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ABSTRACT

In the last few years polyaniline, an environmentally and thermally stable,
easily processable conducting polymer, in nano regime attracted enormous
interest of the researchers owing to its lightweight, flexibility, ease of device
fabrication in large areas and control over electrical and optical properties. Also
there has been a notable enthusiasm in graphene research since the discovery of
graphene in 2004 by the mechanical exfoliation of graphite using scotch tape. The
combination of polyaniline and graphene/carbon nanotubes offers an attractive
way for the generation of new hybrid materials that find a range of applications
such as photovoltaics, optical limiters, sensors, actuators, transistors, etc.

This thesis focuses on the synthesis, characterization and property
evaluation of polyaniline in nano dimensions and its hybrids with graphene and
multiwalled carbon nanotubes. Polyaniline nanostructures with cube-like
morphology are synthesized by a novel inverse microemulsion polymerization
technique using ammonium oleate as the surfactant and toluene sulphonic acid as
the dopant. The formation mechanism of cube-like nanostructures by the self
assembly of polyaniline nanorods inside the inverse micelles of ammonium oleate
in the paraffin—oil water system is proposed with the support of experimental
techniques. The suitability of cube-like polyaniline for optical limiting and
photocurrent generation applications are studied (This part of the work is
published in Synthetic Metals 2013). The optical limiting device applications
require easy fabrication of films of nonlinear optical materials in a transparent
host. In this respect, films of cube-like polyaniline in transparent polymer matrix
(polymethyl methacrylate) are fabricated by in situ free radical polymerization of
methyl methacrylate in the presence of cube-like polyaniline. Detailed studies on
the nonlinear optical properties of the films are carried out using open aperture Z
scan technique by varying the polyaniline loading and also by varying the laser
energy. A switchover from saturable absorption to reverse saturable absorption is
observed in the film (0.1 wt % polyaniline loading in the monomer) as the energy
of laser beam increases from 5 pJ to 100 pJ (This part of the work is published in
Materials Chemistry and Physics 2014).

Both applications (optical limiting and photocurrent generation) under
study can be improved by the combination of electron donating polyaniline with
an electron acceptor material. Stable carbon allotropes like carbon nanotubes and
graphene are well known electron acceptor materials and photoinduced electron
transfer from conjugated polymer to these materials are already reported. To
initiate the study, polyaniline is hybridized with graphite oxide by in situ
polymerization of aniline in the presence of synthesized graphite oxide. The
hybrid shows photoluminescence quenching compared to pure polyaniline. The
hybrid also shows strong optical limiting (high nonlinear absorption coefficient,
p=19 cm/GW and low saturation intensity, I,=0.4 GW/cmz) than individual
components due to the photoinduced electron transfer between polyaniline and
graphite oxide and the synergetic combination of reverse saturable absorption of
polyaniline and nonlinear scattering of graphite oxide. The hybrid shows stable
photocurrent cycles upon repetitive switching (on/off) of illumination with white
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light for 30 second duration (intensity of light is 100 mW/cm?). The photocurrent
generated by this class of hybrid (9.1 pA) is higher than that of pristine
polyaniline (4.6 pA) and it increases as the graphite oxide loading increases
(published in Materials Research Express 2014).

With the aim of improving the properties of polyaniline/graphite oxide
hybrid through covalent connection, phenylene diamine functionalized reduced
graphene oxide is synthesized. By this modification of graphite oxide, significant
reduction and exfoliation is achieved and aniline monomer is introduced on the
reduced graphene oxide layers. The presence of phenylene diamine groups on
reduced graphene oxide results in the formation of hybrids with covalent
connections during the in situ polymerization of aniline. Photoluminescence
quenching is more significant in this hybrid compared to unfunctionalized
graphite oxide-polyaniline hybrid, revealing better electron transfer through the
direct covalent linkage between polyaniline and reduced graphene oxide. This
covalently connected hybrid shows better optical limiting (=25 cm/GW, I,,=0.2
GW/cm®) compared to pristine polyaniline (8=5.8 cm/GW, I,,=2.5 GW/cm®) and
polyaniline-graphite oxide hybrid (published in Carbon 2013). The hybrid also
shows dc conductivity (6.3 S/cm), 200 times higher than that of polyaniline-
graphite oxide hybrid (0.03 S/cm). Moreover, this hybrid shows a photocurrent of
29 uA, while the corresponding polyaniline-graphite oxide hybrid and pristine
polyaniline shows only 9.1 and 4.6 pA, respectively. This large improvement in
dc conductivity and photocurrent is attributed to the formation of direct
conducting pathways by the covalent connection and may be due to the
photoinduced electron transfer from polyaniline to reduced graphene oxide
(Published in RSC Advances 2014).

To study the optical limiting and photocurrent generation properties of
polyaniline/carbon  nanotube  hybrids,  polyaniline-phenylene  diamine
functionalized multiwalled carbon nanotube hybrids through covalent connections
are synthesized by the same methodology adopted for polyaniline-phenylene
diamine functionalized reduced graphene oxide hybrid. This hybrid also shows
photoluminescence quenching, improved optical limiting (=23 cm/GW, I,,=0.3
GW/cm?) and photocurrent generation (10 pA) compared to pristine polyaniline.

Finally, the synthesized cube-like polyaniline is grafted on reduced
graphene oxide layers by utilizing acylation chemistry of graphite oxide followed
by amide bond forming reaction between amine groups of polyaniline and acid
chlorides of graphite oxide. Significant reduction and exfoliation of graphite oxide
is achieved in the hybrid and the cube-like morphology of pristine polyaniline is
disturbed by the weakening of the interaction between polyaniline nanorods due
to the introduction of reduced graphene oxide layers (published in Synthetic
Metals 2013). The hybrid shows a dc conductivity of 6.6 S/cm. Considerable
quenching of the photoluminescence of cube-like polyaniline is observed after
covalent grafting on reduced graphene oxide layers due to the photoinduced
electron transfer between polyaniline and reduced graphene oxide. The cube-like
polyaniline grafted reduced graphene oxide hybrid shows improved optical
limiting (#=20 cm/GW, I,,=0.25 GW/cm2) and photocurrent generation (31 pA)
compared to pristine cube-like polyaniline (4.5 pA). The films of this hybrid in
polymethyl methacrylate matrix are also fabricated and studied the nonlinear
optical properties in comparison with cube-like polyaniline-polymethyl
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methacrylate film with the same linear transmittance. The hybrid film shows
significant contribution of reverse saturable absorption at laser energy of 5 ulJ,
while cube-like polyaniline film shows only saturable absorption at the same laser
energy. At 45 pJ, both the films show reverse saturable absorption, but large
improvement in optical limiting behaviour is observed in the hybrid film (=320
cm/GW, 1,,=0.2 GW/cm?) compared to pristine cube-like polyaniline film ((=70
cm/GW, I,,=3 GW/em?®).

In conclusion, this thesis gives an insight into the synthesis strategies,
properties, and fabrication methods which can be used for utilizing polyaniline
hybrids in various applications like optical limiting devices and photovoltaics.
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CHAPTER 1
INTRODUCTION

This chapter gives a background on conducting polymers and nanohybrids of
conducting polymers with graphene and carbon nanotubes. The section of conducting
polymers focuses on polyaniline with various morphologies and its wide range of
applications especially optical limiting and photocurrent generation applications. The
general features of graphene and carbon nanotubes, their electronic properties and the

importance of their hybrids are discussed along with main objectives of the thesis.

Conjugated polymer based photonics and electronics have developed
enormously in recent years as a result of interdisciplinary studies. Organic and
polymeric materials are replacing the traditional inorganic materials due to their
numerous advantages. The attractive features of these materials are ease of device
fabrication, large area applications, lightweight, mechanical flexibility, control
over electrical and optical properties, etc. Other interests include ease of large
scale preparation, high environmental stability, possibility of making hybrids with
other polymers and inorganic materials. Scientists have been enthusiastic to
explore the possibility of transforming conjugated polymers by chemical doping
into highly conducting materials with inherent characteristics of polymers, which
make them capable of meeting the requirements of modern technology. The
desirable properties can be achieved by tailoring the structure, size and shape of
the polymer and also by making composites with conducting materials like

graphene, carbon nanotubes (CNTs), etc.

1.1. Conducting Polymers

The discovery of conducting polymers (Shirakawa et al., 1977) opened a
new era in materials science and technology. The important discovery of high
conductivity of iodine doped conjugated polymer (polyacetylene) led to the Nobel
Prize in Chemistry for 2000 being awarded to Alan Heeger, A. J. Mac Diramid
and Hideki Shirakawa for their pioneering development of electrically conducting

polymers (Heeger, 2001; MacDiarmid, 2001; Shirakawa, 2001). Since the



revolutionary discovery of polyacetylene, the development of the field of
conducting polymers has continued to accelerate at an unexpectedly rapid rate and
a variety of other conducting polymers and their derivatives have been discovered.

Fig. 1.1 shows examples of few conducting polymers.
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Figure 1.1 Examples of few conducting polymers

Professor Ranby B. (1993) designated conducting polymers as the ‘fourth
generation of polymeric materials’ in his lecture at the Nobel Symposium (NS-
81). Conducting polymers are macromolecules with conjugated m bonds in the
main chain. The overlapping between the molecular orbitals in the polymer back
bone leads to the delocalization of the electrons along the polymer chain and these
delocalized m electron system is responsible for the interesting electronic and
optical properties of the conducting polymers. The properties of conducting
polymers are very different from other polymers in conductivity, but similar in
their lightweight, low cost, moldability, etc. This class of polymer can undergo

drastic change in conductivity during the interaction with acid or alkaline



materials. Due to the chemical versatility of conducting polymers, researchers
around the globe are motivated to investigate their applications in many areas
including light emitting diodes (Burroughes et al., 1990; Chen B. et al., 2014;
Gustafsson et al., 1992; Kuik et al., 2014; Sessolo et al., 2013; Tsai et al., 2014),
sensors (Dong L. et al., 2013; Gopalakrishnan and Dichtel, 2013; Hua et al., 2014;
Liao et al., 2013; McQuade et al., 2000), field effect transistors (Huang H. et al.,
2014; Sirringhaus et al., 2000; Tseng et al., 2014; Zhou et al., 2014), batteries
(Guo et al., 2011; Zhang Q. et al., 2013), super capacitors (Kumar et al., 2012;
Snook et al., 2011; Sun M. et al., 2014), actuators (Han and Shi, 2004; Jager et al.,
2000; Nguyen et al., 2012), solar cells (Chen Z. et al., 2014; Hoppe et al., 2004;
Huynh et al., 2002; Kim et al., 2006; Li W. et al., 2014; Price et al., 2011),
electromagnetic shielding materials (Koul et al., 2000; Varshney et al., 2014;
Wang Y. and Jing, 2005), etc.

Generally conducting polymers are conjugated polymers, which are
organic semiconductors. Analogous to semiconductors, electrons in conjugated
polymers are also organized in bands rather than discrete levels. The ground state
bands are either completely filled or completely empty (Skotheim, 1997; Nalwa,
2007). This band structure originates from the splitting of interacting molecular
orbitals of the constituent monomer units in a manner reminiscent of the band
structure of solid-state semiconductors. The highest occupied band is known as
valance band and the lowest unoccupied band is known as conduction band. The
difference in energy between these bands is the band gap of the polymer. The
control of the band gap by manipulating chemical structure of the polymer can
tune the electrical and optical properties of the polymer (Roncali, 1997). In
metals, valance band overlaps the conduction band and all the electrons are
available for conduction. But in insulators, the electrons in the valence band are
separated by a large gap from the conduction band and hence the entry of
electrons from valance band to conduction band is restricted at ordinary
temperatures. In semiconductors, the band gap is small enough so that the thermal

energy can bridge the gap for a small fraction of electrons.



Conjugated polymer is a semiconductor with finite band gap, hence
transforming it into a conductor requires the introduction of charge carriers in the
polymer chain. This can be achieved by addition (reduction) or removal of
electron (oxidation) from the polymer chain and this process is known as doping
of conjugated polymers. Doping induces conductivity in conjugated polymers
because of two reasons; (i) doping introduces more number of charge carriers into
the electronic structure of the polymer, and (ii) the carrier delocalization along the
polymer chain is achieved by the attraction of the electron in one repeat unit to the
nucleus of the other repeat unit and it is extended to three dimensions through
inter chain electron transfer (Heeger, 2001). When an electron is removed from
the polymer chain by oxidation, a radical cation is created, but it does not
delocalize completely. Partial delocalization occurs over several monomer units
and thus the monomer units deform structurally. The partially delocalized radical
cation is known as polarons. The distortion produced by these polarons is of high
energy than remaining portion of the chain and this high energy states are known
as polaron states formed in between the band gap. Hence doping creates new
localized electronic states in the band gap with the lower energy levels being
occupied by a single unpaired electron (Bredas and Street, 1985). A second
electron can be removed from the polymer chain in two ways; it can be either
from the polaron or from anywhere in the polymer chain. If an electron is
removed from the polaron, it generates a bipolaron. Bipolarons can be defined as
a pair of like charges associated with a strong local distortion and it is of high
energy and thus short lived. Conduction by polarons and bipolarons is the
dominant mechanism of charge transport in polymers with nondegenerate ground
states. The conductivity of the doped polymer depends on many factors like
nature and concentration of dopants, homogeneity of doping, crystallinity and

morphology of the polymer.

1.1.1. Polyaniline
Among the conjugated polymers, polyaniline is the most studied
conducting polymer. Polyaniline exhibits diversity in its backbone structure. It has

amine and imine segments in the backbone of the polymer chain. The protonation,



deprotonation and various other physicochemical properties of the polyaniline is
due to the presence of the chemically flexible -NH— group flanked either side by
phenyl rings. Polyaniline exists in four oxidation states, namely, leucoemeraldine
base, emeraldine base, emeraldine salt and pernigraniline. Among these,

emeraldine salt, as shown in Fig. 1.2, is the only conducting form of polyaniline.
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Figure 1.2 Structure of polyaniline emeraldine salt

Polyaniline emeraldine salt of mineral acids is having high conductivity,
but they are mostly insoluble. This lack of solubility and processability is related
to the rigidity of the polymer chain, which is a direct consequence of the high
level of conjugation of the polymer. The use of organic acids as dopants is
recognized as one important solution for improving the processability of
polyaniline. Cao and co-workers (1992) were the first group to notice a large
improvement in the solubility of polyaniline doped with organic acids and such

improvement in processability are termed as ‘counter ion-induced processability’.

Several efforts have been directed towards functionalization,
copolymerization and blending of polyaniline to enhance its solubility. Yue et al.
(1991) introduced sulphonic acid groups in the polyaniline chain to make it a self
doped polymer and the solubility of polyaniline is improved significantly. Chan et
al. (1995) synthesized water soluble self doped conducting polyaniline from poly
(o-aminobenzylphosphonic acid) and its sodium salt. Ruiz et al. (2013) improved
the processability of polyaniline by treating with different thermoplastic matrices
such as polycaprolactone and polybutylene terephthalate using compression and
extrusion methods. Cooper and Vincent (1989) prepared electrically conducting
organic films by casting aqueous dispersions of mixed polymer lattices (one

lattice is the conducting polypyrrole or polyaniline and other is the film-forming



lattice of 1:1 co-polymer of polymethyl methacrylate and polybutyl acrylate) on

supporting glass microscope slides.

Preparation of colloidal dispersion is another method of improving
processability of polyaniline. Dispersions have been prepared by emulsion
polymerization of aniline in the presence of steric stabilizers such as surfactants,
water soluble polymers or silica colloids (Stejskal and Sapurina, 2004; Tadros et
al., 1992). Since these dispersions are mixtures of polymer and steric stabilizers, it
will affect the properties of polyaniline. If polyaniline is doped with a protonic
acid the backbone of the emeraldine form of polyaniline will be positively
charged (Fig. 1.2). So a stable colloid could be formed through electrostatic
repulsion without using steric stabilizers if the particle size is sufficiently small.
Li and Kaner (2005) provided a simple and environment friendly synthesis of self
stabilized polyaniline colloids by simply purifying chemically prepared nanofibers
and controlling the pH. The stable colloids were formed at around pH=2.6 through
electrostatic repulsion without any chemical modification or steric stabilizer. Li X.
et al. (2008) also prepared stabilizer free colloids of polyaniline nanofibers in the
presence of f-cyclodextrin and the colloid was found to be stable for 60 days

without any steric or electrostatic stabilizer.

Synthesis in nano dimension is another important method of improving
the solubility and processability of polyaniline. Various methods have been
reported for the synthesis of polyaniline micro or nanostructures including
electrochemical, template, enzymatic, plasma, heterophase, solution, interfacial,
seeding, metathesis, sonochemical, self assembling polymerizations, etc. Out of
these methods, template synthesis is extensively investigated. The templates can
be mainly classified as hard or soft. In hard template method, the desired material
with the desired shape is synthesized within the pores of a template and the
template is removed after the synthesis. One of the important features of this
method is the possibility for the synthesis of one dimensional
micro/nanostructured polyaniline with controllable diameter, length and

orientation (Wu and Bein, 1994). However, there are several disadvantages for



this method. Tedious post treatments are required for the removal of the external
template and these post treatments may destroy the nanostructures. Also the size
and morphology of the available templates are limited. The soft template method
is another simple, cheap and powerful method for the synthesis of polyaniline
nanostructures. It does not require any external template or the complex post
treatments. In this approach, polyaniline is synthesized in the environment of a
template formed by a surfactant or any other material organized in a particular

nanostructure.

The accidental discovery of polyaniline nanotubes by a conventional
in situ doping polymerization in the presence of B-naphthalene sulphonic acid
(B-NSA) later lead to the development of a new method for the synthesis of
polyaniline nanostructures (Qiu et al., 2001). This method is called as template-
free method because no external templates are used. Organic dopants like f—NSA,
azobenzene sulphonic acid (ABSA), D-10 camphor sulphonic acid (D-10-CSA),
etc., have been used for the synthesis of self assembled polyaniline nanostructures
by template-free approach. Wei et al. (2002) synthesized polyaniline
micro/nanostructures (microtubes, nanotubes and nanofibers) using f—NSA as the
dopant and found that the formation mechanism is different when the
[NSA]/[aniline] ratio is changed. They reported that NSA-aniline salt precipitate
is acting as a template. Huang and Wan (2002) used ABSA as the dopant to
synthesize nanotubes and nanofibers of polyaniline with photoisomerization
function. Lijuan and Meixiang (2002) synthesized self assembled polyaniline
nanotubes with 80-100 nm diameters by the template-free method using D-10-
CSA as the dopant. Wei et al. (2003) reported the formation mechanism of sub
micrometer sized tubes of conducting polymers (polyaniline and polypyrrole) and
their junctions and dendrites, through a self assembly approach. This result
provides a new method to synthesize complicated nanotubular structures by
simple self assembly. Zhang L. et al. (2004) systematically studied the effect of
hydrogen bonding on self assembled polyaniline nanotubes in the presence of
different carboxylic acids such as propionic acid, lactic acid, succinic acid, malic

acid, tartaric acid, and citric acid. The nanotubes aggregated to dendrites when



carboxylic acids with a hydroxyl group are used. The research group of Zhang and
Wan (2003) studied the self assembly of polyaniline nanotubes to hollow
microspheres by simply changing the molar ratio of the dopant (salicylic acid) to
monomer. The same group also reported the chiral nanotubes of polyaniline
synthesized by a self assembly process in the presence of dopants L-CSA and D-
CSA. Polyaniline microtubes with hexagonal cross-section are formed in the
presence of 8-hydroxy quinoline as the dopant (Liu et al., 2011). Yang et al.
(2005) synthesized polyaniline nanofibers of diameter 120-370 nm by self
assembly process using a self doping monomer (0-aminobenzenesulphonic acid-
SAN) along with aniline. Here SAN acts both as self doping monomer and
surfactant. Chiou et al. (2007) demonstrated that excess oxidant (ammonium
persulfate) preferentially forms highly uniform, extra long nano fibers/nanotubes.
The formation of aniline dimer cation radicals can act as an effective surfactant to
shape the polyaniline morphology. In general, the morphology and size of the
nanostructures synthesized by the template free method can be altered by the

reaction conditions, monomer to dopant ratio, the amount of the oxidants, etc.

Various applications of polyaniline like light emiting diodes (Chen et al.,
1996), electrode materials (Domingues et al., 2011; Dong Y. P. et al., 2013; Li Q.
et al., 2008), sensors (Huang et al., 2002; Huang et al., 2004), CO, adsorption
(Kemp et al., 2013), EMI shielding (Koul, et al., 2000), electrochemical actuators
(Sansifena et al., 2003), super capacitors (Wang et al., 2009), etc. are extensively
studied in the past years because of its excellent characterestics. Among the wide
range of applications, the electronic state of the polyaniline leads to potential

applications like optical limiting, and photocurrent generation applications, etc.

1.2. Optical Limiting Applications

Following the demonstration of first functioning laser (Maiman, 1960),
optical limiting materials are thoroughly investigated. As the power of laser
increases, demand for the protection from lasers becomes greater. Protection from
high intense laser beams is one of the great apprehensions from public safety and

technological perspective. Various materials including organic dyes,



organometallics, fullerenes, semiconductors, etc. are studied for optical limiting
applications (Balapanuru et al., 2010; Krishna et al., 2011; Zhang et al., 2009a;
Zhu et al., 2011). Other than laser protection, optical limiting materials can also
be used for pulse shaping and smoothing, pulse compression, etc. (Band et al.,

1986).

Optical limiting is a nonlinear optical process in which the transmittance
of a material decreases as the incident light intensity increases. An optical limiting
material will attenuate high intensity laser beams while exhibiting transmittance
under low intensity regime. A good optical limiter should satisfy the following
conditions: large nonlinear absorption coefficient, low limiting threshold, high
damage threshold, wide dynamic range, low scattering losses, ultrafast response
time, broad band response, high linear transmittance and good mechanical and
thermal stability. A single material cannot provide all these requirements and
hence the devices are assembled by the combination of various optical limiters

with these properties.

Optical limiting in a material arises through various nonlinear optical
mechanisms like nonlinear absorption, nonlinear refraction, nonlinear scattering,
etc. The common mechanisms leading to nonlinear absorption are reverse
saturable absorption (RSA), multi photon absorption (MPA), free -carrier
absorption (FCA), etc. RSA is observed for the first time by Giuliano and Hess,
(1967) while studying the Q-switching of a laser cavity with organic dye
molecules. RSA occurs when the excited state absorption cross-section of a
molecule is larger than the ground state absorption cross-section at the input
wavelength. In the case of MPA, an electron is excited from the ground state to
excited state by simultaneous absorption of two or more photons through a virtual
intermediate state. Free carrier absorption (FCA) is mainly observed in
semiconductors, where absorption of photon promote electron to conduction band.
The generated free carriers can be excited to higher lying states by the absorption
of additional photons and it is known as free carrier absorption. Optical limiting is

also possible by nonlinear refraction due to the change in refractive index induced



by high external electric field. Nonlinear refraction may arise from molecular
reorientation, the electronic Kerr effect, excitation of free carriers,
photorefraction, or optically-induced heating of the material (Marrucci et al.,

1998).

Optical limiting can also be achieved by nonlinear scattering. Nonlinear
scattering is possible through two ways; by the laser induced formation of new
scattering centers or by the laser induced changes in the refractive index
difference between existing scatter centers and their surroundings. Optical limiters
based on nonlinear scattering in dispersions depend upon the liquid media because
the process in such media is often reversible. In solids the scattering centers are
generated due to irreversible decomposition processes that can lead to degradation

in the linear operation of the device (Tutt and Boggess, 1993).

