica lly strong fi lm. The epoxy-amine film s prepared via LbL process 

were also sUbjected to elevated temperature curing process (1 00°C for I hr). The cured 

film s were then tested fo r the ir mechanica l strength with the help of rubb ing machine. 

As expected the thermally cured epoxy-amine LbL films show extreme robustness and 

resist in any loss of material after 20 rubbing cycles. In the time cure process, samples 

were stored in well capped polystyrene bottles for a spec ific time which may range 

from 72 hrs to several days. While the time cured samples especially those prepared 

with Aldrich PEl shows varying degree of loss in thickness after the same num ber of 

rubbing cycles. 

One of the objectives of this research work was to dev ise a mechanism for the 

deve lopment of ultra-thin protective film s onto otherwise weak electrostatic and 

nanoparticle LbL films. Secondly the products so prepared must not involve any heal 
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treatment during the ir processing as heating may destroy the delicate nanopartic les and 

electrostat ically assembled mutri tayers present underneath. To achieve these objectives 

\"wo modifications were suggested. 

First highly purified po lymers with narrow molecular we ight distribution were selected. 

This was achieved with dia lysis of Lupasol-HF obtained from BASF. Dia lysis was 

carried out using di alysis Pro-membrane with molecu lar weight cut at 3500. As 

mentioned earlier the epoxy-amine LbL film s prepared wi th PEld13 show a greater 

improvement in the mechanical strength as compared to the fi lms prepared with un­

dialysed PEl obtained from Aldrich. 

Second ly the prepared epoxy-ami ne fi lms usmg PEIdia were kept in the laboratory 

shelves for a specified time period for curing. During curing process, the reactive 

functional groups o f both epoxy and amine react to form chemical linkages which 

enha nce the robustness of the multilayers. Maximum functiona l groups o f epoxy and 

amine react during pro long time cure and thennal curi ng process to yield toughened 

coat ings. Thc motive behind the time curing process was to complete the curing of 

epoxy and amine fu nctional groups during the shelf life of the synthesized product 

before its del ivery to Ihe end user. Here two time periods were selected fo r the curing 

of epoxy-amine and epoxy-amine protected gold colloid films i.e. three days and seven 

days time cu ring. 

For th is purpose the samples were prepared by spraying the 40 mg mL·1 aqueous 

so lut ion of PEldia (lO s) onto the substrate fo llowed by dipping the substrate in 100 mg 

mL· 1 epoxy solut ion (1 0 min) prepared in acetone. 

The results shown in Figure 3.44 for the 1\\10 systems (PEldialCNER)lO abbreviated as 

C(d)P(s) and (PE1diJPN ER) 1O abbreviated as P(d)P(s) showed that sam ples cured for 3 

days at amb ient temperature lost a bit of thickness after 20 and 40 rubb ings cycles as 

shown by red and green bars respecti ve ly (Figure 3.44). Wh ile part of the same t\Vo 

samples which were subjected to 7 days time curing has not losl any thickness after 20 

ru bbing cycles (blue and black bars in Figl1re 3.44). So 7 days time cured samples are 

robust enough to withstand the harsh envi ronment of the rubbing test. 
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Figure 3.44: Effect of time curing on the mechanical strength of epoxy-amine films. 

As the time for the curing of the epoxy-amine LbL film was optimised as 7 days, the 

next step was to usc this for the protection of Au-NPs fi lm. For this purpose the above 

mentioned epoxy-amine film s were constructed onto the (PAH/A u-N Ps)s film s. The 

samples prepared were stored in the laboratory fo r time curing process at ambient 

temperature. These samples were then subjected to rubbing test. Rubbing data for 7 

days time cured (PAHJAu-NPs)sI(pEldiJ CNER)1O sample show a loss of less than 5% 

in overall fi lm th ickness while (PAHlAu-NPs)sI(PEldia/PNER)IO lose only about 3% 

thickness after three days time curing when subjected to 60 rubbing cycles (Figure 

3.45). 

