
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by IntechOpen

https://core.ac.uk/display/322388561?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


18 

Spectroscopy of Polyaniline Nanofibers 

Gustavo M. Do Nascimento 
 Universidade Federal de Minas Gerais 

Brazil 

1. Introduction 

1.1 Synthetic metals  
The first materials, synthesized during the 60s, which have found values of conductivity 
above 1 Scm-1, are called Krogman salts. These salts are square planar complexes of PtX4 or 
IrX4 (X = CN-or C2O4-2), forming structures of chains, which conductivity reaches metallic 
values when exposed to oxidizing Br2 vapors (Liepins & Ku, 1987). The oxidation of 
molecular chains causes a reduction of the distances between the atoms of the metals, 
allowing the filling of the conduction band formed by 5-DZZ orbitals of neighboring metal 
atoms in the chain. As a result, the conductivi3ty reaches values as higher as 10-7 to  
10-2 Scm-1, an increase of 105 times. Charge-transfer complex forms the second class of 
molecular substances that have shown high electrical conductivity. Tetrathiofulvalene (TTF) 
and Tetracyanoquinodimethane (TCNQ) and its derivatives are the most known complex 
transfers systems (Liepins & Ku, 1987).    
The intrinsically conducting polymers (ICPs), more commonly known as “synthetic metals”, 
forms the third class of molecular conductors. Initially, the study of conjugated polymers 
was hampered owing to their insolubility, infusibility and instability in the air. In the 70s, 
(Shirakawa & Ikeda, 1974; Shirakawa & Ikeda, 1971) synthesized more stable films of 
semiconducting poly(acetylene). However, just in 1977, (Chiang et al., 1977; Chiang et al. 
1978; Shirakawa et al. 1977; Shirakawa, 2001; MacDiarmid, 2001) found that, when the 
poly(acetylene) is doped with acid (or base) of Lewis, it is possible to increase the 
conductivity by 13 orders of magnitude. Since this initial discovery, the development of the 
conducting polymer field has continued to grow up at an accelerated rate.  
The concept of doping is unique and has central importance, because it is what differentiates 
the conducting polymers from all other types of polymers (Heeger, 2001; Nigrey et al. 1979; 
Han & Elsenbaumer, 1989). During the process of doping, an insulating or semiconducting 
organic polymer with low conductivity, typically ranging from 10-10 to 10-5 Scm-1, is 
converted into a polymer which shows conductivity in a "metallic" regime (ca. 1-104 Scm-1). 
The addition of non-stoichiometric chemical species in quantities commonly low (≤10%), 
results in dramatic changes in electronic properties, electrical, magnetic, optical and the 
structural of the polymer.  The term is used for conducting polymers in analogy to the 
process of doping of crystalline inorganic semiconductors. But, it is important to emphasize 
that the doping of inorganic semiconductors is of the order of ppm and the dopant causes 
practically no disturbance into the crystalline structure of the inorganic semiconductor. In 
the case of doping of the organic polymer, the dopant chemically reacts with the chain and 
causes disturbance in the crystalline structure of the polymer.  

Source: Nanofibers, Book edited by: Ashok Kumar,  
 ISBN 978-953-7619-86-2, pp. 438, February 2010, INTECH, Croatia, downloaded from SCIYO.COM

www.intechopen.com



 Nanofibers 

 

350 

Doping is reversible, and the polymer can return to its original state without major changes 
in its structure. In the doped state, the presence of counter ions stabilizes the doped state. By 
adjusting the level of doping, it is possible to obtain different values of conductivity, ranging 
from the state or non-doped insulating state to the highly doped or metallic. The three major 
classes of conducting polymers (see Fig. 1) can be doped by p (oxidation) or n (reduction) 
through chemical and/or electrochemical process (Heeger, 2001; Nigery et al. 1979; Han & 
Elsenbaumer, 1989).  
 

N

H

S
O

Y

NH

NH

NH

R2

R1

n
n

n

n n

n

n

n

nn

1)

2)

3)

(a) (c)(b) (d)

(e) (f) (g) (h)

(i)
(j)

 

Fig. 1. Chemical representation of the most representative classes of conducting polymers. 
Group (1) is formed by polymers with benzene ring: (a) poly(p-phenylene), (b) poly(p-
phenylene-vinylene), (c)  poly(p-phenylenediamine), and (d) poly(aniline). Group (2) is 
constituted by polymers with cyclopentadiene ring containing a hetero atom: (e) 
poly(pyrrole), (f) poly(thiophene), (g) poly(furan), and (h) poly(heteroaromatic-vinylene) 
(where Y = NH, NR, S, O). Finally, the Group (3) is formed by acetylene units, being (i) 
poly(acetylene) and (j) poly(di-acetylene) (where R1 and R2 can be a large variety of organic 
groups (Song et al., 2004; Asefa et al., 1999; Peng et al., 2005)) the most important ones.    

