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ABSTRACT

Metallophthalocyanines (MPcs) are classified as an important class of conjugated
materials and they possess several advantages attributed to their unique chemical
structure. Carbon nanotubes (CNT), on the other hand, are known to enhance the
properties of nano-composites in the conjugated molecules, due to their one
dimensional electronic skeleton, high surface area and high aspect ratio. In this thesis,
work has been carried out on the investigation of different substituted metal-
phthalocyanines with the aim of developing novel hybrid film structures which
incorporates these phthalocyanines and single-walled carbon nanotubes (SWCNT)
for chemical detection applications.

Octa-substituted copper phthalocyanines (CuPcRg) have been characterised using
UV-visible absorption spectroscopy. Obtained spectra have yielded an evidence of a
thermally induced molecular reorganization in the films. Influence of the nature of
substituents in the phthalocyanine molecule on the thin films conductivity was also
investigated. Octa-substituted lead (II) phthalocyanines (PbPcRg) have also been
characterized using UV-visible spectroscopy. Sandwich structures of ITO/PbPcRs/In
were prepared to investigate the electronic conduction in PbPcRg. The variation in
the J(V) behavior of the films as a result of heat treatment is expected to be caused
by changes in the alignment inside the columnar stacking of the molecules of the
films.

Thin films of non-covalently hybridised SWCNT and tetra-substituted copper
phthalocyanine (CuPcRy4) molecules have been produced. FTIR, DC conductivity,
SEM and AFM results have revealed the n-m interaction between SWCNTs and
CuPcRsy molecules and shown that films obtained from the acid-treated
SWCNTs/CuPcRy4 hybrids demonstrated more homogenous surface. Thin films of
pristine CuPcR4 and CuPcR4#/SWCNT were prepared by spin coating onto gold-
coated glass slides and applied as active layers for the detection of benzo[a]pyrene,
pentachlorophenol (PCP), 2-chlorophenol, diuron and simazine in water as well as
amines vapours in ambient air utilizing total internal reflection spectroscopic
ellipsometry (TIRE) as an optical detection method.

Different concentrations of pesticides in water ranging from 1 to 25 pg/L have been
examined. It was revealed that the shifts in A(A) spectra of CuPcR4/SWCNT films
were evidently larger than those produced by the pristine CuPcRy films, indicating
largely improved films’ sensitivity of the hybrid films.

Adsorption of amines onto films' surfaces has been realised by monitoring changes
in the phase shift (A(A)) of TIRE. Methylamine has shown higher sensitivity and
lower response time among the studied amines. For all amines vapours, the
sensitivity of SWCNT/CuPcRs hybrid films was higher than the sensitivity of
pristine CuPcRy films.

Further work has been carried out on hybrids of SWCNT with zinc phthalocyanines
(ZnPc). Thin films of pristine SWCNT and SWCNT/ZnPc hybrids were prepared by
drop casting onto interdigitated electrodes and applied as active layers to detect
ammonia vapor by measuring electrical resistance changes. Influence of pyrene
substituent in the phthalocyanine ring on the hybrid formation and their sensor
response has also been verified.
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"Chapter 1

Introduction

1.1  Background

In order to satisfy the demands for the fast growing development of nanotechnology,
it is essential to improve the variety of materials possessing electrical, optical, or
mechanical properties. Amongst these, hybrid materials are rapidly finding their way
in these new technologies, due to the efficient interaction between two or more
components ', In recent decades, research relating to the interaction between
carbon nanotubes (CNTs) and conjugated organic molecules, especially
metallophthalocyanine (MPc) complexes, has been attracting increasing interest as a
new topic of fundamental research with various potential applications ranging from

sensing 48] (o-11]

, which is the main theme of this thesis to photovoltaic applications.
Combining the remarkable electrical, thermal and mechanical properties of CNTs
with the optoelectronic properties of MPcs is a promising path to realizing composite
materials which are expected to be more efficient in improving the relative responses

compared to the individual CNTs or MPc species 2141,

In the sensor area, a range of materials has been employed to construct transducers,

1) and

such as variety types of transition metal oxides "), conducting polymers
organic complexes like phthalocyanines !'"?%, Phthalocyanines (Pcs) in general and
their metallo-derivatives (MPcs) in particular, hold a great promise for the
development of many non-linear optical devices because of their activity as basis for
optical limiting "), fast response time, unique electronic adsorption properties and

extensively delocalised 7-7 electron skeleton. Another advantage of MPcs is their
| process-ability in thin films structure, which means the possibility to deposit these
compounds utilizing different methods, such as spin-coating, drop-casting, thermal
evaporation and Langmuir-Blodgett techniques . Application of substituted-MPcs
as active membranes in surface plasmon resonance (SPR) and total internal reflection

ellipsometry (TIRE) sensors has been demonstrated in the literature (%),
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Metal Phthalocyanines (MPcs) are m-electron conjugated macrocyclic compounds,

exhibiting outstanding performance in the field of chemical and bio sensors 2%,

liquid crystals 2 field effect transistors (29.30] B31]

, €lectrochromic devices ", and
memory applications ®>**!, The structure of MPcs strongly affects their properties,
such as specific surface area, electron transfer properties and thermal stability,

therefore affecting their performance in device applications 4.

The major
advantages of MPcs over other organic analogous are P*°*%: (i) their tuneable
structure with high flexibility in having large variety of substitution on the periphery
of the molecule's rim, as well as their ability to coordinate almost every metallic
element in the centre of their macrocycle; (i1) an exceptional thermal and chemical
stability compared with most of molecular materials; (iii) an excellent process-ability,
resulting in the construction of a large variety of thin films by different deposition
methods. Although the MPc-based devices have been studied for long time, there
are still some specific restrictions which need to be overcome; these include, (i) the
improvement of the reproducibility of the organic thin film devices due to the
difficult control of the crystallite orientation of the polycrystalline film of MPc, (ii)
the improvement of the selectivity and sensitivity of the MPc thin film sensors, (iii)
more homogenous films are required for the manufacturing of semiconducting
devices to avoid pin-holes and thus short circuit problems, (iv) the improvement of
charge carrier mobility of the organic thin film diodes and transistors, which is
determined by several key factors such as the type, orientation and structure of the
MPcs, as well as the film thickness and the nature of interface between the organic
film and the electrodes, (v) miniature, portable, robust, energy saving and low cost
devices need to be fabricated, in order to satisfy the rapid development of nano-

devices together with several other kinds of particular applications .

CNTs, on the other hand, demonstrating a high aspect ratio, are m-conjugated
nanoscale materials. This kind of carbon family possess a unique combination of

[37-39]

mechanical, thermal and electrical properties , making this type of carbon

structure a highly attractive material for applications as a reinforcing filler in
polymers *”), heat management components [ and nanoelectronic devices 1.
Carbon nanotubes (CNTs) have been found to be extremely sensitive to their local
chemical environment. This chemical sensitivity, due to their extraordinary one-

dimentional carbon nanostructure, has made them ideal building blocks for chemical
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detection . Since Kong and co-researchers have demonstrated the potential of
single walled carbon nanotubes (SWCNTs) in NO, and NHj3 gas detection (4 CNTs
have been considered as promising candidates as sensing materials that can detect
toxic gases such as NO,, NHs, O, H, CO,, and CO (4548] The high sensitivity of
CNTs towards chemical vapours can be assigned to the excellent electrical properties,
small size, extremely high surface to volume ratio and large gas adsorption capacity.
However, the poor solubility and dispersity of CNTs in conventional solvents has
restricted their use as active layers processed by simple methods like spin coating.
Acid-treatment as well as other modification methods can be employed to overcome
the disadvantage of poor dispersity of CNTs (1.49-52) The other downside is that CNTs
are optically inert and almost unsuitable to use as active layers utilising optical
detection techniques such as surface plasmon resonance (SPR) and total internal
reflection spectroscopic ellipsometry (TIRE). Further surface modification of CNTs
through hybridising with MPcs enhances their optical performance as well as their
gas sensing activity arising from the mutual z-7 interaction between CNTs and MPc
resulting in enhanced detection effectiveness compared to the individual CNTs or

MPcs species 653

1.2  Aim and objectives

The principle aim of this research is the characterization of novel substituted metal-
phthalocyanines (MPcs) and development of new methods to produce hybrids
combining these MPcs and single-wall carbon nanotubes (SWCNTSs) and to study the
optical, structural, and electron transport properties and to place more emphasis on

their sensing applications using TIRE method.

In order to satisfy the above stated aim the proposed research will have to achieve

the following objectives:

e To study thin films of MPc molecules with different substituents on the
periphery of the molecule ring. The research is mainly focused to look into

films of tetra- and octa-substitued MPcs with different alkyl chain lengths.

e To develop a simple method for the hybridisation of MPcs, mainly having
copper as the central atom, with SWCNT.
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To produce thin films of .the new hybrid structures and to examine the
formation of bonds between the MPc molecules and the CNT molecules as
well as the films' morphology using Fourier Transform Infra-red (FTIR),
Scanning Electron Microscopy (SEM), UV-visible spectroscopy and Atomic
Force Microscopy (AFM) techniques.

To apply several other methods of hybridisation in order to compare the

quality of composite films formed between the MPcs and CNT molecules.

Perform electrical measurements in order to investigate the electron transport
properties of MPcs films and their new hybrids through the evaluation of

their I(V) characteristics.

To examine the use of the new hybrid films in chemical sensor applications
using spectroscopic ellipsometry in total internal reflection ellipsometry
(TIRE) as the optical transduction method. Various environmental pollutants,
both in ambient air and in water, are examined; these include volatile organic
compounds (VOCs), amines in air and different pesticides as water pollutants.
The effect of SWCNTSs on the sensing properties of MPcs/SWCNT hybrid

films are investigated and compared to pristine MPc films.
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" Chapter 2

Literature Review

Chapter overview

This chapter provides an extensive analysis of the literature as related to the
proposed work and gives an overview of the contents of the remaining chapters of
this thesis. The features of carbon nanotubes and why this material has gained
significant interest from researchers are also discussed. Furthermore, a general
discussion of phthalocyanines and their applications are also introduced. Finally, the
smart integration between phthalocyanines and carbon nanotubes has been reviewed

with particular emphasis on their sensing application.
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2.1 Carbon Nanotubes (CNTs)

A sheet of paper may be rolled up with its edges connected to make a tube. Carrying
out this experiment hypothetically with a graphene layer results in a carbon tube.
Such structures actually exist; they are entirely made up from carbon atoms and
accommodate a cylindrical cavity. When different diameters are provided, several of
these tubes may fit one into another to make a multi-walled carbon tubes. The
diameter of both single- and multi-walled species measures on the nanometer scale,

therefore the name carbon nanotubes (CNTs) !,

The first discovery of multi-walled carbon nanotubes (MWCNTS5s) (2] and single-
walled carbon nanotubes (SWCNTs) P! was made by Iijama in 1991 and 1993
respectively (Figure 2.1a). The diameters are approximately 1-2nm for SWCNTSs and
2-100nm for MWCNTs, which consist of more than one concentrically rolled layer
of graphene, and their length are roughly between 1-10pm. Therefore, the aspect
ratio (ratio of length to diameter) becomes 1000 or more (461 Based on the unique
structure of the parent material (graphene), carbon nanotubes are suggested to have
novel properties that make them potentially beneficial in many applications. These
include high performance nanocomposites which are conductive and of natural high
strength "), nanosized semiconductor devices ], nano-probes ), energy conversion

[10] [14]

devices ', sensors [“’12], field emission displays !!*!, radiation sources
2

and drug
delivery systems ["*!%l; however these applications still remain in the “possible”
stage. Lack of availability of bulk quantities of high quality and low cost, as well as
processing difficulties are the main obstacles in expanding the technological

applications of carbon nanotubes.

As a member of the fullerene structural family, the carbon atoms in carbon nanotubes
are sp’-bonded. Due to the extended electron system, the surface electrons are highly
polarizable, and so are subject to large attractive inter-tubular van der Waals forces
[17] In addition, carbon nanotubes are smooth-sided compounds with attractive
interactions of 0.5 eV per nanometer of tube-to-tube contact. These extreme cohesive
forces could account for the bundled structure of SWCNTs. The size of bundles has
been shown to be judged by distortions of van der Waals bonds between nanotubes
in the surrounding area of a catalytic particle and the degree of nanotube bending in

the bundle "®. The typical bundle size of as-produced SWNTSs varies between
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nanometers to microns. Figure 2.1b shows a Transmission Electron Microscopy

(TEM) image of a nanotube bundles !'*!,

Figure 2.1: (a) Conceptual diagram of SWCNT and MWCNT, (b) TEM
image of SWCNTs [

Although the chemical reactivity of carbon nanotubes, compared with graphene, is
enhanced as a result of the surface curvature, carbon nanotubes tend to aggregate
together when exposed to most solvents, aqueous or organic due to their hydrophobic
nature 1*”. Therefore, the studies and applications of CNTs are hindered by
processing and manipulation difficulties owing to their insolubility or poor

dispersion in common solvents and polymeric matrices ',

2.1.1 CNTs’ structure

The structure of CNTs depends on the different angles and curvatures in which the
graphene sheet could be rolled into a tube and is determined byé single vector. This
vector is called chiral vector, which discriminate CNTs into three forms; zigzag,
armchair and chiral (Figure 2.2). The electronic properties of CNTs vary according
to their structure. Armchair nanotubes are metallic, while zigzag and chiral are either
metallic or semiconducting nanotubes. SWCNTs, in general, can be a mixture of
metallic and semiconducting tubes, depending sensitively on the structure, however,

MWCNTS are considered to be metallic material %%,

10
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Table 2.1: A summary of production techniques of SWCNTs **!

Short name

Laser al_slation
(PLV)

DC arc

discharge

Gas phase

decomposition

CCvD

Flame

pyrolysis

Solar furnace

Zeolite grown

Technology of preparation

[reference]

Ablation from graphite doped

with (Fe, Co, Ni, ...) catalyst %,

First reported production.

