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SYNOPSIS

Electrochemical and electrical conductivity studies of redox molecules and nanomate-

rialsin some self-organised systems

This thesis describes the electrochemical and electrimadiwctivity studies of redox
probes and nanoparticles in self-organised systems. o8gfisation finds a key role in
many fields of science as can be seen from the example of pratieiing and the func-
tioning of all the biological systems, the formation of cadls, crystals, liquid crystals and
so on. In the present thesis work, we have used three diffesdfiorganised systemsiz,
lyotropic liquid crystals, thermotropic liquid crystaleé@self-assembled monolayers formed
by different organic thiol molecules on gold surface.

Liquid crystals are considered to be the fourth state ofenaitd the properties of these
phases are between crystalline and liquid phases. Moresphgtiquid crystals possess the
orientational order of crystalline phase and the dynamianezof liquid phase. This special
feature of the liquid crystalline phases makes them inteig@$n many fields. Broadly the
liquid crystals are classified into two types, lyotropiadid crystals and thermotropic liquid
crystals. Lyotropic liquid crystals are normally formedtibye amphiphilic molecules or sur-
factants in a solvent phase. The aggregation of these meteicLa solvent results in the for-
mation of micelles above a particular concentration, wigcknown as the critical micellar
concentration (CMC). The shape of the micelles depends tigonature and concentration
of the surfactant molecules. At higher concentration ofghdactants, the micelles further
get aggregated to form 2-dimensional networks which is kne lyotropic liquid crys-
tals. There are several types of lyotropic liquid crystelphases. Nematic, smectic, cubic,
lamellar and columnar hexagonal phases are some of the corpal crystalline phases

formed by the surfactants. The lamellar phase has a sigmifioke in biological systems as
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many of the lipids form the lamellar phase in biological ngedn our studies, we have used
the columnar hexagonal phase, that are formed by the adogme@é cylindrical micelles in
the aqueous medium.

Thermotropic liquid crystals may be defined as liquid crijista phases, when the sub-
stance passes between the solid, liquid crystal and lidqatd andvice versaas a function of
temperature and in the absence of solvent. Similar to thedgi liquid crystalline phases,
thermotropic liquid crystals also have several differemages, including nematic, smectic,
cholesteric and columnar phases. In the present thesisaveedxtensively used columnar
hexagonal phase formed by triphenylene based discoticomlele This phase is well-known
for their quasi-one-dimensional electron transport prigethrough the columns due to the
strongr— ttinteractions between the electron rich triphenylene carésn the columns. In
the pure state, due to the large band gap, these discoticiatat@Ee insulators while addi-
tion of a small amount of electron deficient or electron ricpants have shown to enhance
the electrical conductivity by several orders of magnitwité retaining the liqud crystalline
order.

Self-assembled monolayers (SAMs) are formed by the speatemadsorption of certain
molecules on the surface resulting in the formation of alsitayer of the molecules. SAMs
of organic thiol molecules on the gold surface are of spectatest among all SAMs due to
the long-term stability and the potential applicationstedde monolayers in different fields.

Electrochemistry in the lyotropic liquid crystalline plegds attracting attention in recent
years as these phases can be explored for many of the bialsgiclies. On the other hand,
the electrical conductivity studies on the thermotropicdiic liquid crystals are of funda-
mental interest with several potential applications, riyadue to their unique quasi-one-
dimensional electronic transport mechanism in the liquystalline phase. This particular
property of the discotic systems can find applications infigsld of molecular electronics,
photovoltaics, solar cells and sensors. The self-assehmbtaolayers are important in the
surface science studies due to the wide variety of possgpkcations using simple fabrica-

tion methods.
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In the following, a brief description of the contents of tHepters are presented.
Chapter 1: Introduction

This chapter gives a brief introduction to different topams/ered in the thesis. This
chapter contains two parts. First part deals with the mateand methods used in the
thesis. This includes a description about the lyotropiaiticcrystals, thermotropic liquid
crystals, gold nanopatrticles and self-assembled monaayfiéne second part of the chapter
deals with the different experimental techniques that Heeen used in the thesis. We have
extensively used electrochemical techniques like cydtitasnmetry and electrochemical
impedance spectroscopy for the characterisation of éfffiesystems. This section also deals
with other experimental techniques like polarising ogdtrog&croscopy, differential scanning
calorimetry, grazing angle FTIR spectroscopy, small anglay scattering and scanning
tunneling microscopy. This chapter also provides the ainassgope of the present thesis.
Chapter 2: Electron transfer studies of redox probesin the columnar hexagonal phase
of Triton X-100/water system

This chapter deals with the experimental results on thetrelectransfer stud-
ies of different redox probes in the lyotropic liquid cryétee phase (H1 phase)
of Triton X-100/water system. We have used a variety of redmwbes like
ferrocyanidéferricyanide, hexaammineruthenium |(l), benzoquinongydroquinone,
methylviologen, ferrocenterrocenium and ferrocenemethanol systems. Using poigris
optical microscopy and small angle X-ray scattering teghes, we have confirmed that the
liquid crystalline phase is retained even after the adalitbredox probes and supporting
electrolyte.

The cyclic voltammetric studies show that the half-pealepbals of the redox probes
have shifted significantly in the H1 phase compared to theesblphase as shown in Figure
. The peak currents have decreased in the H1 phase for a#édb& systems. The nature
and extent of the potential shifts have been explained obdbkes of the interaction between
the redox probe and the surrounding H1 phase. For the hexamamuthenium (11/11) redox

system, we have observed that there is only a negligibleishiie half-peak potential, which
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Figure 1. Cyclic voltammogram in a) the presence of only sufipg electrolyte, 0.1 M
TBATFB in the H1 phase b) 1 mM Fe[(Cf/3-/0.1 M NaF in the aqueous phase and c)
1 mM Fe[(CN)]*®~ 0.1 M TBATFB in the H1 phase at a scan rate of 20 mV/s

has been attributed due to the outer-sphere electron éramgfchanism. On the other hand,
the diffusion coefficient of all the redox probes have desedain the H1 phase compared
to the solvent phase. The extent of decrease was observeddeplendent on the nature of
the redox probes. Comparison of the cyclic voltammetric eledtrochemical impedance
spectroscopic results indicate that the linear diffusioaracteristics of the redox probes are
still valid in the liquid crystalline phase even in the pnese of columnar arrangement of the
cylindrical micelles in the medium.
Chapter 3: Dispersion of nanoparticlesin the lyotropic liquid crystalline phases

This chapter describes a novel method of dispersion of-finolected gold nanopatrticles
in two different lyotropic liquid crystalline phasesz, the columnar hexagonal phase (H1
phase) of Triton X-100/water system and the reverse columexagonal phase (H2 phase)
of AOT system. We find that the dispersion of the nanopadicains the columnar hexag-
onal structure with an increase in the liquid crystallindeasrboth in the H1 phase and in the
H2 phase. These types of dispersions of the nanopartictbe iiquid crystalline matrix are
interesting as they possess an ordered structure of thd tgystalline phase while retaining

the unique properties of the nanomaterials.
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Figure 2: lonic conductivity of the H1 phase of Triton X-1@@ter system as a function of

temperature

This chapter also discusses the results of the ionic comitycitudies of the H1 phase
formed by Triton X-100/water system. Surprisingly the mobnductivity values of these
systems are very high even though the phase is formed by themo surfactant, Triton X-
100 (Figure[R). We find that the addition of gold nanoparsaereases the liquid crystalline
order and also the ionic conductivity of the medium. On theeothand, the addition of
chaotropic agents like urea results in a decrease in the smmductivity. Based on these
observations, the high ionic conductivity of these systbasbeen explained on the basis of
Grotthus mechanism, which rely on the proton transfer pagtsvby the water clusters. The
ionic conductivity of these systems resembles the protodgctivity in proteins as there are

several similarities in the conductivity mechanism in #h&so systems.

XVil



Chapter 4: Electrical conductivity studies on the discotic liquid crystals and its com-
posites

This chapter explores the quasi-one-dimensional elettaemsport properties of the dis-
cotic liquid crystalline phases. We have carried out thetatmal conductivity studies on the
thermotropic columnar hexagonal liquid crystalline plsak@med by triphenylene based
discotic molecules and some of its composites. The discotigposites are prepared using
two different acceptor systems, ferrocenium tetrafluorateoand chloroauric acid, while
hexahexyloxytriphenylene and hexahexylthiotriphenglerere used as the discotic materi-
als. The electrical conductivity studies of a series ofgipiuim tethered triphenylene deriva-

tives which form ionic liquid crystals form a part of this gtar.
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..} ~ -] 3] ES

40 60 80 100
Temperature (°C)

Figure 3: DC electrical conductivity plots for the compesit) 0.1 % HAuGYHAT6 and b)
1 % HAUCW/HAT®6 as a function of temperature

The composite materials have been characterised by potogtical microscopy, dif-
ferential scanning calorimetry and small angle X-ray seaty studies. The results from
these studies show that lower concentration of the dopantstialter the columnar struc-
ture of the discotic molecules. The UV-visible spectratis#s show that the ferrocenium ions
form charge-transfer complex with the electron rich digcotolecules while the chloroau-
rate oxidises the triphenylene core of the discotic mokesuésulting in the formation of
triphenylene radical cations. Both the dopants have erdtatite DC conductivity of the

discotic phase by almost million times due to the formatiérdonor-acceptor pairs. In
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addition to high electrical conductivity as shown in FiguB chloroaurate-discotic com-
posites also show very high ionic conductivity, due to therfation of radical cations. The
chloroaurate-discotic composites show a significant gdtsor in the entire visible and NIR
region, which indicates that these composites can find patepplications in the field of
solar cells. The DC conductivity of these composites hawea#sed in the isotropic phase,
indicating that the high electronic conductivity of thesemposites is due to the quasi-one-
dimensional electronic transport through the columns. ibh& conductivity of the pyri-
dinium tethered triphenylene systems show enhancemehgirlectrical conductivity by
almost million times, indicating that functionalising ttrgohenylenes with ionic groups can
also be used as a method for preparing highly conductingtitsmaterials.
Chapter 5. Self-assembled monolayers of liquid crystalline disulphides and thiols on
gold surface

This chapter describes the formation and electrochemidadracterisation of
cyanobiphenyl functionalised disulphides and triphengthiols on gold surface, where the
disulphides show nematic phase and the triphenylenetsim® columnar hexagonal phase
in the bulk. The electron transfer barrier properties, deldyer capacitance and the ionic

permeability of these monolayer modified surfaces are dssaiin this chapter.
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Figure 4: Cyclic voltammogram in ferocyanide/ferricyamiasing a) bare gold electrode and
b) DS8, c) DS9, d) DS10 and e) DS12 modified electrodes
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The studies show that the cyanobiphenyl substituted disidis show good barrier to
electron transfer process for the ferrocyaffieieicyanide reaction (Figurd] 4), while for
the hexaammineruthenium(ll/Ill) system, they show poarcking behaviour. The facile
electron transfer for the hexaammineruthenium(ll/1113®m has been explained on the ba-
sis of outer-sphere electron transfer reaction mechanigme. poor blocking ability of the
disulphides arises due to polar terminal cyano groups. Kewtke higher chain disulphide
modified monolayers show better barrier to electron transfecess due to more compact
organisation of the monolayers on the surface by the hyaroigkhydrophobic interactions.
On the other hand, the triphenylenethiol modified monolsigiiow very poor blocking be-
haviour and the blocking ability decreases for higher chemgth. This has been explained
on the basis of the disorganised structure of the longemdeaigth monolayers resulting
from thett— ttinteraction between the electron rich triphenylene cores.

Chapter 6: Summary and future works

This chapter summarises the results and conclusions ofxiperienental works in the

present investigation. This chapter also proposes scapéuaher work that can be carried

out for a better understanding of some of the topics disclissthe thesis.
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Chapter 1
| ntroduction

This thesis describes the electrochemical and electrareductivity studies of redox probes
and nanoparticles in some self-organised systems. In glesef-organisation plays a key
role in soft matter as can be seen from the example of provédimiy and the functioning of
all the biological systems, the formation of colloids, ¢gs, liquid crystals and so on. We
have used three different self-organised systems|yotropic liquid crystals, thermotropic
liquid crystals and self-assembled monolayers formed Bgrént organic thiol molecules
on gold surface. Electrochemistry in the lyotropic liqurgstalline phases is attracting im-
portance in recent years as these phases can be exploredrgrainthe biological studies.
On the other hand, the electrical conductivity studies ertllermotropic discotic liquid crys-
tals are of fundamental interest with several potentialiegpons, mainly due to the unique
quasi-one-dimensional electronic transport mechanisthariquid crystalline phase. This
particular property of the discotic systems can find apfibca in the field of molecular elec-
tronics, photovoltaics, solar cells and sensors. Theassdémbled monolayers are important
in the surface science due to the wide variety of applicatioyn using simple fabrication
methods.

In brief the thesis consists of three parts. The first parksdedh the electrochemical re-
dox reactions of different redox probes in a lyotropic cohanhexagonal liquid crystalline
phase of Triton X-100/water system. The second part dedksthe electrical conductivity

studies in lyotropic and thermotropic columnar hexagorplidl crystalline phases where
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the lyotropic phase is formed by Triton X-100/water systevhereas thermotropic liquid

crystalline phase was formed by triphenylene based organlecules. The third part de-

scribes the electrochemical characterisation of sefragsed monolayers on the gold sur-
face, formed by different organic thiol molecules that shiowid crystalline phases in the

bulk.

The present chapter gives an overview of different topicgeed in the thesis and is
divided into two sections. The first section describes theermads and methodology used in
the thesis, including lyotropic and thermotropic liquigstals, gold nanoparticles as well as
self-assembled monolayers. The second part providesfardrigduction to the theory and
setup of different experimental techniques used in thegmtestudies. This includes electro-
chemical techniques like cyclic voltammetry and electeroital impedance spectroscopy,
bulk characterisation techniques like polarising optioadroscopy, small angle X-ray scat-
tering, differential scanning calorimetry and spectrgscdechniques as well as scanning

tunneling microscopy.

1.1 Materials

1.1.1 Liquid Crystals

Liquid crystalline phases are considered to be the fouste stf matter. They are also known
as mesophases, which means intermediate phases. As the imalicate the properties of
these phases are between that of crystalline phase andjthe fihase, which means that
they have the orientational order of crystalline phase hedlyynamic nature of liquid phase
]. This makes the liquid crystals very interesting in maggpects. The liquid crystals may
be classified as of two types: thermotropic and lyotropigiticcrystals. Thermotropic liquid
crystals may be defined as liquid crystalline phases, whesubstance passes between the
solid, liquid crystal and liquid state andice versaas a function of temperature and in the
absence of solvenD[Z]. Lyotropic liquid crystals are fodri®y amphiphilic molecules in

solvents, typically in aqueous medium, or may be in a mixtdreolvents|[3]. The different



lyotropic phases are formed as a function of the conceatraif the surfactant as well as
the temperature. In lyotropic liquid crystals, the concatidn of the surfactant has a more
specific role on the formation of different phases than tiheperature. The following sec-
tions provides an introduction to both lyotropic and thetrapic liquid crystals. We have
carried out the experiments in lyotropic columnar hexagjbgaid crystalline phase as well
as thermotropic columnar hexagonal phase and the folloséetjon deals with the general

discussion of these two classes of liquid crystals.

1.1.1.1 LyotropicLiquid Crystals

Lyotropic liquid crystals are generally formed by the saiffanisation of micelles, that are
aggregates of surfactants in a solvent medium.

Surfactants: Surface active agents or surfactants are amphiphilic mt#dechaving a hy-
drophilic head group and a hydrophobic tail group as showrigmire [1.1(a). Depending
upon the head group, they may be classified as cationic, i@nicgutral or zwitterionic sur-
factants. The tail group normally consists of alkyl or sithgtd aromatic chains. A cationic
surfactant has a positively charged head group with anicoimterions. Cetyltrimethy-
lammonium bromide (CTAB) is an example for cationic surdatf while sodium dodecy!l
sulphate (SDS) is an anionic surfactant where the amphdgdatt is anionic with Na as the
cationic counterion. There are surfactants that have erettionic nor anionic groups but a
neutral group as the hydrophilic group and they are knowreasral surfactants. Polyethy-
lene glycol p-(1,1,3,3-tetramethylbutyl)-phenyl ethvehich is popularly known as Triton X-
100 is one example for such a surfactant. Here the polyetbbain acts as the hydrophilic
part and the alkyl substituted phenyl group acts as hydreighmart. The zwitterionic sur-
factants have both anionic and cationic groups in the santeaule that together act as the
hydrophilic part. The structure of some of the common suafats are shown in the Figure
[L.1.

Micelles. The surfactants in a solvent, for example in water, at vew ¢oncentrations

behave like a salt solution. At high concentrations, howelie surfactant molecules in-
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Figure 1.1: Schematic diagram of a) an amphiphilic moleamnié the structures of some of
the common surfactants b) cationic CTAB, ¢) anionic SDS, ah)-ionic Triton X-100, e)

zwitterionic tridecyl betaine and f) Aerosol OT (AOT)

teract together and deviate far away from the propertigsctheracterise the ideal solution.
These intermolecular forces arise due to the electrostadlar-polar as well as hydrophobic-
hydrophobic interactions which leads to the aggregatiosuofactants. Above a particular
concentration, known as the critical micellar concenvraticmc), they form the micelles.

The micelles may be defined as small aggregated structuasfaictants with the solvent

molecules, having uniform shape and size. The cmc dependseonature of surfactant

as well as the solvent. The shape of the micelles dependseastrilicture of the surfactant
molecules. Spherical and cylindrical micelles are the mostmon shapes. Bilayer structure
is very common with lipids and similar surfactants in aquesalutions|[3, 4].

The shape of the micelles can be predicted by knowing thefagial energies between
the hydrocarbon chain and watep),(the area of the head group of the surfacta)t the
maximum effective length of the alkyl chain of the surfa¢tdrat may be assumed as the
critical chain lengthl¢) and the hydrocarbon volume of the surfactaft The critical chain

length and the hydrocarbon volume can be approximatelylztd by knowing the number



of carbon atoms (n) in the alkyl chain of the surfactant u$higequationsu3]:

lc < lmax=~ (0.154+0.12651) nm and

VA (27.4426.9n) x 103 nm®

It is observed that for large n valuqlé,m 0.21 nnf and is constant, which is close to
the minimum cross sectional area of a hydrocarbon chain.optienal hydrophilic area of
the surfactant with minimum energy configuration corregjsatoay and the dimensionless

packing parameter or the shape factor (s) can be defined as

_ v
Aolc

S
From this shape factor, the shape of the micelles may beqtesdas:

) < % corresponds to spherical micelles,

(54-) < 3 corresponds to non-spherical micelles or cylindrical riése

(zr;) < 1 corresponds to vesicles or bilayers and

ﬁ) > 1 corresponds to inverted structures or reverse micelles.

It may be noted that for a given alkyl chain length, differemctellar shapes may be formed
depending on the hydrophilic head group area of the molecufer the reverse micelles,
for example, the hydrophilic area should be very less sottteshape factor is more than
1. This is important as in the reverse micelles, the hydrbpghpart exposes outside and the
hydrophilic part stays inside the micelles so that the hgtilac part has to be close packed
inside the micelles.

Lyotropic Liquid Crystalline Phases: The different types of micelles, as explained above,
may aggregate further at higher concentration of the stanfids, leading to a 2-dimensional
network of the micelles to form the liquid crystalline phaggematic, smectic, lamellar,
cubic and columnar hexagonal phases are some of the exaofifilgsid crystalline phases
formed by the surfactant molecules in the aqueous mediumen&i@l discussion on these
phases may be found eIsethlle [5]. Among all these, the reptases are the simplest
from point of view of their structure. They are formed by tloel4ike or disc-like micelles

and they orient in the same direction as that of the directbey have no positional order



(a) A typical phase diagram for surfactant-water (b) Schematic representation of a) lamellar, b) cu-
mixture bic and c) columnar hexagonal liquid crystalline

phases

Figure 1.2: Schematic representation for a phase diagraimyatropic liquid crystalline

phases

in the nematic phase. Smectic phases are structurally tdassmatic order, with additional
layered structure perpendicular to the director. The biooous cubic phases are the first
type of lyotropic liquid crystalline phases, and were répadin the 1960’4]4]7]. The lamel-
lar phases are very common in the living systems, where piaslform the bilayer structure
in the biological environment. The columnar hexagonal pease formed by the aggrega-
tion of cylindrical micelles. A plot of temperature vs. cemtration of surfactant is usually
represented for the properties of the binary mixture ofasiaint and the solvent. Such a plot
indicates the different liquid crystalline phases thatloaiormed by the binary mixture and
is known as phase diagram and a typical phase diagram is sihokigure [1.2(d). Phase
diagram of ternary systems are also common. A schematiegeptation of some of the
lyotropic liquid crystalline phases are shown in Fig{ire ()2

Nematic phase: Nematic liquid crystals are common in the lyotropic phasesare formed
mainly by the disc-shaped micelles. One of the example ol lase comes from the
perfluorosurfactant/water systems where the surfactanbidium, potassium or tetramethyl
ammonium salt of perfluorocarboxylic aci(ﬂ [8]. SDS has ghtwvform discotic nematic

and a calamatic nematic phases [9]. In this phase the nmsaalient in the same direction as



that of the directon without any positional order for the micelles.
Cubic phases: As the name indicates, the cubic phases have the cubic syynamet phys-
ically they are highly viscous in nature. They have the mashglex structure among all
the lyotropic liquid crystalline phases with different syratric structures. Three different
symmetry groups have been identified in the cubic phaseslyna‘?(imgm), D(Pn§m) and
the GQas_’d) phases. The G phase is a bicontinuous phase. The diffgnremhstry forms
can be interchanged with a small change in the compositicengperature and the enthalpy
change for this transformation has been estimated to belessy<0.01 kJ.mot?1). Due to
the cubic symmetry possessed by these phases, they arallgptotropic and hence they
do not show any characteristic birefringence under cra¢srsed light. This makes them
very difficult to identify. The most common way of identificat is by small-angle X-ray
scattering studies. The three different cubic systems thereown characteristic ratio of the
scattering vectors and from this, the symmetry group of theophase can be identifii;ll [5].
Lamellar Phases: The lamellar phase is one of the most common mesophase iuthe s
factant based systems and also in the biological envirohthahmakes the phase very im-
portant. Many of the lipids are shown to form lamellar phasthe bilayer phase in living
systems. The calculations show that for a bilayer structine shape factos (defined by
V/aplc) should be close to 1 which is almost 2-3 times greater thanftr a spherical mi-
celles. This shows that bilayer structures are possible thi¢ surfactants and lipids that
have very small head group area or very long hydrophobiceharl he bilayer structures
are common in surfactants and lipids that have double chalrolphobic groups. It is also
observed that due to the high hydrophobic volume of the staifais, the critical micellar
concentration (cmc) is very less for these surfactants emteas dynamic in nature.

A close analogue of the lamellar structure is the vesicldschvare closed spherical
bilayers. When s=1, it can form only a planar bilayer streetdror the formation of vesicle,
s should be less than 1, but following the condition t%w\i # < 1. The minimum radius

of the vesicle is given by

lc
e (1—v/aolc)
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which is the critical radius to form the vesicle without stran the surfactant or lipid
molecules.

Columnar phases. The columnar phases are formed by the aggregation of cidadr
micelles in the medium. For a normal cylindrical micelleg tehape factor should be
% < ﬁ < % Several ionic as well as non-ionic surfactants are knowiorim cylindrical
micelles. One of the most common example is Triton X-100&wvaystem. The columnar
phases may also be formed by reverse micelles, for exampléwider system. Here the
ratio ﬁ is more than 1, so that it forms reverse micelles and revezgagonal phase. A

general discussion on the columnar hexagonal phase islsstrelow.

1.1.1.2 Lyotropic Columnar Hexagonal Phase

The lyotropic columnar phases are formed by the hexagorah@ement of the cylindrical
micelles. They belong to the symmetry group of pémm. Thisopbase is classified into
two types, the columnar hexagonal phase or the H1 phase emdescolumnar hexagonal
phase or the H2 phase. H1 phase is formed by the aggregatiworioial cylindrical mi-
celles in hexagonal order with their hydrophilic groupsjecting outside the micelle and
hydrophobic groups inside the core of the micelle. In H2 phalse hydrophobic groups
project outside with the hydrophilic core inside, where thieelles are known as reverse
micelles. The columnar phase formed by the non-ionic stafdaclriton X-100 in agqueous
medium is an example for the H1 phaQ [10] while the surfactanosol OT (AOT) forms
the H2 phas 2].

1.1.1.3 Thermotropic liquid crystals

Thermotropic liquid crystals may be defined as liquid criista phases, when the substance
passes between the solid, liquid crystal and liquid statievaoe versaas a function of tem-

perature and in the absence of solvent. The different prets®sn by these materials are
smectic, nematic, cholesteric, columnar phases. A schenegtresentation of some of these

phases are shown in Figuke 11.3.
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Figure 1.3: Schematic representation of a) nematic, b) so¥ecc) smectic C, d) cholesteric

and e) columnar hexagonal liquid crystalline phases

Nematic Liquid Crystal: These are structurally the simplest among all the liquidtljine
phases. In this phase, the molecules have only orienthboder without any positional or-
der. The direction in which the molecules are oriented ikedahe directon.” This phase is
generally observed with rod like molecules or calamaticenoles. Nematic phase formed
by disc shaped molecules are known as discotic nematic ghggghase). The name, ne-
matic has the origin from the Greek word, which means thraaithese phases show a thread
like texture between crossed polarisers.

Smectic Phase: Smectic phases possess an additional layered order canripdhe nematic
phase. Smectic phases are also formed mainly by the rodvidecules. They have the
layered order either 90°or at an an@levith respect to the directer. 1f the layered order
is perpendicular to the director, they are called Smectihases, commonly abbreviated as
SmA phases. On the other hand, if it is at an angle other thgrtt8y are called Smectic C
(SmC) phase. A schematic representation of these two phesstown in the Figurg_1.3.
Cholesteric Phase: This was the first liquid crystalline phase reported by FiedReinitzer

in 1888 [13]. He observed that cholesteryl benzoate has iffeyeht melting points and later
studies showed that the intermediate phase between the étimgpoints corresponds to a
liquid crystalline order which currently termed as chirahmatic phase. The term cholesteric

liquid crystals is also used for the phase as cholesterywateres were the most common



compounds that exhibit this phase. All these compoundstaral én nature and hence the
name chiral nematic. Chiral structures are also reportether liquid crystalline phases. A
model structure of the chiral nematic phase is representedyure [1.3.

Columnar Phases: The thermotropic columnar liquid crystalline phase was feported by
Chandrasekhagt al. in 1977 with a hexasubstituted benzene derivative [14].s€hghases
are generally formed by molecules having an aromatic cotie fiéxible alkyl substitution
which resembles a disc like shape. Some of the most commaengroups are benzene,
anthracene, triphenylene, hexabenzocoronene and anthoag [2]. The phase is formed
by the aggregation of different columns of the discotic roales forming different archi-
tectures like columnar hexagonal, rectangular, oblique @astic phases. These different
columns are formed due thre- Ttinteractions between the aromatic core molecules. Typical
core-core distance in the column is about 0.35 nm while tteg-columnar distance is about
2-4 nm depending on the aromatic core and the chain lenghedfexible alkyl groups. Due
to the very small core-core distance and large column-coldistance, the electron trans-
port through the columns is very facile compared to transpaioss the columns and hence
they are well-known for their quasi-one-dimensional eleat conductivity behaviour. The
anisotropy in the conductivity has been reported to be abotito 1P ], which means
that the conductivity along the column axis is®16 10° times more than that in the direc-
tion perpendicular to the column. A schematic represematif the columnar hexagonal
phase is represented in the Figlrel 1.3. In this thesis, we éxtensively used the columnar

hexagonal phase for the studies, utilising their one-dsimeTal conductivity properties.

1.1.1.4 Propertiesof Columnar Hexagonal Phase

As mentioned before, the columnar hexagonal phase, ([@@se) is formed by the disc like
molecules having an aromatic core and flexible aliphatienshalrhe aromatic core may be
either electron rich like benzene, anthracene, triphemykic or may be electron deficient
cores like anthraquinone. Due to the strong core-coredntens in these phases, they show

guasi-one-dimensionality in their electrical condudtivthat have been explored in many
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fields like molecular electronics [16], photovoltaic ce{@], solar ceIIs], organic light
emitting diodesmg] and sensors [20]. The electrical catiglity of the pure columnar
phase is very less as the band gap of these molecules isaygés &bout 4 eV. They may be
converted to semiconductors by the addition ofﬁamsﬂul@g ,], NOBE ,

Q], TNFQ], iodine |L_215] or gold nanoparticlg

low concentrations can enhance the electrical condugtifithe phase by several orders of

28]. 83e studies show that dopants at

magnitude without altering the liquid crystalline order.

1.1.2 Nanomaterials

Nanomaterials may be defined as materials where at leastfdheiodimension is below
100 nm. Due to their special properties, these materials baptured wide interest in funda-
mental research as well as technological applicationdtast few years. These materials
have some unique properties due to their nanometer sizesanckault of which, they deviate
from the classical behaviour to the quantum behaviour. Galtbparticles are an important
component of nanoscience research that finds several agemnover other nanoparticles
and quantum dots as far as functionality and stability isceomed. The synthesis, stabil-
ity and processability of the gold nanoparticles have bexwary easy after the two-phase
chemical synthetic route proposed by Brestal. in 1994 ]. The facile synthesis of
thiol functionalised nanoparticles by the Brust methodvwed interest in the gold nanopar-
ticle research all over the world [30]. This enabled thechitaent of several terminally
functionalised thiols on the nanoparticles and therefaréhér surface functionalisation of
the thiol protected nanoparticles with biomaterials idahg enzymes and proteins. This
finds applications in the areas like biosensEL [31]. In tlesent thesis, we have used gold
nanoparticles for the preparation of nanocomposites agid tharacterisation studies. The
following sections describe the common methods of synsh@soperties and applications

of these nanomaterials.
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1.1.2.1 Gold Nanoparticles

Gold nanoparticles (GNPs) may be considered as the oldedttbe colloids in the ancient
history, as the gold colloids are reported to exist'fheentury B. C.[[30] and were used for
several medical applications in the past. The present dagpaaticle research concentrate
on particles having sizes up to 20 nm. These nanoparticlésvithe applications in different

areas. We discuss below the synthesis, properties anatappfis of the gold nanoparticles.

1.1.2.2 Synthesisof Nanoparticles

Citrate Reduction: The citrate reduction method was reported first in 1951 bkd&vitch

] and still in use for the synthesis of gold nanopartictégrate is added to the chloroauric
acid where the former reduces the Au(lll) and act as a ssatgiagent too. The ratio of
citrate to chloroaurate can be used for the regulation efsizhe nanopatrticles.
Brust method: The Brust method is based on the chemical reduction of Au@hs to Au
atoms using NaBld AuCl; is transferred from aqueous phase to the toluene phase using
tetraoctylammonium bromide as a phase transfer catalgstaiuced by NaBHlin the pres-
ence of dodecanethi(lilzg]. The thiol molecules readilydsimvith the surface gold atoms
forming Au-S bonds, that are highly stable against tempeeadnd time. The advantages of
this method over other synthetic routes is that the syrshesirification and processing is
easy. Moreover the nanoparticles can be functionalisel aviyy thiol molecules and there-
fore by using a terminally functionalised thiol, the nandijgées can be attached to other
molecules, including biomolecules, and the reactions @oaried out easily in the solu-
tion phase. Nanoparticles of specific sizes in the range2ofal5 nm can be prepared easily
by this method. The nanopatrticles can be re-dissolved aaegnedia and further extracted
any number of times without aggregation, similar to othgaoic molecules. Due to these
reasons, Brust method has become the most popular methttefgold nanoparticle syn-
thesis.

Gold nanoparticles have also been stabilised by disulghiti@ether, dithiol and other

sulphur containing organic molecules. Among all the sutgdmntaining stabilisers, organic
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thiols are the commonly used groups due to the stability efiinoparticles and the facile
handling. Nanoparticles can also be stabilised with phiogplamine and carboxylate ions.
Polymers and many surfactants are also shown to be ablebibsstdahe nanoparticles even-
though such GNPs are not as stable as the thiol protected GNPs

GNPs stabilised by surfactants and polymers are also exportthe literature. The syn-
thesis of nanoparticles in surfactant based media havedsdged out where the surfactant
molecules act as stabilisers and in some cases, they haneubed as the reducing agent

also. The Ej:theSis is ﬁorted in a variety of surfactardiankke Triton X-100, AOT,

|anl 35,3

1.1.2.3 Properties of GNPs

CTAB etc. 7].

The structure of the nanoparticles have been studied intdrature extensively and it has
been shown that the smallest particles have 12 gold atomsusuting another gold atom
in a close packed arrangement that totally contains 13 atdémbigger nanoparticles, the
subsequent layers of gold atoms are shown to contail£@ atoms where n is the layer
number. Hence the second layer contains 42 atoms formiggduwster, third layer contains
92 atoms forming Aw7 cluster and so on.

Surface Plasmon Resonance of GNPs: The nanoparticles are important as the properties of
these clusters are different from the individual atoms dwedoulk metals. This results from
the quantum confinement of the electrons in the clusters;iwdmiises when the de Broglie
wavelength of the valence electrons are comparable to zleeo$ithe particles itself. Under
such conditions the particles behave as electronically denensional quantum dots. The
electrons trapped in the clusters exhibit a charactegstiective oscillation. This oscillation
gives rise to the so-called plasmon resonance band (PRBJrface plasmon resonance
(SPR) observed near 520 nm for the 3-20 nm diameter nanclgarfor which range the
size-dependent quantisation occurs. Some of the majarrésabf surface plasmon band of
GNPs arel[30]:

(i) its position at around 520 nm
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(i) its sharp decrease in intensity with decreasing care,§or GNPs with 1.4-3.2 nm core
diameter due to the onset of quantum size effects. It hasdtemmn that the damping of the
surface plasmon band varies inversely with radius due faseiscattering of the conduction
electrons which is accompanied by broadening of the pladmaodwidth.

(ii) step-like spectral structures indicating transitim the discrete unoccupied levels of the
conduction band with monodispersed GNPs with core diaméteween 1.1 and 1.9 nm.
(iv) the surface plasmon band is absent for GNPs with cormelier less than 2 nm, as
well as for bulk gold. With elliptical particles, the bandgkifted to higher wavelength as
the spacing between particles is reduced, and this shifelsdescribed as an exponential
function of the distance between the two particles.

