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PREFACE

Conducting polypyrrole nanomaterials are widely studied due 1o their potential
applications (n electronic devices and  chemical’bio-sensors. Development ol
molecular self-organization template approach lor synthesizing polypyrrole and their
copolymer nanomaterials is an ¢cmerging important area of research. In this thesis.
renewable resource based amphiphilic anionic surtactants were designed and utilized
as templates for producing polypyrrole and their copolvmer nanomaterials like nano-
spheres. nano-fibers. nano-rods and nano-tubes. cte. Eltort has been put o understand
the mechanistic aspects of the nanomaterial formation and also their structure-
property relationships. Further. colorimetric sensing of biomolecules ke vitamin-C
and cysteine were also achieved based on a custom designed sell-doped polyvaniline
nano-aggregates. The rescarch work is compiled into the following parts:

(1) Developmenl of amphiphilic anionic template based on renewable resouree

cardanol for polypyrrole nanomaterials.

(i1} Development of polypyrrole-co-polyaniline random copolymer nanomaterials

and their structure-property relationships.

(111) Morphology ¢volution in copolvmer nanomaterials from idenucal chemical

constituents

(iv) Polyaniline nano-aggregates for colorimetric sensing of biomolecules like

vitamin-C and cysieine.

The thesis has been divided into six chapters. First chapler gives a bricf
introduction o polypyirole and copolymer nanostructures.  diflerent  synthetic
methodologies. propertics and their applications. The sccond chapter describes the
development of unique amphiphilic anionic surlactant 4-4-hydroxy-2 {(/j-pentadec-
8-cnyl) phenylazo)-benzene sulfonic acid. from cardanol and its utilization as
molecular template for polypyrrele nanomaterials. Dynamic haht scattering (DLS) are
employed as tools 10 trace the factors which ¢ontrol the mechanism ol polypyrrole
nanomaterials formation. DI.S studies confirmed that the surfactant existed i (he
form of spherical micelles of 4.8 nm diameter in water. The micellar behaviour of the
reaction medium was preciscly controlled by varying the composition  of
[pyrrole|/[surfactant| ratio ranging from 3 o 100. Polypyrrole nanospheres of 150-

800 nm were successfully prepared via oxidative polvmerization route. Electron

XVl



microscopic analysis (SEM and TEM) confirmed the formation of uniform size
polypyirole nanospheres. The nanomaterials formation was unperturbed by the
variation of the oxidation agents such as ammonium persulphatc (APS) or ferric
chloride (FeCly). WXRD analysis of the nanomatenials indicated that the anionic
surfactant effectively penetrated into the polypyrrole chains to produce highly ordered
polymer chains. Absorbance and FT-IR analysis also revealed the highly doped slale
of the nanomaterials. The conduciivity of thc samples was obtained in (he range of

0.01 t0 0.1 S/em by four-probe conductivily measurcments.

Micelles

The third chapter deals with template selcctivity in three structurally ditferent
anionic surfactants having samc polar head but variatton in the hydrophophic tail.
They were utilized for achicving size and shape control in polvaniling, polypyrrole.
and their polyvanilinc-co-polypyrrale random copolymer nanomaterial sy nthesis. All
anionic  surfactants producc polvpyirele nanospheres, however. they interacied
differently with aniline to form cyvlindrical aggregates. svhich exclusively (emplate for
nanofibers of 180 nm in diameter with length up o 3=5 um. The unique template
selectivity of surfactants toward aniline and pyrrole was used 0 wne  the
nanostructure of the polyvaniline-co-polypyrrole randoni copolymers. Interestingly | the
morphologies of th¢ nanomaterials underwent transformation from nanofibers to
nanospheres via short nano-rod intermediates. Dy namie light scattering techntque and
electron microscopes were used (0 study the mechanistic aspects ol the wemplate-
assisted copolymnerization process. Four probe conductivities of the copolymers
showed a nonlinear trend and the conductivity passes through minimum at 60 80% of
pymrole in the (eed. The unexpected wrend in the conductivities of the copolymers was

correlated to the difference in the solid state ordering ol the copolymer nanomaterials.
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The fourth chapter describes the cvolution of the differemt types of
nanomaterial morphologies such as nanofiber, nanorod, nanosphere, and nanotube in
a single system without changing their chemical composition or polymerization route.
Anionic surfactant was self-organized with fixed composition of aniline (95%) and
pyrrole (5%) and the resultant white emulsion was diluted with water o mnduce
cylindrical to vesicular aggregate trunsformation. The chemical oxidation of the
cylindrica) templates produced nanofibers and nanorods, whereas hollow spheres and
nanotubes were produccd by vesicular templates. The size and shape ot the templawe
aggregates matched very well with that of the synthesized nanomaterials thereby
providing direct cvidence for the template-assisted cvolution ol the morphology.
NMR, FT-IR and UV-visible spectroscapices were utilized to conlirm the structure and
electronic properties of the nanomatenals. Wide angle X-ray diffraction and
transmission electron microscopy-clectron diffraction analysis revealed (hat the
nanotubes possessed three-dimensional lamcliar tvpe solid state ordering with high

percent crystallinity up to 60 %. Variable temperature four-probe conductivity

Nanomiv




measurements of all samples showed typical /-V plots. T'he conductivity of the
nanofibers was found onc order higher than that ol nanorod, hollow sphere. and
nanotubes at all temperatures. The present approach cnabled to establish the role of
various types of nano morphologics on properties of nanomaterials such as
conductivity and solid state ordering without change in their chemical composition,

In the fifth chapter, self doped polyanilinc nano-aggregate was developed
based on custom designed N-sulfopropyl aniline monomer via chemical oxidative
polymerization. Poly-N-sulfopropy! aniline could he characterized bv NMR. MAL.DI,
R and UV-Vis owing to its solubility in water. Dcdoped sodium salt of polymer was
used for the colorimetric sensing of vitamin-C and cysteine. Based on the lob’s plot
method, the stoichiometry of vitamin-C and cysteine with polymer was determined as
3:2 and 4:1, respectively. Molar ratio method and 8cencsi-Ilildebrand cquations were
used to determine the association (or binding) constants: K - 2.1 x10% and 1.5x10° M"'
for vitamin-C and cysteine, respectively. The polymers possessed typical amphiphilic
structure and Zeta potential of the polymer nano-aggregates were found to show
negative surface charges in the range of -10 to -30 V. The analyles are typical organic
molecules and preferentially occupied the hydrophobic cavity provided in the nano-

aggregates for efficient calorimetric sensing in water at biological conditions.

® =50, Na*
vit-c/ l 4
Cysteine \Bi i‘
[}
b
Nanoaggregate

Emeraldine base Leucoemeraldine

The last chapter summarizes the outcomc of the rescarch work in the Ph. I thesis.
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Chapter | Introduction

1.1. Introduction to nanomaterials

Materials possessing sizes ranging tfrom 1-100 nim are gencrally classitied as
nanomaterials [Mirkin, C. A ¢r o/ 2005]. Nanomatenals are distinet trom the bulk
materials and small molecules in terms of their size dependant properties [ Whitesides,
G.Metal 1991; Goddard I}, W. A. ¢r af 2007; Rao, C. N. R ¢f af 2004 Fluck, w. ¥
S. et al 2005]. Nature is a great source ol nanomatcrials like protems, DNA and RNA
which i1s having size in (he nanomecter regime. Fevnman cnvisaged the changing
magnitude of various physical phenomena if we can able 1o munipulate and arrange
individual atoms and molecules down to a smaller needed scale “Goddard (11, W, A,
et al 2007). Although Feynman statements popularized nanotechmology. however its
rapid progress happened only aficr the arrival of sophisticaled instrumentation which
can manipulate and view the mawerial in nanoscale, For a clecar understanding ol size

ranges, a comparison of various commaonly known objects was given in figure 1.1,

&

b gl
Y

A

Buck- Hemo- HI virus schen’chia Red blood Diameter

minster  globine coli cells of hair
fullerene
Ceo
/IIA._A)AAAI A4 1 o a0) T T ST BT U Wy 10 R TS T WL U Ay W 0 | N L s aiaal
1nm 10 nm 100 nm 1 um 10 ym 100 um
.
Nanon

Figure 1.1. Length scale for clascifving nanomaterials fadapred from Goesmann, H.
etal 2010].

Nanomatenials possess large surlace arca per unit volume which is ideal for
catalytic and sensor applications. Damage on biological systems like DNA ¢ 2.3 nm
and proteins of stze 1-20 nm could be curcd by artificial nano components having
same size (Fahlman, B. D. er o/ 2007]. Nanomalerials are capable of varving the
fundamental properties likc magnelization, oplical propertics (color). melting
properties and hardness relative o the bulk materials withou! change in chemical

composition [Fahlman. B. D ¢r @/ 2007]. The physical phenomena of nanomaterials

(S|



Chapter 1 Introduction

become pronounced in nano domain due to staustical mechunical cffects, as well ax
quantum mechanical effects [Nalwa, 11. S. ¢7 &/ 2000]. Thesc cffeets do not come into
play by going from macro to micro dimensions, but it becomes dominant only when
the nanometer size range is reached. Currently nanoscience has grown up to a fully
fledged fascinating interdisciplinary arca of research because of the novel quantum
and surface phenomena exhibited by these new classes of materials at the nano-scale
which enabled a wide range of applications in he field of physics. chemistny,
biology, material science and engineering.

Nanomaterials arc synthesized viz two approaches, (a) top down and (b)
bottom up approaches (see figure 1.2.) [Rao, C. N. R. et al 2004; Xia, Y. ¢t ¢l 1999].
In top down approach larger size particle were mechanically fractionated (o form
‘nanomatenals’ with desired size, shape and alignment via etching or gonding and
deposition method. Etching are usually carricd out using high energy ultraviolet light.
x-rays or electron beams, whereas deposition was done via important methods Jike
atomic layer deposition (Al.D) 1echniques and dip pen nanolithography [Goesmann,
H. et al 20J0]. An atomic force microscope tips can be used as a nanoscale "write
head" to deposit a chemical upon a surface in a desired pattern. In parallel to the top-
down approaches which was developed by engineers, molecular chemists developed
bottom up approach for fabrication of desived nano-object via molecular self-
assembly. This method is inexpensive and simple for producing nanomaterials.
Molecular self-assembly seeks to use the concepts of supramolecular chemistry, and
molecular recognition in particular, to cause single-molecuic components (o
automatically arrange themselves into some useful conformation | Whitesides. G. M.
et al 1991).

Bulk materjals Nano materlals Atoms of molecules

Bottom-Up ﬂ ﬁ @ @
T O m) 05
80 5

Seft-4ssembly

Top-Down

Nanoiithography
Etching

Figure 1.2. Schematic representation of top-down and boitom-up methods.
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Chapter | Introduction

1.2. Self-assembly approach for nanomaterials

Molecular self-assembly is one of the key tools for the bottom—up approach of
organic nanostructures. It is the spontaneous association of molecules under
equilibrium conditions into stable, structurally well-defined aggregates joined by
noncovalent bonds [Whitesides, G. M. et al 1991; Hamley. 1. W. er al 2007; Atood. J.
L. et al 2008; *Zhang, X. et al 2010]. Key to this type of synthesis is to understand and
control the noncovalent connections between molecules and to overcome the
intrinsically unfavourable entropy involved in bringing many molecules together In a
single aggregate. The concept of self assembly originates from nature, which 1s
observed in a wide variety of biological processes, such as folding of protein in native
structure, substrate binding to a receptor protein, protein-protein complexes. antigen-
antibody association, enzymatic reaction, transduction of signal, cellular recognition.
translation and transcription of the genetic code are excellent examples of the
ingenuity of biological processes governed by such interaction [Seal. S. et al 2008:
Hamley, I. W. et al 2007]. Molecular self-assembly is also ubiquitous in chemistry
and material science. since the formation of surfactant micelles. molecular crystals.
gels, liquid crystals, semi crystalline polymers, colloids, phase-separated block
polymers, and self-assembled monolayers are unique examples [Seal, S. et al 2008:
Ariga., K. et al 2006]. Thus, the self-assembled structure is the result of a delicate
balance of competing short-range attractive and long-range repulsive interactions in
diverse physical and chemical systems. Some of the classical examples for the non

covalent supramolecular interaction which is leading to self-organisation are
described as below.

Table 1.1. Different type of supramolecular interaction. energies and examples.

Type of Interaction Strength (KJ mol ™) Examples
Ion-Ion 200-300 Quaternary ammonium salt
| JIon-Dipole 50-200 Sodium([15] Crown-5
Dipole-dipole 5-50 Acetone
Hydrogen-bonding 4-120 Acids, DNA
Cation-n 5-80 K' in Benzene
- T 0-50 Benzene, graphite
Van der Waals <5 Molecular crystals
Hydrophobic Depends on solvation Inclusion compounds




Chapter 1 Introduction

[n general, all the secondary interaction forces are weak; however, they may
lead molecules from some random state to a highly complex final ordered state. Co-
operative effects among different secondary interactions are also common
Nevertheless, the knowledge and understanding to control the mechanism of the
process is the key to developing new functional materials of novel performance by
self assembly [Seal, S. et al 2008]. In a specific case, a single interaction may play
major role; however, in general the supramolecular structures are established by
mutual interplay of combination of several of the above forces and quantitative

assessment of their relative contribution is very difficult.

1.2.1. Self-assembly by ionic interaction

The ionic self-assembly represents the association due to the interaction
between two ionic species and involves the interaction between ion- ion, ion-dipole or
dipole-dipole, which are based on the columbic attraction between opposite charges
[Seal, S. et al 2008; Huck W. T. S. er a/ 2005]. Strongest interaction is ion-ion, which
is comparable to that of covalent interaction. The ion-ion interactions are non-
directional and strong, whereas the ion-dipole and dipole-dipole are directional and
week. These electrostatic interaction plays major role in understanding the factors
influencing the binding affinity biological process like proteins and enzymes. A
typical example for self assembly via electrostatic attraction (ion-ion) which involves
charge transfer was shown in figure 1.3. The interactions are due to the formation of
electrostatic complex formation between viologen linked electron acceptor
amphiphile (RV) and the pH responsive electron donor 8-hydroxypyrene-1, 3. 6-
trisulfonic acid (DHPS) [Wang, C. et al/ 2010]. In contrast to the vesicular structure
made from RV itself, RV-DHPS forms ultra-long nanofibers by self-assembly in
water. Interestingly, the nanofibers exhibit pH responsiveness: at pH 10, DHPS is
negatively charged and the adjacent charged moieties would repel each other, making

the coiled nanofiber straight; at pH 9 the straight nanofibers become coiled once

again.

1.2.2. Self-assembly by hydrogen bonding
The hydrogen bonding force is a special class of dipole-dipole interaction and

is predominantly an electrostatic interaction between a weakly acidic donor group ( C-

h
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H, O-H, N-H, F-H) and an acceptor atom that has a lone pair of electron with distance
of separation ~3 A" [Seal, S. et al 2008]. The strong directionality of the hydrogen
bond reflects the anisotropy of charge distribution (lone pair) of the acceptor atom.
The reversible hydrogen-bond formation is a critical feature in biological system for
creation of complex functional materials such as proteins, carbohydrates and in
particular, nucleic acids. Hydrogen bonding can be purposefully designed and used as
a general strategy for controlling molecular association to create novel material with
predictable architecture and properties. A classical example for the hydrogen bonded

structures formed between melamine and isocyanuric acid were shown in figure 1.4,
[Kimizuka, N. et al 1998].

Figure 1.3. pH responsive electrostatic self assembly via electron donor-acceptor

molecules. [adapted from Wang, C. et al 2010]

-
N \ / !
E e e W T T T : M
N H ;h
H ‘H ‘l
. N~
0 \
N
H O

Figure 1.4. Hydrogen bonding interaction between melamine and isocyanuric acid

derivatives. [adapted from Kimizuka, N. et al 1998]
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1.2.3. Self assembly by n- n interaction

The - = interactions are pariial charge inleractions and play a role m lhe
association of conjugated molecules. For example benzene and other condensed
aromatic rings display a partial negative charge in the plane of the ring within the 7-
systemn, and partial positive charge on the hydrogen atoms. Consequently. the paraliel
stacking of such rings 1s hindered by the repulsive interaction, results an edge-to-tace
arrangement [or successive rings [Seal, S. et al 2008; Ariga, K. 2006]. However, in
solution the cnergy difference between the edge to face and face fo [ace arrangement
appears o be negligible. By proper electrostatic compensation, the interaction may
also be surmounted. [t is also possible to program n- conjugated molecules such as
oligo-(p-phenylenevinylene)s to sell-assemble into cylindrical aggrcgate in solution
and in solid. which may bc ofl significant promise in supramolccular nano-size
oploelectronic devices. Ajayaghosh and co-workers from our institute have reported
n-conjugated organogels from self-assembled oligo-p-phenylencviny lenes see figure
1.5. [Praveen, V. K. er a/ 2008]. The fiber like morphology of the OPV xerogels arc a
result of muliilayer iamellar assemblics of molecules through n- n stacking, hydrogen

bonding, van der waals intcractions.
a) b)

W _ i cool
heat

OoRVY R T My

OPY2 R - G,.H.

Figure 1.5. Seclf-ussembly of oligophenylenvinylene gels via supramolecular

interaction. [adupted from Praveen, V. K. et al 2008)
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12.4. Self-assembly by van der waals force

The noncovalent interactions between electrically neutral molecules are
collectively known as van der waals furces that arise from clectrostatic inleractions
among permanent and/or induced dipoles [Seal. S. ot al 2008: [lamlev. | W et al
2007]. These intcractions arc gencrally much weaker than the charge-charge
interaction of ion pairs. These encrgies vary with . so they rapidly decrease with
distance. Van der waals forces are of two types a) Dipole induced dipole interaction:
A permanent dipole also induces a dipole moment on a neighbouring group and
consequently [orms an aliractive interaction torce. Such interaciion is gencrally much
weaker than dipole-dipole interaction. b) London dispersion force: At any instani.
even non-polar molecules exhibit a dipole moment resulting from the rapid
fluctuation of their electron cloud density. The resulting transient dipole moment
polarizes the ¢lectrons in a neighbouring group. These forces are very weak auractive
force and only significant for contacting groups (newr their van der Waals contact
distance). However. Lthe lLondon dispersion force signilicantly influences the

conformation of polymers and proteins due to the large number ot inter atomic

contacts.

1.2.5. Self-assembly by solvophobic and incompatibility effects

The solvophobic etfect i1s the influence that causcs exclusion of lhe
solvophobic segments of a molecule 10 minimize their contact with solvent and
derives from the property ol the solvent. The lormation of micelles by amphiphilic
molecule in water 1s a well-known example [Hamleyv, 1. W, 2007, The untavourahle
free energy of hyvdration of the nonpolar segment in soap causes its ordenng and has
the net effect of cxclusion from the aqueous phase. By doing se 1 minimizes the
overall entropy loss of the entire system. The free energy change 1o remove a -Clls-
group from an aqucous solution is about 3 ki by thermodynamic measuremens. This
is a relatively small quantity of free energy: however. considering the large number of
contacts involved in a supramolecular assembly. the cumulative solvophobic
interaction is significant. In fact. the hydrophobic force is a key driver n (olding

proteins into native conformations.
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1.2.6. Metal-ion directed self-assembly

Transition metal centers and their coordination chemistry are widely used as a
strategy for self-assembly [IFujitta, M. ct al 1999; Piepenbrock, M. M. er al 2010].
Through the directional bonding, they provide highly predictable comers or side units
that result in various geomelric shapes such as iriangles. squares. rectangles. cubes,
etc, and it 15 a widely used strategy 10 develop novel functional materials. Consideving
the many coordination environment, the metal centers can adopt and u vast range of
geometries available from coordinating ligands, a variety of complexes are accessible
through metal-ion-directed sell-assemblyv. The calalvtic performance of the
encapsulated transiion mctal complexcs is significantly difterent from a non-
encapsulated analoguc: they are more active and highly seleetive in nature. A classical
example which Icads (o a supramolecular melal coordinated polimer s shown
figure 1.6. A bisterdentate bridging ligand was rcported 10 bind to transition metal in
an octahedral geometry with a 1:1 stoichiometry as well as to lanthanides with a
higher coordination number with a stoichiometry of 1.5:1 |Piepenbrock. M, M. ¢r ol
2010). Intercstingly, this coordination polymer has shown gelation properties in

solvents.
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Figure 1.6. Representation of metallosupramolecular polvmers formed from the
ditopic  ligund  end-capped  monomer  with  fransition  metal  [adupred  from

Piepenbrock, M, M. er al 2010).

1.3. Amphiphilic surfactants in self-assembly
Surfactants are the simplest class amphiphilic mofecules which undergoes

spontaneous self organisation in solution (see ligure 1.7). In general, surfactants can
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be classified into cationic surfactants, anionic surfactants, zwittcrionic and non-ionic
surfactants (Hamley, 1. W. 2007; [luck W. 1. S. ¢er af 2005]. The calionic surfaclants
are molecules with positively charged head groups. These surlactants are usually
made of long-chain amines and long-chain ammonium salts. Anionic surfactants arc
molecules with negatively charged head groups. Examples include carboxylic acid
salts and sulfonic acid salts (sulfonates). Zwitlerionic surfactants are molecules with
head groups containing bolth a positive group (ammonium) and a ncgative group
(carboxylic or sulfonate). Non-ionic surfactants are molecules with neutral head
groups, such as polycthylene oxides. Surfactants forms micelles in water above a
particular concentration cailed critical micelle concentration (CMC) and the size of
the molecular micelles can vary [rom 5-20 nm depending on the length of surfactant.
Surfactants above critical micelar concentration organize in such a way that the polar
head groups become orienied towards the water. while ar the same vme the
hydrophobic tails cluster together. This can lcad to various supcrstruciures such as

micelles, vesicles, multilayers and lyotropic liquid crystalline phases see figuce 1.7.

Spherical
Micelle

KAl = ml T
Jdlcelle

Sphercal

Vesce

Revers ed
Micelle

Figure 1.7. Molecular self assembly of surfuctant molecules [adupted from Shimizhu,
T et al 2005].
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A theoretica! model prodicting the shape and structure relationship between
the monomeric amits and their apercpstes was developed by [smaelachvili based on
statistical mechamics of phospholipads | Israelachvili, N er af 1976 Flach W 1 S w
al 2005] This model predicis the 1ype of the agpregare formed on the basis ol the
packing parameicr (P). wivch relates the volume of the molecule (V) 1o its length (1)
and 1o the mean cross-secnional (cffective) head proup surface arca (ad by an equation:

B=Val . ann ! (1

Packing paramewer deduced from the above formula can be used for the
theoretical predictions of the <hape of micelles shown m wble 1.2 For spherical
amphiphiles. P < 01.33. cylindrcal micelles 033 < P < 0.5, sphencal vesicles 0.5 < P -
| and reverse micelles P = | sre lommed. The predictwns of this mede! are m
agreement with most of (he cxperimental results lor phospholipids. and  small
amphiphiles with vonventionul aliphatic chams as well as for several more

complicated molecules such ns dinlock copohymers

Table 1.2, Surfirctuny packing pavamerer for vorions surfoofan amsremifos

Agpregate T Pae king Parameter !.Tlupe of surfactant
Morphology i)
Spherical mucelles <033 cone
Cylindrical micelles | 033 <P~ 03 © Truncated cone
Bilavers vesicles N3<pP<] Truncated cone
Lameila . ~-| Cylinder
Inverted micelles P Inverted cone

Vesicles and micelles ure representing mwo of the important classes of sell-
mssembled structures that con be tormed by amphiphiles in dilute or semisdiluie
solution [Hamley. | W el al 2007]) Vesicles are hollow spheres enclosed by a
balayers of the amphiphilcs and are commonly used 10 encapsulate labile hydrophilic
molecules within their imterior. Micelles tend to oceur in a range of morphologies,
including spherical. ellpsondal, and cvlindrical swuctures, Cyvlindneal micelles tha
are very long and fexible are refemed w as “wormbike micelles”. and their formation
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is linked 10 the cmergence of viscoelasticity in the solution. Due 1o their viscoelastic
properties, wormlikc micelles have found applications in many areas, such as m
personal care products and in the oil-field industry. Raghavan and co-workers have
reported the formation of unilamellar vesicles from aqueous solutions of the cationic
surfactant, cetyl trimethylammonium bromide (CTAB). when S-methyl salicylic ucid
(5mS) is added at slightly larger than equimolar concentrations [Davies, T. S. er ol
2006]. When these vesicies are heated above a critical temperature, then transtorm

into long, flexible wormlike micelles see ligure 1.8,

excess 5SmS molecules
are weakly agsorbed
and tend to desorb
upon heating

Xy~ increase T
e, @ or decrease [5mS
.E. :..’s: ' ‘
"{’ ' “ i
':‘J !‘s‘ - 4
(R 2y increase [5SmS]
20130
or decrease T
Unl*ame“a( VeSlCleS \}VQ(”]]P’,\E th”E‘S

Figure 1.8. Formation of vesicles and worm like micelles with addition of 3 mS

[adapted from Davies. T. S. et al 2006].

The cationic  surfactant cerylrimethylammonium  bromide (CTAB) s
exclusively used for the sccd-mediated, surfactant-assisted gold nanorod synthesis
[Murphy, C. A. e al 2002: Smith, D.K. et af 2008). This method relics on the mitial
preparation of ~1.5 nm diamcter gold nanoparticles formed by mixing aqucous
solutions of CTAR, hydrogen tetrachloroaurate (11) hydraic and sodium borohy dride.
These gold nanoparticles are then added (0 a growth solution of concentrated CTAR.
silver nitrate, hydrogen tetrachloroavrate (111) hydratc. and ascorbic acid. Ascorbic
acid is a weak reducing agent that induces heterogeneous gold deposition at the
surface of the seed particle. Anisotropic nanorod growth results from lacct-sclective

gold deposition promoted by the silver ions, which adsorb (o the gold surfaces. The
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nanorod aspect ratio can be wncreased to a certain extent, up to 4.5, by increasing, the
silver concentration, and the absence of Ag  (rom the reactions Jcads o only a very
low yield of Au nanorods. CTAB coats the nanorod surface as a bilayer that prevents
aggregation (scc figure 1.9.). The purity of CTAB also detenmines the reproducible
formation of the gold nanorods [Simith, D.K. er a/ 2008].

Figure 1.9. Surfaciant mediuted gold nanorod synthesis {adapted from Smith, D.K. et
al 2008].

1.4, Self-assembly in polymeric systeros

The self-assembly of amphiphilic polymers in solution and melt were well
studied mainly by using linear chain block copolymers, owing to their synthetic
accessivbility [Forster, S. et al 2002]. Block copolymers form a large number of super
lattices with characteristic dimensions in the range of a few nanometers up to several
micrometers by self-organization. The interplay of supramolecular physics and
chemistry opens up new approaches for the production of inorganic, organic, and
biological structures and to their integration into functional units. Block copolymers
find numerous applications from the production of inorganic nanoparticles (metals,
semiconductors, magnets) and mesoporous materials up to take-up/ release systems in
chemo- and gene therapy, drug delivery etc [Forster, S. er af 2002; Huck W. T.S. e
al 2005]. For their self-assembly, solvents plays an important role in increasing the
solvent affinity of a block copolymer, behaving as a selective solvent for a block.
Major differences between surfactant micelles and block copolymers micelles are (1)
the critical micellar concentration (cmc) of the jatter is usually much lower and (2)
block copolymer micelles are more stable and their exchange dynamics are
substantially slower. This is a result of a number of faclors, such as the higher
molecular weight, chain entanglement and the decreased mobility ot the polymer

chains in the core of the micelle. The self-assembled morphologies depend on a

13
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number of structural factors and experimental conditions: block chain lengths, ratios
of blocks, molecular weights and their distribution, chain composition, the
stereochemistry of the polymer chain, solvent composition, temperature, incubation
time, concentration, and preparation order [Forster, S. ef a/ 2002]. Block copolymers
with large soluble blocks, that is, with small curvature radii R, form spherical micelles
preferably, whereas cylindrical micelles or vesicles result from smaller soluble blocks,
that 1s, with greater curvature radii. Cylindrical micelles of poly(butadiene-b-
ethylenoxide (PB-PEO) may have lengths of several micrometers see figure 1.10.
[Forster, S. et al 2002]. Block copolymer vesicles were observed with diameters from
100 nm up to several micrometers. Polymer vesicles (polymersomes) are
mechanically and thermodynamically much more stable than the well investigated
lipid vesicles, and are well suited for the encapsulation and the release of substances.
The vesicles of poly-(2-vinylpyridine-b-ethylene oxide) (P2VP-PEO) with diameters
of more than 10 um (giant vesicles) into which, for example, fluorescent dyes can be

encapsulated see figure 1.10. [Forster, S. ef a/ 2002]

Figure 1.10. Block copolymer self-organization: a) spherical micelles (PS-PI/DMF)
b) cylindrical micelles (PB-PEO/water) and c) vesicles (P2VP-PEO/water) [adapted
from Forster, S. et al 2002].

The surfactant induced approach can be useful for both homo-polymers and
block-co-polymers [Tiitu, M. et al 2004; Ikkala, O. et al 2002; Valkama, S. et al

2004]. In this approach the supramolecular interaction between polymer chain and

14
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amphiphiles are utilized. The polymer-amphiphile complex 1s formed by the attractive
physical interaction (e.g. hydrogen bonding, ionic interaction etc.) of the head group
of amphiphile with the polymer backbone. In the case of homo-polymers. these
complexes can form comb-shaped supramolecular structures in the solid state. The
self-assembly of polymer-amphiphile complexes can be combined with diblock
copolymers also, which leads to hierarchy of structures, i.e. structure-wirhin-structure
[Brinke, G. T. et al 2004]. In this case one block has an attraction with the amphiphile
and the other block has not, so the self-assembly now takes place at two length scales.
The morphology depends on several parameters such as the volume fraction of
domains, the degree of complexation, alkyl tail lengths of the amphiphiles, and
temperature. In short, principles of self assembly and supramolecular chemistry is not
only restricted to small molecules, however knowledge can be easily used as tool for
the synthesis of hard materials like metal nanorods and larger polymer systems like
block copolymer self assembly, self assembled monolayers (SAM’s), surfactant

induced polymer self assembly, self assembled polymer films etc.

1.5. Origin of conducting polymers

Polymers are typically insulating material and they find exclusive applications
in commercial and technological products due to their mechanical properties and low
cost production [Brydson, J. A. 1999; Odian, G. 2004]. However, the major break
through in conducting polymers research was started with the discovery of conducting
polyacetylene. This discovery was pioneered by three eminent professors. Alan Mac
Diarmid, Alan. J. Heeger and Hideki Shirakawa in 1977 and they were awarded
Nobel Prize in chemistry in 2000 [Skotheim, T. A. er al 1998; MacDiarmid, A. G. ef
al 2001]. Polymers which pass electric current with applied potential are called
conducting polymers. Conjugated polymers are systems with alternate single and
double bonds which can delocalize n-electrons. However, the conjugated polymers
are not conductive material due to the considerably high band gap unlike metal.
Conducting polymers are produced from conjugated polymer through a method called
doping [Shirakawa, H. ef al 1977]. Doping involves the use of dopants which injects
charges on the polymer conjugated backbone. Doping allows the formation of
conducting bands with narrow band gap. Both n-type and p-type dopants have been

utilized to induce an insulator to conductor transition in conducting polymers

15
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[Skotheim, T. A. et a/ 1998]. Doping of these malerials results in rcarrangements of
polymer chains and induces ordered structure conductivity. processability. The doping
of polyacetylene with iodine was shown in the figure 1.11.

I?

[

i)

Figure 1.11. Doping of polvacetvlene with iodine.

Trans polyacetylene has a high conductivity as that of metalhic copper. but its
poor environmental stability hampers practical applications. This has led 10 the
development of large number of other conducting polymers such as polypyrrole
(PPy), polythiophene.  poly-p-phenylenc.  poly-p-pheny lenevinylene  (PPV).
polyaniline (PANI). Some of the commonly known conducting polymers with s
structure are summarized 0 figuee .12, Major conducting polymers with s
conductivity, dopants uscd, processability and cost were shown in table 1.3, Recently
large amount of research work are pertained to conjugated polymers to develop Jight
emitting diodes. solar cells. conducting and semi conducting circuits, lled cftect
transistors and so on. Conjugated polvimer based technologies can potentially replace
the existing technologics in terms of their superior performance. low cost and

mechanical stability and so on.

Table 1.3. Conducting polymers. Dapunts used. conductivity. processahilitv. stahilify

and cost of some common conducting polvmers.