Modified Kratschmer reactor ..

Decomposition in an oxygen-free

environment. Typical: HiPco®

(high pressure CO decoposition)

[27]

Catalytic chemical vapour
deposition. Supported metal

catalysts are used %%,

Carbon source + metallocene
catalyst. Conventional low

pressure pyrolysis reactor %,

Solar rays focused on a metal
doped graphite target. Growth
dynamics similar to PLV B,

CNTs grow by thermal

decomposition of template

molecules within zealite channels

[31]

Typical mean
diameter

(nm)

1.4 (1-1.8)

1.5 (0.9-3.1)

1(0.9-1.3)

1.5 (1.3-2)

2-3

14

0.45

product description

High quality, good diameter
control, bundled tubes,

commercial.

Lesser quality, carbonaceous

impurities abundant, bundled.

Easy purification, good

quality, commercial.

Cheapest, up-scalable,
commercial, most feasible
from the application point of

view.

Low yield, bad quality, still
under development, plant
technology available, large

commercialization potential.

Good quality, little
amorphous carbon, spreading

is limited.

Monodisperse diameter
distribution, oriented tubes,
CNTs metastable outside the

channels.
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Figure 2.4: A sketch of CNTs pre-treated by different methods; (a) acid tteatment
can effectively purify CNTs, open their caps and generate the functional groups, (b)
heat treatment can purify and integrate the CNTs.

Among the different surface treatment methods, acid oxidation is perhaps the most
commonly studied. Acids, such as nitric or sulphuric, or any other oxidizing agent is
used for this purpose. The oxygenated functional groups can be held to the side-wall

[40-42]

of CNT after the oxidation process , meanwhile, the residual amorphous carbon

31 were the first research

and catalysts can be also removed. Bower and co-workers !
group who found that the NHO; can be inserted into the CNTs bundles, resulting in
bundle exfoliation. Following this work, similar procedure has been explored later on

including the work presented in the current thesis, *#**],

Keeping the building skeleton of CNTs during the acid treatment develops a serious
problem because covalent sidewall functionalization creates sp> carbon sites on
CNTs, which disrupt the electronic structure, and leads to loss of the novel
characteristics of CNTs, such as their high conductivity and extraordinary
mechanical properties ). With increasing functionalization degree, the nanotubes
can finally change into insulating material. Therefore, to reduce damaging effect of
acid treatment, low concentration of oxidizing agents are used [*’]. In addition to the
non-damaging effect, the low concentration treatment allows further n-x interaction

between CNTs and several other molecules such as phthalocyanines as reported

14
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recently ¥7**), The further functionalization of carbon nanotubes could be classified
into two types according to the modifiers: organic (organic functional groups, small
organic molecules, polymers, DNA, protein, etc.) and inorganic (metal nanoparticals,

metal oxides, etc.) P,

Oxygen containing groups can be generated on the sidewall of CNTs not only by
chemical modification such as acids treatment [49], O,-plasma-oxidization method has
also been reported to achieve sidewall oxygenated group attachments 159 1t is known
that the amount and type of oxygen containing groups depends on the treatment
method. In the case of nitric acid treatment, formation of acid groups such as
carboxyl, phenol and lactol have been reported P*2. Nevertheless, carbonyl and
lactone are observed in oxygen plasma functionalization method (50 Among these
oxygen-containing groups, carboxyl group (COOH) is very attractive, since it can be
readily used for further covalent or non-covalent functionalization "), Non-covalent
functionalization, compared with covalent functionalization, does not lead to
substantial changes in the chemical, structural, electronic and mechanical properties
of CNTs **! as shown in Figure 2.3. Therefore, CNTs functionalized with organic
molecules via non-covalent interactions is quite appealing and has important
consequences for their electrochemical activities. The realization of non-covalent
functionalization is mainly ascribed to the adsorption ability of organic modifiers on
the carbon nanotube surface or through n-n conjugation between aromatic molecules
and CNTs. In addition to oxygen containing groups, as organic functional groups,
nitrogen containing groups such as amines °***], hydrocarbons such as alkyl (561 and
sulfur containing groups " have been used to modify CNTs.

Polymers, which can disrupt the van der Waals interactions between the walls of
CNTs, have gained increasing attention due to their quite efficient dispersity (58],
Owing to their native electron trans-mediation, good environmental stability and
specific organic groups 591 tremendous efforts have been made over the past few
decades to prepare polymer-CNTs composites. These polymers include polypyrrole

[60] ) (63,64]

, poly(methylene blue) ") poly(neutral red) %, poly(acrylic acid and

poly(3-methylthiophene) %,

Among organic materials modified CNTs, DNA %% and enzymes " have received

great attention due to their high selectivity and sensitivity to analytical reagents.
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Similar to organic modification, inorganic nanomaterial functionalized CNTs have
also received great attention. Generally, two types of inorganic nanomaterials have
been employed to modify CNTs, one is noble metal nanoparticles, including Au (681,
Ag [69], and Pt [701, and the other is metal oxide nanostructures such as ZnO [71], CuO
172 and SnO, ™). In addition, many different compounds have also been proposed to
modify CNTs surfaces to enhance their performance. However, owing to the effect
of size and dispersion of noble metal particles and poor electrical conductivity of
metal oxides, the sensing activity of CNTs has been inhibited. In order to decrease
their particle size and improve electron transport especially in the modified electrode

surfaces in electrochemical sensors, CNTs as a good carrier and conducting

pathways have been widely employed (741,

2.2  Phthalocyanines (Pcs)
2.2.1 History

Phthalocyanines (Pcs) represent without doubt the most important chromophoric
system developed during the 20™ century. Historically, the most important event was
probably their accidental discovery around 1928 by a dye manufacturing company in

Scotland. The first synthesis of phthalocyanine was reported in 1907 (73]

when Braun
and Tcherniac engaged in a study of the chemistry of o-cyanobenzamide. When this
compound was heated, a trace amount of a blue substance was obtained which
undoubtedly was metal-free phthalocyanine. The structure of this metal-free,
unsubstituted phthalocyanine was determined only about a quarter of a century later
by the comprehensive studies of Dent and Linstead [76] and the X-ray diffraction

[77]

analyses of Robertson ' while examining both metal-free phthalocyanines (Figure

2.5a) and metallophthalocyanines (Figure 2.5b). In 1927, de Diesbach and co-

(78] reported that when 1,2-dibromobenzene was treated with copper(I)

workers
cyanide in boiling quinoline for eight hour, a blue product was obtained. This was
almost certainly the first preparation of copper phthalocyanine (CuPc). The
molecular formula was determined from elemental analysis and the compound was
remarkably stable against alkali, concentrated acids and heat, but they were unable to
suggest the structure. In 1928, in the manufacture of phthalimide by Scottish Dyes

(later to become part of ICI) from the reaction of phthalic anhydride with ammonia
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in a reactor, the formation of a blue impurity was observed in certain production
batches. This contaminant was isolated as a dark-blue, insoluble crystalline substance.
Ultimately, the compound proved to be iron phthalocyanine (FePc), the source of the
iron being the wall of the reactor. An independent synthesis involving passing
ammonia gas through molten phthalic anhydride in the presence of iron filings

confirmed the findings.

a (b) g/\
>—>-: :(( \>->:N
Figure 2.5: The molecular structure of (a) metal-free phthalocyanine and (b)

metalophthalocyanine

2.2.2 Emerging material

Following this discovery, the colour manufacturing industry was quick to recognize
the unique properties of the compound and to exploit their commercial potential.
Phthalocyanine have emerged as one of the most extensively studied classes of
compounds, because of their intense, bright colours, their high stability and their

unique molecular structure (79.80)

Phthalocyanines are two-dimensional 18 m-electron aromatic porphyrin synthetic
analogues, consisting of four isoindole subunits linked together through nitrogen
atoms. Phthalocyanines and their metallo derivatives (MPcs) have recently attracted
an increasing interest not only for the preparation of dyes and pigments but also as
building blocks for the construction of new molecular materials for electronics and
optoelectronics. These arise from their electronic delocalization, which makes them

valuable in different fields of science and technology .. The chemical flexibility of

17



Literature Review

this class of compounds allows the preparation of a large variety of related structures
and, consequently, the tailoring of the physical, electronic, and optical properties, as
well as the improvement of processability. Therefore, peripheral substitution of
phthalocyanines with bulky groups or hydrocarbon chains enhances their solubility
and permits the deposition onto substrate, using spin-coating or LB deposition

techniques 2.

The possibility of incorporating a broad range of metal atoms into the Pc cavity
offers additional features to optimize the physical responses. On the other hand, their
thermal and environmental stability are important characteristics that make them
promising candidates to be incorporated into devices. To achieve this goal, an
important point must be addressed which is the control of the supramolecular
arrangement of these macrocycles in the solid state [83], Liquid crystalline (LC)
discotic mesophase materials can self-organise their molecules from organic solution
into columnar stacks and develop potential solution processed molecular electronic
materials. The columnar aggregates of discotic phthalocyanine molecules with
effective overlap of m-orbitals along the stacking direction and low reformation

energy (*4

provide efficient anisotropic electronic transport networks along the
molecular columns in the liquid crystalline mesophases with hole mobilities in the
order of 10" cm?/Vs ¥, Disk-like molecules, comprising a flat rigid aromatic core
and flexible peripheral substituents, self-organize into one-dimensional
supramolecular columns providing efficient anisotropic electronic transport channels
861 Such self assembled columns in organic discotic molecules can adopt two types
of characteristic orientations on surfaces: (i) homogeneous alignment, where the
edge-on orientation of molecules and the columns parallel to the substrate surface is
observed and (ii) homeotropic alignment, where the molecules are aligned face-on to
the substrate and the columnar axes perpendicularly arranged with respect to the

substrate surface *7). Usually, homeotropic alignment can be generated by thermal

annealing, that is slow cooling of the isotropic melt confined between two substrates
(88]

In the last few decades, phthalocyanines have been extensively studied as targets for

[89] [90]

optical switching and limiting devices *"-, organic field effect transistors ', sensors

1931 Jight emitting devices P*, molecular solar cells ®°!, data storage media %61,
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photosensitizers 7 and electronic nose for cancer detection % There are significant
number of studies that were concerned with insoluble unsubstituted-phthalocyanines
and their application employing their unique ability to evaporate without
decomposition ). However, peripherally substituted soluble metallophthalocyanines

facilitate films fabrication and their investigation using wet-deposition techniques.

2.2.3 Electrical properties of Pcs

Studies on organic semiconducting thin films have become increasingly significant
for electronic applications. These materials are chemically and thermally quite stable
and therefore, efforts have been made to utilize thin films of these materials as
molecular modules in a number of electronic and optoelectronic devices %), Among
these organic materials are the metal free phthalocyanines (H;Pcs) and metal
substituted phthalocyanines (MPcs) such as FePc, MgPc, PbPc, ZnPc, CuPc, and
CoPc. These materials are generally p-type semiconductors and can be simply

deposited resulting in pure and homogeneous thin films [

either by vacuum
sublimation or any other wet techniques in the case of peripherally substituted
derivatives. The wide ranges of the conductivity of phthalocyanines, which result
from their versatile chemical and physical systems, encourage researchers to achieve
the best property required. During the last three decades, the semiconducting
properties of phthalocyanines have been investigated in details. [89.95,96,100,102-104] ‘ppye
conductivity phenomenon in phthalocyanine compounds can be due to either the
intrinsic properties of a specific phthalocyanine or generally to the group of
molecules at supramolecular level with an extended orbital overlapping along the

conducting pathway.

Phthalocyanines could be self-assembled in columns at a supramolecular level
leading to increased conductivity character. The co-facial stacking of phthalocyanine
molecules enables electron delocalization within the axis of the column through 7-7
orbital overlap. Metallophthalocyanines mainly crystalise in an inclined stacked
insulating arrangements called a and f modifications that do not allow an appropriate
overlap of m-orbitals and hence no formation of a conduction band. Among the
different methods used for organizing metallophthalocyanines with semiconducting

properties are chemical methods such as oxidative doping or the so-called "shish-
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kebab" approach as well as physical ones like the preparation of discotic liquid
crystals and organized films by thermal treatment 821 Basova and co-workers [*®!
have reported that the orientation of liquid crystalline nickel phthalocyanine
molecules does not only depend on thermal treatment but it depends also on the
interface between the film and the top contact (Figure 2.6). While thermal treatment
of the film maintained between bottom and top electrodes induces homeotropic
alignment, it strongly modifies the orientation of the columns from homeotropic to

planar (homogeneous) when the top electrode is air.

In addition, substitutions of long alkyl, alkoxy and alkylthio substituents on the

aromatic ring lead to the enhancement of liquid-crystalline behaviour in which the

aromatic rings assembled into columnar stacks [105]

(b)

e

o) iie

L

-~

Figure 2.6: The orientation of Phthalocyanine molecule; (a) the coordinate axes of
phthalocyanine molecule (x', y', z'; red colour) with respect to the substrate surface
coordinate system (X, y, z; black colour), (b) and (c) schematic diagrams of the
orientation of phthalocyanine molecule as top layer, and confined between two

electrodes, respectively, after heat treatment ©*®!