Wide varieties of materials are studied for optical limiting applications
based on different mechanisms. Recently, researchers are focusing on the
synthesis of optical limiting materials and the design of laser protecting devices.
Materials like semiconducting and metal nanoparticles, organic molecules like
porphyrins, phthalocyanines, etc. are extensively studied for optical limiting
applications. Polyaniline emerged as a widely studied group of nonlinear optical
material (Chen et al., 1994; de Souza et al., 1995; Mattes et al., 1991; Osaheni et
al., 1992; Pandey et al., 2009; Sezer et al., 2009). Interest in the nonlinear optical
properties of polyaniline for potential applications in photonic devices has grown
tremendously due to its fast response time (sub picosecond), high damage
threshold and ease of fabrication. Optical nonlinearity of polyaniline is due to its
nonlinear absorption. Carbon nanomaterials like fullerene, carbon nanotubes and
graphene are another interesting class of optical limiting materials. Discovery of
optical limiting in Cg is one of the most important developments for the scientific
community and it is considered as the bench mark material for optical limiting

applications.
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1.3. Photocurrent Generation Applications

Conducting polymer electronics has become an attractive field in recent
years because of its potential applications as light emitting diodes (Braun and
Heeger, 1991), transistors (Paloheimo et al., 1990), photodiodes (Admassie et al.,
2006), photovoltaic devices (Huynh, et al., 2002; Zhang et al., 2002) etc.
Polyaniline, owing to its high absorption in the visible range, good charge carrier
mobility and stability, is an attractive candidate for photocurrent generation
applications. Desilvestro and Haas (1991) examined the occurrence of two types
of photoinduced currents in polyaniline under illumination with visible light.
Kilmartin and Wright (1996) studied the photo effects in polyaniline electrode in
insulating state as well as in conducting state. Bubb et al. (2005) studied the
persistent photoconductivity in polyaniline thin films. But the photocurrent
generated by conducting polymers is relatively low because of the high exciton
binding energies. So strategies are adopted to make bilayer or bulk heterojuction
donor-acceptor system by blending or hybridizing conjugated polymers with
efficient and stable acceptor materials like carbon nanomaterials (Chatterjee et al.,

2013; Kymakis et al., 2007; Liu Q. et al., 2009; Liu et al., 2010).

Hybrids of p-type conducting polymers with n-type graphene or CNT
facilitate the formation of bulk heterojuction structures. Such materials are
promising candidate for photocurrent generation and hence suitable for photo
detector or solar cell applications. The bulk heterojuction structures have a lot of
advantages over layered structures. In the case of a single layered device, an
organic semiconductor is sandwiched between two electrodes with different work
functions (Marks et al., 1994) and electrons from the low-work-function electrode
will flow to the high-work-function electrode until the Fermi levels are equalized.
This built in electric field developed by the asymmetric work function of
electrodes is not sufficient to achieve the exciton dissociation because of the high
binding energy of excitons (0.1-0.4 eV) in polymer semiconductors. In the
devices, the exciton dissociation happens only at the interfaces between polymer
and the cathode and most of the excitons generated are recombining before it

reaches the interface. The low mobility of charge carriers in conducting polymers
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is another disadvantage, which increases the chance of recombination. These
problems can be overcome by fabricating bilayer devices, i.e., by inserting an
acceptor layer in between donor layer and the electrodes (Tang, 1986). In the
bilayer structure, the energy difference between the donor and acceptor provides a
sufficient energy to overcome the intrinsic exciton binding energy and excitons
can be efficiently separated. However, such a structure has limited interfacial
areas for dissociation of excitons, which led to the development of bulk
heterojuction structures. In bulk heterojuction hybrid structures each donor site is
within a distance less than the exciton diffusion length of donor-acceptor

interface.

The above discussed advantages of bulk heterojuction system prompted
us to study the photocurrent generation of the polyaniline hybrids of carbon
nanotubes and graphene. General properties and applications of carbon nanotubes

and graphene are discussed in the following sections.

1.4. Carbon Nanotubes

Carbon nanotube, an important carbon allotrope, exists in two forms
namely, single walled carbon nanotube (SWNT) and multiwalled carbon nanotube

(MWNT) as shown in Fig.1.3.

SWONT MWONT

Figure 1.3 Structure of single walled and multiwalled carbon nanotubes.
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The inherent electrical properties of carbon nanotubes are determined by
the chiral vector, along which the graphene is hypothetically rolled to form the
nanotube. Carbon nanotubes have excellent mechanical properties (high stability,
strength and stiffness) combined with low density and elastic deformability with
special surface properties (selectivity, surface chemistry). CNT can be metallic or
semiconducting depending on the crystal structure of the material. Superior
optical limiting action of CNTs than carbon black and fullerenes is reported for
the first time by a research group from National University of Singapore (Chen,
1999). The optical limiting performance, dynamics and mechanism of CNT
suspensions are studied in detail by many research groups (Anglaret et al., 2000;
Sun et al., 2000; Vivien et al., 2000a; Vivien et al., 2000b; Vivien et al., 2002).
Carbon nanotubes show optical limiting behaviour by nonlinear scattering due to
the laser induced formation of new scattering centers. The new scattering centers
may be thermally induced solvent bubbles or the micro plasmas generated by the
sublimation of carbon nanotubes. However, the large surface energy of nanotubes
restricts the dispersion in most of the solvents. So polymers or organic molecules
can be employed to covalently or noncovalently solubilize CNTs. The conjugated
polymer PmPV is studied as an appropriate polymer to disperse CNTs while
retaining the optical response (Curran et al., 1998). O'Flaherty et al. (2003)
studied the optical limiting applications of carbon nanotube dispersions in PmPV.
Recent research in this field focuses on the synergetic combination of nonlinear
scattering carbon nanotubes with reverse saturable absorbing materials for

enhanced optical limiting action.

Carbon nanotubes also have widespread applications in the field of
optoelectronics. The conjugated polymer-CNT hybrids will act as interpenetrating
bulk heterojunction and thus facilitate charge separation and transport of carriers
to electrodes. The high electric field at the junction can split up the excitons, while
carbon nanotube can act as a pathway for the electrons (Kymakis et al., 2003).
The common strategy to utilize carbon nanotube for photocurrent generation
applications is the dispersion of carbon nanotubes in electron donating conjugated

polymers like P3HT or P3OT. Various researchers reported the combination of
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carbon nanotubes with conjugated polymers for organic photovoltaic applications
(Ago et al., 1999; Miller et al., 2006; Kazaoui et al., 2005; Kymakis and
Amaratunga, 2002; Landi et al., 2005a; Landi et al., 2005b). Even though
polythiophene based hybrids of CNT are investigated for photocurrent generation,

the other conjugated polymer hybrids are not explored widely.

1.5. Graphene

Graphene is a 2D carbon allotrope having a honey comb lattice structure
with carbon-carbon distance of 0.142 nm (Geim, 2007). Graphene is isolated by
the scientists Andre Geim and Konstantin Novoselov at the University of
Manchester (Novoselov et al., 2004). They used a simple but effective mechanical
exfoliation method for extracting thin layers of graphene from a graphite crystal
with Scotch tape. The Nobel Prize in Physics 2010 was awarded to them for
successfully producing, isolating, identifying and characterizing graphene
(Katsnelson et al., 2006; Nair et al., 2008; Novoselov et al., 2005). Graphene is
the 2D building material for carbon nanomaterials of all other dimensionalities as

shown in Fig. 1.4.

Figure 1.4 Graphene and its descendants- Graphite (stacked graphene), Carbon
nanotubes (rolled graphene), and Fullerenes (wrapped graphene)
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Graphene is the thinnest and strongest material known. Monolayer
graphene is a good transparent conductor, as it possesses higher transparency of
97.7% in the visible region (Nair, et al., 2008). Even though graphene is almost
transparent, it is so dense that even the smallest helium atom cannot pass through
it. The research based on graphene materials has increased exponentially due to its
extraordinary electronic and optical properties, high carrier mobility, large
specific surface area (~2630 mz/g), superior mechanical strength (Young’s
modulus of (~1 TPa) and excellent electrical (().96)(106 S/cm) and thermal
conductivity (~5000 Wm/K). They can behave like relativistic particles and can

be described by Dirac’s equation for mass less fermions (Castro Neto et al., 2009).

The production of graphene by mechanical exfoliation of graphite is
limited to small scale applications. So, various CVD techniques and epitaxial
techniques have been developed for the large scale production of single layered or
few layered graphene on metal and SiC substrates (Li et al., 2009; Mattevi et al.,
2011; Yang et al., 2013). However, the use of metal substrates often necessitates a
transfer of the graphene onto other substrates. Moreover, these high temperature
techniques are not compatible for large area flexible electronics. A possible
solution to overcome this problem is to utilize solution based techniques for the
synthesis of graphene materials. Oxidative exfoliation of graphene followed by
the chemical reduction of graphite oxide (GO) is the most common and
economical method for the large scale production of reduced graphene oxide or
chemically functionalized graphene (Si and Samulski, 2008). The oxidation of
graphite leads to its exfoliation by the weakening the van der Waals interaction
between the layers and renders hydrophilic nature by the introduction of various
oxygen functionalities (He et al., 1998; Lerf et al., 1998). Although the GO itself
is an insulator, its graphitic network can be restored by the chemical reduction or
thermal annealing. The microscopic and electrical characterization of the reduced
graphene oxide reveal the formation of nanometer sized graphene sheets separated
by defect rich regions. The electrical characterestics of graphene are preserved
because the defect regions are small. Another advantage of this method is the

ability of GO with expanded d-spacing and large number of oxygen
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functionalities to act as a template for the formation of hybrids with various

inorganic and organic nanomaterials.

Graphene materials like graphene oxide (Liu Z. et al., 2009), graphene
fluoride (Bourlinos et al., 2012), etc. are known to exhibit important broad band
optical limiting action, making them an interesting candidate for optical limiting
devices. Lim et al. (2011) demonstrated giant broad band nonlinear optical
absorption in dispersed graphene sheets and Wang (2009) demonstrated the broad
band nonlinear optical behaviour of graphene dispersions. Feng et al. (2010)
investigated optical limiting properties of graphene families including graphene
and graphene oxide nanosheets and ribbons. Jiang et al. (2012) studied the broad
band optical limiting of graphene oxide thin films and found an enhanced
nonlinear absorption coefficient upon laser induced reduction. So the combination
of graphene with various reverse saturable absorbing materials is a recent strategy

to obtain very good optical limiting behaviour.

A major challenge in developing light harvesting devices is the effective
separation of photogenerated electron-hole pairs and the transfer of electron to
electrode. Graphene is a promising acceptor material (Liu Z. et al., 2008) and
charge carrier for the photocurrent generating devices due to its high specific
surface area, high mobility, tunable bandgap and the higher linear in-plane
dimensions (approximately 5 um) compared to the thickness (0.34 nm) (Charlier
et al., 1991; Schedin et al., 2007; Williams et al., 2007). Hence graphene hybrids
of p-type conjugated polymers are considered as an important class of hybrid
materials for the fabrication of donor/acceptor based devices for photocurrent

generation.

1.6. Scope and Objectives of the Thesis

As outlined in the above mentioned research outlooks, the combination
of donor/acceptor nanosystem is required for getting very good optical limiting
and photocurrent generation. The purpose of this research is to enhance the optical

limiting and photocurrent generation properties of conducting polyaniline by
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synthesizing nanostructures of polyaniline and hybrids of polyaniline with
graphene and multiwalled carbon nanotube. The main objectives of the research

work are summarized below:

1. Synthesis of polyaniline nanostructures by a novel inverse microemulsion
polymerization technique, its spectroscopic and microscopic characterization,
prediction of mechanism for the formation of nano polyaniline with
experimental support and the property evaluation based on optical limiting

and photocurrent generation.

2. Transparent film fabrication of polyaniline nanostructures using polymethyl
methacrylate (PMMA) as matrix, its characterization and optical limiting

property (energy dependant and concentration dependant) studies.

3. Synthesis of polyaniline-graphite oxide hybrid with noncovalent interactions
(by in situ polymerization of aniline in the presence of synthesized graphite
oxide), its characterization and evaluation of nonlinear optical (NLO) and

photocurrent generation properties.

4. Modification of graphite oxide by phenylene diamine grafting and synthesis of
polyaniline-phenylene diamine functionalized reduced graphene oxide
(GONH2) hybrid by in situ polymerization of aniline in the presence of
GONH2 (aiming covalent interaction between polyaniline and GONH?2), its

characterization and studies on NLO and photocurrent generation applications.

5. Synthesis of phenylene diamine functionalized MWNT (MWNTCONH?2),
hybridization with polyaniline by the in situ polymerization of aniline in the
presence of MWNTCONH?2, its characterization, NLO and photocurrent

generation property studies.
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6. Covalent grafting of polyaniline synthesized by inverse microemulsion
polymerization on reduced graphene oxide, its characterization and studies on

NLO and photocurrent generation properties.

1.7. Organization of the Thesis

Chapter 1 covers the background of the thesis specially focusing on
morphological effect of conducting polymers, the importance of graphene and

CNT hybrid systems for optical limiting and photocurrent generation applications.

Chapter 2 discusses the conceptual basis and details of the experimental
methods and characterization techniques like scanning electron microscopy
(SEM), transmission electron microscopy (TEM), X-ray diffraction (XRD),
Fourier transform infrared spectroscopy (FTIR), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy, Thermogravimetric analysis (TGA),
etc. Experimental set up for the NLO studies, dc-conductivity and photocurrent

measurements are also highlighted in chapter 2.

Chapter 3 describes the synthesis of nanostructured and processable
cube-like polyaniline by a novel inverse microemulsion polymerization technique
and its characterization. The formation mechanism for the cube-like polyaniline is
discussed with experimental support. The suitability of cube-like polyaniline for
optical limiting and photocurrent generation is reported. NLO properties of the

cube-like polyaniline film in PMMA matrix are also discussed.

Chapter 4 details the synthesis and characterization of graphite oxide,
preparation of polyaniline-GO hybrid with non-covalent interactions by in situ
chemical oxidative polymerization of aniline in the presence of GO and the
improved optical limiting and photocurrent generation of the hybrid compared to

pure polyaniline.

Chapter 5 deals with the design and synthesis of phenylene diamine
functionalized reduced graphene oxide (GONH2) and the preparation of
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polyaniline-GONH2 hybrid with covalent connections by simple in situ
polymerization of aniline in the presence of GONH2. Improved optical limiting,
dc conductivity and photocurrent generation of the hybrid compared to pristine

polyaniline and polyaniline-GO hybrid are also discussed.

Chapter 6 discusses the synthesis of phenylene diamine functionalized
multiwalled carbon nanotube (MWNTCONH?2), preparation of polyaniline-
MWNTCONH?2 hybrids with covalent connections and the optical limiting, dc-

conductivity and photocurrent generation of the hybrid.

Chapter 7 outlines the direct covalent grafting of the synthesized cube-
like polyaniline on reduced graphene oxide layers and the improved optical
limiting, dc conductivity and the photocurrent generation of the hybrid compared

to pristine cube-like polyaniline.
Chapter 8 summarizes the research work and results of this thesis. Future

work to improve the performance of the hybrid system studied and the promising

applications to be evaluated are suggested in this chapter.

19



CHAPTER 2
EXPERIMENTAL

This chapter details the synthesis of polyaniline and polyaniline hybrids of
graphene and MWNT and their film fabrication methods. Various characterization
techniques, techniques for nonlinear optical studies, DC conductivity measurements and

photocurrent generation studies are also discussed.

2.1. Synthesis

2.1.1. Materials
Toluenesulphonic acid (TSA), oleic acid, paraffin oil (light), 25%

ammonia solution (NH3), redox initiator ammonium persulphate (APS), 98%
sulfuric acid (H2SO4), 70% nitric acid (HNOs), potassium permanganate
(KMnOy), 30% hydrogen peroxide (H»>O;), benzoyl peroxide, methyl
methacrylate monomer, sodium sulfate, sodium hydroxide (NaOH), acetone,
methanol, m-cresol, and 2-propanol from Merck, India were used as received.
Monomer aniline, thionyl chloride and dimethylformamide (DMF), received from
Merck, India, were used after reduced pressure distillation. Phenylene diamine
was purchased from Spectrochem and used as such. Auxisol was used as the
stabilizer for the emulsion. Graphite powder (particle size < 20 pm), nafion
solution (5 wt % in water and lower aliphatic alcohols) and fluorine doped tin
oxide (FTO) coated glasses were purchased from Sigma Aldrich. Multiwalled
carbon nanotube (MWNT, 95 wt %, 5-15 nm diameter, 1-10 um length) was
purchased from Bucky USA.

2.1.2. Synthesis of cube-like polyaniline by inverse microemulsion

polymerization technique

Polyaniline cube-like nanostructures were synthesized by introducing a
novel inverse microemulsion polymerization technique. Paraffin oil-water
microemulsion was prepared by mixing oil and oleic acid in the presence of

ammonia solution and in situ generated ammonium oleate was acting as a
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surfactant. Aniline was polymerized in oil-water emulsion using 1 M TSA as
dopant, APS as initiator and auxisol as the stabilizer. The reaction was carried out
for 12 h with constant stirring at room temperature. For a detailed study on the
structure of polyaniline formed in the above mentioned emulsion, the reaction was
repeated by keeping the reaction time as 4 h and 8 h. In order to understand the
effect of inverse micelles of ammonium oleate for the formation of nanocube-like
structures, polyaniline was synthesized by chemical oxidative polymerization in
the absence of the emulsion system using TSA (I M) as dopant and APS as

initiator.

2.1.3. Synthesis of graphite oxide (GO)
GO was synthesized by a novel strategy adopted by simplifying

Hummers method (Hummers and Offeman, 1958). In Hummers method graphite
oxide was prepared by stirring powdered graphite and 50 g of sodium nitrate into
2.3 litres of sulphuric acid at 0 °C. Then 300 g of potassium permanganate was
added to the suspension. The temperature is increased to 35+3 °C, where it was
maintained for 30 min. At the end of 30 min., 4.6 litres of water was added and
the temprerature in increased to 98 °C and it is maintained at the same temperature
for 15 min.The suspension was further diluted to approximately 14 litres and
treated with 3% H,0O, and the suspension was filtered to get graphite oxide. In our
procedure , the commonly used NaNOs; treatment was avoided so that the
generation of toxic gases like NO, and N,O4 were avoided and the reaction was

carried out at low temperature (less than 10 °C).

2.1.4. Synthesis of polyaniline-GO hybrid

Polyaniline-GO hybrids were synthesized by the in situ polymerization of
aniline in the presence of synthesized GO using 1 M TSA as the dopant and APS
as the initiator at room temperature. Aniline:GO ratio chosen for the synthesis
were 4:1, 2:1, 1:1, and 1:2 and the samples were named as PxGy, where x is the
proportion of aniline and y is the proportion of GO. Pure polyaniline was also
synthesized in the absence of GO, while maintaining all other experimental

conditions the same.
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2.1.5. Synthesis of polyaniline-phenylene diamine functionalized

reduced graphene oxide hybrid

At first, GO was treated with catalytic amount of dry DMF and excess
amount of freshly distilled SOCI, under inert atmosphere at 80+2 °C for the
formation of acid chlorides and then phenylene diamine was grafted on it by the
amidation reaction to form phenylene diamine reduced graphene oxide (GONH?2).
Polyaniline-GONH2 hybrids were synthesized by the in situ polymerization of
aniline in the presence of synthesized GONH2 using 1 M TSA as the dopant and
APS as the initiator at room temperature. Aniline: GONH?2 ratios, 2:1, 1:1, and 1:2
were selected for the synthesis of hybrids and the samples were named as
PxNH2Gy, where x is the proportion of aniline and y is the proportion of
GONH?2. In this methodology, covalent bonds between polyaniline and reduced
graphene oxide are achieved because of the participation of phenylene diamine
groups attached to the reduced graphene oxide layers during the polymerization

reaction of aniline.

2.1.6. Synthesis of polyaniline-phenylene diamine functionalized

MWNT hybrid

Initially, carboxylic acid groups were introduced in MWNT by refluxing
pristine MWNT with 65% HNO; at 110+2 °C for 6 h. The powder obtained was
filtered, washed with distilled water, and dried at 80 °C. The acid functionalized
MWNT was then treated with excess amount of dry DMF and freshly distilled
SOCI, under inert atmosphere at 80+2 °C for the formation of acid chlorides.
Phenylene diamine was then grafted on it by the amidation reaction to form
phenylene diamine functionalized MWNT (MWNTCONH?2). Polyaniline-
MWNTCONH?2 hybrids were synthesized by the in situ polymerization of aniline
in the presence of synthesized MWNTCONH?2 using 1 M TSA as the dopant and
APS as the initiator at room temperature. Aniline:MWNTCONH?2 ratios chosen
for the synthesis of hybrids were 2:1, 1:1, and 1:2 and the samples were named as

PxNH2Cy, where x is the proportion of aniline and y is the proportion of
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MWNTCONH2. Covalent bonds between polyaniline and MWNT are formed by
this methodology .

2.1.7. Synthesis of cube-like polyaniline grafted reduced graphene
oxide hybrid (polyaniline-g-rGO)

The synthesized cube-like polyaniline was grafted on reduced graphene
oxide by a two step approach. First GO was treated with catalytic amount of dry
DMF and excess amount of freshly distilled SOCI, under inert atmosphere at
80+2 °C for the formation of acid chlorides. Then the dedoped cube-like
polyaniline dispersed in dry DMF was grafted on it through amidation reaction.

The dedoping of cube-like polyaniline was carried out by stirring the polyaniline

in the presence of NH;OH(1 M) for 24 h.

2.2. Film Fabrication

2.2.1. Fabrication of cube-like polyaniline and polyaniline-g-rGO
film in PMMA host for NLO studies

Weighed amount of cube-like polyaniline was dispersed in the monomer
(methyl methacrylate) by means of ultrasonication. The monomer/polyaniline
dispersion was then polymerized using benzoyl peroxide as the initiator. The
viscous polymer formed was immediately casted on a glass plate and dried in air.
By varying the concentration of polyaniline (0.02 to 0.1 wt % with respect to the
monomer), free-standing and flexible films with an average thickness of 0.25 mm
were fabricated. Polyaniline-g-rGO films in PMMA host were also fabricated by

the same method as discussed above.

2.2.2. Fabrication of films for photocurrent generation studies

Thin films of the samples were fabricated on clean FTO glasses. The
FTO glasses were cleaned by ultrasonication in acetone, methanol and distilled
water. The samples in cresol/nafion mixture were spin coated on FTO at 1500 rpm

for 1 min. After spin coating, the films were baked at 100 °C for 30 min.
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2.3. Characterization Techniques

A combination of spectroscopic, thermal and microscopic techniques
were employed to analyze the properties of materials synthesized for this research
work. Fourier transform infrared spectroscopy (FTIR) was used to understand the
structural features of the samples. Raman spectroscopy was used to analyze the
percentage defects in samples containing graphene and carbon nanotubes.
Crystallinity of the samples were analyzed using X-ray diffraction studies (XRD).
X-ray photoelectron spectroscopy (XPS) was used to analyze the elemental
composition of the samples. Characterestic absorption and emission of the
samples were studied using UV-visible absortion spectroscopy and fluorescence
spectroscopy respectively. Thermal decomposition pattern of the samples was
studied using thermogravimetric analysis (TGA). Zeta potential of the polyaniline
samples were measured using Malvern Zetasizer. Size, morphology and surface
features of the samples were studied by various microscopic techniques like
scanning electron microscopy (SEM), transmission electron microscopy (TEM)

and atomic force microscopy (AFM).

2.3.1. Spectroscopic techniques
2.3.1.1. Fourier transform infrared spectroscopy

Infrared spectroscopy is the most popular chemical characterization
technique for structural analysis. An infrared spectrum gives characteristic
absorption peaks corresponding to the vibrational frequency of bonds between the
atoms in the material. In an infrared spectrometer, infrared radiation of
successively increasing wavelength is passed through the sample and the
percentage of absorbance is measured. During exposure to the radiation, some of
the incident frequencies will be in resonance with the molecular vibrations. This
resonance allows the exchange of energy between the incident electromagnetic
wave and the molecular vibrations and the absorbed frequencies are recorded as a
spectrum. The Fourier transform spectrometer contains an interferometer that
produces a Fourier spectrum which gives the distinct frequencies absorbed from
the IR spectrum. By utilizing the FTIR spectroscopy a significant improvement in

the quality of the infrared spectra and acquisition time is achieved (Griffiths and
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Hasseth, 2007; Robert, 1990 ).

The instrument used for the present study was Perkin Elmer 100 FTIR
spectrometer with diffuse reflectance accessory. Spectral range and optical
resolution of the instrument is 4500-450 cm™ and 0.5 cm™ respectively. The
samples were diluted with KBr before the measurement and each sample was

scanned 32 times.