Polymer Dopants "Counductivity | Stability | Processability ‘ Cost |
(S/em)
Polyacetylene | L. Br,. Li. Na 10000 Poor  limited | H_igh A
Polypyrole | BFe. ClOs | 500-7500 Good | Good 'L.owl
Polythiophene | BFs". ClO, 1000 [ Good | Fxeellent | High
Polyphenylene | AsFs. Li. Na L1000 Poor |  Limited [igh
Polyaniline | HCI. R-SO:H T 200 | Good  Good __l,ov\"
, !

e )
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Figure 1.12. Various types of conducting polymers with structures.

Among different conducting polymers, polypyrrole and polyaniline are well-
known conducting polymer for its ease of synthesis, environmental stability, and
unique acid/base doping-dedoping and oxidation/reduction chemistry [Li, D. et al
2009; Skotheim, T. A. ef al 1998: Chandrasekhar, P. 1999]. Polyaniline can be readily
synthesized by either chemical oxidation or electrochemical polymerization of aniline
under mild conditions. Polyaniline exists mainly in four different forms. a) completely
reduced leucoemeraldine base b) completely oxidized pernigraniline form c)
emeraldine base form and, d) emeraldine salt form [Kang, E.T ef al 1998]. In 1ts
emeraldine salt form, polyaniline becomes electrically conducting when doped with
an acid. The doping level can be tuned simply by controlling the pH of the dopant.
With the rapid emergence of nanoscience and nanotechnology in recent years,
synthesizing nanostructures of this unique conducting polymer, especially making
nanofibers, has attracted growing attention. In general, the idea behind making
nanomaterial is to hmprov% efficienCy of the materiAl [Virji, S. et aL 2006]. Soft
template m%thods like -icelles, gels, liquid crystalS. seeding, and hard templata
meThod like porous template and physical methods like electrospinning were
developed for synthesizing polyaniline nanofibers [Li, G. er al 2004: Wei. Z. X. et al
2002; Skotheim, T. A. et al 1998.; *Chiou, N. R et al 2005.: *Chiou. N. R et al 2005.].
The polyaniline nanomaterial finds superior applications in batteries. sensors.
actuators, electromagnetic shielding, corrosion protection, electro-optic and
electrochromic devices compared to bulk material [Janata, J. e al 2003: Li. D et al

1999]. Earlier, Anilkumar P er al from our group have reported the synthesis of
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polyaniline nanofiber using renewable resource cardanol dervived surfactant lor the
synthesis of polyaniline nanofibers via ecmulsion route sce figure 1.13. [*PAnilkumar, P.
et al 2006). Detail investigation reveals that nanotfibers were formed duce to the
oxidation of self assembled aniline + surlactant cylindrical template. The nanoliber
formation was facile (or wide range of [aniline]/ [surfactant| concentration which was
rarely reported in litcrature for svnthesis of polvaniline nanofibers. Interfacial
polymerisation was also carried out using (he same anionic surfactant - oxidant in
aqueous layer and anilinc in organic Jayer resulted formation of nanospheres
[‘Anilkumar, P. er af 2008]. The formation of the spherical aggregales between
surfactant and oxidant ammonium persulfatc and subsequent monomer intake at the

interface created the polyaniline nanospheres.

Emulsion route

Figure 1.13. Synthesis of Polvaniline nanostructures using different methods of

polymerisation route [Adupted from 'Anilkumar. P. et al 2010].

In general, the sound knowledge of the polyaniline structure and chemical
properties, with reasonably good solubility and processability. thermal and
environmental stability and facilc nanomaterial formation makes this polymer front
runner in conducting polymer nanomaterials. Similar o polvaniline, polypyrrole is
another interesting conducting polymer with good conductivity and thermal stability.
However polypvrrole has a major drawback in solubity and processability. In addition
to that the nanomatcrial formation was not understood properly unlike polvaniline.
Hence, here we find a uniquc opportunity to address some of the basic understanding

of the polypyrrole nanomaterial formation by surfactant self assembly approach.
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1.6. Polypyrrole (PPy)

Polypyrrole (PPy) has attracted great attention because of its high electrical
conductivity and good environmental stability [Skotheim, T. A. er al 1998]. PPy has
been considered as the key material to many potential applications such as electronic
devices, electrodes for rechargeable batteries and supercapacitors, solid electrolytes,
electromagnetic shielding materials, sensors, corrosion protecting materials, actuators,
electrochromic devices, or membranes [*Bre’das, J. L. er al 1984; “Bre’das, J. L. et al
1984] The conductivity of the neutral PPy is remarkably changed from an insulating
regime to a metallic one by doping. Polypyrrole is doped simultaneously during
polymerization and counter anions in the reaction medium are incorporated into the
growing PPy chains to maintain the electrical neutrality of the polymer system.
Neutral PPy consists of benzenoid rings and upon extraction of a negative charge

from a neutral segment of a PPy chain by the doping process, a local deformation to

the quinoid structure occurs see (figure 1.14.).

H H
AN AN A
N\ N N/ v /[ ™

H H H
Neutral PPY

Bipolaron

Figure 1.14. Chemical structure of the PPy in neutral and doped state.

The formation of a polaron induces two new intermediate states (bonding and
antibonding) within the band gap while unpaired electron occupies the bonding (low
energy) state, thus giving the polaron of spin 1/2. In combination with the quinoid
structure, the positive charge and the unpaired spin are referred to as a polaron. As

oxidation continues further, another electron has to be removed from a PPy chain that
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already contains a polaron, resulting in the formation of a bipolaron which is
energetically preferred to the formation of two polaron shown in figure 1.14. A
bipolaron is known to extend over about four pyrrole rings. The lower energy state of
the bipolaron is empty, thus the species has a zero spin. As the degree of oxidation
Increases, the bipolaronic energy state overlaps, resulting in the formation of narrow
intermediate band structures shown in figure 1.15. The energy diagram of bipolaron
shown corresponds to a doped state of about 33 mol %, which is close to the

maximum value found in electrochemically oxidized PPy [Skotheim., T. A. er al
1998].

CR CB CB

36eV
3.56 eV

Bipolaron
bands

Polaron Bi-polaron

Figure 1.15. Schematic representation of conduction and valence bands of PPY in

neutral and in doped state.

1.6.1. General methods of polypyrrole synthesis

Polypyrrole may be prepared by either chemical or electrochemical oxidation
of pyrrole monomer (see figure 1.16.). In the chemical oxidation method, oxidizing
agent such as. ferric chloride or metal salts of persulfate 1s added to the pyrrole and a
dopant dissolved in a suitable solvent, resulting in the precipitation of doped PPy
powder [Omastova. M er al 2003; Omastova, M er al 2004]. Nevertheless, the
chemical oxidation method is suitable for commercial mass production of PPy and
may produce processable PPy. Since this method has much greater feasibility to

control the molecular weight and structural feature of the resulting polymer than the
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electrochemical oxidation method. It is well known that various properties such as the
electrical conductivity, stability, and morphology of synthesized PPy strongly depend
on various reaction conditions, concentrations of oxidant and dopants or surfactant.
polymerization temperature and time, stoichiometry and solvent. Chemical

polymerization with surfactants is meant to improve conductivity, stability or

solubility in organic solvents. In electrochemical oxidation method, pyrrole and
electrolyte salt are dissolved in a suitable solvent and then the solution is subjected to
oxidation, resulting in the growth of a conducting PPy film on the anodic working
electrode. Diaz et al. manufactured free-standing PPy films with excellent electrical
and mechanical properties by the electrochemical method [Diaz, A. F er al 1977]. The
electrochemical polymerization is a fast, easy, and clean method to obtain highly
conductive PPy films. It was also reported that PPy could be polymerized using
supercritical fluids like carbon dioxide which is non-toxic, non-flammable. and
environmentally acceptable compared to organic solvents [Abbett, K. F. et al 2003] or
to use magnetic ionic liquid (MIL) like butyl-3-methylimidazolium tetrachloroferrate,

(Bmim [FeCl4]) as the solvent or electrolyte for chemical and electrochemical

polymerisation [Kim, J. Y. er al 2008]

{/ \\ Chemical or electrochemical / \

Oxidation
! -
H

Polypyrrole

Figure 1.16. Synthesis of polypyrrole via oxidation of pyrrole monomer.

The most widely accepted polymerization mechanism of PPy is the coupling
between radical cations [Skotheim, T. A. er al/ 1998]. In the initiation step, the
oxidation of a pyrrole monomer yields a radical cation. Coupling of the two generated
radical cations and deprotonation produces a bipyrrole. The bipyrrole is oxidized
again and couples with another oxidized segment. In the propagation step. re-
oxidation, coupling, and deprotonation continue to form oligomers and finally PPy.
The radical coupling between oligomeric pyrrole species is favoured since the
oxidation potential of oligomeric or polymeric pyrrole species is lower than that of the

monomer. Once the chain length of the oligomers exceeds the solubility limit of the
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solvent. precipitation of polypyrrole occurs. The termination step has not been fully

elucidated but is presumed to involve nucleophilic attack on the polymer chain.

1.7. Polypyrrole (PPy) nanomaterials

PPy nanomaterials have been extensively explored because of their easy
synthesis, tunable conductivity, reversible redox property, and environmental stability
[Skotheim, T. A. et al 1998: fJang, J. et al 2006]. A variety of fabrication methods
have been developed for conducting polymer nanomaterials. Among the various
synthetic strategies, template methods are very promising and powerful tool to
fabricate conducting polymer nanomaterials. Template method involves the inclusion
of monomer inside the template so as to achieve the template shape. In general.
template method is classified by soft and hard templates. Soft templates include
surfactant, gels, lipids, cyclodextrin, liquid crystal, etc, whereas anodic aluminium
oxide (AAO) membrane, track-etched polycarbonate (PC) and zeolite can be used as
hard templates. In template-free method represents the synthesis of conducting

polymer nanomaterials without the template. Important methods employed for the

synthesis of polypyrrole nanomaterials are described as follows.

1.7.1. Soft template method

Soft templates have been used for the fabrication of various morphologies of
polypyrrole nanomaterials. There are several soft templates such as surfactant, liquid
crystals, gels, cyclodextrin and functionalized polymer [Wu, A er al 2005; Hulvat, J.
F. er al 2003). Among them, surfactants, which imply cationic, anionic and non-ionic
amphiphiles, are mostly used as a nanoreactor. Microemulsions formed by surfactants
with monomer are macroscopically homogeneous mixtures of monomer, water and
surfactant, which on the microscopic level consist of individual domains of oil and
water separated by a monolayer of amphiphile [Lindman, J. er al 1998].
Microemulsions are thermodynamically stable (i.e., indefinitely stable) with droplet
sizes varying from 10 to 100 nm. Microemulsions act as attractive media for
polymerization reactions. In general, microemulsion polymerization has been widely
accepted for synthesizing conducting polymer nanoparticles. hollow nanospheres.
core-shell nanostructures and nanofibers. Synthesis of 1-D Polypyrrole nanofibers.

nano wires and nanoribbons was developed using a lamellar mesostructure formed in-
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situ between cationic surfactant and ammonium persulfate as oxidising agent [Wu, A,
et al 2005]. The diameter ol as-prepared polypyrrole nano wires was in the range ol
20-65 nm, and the icngth was up 1o scveral micrometers see figure 1.17. In gencral,
anionic surfactants like DBSA and SDS produce polypyrrole nanospheres [De Armuitt,
C. et al 1993; Haung. K. e o/ 2005]. Since the oxidative polymerization of
corresponding monomers produces cationic intermediates, the anionic assemblics
acted as an excellent template owing 10 the mutual ¢lectrostatic attraclive force. The
helical superstructurcs  of PPy could be prepared via the clecirochemical
polymerization using anionic synthetic lipid assemblies [Hatano, T. ¢/ of 2004]. A
bulk synthesis of PPy nanafiber (diamelter: 60-90 nm) was performed using nanofiber
seeds as a template [Zhang, X. ¢f a/ 2005). V-0: nanofiber (dameter ~1 S nm), which
was chemically treated with pyrrole monomer, was used as a rcactive seed template,
and pre-polvmerization reaction on the surface of fibrillar templatc provided the

evolution of bulk fibrillar morphology with subsequent addilion of the oxidizing

@ 1) CTAB/ HCI /I

N N n
F1{ 2) APS/HCI |

agent,

Pyrrole

Figure 1.17. Synthesis of polypyrrole nunofibers using CTAB as surfuctant: APS a
oxidising agent [adapted from Zhang. N. et al 2005
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1.7.2. Template-free method

Template-free techniques have been extensively studied for the fabrication of
conducting polymer nanomaterials. Compared with hard and soft template methods,
these methodologies provide a facile and practical route to produce pure, uniform, and
high quality nanofibers. Template free methods encompass various methods such as
electrochemical synthesis, chemical polymerization, aqueous/organic interfacial
polymerization, radiolytic synthesis, and dispersion polymerization. PPy microtubes
and nanofibers have been synthesized in the presence of B-naphthalene sulphonic acid
(B-NSA) by electrochemical polymerization [*Jang, J. er al 2006]. Recently, Zhong,
W et al reported superhydrophilic polypyrrole (PPy) nanofiber network synthesized
by electrochemically in an aqueous solution using phosphate buffer solution (PBS) in

the absence of templates, surfactants and structure-directing molecules (see figure
1.18.).

EI{}: ;H;.
/) \ |
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cio, + |, Y

~ Py oligomer

Figure 1.18. Template free electrochemical polymerisation of polypyrrole nanofibers
in phosphate buffer [adapted from Zhong, W. et al 2008].

1.7.3. Hard template method

Hard template method has been used for the 1-D nanostructures such as
nanotubes, nanorods and nanofibers of conducting polymers. The commonly used
templates are AAO membrane, and track-etched PC membrane, whose pore size
ranges from 10 nm to 100 um [Martin, C. R et al 1994; Martin, C. R er al 1995]. In
general, the polymerization of a conducting monomer has been performed at
nanochannel as a nanoreactor and hard templates are removed after polymerization in

order to fabricate 1-D conducting polymer nanomaterials. Martin, C ef al. have used
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hard template method for preparing polsmer nanomaterials. Recently, lang ¢r «f
produced PPy nanotube with highly unilonn surlace and controbted wall thickness by
one-siep Vapour deposition polvmerisation (VDP) teehnique using AAO membrane
see figure 1.19. The 1emplate medtated vapour phase polymerization provides Tacile
and effective method 10 fabricate high'y unitorm: tubalar walls and wih control wall
thickness {*Jang, J. ¢f «/ 2004). One of the major challenges in this type of sy nthesis is
to retain the purity and stability of the nanemaenal alter the removal ol the hard

template.

Figure 1.19. Polvpyvrrole nanotube svothesized using AAQ viu vapowr deposiion

technique [odapted from “Jang. J. e al 2004,

).7.4. Electrochemical svnthesis

Electrochemical method is widely accepled for the synthesis ol polypyrrole
nanomaterial in presence of (emplate ke mcelles. Tiquid crystals. Tipids, starch
heparin, porous matcrial and also without any templaie [Flang, ). ¢r af 20062 Qu. | ei
al 2003]. Various (vpes of morphaologics like nanofibers. wbules, spheres. nano bowls
or containers were produced by this route. ‘The influence of experimental parameier
like working electrode, concentration and shape o1 tlemplale. monomer concentration,
current densily, and polymerisation time plavs important rofe in determiming e
morphology and propertics of the nanomatcrial. One of the advantage ol
elecrochemical route is deposition of the nanomaterial can be done very easily 10 the

sensor clectrode.

1J
‘I
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1.7.5. Dispersion route

There are three categories ol dispersion polymerization i order to fabricate
the conducting polymer volloids. I'he first approach. utilizes sterically stabilized
polymer like polystyrene sultonic acid (PSS) and polyvinyl alcohol (PVA) Jor
conducting polymer nanoparticle [Qi, Z. er o/ 2006]. In this case, the monomer and
oxidant are dissolved in u sterically stabilized polvmer medium and conducting
polymer nanoparticlcs arc tormed as polvmerization proceeds. Processability and
solubility was found (o be very good for the conducting polymer synthesized via this
method, however Lhe conductivity loscs duc to presence of steric stabilizer. The other
approach involves in-situ polymerization of monomer is performed iln the presence of
silica panoparticles and the conducting polymer is adsorbed onto the silica
nanoparticles as seed [McCarthy, G. P. ef a/ 1997: Maeda, S. ¢/ «f 1993] The particle
size and morphology of silica-conducting polymer c¢an be readily varied by adjusting
size of silica, concentration of silica and monomer. and type of oxidant and monomer.
Third category involves the use some metal colloidal parlicle as a stabilizer medium
for the polypyrrole. Fujii er af reported the one pot syathesis of polvpyrrole coated
silver core shell malerial using the oxidation polypyrrole with silver nitrate see Hgure
1.20.)

/ \ Polymeric or inorganic
stabilizer

Figore 1.20. Polypyrrole spherical core-shell nano materiol via by dispersion route.

fadapted from Fujii, S. et al 200)7]
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176 Other routes

Other impormm routes Tor the producton of polvn mole with special pamoese
fike making thin (ilms. improsement of sodabilits. and conductiviny are as Tullows
) Ioterfucinl rowte: Thin polvpyroke flm could be prepared by chemical
polymerization at the iertice of chlomtorm solution of pyrrele and sgueous solution
of ammonim persuliate (1. Y. er ef T9OUB] e wie several comditions Tor the
sebvents 1o be wsed Tor interfocial polymerizition of peirale The oxidam and
monomer should be sobuble m dilteren selvemts o the sescion o occur only o the
interface. To prevent P Trom depositing as powder of Hoating on the aqueois
warface. the upper lver solvent <hould have lower density than PPy The conduetivin
and other solid state propertics of the polypy rrole matenial ssmthesised vin imsertaciol
ot e poo in comparown o the chomical and checinachaemical mahod 1§ be Hilms
of polypyrrole formied wl ihe mieruce of the wrganic agueous Lner were wsoallh
undergoes ovier paadation Jdue ti the msolubilin matorals 1 either organic o sguems
solution.
b) Plasma rowte: Mlusma polvmerizanon s been recognized gs an imponant progess
to obtain thin films ol conductive pobymer, which are Tormed by resctnos m gas
phase without any chemieal oxidants Jobn, Rk e ol 20020 The chemicul structure
of plasma-polymerized polyprrrale i= different Trom thit obtamed by conventionai
chemical or elecirochemical poly mertsation provvsses Beviise o Irgment Lormtion.
rapped rahcals. and o higher degsec ol branching amd cross linkim
¢) Copolymerization: |ven thoush polypymole man e used 0 many application
feeldy. ity poor processabiliny. mochanical. ard physical propertes have been a farpe
obstacke. To wmprove the processibaliny . movhamcal and olbwr properties. camons
kinds of PPy copolvmers have hoen pobvmoriasd wilh many sober condicting aml
conventional polymers | Nimmons, M R et of 1998]  Tootmprone the proccssibifing of
PPy, the stericalls swbibized coftoadal P parbcles have been sy nthesioed astng a
tilormade reactis v copolymer. Electmmcive randon copeduimer was produced by
the electrschemicnl copolymerization of purrole and  anilioe o acetonitmie and
supporting electrolvie [Sarl. Mooer el 1998 Fusalba, I ond 1990 e, X0 G oot of
2000: Seejskal. ), o ool 20040 L VoW Lo e ad 2000 Raim LW et ad 20058 Chie, U
Hoer ol 2004, "Fhow, O o0 of 2008] T was also reporied that there was a oo
dependency of polymerzaton rate and viehl solublity. abilny 1o fonm films,
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molecular weight, thermal stability, and conductivity of the copolymers on the co-
monomers ratio. Interestingly, literature report suggests that chemical and
electrochemical copolymerisation of pyrrole and aniline has not produced well
defined nanomaterials. More detailed review on copolymers were discussed in
chapter-3.There was no major attempts to understand the polyaniline-co-polypyrrole
nanomaterial formation due to the following reasons 1) the unclear understanding of
formation mechanism homopolymer nanomaterials especially polypyrrole 2) poor
stability of the soft templates for both aniline and pyrrole monomer. Hence, to address

these issues in detail, we have explored polypyrrole-polyaniline random copolymer

nanomaterials via self assembly approach.

1.8. Applications of polypyrrole nanomaterials

1.8.1. Sensors

Polypyrrole nanomaterials are widely used as chemical and biological sensors
[Geetha, S. er al 2006; EJang, J. er al 2006]. The sensing action of polypyrrole sensors
are based on the variations in conductivity, color, mass, volume, and so forth which
are easily influenced by their inherent reversible doping-dedoping /oxidation-
reduction mechanisms. It is noteworthy that the nanostructures including nanorods.
nanofibers, and nanotubes not only provide a high surface-to-volume ratio but also
allow rapid diffusion of analytes into and out of the material. Gas sensors were
fabricated by spin-casting polymer films onto pre-patterned glass electrodes see figure
1.21 [An. K. H. et al 2004]. PPy nanomaterials have been applied to various sensors
such as toxic gas noses, non-toxic gas noses, aroma sensors, humidity sensors, and
microbial noses [Lellouche, J. P, et al 2005). Upon cyclic exposure to ammonia gas.
the PPy wire sensor was at least six times more sensitive than the PPy bulk film
sensor. The electrochemical behaviour of the electrodes modified with PPy nano
wires was described as a chemical sensor. The modified electrodes had good activity
towards nitrite reduction and the electro-reduction current depended linearly on the
concentration of nitrite and increased with increasing the PPy thickness, acidity of
electrolyte solution, temperature, and scan rate [Tian, Y. er a/ 2004; Tian, Y. er al
2005]. Glucose biosensor has been developed using polypyrrole/enzyme nano

junctions and demonstrates the signal transduction mechanism based on the change in
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the nanojunction conductance as a result of glucose vxidanon induced chanee 0 the
polymer redos state sec figure 1.21. [Forzani. E.S. er of 2004). Farcermore. an
amperometric enzyme ¢lectrode was prepared based on (he co-immobilizanon ot O\
and glucose oxidase within an clectro polyvmerized PPy (1l [Kros. AL o7 «of 2002;
Gao, M. et al 2003 Wang. J. ¢/ ¢/ 2005]. Such a simulianeovs incorporat et ol CONT
and glucose oxidase imparted biocatalstic and clechrocatalytic properties onle
amperometric sensor. This rescarch was Ninther extended o the fabricavon ol PPy
nano-wire biosensor lor label-Tree bio-affinity sensing |Ramanathan. K. ct at 2005],
The one-step incorporation ol functional bhiological molecules o PPy nanowires
during its electropolymerization was a critical advantage of a novel fabrication
method over the CNI and silicon nanowire biosensors that required post-synthetic

modification and positioning.

Poly pry1i0% compesde [ér. |
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Chemical Sensor Bio Sensor

Figure 1.21. Schemutic cepresentation of chemical  and  biosensor  bused  on

conducting polymer. Jadapied from Mu, X. et al 2008: Guimard. N. K. et al 2007

1.8.2. Electrochromic device

Electrochromism can be detined as a reversible color change by @ material
induced by an electric field. Carly studics of clectrochromism focused on inorganic
(e.2.. WO;) compounds and organic molecules (¢.g.. bypyridiliums). [Towever, recent
researches have fairly focused on conducling polymers such as PPy, PANI and P

[Argun. A. AL ¢r @/ 2003]|. Conducting polvmers have advantages over the other

elecrochramic materials. including ease ol processing. (ast switching time, high
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contrast and coloration efficiency, tunable band gap, and so forth. In particular,
nanostructured conducting polymers can provide a much faster switching time
compared with bulk counterparts. The electrochromic devices with fast switching
speeds could be recently fabricated based on well-defined PEDOT nanotube arrays
[Cho, S. I. er al 2005]. Recently, Smella, E er al. microfabricated movable

electrochromic pixel based on polypyrrole see figure 1.22.

Figure 1.22. Microfabricated movable electrochromic pixel based on polypyrrole
[adapted from reference Smela, E. et al 1999].

1.8.3. Actuator

Polypyrrole nanomaterials have been considered as excellent material for
actuator applications, because it undergoes reversible volume changes (expansion and
contraction) during oxidation and reduction [Berdichevsky, Y. er al 2006]. Recent
research trends concerning conducting polymer actuators have been reviewed by
Smela. PPy exhibited several advantages including large strain like 3 % in-plane and
> 30 % out-of-plane, high strength, low voltage operation, biocompatibility, and so
forth (see figure 1.23.). Microactuator consists of PPy-Au bilayers and Au layer acted
both as structural layer and an electrode. These micromuscles were used to lift plates,
to open and close boxes. In addition, the microrobotic arms could pick up, lift, move,
and place micrometer-size objects within an area of about 250x 100 um". The
controlled movement of the robot arm was due to individually controlled
microactuators [Smela, E. er al 2003; “Jager, E. W. H. et al 2000; "Jager, E. W. H. et
al 2000; “Jager, E. W. H.et al 2001].
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Figure (.23. Snapshoix shoveing the mechanical actuuation in polvpyrrole uctuator

{adapted from reference Orero. T. [ er ul 2003)

1.9. Aim of the thesis

Based on the detail review discussed in this chapier, it s evident {hat
polypyrrole nanostructures are produced using difterent Kinds soft as well ax hard
template method. However, there is a large discrepancy in (he synthesis ol nano-
stuctured  polvpyvrrole  with  controllable  morphologies.  sizes  and  proper
understanding of formation mechanisms. In gencral. svnthetic approaches developed
for PPy and PANI were Tound not suitable for the svathesis ol polvpyvirole-co-
polyaniline nanomaterials. Development of copolymer nanostructures is unexplored
due to limitation of existing molecular templates to stabilise both aniline and pyirole
for new nanostructure formation. In this thesis, new molecular amphiphile based on
renewable resource starting matenal were designed to address above issues. he idea
of interconnecting hoth renewable resources and conducling nanomaterials is ver
ncw and have tremendous opportunitics for Tundamental and apphied rescarch.
Renewable resource raw material based on cardanol. which is an industrial waste and
pollutant from cashew nut indusiry. was wtilized as novel amphiphilic dopams tor
conducting polypyrrole and polvpyrrole-polyaniline nanomaterials.  Additionally.
colorimetric sensing approach ol polyaniline was undeveloped rechnique duce to ils
msolubility and mismatch of redox potential tor some of the biomolecules. A water
soluble self-doped polvaniline sultonic acid colorimetric sensing approach was

developed for vitamin-C and cysieinc using redox chemistny polyaniline.
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The work consists of following five important parts:

(1) Synthesis and utilization of amphiphilic azobenzene sulfonic acid from
renewable resource cardanol for size control synthesis polypyrrole
nanomaterials

(i)  Synthesis of polyaniline-polypyrrole random copolymer for understanding the
morphology transformation and conductivity.

(i)  Dilution of emulsion templates of aniline (95 %) + pyrrole (5%) for evolution
of new morphologies like rods to hollows spheres to nanotubes

(iv)  Self-doped polyaniline sulfonic acid for the colorimetric sensing of
biomolecules like vitamin-C and cysteine.

A amphiphilic surfactant molecule, 4-[4-hydroxy-2 ((Z)-pentadec-8-enyl)
phenylazo]-benzene sulfonic acid (surfactant-1), synthesized from cardanol and
utilized as structure-directing agent for polypyrrole nanomaterials (in Chapter-2). The
micellar behavior and critical micelle concentration (CMC) of the surfactant was
analyzed by dynamic light scattering (DLS), surface tension, conductance
measurements. The role oxidizing agents on the morphology was also investigated. A
dilution route has been carried out to control the size of the polypyrrole nanospheres
from 500 nm to 60 nm. Earlier, the same renewable resource amphiphlic surfactant-1
was used to produce polyaniline nanofibers. Template selectivity of pyrrole and
aniline monomers was utilized to tune the morphology of polyaniline-polypyrrole
copolymer nanomaterial (in chapter-3). Copolymer nanomaterials showed a
morphology transformation from fibers to rods to spheres predominantly at lower
pyrrole concentration. Four probe conductivity measurements showed a non-linear
trend in conductivity. Control experiments with structurally different surfactants
showed that solid state ordering of the copolymer plays a crucial role in determining
the conductivity. Morphology evolution of the copolymer nanomaterial was achieved
from fiber to rods to hollow spheres to nanotubes at a fixed copolymer composition.
The dilution of the fixed co-emulsion composition (5 mole % pyrrole + 95 mole %
aniline) in water resulted in the transformation of short cylindrical to vesicular
aggregates (in chapter-4). The chemical oxidation of the cylindrical templates
produced nanofibers and nanorods whereas hollow spheres and nanotubes were

produced by vesicular templates. The size and shape of the template aggregates
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matched very well with that of the synthesized nanomaterials. The conductivity of the
nanofibers was found one order higher than that of nanorods, hollow spheres and
nanotubes at all temperatures due to one dimension electrical conduction. In chapter
3, self-doped polyaniline was synthesized from N-sulfopropyl aniline (monomer) via
chemical oxidative polymerization. Poly-N-sulfopropyl aniline (PSPA) was
structurally characterized by NMR, MALDI, IR and UV-Vis, owing to its water
solubility. Dedoped polymer (PSPANa) was used for the colorimetric sensing of
vitamin-C and cysteine. With the addition of the analytes the blue colored PSPANa
becomes colourless. The mechanism of sensing of was due to electron transfer from
the analyte to the emeraldine base form of the self doped polyaniline. The size and
zeta potential of the micellar aggregates were determined by DLS and zeta-potential
measurements. Jobs plot method was utilized to calculate the stoichiometry of
complexation vitamin-C and cysteine with polymer in solution (formation of

leucoemeraldine) and found 2:3 and 1:4 respectively. Finally, the overall outcome of

the thesis 1s summarised in last chapter.
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Chapter-2

Renewable Anionic Amphiphilic Surfactant for

Polypyrrole Nanomaterials
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2.1. Introduction

Polypyrrole nanomaterials have good electrical conductivity. environmental
stability and biocompatibility and find wide range of applications in electronic and
optical devices, chemical and electrochemical sensors, electrochromic devices.
actuators and field emission applications etc [Wallace. G. G. er al 2002:
Berdichevsky, Y. er al 2006; Otero, T. F. et al 2003: Wang, J. ef al 2000; Bidon, G. ef
al 2000; Girotto, E. M. er al 1998 Korri-Youssoufi, H ef al 1997: Ramanathan. K. ef
al 2005; Cosnier, S. et al 2005: Yoon, H et al 2005]. Polypyrrole nano-materials were
synthesized using hard porous polymeric templates, electro-spinning, seeding
technique, electrochemical polymerization, dispersion polymerization, interfacial
polymerization, copolymer methodology or surfactant assisted micelles [Menon. V. P,
et al 1996; lkegame, M. er al 2003; Kang, T. S. er al 2005: Zhang, X et al 2005: Qu.
L. et al 2003; Lu, G. et al 2006; Acik, M ef al 2006: Vito, S. D. et al 1998: °Li. X. G.
et al 2007, Jang, J et al 2005]. The surfactant-assisted chemical route is particular
interesting because of easy removal of templates after the polymerization. potential
for large scale-up reactions and ability to distribute reactants between the micellar and
solvent phases, which direct the reaction pathways for specified size and shape of the
nanomaterials.  Polystyrene-co-poly(2-vinylpyridine) or polystyrene-co-poly(4-
vinylpyridine) block copolymers, and cationic or anionic surfactants were employed
as templates for the polypyrrole nanomaterial [°Zhang, X. er al 2006: Goren et al
2001; Yoo, S. I; er al 2004; Wu, A et al 2005; Zhong et al 2006; “Jang et al 2005:
"Jang et al 2002].  Cetyltrimethylammonium  bromide (CTAB) and
dodecyltrimethylammonium bromide (DTAB) were good examples for cationic
surfactants and produced nanofibers or spheres either in the presence of dopant-like
HCI or under neutral conditions (see figure 2.1.). In general, it was noticed that the
removal of the cationic or neutral surfactant molecules during the purification step
significantly influences the properties of the nanomaterials such as solubility,
conductivity, and processability [Wu, A er al 2005; Zhong er al 2006]. On the other
hand. anionic surfactants are very attractive for polypyrrole because they behave both
as micelles for polymerization as well as counter anion dopant for the positively
charged polypyrrole matrix. The anionic surfactants permanently bind to the polymer
chains and become part of the resultant nanomaterials, and thus the properties of

polypyrrole nanomaterials were maintained even after purification via standard
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protocols [De Armitt, C. ez ol 1993; Omastova, M. er of 20037 Stejskal. L er af 2003:
Shen, Y ef a/ 1998: Lee, J. Y er af 1995; Haung, K. £/ al 2005; Wie. £ ¢r al 2005:
Liw, J. er of 2001 Sheno Yo er al 1997; Cassignol, C.oer af 1998]. Polypyrrole
ranotubes, nanofibers, and nanospheres were synthesized using antonic surfactants
such as bis-(2-ethylhexyDsulfosuccinate (AOT). sodium dodecylsuliae (SDS).
dodecylbenzenesulfonic acid (DBSA), azobenzenesulfonic acid (ABSA), and 5-
naphthalenesulfonic acid (NSA) [Omastova, M. er af 2004; Shen. Y ¢r ol 199%:
Omastova, M. et af 2003; l.ce, J. Y ¢ al 1995 Haung. K. £t af 2003 Wie, £ er ul
2005; Shen, Y. er af 1997] .