Columnar liquid crystals, which are high ordered materials, are good candidates as
organic semiconductors for electronic devices due to their potential to possess high
mobility of charge carriers as well as the anisotropic property of conduction along
the columns !'%1%7), Therefore, the alignment of discotic liquid crystalline materials
becomes a crucial point for high conductivity in different semiconducting

applications.
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It has been concluded from the literatures ®7'%1%! that the intercolumnar packing
dimensions of the polycyclic aromatic hydrocarbons are strongly dependent on the
aromatic core size, the side chain length and the number of side chains. The effect of
different substituents on the orientation and hence on the conductivity of the films of
octasubstituted copper (II) phthalocyanines with alkylthio-, alkyloxy-,
(trioxyethylene)thio- and (trioxyethylene)oxy-substituents in peripheral positions has
been extensively studied by our research group (193] jt has been found that the lateral
conductivity decreases slightly with the increase of alkyl chain length and the
presence of sulphur in the alkylthio group resulting in higher conductivity in
comparison with those containing alkyloxy groups in the substituent. Many other
studies have previously reported that alkylthio-substituted phthalocyanines display
higher conductivities than their alkyloxy-substituted phthalocyanines in their

mesophase (86},

For unsubstituted phthalocyanines, the electrical switching effect has been reported
for films of lead phthalocyanine (PbPc) in monoclinic phase. Switching effect was
observed only in films consisting of a mixture of monoclinic grains and amorphous
phase but not in films having triclinic phase structure (1] In this connection, there
have been some works that were devoted to structural studies of evaporated PbPc

films [109:110)

However, the nature of switching effect has not been clearly
understood yet. Some works have also explored the potential of some octasubstituted
lead phthalocyanines as an active material for memory devices U The electrical
switching effect or the electrical bistable phenomenon of the metal-insulator-metal
devices with organic layer as the insulator was first reported in 1968 !''%. Due to the
promise of a new generation memory devices, interest has rapidly increased in the
organic bistable devices (OBD). The main advantages of OBD are low power and
low cost, their qualities of simple device structure, and simple production process
(%] The basic principle of an organic switching device is to demonstrate bistable
behaviour showing two different conductivity states at the same applied voltage.
When the voltage exceeds a particular value, the OBD unexpectedly switched from a
low conduction state to a high conduction state with conductivity change of some
orders of magnitude ", To explain this phenomenon, several mechanisms have

been suggested such as formation of charge transfer complexes, charge trapping

defect states in the band gap "'}, formation of conducting filaments, and change of
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molecular orientation %), In a previous work, which has been published by our
research group %%, switching behaviour has been observed in octa-substituted lead
phthalocyanine film spin-coated between two metal electrodes. In this study, the
switching disappeared after heat treatment. The switching effect in the freshly
deposited films was ascribed to the presence of potential barriers, which result from
polycrystalline structure of phthalocyanine before heat-treatment. Bistable behaviour
has been reported for other substituted lead-phthalocyanine in earlier work [111116]

and for insoluble copper-phthalocyanine using thermal deposition P,

2.2.4 Optical properties of Pcs

Pcs complexes, with extended two dimensional m-electron delocalisation system,
have been extensively reported regarding their nonlinear optical properties (NLOP).
The tailor ability and architectural flexibility of Pcs molecules, results in the
possibility of the variation of the chemical structure and therefore the modification of
NLOP. Moreover the small absorption losses and thermal stability make Pcs

promising candidate for nonlinear optical applications (81

As detailed in the above section, the wide conjugative aromatic system of Pcs creates
intense bands in the absorption spectra. The very well resolved and strongest
absorption band in a variety number of Pcs is known as Q-band. The high
absorptivity of Q-band is the source of purity and depth of the colour of Pcs
pigments 7] This band usually lies in the visible wavelength region at 650-670nm
for free base phthalocyanine 8] The incorporation of metal ions inside the central
cavity of Pcs results in thermodynamically stable in delocalised ions and therefore,
higher symmetry is achieved. Thus, the absorption spectra of such complexes show
only one absorption peak for the corresponding Q-band. At this point, it is essential
to mention that this fact is only valid in the case of symmetriéally substituted Pcs;
otherwise, the breaking of the symmetry gives rise to split of the Q-band 2,

There are several factors that influence the absorption spectra of Pcs leading to a
shift of Q-band within the range of ca. 100nm between 620 and 720nm as a function
of the metal size, coordination and oxidation state [''*!?%), In the comparison to the
free base phthalocyanine, the species with closed shell metal, for example; lithium(I),

zinc(II) or magnesium(Il) exhibit maximum wavelength value around 670nm. The
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species with open shell metal ions that interact strongly with phthalocyanine ring
such as cobalt(Il), ruthenium(1l) or iron(II) have Q-band shifted to the blue with
absorption at around 630 to 650nm (1211 Moreover, a bigger shift through metal
incorporation has been reported for vanadyl and lead(Il) to reach the values up to
700nm. Recently, deep red manganese phthalocyanine has been reported with Q-

band peaks at strongly shifted values of 808 and 828nm (122]

Another factor, which is substitutions, can possibly modify the molecular structure
allow for considerable control over the physical, electronic and optical properties.
Functionalities can in general be divided into electron-withdrawing and electron-
releasing species. The former group is represented by chemical units such as
carboxyl, sulfonyl or flour groups, while the latter compromises functions like

amino, alkyle or alkoxy groups B2,

In principle, there are three types of substitutions according to the position of
substituents; peripheral functionalisation (B- or meta-position), nonperipheral in the
a-position (ortho-position) and hexadeca substitution, which compromise both

peripheral and nonperipheral (Figure 2.7) (821 Functionalisation at nonperipheral

parts of Pcs results in more significant impact in the absorption spectra in
[123-125]

comparison to B-substituted (peripheral) Pcs

pr)

)

Figure 2.7: Structure and substitution patterns in metallophthalocyanine;

nonperipheral (left), peripheral (middle) and hexadeca substitution (right) ©%
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2.3  Carbon nanotube-Phthalocyanine conjugated hybrid

The formation of supramolecular architectures in which organic material present a
high degree of order, which spans from the nano-scopic to macro-scopic level across
multiple length scales, is highly required and represents a key issue within the fast
developing fields of nanoscience and nanotechnology ["®%). In this context, the use of
self-assembly appears as an attractive and efficient approach for the construction of
such ordered structure as it can allow preparation of complex, and multi-functional
systems in a capable and controlled manner through the utilization of non-covalent
interactions. Among the organic compounds, n-conjugated systems are the perfect
candidates for the production of such supramolecular structures due to their excellent

self-organization ability ['?7),

Several studies have been reported on the MPcs-CNTs hybrid thin films utilized as

optoelectronic devices 2813 133,134]

electro-catalytical devices and sensing devices
[135-137] Tt has been observed that MPc-CNT complexes retain the excellent catalytic
properties of phthalocyanines without losing any of the electronic properties of the

carbon nanotubes 1381,

The non-covalent functionalization is particularly attractive since the electronic
structure of the nanotubes remains essentially unaffected and therefore enhances the
electro-catalytic properties of phthalocyanine. However, the thermo-gravimetric
analysis ! suggests that the SWCNTs-ZnPc-covalently-linked hybrid shows more
chemical stability than SWCNTs-ZnPc-adsorbed hybrid since the ratios of ZnPc
functional group to carbon atoms were 1:1430 and 1:482 for covalent complex and

adsorbed complex respectively. In addition, Mugadza and Nyokong %!

reported that
the non-covalently linked SWCNT-CoPc shows lower sensitivity and selectivity to

2-mercaptoethanol (2-ME) than the covalently linked hybrid.

It is essential to highlight the criteria of the association nature between CNTs and Pcs
and the conditions that make covalent or adsorption (n-m interaction) bonds occur
between these compounds or just a composite of the two. This actually depends not
only on the modification procedure of CNTs but also on the central atom of MPc,
substitution groups, chain length and the site of substituents. For instance, although it
tends to covalently bond with dicyclohexylcarbodiimide (DCC)-treated substituted-
zinc (II) phthalocyanine (ZnPc), amine functionalized SWCNTs non-covalently

24



Literature Review

adsorbs untreated-ZnPc ¥, Furthermore, it depends on the type of CNTs whether
single or multi-walled, the large diameter to length ratio of multi-walled CNTs may
adjust the electronic structure which may be significantly different from that of
single-walled CNTs '),

2.3.1 Enhancement of electrical properties

The extraordinary electronic properties of CNTs in general and SWCNTs in
particular suggest many possible applications and bridge those of the bulk and

[140,141]

molecules , since they readily accept electrons which can then be transported

under nearly ideal conditions along the axis %

. In addition, the orientation
possibilities of nanotubes enable the conductivity control of carbon nanotubes doped
liquid crystal composite hybrids and therefore offer wide range of nano-electronic
applications !4** The DC-conductivity of thin films of SWCNTs-
tetrakis(alkylthio)-substituted lutetium(Ill)bisphthalocyanines prepared by jet-
spraying chloroform suspension is found to be higher than that of only
phthalocyanine films in both cases of as coated films and ordered (annealed to liquid
crystalline temperature) films (145 However, larger increase in conductivity was
observed in the ordered films indicating the orientation of SWCNTs in liquid
crystalline phase of the phthalocyanine. In contrast, it is important here to reveal that
carbon nanotubes tend to make bundles and aggregations in chloroform !, Brito
and co-workers ! have ascribed the increase in the hybrid materials conductivity to
the impurities, when they studied the structural and electrical properties of layer-by-
layer thin films of MWCNT/NiPc and MWCNT/chitosan+NiPc. The increase in the
impurities concentration leads to the formation of localized states (traps) where the
charge carriers can move by the hopping mechanism 4", Self-assembled monolayer
nano-composite films of SWCNT-FePc and FePc have been formed onto gold
electrodes %8 to study the electron transfer dynamics using electrochemical
impedance spectroscopy and cyclic voltammetry. The high electrical conductivity of
SWCNT, coupled with enhanced electron density of the nano-composite confirmed
by TEM images, may have facilitated better electron transport in the SWCNT-FePc
film, resulting in lowest charge transfer resistance ["**). In the field of photovoltaic

application the photocurrent of poly(3-hexylthiophene)-NaPc/MWCNTs film is
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found to be much larger than that of poly(3-hexylthiophene)-NaPc in all the visible
and near-infrared wavelength regions (1491 Similar behaviour has been observed in
the work of Yang et al [10] \where the photosensitivity in CuPc-MWCNTs hybrid
material was 1.6 and 1.46 larger than that of pristine CuPc material and just blended
CuPc/MWCNTSs material. The n-stacking between the phthalocyanine molecules and
carbon nanotubes can reduce the activation energies for charge transfer and therefore
high charge mobility is expected from these hybrids that are interesting as a photo-
active layer in photovoltaic devices ). To study the interface between carbon
nanotubes and metal phthalocyanines, very thin film of copper phthalocyanine has
been grown by thermal evaporation onto supported MWCNTSs layer, previously
deposited by chemical vapour deposition onto silicon substrate 129 The presence of
organic nanocrystals decorating the nanotubes was confirmed using several
microscopic techniques and XRD data have shown the presence of both a and B
crystalline phases of CuPc . A shift of the highest occupied molecular level towards
the Fermi level was observed for very thin films, together with a small shift of the
nitrogen and copper core level peak position and the interaction between the organic
molecules and nanotubes is found to be quite weak, determining very small effects

on the photoemission spectra (1291

2.3.2 Senor applications

Phthalocyanine complexes have been recognised to exhibit substantial changes in
optical, electrical and magnetic properties on interaction with wide range of reducing
and oxidizing agents [">'"*"), These characteristics can be employed for a several
kinds of chemical detection applications. The crystalline structure of phthalocyanines
is such that they can easily accommodate dopant molecules in channels adjacent to
the phthalocyanine stacks. When dopant molecule such as NO, is adsorbed onto
phthalocyanine surface, charge transfer interaction takes place, which results in very
large increase in surface conduction 3] The process is somehow similar to the
doping of intrinsic silicon to produce p-type semiconductor. In addition,
phthalocyanine thin films conductivity has been shown to be sensitive to low
concentrations of various gases (">, Both the sensitivity and the reversibility of the

Pc-based detectors are, in most cases, acceptable . Much work has been carried
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out in order to understand the influence of the morphology, the temperature, the
central metal and the peripheral substituents on the sensing ability of the

phthalocyanine thin films.

The most promising candidates as far as applications are concerned are based on
double-decker phthalocyanines 1. Efforts are being made to transform the present
laboratory devices into real-world sensors especially with the development of
phthalocyanine-based electronic noses [160) Many groups of researchers have been
engaged in the synthesis of novel phthalocyanines for sensing applications to detect

[157] [91]

different types of agents such as halogens , phenols

[92,159,161]

, different types of

herbicides, and pesticides and organic vapours

Recent reports have shown that CNTs-MPcs hybrids exhibited enhanced responses in

comparison to the use of CNTs or MPcs alone. Work carried out on these hybrids

[38] [48]
’

included the detection of important molecules such as benzo[a]pyrine

pesticides ¥, asulam ['6

, amines

, hydrolysis products of V-type nerve agents (163]

[164] [165]

mercaptoethanol and nitric oxide ', and epinephrine

To date the research effort in hybrid carbon nanotube-conjugatd molecule systems
has largely focused on the use of single-walled carbon nanotubes *134148.166.167] - A
major complication. with SWCNTs is that they are a mixture of metallic and
semiconducting tubes, complicating the interpretation of experimental data.
Conversely, as a result of their larger diameter and more complex multilayered
structure, multi-walled carbon nanotubes (MWCNTs) are invariably metallic,
offering far more predictable functionality. Notably, both types of carbon nanotubes
exhibit poor solubility in common solvents unless chemically functionalized or

. stabilized by a physical interaction with a soluble molecule 3%,

SWCNTs-CoPc derivative hybrid thin film chemiresistor sensor has been
synthesized by using dip-dropping method and confirmed employing infrared
spectroscopy, Raman spectroscopy, UV-Vis spectroscopy and X-ray photoelectron
spectroscopy '¢7). The results revealed that CoPc derivatives have been successfully
anchored on the surfaces of carbon nanotubes through m-m stretching and the
resistance variation of the hybrid film was investigated by introducing different
concentrations of organic solvent vapors. The hybrid sensors have shown higher

sensitivity and selectivity for Dimethyl methylphosphonate (DMMP) compared with
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other vapors and with bare SWCNTs based sensors, showing a sudden and
significant increase in resistance. The source of the resistance responses of the hybrid
sensors might be attributed to the large SWCNT-CoPc derivative conjugated =
structure 1), As the vapor molecules being chemisorbed onto the surface of MPc
derivatives in the hybrids, surface charge transfer interactions happen '), followed
by charge moving between MPcs and SWCNTs. Since SWCNTs-MPcs could form a
brilliant charge transfer composite (33,321 the charge can well-travel from MPc
derivatives to SWCNTs causing a very large and fast variation in the electrical
properties and therefore the resistance. In the work of Wang and co-workers ") the
resistance has increased because DMMP is a strong electron donor. In contrast, the
resistance of CuPc-MWCNT hybrid film has shown a completely different behavior
from others prepared from CoPc-MWCNTs and VPc-MWCNTs when they are
exposed to hydrogen peroxide (H,0,) vapor !*). While the resistance of CoPc-
MWCNTs and VPc-MWCNTs sensors exhibit an obvious increase when exposed to
H,0; and other vapors, only CuPc-MWCNTs film show a significant decrease in
resistance over wide range of concentrations. However, CuPc-MWCNTs device
behave similar to other phthalocyanines-MWCNTs hybrids when exposed to vapors
except H,O,. The electrical conductivity of thin films of the composites made from
MPc and CNTs can be modulated by interactions with different gases. Such effects
can be interpreted within the framework of the band theory if we consider the
adsorbed gases to produce appropriate donor or accepter level within the band gap of

the organic materials at the film surface. Thin films of pure MPc are p-type
[93]

b

semiconductors. Upon exposure to oxidizing agents (electron acceptors) like NO,
SO, ') and halogens !"°”) show an increase in electrical conductivity by generating
extra charge carriers (holes), while reducing agents (electron donors) like NH3 (7o)
CH;0OH [171]’ CO, ¥ and DMMP [155,167] trap charge carriers and decrease electrical

conductivity.