The size-dependent confinement of the electrons resultiseirfdrmation of selective
energy levels by these standing electron waves. Such etmrglg can be obtained from
the scanning tunneling microscopy studies during the tiimgpef electrons between tip and
the nanoparticles which is known as the Coulomb blockadds @&n be observed when
the electrostatic energge = €2/2C is more than the thermal enerdy,T) where C is the
capacitance of the nanoparticle. This shows that the Cduldotkade can be observed only
when the capacitance is very low or the size of the particleery low. For nanoparticles
with size about 5 nm, the capacitance is of the order of&&/cn? and hence the Coulomb

blockade exhibits.

1.1.2.4 Applications of Nanoparticles

Biological Applications. Due to the unique properties of the nanoparticles and thg eas
functionalisation with a variety of molecules using di#fat functional terminal groups, they
find diverse applications in the field of biosensors, catalgtc. ]. The review by Katz

et al. has discussed in detail about the different routes for tlxagrae or protein function-
alisation of the nanoparticles. The nanoparticles can therfunctionalised through elec-
trostatic interactions between the stabiliser and the htenmals. This is possible when the

nanoparticles are stabilised by ionic groups like citratéhals with terminal ionic groups.
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With terminally functionalised thiols as stabilisers digmino or carboxyl terminated thiols,
nanoparticles can be covalently attached to the biom#&er&pecific interactions can also
be used for the functionalisation if the GNPs are stabilisgidg biomolecules like lysine
Gl

Electrochemical Studies: Viologen thiols have been used as redox-active linkers deior
to study the electron transfer between the linked GI@S [@Ps are also reported to be
capable of tuning the electrochemical properties of thetedde/solution interface using the
[Fe(CN)g|* I3~ redox system [39].

Catalysis: Gold nanoparticles are very good catalysts for a varietyeattions. For ex-
ample, they are excellent catalysts for the CO oxidationatadge number of studies have
been reported in this fieIEl%l]. The GNPs are also shown tdysd methanol oxidation and

oxygen reduction and have several potential applicatiotisa field of fuel cells@&l].

1.1.3 Self-Assembled Monolayers

Surface modification of metals is of intense research istdor both fundamental studies
as well as for their potential applications. Among seveypktof surface modifications,
functionalisation of the metal surface with organic molesiypossess a wide range of appli-
cations, as they facilitate link-up with a variety of otheolecules. Two methods that have
been widely used for the surface functionalisation of nahktal surfaces are Langmuir
Blodgett (LB) films and the self-assembled monolayers (SA@,@,@A].

In Langmuir adsorption, the organic molecules get adsoodpeitie metal surface, due to
the weak van der Waals forces acting between the metal suafad the adsorbates. Since
the force of attraction is weak, the process lack specifaniiy high stability. The method has
the potential to form multilayers of organic films on the swd. The LB films are formed by
the following method: amphiphilic molecules are spread ohre water surface, that form a
monolayer at the air-water interface at low concentrati@risch is known as the Langmuir
monolayer. Dipping a suitable substrate like metals inéoittterface makes the amphiphilic

molecules to transfer onto the substrate forming a layethenstbstrate, which is known
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as LB film. Depending on the nature of the substrate, hydtapdr hydrophobic, either a
single layer or a bilayer may be formed on the substrate. &egdalipping may result in the
formation of multilayers of the organic molecules on thestrdie surfaciﬂxﬁj%].

Self-Assembled Monolayers (SAMs) are formed by spontasealsorption of certain
molecules on the surface. They are ultrathin films of orgamecules with thickness cor-
responding to a single molecular layer due to the formatiochemical bond between the
substrate and the organic molecules. The preparation of SBM simple procedure, in
which a cleaned metal surface is dipped into a dilute salutiocertain organic molecules.
The SAMs possess a well ordered crystalline arrangemetieofblecules on the surface.
Among several self-assembled monolayers, the most extynstudied system is that of
organic thiols on the gold surface. SAMs of different thiols silver EJV HQ], copper
QE@] platinum Qq and paIIadiuvBSS] surfaces also reported. Apart from
SAMs of thiols, monolayer formation of sulphides, disulgds and dithiols have also been
studied in the Iiteraturi:iﬂ.

Three steps are involved in the process of self-assembledlanger formation and are
depicted in Figure__1l4. The first step is the chemisorptiothefhead group onto the sub-
strate, which is an exothermic process. The very strong catdesubstrate interactions re-
sult in the pinning of the head group to a specific site on thitase of a substrate through
a chemical bond. The gold-sulphur bond is covalent in natutie slight polarity as there
is a large difference in the electronegativity of these therents. The energy associated
with such chemisorption is of the order of tens of kcal.mand for thiolate adsorption on
gold the enthalpy of adsorption is40-50 kcal.mot!. Due to the exothermic process in the
first step, thiol molecules try to occupy all the availablenthmg sites on the gold surface
leading to a high coverage of the monolayer. The second stépeiinter chain van der
Waals interactions among the alkyl group. The energy aasativith this process is only a
few kcal.mol 1 and leads to the crystalline arrangement of alkyl chaing third and final

step is the re-orientation of the terminal groups. For sengtkanethiols, methyl group is the

terminal group. FTIRE?] and helium diﬁractioHSS] stediindicate that these terminal

16



< AU on Si(100)

) | '\‘)Thidsduuon
- J -

lﬁdsomuon
~
AL

\ i) E

Organization

Figure 1.4: Schematic representation of the steps invaivéte formation of self-assembled

monolayer

groups are disordered under ambient conditions as theyenesq for this is in the order of

few kgT.

1.1.3.1 Natureof Bonding

Both the alkanethiols and disulphides adsorb onto goldtsatlesto form the same thiolate
(RS™) species. The reaction of dialkyldisulphides with goldnsoxidative addition reaction
as follows.

RS-SR + A — 2 R-S—Au' + Al

In the case of alkanethiol, the reaction may be considereghasxidative addition of the
thiol (S-H) bond to the gold surface, followed by a reductlienination of hydrogen. When
a clean gold surface is used for the monolayer preparatieptoton may probably end as
H> molecule. The chemical reaction occurs in this case can ppessed as follows:

R-S—H + A - R-S—Aut + AUl , + 1H,

The combination of hydrogen atoms at the gold surface tolgpvmolecule is an important
exothermic step in the overall chemisorption energy ingdln the process of self-assembly.
During the chemisorption process, the thiolate specieb&as formed, as can be seen from
the equation represented above, which is verified by Q], FTIR spectroscopy
[@], FT-mass spectrometuw], electrochemi [64] &aman spectroscorJﬂGS].

The characterisation of the monolayers may be carried dangus variety of experi-
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mental techniques including electrochemical, FTIR, Rasectroscopy, surface plasmon
resonance spectra, ellipsometry, contact angle, quarstatrmicrobalance, scanning probe
techniques and high vacuum techniques like X-ray phottr@lespectroscopy, Auger elec-
tron spectroscopy, high resolution electron energy logstspscopy, low energy electron
diffraction and temperature programmed desorption. NMRalkangle X-ray scattering,

differential scanning calorimetry (DSC) and thermogragtnt analysis have also been em-
ployed for the characterisation of the monolay [66]. Bhasic principles of some of the

techniques that have been used in this thesis is descriltee s@cond section of this chapter.

1.1.3.2 Applicationsof SAMs

SAMs find a variety of potential applications in the field of lexular electronics, memory
storage, molecular capacitors, biosensors, photolitpdgy, wetting and corrosion protec-
tion. In addition, it is well known that monolayer acts as decton transfer barrier for
several redox species between the metal surface and thiesoln other words, the mono-
layer acts as an insulating layer between the metal and th®ament and retards the further
reaction of surface atoms, which is used for the corrosibibition. SAMs have also been
used for the studies of single molecular electronic progersing either scanning tunneling
microscopy or scanning tunneling spectroscopy. By thesentwthods, a single molecule
can be addressed on the surface and the electronic prepaftleese molecules can be stud-
led. Using dithiols, two metal surfaces can be intercorewoesulting in a molecular wire
between two electrodes. It has been shown that the wettoygepties of the surface can be
tuned by using thiols that have different terminal funcéibgroups. For example, carboxyl
terminal group provides a hydrophilic monolayer surfacelevimethyl group in the termi-
nal position results in highly hydrophobic surface. Thisocainfluences the orientation of
the water molecules at the monolayer/water interface ahdstbeen shown that the long
chain alkanethiol monolayers results in the formation ofdrbphobic gap at the interface
,@]. This hydrophobic gap reduces the interfacial capace in alkanethiol monolayers

to a large extent, while for monolayers with polar functiogr@ups the capacitance decreases
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only to a small extent. As mentioned before, the principl8AMs has been widely used for
the synthesis of monolayer protected nanoparticles easlhegold nanoparticlesl:é9]. The
thiol functionalisation of the nanoparticles is to be hightable and such nanopatrticles are
solution processable for further studies.

One of the main advantage of the SAMs is the possibility fothfer functionalisation
of the surface through terminal functional groups like casd, amino or other derivatisable
groups at the terminal positions. Such groups can be eaSaiymed with different organic
molecules, redox probes, enzymes, proteins or other bmriahi Such biofunc-

usie

4}4]. One of

the recent advancement in the monolayer study is the lidpdgr, where different patterns

tionalised monolayers have been widely used for the serprpmcatlons

can be formed on the metal surface using the organic thlodzonmdstI'SHG] In this thesis,
we have focused our research on the electron barrier prepeftmonolayers which exhibit
bulk liquid crystalline properties and also mixed monolayedified gold surfaces. We have
used electrochemical, FTIR and scanning probe technigquebéd characterisation of these

monolayers.

1.2 Experimental Techniques

This section deals with the basic principles of the seveqaégmental techniques that have
been used during the thesis work. They are broadly classiftedthree types as electro-
chemical, surface probe and bulk physical characterisaticAmong the electrochemical
techniques, we have extensively used DC technique likdacyoltammetry and ac tech-
nique like electrochemical impedance spectroscopy. Faiaipographical information of the
surfaces, scanning tunneling microscopy (STM) was usedzi@g angle Fourier transform
infrared spectroscopy, UV-visible spectroscopy and plootchnescence spectroscopy were
used to characterise some of the materials. Polarisingaptiicroscopy (POM), differen-
tial scanning calorimetry (DSC) and small angle X-ray sratg (SAXS) were employed

for the characterisation of the liquid crystalline sampiles are used in our studies. Electri-
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cal conductivity studies, both DC as well as ac conductivitgre used for investigating the

electron and ion transport characteristics of the liquygtlline samples.

1.2.1 Electrochemical Techniques

1.2.1.1 Cyclic Voltammetry

Cyclic voltammetry, commonly known as CV, is one of the modeasively used electro-
chemical potential sweep techniques. The simplest of piatesweep techniques is linear
sweep voltammetry (LSV), which involves sweeping the etstd potential between the
limits V1 and \, at a known sweep rate,and measuring the current flow through the elec-
trochemical system. In the case of cyclic voltammetry (Ch§ initial potential sweep is
similar to that in LSV, but after reaching the potentigl Mstead of terminating the scan,
the sweep is reversed at the same scan rate as the forwarg. sivégpical potential-time
profile used in CV is shown in the Figute_1L.5. In CV, the potaraf the working electrode
sweeps between the initial,;\and final \4 values in the forward and reverse direction, and
the corresponding current at the working electrode is mredsuHence CV represents the
current vs. potential in the electrochemical cell. The entarises due to two reasons

1) Faradaic current resulting from various electrochetpcacesses like redox reactions, ab-
sorption etc and

ii) due to the double layer charging of the electri@dectrolyte interface leading to the ca-
pacitance curren 8].

A plot of measured current as a function of applied potemi&hown as cyclic voltammo-
gram from which the potential corresponding to differerdgasses can be obtained. From
the dependence of peak current on the sweep rate, informa@garding coupled homoge-
neous reactions, adsorption as well as the kinetic parasnatel the mechanism of different
heterogeneous reactions occurring on the electrode suctat be obtained. The shape of
the cyclic voltammogram depends on the type of redox reastiBigure[ 1.6 shows a typical

cyclic voltammogram for a reversible one-electron tranpgfecess.
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For a typical reversible one-electron redox reaction oftyipe,
O+ne =R

where O is the oxidised species and R is the reduced speciesrate of charge transfer
Is always greater than the rate of mass transfer at all patenthich means that the redox
reaction is under diffusion control. The ratio of concetinas of oxidant and reductant
species of a reversible reaction is given by Nernst equatiaha concentration gradient
exists within the region near the electrode surface knowNexsist diffusion layer, where
the concentration gradient of the electroactive speciisdar. The Nernstian equilibrium is
always maintained at the electrode surface and at all trenpats. Based on this, the shape
of current-potential profile for a one-electron reversit@ddox reaction, as shown in Figure
[1.8, can be explained as follows. When the potential of teetedde is made more negative,
at a characteristic potential for the redox species, thiaseirconcentration of the reactant
O decreases progressively due to reduction, thereby isiagedhe concentration gradient
which leads to an increase in the current. Therefore thasaidoncentration of O decreases
from its bulk value in order to satisfy the Nernst equatiod anconcentration gradient is
setup. As a result, there is a flow of current proportionahts toncentration gradient at the
electrode. Due to diffusion of ions, the concentration gratlddoes not remain constant and
it starts to decrease. At the same time, the electrode paitenalso continuously changing

leading to a further decrease of surface concentration afitDitieffectively reaches zero.
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Once the concentration of O reaches zero, the gradientaksselue to the accumulation
of reduced species R, in the vicinity of the electrode serfaelaxation effect) and hence
the current flow also decreases. Overall, this behaviowsgisse to a peak shaped current-
potential profile as shown in Figure _1.6. Using similar argmts used for the forward
sweep, it can be shown that the current change on reverse sigeexhibit a peak shaped
response but with an opposite sign. On increasing the sveg¢epthe concentration gradient
as well as the current resulting from it also increases dubdcshorter time scale of the
experiment leading to less relaxation effect.
The peak current density bf the cyclic voltammogram is related to various parameters

by the following relationship:
1 1 1
lp=—0.446F[nF /RT]2C7D2v?2

where, |, is the peak current density iv/cn?, n is the number of electrons involved in the
redox reaction, F is Faraday constant, R is the ideal gagaing is the absolute tempera-
ture, C is the concentration of reactant Orirol/cn?, D is the diffusion coefficient ien? /s
andv is the scan rate in V/s. This equation is known as the Rarfsiesik equation and at

room temperature (25 °C), this equation reduces to the form,

Nl

lp = (—2.69% 10°)n2CZD2v

From the above equation, it can be noted that the peak culesdity of the reversible
reaction is directly proportional to the concentrationtod electroactive species, square root
of the diffusion coefficient and also to the square root ofsttemn rate. The sign of the current
is negative because it is the current for cathodic react&sndenoted by the convention
followed).

For a reversible system the conditions are as foII(MS [78]:
1. AEp =|E3— ES |= 59/n mV
2. |Ep—Ep/2|=59/n mV
3.Ip/15 =1

4.1, 0v¥2 and passes through the origin
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5. Ep is independent of
6. At potentials beyond f 10 t~%/2

Apart from the reversible reactions cyclic voltammetry éanused to find out the quasi-
reversible and irreversible nature of the electrochemiea@bx reactions. There are separate

conditions to verify the quasi-reversibility and irrevibilty of a given system.

1.2.1.2 Electrochemical | mpedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an aaigel for the electrochemical
studies. In contrast to cyclic voltammetry, which is a DCh@ique, where the electrochem-
ical system is perturbed far from equilibrium, EIS involtes application of a very small
perturbation where the system is close to the steady staiébeiym. The EIS measure-
ments involve essentially a small perturbation of the etels potential from the equilibrium
potential by the application of a sinusoidal signal of 5-10 peak-to-peak amplitude in a
range of frequencies and measuring the response of theoaleemical system. Usually,
the response in terms of current to the perturbation, diffephase and amplitude from the
applied voltage signal. Figure_1.7 shows the sinusoidalaigf perturbation and response
of the electrochemical system.

The measurement of phase difference and amplitude of tip@mes signal compared
to the applied signal over a wide frequency range can be usethé analysis of differ-
ent electrode processes like double layer charging, kiseti redox reactions, diffusion of
the redox probes, homogeneous and heterogeneous eleetnsfet reactions and coupled
chemical and redox reactions. The impedance spectros@slyden extensively used in the
study of corrosion, battery, membranes, ionic solidsdseliectrolytes, chemically modified
electrodes and template deposited porous electrodes.

In many of the measurements involving the fast electronstearreactions, the infor-
mation has to be obtained at very short times, otherwisegidh rather than the kinetics

becomes the rate determining process. In such a case, teehaegques are widely used to
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Figure 1.7: Schematic representation of a small sinusaigiplied perturbation (E) and the

current responce (1)

determine the rate constant for the fast redox reaction® tbuhe small perturbation, the
system is in the linear regime and the advantage lies in thigyab treat the response the-
oretically using the linearised current-potential ch&ggstics. Since, the working region in
this method is very close to the equilibrium, the detailedwiedge about the behaviour of
the current-voltage response over a large range of overpaites not required. This simpli-
fies the treatment of kinetics and diffusion equations. gsinis method, the high precision
measurements can be made because the response is ingefitetaly and therefore can
be averaged over a long period. Usually, a comparison is rnatieeen the electrochemi-
cal cell and an equivalent circuit, which contains a comtiameof resistors and capacitors
that are assumed to behave like an electrochemical celrwotsideration. The aim of the
impedance measurements is to interpret these equivatenttsiand the values determined
using these circuits, in terms of the interfacial phenonwtarring at the electrode-solution
interface. The impedance spectroscopy is frequently usddé evaluation of heterogeneous
charge transfer parameters and to study the double layetste.
Principles of ac Circuits

The electrochemical response of a cell to an ac perturba@onbe analysed by the

knowledge of fundamental principles of ac circuits. If ausiaidal signal of voltage
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V = Vpsin(wt) is applied to an electrical circuit that contains a comboraof resistors and
capacitors, the response is a current, which is given bylosin(wt + @), whereV, is the
maximum amplitudel, is the maximum currentp is the angular frequency anglis the
phase angle between the perturbation and response. Therfiwoplity factor betweerv
andl is known as the impedance Z. In phasor terms the rotatingkeate separated in the
polar diagram by the angle.

In the case of a pure resistor, R, the phase agpgkezero. According to Ohms law,
V = IR, which leads td = Vpsinwt / R. There is no phase difference between the applied
potential and the response current. For a pure capacittre@€urrent | is given by, = C‘fj—\t/.

On substituting the value &f asVpsin(wt) and differentiating, the equations becomes,
| = wCVpsin(wt +11/2)

| =Vosin(wt +11/2) /Xc

whereXc = (wC)~tis known as the capacitive reactance. Here we find that thesragle is
172, implying that the current leads the potential by 90%& in the case of a pure capacitor.
Similarly, for a circuit element containing a pure induatanthe potential leads the current
by 90°or1v2.
Equivalent Circuit of an Electrochemical Cell

In general, an electrogiolution interface can be considered as an impedance tolh sma
sinusoidal excitation. The impedance of such kind of etettemical interface is a complex
function, Z() that can be expressed either in polar coordinates or ire€iart coordinates,
as shown below:
Z(w) = |Z]e
Z(w) =Z'(w) + j 2" (w)
127 = |Zie? + |Zi]?
where Z, and Z/ are the real and imaginary components of the impedance.
The phase angle can be expressed as,

@=Arctangn = Arctan(;"(—(w“;) and
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Figure 1.8: A simple Randle’s equivalent circuit for a dgfon controlled reaction

Zie Or Z'(w) =|Z|cosp

ZimorZ"(w) =|Z|sing

Hence the electrodelectrolyte interface of the electrochemical cell can hesented by
a suitable equivalent circuit consists of resistors anchciqrs that pass current with the
same amplitude and the same phase angle under a giveniexcitatFigure[1.8 an equiva-
lent circuit popularly known as Randles equivalent ciréoita diffusion controlled electron
transfer reaction is shown which contains the solutionstasce, B the double layer ca-
pacitance @, the charge transfer resistance; Bnd the Warburg impedancyZwhich is
related to the diffusion of the redox probe.

The total current on the working electrode is obtained bysilv@ of distinct contribu-
tions from the Faradaic currenf Bnd the double layer charging curregt IThe double
layer capacitance arises from the charges stored at thigceldelectrolyte interface. This
double layer structure closely resembles a pure capacitbhance it is represented by the
element @, in the equivalent circuit. The Faradaic impedangecZn be separated into two
components namely, the charge transfer resistangeari®l the Warburg impedancewZ
The charge transfer resistance; Benotes a resistance offered to the electron transfer pro-
cess and ¢ represents resistance to the mass transfer process asiaiffuZzy depends
on the frequency of the perturbation. At high frequencies,Warburg impedance is small
because the reactants do not have to diffuse very far. Irrastntat low frequencies, the
diffusing reactants have to move very far, thereby increathe Warburg impedance. The
uncompensated solution resistance denoteddsxits between the working electrode and

the reference electrode. In the equivalent circuit reprad®n, the uncompensated solution
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resistance, Ris inserted as a series element since all the current hassstpeough this

element. For a planar diffusion, the value qf Ban be expressed as,

RT
Ret = ——

n nFlg

where b is the exchange current density. The solution resistagcediven by the following

expression,
X
© KA

Rs
wherex is the distance of the capillary tip from the electroges the conductivity of the
solution and A is the area of the electrode.

The values of B and 4y indicates whether a redox reaction is charge-transfercibed
or diffusion controlled reaction. For reactions with latg@alue, Rt will be proportionately
less and dominated byyzleading to a diffusion controlled reaction. On the otherdhdor
very small | value, where the kinetics of the reaction is very lesg, Rl be very high,
that results in a kinetically controlled reaction. The tat@alysis of the impedance is known
as complex plane impedance analysis. Randles equivalewitsi are used for the repre-
sentation of the elements involved in the circuits whichseees and parallel combination
of the different elements like capacitors and resistorss Tias two limiting cases. At low
frequencies, a® — 0, the real and imaginary parts of impedance are given by,
Z' = Rs+ Ryt + 0w 1/?
7" = ow Y2 4 202Cy,

where
RT 1 1

°~ JwrpiaCo G

in which, D is the diffusion coefficient of the species in @, A is the area of the electrode,
Co and G are the bulk concentrations of the oxidised and reducedespe®n rearranging
these equations, we get,

7" = 7' — Rs— Ret + 20%Cy

This is the equation of a straight line of unit slope and withiritercept on the real’zxis

given byRs+ Rt — 20%Cq). At high frequencies where the Warburg impedance is ndajégi
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Figure 1.9: Nyquist plot for a) kinetically controlled ream and b) diffusion controlled

reaction

in comparison to R, the two components are represented by,

Z' = R+ Rt/ (1+ w?R4C3) and

Z" = CqiRG /(1 + w’RGCY))

Eliminatingw from these two equations gives,

(Z' = Rs—Ret/2)%+(Z")? = (Ret/2)?

which is the equation of a circle with centreZit= Rs+ R/2 and a radius oR.;/2. A plot

of the whole expression for' Zerses Z, which is known as Cole-Cole plot, for a kinetically
controlled and a diffusion controlled reactions are shawthe Figure[ 1.J9.

The Cole-Cole plot of a charge transfer controlled reactbaws a semicircle and it
is obtained by plotting the values of and Z’ at different frequencies. It is also known
as the Nyquist plot. At infinite frequency,”Zapproaches zero as the capacitance in the
equivalent circuit offers a very little impedance. At loveduencies, the impedance is purely
resistive, because the reactance of C is very large. Théi@oltesistance has the effect
of translating the semicircle on thé€ Zxis. R can be determined by reading out the real
axis value at the high frequency intercepty €an be obtained from the maximum value of
Z" in the semicircular region wheke = 1/RCy;. The diameter of the semicircle provides
the value of R;. For a diffusion-controlled reaction, Warburg impedanc@am additional
term. At low frequencies, it varies inversely with frequgrand at very low frequencies,

it increases and dominates, leading to a straight line wigthase angle of 45°. Another
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way of representing the impedance data is by the Bode plagyevhoth the logarithm of
the modulus of impedance (I(4f) and the phase angle are plotted in the y-axis against a
common abscissa of frequency (in logarithmic scale). O suplot a pure resistance is
denoted by a horizontal line and a constant phase apgfl@°, while a capacitor is a straight
line of unit slope and a constant phase angté 90°.

The impedance measurements must be made over a wide ramgguricies in order to
attain the high frequency limit of the impedance, which igado the electrolyte resistance.
At high frequencies, the capacitive effect is attributechtpure double layer capacitance.
The frequency range for the measurement may be from 100 miH2 kdHz, depending on
the electrochemical system employed for the analysis. eTaer different types of methods
used to measure the impedance of an electrochemical systeraly) Wheatstone bridge,
analogue ac analyser, phase sensitive detection, sinecgaradation, frequency response
analyser and Fourier transform metho@ , 78]. In our war& have carried out the
impedance measurements using a Perkin Elmer Model 5216@ncakplifier controlled by
PowerSine software. Phase sensitive detection method waloged for the measurement
of the impedance of the electrochemical cell above 5 Hz uaismgle-sine technique that
provides the highest accuracy. Below 5 Hz, the measureniemip@dance was performed
using a fast Fourier transform technique based on multi skperiments that avoids any
drift or change in the impedance value of the electrochensigstem. The potential of the
working electrode is held at a desired DC potential of irdetsing a potentiostat. A small
amplitude of sinusoidal ac voltage with 5-10 mV peak-tokpesaapplied to the cell from
a lock-in amplifier. The current output from the cell has agghdifference with respect to
the input voltage. The lock-in amplifier measures this pliserence and amplitude of the

current response, which can be converted to the real andnarggart of the impedance.

1.2.2 Scanning Probe Techniques

Scanning probe microscopy contains mainly two techniggmining tunneling microscopy

(STM) and atomic force microscopy (AFM). STM works on thengiple of quantum me-
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chanical tunneling of electrons between two conductingpesnseparated by a very small
distance of the order of a few nanometers and by applying @ \mHdage of the order of

hundreds of mV. The current flow due to the tunneling is diya&lated to the distance be-
tween the samples and exponentially decays with distarfeenleasurement of current over
scanning the surface using a tip allows us to get the infaonmatbout the topography of the
sample surface. While STM can be used for only electricatlyducting surfaces, atomic
force microscopy can be used for even non-conducting ®sfemo. AFM is similar to STM

in the functioning except the probe, where the force actietyvben tip and the sample is
measured. In STM and AFM, the tip feels the sample surfaterahan seeing the surface.

The basic principle of STM is described in the following aephs.

1.2.2.1 Scanning Tunneling Microscopy

The Scanning tunneling microscopy, abbreviated as STM,viergatile tool to obtain the
topographic images of smooth conductive surfaces in the@rsurface science [79]. Scan-
ning tunneling microscope was invented by Gerd Binnig anchktsh Rohrer [80] at the
IBM Zurich Research Laboratory, Switzerland in the year2 &8 which they got the Nobel
prize in the year of 1986. It can be used in the investigatioreoy small areas of surfaces
in the order of subnanometers to micrometers with high preai It also has the advantage
of studying atomically smooth conducting surfaces in aetsrdf environments like ultra
high vacuum (UHV), air and electrolytic media. In a typicdlNb experiment an atomically
sharp metallic tip made up of either Pt, Pt/Ir, Pt/Rh or W isught very close to the surface
with the separation of the order of few angstroms betweemtfAde movement of the tip in
all the three direction is carried out with the help of pidectic crystals. Application of a
small potential difference~0.1 V) between the sample surface and the tip leads to the flow
of tunneling current in the order of pA to ngm]. This tunimg) is due to the fact that the
electron wave functions of the tip and the sample overlape flinneling current is of the
form

l; = Ve kd
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Figure 1.10: Schematic representation of scanning tumgeticroscope

where } is the tunneling current, V is the bias voltage, k is a cortsthat includes the
work function of the material and d is the minimum distanceveen the tip and the sample.
The exponential dependence of the tunneling current oniphgample distance makes it
possible to use the current in a feedback loop to control wheeling current or the tip-
sample distance precisely using a piezoelectric scannerBy applying a voltage for the
X-Y scanner the tip scans a precise area and at each pogitioeasures the current. Since
the current varies exponentially with the distance betwigeand sample, the topography
of the sample can be obtained. STM basically gives the loeasitly of states (LDOS) of
the sample rather than the surface topography. The highutesoof STM originates from
the exponential dependence of the current on the distangéctérial representation of the
principle of STM is shown in the Figurg_1.10|(a).

There are two modes of operation in STM, constant curren{ @ constant height
(CH) modes. In the CC mode, the tip scans the surface in thelxiYegsample plane) and
the feedback is adjusted in the Z-direction in such a waytti@tunneling current remains

the same. Hence the feedback voltage is a direct functioneofdpography of the sample
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surface. This means that the image in the CC mode is a functitire feedback voltage vs.
Xand Y coordinates. In the CH mode the tip scans the sampleatsiant plane without any
feedback. Since the tunneling current depends on the destdime variation of the current
gives information about the topography of the sample sarfathe main disadvantage of
this mode is that it can be used only for atomically smootfesas, as otherwise the tip may
crash on a rough sample surface during scanning.

We have carried out the STM studies using a scanning turgnaticroscope that was
designed and fabricated in our Iaborat@ @ 83]. Verygltigs having typically one atom
at the edge can be prepared by electrochemical etchingrbhieal wires such as W, Pt-Rh
or Pt-Ir. The Pt-Rh wire of 0.25 mm diameter is etched using@woltage in an electrolytic
solution containing 5% NaCl and 5% NaNQvhereas the W tips are prepared by etching
in 5% KOH solution. The tip obtained by this method is dippediF solution to remove
any surface oxides, rinsed in distilled water and dried keetsing as a probe for the STM
measurement. Before each experiment the STM is calibraied atomic resolution images
of ZYA grade highly oriented pyrolytic graphite (HOPG) (Aaiwced Ceramic Co, USA).
The images were analysed using scanning probe image poocasbwvare (SPIP, Image
Metrology, Denmark). Figur¢ 1.10(b) shows the 2 nm x 2 nm tamturrent STM image
of the HOPG obtained using the home built STM in our labosat®he hexagonal symmetry

pattern of the graphite lattice can be clearly seen fromrttege.

1.2.3 Spectroscopic and Other Techniques

1.2.3.1 Fourier Transform Infrared Spectroscopy

Fourier transform infrared (FTIR) spectroscopy, is basedhe interaction of the infrared
(IR) radiation with a sample (liquid or solid) and measurthg frequencies at which the
sample absorbs the radiation. The FTIR spectrometer re¢bedintensities of absorption
or transmittance over a range of frequency, which is expoess terms of wave numbers.

The key components of the FTIR spectrometer are the sourednterferometer and the
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detector. The interferometer provides a method to meadiuhedrequencies simultaneously
by modulating the intensity of individual frequencies ofliction before the detector picks
up the signal. The output of an interferometer after scapower the frequency range is
known as an interferogram, which is a plot of intensity verge mirror position. Using the
mathematical process of Fourier transform (FT), a compdsverts this interferogram into
a spectrum, which is the final output from the FTIR spectr@methe chemical structure
and the presence of various functional groups in the giverpgacan be identified from this
spectrum, as the chemical functional groups absorb IR tiadianly at their characteristic
frequencies.

In addition to bulk samples, FTIR can be used in surface seiemainly to study ultra
thin organic films on various metallic and non-metallic sgds essentially to characterise
the molecular packing and orientation on the surfgLEB,Bde spectrum is obtained us-
ing either internal or external reflection modes of operatibhe internal reflection mode is
known as the attenuated total reflection (ATR) spectrosompgreas the external reflection
mode is known as Reflection-Absorption or Grazing Angle spscopy. ATR is a multiple
internal reflectance technique, where the beam is direntedn angled crystal and reflected
within the crystal until it emerges out from the other end wehié has been collected. The
number of reflections depends on the angle of incidence upercrystal. The crystal is
usually made of KRS-5, zinc selenide or germanim [85]. lazagrg angle reflection or
external reflection, which is a mirror like reflection fronetburface of a sample, the infrared
radiation is directed onto the surface of a sample at an arigheidenced,. For an external
reflectance, the angle of reflectiddy, is equal to the angle of incidenc®,. The amount
of radiation reflected from the sample depends on the anglecafence, refractive index,
surface roughness and the absorption properties of thelsampe angle of incidence is
selected on basis of the thickness of coating of the samplevdty thin film coatings in the
range of nanometer thickness like ultra thin organic filnmsaagle of incidence of 85°-88°is
used. Reflectance measurements at this angle of incideaadtan called as grazing angle

measurements. The reflection-absorption spectrum for aolager of organic molecules

33



adsorbed onto a metal surface is measured mostly at a higgks af incidence. In these
cases, the measurements are mainly based on the p-patarisamponent of the incident
light, which alone is allowed to pass through the sampleamrEE]. The p-polarisation
component of the incident light has its orientation patatiehe plane of incidence. On the
other hand, the s- polarisation component of the incidght llhas its orientation perpendic-
ular to the plane of incidence. Hence the s-polarisationpmmnt of the incident light does
not interact with ultra thin film samples on metal surface tretefore does not contribute
to any spectral signal. It is clear that the grazing angleR-3pectra obtained in the case
of monolayer modified surfaces are due to the interactiombf p-polarised light, which
results in clear spectra. The spectrum of an ultra thin acgidm modified metal substrate
is obtained by the ratio of the absorbance spectrum of theofager-coated surface with a
suitable blank spectrum (taken on a bare substrate). Tagvesintensities of the absorption
peaks in the spectrum are affected mainly by the averagatatien of transition dipoles
relative to the surface. A transition dipole parallel to thetal surface will exhibit a greatly
attenuated peak in intensity relative to the transitioroiperpendicular to the metal sur-
face. From this analysis, the average orientation of theatayer chains and the terminal
groups can be obtained. The peak positions in the spectrpadside information about the
dynamic behaviour and the state (for example the crysédlilke, liquid like structure) of the
monolayer.