Pyrole® CTAB +FeCl, 1| Pyrrole + CTAB +APS

Figure 2.1, Polvpvrrole morphology: under different surfactants and oxidizing agents

a) nanospheres h) nanowires ¢j no morphology dy nanospheres.

Most often. the synthesis o polypymole nanomaterials using  anionic
surfactants was found very sensitive to the pyrrole/surlactant ratio and good quality ol
nanomalerials was produced for only a few sclective compositions {lHauny, K. ¢/ of
2005; Lee, J. Y ¢t al 1995: Shen, Y. et al 1997] see figure 2.1, The reason for the
inhomogeneity in the nanomalerials Jormation was associaled to the poor micelles
formation of the anionic surfactants with pyrrole in water. Unlike in the case ol

cationic surfactants, unlortunate.y, the mechanism of the anionic surfactant-mediated
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polypyrrole synthesis was not investigated in detail. which is a very crucial lactor for
reproducible nanomaterials synthesis ["Zhang. X. er al 2006 Carswell. A.D ef al
2003]. Tt is very important to stabilize the micelles in water and understand their
polymerization mechanism for precise control of polypyrrole nanomaterial formation.
Therefore, design and development of new amphiphilic anionic surfactant is very
much in need for the synthesis of polypyrrole nanomaterials with good solubility,
morphology, high solid-state ordering. and precise control over the structure-property
relationships.

In this thesis. a renewable resource strategy has been developed {or conducting
polymer nanomaterials research. The building blocks used for nanochemistry are
synthesized mainly from petroleum-based products. However, plant resources have
distinct advantages for the generation of new building blocks of nanomaterials.
because (a) they are obtainable from renewable resources and (b) they zlré cheap and
abundant in nature |Vemula, P. K. er a/ 2008: John. G. ¢r o/ 2001]. Additionally. the
idea of interconnecting both renewable resources and conducting nanomaterials is
very new and have tremendous opportunities for fundamental and applied rescarch.
This study is an effort to combine the principles of green chemistry and
nanochemistry by making use of renewable plant-derived resources as the starting
materials for the synthesis of conducting polymer nanomaterials. Rencwable resource
raw material cardanol. which is an industrial waste and pollutant from cashew nut
(Anacardium occidentulej processing industry [Santos, M. L. E£r al 2001]. was utilized
for the synthesis of new amphiphilic sulfonic acid. which template for polypyrrole
nanomaterials. Cashew nut shell liquid (CNSL) is a natural source for unsaturatcd
long-chain cardanol, obtained from thermal decarboxylation of anacardic acid. the
main component of CNSL. Cardanol consists of four types meta-alky! phenols with
alkyl chains differing in their degree of unsaturation like 8-ene. 8. 11- dienes. 8. 11.
l4-trienes and saturated side chain (see figure 2.2.). The amount and types ol these
components vary depending up on the specics of the plant [Vemula, P. K. er al 2008:
Santos. M. L. £/ al 2001] This renewable material has wide applications in the form
of adhesives. composites. (lame retardants. surface coatings. paints and vammishes | C.
K. S. Pillai et al 1990.: Menon, A. R. R et al 1995]

The hydroxyl group of cardanol is reactive and readily available for further

functionalizalion leading to some new cardanol based molecular and polymeric
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matenals. For example, cardany) acrylate was svnthesized by (the reaction of cardano!
with acrvlov) chloride. which produced a lincar polymer upon solution pols merization
in wluene using radical initiator PJohn. G. er i 1989: fohn, G. ¢f o 1993] (see tigure
2.3.). Upon removal ot solvent and cxposure w either ar or UV light. the polvmer

nderwent cross-linking (o produce an insoluble transparent film,

OH oH
L _coon  1)Heal PY
] T 2) Vaccum Distillation H ‘
."i\\ — -
Anacardic Acid Cardanol
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Figure 2.2. Cardano from rencwable resonrce CSNL
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Figure 2.3. Svnthesin of Poly cardunyl acrvilaies from cardunol.

S.K Asha and co-workers have introduced hyvdrogen bonding urcthane group
2 a spacer hetween hvdrophohic cardanol unit and pols acry lae unit 10 induce scli-
assembly properties (sce ligure 2.4.). These polymers were undergone scll” assembly
in different organic solvents into pores, spheres, vesicles, wbes ete. John. G er af
reporied the synthesis of cardanyl clycolipids by attaching glucopyranose (o cardanol

(sce figure 2.5.). Self-assembly propertics of glveolipids bave been eatensively
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imvestigated in hol aqueous solution to generate nanostructures. such as helical and
twisted fibers and nanotubes [ Yui. [ er af 2003

CJohn, Goeral 2002].
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Figure 2.4, Cardunol-hased ~ide chain urethane methacrvlares [Adupted  from
Rekha, N et al 2009).
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Figure 2.5. Cardanol hased glveolipids fudapied from Vemula, P K. et al 2008].
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The synthesis of novel amphiphilic sulfonic and phosphoric acids from
cardanol based materials was established by C. K. S Pillai and co-workers from our
institute [Paul, R. K. et al 1999; Antony, R. er al 1990]. It was found that when
cardanol was treated directly with H,SOy4_the resin formation takes place instead of
ring sulfonation due to the presence of unsaturation in the pentadecyl side chain.
Hydrogenation of cardanol was carried out to saturate the side chain and the saturated
cardanol was sulfonated to give the sulfonic acids. These dopants are insoluble in
water (due to stiff packing of hydrophobic saturated side chain) at room temperatures
and not explored as soft templates for polyaniline nanomaterials. Therefore, the direct
utilization of cardanol based dopants as soft templates for conducting nanomaterials is
a challenging problem to be addressed. Similarly, renewable resource lignosulfonic
acid (LSA), a waste from the paper pulp industry, was used for the preparation of
conducting polyaniline, polyaniline-ferromagnetic composites and exploration of
polyaniline for biomedical applications [Jayakannan, M. er a/ 2006; Roy. S. er al
2002). The complex formation of lignosulfonic acid sodium salt (LSA) with
polyaniline has been studied and found that lignosulfonic acid was showing the
doping behaviour like any other dopants and yields highly conducting polyaniline.
However, so far no attempts were reported for synthesizing and controlling the
properties of polypyrrole nanomaterials based on renewable resource materials.

In this chapter, a renewable resource amphiphilic surfactant [4-[4-hydroxy-
2((Z)-pentadec-8-enyl) phenylazo]-benzenesulfonic acid (surfactant-1) has developed
from cardanol. The new dopant possesses unique amphiphilic geometry with a
hydrophilic polar head and hydrophobic alkyl chain to produce micelles in water.
These micellar aggregates behaved as template for polypyrrole nanosphere synthesis
in emulsion and dilution route. The micellar behaviour and critical micelle
concentration (CMC) of the dopant was obtained from the dynamic light scattering
(DLS), surface tension, and ionic conductance studies. The results revealed that the
anionic surfactant exists in the form of 4.3 nm size micelle in water. The interaction
of surfactant with pyrrole produces aggregated micelles. The composition of the
pyrrole: anionic surfactant was varied from 1: 1/3 to 1: 1/100 (up to 100 times lower
amount of surfactant with respect to pyrrole) in the feed. and the polypyrrole
nanospheres were produced through controlled and self-organized micellar-mediated

templates in water. The role of the oxidizing agents was also investigated for the
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wider pyrole: surfactant composition using ammonium persulfate (APS) and ferric
chloride (FeCly). Additionatly. an effort has beeny made 10 find out the role of dilution
on the polymerisation for conuroliing size of polypyrrole nanospheres ranging from
0.5 pm o 50 nm. Dynamic light scattering. clectron microscopy and parlicie size
measurements are used Lo propose the mechanism of formanon ol polypyrrole
nanomaterial formation. The schematic representations of (he above approach are

shown in Figure 2.6,

Figure 2.6. Svarhesis of pohynrrole nanospheres via emudsion route.

The polypyrrole nanospheres were characterized by SEM, TEM. UiV-visible,
DLS, particle size analyzer. and wide-angle X-ray diffractions. cte. In a nut shelll we
have successfully utilized amphiphilic anionic surfactant for the size controlled

synthesis of polypyrrole nanospheres and o establish the mechanism of formation.

2.2. Experimental procedures

221, Materials: Pyrrole. ammonium persulfate (APS), sullanilic acid and ferric
chloride hexahydrate were purchased from sigma aldrich. Cashew nut shell liquid
(CNSL) used in this studs was oblained from Vijayalakshmi cashew company. in
Kollam district of Kerala, India. Cardanol was purificd by double-vacuum distillation

at 34 mm of He., and (he fraction distilled at 220-235 € was collected.

12.2. General procedures: NMR spectra of the compounds were recorded using a
500-MBz Brucker NMR spuectrophotomeler in de-DMSO containing eiramethy Isitane
(TMS) as the internal standard. [nlrared spectra of the poly mers were recorded wsing a

Perkin-Elmer precisely spectrum one F1-IR spectrometer in the range o) 4000-400
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em”'. The purity of the compounds was determined by fast atom bombardment high-
resolution mass spectrometry (FAB-HRMS: JEOL ISM 600). For SEM
measurements, polymer samples were subjected to a thin gold coating using a JEOL
JFC-1200 fine coater. The probing side was inserted into a JEOL JSM-5600 LV
scanning electron microscope for taking photographs. TEM analysis was recorded
using a Hitachi H-600 instrument at 75 kV and Tecnai 30 G S-twin 100 KV HR-
TEM. For TEM measurements a suspension of nanospheres was prepared in ethanol
and deposited on a formvar coated copper grid. UV-Vis spectra of the polypyrrole
nanospheres were recorded using a Perkin-Elmer Lambda-35 UV-Vis spectrometer.
For conductivity measurements, the polymer samples were pressed into a 10 mm
diameter pellet and analyzed using a tour-probe conductivity instrument by applying a
constant current. [he resistivities of the samples were measured at five different
positions. WXRD of the finely powdered polymer samples were recorded by a Philips
analytical diffractometer using Cu-Ka emission. The spectra were recorded in the
range of 260 = 2- 40 degrees and analyzed using X' Pert software. Particle size
analysis was done by Malvern U.K. Zetasizer 3000 HAS (static light scattering) and
DLS measurement (DLS) was done by Nano ZS Malvern instrument employing 4
mW He-Ne laser (A = 632.8 nm) and equipped with a thermo stated sample chamber.
The thermal stability of polymers were determined by using a TGA-50 Shimadzu

thermogravimetric analyzer at a heating rate of 10 °C /min in nitrogen.

2.2.3. Synthesis of surfactant-1

Purification of cardanol: CNSL (1.25 L) was taken in a 2 L round bottom flask
equipped with a distillation set up. The contents were allowed to boil for 1 h at 120 °C
under sufficient vacuum. During this time most of the anacardic acid was
decarboxylated to form cardanol. This conversion was indicated by the evolution of
plenty of smoke due to the generation of carbon dioxide. Finally, the temperature of
the mixture was elevated to 180 °C and distilled out the clear vellow liquid at 230 °C
under vacuum (5 mm of Hg). The collected yellow liquid was re-distilled (230 °C.
under 5 mm of Hg) to get 500 mL of pale yellow coloured pure cardanol. 'H-NMR
(500 MHz, CDCls). 8: 7.19 (. 1H, Ar-H), 6.80 (d. 2H. Ar-H). 6.70 (m. 2H. Ar-H),
5.45 (b, 2H, CH=CH). and 2.9-0.6 ppm (m, 27H. aliphatic- H). *C-NMR (125 MHz.
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CDCl3) 155.5, 144.9, 130, 129. 4, 120, 1154, 112.6,35.8, 32.6, 31.9. 31.8, 29.8.29.5.
29.4, 29.3, 29.1, 28.9, 27.3, 22.8 and 14.5. FT-IR (KBr, cm™): 3353, 3006, 2929,

1590, 1305, 1456, 1265, 984, 873, 811, 702 and 515. FAB-MS (MW: 302.0): m/z =
303.1 (M™Y.

Synthesis of 4-[4-Hydroxy-2((Z)-pentadec-8-enyl)phenylazo|-benzenesulfonic
acid (Surfactant-1): Sulfanilic acid (6.9 g, 39.7 mmol) and sodium carbonate (1.6 g.
14.7 mmol) were dissolved in water (70 mL) by heating to 60-70 "C. It was then
cooled to 5 °C, and a cold solution of sodium nitrite (2.4 g, 35.4 mmol) in water (8
mL) was added. The resultant yellow solution was poured into ice (50.0 g) containing
concentrated HCI (8 mL) and stirred using a mechanical stirrer for 30 min at 5 °C.
The cold diazonium salt was added dropwise into an aqueous solution containing
cardanol (10.0 g, 33.1 mmol) and sodium hydroxide (4.0 g. 100 mmol) in water (30
mL). The reaction was continued with stirring for 3 h in ice-cold conditions using a
mechanical stirrer. The reaction mixture was neutralized by the addition of
concentrated HC1 (40 mL) in crushed ice (70.0 g). The red precipitate was filtered
using a Buchner funnel and washed with water. The crude dried product (13.0 g) was
further purified by passing through silica gel column using 5% methanol in ethyl
acetate. The solvent was removed to obtain the product as a red-orange solid. Yield =
7.8 g (49 %). 'H NMR (500 MHz, d¢-DMSO) 8: 7.75 ppm (s, 4H, Ar-H), 7.57 ppm
(d, 1H, Ar-H), 6.75 ppm (s. 1H, Ar-H), 6.70 ppm (d, 1H, Ar-H), 5.24 ppm (2H.
CH=CH), 3.1-0.06 ppm (m, 27H, aliphatic- H). °C NMR (125 MHz, ds-DMSO) &:
161.3. 152.6, 149.1, 145.8, 1429, 129.7, 126.8, 121.8,116.9, 116.4, 114.2, 31.8, 31.2,
30.8, 29.1, 28.9, 28.6, 26.7. 26.6 and 25.3. FT-IR (KBr, cm™): 3006, 2923, 2852,
2852. 1600, 1533. 1498, 1369, 1338, 1263, 1174, 1116, 1033, 1007, 820. 706, and

5§59, UV-Vis (in H,0, L max) 365 and 463 nm. FAB-MS (MW: 486): m/z) 486.3
(M.

2.2.4. Synthesis of polypyrrole nanomaterials

Emulsion route synthesis of polypyrrole nanomaterials: Typical procedure for the
preparation polypyrrole nanospheres is given for P-100a. The surfactant 1 (70 mg,
0.144 mmol) (for P-100a. pyrrole: surfactant is 1:1/100) was added to 25 mL of

double distilled water in a 100 mL round-bottom flask and stirred for 15 min. Freshly
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distilled pyrrole (1.0 mL, 14.4 mmol) was added to the above solution and stirred for
45 min in ice-cold condition to obtain a dark red viscous solution. Ammonium per
sulphate (0.9 g, 4 mmol) in double distilled water (15 mL) was added drop by drop to
the above solution. and stirring was continued for 8 h under ice-cold condition. The
resulting polypyrrole was purified by pouring into a large excess of distilled water.,
filtered, and washed with distilled water and methanol until the filtrate become
colorless. The black powder sample was dried under vacuum (0.1 mm of Hg) for 12 h
prior to further analysis. Yield = 33 (%). FT-IR (KBr, cm’'): 1540, 1460, 1360, 1295,
1190, 1172. 1090. 1036, 960, 905, 783, 670 and 612. UV-Vis (water, A max): 480 nm.
1000 nm.

A similar procedure was adopted by varying the amount of [pyrrole]:
surfactant] ratio from 1:1/3 to 1:1/75 using APS as oxidizing agent to prepare
polypyrrole nanomaterials P-3a to P-75a (a for series using APS).

Alternatively, ferric chloride (14.4 mol, 3.9 g) was employed as oxidizing
agent instead of APS for pyrrole: surfactant ratio from 1:1/5 to 1:1/100 to prepare
polypyrrole nanomaterials P-5b to P-100b (b for series using FeCls).

Dilution route synthesis of polypyrrole nanospheres: A dilution route has been
carried out on the fixed composition of P-100 (1: 1/100; pyrrole: surfactant) to
investigate the role of concentration on morphology. Typical procedure for the
synthesis of P-1 is given below. Surfactant (70 mg. 0.144 mmol) was taken in 10 mL
water and stirred in a sonicator (From Aldrich, Bransonic 3510E-MTH) for 15 min.
Pyrrole (1 mL. 14.4 mmol) was added to the surfactant solution and sonicated for 45
min. At the end of stirring, the polymerization mixture turned into a pale yellow thick
emulsion. APS (3.28 g, 14.4 mmol) in water (5 mL) was added drop wise to the
solution and continued the stirring under sonicator for 1 h. Then the reaction was
allowed to continue for 8 h without further disturbance at 25 "C. The sample was
filtered. washed with water and methanol till the filtrate become colorless. The
polypyrrole nanomaterial was dried under vacuum oven for 12 h at 50 "C. Yield = 89
%. FT-IR (KBr, cm™): 1540, 1460, 1360, 1295, 1181, 1090, 1036, 960, 905, 783, 670,
and 612. UV-Vis (water, A max): 480 nm, 1000 nm.

Polymers P-2, P-3, P-4, P-5, P-6, P-7, and P-8 were synthesized by adopting

similar procedure with the amount of water ranging from 15. 20, 50, 100, 150, 200.
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and 250 mL, respectively (same amount of pyrrole, dopant, and APS). Various
amount of water was added to the reaction mixture and stirred using sonicator before

the polymerization by APS.
2.3. Results and discussion

2.3.1. Synthesis of new azobenzene amphiphilic surfactant

Cashew nut shell liquid (CNSL) is plant based renewable resource and by-
product of the cashew processing industry [Vemula, P. K. er al 2008]. CNSL contains
anacardic acid as major component, which on heat treatment and followed by vacuum
distillation (230 °C at 5 mm of Hg) undergo decarboxylation to yield pure cardanol.
Cardanol was purified by double vacuum distillation at 5 mm of Hg and the fraction
distilled at 230 - 235 °C was collected [Santos, M. L. £f al 1999]. The NMR and mass
spectrum confirms this molecule has only one double bound at 8" carbon atom in the
side chain. We adopted a diazotization coupling reaction in water using diazonium
salt of sulfanilic acid and coupled with cardanol under basic conditions to yield, 4-[4-
hydroxy-2((Z)-pentadec-8-enyl)phenylazo]-benzenesulfonic  acid  (surfactant-1).
Under above reaction conditions, the side chain double bond is inactive and does not

affect the diazotization reactions. The synthesis of surfactant-1 is represented in figure
2

SO,H i) Na,CO,

i) NaNO,/ HCI
Ice

NH, I

OH ) 1/NaOH/ H,0
ii) Neutralization/ HCI / Ice

N OH
g so,n@u
R

Figure 2.7. Synthesis of amphiphilic azobenzene surfactant from cardanol.

The structure of the cardanol and surfactant was confirmed by NMR and mass

techniques were shown in figure 2.8. Cardanol has shown four aromatic protons at
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7.19, 6.80, 6.70 and 6.68 ppm and unsaturated double bonds in the side chains appear
at 5.43 ppm. The rest of the protons in the side chain appear from 2.9 to 0.76 ppm.
The integration of the peaks was very well matched with the required number of
protons and it confirms (Z)-(pentadec-8-enyl) phenol. The 'H-NMR spectrum of
surfactant-1 shown all different types aromatic and aliphatic protons are assigned with
alphabets. The four protons in the aromatic ring containing the sulfonic acid group
appears together at 7.75 ppm (e+ f), whereas the aromatic protons from the other
phenolic ring appears with characteristic splitting pattern at 7.57, 6.75 and 6.70 ppm.
The double bond in the side chain appears at 5.24 ppm and all other aliphatic protons
appear below 3.2 ppm. The '’C-NMR spectrum also showed all peaks corresponding
to the number carbon atoms of surfactant see figure 2.9. The peak intensities are in
accordance to the expected structure, which confirm the formation of the expected
amphiphilic dopant. FT-IR analysis surfactant showed a broad peak at 3444 cm™
corresponds to the -OH stretching of the sulfonic acid group. The C-H stretching
vibration bands appeared at 2923 and 2852 cm™'. The peak at 1600 cm™' is for the
C=C vibrations. The peak at 1496 cm™ was due to stretching vibrations of aromatic

rings and the peak at 1033cm™ is due to sulfonic acid vibrations (see figure 2.14.).
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Figure 2.8. 'H-NMR of cardanol and surfactant-1
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| Surfactani-1

ol ll ]|

Cardanol

Figure 2.9. RCNMR of cardunol and surfuctant-1

13.2. Micellar behaviour of the surfactant

Swrfactant-1 1s soluble in water and Jorms foam like solution with gradual
increase of concentration. In order to find owt the cxistence of micellar behaviour. the
surfactant was subjected (o dynamic light scattering (DLS) studies in water at (x| 0°
M) see figurc 2.10 {Bucholz, V. er of 2008; Zhang. X. e/ «l 2006]. DLS analysis
revealed that more than 99.4 % ot the azobenzene surfactant molecule in water ¢xists
in the form of the micelles and their average diameters were obtained as 4.29 nm. In
emulsion polymicrization route. the shape and dimensions of the nano-materials arc
highly depended on their micellar state. The theoretical size of the surfactant molecule
was calculated using AM | calculations and found that the end-10-end distance of the
polar head 10 hydrophobic tail was obtained as 24.4 A or 2.44 nm (sce figure 2.10.).
The diameter of the tightly packed spherical micelles is always cqual to the double the
length of surfactant molccule. The theoretical diameter of the micelle is equal to 2 x
244 nm = 4.88 nm, which is almost matching with that ol (he values obtained
experimentally by DLS. In order to get more insight in to the dopant packing faclor,
we have utilized cnergy minimized AM I structure (see figure 2.11.). The molecule
has a bend shapc with a head group radius of 1.36 nm, (ail length of 2.01 nm with
overall molecular length of 2.44 nm. It appears as a cone shape with large hecad and a

long hydrophobic tail. The P, for the new amphiphilic dopant molecule was calculated
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equation (1) of chapter | obtained as 0.34, which predicts the shape of the

:s a8 spherical one [lsraelachvili, J. N. er al 1976].
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Figure 2.10. DLS histogram of the surfactant and energy minimised struclure,

Figure 2.1 1. Molecular geometry and theoretical packing fuctor.,
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The surfactant molecule was subjected to surface tension and ionic
conductance measurements to determine CMC. The surface tension measurement was
carried out by Wilhelmy Plate method in double distilled water at 27°C at various
concentrations [Franke, D. et a/ 2005]. The plot of surface tension against surfactant
concentration revealed that the surface tension decreased with increase in surfactant
concentration and after a particular concentration surface tension remains unchanged
(see figure 2.12). The CMC was taken as the concentration where the surface tension
changes its trend and is found to be 4x10™ M. Another important physical property
which gives an idea about the CMC as well the structural changes in anionic
surfactant molecules is its specific conductance measurements [Atkins, P. et al 2002].
The plot of specific conductance versus concentration of the dopant is given in figure
2.12. Specific conductance was very low at 1x10” M surfactant concentration, which
may be due to the less number of molecules to carry the ionic charge. As the
concentration of the surfactant increases above 1x10™ M, the specific conductance
showed gradual increment marking the transformation of loose aggregates to spherical
micelles, which can conduct more current. The break point of specific conductance
plot directly gives the CMC as ~ 4x10™ M. These two independent experiments also

confirmed that the surfactant forms micelles above its CMC ~ 4x10™ M.
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Figure 2.12. Concentration dependent changes in surface tension and ionic

conductance of the surfactant solution.
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2.3.3. Polypyrrole nanospheres via emulsion route

The surfactant has unique built-in amphiphilic design in which the hydrophilic
sulphonic acid behaves as polar head and the long alkyl chain as hydrophobic tail.
The new surfactant is freely soluble in water and various water loving organic
solvents, which have an added advantage for preparing polypyrrole nano-structures
under micellar mediated self-organization approach. The polypyrrole nano-materials
were synthesized by varying the pyrrole : surfactant composition over a wide range
from 1: 1/3, 1:1/4, 1:1/5, 1:1/10, 1:1/25, 1:1/50, 1:1/75 to 1:1/100 (up to 100 moles
less amount of surfactant with respect to pyrrole) in water at ambient conditions (see
figure 2.13.). The concentration of the pyrrole was fixed as 3.6x10" M for all the
compositions and the concentration of surfactant was varied by dissolving various
amounts in water (1.2x10" M to 3.6x10” M, see table 2.1). Typically, the
polymerization was carried out by taking pyrrole and surfactant in water and stirred
using mechanical stirrer under ice cold conditions for 1 h. The resultant viscous red
solution was oxidized by adding aqueous solution of ammonium per sulfate or ferric
chloride at 0-5 “C under mechanical stirrer for 30 minutes. The polymerization was
continued for 8 h and the green nano- material was filtered and purified by washing
with water and methanol until the filtrate become colorless. It was dried under

vacuum for 24 h (0.05 mm of Hg) at 60 "C in vacuum over prior to further analysis.

— N- —H

°c Nanospheres

\icelles

Figure 2.13. Synthesis of polypyrrole nanospheres via emulsion polymerization using

APS and FeCl; as oxidising agents.
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The polymers are denoted as P-Xa or P-Xb, where *X’ is corresponding to
the pyrrole/dopant (in moles) in the feed and *a’ and ‘b’ represent the nano-materials
prepared using APS or FeCl; as oxidizing agents, respectively. The yield and
composition of the polypyrrole nano-materials, P-3a to P-100a and P-5b to P-100b
are summarized in table 2.1. The degree of doping is obtained from the elemental
analysis of the nano-materials. The sulphur/nitrogen (S/N) ratios were summarized in
table 2.1 for all the polymer samples. The S/N values were matching with earlier

reports of polypyrrole nano-materials prepared using anionic surfactants.

Table 2.1. Concentration of the reactants used for synthesis, yield and elemental

analysis of nanomaterials.

Sample® Conc.of Dopant: Yield* S/N
dopant Pyrrole (%) ratio’
(M) (n:ul::h::s)h
P-3a 1.2x10" 1:3 27 0.34
P-4a 9.0x107 1:4 24 0.32
P-5a 7.2x10 1:5 23 0.30
P-10a 3.6x10™ 1:10 23 0.29
P-25a 1.4%10™ 1:25 38 0.26
P-50a 7.2x107 1:50 29 0.25
P-75a 4.8x107 1:75 30 0.26
P-100a 3.6x107 1:100 33 0.25
P-5b 7.2x10~ 1:5 51 0.32
P-10b 3.6x107 1:10 55 0.24
P-25b 1.4x10™ 1:25 58 0.21
P-50b 7.2x107 1:50 56 0.12
P-75b 4.8x10~ 1:75 57 0.11
P-100b 3.6x10™ 1:100 58 0.08

' Polypyrrole synthesized using ammonium persulfate (series-a) or FeCl, (series-b) as oxidizing agents.
Y Concentration of pyrrole was maintained as 3.6 x10-1 M for all the polymerization reactions. * Yield

calculated for isolated product. * Sulphur/ Nitrogen ratio was obtained by elemental analysis.
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The polypyrrole nano-materials were subjected to FT-IR analysis to confirm
the structure of the doped polymers see figure 2.14. The FT-IR spectra have showed
clear characteristic peaks at 1548 and 1466 cm™' with respect to symmetric and anti-
symmetric aromatic ring-stretching modes [Zhang, X. £t al 2006; Omastova, M. ef al
2993]. The peaks at 1050 and 1300 cm™ are corresponding to the C-H and C-N
stretching vibrations, respectively [Omastova, M. et a/ 2004]. The presence of two
peaks at 1190 cm™ was attributed to the SOs;-aromatic ring in doped state of
polypyrrole. The peak at 915 c¢cm™ is corresponding to the O=S=0 stretching
vibration in the sulfonic acid groups of the dopant. All the peaks are in accordance

with the literature reported for polypyrrole materials.

5

Surfactant

Transmittance (a.u.)

' | ' I
500 1000 1500
Wavenumber (cm™)
Figure 2.14. FT-IR spectra of polypyrrole nanospheres

2.3.4. Morphology of polypyrrole nanomaterials

The morphologies of the nano-materials were recorded using JEOL JSM-
5600 LV scanning electron microscope and SEM images of the polypyrrole samples
are given in figure 2.15. The anionic azobenzenesulfonic acid surfactant mediated
polypyrrole nano-materials were highly sensitive to the pyrrole: surfactant ratio and

different morphologies were produced depending upon their amount in the feed. At

higher surfactant concentration (1.2 x107' to 9.0 x 10~ M) (for P-3a to P-5a), coral-
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like morphology was obtained. As the surfactant amount further decreases in the feed
(3.1‘5:»:1{]'2 to 3.6x10°M, from P-10a to P-100a), the reaction mixture was found more

homogeneous which resulted in the formation of uniform polypyrrole nano-spheres of

diameter in the range of 150-250 nm.

Figure 2.15. SEM pictures of polypyrrole nanomaterials prepared using APS as
oxidizing agent : P-3a (a), P-5a (b), P-25a (c), P-50a (d), P-75a (e), and P-100a (f)

SEM images of polypyrrole nano-materials produced using FeCl; as oxidizing
agent under the identical conditions were shown in figure 2.16. The sample P-5b has
spheres plus coral-like morphology whereas the samples P-10b to P-100b have
predominantly 0.5-0.9 sub-micrometer spheres. However, the diameters of the
nanospheres were much higher for the series-a (prepared using APS) compared to

series-b (prepared using FeCls). SEM technique has the limitation for very small size
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nano-materials (- 130 nm range) which account for the poor reselution of SIEM

mages for series-a sample (small spheres) in figure-2.13.

Figure 2.16. SEM pictures of polvpyrrole nanomaterials prepared uwsing FeCls as

osidizing agent- P-3b (a). P-10a (b). P-25b (c), P-50b (d). P-73b (¢). und P-100b if).

The samples were subjected for tansmission electron microscopic (TEM)
analysts Lo get better morphology of these nano-materials. TEM images of P-80a and
P-100b are shown in lizure 2.17. TEM-images ol the samples clearly indicate that the
entire materials have uniform sohid nano-spheres (no hollow spheres or fibers) and
their diamciers are in the range of 156 nm and 800 nm for P-30a and P-100h.
respectively. The comparison of the TEM and SIEM images of these samples reveals

that the nano-spheres diameters are almost comparable in both technigues.
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Figure 2.17. TEM pictwres of polypyrrole nunomalteriais.