It is important to mention that CNTs-MPc derivative hybrids are not only used in
toxic chemical detection, MWCNTSs-CoPc composite is found to be very sensitive
and selective to ascorbic acid (AA) which is one of the most important vitamins that
exist widely in fruits and vegetables (72, Rapid increase in current was observed
corresponding to presence of AA on the surface of the hybrid electrodes.

Nonetheless, no significant increase in the catalytic current was obtained when the
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concentration of the AA solution was less than 5pM. Shah and co-workers !**! on
the other hand have prepared humidity sensors by blending poly-N-
epoxypropylcarbazol (PEPC) together with nickel phthalocyanine NiPc and CNTs in
benzol and the mixture was drop-casted on different types of electrodes initially
evaporated on glass substrates. In a self-made humidity chamber the capacitance
increased with increasing humidity for all synthesized electrodes and this increase
can be ascribed to the absorption of water by the composite molecules. The dielectric
constant of the material is changed with absorption of water vapor, leading to the
formation of charge transfer complexes and doping of the nanocomposite by H,O

and thus results in capacitance increase !*%).

Several research efforts have employed the unique sensing properties of the CNTs-
MPcs conjugated system in the detection of a diverse range of environmental

pollutants such as amitrol herbicide U7 duiron herbicide ), glyphosate (GLY)

herbicide "™, organophosphours pesticide ['7"] [176]

[177]

, asulam pesticide , phenolic

compounds after benzene oxidation
[178)

, and determination of epinephrine in urine

2.4  Total Internal Reflection Ellipsometry (TIRE)

Several methods used to determine chemical compounds imply measuring the
variation of physical properties of an active layer induced by the adsorption of a
chemical molecule on its surface. This active layer becomes the transducer that
transforms the interaction with the environment in an optical or electrical signal.

Among these methods are; high performance liquid chromatography [179-181]

electrochemical ['"821%], electrical based sensors ") and optical detection methods ¥2.
Sensors and measurement tools based on optical phenomena have always been of
special interest, mostly because they usually do not require any physical or electrical
contact with the materials under investigation and therefore they are not destructive.
Some techniques, such as surface plasmon resonance (SPR) % and UV-visible

[186]

absorption spectroscopy are quite well recognised, and widely used. However,

others like total internal reflection ellipsometry (TIRE), where ellipsometry can be
used in total internal reflection mode and in combination with the surface plasmon

[187]

resonance phenomenon ' -, are still underexploited in the sensor area.
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The main task for all electrical, mechanical and optical sensors is to detect low
concentration chemical and biological analytes under extremely dilute conditions.
SPR sensors are the most commonly used optical sensors due to their unique ability
for real-time monitoring. However, their sensitivities are unsatisfactory to detect
trace amounts of small molecular weight molecules such as cancer biomarkers,
hormones, antibiotics, insecticides, which are respectively important for early-stage
disease diagnosis, explosive materials, food quality control, environmental
monitoring, and homeland security protection. With the fast development of
nanotechnology in the past few years, nanomaterials-enhanced surface plasmon
resonance sensors have been developed and used as effective tools to detect

molecules in a much diluted solutions 8%,

Ellipsometry is an analytical tool which is well established for thin films and surface
characterisation. This method relies on two parameters, the light intensity ratio (y)
and phase shift (A) of p and s components of the polarized light. Regarding organic

materials, ellipsometry were extensively utilized to study polymer thin films (189,190)

[19%) and liquid crystal '**'*). The majority of

self-organised layers "] LB films
these applications however focuses on the surface properties. Ellipsometry is well
known in thin films industry for in-situ monitoring of film deposition to control layer
thickness, growth rate and layer quality. However, the method of ellipsometry in

general is recognised as an optical measurement tool but not as a sensor.

Due to the high sensitivity to the thickness increment, in the range of 0.01 nm, this
technique has been recently adapted for the measurement of molecular layer

adsorbed on solid surfaces, which naturally leads to sensor applications [161,196]

Further advances of spectroscopic ellipsometry for sensing application have been
achieved in its total internal reflection mode. The idea of using ellipsometry in
internal reflection mode was first realised experimentally by Westphal 7 where the
prism was used to couple the light beam into a thin metal film thus combining the
ellipsometic principle of detection with the phenomenon of SPR. The increased
sensitivity has been achieved and the method was originally called as surface
plasmon enhanced ellipsometry. The method was further explored and theoritically

[199]

explained by Arwin and got the current name of total internal reflection

ellipsometry (TIRE). Later on, Nabok and co-workers (196] developed detailed
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modelling that showed 10 fold gain of the sensitivity by using of A spectra instead of

vy and traditional SPR measurements.

There has been a number of research studies where TIRE can be used for monitoring

of thin layers on surfaces ). Examples are given in the literature *°”

of some
probable applications of TIRE, where it has been established that TIRE is used for
the monitoring of corrosion. TIRE technique has also been exploited in the
biomolecules detection [20”, however, it still seems to be not fully recognised in the
chemical vapour detection. A detailed theoretical background of TIRE technique is
found in Chapter 3. The main advantage of TIRE technique over standard
ellipsometry is the possibility of performing measurements in opaque media. The
ability of spectroscopic measurements of two ellipsometric parameters (¥ and A)
constitutes the main advantage over the conventional Kretschman SPR, where only
one parameter (reflection intensity) can be measured. In addition to the above-
mentioned advantages of optical detection methods, particularly TIRE technique,
based on CNTs active layer, there is another advantage of incorporating CNTs into
the TIRE technique. The problem in the well-known electrochemical and electrical
methods based CNTs sensors caused by the differences in Fermi level positions in
metallic-CNTs and semiconducting-CNTs 22 can be avoided in TIRE method
because it depends on the variation of the optical parameters before and after
exposure to contaminated media. This optical response is related to the modifier only
and CNTs work as adsorbent material in the system because CNTs are optically inert

whether metallic or semiconducting tubes.

2.5  Theory of Ellipsometry

Ellipsometry is a non-destructive optical method used to determine the optical
properties of materials. The idea of Ellipsometry lies in measurements of changes of
polarized light upon its reflection from a sample. As light reflects from a sample

surface the state of polarized light changes from linear to elliptical, as in Figure 2.8.
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In the case of reflection / transmission at the interface between two media with

respective indices N, and N, , the reflection and transmission coefficients are

described by Fresnel’s formula [203],

E,, n, cos 6, —n, cos 6, E,, n, cos 6, —n, cos G,
s=|l | T ElE | T (2.3)
E, ), mcosf +n coso, 7\ E, , 1 cos6, +n, cos,
- E, | _ 2n; cos 6, [ = E, | _ 2n; cos 6,
*\E, , n;cosd; +n cosb, P E, , 108 6, +n,cosb, (2.4)

Substitution of 7, and r,in equation (2.2), their values from (2.3) and Snell’s Law,

N, sin§, = N, sin §,, yields;
4 ., %
Nl = NO tan90|:1 —msm 90:| (25)

For the three layer systems, consisting of a substrate, films and ambient (Figure 2.9),

the total reflectance can be calculated as
R=r,+ tmtmrlze‘izﬁ + tmtmrmrlzze'i‘tB +... (2.6)

Where 1g1, 12, to1 and tjo are Fresnel reflection and transmission coefficients at the

0/1, 1/0 and 1/2 interfaces respectively and B is the phase thickness of the film;

B= 27{%)1\1,%59, = 21{%)(1\13 -~ N(,Zsinzeo)y2 2.7

33



@%$KI 4 2 2
1 J
f 2F<b @/2@ P M 2 e @_/
<b F<@e@ SLpF<@ @H
1
B O
Uu ,')R$ 8 9 - & D &% .@ $K/
1 1 &S$ ) #
* * # $
* 6 & #
- /8 1 * #
# $ *
$ g/ & $:/
* U
$ & 1
# 1 /



$ 6 % 1
$ )
# : us.: J
66EF h * : s S@F=20
< rs v s @8y " yp @
"o 2 YYYYYYYY M \
)2|g N -
| - $ - #
¥ #
#
* #
$
$
-@FFF
* # #
/* 7 * * 7
@$<F$
0
1 @
* *2@
.43
‘;] +
*43 *0
@$<FI )

HA

*

1 -
/
.@ $<F/
# 0
/
9% '$ 3

_HAF 2 <FFF
* #



Literature Review

_ Reference List

[1] a. krueger, Carbon Materials and Nanotechnology, wily-vch, germany, 2010.
[2] S. Iijima, Helical microtubules of graphitic carbon, Nature. 354 (1991) 56-58.

[3] S. Lijima, T. Ichihashi, Single-shell carbon nanotubes of 1-nm diameter, Nature. 363 (1993) 603-
605.

[4] N. Nakashima, Soluble carbon nanotubes: Fundamentals and applications, Inter. J. Nanosci. 4
(2005) 119-137.

[5] N. Nakashima, T. Fujigaya, Fundamentals and applications of soluble carbon nanotubes, Chem.
Lett. 36 (2007) 692-697.

[6] R.H. Baughman, A.A. Zakhidov, W.A. De Heer, Carbon nanotubes - The route toward
applications, Science. 297 (2002) 787-792.

[71 W. Wang, K.A.S. Fernando, Y. Lin, M.J. Meziani, Metallic single-walled carbon nanotubes for
conductive nanocomposites, J. Am. Chem. Soc. 130 (2008) 1415-1419.

[8] P.L. McEuen, M.S. Fuhrer, H. Park, Single-walled carbon nanotube electronics, IEEE
Transactions on Nanotechnology. 1 (2002) 78-84.

[9] C.V. Nguyen, Q. Ye, M. Meyyappan, Carbon nanotube tips for scanning probe microscopy:
Fabrication and high aspect ratio nanometrology, Measur. Sci. Tech. 16 (2005) 2138-2146.

[10] N.M. Gabor, Z. Zhong, K. Bosnick, J. Park, P.L. McEuen, Extremely efficient multiple electron-
hole pair generation in carbon nanotube photodiodes, Science. 325 (2009) 1367-1371.

[11] A.L. Ndiaye, C. Varenne, P. Bonnet, E. Petit, et al. Elaboration of single wall carbon nanotubes-
based gas sensors: Evaluating the bundling effect on the sensor performance, Thin Solid Films. 520
(2012) 4465-4469.

[12] M.D. Shirsat, T. Sarkar, J. Kakoullis Jr., N.V. Myung, B. Konnanath, A. Spanias, A.
Mulchandani, Porphyrin-functionalized single-walled carbon nanotube chemiresistive sensor arrays
for VOCs, Journal of Physical Chemistry C. 116 (2012) 3845-3850.

[13] S.C. Lim, D.S. Lee, H.K. Choi, LH. Lee, Y.H. Lee, Field emission of carbon-nanotube point
electron source, Diamond and Related Materials. 18 (2009) 1435-1439.

[14] P.J. Boul, K. Turner, J. Li, M.X. Pulikkathara, R.C. Dwivedi, E.D. Sosa, Y. Lu, O.V. Kuznetsov,
P. Moloney, R. Wilkins, M.J. O'Rourke, Single wall carbon nanotube response to proton radiation,
Journal of Physical Chemistry C. 113 (2009) 14467-14473.

[15] A.P. Terzyk, A. Pacholczyk, M. Wisniewski, P.A. Gauden, Enhanced adsorption of paracetamol
on closed carbon nanotubes by formation of nanoaggregates: Carbon nanotubes as potential materials
in hot-melt drug deposition-experiment and simulation, J. Colloid Interface Sci. 376 (2012) 209-216.

[16] N.M. Bandaru, N.H. Voelcker, Glycoconjugate-functionalized carbon nanotubes in biomedicine,
Journal of Materials Chemistry. 22 (2012) 8748-8758.

[17] L. Henrard, E. Hernindez, et al. Van der Waals interaction in nanotube bundles: Consequences
on vibrational modes, Physical Review B - Cond. Mat. Mater. Phys.. 60 (1999) R8521-R8524.

[18] N.I. Alekseev, N.A. Charykov, The characteristic size of carbon nanotube bundles, Russian
Journal of Physical Chemistry A. 83 (2009) 1176-1181.

[19] S. Chiashi, Y. Murakami, Y. Miyauchi, S. Maruyama, Cold wall CVD generation of single-
walled carbon nanotubes and in situ Raman scattering measurements of the growth stage, Chemical
Physics Letters. 386 (2004) 89-94.

[20] E.P. Dillon, C.A. Crouse, A.R. Barron, Synthesis, characterization, and carbon dioxide
adsorption of covalently attached polyethyleneimine-functionalized single-wall carbon nanotubes,
ACS Nano. 2 (2008) 156-164.