1.2 Polyaniline (PANI)  

Polyaniline (PANI) is one of the most important conducting polymers owed to its easy 
preparation and doping process, environmental stability, and potential use as 
electrochromic device, as sensor and as corrosion protecting paint. These properties turned 
PANI attractive to use in solar cells, displays, lightweight battery electrodes, 
electromagnetic shielding devices, anticorrosion coatings and sensors. The recent research 
efforts are to deal with the control and the enhancement of the bulk properties of PANI, 
mainly by formation of organized PANI chains in blends, composites and nanofibers 
(MacDiarmid & Epstein, 1989a; MacDiarmid & Epstein, 1989b; MacDiarmid et al. 1987; 
MacDiarmid & Epstein, 1984). The fully reduced leucoemeraldine base form (LB, see Fig.2 
for y = 1) and the fully oxidized pernigraniline base form (PB in Fig.2 for y = 0) are non-
conducting forms of PANI. The half-oxidized emeraldine base (EB in Fig.2 for y = 0.5) is a 
semiconductor but after protonation it becomes a conducting emeraldine salt form of PANI 
(ES, see structure in Fig. 3) (MacDiarmid & Epstein, 1989a; MacDiarmid & Epstein, 1989b). 
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EB and ES can also assume two different types of crystalline arrangements depending on the 
synthetic route used (Pouget et al., 1991; Colomban et al., 1999).  
Polyaniline can be synthesized by two main methods, by chemical or by electrochemical 

polymerization of aniline in acidic media. The chemical oxidation is commonly performed 

using ammonium persulfate in aqueous acidic media  (hydrochloric acid, sulfuric, nitric or 

perchloric acid) containing aniline. This is the conventional synthetic route of PANI, but one 

of disadvantages of this route is the presence of excess of oxidant and salts formed during 

the synthesis, leading to a polymeric sample that is practically insoluble in majority of 

solvents, making its processing very difficult (Syed & Dineson, 1991).  
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Fig. 2. Chemical representation of generalized PANI structure and its most common forms. 

During the oxidative polymerization of aniline, the solution becomes progressively colored 
resulting in a solid dark green. The color of the solution is owing to the presence of soluble 
oligomers formed by coupling of radical cations of aniline. The intensity of the color 
depends on the environment and also the concentration of oxidant (Syed & Dineson, 1991). 
There are many variations of the chemical synthesis of PANI, however there is a certain 
consensus that there are four main parameters that affect the course of the reaction and the 
nature of final product, being: (1) nature of the synthetic medium, (2) concentration of the 
oxidant, (3) duration of the reaction, and (4) temperature of the synthetic medium (Syed & 
Dineson, 1991). The polymerization of aniline was observed as an autocatalytic process (Wei 
et al., 1989; Sasaki et al., 1986). Kinetic studies suggest that initial oxidation of aniline leads 
to the formation of dimeric species, such as p-amino-biphenyl-amine, N,N'-Biphenyl-
hidrazine, and Benzidine (Mohilmer et al., 1962). (Bacon & Adams, 1968) and (Wawzonek & 
MacIntyre, 1967) showed that the oxidation of aniline and its derivatives in strongly acidic 
media favor the formation of benzidine, while in a slightly acid or neutral prevails p-amino-
Biphenyl-amine, but in basic medium the formation of azo bonds, resulting from the head-
head coupling is favored, (see Fig. 3). These dimeric species have lower oxidation potential 
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than aniline and are oxidized immediately after its formation (the N,N'-biphenyl-hidrazine 
is converted to benzidine through rearrangement that occurs in acid medium (Geniés et al., 
1990), resulting two types of charged quinoid-di-imine species. Afterwards, electrophilic 
attacks in these species, followed by deprotonation, are responsible for the growth of 
oligomers with subsequent formation of polymer chains of PANI (see Fig. 3). 
 

N
+

H

H

H NH2

NH
NH

NH2

NH

NH2

NH2

NH
+

NH

NH2

N
+

N
+

H

H

H

H

NH2
+

NH
+

NH
+

NH NH

NH
+

Cl
-

Cl
-

Cl
-

Cl
-

N
+

N
+

N
+

NH

H

H

H

H

Cl
-

ClH
Emeraldine PANI salt

(PANI-ES)

(2a) (2b)aniline

-1e-

-2e-

-2e-

(2a) + (2b) -2H+ (2a) + (2a) -2H+

NH2
+

CH

N
+
H

H

(2b) + (2b) -2H+

-2H+ + (2b)

H+

Benzidine  
Rearrangment

 

Fig. 3. Schematic representation of the polymerization steps present during the aniline 
polymerization. The structure of PANI is shown with radical cations (or polarons) and 
dications (bipolarons) segments.  