2.3.1.2. Raman spectroscopy

Raman spectroscopy is a spectroscopic technique based on inelastic
scattering of a monochromatic light, usually from a laser source (Gardiner, 1989).
When light of a certain wavelength interacts with a molecule, most of the photons
are elastically scattered and therefore have the same energy of the incident
photons. However, a very small fraction is inelastically scattered, hence the
energy of scattered photons is different from that of the incident photon. In Raman
spectroscopy, the incident photons have much greater energy than that of the
molecular vibrations, because a very small fraction of the incident photons gains
energy from the molecular vibrations. This shift in energy gives information about
the molecular vibrational modes in the system. Raman spectroscopy is a powerful
tool to study the sp’ and sp’ hybridizations of carbon atoms in carbon
nanostructures and it is largely utilized for analyzing the defects in graphene and

CNTs.

The Raman spectrum of the powder samples under study was recorded in

WiTech alpha 300 Raman system excited with 488 nm.

2.3.1.3. X-ray diffraction studies

XRD is a very useful tool to identify crystalline phases and orientation,
hence helps in determining the structural properties of the crystalline materials. In
a typical X-ray diffractometer, X-rays generated by a cathode ray tube, is filtered
to produce monochromatic X-rays, collimated to concentrate and direct towards

the sample. The dominant effect that occurs when an incident beam of
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monochromatic X-rays interacts with a target material is the scattering of the X-
rays from atomic lattices within the target material. In crystalline materials, the
scattered X-rays undergo constructive and destructive interference. The diffraction
of X-rays by crystals is described by Bragg’s Law, nA=2d sinf (Bragg, 1912). The
directions of possible diffractions depend on the size and shape of the unit cell of
the material. The intensities of the diffracted waves depend on the kind and
arrangement of atoms in the crystal structure. When a powder with randomly
oriented crystallites are placed in an X-ray beam, the beam will see all possible
inter atomic planes. If the scanning angle of the detector is systematically
changed, all possible diffraction peaks from the powder will be detected.
Calculation of d-spacing from diffraction peaks allows the identification of the
material, because each material has a set of unique d-spacings. Material
identification is achieved by the comparison of calculated d-spacings with

standard reference data.

Bruker AXS D8 advance X-ray diffractometer with Cu Ko (A=1.54 A)
radiation was used for XRD studies of the synthesized powder samples. XRD

pattern was recorded in the range 26 =5° to 26 =50°.

2.3.1.4. X-ray photoelectron spectroscopy

XPS is a quantitative spectroscopic technique that measures the surface
elemental composition at parts per thousand range. It also gives information about
chemical and electronic state of the elements. The spectrum is recorded by
measuring the kinetic energy and number of electrons ejecting from the material
by irradiating with a beam of soft X-rays (with a photon energy of 200-2000 eV).
The characterestics of the electrons escaping from the top 0 to 10 nm of the
material being analyzed can be obtained by this technique. Each core atomic
orbitals of elements are associated with a characteristic binding energy, hence
each element will give a set of peaks in the photoelectron spectrum. Moreover, the
intensity of the peaks is related to the concentration of the element. Thus, the
technique provides a quantitative analysis of the surface composition and is

known by the alternative acronym, ESCA (Electron Spectroscopy
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for Chemical Analysis). The shape and binding energy of each peak can be
changed by the chemical state of the emitting atom. Hence XPS also provides
chemical bonding informations. (Kai et al., 1967). XPS can detect all the elements

except hydrogen or helium.

In our studies, Kratos Axis ultra photoelectron spectrometer with a
monochromatic Al Ka X-ray source (1486.6 eV) was used to study the elemental

compositions of the sample. The samples under study were in the powder form.

2.3.1.5. Ultraviolet-visible absorption spectroscopy

UV-visible absorption spectroscopy is the measurement of the
attenuation of a beam of light in the visible, near-UV and near-infrared ranges
after transmitting or reflecting from a sample surface.In this region of
the electromagnetic spectrum, the energies are sufficient for electronic transitions
(Skoog et al., 2007). Various kinds of electronic excitations are possible in
organic molecules such as n-n*, n-n*, n-o*, n-0*, o-n* and o-0 *. Out of these six
transitions, only two lowest energy transitions (n-n*, m-n*) are possible by the

energies available in the 200 to 800 nm spectrum.

The light source commonly used is deuterium discharge lamp for UV
measurements and a tungsten-halogen lamp for visible and NIR measurements. A
combination of photomulplier tube and a Peltier-cooled PbS IR detector is used in

UV-visible-NIR spectrometers.

Optical absorption measurements of the powder samples were recorded

in 2-propanol using Cary 100 Bio UV-visible spectrophotometer.

2.3.1.6. Fluorescence spectroscopy
Fluorescence spectroscopy analyzes fluorescence from a sample.
Fluorescence occurs when a fluorophore is excited into a higher electronic state

by absorbing an incident photon and returning to the ground state by emitting a
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photon. A fluorescence emission spectrum is recorded by scanning the emission

beam as a function of wavelength at a particular excitation wavelength.

A typical fluorescence spectrometer (spectrofluorometer) contains a
sample holder, a xenon lamp, monochromators, focussing optics and a detector.
The detector is commonly kept at 90 degrees to the light source. Jobin Yvon
Flurolog 3-11 spectrofluorometer was used for the measurements of the samples

under study. The samples were dispersed in 2-propanol (1 mg in 5 ml).

2.3.2. Thermogravimetric analysis

TGA is a technique which records the weight loss of a substance as a
function of temperature, when it is subjected to an environment heated or cooled
at a controlled rate (Coats and Redfern, 1963). TGA provides information about

physical phenomena as well as chemical phenomena.

A thermogravimetric analyzer consists of a sample pan with a precision
balance. The pan is heated or cooled in a furnace during the experiment. Usually a
null type balance with a sensing element is used to detect change in mass. The
sample environment is controlled by a purge gas, which may be inert or reactive.
The heating can be programmed in a controlled rate. Usual sample size is between

I mg to 10 mg.

Thermal studies of the samples were done using thermogravimetric
analyzer (TGA Q50, TA instruments) at a heating rate of 10 °C/min under

nitrogen atmosphere from room temperature to 800 °C.

2.3.3. Zeta potential measurements

Zeta potential analysis determines the magnitude of surface charge of the
particles in a colloidal dispersion. It measures the degree of repulsion between
similar charges in a colloid. It is the fundamental parameter affecting the stability
of a dispersion. The Zeta potential values usually range from -100 mV to +100

mV. Stable dispersion usually have a zetapotential values greater than +25 mV or
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less than -25 mV. The dispersion of particles with zeta potential outside this range

will eventually aggregate due to van der waals attractions.

To get insight into the self assembled nanostructures of polyaniline, the
Zeta potential values of polyaniline dispersions in 2-propanol was studied using

Malvern Zetasizer Nano ZS.

2.3.4. Microscopic techniques
2.3.4.1. Scanning electron microscopy

Similar to an optical microscope SEM provides topographical
information of the specimen being investigated, but with a nanoscale resolution.
Conventional light microscopes use a series of glass lenses to create a magnified
image, where as an electron microscope creates magnified image by using
electrons instead of light waves. SEM is an electron microscope that images
sample by scanning it with high energy beam of electrons. The electrons interacts
with the atoms of the sample and produces signals with information about sample
surface topography, composition, etc. SEM produces signals including secondary
electrons, backscattered electrons (Goldstein, et al., 1981), characteristic X-rays,
cathodoluminescence, transmitted electrons etc. The most common detector is
secondary electron detectors. Using secondary electron detector, SEM can
produce very high resolution images of a sample surface, revealing details about
less that 1 to 5 nm in size. SEM images have a large depth of field, hence a
characteristic 3 D appearance due to the very narrow electron beam. A wide range

of magnification is possible from about 10 times to more than 500000.

For SEM imaging, the specimen must be electrically conductive at least
at the surface to prevent the accumulation of electrostatic charge on the surface.
When scanned by the electron beam, nonconducting specimens tend to charge and
this causes scanning faults. So the specimens are usually coated with conducting

materials like gold.

In our work, the specimen for SEM were prepared by drop casting the
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dispersion of the samples in 2-propanol on a piece of carbon tape and the
morphology of the samples were analyzed using FEI Quanta FEG 200 high

resolution scanning electron microscope.

2.3.4.2. Transmission electron microscopy

In this technique, a beam of electrons accelerated with 100 kV potential
or higher (up to 1 MV) is transmitted through an ultra thin specimen (usually less
than 200 nm in thickness). TEM provides information on the sample morphology
at a resolution of Inm or even smaller, crystallography and its elemental
composition. The scattering of the electrons during the transmission determines
the kind of information about the sample. Through elastic scattering, electrons do
not lose energy during the transmission and diffraction patterns of the samples can
be observed. Whereas, inelastic interaction between the primary electrons and the
electrons from the sample at the heterogeneities of the nanostructures causes a
complex absorption and scattering effects and produces spatial variations in the
intensity of the transmitted electrons, which can be distinguished by the detector

during image formation.

For imaging using TEM, samples dispersed in 2-propanol was placed on
the inner meshed area of TEM grid made up of Cu. It has a diameter of 3 mm with
a thickness and mesh size ranging from few to 100 pm. The sample was dried
under vacuum before imaging. TEM imaging was done using FEI Quanta high

resolution transmission electron microscope.

2.3.4.3. Atomic force microscopy

AFM is a high resolution scanning probe microscope. AFM scan the
specimen using a sharp tip (a couple of microns long and less than 100 A
diameter) located at the free end of a cantilever. When the tip is brought closer to
the sample surface, the van der Waals interaction between the tip and sample lead
to a deflection of the cantilever according to Hooke’s Law (Cappella and Dietler,
1999). The deflection of the cantilever is measured using a laser spot reflected

from the top surface of the cantilever in an array of photodiodes.
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Depending on the applications, there are number of modes of operation
in AFM. Most common are contact or non-contact modes (Binnig and Quate,
1986). In contact mode, the cantilever is scanned across the surface of the sample
and the surface features of the sample are measured directly using the deflection
of the cantilever. The tip is held at a distance less than few A from the sample
surface and the force between the tip and sample is repulsive. When the cantilever
pushes the tip against the sample, it bends and the position of the laser beam on
the detector changes. The position sensitive photodetector can measure
displacements of light due to cantilever deflections as small as 10 A. Generally in
non-contact mode, the tip of the cantilever is oscillated at its resonant
frequency or just above (Gross et al., 2009). The van der Waals forces between
the sample and tip decreases the resonance frequency of the cantilever. Then by
adjusting the average tip-to-sample distance, the feedback loop system maintains
a constant oscillation frequency or amplitude. Measuring the tip-to-sample

distance at each data point constructs the topographic image of the sample.

The samples for AFM were prepared by dropcasting the dispersion in
isopropyl alcohol on freshly cleaved mica surface and imaging was done using
Agilent technologies N9451A atomic force microscope (AFM) in non contact

mode.

2.3.5. NLO studies

Open aperture Z scan technique developed by Sheik Bahae et al. (1990)
was used to study the third order NLO properties of the samples. The rapid
acceptance of Z scan technique as as a standard technique for separately
determining the nonlinear changes in the index and changes in absorption is
primarily due to the simplicity of the technique as well as the simplicity of the

interpretation.

A Q-switched Nd:YAG laser (Minilite continuum) with pulse width of 5

ns at the excitation wavelength of 532 nm operating at 10 Hz was used as a source
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and a lens of 10 cm focal length was used to focus the laser. The sample
dispersed in DMF at a linear transmittance of 75% was mounted on a computer
controlled translation stage. While moving the sample through the focus along the
laser direction, the input energy as well as the transmitted energy were measured
by two similiar pyroelectric energy probes (RjP 735, Laser Probe Corp.), which
were connected to an energy meter (RJ7600, Laser Probe Corp.). The
experimental set up for the open aperture Z scan technique is sketched in Fig.

2.1.

Lens

Beam splitter _ Sample
[\ —

Nd:YAG laser L W
532nm B

Detector2
l Z i

Detector1 (Reference detector)

Figure 2.1 Open aperture Z scan experiment set-up for measuring the nonlinear
absorption properties of the materials (Sutherland, 2003).

The incoming beam was first split by a beam splitter. The reflected light
was recorded by detector 1 (D;), as a reference. The transmitted light was focused
by a convex lens and the power of the light transmitted through the sample was
measured by detector 2 (D,). Then the information of the nonlinearity can be
derived from the ratio of D, to D; as a function of the position z (relative to the
focal plane). In open aperture Z scan technique, the entire energy transmitted
through the sample is collected. So the reduction in transmittance measured is
independent of the nonlinear refraction and thus can be used to determine the
nonlinear absorption coefficient. The nonlinear absorption coefficient can be

extracted by fitting the experimental data with the Z scan theory.

In the Z scan experiment, the thickness of the sample L should be smaller

than the diffraction length of the focused beam (L < Z, = 7@, / 1 ,®,is the beam

waist). In this case, the sample length is small enough that changes in the beam

diameter within the sample due to either diffraction or nonlinear refraction can be

33



neglected, the sample can be regarded as thin sample, in which the self-refraction

process can be referred to as “external self-activity” (Yang H., 2012).

Data Analysis

For the nonlinear absorption, material satisfies the attenuation equation,

dl
dz’'

=—(a, +a,I)I 2.1)

where a9, a, are the linear absorption and two photon absorption coefficients
respectively. Integrating Eq. (2.1) over z°, we obtain the irradiance at the exit

surface of the sample as follows:

1-R) 1.(z,r,t)e *"
Ie(z,r,t)=( A ) (2.2)
1+q(z,r,t)

where  q(z,r,0) =(1-R)a,I,(z,r,0)L; , Ly =(1-e ™)/, , R is the

reflectance, L is the sample thickness, incident beam intensity 1 i(Z, r,t)can be

expressed as:

(1= R)I,(z.7.1) = I,(z) exp|— 2" 1w () Jexp| (¢ /1,)? ] (2.3)

2 2
Z g
Where IO(Z):IO/(1+QJ , WZ(Z):WOZ[“‘—Z] , 2o =i /A, w, is the

2 <

minimum beam waist at the focal plane.

The normalized transmittance can be obtained by integrating the Eq. 2.2

over the space and temporal Gaussian pulses. The result is expressed as

1 +o0
T(z)= In|l + g, exp(—x*) fx 2.4
C]o\/;_'[o [ q,eXp }fl (2.4)

34



where g, =a,1,L, L, = (1—6_%L)/ao

2.3.6. DC conductivity measurements
The DC conductivity of the samples were measured using four-probe
method. The four-probe method is one of the standard and most widely used

methods for the measurement of resistivity.

The four-point-probe contains four thin collinearly placed tungsten wire
probes. Current I is forced to flow between the outer probes, and voltage drop (V)
was measured between the two inner probes. If the sample is of semi-infinite
volume and if the inter probe spacings are equal (s), then it can be shown that the

resistivity of the semi-infinite volume is given by,
p=Qm)VII) (2.5)

But practically samples are of finite size. Hence correction factors for six
different boundary configurations have been introduced by Valdes (1954).
According to this, if the distance from any probe to the nearest boundary is at least
5s, no correction is required. For the cases when the sample thickness is <5s, the
true resistivity can be computed by using the thickness correction factor as given

in Eq. 2.5. If the t/s <0.5, the resistivity can be calculated by the equation;
p=(x/In2)(V /It (2.6)

Both the equations, 2.5 and 2.6 can be applied only if the sample size is large
compared to the probe spacing. In order to get accurate measurements correction
for the edge effects is required. If the ratio of the pellet diameter to the spacing is
greater than 40, no edge corrections are needed. For our studies, we used circular
pellets of the samples with diameter 13 mm and thickness less than 0.5 mm. The

pellets of the samples were prepared by applying a pressure of 4 tons using a
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hydraulic press (PCI Analytics Pvt. Ltd, Mumbai). The probe spacing used was 2
mm. So the thickness correction factor is not needed and edge correction of 0.82
was applied to the Eq. 2.7. The correction factor is obtained from the National
Bureau of Standards Technical Note 199 — “Correction Factor Tables for Four-
Point Probe Resistivity Measurements on Thin, Circular Semiconductor

Samples”.

In the present study, the current from a DC-source meter (Keithley,
2182A) was allowed to pass through the outer probes of the four-probe and
voltage across the two inner probes was measured using nanovoltmeter (Keithley,

6221). The resistance was obtained from the slope of the I-V plot.

2.3.7. Photocurrent generation studies

Photocurrent experiments were conducted using Autolab electrochemical
work station in a conventional three electrode electrochemical cell comprising of
the thin film sample as the working electrode, platinum wire as counter electrode
and Ag/AgCl as a reference electrode. 0.2 M Na,SO, taken in a quartz beaker was
used as the electrolyte solution. The electrolyte was bubbled with nitrogen before
and during the measurement. The active area of the working electrode was 0.25
cm®. The potential of the working electrode was set at 3 V against the Pt counter
electrode. An incandescent lamp operating at 300 W was used as the illumination
source. The photointensity was measured using digital solar meter (Daystar meter,
USA) which uses polycrystalline silicon photovoltaic cell as the sensor. The light
intensity chosen for the measurement was 100 mW/cm®. The photoresponse
property of the samples under white light illumination was studied by measuring
the photocurrent growth and decay of the samples by repetitive switching of the
illumination (on/off) at an interval of 30 s using a stop watch. The photocurrent
was calculated by taking difference between the observed current after the

illumination of the sample and the dark current.

Photocurrent = Ljjgn— Lark (2.8)
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Schematic representation of the experimental set up is given as Fig. 2.2.

ELECTROCHEMICAL
WORK SATION

vNitmgen

> Quartz beaker

Light
illumination

Electrolyte

/I\Ta38(2)4 (0.2 M)

Ag/Agcl reference
Sample coating electrode
(0.25 c1113) ] Pt wire counter
FIO electrode

Figure 2.2 Experimental set-up for measuring the photocurrent generation
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CHAPTER 3
STUDIES ON POLYANILINE: SYNTHESIS BY
INVERSE MICROEMULSION
POLYMERIZATION

In this chapter, a novel inverse microemulsion polymerization technique is
discussed for the synthesis of nanostructured and processable cube-like polyaniline. The
polyaniline is well characterized using FTIR, XRD, XPS, SEM, TEM, etc. and the
formation mechanism 1is identified. Open aperture Z scan studies of polyaniline
dispersion in DMF shows the suitability of cube-like polyaniline for optical limiting, and
hence polyaniline-PMMA films are fabricated and the nonlinear optical properties are
studied in detail. The photocurrent generation in polyaniline is also discussed in this

chapter.

3.1. Introduction

Polyaniline, one of the highly pursued conducting polymer has attracted
great attention in wide variety of research areas like, lightweight batteries
(Karami et al.,, 2003), electrochromic displays (Akhtar et al., 1988),
electroluminescent devices (Chen et al.,, 1996), electrochemical actuators
(Sansinena et al., 2003), sensors (Huang et al., 2004; Huang et al., 2002),
supercapacitors (Gupta and Miura, 2006), Schottky diodes (Narasimhan et al.,
1998), photonic devices (Englebienne and Van Hoonacker, 2005), etc., because of
its good environmental stability, ease of synthesis, low cost, lightweight, and
tunable electrical conductivity. It also shows a particular sensitivity to proton
activity on the environment. Polyaniline has a flexible -NH— group in the polymer
chain flanked by phenyl rings on both sides. The difference in composition of
amine and imine segments of polyaniline generates several oxidation states
ranging from completely reduced leucoemeraldine to completely oxidized

pernigraniline states as shown in Fig. 3.1.
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Figure 3.1 Various possible oxidation states of polyaniline

Out of several possible oxidation states, 50% oxidised emeraldine salt
shows electrical conductivity. The uniqueness of polyaniline is the sensitivity of
the emeraldine oxidation state of polyaniline to pH, which yields emeraldine base
and emeraldine salt. Nonconducting emeraldine base form can be easily converted
to highly conducting emeraldine salt by simple protonation using mineral or
organic protonic acids. The protonation is accompanied by a drastic change in
electronic structure, crystallinity, solubility, etc. Eventhough protonation
improves the conductivity, inorganic mineral acid doped polyaniline is mostly
insoluble. Counter ion-induced processability by the use of organic acids as

dopants is one important solution for improving the processability of polyaniline.

Synthesis in nano dimensions is an important aspect of improving the
solubility and processability of polyaniline. The nanostructured and processable
polyaniline can be easily fabricated as thin films for a variety of applications.
Especially optical limiting and photocurrent generation applications demand easy
fabrication of films of polyaniline. The control of the size and shape of
polyaniline nanostructures has gained wide attention due to their superior surface

and electron transport properties (Gao et al., 2011; Zhang Y. S. et al., 2009).
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The most widely employed polyaniline synthesis is the chemical
oxidation of aniline in aqueous acidic media using APS as the oxidant. This
conventional solution polymerization of polyaniline is known to produce
agglomerates with irregular shape due to secondary growth. Hence several
methods have been developed for the synthesis of nanostructures of polyaniline.
The common method for the synthesis of polyaniline nanostructures includes
chemical, electrochemical, template, enzymatic, plasma methods, etc. Chemical
methods can be subdivided into heterophase, solution, interfacial, seeding,
metathesis, sonochemical, self assembling polymerizations, etc. The heterophase
polymerization method includes different methods like precipitation, suspension,
emulsion, and so on. In comparison with conventional polyaniline aggregates,
polyaniline micro/nano architectures including spheres (Dhand et al., 2010; Fu et
al., 2007; Lei et al., 2009), rods (Bhadra and Sarkar, 2009; Ding et al., 2008;
Kuila et al., 2009) and fibers (Huang and Kaner, 2003; Huang et al., 2002; Zhang
X. et al., 2004) combine the advantages of both organic conductors and low
dimensional systems (e.g. large surface area, quantum effect) and yields many

interesting physicochemical properties and useful applications.

Template synthesis using hard templates like anodic aluminium oxide,
channels of zeolites, etc. and soft templates like surfactant or any other material
organized in a particular nanostructure is another interesting method adopted by
researchers to develop nanostructured polyaniline. Qiu et al., (2001) synthesized
polyaniline nanotubes by in situ doping polymerization using B—NSA as the
dopant, called as template free method. Organic dopants like p—NSA, ABSA, D-
10-CSA, etc. also have been used for the synthesis of self assembled polyaniline

nanostructures by template-free approach.

In recent years, emulsion polymerization (macroemulsion, mini
emulsion, microemulsion) of aniline (Kane and Krafcik, 2013) has come the
forefront. The concept of emulsion polymerization of aniline is introduced by
Osterholm et al. (1993) wherein DBSA is used as a surfactant and dopant. The

chemical oxidative polymerization of aniline in water-oil microemulsions has
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been intensively investigated. Emulsion polymerization is a compartmentalized
polymerization reaction taking place in a large number of micelles dispersed in a
continuous external phase. This method has several advantages over other
polymerization techniques. The physical state of the emulsion makes it easier to
control the polymerization. Thermal and viscosity problems are less significant
than in bulk polymerization. High molecular weight and high reaction rates can be
achieved by this method. The emulsions are divided into two types; direct (oil in
water) and inverse (water in oil). The type of the emulsion depends on the choice

of emulsifier, water to oil ratio, temperature of the polymerization, etc.

Polyaniline is an attractive candidate for NLO applications, because of its
good nonlinear absorption coefficient, high damage threshold and ultrafast
response (Osaheni et al., 1992). Various materials including organic dyes,
organometallics, fullerenes, semiconductors, and conjugated polymers are studied
for optical limiting applications (Balapanuru et al., 2010; Krishna et al., 2011; Zhu
et al., 2011). Several scientific publications reported that many materials exhibit
different nonlinear absorption processes simultaneously depend upon the
wavelength or intensity of the laser beam, concentration of the active material, etc.
(Gao et al., 2007; Gurudas et al., 2008; Notaras et al., 2007). Zheng et al. (2010)
reported both saturable absorption (SA) and reverse saturable absorption (RSA) in
silica gel composites of silver nanowires depending upon the intensity of the laser
beam. Sreekumar et al. (2009) found the transition from SA to RSA for
nanoclustered amido black dye—polymer films while increasing the dye content.
Among the conjugated polymers, polyaniline is widely studied for NLO
applications (Pandey et al., 2009; Sezer et al., 2009; Chen et al., 1994; de Souza et
al., 1995). Most of the studies on polyaniline for NLO applications are done in the
form of dispersions in solvents. But the real application of optical limiting
requires easy fabrication of films without compromising its optical limiting
properties. Very few publications reported NLO properties of polyaniline films in
inert matrices (Mattes et al., 1991). One of the main difficulties in using
polyaniline for optical application is its low solubility in common solvents,

resulting in aggregation and thereby causing the decay of optical properties.
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Immobilization of NLO material in a transparent host is needed for device

fabrication.