[21] S. Chen, W. Shen, G. Wu, D. Chen, M. Jiang, A new approach to the functionalization of single-
walled carbon nanotubes with both alkyl and carboxyl groups, Chem. Phys. Lett. 402 (2005) 312-317.

36



Literature Review

[22] N. Karousis, N. Tagmatarchis, D. Tasis, Current progress on the chemical modification of carbon
nanotubes, Chem. Rev. 110 (2010) 5366-5397.

[23] L. Nasdala, A. Kempe, R. Rolfes, Are finite elements appropriate for use in molecular dynamic
simulations? Composites Sci. Technol. 72 (2012) 989-1000.

[24] D. Lashmore, B. White, M. Schauer, J. Mann, Synthesis and electronic properties SWCNT sheets,
Materials Research Society Symposium Proceedings. 1081 (2008) 107-112,

{257 H. Kuzmany, A. Kukovecz, F. Simon, M. Holzweber, C. Kramberger, T. Pichler,
Functionalization of carbon nanotubes, Synth. Met. 141 (2004) 113-122.

[26] T. Guo, P. Nikolaev, A. Thess, D.T. Colbert, R.E. Smalley, Catalytic growth of single-walled
manotubes by laser vaporization, Chemical Physics Letters. 243 (1995) 49-54.

[27] P. Nikolaev, M.J. Bronikowski, R.K. Bradley, F. Rohmund, D.T. Colbert, K.A. Smith, R.E.
Smalley, Gas-phase catalytic growth of single-walled carbon nanotubes from carbon monoxide,
Chemical Physics Letters. 313 (1999) 91-97.

[28] J. Colomer, C. Stephan, S. Lefrant, G. Van Tendeloo, 1. Willems, Z. Kénya, A. Fonseca, C.
Laurent, J.B. Nagy, Large-scale synthesis of single-wall carbon nanotubes by catalytic chemical vapor
deposition (CCVD) method, Chemical Physics Letters. 317 (2000) 83-89.

[29] R.L. Vander Wal, T.M. Ticich, et al. Directed Synthesis of Metal-Catalyzed Carbon Nanofibers
and Graphite Encapsulated Metal Nanoparticles, J. Phys. Chem. B. 104 (2000) 11606-11611.

[30] D. Laplaze, P. Bernier, W.K. Maser, G. Flamant, T. Guillard, A. Loiseau, Carbon nanotubes: The
solar approach, Carbon. 36 (1998) 685-688.

[31] Z.K. Tang, H.D. Sun, J. Wang, J. Chen, G. Li, Mono-sized single-wall carbon nanotubes formed
in channels of AIPO4-5 single crystal, Appl. Phys. Lett. 73 (1998) 2287-2289.

[32] C. Gao, Z. Guo, J. Liu, X. Huang, The new age of carbon nanotubes: An updated review of
functionalized carbon nanotubes in electrochemical sensors, Nanoscale. 4 (2012) 1948-1963.

[33] W. Chidawanyika, T. Nyokong, Characterization of amine-functionalized single-walled carbon
nanotube-low symmetry phthalocyanine conjugates, Carbon. 48 (2010) 2831-2838.

[34] C.A. Dyke, J.M. Tour, Covalent functionalization of single-walled carbon nanotubes for
materials applications, Journal of Physical Chemistry A. 108 (2004) 11151-11159.

[35] A. Gasnier, J.M. Gonzalez-Dominguez, A. Ansén-Casaos, J. Hernindez-Ferrer, M.L. Pedano,
M.D. Rubianes, M.T. Martinez, G. Rivas, Single-wall carbon nanotubes covalently functionalized
with polylysine: Synthesis, characterization and analytical applications for the development of
electrochemical (Bio)sensors, Electroanalysis. (2014). .

[36] J. Ryu, M. Han, Improvement of the mechanical and electrical properties of polyamide 6
nanocomposites by non-covalent functionalization of multi-walled carbon nanotubes, Composites Sci.
Technol. 102 (2014) 169-175.

[37] G. De Filpo, F.P. Nicoletta, L. Ciliberti, P. Formoso, G. Chidichimo, Non-covalent
functionalisation of single wall carbon nanotubes for efficient dye-sensitised solar cells, J. Power
Sources. 274 (2015) 274-279.

[38] H. Banimuslem, A. Hassan, T. Basova, M. Durmus, S. Tuncel, A.A. Esenpinar, A.G. Giirek, V.
Ahsen, Copper Phthalocyanine Functionalized Single-Walled Carbon Nanotubes: Thin Films for
Optical Detection, Journal of Nanoscience and Nanotechnology. 15 (2015) 2157-2167.

[39] F. Ren, H. Yu, L. Wang, M. Saleem, Z. Tian, P. Ren, Current progress on the modification of
carbon nanotubes and their application in electromagnetic wave absorption, RSC Advances. 4 (2014)
14419-14431.

[40] S. Barreto, D. Suleiman, Effect of single-walled carbon nanotubes on the transport properties of
sulfonated poly(styrene-isobutylene-styrene) membranes, J. Membr. Sci. 474 (2015) 92-102.

[41]]. Liu, A.G. Rinzler, H. Dai, J.H. Hafner, R.K. Bradley, P.J. Boul, A. Lu, T. Iverson, K.
Shelimov, C.B. Huffman, F. Rodriguez-Macias, Y. Shon, T.R. Lee, D.T. Colbert, R.E. Smalley,
Fullerene pipes, Science. 280 (1998) 1253-1256.

37



Literature Review

[42] H. Banimuslem, A. Hassan, T. Basova, I. Yushina, M. Durmus, S. Tuncel, A.A. Esenpinar, A.G.
Giirek, V. Ahsen, Copper phthalocyanine functionalized single-walled carbon nanotubes: thin film
deposition and sensing properties, Key Eng Mat. 605 (2014) 461-464.

[43] C. Bower, A. Kleinhammes, Y. Wu, O. Zhou, Intercalation and partial exfoliation of single-
walled carbon nanotubes by nitric acid, Chemical Physics Letters. 288 (1998) 481-486.

[44] H. Banimuslem, A. Hassan, T. Basova, A.D. Giilmez, S. Tuncel, M. Durmus, A.G. Giirek, V.
Ahsen, Copper phthalocyanine/single walled carbon nanotubes hybrid thin films for
pentachlorophenol detection, Sensors and Actuators, B: Chemical. 190 (2014) 990-998.

[45] H. Banimuslem, A. Hassan, T. Basova, A.D. Giilmez, M. Durmus, A.G. Giirek, V. Ahsen,
Optical Detection of Herbicides in Water using Dye-Modified Single Walled Carbon Nanotubes,
Proceedings of the 8" international conference on sensing technology, Sep. 2-4, 2014, Liverpool, UK.

[46] T. Park, S. Banerjee, T. Benny, S.S. Wong, Purification strategies and purity visualization
techniques for single-walled carbon nanotubes, Journal of Materials Chemistry. 16 (2006) 141-154.

[47] B. Wang, Y. Wu, X. Wang, Z. Chen, C. He, Copper phthalocyanine noncovalent functionalized
single-walled carbon nanotube with enhanced NHj; sensing performance, Sensors Actuators B: Chem.
190 (2014) 157-164.

[48] H. Banimuslem, A. Hassan, T. Basova, A.A. Esenpinar, et al. Dye-modified carbon nanotubes for
the optical detection of amines vapours, Sensors Actuators B: Chem. (2014).

[49] S.A. Girei, S.P. Thomas, M.A. Atieh, K. Mezghani, S.K. De, S. Bandyopadhyay, A. Al-Juhani,
Effect of -COOH functionalized carbon nanotubes on mechanical, dynamic mechanical and thermal
properties of polypropylene nanocomposites, J. Thermoplast. Compos. Mater. 25 (2012) 333-350.

[50] T. Xu, J. Yang, J. Liu, Q. Fu, Surface modification of multi-walled carbon nanotubes by O 2
plasma, Appl. Surf. Sci. 253 (2007) 8945-8951.

[51] M.A. Montes-Moran, D. Suérez, J.A. Menéndez, E. Fuente, On the nature of basic sites on
carbon surfaces: An overview, Carbon. 42 (2004) 1219-1224.

[52]Y. Li, S. Wang, Z. Luan, J. Ding, C. Xu, D. Wu, Adsorption of cadmium(Il) from aqueous
solution by surface oxidized carbon nanotubes, Carbon. 41 (2003) 1057-1062.

[53] D. Tuncel, Non-covalent interactions between carbon nanotubes and conjugated polymers,
Nanoscale. 3 (2011) 3545-3554.

[54] P. Tambe, A. Bhattacharyya, S.S. Kamath, A.R. Kulkarni, T.V. Sreekumar, A. Srivastav, K.U.B.
Rao, Y. Liu, S. Kumar, Structure-property relationship studies in amine functionalized multiwall
carbon nanotubes filled polypropylene composite fiber, Polym. Eng. Sci. 52 (2012) 1183-1194.

[55]1 T. Mugadza, T. Nyokong, Electrochemical, microscopic and spectroscopic characterization of
benzene diamine functionalized single walled carbon nanotube-cobalt (II) tetracarboxy-
phthalocyanine conjugates, J. Colloid Interface Sci. 354 (2011) 437-447.

[56] Y. Shen, J.S. Reparaz, M.R. Wagner, A. Hoffmann, C. Thomsen, J. Lee, S. Heeg, B. Hatting, S.
Reich, A. Saeki, S. Seki, K. Yoshida, S.S. Babu, H. Méhwald, T. Nakanishi, Assembly of carbon
nanotubes and alkylated fullerenes: Nanocarbon hybrid towards photovoltaic applications, Chemical
Science. 2 (2011) 2243-2250.

[571 R.D.K. Misra, B. Girase, D. Depan, J.S. Shah, Hybrid nanoscale architecture for enhancement of
antimicrobial activity: Immobilization of silver nanoparticles on thiol-functionalized polymer
crystallized on carbon nanotubes, Advanced Engineering Materials. 14 (2012) B93-B100.

[58] P.-. Ma, N.A. Siddiqui, G. Marom, J.-. Kim, Dispersion and functionalization of carbon
nanotubes for polymer-based nanocomposites: A review, Composites Part A: Applied Science and
Manufacturing. 41 (2010) 1345-1367.

[59] W. Cheung, P.L. Chiu, R.R. Parajuli, Y. Ma, S.R. Ali, H. He, Fabrication of high performance
conducting polymer nanocomposites for biosensors and flexible electronics: Summary of the multiple

roles of DNA dispersed and functionalized single walled carbon nanotubes, Journal of Materials
Chemistry. 19 (2009) 6465-6480.

38



Literature Review

[60] C. Hsueh, A. Brajter-Toth, Electrochemical preparation and analytical applications of ultrathin
overoxidized polypyrrole films, Anal. Chem. 66 (1994) 2458-2463.

[61] J. Wang, P. Nien, C. Chen, L. Chen, K. Ho, A glucose bio-battery prototype based on a
GDH/poly(methylene blue) bioanode and a graphite cathode with an iodide/tri-iodide redox couple,
Bioresour. Technol. 116 (2012) 502-506.

[62] U. Yogeswaran, S. Chen, Electrocatalytic properties of electrodes which are functionalized with
composite films of -MWCNTs incorporated with poly(neutral red), J. Electrochem. Soc. 154 (2007)
E178-E186.

[63] A. Liu, I. Honma, H. Zhou, Simultaneous voltammetric detection of dopamine and uric acid at
their physiological level in the presence of ascorbic acid using poly(acrylic acid)-multiwalled carbon-
nanotube composite-covered glassy-carbon electrode, Biosensors and Bioelectronics. 23 (2007) 74-80.

[64] A. Liu, T. Watanabe, I. Honma, J. Wang, H. Zhou, Effect of solution pH and ionic strength on
the stability of poly(acrylic acid)-encapsulated multiwalled carbon nanotubes aqueous dispersion and
its application for NADH sensor, Biosensors and Bioelectronics. 22 (2006) 694-699.

[65] D.P. Quan, D.P. Tuyen, T.D. Lam, P.T.N. Tram, N.H. Binh, P.H. Viet, Electrochemically
selective determination of dopamine in the presence of ascorbic and uric acids on the surface of the
modified Nafion/single wall carbon nanotube/poly(3-methylthiophene) glassy carbon electrodes,
Colloids and Surfaces B: Biointerfaces. 88 (2011) 764-770.

[66] S. Daniel, T.P. Rao, K.S. Rao, S.U. Rani, G.R.K. Naidu, H.-. Lee, T. Kawai, A review of DNA
functionalized/grafted carbon nanotubes and their characterization, Sensors and Actuators, B:
Chemical. 122 (2007) 672-682.

[67] F. Patolsky, Y. Weizmann, I. Willner, Long-range electrical contacting of redox enzymes by
SWCNT connectors, Angewandte Chemie - International Edition. 43 (2004) 2113-2117.

[68] Y. Guo, S. Guo, Y. Fang, S. Dong, Gold nanoparticle/carbon nanotube hybrids as an enhanced
material for sensitive amperometric determination of tryptophan, Electrochim. Acta. 55 (2010) 3927-
3931.

[69] C. Xue, R. Zhou, M. Shi, Y. Gao, G. Wu, X. Zhang, H. Chen, M. Wang, A green route to water
soluble carbon nanotubes and in situ loading of silver nanoparticles, Nanotechnology. 19 (2008)
325605-325613.

[70] G. Wei, F. Xu, Z. Li, K.D. Jandt, Protein-promoted synthesis of Pt nanoparticles on carbon
nanotubes for electrocatalytic nanohybrids with enhanced glucose sensing, Journal of Physical
Chemistry C. 115 (2011) 11453-11460.

[71] C. Zhang, G. Wang, M. Liu, Y. Feng, Z. Zhang, B. Fang, A hydroxylamine electrochemical
sensor based on electrodeposition of porous ZnO nanofilms onto carbon nanotubes films modified
electrode, Electrochim. Acta. 55 (2010) 2835-2840.