1.3 Nanostructured polyaniline  

The synthesis of  nanostructured PANI, especially as nanofibers, can improve its electrical, 

thermal and mechanical stabilities. These materials can have an important impact for 

application in electronic devices and molecular sensors owing their extremely high surface 

area, synthetic versatility and low-cost.  The conventional synthesis of polyaniline, based on 

the oxidative polymerization of aniline in the presence of a strong acid dopant, typically 

results in an irregular granular morphology that is accompanied by a very small percentage 

www.intechopen.com



Spectroscopy of Polyaniline Nanofibers  

 

353 

of nanoscale fibers (Huang & Kaner, 2004a; Huang & Kaner, 2004b). However, different 

approaches have been developed in order to produce PANI and many other polymers with 

nanostructured morphology. In this chapter will be analysed the synthetic routes that 

produce nanostructured PANI, mainly as nanofiber or nanotube morphology, without the 

use of rigid templates.       

The nanostructured PANI has been prepared by different synthetic ways. Nevertheless, 
these approaches can be grouped into two general synthetic routes, as can be seen in the Fig. 
4. Uniform nanofibers of pure metallic PANI (30-120 nm diameter, depending on the 
dopant) have also been prepared by polymerization at an aqueous-organic interface (Huang 
& Kaner, 2004a; Huang & Kaner, 2004b). In the first step (see item a) of the interfacial 
polymerization), the oxidant and monomers (aniline), dissolved in immiscible solvents, are 
put together without external agitation. Afterwards, some aniline monomers are oxidized in 
the interfacial region between the two solutions, being formed some oligomers (see item b) 
of the interfacial polymerization). It is hypothesized  that migration of the product into the 
aqueous phase can suppress uncontrolled polymer growth by isolating the fibers from the 
excess of reagents. Afterwards, the initial chains grow up and more PANI chains are formed 
(see step c)). Interfacial polymerization can therefore be regarded as a non-template 
approach in which high local concentrations of both monomer and dopant anions at the 
liquid–liquid interface might be expected to promote the formation of monomer-anion (or 
oligomer-anion) aggregates. These aggregates can act as nucleation sites for polymerization, 
resulting in powders with fibrillar morphology. It has recently been demonstrated that the 
addition of certain surfactants to such an interfacial system grants further control over the 
diameter of the nanofibers. An important part that is frequently neglected or not deeply 
explained in details is the isolation of the nanostructured PANI from the solution. But, 
generally, the nanofibers are isolated by filtration in a nanoporous filters, being the isolated 
polymer washed with different solutions with the aim to clean it up. The solution can be 
also dialyzed and the cleaned solution containing the nanofibers is centrifugated in order to 
separate the nanofibers from the solution.        
PANI nanofibers or nanotubes can  be obtained by making use of large organic acids (see 
Fig. 4). These acids form micelles upon which aniline is polymerized and doped (see Fig. 4 
steps (a), (b) and (c) of micellar polymerization). Fiber diameters are observed to be as low 
as 30-60 nm and are highly influenced by reagent ratios (Zhang et al., 2002; Qiu et al., 2001; 
Wei & Wan, 2002; Do Nascimento et al., 2006). Ionic liquids (ILs) have also been used as 
synthetic media for the preparation of nanostructured conducting polymers (Gao et al., 
2004; Rodrigues et al., 2007a; Rodrigues et al., 2007b). Ionic liquids are organic salts with low 
lattice energies, which results in low melting points and many ILs are liquids at room 
temperature (Davis Jr et al., 2002). There is a large variety of ionic liquids and the most used 
ones are derived from imidazolium ring, pyridinium ring, quaternary ammonium and 
tertiary phosphonium cations. The usual differentiation between conventional molten salts 
and ionic liquids is based on the melting point. While most molten salts have melting points 
higher than 200oC, ionic liquids normally melt below 100oC (Wasserscheid & Keim, 2000). 
The most unusual characteristic of these systems is that, although they are liquids, they 
present features similar to solids, such as structural organization at intermediate distances 
(Dupont, 2004) and negligible vapor pressure (Earle, 2006). This structural organization can 
act as a template like system, and PANI nanofibers are obtained when the aniline is 
polymerized in these media. 
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Interfacial Polymerization

Polymerization in Micellar media

= Oxidant, such as (NH4)2S2O8

= monomer, such as aniline
= monomer into a micelle formed by organic acids 

a)                           b)  c)

a)                              b)             c)

 