So there was great improvement in the mechanical robustness of the epoxy-amine LbL 

films prepared with PEldia subjected to time cure process at room temperature. This 
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seems to be prom ising process for the protection of underlying heat sensitive polymeric 

and nanopart icles film s. 
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Figure 3.45: Effect of time curing on the mechanica l strength of epoxy-amine 
protected Au-NPs fil ms. 

3.10 Study of TEPA as Curing Agent 

For lhe construclion of PEl". (CNERfTEPA)",cNER and PEld;, (I'NERfTEPA)"IPNER 

covalent mullilayers, the pre-act ivated substrate (silicon wafer or quartz slide) was 

dipped in aqueous solution of PEldia for a speci fic time (tJ) fo llowed by subsequent 2 

min washing in Mi ll i-Q water in three equal wash baths (12)' During each washing 

sequence, substrate was given slight manual agitation to ensure the removal of un­

adsorbed polymers. The substrate was dried with a stream of nitrogen or compressed 

air. The substrate with precursor PEldia layer was then put in epoxy solution in acetone 
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for the same time (t3) as it was dipped prev iously in PE1dw so lut ion so tb at tJ = t3 = 10. 

25,50 min. The substrate was then washed with pure acetone for 2 min in three equal 

wash (t~). T he substrate was th en pu t in aq ueous so lution of TEPA fo r the same time 

(t l ) as it was dipped previously in PEI(lIa solution and after wash and drying process; it 

was put in epoxy so lut ion. This means for a single layer pair, the tota l processing time 

was T = 11 + t2+ t3+ L!. 

During the format ion of multi layers using TEPA as curi ng agent, accelerators/cata lysts 

were a lso used in the amounts as reportcd in li terature. These include piperazine (P), AM 

399 (A), epoxy embedding medium accelerator (E) and a combi nation of Piperazine, 

Epoxy embedd ing medium acce lerator and triethanolamine (C) taken in aqueous 

polyamine solution. 

TEPA is a stra ight cha in po lyamine with a combination of primary and secondary 

amine hydrogen atoms to c llre ox irane ri ng o f epoxy resins. Based on th e molecular 

dimensions of the epoxy and TEPA compounds, it was ex pected that the layer pair 

inc rement for these (TEPAlER) mult ilayer might be less than (PEldialER) layer pair 

th ickness. The e ll ipsometric data for the fomlatiol1 of catalysed and unMcatalysed PEld'3 

(CNERrrEPA)n/CNER multi layers termed generall y as CTO shows a linear increase in 

thickness as a functi on of number of layer pairs for the three adsorption times used 20. 

50, 100 m in per layer pair. It has a lso been observed that the epoxy embedd ing medium 

accelerator (E) gives larger growth increment as com pared to other catalyscd and unM 

cata lysed systems as shown in the Figure 3.46. The data corre lation coeffic ient is quite 

high with very low error in measurement. 

The prepared samp les were subjected to rubbing machine test to evaluate their 

mechanical strength. For this purpose, the samples were cut to two pieces. O ne piece 

was subjected to curing at lOO°C for I hr in an oven whi le the other one was placed in 

the caped polystyrene bottle for time curing for 72 hrs (Tab le 3.17). Cured and u n ~ 

cured low depos ition time sam ples (20 min per layer pa ir) showed negligib le 

mechanical strength. The ullMcatalysed samp les show no mechanica l strengt h while 

longer dipp ing time samples ( 100 min per layer pa ir) lIsing combined catalyst system 

show apprec iable mechan ica l robustness (Table 3. 17). 

158 



Chapter 3 

14 

" 

4 

2 

o 
o 

• 

I'EI " TEPA "" CNER '" I'NER "'- 4OmgfmL 
Adsorption Time " 20 mini Layer Pair 

Results and Discussion 

A " P '" E " 10 mgfmL, triethanolamine '"' 24 mgfmL 

C1'O 
erDA • ClOP ~ 

----+---- CTOE f' • • CTOC 

2 4 

~ .' 
~ i V 
} 

~ • .. .~ . 

t 
~ 

y + • • 
f • 

y '" 3.3044 + 0.61073x R= 0.99632 
y = 3.6791 +0.67448x R= 0.98458 

-- y = 3.7178 + 0.75935x R= 0.98286 
-- y = 3.1784 + 0.94793x R= 0.9957 

y- 3. 1932+0.79258x R"' 0.99251 
---'-

6 8 10 

Number ofLaYl!'r Pai rs " 
Figure 3.46A: LbL bu ild up for 20 min/Layer Pai r for PEldia/(CNERffEPA)glCNER 

PEl - TEPA '" CNER " PNER - 4OmglmL 

25 

20 

! 15 . 