Thus, specially designed rencwable resource amphiphilic molecule is very
efficient anionic surfactant for polypyrrolc nanospheres. and for the lirst ime, we
have shown that the size and nature of the nano- materials can be fine-tuncd for a
wide composition range of pyrrolce: dopant in the lecd. Though there is a difference in
the sizes of the nano-spheres produce by oxidizing agents, interestingly both routes
produced only nano-sphercs and no traces of Nbers were found in the entire materials.
It indicates that the mechanism of the nano-spheres formation is mainly controlled by
the surfactant-pyrrole complexcs in water rather than the (ypes of the oxidizing agents
employed. It is quite opposite to the abservations reported by Wu ef wl. and Zhang et
al. in the cationic surfaclant mediated polypyrrole synthesis [Zhang, X, er al 2006:
Wy, A. et al 2005). Yhey found that FeCls oxidation of CTARB-pyrrole complex
produced spheres whereas wire-like network morphology was oblained for APS
oxidation | Zhang, X. er «/ 2006| (see figure 2.1). Interestingly . in the present system
mither changes in the amount of pyrrole: surlactant ratio (for wide range of 12 145 1o
L V100 in the feed) or oxidizing agent disturbs the morphology ot the nano-
matenals. It is very surprising to notice that nano-spheres were produced cven at very
bow concentration of the surfactant, which is almost 1/100 lower than that of pyrrole
D the feed. Further, the polypyrrole nano-spheres P-50a. P-75a and P-100a were
dispersed in watcr and subjccted to particle size analysis. The nano-particle sizes and
their distribution are plotted and shown in figure 2.18. P-50a has (wo distributions
with average diameter of the nano-spheres centered at 300 nm and 1.6 pM. P-75a has

also showed a broad  distributions centercd at 450 nm, but the average particle size is
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much lower than that of P-50a. Interestingly, sizes of the nano-spheres were found
uniform in the case of P-100a with average diameter of 300 nm. The average size of
the nano-spheres determined by this method is almost comparable with that of SEM
and TEM. The change in the bi-model (in P-50a) to board (P-75a) to uniform
distribution (in P-100) of nano-spheres, indicates that large size nanospheres are
formed at higher [pyrrole]/[surfactant] composition than lower composition. Thus, by
controlling the [pyrrole]/[surfactant] composition in the feed one can precisely control
the size of the polypyrrole nanomaterials. However, it is important to indicate that the

micellar mediated systems not only depends on the composition it also reflects on the

concentration of the species.
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Figure 2.18. Particle size distribution of polypyrrole nanospheres
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135, Polvpyrrole nanospheres via dilution Route

A dilute route polvmenzation was carred oul by varyimg the concentrations ol
bath surfactant und pyrrole 1o produce poly pymole nanospheres. Nano-sphere (- |50
nm) formation swere almost invariam for [pyrele)|[surfactant] 100, Based on this
experience, the composition of [pyrrole | Tsurfactan | was fixed as 100 for the dilution
foute, [nitial concentration of pyrrode und surfactant was Nxed a5 9.6x10" and 9.6
X M respectivels and then lor dilule polvmernzation. the concentrations of the
surfactant (9.6 = 107 1o 5.8 107 M) and pemole (962107 10 5 8% 107 M} were varied
by adding required amount of water from 15 w 230 ml 1w the pre-formed ¢mulsion
{see table 2.2.). Upon ditumion. that thick sellow emulsion tumed turbid and then
became a ¢lear vellow solution without any phase scparation {sce fgure 2193 The
emulsion and dilute polvmerization samples were found stable Tor more than 2 davs
ander ambien) conditions. These solutions were stirred for 43 mmutes i sonicator
and then oxidized by adding agueous soluton of ammaonium persulphate in we cold
eondition under sonication For | W, The polvmerization was cominued Tor 8 boand 1he
reslfing namo- materiol was filered and purified by washing with water and
methanol until (he filtrate became colorless, I was dried under vacuam for 24 ) (003
mm of Hg) et 500 C in o vacuum oven prior to further analysis, The pols mers arc
dennded as P-1, P-2, P-3, P-4, P-5, P-6, P-T, and P-8 {sce Lable 2.2).

ml 20ml, S0mL  100mL 150wl 200mL 250 mi

Figure 2.19. Dilurient of tie theck eonadsion feom il te 230 mL.
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Table 2.2. Concentration of the surfactant and pyrrole, yield and elemental analysis

of nanomaterials synthesized via dilution route.

Conc. of Conc. of Water® Yield” | S/N¢
Sample | pyrrole Surfactant in (mL) (%) Ratio
(M) (M)
P-1 9.6x10"" 9.6x10~ 10 89 0.31
P-2 7.2x10"! 7.2%x107 15 85 0.30
7.3 5.7%10" 5.7x107 20 30 0.29
P-4 2.6x10™ 2.6x107 50 88 0.30
P-5 1.4x10" 1.4x10~ 100 75 0.31
P-6 9.6x107 9.6x10™ 150 90 0.32
P-7 7.2x10 7.2x10™ 200 95 0.27
P-8 5.8x10™ 5.8x10™ 250 92 0.30

* Amount of water used for dilution.® Yield calculated for isolated product. “ Sulphur/ Nitrogen ratio

was obtained by elemental analysis.

2.3.6. Morphology of polypyrrole nanomaterial via dilution route

The morphologies of the nano-materials were recorded using JEOL JSM-
5600 LV scanning electron microscope and SEM images of the polypyrrole samples
are given in figure 2.20. Sample P-1 had spheres of sizes in the range of 550+100 nm.
Dilute polymerization samples showed a significant decrease in the size of the nano-
spheres and they were obtained as 350-250 nm for P-2 and P-3, respectively. At
larger dilution, the size of the resulting nano-spheres became very small and sizes
were found in the range of 60-80 nm diameter (for P-4 to P-7). The samples were
subjected for high resolution TEM and the images are shown in figure 2.21. TEM
images confirmed the sizes of the spheres of P-2 are in the range of 0.5 - 0.7 um and
P-4 (also P-7) in the range of 60-80 nm. TEM and SEM morphology of the nano-
spheres clearly indicated that non-uniform larger spheres were produced from higher

pyrrole-surfactant concentration (thick emulsion) whereas uniform nano-spheres (~60

nm) were produced at dilute conditions.
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Figure 2.20. SEM images of polvpvrrole nanospheres synthesized via dilution route.

ES

Figure 2.21. TEM images of polvpyvrrole nanospheres prepared under dilution route.
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2.3.7. Mechanism of nanomaterial formation

Dynamic light scattering studies on the pyrrole surfactant complex have been
carried out to trace the size of the complex at various concentrations. The addition of
pyrrole into surfactant in water induces self-organization of surfactant micelles which
resulted in the formation of strong aggregates of 500-600 nm in size (see P-1 in figure
2.22.). Pyrrole is a weak base and interacts with the acidic anionic surfactant through
weak acid-base interactions. Upon dilution by water, the micelles were well separated
and the sizes of the aggregates gradually decreased and showed a bi-modal
distribution with maxima at 300 and 50 nm (see P-2 and P-3), at larger dilution (in P-

7), the population of smaller aggregate increases and finally formed a uniformly

distributed 20-30 nm pyrrole + surfactant complex.
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Figure 2.22. DLS histogram of the polymerisation templates.
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It is very clear from the DLS histograms of surfactant + pyrrole complexes in
water that the size of the aggregates in the anionic surfactant + pyrrole can be
precisely controlled (from 600 to 30 nm) by diluting the emulsion template. The
concentration of P-8 (5.8 x10™ M) was also slightly lower than that of CMC, but the
concentration lie within the experimental error of various techniques used for CMC
determination. Therefore, the sample P-8 was also expected to show the micellar
behaviour in the polymerization process like other cases in P-1 to P-7.

Though the DLS gives evidence for the formation of large size aggregates for
pyrrole + dopant complex in water, it could not provide information on the shape of
the micellar aggregates (cylindrical or spherical). A drop of the pyrrole + dopant
complex was slowly evaporated on the SEM grid and subjected to SEM analysis. The
SEM image (see figure 2.23.) of the P-2 (at higher concentration) complex showed
spherical aggregates of 0.6- 0.7 um. The dilute polymerization samples (P-7) also
showed the presence of spherical aggregates, however, their sizes were obtained in
the range of 150-200 nm. It is clearly evident that upon dilution the size of the micelle
aggregates were drastically reduced from sub-micron to nano-meter without altering
the spherical geometry. The size of the aggregates both in SEM and DLS studies were
comparable and it supported that surfactant + pyrrole aggregates behaved as

templates for producing polypyrrole nano-spheres.

Pyrrole + Dopant (P-2) Pyrrole +Dopant (P-7) N S

Figure 2.23. SEM image of the emulsion template.

The nano-materials synthesized through dilution route (P-1 to P-7) were
dispersed in water and subjected to particle size analysis (static light scattering) to

determine the size of the synthesized polypyrrole nano-spheres. The nano-particle

01



Chapter 2 Anionic Template for PPy Nanomaterials

sizes and their distribution are shown in figure 2.24. P-1 showed a very broad
distribution (from 750 — 300 nm) of spheres with a peak maximum at 500 nm. P-2,
P-3 and P-6 showed a relatively less broad distribution with their size distribution
having maxima at 350, 300 and 225 nm, respectively. The sample P-7 showed narrow
distribution with uniform particle size in the range of ~ 70 nm. The particle sizes of
the spheres clearly indicate the formation of more uniform and small nano-spheres
upon dilution of emulsion templates. The average particle size of the nano-spheres

from SEM images for all the samples were determined by averaging more than 20-25

spheres.

1.0-

0.8 -

0.6 -

0.4-

0.2+

Normalised Intesnity (%)

0.0

10° | o IS
Sphere Diameter (nm)

Figure 2.24. Particle size of polypyrrole nanospheres prepared under dilution route.

Under the micelle controlled template synthesis, one would expect a good
correlation between the sizes of the templates to the dimensions of the synthesized
nano-spheres. To prove this correlation, micelle template sizes (from solution DLS
studies, figure 2.22), average sizes of nano-spheres determined from SEM image
(from figure 2.20) and peak maxima of the particle size analyzer data (figure 2.24)
and average sizes from TEM are plotted against the concentrations of surfactants and
shown in figure 2.25. Both the size of the templates and nano-spheres (from SEM and

particle size) increased with the increase in the surfactant concentration. The size of
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the templates matched very well with that of the synthesized nano-spheres for the
samples of P-1 and P-2, but slightly deviated for highly diluted samples P-3 to P-7.
At higher concentration, surfactant + pyrrole complex formed stable and strong
aggregates of 600 nm in size, which can directly template for the same size nano-
spheres. The deviation in the size difference for the nano-materials (from SEM data)
and templates in the diluted samples may be the result of poor resolution sub-
nanometer spheres by SEM. For this purpose, the average sphere sizes were
calculated based on TEM image for the samples P-1, P-3, P-7 and P-8 and plotted in
figure 2.25. The size of the spheres calculated based on TEM images matches well
with that of the template sizes within the experimental error. The sizes of the
synthesized nano-particles determined by particle size analyzer were found almost 2-
3 times higher than that of the polymerization templates. This difference was

attributed to the agglomeration of polymer nano-particles due to their partial

solubility in water.

700
1 —l— Particle size
600 - —@— SEM image size
) —4k— Aggregate size
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@ 300-
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! ' ; ; y I .
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Figure 2.25. The plots of size of the aggregate, average nanoparticle size, average

size taken from SEM pictures and TEM pictures versus the surfactant concentration

in the feed.
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In order to test the role of the sonication in the nano-material synthesis, the
sample P-8 was also prepared with magnetic pellet stirring, ultra sonication and
without ultra sonication. The morphology of these controlled experiment samples
indicated that the nano-sphere morphology was not affected by any of these stirring
conditions like ultra sonic or magnetic pellet stirring (see figure 2.26.). Therefore, the
synthesis of the nano-materials in the current work is mainly driven by the self-
organization route rather than any other external stimuli like sonication. The
sonication process mainly helps in the formation of homogeneous mixture in the

nano-materials synthesis.

400 nm

Figure 2.26. TEM images of polypyrrole nanospheres synthesized (a) magnetic

stirring (b) sonication, c) without sonication.

Based on these analyses, the mechanism for the size control of the nano-
spheres in the polypyrrole synthesis was proposed in figure 2.27. The surfactant
micelles exist in the form of 4.3 nm micelles in water. The addition of pyrrole into the
surfactant in water produces 600 nm size aggregated micelles (evident from DLS and
SEM image), which template the synthesis of large sized spheres. The dilution of
emulsion micelle template produces smaller aggregates depending upon the amount
of water added for the dilution. The weakly aggregated micelles of 30-40 nm behave
as template for the formation of tiny nano-spheres at very dilute polymerization
conditions. It is clearly evident from the present investigation that the renewable
resource anionic surfactant is an effective structure directing agent for polypyrrole

nano-spheres with precise control over their size ranging from 600 to 50 nm.
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s e T
— —"'_"F% 030 nm

Figure 2.27. Mechanism of size control in polvpvrrole nanospheres.

138. Properties of Polypyrrole Nanomaterials

The thermal analysis of the polypyrrole samples was camed out by
hemogravimetric analysis (TGA) was shown in figure 2.28. Polymer samples doped
by the new azobenzenc sulfonic acid were thermally stable up Lo 280° C, similar fo

camphor sulfonic acid dopcd samples 1°Li, X. G. Ef al 2004].

—P5a
100 -— P10a
s P100a
P5b
P10b
P100b

Weight Loss (%)

T T T y T
100 200 300

Temparature (° C)
Figure 2.28. TGA of polypvrrole nanospheres.
The polypyrrole nano-materials were treely suspended in water by stiring
under ulirasonic at room lemperature. Polypyrrole nano-materials prepared using APS

8 oxidant were found to be more dispersible 1n water whereas the samples prepared

wing FeCl; found insoluble and less dispersible in water. UV-visible spectra of the
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wnples P-3a 10 P-100u and P<Sh o P-100h were shown in lgore 229 The
absarption spectra of wrobenzencsulfonic acid surfactunt showed strong transition m
60 and 0 shoulder w450 nm corresponding 1o the g-n* and n-e* transitions of trans
wd ci azobengzene somers |anilkomar ef o 2000 The LV-vivible spectra of
mlypyrrobe nano-maiterinls showed three distine bands ar 40 am, <75 am and a free
Wil above 1000 nm in the NIR region [Menon, V. P 1996, Cabala, B J002). These
theee transitions were corresponding lo the transitions Trom valence bond 1o polaron,
anti-bipokirons wnd Wpolarons of the oxidized form of polvpsrrole The increase in
the intensity o the low encrps transition In the NIR for sumples P-25a 10 P-100a

revealed that these nano-materials were hghiy doped compared 10 that of the P3a 1o
P-1a
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—

Dilute poly menzmtion samples | P1- PR) hove absorption hunds al 475 s and
1000 nm anad 1 wars stoular to P-100, | he peaks abinined are in accordance with the
deped polypyrrole peaks seported in liermure Absorption propenies of the dilue
polypyrrole nanvspherss (P1-P7) did not prodluce profound changes with dilation ol
pmole-surfactant complex.

Table 2.3, Size of the nenomateriols, efecivieal conductivite wad WARD dute o
palypyrenle nanemateriols syathesized uwsing APS and Fet )

Sample” Spheres” WXRD data”
(Sfem)® | Dismeter 35 T g iine
| (am) values (A}
Pla__ | 0001 | Corallike | 2026 | 438
Pda | 0002 | Comllike | 2004 ™
P-5a 0,02 150-220 0,0221,55 9y, 4.2
F-10a | 004 | 180-220 | M96215% 9B 412 |
P-25a | 001 180-220 7.66.26.41 115,337
_ PS0a 001 180 -220 6.87.26.41 128,337 |
| P13a  p2 18D -220 6,660,268 129,332
P-100a 002 180-220 6.23.26.80 14.2.3.31

* Podygryrrody symthexizead st ommninm porsulfite teviessal or Bt oot o anidizmg apomts
'l':hh'lhﬂ,l: af phy sanomnrerialy meenred sy fane peebe coadiscnivine awser o 3000 S o
i vt hals coabeadeod B SEN fmigin-, 00V BED conaly win oo il anan iy vnals woiske ok
meiho

The conductivity ol the polypyvoole nanostructures were determuned by four
pobe copductivity measurement using compressod peliets ot room temperature | soc
table 2.3.) The conductivity salues Vor the samples P-8a 10 P-1iia were vhiained m
& ange of 1x10° Siem. whercas P-3a and P-da showed conduetivity one order
kwer compared 10 other sumples [T, X Gt of 2004; Omastova, M. ¢ af 2003
The low conductiviiy of samples P-3a and P-du refMeet on their 1'V-Vis spectra tha
ew samples have weak peaks corresponding (o the bipolaron transitions comparcd
B Pl o P-100a (fgure 2 29 Addumally, the morphalogy ol the P-3a o P-5a
sere also highly poroues (see figure-29) which may also pecountable for their low
woductivity  The polyvmers P-Sh 1o P-100b preparcd using FeCly showed muoch
bigher conductivity tup 1o the pange of 1x107) compared 1w APS series. The
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conductivity of the polymers synthesised via dilution (P1-P8) have shown
conductivity in the range 107 S/em which is in accordance with conductivity values
teported for polypyrrole. Li er af seported the conductiniey of 11C1 doped polypyrrole
cpolymer micro-spheres (using APS as oxidant) in the range of 107" Siem. which is
one order higher than that of polypyrrole nano-spheres (130-220 nm) obtained in the
present sysiem for the same oxidizing agent (sce serics-a. in table 2.3,).

The solid-state properties of polvpyrrole nano-spheres were studied for finely
powdered samples using wide angle X-ray ditiraction analysis (WXRD). Polvpyrrole
&5 a highly rigid polymer because of their linear structure and less Hexible chain
folding 10 induce crvstalline domain. In the presence of orpanic surfactants. the
surfactant-polymer undergoes various interactions. which tend to oreanice the
polymer chains in (hree-dimensional highly ordered fashions. I'he WXRD paticrns of
polypyrrole nano-sphercs were shown in figure 2.30. The WXRD parterns showed
two characleristic peaks in the regions at 28 = 20- 26 (d-spacing +.12 0 3.32 A) and
28=below 10 (d-spacing V1.5 10 14.2 A) {Jayahannan. M. ¢/ o/ 2003). Decrcasing
the amount of surfactant drastically atfect the nature of the peaks in the WXRD-plots.
While moving (rom P-3a 10 P-100a. the peak at 26 20 showed shifl towards higher
angle (from 20 = 20.04 10 26.37) whereas the peak at 20 = 10 showed a opposite
trend. 1. ¢., (owards lower angle (from 28 = 9.1 to 6.3). The peaks centered at 20 =
2004 (d spacing = 4.43 Ay and 2637 (d spacing = 3.37A) are assigned (0 scatiering
from pyrrole-counter 1on or inter-counter 1on interactions and pyrrole-pyrrole inter-
planar distance [Wernet, W. er o/ 1984: Song. M. K. ¢s f 2004). The shift ltom 443
A0 337 A in the higher angle rcgion may be due to the difference in the donirg
level and related to the pymole-pyrrole and pyrrole-counter ions. ['he lower angle
peak (d-spacing = 14.2 A) is particular very interesting hecause both the intensiny as
well as inter planner distance (d-spacing values) increases whi ¢ moving (rom P-23a
o P-100a. 1t indicates that the decreasc in the amount of surfactant in the lecd
increase the inter-planar distance in the nano-matenals and produce highly ordered
plypyrrole nano-spheres. Surpasingly. the FeCl: series samples did not show any
significani peak in the fow angle region. It suggests that the samples P-25b to P-100b
gre poorly ordercd and it may be the reason tor (he low solubility of these samples
compared 10 that ol the P-25a to P-100a in water. In the P-3a 1o P-100a, (he

perietration o the surfactant molecule increase the inter-planner distance. and
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therefore, the solvent molccules easily enter into Lhe lattices (o dissolve the polymer

chain in water.

' a= P-5a
ot b= P-10a
1 c= P-25a
3" d= P-50a
o e= P-100a
~ 06
“? ] .
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Figure 2,.30. WXRD of polyvpyvrrole nanomaterial synthesized using APS.
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Figure 2.31. WXRD of polypyrrole nanomaterial svnthesized via dilution route.

69



Chapter 2

Anionic Template for PPy Nanomaterials

Table 2.4. Polypyrrole nanomaterials synthesised using APS via dilution route

electrical conductivity, size of the nanomaterials and WXRD.

c® Size of WXRD data®
Sample® | (S/cm) M- 26 d-spacing
materials® valtici (A)
P-1 0.11 S, 550100 3.64, 25.20 25.51, 3.52
P-2 0.12 S. 35030 3.53.25.16 25.02, 3.54
P-3 0.13 S, 230+30 3.65, 25.16 25.53,3.54
P-4 0.10 S, 220130 3.43, 23.93 25.70, 3.71
P-5 0.10 S. 20030 3.53, 24.39 25.02, 3.62
P-6 0.04 S, 15030 24.93 3.62
P-7 0.03 S, 80£30 25.20 3.53
P-8 0.05 Wire like 25.61 3.54

? Polypyrrole nanomaterials synthesized via dilution using ammonium persulfate. * Conductivity of the
nanomaterials measured using four probe conductivity meter at 30 °C. © Size of the nanomaterials

caleulated from SEM images.  WXRD analysis of the nanomaterials using powder method

WXRD patterns of the P1, P-2, P-3, P-4, P-5, P-6 and P-8 have shown in
figure 2.31. and two characteristic peaks in the regions at 26 = 20- 26 (d-spacing 4.12
to 3.32 A) and 20 = below 5 (d-spacing =23.4 to 29.1) were present in the samples.
The peaks centered at higher angle were assigned to scattering from pyrrole-counter
lon or inter-counter ion interactions and pyrrole-pyrrole inter-planar distance. The
lower angle peak at 26 =3.5 values showed that an ordered arrangement of dopant in
the polymer chain causes lamellar ordering as reported by others. The intensity of the
low angle peak vanished completely in P-6 to P-8. The reason for the disappearance
of the low angle peak in P-6 and P-8 is attributed to the lower dopant concentration at
highly diluted polymerization samples. The solid state conductivity of the dilute
polymer samples decreases with concentration see table 2.4. The poor solid state

packing of the P-6 and P-8 contributes to the one order decrease in the conductivity

of the samples.
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L Conclusion

In conclusion, we have developed o renewable resource  amphiphilic
moberzene sullomic acid wnd utiliacd as an anjonic surlictant for svilbesis of
plypymrole nanospheres. Pyerrole. surlactant ratio in the leed was vaned from 10173 10
EII00 {wsing surfactant up 1o 100 times lower than thar of pyerale) 1o sy stematicalls
eontrol the agyrepation ol pyrrole + surlsciant micelles For luning the propertics of
polypyrrole nano-materials. Further. o dilution route has been adopied w synihesize
polypyrrole. manospheres with size ranging from 600 nm 1o 60 nm The present
mpproach hais muns adsuntages: (1) a new renewehle resource anionic surfactunt was
syathesized and uiilized s structure directing agent for tunmg the properties of
polypyrrole nano-materials, (i) the eritical micellar concenttation (CMO) of the new
maewable surfaviant was determined from surface tension and specific conduance
messwements - o5 4 107 M. (i) the size of the micelles was found 10 be 33 nm.
determined from ihe 1LY measurements and i1 was in good agreement with the
theoretically calculatest mucelle size. (iv) the surfactant micelles has the 1endencs 1
undergo self-orgunianion with pyrroke 1o form spherical agyregatcs. which wemplae
for the pelypyrule nanospheres, (v) the size of the polypyrole nanosphercs were
gsematically comrollad from 60 1o 50 am by diluiion poly menzation techniyucs.
[iv) DLS analy i< om wmplate. particle sie measurements on nanospheres. SEM and
TEM were wed propose the mechanism ol formation. (v) very good correlation
between the nano-matenals panticle soe with that of the polvmernization templates
were oblained lor emulsion'dilution rouse. (v) lerge spherical apgrepate were formed
8 bagher concentration, which on dilution (Jowyr congentration) changes o small
sphencal aggregatcs wi lower pyrrole =surfactant concentration, {vi) The solid state
popertics. reveals polvpyrroke synthesized by nanomaterials are highls ordered
eomparison Lo the FoeUl samples, (vid) The formation of the polypymole nunospheres
we not affected by the external simubi ke ultra someaton, magnetic stirmng and
withou! stirring. which conlirms the sell” organisation process. In a nut shell. a
enewable resource amphiphilic surluctom was developed for the svnthesis of the
pelypyrrole  nanospheres and the mechanism of the nanosphere formation was
properly understood by the studies carned on the polvmerisation templates n dilution

mue, which resulied in the control of polypyrrole nanospheres sizc ranging form 600
m fo &0 nim

7t



Chaprer 3 Polypyrrole-Co-Polvaniline Nanomaterials

Chapter-3

Micellar Template Approach for Polypyrrole-Co-Poly

aniline Nanomaterial

o
I



Chapter 3 Polypyrrole-Co-Polyaniline Nanomaterials

3.1. Introduction

Morphology of polypyrrole and polyaniline were found to be almost intrinsic
to their structures and produce nanospheres and nanofibers, respectively. In particular,
cationic surfactant helps to produce polypyrrole nanofibers with pyrrole. whereas
anionic surfactant produces polyaniline nanofibers with aniline [Wu. A. et al 2005:
Zhong, W. et al 2006; bZhang, X. et al 2004; L, D. et al 2009] Special eftforts such as
monomer functionalization and reverse-emulsion are required to make either
polyaniline nanospheres or polypyrrole fibers [Ko, S. er al 2007; Zhang, L. et al 2003;
“Anilkumar.,P. er al 2008; “Jang, J et al 2003, Tang. J et al 2005]. Some of the
properties the homopolymer PANI and PPy nanomaterials taken from literature were
shown in table 3.1. Efforts to use the knowledge available in both these nanomaterials
for tuning size. shape. and morphology in polyaniline-co-polypyrrole copolymer
nanomaterials are highly attractive. These copolymers based nanomaterials are very

important because they may possess properties of both polypvrrole and polyaniline

which may not be available in either of their homopolymers.

Table 3.1. Properties of the conducting polymer obtained from the literature.

Name | Template | Solubility Shape ¢ Crystalline | Ref. (et al)
(S/em)

PANI | B-NSA Partial Nanotubes 0.032 | Partially Wei, Z 2002

PANI | FeCl; Partial Nanofibers - Partially Kim.B. J. 2008

PANI | Interface | Partial Nanofibers - Partially Du, X. S 2000

PPy OTAB Dispersible | Nanospheres 2.1 | Crystalline | Jang, J 2002

PPy CTAB - Nano Wires | 0.007 - Zhang, X 2006

PPy B-NSA Dispersible Nano Tubes 2 Amorphous | Liu,J 2001

PPy ABSA - Nano fibers 50 | Amorphous | Huang K 2005

Copolymerization of pyrrole with aniline has been reported by both
electrochemical and chemical approach for tuning the conductivity and other physical
properties [Sari, M. er al 1998; Fusalba, F. et al 1999: "Li, X. G. er al 2001: Stejskal,
J.et al 2004: Lim. V. W. L. er al 2001: Kim. J. W. er al 2003; Cho. C. H et al 2004;
Zhou, C. er al 2008; °Li, X. G. et al 2001; °Li, X. G. er al 2001; °Li, X. er al 2007].
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However, so far no effort has been taken to tune the morphology of polypyrrole-co-
polyaniline copolymers. The development of copolymer nanomaterials was limited
because of the non-availability of anionic surfactant which can be used as a template
for both polyaniline and polypyrrole in the copolymer synthesis. The anionic
surfactant should stabilize the pyrrole and aniline emulsions for all aniline + pyrrole
composition ranges. Therefore, it is very important to identify or develop new
amphiphilic anionic sulfonic acids which can act as good dopant-cum-surfactant for

polyaniline and polypyrrole as well as their copolymers under identical conditions for

tuning the morphology in their nanomaterials.

Recently, P Anilkumar et al/ from our group have reported the emulsion
polymerization of aniline with surfactant-1 to produce exclusively polyaniline
nanofibers of ~ 200 nm width with length up to 6-8 um [“anilkumar, P. ef al 2006],
see figure 3.1. Efforts were made to study the effect of composition of [aniline]/
[surfactant] in the feed on the morphology and the results suggested that the surfactant
was very efficient structure directing agent for wider composition to produce fibrous
morphology. The mechanistic aspects of the nanofiber formation was proposed on the
basis of DLS, TEM and SEM studies carried out on aniline + surfactant complexes
revealed that aniline-surfactant complex forms cylindrical self assembled templates
[‘anilkumar, P er a/ 2006]. Polyaniline nanofiber formation was highly reproducible
and nanomaterials are easily scalable up to 100 g, which is very rarely reported in
literature [*Anilkumar, P. et al 2009]. Alternately, a new series of amphiphilic
cardanol derivatives were utilized as gel template and dispersion polymerization for

producing polyaniline nanofibers and nanotapes respectively ["Anilkumar, P. et al
2009; 'Anilkumar, P. er al 2010].

S0.H
' NH,

Micelles

Figure 3.1. Synthesis of polyaniline nanofibers using cardanol azobenzene sulfonic

acid surfactant-1.
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In chapter-2, the same anionic surfactant was utilized (o produce polypyrnole
tanospheres, irespeclive of the composition and concentration. It is very rare in
herature that the samce amphiphilic anionic surlactant could sclectively act as
emplate for aromatic monomers like aniline and pyrrole to produce exclusively onc
prticular nanomaterial morphology {sce Ngure 3.2.). Thercfore, the custom designed
rsewable resource surfactant provides right choice 1o undersiand effect of monomer
competition (pyvrrole versus antling) (n copolvmer nano-materials formation. Detail
fvestigation on role of surfactants played on conductivity, morphology and solid
sale properiies and their tnterdependent relations are very imponant aspects to be

discussed.

Figure 3.2. Template selectivity of the anionic surtactant micelles for the formation of

polypyrrole nanospheres and polvaniline nanofibers.

The rencwable resource surfactant-1 was wtitized Jor the copoiyvmer
nanomaterial synthesis and morphology was transformed from nanolibers to nanorods
nanospheres. {'he present approach (s an attempl (0 address the following important
tspects: (i) understand the role of (he sclective (emplating abilitv ol surfactant
micelles with pyrrole and anihine, (i) study the mechanism ol the morphological
fansformation and (i) understand the conductivily and solid state propertics of he
sanomaterials. The conductivity ol the copolymers produced from surfactant-) has
sown a non-lincar trend. and Joss was ol the order of 10°-107 Siem with respect 10
bomopolymers, particularly at 70-80 % feeds ot pyrrole. Two new anionic surfactants
were svnthesized to investigate the non-lincar behaviour of conductivities in detail.

All the anionic surfactants posscss same azo head group with hydrophilic sol*onic

~J
()
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acid. however they differ structurally from surfactant-1 by a double tail for surfactant-
2 and without any tail for surfactant-3. Surfactants employed for copolymer synthesis
have produced similar morphology transformation from fiber to rod to sphere at
identical composition. Conductivity measurements of copolymer series made by
double tailed surfactant were shown good conductivity without any non-linear
conductivity behaviour. Detailed investigations reveals that the good solid state
packing and higher crystallinity of the copolymer synthesized using the later case
produce good conductivity, whereas large amorphous domains present in single tail
series contributes to the poor electrical conductivity The synthesized nanomaterials
were characterized by particle size analyzer, scanning and high resolution
transmission electron microscopes (SEM and HR-TEM), UV-visible, FT-IR, four
probe conductivity and wide-angle X-ray diffractions (WXRD) to study the structure
property relationship. The mechanism of the polymerization was also investigated
using dynamic light scattering (DLS) technique. The present investigation revealed
that the size, shape, and the properties of the nanomaterials can be precisely

formulated by controlling the surfactant template in solution.

3.2. Experimental procedures

3.2.1 Materials: Pyrrole, aniline, ammonium persulfate (APS), sulfanilic acid and
dodecyl bromide were purchased from sigma aldrich. Hydrochloric acid, dimethyl
sulfoxide and sodium hydroxide were purchased locally. Cardanol was purified by
double-vacuum distillation at 3-4 mm of Hg, and the fraction distilled at 220-235 °C
was collected. 4-[4-Hydroxy-2((Z)-pentadec-8-enyl) phenylazo]-benzenesulfonic

Acid (Surfactant 1) was synthesized using the same procedure given in chapter-2.

3.2.2, General procedure: NMR spectra of the compounds were recorded using a
300-MHz Brucker NMR spectrophotometer in ds-dimethyl sulfoxide (DMSO)
containing small amount of tetramethylsilane (TMS) as internal standard. 'H-NMR

analysis of the polymer samples were carried out in 500-MHz Brucker Avance Il

NMR Spectrometer using dg-DMSO as solvent at 30 “C. Infrared spectra of the

polvmers were recorded using Perkin Elmer Spectrum one FT-IR Spectrometer in the
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range of 4000-400 cm™'. The purity of the compounds was determined by fast atom
bombardment high-resolution mass spectrometry (FAB-HRMS: JOEL JSM 600). For
SEM measurements, polymer samples were subjected to a thin gold coating using a
JEOL JFC-1200 fine coater. The probing side was inserted into a JEOL JSM -5600
LV scanning electron microscope for taking photographs. TEM analysis was recorded
using a Tecnai 30 G® S-twin 300KV high resolution transmission electron
microscope. For TEM measurements a suspension of nanospheres was prepared in
ethanol and deposited on a Formvar-coated copper grid. UV-visible spectra of the

polypyrrole nano spheres and copolymers are recorded using a Perkin-Elmer

Lambda- 35 UV-visible spectrometer. Particle size analysis was done by Malvern
UK. Zetasizer 3000 HAS (static light scattering) and DLS measurement (dynamic
light scattering) was done by Nano ZS Malvern instrument employing a 4 mW He-Ne
laser (A=632.8 nm) and equipped with a thermo stated sample chamber. For
conductivity measurements, the polymer samples were pressed into a 10 mm diameter
pellet and analyzed using a four-probe using Keithley 6221 DC and AC current
source and 2181 A nano-voltmeter. The resistivities of the sample were measured at
five different positions. Wide angle X-ray diffraction (WXRD) patterns of the finely
powdered polymer samples were recorded by a Philips analytical Diffractometer
using Cu-Ko emission. The spectra were recorded in the range of 26 = 0- 40 and
analyzed using X Pert software. The thermal stability of the polymers was determined
using TGA-50 Shimadzu Thermo gravimetric Analyzer at a heating rate of 10 °C/min

in nitrogen. The TGA instrument was calibrated with calcium oxalate monohydrate as
standard.