Fig. 4. Schematic representation of the two polymerization ways that are commonly 
employed in the preparation of PANI with nanofiber or nanotube morphology. -The 
interfacial polymerization can be drawn in three steps: a) The top layer is an aqueous 
solution of 1.0 M HCl acid and ammonium peroxydisulfate (others acids or oxidants can be 
used); the bottom layer is aniline dissolved in the organic solvent chloroform (others 
solvents immiscible in water can be used). b) Starting the polymerization and migration of 
oligomers from organic bottom layer to the aqueous top layer, and c) formation of PANI. 
The scanning electron microscopic (SEM) image was obtained from the PANI powder 
obtained from interfacial polymerization using HCl, (NH4)2S2O8, and chloroform. The 
nanofibers have ca. 30 nm of diameter. The SEM image was obtained from a powdered 
sample dispersed over a drop of silver glue, and recorded in a Field Emission Gun (SEM, 
JSM-6330), operated with a high-tension voltage of 5 kV. -The micellar polymerization can 
be visualized in three steps: a) solubilization of aniline in an aqueous solution containing 
organic acids that act as surfactants. b) addiction of oxidant and c) polymerization which 
depending on the concentration of aniline in solution, it is possible to form hollow 
nanofibers (as named nanotubes) or nanofibers. The SEM image was obtained from the 
PANI powder obtained from micellar polymerization using β-naphtalenesulfonic acid (β-
NSA), (NH4)2S2O8, and molar ratio of β-NSA:aniline of 1:4. The nanofibers have ca. 93 nm of 
diameter. SEM image was obtained on JEOL low-vacuum SEM (JSM-5900LV operated with 
15 kV), with samples covered with 16nm of sputtered gold film. 

Thus, the template-free methods, such as interfacial, seeding and micellar can be employed 

as different “bottom-up” approaches to obtain pure PANI nanofibers. The possibility to 
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prepare nanostructured PANI by self-assembly with reduced post-synthesis processing 

warrants further study and application of these materials, especially in the field of electronic 

nanomaterials. In this chapter this amazing new area of polyaniline nanofibers will be 

reviewed concerning the state-or-art results of spectroscopic characterization of their 

structural, electronic and vibrational features. Previous and new results of the spectroscopy 

of PANI nanofibers, obtained by our group, using Resonance Raman will be considered. 

Special attention will be given in the correlation of PANI nanofibers morphological stabity 

and their spectroscopic features. The main goal of this work is to contribute in the 

rationalization of some important results obtained in the open area of PANI nanofibers. 

3. Vibrational spectroscopy of PANI 

The resonance Raman spectroscopy (RR), unlike the absorption spectroscopy in the infrared 
region, uses as radiation source a laser with higher energy (usually light with wavelengths 
in the visible region of the electromagnetic spectrum) than the corresponding vibrational 
transitions. However, due to the scattering of the incident light (the Raman process), the 
vibrational frequencies (Raman bands) can be probed. Generally, the intensities of the 
Raman bands are linearly proportional to the intensity of the incident light (Io, see Fig. 4), 

proportional to the fourth power of the wavelength of the scattered light (λs4 or νs in 
wavenumber units, see Fig. 4), and proportional to the square of the polarizability tensor 

([α]2) (Sala, 1995). The situation changes dramatically, when the laser line falls within the 
region of a permitted electronic transition. The Raman intensities associated with vibrational 
modes which are tightly coupled or associated with the excited electronic state can suffer a 
tremendous increase of about 105 powers; this is what characterizes the resonance Raman 
effect. (see Fig. 4). The mathematical and theoretical backgrounds used to the interpretation 
of the resonance Raman behavior can be found extensively in the literature (Clark & Dines, 
1986; Batchelder, 1987; Batchelder, 1984; McHale, 1999). Generally, the tensor of 
polarizability is described as shown in the Fig.4. The equation is formed in the numerator 
part by transition dipole moment integrals between the electronic ground state (g, for the 
vibrational m or n states) and an excited electronic state (e, for any vibrational v states). The 
sum is done over all possible (e,v) states. In the denominator part is the difference or sum of 

the scattered and incident light, added by the dumping factor (iΓev) that contents 
information about the lifetime of the transition states. The theoretical formalism developed 
by Albrecht et al. commonly employed (Clark & Dines, 1986; Batchelder, 1987; Batchelder, 
1984; McHale, 1999). This enormous intensification makes, in principle, the Raman spectrum 
easy to be acquired. But, in a state of resonance, a lot of radiation is absorbed, leading to a 
local heating and frequently can be observed a decomposition of the conducting polymer. 
Despite of this problem, the RR spectroscopy has been largely used in the study of the 
different chromophoric units present in polyaniline and others conducting polymers, just by 
tuning an appropriate laser radiation to an electronic transition of the polymer.  
In the pioneering work, (Sacricifti & Kusmany, 1987) showed that the intensity of the Raman 
spectra obtained for the electrochemically prepared PANI at 457.9 nm (Elaser= 2.73 eV) is 
increased when the PANI is reduced (see Fig. 6). The Raman spectrum of PANI in the fully 
reduced state (applied potential of -100 mV) was identified as being fully formed by 
benzenoid rings. In contrast, the intensity of the Raman spectra obtained for PANI at 632.8 
nm (Elaser= 1.97 eV) increased when PANI was oxidized. In the oxidized form (potential 
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Fig. 5. Schematic representation of two electronic states (ground and excited) and their 
respective vibrational levels (the electronic and vibrational levels are not in the same scale). 
The arrows indicated the types of transitions that can be occurred among the different 
levels. It is important to say that in the case of Raman scattering, if the used laser line (λo, or 

as wavenumber, represent by νo) has energy similar to one electronic transition of the 
molecule, the signal can be intensified by resonance process, know as resonance Raman 