J ~ 10 

5 

Adsorption Time '" 50mi!! Layer Pair 
A " p .. E " 10 mglrnL, triethanolamine - 24 mgfmL 

• ern .<;J- CTDA 
---+-- CTDP 
---¢- CTDE 
-~-CTDC 

-- y- 5.5571 + 0.84056x R- 0.99634 
-- Y" 4.9144 .. 1.093x R- 0.99695 
-- y- 4.7949 + 1.401 Ix R'" 0.99844 
-- Y'"' 4.3472 + 1.8646x R" 0.99787 

y - 5.0638 + 1.2379x R"' 0.9978 I 
o L-__ ~ ____ -L ____ L-__ ~ ____ ---'-____ ~ 

o 2 4 8 8 10 12 

Number of Layer Pairs 

Figure 3.468: LbL build up for 50 min/Layer Pair for PE1d;,/(CNERffEPA),/CNER 

159 



Chapler 3 Reslllis and Discllssion 

~ 
5 
Jj 

~ 

2S 

20 

15 r 

10 

s 

PEI - TEPA - CNER " PNER " 40mglmL 
Adsorption Time '" 100 min/Layer Pair 

A " p - C ,. 10mg/mL,uicthanolaminc " 24 mgln1L 

~cm 

0 CTOA 
0 ("TDP 
0 C1'OE 

• croc • 
A 

-- Y 3.2967 t 1.228x R 0.99969 
y " 3.422 1-t 1.269lx R- 0.999 19 

-- Y - 2.822 1 -t 1.41 23x R- 0.99958 
- - y - 2.4456 + 2. 1407x R- 0.99949 
-- y - 1.5317 + 1.7229x R"' 0.99937 

o ~_-L __ L-_-L_~ __ ~_~ 

o 2 4 6 6 10 12 
Number oruycr Paif"ll 
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Table 3.17: Thickness before rubbing and percent loss in thickness of cured 
PEI,,,/(CNERffEPA),ICNER system after 20 rubbings. 

System Thickncss and percent loss oftbermal and time eured samples 
(20 rubbing cycles) 

% loss 20 miniLP % loss SO min/LP % loss 100 min/LP 

Thick- Temp. Time Thick- Temp. Time Thick- Temp. Time 
ness Cured cured ness Cured Cured ness Cured Cured 
(nm) (%) (%) (nm) (%) (%) (nm) (%) (%) 

CTD 9.5 97.0 98.0 13.8 95.0 88.0 15.6 98.0 98.0 

CTDA 10.0 97.0 96.0 15.7 88.0 88.0 16.0 98.0 98.0 

CTDP 10.8 98.0 98.0 22.7 23.0 37.0 23.5 62.0 77.0 

CTDE 12.4 94.0 95.0 18.9 66.0 27.0 16.8 99.0 87.0 

CTDC 10.8 63.0 98.0 17.6 2 1.0 35.0 19.6 16.0 17.0 
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The elli psometric data fo r the formation of cata lysed and un-catalysed PEld,a 

(PNERlTEPA)JPNER multilayers termed genera lly as (Y)"D shows a linear increase in 

thickness as a funclion of number of layer pairs for the three adsorption limes used 20, 

50. 100 min per layer pair. As the adsorption time increases. the thickness per layer pair 

also increases. It was also been observed that piperazine (P) and combined catalyst 

system (C) gave more growth increment as compared to other cata lyscd and un­

catalyscd systems as shown in the Figure 3.47 (A, B, C). The data correlation 

coefficient was qu ite high with very low error in data va lues. 