In our work, we have carried out the FTIR spectroscopy stuftiethe SAM modified
surfaces using a FTIR 8400 model (SHIMADZU) with a fixed 85821ng angle attachment
(FT-85; Thermo Spectra-Tech). The FT-85 grazing anglehteent does not use the mirror
like conventional reflectance accessories. Instead, & siieon refracting optical elements
with the existing beam diverge in the sample compartmenttaio a high, 85° angle of
incidence. The unique design of the FT-85 also featurestiliieib polarising elements. The
silicon refracting elements are positioned at an angleckhilow only the p-polarisation
light to pass through the sample. The samples are placededrotizontal sampling surface

of the accessory. The sample area is approximately 10 mmamd&0-50 mm long.
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1.2.3.2 Polarising Optical Microscopy (POM)

Polarised optical microscopes can be used for both thetgtiad and quantitative analysis of
materials that have optical anisotropy. They are desigredlynto observe the birefringent
changes occurring in the anisotropic materials. The warkinnciple of POM depends on
the interaction of plane-polarised light with the anisptoomaterial and the light reflected
from the specimen. For this purpose, the polariser and aeabre used. When the electric
field vectors of a light wave are restricted to a single plasi@egithe filter known as the
polariser, then the lightis said to be polarised with respethe direction of propagation and
all waves vibrate in the same plane. The analyser is origmggoendicular to the polariser,
which means that the polariser only transmits light thatatiés in one plane and the analyser
transmit light that vibrates in the perpendicular directiti the light from the polariser is not
affected by the anisotropic material, then no light will psrough the analyser. When light
passes through the anisotropic materials it splits into lt@ams that vibrate perpendicular
to each other. Because each of these beams travels in difidirections in the specimen,
they will encounter different resistance to their motiod ao will travel at different speeds.
The term birefringence means difference between the mawimnd minimum indices of
refraction in an anisotropic material.

When the plane-polarised light is allowed to interact withigefringent (or doubly-
refracting) specimen, two individual wave components Hrat polarised in mutually per-
pendicular planes are produced. The velocities of thesgoaants are different and vary
with the propagation direction through the specimen. Adbariting the specimen, the light
components become out of phase, but are recombined witlraotige and destructive in-
terference when they pass through the analyser. POM is eastr@nhancing technique that
improves the quality of the image obtained with birefringeraterials. In our studies, we
have used POM for identifying the liquid crystalline phas@s mentioned under the topic
of liquid crystals, they are highly anisotropic materiatsldahereby interact differently with
a plane-polarised light. Since the molecular arrangemauhtlze associated defects are dif-

ferent in each phase, they show characteristic texturesruwrdss-polarised light. In our
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studies, we have used POM to characterise the differenidliqustalline phases formed
by the self-assembly of surfactant molecules and the theeopic liquid crystalline phases

using textural analysis. Figure_1]11 shows a typical textfrcolumnar hexagonal liquid

crystalline phase using a POM.

Heat Flow (endo up)

Temperature

Figure 1.11: Polarising optical micrographic Figure 1.12: Differential scanning calorimet-
image of the columnar hexagonal phase of Tri+ic trace for a thermotropic columnar hexago-

ton X-100/water system nal liquid crystalline phase

1.2.3.3 Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) is a thermoaniagit method. This is mainly used

for the analysis of phase transitions during heating oringolThe enthalpy of the system

is measured as a function of temperature. During the phassitions, which can be either
endothermic or exothermic, the temperature vs. enthalpgtgshows a peak. DSC provides
very useful information in the research of liquid crystabph transitions, especially in the
thermotropic liquid crystals. A typical DSC curve is shownthe Figure[1.12. The peak
position gives information about the temperature of phesesttion while the area under the
peak gives the enthalpy of phase transition which is reltelde ordering of the two phases

before and after the phase transitions.
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1.2.3.4 Small Angle X-ray Scattering

X-ray diffraction is a powerfull technique for the analysisthe crystalline and liquid crys-
talline samples and is obtained as the reflection of an X- from a group of parallel
and equally spaced atomic planes, on the basis of Brag;ﬁ}/.v Diffraction occurs as
the waves interact with a regular structure whose repegdriis is about the same as the
wavelength of X-rays. X-rays have wavelengths of the ordex '®w angstroms, the same
as typical inter-atomic distances in crystalline solidd anthe liquid crystalline samples.
W.L. Bragg observed that on a periodic arrangement, X-ragstered from a crystalline
solid could constructively interfere to produce a diffetbeam and has given a relationship

based on the several factors known as the Braggs law. Thensticaepresentation of this

law is shown in the Figur¢ 1.13{a).
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(a) Schematic representation of the scattering of(b) i) Small angle X-ray scattering image and ii)
X-ray leading to the Bragg’s law scattering vector vs. intensity plot for the columnar

hexagonal phase of Triton X-100/water system

Figure 1.13: The principle of Small-angle X-ray scatteramgl a typical experimental X-ray

scattering data

Small angle X-ray scattering can be used for the qualitats/eell as quantitative tech-
nique for the analysis of different liquid crystalline plas This is based on the principle
that the X-rays that have very small wavelength of the orddew A get scattered by the
different planes in the crystals. Diffraction of the X-rayscur when the rays interact with
periodic structures of similar distances. When a monochtanx-ray beam of wavelength

is incident on lattice planes with an and@ethe diffraction occurs if the path of rays reflected
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by successive planes (with a distance d) is a multiple of taeelength. The scattering is
then governed by the equation = 2dsin® where n is the order of scattering (for first or-
der scattering n=1 etc), is the wavelength of the X-ray used, d is the distance between
two crystal planes anfl is the scattering angl&L%?]. The equation implies that fgivan
wavelength of X-rays, as the distance between differemtgsdancreases, the scattering an-
gle 6 decreases. For the liquid crystalline samples, the typiesacings are in few tens of
angstroms, the scattering angle will be very less and heoceaily small angle has to be
employed for the analysis of liquid crystals. The peaks endbattering vector vs. intensity
plotis due to the scattering by different planes in the lierystals. Each type of phase gives
its own characteristic ratio in the scattering vector wtdah be used for the identification of

the particular type of mesophase. A typical SAXS patterrafeaolumnar hexagonal liquid

crystalline sample is shown in the Figure T.1IB(b).

1.3 Aim of the Thesis

As mentioned in the first part, liquid crystals are the intednate phases between crystalline
and liquid phases that are formed by the aggregation of arganlecules in the case of
thermotropic liquid crystals or by the aggregation of miein the case of lyotropic liquid
crystals. The thermotropic columnar hexagonal phase, boerdocus, has several techno-
logical applications in the field of solar cells, photovaiteells, molecular electronics, and
sensors owing to its quasi-one-dimensional electricatlootivity. The lyotropic liquid crys-
tals are of fundamental interest due to their resemblantie biological media and as con-
fined reactors inside the micelles while they are of signifi¢achnological importance due
to the surface active agents involved in the formation o$¢hghases. Self-assembled mono-
layers can be considered as a surface analogue of the atggregeere the organic molecules
self-assemble in a close-packed arrangement, and hassapplications as described be-
fore. On the other hand, nanomaterials have several ititgggsoperties that leads to many

potential applications. For example, the unique propeuiegold nanoparticles have been
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utilised for many applications including in the biologideld. These nanomaterials have
also been demonstrated for applications like targeted deligery, sensors etc. This thesis
describes the electrochemical and electrical condugtstitdies using these self-organised
systems.

The experimental results in the present thesis has beatediuto 4 chapters.

Chapter 2 describes the electrochemical reactions of aleneztox probes that are stud-
ied in the lyotropic columnar hexagonal liquid crystallippase (H1 phase) of Triton X-
100/water system. It is observed that the half-peak pateatithe redox reactions shifts
in the liquid crystalline phase compared to the conventisobvent systems, and the shift
depends on the nature of the redox probe. The diffusion of@étlex probes are found to
decrease in the H1 phase compared to the solvent phase. Tm ekdecrease depends
on the nature of the redox probe. A comparative analysis ®fciftlic voltammetric and
the electrochemical impedance studies show that the ahfiuef the probes follow the linear
diffusion characteristics irrespective of the columnatagonal order of the surfactant-based
micelles which is present in the liquid crystalline medium.

Chapter 3 presents the experimental results in the digpeodigold nanopatrticles in the
columnar hexagonal phase of Triton X-100/water system @it reverse columnar hexag-
onal phase of AOT. The dispersions were characterised &g and SAXS studies. The
studies show that the dispersion of nanopatrticles at loweatnation retains the liquid crys-
talline order of the two systems. This chapter also dessrige experimental results on the
ionic conductivity studies on lyotropic liquid crystalérphases that are formed by the non-
ionic surfactant Triton X-100/water system. The unexpaée®ry high ionic conductivity in
the phase has been explained on the basis of Grotthus msghtat depends on the hydro-
gen bonding network present in the medium. This is furthetaed by the addition of urea
which is a well-known chaotropic agent which can disturbhizgdrogen-bond network and
results in the decrease in ionic conductivity of the syste@rs the other hand, the addition
of gold nanoparticles at low concentrations enhance thie monductivity.

Chapter 4 describes the electrical conductivity studige@fmotropic columnar hexago-
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nal phase that are formed by the triphenylene based disootecules. This phase has quasi-
one-dimensional electrical conductivity behaviour duthstacking of disc-like molecules.
We have studied the addition of two new dopants namely, ¢emm tetrafluoroborate and
chloroauric acid in the discotic matrix. The formation oecfpe-transfer complexes in the
composites and the resultant enhancement in the electacaluctivity of the columnar
phase is presented in the chapter. The ionic conductivityies of some ionic liquid crystals
that possess columnar hexagonal phase is also presentesi chapter.

Chapter 5 of the thesis deals with the electrochemical stual self-assembled mono-
layers of organic thiols on the gold surface. First part @ tthapter describes the monolay-
ers of rod-like liquid crystalline cyanobiphenyl basedutihides, that show nematic phase
in the bulk. The second part describes the monolayers fotmedphenylene based thi-
ols, that show columnar hexagonal mesophase in the bulk.elBuotron barrier properties
of these monolayers are studied using cyclic voltammetd/elactrochemical impedance
spectroscopy.

Chapter 6 summarises the results we have obtained fromudiest In this chapter, we
also propose some of the experiments that has to be carriédr@ubetter understanding of
some of the topics covered in the thesis.

In general, the thesis describes the experimental resuliseoelectrochemical and elec-
trical conductivity studies in different self-organisegstems, where the self-organisation
is either lyotropic and thermotropic liquid crystallinegdes or the self-assembled mono-
layers of organic thiols on gold surface. We present soméestgnificant results of our

investigation on these topics in the following chapters.
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Chapter 2

Electron transfer Studies of Redox
Probesin the Columnar Hexagonal

Phase of Triton X-100/Water System

Lyotropic liquid crystalline phases are of fundamentakrast in biological studies since
some of these phases have been shown to mimic biologicalomment. A fine example
for this is the lamellar phase in agueous medium formed bfastants which is similar to
the bilayer or lamellar phases formed by the lipids in thenfjvsystems. Due to this unique
property of the lyotropic liquid crystalline phases, it igaresting to explore them for the
study of many of the complex processes occurring in the giokd media. Among them,
electron transfer reactions play a major role as they holdyat& many of the biological
processes. There are several reports on the electrochHestuidees in the micellar as well as
cubic and lamellar liquid crystalline phases. The presbkapter describes our experimental
results on electron transfer reactions in the columnardw@xal phase, which is also referred
to as H1 phase, of Triton X-100/water system. We have stuaieariety of redox probes
in this liquid crystalline phase. Cyclic voltammetry (C\)daelectrochemical impedance
spectroscopy (EIS) techniques have been used to undetbahdlf-peak potentials of redox
reactions as well as kinetics of the reaction and the ddfusiharacteristics of the redox

probes.
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2.1 Introduction

Surface active agents or surfactants are molecules thatbwta hydrophilic and hydropho-
bic parts. The hydrophilic groups are called the head grdughe surfactant, while the
hydrophobic part corresponds to the tail of the moleculdse fiead group may be either
cationic, anionic or neutral in charge. The tail group ndiyneonsists of hydrocarbon
chains. The aggregation of these surface active agentsfactants in the solvent results
in the formation of micelles above a particular concenbratknown as the critical micel-
lar concentration (CMC). The CMC may vary depending upomiiieire of the surfactant,
solvent as well as temperature. For concentrations belewCiMC, the solution behave
like a simple salt solution, but for concentrations aboveiiie solution properties deviate
from the normal behaviour due to the aggregation of theseont#s to form the micelles
of different geometries. These micelles may aggregatbduet higher concentration of the
surfactants, leading to a 2-dimensional network to formlidngid crystalline phases. Ne-
matic, smectic, lamellar, cubic and columnar hexagonas@hare some of the examples of
liquid crystalline phases formed by the surfactant molesu the aqueous medium.
Electrochemical studies provide a powerful method to dattarese electron transfer and
transport properties of redox species in electrolytic med@echniques like cyclic voltamme-
try (CV) and electrochemical impedance spectroscopy (E&B)be considered as primary
tools for this purpose. Preliminary information about thedia can be obtained by cyclic
voltammetry. For example, Mandal has shown that the sélision coefficient of micelles
in aqueous media can be measured using CV in the presencedaprobe like ferrocene,
which are hydrophobic and therefore occupy the hydrophioiier core of the micelleﬂl].
The approximation used in their study was that since eaclellmicontains one molecule
of the redox probe, the measurement of the diffusion coefitcof ferrocene provides the
self-diffusion coefficient of the micelle. Similar studiean provide information about the
micellar structure as well as the interaction between rgatokes and the surfactants in the

medium.
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Electron transfer studies in the micellar systems have kagafied extensively by sev-
eral groups. Leet al. have studied the effect of surfactants on the reductionnpiedeof
viologen molecules in micelles and showed that the formsdmqual of viologen redox reac-
tion varies with the nature of the surfactant ust [2]. Thayehobserved that viologen has
the highest redox potential in the Triton X-100 micelle)dated by the micelles formed by
cationic and anionic surfactants. This behaviour has beplai@ed in terms of the stability
of the ions in the micelles. Electrochemical studies on iffasion of ferrocene in different
micelles showed that the diffusion coefficient values agaificantly lower in the micellar
media compared to the values in the solvent meuiia [1]. Ghexh have studied the redox
reaction of ferrocene in a nitrobenzene-water emulsionrapdrted that the peak potentials
shift in the emulsion phasg [3]. Kostedaal. have reported the redox reactions of a viologen
derivative, N-tetradecyl-N’-methylviologen (TMV) in a kiaty of surfactants. They have
shown that the half-peak potential variation depends upertharge of the surfactant. The
E, /> value was the lowest in a negatively charged micelle whilai highest in the nonionic
micellar medium|1|4]. Molineet al. have demonstrated that electrochemical studies provide
a method of revealing the behaviour of redox probes in thersevmicelles of AOT/water
system|[5]. Ruslinget al. have carried out a series of electrochemical experimentisein
micellar media and studied different redox species Iikafr‘mphenylsm‘)], allyl haIidesH?],
bipiridyl derivatives BB] and biphenylg[9]. They have aldemonstrated that the electrocat-
alytic effects of molecules change with the nature of theaftac media formed by different
surfactantslﬂ(l]ﬂlgﬁlq.

There are several reports in the literature on the studydxeeactions and catalytic
effects in the liquid crystalline phases. Bilewiezal. have utilised lyotropic liquid crys-
talline cubic phase modified catalytically active elecesdor sensor applications [15]. In
this study, the cubic phase was prepared from monooleierggstems. Ropeket al. have
used a cubic phase for the immobilisation of cholesteradaseé on electrodes, where the cu-
bic phase was prepared from either monoolein or fluorinateokglated alcohol. They have

demonstrated that the cubic phase offers a good mediumdamtimobilisation of enzymes
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[@]. Rowinskiet al. have studied the diffusion properties of hydrophilic regoabesyiz.,
ferrocenecarboxylic acid and [Ru(N}]3* in a bicontinuous lipidic cubic phase, and found
that the diffusion of these species in the hydrophilic clesims more efficient than in the
widely used Nafion membrane, a proton-conducting perflugiamsate gel8]. Biosen-
sors based on the cubic phases dispersed with membrang hpie also been reported
]. Razumast al. have studied the electrochemical behaviour of cytochrornmeeubic
phases [20]. They have also demonstrated that these culsegplsan be used for the redox
behaviour of biologically important compounds like ubigoine Ell], ferrocene derivatives
], vitamine Kg ] and enzyme@ 5]. They have observed that the dbifusoef-
ficient values of the redox probes have decreased in thaliqystalline phase compared
to the solvent phas@Z]. Kostedd al. have studied the diffusion and electron-transfer
properties of several redox systems in a bicontinuous cplbése and in a lamellar phase
of monoolein and amphiphilic viologen derivatives usinglay voltammetry and chrono-
coulometryﬂa 7]. They have reported a significant éase in the diffusion coefficient
of the redox probes in the cubic phase compared to the typidadnt phases.

In the present chapter, we describe the results of the CV &8dstadies of different
redox probes in the columnar hexagonal liquid crystallihage of Triton X-100/water sys-
tem. Polarising optical microscopy and small-angle X-regttering studies confirm that the
liquid crystalline phase is retained even after the addidforedox probes as well as support-
ing electrolytes. We have carried out cyclic voltammettigdges for determining the redox
potentials and found that the shifts in the half-peak paaéstdepend upon the nature of the
redox probes and their interaction with the liquid crystelphase. The diffusion coefficient
of the redox probes are lower in the liquid crystalline phe@@pared to the solvent phase.
The extent of decrease is found to depend on the nature oétlex probe used. The rea-
sons for the half-peak potential shifts and the decreadeeidiffusion coefficient values are

discussed later in the chapter.
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2.2 Experimental Section

2.2.1 Chemicals

Potassium ferrocyanide (Loba), Potassium ferricyanidea(iQens), hexaammineruthenium
(1) chloride (Aldrich), hexaammineruthenium (lll) chide (Alfa Aeser), 4-benzoquinone
(Lancaster), 4-hydroquinone (Loba Chemie), methylvielogAldrich), ferrocene (Acros
Organics), ferrocenium tetrafluoroborate (Aldrich), é@@nemethanol (Aldrich), sodium
fluoride (SD), lithium perchlorate (Acros Organics), pasiasn chloride (Ranbaxy) and
Propylene carbonate (Merck) were of analytical grade ane wsed as received. The non-
ionic surfactant Triton X-100 was obtained from Aldrich. IMiore water of resistivity 18

MQcm was used for the preparation of all the samples.

2.2.2 Preparation of the Electrolytes

For the electrochemical studies in the aqueous medium, 1 olidien of the redox probe
was prepared in water and mixed with 0.1 M of the supportiegteblyte. Ferrocene and
ferrocenemethanol reactions were carried out in propytemeonate medium as these two
redox probes are insoluble in the aqueous medium.

The columnar hexagonal phase (H1 phase) was prepared @swig§#Triton X-100 and
58 wt% water as reported earliQ28]. According to the plidagram of Triton X-100/water
system, this composition forms the columnar hexagonalep@. A 6 ml of the mixture
of the above composition was stirred well and heated to aBBWC, which is above the
columnar to isotropic phase transition for the H1 phaseisfaiistem. The mixture was then
sonicated for about 10 minutes. The sample was allowed ticdowen to room temperature,
which resulted in the formation of the H1 phase.

The electrochemical studies in the H1 phase were carrietvibitl. mM concentration
of the redox probe and 0.1 M concentration of the supportiecielyte prepared as agueous

solution and mixed with Triton X-100. The electrolyte waepared by first heating and later

ultrasonicating in the isotropic phase35 °C). The solution was then cooled down to room
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temperature and used as electrolyte for the electrochéstiddies.

2.2.3 POM and SAXS

Polarising optical microscopic (POM) studies of the sarmmplere carried out using an Olym-
pus POM instrument coupled with a Mettler heater. The tegwrere taken by sandwitching
the samples between a glass slide and a cover slip. The sam@le heated to the isotropic
phase and the images were taken while cooling from the igiotphase. The small angle X-
ray scattering (SAXS) studies have been carried out using-eay diffractometer (Rigaku

UltraX 18) operating at 50 kV and 80 mA using CwKadiation having a wavelength of
1.54A. Samples were prepared by filling a capillary with the lifjatystalline sample and

sealed. All scattering studies were carried out at room &atpre.

2.2.4 Electrode Pretreatment

The gold disk electrode fabricated in our laboratory waslasgthe working electrode, which
has a diameter of 0.5 mm and a geometric area of about 0.082 Time electrode was
polished with 1Jum, 0.3um, and finally with 0.05um alumina slurries and ultrasonicated in
water for 1 min. It was then cleaned with diluted aquaregial(34 mixture of con. HCI,
con. HNG; and water) and rinsed with millipore water. The same procegas followed

before each experiment.

2.2.5 Electrochemical Studies

All the electrochemical experiments were carried out ahraemperature. A model 263A
potentiostat (EG&G) was used for the cyclic voltammetno#ts. A single cell with a three-
electrode system was used for the electrochemical studies\saturated calomel electrode
(SCE) as the reference electrode and platinum foil as thaiayxelectrode. In propylene
carbonate, a silver electrode was used as a quasi-refeeteatende, the potential of which

was converted to that of SCE. All the plots shown in this cbagate for the third cycle of the
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cyclic voltammogram. Electrochemical impedance spectpie studies were performed
using a model 5210 lock-in amplifier (Perkin-EImer Instruntsd with Power Suite software
(EG&G) interfaced with a PC. The impedance measurements earied out over a wide
frequency range from 100 mHz to 100 kHz with an ac amplitudeahV. This ac signal was
applied at a DC potential that corresponds to the formalmi@tieor the half-peak potential,
as the case may be, of the redox system. The impedance datanatysed using ZSimpWin

software (EG&G).

2.3 Resultsand Discussion

2.3.1 Polarising Optical Microscopy

Polarising optical microscopy (POM) studies provide aipmglary assessment of the dif-
ferent liquid crystalline phases. We have used POM to cherige the liquid crystalline
phases before and after the addition of electrolytes. Thisssential to ensure that the
electrolyte is in the liquid crystalline phase during theottochemical studies. Figuife P.1
shows the POM images of the different systems used in théestutihe texture obtained for
the pure Triton X-100/water system is also provided for carigmn. As can be seen from
the Figure[Z.11(a), the pure Triton X-100/water system shihesypical texture of colum-
nar hexagonal phase (H1 phase). Figlrel 2.1(b) td 2.1(f) shewtextures obtained for
the H1 phase that contains ferrocyanfdeicyanide, hexaammineruthenium(lil), ben-
zoquinon¢hydroquinone, methyl viologen and ferrocéeerocenium redox probes respec-
tively in the presence of supporting electrolytes. All thésxtures are typical of the lyotropic
liquid crystalline phase, indicating that the H1 phasetained even after the addition of re-

dox probes as well as the supporting electrolyte.

2.3.2 Small Angle X-ray Scattering

Small angle X-ray scattering studies were carried out tdicarthe liquid crystalline phases

formed by the systems. Figufe _P.2(a) shows the plot of wateves. intensity graph for
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Figure 2.1: Polarising optical micrographic textures of tag pure H1 phase and
with b) ferrocyanide/ferricyanide, c¢) hexaamminerutlwemill/Ill) chloride, d) hydro-
quinone/benzoquinone, e) methyl viologen and f) ferrofen®cenium redox probes in

the presence of supporting electrolyte

the Triton X-100/water system obtained at room temperatfline peaks follow the order of
1:/3: 2 which is the typical ratio for the columnar hexagonalgghaFigure[ 2]2(b) shows
the wavevector-intensity graph for the system containing\L hydroquinonél mM benzo-
quinone in the presence of 0.1 M NaF as supporting elec&olyich also follows the same
ratio indicating that the columnar phase is not altered kyatidition of redox probes. Simi-
lar plots were obtained for the H1 phase with other redoxesgstalso. We have calculated

thed spacing for all the systems using the equation

_an
q
Thed value for the pure H1 phase was 52 A4vhile for the H1 phase with the quinone

d

system, the value was 52.38 The SAXS studies support the POM studies that all the
systems chosen for the electrochemical studies retaingtigl Icrystalline phase even after

the addition of redox probes and the supporting electrolitavever, we have observed that
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Figure 2.2: Intensity vs. scattering vector in small-an§deay scattering studies of a) pure
H1 phase and b) 1mM hydroquindbenzoquinone/0.1M TBATFB/H1 phase. The peaks
follows the 13/3:1/4 ratio indicating the retention of the H1 phase

higher concentration of redox probes and supporting ebté disturb the H1 phase and

hence their concentrations have been optimised to 1 mM dnill @espectively.

2.3.3 Electrochemical Studies

2.3.3.1 Cyclic Voltammetry

We have carried out cyclic voltammetric studies of a varatyedox probes in the H1 phase
of Triton X-100/water system. For comparison, these studiere also carried out in their
respective solvent media (either agueous phase or prapygl@monate medium) normally
used for electrochemical reaction. Before the redox reastin the H1 phase, CV was
performed in the bare H1 medium containing only the suppgriectrolyte. The CV in the

bare H1 phase is shown in Figure 12.3(a). It is clear that tiseme redox process occurring
in the medium except the normal capacitive behaviour. Tidgcate that the H1 phase can
be used as a medium for the studies of electrochemical rezhtions. In the following

sections, we will present the CV results for the differemtare systems in the aqueous and

H1 phases.
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Figure 2.3: Cyclic voltammogram in a) the presence of onjypsuting electrolyte, 0.1 M
TBATFB in the H1 phase, b) 1 mM Fe[(Chlf1®-/0.1 M NaF in the aqueous phase and c)
1 mM Fe[(CNg]* 13~ 0.1 M TBATFB in the H1 phase at a scan rate of 20 mV/s

Table 2.1: Anodic and cathodic peak potential% @nd Efo), peak separatiomE,), and
half-peak potentials (E,) for the 1 mM [Fe(CN3]*~/*~ redox reaction

Medium ScanRate F  Ej AEp  Eyp
(mV/s) (mVv) (mV) (mV) (mV)
10 198 130 68 164
20 194 130 64 162
0.1 M NaF/HO
50 196 130 66 163
100 206 128 78 167
10 146 68 78 107
20 144 64 80 104
0.1 M NaF/H1 phase
50 146 66 80 106
100 150 74 76 112
10 94 32 62 63
20 88 24 64 56
0.1 M TBATFB/H1 phase
50 94 22 72 58
100 100 20 80 60
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2.3.3.2 Ferrocyanide/Ferricyanide System

Figure [2.8 shows the cyclic voltammogram obtained at a sa@naf 20 mV/s in a mixture
of 1 mM potassium ferrocyanide and 1 mM potassium ferriogarm the aqueous phase and
in the columnar phase using 0.1 M NaF as the supporting elgtdr It can be seen from
the CV that peak current decreases and the redox potenaie¢sdhifted to more negative
values in the H1 phase compared to the aqueous phase. [Tdhétdvs the peak potentials
measured at different sweep rates for the redox systems iaheous and H1 phases using
different supporting electrolytesjz., NaF and TBATFB. The peak potentials have shifted
from EJ = 194 mV toEJ = 144 mV and fromEg = 130 mV toEj = 64 mV in the H1
phase. In other words, there is a large negative shift of éfiegeak potential by about 58
mV from the aqueous phase to the H1 phase with NaF as the sungpelectrolyte. From
the table we find that the shift in the half-peak potentialgiismore negative by about 106
mV when TBATFB is used as the supporting electrolyte in thepHase at a sweep rate of
20 mV/s. This clearly shows that shift in the half-peak ptisdrdepends on the nature of
the supporting electrolyte used. Though the peak separ@id) and its variation with
the sweep rate in the cyclic voltammogram show a quasi-sédernature, a more detailed
study of the mass-transfer behaviour has been carried mg akectrochemical impedance

spectroscopic studies and will be presented later in thapteh.

2.3.3.3 Hexaammineruthenium (11/111) System

Figure [Z.4 shows the cyclic voltammogram obtained for 1 mM([fHz)e]2/3/0.1 M
LiClO4 in the aqueous phase and 1 mM [Ru(®)§]2+/3+ /0.1 M TBATFB in the columnar
phase. Tablé 2|2 presents the peak potentials measurdftedrtisweep rates for the redox
system in different media. There is a small negative shifteak potentials in the H1 phase
compared to the aqueous phase. We have also studied theesdome@action in 0.1 M KCI
as the supporting electrolyte both in the agueous and in fheghdse, for which the peak po-
tentials and peak separations are shown in Table 2.2. Tfie shpeak potentials in this case

are small at the different scan rates studied. The relgtsmlaller changes in the half-peak
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Figure 2.4: Cyclic voltammogram in 1 mM [Ru(N#]2T13* / 0.1 M NaF in a) aqueous
medium and b) 1 mM [Ru(NE)e]4T3* / 0.1 M TBATFB in the H1 phase at a scan rate of
20 mV/s

Table 2.2: Anodic and cathodic peak potential% @nd Efo), peak separatiomE,), and
half-peak potentials (E,) for the 1 mM [Ru(NH)g]>*** redox reaction

Medium ScanRate F  Ej AE, By
(mV/s) (mVv) (mV) (mV) (mV)
10 -130 -206 76 -168
_ 20 -130 -202 72 -166
0.1M LIC|O4/H20
50 -134  -204 70 -169
100 -130 -206 76 -168
10 -140 -220 80 -180
20 -140 -214 74 -177
0.1 M TBATFB/H1 Phase
50 -140 -210 70 -175
100 -140 -216 76 -178
10 -146  -207 61 -180
20 -150 -212 62 -181
0.1 M KCI/H20
50 -158 -220 62 -189
100 -168 -230 62 -189
10 -160 -230 70 -195
20 -158 -220 62 -189
0.1 M KCI/H1 Phase
50 -151 -218 67 -189
100 -166 -232 66 -199
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potentials shown in the table can also be attributed to tfierdnt supporting electrolytes
used in the aqueous and H1 phases. In other words, unliketieeaf [Fe(CNy]4~ 13—, the
redox potential of hexaammineruthenium(ll/lll) systern@ significantly affected by the
solution matrix. The CV in the H1 phase also shows that theaesignificant decrease in the

peak current in the H1 phase compared to aqueous phase.

2.3.3.4 Hydroguinone/Benzoquinone System

Figure [Z.5 shows the cyclic voltammograms of 1 mM benzoquélfomM hydroquinone

in the aqueous phase and H1 phase with 0.1 M NaF as the suygpeleictrolyte. The curve
shows that the redox reaction is under diffusion contralegime both in the aqueous phase
as well as in the H1 phase. It is clear from the comparisonef¥s that the peak currents
are lower in the H1 phase when compared to the agqueous phasesy$tem shows two
redox peaks in accordance with the reported mechanism ob lectron transfer reaction
as given belo 0]

Bg+e =Bg ——(1)

Bq +e =Bg® —(2)

The peaks corresponding to the reaction (2) is rather broda@uld not be measured accu-
rately. The potentials corresponding to the reaction (Bath the phases are presented in
Table[Z2.3. As is clear from the table, the system undergoessigeversible redox reaction
in both aqueous and H1 phase with a peak separation of 80 nevinijportant point to be
noted from the table is the shift in the half-peak potentialghe H1 phase as compared to
the aqueous phase. For example, at the scan rate of 20 m¥/fs, thin the aqueous phase
is 152 mV while in the H1 phase, it has shifted to 87 mV. In otherds, the g/, has shifted

to more negative potential in the H1 phase.

2.3.3.5 Methylviologen System

Figure [2.6 shows the CV of 1 mM methylviologen/0.1 M NaF sgste the aqueous phase

and in the H1 phase. The peak potentials for the system ateliff scan rates are shown in
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Figure 2.5: Cyclic voltammogram in 1 mM hydroquinobenzoquinone / 0.1 M NaF system

in @) aqueous medium and b) H1 phase at a scan rate of 20 mV/s

Table 2.3: Anodic and cathodic peak potential% @nd Efo), peak separatiomE,), and
half-peak potentials (£,) for the 1 mM benzoquinonghydroguinone redox reaction in the

presence of 0.1 M NaF as supporting electrolyte

Medium ScanRate F Ej AEp By
(mV/s) (mV) (mV) (mV) (mV)
10 180 95 85 138
20 184 120 64 152
Aqueous phase
50 184 101 83 143
100 190 96 94 143
10 112 41 81 75
20 124 50 74 87
H1 Phase
50 135 33 102 84
100 131 34 97 83

60



o

<
= -1- b
c
£ a
=
0-2_
12 08  -04

Potential (V) vs. SCE

Figure 2.6: Cyclic voltammogram in 1 mM methylviologen / 0AINaF in a) aqueous phase

and b) H1 phase at a scan rate of 20 mV/s

Table 2.4: Anodic and cathodic peak potential% @nd %), peak separatiomEp), and

half-peak potentials (£,) for the 1 mM methylviologen redox reaction

Medium ScanRate E  Ej AEp  Eppo
(mV/s) (mV) (mV) (mV) (mV)
10 -653 -715 62 -684
20 -654 -718 64 -686
0.1 M NaF/RO
50 -654 -714 60 -684
100 -651 -719 68 -685
10 -616 -676 60 -646
20 -608 -670 62 -639
0.1 M NaF/H1 phase
50 -612 -678 66 -645
100 -614 -676 62 -645
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the Table[Z.14. Two redox peaks have been observed for theylvielbgen corresponding
to the two electron transfer processes which is in accoeaiit the previous reports. This
corresponds to the folowing two one-electron transfertreas:

mv=mv" + e —— (3)

mvt = mv?t + e —— (4)

Since the first redox peak could not be defined accuratelyarCf at all the scan rates,
the peak potential values were analysed for the second neelaix and they are presented
in Table [2.4. The peak separation for the second redox pelaitinthe media is about 65
mV. A further examination of Tabld_2.4 reveals that the @ik potentials have shifted
to a more positive value in the H1 phase compared to the agygtase. At the scan rate
of 20 mV/s, the g/, for the methylviologen system in the H1 phase is -639 mV caexba
to -686 mV in the aqueous phase. This is contrary to the ob#ervin the case of benzo-
quinonghydroquinone where the;l» has been shifted to a more negative potential. How-
ever, the positive shift in this case is comparatively less@npared to the negative shift for

the benzoquinorjeydroquinone system.