Effect. In the Figure νo and νs (the scattered frequency is composed by: νev,gm and νev,gn, the 
stokes and anti-stokes components, respectively) are the laser line and the scattered 

frequencies, respectively (for illustration purposes, just the Stokes, νs 〈 νo, component is 
shown in the diagram). It was given the equations that describe the Raman Intensity and 
also the tensor of polarizability. The equation is formed in the numerator part by transition 
dipole moment integrals between the electronic ground state (g, for the vibrational m or n 
states) and an excited electronic state (e, for any vibrational v states). The sum is done over 
all possible (e,v) states. In the denominator part is the difference or sum of the scattered and 

incident light, added by the dumping factor (iΓev) that contents information about the 
lifetime of the transition states. 
 

applied +600 mV) three Raman bands (1160, 1490 and 1595 cm-1) were identified as 

characteristics of the quinoid structure of PANI. Another important early work was carried 

out by (Furukawa et al., 1988; Furukawa et al. 1996). In this work the authors prepared 

PANI in different oxidation and protonation states and an extensive characterization was 

realized. Figure 6 presents the segments of PANI and its characteristic Raman bands at their 

corresponding exciting radiation.  
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Fig. 6. Top: Raman spectra of PANI in different oxidation stages (the applied voltage is 
indicated in the figure) at indicated laser line (457.9 nm and 632.8 nm). Reproduction 
authorized by Elsevier (Sacricifti & Kusmany, 1987). Bellow: schematic representation of 
segments of PANI and its characteristic Raman bands at indicated laser lines (Furukawa et 
al., 1988). 

(Quillard et al., 1994; Berrada et al. 1995) performed a normal coordinate analysis of PANI in 
its leucoemeraldine, emeraldine, and pernigraniline base forms. The leucoemeraldine base is 
characterized by the vibrational modes of the benzene ring in 1618 and 1181 cm-1, which can 

be attributed to the νCC stretch and βCH angular deformation, respectively. The amine 

group is characterized by νCN stretch at 1220 cm-1. For pernigraniline the βCH band value is 
at 1157 cm-1, and the authors suggest that this band can be used as a qualitative measure of 
the degree of oxidation of the PANI chain. Another characteristic band of pernigraniline 
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base is the stretch of C=N bond at 1480 cm-1. Another way to determine the degree of 
oxidation of PANI, proposed by (Quillard et al., 1994; Berrada et al., 1995; Asturias et al., 
1989), consists in determination of the intensities of the bands at about 1500 cm-1 for 

leucoesmeraldina (νCC) and the band around 1600 cm-1 for pernigranilina (νC=C) observed 
in the infrared spectra. The intensity ratio between these two bands (I(1600)/I(1500)) is a 
way to determine qualitatively the degree of oxidation in the chain of PANI.  
(Louarn et al., 1996) performed a normal coordinate analysis of the emeraldine PANI salt, 
through the analysis of the infrared and Raman data of PANI with selective deuteration. 
The normal coordinate calculation confirms the assignments made by other authors and 
allowed to correlate the band at 1515 cm-1 to the angular deformation of NH group. The 
authors proposed the existence of bipolaronic segments (dications or protonated imines) to 
explain the Raman spectrum of emeraldine PANI salt obtained with laser line at 632.8 nm. 
The existence of these segments was also suggested by (Huang & MacDiarmid, 1993; McCall 
et al., 1990) through UV-VIS-NIR data and by other authors through spectroelectrochemical 
measurements monitored by in situ EPR (Geniés, 1987). The main issue posted by (Louarn et 
al., 1996) is that the doublet nature of the CN stretch (ca. 1320-1350 cm-1) remains unclear. 
However, the authors suggest, like (Furukawa et al., 1988) that the origin of the doublet may 
be associated with the existence of two different conformations of PANI. 
The Raman study of PANI doped with camphorsulfonic acid (CSA) and dissolved in m-
cresol (Da Silva et al., 1999a; Da Silva et al., 1999b), named Secondary doping by 
(MacDiarmid & Epstein, 1995; MacDiarmid & Epstein, 1994; Xia et al., 1995), revealed a 
conversion of  dications to radical cations. This behavior is justified by the increase of the 
polaronic band in ca. 1336 cm-1 and decrease of the intensities of the Raman bands at 1486 