Preparation of polyaniline (PANI) nanofiber via emulsion route using
surfactant-1: Typical procedure for the synthesis of polyaniline nanofiber using
surfactant-1 is shown below. Surfactant-1 (70 mg, 0.144 mmol) was taken in 10 mL
water and stirred under sonicator for 15 minutes. Aniline (1 mL, 11 mmol) were
added to the surfactant solution and sonicated for 45 minutes. At the end of stirring,
the polymerization mixture turned into a pale yellow thick emulsion. Ammonium

persulfate (3.28 g. 14.4 mmol) in water (5 mL) was added drop wise to the solution

and continued the stirring under sonicator for 1h. The polymerization was continued
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without disturbance for 12 h at 25 °C. The sample was filtered, washed with water
and methanol till the filtrate become colorless. The green nano-material was dried
under vacuum oven for 12 h at 50 °C. Yield = 97 %. '"H-NMR (500 MHz, ds-DMSO)
0: 7.40 (m, 2H, PANI), 7.44 (m, 2H, PANI), 7.78 (s, 4H, Ar-H Dopant). FT-IR (KBr,
em™): 1560, 1494, 1346, 1193, 1111, 1050, 923, 811, 783, and 612. UV-visible (in
water, nm) A max: 350, 450 and 900.

A similar procedure was adopted for the synthesis of polypyrrole nanospheres

using ImL pyrrole instead of aniline and rests of the procedures same (see Pl in

chapter 2)

Preparation of pyrrole-aniline copolymers using surfactant-1: Typical procedure
for the synthesis of P-Co-13 is given below. Surfactant 1 (70 mg, 0.144 mmol) was
taken in 10 mL water and stirred under sonicator for 15 minutes. Pyrrole (0.1 mL, 1.4
mmol) and aniline (0.9 mL, 9.9 mmol) were added to the surfactant solution and
sonicated for 45 minutes and rest of the procedure are similar to polyaniline nanofiber
synthesis. Yield = 75 %. '"H NMR (500 MHz, d--DMSO) 8: 7.45 (m, 2H), 7.37(m.
2H), 7.27 (d, 2H). FT-IR (KBr, cm™): 1560, 1494, 1346, 1193, 1111, 1050, 923, 811.
783, and 612. UV-visible (water, nm) A max: 350, 450 and 900.

Polymer P1-Co-6, P1-Co-36, P1-Co-57, P1-Co-75, P1-Co-84, P1-Co0-92 and
P1-Co-97 were synthesized using the above procedure with various mole ratios of

pyrrole and aniline (see table 3.2).

Polypyrrole seeded by polyaniline nanofibers: Surfactant 1 (70 mg, 0.144 mmol) 1s
taken in 10 mL water and stirred using sonicator for 15 minutes. Pyrrole (1 mL. 14.4
mmol) and 50 mg of powdered polyaniline nanofibers is added to the surfactant
solution and the rest of the procedure was identical to that of P-1. Yield = 91 %. FT-
IR (KBr): 1550, 1460, 1295, 1181, 1110, 1036, 960, 905, 783, 670 and 612. UV- Vis
(water, nm) A max: 480 and 1000.

A similar procedure was adopted for the preparation of polyaniline by seeding
polypyrrole nanospheres using 50 mg polypyrrole nano-spheres and aniline (1 mL, 11
mmol). Yield =82 %. FT-IR (KBr, cm™'): 1560, 1490, 1360, 1298, 1246, 1130, 1036.
890 815, 700, 621 and 509. UV-Vis (water, nm) A max: 360, 425 and 900 nm.
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Synthesis of 4-|4-dodecyloxy-2((Z)-pentadec-8-enyl) phenylazol|-
benzenesulphonic acid (Surfactant-2): Surfactant-1 (5.0 g, 10.3 mmol) was added
to a powdered suspension of KOH (1.1 g, 20.4 mmol) in 10 mL DMSO solution.
Dodecyl bromide (3.2 g, 12.9 mmol) was added drop by drop to the above reaction
mixture at 60° C for 12 h. The sodium salt of the product was precipitated in acetone
solution and filtered through suction pump. Sodium salt of the product is acidified
using 2 M HCI and filtered and dried in vacuum oven. Surfactant was column
purified using 30 % methanol in ethyl acetate. Yield = 3.3 g (49 %). '"H NMR (500
MHz, dg-DMSO) &: 7.76 (s, 4H, Ar-H), 7.64 (d,1H,Ar-H), 6.90 (s, 1H, Ar-H), 6.83
(d, TH, Ar-H), 5.24 (2H, CH=CH), 4.04 (t, 2H, -O-CHy, 3.1-.06 (m. 50 H.aliphatic—
H). "C NMR (125 MHz, ds-DMSO) &: 161.3, 152.2, 149.6, 145.0, 143.6, 129.7,
126.6. 121.7, 116.7, 115.0, 112.5.69.7. 68.8, 31.0, 31.24, 30.77. 29.14, 28.85. 26.9
25.4, 22.0 and 13.5. FT-IR (KBr, cm™): 2923, 2854, 2852.9, 1600, 1533.7, 1472,
1397, 1338, 1228, 1136, 1016, 852, 716 and 636. UV-vis (in H,O, nm ) A max: 365
FAB- MS (MW: 654.99): m/z = 654.44 (M").

Preparation of Polyaniline nanofibers by surfactant-2: Surfactant-2 (94 mg, 0.144
mmol) was taken in 10 mL water and stirred under sonicator for 15 minutes. Aniline
(1 mL, 11 mmol) were added to the surfactant solution and sonicated for 45 minutes.
At the end of stirring, the polymerization mixture turned into a pale yellow thick
emulsion. Ammonium persulfate (3.28 g, 14.4 mmol) in water (5 mL) was added
drop wise to the solution and continued the stirring under sonicator for 1h. The
polymerization was continued without disturbance for 12 h at 25 °C. The sample was
filtered, washed with water and methanol till the filtrate become colorless. The green
nano-material was dried under vacuum oven for 12 h at 50 °C. Yield = 97 %. 'H-
NMR (500 MHz, ds-DMSQ) &: 7.40 (m, 2H, PANI), 7.44 (m, 2H, PANI), 7.78 (s,
4H, Ar-H Dopant). FT-IR (KBr, cm™): 1560, 1494, 1346, 1193, 1111, 1050, 923,
811, 783. and 612. UV-visible (in water, nm) A max: 350, 450 and 900.

A similar procedure was adopted for the synthesis of polypyrrole nanospheres

using 1mL pyrrole instead of aniline and rests of the procedures same
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Preparation of polyaniline-polypyrrole copolymer nanomaterials using
surfactant-2: Typical procedure for the synthesis of P2-Co-13 is given below.
Surfactant-2 (94 mg. 0.144 mmol) was taken in 10 mL water and stirred under
sonicator for 15 minutes. Pyrrole (0.1 mL, 1.4 mmol) and aniline (0.9 mL, 9.9 mmol)
were added to the surfactant solution and sonicated for 45 minutes and rest of the
procedures are similar to that of polyaniline nanofiber synthesis.. Yield = 89 %. 'H
NMR (500 MHz, ds-DMSO) 8: 7.45 (m, 2H), 7.37(m, 2H). 7.27 (d. 2H). FT-IR (KBr,
em-1): 1540, 1460, 1360, 1295, 1181, 1090, 1036, 960, 905, 783, 670 and 612. UV-
Vis (water, nm) A max: 480 and 1000.

Polymer P2-Co-6, P2-Co-13, P2-Co0-36, P2-Co-57, P2-Co-75, P2-Co-84,
P2-C0-92 and P2-Co-97 are synthesized using the above procedure with various

mole ratio of pyrrole and aniline (see table 3.2).

Synthesis of 4-[4-hydroxy phenylazo]-benzene sulphonic acid (Surfactant-3):
Sulphanilic acid (11.0 g, 53.28 mmol) and sodium carbonate (2.8 g, 26.6 mmol) were
added into a 50 mL of water and heated to 60-70°C to dissolve the entire sohd. It was
then cooled to 3°C. and a cold solution of sodium nitrite (4.0 g, 58.5 mmol) 1n water
(8 mL) was added. The resultant yellow solution was poured into ice (350 g)
containing concentrated HCI (8 mL) and stirred using a mechanical stirrer for 30 min
at 5 °C. Phenol (5.0 g, 53.2 mmol) and sodium hydroxide (6.38, 159.6 mmol) in 30
ml water and cold diazonium chloride solution was added dropwise at 5 °C. The
reaction was continued with stirring for 3 h in the ice cold conditions using a
mechanical stirrer. The reaction mixture was neutralized by the addition of
concentrated HCI (50 mL) in crushed ice (70 g). The red precipitate was filtered using
a Buchner funnel and washed using with water. The dried product weighed 12.0 g
(crude product). It was further purified by passing through silica gel column using 50
% methanol in ethyl acetate. The solvent was removed to obtain the product as red-
orange solid. Yield = 10.35 g (70 %). '"H NMR( 500 MHz. ds-DMSO) &: 7.85 (d. 2H.,
Ar-H). 7.8 (s.4H.Ar-H), 6.95 ppm (d, 2H, Ar-H). ’C NMR (125 MHz, d¢- DMSO) &:
161.2. 151.8. 149.74. 145.1,126.8. 125.1, 121.4 and 116.5. FT-IR (KBr, cm™): 2923,
2853, 1602, 1486, 1388, 1244, 1184, 1129, 1048, 852. 714 and 639 cm™. UV-Vis (in
CH;OH. nm): Amax = 330. FAB- MS (MW: 278): m/z = 278.28 (M").
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Preparation of polyaniline (PANI) nanofiber via emulsion route using

surfactant-3: Typical procedure for the synthesis of polyaniline nanofiber using

surfactant-3 is shown below. Surfactant-3 (40 mg, 0.144 mmol) was taken in 10 mL
water and stirred under sonicator for 15 minutes. Aniline (1 mL, 11 mmol) were
added to the surfactant solution and sonicated for 45 minutes. At the end of stirring,
the polymerization mixture turned into a pale yellow thick emulsion. Ammonium
persulfate (3.28 g, 14.4 mmol) in water (5 mL) was added drop wise to the solution
and continued the stirring under sonicator for 1h. The polymerization was continued
without disturbance for 12 h at 25 °C. The sample was filtered, washed with water
and methanol till the filtrate become colorless. The green nano-material was dried
under vacuum oven for 12 h at 50 °C. Yield = 97 %. '"H-NMR (500 MHz, ds-DMSO)
6: 7.40 (m, 2H, PANI), 7.44 (m, 2H, PANI), 7.78 (s, 4H, Ar-H Dopant). FT-IR (KBr,
cm™): 1560, 1494, 1346, 1193, 1111, 1050, 923, 811, 783. and 612. UV-visible (in
water, nm) A max: 350, 450 and 900.

A similar procedure was adopted for the synthesis of polypyrrole nanospheres

using ImL pyrrole instead of aniline and rests of the procedures same (see P1 in
chapter 2)

Preparation of pyrrole-aniline copolymers using surfactant-3: Typical procedure
for the synthesis of P-Co-13 is given below. Surfactant-3 (40 mg, 0.144 mmol) was
taken in 10 mL water and stirred under sonicator for 15 minutes. Pyrrole (0.1 mL, 1.4
mmol) and aniline (0.9 mL, 9.9 mmol) were added to the surfactant solution and
sonicated for 45 minutes and rest of the procedures are similar to that of copolymer
synthesis.. Yield = 75 %. '"H NMR (500 MHz, d;-DMSO) §: 7.45 (m, 2H), 7.37(m,
2H), 7.27 (d, 2H). FT-IR (KBr, cm™): 1560, 1494, 1346, 1193, 1111, 1050, 923, 811.
783, and 612. UV-visible (water, nm) A max: 350, 450 and 900.

Polymer P1-Co-6, P1-Co-36, P1-Co-57, P1-Co-75, P1-Co-84, P1-C0-92 and
P1-Co0-97 were synthesized using the above procedure with various mole ratios of

pyrrole and aniline (see table 3.2).
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33.Results and discussion

33.1. Synthesis of polypyrrole-polyaniline copolymers nanomaterials

Surfactant-§ forms unigue amonic amphiphilic micelles in water which acts as
#lf assembled temiplates for polyaniline nanofibers and polypyrrole nanospheres via
emlsion Polymerization. Seleclive templating of the surfactant micelles could be
father extended 1o produce copolymer nanomaterials. Polypyrrole-co-polyaniling
wpolymers were prepared by varying the amount of pyrrole and aniline from 0 o 100
% {in moles) in the feed. Concentration of pyrrole and aniline were varied [rom 4.8 x
071096 x10" M and 7.3x10" 10 3.6 x10° M respectively. whereas surfactant
ooncentration remains constant (9.6x10™ M) sce table. 3.2. The emulsion mixtures
were oxidized by AP'S 10 obtain the polyaniline. polypyrrole and polypyorole-co-
polyaniline copolymers (sec figure 3.3.). The copolymers arc denoled as PX-Co-Y,
where Y= mole fraction of pyrrolc 1n the fecd | Y= 6. 13.36. 57. 75. 84. 92 and 96|
(see table 3.2). The ratio of |aniline t pyrrole}/|dopant] was maintained us ~ 73 for

the copolymer scries.

Table 3.2. Concentration of reactants wsed for sviothesis and SN rario of the

sanomalerialy,
"Conc. of * "‘Conc.of  Conc.of | SN
| Sample pyrrole aniline surfactant Ratio® ‘
1L (M) S (/) I (N PO
PANI 0 }7,3x 10" 9.6x10” 048
PI-Co-6 | 4.8x10° 6.9x10"' 9.6x10° 041
PI-Co-13  '9.6x10~ 16.6x10"°  "9.6x10” '_Tgl _
PI-Co-36 | 2.8x10" _]5axi0! 9.6x10" 028 ]
P1-Co-57 | 4.8x10" T3.6x10" 9.6x10" 023
PI-Co-75 ' 6.7x10" 1 2.2x10" 06x10" 1026 __j
Pl-Co-84  [77x107 [ 15x100 196x100 026 |
PICo92 | 86x107 1 73x10° A |
P1-Co-96 | 9.1x10"  3.6x107 Toex10” 0.8 !
Py-l | 0.6x10" To 1 9.6x10° 028 |

* Comcentration of the monomers, ” Sulphwrs Nitrogen rotio from elememal analysis
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Wiphis
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Figure 3.3. Synthesis of polypyrrole-polyaniline copolymer nanomaterials.

3.3.2. Structural characterization of copolymer nanomaterials

The structural analysis of polyaniline-co-polypyrrole samples were done by
FT-IR and 'H-NMR spectroscopy. FT-IR spectra of the copolymers were recorded by
making samples into thin pellet with KBr and spectra of copolymers are shown in
figure 3.4. and the peaks are assigned with appropriate band structures (A = aniline
and P = pyrrole). The polyaniline sample PANI has two peaks at 1580 and 1490 cm’
with respect to stretching vibration of benzenoid and quinoid in polyaniline chains,
respectively [*Anilkumar, P. et al 2006; ®Anilkumar, P. er al 2007]. Three additional
peak were assigned at 1300, 1148 and 820 cm’' to C-N stretching of secondary amine
group, O=S=0 stretching of the sulfonic acid dopant, and C-H in the 1.4-disubstituted
ring out- of plane stretching, respectively [Ping, Z. J. et al 1996; Christensen, P.A. et
al 1991; Stejskal, J. er a/ 2004]. A weak band at 1714 cm” in the polypyrrole is
assigned to C=0, which arise from the hydroxyl functionality introduced by the
nucleophilic attack of water and the subsequent conversion of carbonyl by keto-enol
tautomerism. The peaks at 1550, 1195, 1040, 965 and 923 cm’ are assigned to C=C
stretching in pyrrole, breathing vibration of the pyrrole rings, N-H (or C-H) in-plane
deformation vibration, C-C out of ring deformation and C-H out of plane deformation
vibrations, respectively. It is very interesting to note that with increase in the amount
of aniline in the feed, the peaks at 1580, 1490, 1300, 1148 and 820 cm’ were
increasing (move downwards) and attained the value of homopolymer, polyaniline.
Similarly, the polypyrrole peaks at 1714, 1550, 1195, 1040, 965 and 923 cm’ were
increasing with the amount of pyrrole in the feed (move upwards). The increase in the
intensity of the respective peaks with increase in the amount of monomer in the
copolymer confirmed the formation of expected structure. The FT-IR spectra of the
copolymer nanomaterial synthesized by double tailed surfactant also shown similar

peaks confirming the formation of the copolymers materials.

83



Chapter 3 Polypyrrole-Co-Polyaniline Nanomaterials

o»
]

Normalised Transmittance (a.u)

o
|

. A_ (b)
Ring A (q) C=C
Aos-0 AC_HEEC P c r
e I = & - r F = —T 7 I '
600 800 1000 1200 1400 1600 1800 2000

Wavelength (cm’)

Figure 3.4. FT-IR spectra of the copolymer nanomaterials synthesized using

surfactant-1.

'H-NMR spectra (500 MHz) of polymers and surfactant were recorded in ds-
DMSO and shown in figure 3.5. The different types of aromatic protons in the
surfactant were assigned with alphabets. Polyaniline showed two peaks at 7.50 and
7.45 ppm with respect to two types of aromatic protons in the aromatic ring. All the
polymer spectra showed three equally strong signals at 7.26, 7.15 and 7.05 ppm
corresponding to the N-H protons in the conducting polymer chains. The NMR

spectrum of polypyrrole sample showed a peak at 7.39 ppm, which was assigned to
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the B- hydrogen in the aromatic ring [Zhou, C. ef al 2008; °Li, X. G. e al 2001; °Li,
X. G. Et al 2001; °Li, X. G. et al 2004]. The copolymers P-Co-57 and P-Co-84
showed new peaks at 7.34 and 7.28 ppm corresponding to pyrrole-aniline copolymer
units. The chemical shift values of the samples were well in accordance to reported
values [Zhou, C. ef al 2008]. The NMR spectra clearly evident that the copolymers
are produced by the reacting constituent monomers pyrrole and aniline. The polymers
were also showed peaks corresponding to the dopant which confirmed the strong
binding ability of the azobenzene sulfonic acid anionic dopant with the polymer

chains.
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Figure 3.5. 'H NMR spectra of surfactant, PANII PPy and copolymers.
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3.3.3. Morphology of nanomaterials

SEM images of the polyaniline (PANI) and representative copolymers were
given in figure 3.6. The morphology of the polyaniline (PANI) was found as fibrous
with ~180 nm in diameter with length up to 3-5 uM. The copolymer P-Co-6 (with 6.4
“ pyrrole and 93.6 % aniline) was found to have nano-fibers but relatively thin and
shorter in size compared to that of pure PANI nano-fibers. Further increase in the
pyrrole was increased to 35 % (P-co-36 and above) the morphology was completely

transformed to a spherical one and no traces of nano-fiber was noticed in the entire

sample.

Figure 3.6. SEM images of the PANI and Copolymers

TEM images of the copolymer series were recorded and shown in figure 3.7.
PANI contained only solid nano-fibers of 200 nm diameter with length up to 3 uM.
The morphology of the P-Co-6 showed the appearance of very short nano-rods of 80-
100 of diameter with length up to 0.5-0.7 uM. The nano-rods were separated (not

connected together) and almost uniform in size in the entire sample. P-Co-36 was
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found to be full of nano- spheres of 150-180 nm. It is directly evident from the SEM
and TEM images that the increase in the pyrrole content in the feed induced the

transformation of long nano-fibers to short nano-rods and then to nano-spheres.

Figure 3.7. TEM images of the PANI and Copolymers

3.3.4. Mechanism of the nano-structure transformations

The polymerization of both aniline and pyrrole follow oxidative step-
condensation route, both the monomers get oxidized to form aryl radical, which attack
on either same or other monomer to produce homo or hetero oligomers. However, the
composition of the repeating units in the copolymer was highly dependent on the
reactivity of the monomers. The monomer reactivity of the aniline and pyrrole were
reported as ra, = 0.13 and rpy, = 2.16, and therefore, always the pyrrole has higher
reactivity over aniline in the copolymerization [Lim, V. W. L er a/ 2001]. In a size
control nano-material synthesis of copolymers, the copolymerization route is not only
influenced by the reactivity differences of the monomers but also by the template
associated with each monomer. Therefore, interaction of anionic surfactant with the
mixture of aniline and pyrrole monomers in the copolymer route is expected to be
different compared to that of their homo polymerization. Two pathways are possible
in the copolymerization route: (i) predominant self-organization and polymerization
of one of the monomer over other to form either spherical or cylindrical aggregates,
which template (or seeding exclusively) for one particular nanostructures or (i1)
combined self-organization of both monomers to produce new short range
intermediate (cylindrical + spherical) aggregates, which template for new

morphology.
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Figure 3.8. pH profile pyrrole-aniline emulsion templates at different composition.

In order to understand the interactions of aromatic moieties like aniline and
pyrrole with surfactant in water, the pH of the polymerization mixtures were
measured (see figure 3.8.). Since, the surfactant is sulfonic acid its interactions with
bases like aniline and pyrrole are expected to reflect in the pH of the solution. Under
the polymerization condition, the pH of the surfactant (alone), surfactant + pyrrole
and surfactant + aniline in water were obtained as 2.86, 3.14 and 7.29, respectively.
As expected, the surfactant was highly acidic in nature in water. Aniline is a moderate
base and effectively reacted with the surfactant to form the neutral anilinium-salt
which drastically increased the pH of the solution from 2.86 to 7.29 (towards neutral).
On the other hand, pyrrole is relatively weak base compared to aniline and the
complex solution was found acidic (small changes from 2.86 to 3.14). The pH of the
copolymer mixtures was shown gradual decrease with increase in pyrrole
concentration. DLS analysis of the copolymerization mixtures were carried out in
water, the plots were shown in figure 3.9. DLS distribution of the PANI, P-Co-10, P-

Co-30 and P-Co-70 indicates that monomer form strong sub micrometer aggregate
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with surfactant with their distribution maxima centered on 400-500 nm. The DLS
histograms of the copolymer mixtures were almost identical to that of the
homopolymers, which confirmed that both aniline and pyrrole are compatible with

the surfactant and form strong aggregates without any phase separation.
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Figure 3.9. DLS histogram of emulsion templates.
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The shape of the aggregated micelles could not predicted by the DLS
distribution, hence the thick emulsion was cast on the SEM grid and subjected to
morphology analysis (see figure 3.10.). The morphology of the aniline + surfactant
complex was found completely different from that of the pyrrole + surfactant. The
aniline complex existed in the form of long fibrous net work compared to that of
spherical geometry observed for pyrrole complexes. The addition of 6.4 % pyrrole
truncates the long range self-organization of cylindrical template and produce short
cyclical-flake like aggregates, which up on oxidation produce well defined short
conducting nano-rods. When the amount of pyrrole was increased further, the
truncation became predominant and resulted in the formation of spherical micelles,
which lead to the formation of small nano-spheres (see chapter 2). It is very important
to note that the addition of ~13 % of pyrrole was sufficient enough to disturb the long
range ordering of remaining of ~90 % aniline self-organization with surfactant

molecules.

Figure 3.10. SEM image of emulsion templates.

One may assume that the formation of nano-rod may be the result of seeding
of initially polymerized polypyrrole nano-spheres (6 % monomer) and further growth
of the polyaniline chains (94 % monomer) rather than the combined self-organization
of pyrrole + aniline with surfactant, which template for nano-rods. In order to rule out
the seeding possibility, selective seeding polymerizations were carried out by seeding
polyaniline by polypyrrole nano-spheres and polypyrrole by polyaniline nano-fibers
(see figure 3.11.). The morphology of the polyaniline sample seeded by nano-spheres
is fibrous in nature and it exactly matches with that of its homopolymers PANI.

Similarly the polypyrrole sample seeded by polyaniline nano-fiber was found to be
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Wil of spheres and muatched with its homopolymer P-1 (in chapter-2). )t clearly
aident that the sceding was not predominant process i ihe anionic surfactanl

waplate wmediated nano-materials synihesis.
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<

Figure 3.11. Seeding Polvimerization PANI and PPy using nanomaterials.

Mechanis

Figure 3.12. Mechanism of copolvmer nanomuaierials.
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Based on the above studies, the following mechanism has been proposed for
the morphology transformation of the copolymer nanomaterials (sce figure 3.12.).
Amphiphilic azobenzene sulphonic acid forms micelles of size 4.3 nm in water.
Swfactant micelles in presence of aniline (aromatic primary aminc) self-asscmble as
pgrepated cylindrical micclles which produce nanofibers (PANI). Aniline monomer
dfectively neutralizes polar head of the surfactant (screens the negative charge ol
surfactant micelles) in addition to their inclusion to the aromatic core of the micelles.
Long cylindrical micelles are formed due to the aggregation of the spherical surfactant
miceiles in a cylindrical manner. With the introduction of co-monomer pyrrole in feed
(y mole %). long range order eylindrical agyregates were truncated into short and thin
¢ylindrical aggregates. The (ransformation from long cylindrical to small cylindrical
mieelle was clearly visible in the template morphology and ptl change. With increase
in pymole content greater than 30 %. the all the cylindrical template has truncated
completely into spherically aggregated micelles. Thus, in the present investigation.
morphology  of the nanomatenial was preciously controlled by adjusting the

tomposition of aniline and pyrrole in presence of amphiphilic anionic surlactant.

335. Role of anionic structure on copolymer morphology

Surfactant-1 forms stable emulsion with monomers like aniling and pyrrole to
poduce nanofibers and nanospheres respectively via oxidative Polymerization. Here.
b the addition to surfactani-1. two more siructurally differemt surtactants were used
o understand the role surfactants played on stability of emulsion. marphology and
wlid siate properties. Diazotization reaction of phenol and cardanol have been carried
o with sulphanilic acid for the synthesis of two water soluble amphiphilic dopant
am surfactants, 4-[4-hydroxy phenylazo|-benzencsulphonic acid (surfactant-3) and
#[d-hydroxy-2((£)-pentadec-8-envl) phenylazo|-benzenesulphonic acid (surlactant-
I} shown in figure 3.13. Further, surfactant 2 was synthesized via nucleophilic
abstinition reaction of surfactant-1 with dodecyl bromide to produce double-tailed
arfactant  4-[4-dodecyloxy  -2({(7)-pentadec-8-enyl) phenylazo]-benzenesulphonic
ard surfactant-3. Cardanol is natural phenol with unsaturated side chain, an industrial
bye product from cashew nut processing industry. Surfactant 2 and surfactant 3 have
mque built-in amphiphilic design in which the hydrophilic sulphonic acid behaves as

apolar head and the long alkyl chain as a hydrophobic tail, whereas the surfactant-3
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possessed only the head group. This provides an unique opportunity to study the
structural effects of surfactants on the synthesis and properties of the conducting

copolymers nanomaterials under surfactant assisted emulsion Polymerization.

LY
Stigs N—< %ﬂhﬂ Ho- XXX~
R Head
Surfactant-3
(i) NaOH

(ii) Neutralization
wiﬂl HCI
/\/\&/\/H\gi

Surfactant-1 C,,H,Br

I{DHII]MSD

Double tail
\.\ _
H d

Surfactant-2

Figure 3.13. Synthetic scheme for surfactant-1, surfactant-2 and surfactant-3.

The purity and structure formation of the synthesized surfactant-cum-dopants
were confirmed by '"H NMR (see figure 3.14.) and other techniques like °C NMR,
FT-IR spectroscopy. NMR spectra of surfactant-1 shown four types aromatic protons
at 7.8, 6.95, 6.8, 6.75 and protons corresponding to double bonds at 5.3 ppm where
as, surfactant-3 have shown three equivalent aromatic proton at 7.85, 7.8 and 7.95
ppm. Surfactant-2 which was derived from surfactant-1 have shown Ar-O-CH;-
protons at 4.02 ppm in addition to the aromatic protons at 7.75, 7.64, 6.92, 6.84 and
double bond proton at 5.27 ppm in the chain. The observed intensity and number of
protons of the surfactants are matching to the theoretically calculated protons
confirming the formation of surfactant. The “C-NMR spectrum shows peaks
corresponding to the total number carbon atoms of surfactant and intensities in
accordance with the expected structure, which confirm the formation of the

amphiphilic surfactants.
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Figure 3.14. '"H NMR spectra of the surfactants.

Synthesis of new copolymer series using surfactant-2 and surfactant-3 were
followed by using the same procedure used for surfactant-1. Polypyrrole-polyaniline
copolymers were prepared by varying the amount of pyrrole and aniline from 0 to 100
% (in moles) in the feed. Concentration of pyrrole and aniline were varied from 4.8 x

102 to 9.1x10" M and 7.3x10" to 3.6 x10™ M respectively, whereas surfactant

concentration remains constant (9.6x10~ M) see table. 3.3. The concentration of the
monomers and surfactant concentration were shown in table 3.3. Emulsion mixtures
were polymerized by adding aqueous solution of ammonium persulphate in ice cold
condition and keeping the reaction mixture without any disturbance for overnight.
The resultant dark green material was filtered, washed with water and methanol until
the filtrate became colorless. It was dried under vacuum oven for 24 h (0.05 mm of
Hg) at 50 °C prior to further analysis. The copolymers are denoted as PX-Co-Y,
where Y is the mole fraction feed of pyrrole used for copolymer synthesis and where
X=1, 2 and 3 for surfactant-1, surfactant-2 and surfactant-3, respectively. Polyaniline
(PANI-X) was synthesized by polymerizing the thick emulsion of aniline with three
surfactants (no pyrrole monomer), where X= 1, 2 and 3 for surfactant-1, surfactant-2

and surfactant-3 respectively.
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Tabe 3.3. Concentration of reactants used for synthesis and S/N ratio of the

nanomaterials for P2-Co-Y and P3-Co-Y series

Conc. of Conc. of Conc. of S/N

Sample pyrrole aniline surfactant Ratio”
(M) (M)

Pani-2 0 7.3x10™ 9.6x10~ 0.48
P2-Co-6 4.8x10™ 6.9%10" 9.6x107 0.41
P2-Co-13 9.6x10™ 6.6x10" 9.6x107 0.41
P2-Co-36 2.8x10" 5.1x10™ 9.6x107 0.28
P2-Co-57 4.8x10" 3.6x10" 9.6x10™ 0.23
P2-Co-75 6.7x10"! 2.2x10"" 9.6x10” 0.26
P2-Co0-92 8.6x10"' 7.3x10? 9.6x107 0.28
PPy-2 9.6x10"" 0 9.6x107 0.33
Pani-3 0 7.3x10 9.6x107 0.49
P3-Co-6 4.8x107 6.9x10" 9.6x107 0.42
P3-Co-13 9.6x10~ 6.6x10™ 9.6x107 0.34
P3-Co-36 2.8x10" 5.1x10" 9.6x107 0.25
P3-Co-57 4.8x10" 3.6x10™ 9.6x107 0.24
P3-Co-75 6.7x10" 2.2x10"! 9.6x10~ 0.26
P3-Co-92 8.6x10" 7.3x107 9.6x107 0.26
PPy-3 9.6x10"! 0 9.6x10 0.33

? Concentration of the monomer and surfactant in water. * Obtained from elemental analysis.