2.3.3.6 Ferrocene/Ferrocenium System

We have studied the cyclic voltammetric characteristickobcenéferrocenium redox re-
action in an organic solvent (propylene carbonate) medisimedl as in the H1 phase using
0.1 M TBATFB as the supporting electrolyte in both the meéfigure [2.T shows the cyclic
voltammograms of the mixture in the propylene carbonateinmednd in the H1 phase at
a scan rate of 20 mV/s. Table_2.5 shows the peak potentialsh@npleak separations for
the redox reaction in propylene carbonate and in the H1 pl@ear and well-defined redox
peaks were obtained in the H1 phase with a peak separatiashwsalmost the same as
that in the propylene carbonate medium. However, the petdnpals in the H1 phase have
shifted fromES = 178 mV toEg = 310 mV and fromEg = 108 mV toEg = 242 mV. In
other words, there is a large positive shift in the peak paitfrom the propylene carbonate

medium to the H1 phase by about +133 mV at a scan rate of 20 MV peak current in
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Figure 2.7: Cyclic voltammogram for 1 mM ferrocefegrocenium / 0.1 M TBATFB system
in &) propylene carbonate medium and b) H1 phase at a scaof ”2ZBemV/s

Table 2.5: Anodic and cathodic peak potentialg éad Ef)), peak separatiod\Ep), and half-
peak potentials (E,) for the 1 mM ferrocengerrocenium redox reaction in the presence of

0.1 M TBATFB as supporting electrolyte

Medium ScanRate £ Ej AEp  Eyp
(mV/s) (mVv) (mV) (mV) (mV)
10 176 108 68 142
20 178 108 70 143
Propylene carbonate
178 108 70 143
100 172 102 70 137
10 310 240 70 275
20 310 242 68 276
H1 phase
50 313 242 70 278
100 314 236 78 275
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the H1 phase has also decreased significantly compared podpglene carbonate medium.

2.3.3.7 Ferrocenemethanol System

Figure [2.8 shows the cyclic voltammogram of the ferrocenbarel system in propylene
carbonate and in the H1 phase using 0.1 M TBATFB as the suppatectrolyte. Tablé 216
presents the redox potentials of the system in both the méidian also be seen from the
table that the half-peak potentials have shifted to a mogatnes value by 270 mV in the
H1 phase compared to the propylene carbonate medium. Tihis@ntrary to the ferrocene
redox reaction as mentioned above, where the Bad shifted to more positive potential.
This shows that the hydroxyl group substitution on the feere molecule has a large effect
on the redox behaviour of ferrocenemethanol. From the G¥dlso observed that the peak

current has reduced significantly in the H1 phase compart#tetsolvent phase.

2.3.4 Behaviour of Peak Current vs. Scan Rate

We have calculated the average of anodic and cathodic pesdntsifor all the redox probes
in the solvent phase as well as in the H1 phase for differemt sates. Figures_2.9 ahnd 2.10
show the plot of the average peak current as a function ofthars root of scan rate/). It
may be noted that the peak currents are very less in the HE pisasompared to the solvent
phase. It is clear that the peak current varies linearly within all the systems following

the Randles-Sevcik equation,
ip = (2.69x 10°)n¥/2ADg °Cv /2

whereip is the peak current, n is the number of electrons involvedenredox reaction,

A is the area of the electrod®, is the diffusion coefficient of the prob&” is the bulk
concentration of the redox probe ands the scan rate. For a redox reaction undergoing
linear diffusion characteristics, the peak current shawdy with v1/2 irrespective of the
scan rate. The reasonably good linear fit in all the systenmgpto the fact that the redox

reactions presented here follow the semi-infinite linefiugion even in the H1 phase.
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Figure 2.8: Cyclic voltammogram in 1 mM ferrocenemethahdM TBATFB system in

a) propylene carbonate and b) H1 phase at a scan rate of 20 mV/s

Table 2.6: Anodic and cathodic peak potential% @nd Ef)), peak separatiomEp), and
half-peak potentials (£,) for the 1 mM ferrocenemethanol redox reaction in preserice o

0.1 M TBATFB as supporting electrolyte

Medium ScanRate £ Ej AEp  Eyp
(mV/s) (mV) (mV) (mV) (mV)
10 552 488 64 520
20 554 494 60 524
Propylene carbonate
578 500 78 539
100 580 490 90 535
10 286 218 68 272
20 292 210 82 251
H1 Phase
50 296 198 98 247
100 296 196 100 246
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Figure 2.9: Plot of average peak current vs. square rootasf sate in the solvent phase and
H1 phase, a) [Fe(CN)* 13~ /H,0, b) [Fe(CN}]*~13-/H1 phase, c) [Ru(NK)g]2+3+/H,0,

d) [Ru(NHg)e]?t13*/H1 phase, e) ferrocefferrocenium/propylene carbonate and f) fer-
roceneferrocenium/H1 phase

0.8

1.5

0.6
1.2

0.4
0.9

0.6- 0.2
2 46 8 10 2 4 6 8 10

0.4

0.2

Peak Current (MA)

0.8
0.6
0.4 > 0.1
0.2

0.0
2 46 810 2 46 810
1/2

Figure 2.10: Plot of average peak current vs. square roatzof sate in the solvent phase and
H1 phase, a) hydroquinofteenzoquinone/bD, b) hydroquinongenzoquinone/H1 phase,
c) methylviologen/HO, d) methylviologen/H1 phase, e) ferrocenemethanolidene car-
bonate and f) ferrocenemethanol/H1 phase
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2.3.5 Discussionson the Half-peak Potential Shiftsin the CV

From the cyclic voltammograms, we find that there is significghift in the half-peak po-
tentials for several redox systems in the liquid crystallfhases (Tables_2[1-P.6). In what
follows, we therefore attempt to rationalise these po&tshifts in terms of the nature of the
redox species and the liquid crystalline environment inclitthe electron transfer process
take place.

Leeet al. have reported the formal potential shifts of viologen coompis in the micellar
media formed by SDS, CTAB, and Triton X-100 surfactants, ietitee redox potential was
found to be the maximum in the case of Triton X-100, a noniauidactant micelle |2].
This means that the oxidation of viologen is less favouretha Triton X-100 micelles
compared to the aqueous phase. They explained this pheoonasrarising due to better
stability and the binding of the redox couple in the micelRyabovet al. have reported
the potential shift of the ferrocene redox reaction in défe micelles formed by anionic,
cationic and nonionic surfactangsl]. In their study, dugiilibrium potential shifted to a
more negative potential in the case of SDS, an anionic dariac In the case of cationic
(CTAB) and nonionic (Triton X-100) surfactant micellesettormal potentials had shifted to
a more positive potential. They attributed this behaviouhe stability of the redox species
in the micelles, where the ferrocene molecule is presemderthe hydrophobic core while

the hydrophilic ferrocenium ion prefers the outside hydhibp part of the micelle.

2.35.1 Ferrocyanide/Ferricyanide Reaction

We have observed, as shown in Taljle] 2.1 that in the case oéttacyanidéerricyanide
couple, the half-peak potential shifts to a more negatieevand the extent of this shift is
dependent on the supporting electrolyte used. In the raicsthte of CTAB/hexadecane/1-
butanol/water, for example, the negative potential shiisvattributed to the hydrogen-
bonding effects between the cyano groups of the probe anddbey molecules associated
with the micelle E]Z]. Since in the micellar state, most of thiater molecules are bounded

with the surfactant to form the micelle, it is expected thne total solvation sphere of the
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redox probe to be correspondingly reduced in the micellepared to the aqueous medium.
Moreover the stability of the ions in the micellar media atsmtributes to the redox po-
tentials of the probes. In the present case, during the ti@idarocess of [Fe(CN]*~ to
[Fe(CNX]3~, as shown in Figuré 2.11, the transformation involves aades in the charge
of the redox species. In a micelle formed by a nonionic stafstcsuch as Triton X-100, a
less charged species will be more stable, which meansyeamide is more stable than fer-
rocyanide. As a result, the oxidation is more favoured aedtif-peak potential shifts to a
more negative potential. Moreover, since both the redogispenvolved in the reaction are
water soluble and charged, they will prefer the hydrophaliter boundary of the cylindrical
micelles as depicted in Figure_2]12. It is well-known thatedo the extensive hydrogen
bonding of the water molecules with the hydrophilic ethoxgups of Triton X-100, there
is a layer of bound water attached to these cylindrical feselConsequently, the electroac-
tive ions are considerably less hydrated in the free watpletled H1 phase compared to
the aqueous electrolytes. This means that the solventaeis@ion energy in this case is
lower, which causes the peak potentials to shift to a morathegvalue in the H1 phase. In
the case of the [Fe(Ch])*~ 3~ couple, the negative shift in the half-peak potential isig
icantly greater in the TBATFB supporting electrolyte thanNaF. The reason for this can
be the hydrophobic nature of the counterion in TBATFB, whithkes the water molecules
more tightly bound to the cylindrical micelles, leaving tieelox species relatively less hy-
drated than in NaF. On the contrary, it was observed by Matinal. that the half-peak
potential was shifted to higher value, in the AOT reverseathac state. This shift was a
function of the AOT concentration for the redox reaction efrbcyanidéerricyanide reac-
tion. This positive shift was explained due to the assomiatif the counter ions (K ions)
with the redox probe. They have shown that as the associaoeases, the f, shifts to

more positive value [5].
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Figure 2.11: A representation of the redox reaction of feyamide/ferricyanide reaction
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Figure 2.12: A pictorial representation of the occupatibhyalrophilic redox probes in the

intercolumn spacing of the micelles in the liquid crystatliphase (model not to scale)

2.3.5.2 Hexaammineruthenium(l1/111) Reaction

For the [Ru(NH)g]?™ 13t reaction as shown in FigureE_2113, however, the shift in tHe ha
peak potential is negligible when the same supporting redigte (0.1 M KCI) is used both in
the agueous phase and in the H1 phase, as shown in Table 2 2b$arved negative shift
in the half-peak potential is also small in the case of d#ffeérsupporting electrolytes (0.1 M
LiClO4 in the agueous phase and 0.1 M TBATFB in the H1 phase). Thesswdiions point
to the fact that the outer sphere electron-transfer pramfetse [Ru(NHs)g]2 13+ reaction is
extremely facile, and therefore, the change in the elgdicoinedium does not significantly
change the energetic cost involved in the reaction and hitvedealf-peak potentials.

In general, the electron transfer reactions between thetrette and the redox probes
in the solution, which is generally referred to as heteregers electron transfer, can occur
by two mechanismsyiz outer-sphere and inner-sphere electron transfer mechanz3].

In the inner sphere electron transfer mechanism, the redaxepcomes in direct contact

with the electrode surface and the reaction proceed thraugbnd-breaking accompanied
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Figure 2.13: A representation of the redox reaction of hexaaeruthenium(ll/Ill) system
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Figure 2.14: A schematic model of the electrode-electealyterface for a) inner-sphere and

b) outer-sphere heterogeneous electron transfer reaction
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by new bond formation. Under this mechanism, the redox phaiseto present in the inner-
Helmholtz plane of the electrode-solution interface. Hus,tthe probe should penetrate
through the solvation layer of the electrode surface andhiftration layer of the probe
itself. On the other hand, in the outer sphere mechanisnretiex probe is not necessarily
in direct contact with the electrode surface, and may evesgnt in the outer-Helmholtz
plane of the electrode-solution interface. A schematigm@im of these two mechanisms
are shown in Figurd_2.14. In the figure, IHP represents theriftelmholtz plane of the
adsorbed species on the electrode surface and OHP reréiserduter-Helmholtz plane,
where the molecules are close to the electrode but are notict dontact with the electrode

surfacel([34].

2.3.5.3 Hydroquinone/Benzoquinone Reaction

=&

OH
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+2¢
OH
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Figure 2.15: A schematic representation of the redox reactiof hydro-

quinonebenzoquinone reaction in the liquid crystalline phase

The redox reactions of quinone systems, summarised in Take are more complex
when compared to other common redox probes, due to the enmat of protons. The
mechanism of the redox probes like quinones in non-aqueduians in the presence of
proton donors have been studied previously [35]. The solefact on the redox reaction
have been reported in the literature in different organicesus ]. It has been shown

that in an organic medium, the potential of the redox reaatifdoenzoquinone may be tuned
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by the addition of benzoic acid, which can act as a proton d&]. On the other hand, the
effect of substitution on the aromatic ring in the redox teacin organic media has been
studied by Bauscheat al. [39]. Recently, in the cubic system, it has been observettiiea
redox process of quinone system is quasi-reverslﬁe [18F fBduction of benzoquinone
in a non-buffered solution results in the formation of diéfiet reduced species like Bg
BgH™ as well as BgH as reported by Quan and cowork [30]. It is known that thordvy
quinone is more hydrophilic compared to the benzoquinormcdd the redox reaction of the
guinone system results in a transition between hydrophodémzoquinone and hydrophilic
hydroquinone, as shown in Figufe_2.15. In the H1 phase, lognzone is stabilised inside
the core of the cylindrical micelle by the hydrophobic irietions, which is absent in the
agueous phase. Moreover hydroquinone can form hydrogeashmoith the water molecules
outside the micelle. In the H1 phase, most of the water mé#sare bound to the micelles,
leaving fewer molecules that are capable of hydrating tdeged species. As a result, the
energy cost of breaking the hydrogen bond of hydroquinomegdwxidation is lesser in the
H1 phase compared to the aqueous phase. In other words, ittegiow is more favoured
in the H1 phase compared to the aqueous phase and the halgeaitial shifts to a more

negative value in the H1 phase.

2.3.5.4 Methylviologen Reaction

We have observed that the half-peak potentials of the veslagystem shift to more posi-
tive values in the H1 phase compared to the aqueous mediuhoasm sn Table[ZU. This
positive half-peak potential shift of viologen system maydxplained as follows. The oxi-
dation of the methylviologen results in the mono and digatispecies as mvand mv#,
The oxidation increases the net charge on the redox probéeli1l phase, most of the
water molecules are bound to the surfactant molecules to the cylindrical micelles of
the columnar phase and therefore the hydration for the sadtispecies is less in the H1
phase compared to the aqueous phase. For the hydrationug toe hydrogen bonding

between the water molecules and the surfactants has to kerbrohis is energetically less
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Figure 2.16: A schematic representation of methylviologetox reaction in the liquid crys-

talline phase

favoured. As a result, the oxidised species is less staliteeiid1l phase and hence the ox-
idation reaction is not favoured. Further, since methybgen is hydrophobic, it prefers to
stay inside the cylindrical micelles of Triton X-100/wasystem as shown in Figurle_2]16.
In other words, the reduced species is surrounded by thactant molecules. As a result of
this, the oxidation needs more energy to leave the insideeotylindrical micelle without a

corresponding gain in the hydration energy at the interoolgpacing.

2.355 Ferrocene/Ferrocenium Reaction

In the present study, for the ferrocefegrocenium couple, as presented in Tdblg 2.5, we have
observed a large positive shift in the half-peak potentyahbout 135 mV in the H1 phase.
This can be attributed to the stability of the ferrocene ardotenium species in the sys-
tem in a similar manner as reported earlﬂn@, 31]. It is kndtat hydrophobic molecules
occupy the hydrophobic core of the hexagonal columns ofithed crystalline phasilllO].
Ferrocene is neutral and hydrophobic in nature, and ther@&focupy the hydrophobic core
of the micelle while the ferrocenium, the oxidised spediea,charged ion and hydrophilic in

nature and therefore prefers the inter-columnar spaceicong water molecules as shown
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Figure 2.17: A schematic diagram of ferrocdeeocenium redox reaction in the liquid

crystalline phase

in Figure [2Z.1¥. This means that for the ferrocé@meocenium redox reaction, there is a
change from a hydrophobic, neutral species to a hydropthiirged species amite versa
Obviously, this process leads to a large reorientation ééwaolecules constituting the lig-
uid crystalline medium, and as a result of the energeticiogstved, the half-peak potentials

shift to more positive values.

2.3.5.6 Ferrocenemethanol Reaction

From the Tabld_2]6, we have observed a negative shift in tigobak potentials for the fer-
rocenemethanol system in the H1 phase compared to the axjplkase. Ferrocenemethanol
has the hydroxyl functionalisation in the side chain andeafere hydrophilic in nature which
makes it to occupy the partially water rich space at the dadendary layer of the micelle in
the H1 phase. But the oxidised species is much more hydrojainidl therefore will prefer to
leave the inside of the micelle altogether and stay at tleg-tllumnar space of the micelle,
which is depicted in Figuré_2.18. As a result, the energy tothe reorganisation of the
ferrocenemethanol from the outer boundary layer of the ieite outside the micelle during

the oxidation is relatively small. Here, the oxidised sps@an form hydrogen bond with the
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Figure 2.18: A schematic diagram of ferrocenemethanolxedaction in the liquid crys-

talline phase

water molecules, which can stabilise the ions. The oxidspatties can also interact with the
electron rich polyethoxy chain of the surfactant moleculdgese two interactions along with
the lesser reorganisation energy result in a negative patshift for the ferrocenemethanol
system. This negative shift is in contrast to the positivie-peak potential shift observed
for ferrocene system as discussed in secfion 213.5.5. Edethocene system, the reduced
species occupy the space inside the micelle due to the hiydbopnature and as a result the
reorganisation energy is more during the oxidation. Alsoférrocenium ions can not form
hydrogen bonds with the water molecules. Due to these twsorea the half-peak potential

of the ferrocene system shifts to a more positive potential.

2.3.6 Electrochemical | mpedance Spectroscopy

We conducted electrochemical impedance spectroscods) daldies for all the above men-
tioned redox probes in their respective solvent medium dsasén H1 phase. The EIS stud-
ies were carried out at the half-peak potentials of the rgatokes in the respective media,
which are measured from the cyclic voltammetric studiegufé [2.19 show the impedance
plots for the [Fe(CNy|*~13~, [Ru(NHs)g]2t13*, hydroquinonébenzoquinone, methylviolo-

gen, F¢Fc™ and ferrocenemethanol redox reactions in solvent and ifighi crystalline
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phases. The impedance data for all the redox systems shdivafigure were studied using
equivalent circuit analysis. We have used the standard IBasdjuivalent circuit with R

in series with the parallel combination of double-layera@fance (G;) and charge transfer
resistance (R) with Warburg impedance () in seriesj.e., R(C(RW)). A general descrip-
tion on the equivalent circuit fitting of EIS data has beenvted in chapter 1. The values
obtained using the above Randle’s circuit by the best fittingpe impedance data are shown
in Table [Z.T. From the table, we find that the solution resisteor the uncompensated re-
sistance, Ris increased in the liquid crystalline phase for all the segigstems. The higher
solution resistance arises from the nature of the liquidtatline medium with its confined
geometry and lower ionic conduction channels. On the othadhthe analysis yielded no
significant Ry for the [Ru(NH)s]213+ and Fc|Fc' reactions in the solvent medium as well
as in the liquid crystalline phase. However, there is a soialge-transfer resistancef{R
associated with the ferrocyanide redox reaction as showabte [2.T. Warburg impedance,
Zy is also higher, indicating that the diffusion of the redoraps is slower in the columnar
phase. A similar behaviour is also exhibited by the redosxesys of hexaammineruthe-
nium(ll/Ill) and also ferrocenéerrocenium. For the benzoquinghgdroquinone and fer-
rocenemethanol reactions, the Ralues have increased from @&m 2 to 742Qcm 2 and

9 Qcm 2 to 66 Qcm 2 respectively, indicating that the kinetics of the reactiorthe H1
phase is slower than in the solvent medium. In contrasthf@mntethylviologen system, the
Ret value has decreased from 928m 2 to 8 Qcm 2 indicating that the reaction in the H1

phase is faster compared to the agueous medium.

We have calculated the diffusion coefficient of the redoxcggse using the following

2
y = \/;.O'
RT 1 1
= Sher?pia'Co T CR’
where Zy is the Warburg impedance) is the angular frequency applied, n is the number

equations :EDl}

o)

of electrons involved in the redox reaction, F is the Faradaystant, R is the universal gas

constant, T is the temperature (in K), D is the diffusion &oefnt of the redox species, A
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Table 2.7: Values of the solution resistance,)(Rlouble-layer capacitance ¢, charge-

transfer resistance (B and Warburg impedance 4 calculated by fitting the impedance

data

System solvent Phase H1 phase

Ru Cal Ret Zw Ru Ca Ret Zy

Q Ficn?) Q.cm?)  S.d2cmd) | Q Flcn?) Q.cm?)  S.8/2.cnd)
[Fe(CNX]* 13~ /NaF 1320 3.99x10° 7.03 9.00x10° | 4460 2.73x10° 10.45 3.83x10°
[Fe(CNX]*~ 13~ /TBATFB 13590 4.47x10° 7.63 3.75x10°
[Ru(NHz)I2 P /Licio, | 1607 3.29x103
[Ru(NHs))3 1" /TBATFB 1.53x1¢  5.06x10°° 1.63x10°3
Fc|FCTFB/TBATFB 5173 4.63x10° | 2.02x1d  1.05x10° 5.44x104
Bg|Qh/NaF 1123  1.88x10* 40 5.1x10°3 3191 1.1x164  742.8 1.6x102
mv/TBATFB 823  1.19x10* 926 2.2x10°3 2591 5.9x10%  8.15 3.3x10°8
Fm/TBATFB 5270 1.52x10° 9 3.3x10°° 25x1¢  1.8x10°  66.26 5.8x10*

is the area of the electrode, ang) @nd Gg are the bulk concentrations of the oxidised and
reduced species in the solution, respectively. The abdeeletion assumes that the active
area (A) of contact of the electrode with the redox molecigate same in the H1 phase
as well as in the solvent medium. Since this assumption istnictly valid, the calculated
diffusion coefficient is called the apparent diffusion daeént [4, ]. The Qpp values
calculated from the Warburg impedance for all the redoxesystare shown in Table_2.8.

From the Table[(2]8, we find that the values of the diffusionffaments are lower in
the H1 phase compared to the solvent phase for all the redsi®grag studied in this work.
It is clear that the diffusion coefficient values for the Gmyanidéferricyanide system has
decreased by almost an order of magnitude in the H1 phaseth&drexaammineruthe-
nium(lI/lll) system the extent of decrease is significaridgs. A similar behaviour was
observed for the methylviologen system also. On the othed hhiere was a large decrease
in the diffusion coefficient of benzoquinolfydroquinone, ferrocerferrocenium and fer-
rocenemethanol systems.

Both the oxidised and reduced species of ferrocydfedicyanide and hexaam-
mineruthenium(ll/111) systems are hydrophilic and themref present in the intercolumnar
spacings containing water molecules, as presented ind=i@UE2. The diffusion of these
two redox species therefore proceeds relatively uningdhtibat results in a smaller decrease
in the diffusion coefficient in the H1 phase. These obsewwatiare also in agreement with

our earlier conclusions from the peak potential measurésneBimilar observations were

78



Table 2.8: Diffusion coefficient values of the redox probethe solvent medium (D) and in

the columnar hexagonal phase,))

Redox system Medium Diffusion coefficient
(crmé/s)
[Fe(CN)]* 13- NaF/H0 2.00x10°°
NaF/H1 phase 4.3x16
TBATFB/H1 phase 3.13x1F
[Ru(NHg)g]?t13*  0.1M NaF/H1 3.7x10°
0.1M TBATFB/H1 phase  7.7x10
0.1M KCI/H,0 1.24x10°°
0.1M KCI/H1 phase 6.81x10
Quinone 0.1M NaF/bO 3.26x10°
0.1M NaF /H1 phase 8.6x16
Viologen 0.1M NaF/HO 5.1x10°°
0.1M NaF/H1 phase 2.9x16
Fc|Fct 0.1M TBATFB/PC 6x10°
0.1mM TBATFB/H1 phase 8.1x1®
ferrocenemethanol 0.1M TBATFB/PC 3.1x10

0.1M TBATFB/H1 phase  9.8x1(¥

made by Rowinsket al. in the bicontinuous cubic phase where they found that tHesidn
coefficient of [Ru(NH)s]2/3* in the cubic phase was 25% of its value in the solution phase
]. Similarly, Kosteleet al. found that the D value has decreased to 21% of the value in the
aqueous phase for [Ru(Nb$]2 "3+ redox system in a bicontinuous cubic ph@ [27]. These
results support our conclusion, where we have observeddh#ite same redox probe, the
diffusion coefficient is 21% of its value in the aqueous dolutlt is therefore clear that the
diffusion rate is not significantly affected for a hydrophitedox species such as hexaam-
mineruthenium(l1/111) in lyotropic liquid crystalline pdses as long as abundant hydrophilic
channels are available in the liquid crystalline matrixeMery small decrease in the,p
for the methylviologen system may arise because of the sbigihe molecules. Unlike all

other redox probes we have studied, methylviologen is aikednholecule (Figure[ 2.16),
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which can move relatively easily through the aqueous charmaside the micelles.

Table [2.8 also demonstrate that thg,Pvalue for the benzoquinoftgydroquinone sys-
tem has decreased by more than an order of magnitude in th@&tEpThis large decrease
in the Dypp Of the system can be explained in terms of the restricted lityobf the benzo-
quinone in the hydrophobic core of the H1 phase. Moreoverdgwnone can form hydro-
gen bonds with the surfactant-bounded water clusterssltgenhibiting the diffusion of the
species. For ferrocefferrocenium couple, the reduction in the diffusion coeéfitivalues
can be explained due to the nature of the ferrocene moleshleh is neutral and hydropho-
bic and therefore prefers to occupy the hydrophobic core@hexagonal columns. Within
these columns, the diffusion of the ferrocene moleculegisificantly inhibited. Similarly
for the ferrocenemethanol system, the diffusion coeffiders decreased by almost 30 times
in the H1 phase compared to the propylene carbonate meditim.can be rationalised as
due to the interaction of reduced species inside the miaaltethe oxidised species with the
polyethoxy chain and water molecules outside the miceititglar to the F¢Fc™ system. We
have observed that the oxidised ferrocenium ions act aoags#&lectron acceptor, which
can interact with the polyethoxy chains of the surfactantetules. This also contributes
to the decrease in theap, values. Similar trend in the diffusion coefficient values floe
ferrocene systems was also reported in the literature imibellar as well as in the cubic
phase Jlj 7].

Interestingly ferrocene and ferrocenemethanol systefas @dntrasting behaviours. For
the ferrocene system, the half-peak potential has shiftedmore positive potential, while
for the ferrocenemethanol, the shift is towards lower piégewhen compared to propylene
carbonate medium. This shows that the nature of the furatgnoup attached to the redox
probe affects its charge-transfer on the electrode. Itsis abserved that the reversibility of
the system decreases after hydroxyl group functionatdisafihis is clear from the Table 2.7
and Table[ 28 when comparing the peak potentials for fem@emd ferrocenemethanol. On
the other hand, the diffusion coefficient values for bothshstems were found to be quite
similar.

We can rationalise the CV and EIS results and the close agreelnetween these two
technigues from the Randles-Sevcik equation, accordimgtoh, i, [ DY/2 relation, where

ip is the peak current and D is the diffusion coefficient of theber Table[ 2]9 shows the
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Table 2.9: Ratios of peak currents measured from cyclicanathetry and D calculated

from the electrochemical impedance spectroscopy in theltdsg@and solvent phase

Redox species Ip(H1)/Ip(solven) DZpp(H1)/Dipp(s0lvent
[Fe(CN)]* 13- 0.400 0.465
[RU(NHg)g)2t13+ 0.502 0.456
BenzoquinoneHydroquinone 0.275 0.162
Methylviologen 0.683 0.754
Fc|Fct 0.102 0.116
Ferrocenemethanol 0.227 0.178

comparison of the ratio of peak currents measured using Yhar@ the ratio of square root
of the diffusion coefficients, which are measured usingtedebemical impedance method
in aqueous and H1 phase. The reasonable agreement of thesatitvg obtained by two
different methods supports our proposition that plandusgién controlled model for the

redox reaction is valid in both aqueous as well as in the Hs@ha

2.4 Conclusion

We have presented the electron-transfer studies of sirdiit redox species on a gold elec-
trode in a lyotropic columnar hexagonal liquid crystallptease (H1 phase) formed by a non-
ionic surfactant, Triton X-100, and water. We find that thé-paak potentials are shifted
significantly in the H1 phase in the ferrocyanfigericyanide, hydroquinonbenzoquinone,
methyl viologen, ferrocenterrocenium and ferrocenemethanol systems. The extetifof s
and the direction are dependent on the nature of the reddeprdhis shift has been at-
tributed due to the nature of interactions between the rgdolzes and the surrounding en-
vironment in the liquid crystalline medium. However in thexaammineruthenium system,
there is very little shift in the E, values. In addition, the diffusion coefficients of all the
redox species are significantly reduced in the columnargphasompared to the respective
solvent media. We have rationalised the shift inkand D values in terms of the nature of

the redox species and their interactions with the liquidt@aline environment in which the
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electron transfer process takes place.

As described before, the lyotropic liquid crystalline pésare formed by the aggregation
of micelles at higher concentration of the surfactants.c&ie constituent components in
the lyotropic liquid crystalline phases are the same asahtite micelles, a close similarity
can be found in the qualitative properties of the redox psabé¢he micellar phase as reported
earlier in literature and in the liquid crystalline phasessgented here. This is due to the fact
that the nature of interactions are similar between theastaht molecules and the redox
probes in both the media. This is also reflected in the behawabthe shift in the half-peak
potentials of the redox probes in the micellar and liquidstailine phases when both the
phases are formed by same surfactant. On the other handjeh&tion of the redox probes
may vary depending upon the nature of the liquid crystajtihase formed. For example, the
occupation of redox probes in the hydrophilic or hydroplegdart of the liquid crystal have
large implications in the diffusion coefficient of the redpsobes. As a result, the values
of the measured diffusion coefficients of the redox probgmedd upon the structure of the
liquid crystalline phase, more than the nature of the stafdchat forms the phase.

From these studies we conclude that despite the surfactgamisation in the liquid crys-
talline phase with columnar arrangement, the diffusiordfdtie to the redox species on the
macro electrode remains linear just as in the aqueous mediuns conclusion provides
a useful basis for further investigations regarding etactransfer processes in biological
species or the transport properties of drugs that are disdar delivered in organised sys-
tems. We therefore believe that this simple system provédesntrolled environment for
studying and understanding electron transfer procesdeislivgical and physiological me-
dia.
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Chapter 3

Dispersion of Thiol Protected Gold
Nanoparticlesin Lyotropic Liquid

Crystalline Phases

This chapter describes a novel method of dispersion of-finoected gold nanoparticles
in two different lyotropic liquid crystalline phasesz, the columnar hexagonal phase (H1
phase) of Triton X-100/water system and the reverse colummemeagonal phase (H2 phase)
of AOT system. We find that the dispersion of the nanopasim¢ains the mesophase struc-
ture with an increase in the liquid crystalline order in bdte H1 and H2 phases. These
types of dispersions of the nanopatrticles in the liquid alfise matrix are interesting as
they possess an ordered structure of the liquid crystafivese while retaining the unique
properties of the nanomaterials. This chapter also dissue results of the ionic conduc-
tivity studies of the H1 phase formed by Triton X-100/watgstem. Surprisingly the ionic
conductivity values of these systems are very high evenghdlie phase is formed by the
nonionic surfactant, Triton X-100. We find that the additadrgold nanopatrticles increases
the liquid crystalline order and also the ionic conducyiwaf the medium. On the other hand,
the addition of chaotropic agents like urea results in aebes® in the ionic conductivity val-
ues. Based on these observations, the very high ionic ctimiiyof these systems could
be explained on the basis of Grotthus mechanism, which nelthe proton transfer path-

ways by the water clusters. Hence the conductivity of thgseems resembles the proton
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conductivity in proteins as the same mechanism takes ptelseth the systems.

3.1 Introduction

The lyotropic liquid crystalline phases possess potemjpglications in both fundamental
research and in the technolo&/ [1]. These lyotropic phaseslao important due to their
resemblance to biological systems as many of the protews lb@en shown to form such
ordered phases in the aqueous medium. For example, the &pedknown to form lamellar
phase by forming the bilayer structure in the biologicalismvment as well as in aqueous
solutions. The lyotropic liquid crystalline phases fornidnonionic surfactants are of spe-
cial interest as they do not contain any ionic species intiase. Due to this, the interference
of ions including the counter ions of the surfactants canMogdad. The nonionic surfactant
Triton X-100 in the aqueous medium has been shown to form agenal columnar phase
and a lamellar phasg [2]. A detailed investigation of thaeioolar phase (H1 phase) of the
system was studied by Ahét al. using a variety of experimental techniqugs [3]. Galateinu
al. have studied the phase diagram of the ternary system corgainlyacrylic acid (PAA),
Triton X-100 and water. They have shown that the PAA changeselting point of the
liquid crystalline phases of the Triton X-100/water systeithout changing the columnar
hexagonal order where the polyacrylic acid interacts whth polyethoxy chain of Triton
X-100 molecules [4].

The columnar hexagonal phase (H1 phase) of this system leasused as a medium
for different applications. Nickel deposits formed in tm&dium with the addition of nickel
salts were found to be highly porous and explored for the mapacitor applicationsg[S].
This H1 phase has also been explored for the formation ofassémbled monolayers of
organic thiols on the gold surface and the results have shioairsuch monolayers are more
compact compared to the monolayers formed through typatatisns EJS]. The dispersion
of carbon nanotube in the H1 phase has been reported by Regdv where they have
shown that single walled carbon nanotubes can be well disgen the medium without
altering the liquid crystalline ord[7]. In the presenapter, we describe our experimental
results on the dispersion of thiol-protected gold nanagad in the H1 phase. The chapter

also describes the ionic conductivity studies in this mediTT’he effect of addition of gold
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nanoparticles and urea on the ionic conductivity is als@desd in this chapter.

3.2 Dispersion of GNPsin theliquid crystalline phase

Integration of nanoparticles with liquid crystals is ofengest for the past several years. lete
al. have reported the synthesis of silver nanopatrticles in thelvhse of Triton X-100/water
system[[8]. In their studies, the Triton X-100 acts as a reduagent while the colum-
nar phase has controlled the growth and aggregation of ler sianoparticles. They have
shown that the growth of these nanoparticles has not altbeedolumnar structure of the
Triton X-100/water system. Triton X-100 molecules are alown to be capable of reduc-
ing palladium ions to Pd nanoparticl&s [9]. Weettal. have reported the synthesis of nano
and micro plates of gold with triangular or hexagonal shapthbk reduction of chloroauric
acid in the liquid crystalline phase formed by polyethoxaymropyloxy-polyethoxy block
copolymers where the oxyethylene groups act as the redagjegts for Au(lll) ions].
Gasconet al. have reported the synthesis of narrow-dispersed gold rmatides in the
smectic phase than in the isotropic phg [11]. The praparat gold fractal structures in
the lamellar phase has also been reported in the Iiter£§ie [t was shown that the gold
nanoparticles form inside the multilamellar vesicles drelrelationship between the lamel-
lar arrangement and the nanoparticle size has been st dThe synthesis of micron
size gold nanoplates and nanobelts in a lyotropic liquigtaljine phase made up of block
copolymers has also been demonstrated previously [14].