One of the key properties of polyaniline is the presence of conjugated
double bonds in polymer backbone and hence a wide energy gap between 2-3.5
eV. But this conjugation in itself is not enough to induce desired electronic
properties in the polymer. It is reported that any wide gap semiconducting
material can be made more photo-absorbing by creating mid gap energy levels by
doping (Kurmaev et al., 2001). The physics of photocurrent generation in organic
and polymer materials have some fundamental differences with that of the
inorganic counterparts. Major difference is the short exciton diffusion lengths and
relatively large exciton binding energies. This short exciton diffusion lengths in
the range of 10 nm and exciton binding energies of ~0.5 eV are the major cause
of comparatively reduced efficiencies for organic and polymeric materials (Friend
et al., 1997). Moreover the devices made of single conjugated polymers have very
low efficiencies, since the electric field provided by the asymmetrical work
functions of the electrodes being insufficient in dissociating the excitons
produced. The p type acid doping in polyaniline will introduce sub-bands within
the band gap and brings a strong light absorption band in polyaniline. Due to this
high absorption coefficients in the visible range along with high mobility of
charge carriers and good environmental stability, polyaniline is a very attractive
material for photocurrent generation and hence for solar cell applications (Jeon et

al., 2012).

With this background, in this chapter, we are introducing a novel inverse
microemulsion polymerization technique for the synthesis of nanostructured and
processable polyaniline. Inspired from the template—like action of TSA for the
growth of polyaniline and also from the recognition of bulky organic acids for
improving the processability of polyaniline, we selected TSA as the dopant. We
are also reporting the open aperture Z scan studies of polyaniline in DMF, which
shows the suitability of the synthesized polyaniline for optical limiting

applications. Thin films of polyaniline in transparent PMMA host are also
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fabricated and its NLO properties are studied in detail. Photocurrent generation
studies of the synthesized polyaniline films under white light irradiation are also

included in this chapter.

3.2. Experimental
3.2.1. Synthesis of polyaniline

E } 1. Aniline
2. TSA b Ny
3. (NH4) S,0. oured in acetone
ey filtered , washed
12 h and drled

Figure 3.2 Schematic representation of the synthesis of polyaniline by inverse
microemulsion polymerization

Polyaniline nanostructures are synthesized by introducing a novel inverse
microemulsion polymerization technique. The scheme for the synthesis is shown
in Fig. 3.2. In a typical inverse microemulsion polymerization technique, two
steps are involved, namely the generation of an inverse emulsion, and the
synthesis of polymer inside the inverse emulsion. Paraffin oil-water
microemulsion is prepared by mixing oil (1 g) and oleic acid (5.65 g) in the
presence of ammonia solution (0.1 M, 20 ml)). The in sifu generated ammonium
oleate is acting as the surfactant. Aniline (1 g) is polymerized in this oil-water
emulsion using toluenesulphonic acid (1 M, 25 ml) as dopant, ammonium per
sulphate (2 M, 7 ml) as the initiator and auxisol as the stabilizer. Freshly distilled
aniline is added to the newly prepared oil-water emulsion and it is stirred in the
presence of auxisol stabilizer. TSA is added dropwise to the emulsion system and
finally aniline in emulsion is polymerized by the slow addition of the initiator in
30 minutes. Here TSA acts both as dopant and structure directing agent. The
reaction is carried out for 12 h with constant stirring at room temperature. After
polymerization, polyaniline is precipitated by using acetone. The dark green

polyaniline formed is washed with excess acetone, methanol and distilled water. It
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is then dried under vacuum at 60 °C for 24 h. For a detailed study on the structure
of polyaniline formed in the above mentioned emulsion, the reaction is repeated
by keeping the reaction time as 4 h and 8 h. Polyaniline is also synthesized by
chemical oxidative polymerization in the absence of the emulsion system to study
the effect of inverse emulsion polymerization on the structure and properties of

polyaniline.

3.2.2. Fabrication of polyaniline-PMMA films for optical limiting

studies.

Polyaniline-PMMA films are prepared by the in situ polymerization
technique. The monomer methyl methacrylate is washed with 20% NaOH three
times to remove the inhibitor prior to polymerization. The excess NaOH is
washed out using distilled water and the inhibitor free monomer is dried over
sodium sulphate. Weighed amount of polyaniline is dispersed in the monomer (5
ml) by means of ultrasonication. The monomer/polyaniline dispersion is then
polymerized using benzoyl peroxide (0.025 g) as initiator at 80 °C in an oil bath.
The viscous polymer formed is immediately casted on a glass plate and dried in
air at room temperature. By varying the concentration of polyaniline (0.02 to 0.1
wt % with respect to the monomer), free-standing and flexible films with an
average thickness of 0.25 mm are fabricated. The schematic representation of the
film fabrication is given Fig. 3.3. The photograph shown in the scheme reveals the

good quality of the film.
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Figure 3.3 Schematic representation of the film fabrication

3.2.3. Fabrication of polyaniline films for photocurrent

measurements

Thin films of polyaniline for photocurrent measurement are fabricated on
clean FTO glasses. The FTO glasses are cleaned by ultrasonication in acetone,
methanol and distilled water. The polyaniline (10 mg) dispersion is made in
cresol/nafion (2:1 ratio, 3 ml) mixture. 300 ul of the dispersion is spin coated on
FTO glasses (2 cm?) at 1500 rpm for 1 min. After spin coating, the films are dried
at room temperature for 15 min and baked at 100 °C for 30 min. For the
photocurrent measurements, active area of the film is fixed as 0.25 cm? by

masking the remaining portion with black tape.

3.3. Results and Discussion

3.3.1. Characterization

Molecular structure of polyaniline is analyzed using Fourier Transform
Infrared (FTIR) spectrum as shown in Fig. 3.4. The characteristic peaks obtained

are in good agreement with the previously reported results (Jang et al., 2007). The
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out-of-plane bending vibration of C-H on 1,4-disubstituted rings are found at 823
cm” and the bands at 1580 and 1497 cm™ are attributed to the stretching
vibrations of C=C quinonoid rings and benzenoid rings respectively. Aromatic C-
H in-plane bending vibration is observed at 1156 cm™. The vibration band at 1249
cm™ corresponds to the C-N*" stretching modes of the polaronic charge carriers in
the doped polyaniline, while the peak at 1309 cm™ is due to the stretching
vibration of the C-N bond.

100 1156
©
2
=
=
=
R
Q
[72]
=
<
S
60 —
800 1000 1200 1 402 1600
Wavenumber (cm )
Figure 3.4 FTIR spectrum of polyaniline
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Figure 3.5 XRD spectrum of polyaniline
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Fig. 3.5 represents the X-ray diffraction (XRD) pattern of polyaniline,
showing typical peaks at 20 and 25°. These peaks are ascribed to the periodicity
parallel and perpendicular to the polymer chains, respectively (Pouget et al., 1991)
and these crystalline peaks are assigned to (020) and (200) reflection of
polyaniline in emeraldine salt form. The strong peak at 25° indicates a very good
n-n inter chain stacking between the phenyl rings leading to the effective

conjugation.
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Figure 3.6 XPS spectrum of polyaniline

A typical X-ray photoelectron spectrum (XPS) of polyaniline is shown in
Fig. 3.6. It reveals four peaks at 532, 400, 285 and 168 eV corresponding to the
presence of O, N, C, and S respectively in polyaniline. The percentage of each
element is quantified as 76 % carbon, 13 % oxygen, 8 % nitrogen and 3 %

sulphur.

Thermo gravimetric analysis (TGA) of polyaniline is carried out under
nitrogen atmosphere with a heating rate of 10 °C and the decomposition pattern is
given in Fig. 3.7. The first weight loss observed from 200 to 350 °C is due to the
loss of oligomers and bounded dopant TSA. The weight loss in the temperature
range 350-600 °C is due to the main chain degradation of polyaniline (Chan et

al.,1989). Polyaniline retains approximately about 57% of its original weight at

48



temperature as high as 600 °C. The strong dipole-dipole interaction between the
polymer network may be the prime reason for higher thermal stability of

polyaniline (Freshour, 1995).
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Figure 3.7 TGA pattern of polyaniline
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Figure 3.8 UV-visible spectrum of polyaniline

UV-visible spectrum of the polyaniline recorded in 2-propanol is shown
in Fig. 3.8 (a). It reveals a Apu at 325 nm due to the n-n transition of the
benzenoid rings, a shoulder around 435 nm and a tail extending to the NIR region

due to the wellknown polaron transitions (Stejskal et al., 1993). Hence the UV-
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visible spectrum clearly shows the presence of broad polaronic band deep in the

band gap of doped polyaniline.

Fig. 3.9 shows the photoluminescence spectrum of polyaniline in 2-
propanol excited at 360 nm, showing a broad emission centered at 480 nm. The =-
m* transition of the benzenoid units are responsible for the photoluminescence in
polyaniline (Shimano and MacDiramid, 2001). The excitation wavelengh is

chosen as 360 nm, since it falls inside the n—n* absorption envelope centered at
325 nm.
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Figure 3.9 Photoluminescence spectrum of polyaniline

The morphology of polyaniline is investigated using SEM and the images
are shown in Fig. 3.10 (a-d). It reveals a cube-like morphology of polyaniline with
an average size of 320 nm. The high magnification image (Fig. 3.10 d) reveals the
formation of cube-like nanostructures by the self assembly of polyaniline

nanorods. The cube-like morphology is again confirmed using TEM images as

shown in Fig. 3.11.
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Figure 3.10 SEM image of polyaniline with different magnifications; (a) 25000x, (b)
60000x, (c) 190000x and (d) 170000x

100 nm

Figure 3.11 TEM image of polyaniline
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3.3.2. Formation mechanism

In order to get an insight into the transformation from 1D nanorods to the
3D cube-like nanostructures, the polymerization is repeated by changing the

polymerization time to 4 h and 8 h, while keeping all other conditions the same.

Figure 3.12 SEM image of polyaniline after (a) 4 h and (b) 8 h reaction. Magnification of
(a) and (b) are 70000x and 60000x respectively

When the polymerization time is 4 h, polyaniline nanospheres are formed
as shown in Fig. 3.12 (a) and when the polymerization time is 8 h, nanorods
begins to appear (Fig. 3.12 (b)). As the time proceeds to 12 h, these nanorods get

self assembled to form cube-like nanostructures (Fig. 3.10).

Based on these experimental evidences, the formation mechanism is
proposed for the cube-like nanostructures of polyaniline. In the inverse
microemulsion polymerization technique, the surfactant ammonium oleate is
generated by the reaction of oleic acid with ammonia solution in the presence of

paraffin oil. The structure of ammonium oleate is given in Fig. 3.13.

NH,OH

Figure 3. 13. Structure of ammonium oleate
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Due to the amphiphilic nature, the ammonium oleate is acting as a
surfactant and it form inverse micelles in oil-water system as shown in the inset of
Fig. 3.14. The hydrophobic part (long hydrocarbon chain) of ammonium oleate
extends to the oil phase and hydrophilic group (-COONHy,) lies in the water
phase. When aniline is added to the emulsion, initially it will stay outside the
micelle, i.e., in the oil phase and when the TSA is added, it will protonate a part of
aniline into anilinium cations. These anilinium cations along with
toluenesulphonate counter anions enter into the inverse micelles and it will self
assemble to normal micelles inside the inverse micelles. The free aniline existing
outside the inverse micelles will then diffuse into the normal micelles to form
aniline filled micelles. This aniline filled micelles might be regarded as a template
for the formation of nanorods (Huang and Wan, 2002; Wei, et al., 2003; Yang, et
al., 2005; Zhang and Wan, 2005). At the initial stages, the micelles might have a
spherical morphology due to the lower surface energies and the formation is

represented in Fig. 3.14.
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Figure 3.14 Representation of formation of normal micelles inside the inverse micelles.
Inset shows the formation of inverse micelles.
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When water soluble initiator (APS) is added, polymerization starts at the
normal micelle/water interface and proceeds inwards. As the polymerization
proceeds, the spherical micelles tend to join along the direction of polymer chain
and gets elongated and forms nanorods. After a particular percentage of monomer
conversion, the normal micelles burst out and the individual nanorods coming out
gets aligned by the combined interactions of - stacking and inter/intra molecular
H-bonding inside the inverse micelles and form cube-like polyaniline

nanostructures as shown in Fig. 3.15.
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Figure 3.15 Representation of the formation and self assembly of nanorods into
nanocube-like structures.
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Figure 3.16 SEM image of polyaniline synthesized in the absence of inverse
emulsion. Magnification of the image is 130000x
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To confirm the influence of inverse micelles for the self assembly of
nanorods, polyaniline is synthesized in the absence of inverse emulsion. In the
absence of emulsion system, randomly oriented nanorods are formed as expected

by the proposed mechanism and it is shown in Fig. 3.16. (Remyamol et al. 2013).

Zeta potential measurements also supported the bundling of nanorods to
form cube-like nanostructures. Aliquots of the polymerization mixture after 4 h
and 8 h show zeta potential values 29.8 and 28.2 mV respectively. But after 12 h,
zeta potential value is drastically reduced to 2.66 mV due to the lowering of

surface charge after bundling of nanorods to cube-like structures.

3.3.3. Optical limiting properties

Optical limiting properties of polyaniline are studied by employing
open aperture Z scan technique using Nd:YAG laser of wavelength 532 nm and
pulse width 5 ns. The samples are prepared in DMF with a linear transmittance of
0.75. Laser energy chosen is 25 uJ. The Z scan curve in Fig. 3.17 (a) reveals a
normalized transmittance valley indicating optical limiting behaviour due to
overall nonlinear absorption. The nonlinear absorption may be due to RSA and/or
effective two photon absorption. RSA occurs when the excited state absorption
cross-section of a molecule is larger than the ground state absorption cross-section

at the input wavelength.

Nonlinear absorption
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Figure 3.17 (a) Open aperture Z scan curve and (b) Optical limiting plot
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The Z scan experimental data is found to fit well to two-photon
type absorption. For two- photon absorption (2PA), the normalized transmittance

is given by

e 3.1
T(z,5=1) qo(z’o)\/;:[oln[qu(z,O)e ]dt (3.1)

Where g,(z,0)= B(1—-R)I,L,, /[1+(z*/z,)]and 2, is the Rayleigh length. R is the
Fresnel reflectance of the sample surface, Leg is given by[1-¢ ]/, a is the linear

absorption coefficient and L is the thickness of the sample. In order to investigate
optical limiting, input intensity versus normalized transmittance graph is drawn as

given in Fig. 3.17 (b). For a Gaussian beam, input fluence at each z position is

4\n2E,

E(z)=—;
2 ax2)

(3.2)

where E;, is the input laser pulse energy and o (z) is the beam radius (Sutherland,
2003). The NLO parameters are evaluated by fitting the experimental data with
the theoretical plot. The cube-like polyaniline dispersion shows nonlinear
absorption coefficient (f) of 9.5 cm/GW with a saturation intensity (/y,) of
2 GW/cm®. Low saturation intensity and high nonlinear absorption coefficient are

the desirable attributes of an optical limiter.

The preliminary open aperture Z scan analysis discussed above reveals the
suitability of cube-like polyaniline for optical limiting applications. However, for
the application point of view, immobilization of NLO material in a transparent
host without compromising the optical limiting properties is needed. Use of
transparent polymers as the host is advantageous for device fabrication because of
their low cost and flexibility. In this study, PMMA is chosen as the host polymer
owing to its good optical transparency, compatibility of the monomer with
polyaniline and ease of polymerization. Several films are fabricated by varying

the polyaniline loading (0.02 to 0.1 wt % with respect to monomer).
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Figure 3.18 (a) UV-vis absorption spectrum of the film (0.1 wt %) and (b) SEM
image of the film (0.1 wt %). Magnification of the image is 80000x

Fig. 3.18 (a) shows the characteristic UV-visible spectrum of polyaniline-
PMMA film with highest polyaniline loading. It shows a peak at 640 nm due to
the excitonic transition in polyaniline (Stejskal et al., 1993). The n-n* transition in
polyaniline is overlapped with the absorption corresponding to PMMA at 300 nm
(Capan et al.,2007). The uniform surface morphology in SEM image
(Fig. 3.18 (b)) indicates the good quality of the film. The nanostructure of
polyaniline along with the presence of toluenesulphonate counter ions improved
the miscibility of polyaniline with the monomer and hence, upto 0.1 wt %

polyaniline is dispersed in the monomer without adding any dispersing agent.

Figs. 3.19 and 3.20 and displays the open aperture Z scan curve and
optical limiting plots respectively of various films for a laser energy of 150 pJ. It
is clear from the figure that all the films exhibit a decrease in transmittance with
increasing input laser intensity and hence good optical limiting behaviour. The S

and [, values of various films are listed in Table 3.1.
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Figure 3.19 Open aperture Z scan plots of polyaniline/PMMA films with different
polyaniline loading
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Figure 3.20 Optical limiting plots of polyaniline/PMMA films with different polyaniline
loading
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Table 3.1 Estimated values of f and I, for polyaniline/PMMA film with
different polyaniline loading.

Polyaniline Linear p Lo
loading transmittance (cm/GW) (GW/cmz)
(wt% in

monomer)

0.02 0.78 5.5 4.5
0.03 0.72 35 0.8
0.04 0.39 120 0.3
0.1 0.31 230 0.15

When comparing the films with different polyaniline loading, f value is
found to increase with polyaniline loading because of the presence of more
molecules per unit volume, which will interact with the laser beam and hence
improve the optical nonlinearity. The pure PMMA film is also investigated by Z
scan analysis to determine its contribution to nonlinearity and it is observed that

host PMMA matrix is not contributing to the nonlinearity of the composite film.

The film with the highest polyaniline loading (0.1 wt %) is selected as a
representative sample for studying the NLO properties in detail. To assess the
behaviour of nonlinear absorption of the film as a function of input energy, open
aperture Z scan are performed for five different laser energies, namely 5 pJ, 20

pJ, 30 uJ, 45 pwJ and 100 pJ as shown in Fig. 3.21.

A switch over from saturable absorption to reverse saturable absorption is
observed, as the energy of the laser beam increases from 5 pJ to 100 puJ. At lower
input energies, Z scan curve exhibits a peak at the focus, implying that SA plays a
dominant role for the NLO properties. With the increase of laser energy (20 ulJ),
the peak disappears and a valley appears with two humps. Similar observation has
been reported by Philip et al. (2000). When the film is far away from the focus,
the pump intensity is too low to induce nonlinearity and the transmittance is equal
to unity. When the film is moved near to the focus, intensity of light on the sample
is increased and the ground state gets depleted causing absorption saturation, so
that the transmittance increases. On the other hand as the film reaches the focus,
still higher intensities are seen by the film and RSA dominates causing strong

optical limiting and hence transmittance decreases effectively and falls to a value
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less than unity. As the energy of laser beam continues to increase (30 and 45 pJ),
the valley depth enhances and the peaks are reduced gradually as shown in Fig.
3.21. At higher energy (100 wJ), the nonlinear absorption overrides the ground
state bleaching completely and shows deep valley indicating only RSA. Hence
these flexible films with intensity dependent SA and RSA at the same wavelength,
offers significant design flexibility apart from the inherent nonlinear absorption
properties and leading to applications like efficient laser pulse narrowing and

optical switching (Remyamol et al., 2014).
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Figure 3.21 Open aperture Z scan curves of polyaniline-PMMA film (0.1 wt %)
measured at different input laser energies.

3.3.4. Photocurrent generation studies

For the photocurrent measurements, thin film samples of
polyaniline are fabricated on clean FTO by spin coating technique. Photocurrent
experiments are performed with Autolab electrochemical work station in a
conventional three electrode electrochemical cell. The light intensity selected for
the measurement is 100 mW/cm®. The photoresponse property is studied by
recording the photocurrent growth (30 s) and decay (30 s) with white light
irradiation. Fig. 3.22 shows the photocurrent cycles of polyaniline for repetitive
switching (on/off) of the light. It indicates that the samples can be reversibly
turned ‘on’ and ‘off” by switching of the irradiation. The photocurrent is

calculated from the difference between current generated after illumination of the
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film for 30 seconds and the dark current. The cube-like polyaniline shows an

average photocurrent of 4.5 pA.
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Figure 3.22 Photocurrent cycles of polyaniline film

When the film is irradiated, absorption of photon causes the excitation of
electron from the highest molecular orbital (HOMO) of polyaniline to the lowest
unoccupied molecular orbital (LUMO). Polaron transition may also be possible.
This results in the formation of photogenerated excitons. But the exciton binding
energy is high because of the comparatively low dielectric constant of polymer
(Friend et al., 1997). This may be one of the reason for the low photocurrent in
pure polyaniline. Fast recombination of the separated electrons and holes can also
contributes to the low photocurrent. The photocurrent can be improved by
facilitating electron transfer to an acceptor material before recombination of the
separated electrons and holes. The efficient electron transfer can be achieved by
making bulk heterojunction devices of polyaniline with good acceptor materials
like graphene, CNT, fullerenes etc. In the following chapters we are discussing

the hybrids of polyaniline with graphene and CNT.

3.4. Conclusions

Nanostructured polyaniline with a novel cube-like morphology is
synthesized by introducing an inverse microemulsion polymerization technique

using in situ generated ammonium oleate as the surfactant and organic acid TSA
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as the dopant. The interesting cube-like morphology of polyaniline is formed by
the self assembly of polyaniline nanorods in the inverse microemulsion.
Corresponding formation mechanism is proposed based on experimental
evidences. This new structures are examined for their nonlinear optical activities.
From the preliminary open aperture Z scan studies, polyaniline is found to be a
good candidate for optical limiting applications. It shows nonlinear absorption
coefficient 9.5 cm/GW and saturation intensity 2 GW/cm?. Polyaniline films are
fabricated in a transparent PMMA host by an in situ free radical polymerization of
methyl methacrylate followed by the solution casting of the polymerization
mixture. The films show strong optical limiting behaviour. The £ and I, values of
film with highest polyaniline loading (0.1 wt % with respect to monomer) at a
laser energy of 150 uJ are observed to be 230 cm/GW and 0.15 GW/cm®
respectively. Moreover, it shows a switch over from SA to RSA as the energy of
laser beam increases. The cube-like polyaniline shows a photocurrent of 4.5 pA
after illumination of white light (intensity 100 mW/cm?®) for 30 seconds duration.
Even though polyaniline is a good candidate for photocurrent generation, fast
recombination of charge carriers is a major disadvantage and it can be overcome
by facilitating electron transfer to a good acceptor material. Bulk heterojuction
devices can be made by hybridizing polyaniline with stable carbon allotropes like
graphene, CNT, fullerenes, etc for improving the photocurrent generation of pure

polyaniline.
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CHAPTER 4
STUDIES ON POLYANILINE-GRAPHITE OXIDE
HYBRID

In this chapter, the synthesis and characterization of graphite oxide (GO) and
polyaniline-GO hybrid with non-covalent interactions are discussed. The improved
optical limiting behaviour and photocurrent generation of the hybrid, compared to the
pure polyaniline is demonstrated. The significant photoluminescence quenching of
polyaniline in the hybrid suggests photoinduced electron transfer from polyaniline to GO,

hence improving nonlinear optical properties and photocurrent generation.