However, the thickness increment per layer pair obtained with TEPA was much less as 

compared to same number of layer pairs fo rmed by PEl cured samples. Another 

important observation from the Figure 3.47 (A, B, C) was the larger thickness (2 to 3 

nm) obtained for the first layer pa ir (PEllER) deposited as precursor layer. 
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The rubbing data shows much interesting results that the time cured systems show more 

robustness as compared to thenna lly cured for larger dippi ng times (Tab le 3. 18). Low 

depos ition ti me samples show no mechan ical strength. Pi perazine and combined 

catalyst samples show more mechan ical res istance when subjected to rubb ing machine 

test Another importa nt observat ion was thai the longer dipping time samples Le. 100 

min per layer pair shows more strength in both the cured and uncured samples. This 

means that the catalysts do not show a drastic increase in mechanical robustness as a 

function of increased deposition speed. Data correlation coefficient was quite high with 

low error value of bars. 

Table 3.18: Thickness before rubb ing and percent loss In thickness of cured 

PEldiJ(PNERlfEPAWPNER system after 20 rubbings. 

System T hickness and percent loss of thermal and time cured samples 
(20 rubbing cycles) 

% loss 20 min/LP % loss 50 min/LP % loss 100 minlLP 

Thick· Temp. Time Thick- Temp. Time Thick· Temp. Time 
ness Cured cured ness Cured Cured ness Cured Cured 
(nm) (%) (%) (nm) (%) (%) (nm) (%) (%) 

PTD 8.9 62.0 93.0 12.6 9 1.0 8.0 12.9 530 1 10 

PTDA 8.2 93.0 93.0 13.0 86.0 7.0 13.2 3 1.0 56.0 

PTDP 9.3 98.0 89.0 19.6 18.0 12.0 2 1.2 14.0 3.0 

PTDE 10.7 36.0 9 1.0 11.6 46.0 43.0 15.1 7.0 18.0 

PTD 8.9 62.0 93.0 12.6 91.0 8.0 12.9 53.0 3 1.0 

The UY·Yisib le analys is of PEI, ;./(CNERlTEPA).!CNER and 

PEJdiJ (PNERffEPA)9I'PNER was also carried out us ing higher concentrations of epoxy 

and amine components. Polyamine and epoxy concentrations were taken as 100 mg 

mL·' as lower concentrations of the po lymer do not give a peak above thresho ld due to 

low molecular weight part icularly of TEPA. As the chromophore groups for the two 

epoxy resins were same, therefore, both systems show a linear increase in absorbance 

as a function of num ber o f layer pairs al the same absorbance max imum respectively 

(Figure 3.48 A, B). 
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Figure 3.48A: UV-Visible data of PEldial(CNERlfEPA)<JI'CNER film build-up. 

0.4 

0.35 

0.3 

0.25 
• • c 

.e 0.2 
0 • ~ 
< 

0.15 

0.1 

0.05 

0 

200 250 

PEl = TEPA =- PNER =- 100 mglml 
Adsorption Time - 20 mini Layer Pair 

300 350 400 

Wavelength (nm) 

450 

ILP 
2Lr 
l LP 
4LP 
5Lr 
61.1' 

HLP 
9U} 
lOLl' 

500 

Figure 3.488: UV-Visible data ofPEldi,l(PNERlTEPA)"IPNER film bui ld-up. 

164 



Chapler3 ReslIlIs and DisCIIssion 

The li near growth of the PEI,;,.I(CNERffEPA),JCNER and 

PEJdia/(PNERffEPAWPN ER film s was also confirmed by absorbance maximum of the 

respective systems as a function of number of layer pai rs at wavelength maximum of 

280 nm. A li near increase in absorbance maximum was observed as depicted in Figure 

3.49. For PEld,a/(PNERffEPA}lPNER system few points are missing due to the fact 

that their absorption was below threshold limits of the instrument. 
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Figure 3.49: Absorbance maximum vs number of layer pairs for 

PEI,;,.I(CNERffEPA),JCNER and PEld;,.I(PNERffEPA),JPNER. 