Dispersion of nanomaterials in liquid crystalline systegmngvides several advantages
due to the unique properties of these nanomaterials ancetherganised structure of the
liquid crystalline phases. There are several reports orsyhéhesis of nanoparticles in the
presence of surfactants and micelles. Heredral. have prepared the nanoparticles using
surfactants in a reverse micelQ[15], while Jatal. have studied the gold nanoparticles
that are covered with CTAB moIecuIJs—_hG]. Ghasthal. have reported Triton X-100 as
stabiliser for gold nanoparticles [17]. The synthesis atadbissation of nanoparticles by
AQOT and its incorporation into the reverse micelles of AOVénalso been reporte]lg 19].

The gold nanoparticles in an agueous micellar medium peopatential applications for

both drug delivery as well as immunoassay studies. Here eseribe our studies on the in-
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tegration of hexanethiol and cyanobiphenylthiol (10Citih protected gold nanoparticles
in highly ordered lyotropic hexagonal columnar liquid dglBne systems. The hexagonal
columnar phase was made either by a Triton X-100/water systeby a pure AOT sys-

tem. While Triton X-100/water system has a normal hexagao&imnar structure (H1

phase), AOT exhibits a reverse hexagonal columnar ligwdtaline phase (H2 phase)
[@ E{,@wq. The dispersions were characterisetyysmlarising optical microscopy
(POM) and small-angle X-ray scattering (SAXS) studies.

3.2.1 Experimental Procedures

Chemicals: Triton X-100 (Spectrochem), HAugBH,O (Aldrich), NaBH; (Aldrich), hex-
anethiol (Aldrich), tetraoctylammonium bromide (AldrichAOT (sodium (2-ethylhexyl)
sulfosuccinate) (SD fine Chem. Ltd), and toluene (Aldriclerevused as received. 10CB
Thiol (4’-[10-sulfanyldecyl)oxy][1, biphenyl]-4-carbonitrile) was synthesised by S. Ku-
maret al. as reported earlieEES]. Millipore water of resistivity MX2.cm was used for the
preparation of all the samples.

Gold nanoparticle Preparation: Gold nanoparticles (GNPs) covered with hexanethiolate
monolayer were synthesised by S. Kureaal. [@E’] by following the literature method
[@,]. In brief, a solution of tetraoctylammonium bromifl.1 g) in toluene (65 mL) was
added with stirring to a solution of 158 mg of HAuWC3H,O. This solution was stirred for 20
min and mixed with n-hexanethiol (142 mg) with further stig for 10 min. A solution of
450 mg of NaBH dissolved in 5 mL of water was added to the above mixture. €aetron
mixture was stirred at room temperature for 24 h. The orgphase was separated, evapo-
rated to about 2-3 mL in a rotary evaporator under vacuumahremperature, mixed with
50 mL of ethanol and centrifuged at 5000 rpm for 1 h. The sugtant liquid was removed
and the resulting hexanethiol-protected gold nanopasgialere dissolved in about 1 mL of
dichloromethane and precipitated with ethanol. The clrmgfation and re-dispersal process
was repeated several times to ensure the complete remorahobvalently bound organic
material. Removal of the solvent afforded 60 mg of hexawéttapped gold nanoparticles
(CsGNP). It has been shown that this procedure results in tmegtion of GNPs with an av-
erage composition of AugS(CH,)s-CHs]s3 [29]. The 10CB-thiol stabilised gold nanopar-
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ticles (10CB-GNP) were prepared by following a similar prdure.

Preparation of GNP Dispersions. The lyotropic hexagonal columnar liquid crystalline
phase (H1 phase) was prepared with a composition of 42 wt%nTX-100 and 58 wt%
water as described in chapter 2, by following the procedepented earlieﬂ&O}. A total
of 2 mL of this mixture was heated to about 35 °C to the isotrqghase, and 12 mg of
the hexanethiol functionalised GNPs were dispersed inniedium. This was followed by
ultrasonication for 10 min and was allowed to cool down to €5 Two more samples with
compositions of 2.4 mg of GNP/2 mL of H1 phase and 1 mg of GNR/2fH1 phase were
prepared following the same process. For 10CB-thiolate®®Mo samples of compositions
of 1 mg of GNP/2 mL of H1 phase and 0.5 mg of GNP/2 mL of H1 phase\pespared by
the same procedure. The samples were homogeneous in niadlicating that the GNPs are
well-dispersed in the H1 phase and found to be stable forakglays. For the preparation
of GNP dispersions in AOT, 1 mg of the nanoparticles was mixgk 2 g of pure AOT, that
was dissolved in diethyl ether. This solution was mixed waild the solvent was evaporated
to obtain the GNP dispersion in AOT. A picture of these disfarare shown in Figure_3.1.
Characterisation: Scanning tunneling microscopic images were taken usin§Tav that
has been fabricated in our laboratory. The nanoparticles dispersed over an ITO coated
glass plate. The scanning was carried out under constamintumode with a bias voltage of
+100 mV and a reference current of 1 nA. Electrochemicalthed tungsten wire was used
as the tip for scanning. The images were analysed using 8cpRnobe Image Processor
software (SPIP, Image Metrology, Denmark). The polarigipical microscopic studies of
the samples were carried out using an Olympus POM instrunidre textures were taken
by sandwiching the samples between glass slides and caper Isi the Triton X-100/water
system, the samples were heated to the isotropic tempetatdrthe images were obtained
while cooling. For the AOT samples, the textures were takero@m temperature. The
small-angle X-ray scattering studies were carried outgi@amX-ray diffractometer (Rigaku,
UltraX 18) operating at 50 kV and 80 mA using CwKadiation having a wavelength of
1.54A. Samples were prepared by filling the capillary with theuldjcrystal or the GNP

dispersion and sealed. All the scattering studies weréechout at room temperature.
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Figure 3.1: A photograph of the dispersions of hexanethiolgtted GNPs in a) H1 phase
of Triton X-100/water system and b) H2 phase of AOT

3.2.2 Resultsand Discussion
3.2.2.1 Dispersion of GNPsin Triton X-100/Water System

From the STM studies, as shown in Figlrel 3.2, the size of hethéi capped gold nanopar-
ticles was measured to be about 3.6 nm. This measured sine@scthe nanoparticle core

and the hexanethiol molecules around the core that are astdlilise the nanoparticles.

4000 S

Figure 3.2: a) Scanning tunneling microscopic image of tegahethiol capped gold

nanoparticle and b) line profile for the image

Figure [3.3(a) shows the texture of pure H1 phase formed byftien X-100/water
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system. Figuré_3]3(b) arld_3.3(c) show the textures obtdard@te dispersions containing 1
mg of GNP/2 mL of Triton X-100/water system for the hexaneldtied and 10CB-thiolated
GNPs, respectively. All these dispersions show the typeelre of H1 phase, which were
stable down to room temperature. These images indicatalteadtl phase is retained in
all these samples. We have observed that the temperatuesponding to the isotropic
to columnar phase transition varies with the GNP conceatrah these dispersions. The
transition temperature of pure H1 system is 29 °C, while liersample containing 1 mg of
C6-GNP/2 mL of H1 phase, the transition temperature haseshibé 33.1 °C. This increase
in the transition temperature clearly shows that the nartigpes stabilise the H1 phase of the
Triton X-100/water system. But at higher concentrationGBiPs, the transition temperature
again decreases (32.9 °C for 2.4 mg of GNP/2 mL of H1 phase ar&i°€ for 12 mg of
GNP/2 mL of H1 phase), which may be attributed to the begmwoiinthe phase separation.
For the 10CB-thiolated GNPs, the transition temperatuB3i4 °C for the concentration of
0.5 mg of GNP/2 mL of H1 phase and 33.6 °C at the concentrafi@may of GNP/2 mL of
H1 phase.

Figure 3.3: Polarising optical micrographic textures oid for a) pure H1 phase of Triton

X-100/water system, b) §GNP/H1 phase and c¢) 10CB-GNP/H1 phase. Scale bargd00

For a better understanding of the liquid crystalline phdsb@dispersions, we have car-
ried out the small angle X-ray scattering (SAXS) studieshefpure and the GNP dispersed
Triton X-100/water systems. Figurile_B.4 shows the intensityscattering vector q for the
different samples. It is observed that the peaks in Figuégfdlow the ratio 13/3:v/4:\/7.
This indicates that the columnar hexagonal order with P6ipace group exists in the pure

Triton X-100/water system as well as in the dispersi.[:ﬂ:n]is is in agreement with the
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POM results described above. From the scattering vectohawe calculated the spacing
for all the samples and are presented in Tablel 3.1, whereiffeeetit peaks corresponds
to (1,0), (1,1), (2,0), and (2,1) scattering planes in thasgh We have calculated the lattice

parameters from the peak corresponding to the (1,0) plang tise equation [32]

2d
a=-—

V3
The main scattering peak in the SAXS corresponds to a lgtcameter value of 60.68,
60.01A and 61.60A for the pure H1 phase, C6-GNP-dispersed H1 phase, and 1BIIB-

dispersed H1 phase, respectively.

a b C

Intensity (a. u.)

|“-"‘° 015 020 025 030 qJp 045 020 0.25 0.30 040 045 020 0.25 030
q (A7)

Figure 3.4: Scattering vector vs. intensity plots obtaifredh the SAXS for a) pure H1
phase of Triton X-100/water system, b) C6GNP/H1 phase ad@CB-GNP/H1 phase

Table 3.1: Thel values inA of the Triton X-100/Water system and 1 mg of GNP/2 mL of
Triton X-100/Water system measured by SAXS studies at ramperature

dy d> d3 ds
Pure H1 phase 52.54 30.42 26.29 -
C6-GNP/H1 phase |51.97 29.85 26.15 20.8
10CB-GNP/H1 phas¢53.35 31.04 27.20 21.8

(=]

[0}

Since the change in the values is small for the GNP-dispersed system compared to
the pure H1 phase, it indicates that the dispersions do gatfigiantly alter the columnar

arrangement of the Triton X-100/water system in both thpealisions. Due to the large size
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of the nanoparticles of about 3.6 nm, they can not be accorataddvithin the core of the
micelles, but are present outside the boundaries of theroand interdomain spacings.
This observation is in agreement with the SAXS studies. dfdbld nanoparticles have to
reside inside the hydrophobic core of Triton X-100/wateceiies, then the large size of the
thiol stabilised GNPs would have severely distorted theagexal columns (about 5 nm).
Such a distortion should have resulted in a large increadeohspacing as measured by the
SAXS studies. On the other hand, the GNPs will prefer the-dtenain spaces due to higher
entropic gain instead of being confined inside the hydroghodlumns. The nanoparticles
have sufficient space between the domain planes.

It is clear from the Figure[ 314 and the Table ]3.1 that all theRahkpersed systems
show the columnar hexagonal phase. The additional Bragk @ethe /7 position due
to the (2,1) reflections shows that the H1 phase is more aideithin the core after the
addition of GNPs. For the hexanethiol-GNP dispersed systémd values have decreased
compared to the pure H1 phase. This can be explained on tisedbasir proposed model of
the dispersions. For the hexanethiol capped GNPs, thertalhmioups are hydrophobic in
nature, while for the micelles, the outer boundary is hytii@ As a result, for minimising
the hydrophobic-hydrophilic interactions between the GIdRd the polar boundaries of the
cylindrical micelles, the individual columns will tend tbrénk, which results in the reduction
of d values. On the other hand, we have observed a small increabe d spacing for
the 10CB-thiolated GNP dispersion. Here the interactidawben the terminal polar cyano
group of the nanoparticles and the water molecules on thellmieads to a small expansion
of the micellar core that leads to an increase indivalues.

Assuming a spherical shape, and the average size of thesparéinles to be 4 nm
with the molecular formula for the hexanethiol stabilisdd®3 to be Au4o[S(CHz)5CH3]s3
[@,], we have calculated the molar ratio and the voluraetion of these dispersions.
We obtain a volume fraction of about 1:3300 for the GNP:H1gehfor the dispersion of
1 mg C6-GNP/H1 phase. This indicates that the number of GNRB%ei dispersions is not
significantly high to perturb thd spacing of the columns, which is in agreement with our

POM and small-angle X-ray scattering studies.
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3.2.2.2 Dispersion of GNPsin AOT

The dispersions of both hexanethiolated and 10CB-thidl&iNPs in the reverse hexagonal
phase of AOT (H2 phase) have been prepared as describe liefine experimental sec-
tion. A picture of the dispersion is shown in Figlire]3.1(binceé the nanoparticles may not
be stable up to the transition temperature of AOT (of abot °B), the polarising optical
micrographic images were taken at room temperature witheating and subsequent cool-
ing as is done in the case of H1 phase of Triton X-100/watdesysliscussed earlier. Figure
[3.3 presents the POM images obtained for the pure AOT anddperdions. It is clear from
the figure that the pure AOT forms a reverse hexagonal phasplfeise) and the dispersions

have retained the H2 phase.

Figure 3.5: Polarising optical micrographic textures aisd for a) pure H1 phase of AOT,
b) C6-GNP/AOT and c) 10CB-GNP/AQT. Scale bar3s0

We have carried out SAXS studies of the pure AOT as well as thB-@ispersed AOT
systems at room temperature. Figurel 3.6 represents thaddiffn patterns obtained for
these samples, where the intensity is plotted against thesing vector . In the case
of C6-GNP and 10CB-GNP-dispersed in AOT, the magnitude efdtattering vectors, q
follows the ratio 1i/3:v/4 corresponding to the (1,0), (1,1), and (2,0) reflectioosfa 2-D
hexagonal lattice indicating the retention of the H2 phd$ed spacings for these systems
were calculated and are presented in Tdblé 3.2. The latiiGmpeters were calculated to be
24.55, 26.67, and 26.1A for the pure H2 phase, C6-GNP-dispersed H2 phase, and 10CB-
GNP-dispersed H2 phase, respectively, which belong to @men space group. This fact
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along with the POM textures discussed previously suppantsonclusion that this system
exhibits a reverse hexagonal columnar phase (H2) eventa&dncorporation of the gold

nanoparticles.
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Figure 3.6: scattering vector vs. intensity plot obtainexuhf the SAXS for a) pure AOT, b)
C6-GNP/AOT and c) 10CB-GNP/AOT systems

Table 3.2: Thal values inA for the AOT system and 1 mg of GNP/AQOT dispersion measured
by SAXS at room temperature

ds dz ds
Pure AOT 21.26

C6-GNP/AOT 23.1 13.33 11.61
10CB-GNP/AOT| 22.61 13.01 11.33

The pure AOT shows only one peak while the dispersions shalitiadal peaks in the
ratio of of 13/3:v/4. This indicates that the dispersions of GNPs enhance doé&licrys-
talline order of the AOT system. Thispacings of the dispersions have been observed to
increase compared to the pure AOT system. @value obtained for the pure AOT system
is 21.26A which is in good agreement with the reported value in thediture([31), 33]. The
addition of GNPs increased tliespacing for both the C6-GNP and the 10CB-GNP disper-
sions as seen in Table_B.2 and the maximum increase is obdsartree C6-GNP dispersion
where thed spacing is 23.1@\. For the C6-GNPs due to the presence of the hydrophobic

terminal groups, they can be accommodated within the hydrbiec surface of the reverse
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hexagonal phase of AOT, which results in the increase spacing. For the 10CB-GNPs,
there was a small increment in thevalues to 22.6A.

Since the increment id values is small, we conclude that the GNPs are present eutsid
the columns of the H2 phase. Moreover, for the H2 phase, ttex surface of the columns is
hydrophobic and the inner core is hydrophilic. The thiobgtsed GNPs being hydrophobic,
will prefer to occupy the outer hydrophobic surface of thedgonal columns. For the 10CB-
thiolated nanoparticles due to its polar cyano group, theraurface of these GNPs is less
hydrophobic as compared to the C6-GNPs. This results in &aveateraction between the
terminal groups of GNPs and the outer surface of the H2 phag@ aery small increment
in thed values.

From the above studies, we have concluded that the nandpardire present outside the
cylindrical micellar columns irrespective of the H1 or H2gsle used as the liquid crystalline
medium. In the H1 phase, the GNPs prefer to stay outside thenos due to the freely
available space between the columns which provides a netpéngain. In the H2 phase
the outer surface of the hexagonal columns are hydrophaoltidtas additional factor also
prefer the nanoparticles to be present in the hydrophobiome It is observed that in both
the phases, the addition of GNPs has enhanced the hexagdaabbthe liquid crystalline
phase with additional Bragg peaks. These results indibatetie Triton X-100/water system
and the AOT system provide a very good medium for the dispersi nanoparticles which

can be used as model systems for different applications.

3.3 lonic conductivity studies of the H1 phase

Though the H1 phase of Triton X-100/water system is quitd webwn and its phase be-
haviour is well studied, there is little information on tloaic conductivity. For example, the
lonic conductivity of many of the surfactant systems hasbstadied in the literature ex-
cept for the nonionic surfactants which contain polyetholgins. Triton X-100 molecules
have the polyethoxy chains, the groups that form part of aotidg membranes and possess
significant ionic conductivity.

The polyethoxy membranes are also finding importance intb@p exchange fuel cell

devices as their ionic conductivity is quite high compa@dther membranes. Eventhough
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the polyethoxy chains can not form any self-organised &iraes in the aqueous medium like
liquid crystals, their proton conductivity is very high ingsence of other ions. A survey in
the literature shows that the proton conducting natureedelchains have not been explored
much.

This section describes our experimental results of ioniaetivity studies in the H1
phase of Triton X-100/water system, which show surprisirfiagh ionic conductivity. The
effect of dispersion of different dopants is also discugseithe present section. The high
ionic conductivity can be explained on the basis of Grottmeshanism, which is based on
the extended water chain network model. A similar mecharamalso been proposed to
explain the high ionic conductivity of protein dispersiansaaqueous solutioniﬁ 36,

] and for water inside the carbon nanotu [38].

3.3.1 Experimental Section

Triton X-100 was obtained from Aldrich and was used as reszeiAll the solutions were
prepared using millipore water having a resistivity of 18&Mm. Urea was obtained from
Rankem. The lyotropic hexagonal columnar liquid crystalphase (H1 phase) was pre-
pared following the method as described in the previous@ettiiat contains 42 weight% of
Triton X-100 and 58 weight% of water. The dispersions of g@doparticles and urea were
prepared using the same procedure as described in the gpseseation. The concentration
of GNPs were restricted at low levels as at high concentratoe to the steric interactions,
the phase was observed to be unstable. The ionic condyativihese samples were mea-
sured while cooling from the isotropic phase using a lockuimplifier (Stanford Research
Systems, model SR830). Two platinum foil electrodes in thelbel plate configuration
were used as the electrodes for the conductivity measutsmarschematic representation
of the measurement setup is depicted in Figurd 3.7. Themuam@oss the resistor R was

measured and from which the ionic conductivity of the H1 ghaas calculated.

3.3.2 Reaultsand discussion

Figure [3.8 shows the ionic conductivity of the H1 phase fatrog the Triton X-100/water

system as a function of frequency that was measured at raopetature. It can be noted that
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I=1_sin(wt+®)

V=V _sinwt

LIA SR830|_

Figure 3.7: A schematic diagram showing the setup used éomtasurement of ionic con-

ductivity

the conductivity has a plateau region in the 500 Hz to 10 kHAigher frequencies, the ionic
conductivity decreases significantly due to the slow rdiareeffects. At frequencies below
500 Hz, there is a small decrease in the ionic conductivigsdsl on these observations, we
have measured the conductivity of these systems at a fregqué2 kHz.

Figure [3.9 shows the ionic conductivity of the H1 phase asnatfan of temperature
while cooling from the isotropic phase of the system. It is@tved from the figure that
the conductivity of the system is very high, of the order ofesal hundreduS/cm. This is
contrary to the conductivity of pure water which is aboutSu®/cm. The phase transition
from the H1 phase to the isotropic phase can be clearly obdans/the conductivity vs.
temperature plot of Figure_3.9 which occurs at 32 °C.

We have prepared aqueous solutions with different conatois of Triton X-100, which
is below the concentration corresponding to the formatidheliquid crystalline phase. The
ionic conductivity of these samples are shown in Figurel311& observed that the ionic
conductivity of these samples increases with the concgorraf the surfactant. Since the pH
of the solution is observed to be constant, the contributiom the dissolved C®towards

the conductivity can be ruled out. It also indicates the abseof any dissociation of the
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Figure 3.8: lonic conductivity of the H1 phase of Triton X@@ater system as a function

of frequency at room temperature

surfactants to form ionic species in the system, which in@se is not reasonable within
the experimental conditions since it is a nonionic surfaictd hese observations point to a

different kind of mechanisme Grotthus mechanism which operates in these systems.

3.3.2.1 Grotthus Mechanism

The high ionic conductivity of water was first explained byo@&knus in the year 180&9].
According to the Grotthus mechanism, the proton condugtasises due to the presence of
different hydrated protons in the system. Among severalaget protons, the most promi-
nent clusters are the hydronium ion®i", the Zundel cation, gD; and the Eigen cation
HoOj. The HOT is just a protonated water molecule with pyramidal struetutnder
normal conditions, one water molecule can form hydrogendbomith 4 different water
molecules, two using the hydrogen atoms and two using thgexytom. On the other
hand, the HO™ ion can form maximum three hydrogen bonds with other watdeoes,
two using the hydrogen atoms and one using the oxygen atotine [Bundel cation, the pro-
ton is shared between two water molecules, while in the Etg#ion, three water molecules
are present in the first solvation layer of the hydronium i@ue to the presence of three

solvated water molecules, the Eigen cation is more stabigpeaced to the Zundel cation

jad a1 |2y
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Figure 3.9: lonic conductivity of the H1 phase of Triton X@@ater system as a function

of temperature measured at different frequencies

The very high proton conductivity arises from the protomsort through these wa-
ter clustersyiz, Zundel cations and Eigen cations. Eventhough differerdhaeisms have
been proposed for the proton transfer pathways througle tblesters, the most accepted
mechanism is the E-Z-E pathway. Here, the proton transfeursdrom one oxygen atom
to the other in an Eigen cation through the formation of aermidiate Zundel cation, as
represented in Figure_3J11.

There are several speculations over the kinetics of theoproainsfer mechanisms in
these protonated water clusters. The rate limiting stepemptoton transfer process may be
either proton motion or the structural diffusion. Strueludiffusion means the addition of
water molecules to the solvation layer of the protonatedtehs. Experimental results using
deuterium showed that the isotropic effect is 1.4 insteathefexpected value of 2 for the
proton motion]. This indicates that the proton motionas the rate limiting step. Since
every water molecule can form 4 hydrogen bonds at a time asilled above, the validity of
structural diffusion process as the rate determining steploe ruled out. The NMR studies
on proton hopping process indicate that the hydrogen-bteavage is the rate limiting step

]. Moreover, the cleavage needs a reorientation of wai@ecules and under such a
condition, the isotropic effect may be given ymp /my, where ny is the atomic weight of
deuterium (2) and m is atomic weight of hydrogen. This gives an isotropic effeadte of

V2 or 1.4, which is in agreement with the experimental resaitthe kinetics of the reaction
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Figure 3.10: lonic conductivity of the Triton X-100/wateyssem as a function of the con-
centration of Triton X-100

[40].

Figure 3.11: Schematic diagram of the proton transfer byttGus mechanism

In the liquid crystalline phase, due to the close packethgement of water molecules
on the surface of the micelles, a well ordered network of bgdn bonding water molecules
is possible. This hydrogen bonding network provides adggibton transfer pathway. Any
release of free protons in the H1 phase is ruled out as the pHeo$olution is constant
irrespective of the concentration of the surfactant. Timéciconductivity shows a plateau at
concentrations of Triton X-100 corresponding to the foliorabf columnar hexagonal phase
as shown in FigureL_3.10. This indicates the significant rdlextended hydrogen-bond
network in the ionic conductivity values. We have also obedrthat above this concentra-
tion, there is a very little increase in the conductivitylwibe increase in the concentration

of the surfactant, which may be ascribed to the saturatiaghehydrogen bonded network
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formation.

The lyotropic columnar hexagonal liquid crystalline phaisat is used in the present
studies is formed by cylindrical micelles of Triton X-100rfactant molecules in the aque-
ous medium. The surfactants are self-organised into thiedrjdal micelles which are sur-
rounded by water molecules. These water molecules, dueettyttdrophilic-hydrophilic
interactions with the polyethoxy chains, are stronglycktéa to the micelles. This is similar
to the water molecules which are attached to the proteinentgs in the biological systems.
This provides a route for the formation of clusters of pratiea water molecules like hydro-
nium, Zundel and Eigen cations. The existence of similaewelusters has been proposed
in a variety of systems like water inside carbon nanotubesoarthe protein surface. Since
these protonated water clusters are in close vicinity th eteer on the micellar surface, pro-
ton transfer between these clusters are facile and hengertiteconductivity increases. It
has been proposed in the literature that such water clUusiglsate the transport of protons
through the water-chains by Grotthus mechan@@é]@&ﬁ,

For verifying the role of these cationic clusters in the moonductivity, we have mea-
sured the ionic conductivity of the H1 phase at differenta@arirations of urea. Urea is a well
known reagent for the denaturation of protein systems byligteuction of hydrogen bond-
ing network ]. Such materials are commonly known atifopic reagents. Similar
effect of disruption of hydrogen bonded water network fodrrethe PEO chains is expected
in the addition of urea. Figuré _3.]12 shows the ionic conditytas a function of temper-
ature for the different concentrations of urea. It is obedrthat the conductivity decreases
as the concentration of urea increases. This indicateghibaddition of urea disrupts the
hydrogen-bonded networks, which is responsible for theedese in the ionic conductivity.
At lower concentrations of urea there is a negligible desgea the conductivity while above
5 M concentration, it decreases drastically. It has beewstibat 8 M urea is sufficient to
denature proteins in aqueous soluti [45]. Our resudtsneagreement with these reports.

We have also studied the effect of addition of gold nanoglagiin the ionic conductivity
of the H1 phase. Figure_3.113 shows the ionic conductivity ametion of temperature for
the H1 phase of Triton X-100/water system before and afteP@Npersion. Itis clear from
the figure that the ionic conductivity has increased aftePGlispersion. The hexanethio-

lated gold nanoparticles have hydrophobic terminal growtsch are present in between

103



(0]

o

o
L

D ~
o o
o o
L L L

($)]

o

o
L

Conductivity (S/cm)

400-—F—————

Temperature (°C)

Figure 3.12: lonic conductivity of the H1 phase as a functbtemperature for Triton X-
100/water system dispersed with different concentrataingea,o (0 M), e (0.5 M), (1
M), B (5M), A (8 M) anda (9 M)

the columns and domain spaces as described in the previctimseAs a result of this, the
water molecules are aggregated more strongly to the micglidiace, which improves the
hydrogen-bonded network and the ionic conductivity. Thigiiagreement with the SAXS
studies described in the previous section, where we hawsrstmat thed spacing of the

GNP dispersed H1 phase is decreased compared to the pureadé, pihich indicates a
stronger water aggregation on the cylindrical micellafate formed by the Triton X-100
surfactant.

The H1 phase provides a simple model for studying the bebawiovater clusters in dif-
ferent systems like on the protein surfaces. As describetiapter 2, the redox probes like
ferrocyanide/ferricyanide and hexaammineruthenium owés are less hydrated in the H1
phase as compared to the aqueous medium. These resultsagreé@ment with the present
model, as most of the water molecules are attached to thdlaniserface, that leads to a
higher ionic conductivity. As the concentration of the clnapic agent increases, the hydro-
gen bonding network disrupts resulting in the lowering @tpn conductivity, while addition

of gold nanoparticles increases the hydrogen-bonded mietaval the ionic conductivity.
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Figure 3.13: lonic conductivity of a) the H1 phase of TritorilBO/water system and b) H1
phase dispersed with 1 mg hexanethiolated GNPs in 2 ml adiT Xt 100/water system

3.4 Conclusion

The dispersion of thiol-protected gold nanoparticles io t@lumnar hexagonal systems are
studied. The results show that the addition of nhanopastiatelower concentrations have

retained the liquid crystalline phase, with an enhancernmehe order within the phase. The

SAXS studies show that the nanoparticles occupy the irderain space rather than inside
the core of the cylindrical micelles.

From the conductivity studies of the H1 phase of the pureofriX-100/water system
and the dispersions, it is proposed that the system contiagnprotonated water clusters
which are responsible for the high ionic conductivity. Brotconductivity is a complex
process and clearly there are several issues which have addressed in order to fully
understand the phenomenon of ionic conductivity in theitiquystalline phase formed by
nonionic surfactants. For example, a detailed study isssug for establishing the different
hydronium ions present in the system. This simple systemImeaysed as a model system
for the study of the proton transfer reaction mechanism &edstructure of water on the

protein surfaces.
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Chapter 4

Electrical Conductivity Studieson the
Discotic Liquid Crystalsand its

Composites

Liquid crystals, as mentioned earlier, are the intermedptases between the crystalline
and liquid phases. They have the orientational order oftaliyse phases and the dynamic
nature of liquid phases. The different properties of thesasps have already been dis-
cussed in the chapter 1. The present chapter deals withebiehl conductivity studies on
the thermotropic columnar liquid crystalline phases fadrbg triphenylene based discotic
molecules and some of its composites. The discotic conmgmarke prepared using two dif-
ferent acceptor systems, ferrocenium tetrafluoroboratehloroauric acid. The composites
were characterised using different techniques like POMCDSAXS, spectral studies and
cyclic voltammetry. The electrical conductivity of thesmmposites were observed to be en-
hanced by several orders of magnitude compared to the pegetati systems. The electrical
conductivity studies of a series of pyridinium tethereghenylene derivatives which form

ionic liquid crystals are also part of this chapter.
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4.1 Introduction

Columnar liquid crystalline phases are formed by the aggreg of disc like molecules
which stack one over the other to form columns [1]. These ookl can aggregate to
form different phases like columnar rectangular, colunreagonal, columnar plastic and
columnar oblique phases. Typically, these molecules sbo$ian aromatic core and flex-
ible aliphatic chains. Several cores have been used forytt@esis of discotic molecules.
The different strategies involved in the synthesis of molies possessing columnar phases
have been reviewed recentu [2]. Some of the most studiexddrelerich discotic cores are
benzene, naphthalene, anthracene, triphenylene, hee@mennene and phthalocyanine. A
typical electron deficient core is that of anthraquinone.e Dw the strongeTt interaction
between the cores, the typical core-core distance in thawwdr phase is-0.35 nm. The
column-column distance may be2-4 nm depending on the length of the aliphatic substitu-
tion on the core groups. These alkyl chains should be of serfititength in order to provide
necessary flexibility for the discotic molecules to formwuhar phases.

Due to the strong core-core and weak column-column intergstthe discotic molecules
show a quasi-one-dimensional behaviour in the electrmadiactivity. This one-dimensional
conductivity has been suggested to be important for a yapiedpplications in the areas in-
cluding solar cellsu?}], molecular electronili [4], phavtiaic cells [5], organic light emitting
diodes (OLED)EL}] and field effect transistors (FET) [7]. Téféiciency of such devices de-
pends on the band gap of the materials, which is typicalljualbeV for the discotic liquid
crystals. This high band gap of the discotic molecules mékes behave as insulators un-
der normal conditions. On the other hand, they show semiatiimdy behaviour on doping
with either electron rich or electron deficient moleculdas ithe supramolecular order of the
liquid crystalline phase. The important point to be notecthe that the concentration of the
dopant is critical in order that the liquid crystalline phaas not disrupted. At the same time,
the amount of dopants should be sufficient enough to intredlectrons or holes into the
liquid crystalline medium to increase the conductivity.

The conductivity of the pure discotic systems have beenen several groups. Triph-
enylene, hexabenzocoronene and phthalocyanine basedraphases are the most studied

systems. Either the conductivitg) or the related charge carrier mobility £ o/ne) were
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measured using different methods for these systems. Fonélasurement of mobility, two
methods have been widely used in the literature. The firshatkeis based on the time of
flight (TOF) experimentsﬂ&] 9], while the second method isdabon the pulse radiolysis-
time resolved microwave conductivity (PR-TRMC) meth@,dﬂ]. In the TOF method,
the time taken by the excited charge carriers to travel a kndistance is measured, from

which the mobility is calculated using the following equeti

d
" hE
where d is the distance between the two electrodes and F epiiieed electric field. The
transit time ¥+ can be obtained at the intersection of the two tangents &twio relaxation
processes in the current-time profile from the TOF expertr&nln the PR-TRMC method,
a microwave radiation of particular power is irradiatedlom$ample, which generates charge
carriers and hence the conductivity of the sample incredsescurrent response of the cell
is measured as a function of time and from these values thditpaid the charge carries
can be estimate&lw]. TOF measures the long-range mobflitlye sample which means
that the mobility is averaged out over a large distance betvitbe two electrodes which
may be several microns, in a millisecond to microsecond soae. On the other hand, the
PR-TRMC measures the mobility over a small distance of tloeroof thickness of a few
molecules in a time period of a few nanoseconds. Two pointg Imeanoted here. Due to
the small distance involved, mobility values from PR-TRM@ anore fundamental while
TOF gives the bulk charge-carrier mobility. Secondly, doig¢hte larger distance involved,
the mobility obtained from TOF will be smaller than the vadem PR-TRMC. This is due
to the fact that the bulk of the sample will be disordered withitidomains and un-aligned
columns that results in defect structures which will cdnite to scattering of charge carriers.
Therefore the defect contributions to the TOF experimerdhles is quite significant, while
for the PR-TRMC the contributions from these defects willdses [12].