[72]1]. Yang, L. Jiang, W. Zhang, S. Gunasekaran, A highly sensitive non-enzymatic glucose sensor
based on a simple two-step electrodeposition of cupric oxide (CuO) nanoparticles onto multi-walled
carbon nanotube arrays, Talanta. 82 (2010) 25-33.

[73] F. Zhang, X. Wang, C. Li, X. Li, Q. Wan, Y. Xian, L. Jin, K. Yamamoto, Assay for uric acid
level in rat striatum by a reagentless biosensor based on functionalized multi-wall carbon nanotubes
with tin oxide, Analytical and Bioanalytical Chemistry. 382 (2005) 1368-1373.

[74] M. Shamsipur, M. Najafi, M. M. Hosseini, Highly improved electrooxidation of glucose at a
nickel(Il) oxide/multi-walled carbon nanotube modified glassy carbon electrode, Bioelectrochemistry.
77 (2010) 120-124.

[75] A. Braun, J. Tcherniac, Accber die Produkte der Einwirkung von Acetanhydrid auf Phthalamid,
Ber. Dtsch. Chem. Ges. 40 (1907) 2709-2714.

[76] C.E. Dent, R.P. Linstead, 215. Phthalocyanines. Part IV. Copper phthalocyanines, Journal of the
Chemical Society (Resumed). (1934) 1027.

39



Literature Review

[77]J. Robertson, 136. An X-ray study of the structure of the phthalocyanines. Part I. The metal-free,
nickel, copper, and platinum compounds, Journal of the Chemical Society (Resumed). DOI:
10.1039/JR9350000615 (1935) 615-621.

[78] H. deDiesbach, E. Von der weid, Some complex salts of o- dinitrile with copper and pyridine
Helvetica Chimica Acta. 10 (1927) 886.

[79] R. Christie, Colour Chemistry, The Royal Society of Chemistry, Cambridge CB4 OWF, UK,
2001.

[80] C.C. Leznoff, A.B.P. Lever, Phthalocyanines: Properties and Applications, (1989).

[81] G. Torre, C.G. Claessens, T. Torres, Phthalocyanines: old dyes, new materials. Putting color in
nanotechnology, Chemical Communications. DOI: 10.1039/B614234F (Feature Article) (2007) 2000-
2015.

[82] C.G. Claessens, U. Hahn, T. Torres, Phthalocyanines: From outstanding electronic properties to
emerging applications, Chemical Record. 8 (2008) 75-97.

[83] S. Kumar, Chemistry of Discotic Liquid Crystals: From Monomers to Polymers, Taylor and
Francis Group, LLC, USA, 2011.

[84] J. Brédas, D. Beljonne, V. Coropceanu, J. Comil, Charge-transfer and energy-transfer processes
in p-conjugated oligomers and polymers: A molecular picture, Chem. Rev. 104 (2004) 4971-5003.

[85] AM. Van De Craats, J.M. Warman, Core-size effect on the mobility of charge in discotic liquid
crystalline materials, Adv Mater. 13 (2001) 130-133.

[86] K. Ban, K. Nishizawa, K. Ohta, A.M. Van de Craats, ] M. Warman, 1. Yamamoto, H. Shirai,
Discotic liquid crystals of transition metal complexes 29: Mesomorphism and charge transport
properties of alkylthio-substituted phthalocyanine rare-earth metal sandwich complexes, Journal of
Materials Chemistry. 11 (2001) 321-331.

[87] S. Sergeyev, W. Pisula, Y.H. Geerts, Discotic liquid crystals: A new generation of organic
semiconductors, Chem. Soc. Rev. 36 (2007) 1902-1929.

[88] T.V. Basova, A. Hassan, M. Durmus, A.G. Gurek, V. Ahsen, Orientation of the liquid crystalline
nickel phthalocyanine films confined between electrodes, Synth. Met. 161 (2011) 1996-2000.

[891 P. Mineo, F. Lupo, 1. Fragala, E. Scamporrino, A. Gulino, Properties of uncharged water-soluble
tetra(w-methoxypolyethyleneoxy) phthalocyanine free base: Viable switching of the optical response
by means of H;O" ions, J. Lumin. 132 (2012) 409-413.

[90] S. Liu, W.M. Wang, A.L. Briseno, S.C.B. Mannsfeld, Z. Bao, Controlled deposition of
crystalline organic semiconductors for field-effect-transistor applications, Adv Mater. 21 (2009) 1217-
1232.

[91] G. Giancane, T. Basova, A. Hassan, G. Giimiis, A.G. Giirek, V. Ahsen, L. Valli, Investigations
and application in piezoelectric phenol sensor of Langmuir-Schéfer films of a copper phthalocyanine
derivative functionalized with bulky substituents, J. Colloid Interface Sci. 377 (2012) 176-183.

[92] A. Hassan, T. Basova, F. Yuksel, G. Giimiis, A.G. Giirek, V. Ahsen, Study of the interaction
between simazine and metal-substituted phthalocyanines using spectral methods, Sensors and
Actuators, B: Chemical. (2012).

[93] M.J. Jafari, M.E. Azim-Araghi, S. Barhemat, S. Riyazi, Effect of post-deposition annealing on
surface morphology and gas sensing properties of palladium phthalocyanine thin films, Surf. Interface
Anal. 44 (2012) 601-608.

[94] Y. Chen, Q. Wang, J. Chen, D. Ma, D. Yan, L. Wang, Organic semiconductor heterojunction as
charge generation layer in tandem organic light-emitting diodes for high power efficiency, Organic
Electronics: physics, materials, applications. 13 (2012) 1121-1128.

[95] T. Torres, D.M. Guldi, J.J. Cid, C.G. Claessens, M. Garcia-Iglesias, I. Lopez-Duarte, M.
Martinez-Diaz, D. Mate, A. Medina, M. Rodriguez-Morgade, 1. Sanchez, P. Vazquez,
Phthalocyanines and subphthalocyanines for solar cell applications, ECS. 2 (2008) 1115.

40



Literature Review

[96] K. Onlaor, B. Tunhoo, P. Keeratithiwakorn, T. Thiwawong, J. Nukeaw, Electrical bistable

properties of copper phthalocyanine at different deposition rates, Solid-State Electronics. 72 (2012)
60-66.

[97] J.F. Zhao, J. Wang, J. Chen, W. Chidawanykia, T. Nyokong, K. Ishii, N. Kobayashi, Gallium
phthalocyanine photosensitizers: Carboxylation enhances the cellular uptake and improves the
photodynamic therapy of cancers, Anti-Cancer Agents in Medicinal Chemistry. 12 (2012) 604-610.

[98] A. D'Amico, C. Di Natale, C. Falconi, E. Martinelli, R. Paolesse, G. Pennazza, M. Santonico, P.J.
Sterk, Detection and identification of cancers by the electronic nose, Expert Opinion on Medical
Diagnostics. 6 (2012) 175-185.

[99] T. Basova, P. Semyannikov, V. Plyashkevich, A. Hassan, I. Igumenov, Volatile phthalocyanines:
Vapor pressure and thermodynamics, Critical Reviews in Solid State and Materials Sciences. 34
(2009) 180-189.

[100] S. Karan, B. Mallik, Thickness dependent surface electrical conductivity in copper (II)
phthalocyanine thin films, Thin Solid Films. 520 (2012) 2343-2350.

[101] H.S. Soliman, A.A.M. Farag, N.M. Khosifan, M.M. El-Nahass, Electrical transport mechanisms
and photovoltaic characterization of cobalt phthalocyanine on silicon heterojunctions, Thin Solid
Films. 516 (2008) 8678-8683.

[102] S. Tuncel, H.A.J. Banimuslem, M. Durmus, A.G. Giirek, V. Ahsen, T.V. Basova, A.K. Hassan,
Liquid crystalline octasubstituted lead(ii) phthalocyanines: Effects of alkoxy and alkylthio
substituents on film alignment and electrical properties, New Journal of Chemistry. 36 (2012) 1665-
1672.

[103] T.V. Basova, M. Camur, A.A. Esenpinar, S. Tuncel, A. Hassan, A. Alexeyev, H. Banimuslem,
M. Durmu, A.G. Giirek, V. Ahsen, Effect of substituents on the orientation of octasubstituted
copper(Il) phthalocyanine thin films, Synth. Met. 162 (2012) 735-742.

[104] G. Cardenas-Jiron, P. Leon-Plata, D. Cortes-Arriagada, J.M. Seminario, Electrical
characteristics of cobalt phthalocyanine complexes adsorbed on graphene, Journal of Physical
Chemistry C. 115 (2011) 16052-16062.

[105] J.F. Van Der Pol, E. Neeleman, J.C. Van Miltenburg, J.W. Zwikker, R.J.M. Nolte, W. Drenth,
A polymer with the mesomorphic order of liquid crystalline phthalocyanines, Macromolecules. 23
(1990) 155-162.

[106] J. Piris, M.G. Debije, N. Stutzmann, A.M. Van de Craats, M.D. Watson, K. Miillen, J.M.
Warmam, Anisotropy in the Mobility and Photogeneration of Charge Carriers in Thin Films of
Discotic Hexabenzocoronenes, Columnarly Self-Assembled on Friction-Deposited
Poly(tetrafluoroethylene), Adv Mater. 15 (2003) 1736-1740.

[107] R.E. Hughes, S.P. Hart, D.A. Smith, B. Movaghar, R.J. Bushby, N. Boden, Exciton dynamics in

a one-dimensional self-assembling lyotropic discotic liquid crystal, J Phys Chem B. 106 (2002) 6638-
6645.

[108] D. Atilla, A.G. Gurek, T.V. Basova, V.G. Kiselev, A. Hassan, L.A. Sheludyakova, V. Ahsen,
The synthesis and characterization of novel mesomorphic octa- and tetra-alkylthio-substituted lead
phthalocyanines and their films, Dyes and Pigments. 88 (2011) 280-289.

[109] A. Miyamoto, K. Nichogi, A. Taomoto, T. Nambu, M. Murakami, Structural control of
evaporated lead-phthalocyanine films, Thin Solid Films. 256 (1995) 64-67.

[110] L. Ottaviano, L. Lozzi, A.R. Phani, A. Ciattoni, S. Santucci, S. Di Nardo, Thermally induced
phase transition in crystalline lead phthalocyanine films investigated by XRD and atomic force
microscopy, Appl. Surf. Sci. 136 (1998) 81-86.

[111] B. Mukherjee, A.K. Ray, A.K. Sharma, M.J. Cook, I. Chambrier, A simply constructed lead
phthalocyanine memory diode, J. Appl. Phys. 103 (2008).

[112] L.V. Gregor, Electrical conductivity of polydivinylbenzene films, Thin Solid Films. 2 (1968)
235-246.

41



Literature Review

[113] M.H. Tang, Z.Q. Zeng, J.C. Li, Z.P. Wang, X.L. Xu, G.Y. Wang, L.B. Zhang, S.B. Yang, Y.G.
Xiao, B. Jiang, Resistive switching behavior of La-doped ZnO films for nonvolatile memory
applications, Solid-State Electronics. 63 (2011) 100-104.

[114] A. Beck, J.G. Bednorz, C. Gerber, C. Rossel, D. Widmer, Reproducible switching effect in thin
oxide films for memory applications, Appl. Phys. Lett. 77 (2000) 139-141.

[115] B.J. Choi, D.S. Jeong, S.K. Kim, C. Rohde, S. Choi, J.H. Oh, H.J. Kim, C.S. Hwang, K. Szot, R.
Waser, B. Reichenberg, S. Tiedke, Resistive switching mechanism of TiO 2 thin films grown by
atomic-layer deposition, J. Appl. Phys. 98 (2005).

[116] T.V. Basova, A.G. Giirek, D. Atilla, A.K. Hassan, V. Ahsen, Synthesis and characterization of
new mesomorphic octakis(alkylthio)-substituted lead phthalocyanines and their films, Polyhedron. 26
(2007) 5045-5052.

[117] K. Kadish, K. Smith, R. Guilard, The Porphyrin Handbook, Vol.7, theoritical and physical
characterisation, Academic Press USA. 2000.

[118] C.C. Leznoff, A.B.P. Lever, Phthalocyanine: Properties and Applications, VCH Publishers
(LSK)Ltd: cambridge, 1989, 1993, 1996.

[119] K. Ishii, N. Kobayashi, K. Kadish, K. Smith, R. Guilard, The Porphyrin Handbook, Elsevier
Science, New York. (2003).

[120] M. Stillman, T. Nyokong, Phthalocyanines: Properties and Applications, VCH, NEW York,
Vol. I. (1989).

[121] T. Rawling, A. McDonagh, Ruthenium phthalocyanine and naphthalocyanine complexes:
Synthesis, properties and applications, Coord. Chem. Rev. 251 (2007) 1128-1157.

[122] C.C. Leznoff, L.S. Black, A. Hiebert, P.W. Causey, D. Christendat, A.B.P. Lever, Red
manganese phthalocyanines from highly hindered hexadecaalkoxyphthalocyanines, Inorg. Chim. Acta.
359 (2006) 2690-2699.

[123] T. Fukuda, S. Homma, N. Kobayashi, Deformed phthalocyanines: Synthesis and
characterization of zinc phthalocyanines bearing phenyl substituents at the 1-, 4-, 8-, 11-, 15-, 18-, 22-,
and/or 25-positions, Chemistry - A European Journal. 11 (2005) 5205-5216.

[124] Y. Chen, M. Hanack, W.J. Blau, D. Dini, Y. Liu, Y. Lin, J. Bai, Soluble axially substituted
phthalocyanines: Synthesis and nonlinear optical response, J. Mater. Sci. 41 (2006) 2169-2185.

[125] M.J. Cook, M.J. Heeney, Phthalocyaninodehydroannulenes, Chemistry - A European Journal. 6
(2000) 3958-3967.