As UV-Vis ible data for both the systems PEJdia/(CNERffEPAWCNER and 

PEJdia/(PNERffEPAh/PNER shows linear behav iour, therefore, it a lso complements 

the linear growth shown by the ellipsomelric data for the same systems. 
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In a nutshell, successful cova lent LbL methodology for the construction of epoxy­

amine network has been dcveloped and sllccessfully applied to protect the underly ing 

Au-NPs film . The conditions for the bui ld-up of LbL assemblies were primaril y 

optimised using different epoxy resins and cu ring agents. The curing reaction between 

epoxy and polyamine resulted in linear growth as a function of number of layer pa irs 

chemisorbed as shown in the fo llowing figures fo r (PEI/CNER)lo and (PEIIPNER)lO for 

various concentrations; 
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Absorbance maximum increased linearly as a function of number of layer pairs, thus 

complementing the ell ipsometric data as shown in above the Figure. 

The opt imised po lymer concentration of 40 mg mL'! and adsorption time 100 min per 

layer pair was then applicd onto the Au-NPs film to successfully protect it after time 

curing at ambient temperature, The surface morphology of the rubbed and un-rubbed 

epoxy-amine protected Au-NPs film showed homogeneity with low nns surface 

roughness value. Although, there appear some grooves due to the compression of 

rubbing c loth, the e ll ipsomctric data showed that a lmost 6.3% of the overa ll film 

thi ckness was lost after 60 rubbing cyc les. So, the covalent LbL dipping technique 

using epoxy-amine had successfully prol'ected the Au-N Ps film s to endure the 

aggressive env ironment of the rubbing machine. 

Per-cent loss of overall thickness lIS a function of number of rubbing cycles. 

Film Architecture Thickness (nm) Percentage 

Before After 60 Loss after 

Rubbing Rubbings 60 Rubbings 

(PEI/CNER)IO 31.65 31.59 1.8 

(PAHlAu)sI(PEIiCNER)6 55.48 52.34 6.3 

AFM Image of CNER epoxy protected Au-NPs sample prepared by dipping deposition after 60 

consecutive rubbing cycles. 
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In the next step. the method was mod ified by us ing dialysed PEl and spray brush 

system for the adsorption of PEldia. Therefore. PEldia (40 mg mL-1
) was sprayed onto 

the substrate fo r lO s fo llowed by dipp ing adsorption of epoxy resin ( 100 mg mL-I
) for 

10 min to get a layer pa ir in 10 min and 10 s. There was a tremendous decrease in the 

adsorption time for the cova lently assembled multilayers with linear increase in 

thickness without compromis ing on mechanical robustness of the samples cured at 

am bient temperature. 
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Ellipsometrit (L) and UV-Visihle data (A ... vs number or layer pairs) (R). 

The cova lently bonded LbL samples prepared with epoxy resins and PEldia showed that 

after 20 rubbing cycles, there was no loss of th ickness. After 60 rubbing cycles, the 

film s showed a loss o f approx imate ly 7% as shown be low; 

Loss in th kkness or epoxy-amine films arler 20 and 60 rubbing t)'cles. 

System Tbickness Tbickness Tbickness after Loss of after 
before after 20 60 Rubbings 60 Rubbings 

rubbing Rubbings (om) (%) 
(om) (om) 

(I)EldiaiCNER) lo 29.4 30.8 27.2 7.0 

(PEI,;.IPNER)JO 20.2 20.2 18.8 7.0 
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The epoxy protected Au-NPs of the architecture PEI(AulPAH)sAu(PEldiJCNER)lQand 

PEI(AulPAH)sAu(PEldiaIPNER)1O showed exce llent mechan ica l robustness even after 

60 rubb ing cycles (Table be low); 

Loss in thickness of epoxy-amine protected Au-N Ps film after 60 rubbing cycles. 