In our work, we have focused on the electrical conductivigasurements, which is re-
lated to charge carrier mobility by the formute= nepwhereo is the conductivity, n is
the charge carrier density, e is the charge of electronsuasdhe mobility of the charge
carriers. The electrical conductivity studies provideomfiation on the effect of doping in

the transport properties of charge carriers. As a resutie@¥ery high band gap, the discotic
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materials have very low electrical conductivity of the ardé10-12 S/m along the column
and 101° S/m perpendicular to the column. One route to enhance thductinity of these
supramolecular systems is the addition of a small quantigitber electron donors or elec-
tron acceptors. This doping can introduce electrons orshate the discotic matrix and as a
result, the conductivity can be enhanced by several orderagnitude. Trinitrofluorenone,
TNFB,@], iodinJL—;LLS], aluminium chloride, AI@[@,B’,@], nitrosonium tetrafluorobo-
rate, NOBIRz [19] and gold nanoparticle 21] are some of the mosiatldbpants in the
columnar liquid crystalline matrix. These dopants at low@antrations retain the columnar
phase with enhancement in the electrical conductivity wess orders of magnitude. For
AICl3 and NOBF doped systems, it has been shown that they form chargddracam-
plexes with the discotic molecules. This results in the ati@h of the aromatic core of the
discotic moiety with the formation of radical cations thahances the electrical conductivity
of the composites. For the NOBHBopants, they may even intercalate within the column and
can form a 1:1 complex[22]. These complexes have bettadlicyystalline order compared
to the pure systems, that results from the strong electrooréacceptor interactions within
the column due to the sandwich type structure. In other Bystéhe doping will increase
the entropy of the system that reduces the temperature dcdriggiid crystalline phase and

therefore at higher concentrations of the dopants, thédiguystalline order collapses.

4.1.1 Mechanism of Electrical Conductivity

The quasi-one-dimensional conductivity on discotic lajarystalline phases was first re-
ported in 1985 using triphenylene based systems [23]. Eudtudies were carried out on
several triphenylene derivatives and their composites¢hwvindeed demonstrated that the
conductivity of these supramolecular systems can be eeldng several orders of magni-
tude ,]. After this, a number of reports have appeanettie literature on the quasi-
one-dimensional conductivity of the columnar phase forimettiphenylene, benzocoronene
[@%EH;L&GQ] phthalocyani&g 30] and perylengévdtves E{EIZB] either in

their pure state or in the presence of dopants. In all thesesg, it was shown that the
electrical conductivity is very much higher in the colummdrase compared to the crys-

talline phase. In many systems, the low frequency ionic aohdty decreased again in
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the isotropic phase. This clearly indicates that the cotidticin these systems is mainly
governed by the columnar hexagonal arrangement of thestligped molecules.

The ionic conductivity values are frequency dependentgtidri frequency ranges, while
being independent of frequency at lower frequency rangedeBet al. have shown that the

conductivity at higher frequencies follows the form|[16]
o(w) = 6(0) +Aw’8

The frequency independent part has been modelled by theaRidkfusion, which is based
on the concentration-independent Fick’s law of diffusi@amd can be expressed by the

Nernst-Einstein equation given 16]

ne?
where
D(w) = L N?
(W) = 2g-orm

with A being the inverse of mean hopping time=£ 1/t) andA the mean hopping distance.
This provides the frequency-independent conductivityoat frequencies where only the
slowest motions, the non-localised or long-range hopi@tharge-carriers are dominated.
In other words, the system is in the frozen state or the fultieced state with single hopping
rate between the sites. This diffusion was also observect tmdependent of the carrier
concentration [16].

Bodenet al. have discussed the frequency dependency of the ionic ctwitpm detail

]. They have shown that the frequency independent cdmnilycobserved at low fre-
quencies originates from the charge-migration betweedigwtic columns of the domains,
that are present due to the absence of perfect alignmentofdlumns. The frequency
dependency of the conductivity arises from the followingattpn,

A2 Tiw(1+iw/A)VL
D) = S T At iwn) 2

whereA is the mean hopping distanceis an arbitrary parameter, d is the distance between
neighbouring sites. Fitting of the experimental ionic coctivity data using this equation
revealed the following points:

1) The frequency independent conductivity that dominatésaafrequency region arises due

113



to the charge-migration between columns of different domiaiNormally, these different
domains are formed due to the imperfect alignment of theotiscolumns.

2) The fitting parameters in the columnar hexagonal as walh &ise isotropic phases are
very close to each other, which indicates that the moleaibnks or the columns retain at
least partially even in the isotropic phase.

3) For the frequency dependent conductivity at high fregie= the best fitting value foris
~0.8, which explains the®® dependency of the ionic conductivity at high frequencidssT
is reported to be typical of hopping transitions with a diition of hopping probabilities.
For the columnar liquid crystalline systems, this origasaffrom the disorder in the stacking
of the disc-like molecules.

The conductivity of the system is related to the mobility ¢f the charge-carriers by
the relationo = nep, where n is the density of charge-carriers which can be astidifrom
the ESR measurements and e is the charge of electrons. THeatmity in the parallel
and perpendicular directions are related to the mobilittheasame mann =| 9]. The mean
hopping time of charge-carriers within the column is redatethe measured mobility by the

equation

ed
T=——
2kT
where d is the average separation between the aromaticwih@s a column. For tripheny-

lene derivatives, this corresponds+0.35 nm.

The conductivity in the crystalline phase is very less, nyadnie to the restricted charge-
carrier migrations in the phase. The different carrierssitave frozen structure with de-
fects. In the isotropic phase, the columns persist to sortenexThe total hopping length
is given by the length of the molecular stacks, which-B00 nm at a temperature close to
the columnar-isotropic phase transition temperatures Téngth decreases as the tempera-
ture increases and the conductivity falls down. It may beeddtowever that close to the
phase transition temperature, the conductivity may irsgadue to the facile temperature-
dependent charge-carrier migration/[16].

The conductivity perpendicular to the columns is more caxjls the charge-carriers
have to cross a longer distance. The typical core-corertistbetween adjacent columns in
discotic systems is 2-4 nm and hence typical quantum-mecdddannneling can not explain

the observed conductivity. Inter-columnar charge-catrensport at low temperatures may
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take place through the defects or dislocations. At high tnatjpire, the process may involve

many-phonon assisted tunneling proc& [34]. Assuminbdpeing rate is of the form
W, ~Wpe 2R

wherea is the inverse decay length of the wavefunction Re20 A is the column-column

distance in the liquid crystalline phase for HAT6. Comparihis with thew,
O'H/O'J_ :\/VH/WJ_ ~ 106

The molecular diffusion coefficient perpendicular to théuoans, D, is measured to
be around 5x 101! m?s~1, which is comparable to the mobility of the charge-carriers
perpendicular to the column. This indicates thatdthenay be dominated by the dislocations

of these disc shaped molecules in between the adjacent sslirich is ionic transport [35].

4.1.2 Roleof the Electrodes

Bodenet al. have studied the effect of electrode materials on the cdnalycof discotic
systemsEB]. They have used indium tin oxide (ITO) eleasds well as aluminium (Al)
electrodes as symmetric and antisymmetric combinationth &\tell separation of about 5
um and above, they have shown that the bulk resistance of therialalominates over the
surface resistance and hence the influence of surfaceamststan be neglected. In the bulk,
under such a condition, the conductivity may be due to edectr the hole mobility. The

hole mobility is temperature independent. The electronititplollows the form

ug -~ UOe_Ea/kT

where E is the activation energy, and has values close to 0.5 V. Isyhemetric ITO elec-
trodes, ie. ITO/HAT6/ITO, it has been shown that hole cotidmcdominates due to the
presence of intrinsic p-type impurities and a lower workdiion of ITO compared to HAT6.
On the other hand, for the AI/HAT6/Al combination, the elect conduction is observed to
be dominated.

Since the hole mobility is almost independent of tempegtthhe temperature depen-

dency of the conduction at higher temperatures has to beraithe to defect ionisation of
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the trapped impurities or due to the external injection cdrgle carriers. Theoretical for-
mulation of the defect ionisation would resglicfect— 0 asT — 0. Experimentally it was
observed that the conductivity levels off at low temperatnstead of approaching zero. This
means that the defect ionisation is not the dominant factothfe temperature dependency
of conductivity. The experimental results can be explaioethe basis of external injection
of charge-carriers [36].

Some of the general trends in the conductivity of discotjailil crystalline phase are as
follows:
1. The conductivity in the columnar hexagonal phase is higfnen that of crystalline and
isotropic phases. In the crystalline phase the condugisvless due to the defect structures at
the electrode/discotic interface as well as in the bulk; taa not be cured. In the isotropic
phase, the liquid crystalline order is collapsed. This ltssa the decrease in the mean
free path, where the charge-carriers are trapped, anddghounally lead to a decrease in
conductivity.
2. As the chain length of the discotic molecules increasescore-core distance increases
which results in a lower coupling between the cores. It is alsserved that the work function
for the discotic system increases as the chain length isesedue to these two reasons the
conductivity decreases with increase in chain length.
3. The ionic conductivity shows a frequency-independenstant value at low frequencies
and varies a&®® at higher frequencies. The low frequency limiting valuetisiauted to the
charge-migration between different columns or due to loangge hopping of charge-carriers

while at high frequencies it is due to the charge-migratidghw the columns.

4.1.3 Alignment of Discotic Systems

The quasi-one-dimensional conductivity of the liquid ¢ajiine phase originate from the
stacking of the discs in columns and the transport of cheeggers along these columns.
Since the typical column length is only a few tens of nanonsetéhile the separation be-
tween the electrodes is at least a few microns, the alignofehe discotic system is impor-
tant for the observation of anisotropic conductivity. Hoe device applications, this align-

ment has a major role. For example, for the solar cell andgvadtaaic cell applications, the
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Figure 4.1: Schematic representation of a) homeotropidamdmogeneous alignment

columns perpendicular to the surface is preferred whilgHerfield effect transistor (FET)
applications, the columns should be parallel to the surfibés means that all the columns
should be aligned in the same direction so that the net carailesport is a one-dimensional
property. The alignment of the columns may be either pdratleerpendicular to the elec-
trode surface as represented in the Figurd 4.1. If the akgtmof the columns is parallel
to the surface, it is known as homogeneous alignment anddrcéise, the measurement of
conductivity between the two electrodes gives the conditgperpendicular to the columns
(01). On the other hand, if the columns are aligned perpendictalthe electrode surface,
which is the homeotropic alignment, the conductivity pafaio the columnsd) can be
measured between the electrodes.

Eventhough the alignment of calamitic liquid crystals aasyeby the surface modifi-
cations or by the application of electric fields, these meshare not very effective for the
alignment of discotic systems and several other methodsw@en proposed for this purpose

]. One of the most common methods is the application ofmatg field. The discotic
systems have negative magnetic susceptibility. Due towhsge cooling from the isotropic
phase, the discs will align parallel to the field or the coluaxis will align perpendicular
to the applied magnetic field. Hence applying a magnetic fieilgpoendicular to the elec-
trode surface will result in the homeotropic alignment af #amplel[18]. Magnetic field of
strength~2-5 T is observed to be sufficient for a nearly perfect alignied the samples

]. Similarly homogeneous alignment can be achieved byagmatic field parallel to the
electrode surface. Applying mechanical forces have beewrsho align the discotic mate-
rials, especially for the highly viscous phases. The meichaashear will align the columns
perpendicular to the applied shear fi@ [, 39]. Alignmeiliquid crystals by surface

modification is a common method in calamitic liquid crystddat is not a very successful
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method for the discotic systems, although it has been shbatrgtass surfaces coated with
electron rich molecules results in the homeotropic aligmw@. Hexaphenol, mellitic
acid, hexahydroxytriphenylene and rufigallol have beelseatl for this purpose. A slow
cooling of the discotic molecules from the isotropic phasan ITO coated cell with a small
cell thickness has shown to produce homeotropically atiggeemples. This is one of the
easiest and most common method for the alignment of disoadlecules. Hexaalkoxytriph-
enylenes can be homeotropically aligned easily using tlethod BSH“BEH The
typical cell thickness used for this purposeJds um. In general, the aligned samples can be
easily distinguished from a non-aligned sample using iay optical microscopy. For an
aligned sample, since the domains are all in the same direc¢tie sample will not show any
birefringence whereas in the unaligned samples the igence originates from the defects
from the different domains.

In the present chapter, we discuss the electrical condtyctheasurements of tripheny-
lene based columnar hexagonal liquid crystalline phasée fifst part describes the fer-
rocenium doped HAT6 and HHTT composites, while the secontl gescribes about the
chloroauric acid-HAT6 composites. The composites wereadtarised using a variety of
technigues and the electrical conductivity of these cont@egvere observed to be enhanced
by several orders of magnitude compared to the pure dissgsiems. The last part of the

chapter deals with the ac conductivity studies on ionic colar hexagonal liquid crystals

that are formed by pyridinium tethered triphenylene molesu

4.2 Experimental Section

421 Chemicals

Two triphenylene derivatives, hexahexyloxytriphenyl€rR&T6) and hexahexylthiotriph-
enylene (HHTT), which show columnar hexagonal phase, wseel for the preparation of
composites. The molecular structure of these two compoaralshown in Figuré_4.2 and
were synthesised by S. Kumar following the method descrédaetier @]. The high pu-
rity dopants, ferrocenium tetrafluoroborate (FcTFB) wasfiAldrich and chloroauric acid,

HAuCl4 was from Spectrochem and were used without further puridicat
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Figure 4.2: The molecular structure of HAT6 and HHTT

4.2.2 Preparation of the Composites

The discotic molecules were dissolved in dichloromethsmeshich appropriate amount of
dopants were added and sonicated for 5 minutes. A slow eatiporof the solvent with
simultaneous stirring of the mixture resulted in the forimaiof the composites. Compos-
ites of different dopant-discotic ratios were prepared theludes 1 % FcTFB/HAT6, 10
% FCTFB/HAT6, 50 % FCTFB/HAT6 using HAT6 and FCTFB, 1 % FCTHBITT, 10 %
FCTFB/HHTT, 50 % FCTFB/HHTT using HHTT and FcTFB and 0.1 % HAWHAT6, 1 %
HAuUCI4/HAT6, and 5 % HAuCY/HAT®6 using HAT6 and HAud.

4.2.3 Characterisation of the Composites

The composites were characterised using a variety of tqabsilike polarising optical mi-
croscopy, differential scanning calorimetry, small angleay scattering, UV-visible spec-
troscopy, photoluminescence spectroscopy and electtaraductivity measurements. Po-
larising optical microscopy was carried out using Olymp@vPinstrument coupled with a
Mettler heater. The samples were sandwiched between agjldesand a coverslip. The tex-
tures were imaged while cooling from the isotropic phasee ffansition temperatures and
associated enthalpy changes were determined by diffatesganning calorimetry (DSC;
Perkin-Elmer, model Pyris 1D) at a scan rate of 5 °C Mifor both heating and cooling.
The apparatus was calibrated using indium (156.6 °C) asxdatd. Small-angle X-ray scat-
tering studies were carried out using an X-ray diffracta@méRigaku, UltraX 18) operating

at 50 kV and 80 mA using Cu ¢ radiation having a wavelength of 1.84 Samples were
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prepared by filling a capillary (Hampton Research, USA) weitther the pure discotic sys-
tems or the composites and then sealed it. All scatterindjetuwvere carried out at 80 °C,
and the diffraction patterns were collected on a two-dineera Marresearch image plate.
A model SD 2000 spectrophotometer (Ocean Optics, DunedlinpFPerkin Elmer (USA)
fitted with a tungsten lamp source and a cell having a pathtenigl cm was employed to
measure the UV-visible absorbance spectra.

The DC conductivity studies of the samples were carried mlit©-coated glass sand-
wich cells (10 mnx5 mm area) with a thickness of either gt or 4um. A schematic rep-
resentation of the setup is shown in Figlire] 4.3. A Keithleppmmeter (model 480) along
with a constant DC voltage source and a temperature coetnofis used for current mea-
surements. The ionic conductivity measurements were atadwsing a lock-in amplifier
(Stanford Research Systems model SR830) at 1 kHz frequenoyasing from the isotropic
phase. The frequency dependency for the conductivity otctmeposites were measured
using the lock-in-amplifier at 80 °C, where the samples arhénliquid crystalline phase.
A Howland constant current circuit, as shown in Figure] 4.3 waed for the temperature
measurements, where the terminals from the platinum tHeasiator were connected as the

load resistance (LR). A precision operational amplifier 8A0) was used in the circuits.

4.3 Resultsand Discussion

4.3.1 Discotic-Ferrocenium Composites

This section deals with the experimental results using timeposites of FCTFB with the two

discotic moleculesiz. HAT6 and HHTT.

4311 POM studies

Polarising optical microscopic studies provide an easgsssaent of the different liquid
crystalline phases formed by the materials. Fiquré 4.4 shmve of the polarising optical
micrographic textures obtained for the 10 % FcTFB/HAT®6, afthis typical of the colum-

nar hexagonal phase. A similar texture was also obtaineth®other FCTFB composites.

As is clear from the figure, all the composites retain the molar hexagonal (Cg) phase
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Figure 4.3: Schematic diagram of the experimental setug fsea) DC conductivity b) ac
conductivity and c) temperature measurements. LR reptesea load resistance from the

platinum thermal resistor
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Figure 4.4: Polarising optical micrographic texture obéal for the 10 % FcTFB/HAT6

composite

of the pure discotic molecules. At very high concentratiohthe dopant (for example, 50
% FCTFB) a phase separation was observed in both the disysiems. The phase tran-
sition temperatures of the composites have been found tofinection of the ferrocenium

concentration.

4.3.1.2 DSC studies

Heat Flow, endo up (a. u.}

40 60 80 100
Temperature (°C)

Figure 4.5: DSC traces for a) pure HAT6, and the compositds%%)FcTFB/HAT6 and c)
10 % FCcTFB/HAT6

The composites were characterised by DSC analysis for tlasumement of the phase

transition temperatures and the enthalpies of the tramsiti Figures[4]5 and_4.6 show
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Heat Flow, endo up {a. u.)

40 60 80 100
Temperature (°C)
Figure 4.6: DSC traces for a) pure HHTT, and the compositds%)FcTFB/HHTT and c)
10 % FCTFB/HHTT

the DSC traces for the pure discotic systems and the conegasitHAT6 and HHTT, re-
spectively. It is clear from the plots that the phase tramsiprofiles are similar to the pure
systems even after the addition of ferrocenium ions at lomceatrations. It was observed
that the Cal phase becomes destabilised at very high concentrationsIéfB; which is in
accordance with the POM results. The phase transition teaahyes were shifted to lower
temperature and the enthalpy of the phase transition dezseaith increasing dopant con-
centration. At very high concentration of the dopants, fxareple, 50 % FcTFB/HATS6,
the Co}, phase was not observed. The highly electron-deficient demaim ions form a
charge-transfer complex with the electron-rich tripheng core, as is evident from the UV-
visible spectroscopic studies. The formation of the compteluces the electron density in
the columns. In addition, the steric hindrance of the fegniem ions is the major desta-
bilising factor in the composite systems, eventhough chérgnsfer complex formation of
ferrocenium with the electron-rich triphenylene core mayances the stability at lower
concentrations. This is further supported by the fact thaienthalpy of the phase transition

decreases with increasing ferrocenium concentration.
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Figure 4.7: Scattering vector, q vs. intensity profiles otgd from small-angle X-ray scat-
tering studies for (a) 10 % FcTFB/HAT6 and (b) 10 % FcTFB/HHIoMposites. The insets
show enlargements of the\I8 and 14/4 peaks from the main plot

4.3.1.3 SAXSStudies

Small-angle X-ray scattering studies of the samples wargedsout in 1 mm capillary tubes
at 80 °C, and all of the scattering studies were performethdwooling from the isotropic
phase. The SAXS patterns support our conclusions from thé 8@ DSC studies that 1 %
and 10 % FcTFB composites with both HAT6 and HHTT systemsirétee Co}, phase. The
typical patterns obtained for the samples are shown in Eiglif. Thed spacings calculated
from the SAXS patterns are summarised in Tablel 4.1. dkelues of 20.15 for HAT6
and 18.02A for HHTT as calculated from the SAXS patterns are in gooceagrent with
the values reported in the IiteratuQ[43]. The main scagoeak in the pattern shown here
corresponds to the 2D plane having Miller indices of (1,0}t Co}, phase. The other
two peaks of lower intensity are shown in the inset of the igurhe ratio of thel values
corresponding to the three peaks is 1+(3):(1/v/4) which is typical for the hexagonal order.
As is clear from the tablé_4.1, the doping of FCTFB in the digcmatrix has not disturbed
the lattice parameters as there was a negligible changeeid #ipacing. We have shown
that gold nanopatrticles occupy the interdomain spacingwit altering thed spacing of
the columns in a discotic matriEEO]. In a similar manneg tRrrocenium molecules can
occupy the interdomain spacing in the columnar architectihe dopant, FCTFB may not
occupy the intercolumnar spacing because of the relatieefjer size of ferrocenium ions
gj@[lS]. This is supportethbd values, which is almost

as compared to, for example, iodi
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the same even after the doping.

Table 4.1: Thel spacing (inﬁ\) for the Col, phases of HAT6 and HHTT measured from the
SAXS studies before and after doping

sample pure 10% FcTFB
HAT6 20.15 18.16
HHTT 18.02 18.47

4.3.1.4 UV-visible Spectroscopy

UV-visible absorbance spectral studies of the pure sangpldshe composites were carried
out in dichloromethane medium. The solution was sonicate® imin, and the absorbance
of the solution was recorded immediately with pure dichfoedhane as a reference. Fig-
ure [4.8 shows the absorbance spectra for different congsosit addition to those of pure
FcTFB and ferrocene. lItis clear from the figure that for theposites, there is a blue shiftin
the absorbance of the ferrocenium group, which is due todiredtion of a charge-transfer
complex. There is a shoulder peak in the 400-500 nm regiamceSerrocenium is a very
strong electron acceptor, charge transfer from the elegioh discotic molecules occurs,
resulting in the formation of donor-acceptor pairs. Pureoenium ions absorb at600
nm, whereas pure ferrocene absorbs-460 nm. In the present systems, a blue shift was
observed in the absorption, which can be explained due tchtaige transfer from tripheny-
lene to ferrocenium ion in the composites. It is known thatdeenium ions are unstable
in an electron-rich environment such as highly polar scﬂy@]. The extent of the blue
shift was shown to be dependent upon the concentration oidttand the polarity of the
solvent. In the present study, the absorbance had a langershift at lower concentrations
for both HAT6 and HHTT composites, as shown in the Figlre Zi8&e 1 %, 10 % and 50
% FCTFB composites with HAT6 show absorbances at wavelsmajtB58 nm, 362 nm, and
383 nm, respectively, whereas pure HAT6, absorbs at 27‘}}1{1 This may be due to the
fact that, at lower concentrations of Fccomplete charge transfer between the donor and

acceptor molecules occurs. Similar behaviour was obsdoratie F¢'/HHTT composites
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Figure 4.8: UV-visible absorbance spectra for a) 1 % FcTHRB] b) 10 % FCTFB/HATG,
c) 50 % FcTFB/HAT®6, d) pure ferrocene and e) pure FCTFB

as well. The absorbance in ferrocenium species is a restiieatharge transfer from thee

bonding ligand level to the emptggmetal level [45].

4.3.1.5 Conductivity Studies
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Figure 4.9: DC conductivity vs. temperature plots for a) 1 é§FB/HAT6 and b) 10 %
FCTFB/HAT6 unaligned samples, ¢) 1 % FcTFB/HAT6 and d) 10 %FR/HAT6 aligned

samples

The DC conductivity studies of the composites were carriedim 60 um thick ITO-
coated glass sandwich cells. The conductivity measureswearte also carried out using a
4 um thickness cell. A slow cooling from the isotropic phasehe @ um cell results in

the homeotropic alignment of the sample. This method ofingditom the isotropic phase
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Figure 4.10: DC conductivity vs. temperature plots for a) F&FFB/HHTT and b) 10 %
FCTFB/HHTT unaligned samples

in sandwiched cells has proven to be an effective methocheohobmeotropic alignment of
discotic liquid crystal 7]. In the present stutlg alignment was confirmed using
polarising optical microscopy, where the aligned samplesiat exhibit the characteristic
birefringent textures. The conductivity values of botlgagd and unaligned samples show
a similar trend eventhough the aligned sample shows a lafgetrical conductivity because
of its facile electron transport through the well-aligneduenns as compared to that of the
unaligned sample.

The DC conductivity values of the samples were measured asciidn of temperature
while cooling from the isotropic phase. Figuries]4.9 and 14Hd@w the plots of conductivity
as a function of temperature for the HAT6 and HHTT systempeaetvely, after doping.
Both HAT6 and HHTT have very low DC conductivities in theirrpustate (of the order of
1012 S/m) which is well below the accurate detection limit of oueasurement system.
There is a large increment in the conductivity values of {reteans after doping. This can be
explained by the charge transport that takes place aftexdtigion of FCTFB to the discotic
phase. It can be seen that the conductivity increases byaderelers of magnitude after
doping. The extent of increase depends up on the concemtratithe dopant. A similar
trend was observed for the aligned sample in the directiooobfmn axis for the HAT6
system, as is obvious from Figufe 14.9. The HHTT system alsofauand to exhibit similar
behaviour as shown in Figufe_4]110. The conductivity valfee@®@HHTT composites were

found to be higher than that of HAT6 composites, a trend sintd the higher conductivity
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Figure 4.11: a) DC and b) ac conductivity plots for 10 % FCTHBI6 on cooling from the

isotropic phase

of HHTT over HAT®6.

The ionic conductivity of the composites were studied by aasurements for all of
these samples. Figureé_4]11 shows a plot for the compariséonaf conductivity with
the DC conductivity values for the 10 % FcTFB/HAT6 compasieom the graph, the ionic
conductivity was found to be about 2 orders of magnitudetless the DC conductivity. This
indicates that the mechanism operating in these systemairdynelectron transport rather
than ion transport by the ferrocenium ions or the,Béounterions. This is in accordance
with the argument that the dopant ions will be trapped in leetwthe alkyl chains of the
discotic molecules in a frozen state and their contributmthe ionic conductivity will be
less [16].

Ferrocene has an iron(ll) ion sandwiched between the twtopgatadienyl units, and
this organometallic compound obeys the 18-electron % [On the other hand, the fer-
rocenium cation has 17 electrons and therefore acts asragstfectron acceptor. Thag
molecular orbital of the ferrocenium ion has an unpairedted®, which explains its high
electron-accepting nature. After the charge transfer figphenylene, the composite forms
an electron-hole pair, which enhances the DC conductifith® composites. Even though
the electron-accepting properties of ferrocenium have besl studied in different solvent
systems, its behaviour in discotic liquid-crystalline teyss is of greater interest as such

systems form quasi-one-dimensional molecular wires.
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Figure 4.12: Cyclic voltammogram obtained for HAT6 in distdmethane

We have calculated the mole fractions of the compositeskigged.35 nm as the core-
core distance and 18/8as thed spacing for the discotic molecules. For 10 % FcTFB/HAT6
composition, the molar ratio of ferrocenium ions to discatiolecules was estimated to be
about 1:3, which is much higher than the corresponding wegglo. On the other hand, the
volume fraction of ferrocenium ions to discotic moleculessvealculated to be about 1:200
from the known molecular volumes of HAT6 and ferrocenium|4€]. This explains the fact
that no significant change in tliespacing and no disruption of the hexagonal order occurs
even after the doping of ferrocenium up to the extent of 10 &s.tke 50 % composite, the
molar ratio is too large, so that there is a disruption of thlemnar phase.

From the cyclic voltammetry shown in Figule _4.12, we havewalted the oxidation
potential of HAT6 to be -0.356 V vs. ferrocene/ferroceniugference couple. The lower
oxidation potential of HAT6 compared to ferrocene indicateat the electron transfer from
HATG6 to the ferrocenium is energetically facile in the mibdland therefore their role as
donor-acceptor pair. The electronic conductivity occurghe hopping mechanism where
the electron-rich triphenylene core donates an electrohg@lectron-deficient ferrocenium
ion, thereby forming an electron-hole pair. The hoppingdtanivity of the electron-hole
pair under the action of an applied DC electric field bringsidlihe electronic conductivity.
A very low dependence of the conductivity on temperaturdneérdolumnar phase supports
the hopping mechanism as the dominant charge-carrier mesthan the present systems.

It has been reported that the electron tunneling mechaneperals more on the tempera-
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Figure 4.13: Polarising optical micrographic texture aied for the composite 1 %

HAuCI4/HAT6 on cooling from the isotropic phase

ture while the hopping mechanism is weakly dependent onenfn@eratur(JEB]. A similar

mechanism was also reported in discotic liquid crystalipstems doped with TNF, iodine

and gold nanoparticle ﬂ 50].

4.3.2 Discotic-Chloroaurate Composites

This part describes the characterisation of HAT6-chloragucomposites. As mentioned
before, composites of three different ratios of HAm@lith HAT6 were prepared, 0.1 %

HAUCI4/HAT®6, 1 % HAuCW/HAT6 and 5 % HAUC)/HAT6. These composites were char-
acterised using POM, DSC, SAXS, UV-visible spectra, photohescence spectra and con-

ductivity studies.

4321 POM Studies

Figure [4.1B shows the polarising optical micrographicuexbbtained for the composite 1
% HAUCI4/HAT6 and similar textures were obtained for other composg also. The focal
conic textures show that the composites retain the colurharagonal liquid crystalline
phase. At high concentrations of HAuGfor example, the 5 % HAuGIHAT6 composite),
a phase separation was observed. We have noticed that bgieantration of HAuGlleads

to the total disruption of the liquid crystalline order.
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Figure 4.14: Differential scanning calorimetric traces & 0.1 % HAUCI/HAT6, b) 1 %
HAuUCI4/HAT6 and c) 5 % HAuCJ/HAT6

4.3.2.2 DSC Studies

The DSC traces as shown in Figure 4.14, show that the phassitioa temperatures shift to
lower temperature with increasing the dopant concentra#hs expected, the enthalpy of the
phase transition decreases as the dopant concentratir@ases. This is due to the fact that
the dopants increase the entropy of the liquid crystallinese and when its concentration
is high, the liquid crystalline phase disrupts. Moreover tlae concentration of HAugl
increases, the concentration of HAT6 radical cation alsoespondingly goes up, which
weakens thet— 1t interaction within the column that acts as another majotofafor the
destabilisation of the liquid crystalline order. As cleaorh the figure, the enthalpies of
phase transition is high for the pure HAT6 and for the comessilp to the concentration of
1 % HAuUCL/HAT®6.

4.3.2.3 SAXSStudies

The liquid crystalline structure of the composites weréffer characterised by small-angle
X-ray scattering (SAXS) studies. The studies were carrigdro0.7 mm diameter capillary

tubes at 80 °C, while cooling from the isotropic phase. FegdrI% shows plot of intensity

131



vs. scattering vector for 0.1 % HAugZZHAT6 and 1 % HAUCI/HAT6 composites. It is
observed that the inter-columnar separation is not distlithy the addition of the dopants
at lower concentrations. The values were calculated from the SAXS pattern using the

equation
_2n
q
Thed values for the composites were similar to the values obdgioethe pure HAT6 and

d

with ferrocenium doping, which is already shown in the talgl. Thed values follow
the ratio 1:(1(v/3):(1A/4) indicating that both the samples retain the columnar gexal
order. It is clear that the addition of HAugChas not affected theé values and the columnar
arrangement at lower concentration of the dopants in aecce with the POM and DSC

studies.

4.3.24 Spectral Studies

UV-visible absorbance studies of all the composites wergezhout in dichloromethane
medium with pure dichloromethane as the reference samgaréd{4.16 shows the spectra
of 0.1 %, 1 % and 5 % HAuGIHAT6 composites. The peaks at 430 nm, 580 nm, 630 nm
and 830 nm are clear and can be attributed to the presenceld rdblical cation formed by
the oxidation of HAT6 by AuCj ions as shown below, which is similar to the oxidation of
the discotic core by AlGlreported earlievlﬂS].

AuCIy + 2(HAT6) — AuCl, + 2(HAT6)" + 2CI~

The spectral bands described above, have been attributieel symmetrically allowed tran-
sitions in the discotic moleculeg42]. A strong band waseobsd at 360 nm and another
peak at 280 nm. The peak at 280 nm is assigned to the electrangitions in pure HAT6
molecule corresponding to a band gap of about 4.4 eV. It mayobexd that these composites
have absorption throughout the visible range.

Both photoluminescence (PL) emission and excitation spetftthe composites were
taken in dichloromethane medium. First the emission spagtre taken at an excitation
wavelength of 360 nm which is the highest intensity peak env-vis spectra for the pure
HAT6. The PL emission spectra are shown in Fighre 14.17. Thestams were observed at

three wavelengths, 383 nm, 406 nm and 433 nm. The intensitygitihese three was found
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Figure 4.16: UV-visible spectra for the composites a) 0.1 %uBI4/HAT6, b) 1 %
HAuCI4/HAT6 and c) 5 % HAuCJ/HAT6. Absorbance is in arbitrary units
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Figure 4.17: Photoluminescence emissiorFigure 4.18: Photoluminescence excitation
spectra for excitation at 360nm for a) spectra for the emission at 406nm peak for a)
HAT6, b) 0.1 % HAuUCK/HAT6 and c) 1 % HAT6, b) 0.1 % HAuUCK/HAT6 and ¢) 1 %
HAuUCI4/HAT6 HAuUCI4/HAT6

to be highest for the 406 nm peak. The excitation spectrahi®d06 nm band were taken
and are shown in Figure_4]18. Three excitation waveleng#re wbserved at 361 nm, 353
nm, 340 nm and a weak shoulder band at 300 nm that corresp@nidand gap of 3.43 eV,
3.51 eV, 3.64 eV and 4.08 eV. The peaks can be assigned tqthe &, S — S, S —

Sz and § — Sy transitions. It has been shown that the photo-excitatiectsal lines like §
— $ and § — Sp are symmetrically forbidden for the single discotic molecuvhile the
aggregation of the molecules makes them symmetricallyvaltb[51]. This indicates that

there are small aggregates of the discotic molecules inafodien.

4.3.2.5 Conductivity Studies

Figure[4.19 shows the DC conductivity of the composites ametfon of temperature while
cooling from the isotropic phase. The electrical condiitstiof pure HAT6 is about 1012
S/m as mentioned in the previous section. The plots in FidgiE) show the variation of
electrical conductivity with temperature for 0.1 % HAUWEIAT6 and 1 % HAUC4/HATG.

It is observed that the conductivity increases by seved#rsrof magnitude after the doping.
This is similar to the ferrocenium composite with HAT6 whishexplained in the previous

section. It can be noted that there is a clear and signifidaanige in the electrical conduc-
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Figure 4.19: DC electrical conductivity plots for the comsftes a) 0.1 % HAuGIHAT6 and
b) 1 % HAuCl/HAT6 as a function of temperature

tivity at the temperatures corresponding to the phaseitrans. The conductivity of the
crystalline phase is very much lower than the columnar hexalgphase. In the isotropic
phase, the conductivity again decreases due to the disruptithe columns indicating that
the major contribution of the conductivity comes from théuconar hexagonal order of the
composites. Such a behaviour has not been reported for trmBdlictivity in the literature
earlier.

