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Abstract 

The present work represents an overview for organic materials and their nano-structuration 
using carbon nano-tubes. Particular attention is allowed to the polyaniline polymer and single 
walled carbon nanotubes which are the subject of our theoretical and experimental 
investigation after their functionalization. In the other hand, we give a detailed report 
concerning the previously used synthesis methods, incorporating polymers and carbon 
nanotubes. In fact, the functionalization process needs some technical treatments including 
purification, nanotubes dispersion and alignment on the organic matrix. Therefore, we give a 
detailed description of physical and chemical methods used to achieve the functionalization 
process. Moreover, the aptitude of organic nano-composites for the use as active layers in 
electronic devices, especially in electroluminescence and photovoltaic conversion is also 
discussed and evaluated by comparison to those of inorganic conventional semi-conductors. The 
second section of this present work represents a correlation of experimental and theoretical 
results obtained in our laboratory on the Polyaniline/ single walled carbon nanotube as a 
prototype of organic nano-composite. The study is focused on the evaluation of the properties 
of the charge transfer between both components. In this context,  Polyanilineemeraldine base 
(PANIEB) is doped with sulfonic acid in Dimethyl formamide (DMF) solvent and mechanically 
functionalized with single walled carbon nanotubes (SWCNTs). A systematic vibrational and 
optical study is achieved as a function of SWCNTs weight concentration.  Also, Fourier transform 
infrared (FTIR) analysis and optical absorption (OA) measurements were achieved. Our aim is to 
evaluate the functionnalization process between both components and to elucidate the 
corresponding changes on the optical properties. In this context and to support the charge 
transfer from doped polyaniline to carbon nanotubes, analogous theoretical study based on 
Density Functional Theory (DFT) is carried out. This study is based on the optical and vibrational 

Received: 11th January, 2017; Accepted: 3rd February, 2017; Published: 28th February, 2017



Int. J. Exp. Res. Rev., Vol. 9: 11-46 (2017) 

12 

calculations. Principally, spin density distribution, atomic charge and bond length modifications 
from ground to oxidized state are used to supports the grafting process. The correlation 
structure-properties obtained either experimentally or theoretically evidences that the resulting 
composite exhibits good photovoltaic properties. 
Keywords: Density functional theory, photovoltaic cells, single walled carbon nanotubes. 

1. Introduction
Polymer materials exhibit some interesting 

properties and therefore can be used in a large 
field of applications. Before the discovery of 
their photo-conductive properties, polymers are 
principally used in the packaging industry, in the 
building, automotive, household appliances, 
textile, electricity. However, in the last few 
decades, conductive polymers have attracted 
considerable interest in use as active layers the 
electronic organic devices (Burroughes et al., 
1990; Saxena et al., 2003; Han et al., 2014). The 
conductivity of these materials which are 
insulating at their neutral state, is obtained 
either by chemical doping or by the addition of 
conductive elements (Ahllskog et al., 1997). Due 
to their flexibility, and the easy doping process, 
these materials offer the advantage of the 
modular electronic and mechanic properties. In 
fact, the Nobel Prize for Chemistry was awarded 
for Shirakawa, Heeger and MacDiarmid for the 
revolutionary discovery (Heeger, 2001) and 
hence they exhibits some characteristics which 
are not found in inorganic semiconductors (Wu 
et al., 2015;  Schôn et al., 2001; Razykov et al., 
2011). Organic materials are in our days the 
most promising candidates for the use as active 
layers in the future of electronic devices 
manufacturing, due to their interesting electro-
optical properties (Lizin, 2012; Deng et al., 
2016; Tehrani et al., 2015). As it is widely 
known, fragility and operating life time are both 
handicaps for electronic organics devices. To 
overcome these handicaps, the added small 
amount of carbon nanotubes leads not only to a 

good mechanical strength (Moaseri et al., 2014) 
but also in higher operating life time (Mulligan 
et al., 2015). Particularly, for photovoltaic 
applications, the good dispersion of carbon 
nanotubes in the polymer matrix leads not only 
to the charge transfer but also to better 
transport properties via their good electron-
hole mobilities (Zhu et al., 2009). This charge 
transfer occurs because the overlapping 
between the electron diffusion length and the 
distance separating the photo-generation sites 
and nanotubes. Physically, the charge transfer 
creation involves generally additional 
absorption features in the visible region and 
results in a good compatibility with the solar 
spectrum (Zaidi et al., 2010). In fact, the 
resulting interpenetrating network results in 
higher charge separation and good collection 
efficiencies due to the formation of bulk P-N 
hetero-nano-junctions (Ferguson et al., 
2013;Gao et al., 1995, Janssen et al., 2005). 