Film Architecture Thickness Thickness Tbickness Percent 

before aftcr 60 of epoxy loss after 

rubbing rubbing layer over 60 
(nm) (nm) Au colloid rubbings 

PEI(A u/PAH),Au(PEI,;'/CNER),o 69. 1 65.6 20.0 3.6 

PEI(AuJPAH),Au(PEld;,lPNER)1O 59.8 58.4 7.2 2.3 

The photographic and AFM images taken before and after 60 rubb ing cycles, show 

qu ite homogeneous morphology, with the appearance of certa in grooves. The 

ellipsometric data taken before and after rubbing cycles confirmed that generally there 

is quite low decrease in overall thickness of these films cured at ambient temperature 

for a specific time. 

Photographic image of un-rubbed epoxy protected (L.) a nd 60 rubbed sa mple (R). 

AFM images of (PAIUAu)Y'(PE I/CNE R)I' film aft er 60 rubbing cycles. 
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AFM im ages of (PAH/A u)sf(PEI/ PN ER)lo film after 60 rubbing cycles. 

The time cured samples at room temperatu re demonstrated that longer the curing time, 

the better is the overa ll mechanical strength of the epoxy-amine protected Au-NPs film 

as illustrated below; 
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Effect of time cure on mechanical robustness of epoxy-amine protected Au-N Ps film. 

Thus, various epoxy resins cured by polyamine proved to be excellent in protecting 

otherwise weak polyelectrolyte and nanoparticles layers. Longer time curing at ambient 

temperature results in better mechanical strength . 
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Conclusions 

Epoxy·amine reactions are we I! reported in the adhes ive fonnulat ions especially in two 

componem epoxy systems to strongly bind two surfaces_ The present study was focused 

on establ ishing covalent LbL reaction between various multifunctional epoxy resins and 

po lyamines like PEl and TEPA at the nanoscale level under ambient conditions. These 

film s proved to be quite robust in protecting the otherwise weak gold co lloid films. 

This was achieved by the optimisation of covalent LbL methodo logy fo r various epoxy 

resins and polyamines at room temperature. The multilayer fi lms showed regular increase 

in thickness as a function of number of layer pnirs for various concentrations of polymers 

as we ll as for different adsorption times studied. The linear growth of these film s was 

monitored with the help of ellipsometry as we ll as UV·Visible spectrometry. For various 

concentrations of polymers and adsorption times, all the mu lt ilayer films showed hi gh 

degree of reproducibi lity along with opti cal homogeneity. The multilayer fil ms prepared 

with adsorption times of two hrs or longer showed optica l inhomogeneity after a few 

layer pairs. Also with polymer concentration higher than 100 mg mL·I , the multilayer 

fi lm quality was deteriorated after a few layer pairs. Longer adsorption ti mes and higher 

concen trations of polymer solutions did not yield good reproducible resulls and were 

difficult to carry out. Therefore, 40 mg mL-t polymer concentration for the two polymers 

and 100 min per layer pair adsorption time was opt imised for further studies and 

app licat ions for the protection of Au-NPs film, in particular. Atomic force microscopy 

studies in the tapping mode also showed very homogeneous morphology of these films. 

AFM studies were also perfonned in the contact mode to study the inner morphology of 

these film s. The cantilever force was successively increased up to 400 nN but could not 

pierce the outer most epoxy·amine layer showing the high strength of these fi lms. 

Thermally cured epoxy·amine multilayer samples showed high degree of mechanical 

robustness for many rubbing cycles at room temperature. The thennal curing reaction 

between various epoxy resins and amines was carried out by plac ing the mu ltilayer 

samples in an oven for 1 hr at 100°C. But in order to avoid any detrimental effects of 

thennal curin g to the samples, tim e--cured samples at room temperature were also 

prepared and studied fo r their mechanical robuslllcss. The time·cured samples showed 

good robustness to the external defonn ing forces. The epoxy·am ine network was then 
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app lied to the weak go ld co lloid film s. The epoxy protected Au-NPs fil ms showed 

excellent robustness agai nst the deform ing forces created by rubbing machine. AFM 

analysis showed that the rubbed samples have certain deronnations in these fi lms which 

may be due to the inhomogeneity of the rubb ing corton velvct cloth. 