[126] G. Bottari, J.A. Suanzes, O. Trukhina, T. Torres, Phthalocyanine-carbon nanostructure materials
assembled through supramolecular interactions, Journal of Physical Chemistry Letters. 2 (2011) 905-
913.

[127] F.J.M. Hoeben, P. Jonkheijm, E.W. Meijer, A.P.H.J. Schenning, About supramolecular
assemblies of p-conjugated systems, Chem. Rev. 105 (2005) 1491-1546.

[128] U. Hahn, S. Engmann, C. Oelsner, C. Ehli, D.M. Guldi, T. Torres, Immobilizing water-soluble
dendritic electron donors and electron acceptors - Phthalocyanines and perylenediimides - Onto single
wall carbon nanotubes, J. Am. Chem. Soc. 132 (2010) 6392-6401.

[129] L. Lozzi, S. Santucci, F. Bussolotti, S. La Rosa, Investigation on copper
phthalocyanine/multiwalled carbon nanotube interface, J. Appl. Phys. 104 (2008).

[130] R.A. Hatton, N.P. Blanchard, V. Stolojan, A.J. Miller, S.R. Silva, Nanostructured copper
phthalocyanine-sensitized multiwall carbon nanotube films, Langmuir. 23 (2007) 6424-6430.

[131] B. Ballesteros, S. Campidelli, G. De La Torre, C. Ehli, D.M. Guldi, M. Prato, T. Torres,
Synthesis, characterization and photophysical properties of a SWNT-phthalocyanine hybrid, Chemical
Communications. 28 (2007) 2950-2952.

[132] B. Ballesteros, G. De La Torre, C. Ehli, G.M.A. Rahman, F. Agull6-Rueda, D.M. Guidi, T.
Torres, Single-wall carbon nanotubes bearing covalently linked phthalocyanines - Photoinduced
electron transfer, J. Am. Chem. Soc. 129 (2007) 5061-5068.

42



Literature Review

[133] T. Mugadza, T. Nyokong, Covalent linking of ethylene amine functionalized single-walled
carbon nanotubes to cobalt (II) tetracarboxyl-phthalocyanines for use in electrocatalysis, Synth. Met.
160 (2010) 2089-2098.

[134] T. Mugadza, T. Nyokong, Synthesis and characterization of electrocatalytic conjugates of
tetraamino cobalt (II) phthalocyanine and single wall carbon nanotubes, Electrochim. Acta. 54 (2009)
6347-6353.

[135] M. Shah, Z. Ahmad, K. Sulaiman, K.S. Karimov, M.H. Sayyad, Carbon nanotubes'
nanocomposite in humidity sensors, Solid-State Electronics. 69 (2012) 18-21.

[136] Y. Ji, Y.Y. Huang, E.M. Terentjev, Dissolving and aligning carbon nanotubes in thermotropic
liquid crystals, Langmuir. 27 (2011) 13254-13260.

[137] A.L. Verma, S. Saxena, G.S.S. Saini, V. Gaur, V.K. Jain, Hydrogen peroxide vapor sensor
using metal-phthalocyanine functionalized carbon nanotubes, Thin Solid Films. 519 (2011) 8144-
8148.

[138] X. Wang, Y. Liu, W. Qiu, D. Zhu, Immobilization of tetra-tert-butylphthalocyanines on carbon
nanotubes: A first step towards the development of new nanomaterials, Journal of Materials
Chemistry. 12 (2002) 1636-1639.

[139] N. He, Y. Chen, J. Bai, J. Wang, W.J. Blau, J. Zhu, Preparation and optical limiting properties
of multiwalled carbon nanotubes with -conjugated metal-free phthalocyanine moieties, Journal of
Physical Chemistry C. 113 (2009) 13029-13035.

[140] A.A. Mamedov, N.A. Kotov, M. Prato, D.M. Guldi, J.P. Wicksted, A. Hirsch, Molecular design
of strong single-wall carbon nanotube/polyelectrolyte multilayer composites, Nature Materials. 1
(2002) 190-194.

[141] A.B. Dalton, S. Collins, E. Muiioz, J.M. Razal, V.H. Ebron, J.P. Ferraris, J.N. Coleman, B.G.
Kim, R.H. Baughman, Super-tough carbon-nanotube fibres, Nature. 423 (2003) 703.

[142] D.C. Sorescu, K.D. Jordan, P. Avouris, Theoretical study of oxygen adsorption on graphite and
the (8,0) single-walled carbon nanotube, J Phys Chem B. 105 (2001) 11227-11232.

[143] I. Dierking, S.E. San, Magnetically steered liquid crystal-nanotube switch, Appl. Phys. Lett. 87
(2005) 1-3.

[144] 1. Dierking, G. Scalia, P. Morales, D. LeClere, Aligning and reorienting carbon nanotubes with
nematic liquid crystals, Adv Mater. 16 (2004) 865-869.

[145] N. Kilinc, A.S. Ahsen, D. Atilla, A.G. Gurek, S.E. San, Z.Z. Ozturk, V. Ahsen, Electrical
properties of mesomorphic phthalocyanine-carbon nanotube composites, Sensor. Lett. 6 (2008) 607-
612. '

[146] J.B. Brito, D.J.C. Gomes, V.D. Justina, A.M.F. Lima, C.A. Olivati, J.R. Silva, N.C. de Souza,
Nanostructured films from phthalocyanine and carbon nanotubes: Surface morphology and electrical
characterization, J. Colloid Interface Sci. 367 (2012) 467-471.

[147] B.S. Shim, Z. Tang, M.P. Morabito, A. Agarwal, H. Hong, N.A. Kotov, Integration of
conductivity, transparency, and mechanical strength into highly homogeneous layer-by-layer

composites of single-walled carbon nanotubes for optoelectronics, Chemistry of Materials. 19 (2007)
5467-5474.

[148] 1. Adebayo Akinbulu, T. Nyokong, Fabrication and characterization of single walled carbon
nanotubes-iron phthalocyanine nano-composite: Surface properties and electron transport dynamics of
its self assembled monolayer film, New Journal of Chemistry. 34 (2010) 2875-2886.

[149] W. Feng, Y. Li, Y. Feng, J. Wu, Enhanced photoresponse from the orderedmicrostructure of
naphthalocyanine-carbon nanotube composite film, Nanotechnology. 17 (2006) 3274-3279.

[150] Z. Yang, H. Pu, J. Yuan, D. Wan, Y. Liu, Phthalocyanines-MWCNT hybrid materials:
Fabrication, aggregation and photoconductivity properties improvement, Chemical Physics Letters.
465 (2008) 73-77.

43



Literature Review

[151] F. Aziz, K. Sulaiman, K.S. Karimov, M.R. Muhammad, M.H. Sayyad, B.Y. Majlis,
Investigation of optical and humidity-sensing properties of vanadyl phthalocyanine-derivative thin
films, Molecular Crystals and Liquid Crystals. 566 (2012) 22-32.

[152] D.D. Erbahar, 1. Giirol, G. Giimiis, E. Musluoglu, Z.Z. Oztiirk, V. Ahsen, M. Harbeck, Pesticide
sensing in water with phthalocyanine based QCM sensors, Sensors and Actuators, B: Chemical. 173
(2012) 562-568.

[153] N. Kiling, S. Oztiirk, D. Atilla, A.G. Giirek, V. Ahsen, Z.Z. Oztiirk, Electrical and NO, sensing
properties of liquid crystalline phthalocyanine thin films, Sensors and Actuators, B: Chemical. 173
(2012) 203-210.

[154] A. Singh, S. Samanta, A. Kumar, A.K. Debnath, R. Prasad, P. Veerender, V. Balouria, D.K.
Aswal, S.K. Gupta, Implication of molecular orientation on charge transport and gas sensing

characteristics of cobalt-phthalocyanine thin films, Organic Electronics: physics, materials,
applications. 13 (2012) 2600-2604.

[155] D.C. Tiwari, R. Sharma, K.D. Vyas, M. Boopathi, V.V. Singh, P. Pandey, Electrochemical
incorporation of copper phthalocyanine in conducting polypyrrole for the sensing of DMMP, Sensors
and Actuators, B: Chemical. 151 (2010) 256-264.

[156] S. Singh, S.K. Tripathi, G.S.S. Saini, Optical and infrared spectroscopic studies of chemical
sensing by copper phthalocyanine thin films, Mater. Chem. Phys. 112 (2008) 793-797.

[157] A. Altindal, Z.Z. Oztiirk, S. Dabak, O. Bekaroglu, Halogen sensing using thin films of
crosswise-substituted phthalocyanines, Sensors and Actuators, B: Chemical. 77 (2001) 389-394.

[158] T. Basova, E. Kol'tsov, A.K. Ray, A K. Hassan, A.G. Gurek, V. Ahsen, Liquid crystalline

phthalocyanine spun films for organic vapour sensing, Sensors and Actuators, B: Chemical. 113 (2006)
127-134.

[159] T. Basova, A. Tsargorodskaya, A. Nabok, A.K. Hassan, A.G. Gurek, G. Gumus, V. Ahsen,
Investigation of gas-sensing properties of copper phthalocyanine films, Materials Science and
Engineering C. 29 (2009) 814-818.

[160] G. De La Torre, C.G. Claessens, T. Torres, Phthalocyanines: Old dyes, new materials. Putting
color in nanotechnology, Chemical Communications. (2007) 2000-2015.

[161] A. Hassan, T. Basova, S. Tuncel, F. Yuksel, A.G. Giirek, V. Ahsen, Phthalocyanine films as
active layers of optical sensors for pentachlorophenol and simazine detection, Procedia Engineering.
25(2011) 272-275.

[162] M.P. Siswana, K.I. Ozoemena, T. Nyokong, Electrocatalysis of asulam on cobalt
phthalocyanine modified multi-walled carbon nanotubes immobilized on a basal plane pyrolytic
graphite electrode, Electrochim. Acta. 52 (2006) 114-122.

[163]J. Pillay, K.I. Ozoemena, Single-walled carbon nanotube-induced crystallinity on the
electropolymeric film of tetraaminophthalocyaninatonickel(IT) complex: Impact on the rate of
heterogeneous electron transfer, Chemical Physics Letters. 441 (2007) 72-77.

[164] J. Francisco Silva, S. Griveau, C. Richard, J.H. Zagal, F. Bedioui, Glassy carbon electrodes
modified with single walled carbon nanotubes and cobalt phthalocyanine and nickel tetrasulfonated
phthalocyanine: Highly stable new hybrids with enhanced electrocatalytic performances,
Electrochemistry Communications. 9 (2007) 1629-1634. '

[165] K.I. Ozoemena, D. Nkosi, J. Pillay, Influence of solution pH on the electron transport of the
self-assembled nanoarrays of single-walled carbon nanotube-cobalt tetra-aminophthalocyanine on
gold electrodes: Electrocatalytic detection of epinephrine, Electrochim. Acta. 53 (2008) 2844-2851.

[166] J. Liu, Y. Wang, Z. Qu, X. Fan, 2 pm passive Q-switched mode-locked Tm 3-+:YAP laser with
single-walled carbon nanotube absorber, Opt. Laser Technol. 44 (2012) 960-962.

[167]1 Y. Wang, N. Hu, Z. Zhou, D. Xu, Z. Wang, Z. Yang, H. Wei, E.S. Kong, Y. Zhang, Single-
walled carbon nanotube/cobalt phthalocyanine derivative hybrid material: Preparation,
characterization and its gas sensing properties, Journal of Materials Chemistry. 21 (2011) 3779-3787.

44



Literature Review

[168] T.A. Temofonte, K.F. Schoch, Phthalocyanine semiconductor sensors for room-temperature ppb
level detection of toxic gases, J. Appl. Phys. 65 (1989) 1350-1355.

[169] M.R. Tarasevich, V.S. Tyurin, K.A. Radyushkina, Electrochemical reactions of sulfur dioxide
on organic complexes in aqueous solutions and a sensor for assaying sulfur dioxide, Russian J.
Electrochem. 35 (1999) 366-369.

[170] S. Maldonado, E. Garcia-Berrios, M.D. Woodka, B.S. Brunschwig, N.S. Lewis, Detection of
organic vapors and NH3(g) using thin-film carbon black-metallophthalocyanine composite
chemiresistors, Sensors and Actuators, B: Chemical. 134 (2008) 521-531.

[171] S. Singh, G.S.S. Saini, S.K. Tripathi, Effect of chemical on conductivity of iron phthalocyanine
pyridine thin films, AIP Conference Proceedings. 1393 (2011) 333-334.

[172] X. Zuo, N. Li, H. Zhang, Direct electrochemical determination of ascorbic acid by a cobalt(II)
tetra-neopentyloxy phthalocyanine-multi-walled carbon nanotubes glassy carbon electrode, J. Mater.
Sci. 47 (2012) 2731-2735.

[173] T. Mugadza, Y. Arslanolu, T. Nyokong, Characterization of 2,(3)-tetra-(4-oxo-benzamide)
phthalocyaninato cobalt (II) - Single walled carbon nanotube conjugate platforms and their use in
electrocatalysis of amitrole, Electrochim. Acta. 68 (2012) 44-51.

[174] F.C. Moraes, L.H. Mascaro, S.A.S. Machado, C.M.A. Brett, Direct electrochemical
determination of glyphosate at copper phthalocyanine/multiwalled carbon nanotube film electrodes,
Electroanalysis. 22 (2010) 1586-1591.

[175] A.N. Ivanov, R.R. Younusov, G.A. Evtugyn, F. Arduini, D. Moscone, G. Palleschi,
Acetylcholinesterase biosensor based on single-walled carbon nanotubes - Co phtalocyanine for
organophosphorus pesticides detection, Talanta. 85 (2011) 216-221.

[176] M.P. Siswana, K.I. Ozocmcna, D.A. Geraldo, T. Nvokong, Nanostructured nickel (II)
phthalocyanine-MWCNTs as viable nanoeomposite platform for electrocatalvtic detection of asulam
pesticide at neutral pH conditions, Journal of Solid State Electrochemistry. 14 (2010) 1351-1358.