cm-1 and 1380 cm-1,  assigned to νC=N and νC=C modes of dications units, respectively 
using laser line at 632.8 nm. (M. Cochet et al., 2000) also investigated by resonance Raman 
spectroscopy, the secondary doping in PANI-CSA, trying to verify by normal modes 
calculations if the changes in the torsion angle between the benzene rings could explain the 
modifications in the Raman spectrum of PANI-CSA treated with m-cresol. But, the data 
could not be interpreted only in terms of flatness of the rings; the changes observed are also 
associated with changes in the electronic structure, leading to the appearance of new Raman 
bands and the modifications of others, due to, the high charge delocalization on the 
polymeric chains.  
The major part of the Raman studies of PANI use laser lines in the visible region, (Sacricifti 
& Kusmany, 1987; Furukawa et al., 1988; Hugot-Le Goff & Bernard, 1993; Louarn et al., 1996; 
Colomban et al., 1999; Zhang et al., 2005; Trchová et al., 2006; Do Nascimento et al., 2002a; 
Do Nascimento et al., 2002b) but some Raman studies of PANI using near-infrared (NIR) 
laser line is also found (Engert et al., 1994; Quillard et al., 1995; Niaura et al., 2004). The most 
peculiar feature observed at 1064.0 nm is the presence of a sharp band around 1375 cm-1 in 
emeraldine base PANI spectrum, which was correlated by (Engert et al., 1994) to polaronic 
segments localized at two benzene rings. On the other hand, (Quillard et al., 1995) proposed 
that this band was not correlated with protonated segments but with over-oxidized 
segments such as those present in PANI as the pernigraniline base (PANI-PB). Some 
controversial aspects about the Raman spectra of poly(aniline) obtained at NIR radiation 
excitation were recently re-examined by (Do Nascimento & Temperini, 2008). The bands 
from 1324 to 1375 cm-1 were associated to νC–N of polarons with different conjugation 
lengths and with the presence of charged phenazine-like and/or oxazine-like rings in PANI-
ES as chemically prepared. The formation of cross-linking structures is associated with the 
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ES form of PANI. The bands from 1450 to 1500 cm-1 in the PANI-EB and PANI-PB spectra 
were associated with the νC=N mode of the quinoid units having different conjugation 
lengths. 
The thermal behavior of PANI has been also studied by vibrational spectroscopy. The 
Raman studies of PANI-CSA conducted by (Da Silva et al., 2000; Do Nascimento et al., 
2002b) revealed that there is the appearance of intense bands at 574, 1393 and 1643 cm-1 in 
the Raman spectra at 632.8 nm during heating. These same bands were observed in the 
Raman spectra of a conducting polymer derived from PANI, the poly(diphenylamine) 
doped with HCSA (PDFA-CSA) during heating. It was observed that these bands are not 
present during the heating of polymers in vacuum. By comparing the results obtained from 
the thermal monitoring of PANI-CSA and PDFA-CSA, it was possible to assign these bands 
to the reaction of the polymer with oxygen, with formation of chromophores with oxazine-
like rings. It was also demonstrated that the increase of laser power at 1064.0 nm causes 
deprotonation of PANI-ES and formation of cross-linking segments having phenazine 
and/or oxazine-like rings. The formation of cross-linking structures is associated with the 
ES form of PANI.  

4. Results and discussion 

4.1 PANI nanofibers obtained from micellar media 

PANI has been largely prepared as nanofiber with the use of polymerization media 
containing organic acids that acts as surfactants (Zhang et al., 2002; Qiu et al., 2001; Wei & 
Wan, 2002; Do Nascimento et al., 2006; Zhang et al., 2009). A broad variety of organic acid 
has been employed in order to modulate the diameter of the resulting nanofibers. The FTIR 
spectra of PANI doped with various organic acids, containing sulfo-group (SO3-H), show 
broad bands at about 3430 cm-1, 1560 cm-1, 1480 cm-1, 1130 cm-1, and 800 cm-1, which are 
related to emeraldine PANI salt (Huang & Wan, 1999). The UV-vis spectra of all doped 
PANI samples show two polaronic absorptions around 400 and 800 nm. The position of 
polaronic bands shifts to a long wavelength when the size of organic dopant increases. For 

instance, the polaron absorption for the PANI doped with smaller dopant (α-NSA) is located 
at 800-900 nm. On the other hand, the polaron absorption for the doped PANI with larger 
dopant (β-NSA) is shifted to 1060-1118 nm.  
The resonance Raman (RR) spectra (from 1000 to 1800 cm-1) obtained for PANI nanofibers 

doped with NSA (β-naphtalenesulfonic acid), with different diameters, show similar 

spectral profile. This result indicates that the morphological differences in PANI-NSA 

nanofibers have small influence in the Raman spectra from 1000 to 1800 cm-1. Comparing 

the RR spectra of PANI-NSA fibers to PANI-ES spectrum, bands at 1163 and 1330 cm-1 in 