The copolymer formation was characterized by '"H NMR and IR spectra. FT-
IR spectra of the copolymers recorded by making samples into thin pellet with KBr
powder were shown in figure 3.15. The peaks are assigned with appropriate band
structures (A= aniline and P= pyrrole). The polyaniline sample PANI has two peaks
at 1580 and 1490 cm™' with respect to stretching vibration of quinoid and benzenoid
in polyaniline chains, respectively. Three additional peaks were assigned at 1300,
1148 and 820 cm™ to C-N stretching of secondary amine group, O=S=0 stretching of
the sulfonic acid dopant, and C-H in the 1,4-disubstituted benzene ring out- of plane
stretching, respectively [Ping, Z. J. et al 1996; Christensen, P. A. et al 1991; Stejskal,
I. et al 2004]. The peaks at 1550, 1195, 1040, 965 and 923 cm' are assigned to C=C
stretching in pyrrole, breathing vibration of the pyrrole rings, N-H (or C-H) in-plane
deformation vibration, C-C out of ring deformation and C-H out of plane deformation
vibrations, respectively. It is very interesting to note that with increase in the amount
of aniline in the feed, the peaks at 1580, 1490, 1300, 1148 and 820 cm™' were

increasing (move downwards) and attained the value of homopolymer, polyaniline.
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Similarly, the polypyrrole peaks at 1714, 1550, 1195, 1040. 965 and 923 cm™ were
mereasing with the amount of pyrrolc in the feed (move upwards). 'HINMR spectra of
wpolymers synthesized using surlaclani-2 s shown in ligure 3.16. PANI-2 has
shown two aromatic protons at 7.45 and 7.40 ppm and copolymer P2-Co-57 showed
apeak at 7.29 ppm corresponding to B-protons in pyrrole in addition to the
plyaniline protons confirming the formation of copolymer nanomatcrials |Zhou. C.
elal 2008; "Li, X. G. et al 2001; “Li, X. G. ef af 2001; Li, X. G. et al 2004]. NMR
gecira for P2-Co-75 showed incrcase of intensity of pyrrole protons indicating
higher pyrrole content in copolymers. The NMR spectra of PANI-3 and copolymers

were nol recorded due to the poor solubility of samples in ds-DMSO.
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Fgure 3.15. F7-/R spectra of the copolymer nanomaterials prepared by surfuctunt-2.
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Figure 3.16. 'H NMR and "°C NMR spectra of surfactant-2

3.3.6. Morphology of copolymer nanomaterial synthesized using surfactant-2
The morphology of the copolymer nano-materials (P2-Co-Y and P3-Co-Y
series) was recorded using JEOL JSM-5600 LV scanning electron microscope (SEM)
are shown in figure 3.17. and figure 3.18. respectively. The morphology of PANI-2
showed thick and long nanofibers of length up to 4-6 um and width of about 280 nm,
whereas the PANI-3 forms nanofibers of width of 80 nm and length 3-5 um. The
thickness of PANI-3 was much lower compared to PANI-1 and PANI-2, could be
attributed to the smaller cylindrical diameter of the micelles formed with aniline. P2-
Co-5 forms of small and thin rod like structures with length of 500-700 nm and width
100 -120 nm, whereas P3-Co-5 forms much shorter and thinner nanorods. On further
increase in pyrrole content (PX-Co-30 and above), morphology was transformed to
spheres without the traces of fiber or rods. In short the morphology transformation

from fiber to rods to spheres was similar in all the copolymer series.
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Pgure 3.18. SEM 1muszes of the PANT and Copolvmers prepared using surfactcon-3
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Further, TEM analysis was carried out on the samples PANI-2, P2-Co-5 and P2-Co-
30 confirms the formation of nanofibers, nanorods and solid spheres respectively,
without any tubular structures (see figure 3.19.). Dimensions calculated from SEM
and TEM are approximately matching each other. Thus morphology transformation

obtained were in full agreement with the mechanism of formation proposed.

Figure 3.19. TEM images of the PANI and Copolymers

3.3.7. Properties of copolymer nanomaterials
Copolymer nano-materials have shown only 10 % weight loss at temperature
lower than 280 °C see figure 3.20. Copolymer nanomaterials were doped by azo

benzenesulphonic acid were thermally stable as similar to camphorsulphonic acid
[Shen, Y. et al 1998; Omastova, M. et al 2003].
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Figure 3.20. TGA profile of the copolymer nanomaterials.
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Absorption spectra of the PPy, PANI and copolymers were easily recorded in
water due to good dispersabilty enhanced by the doped surfactant molecules (see in
figure 3.21.). Polypyrrole showed characteristic transitions of doped polypyrrole at
480 nm, and free carrier tail at NIR region (900-1000) corresponding to valence band
anti-bipolaron band and valence band to bipolaron band respectively [*Antony, M. J.
et al 2007; Cabala, R et al/ 2002]. Polyaniline showed three transitions at 350 nm, 430
nm, and a broad peak at 850 nm with respect to n- ©* transition, polaron to conducting
band, valence band to polaron band respectively [*Anilkumar, P. er al 2006,
“anilkumar, P. et al 2007, Xia, Y. et al 1995]. The decrease in the peak intensity at
380-400 and increase in the peak intensity above 900 nm with increase in the amount
of pyrrole in the copolymer confirmed the formation of expected random copolymers.
The absorbance characteristics were almost unaltered above 35 % pyrrole, which
suggested that less than 35 % pyrrole 1s sufficient enough to attain the properties of
pure polypyrrole. This observation was coinciding with the morphology of the nano-
materials that beyond 35 % of pyrrole in the feed the polypyrrole-polyaniline chains
have the morphology of pure polypyrrole (nano-spheres). The absorption spectra of

the copolymer nanomaterials synthesised using double tailed surfactant were shown

similar absorption peaks.
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Figure 3.21. Absorption spectra of copolymer nanomaterial series prepared using

surfactant-1.
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The conducuivity ol copolvmers was determined by four probe conductiviiy
method and is plotted against the mol pereentage amount of pyrrole in feed.
Conductivity of thc copolymer nanomaterials of first serics have showed a non-linear
frend, the conductivity passed through minimum at 60-80 (%) o! pyrrole in the leed
(see figure 3.22.). The conductivity of the copolymer units were found more than 100-

1000 imes lower than that of their respective homopolymers.
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Figure 3.22. Electrical conductivity of copolymer nanomaterials.

Recently, Stejskal e/ af. and L.im er ul scparatcly reported such non-lincar loss
i the conductivity in polypytrole-co-polyaniline (not nano-materials) [Stejskal, J. ef
d 2004; Lim, V. W. L. er al 2001] This unusual trend can be explained as suggested
by Stejskal and 1.im: (i) aniline rich copolymers - at least four aniline units arc
secessary for materials 10 be conducting, but with increase with the percentage of
pmole in the feed, most of the polyaniline chain became shorted and the conductivity
&teriorates |MacDiarmid. A. G. ef o 1999] and (ii) pyrrole rich copolymers - at low
miline concentration, the aniline has the tendency to form heterodiads with pyrrole
rther than to form aniline blocks (due o low concentration) and break the

wnjugation ol polypyrrole. The lower conductivity values for the aniline rich polymer
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can be understood by the morphology of the nano-materials. With increase in the
pyrrole concentration (6 %), the long nano-fibers were shortened to form small nano-
rods, which is due to the truncation of long ordered cylindrical micelles by the aniline
with surfactant. The truncation of aniline-surfactant micelles by pyrrole disturbs the
local concentration of aniline in any particular domain and the subsequent oxidation

expected to produce shorter chains compared to that of homopolymers.

Table 3.4. Conductivity and WXRD data.

c® WXRD °

Sample (S/cm) 20 d-spacing (A)
PANI-1 0.08 3.5.21.1.254 25.2.4.2.3.5
P1-Co-5 0.04 3.5,21.1,25.4 25.2.42.3.5
P1-Co-10 0.03 20.2.24.9 4.4.3.6
P1-Co-30 5.7x10™ 20.7, 25.1 4.3.3.54
P1-Co-50 4.2x107 : :
P1-Co-70 5.2x10™ 23.5 38
P1-Co-80 6.4x10 : i
P1-Co-90 2x10™ - -
P1-Co-95 0.005 : :

PPY-1 0.11 3.4,25.4 3.8.3.5
PANI-2 0.20 3.6,20.4,24.9 25.3,4.3.3.6
P2-Co-5 0.38 3.3,20.2,24.9 26.7.4.4.3.6
P2-Co-10 0.42 3.3,20.2,24.9 26.7.4.4.3.6
P2-Co-30 0.38 3.6,20.4,25.6 25.3.4.3.3.4
P2-Co-50 0.16 . -
P2-Co-70 0.22 33.93.1 26.7.3.8
P2-Co-80 0.19 . :
P2-Co-90 0.34 3.5.25.8 25.2.3.5
P2-Co-95 0.33 .

PPy-2 0.68 3.5,25.8 25.2.3.5

“ conductivity of the samples measured using four probe conductivity meter at 30°C. " Wide angle X-

ray diffraction studies of the copolymer nanomaterials carried out 25° C

Conductivity of the double tail synthesised copolymers are measured and the
results were compared with previous case to investigate the unusual loss of
conductivity see table 3.4. Since, both surfactants provided similar morphology

transformation from fiber to rods to spheres. The only difference between the two
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series was the extra tail contained in the surfactant-2 and hence it is worth to have
comparison studies on solid state properties.. PANI-1, PANI-2 and PANI-3 were
shown conductivity in the range of 10", 10% and 107 S/cm respectively [*anilkumar.
P. et al 2006: "anilkumar. P. et al 2007; “anilkumar, P. er al 2007]. Aniline rich
copolymer composition like PX-Co-6 and PX-Co-13 (in general) were not shown any
significant loss in conductivity (see figure 3.22.). However. with increase in pyrrole.
the conductivity was drastically reduced approximately to 10™* S/cm in first case. Poor
emulsion forming tendency hampers the conductivity studies of copolymer
synthesized using surfactant-3. hence we omitted the plot above 50 % pyrrole for
obtaining good comparison with others. The conductivity of the copolymer
synthesized using double tailed surfactant have not shown any large conductivity loss
and conductivity was remains of the order of 10" S/cm. The unusual decrease in
conductivity of copolymers are could due to three reasons (i) due to the structural
defects in the copolymers like break of conjugation or cross-link (ii) due to random
copolymer formation the copolymer chain can become highly amorphous and hence
to show the low conductivity (iii) or poor doping of the surfactant or dopant in the
copolymer. Interestingly. in the present case the conductivity of all copolymer series
have shown a minimum at ~ 50 % feed indicating the hetero-diad formation in the
copolymer. However. conductivity loss was negligible for double-tailed series in
comparison with other two series indicates the possibility of large conductivity loss
could be due to other factors like solid state packing and extend of doping.

The solid-state properties copolymers were studied by wide angle X-ray
diffraction (WXRD) method are shown in figure 3.23a. WXRD of PANI-1 showed
three peeks at 20 = 25, 19.5 and 3.5. The lower angle peak is due to the long range
lamellar arrangement of dopant molecule in polyaniline [Jayakannan, M. er al 2005:
Dufour, B. er al 2001: Laska, J. er al 2002: *Jana. T. et al 2000.; "Jana. T. et al 2000.:
“Jana, T. et al 2000]. The copolymers of first surfactant series did not show any
ordered peak at lower angle, which indicated that the random copolymers were less
crystalline compared to that of homopolymers. In general., the random
copolymerization 1S known to induce large degree of disorder in the crystalline
domains than their homopolymer chains. Recently, Zhou er a/. was also reported a
similar observation in the WXRD patterns of their polyaniline-polypyrrole copolymer

hollow nanospheres. [Zhou, C. er a/ 2008]. Truncation of aniline and the amorphous
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nature of the copolymers disturb the local concentration of aniline at any particular
domain resulting in decreased crystallinity and electrical conductivity. Therefore, the
highly amorphous copolymers have much lower conductivity almost 3 to 4 orders of
magnitude lower than that of their highly crystalline homopolymers. The WXRD of
copolymers synthesized using double tail series are shown in figure 3.23b. Polyaniline
have shown three peaks, one at lower angle 3.5 and two at higher 25 and 19.5 20
degrees. All the copolymer P2-Co-10, P2-Co0-30, P2-Co0-70 and PPY have shown
lower peak corresponding to long range lamellar peaks at lower angle. Thus, the
WXRD analysis indicate that copolymer of double tailed series are packed very well

via the surfactant induced tail packing in comparison to first series.
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Figure 3.23. WXRD analysis of the copolymers prepared using (a) surfactant-1 and
(b) surfactant-2 .
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Chapter 3

Polypvrrole-Co-Polyaniline Nanomeareriuls

In order (0 quantify the amount of cryvstallinity in the copolymer of both series,
e amorphous and crystalline peaks were deconvolned computationally  and
percentage crystallinity was cateulaled [rom the arca ol crystalline/crysalline =
amorphous and plotted versus mole fecd of pyivole (see figure 3.24.). In both cascs.
the homopolymer have shown crystallinity approximately of 10 %, The crystallinity
of the first series decreascs with increase in pyrole contenl. reaches a minimum at
equal fecds and then increases. However in the second series the percent crystallinity
of the samples was remaing the same range without any large loss in the crystallinity .
ierestingly, the trend observed in percentage crvstallinity  (higure 3.24) and
sonductivity (figure 3.22) follows same paitern, henee the conductivity changes ol the

wpolymer nanomaterials would have strongly influenced by the solid state packing of

the nanomaterial.
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Figure 3.24. Crystallinity versus pyrrole monomer feed plot of copolymer seriex.

In short. the prescnt investigations on the copolvmer nanomaterial synthesized
wing threc anionic amphiphilic micclles revealed morphology transformation {rom
fber to rod o spheres with monomer composition. Interestingly. the morphology

mnsformation oceurred exactly at simtlar composition. which provides very good
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PANI-PPY
Random Copolymers

N\ - 3k

-
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v

Figere  3.25. Morphology transformeation and properties changex i copolyimer

Ravomieaerials.

comparison <tidies of the nanomaterials in conductn ity and solid state ordering. In
first series of vopolymers (single ail). both conducuvity und pereentage cry siallinity
psses through a non-tincar oss. On the other hand copolymers of double tail
srfactant have shown atmost Yinear steady changes in conductivits and ey st iy,
The morphology  vansformation o the nanomaterials being similar, solid stare
poperties of the copolymers synthesised wsing two structurally difterent surfactants
were schematically  shown i figure 3250 Higher the cryatallinine (sohd stale
packing). provided higher the conductvity and vice versa. Since. clectron mobiliny
drecthy comribuies to e bulk conductivity of the mano- matenals. and thercfore,
thanced sohd state ordered envstalline demains are Known 1o enhance  their

tenductivity compared to amorphous domams.

106



Chapter 3 Polypyrrole-Co-Polvaniline Nanomaterials

3. Conclusion

In conclusion. we have developed three structurally ditferent amphiphilic
srlactant molecules W e e size. shape. and properties of polypyrrole-co-
plyaniline nano-materials. The important features ol the present approach are as
fllows following: (i) o rencwable resource surlactant-1 was derived Irom cardanol
by diazotization reaction with sutanilic acid and employed for syvathesis of random
wpolymer  nanomalerials (i) morphology ol the copolymer were shown
msformation 1tom  fiber-to-rod-to-spheres . which was confirmed by clectron
microscopic analy sis (SLM and TUM). (111} the mechanism of nanomaterial formation
wis established by DI plEand SEM stadies on emulsion wmplates in addition to
geding and control experiments (v) the conductivits ol the capolymer synthesised
wing single tail swlactant have shown a non-linear loss (10°-10° Siem, particularls
B 60-80 Y% [ecd of pyrrele i fecd with respect o homopalymer (V1pwa new
aractants one from phenol by diazotization reaction with sullanilic acid and the
ober synthesized front surfactant-1 by nucleophilic substitttion reaction with dodecy]
tromide (vi) all the surlfactants have same azo head group with sulfomie acid polar
bead. while thev structurally differ by the hydrophobic w@il. (vin copolvmers
smthesised using new surfactants were shown a similar morphology ranstormation.
mabling a pood comparison studies on conduclivity and other properties (v the
wonductivity of the copolymer synthesized from double tail surtactani remains more
arless of the order ol 10 Sfom. tind the unusual conductivits loss of the copolynier
were correlated to poor solid state packing oblamed from WXRD measuremoents and
() the plot ol crvstallimity and conductiviny of the copoly mer nanomaterials versus
mle feed of pyrrole reveals that linear conductivity (=107 Sienm of the double tal
wpolymer series would have stronely influenced by the slid state packing. Tn o nue
gell. for the firsl ume. a svstemarnie analyvsis were carned out based on renewable
rsource anjonic surlactants for development of random copolymer nano-materials

wd o establish the siructure-propery relatons of the copolymers.
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Chapier 4 Evolution of Multiple Nanostructures

4.1. Introduction

One dimensional conducting polymer nanomaterials find numerous
applications particularly in electronic, electrochemical, mechanical and biological
fields [Wallace, G. G. er al 2002, Berdichevsky, Y. et al 2006; Otero. T. F. er al 2003:
Wang, J. et al 2000; *Huang, J. et al 2003; "Huang, J. et al 2004; Bidon, G. et al 1999:
Girotto, E. M. et al 1998; Korri-Youssoufi, H. er al 1997; Ramanathan. K. er al 2005].
Shape and size of these nanomaterials were found to be very crucial for their
functioning in electronic devices and delivery applications [Lee, J-H. et al 2006:
Geetha, G. er al 2006.]. Among various conducting polymer nanomaterials.
polyaniline and polypyrrole are two important classes of conducting polymers having
the advantage of good conductivity, environmental and chemical stability [Wu. A. er
al 2005]. Nanofibers of polyaniline and polypyrrole were usually synthesized using
nard porous templates, electrospinning, surfactant micelles and template-free methods
®Jang, J. et al 2002; Zhong, W. et al 2006: °Zhang, X. er al 2004; Li. D. et al 2009:
De Armitt, C. er al 1993; *Shen, Y. et al 1998; Haung, K. er al 2005]. Surfactant

controlled nanomaterial synthesis have attractive features like low cost production.
easy synthesis and bulk scale up etc. Anionic surfactants acts as structure directing
agent as well as dopant for cationically charged polymer matrix, which was not
possible in other synthetic methods and cationic surfactants or non-ionic surfactant
[De Armitt, C. er al 1993; °Shen, Y. ef al 1998; Haung, K. er al 2005; Bay, L. et al
2002; Liu, L. er al 2005). Anionic surfactant doped nanomaterial possesses good
solubility and stability, which allows complete characterisation in solution. Earlier. our
custom designed renewable resource anionic surfactant was utilized for emulsion
polymerisation of aniline and pyrrole, which produced polyaniline nanofibers and
nanospheres respectively ["Anilkumar, P. et al 2006; ®Anilkumar, P. er a/ 2007:
‘Anilkumar, P. er al 2007: “Antony, M. J. er al 2007]. Morphology of the
nanomaterials was controlled via micellar mediated polymerisation of the self
organized monomer + surfactant complex. Surfactant forms selective templates like
cylindrical micelles and spherical micelles with aniline and pyrrole respectively.
Further. template selectivity was efficiently utilized for making copolymer
nanomaterials via polymerisation of selected aniline-pyrrole compositions [°Antony.

M. J. et al 2009]. Interestingly, the morphology of the copolymer nanomaterials has

shown transformation from nanofiber (100 % aniline) to rods (5-10 % aniline) to
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spheres (>30 % aniline). Though the composition depended copolymerisation route
produced different morphologies, however it is difficult to correlate morphology with
solid state conductivity due to different compositions. Hence, 1t is important to
develop some methods for the production of different copolymer nanostructures from
identical composition and ingredients.

In this chapter, emphasis is given on the evolution of nanomaterial
morphologies like nanorod-to-hollow sphere-to-nanotube via dilution of self-
assembled molecular templates in polyaniline-polypyrrole copolymers (see figure
4.1.). The chemical compositions of [aniline]: [pyrrole] and [monomers]/ [dopant]
were fixed and concentration was varied by diluting with various amount of water 10
tune the morphological transformation. The templates were subjected to chemical
oxidation using ammonium persulphate to produce copolymer nanomaterials. Electron
microscopic analysis of samples revealed that the conducting polymer morphologies
underwent transformation from nanofibers to nanorods and further extended to hollow
spheres to well defined nanotubes. Thus, our custom designed surfactant provides new
opportunities in conducting nanomaterials for tracing the phenomena of evolution of

various morphologies in a polyaniline-co-polypyrrole system.

Figure 4.1. Schematic representation of synthesis of copolymer nanomaterials.

This approach was aimed to address the following important aspects in the
conducting polymer nanomaterials: (i) for the first time, the evolution of the different

types of morphologies such as nanofiber, nanorod, nanosphere and nanotube in a
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Chapter 4 Evolution of Multiple Nanostructures

single polymerization medium without changing their chemical composition or
polymerization routes was attained, (ii) to attain the above objective, a dilute
polymerization technique was developed for a fixed composition of the surfactant,
aniline and pyrrole by varying the concentration of the chemical constituents and (iii)
the role of the various nano-morphologies on properties such as conductivity, solid
state ordering, percent crystallinity and electronic spectroscopic features was also be
established and (iv) the variable temperature [-V techniques to establish the role of
the morphology with conductivity. Dynamic light scattering and SEM analysis were
utilized to trace the transformation from cylindrical to vesicular aggregates in
templates, which account for morphological transformation in nanomaterials. Further,
these nanomaterials were submitted to absorption, NMR and FT-IR, temperature
dependent four probe conductivity measurements and WXRD analysis to study the
structure-property relationship and establish the correlation between the nano-
morphology with solid state conductivity. The detailed investigation revealed that the
conducting polymer nanofiber morphology was found to show superior conductivity
behaviours compared to all other nanostructures such as nanorod, hollow sphere and

nanotube for identical chemical composition under same polymerization route.

4.2, Experimental procedures

4.2.1. Materials: Pyrrole, aniline, ammonium persulfate (APS), sulphanilic acid.
hydrochloric acid, and sodium hydroxide were purchased locally and purified.
Cardanol was purified by double-vacuum distillation at 3-4 mm of Hg, and the fraction
distilled at 220-235 “C was collected. The amphiphilic dopant 4-[4-hydroxy-2((Z)-

pentadec-8-enyl) phenylazo]-benzenesulphonic acid was synthesized form cardanol as

per the procedure in chapter 2.

4.2.2. General procedures: 'H-NMR analysis of the dopant and polymer samples
were carried out in 500-MHz Bruker Avance II NMR Spectrometer in ds-dimethyl
sulphoxide (DMSO) containing small amount of Tetra methylsilane (TMS) as internal
standard. Infrared spectra of the polymers were recorded using Perkin Elmer Spectrum

one FT-IR Spectrometer in the range of 4000-400 cm™. The purity of the compounds
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were determined by fast atom bombardment high-resolution mass spectrometry (FAB-
HRMS: JOEL JSM 600). For SEM measurements, polymer samples were subjected to
a thin gold coating using a JEOL JFC-1200 fine coater. The probing side was inserted
into a JEOL JSM -5600 LV scanning electron microscope for taking photographs.
TEM analysis was recorded using a Tecnai 30 G* S-twin 300 KV high resolution
fransmission electron microscope. For TEM measurements a suspension of
nanomaterials was prepared in ethanol and deposited on a formvar-coated copper grid.
For conductivity measurements, the polymer samples were pressed into a 10 mm
diameter and 1 mm thickness pellet and analyzed using a four-probe using Keithley
6221 DC and AC current source and 2181 A Nano voltmeter. Resistance of the sample
was measured at five different positions. UV-visible spectra of the copolymers are
recorded using a Perkin-Elmer Lambda-35 UV-visible spectrometer. DLS

measurement was done by Nano ZS Malvern instrument employing a 4 mW He-Ne

laser (A= 632.8 nm) and equipped with a thermo stated sample chamber. The
temperature depended conductivity of the sample is measured with the help of PID
controlled heating oven. Wide angle X-ray diffraction (WXRD) patterns of the finely
powdered polymer samples were recorded by a Philips analytical Diffractometer using
Cu-Ka. emission. The spectra were recorded in the range of 26= 0-40 degrees and
analyzed using X'Pert software. The thermal stability of the polymers was determined
using PerkinElmer STA 6000 simultaneous thermal analyzer at a heating rate of

10°C/min in nitrogen atmosphere.

Preparation of polyaniline-co-polypyrrole nanomaterials via dilution route:
Typical procedure for the synthesis of P-Co-5 is given below. Surfactant 1 (70 mg.
0.144 mmol) was taken in 10 mL water and stirred under sonicator for 15 minutes.
Pyrrole (0.05 mL, 0.7 mmol) and aniline (0.95 mL, 10.5 mmol) were added to the
surfactant solution and sonicated for 45 minutes. At the end of stirring, the
polymerization mixture turned into a pale yellow thick emulsion. Ammonium
persulfate (3.28 g, 14.4 mmol) in water (5 mL) was added drop wise to the solution
and continued the stirring under sonicator for lh. Then the reaction was kept
undisturbed for overnight at 25 °C. The sample was filtered, washed with water and

methanol till the filtrate become colorless. The copolymer nano-material was dried
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under vacuum oven for 12 h at 50 °C. Yield = 75 %. '"H-NMR (500 MHz.d6- DMSQ)
6: 7.40 (m, 2H), 7.44 (m, 2H), 7.29 (d, 2H, PPy). 7.78 (s, 0.4H, Dopant) 1.2 (m, 1H.
aliphatic-H), 0.8 (m, 0.2H, Aliphatic-H). FT-IR (KBr, cm™): 1560. 1494, 1346. 1193.
IT11. 1050. 923, 811, 783, and 612. UV-visible (water, nm) X max: 350. 450 and 900.
Polymer P-20, P-50 and P-100 were synthesized using the above procedure by
diluting the polymerization mixture with various amount of water. The concentration
of the reactants, amount of water and S/N ratio are provided in table 4.1.

Preparation of polyaniline nanofiber via emulsion route: Synthesis of Polyaniline

nanofibers were carried out using a similar procedure in chapter -3.

4.3. Results and discussion

4.3.1 Synthesis of polypyrrole-polyaniline nanomaterials via dilution route
Amphiphilic water soluble anionic surfactant 4-[4-hydroxy-2((Z)-pentadec-8-
enyl) phenylazo]-benzenesulphonic acid (surfactant-1) has a unique built-in
amphiphilic design in which the hydrophilic sulphonic acid behaves as a polar head
and the long alkyl chain as a hydrophobic tail. Emulsion polymerization of the
anionic amphiphilic surfactant micelles with monomers like aniline and pyrrole
produced their corresponding nanofibers and nanospheres, respectively [*Anilkumar.
P. et al 2006: °Antony, M. J. er al 2009]. In the present investigation, the
compositions of reaction constituents were fixed and while concentrations were
systematically varied by diluting the thick emulsion by known amount of water (see
figure 4.2.). The chemical compositions of [aniline]: [pyrrole] and [monomers)/
[dopant] were fixed as 95:5 and ~ 75 base on previous experience. The exact
concentration of the reaction constituents and amount of water utilized in the dilute
polymerization route was summarized in Table 4.1. The aniline concentration is
varied from 7.3 x10™' to 1x10"" M. while pyrrole concentration is varied from 4.8
x10” M to 6.9 x10” M. The concentration of the surfactant is varied from 9.6 x10° to
1.4 x10™ M to carry out the copolymerization polymerization. The concentration of
the amphiphilic dopant was maintained always higher than its CMC to retain its
micellar behaviour in water [“anilkumar, P. er a/ 2008]. This had facilitated the

stabilization of the aromatic monomers (aniline and pyrrole) without phase separation
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even at large ditution (at 100 ml), Pyrrole composition was lixed as 3 mole % m the
feed because of two reasons: (i) the morphology wansformation was predominant at
lower composition of pyrrole in (he feed and (1) at higher incorporation of pyrrole.
the copolymers were found insoluble which resirict their structural characterization
by NMR. The emulsions were found very stable for more than a week al ambient
conditions. Polymerization mixtures were oxidized by adding aqueous solution of
ammonium persulphate in ice cold condition and keeping the reaction mixture
without any disturbance for overnight. The resultant dark green material was filtered,
washed with water and methanol until the (iltrate became colorless. [ was dried under
vacuum oven (or 24 h (0.05 mm of Hge) at 30 “C prior to turther analysis. The
copolymers are represented by P-Co-5, P-20, P-50 and P-100. The number in P-Co-§
rpresent S mol % pyvrrole feed. which is synthesized in 10 ml water and while the
others P-20, P-50 and P-100 represent the amount of water (mL) added for the
dition. Polyanilinc nanofiber (PANI) was synthesized by polymerizing the thick

emulsion of aniline with dopant (no pyrrole monomer) under identical conditions.

="
o L) ~ Dilution of |

.f,,_ : Thick Emulsion =
> =
5% ¢ M

II

H

Figure 4.2. Dilution of the thick emulsion template.
Table 4.1. Concentration of the yveactunts and amouns of water used for synthesis,

demental analysis of nunomaterials.

Conc. of Conc. of Conc. of | Amount of| S/N ratio®

Sample’ | Aniline (M) | pyrrole | surfactant  water

(M) (M) (mL)®
PANI 7.3%x10" - L 9.6%107 10 0.43
P-Co-5 7.0x10"! 4.8x10° | 9.6x10° 10 0.41
P20 4.2x10" 2.9x107 | 5.8x107 20 0.40
P-50 (9x10" | 1.3x10° | 26x10° 50 040 |
P-100 Lox10" | 6.9x107° | 1.4xi07? 100 0.35

‘ " oo h oy N .
Polyaniline and copolvmer samples prepared under dilution. * Amoiwnt of the water used for dilution.

Mphur/ Nitrogen rotio was obtained by elemental analvsis.,
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43.2. Structural characterization of copolymer nanomaterials

The structures ol the copolvmer nanomaterials were characterized by '"H-NMR
ad FT-IR specira. The NMR spectra of dopani. PANI and P-Co-5 were recorded in
4 DMSO and were shown in the figure 4.3, The dopant showed peaks al 7.78, 7.60,
677, 6.71 ppm corresponding to the different types of aromatic protons. PANI
fnlains 1wo scts of aromatic protons at 7.45 and 7.40 ppm [Mu. S. er af 2008: Goto,
H.er af 2002). Copolymer P-Co-S showed a peak at 7.29 ppm corresponding to -
motons in pyrrole ['Li, X. G er af 2001; °Vi X, G. er af 2001: “Li, X. G. ¢/ al 2004:
U X G.eral 2004] ‘I'he comparison of (he integral intensities of polyaniline with 8-
moons of pyrrole revealed 16 mole % incorporation of pyrrole in (he copolymer. A
smilar composition determination for the other dilute polymerization samples P-20
ad P-50 confirmed the pyrrole content in the range of 16-18 %. P-100 was {ound
soluble in /-DMSO and not possible 10 record its NMR spectrum. The high
icorporation ol pyrrole in the copolymer was correlated (o the high reacivity ratio of
pmole (rpy =2.16) over aniline (ran =0.13) in oxidative polymerization route [Lim, V.
W.L ef al 2001]. NMR spectra analysis confirmed the incorporation of ~16-18 %
pmole in the copolymer imespective of the various levels of dilution 1 the

plymerization mixture.
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Figure 4.3. I/ NMR specira of surtactant, PANL and P-Co-3 in d-DMSO
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FI-IR spectrat of the copoivmers werc also recorded by making thin pellet with
KBt powder (sce figure 4.4.). The polvaniline sample PANI has two pcaks at 1380
1490 em” with respect (o stretching vibration of benzenoid and quinoid in
lvaniling chains, respectively |Zheng W. o of 1997; "Omastova, M. ¢ o/ 2003].
Three additional peaks were assigned at 1300, 1148 and §20 cm™ 10 C-N sarerching of
scondary antine eroup, O S=0 stretching ol the sulphonic acid dopant, and C-H oul-
of planc stretching in the 1 4-disubstitnted benzene ring respectively |"Omastova, M.
4 20041 YZhane, X, et ol 2006]. Copolymers formation is indicated by in-plane
&lormation of (N-11 or C-11) at 1047 em™ which increases the intensity from PANT (o
P-Co-5, P-20, P-50, and P-100 respecivelv. The peaks at 15380, 1490, 1300 and | [48

am' showed a decrcasing intensiny trend with dilution.

3.2 —
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2.4 - :. ~P-50]
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Figure 4.4. IR specira of the copolymer nanomaterials.

43.3. Morphology of Nanomaterials

The morphalogy of the nano-materials was recorded using IEOL JSM-5600
LV scanning electron microscope (SEM) and mmages are shown in figure 4.5. The
morphology of PANI showed a mat of thick and long nanofibers of length upto 4-6
am and width of about 200 nm. The morphology of P-Co-5 and P-20 were drastically

thanged 10 shor nano-rods. Interestingly, at large dilution samples (P-50 and P-100)
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wre found as hollow materials. The sizes of the nanomaterials ot P-Co-5 w0 P-100

were very small and good pictures were not able w oblain from SEM.