Figure shows the ac conductivity of the composites ametibn of temperature.
The ac conductivity values are higher than the correspgnB@ conductivity values. It
has been previously observed that the addition of dopakesAlICl; and iodine increases
the ionic conductivity of the columnar phase by about milltones - Elél]. The present
systems show a similar trend in ionic conductivity with a sitaneous enhancement in the
DC conductivity. Figurd_4.21 shows a frequency indepeniend¢ conductivity in the lower
region while at high frequencies it increases rapidly. Toweductivity follows aw® relation
at high frequencies and this can be attributed to the hoppinginneling mechanism of
conductivity within the columns while the frequency-inéegdent conductivity is attributed
to the slowest transition rates due to the structural defadhe columns or hopping between
different columns as discussed in sectm., 35].

The DC conductivity enhancement can be attributed to thmdtion of radical cations

with the retention of columnar phase that provides a faciledport of charge carriers along
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Figure 4.20: lonic conductivity plots for the composite®d) % HAuClL/HAT6 and b) 1 %

HAuCI4/HAT6 as a function of temperature

the columns. The enhancement in the ac conductivity cantbobuaed either due to the
presence of ionic dopants or due to the formation of radiaibos in the discotic matrix.
Previously, using AIG/HAT6 composites, it has been proposed that the contribwifdhe
counter ions to the ionic conductivity will be very less caamgd to the electronic migra-
tions, since the counter ions will be almost frozen betwéenatlkyl chains of the discotic
molecules 6]. We have observed that doping with FCTFB hatsintreased the ionic
conductivity even at higher concentrations of dopants ghargh they form charge-transfer
complex with the discotic molecules. In the present systeengdopants form charge-transfer
complex with the formation of radical cations of the discatiolecules. Comparing these
observations, the very high ionic conductivity of the préssomposites can be attributed to
the formation of HATG6 radical cations.

From the cyclic voltammetric studies as shown in Figure 14H& oxidation of HAT6 is
observed to be at -0.356 V while for gold it is at 0.64 V vs. desne/ferrocenium reference
electrode. This shows that the formation of HAT6 radicalarais energetically favoured
due to the reduction of Al to Aut ions. On the other hand, the absence of any surface
plasmon band in the UV-vis spectra rules out the possibilitthe complete reduction to
gold nanoparticles, even though small clusters of gold neafpbmed due to the aggregation
of gold atoms formed by disproportionating the Aions.

The conductivity values of the HAU@HAT6 systems are comparable with conductivity
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Figure 4.21: lonic conductivity of the composite 1 % HAWEIAT6 as a function of fre-

quency

of HAT6 composites doped with ferrocenium ions as describede previous section. The

values are also comparable with discotic systems dope@mldnanoparticle@&lzl]. The
DC conductivity of discotic systems can be attributed thesithopping mechanism or to the
electron tunneling mechanism. Due to the facile formatidheradical cations of HAT6 and

a weak temperature dependence on the conductivity in thallaystalline phase, we have
concluded that hopping mechanism rather than electroretunghmechanism is responsible
for the DC conductivity in HAUGJ/HAT6 composites [36].

The HAuCL/HAT6 composites in the columnar hexagonal phase show aibigt con-
ductivity that is comparable to the DC conductivity valu&yystems with very high elec-
tronic and ionic conductivity may provide several promgsadvantages over systems with
only electronic or ionic conductivity. The photon absooptiof the present system in the
full visible region makes it an interesting candidate far Holar cell applications. A higher
absorption in the near IR region of the photons is more primmias the sun emits a major
flux in this region, which increases the external quantunaiefiicy for the solar cell and pho-
tovoltaic device application&gg 54]. Since the highductivity of the present system
originates from the columnar arrangement present in thenwoar hexagonal phase under
normal conditions, the system may find diverse applicatamtsovercomes the major disad-
vantage of the quenching of charge carriers by moisture ssrebd in many other discotic

systems.
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The incerase in electrical conductivity of HAWHAT6 systems after the addition of
ferrocenium as well as tetrachloroaurate highlight sdvataresting aspects. They can be
considered as model systems for the study of the interactdrdonor-acceptor species.
One can derive informations on interactions of other orgagtallic compounds in discotic
systems,t— Tt interactions between donor-acceptor moieties, and ginmtaractions. In
the present systems, the dopants occupy the interdomaimgpas confirmed by the SAXS
studies, and in this way they differ from many of the otherorépd dopants such as iodine

or potassium, which occupy the intercolumnar sp 5, 50]

4.4 Electrical Conductivity Studies of lonic Liquid Crys
tals

This section deals with the ionic conductivity studies oéaes of pyridinium tethered triph-
enylene based discotic liquid crystalline compounds. Ewangh the discotic systems are
quasi-one-dimensional conductors with very low conduigtiin their pure state, the con-
ductivity can be enhanced by the addition of dopants intactiemnar matrix as described
in the previous sections. Other approaches to increasetitrictivity of these materials are
i) attachment of donor or acceptor molecules that may fotnaimolecular charge-transfer
complexes with the discotic molecules or ii) attachmenbafé groups in the side chains. In
this section, we describe the second approach for the @tparf highly conducting dis-
cotic phases. Katet al. have studied a series of pyridinium substituted phenyhdévies
with different spacer group&@g Q 57]. They have shtivat these ionic liquids form
columnar hexagonal phase over a wide range of temperatdreawe studied the quasi-one-
dimensional conductivity as a function of temperature.sehenic liquids possess very high
ionic conductivity that are in the order of 19 S/m at temperatures close to the isotropic
phase. The addition of LiBfhas shown to increase tlwe without significantly increas-
ing theo |, which indicates that the lithium ions have occupied thereelonic part of the
columns, that also enhanced the liquid crystalline 0@}. [This effectively increases the
anisotropy in the conductivity. Here we describe the iominductivity of a series of pyri-

dinium substituted triphenylene based discotic ionicitigqerystalline materials.
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ductivity studies

4.4.1 Experimental Section

The pyridinium tethered triphenylene molecules were sysiged by S. Kumaat al. and the
synthesis and phase behaviour of these molecules have émamned previouslm8]. The
structure of these molecules are shown in the Figure] 4.22 thé following alkyl chain
lengths

C4Py: R=GH11; n=2

C5Py: R=GH11; n=3

C6Py: R=GHj1; n=4

C7Py: R=GH11; n=5

C11Py: R=GH11; n=9

In these CnPy compounds, the spacer group between trigmengnd pyridinium group
used was alkyl chain length (n) with 4,5,6,7 and 11 carbomatdll these molecules show
columnar hexagonal phase. The phase behaviour of C5Pyafl@asd:

On heating: SS 75.7 (6.3) SS 96.2(5) Col 112.2 (2) col 1214 (2

On cooling: 1118.7 (2.3) col 107.4 (2) Col

where SS = solid state Col=columnar phase and I=isotro@sghFor the ionic conductivity
studies, the sample was inserted between two ITO coated glates. The thickness of
these conductivity cells were60 um while the area was-10 mmx5 mm. The sample
was inserted into the cell at the isotropic phase by the leapiaction. The cells were then

cooled, connected with the electrical contacts and useth&conductivity measurements.

139



-....u--un-o-ﬁioﬁiii iiollll:gg".
. "..O‘.‘l...‘.
gesene® u

-—h
Qe
B

e ../.:-
10% | a/ -

107 |

Conductivity (S/m)
b=

20 40 60 80 100 120
Temperature(°C)
Figure 4.23: lonic conductivity vs. temperature plots foe pyridinium tethered tripheny-

lene derivatives

The ionic conductivity was measured using a temperaturgaier and a lock-in-amplifier

(Stanford Research Systems, USA, model SRS 830) at 1 kHadray.

4.4.2 Resultsand Discussion

Figure [4.2B shows the plots of the variation of ionic condiifgt with temperature for the
above mentioned ionic liquid crystalline compounds. lié&ac that the conductivity of these
systems is very high in the liquid crystalline phase. In ffhase, it can be seen that as the
temperature increases, there is a sharp increase in thaaoy. The conductivity values
are retained even in the isotropic phase. The conductiVity4®y is less compared to the
other homologous series. The conductivity is higher for ¥BBpecially in the columnar
and isotropic phases. C6Py and C7Py shows very similar abivdy in the entire tem-
perature range studied. For the C11Py with an alkyl spaogtteof 11 carbon atoms, the
conductivity decreases.

The samples C4Py and C5Py show a very high temperature deqeadic conductivity
in the liquid crystalline phase, which indicates a largetabation of electron mobility to the
charge-migrations. The activation energyfr the electron mobility was calculated using
the equationg = nepand
—Ea/kT

W= Lo

A linear fit of the observed values of conductivity vs. ineis temperature provide an
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Ea value of 0.63 eV which is quite close to 0.5 eV as reported @ literature Eb]. A
higher value in the present system may be due to more sulistgun the side chains of the
discotic core, which increases the core-core distancell biteer samples, the temperature
dependence is less, which may be due to lesser involvemeziectron mobility towards
the charge-migration compared to the hole mobility. As th&irc length increases, the core-
core interaction decreases and the work function of the catés increases. This increase
in the core-core distance makes the electron tunnelingegsomore difficult. This results
in the lower electron mobility and the measured hole migratHopping conductivity may
be favoured under such conditions through different vibretl couplings of the discotic
moleculesHG].

The conductivity increases with alkyl chain length of thesgr group from 4 to 7 car-
bon atoms while for C11Py with alkyl chain length of 11 carlaioms, the conductivity
decreases. It has been reported that the higher the chath)ehe lower will be the core-
core interaction since at higher core-core distance wahsolumn there is more probability
of defects in the stacking. This leads to a lower couplingrgjth between the cores, resulting
in the decrease in conductivity. Moreover, the area occlipyeeach column on the surface
will be more for molecules with higher chain length in the hewtropically aligned sample.
This reduces the surface area available for the chargetimjeto the discotic matrix, that
contributes to a lower conductivity [36].

It is clear that the conductivity of these ionic liquids aeveral orders of magnitude
higher than the same triphenylene cores without any pytdirsubstitution. The conductiv-
ity of hexaalkoxytriphenylenes is of the order of 8 S/m while for the pyridinium tethered

triphenylenes the conductivity is 18 S/m an enhancement by six orders of magnitude.

4.5 Conclusion

In this chapter, we have discussed the electrical condtycstudies of composites formed
between discotic liquid crystals as donor and either femaom tetrafluoroborate or
chloroauric acid as dopants which act as acceptors. Themresf donor-acceptor pairs
with the electron rich discotic molecules have been dematest. In the case of chloroau-

rate, the dopants oxidises the triphenylene core to forméi/dical cations which is con-
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firmed by the UV-visible spectroscopy and cyclic voltammeirhese radical cations show
significant absorbance throughout the visible and near ¢gi®vne indicating that these com-
posites may act as potential candidates for solar cell egpdins. Both the dopants enhance
the DC electrical conductivity of the composites by severders of magnitude as compared
to the pure discotic system. Interestingly the chloroaucaimplex enhances the ionic con-
ductivity of the systems to almost the same extent as that®ténductivity. Eventhough
both the dopants, FCTFB and HAuGnhance the conductivity by several orders of magni-
tude, the concentration levels of both the dopants arerdifte Chloroauric acid (HAuG)

Is strong enough to enhance the conductivity even at a ctratiem as low as 0.1 % while
1 % FcTFB is necessary for a similar enhancement. It is alsemkd that even a 5 %
doping of HAUC}, has an adverse effect on the phase behaviour of the disgstenss and
therefore doping above this level has been found to dishgaiquid crystalline phase. Dop-
ing with FCTFB, on the other hand, provides a better stgbditleast up to 10 %. Higher
doping of FCTFB also results in the disruption of the liquigstalline phase. The main rea-
son for this behaviour is due to the fact that the HAuIGla more powerful oxidising agent
than FCTFB, eventhough in both cases, the dopants form efteagsfer complexes with the
discotic molecules, which is clear from the UV-visible spakstudies.

The ionic conductivity studies of the pyridinium tethereghenylene based discotic
liquid crystals have shown that the ac conductivity of th@ggems have been enhanced by
several orders of magnitude as compared to the system wigyouinium moiety. This
indicates that the ionic conductivity of the discotic systecan be enhanced by attaching
ionic groups to the side chain of the aromatic core of theadisenolecules. The conductivity
is shown to be due to electron mobility for lower chain lersgithile for higher homologous

series, hopping mechanism dominates.
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Chapter 5

Self-Assembled Monolayers of Liquid
Crystalline disulphides and Thiols on
Gold Surface

Self-assembled monolayers (SAMs) are formed by the speatenadsorption of certain
molecules on the surface resulting in the formation of alsitayer of the molecules. SAMs
of organic thiol molecules on the gold surface are of speotarest due to their long-term
stability and potential applications which have been dbsdrin chapter 1. The present chap-
ter describes the formation and electrochemical chaliaateyn of cyanobiphenyl attached
disulphides and triphenylene functionalised thiols ondgalirface, where the disulphides
show nematic phase and the triphenylene thiols show coluheagonal phase in the bulk.
The electron transfer barrier properties, double layeacapnce and the ionic permeability

of these monolayer modified surfaces are discussed in thgeh
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5.1 Introduction

Molecular self-assembly on surfaces refers to the spootenadsorption of molecules on
a solid surfac ]DZ]. In general, adsorption processesvawither chemical or physical
forces. An example of physical adsorption of long chain rooles is the formation of Lang-
muir monolayers, while the chemisorption is involved in themation of self-assembled
monolayers (SAMs) leading to a single layer of the molecatethe surfaceg[Z]. Due to the
high stability of the thiol monolayers on the metal surfabey find a variety of applications
in the field of biosensors, molecular electronics, nanogtiaphy, corrosion inhibition etc. A
general discussion on the properties and applications dMSiAas already been presented in
the chapter 1.

Many interesting aspects of the monolayers can be revegldtelelectrochemical char-
acterisation of the monolayer modified electrodes. Dueéadribulating hydrocarbon chain
or similar organic groups of the monolayers, the electragttase is not easily accessible by
the electrolytes. This results in a blocking of electromsfar process between the electrode
and the redox probes in the solution. For an ideally perfematayer, the redox reaction
will be fully blocked even though due to the presence of pieband defects, there may be
a small but significant Faradaic current. Due to this, thetedele exhibits a microelectrode
array behaviour [1].

Monolayers with specific thiol molecules can be used for #lective permeability of
certain molecules. On the other hand, terminally functised monolayers are used for the
preconcentration of certain analyte molecules on thereldetsurface, so that the detection
limit of the analyte can be improved. Monolayers with teratifunctional groups can be
further functionalised with a variety of enzymes that hagerbwidely used for the biosensor
applicationsm%]. The adhesion of the molecules on the eldetcan be improved by the
modification of the surface with SAMs. For example, it hasrbslkeown that the adhesion
of polyaniline on 4-aminothiophenol SAM is better compatedhe adhesion on bare gold
electrodel[4].

In the present chapter we describe the following aspectsoniofayersyiz the electron
transfer barrier properties of the monolayers, the capacé, permeability and disorganisa-

tion of the monolayers.
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5.1.1 DoubleLayer Structure

The double layer structure of the electrgelectrolyte interface is the basis of all the elec-
trochemical properties of the electrode surface. For a@tpnetal electrode in solution, the
double layer consists of the Helmholtz layer and the diffager. Under normal experimen-
tal conditions and low concentrations of the electrolyite, iHelmholtz layer dominates the
interfacial capacitance values generally aboupEgcn? for a clean metal surface. When
an insulating layer like SAMs of long chain alkanethiols @rhed on the electrode sur-
face, it constitutes the dielectric layer between the sbelet surface and the electrolyte. The
monolayer formed at the electrddéectrolyte interface is hydrophobic. Therefore, water
molecules and ions near the interface do not permeate theztlie film. The dielectric film
formed by SAM increases the thickness of the interface aedalthis, the interfacial capac-
itance decreases drastically. Moreover, it has been obdénat the normal metal-electrolyte
interfacial capacitance values are dependent on the etiecpotential due to the presence of
excess ions on the interface, while the capacitance valuesolayer modified electrodes
are weakly dependent on the electrode potelju]ial [1].

Since the organic layer has a low dielectric constant antefithickness, the double
layer capacitance reduces significantly for the monolayedified electrode according to

the equation
_ €o€m
- d

wheregg and g, are the dielectric constant for the vacuum and the monoleyaecule

A

C

respectively, d is the thickness of the monolayer and A isaitea of the electrode. The
capacitance value varies inversely with the alkyl chairgterfor a compact impermeable
electrode. For short chain alkanethiol monolayers, thaci#gnce values are always greater
than the expected value due to the higher permeability oSthation species through the
monolayer. On the contrary, for the monolayers where thaitexl groups are highly hy-
drophobic and are totally impermeable to ions and solvatelécules, there is a significant
decrease in the capacitance due to the presence of hﬁi@;@&pbbetween the monolayer

modified surface and the hydrophilic electrolytic medi
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5.1.2 lonic Permeability

For a compact monolayer formed by normal alkanethiol moreots the molecules in the
electrolytes are not capable of direct contact with thetedee. Under such conditions, as
mentioned before, the double layer structure of the eldetetectrolyte interface changes
and as a result, the double layer capacitance decreasesie@ther hand, for monolayers
modified with short chain thiols, where the organisatiorheftnolecules are not perfect, the
ions can reach the electrode surface through the pinhotedefects in the monolayer. The
smaller the ions, the better they can permeate through tmelager. As a result of this, the
coverage of the monolayers calculated using the electroicia¢ methods will depend upon

the size of the ions used.

5.1.3 Gold Oxide Stripping Analysis

The presence of pinholes and defects in the monolayer mayengified by the gold oxide
stripping analysis. Here the gold electrode is cycled ircipleric acid solution. As shown
in Figure[5.1, a gradual increase in the current during thsitipe potential scan is followed
by a sharp rise at +1.2 V vs. SCE due to the formation of goldeson the surface. On the
reverse potential sweep, these gold oxides on the metacgudre reduced to gold, which
gives rise to the so-called stripping peak. For a pure gotthse, the integrated charge
under this peak is measured to be 4@@cn? [7]. On the other hand, after the monolayer
formation, the exposed area of the electrode towards tlatrelgte decreases and hence
the corresponding reverse peak. In this case, the gold dard®ation is due to the access
of small OH™ ions through the pin holes, voids and defects. From the ehangler this
peak for the bare gold surface and for the monolayer modifextrede, the coverage of the

monolayer on the metal surface can be calculated using theufa [7]:

Qsam

QAu

Where am and Q are the integrated area under the reverse peak for the SANfiatbd

0=1—

electrode and for the bare gold electrode respectivelyBaisdhe surface coverage. st
corresponds to the charge value due to exposed gold to tbeadyge with the remaining

region covered with the monolayer.
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Figure 5.1: Cyclic voltammogram of bare gold electrode th K. HCIO4 showing the for-
mation of gold oxide during the forwards sweep and the simigppf the gold oxide during

the reverse sweep

5.1.4 Electron Transfer Barrier Properties

The SAMs introduce a compact insulating film between the hedéztrode and the elec-
trolyte. This prohibits the direct approach of the redoxb@® in the solution to the metal
electrode, which means that the electron transfer betweeelectrode and the solution is
totally inhibited in the presence of a perfect monolayernfentioned before, cyclic voltam-
metry and electrochemical impedance spectroscopy candeetastudy the electron trans-
fer blocking behaviour of these modified films. On a bare edele, cyclic voltammogram

shows a reversible redox reactions with a peak separatib@/afmV in an n-electron redox
process, as shown in Figute 5.2. On the other hand, on a nwdléetrode, the CV shows
an irreversible behaviour with no peak formation, as shawrRigure [5.3.

Figure [5.4 shows the EIS data for a bare gold electrode andhalayer modified elec-
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Figure 5.2: Cyclic voltammogram of 10 mMrigure 5.3: Cyclic voltammogram of 10 mM
ferrocyanide/ferricyanide reaction on a baferrocyanide/ferricyanide reaction on hex-
gold electrode adecanethiol(HDT) monolayer modified gold

electrode

trode in ferrocyanide/ferricyanide system. It can be seanthe bare gold electrode shows
very small semicircle which indicates a facile electromsfaer process between the elec-
trode and the redox probe. On the other hand, the monolayéifiswelectrode as shown
in Figure [5.5, shows a very large semicircle indicating thatelectron transfer process on
the modified electrode is inhibited due to the compact filnrmfed on the surface. On the
monolayer modified electrode, the hydrophobic-hydropbotieractions between the alkyl
chains of the thiol molecules lead to a compact impermealoleatayer film. This results
in a very high charge-transfer resistance for the normalrsible redox system in the EIS
studies. Therefore higher the charge-transfer resistandke redox reaction, better will be
the electron transfer barrier property of the film. This &$pell be discussed later in this

chapter.

5.1.5 Disorganisation of Monolayers

The typical long chain alkanethiol monolayers show venhtetectron transfer barrier prop-

erties towards different redox probes under normal comasti On the other hand, potential
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Figure 5.4: Electrochemical impedandegure 5.5: Electrochemical impedance
spectroscopic plots for the 10 mM ferrespectroscopic plots for the 10 mM ferro-
cyanide/ferricyanide reaction on a bare gatganide/ferricyanide reaction on a hexade-
electrode canethiol(HDT) monolayer modified gold

electrode

cycling in organic media disrupts the compact structurehebé monolayers and results in
the disorganisation of the monolayers forming voids. Theimly force for the disorganisa-

tion is the van der Waals interaction between the alkyl oeottydrophobic chains with the

hydrophobic part of the solvent or the redox probes. Thergatsed monolayers facilitate

the electron transfer between the metal electrode and dos probe in the solution through

the voids. A schematic representation of the disorgawisaif the monolayers is shown in

Figure [5.6. A disorganised monolayer also facilitates gimeability of ions through the

monolayer, that results in the higher capacitance at tlezfatte and lower charge-transfer
resistance.

The present chapter deals with our experimental resulte@nliaracterisation of differ-
ent monolayers on the gold surface. We have extensivelythsezglectrochemical techniques
like cyclic voltammetry and electrochemical impedancecspscopy for the characterisation
of the monolayer modified surfaces. Using these techniquesiave analysed the electron

transfer barrier properties and also measured the dowse ¢apacitance of the monolayer
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Figure 5.6: A schematic representation of a) compact anisbyghnised monolayer

modified electrodes. This chapter is divided into 2 sectiofke section[5]3 deals with
the electrochemical and surface characterisation of SAMsedlike disulphides and sec-
tion [5.4 on the monolayers of discotic triphenylene funtaiised thiols that show columnar

hexagonal liquid crystalline phase in the bulk.

5.2 Experimental Section

Gold electrode: A gold sample of 99.99 % purity was obtained from Arora Mathaglia.
Evaporated gold (about 100 nm thickness) on glass with clummnainder layers~2-5 nm
thickness) was used for the monolayer formation and lated €@ characterisation by elec-
trochemical techniques and grazing angle FTIR spectrgsddye evaporated gold substrate
has been shown to have a very smooth surface with predoryinant(111) orientation.
These gold samples were used as strips of area about 0%Xbiciine SAM formation. These
strips were cleaned with piranha solution for 30 seco@mifion: Piranha solution is 1:3
v/v mixture of 30% HO,: 96% con. BSQ,, which is highly reactive with organic com-
pounds and storing in a closed container and exposure t@taentact should be avoidgd
washed with distilled water and finally rinsed with milligowater and dried before the for-

mation of SAMS.
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SAM preparation: The thiols were dissolved in dichloromethane to form a 1 mitson.
The gold electrodes after the piranha treatment were imedersthe solution and kept for
12 hours for the SAM formation. The electrodes were then edstith dichloromethane to
remove any physically adsorbed thiols on the surface. Thks#rodes were then cleaned
with distilled water and finally rinsed with Millipore watand used for further characterisa-
tions.

Electrochemical characterisation: The cyclic voltammetric studies of the SAM modified
electrodes were carried out using three different redoxesys, namely 1 mM ferrocene,
10 mM ferrocyanidderricyanide and 1 mM hexaamminerutheniumi(l). Ferrocene, a hy-
drophobic redox probe was studied in a non-aqueous solpepylene carbonate with 0.1
M LiCIO4 acting as a supporting electrolyte in this medium. The ottver redox probes
were studied in aqueous solution. For potassium ferrodgieiricyanide system, 1 M
sodium fluoride (NaF) and for the hexaamminerutheniuiii)lsystem 0.1 M LiCIQ; were
used as the supporting electrolytes. The cyclic voltamiaogrfor the bare gold electrode
were carried out in all these three redox systems for corsparat a scan rate of 50 mV/s.
The electrochemical impedance studies were carried obedtadlf-peak potential of the re-
dox system with an ac amplitude of 10 mV in a frequency rangg6fmHz to 100 kHz.
Instrumentation: Cyclic voltammetric studies were carried out using a potstat (EG&G
model 263A) interfaced with a PC through GPIB (National lastents). A conventional
three electrode system was used for all the electrochewheahcterisation, with a saturated
calomel electrode (SCE) as the reference electrode andyiafoil as the auxiliary elec-
trode. Either bare gold or the SAM modified electrodes weeslas the working electrode.
The electrochemical impedance spectroscopic studieg (#& performed using a Lock-
in-Amplifier (Perkin ElImer Model 5210) along with the poterstat interfaced to a PC. The
EIS studies were carried out using Power Suite software (65&nd the equivalent circuit
fitting by ZSimpWin software (EG&G). The FTIR spectrum of tim@nolayer-modified gold
surface was carried out using Shimadzu FTIR model 8400umsnts at a grazing angle of
85° (FT-85, Thermo Spectra-Tech). The bare gold surfaceusad as a reference for the

spectral studies.
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5.3 Monolayersof Rod-like disulphides

Liquid crystalline materials have the orientational ordércrystalline phase and the dy-
namic nature of liquid phase in the bulk under a definite tawrtpee range. These mesogenic
molecules, depending upon their orientation, may formedght liquid crystalline phases like
nematic, smectic and columnar phases that changes withetatape [8]. Self-assembled
monolayers formed by these liquid crystalline materiaés@rgreat interest from the point
of view of the orientation of the molecules on the surfaﬂe [Fhere are several reports
on the SAM formation of rod-like liquid crystalline matelsaon gold surface, especially of
cyanobiphenyl thiols. Alloisicet al. have reported the 2-dimensional SAM formation on
flat gold surface and 3-dimensional SAM formation on goldaparticles by diacetylenes
functionalised disulphideL_[iO]. They have shown that theaparticles stabilised by these
disulphides are of two different sizes consistings@f.5 nm and~21 nm in diameter. SAM
formation by triphenylene substituted disulphides weugligtd in the literature using FTIR,
quartz crystal microbalance (QCM) as well as AFM, where tioeliss show that the dis-
cotic cores lie in an edge-on configuration with respect &gbld surfaceﬂl]. The SAM
formation of alkoxycyanobiphenyl thiols that show nematiase in the bulk and its electro-
chemical characterisation have also been rep 2, 13]

In the present section, we describe the SAM formation bylitaedisulphides of alkoxy-
cyanobiphenyl molecules that show a nematic phase in the Bille monolayers are char-
acterised by electrochemical techniques like cyclic vottzetry (CV) and electrochemical

impedance spectroscopy (EIS).

5.3.1 Experimental Section

The cyanobiphenyl based disulphide molecules were syisdtesas reported earlier
by S. Kumaret al. [Q], where DSn represents 4[n-({n-[(4’-Cyanol[1,1’-biphenyl]-
4yl)oxylhexyl}-disulphanyl)hexylJoxy[1,1’-biphenyl]-4-carbonitrile, with n being the
alkyl chain length. A schematic diagram showing the synghefsthese molecules is shown
in Figure [5.Y. The molecules with lower alkyl chains show anagc liquid crystalline
phase, while higher homologous compounds show a smecti@8epat higher temperature

near 100 °C. The electrochemical studies like cyclic vottaatry (CV) and electrochemical
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Figure 5.7: The scheme for the synthesis of the cyanobiptasgd disulphide molecules

impedance spectroscopy (EIS) were carried out using twerdiit redox systemsjz. fer-
rocyanide/ferricyanide and hexaammineruthenium()igHloride systems. The EIS studies
were performed at the half-peak potential of the correspmnegtdox system calculated from

the CV studies.

5.3.2 Resultsand Discussion
5.3.2.1 Cyclic Voltammetry

Figure[5.8 shows the cyclic voltammograms of the monolayadified electrodes in 10 mM
ferrocyanide/ferricyanide system. The figure shows the @\ttfe bare gold electrode along
with DS8, DS9, DS10 and DS12 modified electrodes. It is cleanfthe figure that the
modified electrodes show a better blocking behaviour coethtr the bare gold electrode.
The electron transfer barrier property of the lower chaiaolghs less and the blocking abil-
ity increases with increase in chain length. For the DS12atayer, the electron transfer
process is almost fully blocked. It may be noted that the llag behaviour of DS8 and
DS9 modified electrodes are quite less as compared to theahatkanethiol monolayer
with similar chain lengths. The bulky cyanobiphenyl groaps$he terminal positions of the
monolayers prevents compact ordering of the monolayer erstinface, which results in a

lower blocking ability.
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Figure 5.8: Cyclic voltammograms in ferrocyanide/ferdnyde using a) bare gold elec-

trode and b) DS8, c) DS9, d) DS10 and e) DS12 modified elecdrode

Current (A/cm?)
o
° =

.I
—h
]

o_

04  -0.2
Potential (V) vs. SCE

Figure 5.9: Cyclic voltammograms in hexaammineruthenlUf§ using a) bare gold

electrode and b) DS8, c¢) DS9, d) DS10 and e) DS12 modifiedretbes
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Figure [5.9 shows the cyclic voltammograms of the bare g@dtedde and the different

disulphide modified electrodes in 1 mM hexaammineruther(itihl) chloride solution. It

is observed that the bare electrode as well as the modifiett@lies show a facile redox

reaction in this medium. It has been proposed earlier theadramineruthenium(ll/111) un-

dergoes an outer sphere electron transfer reaction anédlgan rate is less dependent on

the solvent environment for the electron transfer to octht.[As a result, direct contact be-

tween the redox site and the electrode is not essential éoreithox reaction to occur which

means that the monolayer offers no hindrance to the redaxioea A similar behaviour was

observed previously on other monolayer modified electrfitiels

5.3.2.2 Electrochemical | mpedance Spectroscopy
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Figure 5.10: Real vs. imaginary plots from electrochemiogbedance spectroscopy in

ferrocyanide/ferricyanide system using a) bare gold sdeetand b) DS8, ¢) DS9, d) DS10,

and e) DS12 modified electrodes modified electrodes

We have carried out the electrochemical impedance studiesrnocyanide/ferricyanide

and hexaammineruthenium(ll/1l) redox systems using latd electrode as well as the dif-
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Table 5.1: Values of the solution resistance)(Rlouble layer capacitance ¢, charge-
transfer resistance (B, and Warburg impedance {4 for the bare and DS SAM modified

electrodes using ferrocyanide/ferricyanide reactiorR(CR) circuit was used for the fitting

Ru Cal Ret Zw
(Q)  (Flcm?) (Q.cmd)  (S./2.cnP)
BAu | 67.05 2.3k10°% 5.65 9.24¢10°3

HDT |952.1 3.5%10% 5.01x10° 1.75x10°°
DS8 |12.81 2.44&10° 7572 0.0233
DS9 |14.32 1.7&10°% 71.72 9.6810°3
DS10 | 14.33 1.9%10°® 503.8 2.2510°3
DS12 | 2.73 1.8610°°% 1.03x10* -

ferent disulphide monolayer modified electrodes. FigurE] Shows the real vs. imaginary
components of the impedance for the electrodes in ferrodgéerricyanide redox system.
The bare gold shows a very small semi-circle while the di@meftthe semicircle increases
with increasing chain length of the disulphide monolayerept in the case of DS9, where it
Is similar to that of DS8. The diameter of the semicircle esponds to the charge-transfer
resistance of the redox reaction. The impedance data wezé tising Randles equivalent
circuit and the fitting parameters are presented in Tablé Frdm the table, it is observed
that the R; values increase correspondingly and the redox reactio sletver with the
increase in chain length. This observation is in accordanttethe CV results.

Figure[5.11 shows the impedance spectroscopic resultisddrare gold and different DS
modified electrodes in hexaammineruthenium(ll/1ll) systnd the fitting parameters using
Randles equivalent circuit is presented in Tablel 5.2. HeedRt; values are very less for alll
the modified electrodes, which is contrary to the resulté wie ferrocyanide/ferricyanide
system. As discussed earlier, this is due to the outer speotron transfer reaction of
the hexaammineruthenium system. The electron tunnelorg the electrode surface to the
redox site through the monolayer can also contribute todweblarrier properties [15]. Even
though the R values in general are less, they increase with the chaitHerighe molecules.

As the chain length increases, the barrier to electronfeaasso increases due to the better
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Figure 5.11: Real vs. imaginary plot from electrochemioghédance spectroscopy in hex-
aammineruthenium(ll/Ill) system using a) bare gold elsd¢rand b) DS8, c) DS9, d) DS10

and e) DS12 modified electrodes modified electrodes

packing of the monolayers which acts as an insulating lagenvéen the electrode and the
electrolyte.