PANI-NSA spectra can be associated with those at 1165 and 1317-1337 cm-1 in PANI-ES 

spectrum. These bands have been assigned to βC-H and νC-N of polaronic segments, 

respectively (Do Nascimento et al., 2006). Their relative intensities in PANI-NSA spectra 

increase as the molar ratio of β-NSA:aniline increases. Thus, the RR data of the PANI-NSA 

nanofibers show that the spectral changes observed among the as-prepared PANI-NSA 

samples are owing to differences in the protonation degrees. Similarly, (Wang et al., 2008) 

observed in that the bands at 1257 and 1337 cm-1, assigned to C-N stretching modes of 

benzenoid and radical segments of doped PANI, respectively, increase their intensities with 

the increase of stearic acid used as soft template. 
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The Raman spectra of PANI nanofibers prepared in micellar media also show the presence 
of bands at ca. 578, 1400, and 1632 cm-1. These bands were strictly correlated with the 
formation of cross-linking structures in PANI chains after heating in the presence of air (Do 
Nascimento et al., 2002b). Different studies show that the bands at ca. 578, 1400, and 1632 
cm-1 are similar to those observed for dyes with phenoxazine ring. The presence of 
phenoxazine rings in PANI backbone was also observed by (Trchová et al., 2006 and Stejskal 
et al., 2006) in the study of formation of polyaniline nanotubes under different acidic media. 
The authors concluded that the presence of phenoxazine units is crucial for stacking and 

stabilization of the nanotube wall of PANI. Probably, the π-π stacking formed by 
phenoxazine rings, in the PANI backbone prepared in micellar media, is one of the driving 
forces for the formation of PANI chains with extended conformation and PANI particles 
with one-dimensional (needles and/or nanofibers) morphology. Thus, the presence of cross-
linking structures in the PANI chains may be one of the characteristics of chains formed in 
micellar polymerization (Do Nascimento et al., 2008b).  
On the comparison of the spectral behavior of PANI nanofibers/nanotubes prepared with 
NSA (β-naphtalenesulfonic acid) or with DBSA (dodecybenzenesulfonic acid) indicates that 
polymeric chains have a certain degree of extended conformation due to the presence of 
free-carrier absorption in the UV-VIS-NIR spectra. Hence, the presence of 609 cm−1 band in 
the PANI-NSA and PANI-DBSA Raman spectra indicates that these samples have a certain 
degree of extended conformation. The band at 609 cm−1 can be assigned to a vibrational 
mode related to benzene deformations or torsions. Probably, this mode is sensible to 
changes of the dihedral angle between neighbors benzene rings, or in other words, sensible 
to the conformation of the PANI chains (Do Nascimento et al., 2008b). 
Electron microscopic images reveal the loss of the fibrous morphology of PANI after 
treatment of PANI-NSA samples with HCl solution in order to acquire higher doping state 
(Do Nascimento et al., 2006). However, further studies reveal that submitting the PANI-
NSA to heating treatment at 200oC, occurs the formation of a high degree of cross-linking 
structures, verified by the appearance of characteristic RR bands at 578, 1398 and 1644 cm-1, 
hence the fibrous morphology is retained after the doping process (Do Nascimento et al., 
2008c). The structure of PANI-CSA (CSA is the 1R-(−)10-camphorsulfonic acid) nanofibers 
was also investigated by solid state 13C and 15N nuclear magnetic resonance (NMR) 
(Hopkins et al., 2008). The results (compared to the unstructured, granular form of PANI) 
revealed a slight variation in the structural features of the polymer that led to some 
differences in the chemical environments of the respective nuclei. The presence of two extra-
sharp peaks at 96.5 and 179.8 ppm is a distinct feature found exclusively in the nanofiber 
spectra and the presence of a complete set of sharp NMR peaks is a consequence of the more 
ordered morphology in the PANI nanofibers. 
PANI nanofibers synthesized in ionic liquids have been studied by Raman spectroscopy. (Wei 
et al., 2006) obtained nanofibers of PANI by electropolymerization of aniline in BMIPF6 (1-
butyl-3-methyl-imidazolium hexafluorophosphate). The Raman spectra show that the PANI is 
similar to the emeraldine salt form. However, the intensity of the quinoid ring stretching at 
1578 cm-1 is higher than that of the benzenoid band at 1469 cm-1, indicating the existence of a 
higher amount of quinoid structures. The authors (Wei et al., 2006) suggest that the PANI film 
synthesized in this ionic liquid media is formed by small amount of non-conducting forms 
such as emeraldine base and/or pernigraniline forms, which have more quinoid structures in 
the backbone. The bands at 1578, 1386, and 1340 cm-1 were assigned to emeraldine PANI base; 
and the bands at 1606, 1469, 1252, and 1177 cm-1 to emeraldine salt form.  
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4.2 PANI nanofibers obtained from interfacial polymerization 