Among of conducting polymers, polyaniline 
(PANI) is the most highly studied due to its 
varied chemical and physical properties 
(MacDiarmid, 1997; Malinauskas, 2001; 
Hundley et al., 2002). The particular interest 
restricted to this material is the consequence of 
good environmental stability and easily 
synthesis (Huang et al., 2004;Zhangand Wan, 
2003; Pinto et al.,2003; Zhou et al., 2003). A 
simple chemical treatment of PANI leads to new 
oxidation degree where its conductivity can be 
reversibly switched between electrically 
insulating and conducting forms (Molapo et al., 
2012). The fully oxidized (reduced) form is 
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named as per nigraniline base PNB, 
(leucoemeraldine base LB). Then, if nitrogen 
atom is half oxidized, PANI is in emeraldine base 
form (EB; form) (Aleman et al., 2008).  

Although, some systematic studies involving 
PANI have been published, few papers have 
been devoted to the possibility of its integration 
as active layers in photovoltaic devices under its 
different doped or undoped forms (Bejbouji et 
al., 2010). Therefore, it is of interest to study 
the modification of their properties upon acid 
doping and after its functionnalization with 
carbon nanotubes. For that and in order to 
specify the appropriate applications, correlation 
structure-properties should be established 
either experimentally or theoretically (Pietro et 
al.,1992; Pickholzand dos Santos, 1999; 
DiCesare et al., 1998; Ayachi et al., 2006; Zouet 
al., 2009). Indeed, quantum calculations based 
on density functional theory (DFT) are the most 
appropriate tools to describe the organic 
materials properties (DiCesare et al., 1998; 
Khoshkholgh et al., 2015; Mbarek et al., 2012). 
These calculations permit to give some 
information which are experimentally 
inaccessible and permits to predict the 
applicability field (Mbarek et al., 2012;Ayachi et 
al., 2012). Then, as a consequence of data 
processing development, calculations using 
large scale basis set and a large number of 
repeating units are currently possible 
(Khoshkholgh et al.,2015; Mbarek et al., 2012). 

 In this work after presenting a review 
concerning organic nanostructures and their 
applications, a combined experimental and 
theoretical investigation on the composite 
based on doped polyaniline and single walled 
carbon nanotubes (SWCNTs) is presented. Our 
aim is to establish a correlation structure-
properties after carbon nanotubes adding and 
to evaluate possible applications based on the 
observed optical and vibrational properties 

changes. Experimental optical absorption and 
FTIR measurements are used to evaluate 
changes on the optical and vibrational 
properties. Moreover, a systematic theoretical 
study based on DFT quantum calculations is 
presented in order to elucidate the polymer 
functionalization process with SWCNTs and to 
evaluate the parameter of the photovoltaic cell 
that can be fabricated from. Particularly, the 
charge transfer properties and the 
corresponding electronic structure are of great 
interest.  

In the first section of this paper, a general 
description of conductive polymers will be 
presented. Particular attention will be given to 
the material to be the subject of this work, 
namely the polyaniline. In the other hand, to 
make the report easy to read we first present a 
detailed description of  chemical, electrical and 
optical properties  and the corresponding 
applications reported in the literature. In the 
second section, we will present the changes of 
these properties when carbon nanotubes are 
inserted in the organic matrix. Moreover, a 
detailed description of the corresponding used 
procedure, previously reported, which Permits 
nano-composite obtention, will be also 
presented Finally, the functionalization process 
with single walled carbon nanotubes (SWCNTs) 
and the change of vibrational, optical and 
electronic properties will be presented. All the 
obtained results will be restricted for the of use 
in photovoltaic conversion. 

2. Discovery of intrinsic conductive polymers
Starting from the year 1950, the need for

small and flexible components required the 
design of new materials combining the 
flexibility and modulable electrical and optical 
properties. These new materials, made of 
polymers having a high electrical conductivity, 
are called conductive polymer. The first 
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conductive polymers have been developed by 
adding external conductive agents such as 
iodine (Harigay, 1992), when the conductivity is 
109 order of magnitude higher than that of 
intrinsic state. However, conjugated polymers 
at their neutral states are classed as conductive 
polymers (Salaneck et al., 1999). Their 
peculiarity is that they exhibit a single double 
bond alternation (system π-σ-π) called π-
conjugate structures. This network allows 
electron delocalization along the 
macromolecular skeleton due to the 
overlapping of π orbials. Thus, by association of 
the repetition units, there would be an orbital 
overlap type of π extended over several atoms.  
    Polyenic polymers represent the first 
categories which is constituted only by the 
repetition of single/double bonds such as poly 
trans (acetylene) (PA). however, Aromatic 
polymers are formed by aromatic ring such as 
poly (para-phenylene) (PPP) note that hetero-
atoms can be present on the conjugated 
aliphatic squeleton such as polyaniline (PANI), 
for which the structure will be presented in this 
paper. In the other hand, if the ring contains an 
hetero atom, the polymer is called  heterocyclic 
aromatic polymers such as poly (thiophene) (PT) 
or poly (pyrrole) (PPy). Finally for mixed 
polymers, the structure is constituted by 
alternating copolymers from the 
abovementioned groups such as poly (para-
phenylenevinylene) (PPV) or poly 
(parathylenevinylene) (PTV). 