[177] L. Cesarino, F.C. Moraes, T.C.R. Ferreira, M.R.V. Lanza, S.A.S. MacHado, Real-time

electrochemical determination of phenolic compounds after benzene oxidation, J Electroanal Chem.
672 (2012) 34-39.

[178] F.C. Moraes, D.L.C. Golinelli, L.H. Mascaro, S.A.S. MacHado, Determination of epinephrine
in urine using multi-walled carbon nanotube modified with cobalt phthalocyanine in a paraffin
composite electrode, Sensors and Actuators, B: Chemical. 148 (2010) 492-497.

[179] M. Mattarozzi, F. Lambertini, M. Suman, M. Careri, Liquid chromatography-full scan-high
resolution mass spectrometry-based method towards the comprehensive analysis of migration of
primary aromatic amines from food packaging, Journal of Chromatography A. 1320 (2013) 96-102.

[180] H. Pan, X. Zeng, B. Zhu, L. He, T. Liao, W. Zhe, S. Wang, B. Jiang, M. Wang, Determination
of biogenic amines in cheese by nanofiber solid phase extraction-reversed phase high performance

liquid chromatography with pre-column derivatization, Journal of Food, Agriculture and Environment.
11 (2013) 115-118.

[181] I.G. Casella, M. Gatta, E. Desimoni, Determination of histamine by high-pH anion-exchange
chromatography with electrochemical detection, Food Chem. 73 (2001) 367-372.

[182] R. Zidlkowski, L. Gérski, P. Prokaryn, M. Zaborowski, A. Kutyla-Olesiuk, P. Ciosek, W,
Wréblewski, E. Malinowska, Development of silicon-based electrochemical transducers, Analytical
‘Methods. 5(2013) 5464-5470.

[183] X. Wang, S. Reisberg, N. Serradji, G. Anquetin, M.-. Pham, W. Wu, C.-. Dong, B. Piro, E-assay
concept: Detection of bisphenol A with a label-free electrochemical competitive immunoassay,
Biosensors and Bioelectronics. 53 (2014) 214-219.

[184] J.H. Chen, X. Zhang, S. Cai, D. Wu, J. Lin, C. Li, J. Zhang, Label-free electrochemical
biosensor using home-made 10-methyl-3-nitro-acridone as indicator for picomolar detection of
nuclear factor kappa B, Biosensors and Bioelectronics. 53 (2014) 12-17.

45



Literature Review

[185] J. Kang, A.T. Hussain, M. Catt, M. Trenell, B. Haggett, E.H. Yu, Electrochemical detection of
non-esterified fatty acid by layer-by-layer assembled enzyme electrodes, Sensors and Actuators, B:
Chemical. 190 (2014) 535-541.

[186] C. Liu, W. Lu, Optical amine sensor based on metallophthalocyanine, J Chin Inst Chem Eng. 38
(2007) 483-488.

[187] H. Arwin, Is ellipsometry suitable for sensor applications? Sensors Actuators A Phys. 92 (2001)
43-51.

[188] S. Zeng, D. Baillargeat, H. Ho, K. Yong, Nanomaterials enhanced surface plasmon resonance
for biological and chemical sensing applications, Chem. Soc. Rev. 43 (2014) 3426-3452.

[189] T. Mutschler, B. Kieser, R. Frank, G. Gauglitz, Characterization of thin polymer and
biopolymer layers by ellipsometry and evanescent field technology, Analytical and Bioanalytical
Chemistry. 374 (2002) 658-664.

[190] S. Yukioka, T. Inoue, Ellipsometric analysis on the in situ reactive compatibilization of
immiscible polymer blends, Polymer. 35 (1994) 1182-1186.

[191] S. Lee, K. Lee, J. Hong, Evidence for spin coating electrostatic self-assembly of
polyelectrolytes, Langmuir. 19 (2003) 7592-7596.

[192] M.A. Hempenius, M. Péter, N.S. Robins, E.S. Kooij, G.J. Vancso, Water-soluble poly
(ferrocenylsilanes) for supramolecular assemblies by layer-by-layer deposition, Langmuir. 18 (2002)
7629-7634.

[193] A.V. Nabok, N.V. Lavrik, Z.I. Kazantseva, B.A. Nesterenko, L.N. Markovskiy, V.I. Kalchenko,
AN. Shivaniuk, Complexing properties of calix[4]resorcinolarene LB films, Thin Solid Films. 259
(1995) 244-247.

[194] P. Alliprandini Filho, G.G. Dalkiranis, R.A.S.Z. Armond, E.M. Therézio, L.H. Bechtold, A.A.
Vieira, R. Cristiano, H. Gallardo, A. Marletta, O.N. Oliveira, Emission ellipsometry used to probe
aggregation of the luminescent 2,1,3-benzothiadiazole dyes and ordering in an E7 liquid crystal
matrix, Physical Chemistry Chemical Physics. 16 (2014) 2892-2896.

[195] R.P. Richter, K.B. Rodenhausen, N.B. Eisele, M. Schubert, Coupling Spectroscopic
Ellipsometry and Quartz Crystal Microbalance to Study Organic Films at the Solid-Liquid Interface,
Springer Series in Surface Sciences. 52 (2014) 223-248.

[196] A. Nabok, A. Tsargorodskaya, The method of total internal reflection ellipsometry for thin film
characterisation and sensing, Thin Solid Films. 516 (2008) 8993-9001.

[197] P. Westphal, A. Bornmann, Biomolecular detection by surface plasmon enhanced ellipsometry,
Sensors and Actuators, B: Chemical. 84 (2002) 278-282.

[198]1 H. Arwin, M. Poksinski, K. Johansen, Total internal reflection ellipsometry: Principles and
applications, Appl. Opt. 43 (2004) 3028-3036.

[199] M. Poksinski, H. Arwin, Protein monolayers monitored by internal reflection ellipsometry, Thin
Solid Films. 455-456 (2004) 716-721.

[200] M. Poksinski, H. Dzuho, H. Arwin, Copper corrosion monitoring with total internal reflection
ellipsometry, J. Electrochem. Soc. 150 (2003) B536-B539.

[201] P. Westphal, A. Bornmann, Biomolecular detection by surface plasmon enhanced ellipsometry,
Sensors and Actuators, B: Chemical. 84 (2002) 278-282.

[202] E. Llobet, Gas sensors using carbon nanomaterials: A review, Sensors and Actuators, B:
Chemical. 179 (2013) 32-45.

[203] H. Fujiwara, Spectroscopic Ellipsometry: Principles and Applications, John Wiley & Sons,
2007.

[204] J A Woollam Co. Inc, Guide to using WVASE32, Software for Spectroscopic Ellipsometry
Data Acquisition and Analysis. Wex Tech Systems Inc., new york, 2001.

46



~ Experimental details]|

"‘Chapter 3

Experimental Details

Chapter overview

In this chapter experimental procedures and measurement techniques used
throughout this study are described in sufficient details. First experimental methods
used in this study are described with further emphasis placed on Total Internal
Reflection Ellipsometry (TIRE) as the optical detection method employed in the
study of interaction between several chemical analytes and MPc/SWCNTs hybrid
films. Materials under investigation, mainly novel substituted metal phthalocyanines
(MPcs) and commercially purchased single-walled carbon nanotubes (SWCNTs) and
the methods applied to produce thin films for application in optical detection are
fully described.
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3.1  Experimental techniques .

In this study significant work was carried out using TIRE as the main method to
study the interaction of a range of chemical pollutants with the sensing
MPc/SWCNTs hybrid layers prepared in this work. UV-Visible spectroscopy,
Fourier Transform Infrared (FTIR) and Raman Spectroscopy have been used for
films’ optical characterisation. Morphology measurements have been carried out
using Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM).
DC electrical measurements on films were performed using Semiconductor
Characterisation System (Keithly 4200). These methods are described in sections
3.1.1-3.1.7.

3.1.1 Total Internal Reflection Ellipsometry (TIRE)

3.1.1.1 Theoretical background

A comprehensive theoretical background on ellipsometry in general is presented in
chapter 2. TIRE employs a prism coupler technique which combines the advantages
of spectroscopic ellipsometry and the experimental convenience of surface plasmon
resonsnace (SPR ) based on Kretschmann’s configuration "’ The angle of incidence
between the incident polarised light beam and the prism is selected such that it is
close to the angle of total internal reflection, which is determined by the nature of
media used. This angle determines the use of the appropriate prism, and it can be

calculated by the following relation [!;

2
6 = arcsin L —%22 3.1
N, \) g, +N,

where N, and N, are the complex refractive indices of glass and dielectric film

respectively, &, is the real part of dielectric constant of metal film.

In contrast to the conventional sensing analytical tool of SPR based upon monitoring
the intensity of reflected p-polarised light, the TIRE method detects two

ellipsometric parameters y and A which are related, respectively, to the amplitude
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Optical parameters of the reflection system, i.e. thicknesses, refractive indices and
extinction coefficients of the substrate and adsorbed layers, can be obtained by

solving the reverse ellipsometric problem numerically:

tg(¥) exp(id) = R”/ R, (3.2)

where R, and R, are Fresnel reflection coefficients for the p and s components of
polarised light related to the parameters of reflection system, particularly the

thickness (d) and refractive index () of the adsorbed layers, via Fresnel equations 3],

3.1.1.2 TIRE experimental set-up

The TIRE experiment setup used in the current study is based on the commercial
M2000 J. A. Woollam Spectroscopic Ellipsometry operating in 350-1000 nm

spectral range and exploiting the rotating compensator principle (Figure 3.2 (a)).

In order to use the instrument as a sensor operating in liquid or gaseous media, a
special 200pl volume TIRE cell, constructed from polytetrafluoroethylene (PTFE)
material, was used. A silicon O-ring was used to seal the gold-coated glass slide
against the cell, as shown in Figure 3.2 (b). The cell contains inlet and outlet tubes to
allow injection of different gases or liquids into the cell in order to perform different

chemical interactions with hybrid films.

Another key element of TIRE is the glass prism, which couples the light beam into a
thin gold film. Figure 3.2 (c) shows the TIRE cell with a 68° prism attached to the J.
A. Woollam sample stage. The choice of the 68° prism was made to provide the
condition of total internal reflection on a glass—water interface. For gas detection
experiments a 45° prism has been used instead. A gold (Au)-coated glass slide was

brought into optical contact with the prism via index matching liquid to exclude the

presence of an air gap.

Other elements of the TIR set-up are explained in a schematic diagram of TIRE
presented in Figure 3.3. The set-up comprises a white light source (1),
monochromator (2), polarizer (3), analyzer (4) and a photodetector array (5).

Elements 6-9 were fixed on the ellipsometer sample stage using vacuum suction 241,
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3.1.1.3 Experimental data fitting .

In order to determine the films’ thickness as well as its optical constants, data fitting
is performed on the measured y and A spectra by solving Fresnel equations many
times for different values of » and d and subsequently minimizing the error function
of the experimental and theoretical (calculated) values of y and A using one of least-

square techniques. Commercial WVASE32® software is provided by J.A. Woollam
Co., Inc. for this task.

Data processing requires building an optical model, which corresponds to the sample
under investigation. Dielectric functions of some layers (namely; BK7 glass, gold,
water or gas) are known and can be selected from the WVASE software library ©° 1
Parameters of unknown layers (i.e. thickness and dispersion of » and %) can be found
by fitting the experimental data to the model layer which can be selected from the

WVASE library. The most common model for adsorbed molecular layers is Cauchy.

Figure 3.4 shows the TIRE measurement protocol, which typically starts with a
single spectroscopic scan of the sample of a bare gold film in water or fresh air to
obtain the effective thickness and dispersion curves for optical parameters n(4) and
k() of the chromium-gold layer (a thin chromium adhesion layer, typically 3-5nm, is
first deposited on the glass slide to minimise gold film delamination). A three-layer
model consisting of ambient (BK7 glass), gold, and fluid (water or gas) was used,
where the parameters for glass and fluid are fixed but the thickness and optical
constants of the metal layer are varied. The dispersion spectra of n(1) and k() as
well as the thickness of evaporated gold layer were taken as initial guess values. The
effective parameters for the Cr/Au layer obtained by fitting for that particular sample
were then used as fixed parameters for further fitting of data obtained on the same

sample.

Ellipsometry data fitting requires a great deal of experience and the outcomes depend
on the selection of a physically adequate model as well as the choice of initial
parameter fitting routine, i.e. the use of ‘normal fit’, or ‘point by point fit’ option,
limiting the range of variable parameters, and removing ‘anomalous’ data points, and
so. In order to achieve reliable results, the fitting procedure needs to be repeated

several times (preferably from different initial conditions) until consistent values of
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thickness (d), refractive index () and extinction coefficient (k) are achieved. In some

cases a good fit cannot be achieved due to the following reasons [61.
(1) the measurements of (¥, 4) spectra are inaccurate.

(i1) inappropriate functions selected in data analysis

(iii) the optical model applied for data analysis is not suitable, and

(iv) depolarization effect from the sample

3.1.2 UV-Visible Absorption Spectroscopy
3.1.2.1 Theoretical background

UV-Vis absorption spectroscopy is the measurement of light absorption by a sample
in the ultraviolet-visible spectral region of the electromagnetic spectrum. This
absorption or attenuation can occur when light passes through a translucent liquid
sample, or when light is reflected from a sample surface. The difference in the
incident light and the transmitted light is used to determine the actual absorbance.
When an atom or molecule absorbs energy, electrons are promoted from their ground
state to an excited state. Molecules can only absorb radiant energy in definite units,
or quanta, which correspond to the energy difference between the ground and excited
states. The energy, E, carried by any one quantum is proportional to its frequency of

oscillation, that is:
E=ho=he/, (3.3)

where 4 is the frequency, 4 is the related wavelength and % is Plank's constant

(6.626x10™** m? kg/s).

In addition to electronic excitation, the atoms within a molecule can rotate and
vibrate with respect to each other. These vibrations and rotations also have discrete
energy levels, which can be considered as being packed on top of each electronic

level.
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