More recently, uniform nanofibers of pure metallic PANI (30-120 nm diameters, depending 
on the dopant) have also been prepared by polymerization at an aqueous organic interface 
(Huang & Kaner, 2004a; Huang & Kaner, 2004b). However, it was often observed that the 
quality of the products such as the shape and stability of their dispersions varies with 
different synthetic conditions, such as, stirring, temperature and pH, among others. 
(Colomban et al., 1999; Cochet et al., 2000a; Cochet et al., 2000b) have been demonstrated that 
the low energy Raman bands from 100 to 600 cm-1 in the PANI spectra are very sensible to 
the crystalline arrangement and also to the conformational changes of the PANI chains. The 
Raman spectra of PANI nanofibers prepared from interfacial polymerization were obtained 
at low wavenumbers. It was observed that the bands at 200 and 296 cm-1, related to Cring-N-
Cring deformation and lattice modes of polaron segments of PANI with type-I crystalline 
arrangement (Colomban et al., 1999), practically disappears in the Raman spectra of PANI 
nanofibers. This effect is very pronounced for the nanofiber sample prepared using 5.0 
mol.L-1 HCl aqueous solution. The effects of HCl concentration over the bands at low 
wavenumbers (200 and 296 cm-1) is strictly related to PANI samples prepared from 
interfacial polymerization. In addition, shifts of the bands from 393-427 cm-1 to 422-451 cm-1 
are also seen for PANI nanofibers prepared with higher HCl concentration. (Cochet et al., 
2000a; Cochet et al., 2000b) demonstrated that mainly the bands at about 200-500 cm-1 are 
very sensible to the conformational changes. The shift to higher wavenumbers of the bands 
at about 400 cm-1 indicates the increase of the torsion angles of the Cring-N-Cring segments. 
Thus, the decrease in the intensities of the bands at 200 and 296 cm-1 and also the shift of the 
bands at about 400 cm-1 are due to the conformational changes in the PANI backbone. The 
FTIR spectra for PANI nanofibers display higher changes in the region from 2000 to 4000 
cm-1 (Do Nascimento et al., 2008a). Mainly the bands related to NH2+ modes at 2480, 2830, 
and 2920 cm-1 increase in their intensities for PANI samples prepared with higher HCl 
concentration (higher than 1.0 mol.L-1), consequence of the increase of protonated imine and 
amine nitrogens in the structure of PANI. The bands at about 3200 and 3450 cm-1 also 
change their relative intensities, being correlated to N-H stretching modes (the contribution 
of O-H stretching, due to the adsorbed water, is similar for all analyzed samples). The band 
at 3200 and 3450 cm-1 can be assigned to bonded N-H and free N-H stretching modes (Jana 
et al., 2003; Lunzy & Banka, 2000), showing that the contribution of the different types of 
hydrogen bonds are also changed by the increase of acidity of the synthetic media. The 
changes in the intensities associated with an increase in the torsion angles of Cring-N-Cring 
segments is owing to the formation of bipolarons (protonated, spinless units) in the PANI 
backbone higher than the PANI samples prepared by the conventional route (Geniés et al., 
1990). The nanostructured surface of PANI permits major diffusion of the ions inside the 
polymeric matrix leading to a more effective protonation of the polymeric chain than the 
PANI prepared in the conventional way, leading to the reduction of crystallinity of PANI, 
and the decrease in the amount of nanofibers (Do Nascimento et al., 2008a). 

5. Final remarks 

The screening of the electronic and vibrational structure of the polyaniline nanofibers has 
been decisive in the studies related to the formation, interactions between the chains, 
properties and stabilities of the nanostructured polyaniline. Nowadays, two great 
approaches are used to acquire the PANI with nanostructured morphology without the use 
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of rigid hosts: (i) polymerization of aniline in a micellar media and (ii) polymerization of 
aniline on the interface between two solvents. However, the morphology of PANI obtained 
without rigid hosts is more susceptible to the synthetic conditions (such as pH) and also 
post-synthesis procedures. Mainly, it is observed shifts in the vibrational frequencies of 
polyaniline and also variations in their intensities. The presence of bands owed to 
phenoxazine rings is observed in PANI backbone formed in micellar media. The presence of 
phenoxazine units is crucial for stacking and stabilization of the nanotube wall of PANI. 

Probably, The π-π stacking formed by phenoxazine rings, in the PANI backbone prepared in 
micellar media, is one of the driving forces for the formation of PANI chains with extended 
conformation and PANI particles with one-dimensional (needles and/or nanofibers) 
morphology. Thus, the presence of cross-linking structures in the PANI chains may be one 
of the characteristics of chains formed in micellar polymerization. The changes in the 
intensities of the vibrational spectra at low energies are associated with an increase in the 
torsion angles of Cring-N-Cring segments due to the formation of bipolarons (protonated, 
spinless units) in the PANI backbone higher than the PANI samples prepared by the 
conventional route. The nanostructured surface of PANI permits major diffusion of the ions 
inside the polymeric matrix leading to a more effective protonation of the polymeric chain 
than the PANI prepared in the conventional way, leading to the reduction of crystallinity of 
PANI, and the decrease in the amount of nanofibers.  
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of techniques such as phase separation, self assembly, drawing, melt fibrillation, template synthesis, electro-

spinning, and solution spinning. They reduce the handling problems mostly associated with the nanoparticles.
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functional properties and potential device applications of nanofibers in specialized areas. We hope that this

book will prove to be timely and thought provoking and will serve as a valuable reference for researchers

working in different areas of nanofibers. Special thanks goes to the authors for their valuable contributions.
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