4.1. Introduction

The hybrids of nanostructured conducting polymers with carbon
nanomaterials are one of the successfully exploited classes of materials. Carbon
nanomaterials are often cited as a potential successor to conventional
semiconducting materials in electronic and optoelectronic applications because of
the highly delocalized electronic structure. Among conducting polymers,
polyaniline is an excellent organic conductor with good environmental stability
and low cost and has been used to make hybrids with carbonaceous materials.
Hybrids of polyaniline with various carbon nanomaterials like carbon black,
fullerene, graphite, graphene, CNT, etc. are reported for potential applications in
diverse areas (Ali et al., 2007; Feng et al., 2003; Sapurina et al., 2000; Sotzing et
al., 2000; Wu et al., 2005; Xiong et al., 2012). Out of the carbonaceous hybrids of
polyaniline, its graphene hybrids are the most interesting and attractive class of
hybrids with several applications in different fields, because of the interesting
combination of the unique redox property and excellent environmental stability of
polyaniline with the superior properties of graphene like high electron mobility,
large specific surface area, very good thermal and electrical conductivity,
excellent electronic and mechanical properties, etc. (Ansari et al., 2014; Dong Y.
P. et al., 2013; Murugan et al., 2009; Su et al., 2014; Wang G. et al., 2012a; Xu et
al., 2010; Zhang et al., 2010).
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Graphene has been established as a viable candidate for next generation
electronics and photonics owing to its excellent properties and thus drawn
enormous attention of researchers (Blake et al., 2008; Bunch et al., 2007; Geim,
2007; Gilje et al., 2007; Huang et al., 2012; Wang et al., 2007). The use of
graphene is promising because of its high optical transparency, ultra high charge
carrier mobility, low resistance and high chemical and mechanical stability
(Berger et al., 2006; Bolotin et al., 2008; Novoselov et al., 2004). However, the
applications of pure graphene sheets are limited despite its excellent
characteristics and face many challenges to induce controlled functionality.
Various synthetic methods like mechanical exfoliation, epitaxial growth, chemical
and electrochemical reduction of graphite oxide (GO), etc. have been developed
for producing high quality graphene (Guo H.-L. et al., 2009; Li et al., 2008; Li et
al.,, 2009; Zhou et al., 2009; Zhu et al., 2010). Among them the chemical
reduction of GO is proven to be an effective method because of the low cost and
possibility of mass production. Heavy oxygenation of graphite during GO
synthesis (Hummers and Offeman, 1958) results in different functional groups
(hydroxyl, carboxy, epoxy and alkoxy groups) on the basal planes and the edge
sites. It makes GO sheets strongly hydrophilic and easily dispersible (Niyogi et
al., 2006; Si and Samulski, 2008; Stankovich et al., 2006a), and thereby open up a
way to introduce various functional materials. Recently graphene based composite
materials of metal and metal oxide nanoparticles (Chen et al., 2010; Guo S., et al.,
2009; Huang et al., 2010; Kong et al., 2009), nanoparticles of semiconducting
oxides (Kavitha et al., 2013; Nayak et al., 2013), quantum dots (Cao et al., 2010),
conducting polymers (Alvi et al., 2011; Jianhua et al., 2012; Liu et al., 2012), etc.
are gaining more attraction due to the synergetic combination of the properties of
different components. The challenge in designing composite systems is the
requirement to obtain defect free individual graphene oxide or graphene sheets in
the reduced form. One of the possible ways to harness the properties of graphene
for future applications is the incorporation of graphene sheets into conjugated
polymers like polyaniline, polypyrrole, polythiophene, polyphenylene vinylene

etc.
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Many authors (Chen et al., 2012; Fan et al., 2013; Gémez et al., 2011; Li J.
et al., 2011; Li et al., 2012; Wang et al., 2009; Yan et al., 2010; Zhang, et al.,
2010; Zhou et al., 2013; Zhu et al., 2012) synergetically combined polyaniline and
graphene materials like graphene nanosheets, graphite oxide, graphene oxide, etc.
for  supercapacitor applications.  Polyaniline-graphene = composites are
demonstrated for several other extensive applications in diverse areas like
anticorrosion coatings (Chang et al., 2012), biosensor (Ameen et al., 2012; Feng
et al., 2011; Hai Binh et al., 2012), electrochemical sensor (Fan et al., 2011; Qiu et
al., 2012), field emission devices (Goswami et al., 2011), thermoelectric devices
(Du et al., 2012), transparent conductive electrodes for optoelectronic devices
(Domingues et al., 2011), electrorheological smart materials (Zhang et al., 2012),
CO, absorption (Mishra and Ramaprabhu, 2012), dye sensitized solar cells (Wang
G. etal., 2012a, Wang G. et al., 2012 b) and so on.

The functionalized graphene nanocomposites with tunable bandgap have
potential application as optical limiters. Liu Y. et al. (2009) synthesized
oligothiophene functionalized graphene material with superior optical limiting
properties. Kavitha et al. (2013) recently reported the enhanced optical limiting
properties of reduced graphene oxide—ZnO hybrid material. The broadband
optical limiting performance of a graphene oxide—zinc phthalocyanine
nanocomposite was demonstrated by Zhu et al. (2011). Several research groups
have studied the scope of graphene materials functionalized with porphyrin for
optical limiting applications (Xu Y. et al., 2009; Wang et al., 2013; Krishna et al.,
2011; Liu Z.-B. et al., 2009). Balapanuru et al. (2010) synthesized a graphene
oxide—dye (4-(1-pyrenylvinyl)-N-butylpyridinium bromide) charge-transfer
complex by a simple ion-exchange process and studied the broad band optical
limiting action. Even though the combination of graphene materials with various
materials discussed above are explored for synergetic improvement in the
nonlinear optical properties, polyaniline-graphene hybrids are not known in this

context.
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The optoelectronic and light harvesting applications of graphene are of
particular interest for academic, technological and industrial sectors. Graphene
based materials are anticipated to be used for effective charge separation and
carrier transport, when blended with conjugated polymers due to the large surface
area for donor acceptor interfaces and continuous pathway for electron transfer
(Huang et al., 2012; Liu Z. et al., 2008). Intramolecular charge transfer in hybrid
materials is one of the important reasons for the enhancement of optoelectronic
properties of hybrid systems. Various authors (Liu Q. et al., 2009; Yu et al., 2010)
reported the strong electron/energy transfer from the conjugated polymer P3HT to
graphene and the resulting improvement in photovoltaic properties. But the
application of polyaniline-graphene hybrids for photocurrent generation is

relatively unexplored.

Therefore, by the introduction of polyaniline into graphene sheets either
through covalent grafting or noncovalent mixing/adsorption, the optoelectronic
properties can be expected to rival that of individual components. Both methods
have its own advantages and disadvantages. The noncovalent modification based
on van der Waals forces or m-m interactions without destroying the electronic
structure of graphene could be considered as a good way to investigate the
properties of hybrid materials. Small molecules such as 1-pyrene butyrate, sodium
dodecyl benzene sulfonate, 1-pyrene carboxylic acid, dendronized perylene
bisimides, 3,4,9,10-perylene tetracarboxylic diimide bisbenzenesulfonic acid, etc.
(An et al.,, 2010; Su et al., 2009; Xu Y. et al., 2008) and polymers like
polystyrene, polyaniline, polypyrrole, (Bai et al., 2009; Choi et al., 2010) etc. are
widely used to make graphene composites by noncovalent interactions for a
variety of applications. Inspired by these encouraging findings, herein we report
the noncovalent functionalization of polyaniline with graphite oxide and the
improved nonlinear optical properties as well as the photocurrent generation of

the hybrid compared to the individual components.
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4.2. Experimental

4.2.1. Synthesis of graphite oxide
For the synthesis of GO, the Hummers method (Hummers and Offeman,
1958) is modified by avoiding the heating procedure and carrying out the reaction

at lower temperature (less than 10 °C). The scheme for the synthesis is given in

Fig. 4.1.
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Figure 4.1 Scheme of the synthesis of graphite oxide

Initially, graphite (1 g) is mixed with concentrated H,SO4 (100 ml) and
stirred for 12 h. The mixture is then cooled in an ice bath, and while maintaining
vigorous stirring, KMnOy (2 g) is added slowly to the suspension and stirred for
2.5 h. It is then diluted with distilled water (50 ml) and the stirring is continued for
I h. The mixture is then allowed to cool to room temperature and finally treated
with 150 ml distilled water followed by 10ml of 30% H,O,. The product obtained
is filtered through nylon cloth to remove unreacted graphite if any, and further
purified by centrifuging and washing with dilute hydrochloric acid (HCl) and
excess water until the pH remains neutral. Finally the sample is dried under

vacuum at 80 °C for 24 h.

4.2.2. Synthesis of pristine polyaniline
Freshly distilled aniline monomer (200 pl) is dissolved in 1 M TSA

(40 ml) and the initiator ammonium persulfate (APS) is added to the solution with

stirring. The polymerization reaction is continued for 9 h at room temperature.
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The polyaniline formed is then filtered, washed with distilled water, methanol and

acetone and vacuum dried at 60 °C for 24 h.

4.2.3. Synthesis of polyaniline-graphite oxide hybrid
Polyaniline-GO hybrids are synthesized by the in sifu polymerization of
aniline in the presence of synthesized GO using 1 M TSA as the dopant and APS

as the initiator. The synthesis scheme is given in Fig. 4.2.
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Figure 4.2 Scheme of the synthesis of polyaniline-graphite oxide hybrid

Weighed amount of GO is dispersed in TSA by ultrasonication for 30
minutes. Freshly distilled aniline is added to it and stirred for 10 minutes for the
adsorption of monomer on GO sheets. Aniline can be adsorbed on the surface of
GO through a strong electrostatic interaction between amino group of aniline and
oxygen functionalities of GO. Therefore a homogeneous mixture of GO and
aniline can be easily achieved. Freshly prepared aqueous solution of ammonium
persulfate is added drop-wise to the dispersion and stirring is continued for 9 h.
The hybrid formed is filtered through Millipore 0.45 pm filter, washed with water
and methanol and dried under vacuum at 60 °C for 24 h. A series of hybrids are
synthesized by varying aniline:GO ratio as 4:1, 2:1, 1:1 and 1:2 and the samples
are named as P4G1, P2G1, P1G1 and P1G2 respectively.
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4.3. Results and Discussion
4.3.1. Characterization of GO

The presence of oxygen functionalities in GO is analyzed using FTIR

spectrum as shown in Fig. 4.3.
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Figure 4.3 FTIR spectra of graphite and GO

The strong absorption at 1729 cm™ is attributed to the C=0 stretching
vibrations of carboxylic acid group. The bands due to the carboxy (C-O), epoxy
(O—C-0), and alkoxy (C-O) groups are also found at 1399, 1186 and 1084 cm’™,
respectively, as reported elsewhere (Kumar et al., 2012). The peak at 1632 cm™ is
due to the unoxidized C=C stretching vibrations and the broad band after

3000 cm™ depicts the O-H stretching vibrations (Sun et al., 2011).

GO exhibits layered morphology with the oxygen functionalities
disrupting the carbon hexagonal plane and increasing the interlayer spacing. The
increased d spacing from 0.34 nm (graphite) to 0.86 nm (GO) by weakening van
der Waals forces between the layers is clearly evident from the XRD pattern as
given in Fig. 4.4. After oxidation, the characteristic graphitic plane at 20=26.7°

shifts towards 26=10.3° corresponding to the (001) plane. The disappearance of
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0.34 nm inter-graphene spacing indicates the complete oxidation of graphite into

graphite oxide.
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Figure 4.5 TGA patterns of graphite and GO

The TGA analysis of graphite and GO is shown in Fig. 4.5. Graphite is

found to be stable in the temperature range studied, whereas GO shows a major

weight loss starting from 150 °C, due to the loss of labile oxygen containing

functional groups (Wang G. et al., 2005). The increased inter layer spacing also

promotes the easy removal of oxygen functionalities. Weight loss after 680 °C is
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due to the degradation of sp> carbon atom. The 8% weight loss up to 150 °C is due
to the loss of adsorbed water molecules. From the TGA analysis, oxygen

percentage is calculated as 47 % (weight loss in the temperature range

150-680 °C).
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Figure 4.6 XPS spectrum of GO

The oxygen percentage is again confirmed with XPS spectrum shown in
Fig. 4.6. The XPS spectrum of GO shows peaks at 285 and 531 eV corresponding
to C 1s and O 1s respectively. The percentage of oxygen and carbon are

quantified as 47% and 53% respectively.

Fig. 4.7 shows the Raman spectra of graphite and GO. Graphite shows a
broad G band representing the in-plane bond stretching of sp” carbon atoms and a
very small D band (defect band) corresponds to the breathing mode of the rings or
K-point phonons of Aj, symmetry (Cangado et al., 2004; Ferrari and Robertson,
2000). The I/Ip ratio in this case 1s 7.1. After oxidation, the intensity of defect
band increases and I/Ip ratio decreases to 0.91. Since I5/Ip ratio is a measure of

disorder, it is clearly understood that oxidation induces defects in GO sample.
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Figure 4.7 Raman spectra of graphite and GO
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Figure 4.8 (a) SEM image and (b) TEM image of GO. Magnification of the SEM image is
10000x

The SEM and TEM images of GO shown in Fig. 4.8 depict the layered
and aggregated morphology of GO. The bumpy texture of the flat regions in SEM
images can be related to the presence of isolated epoxy and hydroxyl reaction
sites. The wrinkles can be attributed to the defects in the carbon lattice as

remnants of the epoxy reaction strings (Schniepp et al., 20006).
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Figure 4.9 (a) AFM image and (b) Horizontal cross-section line scan of AFM
image of GO

AFM images of GO as shown in Fig. 4.9 (a) confirms the layered
morphology. The corresponding cross-sectional analysis given in Fig. 4.9 (b)
indicates that the average thickness of the GO layers is around 2 nm. It should be
noted that the thickness of a single graphene sheet is equal to the interlayer
spacing in graphite (0.34 nm), but a GO sheet is approximately 1 nm thick due to
the presence of functional groups, structural defects and adsorbed water molecules
(Eda et al., 2008; McAllister et al., 2007; Stankovich et al., 2007). So the obtained
GO layer may have 2 sheets of GO.

73



4.3.2. Characterization of polyaniline-GO hybrid

A series of polyaniline-GO hybrids are synthesized by varying the
aniline:GO ratio. The structure of the hybrids is characterized by FTIR
spectroscopy. Fig. 4.10 shows the FTIR spectra of hybrid P1G2 along with that of

pure polyaniline.
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Figure 4.10 FTIR spectra of hybrid (P1G2) and polyaniline

In polyaniline, the out-of-plane bending vibration of C-H on 1,4-
disubstituted rings are found at 815 cm™ and the bands at 1568 and 1494 cm™ are
attributed to the C=C stretching vibrations of quinonoid rings and benzenoid rings
respectively. Aromatic C-H in-plane bending vibration is observed at 1143 cm™,
The vibration band at 1239 cm™ corresponds to the C-N"" stretching modes of the
polaronic charge carriers in the doped polyaniline, while the peak at 1302 cm™ is
due to the stretching vibration of the C-N bond. The hybrid shows all the
characteristic peaks of polyaniline, but the peaks are shifted to higher
wavenumber side due to the m-m interaction of polyaniline with the aromatic
region of GO. The peaks corresponding to GO are significantly reduced in the
hybrid indicating the removal of functional groups of GO during the hybrid

formation.
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XRD spectrum of polyaniline as shown in Fig. 4.11 (a) reveals three
characteristic peaks at 15, 20, and 25° corresponding to the (011), (020), and (200)
planes respectively. The peak at 20 and 25° are ascribed to periodicity parallel and
perpendicular to the polymer chain respectively. The XRD pattern of hybrid P1G2
(Fig. 4.11 (b)) shows all the characteristic peaks of polyaniline along with a peak
at 10.3° corresponding to the (001) planes in GO.
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Figure 4.11 XRD spectra of (a) polyaniline and (b) hybrid (P1G2)
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Figure 4.12 XPS spectrum of the hybrid (P1G2)

XPS spectrum is used to study the elemental composition of the hybrids.
The XPS spectrum of the hybrid P1G2 is given in Fig. 4.12. Compared to GO, the
percentage of oxygen in the hybrid is reduced to 15 and that of carbon is increased

to 67, indicating the removal of most of the oxygen functionalities in GO during
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the hybrid formation. Two new peaks centered at 399 and 168 eV corresponding
to N1s and S2p are confirming the formation of toluenesulphonic acid doped

polyaniline hybridized with GO.
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Figure 4.13 TGA pattern of the samples

The decomposition patterns of the samples are studied using thermo
gravimetric analysis. As shown in Fig. 4.13, GO loses 42% of its weight from 150
to 200 °C, whereas all the hybrids loses less than 10% of its weight at the same
temperature range, indicating the removal of oxygen containing groups during
hybrid formation. The gradual weight loss of the hybrid starting from 250 °C is
due to the loss of the dopant molecules in polyaniline. The hybrid samples give

more residues compared to the pure polyaniline and GO.

Raman spectrum of the hybrid P1G2 is shown in Fig. 4.14. The Is/Ip
ratio is found to be 1.03, which is higher compared to that of GO as disussed in
Fig.4.7. This increase in Ig/Ip ratio indicates fewer defects in the hybrid and
suggests significant defect repairing during hybridization resulting in larger sp2

domain and extended conjugation.
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Figure 4.14 Raman spectrum of the hybrid (P1G2)
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Figure 4.15 SEM image of the hybrids at a magnification of 10000x
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The morphology of the hybrids is analyzed using SEM and images are
shown in Fig. 4.15. When polyaniline is hybridized with GO, large wrinkled
paper-like structure appears and the morphology of the hybrids are observed as
uniform. No individual polyaniline agglomerates can be observed, indicating
nucleation and growth processes occur only on the surface of GO. The
morphology and crystallinity of the hybrid P1G2 is further investigated by TEM
analysis. TEM image of P1G2 shown in Fig. 4.16 (a) confirms the formation of
polyaniline covered with GO layers. HRTEM image of P1G2 (Fig. 4.16 (b))
clearly shows the distinction between crystalline GO from the amorphous
polyaniline layer. The lattice fringes observed in the HRTEM image of P1G2 and
the SAED pattern shown in Fig. 4.16 (c) reveals that the crystallinity of GO is

maintained in the hybrid.

Figure 4.16 (a) TEM image (b) HRTEM image and (c) Selected area diffraction pattern of
the hybrid (P1G2)

Fig. 4.17 (a) shows the AFM topographic image of the hybrid sample. It
is observed that except the unoccupied substrate areas, two different surface
features are appeared. As per the horizontal cross-sectional analysis given in Fig.
4.17 (b), the line goes through two features with average thickness 1 nm and 3.2
nm. The regions with 1 nm thickness may be GO sheet and the other regions may

be polyaniline covered with GO layers.
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Figure 4.17 (a) AFM image and (b) Horizontal cross-section line scan of AFM image of
the hybrid (P1G2)

Fig. 4.18 (a) shows the UV-visible spectra of GO, polyaniline and P1G2
hybrid in 2-propanol. The spectrum of GO shows a peak at 244 nm corresponding
to m-* transition of C=C bond and a shoulder around 290-300 nm due to the n-m*
transition of C=0 bond. Polyaniline shows A, at 344 nm, a shoulder around 440
nm and a free carrier tail extending to NIR region corresponding to m-n* and
polaron transitions respectively. Compared to polyaniline, spectrum of the hybrid
is red shifted and it shows a peak at 262 nm due to the n-t* transition of GO in
the hybrid. The red shift of this peak with respect to GO is due to the partial
restoration of C=C bond of GO in the hybrid (Li D. et al., 2008).
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Figure 4.19 Photoluminescence spectra of polyaniline and the hybrid (P1G2)

Fig. 4.19 shows the photoluminescence spectra of polyaniline and P1G2
dispersed in 2-propanol in equal weights. The excitation wavelength is 360 nm.
Polyaniline shows a broad emission centered at 480 nm. Photoluminescence of
polyaniline is quenched significantly when it is hybridized with GO, suggesting
photoinduced electron transfer from polyaniline to GO layers. Similiar
observation of photoluminescence quenching due to photoinduced electron

transfer from P3HT to graphene is reported by Liu Q. et al. (2009).
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4.3.3 Optical limiting properties

Open aperture Z scan technique is employed to measure third order
nonlinear optical properties of the samples. All the Z scan curves shown in
Fig. 4.20 exhibits normalized transmittance valley, indicating optical limiting

behaviour.

o P4G1
¥y =Polyaniline

Z (mm)

Figure 4.20 Open aperture Z scan plot of the samples

Transmittance valley exists due to different nonlinear mechanisms like
reverse saturable absorption, two photon absorption, nonlinear scattering, etc.
Compared to polyaniline and GO, the hybrids show enhanced optical limiting
property due to the synergetic combination of nonlinear mechanisms of
polyaniline and GO. Excited state absorption is the major nonlinear optical
mechanism of GO (Liu Z. et al., 2009) at 532nm when nanosecond pulses are
used, whereas polyaniline is known to exhibit reverse saturable absorption and/or
two photon absorption. The photoinduced electron transfer also may have a
significant effect for the enhanced optical limiting response of the hybrid

compared to individual components (Liu Z.-B. et al., 2009).

The optical limiting plots are given in Fig. 4.21. The open aperture Z
scan experimental data fits well with two photon absorption theoretical plot. The
nonlinear absorption coefficient as well as the saturation intensity extracted from

the theoretical fit is listed in table 4.1.
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Figure 4.21 Optical limiting behaviour of polyaniline and hybrid samples

Table 4.1 Nonlinear absorption coefficient () and saturation intensity (/) of the
samples

Sample name S (cm/ GW) Lo (GW/cmz)
Polyaniline 5.8 2.5
GO 5.5 3.5
P4G1 8 1.5
P2G1 11 0.7
P1Gl1 13 0.6
P1G2 19 04

The increased percentage of GO enhances the nonlinear absorption
coefficient and decreases the limiting threshold, hence the hybrid P1G2 is the best

optical limiter among the hybrids.

4.3.4 Photocurrent generation studies

The thin films of polyaniline and polyaniline-GO hybrids were prepared
by the experimental methods given in Chapter 2 (section 2.2.2.). Fig. 4.22 shows
photocurrent cycles of polyanilne and the hybrids measured as per the procedure
given in 2.3.7 by repetitive switching (on/off) of the light. It indicates that the
samples can be reversibly turned ‘on’ and ‘off” by switching of the irradiation.
Pure polyaniline shows a photocurrent of 4.6 pA. Photocurrent generated
increases gradually as the percentage of GO in the hybrid increases and when the

aniline to GO ratio is 1:2, the film exhibits a photocurrent of 9.1 A, almost twice
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as that of pure polyaniline, indicating the enhanced separation efficiency of
photogenerated excitons through the electronic interaction of polyaniline and GO
(Huang, et al., 2012; Liu Z., et al., 2008). The polyaniline-GO hybrid film is
acting as a bulk heterojunction device. In such devices, the interfacial areas are
large, hence the potential differences are strong enough for efficient exciton
dissociation. The photocurrent responses of the hybrids are quite reproducible
during the repeated on-off cycles, whereas for pure polyaniline current decay is

observed.
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Figure 4.22 Photocurrent cycles of the samples

83



4.4. Conclusions

A series of polyaniline-GO hybrids with noncovalent interactions are
synthesized by the in situ polymerization of aniline in the presence of synthesized
GO using TSA as the dopant and APS as the initiator. GO is synthesized by
modified Hummers method. The GO as well as the hybrids are characterized by
various spectroscopic, thermal and microscopic techniques. Photoluminescence
quenching is observed in the hybrid compared to pure polyaniline as a result of
photoinduced electron transfer. Significant improvement in optical limiting
behaviour and photocurrent generation is observed for the hybrids compared to
individual components. Both the optical limiting and photocurrent generation of
the hybrid increases as the percentage of GO in the hybrid increases. The hybrid
P1G2 shows higher £ value (19 cm/GW) with lower saturation intensity (0.4
GW/cm?) compared to that of pure polyaniline (f=5.8 cm/GW, I;,=2.5 GW/cm?).
The improved optical limiting behaviour is due the synergetic combination of
NLO mechanisms of polyaniline and GO and light induced electron transfer
within the hybrid. The photocurrent generated by P1G2 is 9.1 pA, while pure
polyaniline shows only 4.6 pA. The efficient dissociation of excitons at the
interface between polyaniline and GO and the photoinduced electron transfer to
GO before recombination of the dissociated carriers are contributing to the

increased photocurrent of the hybrid compared to pure polyaniline.
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CHAPTER 5
STUDIES ON POLYANILINE-PHENYLENE
DIAMINE FUNCTIONALIZED REDUCED
GRAPHENE OXIDE HYBRID

This chapter discusses about covalent funtionalization of polyaniline with
reduced graphene oxide. A novel synthesis route is adopted to achieve covalent
connections. GO is modified with phenylene diamine functional groups and the phenylene
diamine functionalized reduced graphene oxide is polymerized along with aniline
monomer to achieve covalently connected polyaniline-reduced graphene oxide hybrid.
The GO, phenylene diamine functionalized reduced graphene oxide and the hybrids are
characterized in detail. The improved optical limiting behaviour, dc-conductivity, and
photocurrent generation of the hybrid compared to the individual components are also

discussed.