Figure 4.5. SEM image of vopolyvmer nunomateriuls

The 1M image of the PANI containcd cxclusively nanofibers of 4-6 um
length with 200 nm widths which was matching very well with that of its SEM image
(see figure 4.6.). P-Co-5 and P-20 samples devoid of any long nanofibers, but showed
t¢ presence of short nano-rods of 0.5-0.7 um length with 80-120 nm diameter. in P-
$0. a large number of hollow spheres of Jum in diameter were found which was
aimost matching with size and shape of its SEM image. T'he wall thickness of the
hollow sphere was obtained as ~B0 nm. [ntcrestingly, the largely diluted sample P-100
showed exclusively nano-tubes. The average wall thickness and the innce porc
diameter ol the nanotubes were obtained as ~30 nm and ~ 60 nm, respectively. The
nanotubes were very short and their length was varied from 1.2 pm to 1.8 pm. The
manotubes were further found 1o be highly crystalline and the electron diffraction

pattern showed bright spots with periodicity corresponding to highly ordered layer -
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like structures in P-100 [°Jang, J. er al 2002]. SEM and TEM of nanomaterials clearly
gave evidence for the evolution of morphological transformation from long nanofibers
to short nanorods and subsequently transferred into hollow spheres to highly
crystalline nanotubes. It is very important to note that this is for the first time such an
evolution of nanomaterial morphologies were obtained in a single system without

change in the polymerization process or composition of the constituents in the

conducting polymer nanomaterials.

Figure 4.6. TEM image of copolymer nanomaterials.

Table 4.2. Dimensions of the nanomaterials.

Nano Dimensions
Sample
Shape Length (nm) Width (nm)

PANI Fiber 4-6 um 200 =20
P-Co-5 Rod 600 + 50 150 £ 10

P-20 Rod 425 + 90+ 10

P-50 Hollow spheres - 920 = 100
P-100 Tubes 1600 + 300 120 +20
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43.4. Mechanism of copolymer nanomaterials

(n order to study the mechanism of the evolution of nanomaterial
mnsformation. the polymerization mixtures (emulsions) were subjected to dynamic
light scattering (DV.S, in solution) and electron microscopic analysis. The orange or
brown color emulsions showed in the vials (in figure 4.7.) are carresponding 1o the
plymerization mixtures consisting of” monmmers + surfactant before the chemical
oxidation by ammonium persultate. The size of surfactant - aniline complex was
obtzined in the range of 3-5 win ["anilkumar, P. er ul 2008]. DLS plots of the P-Co-5
ad P-20 samples showed mona-model distribution with average micellar aggregates
of ~ 500 nm. The DLS plots of P-50 and P-100 showed bi-mode) distributions, with
sze in the micromcter range. DLS analysis clearly evident that the monomers -

dopant existed as sub-micrometer sizc apgregates in the polymerization mixturces.
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Figure 4.7. DLS histograms of the emudsion templates.
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‘I"he polymerization mixtures werce very stable (for more than a weck) which
enabled us to trace the shape of the templaie aggregates by SEM shown n ligure 4.8
The polvmerization mixtures were drop caste on SCM stud and subjected to slow
evaporation. SEM image of the aniline + dopant teiplate showed long fiber like
sylindrical type-aggregates which template for polvaniline nanofibers. SEM ymages of
copolymer emplates ol P-Co-3 and P-20 were found short ey lindrical flake hke
apgrepates whercas the largely diluted polymerization mixtares P-50 and P-100
showed hollow-spherical aggregates. The hollow spherical momphology is fypical
example lor the formation ol spherical vesicular template ageregales. The short (Take-
like templatcs in P-Co-5 and P-20 produced short nano-rods. Interestingly, in largely
dilute cases P-50 and P-100, the 3D spherical vesicular aggregates template for hollow
spheres and nano-tubes. Thus. the electron microscopic  studies confirmed  the
evoation of nanatiber-to nanorod-to-hollow sphere-to-nanotube is the resuliant of the
thange in the shape of the polvmerization templates [rom eviindrical-to- vesicular

aggregates during the dilution process.

Figure 4.8. SEM images of the emulvion remplures.

Bascd on the above studies, the (ollowing mechanism has been proposed lor
the evolution ol nanomaterials morphology (see figure 4.9.). Amphiphilic azobensene
lphonic acid torms micelles of size 4.3 am i water. Surtactant micedles i presence
of aniline self-assemblc as aggregated cylindrical micelles which produce nanofibers
(PANI). Aniline monomer effectively neutralizes polar head of (he dopant in addition

o their inclusion (o the aromatic core of the micelles. In presence of the co-monomer
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priole 1n feed (5 mole %), long range order evlindrical aggregates were truncated into
short and thin cylindrical aggregates. On subsequent dilution. the cyvlindrical
ssemblics were completely transtormed (o vesicular aggregates which account for the
morphological evolulion ol nanorod-to-hollow sphere-1o- nanotube. The various tvpes
of interactions of monomers (95 % aniline + 3 % pyrrole) with dopam during the
diution can be cxplained as foltow: (1) aromatic antline interact with the dopant
micelles in water to produce o lindrical aggregates. (1) the subsequent diluion ol
elindrical aggregates with addition ol water {10 mi. more) did not change the shape
ol the aggregates and (i) with excess dilution (more than 30 ml. of warer ). the
olindrical agercgates  ransformed  into  spherical  vesicular  agerepates.  he
wnsformation of oy hindeical w0 vesicular aggreeates had been observed by Davies ¢
d. in cetyltrimethvlamonium bromide surfactant using aromatic mmlccult‘; like >3-
methylsalicylicacid as transformation agent [Davies. V. S wr of 2006]. Recently.
Amlkumar ¢ of. from our research group also reported such a evlindrical o vesicular
ransformation in a new amphiphilic 4-(3-dodecyi-8-cnviphenvioxy ) butane sulphonic
wid surfactant in dispersion route (walerftoluenefaniline complex) |'Anilkumar. P. e
a 20091 1t supparts the effect of dilution on the wanstormation of cviindrica
ggregates 1010 vesicular aggregates m the present system. In order o confirm the
above hypothesis. the average sizes of the synthesized nanomaierials were compared
with that of the polvmerization remplates based on their SEM and 1T°M images, The
average diameter of a vesicular template aggregale was determined Trom SEM hmage
Isee figure 4.3.) as 1.2 - 0.3 pm. The average diameter of hallow spheres Tor P-50
smple were obtained as 0.92 = 0.2 jwm and 1.00 = 0.1 wm based on SEEM (see lgure
43)and TEM (see figure 4.6.). respectively. The diameter of vesicular template was
almast identical to that of the svnthesized hollow-sphere swhich direelly evidence Tor
the mechanism. T'he average length and diameter of the nanotuhes were oblained as
16 pm and 120 nm. vespectively with a high aspect ratio of <14 (length/width). 11 the
ransformation of hollow sphere o nanotube morphelogy would have occurred. then
one would expect the circumicrence of hollow sphere (271) should be almost equal 1w
Xl.owhere L is the icngih of the tube (neglecting small contribution from both edges).
This can be further easily understood by imagining the squeczing of filled spherical

halloon into a long cvlindrical onc. The average circumterence of the hollow sphere

(21
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ae, - A g, from TEM Imager was culeuloted ss 5 14 pm which was marching
sl with thar of the twice the length of the nemetubes = 320 gm (21, L= Lé pm rom
TEM Itz ) Hene =1 pros ed than the namastuibes are mstling but the syoeesed vershon
af the hollow spheres. I conlirmed that the hollow spheres and nunotubes were
woduced by the chemecal oxidatien ol the vescalar aggerewaes Tormed by the dopane

=monomiers i the dilute pols merizalion.

Manotubeas HoRow spheres Nanorods

Figure 4.9. Plausihle Mechanism af evedution of nanomarerials
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435 Properties of copolymer nanomaterials

Thermal stability  of the nano- matenals were determined by TGA and
hermograms are provided in figure 4.10. The copolymer nano-materials had high
thermal stability. and only 10 % weight loss was observed al lemperature lower than
80 °C. This indicated that the azo henzencsulphonic actd doped nano-matcrials were

thermally stable as reported for other dopant such as camphorsulphonic acid [Liw. 1. ¢
o 2003).
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Figure 4.10. TG A of the copolymer naunomaterials.

The amphiphilic nature and Jong alky I tail of the rencwable resource surlactant
ahanced the solubility of (he nano- materials in water. The copoly mer nano-materials
were freelv dispersed in waler by stirving undec ultrasonic al roony temperatare. The
UWV-visible specira of PANI and copolymers were recorded in their doped stale and
dedoped states were shown in gure 4.1 1. Polvaniline showed three transitions at 350
. 430 nm, and a broad peak at §50 nm with respect (0 m- ™ ransition, polaron o
tonducting band. valence band (o polaron band respectively |Cabala. R.er al 2002:
Xa Y er ol 1993). The UV-visible spectra of the P-Co-3, P-20, P-S0 and P-100

showed similar bands to that of PANIL. Polaron band of PANI was highly delocalized
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compared to the P-Co-5, P-20, P-50 and P-100. As we employ more and more
dilution the charge carrier bands are less delocalized. This result suggests that the
pyrrole unit blocked the delocalization in the polymer chain backbone in the
copolymers. All the samples were dedoped using 1M aqueous ammonia solution, upon
dedoping the polaron band is vanished from 800 nm and quinoid band appears at 630
nm. Dedoped nanomaterials showed peaks at 360 nm and 650 nm similar to

conventional emeraldine base (EB) form [Kang, E. T. er al 1998].
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Figure 4.11. UV-visible spectra of the copolymer nanomaterials.

Conductivity of the sample was recorded by four probe conductivity

techniques with PID controlled heating oven (see figure 4.12.). All samples PANI, P-
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Co-5. P-50 and P-100 were compressed into pellet and subject to 1-V measuremcnts.
All the samples showed a  lincar 1-V plos (see figure 413, and figure 4.14.) and
lollowed the ohimn's behaviour [*Long. Y. er al 2003: "lLong, Y. er «l 2003; Long, Y. ef
al 2004]. As cxpected with increasce in the temperature, the resistance decrcases. The
electrical resistance of the materials was obtained rom slope of the [-V plots at 30 °C

and (heir conductivitics were reported in table 4.3

Figure 4.12. Phofograph of Keithley [Four Probe set up.
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Figure 4.13. J-V plots of PAN/ at different temperatures.
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Voltage (mV)

Current (pA)

Figure 4.14. [-V plots of P-Co-5, P-50, P-100 at different temperatures.

The slopes I-V plots of the samples increases in the order of nanofiber <
nanorod < hollow sphere < nanotube which indicate the increase in the resistance of
the samples (see figure 4.15.). The conductivity of the PANI was obtained in the

range of 10 S/cm which was accordance with that of the polyaniline doped with
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sifonic acid derivatives [‘anilkumar, P. ¢ af 2006; Panilkumar, P. er al 2007
‘wilkumar, P. e af 2007). The conductivitics of nanorod, hollow sphere and nanotubes
were found onc order lower than that of PANI nanolibers. In order to investigate the
ellect of tempcerature on the conductivity of the nanomaterials, they were subjected (o
vaable temperature 1-V measurements from 30 to 100 °C. The conductivity of the
amples was determined from 1-V plots and nanofiber has much higher conductivity

tan other nano-forms (see figure 4.16a).
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Figure 4.15. I-V plots of copolvmer nanomaterials.

All the nanomaterials were synthesized using [monomers]/[dopant| =100 (100
times Jower amount of dopant with rcspect to monomers), one may argue that these
fend may be due to the difference in the doping level in the nanomaterials rather than
te difference in (heir morphology. In order to rule out the difference in the doping
level, all the samplc pellets were dipped in 1M HCI for 12 h for complcte doping. The
pllets werc washed with water, methanol, dreicd in vacuum oven and again subjected
b variable tempcerature conductivily measurements (see figure 4.16b). After HCI
dping the conductivity of nanohher, nanorods and hollow spheres did not change

much whereas the nanotubes showed a slight increase in values. This detailed analysis
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revealed the difference in the conductivity of the samples arose from the difference in

the morphology of the nanomaterials and not due to the any other artifacl such as

incomplete doping, etc.
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figure 4.16. Temperature dependant conductivitics of the nanomaterials (aj actual (b

HCl treatment.

To study the clectronic transport behavior of the material, the resistance (In R)
ol the material was plotted over the temperature (T in the range of 298- 373K (see
figwe 4.17.). In the insulating regime, the low-temperature resistivity p(7) of the

onducting polymer followed the exponential temperature dependence of variable
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mge hopping (VRID) [*long, Y. er af 2003; "Long, Y. er ai 2003; “Long, Y. ef ul
803: Mativetsky, J. M. er al 2002|
p (1)~ peexp(To )™, 2

where the exponent m = 122 for one dimensional (1D) hopping process. 7y s
e Mot characteristic (emperatare and can be obtained from the slope of IR vs T''°
plor. The plats showed a linear trend and followed VRH modcl. The Ty values for
mnofiber. nanorods, hollow sphere and nanotubes were obtained as 1.77 » 107, 1,55«
F 1.75% 107 and 1.8x 107 K respectively. ‘These values were i accordance with
aflier reports for mctallic conductivity of polyanitine ["long, Y. ¢f «l 2003.

Malivetsky, I. M. er ul 2002]
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Figure 4.17. Resistance versus temperature plot for nanomaterials.

The comparison ol the lour probe studies, morphology, solid state ordering and
%erysiallinity of the samples revealed thal the conductivity of the nanomaterials were
pedominatcly controlled by the morphology. Since the composition ol the all the
@ne-lorms in the present invesugation almost identical. one can conclude that the
plvaniline nanofibers arc better conducting materials than other nanostructures. The
mply voids occupicd in the middle portion of the hollow sphere (also in nanolubc)

would restrict the conductivity of the electrons via hopping process. Though, the linear
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ad thin geometry of nanotubes favoured (he compaciness in the solid state 1o torm
highly crvstalline and ordered structures, the presence hollow inner domain behatved as
msulting layer {or its poor conduclivity. In a nut shell. in the present investigation. We
bave successfully utilized the scll-organized molecular emplates tor the evolution of
aultple nanostructures withaut altecmy their chemical composition, which enabled us
eorrelate theiy conducuvites such as dibers. rods. hollow spheres and nanotubes in a

sngle svstem.

Table 4.3. Wide angle \-rav diffraction und conducrivine measurements of copolvmers
o PANY

Sample _ __ _ WXRDT _ | Crystallinin” o (S/Cm) |
|20 (Degrecs) | d-spacing(A°®) \ () I

PN e s | hEae s T T sk T ] T

P-Co-5 | 3304 26.7.335 24 % 3210

P20 |7 34253 T 259 ‘»5__T L I TO

P50 3.6.252 24535 24 20v07

2T R R B AT R T L I ST o

"wide cngle v-run diffraction anddysis carrivd our at 30 C. 7 Crestailiniie of the samples measared o
& decomolution of the area of amorphows and ervstatline domain, * clectrcal comdicnviny. of i

samples meastred Hirengt 1-17 plon

The polvmaer nanomaterials were subjected (0 WXRD analysis o study the
wlid state ordering properties sce freure 4.18. WXRD of polyaniline showed three
peaks. two at higher angle at 28 = 23 and 9.5 and onc at lower angles at 28 = 6.7,
Tie lower angle peak wrose from the long range ordering of polyaniline chains via the
doping of the surtactant molecules [Jayakannan, M. ¢r of 2005: Dulour. B. er «f 2001

Ka.J. et f 2002: "Tana. | . ef of 2000). Uhe higher angle peaks weve assigned to the
wmatic chain-chain interaction i the polvmers. P-Co-5, P-20 and P-50 showed
bwer angle peaks at 20 = 3.6 due 10 the long range ordering from the lamcilar
arangement of dopant molecules between the poly mer chans [Song. M. K. er af 2004:
Wemel. W. ¢r o/ 1984 Intcrestingh in P-100, the lower angle peaks were highly

mense and sharp compared w other samples. The percentage crystallinities of
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Intensity (a.u)

26 (Degrees)

Figure 4.18. WXRD analysis of the copolymers.

e samples were determined from the WXRI patierns by comparing the arca of
bolfow amorphous domain with sharp cryvstalline peaks (sce table 4.3). The WXRD
prems were deconvoulated computationally o calculate the wtearal intensitics of
aorphous and crvstalhine domams.  The percent erystalliniy of the samples PANIL
P-Lo-S, P-20 and P-50 were almost identical in the range of 15-24 %, The samplc P-
100 showed a sharp Jow angle peak with complete varishing ol the amorphous domain
(0= 15-30). which resembled the tvpical nature of highly envstalline sample. The
greent erystallimiy of P-100 the sample was obtained as more than 60 %. The highly
msalne nature of P-100 was fleier confirmed by the electron dillraction panern
fom the 1IR-TEM ol the nanotubes (see figure 4.6). The electron dilfraction patlerns
siowed bright spots with regular periadicity corresponding 1o tamellar sohd sale
odering [“lang, 1.2 2002). T'he reason for the kighh envstalline nanotubes may be
wmelated (o the slow Kineties of copoly merizaton of wonomers at largely diluted

plymerization samples (see Heure 4.18.).
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A4, Conclusion

In conclusion. we have developed unigue self-assembled molecular emplate
gproach for tracing the morphological evolution of conducting polymers exclusively
i polyaniline-co-poly pyrrole nanematerials. The important outcomes of the present
dzpter are as follows: (i) renewable resource amphiphilic azobenzenesullonic acid
dopant was utilized 1o study the formation of morphology such as nanofiber. nanorod.
bllow-sphere and nanotube in a single system without chanye in the composition ol
beir chemical constituents. (i) the dopant micelles in water sell-organized with
wiline to produce thick emulsion consisting of ¢y lindrical aggregates. which template
aclusively Yor the polvaniline nanofibers. (iii) the self-organization ol dopant micelles
Wih aniline © pyrrole (93 = 3 mole %. respectively) produce short evlindrical
ggegates and upon chemical oxidation these aggregates produce short nanorods. (iv)
e dilwion of the emulsion templates with known quantity of water resulted the
mmsformation of evlindrical o vesicular agercgates without phase scparation. which
kmplate for hollow spheres and nano-tubes. (v) the mechanistic aspects ol the dilute
plymerization route was studied by dynamic light scattering which support the
bmation of micrometer sized ¢y lindrical and vesicular aggregaies. (viy the shape of
te templates such as cvlindrical and vesicular apgrevates were contirmed by SEM
o HR-TEM. (vii) the size and shape of the template ageregates matched very well
Mih that of the resultant nanomaterials and  confirmed  the  template-assisted
plymerization mechanism. (viii) the structure and clectromic propertics of the
womaterials were confirmed by NMRU FL-IR and absorption spectroscopy. (X1)
WXRD analvsis revealed that the nanotubes produced ad large dilution condition was
fund to possess more than 60 % ol crvstallinily compared to that of the nanolibers.
erorods and hollosw spheres, (x) eleciron diflraction fren the HR-TEM revealed the
hyer like ordering  in the nanotubes. (xit the variable temperature four probe
maductivity measurements revealed that the samples showed 1ypical 1-\ plows and
fi) the conductivity of the nanofibers were found higher at all the temperatures
pmpared (o that of all other nano-forms such as nanorod. hollow sphere and
winotubes. ‘I'he present investigation enabled us (o establish the correlation between
b morphology ol the conducting polymer nanomaterials with their sofid state
@lering and conductivity without disturbing either the compositions of the reactants

wpolymerization procedures.
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Chapter 5 Polyaniline Nano-scaffold for Colorimetric

5.1. Introduction

Conducting polymers are emerging as important classes of active layers in
optoelectronic devices and chemical sensors [McQuade, D. T. et al 2000; Li, D et al
2009, ‘Huang, J. et al 2004; Janata, J. et al 2003]. Polyaniline, polypyrrole,
polyphenylenevinylene, polythiophene and polyflourenes were reported for chemical
sensing of bio-molecules like DNA, RNA, enzymes, proteins, nucleic acids and so on
[*Feng, F et al 2007; Duan, X. et al 2010; Jiang, G. et al 2009; °Feng, F et al 2010].
Among all these polymers, polyaniline is unique conjugated polymer due to its good
environmental, and chemical stability and possessing excellent reversible non-redox
acid/base doping process [Li, D et a/ 2009]. The protonation and de-protonation in the
polymer backbone accomplished by both color change as well as solid state
conductivity [Li, D et al 2009). Electrochemical assays of polyaniline were explored
for detecting bioanalytes like dopamine, glucose (see figure 5.1.), cholesterol,
vitamins, and various gases like hydrochloric acid, ammonia, H>S and hydrogen, etc
[Bossi, A et al 2000; *Ali, S. R et al 2007, “Ali, S. R et al 2007; *Shoji, E et al 2001;
"Shoji, E et al 2001 Jureviciute, . et a/ 2005; Jiang, Y. et al 2007; Korcherginsky, N.
et al 2007; Gerard, M. et al 2002; Andreu, Y. et al 2005; Virji, S et al 2006].
However, the mechanism of the sensing was more difficult to interpret due to the
complex surface morphology and detailed characterization techniques were usually
required to confirm the detection pathways [Komsiyaska, L. et al 2006; Casella, . G.
et al 1997; Zhang, L. et al]

=
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NH; NH onLa NH:
ﬂcm |
1 \ P s TA_0oH
HO™ - 0 HO™
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Polyaniline

|
HN—GOD

Figure 5.1. Fabrication of modified polyaniline-chitosan- gold electrode for glucose
detection [adapted from Wan, D. et al]
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Some of the analytes detected by polyaniline and corresponding analytical method

utilized were shown in table 5.1.

Table 5.1. Type of analyte and method of detection using polyaniline.

Analvte ‘ Structure | Technique Ref. (ef al)
| B
Fﬁ;:.hﬁv{j_:g\‘i ‘
Dopamine | l Electrochemical "Ali, S. R 2007
T e S S and chemical |

= = — —

| Forzani, E.S 2004 |
Glucose e NG ~° | Enzymatic and Minkstimiene,A.K 2004
| electrochemical "Shoji 2001

OH Freund, M.S. 2007

Electrochemical

- I A '
Cholesterol A~ | and enzymatic Suman, S. 2006
LA
i Bossi, A 2000
) S . o :
Vitamin-C /= . Electrochemical Anilkumar, P2008
‘ 0= L | and chemical |
i 3 '“_r”..
Hydrochloric HCl Chemical ‘ Virji, S. 2007
acid ‘ -
|

.‘!\Iﬂn]f]nia N[—i; Chemical ‘ l] D, 2009

Poor solubility of polyaniline in water or organic solvents is always being
inherent major obstacle in making the assays in device. To overcome the solubility
issues, aryl and N-substituted polyaniline derivatives were synthesized via post-
polymerization sulfonation of emeraldine base using fuming sulfuric acid or other
substitution reactions [Chen, S.-A. ef al 1995 ; Lin, H. K. er al 2000; Malinauskas, A.
et al 2004; Nguyen, M. T. et al 1994; Sivakumar, C er a/ 2001; Freund, M. S. er al
2007]. Attempts were also reported for self-doped polymers of N-alkyl sulfonated
monomers via electrochemical polymerization [Chen, S.-A. er al 1995; Yue, J. et al

1991]. These approaches produced either low molecular weight polymers or insoluble
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piymers which hampered their complete structural characterization. Nanostructures
of polvanilines such as nanotibers. nanospheres and gels were alse reported 1o
fisperse the nano-objects in water or urganic solvents so that films could be prepared
fr sensor application {MceQuade, D. T, er «f 2000: L1 D. et af 2009). Though the
mrosiructures  showed mproved processability.  making  mechanically  stable
pehvaniline films without losing (he morphology or conductivity in still fay from the
radiftv. Farlier, we have reported hydroxy substituted polyaniline nanospheres that
diectively irace the intecaction with ascarbic acid by partly on the eftects of by drogen

bonding and doping ctfects (see figure $.20)

T
1o ol : : thanin-C
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Water 1/ 3¢ kY ‘
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Fgure 5.2. Hydroxy cubstined polvaniline nanospheres for detection of vitamin-¢
[{dapied from *Anilkumar. P. et al 2008]

Chemical or biological sensing via colorimetric naked eve detection s an
mexpensive technigque and also usctul for on-line monitoring in viro and in vivo
wdies |Lou. X. ¢ of 20102 Miller, S. er ol 2010: Wei, Y. w1 al 1994]. Polyaniline
aists in three major forms: (i) green color emeraldinge salt. (i) bluc color emeraldine
dse and (iii) colorless feucoemerldine base form (compicetely reduced states with
dsorbance in the UV-region less than 320 nm) in solution [Moon, D-K. ¢ «f 1993
Kureck, H. ¢r of 1984]. The change of the color from blue 1o colourless is particularly
weresting for sensing applications since it matches with detection capabilitics ol the
baman-eyc. I'he change of the color from blue (emeraldine base) to celourless form
(ucoemeraldine base) is not a siraight forward process because it accompanicd by
both protonation as well as electron transter. This concept is not explored mainly due
o o important reasons: (1) lack ol complcte solubility of polvaniline matenals in
waler and (4) mismatching of tic redox potential ol analytes with polyaniline
backbone. Thercfore, developing new approaches for making functionalized and

water soluhle polyaniline derivatives and ¢xplore them for colorimetric sensing via
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naked eye detection is a challenging problem to be addressed for both fundamental
understanding as well as developing new system for sensing of new chemical or
biological analytes.

For this purpose, a water soluble N-substituted self-doped polyaniline, poly-N-
sulfopropane-aniline (PSPA) was designed and synthesized via oxidative solution
polymerization route (see figure 5.3). The polymer was freely soluble in water which
enabled its structural characterization by NMR and other spectroscopic techniques.

The blue color sodium salt of the polymer (PSPANa) was employed as substrate for

the detection of cysteine and vitamin-C. Dynamic light scattering and Zeta potential
analysis were utilized to trace the molecular interactions and polymer self-assembly in
doped and dedoped forms. The polymer aggregates act as nano-reactor site for
efficient electron transfer (ET) process and was accompanied with instantaneous
sharp change from blue to colorless for naked eye detection of Biomolecules (see
figure 5.3.). Both Job’s plot and molar ratio methods were employed to study the
sensing properties and the binding constants were determined for polymer + analyte
using Benesi-Hildebrand equation. The mechanism of the ET process was further
confirmed by redox potential analysis by cyclic voltammeter. In a nut shell, in the
present investigation, ET was cleverly utilized in a self-doped water soluble
polyaniline for colorimetric sensing of biologically important molecules like vitamin-

C and cysteine.

H-HIH E'l'lllll 34

HO,S
NH,S.0,
- - .g i)

/ N
— H waltel

30,0 SO H

N-3-sulfopropylaniline (SPA)  Poly-N-3-sulfopropylaniline (PSPA)
Base

o K=mp

A

PSPA

g Analvte (Vitmmin- C or Cysteine)

Figure 5.3. Synthesis of self-doped polyaniline and its sensing
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5.2. Experimental Procedure

5.2.1. Materials: Aniline, ammonium persulphate (APS), propane sultone were
purchased from sigma aldrich. Vitamin-C, sodium hydroxide. sodium carbonate and

hydrochloric acid are purchased from merck chemicals (India). All the above

chemicals are used without further purification.

5.2.2 General Procedure: NMR spectra of the compounds were recorded using a
500-MHz Bruker NMR spectrophotometer in D;O containing small amount of
tetramethylsilane (TMS) as internal standard. Infrared spectra of the polymers were
recorded using Thermo scientific Nicolet 6700 FT-IR Spectrometer in the range of
4000-400 cm™'. The purity of the samples was determined by fast atom bombardment
high-resolution mass spectrometry (FAB-HRMS: JOEL JSM 600). The molecular
weights of the polymers are determined using Applied Bio Instruments- 4800 Plus
MALDI-TOF-TOF. For conductivity measurements, the polymer samples were
pressed into a 10 mm diameter pellet and analyzed using a four-probe using Keithley
6221 DC and AC current source and 2181 A nanovoltmeter. The resistivities of the
sample were measured at five different positions. Temperature dependent
measurement of the polymer samples carried out by a PID controlled heating oven.
For SEM measurements, polymer samples were subjected to a thin gold coating using
a JEOL JFC-1200 fine coater. The probing side was inserted into a JEOL JSM -5600
LV scanning electron microscope for taking photographs. TEM analysis was recorded
using a Tecnai 30 G° S-twin 300 KV high resolution transmission electron
microscope. For TEM measurements a suspension of self doped material are
dispersed in methanol and deposited on a Formvar-coated copper grid drop by drop
addition using glass dropper. Wide angle X-ray diffraction (WXRD) patterns of the
finely powdered polymer samples were recorded by a Philips analytical
Diffractometer using Cu-Ka emission. The spectra were recorded in the range of 20 =
0- 40 and analyzed using X'Pert software. The size determination of the polymer
solution is carried out by DLS, Nano ZS-90 utilizing 633 nm red laser from Malvern
instruments. UV-visible spectra of the polymers were recorded using Evolution 300

UV-Visible thermo-scientific instruments. pH of the samples are measured using pH
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1500 pH meter from Eutech instruments and calibrated using buffer solution of pH 4
and 7 and 12. The thermal stability of the polymers was determined using
PerkinElmer STA 6000 simultaneous thermal analyzer at a heating rate of 10 °C/min
in nitrogen. TGA instrument was calibrated with calcium oxalate monohydrate as
standard. The Differential scanning calorimetry of the samples were recorded by DSC
Q 20 TA instruments, at a heating rate of 10 °C/min in nitrogen atmosphere and the
instrument is calibrated using indium standard. Cyclic voltammetry of the samples

measured by epsilon E2 cyclic voltammeter using Ag/AgCl reference electrode,

platinum counter electrode and glassy carbon working electrode.

Synthesis of N-3-sulfopropylaniline (SPA): Excess aniline (5.0 mL, 55.0 mmol) was
taken in a 100 mL round bottom flask and propane sultone (1.35 g, 11.0 mmol) was
added drop wise. The solution was stirred at room temperature for 6 h. The resultant
white solid was poured into acetone, filtered and washed with acetone until the filtrate
become colorless. The solid was dried under vacuum oven for 12 h at 50 °C. It was
further purified by recrystallized from hot methanol. Yield = 8.80 g (95 %). '"H-NMR
(500 MHz, D,0) &: 7.46 (m, 3H, Ar-H), 7.36 (d, 2H, Ar-H), 3.47 (t, 2H, NH-CH;-),
2.9 (t, 2H, CH,-SOsH), 2.06 (m, 2H, Aliphatic-H). "“C-NMR (125 MHz, D,0) &:
134.5, 130.4, 129.9, 122.3, 50.2, 47.7 and 20.9. FT-IR (KBr, cm™"): 1594, 1472, 1168,

1045, 756, 695 and 609. FAB-HRMS (M.W = 215.06): m/z 214.65 (M"). Anal. Calcd.
for CoH3NO;S: C, 50.21; H, 6.09. Found C, 50.31; H, 6.01.

Synthesis of Poly-N-3-sulfopropylaniline (PSPA): N-3-Sulfopropyl-aniline (1.00 g,
4.7 mmol) was dissolved in water (17.0 mL). APS (1.06 g, 4.7 mmol) in water (3.0
mL) was added to monomer solution at 30 °C and the polymerization was allowed for
2 h without disturbance. The green polymer solution was precipitated into acetone,
filtered and washed with acetone till the filtrate became colorless. The green powder
was dried in a vacuum oven at 60 °C for 6 h. Yield = 0.85 g (85 %). 'H-NMR (500
MHz, D,0) 6: 7.46 (m, 3H, Ar-H), 7.37 (d, 2H, Ar-H), 3.48 (t, 2H, NH-CH;-), 2.9 (1.
2H, CH;-SO3H), 2 (t, 2H, Aliphatic-H). FT-IR (KBr, cm™): 1579, 1493, 1401, 1163,
1045, 807, 736, 598 and 522. UV-visible (water, nm) A max: 320, 415, 780 and 1040.
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Synthesis of Sodium salt of Poly-N-3-sulfopropylaniline (PSPANa): Poly-N-3-
sulfo propyl-aniline (1.00 g) was dissolved in water (1.0 mL) and treated with NaOH
solution (1.0 mL, 5M). The solution was stirred and the resultant blue colored
solution was precipitated from methanol. The blue powder was filtered and dried in
vacuum oven 60 °C for 6 h. Yield = 0.95 g (95 %). 'H-NMR (500 MHz, D,0) &: 6.77
(t, 2H, Ar-H), 6.4 (d. 4H, Ar-H), 3.22 (t, 2H, aliphatic), 2.76 (t. 2H, aliphatic). 2.3
(m, 2H, aliphatic). FT-IR (KBr, cm’'): 1620, 1498, 1360, 1168, 1045, 817, 736, 603
and 527. UV-visible (in water, nm) Amax: 300, 630, nm.