In order to funher speed up the curing process bet\veen epoxy and amines, PEl (Lupaso l­

HF, BASF) after appropriately dialysis was used instead of the one purchased from 

Aldrich. The dialysed PEl was then sprayed (10 s) onto the substrate by using the paint 

spray brush system (Paasche Mi llenn ium Wood), whil e dipping time in epoxy so lution 

of higher concentrations was reduced to 10 min. In this way, we obtained an epoxy­

amine layer pai r in 10 min and lO s, a considerable increase in processing speed of 

adsorption. The alternate spray-dipping technique gave highly reproducible results as 

confirmed by ellipsometry and UV-Visible spectroscopy. The time-cured samples of thi s 

fast adsorption process showed excellent mechanical robustness. The epoxy-amine 

network so produced was then applied onto the Au-NPs films. Mechanical robustness 

studies confirmed exce llent protection of the Au-NPs film using time curing for 7 days. 

The epoxy protected Au-NPs [iJm endured more than 60 rubbing cycles with less than 

7% loss in overall thickness of the film . Therefore, BASF diaJysed PEl proved to be an 

exceptional curing agent for epoxy to protect underlying weak NPs and a future 

protection candidate for further weak polymers. The atomic force microscopic ana lysis 

a lso confi rmed homogeneous morphology of the virgin and protected film s without 

rubbing, but showed the presence of certain compressions after rubbi ng the films fo r 

more than 60 consecutive rubbing cycles. 

Effect of various accelerators! catalysts on the curing behaviour of the epoxy-amine LbL 

fi lms was also a part of the present study. The presence/absence of the 

accelerators/catalysts showed no marked difference in the film thickness per layer pair. 

Although ellipsometric results showed a decrease in film roughness, yet the mechanical 

robustness of the catalysed and un-catalysed samples was almost the same. 

The covalent LbL films prepared using TEPA as amine component with 0.1 1 the three 

epoxies showed regular but less growth as compared to PEl cured films. Ara ldite MY-

720 gave much litt le film growth for the same num ber of layer pairs as compared to 

CNER and PNER epoxy resins and fi lm growth was also quite irregular. Thickness of 10 
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nm was obtained for the cova lent LbL assemblies of (PElf1..I1Y-720)1O. There was 

abso lutely no loss in fi lm thickness after several ru bbing cycles for the elevated 

temperature cured samples while time cured samples had comparatively low mechan ica l 

strength. 

The findings of the present study showed that the essential thickness of the protecting 

network requ ired for the underlying weak layers such as Au-NPs was just around 10 nm 

and 6 nm for CNER epoxy and PNER epoxy, respecti vely. Moreover, the study has 

proved an economica l preparation of more effective covalent LbL assemblies, both III 

terms o f cost and time. 
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Future Plan 

Future Plan 

Protection of go ld nanoparticles films using epoxy~anline LbL assembly has paved 

the way for futu re research in the area of protection films. This will enable the use of 

otherwise weak multi layers ofpolyetectrolytes and nanoparticles to withstand hostile 

environment in a number of fields including nanotechnology, bie-nanotechnology, 

and material science. 

Since lheir discovery, Au~NPs arc finding increased utility as hybrid organic~ 

inorganic and bie-inoganic applicat ions in various fields as di verse as oplO~ 

electronics, magnetic, catalytic and bio-medica l. Particularly their exlra-ordi nary 

stabi lity. complete bio-compatibilization, variety in modes of synthesi s (like bio and 

template synthesis), and a number of ben ign properties paved the way for their futu re 

role in nanoscience, nanotechnology, bio~sensing, bio-nanotechnology and material 

science. Due to increased demand of Au~NPs in nanotechnology, there is ample space 

to incorporate such polymers as protective materials having bio~compalibililY and 

inertness. 

Many polyelectrolytes, polymers, drugs and other materials may be protected with 

bio-compatible polymers to use them in bio-medical app li~tions. Another field of 

immense interest may be to devise ultra~thin devices based on such protective coating 

for a number of applications in material science and nanotechnology. 
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