5.1. Introduction

The chemical functionalization of graphene is started for the
improvement in solubility/processability in both water and organic solvent by
introducing different soluble groups (Englert et al., 2011; Si and Samulski, 2008;
Stankovich et al., 2006 (a); Stankovich et al., 2006 (b); Yang et al., 2009a; Zhu et
al., 2009). Later multifunctional hybrids of graphene with covalent connections
having both the superior properties of graphene and the advantages of functional
materials have been widely studied. Chandrasekar and Pradeep (2012) were able
to attach luminescent silver quantum clusters to graphene through a covalent
linker and thus provided a gateway for further experimental and theoretical
exploration on the electronic, optical, catalytic, and biological properties of the
new material. Lee et al. (2010) introduced a new method for attaching polymer
brushes to graphene oxide using surface-initiated atom transfer radical
polymerization (ATRP). The method involves the covalent attachment of an
initiator to graphene oxide followed by the polymerization of styrene, methyl

methacrylate, or butyl acrylate using ATRP. Feng et al. (2013) presented reduced

85



graphene oxide-azobenzene hybrids via covalent functionalization for long-term
solar thermal storage. Xiaoming et al. (2011) demonstrated the synthesis and
fluorescence quenching properties of soluble graphene-indolizine hybrid with
covalent connections. Graphene materials covalently functionalized with various
other functional materials have been reported for a variety of applications like
structural reinforcement (Fang et al., 2009; Pramoda et al., 2010; Yang et al.,
2009b), dye adsorbents (He et al., 2010), electrocatalysts for oxygen reduction
reactions (Liang et al., 2012), optical applications (Tuan et al., 2010),

electrorheological applications (Hu et al., 2011) and many more.

Covalent functionalization of graphene materials with other nonlinear
optical materials is a valid way to enhance the optical limiting properties due to
the formation of effficient donor acceptor system and the combination of NLO
mechanisms. Zhang et al. (2009a) synthesized covalently connected graphene-Ce
hybrid and observed an enhancement in nonlinear optical performance compared
to the benchmark material Cgy and graphene. The conjugation of delocalized n-
electron system of the graphene with conjugated organic molecules or polymers
can open up a new window for nonlinear optical applications. Liu Y. et al. (2009)
and Zhang et al. (2009b) demonstrated superior optical limiting of graphene
material covalently functionalized with oligothiophene compared to the individual
components and Cg. Li P. P. et al. (2011) studied the excellent broad band optical
limiting of charm-bracelet type poly (N-vinyl carbazole) (PVK) functionalized

with thermally reduced graphene oxide in contrast to the pure PVK.

Xu Y. et al. (2009) reported the first covalently bonded and organic
soluble graphene hybrid of porphyrin with superior optical limiting compared to
the bench mark material. Liu Z.-B. et al. (2009) reported an enhancement in
nonlinear optical properties of two different graphene hybrid materials covalently
functionalized with porphyrin and fullerene at 532 nm. The enhanced optical
nonlinearity of these hybrids are attributed to the combination of a nonlinear
mechanism and the photoinduced electron or energy transfer between porphyrin

or fullerene moiety and graphene. Krishna et al. (2011) investigated the nonlinear
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optical and optical limiting properties of covalently linked graphene-zinc
porphyrin composite materials. The same authors (Krishna et al., 2012) studied
structural, spectroscopic and nonlinear optical properties of graphene oxide and its
composites with various metal and metal free porphyrins. They observed that the
metal free porphyrins with graphene oxide show enhanced nonlinear absorption
properties compared to graphene oxide with metal porphyrins in nanosecond time
scales. Wang et al. (2013) reported the increase in optical nonlinearity of graphene
nanohybrids axially coordinated to two different porphyrins; tin cored porphyrin
and phosphourous cored porphyrin compared to graphite oxide and free

porphyrins.

Zhu et al. (2011) synthesized a soluble graphene oxide covalently
functionalized with zinc phthalocyanine exhibiting much larger nonlinear optical
coefficients and broadband optical limiting performance than graphene oxide at
532 and 1064 nm. Soluble graphite oxide axially substituted with gallium
phthalocyanine with improved nonlinear absorption coeffient compared to GO,
pristine gallium phthalocyanine and Cgp has been reported by Yong-Xi et al.
(2011). Zhao et al. (2013) compared the optical limting behaviour of zinc
pthalocyanine covalently functionalized with three different graphene materials;
pure graphene, graphene oxide and reduced graphene oxide. In nanosecond
regime, reduced graphene oxide—phthalocyanine hybrid shows better optical

limiting effect than the other two hybrids.

The covalently connected graphene-porphyrin hybids have been recently
studied for photocurrent generation applications. Karousis et al. (2011)
electrophoretically deposited graphene oxide with covalently linked porphyrin
antennae on tin oxide and the electrode exhibit an incident photon-to-
photocurrent-efficiency of 1.3% in a standard photoelectrochemical cell. Tang et
al. (2014) synthesized porphyrin hybrid covalently functionalized with graphene
and studied the improved photocurrent generation compared to free porphyrin.

Chatterjee et al. (2013) studied the role of aminofunctionalized GO for changing
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the morphology of polyaniline during in situ polymerization and the improved

photocurrent generation of the polyaniline-reduced graphene oxide hybrid.

Eventhough covalently grafted hybrids of graphene are known in the
literature, the advantages of covalently connected polyaniline—graphene hybrids
are not highly explored. Recently few papers are published specially aiming
supercapacitor applications (An et al., 2012; Jianhua et al., 2012; Kumar et al.,
2013; Kumar et al., 2012; Li Z. F. et al., 2014) and memory effect (Zhang B. et
al., 2013) of polyaniline-graphene hybrids with covalent interactions. The optical
limiting applications and photocurrent generation of the covalently connected

graphene hybrids of polyaniline are highly unexplored.

With this background, polyaniline is covalently connected with reduced
graphene oxide by a novel 3 step approach. GO is first functionalized with
phenylene diamine by facilitating acylation chemistry of GO, where concominant
reduction and exfoliation of GO occurs due to the refluxing of GO with thionyl
chloride vapours. Polyaniline-reduced graphene oxide hybrids with covalent
connections are synthesized by the in situ polymerization of aniline in the
presence of GONH2. The improved nonlinear absorption, dc-conductivity and
photocurrent generation compared to the individual components and the

noncovalently connected polyaniline-GO hybrid (Chapter 4) are discussed here.

5.2. Experimental

5.2.1. Functionalization of graphite oxide with phenylene diamine
Scheme for the phenylene diamine functionalization of GO is shown in
Fig. 5.1. At first, the synthesized GO (500 mg) is treated with a catalytic amount
of dry DMF and excess amount of freshly distilled SOCI, under inert atmosphere
at 80 °C for the conversion of carboxylic acid groups to acid chlorides. The excess
SOCI, is removed by distillation under reduced pressure and the obtained cake is
redispersed in excess amount of dry DMF. Then phenylene diamine (500 mg) is
added to the dispersion and the reaction is continued for 72 h at 120 °C under inert

atmosphere. The obtained mixture is filtered using Millipore 0.45 um filter,
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washed with DMF, distilled water and methanol, and dried under vacuum at 80 °C
for 24 h. During the phenylene diamine functionalization, reduction and
exfoliation of GO is achieved, hence the sample is named as phenylene diamine

functionalized reduced graphene oxide (GONH2).
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Figure 5.1 Scheme of the functionalization of GO by phenylene diamine

5.2.2. Synthesis of polyaniline-GONH2 hybrid

The hybrids are synthesized by the in sifu polymerization of aniline in the
presence of GONH2 using TSA as the dopant and APS as the initiator as shown in
Fig. 5.2. GONH2 (50 mg) is first dispersed in 1 M TSA (40 ml) by
ultrasonication. Aniline monomer (200 ul) is added to the dispersion and stirred
for 30 min for the adsorption of the monomer on graphene sheets. Freshly
prepared aqueous solution of the initiator (APS, 1.4 ml, 2.9 mmol) is added drop
wise to the dispersion and stirring is continued for 9 h. The green colored hybrid
formed is then filtered through Millipore 0.45 um filter paper, washed with
distilled water, methanol and acetone and vacuum dried at 60 °C for 24 h. Various
hybrids are synthesized by varying the aniline: GONH2 ratio as 2:1, 1:1, and 1:2
and the samples are named as P2NH2G1, PINH2G1and PINH2G2, respectively.
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Figure 5.2 Scheme of the synthesis of polyaniline-GONH2 hybrid

During this in situ polymerization, the reduced graphene oxide sheets act
as a support material and also participate in the polymerization of aniline by the
formation of GONH2 radical cation. Using the initiator (NH4),S,0s, two types of
cation radicals are formed namely, phenylene diamine radical cation covalently
linked on redued graphene oxide sheets and aniline radical cation physically
adsorbed on reduced graphene oxide sheets. The chains initiated by the former
will be covalently grafted on the graphene sheets and those initiated by the
adsorbed aniline radical cation will get entrapped in the reduced graphene oxide

sheets by noncovalent interactions.

5.3. Results and Discussion

5.3.1. Characterization of phenylene diamine functionalized

reduced graphene oxide

Fig. 5.3. shows the FTIR spectra of phenylene diamine functionalized
reduced graphene oxide and unfunctionalized GO. The spectrum of the GONH2
clearly reveals the presence of amide linkages. After phenylene diamine
functionalization, because of the formation of amide bonds, the C=0 stretching
vibration of GO at 1729 cm™ is shifted to lower wavelength 1711 cm’! (GONH2).

The characteristic -NH bending vibration at 1546 cm™ is also observed.
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Fig. 5.4 shows the XRD spectra of GO and GONH2. After phenylene
diamine functionalization of GO, the peak at 20=10.3° corresponding to (001)
plane in GO disappears and a new broad peak appears at 26=25.2°. This is due to
the decrease of interlayer spacing by the removal of intercalated oxygen
functional groups, hence indicating the reduction of GO after phenylene daimine
functionalization. The broadening of the peak around 26=25.2° in GONH2
compared to the graphitic peak (20=26.7°, Fig. 4.4) indicates poor ordering of
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Figure 5.4 XRD spectra of GO and GONH2
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sheets in the stacking direction, hence indicating destacking of GO after

phenylene diamine functionalization.

Thermal decomposition of GO after phenylene diamine functionalization
is investigated by thermogravimetric analysis under nitrogen atmosphere and the
decomposition pattern is given in Fig. 5.5. In GO mass reduction starts from
150 °C due to the pyrolysis of labile oxygen containing groups, whereas GONH2
shows considerable weight loss only after 250 °C. This indicates that most of the

oxygen containing groups are removed during the functionalization.
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Figure 5.5 TGA pattern of GO and phenylene diamine functionalized reduced graphene
oxide

Elemental composition of the samples are studied using XPS analysis as
shown in Fig. 5.6. GO shows 47% oxygen and 53% carbon. But after
functionalization the intensity of the peak corresponding to oxygen reduces to
8 %, where as that of carbon increases to 86%. This clearly reveals the significant
reduction of GO after functionalization with phenylene diamine. Moreover, the
spectrum of GONH2 shows a new peak corresponding to Nls at 400 eV due to

the anchoring of phenylene diamine groups on reduced graphene oxide.
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Figure 5.6 XPS spectra of GO and GONH2

Fig. 5.7 shows the Raman spectra of GO and GONH2. Here the I/Ip
ratio is found to be 0.81, which is less than that of unfunctionalized GO (0.91) as
given in Fig. 4.7. This increased intensity of D band is due to the introduction of
more defects in reduced graphene oxide after functionalization with phenylene

diamine.
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Figure 5.7 Raman spectrum of GONH2
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Figure 5.8 (a) SEM image and (b) TEM image of GONH2. Magnification of SEM iamge
is 10000x

SEM and TEM image shown in Fig. 5.8 clearly depicts the layered and
wrinkled morphology of GONH2. As shown in the SEM image, the surface of
GONH2 became very rough due to the introduction of phenylene diamine on the
reduced graphene oxide. TEM image of GONH2 clearly shows the considerable

exfoliation of GO after phenylene diamine functionalization.
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Figure 5.9 UV-visible spectra of GO and GONH2

Fig. 5.9 shows the UV-visible spectra of GO and GONH2. The
absorption of GO at 244 nm 1is red shifted to 274 nm after diamine

functionalization, indicating that the electronic conjugation is revived after
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phenylene diamine functionalization due to the reduction of GO (Li D. et al.,
2008). All the above characterization techniques reveal the significant reduction
and exfoliation of GO after phenylene diamine grafting, hence it is named as

phenylene diamine functionalized reduced graphene oxide.

5.3.2. Characterization of polyaniline-GONH2 hybrid

Fig. 5.10 shows the FTIR spectrum of the hybrid (PINH2G2) with
highest GO percentage. The hybrid shows all the characteristic peaks of
polyaniline (Fig. 4.10), but the peaks are shifted to higher wavenumber side

because of the m-m interaction of polyaniline with the aromatic region of the

GONH2.
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Figure 5.10 FTIR spectrum of the hybrid (PINH2G2)

The XRD spectrum of the hybrid shown in Fig. 5.11 reveals the
characteristic peaks of polyaniline at 15° and 25° corresponding to (011) and (200)
planes respectively. The characteristic peak of polyaniline at 26=20°
(Fig. 4.11 (a)) corresponds to the periodicity parallel to the polymer chain is
almost disappeared in the hybrid spectrum because of the better n-n stacking in
the hybrid. Moreover, the peak corresponding to GO at 10.3° is completely
disappeared in the spectrum of polyaniline-GONH2 hybrid. This clearly indicates
the successful reduction of GO in the hybrids synthesized by this novel

methodology.
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Figure 5.11 XRD spectrum of the hybrid (PINH2G2)

Fig. 5.12 shows the XPS spectrum of the hybrid PINH2G2. The
composition of the elements in the hybrid are quantified as 15% oxygen, 8%
nitrogen, 73% carbon and 4% sulphur. Increased intensity of the N 1s peak of the
hybrid compared to that of GONH2 (Fig. 5.6), and the appearance of a new peak

at 168 eV corresponding to S 2p in the hybrid confirms the formation of TSA
doped polyaniline-GONH2 hybrid.
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Figure 5.12 XPS spectrum of the hybrid (PINH2G2)
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Figure 5.13 TGA patterns of the samples

TGA results given in Fig. 5.13 shows the decomposition patterns of pure
polyaniline, GONH2 and the hybrids. Compared to pure polyaniline (38%), the
hybrids show more residue (47%) because of the presence of stable GONH?2.
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Figure 5.14 Raman spectrum of the hybrid (PINH2G2)

I6/Ip ratio of the hybrid is higher (0.98) compared to pristine GONH2
(0.81, Fig. 5.7) as indicated by the Raman spectrum of the hybrid shown in
Fig. 5.14, and hence indicating reduced disorder in P1NH2G2 hybrid. This
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suggests defect repairing of GONH2 after hybrid formation with polyaniline

resulting in larger sp’ domain and extended n-conjugation.

Figure 5.16 (a) TEM image and (b) HRTEM image of the hybrid (P1NH2G2)

SEM and TEM images of PINH2G2 shown in Figs. 5.15 and 5.16
respectively reveal the presence of polyaniline covered with reduced graphene
oxide sheets. HRTEM image shown in Fig. 5.16 (b) shows the crystalline fringes
of reduced graphene oxide sheets of the hybrid.
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Figure 5.17 UV-visible spectra of polyaniline and the hybrid (PINH2G2)

Fig. 5.17 (a) shows the UV-visible spectra of polyaniline and the hybrid
PINH2G2 recorded in 2-propanol. The hybrid spectrum shows all the three

characteristic peaks of polyaniline.
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Figure 5.18 Photoluminescence spectra of polyaniline and the hybrid (P1NH2G2)

Photoluminescence spectra of polyaniline and PINH2G2 dispersions in
2-propanol (1 mg in 5 ml) are recorded at the excitation wavelength of 360 nm
as shown in Fig. 5.18. Polyaniline shows a broad emission centered at 480 nm.
After hybridization with GONH2, the photoluminescnce is significantly quenched

due to the efficient electron transfer between polyaniline and GONH?2 facilitated
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by the covalent interactions. Because of the reduction of GO, sp2 domains are

increased, which results in the improvement to accept and transfer electrons.

5.3.3 Optical limiting properties

Optical limiting properties of the samples are measured using open
aperture Z scan technique. Fig. 5.19 shows Z scan plots of the hybrids, pure
polyaniline and GONH2. All the curves exhibit normalized transmittance valley
indicating strong optical limiting behaviour. Optical limiting curves plotted using
Z scan data are given in Fig. 5.20. Compared to pristine GONH2 and polyaniline,
the hybrids show deep valley, hence better optical limiting behavior. The hybrid
with highest GONH2 percentage (PINH2G2) is showing the strongest optical

limiting bahaviour among this class of hybrids.
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Figure 5.19 Open aperture Z scan plots of the samples
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Figure 5.20 Optical limiting plots of the samples
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The nonlinear absorption parameters of the samples derived from the
theoretical fit of the Z scan data is listed in Table 5.1. PINH2G2 shows the higher
nonlinear absorption coefficient of 25 cm/GW with lower saturation intensity of
0.2 GW/cm®. The improved optical limiting of the hybrids are attributed to the
synergetic combination of NLO mechanisms of polyaniline and reduced graphene
oxide facilitated by the covalent connections. At the same time, during the
phenylene diamine functionalization and polymerization, the oxygen
functionalities in GO are removed significantly and crystalline defects diminishes,
which increases the conjugation network. The increase of lattice integrity of
redued graphene oxide enhances its thermal transmission which can results in
improved nonlinear scattering (Zhao, et al., 2013). The significant photoinduced
electron transfer from the donor polyaniline to reduced graphene oxide may also
play a major role in improving the optical limiting behaviour (Liu Z.-B. et al.,

2009).

Table 5.1 Nonlinear absorption coefficient () and saturation intensity (/) of the

samples
Sample name B (cm /GW) L (GW/cm?)
Polyaniline 5.8 25
GONH2 4.8 3.7
P2NH2G1 12 0.6
PINH2G1 15 0.5
PINH2G2 25 0.2

5.3.4. DC conductivity and photocurrent generation studies

The dc-conductivity of the samples in the form of circular pellets are
measured at room temperature using standard spring-loaded pressure contact four
probe method. The probe spacing is 2 mm. The current from a dc-source meter

(Keithley, 2182A) is allowed to pass through the outer probes of the four-probe
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and voltage across the two inner probes is measured using nanovoltmeter
(Keithley, 6221). The dc conductivity is calculated using the standard van der
Pauw relation as described in Chapter 2 (Eq. 2.7). The thickness of the sample is
taken as the average of three different measurements using a screw gauge. The
conductivity values of the samples are given in Table 5.2. To investigate the effect
of covalent functionalization in improving the conductivity, the conductivity of
polyaniline-phenylene diamine functionalized reduced graphene oxide hybrids are

compared with that of polyaniline/unfunctionalized GO hybrids.

Table 5.2 DC conductivity of the samples

DC conductivit
Sample name conauetivity

(S/cm)

Polyaniline 2
P2NH2G1 2.1
PINH2G1 59
PINH2G2 6.3
P2G1 0.33
P1G1 0.14
P1G2 0.03

The dc conductivity of pristine polyaniline is found to be 2 S/cm. The
polyaniline-phenylene diamine functionalized reduced graphene oxide hybrids
(P2NH2G1, PINH2G1land PINH2G?2) shows increased conductivity compared to
pure polyaniline. This may be because of the formation of direct conducting
pathways due to the covalent bonds formed between polyaniline and GONH?2.
After functionalization with phenylene diamine, considerable reduction and
exfoliation of GO occurs and hence GONH2 acts as conducting filler and
promotes easier delocalization of electrons. So the hybrid with highest GONH?2
percentage shows the highest dc conductivity of 6.3 S/cm. But in the case of

polyaniline-unfunctionalized GO hybrids (P2G1, P1Gl and PI1G2), the
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conductivity decreases as the percentage of GO increases, because of the

insulating nature of GO.
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Figure 5.21 Photocurrent cycles of (a) polyaniline and (b) hybrid PINH2G2

Fig. 5.21 shows the photocurrent cycles of polyanilne and PINH2G2 by
repetitive switching of the white light illumination (on/off) at an interval of 30 s.
It is clear from the figure that photocurrent generation of the hybrid is high
(29 pA) compared to that of pristine polyaniline (4.6 uA). The responsivity of the
samples are calculated by the equation (Iigh-Zaark)/Jaark. Pure polyaniline shows a
responsivity of 7.8%, while the hybrid shows an increased responsivity of
25.6%. Low exciton dissociation and immediate recombination of the
photogenerated electrons and holes are responsible for the low photocurrent in
polyaniline. But in the hybrid, the photogenerated exciton may easily be diffused
into the interface between polyaniline and reduced graphene oxide and get
dissociated. The electrons are transferred to reduced graphene oxide layers and the
holes are delocalized along the polyaniline chain and results in large photocurrent.
The efficient photocurrent generation of PINH2G2 is due to the formation of
direct conducting pathways because of the covalent linkage between polyaniline
and reduced graphene oxide sheets. The photocurrent cycles of hybrids are more

reproducible compared to polyaniline.
To get an insight into the process of photocurrent generation in this

hybrid, energy level diagram of the photocurrent generating system is drawn as

shown in Fig. 5.22.
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Fig. 5.22 Energy level diagram of the photocurrent generating system

The band gap of polyaniline in the hybrid (PINH2G2) is calculated from
the intercept on the abscissa of (ahv)’vs. hvplot (Fig. 5.23) drawn using Tauc

relation as given in Eq. 5.1 (Tauc, J. 1970).

o= —B(h“h;Eg)n (5.1.)
where, a is the absorption coefficient, B is the fitting parameter, 4 is the Planck’s
constant and v is the photon frequency, E, is the band gap and n corresponds to
the different possible electronic transitions responsible for the light absorption.
For polyaniline n is taken as ¥2 . From Fig. 5.23, the band gap of polyaniline in the
hybrid is found to be 2.2 eV. The calculated workfuntion of graphene is reported
as 4.42 eV (Chatterjee et al., 2013).
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Figure 5.23 (ahv)’vs. hv plot (Tauc plot) of the hybrid PINH2G2.