5.3. Results and Discussion

5.3.1. Synthesis and Characterization of Poly-N-3-sulfopropylaniline (PSPA)

The monomer N-3-sulfopropyl aniline was synthesized via ring opening of
propane sultone with excess aniline and further purified by recrystallization from hot
methanol. The monomer was polymerized in water using ammonium persulfate as
oxidizing agent and the resultant polymer, poly-N-3-sulfopropyl-aniline (PSPA) was
isolated as dark green solid (see figure 5.4.). Emeraldine salt (green solid) was reacted
with sodium hydroxide or sodium carbonate to produce water soluble deep blue
colored polyaniline emeraldine base, poly-N-3-sulfopropyl-aniline sodium salt
(PSPANa). Interestingly, in the present case, the good solubility of the polymers both
in emeraldine salt and base forms in water enabled their structural characterization by
'H and "“C-NMR. 'H NMR spectra of the monomer and polymers (PSPA and
PSPANa) were recorded in D,O and shown in figure 5.5. The peaks at 7.46 - 7.36
ppm in the monomer were assigned to aromatic protons and their aliphatic protons
appeared at 3.47, 2.9 and 2.06 ppm. The emeraldine salt (PSPA) showed two peaks at
7.46 and 7.37 ppm with respect to benzenoid-ring aromatic protons. The three equally
intense peaks at 7.15: 7.05: 7.95 with 1:1:1 intensity (J = 50 Hz) were assigned to N-
H protons in the self-doped polyaniline [Zhang, J. ef al 2005; Zhang, J et al 2007]
Sodium salt of the polymer (PSPANa) showed large peaks shift compared to PSPA,
the peaks corresponding to benzonoid-aromatic peaks were shifted to the up-filed
region at 7.04 and 6.65 ppm compared to that of its doped polymer. The broad peak

appeared at 6.21 - 6.63 ppm was assigned to the aromatic protons of quinoid-rings In
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te dedoped form. I'he disappcarance ol the N-t protons (at 7.15-7.95 ppm) and the
ppearance of the quinoid-ring protons in PSPANa directly provided cvident for
wmpletely dedoped strucwre. “C-NMR speetra ol the monomer, PSPA and
PSPANa in -0 showed peaks with respect 1o their number ol aromatic and aliphatic
g@rbon atoms (see tigure 3.6.). The monomer showed four aromatic carbon atoms at
1343, 130.4, 1299, 122.3 and threc aliphatic carbons at 30.2,47.7 and 20.9 ppm with
tespect (o its structure. PSPA showed (wo aromatic carbons in the benzenoid- ring
gpeared al 130 and 124 ppm (corresponding g and h carbon) and three aliphatic
trbons (52, 4& and 22 ppm). The dedoped polymer (PSPANa) showed aromatic

moton in 130 and 1135 ppm and aliphatic protons in 49 and 22 ppm.
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Figure 5.4. Svnthesis of the mononier. doped polymer and deduped polymer.
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Figure S.6. BC NMR spectra of the monomer (SPA), PSPA and PSPA-Na.
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FT-IR spectra of thc monomer. PSPA and PSPANa were recorded on KBr
pellct and spectra were shown in figure 5.7. The two strong vibrations in the monomer
at 1594 and 1472 em™’ wece assigned 1o symmetric (C=C) and anti-symmetric (C=C)
stretching vibration [Nabid. M. R. et al 2005: Yuan G-L. et al 2003). The pcaks at
1599 and 1498 in the polymers were assigned to stretching vibration of C=C (quinoid)
and C=C (benzenoid), respectively. The peaks at 1350, 1250 and 1041} cm’ were
assigned to C-N, O=5=0 and C-H vibrations, respectively (Anilkumar et al). The
inhercnt viscosity of the polymer was obtained as 0.18 dL/g in watcr at 30 °C which

indicates the formation of moderate molecular weight polyanilines {*Anilkumar, P. ¢t
al] 2008.
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Figure 5.7. FT-IR spectra of the monomer (SPA), PSPA and PSPA-Na.

The doped polymer was subjected 1o MALDI-TOF analysis using a-cvano-4-
hydroxy-cinnamic acid + trifuloroacetic acid (TFA) matrix (see figure 5.8.). The mass
spectrum showed pcaks at regular interval of 213 amu corresponding 1o the repealing
units (PY)n = (CoH;NO38),. Two major peaks were observed at (P)n and (I’)n+114
corresponding to polymer and polymer + TFA. A less intense peak at (P)n+18 also
observed with respected to polymer + 11,Q. Interestingly all these three pcaks

appeared cxactly at a mass difference 213 amu, which was matching with the
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repcating unit and indicated that the polymer contain 10-12 repeating unit in the

polymer chains,

3.5x10° - PSTA _
piFin
3.0x10’ - 2 (Pin+114
1 ® (P)n+18
2.5x10" - mn

Intenslity (a.u)

1.0x10° 1.5x10 20x10’ . 2.5¢10°
Figure 5.8. MAL.DI-TOFF spectrum of the PSPA.

5.3.2 Solid state properties of the self doped polymer

The morphology of the PSPA was analyzed by JOLI. JSM -5600 LV scanning
electron microscope (SEM) and high resolution transmission electron microscope
(TEM). The SI:M imagce of PSPA showed fiake like structures see figure 5.9. TEM
image of the polymer also confirmed the existence of the flake-like morphology. The
tendency for the formation ol flake-like morphology in the presence svstem is
atiributed to the self~doped structure of the polymers. The presences of sulfonic acid
groups in the polymer chains induce strong inter-chain intcractions for the formation
of two dimensional flake-like growth rather than 1D fibrous morphology.

PSPANa

Figure 5.9. SEM and TEM of PSPA.
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The WXRD of the monomer (SPA) and PSPA recorded by using powder
method werc shown in figure S.10. Polymers samples were shown sharp peaks at 20=
4.) degrees (d-SPAcing = 21.4 A”) with respect to highly ordered polymer structure.
The PSPA showed sharp peaks at 26 values Irom 17 to 30 with respect inter chain
interaction and aromatic n- 7 interaction [*Anilkumar, P. et al 2006]. WXRD analysis
indicates that the PSPA is highly crystalline polymeric material resulting via
electrostatic and hydrogen bonding intcraction. The thermal transitions of the samples
carried out using differential scanning colorimeter (DSC) were shown in figure 5.)1.
The monomer showed mclting transition at 24) °C (AH = 30.7 J/p) and crystallized at
166 °C (AH = 27.1 J/g), respectively. Polymer PSPA showed endothermic melting
and exothermic cooling peak at 139 °C (AH = 1.1} J/g) and 136 °C (AH = .08 J/g).
Though, the cnthalpy changc 1s relatively smal) in the polymer compared to the
monomer, the self doped polymer possessed tendency for melting or crystallization
unlike the normal polyaniline samples. The dedoped polymer PSPANa did not show
any thermal transition in heating or cooling cycles indicating its amorphous nature of

the matcrial 1n solid state.

- —— SPA
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Figure 5.10. WXRD analysis of monomer (SPA) und PSPA .
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Figure 5.11. DSC thermograms of SPA and PSPA.

The thermal stability of PSPA and PSPANa were recorded by thermo
gravimetric analyzer under nitrogen flow and it rcvealed that the polymers were stable

up to 370 "C (see figure S.12.).
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Figure 5.12. TGA analysis of the SPA, PSPA and PSPANa.
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[-V plots for the polymers were measured using tour probe conductivity meter
and the polymers showed a lincar increasce in voltage with increase in current and
followed typical of ohmic hehaviour (sce figure 5.13.). The conductivity ol the doped
and dedopcd polymer samples werc obtained as 1x 10% and 6x 107 S/em
respectively, which arc matching with that of the values reported lor N-substituted

sell-doped polyaniline samples [Wei, Y. et al 1994; Moon. D-K. et al 1993]
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Figure 5.13. /-V plots of the PSPA.

5.3.3. Absorption properties and colorimetric sensing

Vhe polymers both in doped and dedoped forms possessed good solubility in
water and their absorplion spectra for wider concentrations { from 10" 10 10 M) were
recorded. sec figure 5.14. Absorbance spectra of PSPA showed three maxima at 505,
420 and 1040 nm corresponding to m- m . polaron-n . n-bipolaron clectronic
mansitions, respectively. The sample PSPANa showed two peaks at 300 and 640 nm
corresponding (o - 1 and cxciton quinoid transitions, respectively [Chen, S-A. el al
1995; Nabid. M. R el al 2005; Yuan G- L. ct al 2003]. The concentration dependent
absorption spectra of PSPA and PSPANa did not show any change in peak position
except the reduction in their antensities. This clearly support that the clectronic
structures ol the sell-doped (or dedoped) structures were very stable in water

irrespective of (heir concentration,
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Figure 5.14. Concentration dependent absorption spectra of the PSPA and PSPANa
at 30°C.

The polymer possessed in-built sulfonic acid group in the chain backbone, and
therefore, the role of pH on the electronic transitions arc very important to be
analyzed. For this purpose, the concentration of PSPA was fixed as 1x107 M (pH =
3.2) and different concentration of base NaOH or Na-CO; were added to vary the pH
from 3.2 10 12. The absorbance spectra (see figure 5.15) showed that vpon increasing
the pH, the color of the polymer solutions transformed from the green 10 deep blue.
This confirmed the change in the structure from emeraldine sall 10 emeraldine base
with increase in the pH of the solution. The spectra showed major changes in the four

different positions 305, 420, 640 and 1040 nm with respect (o variation in the pH. On
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increasing the pH from 3.2 10 12.0, the polaron (at 420 nm) and bipolaron (1040 nm)
vanishes and a new peak at 640 nm corresponding to quinoid-ring was appeared. ‘T'he
change in the absorbance: AA = Ag-A. where A, and A are comesponding to the
absorbance at Initial and at particular pH (at 420, 640 and 1040 nm) was plotted
against the pH of the solution (showed as in-set in the (igure 5.15.). All the threc AA
plots showed sharp transition at pH = 8.6 — 9.6 with respecied 1o their transformation
i electronic structures {rom emeraldine base to salt. The pH dependent absorbance
studies revealed that the newly synthesized water soluble N-substituted polyaniline
provide very sharp change in the color which is very altractive for the colonmectric

sensing applications.
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Figure 5.15. Absorption specrra of the PSPA with increuse in pH. The photographs

are showing the color changes in the solution with increase in pH.
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In order to trace the sensing ability ol PSPANa, it was treated with various
acids (dopants) and biomolecules (see figure 5.16). As expected. (ypical dopants like
camphorsullonic acid (CSA) and HCI, showed color change from blue to green with
respect to the transformation of ecmeraldine hasce 10 salt. The hiomolecules like folic
acid (viiamim B9). glvcine and lysine did not show any change duc o weak
protonation ability of their carboxyhic tunctional groups. Interestingly. vitamin-C
{ascorbic acid) and cysteine showed a sharp and unexpected change ot color from the

blue to colorless.

Glycine Lysine Folicacid Vit-C Cysteine CSA HCl

e i

Figure 5.16. Colorimerric sensing of the vitamin-C' and Cysteine using PSPANa in
solution.

Further, a control experiment on PANI-FEB (unsubstituted polyaniline) has
been carried oul by adding vitamin-C and cvsieinc 10 provide more insight to the
phenomena. PANI-EB (blue color) was produced (rom PANI] (green color) by
dedoping with bases like NaOH or sodium carbonate (sec figure 5.17). PANI-FEB
(blue) changes to greenish emeraldine salt afier the addition of vitamin-C. on the other
hand color was unchanged aller cysteine addition. This clearly suggests that the
unusual color change from deep blue 1o colorless hy the selt-doped polymer sisucture
(PSPANa) was unique to the self-doped N-alkyl polvaniline and not for other

emeraldine bases,

AN PANI-EB PANI-EH + PANI-EB +
Vin-C* Cyteime

Figure S.17. Control experiment with normal PANI-EB.
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Further, selectivity of cysleine compared to other amino acids for more than
|7 numbers were shown in figure 5.18. The studics showed that the self-doped

polymer posscssed high selectivity only for vitamin-C and cysteine and not for other

biomolecules.

PSPANa | Proline Leucine Threonine Tryptophan Histidine'

Glycine | Lysine  Cysteine Alanine Methionine lsoleucine,

Tyrosine Serine  Arginine  Aspagine Valine Phenyl
alanine

Figure 5.18. Colorimetric sensing of the Cvsteine using PSPANa in solution.

Colorimetric  detection of vitamin-C and cysteine by PSPANa wcere
investigated by both Job’s plot and molar ratio method. Job's plots for vitamin-C and
cysteinc are showed in figure 5.19. It is importan( to mention that sharp color change
was noticcd lor vitamin-C in the sodium salts of polymers of NaOH and Na»COs.
however, the scnsing for cysteinc was found promising for polymer solutions obtained
from Na,CO; compared to NaOH. Upon adding vitamin-C (also cysleine). the color
change was accompanied by disappearance of the pcak at 640 nm (quinoid-ring) with
ncrease in the absorbance at 300-320 nm. The speciral change at 640 nm was plotted

against the mole fractions of the constituents and shown in figure 5.19 inset. The
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stoichiometry of vitamin-C and cysteine with polymer was found as 3:2 and 4:1,

tespectively.
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Figure 5.19. Job's Plot method for determining the stoichiomeny of polymer +

analyte complex via UV-Visible spectra

In order to determine the binding constant, molar ratio method was executed
by varying comemration-oflhe analyte (from 1x10™* M to 2 x10” M of vitamin-C and
cysteine) with fixed polymer concentration (3x 10 M) (see figure 5.20.). The
association constants were calculated using Benensi-Hildebrand equation:

1/AA =1/ [RYK Aegs[S%) + 1 / [RY)K Atgs,
Where, AA, |R?] |S°] and Aegs are change in absorption, (otal receptor concentration,

lotal substrate concentration and molar absorptivities of RS (Aegs = grs.Er.€5) [Atood,
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J. L. 1996]. The plot of I/AA versus 1/ [vitamin-C] showed straight line plots which
suggest thai the polymer + analyte followed the Benensi-Hildebrand behaviour. The
binding constant (K) werc calculated from the intcrcept/slope of the plots as 2.1x 10
and 1.5x10° M 'for vitamin-C and cysteine, respectively. ‘The binding constant values
for vitamin-C and cysteine in the present case are comparable with that of other

sensing substratc molccules like fluorescence [Zou, W. et al 2006).
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Figure 5.20. Mole ratio method for determining the stability constant for polymer +

analyte complex via UV-Visible spectru.

To study the colorimetric sensing ability in solid state form (for practical
applications), a simple technique was construcied (see figure 5.21). Thin layer of
surgical grade cotton was rolled over plastic stick and dipped into the PSPANa
solution to make uniform blue coating. The bluc color stick was stable for more than
two days without color bleaching. Half-portion of blue stick was dipped to analyte

solution of vitamin-C, cysteine, HCl and CSA. The blue color immediately changed
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inlo colorless tor vitamin-C and cysteine. On the other hand green color was appeared
with respect to emeraldime salt formation lor hydrochlonce acid and camphor sulfonic
acid solution. The detailed calorimeteic studies in soluuon as well as in the solid
supporl (on cofton) revealed that (he present watcr soluble polyaniline possessed
unique blue to colorless sensing ability for biomolecules like vitamnn-C and cysteine

in solution as well as solid stale.

Portion Dipped
in Analyle

Undipped

Vit-C Cysteine Sensor strip

HC] CSA

Figure 5.21. Sensing action of analytes in solid supported cotton roll.

5.3.4. Mechanism of colorimetric sensing

e mechanism for the sensing of vitamin-C and cysteine is given in figure
5.22. The chemical structures of N-alkylated polyanilines are different from the
normal polyaniline [Kim, E. et al 1995; Lindfors, T. et al 2002; Bergeron, | et al
1990]. The self-doped polyaniline exists as in the emeraldine salt (1) consisting of
cation-radicals of p-phenylenediamine. Addition of base, results in the formation of
dedoped emeraldine base (1) consisting of di~cations of p-phenylenediimine. The di-
cations were stabilized by sulfonate anions attached in the adjacent polymer chains
via electrostatic self-assembly [Chen, S. A. et al 1994; Cataldo, F. et al 2002].
Vitamin-C (ascorbic acid) is a dibasic acid for proton transfer to bases and also good
reducing agent via donating electrons. In water, it undergoes dissociation to produce

dehydroascorbicacid and gives away 2¢ and 2H'. Cysteine is another important
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reducing bio-molecule which undergoes self-oxidation to produce cystine with
disulfide linkage and give away 2e” and 2H". Therefore, the reaction of vitamin-C and
cysteine with N-alkyl polyaniline backbone is an example of proton induced electron
transfer process from the analyte to substrate. The additions of vitamin-C (or cysteine)

into polymer induces the following changes: (i) protonation of sodium salts of

.f""i‘Q_Tf %, T
S LA |
o o e Emeraldine base (ll)
p L
| |
SOM TS0, Mat
Luecoemeraldine Base (lll)
o 0O
HO 1 o S Je= YH- - O 0
HO o
po OH HO OH
Vit-C DH-\It-C

PSPANa - 2¢ -2H——» Lecoemeraldine Base

Vit-C = PSPANa ——= DH-Vit-C - Lecoemeraldine Base

0 o o)
H{:JY\SH = 2 + 2H *Hn’u\(\s-s/ﬁ)\ﬁl
N, NH, NH,
Cystrine Cystine

PSPANa + 2¢ +2H—+ Lecoomeraldine Base

Cysteine + PSPANa ——  Lecoomeraldine Base + Cystine

Figure 5.22. Proposed mechanism of colorimetric sensing.
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sullonic acids in the alkyl side chain which further disassociate the elccirostatic
interaction belween SO;™ and Ph-N' cations. (i1) transfer of the two electrons from
analyte to the di-cations ot p-phenylenediimine units in the polymer and convert the
polymer chaim into completely reduced form. (i.¢ leucoemeraldine base). As a net
result of the proton coupled clectron transter from vitamin-C (also cyvsteine) (o
PSPANa (blue color): the color of the polymer soluton changes from blue to
colorless. Since the kinetics is very fast (observed in the range ol k1= 4510 57 it
accompanies Lthe color change instantaneously for colorimetric detection by naked eve
[Young. E.R. et al 2009]. The higher stoichiometry (4:1. in moles) of cysteine could
be explained from the mode ol chemical reaction it undergoes during sensing process.
Two eysteine molceules are oxidized to form one cvstune molecule to give 211 and
2¢. On the other hand. in the case ol vitamin-C'. cach molecule undergoes oxidaton
to dehydroascorbic acid (DIHAA)Y and 211" and 2e¢” This further rellects in the high
detecting ability of vitamin-C and higher association constant compared to that ol
cvsicine.

To understand the electron transler process. the oxidation and reduction
potential of PSPANa and its complexes with vitamin-C and cysteine were determined
by cyclic voltammetry n water using glassy carbon working clectrode (see figure
523, For all samples are C.V. was recorded v the vange ol 1.2 V (o -1.2 V at the
scan rale of 50 mVis and the bases (NaOH and NaaCOx in water) act as electrolytes.
The cyelic voltammogram ol PSPANa showced anodic oxidation peaks at 0.46 mV in
the anodic sweep and a reversible reducton peak at -0.21 Voin the negative cathodic
region [Heras. 1. Y. et al 2007: Krishnamoeorthy. K. ¢t al 2001]. Under the same
sweeping condition. the oxidation potenual of vitamin-C and cysteme alone were
found as 0.11 V and 0.64 V. respectively. The cyelie voltammograms ot the vitamin-
C + PSPANa and cvsteine * PSPANa complexcs showed complete disappearance ol
the cathodic peak at -0.21 V. The disappecarance of the cathodic peak at -0.21 V upon
the addition of analvies {(vitamin-C and cysteine) revealed the eleciron transter from
the analvte 1o the polymer backbone and supports the mechanism proposed in ligure
23 1t confirmed that the water soluble self-doped polvaniline is very unigque and
elficient sensor materials for detecting biomolecules like vitamin-C and cysteine via

proton coupled electron transter process in water
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Figure 5.23. Cyclic voltammograms of PSPANa, PSPANa+ Vit-C and PSPA

tcysteine.

5.3.5. DLS and Zeta poetial studies on the polymer solution

It is very surprising to notice that jn the present case, the ET process was
efficient between the conducting polymers with analytes (vitamin-c or cysteine)
which are not chemically interconnected together. Therefore, it is very important to
frace the molecular interactions between vitamin-C (and cysteine) with PSPANa to
understand the ET process. In order to trace the molecular interactions, the polymer
solutions in doped (PSPA) and dedoped (PSPANa) forms were subjected to dynamic

light scattering (DLS) coupled with zeta potential measurements. DLS histograms of
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PSPA, PSPANa, PSPANa + vitamin-C and at PSPANa + cysteine are shown in

figurc 5.24,
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Figure 5.24. DLS histograms of PSPA. PSPANa, PSPA+ Vii-C and SPA+ Cysteine
at d =107 M.

‘I'he polymer samples in doped and dedoped form showed uniform distribution
of aggregates with average sizes of 8 and 10 nm, respectively. It suggests that the self-
doped n-alkyl sulfonated polymer self-assembled to produce polymeric nano-micellar
aggregates. The polymers possessed typical amphiphilic structure in which the
aromatic backbone and alky| sulfonic acid groups act as hydrophobic and hydrophilic

parts. The polymers produce micellar aggregates via core-shell architecture in which
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the hydrophilic sulfonic acid part are kept outside facing the aqueous environment and
the polyaniline backbone provides hydrophobic core. The schematic model for the
polymer nano-aggregates is shown in figure 5.25. Upon dedoping the PSPA with
sodium hydroxide, the outer sulfonic acid groups converted into sodium sulfonate and
the polyaniline backbone became quinoid, however, the hydrophilicity of the core and
outer shell were retained. Therefore, during chemical doping/dedoping process, the
polymer chains were retained in the nano-aggregate forms without affecting the

hydrophilic/hydrophobic nature of the aggregates.

a =Analyte (Vitamin-C or Cysteine)
. = SO1H 0- S‘jj-N“‘

)

10 nin Snm

Figure 5.25. Schematic representation of the colorimetric sensing.

Zeta potential measurement s very important tool for understanding the
solution dynamic of charged particles or aggregates like the doped and dedoped
polymers in the presence case. Electrically charged species tend to move under the
influence of an electric filed and the clectrical potential at the surface of the sphere of
radius ‘a’ and carrying charge q is: § = q / 4rea, where  and ¢ are zeta potential and
permittivity of the medium in which they are immersed [Evert, D. H. et al 1988). The
effect of concentration on the size of the micellar agpregates and their zeta potential

are shown in figure 5.26. The size of the nano-aggregates in PSPANa was less
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influegnced by concenteation variation and (he values were found 1n the range of 10 =2

and 8.0 = 2 nm for both doped and dedoped structures, respectively. The aggregate
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Figure 5.26. Siz¢ and Zetupotentials of the PSPANa, PSPANa-~Vitamin --C and

PSPANa+Cysteine at various polymer concentrations for fixed [analyte] = 1x10"'M.

sizes of the PSPANa + vitamin-C and PSPANa + cysteine complexcs were found
much higher than 1hat of their homopolymer aggregates. The addition of analytes into
the polymer solution increase the sizes of aggregates from 10 10 20 and 30 nm for
vitamin-C or cysteine, respectively. The analytes are (ypical organic molecules and
prcierentially occupied the hydrophohic cavity provided in (he nano- aggregates and
these phenomena attributed to the increase in the size of the aggregates. The DIS
analysis was also done lor stored polymer solution over period of 3 one week; the
polvmer did not phase separate and the results were almost reproducible. Zeta

potentizl ol the polymer nano-aggregates possessed negative charges, however, their
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magnitude vary with the tvpes of the structures. All the three plots in the zeta polential
versus concentration showed @ non-linear trend with a break points at 4.0x 107" M.
which is very close to the critical micellar conceniration (CMC) of these nano-
agpregales. Since polymer chains possessed long range chain interactions. unlike in
the case of small molecule surfactants, it may contain critical association well below
the CMC. Nevertheless. the detatled DLS and zeta poteniial studies confirmed that the
additions of vitamin-C or cysleine did not destabilize the polymer nano-aggregate and
the aggregates arc stable for wider concentration range lor the detection process.
Thus. electron and proton transter cfficient occurred between the analvte and
polvaniline backbone for colorimeltric sensing of vilamin-C and cvsteine in nano

aggregale sce.

54. Conclusion

In conclusion a water soluble self-doped polvaniling was svnthesized and
successfully utilized as substrate for detection of biomolecules like vitamin-C and
cysteine via electron franster process. The important outcomes of (he present
investigation  are as  [ollows: (i) N-propylsulfonic acid aniline monomer was
synthesized via ring opening of sultone which was further polymerized via chemical
oxidative route 1o produce completely water soluble polyaniline. (i) the structure of
the polymers in doped and dedoped forms were eharacterized by both 'H and He.
NMR and the molecular weights were determined by viscosity and MALDI-TOL
techniques. (ii1) pH dependent absorbance studies revealed that the newly svnthesized
water soluble N-substituted polyaniline provide very sharp color change which is very
attractive  for the colorimetric sensing  applications. (1v) various dopants like
camphorsulfonic acid (also HCIY showed expected color change from blue to green
with respect (o the transformation of emeraldine base to its salt, (vi) the unusual color
change from deep blue w colorless by PSPANa was umique 10 1he self-doped N-alkyl
polyaniline structure and provides new opportunity for sensing ol biomolecules like
vitamin-C and cysteine by simple colorimetric lechniques. (vii) Job's plots for
vitamin-C and cvsteine established the stoichiometric composition ot vitamin-C and
cysteine with polymer as 3:2 and 4:1. respectively. (viii) the binding constants were
detcrmined by molar ratio method using Benensi-Hildebrand plots; K= 2.1x10° and

1.5x 10" M were obtained for vitamin-C and cysteine. respectively, (ix) the vitamin-C
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undergo dissociation to produce 2H" and 2¢” which were donated to sulfonate anions
and di-cations of p-phenylenediimine backbone via proton coupled with electron
transfer process, (x) cysteine undergoes self-oxidation to produce cystine with
disulfide linkage and give away 2e” and 2H™ which were donated to polyaniline as in
the case of Vitamin-C. (x1) cyclic voltammetry studies confirmed the electron transfer
from the analyte to polymer with disappearance of the cathodic peak at -0.21 V in the
polymers upon the addition of analytes (vitamin-C and cysteine) and (xi1) dynamic
light scattering with zeta potential measurements confirmed the existence of 8-10 nm
aggregates of polymer self-assembly in water. The analytes are typical organic
molecules and preferentially occupied in the hydrophobic cavity provided in the nano-
aggregales in which the elficient protons coupled clectron transfer occurred between
the analytc and polyaniline backbone for colorimetric sensing process. In a nut shell,
ET process is successfully exploited between the N-substituted polyaniline and

analytes for the detection of biomolecules like vitamin-c and cysteine.
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Chapter 6 Summary and Conclusions

"The thesis entitled “Self-organization Approach for Conducting Polypyrrole
and Their Copolymer Nanomaterials” describes the self-organization approach
developed for polypyrrole and polypyrrole-co-polyaniline nanostructures. Polypyrrole
nanospheres were synthesised exclusively by emulsion route and size was controlled
by dilution route. Role ol oxidising agents like APS and FeCl; on morphology of
polypyrrole nanospheres were also investigated. A composition dependant emulsion
copolymerisation route was carried out to produce morphology transformation from
fiber to rods to spheres. Dilution of the fixed composition ol the copolymer emulsion
was utilised to produce evolution ol nanomatcrials from nanorods to hollow spheres
to nanotubes via oxidative polymerization. The |-V measurements shows that
electrical resistance follows the order nanofiber < nanorods < hollow spheres <
nanotubes were in accordance with the expected with transport for one dimensional
nanomalterial. The nanomaterial were characterised by spectroscopic technigues and
mechanism of nanomaterial formation were also discussed. A colorimetric technique
was developed for biomolecules like cysteine and vitamin-C utilising the clectron
transfer (ET) mechanism of the self-doped polyaniline nano-aggregates.

An amphiphilic anionic surfactant 4-[4-hydroxy-2 ((Z)-pentadec-8-cnyl)
phenylazo]-benzene sullonic acid, was developed from cardanol and utilized as
molecular template for polypyrrole nanomaterials. DLS studies confirmed that the
surfactant exisled in the form of spherical micelles of 4.8 nm diameter in waler. The
micellar behaviour of the reaction medium was precisely controlled by varying the
composition of [pyrrole]/[surfactant] ratio ranging from 3 to 100. Polypyrrole
nanospheres ol 150-800 nm were successtully prepared via oxidative polymerization
route. The nanosphere formation was unperturbed by the variation of the oxidation
agents such as ammonium persulphate (APS) or ferric chloride (FeCls). A dilution
route polvmerisation was carried out on fixed pyrrole: surfactant (1:1/100) ratio by
varying the concentration. The size ol the polypyrrole nanospheres were
systematically controlled from 600 nm to 60 nm diameter. The mechanism of the
polypyrrole nanomaterial formation was proposed on the basis DLS and electron
microscopic studies on the template and nanomaterials. Larger size spherically
aggregated micelles of pyrrole surtactant complex produced at higher concentration

was diluted to produce smaller size aggregate micelles at lower concentration.
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Surfactant micelles were selective towards antline and pyrrole to produce
eylindrical and spherical micelles respectively, Three structurally different anionic
surfactants ywvere  developed  having same  polar head but difference in  he
nvdrophophic il and aulized Tor achieving size and shape control in polvaniline.
polvpyirale. and therr polvaniline-co-polvpyrrole random copolvmer nanomaterial,
All anjonic surfactants produces polvpyrrole nanospheres, however, they interacted
ditterently with amiine o produce for nanofibers of 180 nm in diameter with length
up 0 3 3 pm Interestingly. the morphologies of the copolymer nanomalerials
underwent ransformation from nanofibers 10 nanospheres via short nano-rod
ntermediates. Dynamice light scattering technigue and electron microscopes were tsed
to study the mechanistic agpecis of the template-assisied copolymerization process.
Four probe conductivities of the capolvimers showed a nonlincar (rend and the
conductinvity passes through minimum at 60 8B0% of pyrrole in the feed. The
wiexpected trend in the conductivities of the copohvmers was correlated to the
difference in the solid state ordering of the copolymer nanomaterials.

An effort has been put to understand the cvolution of the different tvpes of
nanomalerial morphologics such as nanofiber. nanorod. nanospherc. and nansube in
asingle system withoui changing their chemtical composition or polvmerization roule.
Anonic surfactant was sclf-organized with hixed composition ot aniline (93%) and
pyrrole (5%) and the resultant white emulsion was diluted with water o induce
cylindrical to vesicular aggregate transformarion. The chemical oxidation ol the
evlindrical templates produced nanohibers and nanorods. whereas hollow spheres and
nanotubes were produced by vesicular templates. The size and shape of the template
agarcgates matched very well with that of the synthesized nanomatenals thereby
providing direct evidence for the template-assisted cvolution of the morphology.
NMR. FT-IR and UV-visible spectroscopics were utilized to confirm the structure and
electronic  properties of (he nanamaterials. Wide angle X-ray  diffraction and
ransmission electron mijcroscopy and electron diftraction analysis revealed that the
nanotubes possessed three-dimensional lameliar type solid siate ordering with high
percent crystallinity up to 60 %. Variable temperature four-probe conductivily
measurements ol all samples showed tvpical /- plots, The conductivity of the

nanofibers was found one order higher than that of nanorod. hollow sphere. and
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nanotubes at all temperatures. The present approach enabled to establish the role of
various types of nano-morphologies on properties of nanomaterials such as
conductivity and selid state ordering without change in their chemical compaosition.
Self doped polyaniline was developed based on custom designed N-
sulfopropyl aniline monomer via chemical oxidative polymerization. Self-doped
polymer is completely soluble in water which allowed 11s structural characterization
by "Il and C NMR spectra. Dedoped sodium salt of polymer (PSPANa) was used for
the colorimetric sensing of vitamin-C and cysteine. Based on the Job’s plol method.,
the stoichiometry of vitamin-C' and cysteine with polymer was determined as 3:2 and
4:1, respectively, Molar ratio method and Benesi-Hildebrand cquations were used o
determine the association constants: K= 2.1x10° and 1.5x10° M"' for vitamin-C and
cysteine, respectively. The polymers possessed typical amphiphilic structure and 7eta
potential of the polymer nano-aggregates were found 1o show negative surface
charges in the range of -10 to -30 V. The anaylies are typical organic molecules and
preferentially occupied the hydrophobic cavity provided in the nano- aggregates for

efficient calorimetric sensing in water at biological conditions.
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