We have observed that the barrier to electron transfer odtbulphide SAMs are less
compared to alkanethiol SAMs of similar chain length. Thisws that the packing of the
monolayers are poor with the presence of a large number bibf@s and defects. These
defects mainly arise due to the presence of bulky cyanobiditerminal groups that are
attached to the thiol molecules. The modified electrodew sty low impedance towards
the redox reaction of hexaammineruthenium reaction igetsge of the chain length. This
can be attributed to the fact that hexaamminerutheniumrgoée an outer sphere reaction
mechanism and the reaction may take place by through-bomeking of electrons between

the electrode and the redox probes.
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Table 5.2: Values of the solution resistance)(Rlouble layer capacitance ¢, charge-
transfer resistance (B, and Warburg impedance {4 for the bare and DS SAM modified

electrodes using hexaammineruthenium(lI/Ill) reaction

Ru Cal Ret Zw

Q) (Flcm?) (Q.cm?)  (S.8/2.cnP)
BAu | 69.64 1.5%10°% 4.586 5.1%10°3
HDT | 3.47x10* 3.55x10°% 5.14x10° 1.64x10°°
DS8 | 76.13 54107 4.21 1.94¢10°3
DS9 | 102.9 1.4%10°6 21 1.21x10°3
DS10| 93.72 1.9%10°% 29.06 1.8%10°3
DS12| 126.5 1.6x10°% 372.1 2¢10°3

5.3.2.3 Capacitance M easurements

The double layer capacitance values of the bare gold eteetie well as the SAM modified
electrodes were measured by the electrochemical impedgeotroscopy in 1 M NaF so-
lution. The capacitance was calculated from the imaginary @f the impedance using the

equation|[1/7]
1
= Q)Z//

Where G is the double layer capacitanae,the angular frequency (&, f being the fre-

Ca

quency) and Zis the imaginary part of the impedance. Table] 5.3 represieatdouble layer
capacitance values measured for the different disulphidé Siodified electrodes. The val-
ues indicate that the capacitance has decreased to a |ldege fax the modified electrodes
compared to the bare gold electrode but not in proportionga@hain length of the molecules.
It may be noted that the capacitance values of the modifi@treties are more or less of the
same range for different chain lengths. This indicates ttiatdouble layer structure of all
the monolayer modified electrodes is similar. Normally tbelsle layer capacitance values
of alkanethiol SAMs are<1 pF/cn? while for the disulphide SAMs presented here, the ca-
pacitance values are sevepdl/cn? [6]. This is due to the higher permeability of the ions
through the monolayer, which originates from the less carngtaucture of the molecules on

the surface.
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Table 5.3: Double layer capacitance values for the bare gotthce and the disulphide
monolayer modified surfaces in 1 M NaF calculated from etettemical impedance spec-

troscopy

System| Capacitance
(Flcn)

BAu |6.4x10°
DS8 | 1.34x 10°°
DS9 | 2.56x 10°°
DS10 | 1.98x 10°°
DS12 |2.44x 10°°

In summary, we have presented the electrochemical chasmtien of the
cyanobiphenyl functionalised disulphide SAMs on gold acef. The SAM modified elec-
trodes with lower chain length of the monolayer show lowerriba for electron transfer,
which however increases with increase in chain length. hmega, the barrier to electron
transfer process is less compared to the alkanethiol mgeidasince the monolayers of
disulphides are less compact owing to the bulky cyanobiplgmoups at the terminal posi-
tion. The double layer capacitance values of these mon@aye quite high due to the less

compact monolayer and the presence of polar cyano groups.

5.4 Monolayersof Triphenylenethiols

As mentioned in the previous section, there are severattepn the SAM formation by rod-
like molecules on the metal surfaces. On the other hande twer very few reports on the
monolayer studies using discotic liquid crystalline compds. Allinsonret al. have studied

the SAMs formed by different triphenylene based thiols angbld surface using ellipsom-
etry and STM studies, where they have shown that dependitizgamumber and position of
the thiols, the monolayer can have either vertical or hotiabarrangemen ij]. They
have also shown that the SAMs based on these discotic mekearg less hydrophobic com-
pared to the alkanethiol SAMglgm]. Oweetsal. have described the STM imaging

of triphenylene based thiol monolayers on gold surface,revtieey have reported that the
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2-dimensional ordering of these discotic molecules wengraved after dipping the mono-
layer in a saturated solution of TNF, due to the charge-tesirtdmplex formation between
the triphenylene and trinitrofluorenone (TNF) moleculdd] [Zharraet al. have shown that
the chiral ordering of SAMs of discotic molecules on the aoef can be tuned by chang-
ing the chain length of alkoxy groupQZl]. Yamaenal. showed the one-dimensional
and hexagonal arrangement of discotic modified gold namicfes induced by changing
the solvent polarityBQZ]. The orientation of such discatiolecules as monolayer on the
metal surface has also been studied, where it has been shawthé triphenylene based
monolayers may form either a face-on or an edge-on structuithe surfacﬁl]. In the
face-on configuration, the triphenylene cores are parall#ie electrode surface whereas in
the edge-on configuration the cores are perpendicular teldwrode surface. Recently it
was shown that triphenylene functionalised thiols can lexlder the stabilisation of gold
nanoparticles [23].

From the literature, we have observed that there are onlyeswattered reports on the
electrochemical studies on the SAMs formed by discotic mdks even though a few re-
ports are present on the self-organisation of such molsaulsurfaces like HOPG or gold as
described before. It is of great interest to study the edediransfer processes on the discotic
molecules since they have very high one-dimensional cdiwthies and orientational order
in the bulk. In this present work, we have carried out thetetebemical and FTIR char-
acterisations of three different discotic triphenylensdshthiols, having chain length of 6,
10 and 12 carbon atoms. These thiol modified SAMs were cheiset by electrochemical
methods like cyclic voltammetry, electrochemical impesaspectroscopy and capacitance
measurements. The;TP thiol SAM shows very good blocking behaviour towards gox
reaction of ferrocyanidéerricyanide system, while thiols with higher chain len¢tbntain-
ing 10 and 12) show lower barrier properties. Using hexaareraihenium(ll/Ill) as a redox
probe, all the modified electrodes show a very little blogkoehaviour. In an organic sol-

vent, we observe that due to disorganisation of the mondaye electron transfer process

is not inhibited significantly.
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Figure 5.12: The scheme for the synthesis of the tripherylesed thiol molecules

54.1 Experimental Section

Three triphenylene thiols having chain length of 6, 10 andd&t] in this study were provided
by Prof. S. Kumaet al. and were synthesised by following the procedure as repeedubr
,]. A schematic diagram of the synthesis of these nubdsas shown in Figuré 5.12.
Dichloromethane (Rankem), potassium ferrocyanide (Lgbatpssium ferricyanide (Quali-
gens), Sodium fluoride (S D fine-chem. limited), hexaamnutiemium (I1l) chloride (Alfa
Aesar), ferrocene (Acros Organics), lithium perchlor&erfss organics) and ferrocenium
tetrafluoroborate (Aldrich) were of analytical grade anddias received without further pu-
rification. Millipore water having a resistivity of 18 §8.cm was used for the preparation of
all the aqueous solutions.

The monolayers were characterised using electrochenaiciahiques like cyclic voltam-
metry and electrochemical impedance spectroscopy andxiherimental setup has been
already described in the previous section. FTIR studiegwarried out using Shimadzu

FTIR model 8400 instruments at a grazing angle of 85° (FTI8&rmo Spectra-Tech).
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5.4.2 Resultsand Discussion

5.4.2.1 Cyclic Voltammetry

1.5-

Current (MA/cm?)

0 02 04
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Figure 5.13: Cyclic voltammograms in 10 mM ferrocyanideiltyanide/1 M NaF/HO for
a) bare electrode b)dTP, c) GoTP and d) G,TP modified electrodes

Figure [5.1B(b-d) shows the cyclic voltammograms for the Shdified electrodes in
10 mM ferrocyanide/ferricyanide system containing 1 M NaRle supporting electrolyte.
The CV using the bare gold electrode is shown in Fighre |5)1f8facomparison. It can
be seen from the figuré_5]13(b) that theT®@ has a better blocking property towards the
ferrocyanide/ferricyanide system, while foi TP (Figure[5.1B(c)) it is less and tha TP
modified electrode (Figuré_5.13(d)) behaves very similahtobare gold electrode. This
is contrary to the behaviour of typical alkanethiol SAM miaell electrodes, where longer
chain alkanethiol SAMs show better blocking behaviour toseprobes than shorter chain
thiols. In alkanethiol monolayers, as the chain lengthaases, the packing will be more
compact due to the hydrophobic-hydrophobic interactioomgrihe hydrocarbon chains of

the monolayers. In the present case, due torteinteraction of the discotic core, the
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molecules can cluster together in different regions of tiréase, which creates large number
of voids within the monolayer surface as shown in Figure |5This is more pronounced as
the chain length of the thiol molecules increases due todrmitixibility of the alkyl chain of

the thiol molecules. This allows the redox molecules to etm@ugh the voids and undergo
electron transfer reaction. A more quantitative study agséhelectron barrier properties

based on the electrochemical impedance spectroscopyenplidsented later in this chapter.

S
:
§

voids

-—

Figure 5.14: A schematic model of packing of the triphengtéiols on the gold surface

/

The cyclic voltammetric studies of the monolayer modifiegt&lodes in 1 mM hexaam-
mineruthenium (11/111) system were carried out and the plate shown in Figuré_5.115(b-d).
The cyclic voltammogram on the bare electrode is also shawrtdmparison as Figure
£.15(a). As can be observed from the plots, even thougPGnd GoTP modified elec-
trodes show a good blocking behaviour towards the ferradgdierricyanide system (Figure
(.13(b-c)), all the three SAM modified electrodes show &eilectron transfer towards the
redox reaction of hexaammineruthenium (11/111) systemg({e [5.15(b-d)). A similar be-
haviour involving naphthalenethiol and alkanethiols wegsorted earlier [15, 16]. A further

insight into this behaviour is provided in the following s§eas, where we discuss the results
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Figure 5.15: Cyclic voltammograms in 1 mM hexaammineruitne(ll/I11)/0.1 M
LiCIO4/H>0 for a) bare electrode b)dTP, c) GoTP and d) G>TP modified electrodes

of the impedance spectroscopic studies to interpret thetfaave parameters of the redox
reaction on the bare gold as well as on the SAM modified eldeso
In order to study the effect of non-aqueous solvent on thelg properties of the (TP

SAM modified electrodes, the cyclic voltammetry in ferroeeystem, a well-known redox
probe in propylene carbonate medium was carried out. Fi§uké shows the cyclic voltam-
mograms of bare gold and SAM modified electrodes when 1 mMbvéeme was used as the
redox probe in propylene carbonate medium using 0.1 M LiCd® the supporting elec-
trolyte. As can be seen from the figure, all the three SAM mediélectrodes show a facile
redox reaction towards ferrocene. This can be attributédealisorganisation of SAMs in
the propylene carbonate medium. The disorganisation ob&kids has been confirmed by
cycling the same electrode modified with C6TP in 10 mM feresgge/ferricyanide system,
where the blocking ability is only partial, contrary to adhdy prepared monolayer surface,
which has an excellent blocking ability. The electrode wasealed at 60 °C for 1 hour and

the cyclic voltammetry was repeated in the 10 mM ferrocyefi@ricyanide system for the
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Figure 5.16: Cyclic voltammograms in 10 mM ferrocene/1 M I0g/propylene carbonate

for a) bare electrode b}TIP, c) GoTP and d) G2 TP modified electrodes

same electrode. The better blocking property shown by timgealed electrode confirms the
existence of the monolayer, which rules out any possibdftgesorption of the monolayer
from the gold surface. The annealing process removes thpeddesolvent molecules and or-
ganises the monolayer by making it more compact. This regukh better blocking ability.
Quantitative studies on the barrier properties of the medli&lectrodes have been carried

out by electrochemical impedance spectroscopy which cudsed below.

5.4.2.2 Electrochemical | mpedance Spectroscopy

The electrochemical impedance spectroscopic studiesecasdd to get a detailed informa-
tion about the processes occurring at the interface likedlble layer capacitance charging,
kinetics of the redox reaction, diffusion of the ions towsatde electrode surface etc. Such
studies are of great interest for the monolayer modifiededes. In the presence of the re-
dox species, from the impedance studies, the kinetics aktihex reactions and therefore the

barrier to electron transfer process can be calculatechdmptesent study, we have carried
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Table 5.4: Values of the solution resistancg,(R), double layer capacitance {CF/cnt),

charge-transfer resistance{RQ.cn?), and Warburg impedance {Z S.3/2.cn?) for the

bare and SAM modified electrodes using ferrocyanide/fanae reaction

Ry Cal
(Q)  (Flcn?)

Ret

Zw
(Q.cm?)  (S.8/2.cmP)

BAu
CgTP
C1oTP
C1oTP

13.59 1.4&107°
17.7 8.3%10°’
17.08 1.3410°°
11.01 5.26<10°°

1.293
400.8
281

3.744

0.0475
4.23%10°3
2.47%10°3
0.047225
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out the impedance spectroscopic studies for all the threbfied electrodes and for the bare
gold electrode in three different redox systems at a pakotirresponding to their formal
potential calculated from the cyclic voltammetric studies
Ferrocyanide/ferricyanidereaction: The impedance plots of the three SAM modified elec-
trodes in 10 mM ferrocyanide/ferricyanide/ 1M Nak(®i system are shown in the Figure
[5.17. The impedance plot for the bare gold electrode is dlsws for comparison. We have
observed from the plots that thg T SAM modified electrode shows the highest blocking
properties among the three modified electrodes. This iséordance with the behaviour
exhibited in the cyclic voltammetric studies. The plots evétted with a modified Randles
circuit containing the double layer capacitancg, i@ parallel to a series combination of the
charge transfer resistancg Rnd the Warburg impedancefX The solution resistance (R
was modeled in series to the above circuit. From the fittinthefplots we have calculated
the charge-transfer resistanceRralues for the ferrocyanide/ferricyanide reaction arel th
results are presented in Table_]5.4. From the table, it careée that GTP and GgTP
thiols have higher R values, which shows that the kinetics of the reaction is stowwver
these electrodes, a result in accordance with the cyclianohetric studies. For the&TP
SAM, a very low R value was observed, which shows that the reaction is higidyef on
this modified electrode. This is also supported by cyclicamimetric studies of the same
system as shown in Figufe_5]113, where higher current sin@lbehaviour of the bare gold
electrode is observed. As stated before (sediion 5]4thi&)can be attributed to the cluster-
ing of the discotic molecules on the gold surface for highneig length thiols, leaving large
number of voids on the surface, through which the redox nubdsccan access the surface.
Hexaammineruthenium (11/111) system: The Nyquist plots of the impedance studies in 1
mM hexaammineruthenium (Il/1ll) system are shown in FiglEd8 using the SAM mod-
ified electrodes as well as the bare gold electrode. Thev&ues for the systems were
calculated from the plots by fitting with the modified Randé&guit and are presented in
Table [5.5. It can be seen from the table that the chargefénaresistance values for these
systems are very low, which means that the electron trapsbeess is not inhibited over the
SAM modified electrode, a result in accordance with the cyatiitammetric studies. The
very low R values for the redox system also imply that the monolayes ¢ block hex-

aammineruthenium electron transfer reaction unlike fgraaide reaction. This behaviour
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Figure 5.18: Impedance plots in 1 mM hexaamminerutheniiih)0.1 M LiCIO 4/H>0 for
a) bare electrode b)dTP, ¢) GoTP and d) G,TP modified electrodes

Table 5.5: Values of the solution resistancg,(R), double layer capacitance {CF/cnt),
charge-transfer resistance{RQ.cn?), and Warburg impedance {Z S.$/2.cn?) for the

bare and SAM modified electrodes using hexaamminerutheldi reaction

Ru Cal Ret Zy
(Q)  (Flen?) (Q.cnP) (S.8/2.cn)
BAU |98.04 1.2%10°% 1.95x103 1.86x10°3

CsTP | 123.9 1.3&10°° 205.4 1.2410°3
CioTP | 124.8 1.3&10°°% 240.2 1.1%10°3
C1oTP | 80.75 2.9410°% 2.49 2.5%10°3
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is attributed to the outer-sphere electron-transfer mashafollowed by the ruthenium re-
dox system as shown earli@lS]. In an electron transfeti@afollowing the outer-sphere
mechanism, the redox species need not have to be in contéctheicounter species, here
the gold surface, and hence the monolayer has no signifitfa@ct en the electron transfer
process.

Ferrocene system: Figure [5.19(a-d) show the Nyquist plots of the impedancetsador

1 mM ferrocene system in propylene carbonate medium for #éine gold and the modified
electrodes. The Rvalues for the reaction obtained by equivalent circuitrfgtare shown

in Table [5.6. It can be seen that the charge-transfer resistealues for these systems are
very less in accordance with the cyclic voltammetric stadere it has been shown that the
reaction is highly facile towards the ferrocene system. rEsailts of the impedance studies
support the fact that the SAMs of the, TP thiols disorganise in the propylene carbonate
medium and therefore does not block the electron transteregs efficiently.

It is worth mentioning here that the molecules used for theolayer studies contains
a triphenylene group with attached alkoxy groups and thiolgs bound to the electrode
surface. For the GTP, where the alkyl chain length is more, it is difficult foetmolecule
to have a perfect vertical orientation because of the buikjhénylene groups on the top.
Moreover the trace amounts of solvent and electrolyte sgecapped between the mono-
layer molecules will also lead to a poor blocking behaviduhe electrodes.

The disorganisation of SAMs is exhibited normally only irethon-aqueous solutions.
Since ferrocene is insoluble in water, we have carried oclicyoltammetry and impedance
studies using ferrocenium tetrafluoroborate, which is watduble in order to probe the
monolayer in aqueous medium. Figure 5%.20 shows the typiadiccvoltammogram and
the impedance plot in this medium using>CP modified electrode. It has been observed
that the redox reaction of Fcspecies is blocked on the SAM modified electrode in aqueous
medium as compared to the ferrocene reaction in propylemegate medium. This clearly
shows that the disorganisation of the SAMs is a direct camsecg of the cycling in the or-
ganic solvent. The above results confirm that thel® SAM is better organised in agueous

medium than in the propylene carbonate.
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Figure 5.19: Impedance in 10 mM ferrocene/l M LiGIQropylene carbonate for a) bare

electrode b)gTP, ¢) GoTP and d) G,TP modified electrodes

Table 5.6: Values of the solution resistancg,(R), double layer capacitance {CF/cnt),
charge-transfer resistance{RQ.cn?), and Warburg impedance {Z S.$/2.cn) for the

bare and SAM modified electrodes using ferrocene reaction

Ru Cal Ret Zw

(Q)  (Flcn?) (Q.cm?)  (S.8/2.cmP)
BAu |411.5 1.3410° 6.32 2.3%10°3
CeTP | 419 7.%10°% 7.21 2.25¢10°3
Ci1oTP | 422 2.7%10°% 16.69  2.1%10°°
Ci1oTP | 438.8 29%10°% 2134  1.7&10°°
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Figure 5.20: cyclic voltammogram and impedance plot in 10 faocenium tetrafluorob-
orate/0.1 M NaF/HO for the G2 TP modified gold electrode

5.4.2.3 Capacitance M easurements

Table [5.Y shows the double layer capacitance values mekfsurthe SAM modified elec-
trodes using EIS. As expected, the capacitance for the lmddasghighest among these sys-
tems. The TP and GoTP SAM modified electrodes show a lower capacitance values, d
to the formation of monolayer. In contrast, the;CP thiol SAM shows a higher capacitance
than the other two thiols, but it is lower than the value farebgold. The higher capacitance
is due to the very poor organisation of the thiol over the galdace. The ions and solvent
molecules enter through the monolayer thereby effectivelseasing the dielectric constant
and reducing the monolayer thickness resulting in an iser@athe interfacial capacitance.
These results are in agreement with the cyclic voltammestudies in the presence of redox
probes, where we have observed that SAMs formed gyCand GoTP thiols have better
blocking properties compared to bare gold electrode apd © SAM modified electrode.
The lower capacitance for the;TP and GoTP modified electrodes can be further explained
due to the hydrophobic nature of the electrodes. In thesescdsie to the better orientation
of the molecules, the highly hydrophobic alkyl chains maie duter surface of the mono-
layer more hydrophobic and less permeable to ions. A morgactmonolayer has a lower

dielectric constant and therefore lower double layer cgace. It has been reported that the
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Table 5.7: Double layer capacitance values for the bare gotthce and the monolayer

modified surfaces in 1 M NaF calculated from electrochenimogledance spectroscopy

System| Capacitance
(Flcr?)

BAu |7.10x 10°°
CeTP | 1.22x10°°
C1oTP | 1.02x 1076
C1oTP | 3.25x 10°°

triphenylene based thiol monolayers exhibit more hydropkurface comi_jred to normal

alkanethiol SAM modified surfaces and hence higher capamstaalue 9].

5.4.2.4 Gold Oxide Stripping Analysis

Gold oxide stripping analysis provides a qualitative pietabout the coverage of the SAM
over the gold surface. The modified electrode was cycled inM)HCIO4 solution in a
potential window of 0.2 V to 1.4 V vs. SCE. During the forwandeep, the gold surface
is oxidised and on the reverse scan, it is reduced to Au, aggsepted in Figure _5.21.
The charge measured by integrating the reverse peak peoviftgmation about the amount
of gold oxide reduced which is a measure of the surface arg¢heofold exposed to the
electrolyte. Therefore from the ratio of the charge valuthwhat of the bare gold surface,
the coverage of the thiol on the gold surface can be estimsied the equation

Qsam
0=1-—
QAu

Where Gam and Qy are the integrated area under the reverse peak for the SANfietbd

electrode and for the bare gold electrode respectivelyBaisdhe surface coverage. st
corresponds to the charge value due to exposed gold to tbeadee with the remaining
region covered with the monolayer. It has been reportedth@asurface area for the bare
gold surface corresponds to a charge of g0fcn? [7].

For the GTP the surface coverage is measured to be 0.595 while for {fEPCand
C12TP the values are 0.615 and 0.692 respectively. The surtamzage values obtained by
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Figure 5.21: Cyclic voltammograms of a) bare gold electradé b) C6TP modified elec-
trode in 0.1 M HCIQ

this method are contrary to the cyclic voltammetric and idgee studies in the presence of
redox probes like ferrocyanide/ferricyanide system. Mweg the coverage values calculated
by this method varies significantly from that calculatedhirthe impedance in the presence
of redox probes. The coverage of the monolayer on the suidagieen by

Rt
p—1-
Ret

where R; and R; are being the charge transfer resistance on the bare golthar8AM
modified electrodes. For example, for thgl® modified surface, the impedance calculation
gives coverage of 0.996 and fordTP and G,TP the values are 0.995 and 0.655 respec-
tively. The lesser coverage values obtained from the stigppnalysis is due to the better

permeability of the smaller ions , in this case Oldns, through the monolayer surface.
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Figure 5.22: Grazing-angle FTIR spectroscopic profile ier@& TP modified gold electrode

54.25 Grazing Angle Fourier Transform Infrared Spectroscopy

Figure [5.22 shows the GA-FTIR spectrum of theT€ SAM over the gold surface. Bare
gold surface was used as a reference to get the spectra oAMardified sample. From
the spectra, the peaks at 1625 and 1701 care attributed to the aromatic core of triph-
enylene. Peaks at 2891, 2914, and 2947 are due to the asyimstedtching vibrations of
CH, groups. Peaks at wave numbers of 3057, 3085 and 3114 are due to the symmetric
stretching vibrations of the CHgroups. The absence of any S-H vibrations in the spectra
shows that all the thiols are adsorbed by chemisorptioniftggrAu-S bonding as expected
for any thiol monolayer over the gold surface.

In summary, the monolayers of three triphenylene-basealstiwith different chain
lengths have been formed on the gold surface and are chasadtby electrochemical and
FTIR analysis. The lower chain thiols show better barri@perties for the electron transfer

to the redox probes in the solution, which is contrary to {pedal alkanethiol monolayers.
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55 Conclusion

The self-assembled monolayers of cyanobiphenyl baset thiwe been formed and were
characterised using electrochemical techniques likecyoltammetry and electrochemical
impedance spectroscopy. The studies show that the covefagese monolayers on the
evaporated gold surface is less when compared to that aietikiml SAMs of similar chain
length. This is due to the poor packing of the bulky cyanobiph groups that are present
as the terminal groups. The electron transfer barrier ptiggeof higher homologous series
of these monolayers are better than the lower chain thidigs i§ similar to the trend in the
alkanethiol monolayers and arises due to the better orgiamisof the aliphatic chains on the
surface after adsorption. The capacitance values of theselayers are higher compared
to the alkanethiol SAMs, which is due to the terminal polaamy groups which allow ions
to enter into the film and the poor organisation due to repalsimong negatively charged
polar cyano groups.

The self-assembled monolayers of triphenylene subdtithiels on the gold surface and
their electrochemical behaviour indicate that the electransfer barrier properties of these
thiols decrease with the chain length. This is contrary éddéhaviour of typical alkanethiol
monolayers. We attribute this to the cluster formation & thphenylene core on several
regions of the monolayer surface which creates large nuofi@nholes and defects. As the
chain length increases, the interaction of the tripherg/tmres on the surface also increases
due to the flexibility of these molecules on the surface. Téasls to the lowering of electron
transfer barrier properties. The capacitance values eéthedified electrodes are in general

very high compared to the typical alkanethiol monolayers.
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Chapter 6

Summary and Future Works

In this chapter we summarise the significant results andlasions derived from the work
described in the previous chapters. We also present hesetipe for future investigations
based on the outcome of our studies. Broadly, the thesissaaik be classified as follows:
1. Electrochemical studies of redox probes in the columeaagonal phase of Triton X-
100/water system.

2. Studies on dispersion of thiol-protected gold nanopladiin the columnar hexagonal
phase (H1 phase) of Triton X-100/water system and the revakimnar hexagonal phase
(H2 phase) of AOT.

3. lonic conductivity studies of the H1 phase of Triton X-hAb8ter system and the effect of
different dopants on the ionic conductivity in these system

4. The electrical conductivity studies of the discotic lgjarystalline materials and the effect
of addition of ferrocenium and chloroaurate dopants inediscotic matrix.

5. Self-assembled monolayers formed by rod-like cyanamghsubstituted disulphides and
discotic triphenylene tethered thiols on gold surface & telectrochemical characterisa-

tion.
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1. Electrochemical studies of redox probesin the columnar hexagonal phase of Triton
X-100/water system

We have studied the electron transfer processes of a vafiegglox probes in the columnar
hexagonal phase of Triton X-100/water system. The potagisptical microscopic (POM)
and small angle X-ray scattering (SAXS) studies revealatittre H1 phase of the Triton X-
100/water system is retained even after the addition oféddex probes and the supporting
electrolytes. The cyclic voltammetric studies show thathhlf-peak potential of the redox
probes have shifted significantly in the H1 phase compar#uetsolvent phase. The nature
and extent of the potential shifts have been explained obdbkes of the interaction between
the redox probe and the surrounding H1 phase. For the hexammuthenium (11/11) redox
system, we have observed a negligible shift in the half-geztkntial, which has been at-
tributed to the outer-sphere electron transfer processisnsiystem. On the other hand, the
diffusion coefficient values of all the redox probes werenfdto be lower in the H1 phase
than in the solvent phase. The extent of decrease was olderlse dependent on the inter-
action of the redox probes with the liquid crystalline syste

2. Dispersion of thiol-protected gold nanoparticlesin the H1 phase and H2 phase
Hexanethiol and 10-CB thiol protected gold nanoparticlesendispersed in the lyotropic
columnar hexagonal phase (H1 phase) of Triton X-100/watstesn and in the reverse
columnar hexagonal phase (H2 phase) of AOT system. POM ax$bStudies were utilised
for the characterisation of the dispersions. POM studiesveld that the addition of gold
nanoparticles did not disturb the liquid crystalline sture of these two systems. The SAXS
studies have confirmed that the dispersions retain thedlicpyistalline characteristics. Infact
it was observed that the addition of gold nanoparticles laateally improved the columnar
order in these two liquid crystalline systems with addiibpeaks in the SAXS, correspond-
ing to the different lattice planes. The lattice parametiersved from SAXS studies are not
altered by the addition of the nanoparticles.

3. lonic conductivity studies of the H1 phase of Triton X-100/water system

We have observed that the ionic conductivity of the H1 phdge&iton X-100/water system
is very high eventhough it is constituted of a non-ionic aatént. The unexpectedly high
ionic conductivity in the phase has been explained on this lod$rotthus mechanism, ac-

cording to which the ionic conductivity originates from ghi@ton transfer between different
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protonated water clusters like Zundel cations and Eigeiorsit On the surface of the mi-
celles of the Triton X-100/water system, the water molesale arranged very close to each
other and hence the proton transfer between the clustersilie fesulting in a very high ionic
conductivity. We have observed that the addition of ureagkhkmown chaotropic agent de-
creases the ionic conductivity in contrast to that of of gmdthoparticles which enhance the
ionic conductivity. These observations are in good agregnvéh the Grotthus mechanism
of conductivity.

4. Electrical conductivity studies on the discotic liquid crystalline composites

We have studied the effect of dopants on the phase behavwwuthe electrical conduc-
tivity of discotic liquid crystalline materials. For theseudies, we have used ferrocenium
tetrafluoroborate and chloroaurate as dopants in hexatepyiphenylene and hexahexylth-
iotriphenylene which are the discotic molecules. The casiips of different concentrations
of the dopants were prepared with the discotic molecules.PbM, DSC and SAXS studies
revealed that when the concentration of the dopants arethay,do not alter the columnar
structure of the discotic molecules. The UV-visible spacstudies show that the ferroce-
nium ions form charge-transfer complex with the electrah discotic molecules while the
chloroaurate oxidises the triphenylene core of the diseablecules resulting in the forma-
tion of triphenylene radical cations. Both the dopants eckahe DC conductivity of the
discotic phase by almost million times while the chlorodex@discotic composites show very
high ionic conductivity due to the formation of radical cats. The chloroaurate-discotic
composites show a significant absorption in the entire salnd NIR regions, which indi-
cates that these composites can find potential applicaitidhe field of solar cells. The DC
conductivity of these composites were observed to dectiadke isotropic phase indicating
that the observed high conductivity is due to the quasi-adingensional nature of the colum-
nar hexagonal phase.

5. Self-assembled monolayers of liquid crystalline disulphides and thiols on gold sur-
face

We have formed self-assembled monolayers of two liquidtaiiyise compounds on the
gold surfacevizthe rod-like cyanobiphenyl functionalised disulphided #re discotic triph-
enylene based thiols. These monolayer modified surfaces etaracterised using electro-

chemical techniques like cyclic voltammetry and electeroital impedance spectroscopy.
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The studies show that the cyanobiphenyl substituted digiddis inhibit the electron trans-
fer process for the ferrocyaniderricyanide reaction, while allowing the hexaammineeudth
nium(lI/I1) reaction to take place through the monolayémfi The facile electron transfer
in the hexaammineruthenium(ll/lll) has been explained lwa lhasis of outer-sphere elec-
tron transfer reaction mechanism. Electrochemical impeeapectroscopic studies have
revealed that the barrier offered for electron transfecess by these monolayers are lower
than that of typical alkanethiol monolayers. This is atitéd to the loose packing of the
monolayers which are formed owing to the bulky cyanobiphegmgups at the terminal
positions. The higher chain disulphide modified monolaydfer higher barrier to elec-
tron transfer process owing to better organisation of theatayers on the surface due to
hydrophobic-hydrophobic interactions. On the other hahd,triphenylenethiol modified
monolayers show poor blocking behaviour and the barrieldoten transfer process de-
creases for higher chain length. This has been explainetiebdsis of the disorganised
structure of the longer chain length monolayers resultinogfthert— 1tinteraction between
the electron rich triphenylene cores that leads to cludtpeeking, leaving out many voids

on a polycrystalline gold surface.

Scope For Future Studies

In chapter 2, we have discussed the electron transfer oeactif several redox probes in
the lyotropic columnar hexagonal liquid crystalline phédé phase) of Triton X-100/water
system. We have observed significant shifts in the half-peténtials and large reduction in
the diffusion coefficient of the redox probes in the H1 phassoanpared to the solvent phase.
At the same time, we have shown that the redox probes follosali diffusion characteristics
irrespective of the columnar arrangement of the cylindinaaelles near the electrodes. This
provides a general basis for the study of several biologilgadtron transfer reactions as the
systems presented here can mimic the biological envirohmen

In chapter 3, we have discussed the dispersion of thiokptetl gold nanoparticles in
the H1 phase of Triton X-100/water system and in the H2 ph&2e03, where we have
shown that the dispersion of nanoparticles into the colurphase does not alter the liquid

crystalline phase behaviour. Such composites can be sttatiseveral applications includ-
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ing the targeted drug delivery. The interaction of the tehgroups of the ligands attached

to the nanoparticles with the surfactant and the water mé#scon the surface of the mi-
celle plays a significant role on tliespacing of these dispersions as discussed in the chapter
3. Further studies have to be carried out for a better urateisig of these phenomena.
For example, the phase diagram of the nanopatrticle-Tritdid3-water systems may be of
fundamental interest for a better understanding of thenehaof such dispersions.

The ionic conductivity of the H1 phase of Triton X-100/wasgtistem shows a surpris-
ingly high ionic conductivity even though the constituerdtarials are non-ionic in nature.
Interestingly, similar observations have been made on swotein surfaces as well as inside
of the carbon nanotubes. A detailed experimental studies twabe carried out in this field,
and the system that we presented here may become a modehdgstihese experiments.
In this context, the existence of different protonated watesters needs to be probed and
the kinetics of the proton transfer reactions have to bestlid detail.

The chapter 4 describes the electrical conductivity sgidiethe discotic liquid crys-
talline composites. We have shown that the electrical cotity of the discotic materi-
als can be enhanced by several orders of magnitude whilecim@asites still retain the
liquid crystalline order. The absorption of the chloroderdiscotic composites over the
entire visible and NIR region make them potential candisldte the solar cell applica-
tions. For this purpose the photocurrent measurementstbave carried out and should
be compared with other solar cell devices. The efficiencyushssolar absorbers can also
be studied. The discotic-ferrocenium composite reportzd bpens a new area of discotic-
organometallic composites of donor-acceptor couples.udlysof similar composites with
other organometallic compounds may lead to some novel csitgpmaterials with several
interesting properties.

The self-assembled monolayers of disulphides, as deskcribine chapter 5, show that
the electron transfer barrier properties of these modifiedtedes are significantly lower
than typical alkanethiol monolayers. This has been atieithto loose organisation owing to
the bulky cyanobiphenyl groups at the terminal positionscSmonolayers can be further
analysed using scanning tunneling microscopy and atomie fimicroscopy to establish the
orientation of these molecules on the gold surface. Théenglene thiols show abnormal

behaviour in the electron transfer process as the blockiijyadecreases with increase in

187



the chain length. This counterintuitive behaviour has kagtbuted to the formation of clus-
ters byrm— minteraction between the triphenylene cores. Further segéudies usin situ

scanning tunneling microscopy and atomic force microsamgynecessary for a clear un-
derstanding of this behaviour. Moreover, such clusterseretectrode surface may exhibit
some interesting properties as triphenylenes are well Koowheir quasi-one-dimensional
electron transport in the bulk phase and therefore may be gaedidate materials for molec-

ular electronics.
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