Therefore under white light illumination, electrons are excited from the
highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular
orbital (LUMO) of polyaniline and leaves a hole in the HOMO of polyaniline.
(Chatterjee et al., 2013). The excitons then diffuse to the interface between
polyaniline and GONH2. Due to the difference in LUMO energy levels, a strong
electric field exists at the interface between the polyaniline and GONH2, which
allows the dissociation of the excitons at the interface. Reduced graphene oxide is
having higher electron affinity, so naturally the dissociated electrons can relax to
GONH2 and get transported away from polyaniline. The seperated holes can be
delocalized along the polyaniline chain. The electrons and holes are then extracted
out at cathode and anode respectively, supported by an internal electrical field
generated mainly due to the difference in work function of the electrodes used.
Hence the photocurrent generation has mainly 4 steps, light absorption and
exciton generation, diffusion of excitons, dissociation of excitons, and transport of

dissociated carriers to the respective electrodes (Blom et al., 2007).
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5.3.5. Comparison of polyaniline-GONH2 hybrid with
polyaniline-unfunctionalized GO hybrid

In situ polymerization of aniline in the presence of phenylene diamine
functionalized reduced graphene oxide produces hybrids with covalent
connections between polyaniline and GONH2, while the polymerization of aniline
in presence of unfunctionalized GO produces hybrids with noncovalent
interactions. The efficient reduction of GO is achieved during phenylene diamine
functionalization. So polyaniline-GONH2 hybrids are having larger sp” domain
and extended conjugation compared to polyaniline-GO hybrid. The
photoluminescence quenching is more significant in PINH2G2 (Fig. 5.17) than
the corresponding unfunctionalized GO-polyaniline hybrid (P1G2, Fig. 4.19).
This reveals the better electron transfer through the direct covalent linkage
between polyaniline and GONH2 in PINH2G2. The covalently connected hybrid
PINH2G2 shows better optical limiting behaviour (Table 5.1) compared to the
corresponding polyaniline-GO hybrid (Table 4.1). The efficient photoinduced
electron transfer and the combination of NLO mechanisms of polyaniline and
GONH2 facilitated by covalent connections are contributing to the improved
optical limiting of PINH2G2 compared to P1G2. The dc conductivity of
PINH2G?2 is around 200 times higher than that of P1G2 (Table 5.2). This large
improvement in dc conductivity is also due to the formation of direct conducting
pathways by the covalent connection between polyaniline and GONH2.
Significant exfoliation and reduction of GO after functionalization also promote
easier delocalization of electrons through the exfoliated and reduced graphene
oxide sheets. But in P1G2, GO is acting as an insulating filler and hence the
conductivity is decreased compared to polyaniline. Moreover, the hybrid
P1INH2G2 shows a significant photocurrent of 29 pA (Fig. 5.21 (b)), where as the
corresponding polyaniline-unfuctionalized hybrid P1G2 (9 pA, Fig.4.22) shows
only slight improvement in photocurrent compared to pure polyaniline (4.6 uA,
Fig. 5.21(a)). This large and stable photocurrent of PINH2G2 is due to the
efficient exciton dissociation due to the electron transfer between polyaniline and
GONH2 and the easier transport of electrons through the reduced graphene oxide

layers to electrodes.
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5.4. Conclusions

Phenylene diamine functionalized reduced graphene oxide is designed,
synthesized and characterized for the synthesis of polyaniline hybrids with
covalent connections. The hybrids are synthesized by the in situ polymerization of
aniline in the presence of synthesized GONH2. All the spectroscopic, microscopic
and thermal characterization techiniques confirms the formation of polyaniline-
GONH2 hybrid. Significant photoluminescence quenching is observed in the
hybrid indicating the effective photoinduced electron transfer between polyaniline
and reduced graphene oxide because of the formation of direct conducting
pathways due to the covalent bonds. This class of hybrids show better optical
limiting behaviour compared to individual components as well as the
unfunctionalized GO-polyaniline hybrids. The improved optical limiting of the
hybrids are attributed to the synergetic combination of NLO mechanisms of
polyaniline and reduced graphene oxide facilitated by the covalent connections,
better sp2 conjugation and significant photoinduced electron transfer. These
hybrids with large optical nonlinearity (=25 cm/GW) and low limiting threshold
(154,=0.2 GW/cmZ) apart from the unique structure and excellent electronic

properties prove that they are good candidate for NLO device applications.

P1NH2G2 shows an electrical conductivity of 6.3 S/cm, which is around
3 times higher compared to pure polyaniline and around 200 times higher than
unfunctionalized GO/polyaniline hybrid (PIG2). Considerable reduction and
exfoliation of GO after phenylene diamine grafting and the covalent bonds
between polyaniline and GONH2 are responsible for the better conductivity. The
hybrid also produces large and stable photocurrent (29 pnA) under white light
irradiation, hence it is an ideal material for photosensing and photodetecting

applications.
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CHAPTER 6
STUDIES ON POLYANILINE-PHENYLENE
DIAMINE FUNCTIONALIZED MULTIWALLED
CARBON NANOTUBE HYBRID

This chapter presents the synthesis, characterization, optical limiting
behaviour, dc conductivity and photocurrent generation of polyaniline-phenylene
diamine functionalized MWNT hybrids. Photoluminescence quenching in the hybrid due
to the photoinduced electron transfer between polyaniline and MWNT, band gap

narrowing of the hybrid with respect to pure polyaniline, etc. are also discussed.

6.1. Introduction
Carbon nanotubes (CNTs), discovered by Iijima and Ichihashi (1993)

have raised great interest among researchers in recent years due to their excellent
electrical, optical, thermal and mechanical properties (Bhandari et al., 2008;
Dresselhaus et al., 2004; Dresselhaus et al., 1995). However, the solubility and
processability of the pristine carbon nanotubes have been challenging due to the
presence of inter-tubular aromatic n-m interactions. Chemical functionalization at
the tube-ends and sidewalls is one of the common ways to overcome this
drawback of CNTs. The presence of oxygen functionalities like carboxyl and
hydroxyl groups facilitates the separation of CNT bundles and increases the
solubility in polar media. The chemical functionalization also favours the

possibility of further modification of CNTs depending on the applications.

The studies on hybrids based on conducting polymers with CNTs are
currently active areas of research in the field of material science. Many
conducting polymers have been utilized for making hybrids with CNTs for
various applications (Ferrer-Anglada et al., 2006; Wang F. et al., 2008; Wang and
Musameh, 2005; Yuan et al., 2009). Among them polyaniline has achieved

widespread importance because of its low cost, environmental stability and very
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good electrical conductivity (Skotheim et al., 1997). Mainly there are two
important approaches for the synthesis of polyaniline hybrids of CNTs, physical
mixing of polyaniline with CNTs and in situ polymerization of aniline in the
presence of CNTs. Studies shows that the latter method produces homogeneous
nanocomposites (Zhang X. et al., 2005). But the insolubility of pristine CNTs
reduces the compatibility with polymers. Functionalization of CNTs can increase
the solubility; hence hybrids with better compatibility can be achieved by using
functionalized CNTs during the in situ polymerization of aniline (Wu and Lin,
2006). The amine functionalization of CNTs increases the compatibility with
aniline monomer and by the in situ polymerization of aniline in the presence of
amine functionalized CNTs, nanocomposites with very good interactions can be
achieved (Lafuente et al., 2008). It is also observed that the introduction of aniline
monomer on the surface of CNTs not only increases the dispersion, but also join
in the polymerization of aniline to impart chemical bonds between polyaniline and
CNTs, and avoid microscopic phase separation in the nanocomposites (Philip et

al., 2005; Xu J. et al., 2008; Xu J. et al., 2009; Yao et al., 2009).

The unique broadband (visible to NIR) optical limiting action of CNTs,
has attracted researchers interest to utilize them as potential materials for the
protection of human eyes and sensors. Currently researchers are trying to improve
the nonlinear optical properties of CNTs by making composites with dyes having
reverse saturable absorption. A cumulative optical limiting effect was observed by
Izard et al. (2004) through a combination of SWNTs with two photon absorbing
chromophore stilbene 3. Webster et al. (2005) observed an enhanced nonlinear
transmittance by complementary nonlinear mechanisms between a reverse
saturable absorbing dye (1,1',3,3,3’,3"-hexamethylindotricarbocyanine iodide)
with nonlinear-scattering carbon nanotubes. Ni Mhuircheartaigh et al. (2006)
reported the superior optical limiting effect from a noncovalently linked
tetraphenyl porphyrin—carbon nanotube composite. An enhanced optical limiting
action is observed by Wang and Blau (2008) from stable solutions of physically

blended phthalocyanine—single walled carbon nanotube composites.
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Apart from carbon nanotube composites with noncovalent interactions,
covalently connected hybrids of CNTs with materials showing complimentary
nonlinear optical properties find greater interest for improving optical
nonlinearity. Liu Z. B. et al. (2008) demonstrated the superior optical limiting
performance of SWNTs covalently functionalized with porphyrins compared to
the individual SWNT, porphyrins, and the bench mark material Cgp. The
improvement is attributed to the combined nonlinear mechanism and
photoinduced electron or energy transfer between the porphyrin moiety and the
SWNTs. Guo et al. (2006) synthesized novel covalently porphyrin-
functionalized SWNTs by the reaction of SWNTSs with in situ generated porphyrin
diazonium compounds. They observed an enhancement in optical limiting due to
the effective energy and electron transfer between the excited porphyrin moiety
and the extended m-system of SWNTs facilitated by the direct covalent linkage.
Phthalocyanine moieties are also grafted on CNTs for optical limiting
applications. He et al. (2009) reported the preparation and optical limiting
properties of MWNTs with m-conjugated metal-free phthalocyanine moieties.
Feng et al. (2005) studied the enhancement of third-order optical nonlinearities for
(poly[(3-octylthiophene-2,5-diyl)-(p-aminobenzylidenequinomethane)]-bonded
multiwalled carbon nanotubes. Li et al. (2003) and Wu et al. (2003) observed
efficient photoinduced electron transfer interactions and enhanced optical limiting

in PVK bonded SWNTs.

CNT hybrids of various functional materials are also an interesting class
of materials for optoelectronic and light harvesting applications. Cao et al. (2002)
reported the photoconductive property of oxotitanium phthalocyanine physically
doped with the chemically modified MWNTSs and the results showed that the
efficiency of charge carrier separation increases due to the photoinduced charge
transfer between oxotitanium phthalocyanine and MWNT. Researchers from the
same group studied the effect of covalent connections between CNTs and
phthalocyanine moiety for improvement in photoconductivity (Yang et al., 2004).
They covalently connected MWNT to 2,9,16,23-tetra amino manganese

phthalocyanine and observed a photosensitivity better than that of individual
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components and the corresponding physically blended sample. Yang et al. (2008)
prepared 2,9,16-trilauryloxy-23-hexyloxy substituted copper phthalocyanine-
multiwall carbon nanotubes hybrids by chemical functionalization method and
presented the good solubility and enhanced photoconductivity of the hybrid
material. The occurrence of photoinduced electron transfer in SWNTs bearing
covalently linked phthalocyanines has been widely studied (Ballesteros et al.,
2007; Chitta et al., 2007) which helps in improving the nonlinear optical response
and photocurrent generation. Even though the covalently connected hybrids of
CNTs with functional materials like, pthalocyanines, porphyrins, PVK, etc. are
studied for photoinduced electron transfer and resulting improvement in optical
limiting or photocurrent generation, the hybrids of polyaniline with CNT are not

known for these applications.

With this background, polyaniline-MWNT hybrids are synthesized by
the in situ polymerization of aniline in the presence of phenylene diamine
functionalized MWNT. The aniline monomer is introduced on the surface of
MWNT through phenylene diamine functionalization. Along with aniline
monomer, the aniline moiety on the surface of MWNT also initiates the
polymerization and acts as a covalent bridge between polyaniline and MWNT.
The photoluminescence quenching in the hybrid due to the electron transfer
between polyaniline and MWNT and the resulting improvement in optical

limiting and photocurrent generation are also discussed in this chapter.

6.2. Experimental

6.2.1. Functionalization of MWNT
The MWNT (95 wt %, 5-15 nm diameter, 1-10 um length) is

functionalized with phenylene diamine as per the synthesis route shown in
Fig. 6.1. Carboxylation of MWNT is done by refluxing pristine MWNT with 60%
HNO; at 120 °C for 6h. The acid functionalized MWNT is then filtered, washed
with distilled water, and dried under vacuum at 80 °C. It is then redispersed in
excess SOCI, and DMF and refluxed at 80 °C for 24 h to convert the carboxylic

acid groups to acid chlorides. The excess SOCI, is removed by reduced pressure
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distillation. Excess phenylene diamine and DMF is added to the suspension and
the reaction mixture is refluxed at 120 °C for 72 h in nitrogen atmosphere. The
resulting phenylene diamine functionalized MWNT (MWNTCONH?2) is filtered
washed, and dried under vacuum. The procedure for phenylenediamine grafting of

acid functionalized MWNT is adapted from Xu J. et al. (2009).
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Figure 6.1 Scheme of the functionalization of MWNT

6.2.2. Synthesis of polyaniline-phenylene diamine functionalized

MWNT hybrid

A schematic representation of the synthesis of polyaniline-MWNT
hybrid is shown in Fig. 6.2. Weighed amount of MWNTCONH?2 is dispersed in
1 M TSA by ultrasonication. Aniline monomer is added to it and stirred for 30
minutes to achieve adsorption of monomer on MWNTs. The interaction between
aniline monomer and functionalized MWNTs causes adsorption of aniline
molecules on MWNTs. Freshly prepared aqueous solution of ammonium
persulfate is dropped slowly into the solution and polymerization is carried out for
9 h with constant stirring. The resulting green coloured solution is filtered, washed
with distilled water and methanol and dried under vacuum at 80° C. The
aniline: MWNTCONH?2 ratios chosen for the polymerization are 2:1, 1:1 and 1:2,
and the samples are named as P2NH2C1, PINH2C1 and PINH2C2.
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Figure 6.2 Scheme of the synthesis of polyaniline-phenylene diamine functionalized

MWNT hybrid

As shown in Fig. 6.2, phenylene diamine groups are grafted on the
defective sites at the side walls and tube ends of MWNT by amide bonds. During
the polymerization reaction, two types of cation radicals can be formed after the
addition of initiator. The aniline radical cation physically adsorbed on MWNT and
phenylene diamine radical cation which is covalently grafted on MWNT. Both
these radicals initiate the polymerization reaction. But it is reported that the chains
initiated by the phenylene diamine radical cations dominates in the formation of
inner layer coating of polyaniline on MWNT (Philip, et al., 2005). As time
proceeds the aniline monomer also joins in the polymerization reaction and some
of the chains formed get connected to polyaniline chains initiated by phenylene
diamine radical cations and thus get covalently grafted on MWNT. Other chains

physically cover the MWNT and form outer layers of polyaniline on MWNT.

6.3. Results and Discussion

6.3.1. Characterization of functionalized MWNT
FTIR spectra of pristine MWNT, MWNTCOOH and MWNTCONH?2 are
shown in Fig. 6.3. In the spectra of MWNTCOOH, the peak observed at
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1736 cm™ is attributed to the C=O stretching vibrations of -COOH groups. After
phenylene diamine functionalization, this peak shifts to 1722 cm™ due to the
formation of amide bonds between phenylene diamine and MWNT. The

characteristic -NH bending vibrations are seen at 1555 cm™.
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Figure 6.3 FTIR spectra of MWNT, MWNTCOOH and MWNTCONH?2
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Figure 6.4 XRD spectra of MWNT, MWNTCOOH and MWNTCONH2
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Fig. 6.4 shows the XRD spectra of pristine MWNT, MWNTCOOH and
MWNTCONH2. All the spectra show the characteristic graphitic peak at 26=25.7°
corresponding to (002) planes of MWNT (Huiqun et al., 2006) revealing that the
treatment with nitric acid and thionyl chloride does not affect the graphitic

structure of MWNT.
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Figure 6.5 TGA patterns of MWNT, MWNTCOOH and MWNTCONH2

Thermal stability of the samples is studied by thermo gravimetric
analysis as shown in Fig. 6.5. Pristine MWNT is found to be stable in the
temperature range studied. The major weight loss (7%) observed in
MWNTCOOH in the temperature range 150-350 °C is due to the decomposition
of carboxylic acid group. The gradual weight loss observed in MWNTCONH2 in
the temperature range 150-550 °C attributed to the decomposition of phenylene
diamine groups. The steep weight loss after 550 °C observed both in
MWNTCOOH and MWNTCONH?2 is due to the decomposition of amorphous

carbon formed after functionalization.

Fig. 6.6 shows the XPS spectra of acid functionalized and phenylene
diamine functionalized MWNTs. MWNTCOOH shows 17% oxygen content and
83% carbon content. After functionalization with phenylene diamine, the

percentage of oxygen reduces to 8 and a new peak at 400 eV corresponding to N

116



Is appears due to the introduction of phenylene diamine groups through amide
bonds.
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Figure 6.6 XPS spectra of MWNTCOOH and MWNTCONH?2
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Figure 6.7 Raman spectra of MWNT and MWNTCONH2

Fig. 6.7 shows the Raman spectrum of MWNT before and after
phenylene diamine functionalization. The spectrum of MWNT shows a broad G
band at 1583 cm™ which is Raman allowed phonon high frequency Raman mode

and a defect induced D band at 1357 cm™. The intensity ratio of the G band to D
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band gives a measure of disorder. Pristine MWNT shows Ig/Ip ratio of 0.97. But
after chemical functionalization, the Ig/Ip ratio decreases to 0.85 due to the

introduction of defects in the sidewalls and tube ends of MWNT.

Figure 6.8 SEM images of MWNT at a magnification of 100000x and
MWNTCONH2 at a magnification of 60000x

Figure 6.9 (a) TEM image and (b) HRTEM image of MWNTCONH2

Fig. 6.8 shows the morphology of MWNT before and after phenylene
diamine functionalization studied using SEM analysis. Fig. 6.8 (a) shows the

entangled pristine MWNTs with integrate and smooth sidewalls due to the
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ordered graphene fragments of the outer shell. But in Fig. 6.8 (b) the sidewalls of
MWNT are observed to be rough and hence indicate the introduction of phenylene
diamine groups on the surface of MWNT after functionalization. The presence of
amorphous prominences of phenylene diamine in MWNTCONH?2 is observed
with HRTEM analysis as shown in Fig. 6.9 (b)

6.3.2. Characterization of polyaniline-MWNTCONH2 hybrid

The structure of the hybrid is characterized using FTIR spectrum. As
shown in Fig, 6.10, the hybrid PINH2C2 shows all the characteristic peaks of

polyaniline.

11.5 -

% Absorbance

11.0 4

10.5

) v I v L] ¥ L) v I v I v
800 1000 1200 1400 1600 1800 2000
1
Wavenumber (cm )

Figure 6.10 FTIR spectrum of the hybrid (P1NH2C2)

The absorption peaks at 1560 and 1478 cm™ are attributed to the C=C
stretching vibrations of quinonoid and benzenoid rings respectively. The bands at
1235 and 1289 cm™ indicates polaronic and non-polaronic C-N stretching
vibrations respectively. Aromatic C-H in-plane and out-of-plane bending
vibrations are observed at 1105 and 781 cm™ respectively. The peak at 1694 cm™
is due to the C=C stretching vibrations of the functionalized MWNT. It is
interesting to note that the hybrid exhibits an increased intensity ratio of
quinonoid to benzenoid C=C stretching vibrations (I4/Iy) compared to that of pure

polyaniline (Fig. 4.10). These observations reveal that polyaniline in the hybrid is
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richer in quinonoid rings than benzenoid rings. This increased intensity ratio
compared to the pure polyaniline can be attributed to the site selective interaction
between MWNTs and quinonoid rings of polyaniline (Cochet et al., 2001). The
percentage of quinonoid ring is a measure of degree of delocalization, and the
increase in relative intensity indicates an increase in the effective degree of
electron delocalization (Quillard et al., 1994). The site selective interaction of
CNT to quinonoid rings may facilitate charge-transfer processes between the two
components of the system and thus influence the transport properties of the hybrid

system.

Fig.6.11 shows the XRD spectrum of the hybrid PINH2C2. The
characteristic peaks of polyaniline are at 15, 20, and 25° corresponding to the
(011), (020), and (200) planes respectively. The intensity of the peak at 25° due to
the periodicity perpendicular to polymer chain is increased when compared to
polyaniline (Fig. 4.11 (a)) and it is merged with graphitic peaks of MWNTs. But
the intensity of the peaks at 15 and 20° is reduced drastically due to the less
ordering in the parallel directions of polymer chain due to the better m-n

interactions between polyaniline and MWNTs.
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Figure 6.11 XRD spectrum of the hybrid (PINH2C2)
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Figure 6.12 XPS spectrum of the hybrid (PINH2C2)

Elemental composition of the hybrid PINH2C2 is studied by XPS
analysis and the spectrum 1s given in Fig. 6.12. It shows peaks at 532, 399, 285
and 168 eV corresponding to Ols, Nls, Cls, and S2p respectively. The hybrid
shows 17 % oxygen, 5 % nitrogen, 77 % carbon and 1% sulphur.
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Figure 6.13 TGA patterns of the samples

The decomposition patterns of the samples are recorded by thermo
gravimetric analysis as shown in Fig.6.13. In the thermograms of polyaniline and

hybrids, first weight loss is observed from 250 °C, which is attributed to the loss
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of dopants from polyaniline and the hybrids. Second weight loss is observed in the
temperature range 350-550 °C and is assumed to be the main chain degradation of
polyaniline. The steep decomposition observed after 550 °C indicates the
decomposition of the backbone and ring opening of benzene. Compared to

pristine polyaniline, all the hybrids show more residues at 800 °C.

As shown in Fig. 6.14, Raman spectrum of the hybrid PINH2C2 exhibits
similar pattern of the spectrum of MWNTCONH?2 (Fig. 6.7), except the increase
in Ig/Ip ratio (0.94). This increased Ig/Ip ratio signifies the reduced defects in the
hybrid compared to the functionalized MWNT. Some of the defects are getting
repaired during polymerization with aniline and leads to the formation of

extended conjugation and larger sp” domain.
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Figure 6.14 Raman spectrum of the hybrid (PINH2C2)

SEM and TEM images of the hybrid PINH2C2 is shown in Figs. 6.15
and 6.16 respectively. These images illustrate a uniform coating of polyaniline on
MWNT. Individual polyaniline agglomerates are not observed because of the
template like action and participation of MWNTCONH?2 in the polymerization
reaction and core-shell structures of approximately 20 nm diameter are formed.
This is in agreement with the previous report showing uniform and complete

coating of conducting polymer on CNTs (Konyushenko et al., 2006).
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Figure 6.16 TEM images of the hybrid (PINH2C2)

Fig. 6.17 (a) shows the UV-visible spectra of polyaniline,
MWNTCONH?2, and the hybrid PINH2C2 recorded in 2-propanol. The spectrum
of MWNTCONH2 shows a peak at 260 nm corresponding to the m-n* transition
of C=C bond. The hybrid shows all the three characterestics features of
polyaniline; Am.x at 338nm, shoulder around 435 nm and a free carrier tail

extending to the NIR region corresponding to m-n* and polaron transitions,
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respectively. The hybrid also shows peak corresponding to MWNTCONH?2 at
260 nm.
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Figure 6.17 UV-visible spectra of polyaniline, MWNTCONH2 and the hybrid
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Figure 6.18 Photoluminescence spectra of polyaniline and the hybrid (P1NH2C2)

Fig.6.18 shows the photoluminescence spectra of polyaniline and the
hybrid PINH2C2 in 2-propanol (1 mg in 5 ml) excited at 360 nm. A notable
quenching of photoluminescence is observed in the hybrid compared to pure
polyaniline. This can be attributed to the photoinduced electron transfer between

polyaniline and MWNTCONH?2. This electron transfer will produce charge
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separated excited state, which can influence the nonlinear optical properties as
well as the photocurrent generation. Similar observations are reported in CNT
hybrids of phthalocyanines (Ballesteros, et al., 2007; Wang and Blau, 2008),
porphyrins (Chitta, et al., 2007; Ni Mhuircheartaigh, et al., 2006), PVK (Li, et al.,
2003; Wu, et al., 2003), etc.

6.3.3 Optical limiting properties

The open aperture Z scan plots and optical limiting curves of the hybrid
samples at 532 nm, compared with those of pure polyaniline and MWNTCONH2
are depicted in Fig. 6.19.
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Figure 6.19 (a) Open aperture Z scan plot and (b) optical limiting curves of the samples

For a comparison, the nonlinear absorption coefficient and the saturation
intensity of the samples are extracted from the theoretical fit and are listed in
Table 6.1. All the samples exhibit a normalized transmittance valley with respect
to the sample position. Pure polyaniline shows a £ value of 5.8 cm/GW and
saturation intensity of 2.5 GW/cmz, while a remarkable increase in nonlinear
absorption coefficient with low saturation intensity is observed in the hybrid
samples compared to pure polyaniline and MWNTCONH2. The optical limiting
of MWNT arises due to the thermally induced nonlinear scattering. On the other
hand, the optical limiting of polyaniline originates from the reverse saturable
absorption and two photon absorption. So the enhanced optical limiting of the

polyaniline-MWNT hybrids is attributed to the photoinduced electron transfer and
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the combination of NLO mechanisms of polyaniline and MWNT facilitated by the
direct covalent interactions between polyaniline and MWNTCONH2.

Table 6.1 Nonlinear absorption coefficient () and saturation intensity (/) of the

samples
Sample name S (cm /GW) Lo (GW/cm2)
Polyaniline 5.8 2.5
MWNTCONH2 7.5 33
P2NH2C1 11 1.2
PINH2C1 14.5 0.6
PINH2C2 23 0.3

6.3.4. DC conductivity and photocurrent generation studies
The electrical conductivities measured by standard four probe method at

room temperature of the hybrid samples are listed in Table 6.2.

Table 6.2 DC conductivity of the samples

Sample name DC conductivity

(S/cm)
Polyaniline 2
P2NH2Cl1 2.1
P1INH2Cl1 5.1
PINH2C2 59

The phenylene diamine functionalized MWNT is acting as conducting

filler and increases the conductivity of the hybrid as the concentration of
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MWNTCONH?2 increases. Pristine polyaniline shows a DC conductivity of
2 S/cm, whereas the hybrid samples P2NH2C1, PINH2C1 and PINH2C2 show
conductivities of 2.1, 5.1 and 5.9 S/cm respectively. The direct covalent
connection facilitates electron delocalization between polyaniline and MWNT and

increases the conductivity.

The photocurrent generated in the samples under white light irradiation is
studied as per the experimental set up given in chapter 2 (section 2.3.7). Fig. 6.20
shows the photocurrent cycles of polyaniline and the hybrid PINH2C2. Pure
polyaniline shows a photocurrent of 4.6 pA, where as the hybrid under the same

experimental conditions exhibits a photocurrent of 10 pA.
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Figure 6.20 Photocurrent cycles of the samples

This improved photocurrent may be due to the better exciton dissociation
due to the electron transfer between polyaniline and MWNTCONH?2 and the
easier transport of carriers to the respective electrodes because of the better

conductivity of the hybrid due to the direct covalent connections.

6.4. Conclusions

Multiwalled carbon nanotube is functionalized with phenylene diamine
and it is grafted on polyaniline by in situ chemical oxidative polymerization. The
introduction of phenylene diamine group on MWNT through amide bond is

confirmed with FTIR, XPS, SEM and TEM analysis. The hybrids with aniline to
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MWNTCONH? ratios of 2:1, 1:1 and 1:2 are synthesized and characterized in
detail. Even though phenylene diamine functionalization introduces surface
defects on MWNT, the defects are getting repaired after hybrid formation with
polyaniline as evident from the Raman spectra. The hybrid shows significant
photoluminescence quenching due to electron transfer between polyaniline and
MWNTCONH?2, facilitated by the direct covalent connections. The dc-
conductivity of the hybrid (5.9 S/cm) is highly improved compared to pure
polyaniline (2 S/cm) owing to the covalent interaction between polyaniline and
MWNT. The optical limiting behaviour of the hybrid samples is compared with
individual components by open aperture Z scan technique. The hybrids exhibit
large nonlinear absorption coefficient with low limiting threshold compared to
pure polyaniline and is attributed to the combination of NLO mechanisms of
polyaniline (two photon absorption and reverse saturable absorption) with the
nonlinear scattering of MWNTSs. The hybrid shows large and stable photocurrent
(10 pA) under white light illumination compared to pure polyaniline (4.6 pA).
The photoinduced electron transfer interactions between polyaniline and MWNT
also contribute significantly to the improved optical limiting as well as the
photocurrent generation. This hybrid system with large optical nonlinearities and
very good photocurrent generation is a promising candidate for future electronic

and photonic applications.
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CHAPTER 7
STUDIES ON CUBE-LIKE POLYANILINE
GRAFTED ON REDUCED GRAPHENE OXIDE

This chapter deals with the covalent grafting of synthesized cube-like
polyaniline on reduced graphene oxide (rGO) layers through a one step methodology.
The detailed characterization of the hybrid, photoluminescence quenching due to the
electron transfer between polyaniline and rGO, improved optical limiting behavior,
dc-conductivity and photocurrent generation in the hybrid compared to cube-like

polyaniline, are also discussed.

7.1. Introduction

The synthesis, characterization, improved nonlinear optical properties
and photocurrent generation of two different classes of polyaniline-graphene
hybrids were discussed in Chapters 4 and 5. The covalent interaction between
polyaniline and graphene materials were found to increase the photoinduced
electron transfer thereby improving the optical limiting behaviour and
photocurrent generation, compared to individual components and hybrids with
noncovalent interactions. An et al. (2012) grafted synthesized polyaniline
nanofibers to GO sheets for supercapacitor applications through amide linkages.
They observed that grafting of synthesized polyaniline nanofibers on GO
produces higher specific capacitance compared to similar material synthesized by
the in situ chemical oxidative grafting of polyaniline on reduced graphene oxide
reported by Kumar et al. (2012). The electron densities of the polyaniline-
graphene hybrid were computed by first-principle calculations and clarified the

key role of amide group in the formation of n-conjugated structure.

In Chapter 3, we discussed the synthesis of easily processable cube-like
polyaniline by inverse microemulsion polymerization technique. This synthesized
cube-like polyaniline is grafted on reduced graphene oxide layers through the

formation of amide bonds. Initially, carboxylic acid groups in GO is converted
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into acid chlorides by the reaction with SOCl,. This acyl chloride is then reacted
with dedoped cube-like polyaniline to form amide groups between polyaniline and
reduced graphene oxide. The hybrid (polyaniline-g-rGO) shows improved optical
limiting behaviour compared to pure polyaniline. To explore and compare the
optical limiting applications of this material with pure cube-like polyaniline, thin
films in PMMA host are fabricated at the same linear transmittance of the cube-
like polyaniline-PMMA film with highest polyaniline loading (chapter 3). The
film showed large improvement in optical limiting behaviour compared to cube-
like polyaniline at 45 pJ. The hybrid material also exhibit significant

improvement in dc-conductivity and photocurrent generation.

7.2. Experimental

7.2.1. Dedoping of cube-like polyaniline
The cube like polyaniline (100 mg) is treated with NH,OH (1M, 50 ml)
and stirred at room temperature for 24 h to get dedoped polyaniline. The reaction

mixture is filtered, washed with distilled water till neutral pH, and dried under

vacuum at 80 °C for 12 h.

7.2.2. Grafting of cube-like polyaniline on reduced graphene oxide
The grafting of cube-like polyaniline is schematically represented in Fig.
7.1. GO (500 mg) is synthesized by low temperature modified Hummers method
as described in section 4.2.1. The GO powder is then dispersed in catalytic
amount of dry DMF and excess amount of freshly distilled SOCl, under nitrogen
atmosphere and refluxed at 80 °C for 24 h. After the conversion of carboxylic acid
groups to acid chlorides, the excess SOCI, is removed by reduced pressure
distillation. The dedoped cube-like polyaniline (500 mg) is dispersed in excess dry
DMF and refluxed with acylated GO at 120 °C for 72 h under inert atmosphere.
The obtained mixture is filtered using Millipore 0.45 pum filter, washed with
DMF, distilled water and methanol, and dried under vacuum at 80 °C for 24 h.
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Figure 7.1 Scheme of the covalent grafting of cube-like polyaniline on reduced graphene
oxide

7.3. Results and Discussion

7.3.1. Characterization of the hybrid
The structure of the hybrid is characterized using FTIR spectrum as

shown in Fig. 7.2.

4 Polyaniline-g-rGO

% Absorbance

828

rvrr T r T
600 800 1000 1200 1400 1600 1800 2000
Wavenumber (cm'l)

Figure 7.2 FTIR spectra of GO and the hybrid
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The hybrid shows characteristic amide C=O stretching vibrations at
1677 cm™. C=0 stretching vibration of GO at 1729 cm™ is shifted to 1677 cm’
due to the formation of amide linkages between polyaniline and GO. In addition
to this, hybrid shows characteristic peaks of polyaniline. The peak at 1596 and
1507 cm™ is due to the C=C stretching vibrations of the quinonoid and benzenoid
rings respectively. The peaks at 1300 and 828 cm™ are attributed to C-N stretching

and out-of-plane bending vibrations of polyaniline respectively.

Fig. 7.3 shows the XRD spectra of GO and hybrid. After the anchoring of
polyaniline, the peak at 26=10.3° in GO disappears and a new broad peak appears
at 20=25°, suggesting that a significant portion of GO is reduced and exfoliated
during covalent grafting. Broadening of the peak indicates the poor ordering in the
stacking direction, hence suggesting destacking of the graphene sheets in GO after

polyaniline grafting.
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Figure 7.3 XRD spectra of GO and the hybrid

The decomposition pattern of GO and the hybrid measured using TGA 1is
shown in Fig. 7.4. As evident from the spectrum, GO loses 42% of its weight
from 150 to 200 °C, whereas the hybrid starts considerable weight loss only after
250 °C indicating removal of most of the oxygen containing groups during

grafting of polyaniline.
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Figure 7.4 TGA pattern of GO and the hybrid

Fig. 7.5 shows the XPS spectra of the GO and the hybrid. As prepared
GO shows the presence of 47% oxygen and 53% carbon content. When it is
grafted with polyaniline, the oxygen content reduces drastically to 4% and the
carbon content increases to 86%. Also a new peak corresponding to N 1s appears
due to the anchoring of polyaniline on reduced graphene oxide layers. Drastic
lowering of oxygen species and increased carbon content indicates the significant

reduction of GO during grafting of polyaniline.
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Figure 7.5 XPS spectra of GO and the hybrid
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As shown Fig. 7.6, the Raman spectrum of the hybrid shows
characteristic G and D bands at 1577 and 1363 cm’! respectively. The Ig/Ip ratio is
found to be 1.08, which is higher than that of GO (0.91). This indicates the
restoration of sp’ domains due to the reduction of GO after grafting with

polyaniline.
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Figure 7.6 Raman spectrum of the hybrid

Figure 7.7 (a) SEM image and (b) TEM image of the hybrid. Inset shows SEM image
of the cube-like polyaniline. Magnification of SEM image in (a) is 100000x

As shown in Fig. 7.7, SEM and TEM images of the hybrid indicate that
the layered morphology of GO is disturbed after grafting of polyaniline. This
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gives further evidence for the exfoliation of graphene sheets during grafting of the
polyaniline. Moreover the introduction of graphene layers disrupts the n-m
stacking and H-bonding interactions between polyaniline nanorods and the self

assembly is disturbed.
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Figure 7.8 UV-visible spectra of polyaniline and the hybrid

The UV-visible spectra of cube-like polyaniline and the hybrid doped
with toluene sulphonic acid is recorded in 2-propanol and it is shown in
Fig. 7.8 (a). Polyaniline shows Amax at 325 nm, a shoulder around 435 nm and a
free carrier tail extending to NIR region corresponding to m-n* and polaron
transitions respectively. The hybrid also shows the characteristic peaks of

polyaniline.

Photoluminescence spectra of polyaniline and the hybrid dispersed in 2-
propanol (1mg in 5 ml) excited at 360 nm is shown in Fig. 7.9. Polyaniline shows
a broad emission centered at 480 nm. The hybrid shows photoluminescence
quenching compared to pure polyaniline may be due to the efficient electron
transfer from polyaniline to reduced graphene oxide sheets facilitated by the

amide linkages.
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Figure 7.9 Photoluminescence spectra of cube-like polyaniline and the hybrid

7.3.2 Optical limiting properties

Open aperture Z scan technique as described in chapter 2 is employed to
measure the nonlinear optical properties of the samples in DMF with 75% linear
transmittance. Laser energy used is 25 pJ. The Z scan plots given in Fig. 7.10 (a)
show normalized transmittance valley indicating optical limiting behaviour. Input
intensity versus normalized transmittance graph is also drawn to study the optical

limiting behaviour and is given in Fig.7.10 (b).
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Figure 7.10 (a) Open aperture Z scan plot and (b) optical limiting curves of the samples

The experimental data is fitted with two photon absorption theoretical

plot and the nonlinear optical parameters like nonlinear absorption coefficient and

136



saturation intensity are extracted from the theoretical fit. The details are listed in

Table 7.1.

Table 7.1 Nonlinear absorption coefficient () and saturation intensity (/) of the

samples
Sample name B (em/GW) Iy (GW/em®)
Cube-like Polyaniline 5.5 3.5
GO 9.5 2
Polyaniline-g-rGO 20 0.25

There is a significant increase in  value, when polyanline is grafted to reduced
graphene oxide as compared to individual counterparts due to the combination of
the NLO mechanisms of both polyaniline and GO, namely reverse saturable
absorption, two photon absorption and nonlinear scattering. Excited state
absorption and nonlinear scattering are the dominant NLO mechanisms of
graphene while RSA and 2PA is the dominant mechanism of polyaniline. During
grafting, the oxygen functionalities are removed significantly and crystalline
defects diminish which increases the conjugation network. So the resultant hybrid
structure will transfer crystal lattice vibrations more rapidly and leads to enhanced
optical limiting effect (Zhao et al., 2013). Low limiting threshold is one of the
desirable attributes of a good optical limiter and the limiting threshold is
significantly decreased when polyaniline is grafted to reduced graphene oxide

(Remyamol et al., 2013).

In order to study the optical limiting behaviour in the film form, thin
films of the hybrid in transparent PMMA matrix is fabricated as per the procedure
given 1in section 3.2.2. The hybrid concentration is selected in such a way to get

the same linear transmittance of the cube-like polyaniline-PMMA film with
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highest polyaniline loading. Fig. 7.11 shows the open aperture Z-can plots of
polyaniline-g-rGO-PMMA film at different laser pulse energies.
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Figure 7.11 Open aperture Z scan plot of polyaniline-g-rGO-PMMA film at different

energies

At 5 pJ laser energy of, the film shows a transmittance valley with two
humps. The valley corresponds to reverse saturable absorption and the humps
indicate saturable absorption. Unlike the cube-like polyaniline-PMMA film,
which shows only saturable absorption at 5 uJ (Fig. 3.21), this hybrid film shows
significant contribution of reverse saturation absorption at low laser energy of
5 uJ. In Fig.7.11, the open aperture Z scan plots of cube-like polyaniline-PMMA
film and the hybrid-PMMA film is compared at the laser energy of 45 uJ. The
nonlinear optical parameters are extracted from the theoretical fit. The hybrid-
PMMA film shows high nonlinear absorption coefficient (320 cm/GW) and low
saturation intensity (0.2 GW/cm?) compared to that of cube-like polyaniline-

PMMA film (=70 cm/GW, I[,=3 GW/cm2). So this hybrid film with high
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nonlinear absorption coefficient and low limiting threshold can be used as

potential optical limiting material.

7.3.3. DC conductivity and photocurrent generation studies

The electrical conductivities of circular pellets of cube-like polyaniline
and the hybrid is measured using standard four probe method. Before the
electrical conductivity measurement, the hybrid is redoped with toluene sulphonic
acid. The cube-like polyaniline shows dc conductivity of 1.9 S/cm, while the
hybrid shows conductivity of 6.6 S/cm. This increased conductivity may be

attributed to the covalent connection between polyaniline and reduced graphene

oxide.
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Figure 7.12 Photocurrent cycles of (a) cube-like polyaniline and (b) polyaniline-g-
rGO

Fig. 7.12 shows the photocurrent cycles of cube-like polyaniline and the
hybrid. The films for the measurements are prepared as discussed in section 2.2.2
and the measurement details are described in the section 2.3.7. As clear from the
figure, the polyaniline grafted reduced graphene oxide hybrid shows large
increase in photocurrent compared to pure cube-like polyaniline. The hybrid
shows photocurrent of 31 pA, whereas pure polyaniline shows only a
photocurrent of 4.5 uA. This increased photocurrent generation of the hybrid is
due to the efficient exciton dissociation at the interface (Liu Z. et al., 2008)

between polyaniline and reduced graphene oxide and the photoinduced electron
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transfer from polyaniline to reduced graphene oxide, facilitated by the covalent

connections.

7.4. Conclusions

The synthesized processable cube-like polyaniline is covalently grafted
on reduced graphene oxide through the formation of amide linkages between
acylated graphite oxide and polyaniline. The amide bond formation is confirmed
using FTIR and XPS analysis. The reduction and exfoliation of GO during the
grafting of polyaniline is proved using spectroscopic and microscopic analysis.
The hybrid shows significant photoluminescence quenching due to the
photoinduced electron transfer from polyaniline to reduced graphene oxide layers.
Significant improvement in nonlinear absorption coefficient (20 cm/GW) and low
limiting threshold (0.25 GW/cm?®) is achieved by covalent grafting of the
polyaniline on reduced graphene oxide compared to the individual components.
The photoinduced electron transfer interactions and the synergetic combination of
NLO mechanisms of polyaniline and reduced graphene oxide by covalent
connections are attributed to the enhanced optical limiting behaviour of the
hybrid. The hybrid film in PMMA matrix shows significant contribution of
reverse saturable absorption at lower laser energy 5 ulJ, whereas cube-like
polyaniline-PMMA film shows only saturable absorption at the same laser energy.
The hybrid film shows large improvement in optical limiting behaviour ($=320
cm/GW, [,,=0.2 GW/cmz) compared to the cube-like polyaniline-PMMA film
(=70 cm/GW, I,,=3 GW/cm?) at laser pulse energy of 45 pJ, hence a promising
candidate for optical limiting applications. Moreover, the polyaniline-reduced
graphene oxide hybrid shows large increase in dc conductivity (6.6 S/cm) and
photocurrent generation (31 pA) compared to pure cube-like polyaniline (1.9
S/cm, 4.5 pA). So this hybrid can be a versatile material for optical and

optoelectronic applications.
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CHAPTER 8
CONCLUSIONS

This thesis explores the synthesis of nano cube-like polyaniline and its
hybrids with graphene and multiwalled carbon nanotube as well as their optical
limiting and photocurrent generation properties. The main contributions of this
thesis are (1) synthesis and characterization of cube-like nano polyaniline by a
novel inverse microemulsion route (2) synthesis and characterization of
polyaniline/graphene and polyaniline/MWNT hybrids through in situ
polymerization technique and covalent grafting technique (3) fabrication of cube-
like polyaniline and its graphene hybrid in transparent polymer matrix and
(4) optical limiting and photocurrent generation studies in all the materials

synthesized and fabricated.

An overall review on polyaniline, graphene, carbon nanotubes, hybrid
materials, etc. is given in chapter 1. Structural properties and important
applications, mainly optical limiting and photocurrent generation are also
elaborated in this chapter. The materials used and experimental methods adopted
for the thesis work is included in chapter 2 along with an overall idea about the

principle and working of various characterization tools.

In chapter 3, the synthesis of easily processable cube-like nanostructures
of polyaniline by a novel inverse microemulsion polymerization technique using
ammonium oleate as the surfactant and toluene sulphonic acid as the dopant is
described. The cube-like polyaniline is characterized using FTIR, XRD, XPS,
TGA, UV-visible absorption spectrum, photoluminescence spectrum, SEM and
TEM. The mechanism for the formation of novel cube-like polyaniline
nanostructures by the self assembly of nanorods inside inverse micelles of
ammonium oleate is proposed based on experimental evidences. Open aperture Z
scan studies of the synthesized polyaniline in DMF show suitability of the
material for optical limiting applications. Various films of cube-like polyaniline

in transparent PMMA matrix are fabricated by in situ free radical polymerization
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of methyl methacryate in the presence of weighed amount of synthesized
polyaniline. The nonlinear absorption coefficient of the film increases with
decrease of saturation intensity as the percentage of polyaniline in the film
increases. The film with highest polyaniline loading (0.1 wt% with respect to
monomer) is selected as a representative sample for energy dependant nonlinear
optical studies. It shows a switchover from saturable absorption to reverse
saturable absorption as the energy of the laser beam increases. At lower laser
energy of 5 plJ, the film shows pure saturable absorption and at higher laser
energy of 100 pJ, it shows pure reverse saturable absorption and strong optical
limiting. The photocurrent generation by cube-like polyaniline is studied using
Autolab electrochemical work station in a conventional three -electrode
electrochemical cell. Photocurrent growth and decay are recorded by repetitive
switching (on/off) of the white light illumination (intensity 100 mW/cm?) for 30
second duration. The photocurrent is calculated from the difference between
current generated after illumination of the film for 30 seconds and the dark

current. The cube-like polyaniline shows an average photocurrent of 4.5 pA.

In order to improve the optical limiting properties and photocurrent
generation in polyaniline, hybrids with graphene and CNT are studied. First
attempt is the synthesis of polyaniline-graphite oxide hybrid with non covalent
interactions which is discussed in chapter 4. GO is synthesized by modified
Hummers method (commonly used NaNOs is avoided and carried out the reaction
at low temperature) and it is characterized in detail by spectroscopic, thermal and
microscopic techniques. Hybrids are synthesized by simple in situ polymerization
of aniline in the presence of weighed amount of synthesized GO. The aniline to
GO ratio is selected as 4:1, 2:1, 1:1, and 1:2 and the samples are named as P4Gl,
P2G1, P1G1 and P1G2, respectively. Both optical limiting behaviour and
photocurrent generation increases with increase in GO loading. The hybrid P1G2
is the best optical limiter (=19 cm/GW, [,=0.4 GW/cmZ) among this class of
hybrids and the same sample shows the highest photocurrent (9.1 pA). The
considerable photoluminescence quenching of the hybrid indicates the

photoinduced electron transfer between polyaniline and GO. The improved optical
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limiting behaviour is due the synergetic combination of NLO mechanisms of
polyaniline and GO, and light induced electron transfer within the hybrid. The
efficient dissociation of excitons at the interface between polyaniline and GO and
the photoinduced electron transfer to GO before recombination of the dissociated
carriers are contributing to the increased photocurrent of the hybrid compared to

pure polyaniline.

In order to further improve the interaction between polyaniline and
graphene material, polyaniline is connected covalently with graphene. Phenylene
diamine functionalized reduced graphene oxide (GONH2) is designed and
synthesized so that simple in situ polymerization of aniline in the presence of
GONH2 can form covalent bonds between polyaniline and reduced graphene
oxide. The synthesis and characterization of GONH2 and the hybrids of
polyaniline with GONH2 are discussed in chapter 5. Phenylene diamine
functionalization leads to significant reduction and exfoliation of GO along with
the introduction of aniline monomer on reduced graphene oxide layers. The
polymerization of aniline along with GONH2 produces hybrids with covalent
connections. The photoluminescence quenching is more significant in these
hybrids compared to polyaniline-unfunctionalized GO hybrids. This class of
hybrids show better optical limiting behaviour (=25 cm/GW, I,=0.2 GW/cmz),
increased dc conductivity (6.3 S/cm), and photocurrent generation (29 pA)
compared to pure polyaniline as well as the unfunctionalized GO-polyaniline
hybrids. Considerable photoinduced electron transfer from polyaniline to GONH2
plays a major role in improving the nonlinear optical properties and photocurrent
generation. Considerable reduction and exfoliation of GO after phenylene diamine
grafting and the covalent bonds between polyaniline and GONH?2 are responsible

for the increased electrical conductivity in this hybrid.

Polyaniline-MWNT hybrids with covalent connections are also
synthesized by the in situ polymerization of aniline in the presence of phenylene
diamine functionalized MWNT and it is discussed in chapter 6. The

photoluminescence quenching in the hybrid due to the electron transfer between

143



polyaniline and MWNT and the resulting improvement in optical limiting and

photocurrent generation are also discussed in chapter 6.

Finally the synthesized cube-like polyaniline is directly grafted on
reduced graphene oxide layers through the formation of amide linkages between
acylated graphite oxide and polyaniline. During grafting, considerable reduction
and exfoliation of graphite is achieved and it is proved using spectroscopic and
microscopic techniques. The cube-like polyaniline grafted reduced graphene
oxide hybrid shows photoluminescence quenching compared to pristine cube-like
polyaniline. Significant improvement in optical limiting behaviour (=20 cm/GW,
1,,=0.25 GW/cmz) , dc conductivity (6.6 S/cm) and photocurrent generation
(31 nA) are achieved after covalent grafting of polyaniline on reduced graphene
oxide layers compared to pristine cube-like polyaniline. This is due to the
synergetic combination of polyaniline and reduced graphene oxide through direct
covalent connections and the significant photoinduced electron transfer
interactions between polyaniline and reduced graphene oxide. Film of the hybrid
in PMMA matrix is fabricated for nonlinear optical studies. Compared to cube-
like polyaniline-PMMA film, the hybrid-PMMA film shows significant
contribution of reverse saturable absorption at lower laser energy of SulJ. The
hybrid film shows large improvement in optical limiting behaviour (=320
cm/GW, I,,=0.2 GW/cm?) compared to the cube-like polyaniline-PMMA film
(=70 cm/GW, I,,=3 GW/cm?) at laser pulse energy of 45 uJ, hence a promising

candidate for optical limiting applications.

FUTURE OUTLOOK

The hybrids of polyaniline with graphene and MWNT with covalent
connections show good potential for optical limiting and photocurrent generation
applications. Freestanding and flexible films of the hybrid materials in PMMA
matrix without compromising on the nonlinear optical properties and transparency
can be easily achieved by simple in situ polymerization of methyl methacrylate in
the presence of the NLO active materials, hence the practical optical limiting

device fabrication using these hybrid materials can be thought of. Moreover, these
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hybrid materials show excellent conductivity and photocurrent generation, hence
an ideal material for organic solar cell applications. The photocurrent generation

of these hybrid materials can also be utilized for photo detector applications.
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