3. Oxidized states of polyaniline
    Poly (aniline) (PANI) is a polymer, for which 
the structure is constituted  by the repetition of 
aromatic ring and a nitrogen bridge (Scheme 1), 
allowing it to exhibit some specific properties. It 
can be obtained by polymerization from aniline 
via chemical, electrochemical or enzymatic 
catalysis (Cholli et al., 2005). PANI can exist in 

three forms depending on the degree of 
oxidation of the nitrogen atoms.  

    The first form called pernigraniline is a red 
solid composed of sequences of 100% of 
oxidized units of the quinonediimine type 
(Scheme 2). This solid is easily hydrolyzed in an 
acid medium.  

The second form of the polyaniline is blue 
colored emeraldine , formed by 50% of benzene 
diamine reduced units and 50% of 
quinonediimine oxide units. This is the stable 
form of PANI. The third form is called 
leucoemeraldine, which is a white solid 

Scheme 1: Chemical structure of polyaniline. 

Scheme 2: Polyaniline oxidized forms. 
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composed of a 100% in the reduced state of the 
benzene diamine moieties. In its emeraldine 
base form, the PANI is a semiconductor whose 
the theoretical gap is estimated at 1.4 eV by 
Vignoloet al., (Vignolo et al., 2001). This value is 
slightly lower than those measured 
experimentally, of the order of 2.0 eV (Cao et 
al., 1989; McCall et al., 1990; Cao, 1990; Scully 
et al., 1993). In contrary, emeraldine salt  is the 
conductive form of PANI which can be obtained 
by Redox doping of the leucoemeraldine form 
during chemical or electrochemical oxidation 
reactions. During redox doping, the number of 
π electrons changes, while the number of 
protons remains unchanged. Moreover, the 
PANI has the particularity of being also doped 
by interaction with a Lewis acid (Genoud et al., 
2000; Kulszewicz-Bajer et al., 1999; Chaudhuri 
et al., 2001; Dimitriev et al., 2004) when the 
electronic change is accomplished via of the 
nitrogen atoms. It can also be doped by simple 
protonation of the emeraldine base form by a 
Brönsted acid (Chiang et al., 1986). The 
emeraldine salt (ES) can be obtained by 
oxidation of the leucoemeraldine base (LEB) (a), 
or by protonation of the emeraldine base (EB) 
(c). The 100% oxidized form is called as 
pernigraniline base (PNB).  

4. Carbon nanotubes: Synthesis, structural,
electrical and optical properties

    Carbon nanotubes were accidentally 
discovered by S. Iijima in 1991 (Iijima, 1991). 
when observing Electronic microscopy the 
secondary products obtained during the electric 
arc synthesis of fullerene molecules. Carbon 
nanotubes structures are derived from the 
fullerene form which form a coiled graphite 
plane closed on each side by two hemispherical 
caps. 
    These carbon nanotubes have diameters of 
the order of nanometers and lengths varying 

from a few μm to a few mm. Indeed, they have 
a very important geometrical factor that gives 
them a quasi-1D geometry. carbon nanotubes 
can exists as  single-walled carbon nanotubes 
(SWCNTs) or multi walled carbon nanotubes 
(MWCNTs). 
    The MWCTs are composed of concentrated 
tubes of various diameter ranging from 2 and 
50 nm (Fig. 1) The inter-tube distance is 3.44 Å 
(Ebbesen et al., 1994), a distance close to the 
distance between graphite planes which is 3.35 
Å. 

Fig 1. Single-walled carbon nanotube (a) and 
Multi-walled carbon nanotube (b). 

4.1. Single Walled carbon nanotubes SWNTs 
    These nanotubes are formed by a single sheet 
of graphene. Because of the cohesive Van der 
Waals interactions, these nanotubes are 
grouped as bundled SWCNTs containing a 
number of 20 to 100 nanotubes and adopt a 
periodic arrangement of triangular symmetry. 
Inter-tube distances are in the order of 3.2 Å 
(Thess et al., 1996). Thus, observation of 
isolated single-celled nanotubes is not obvious. 
Moreover, separation and dispersion process 
should be considered in order to isolate these 
structures. Due to its analogy with the graphene 
sheet (sp2 hybridized carbon atoms network, 



Int. J. Exp. Res. Rev., Vol. 9: 11-46 (2017) 

16 

Van der Walls interaction, ...), the carbon tube 
can be described as the enrolment of a 
graphene plane. This enrolment is carried out 

by coinciding  the two ends of a hC vector 
defined as equation 1 ( Fig. 2) 

21 amanOAC h +== (Eq. 1) 

and the angle θ as follows as summarized in (Eq. 
2) and (Eq.3).

Fig 2.  Representation of the vector defining 
the enrolment of the graphite sheet in order 
to obtain a single-walled carbon nanotube. 

The nanotube axis is perpendicular to the 
vector and the hexagons form a helical 
enrolment on the surface of the nanotube. The 
helicity of the tube depends on the angle θ 

between a1 and hC , called the chirality angle.

Then, depending on the angle θ for which value 
are is between 00 and 300, there are several 
ways to form the tube. If θ = 300, n = m: the 
nanotube consists of hexagons parallel to the 
tube axis. The structure is called  "armchair" 
type (Fig. 3a). then, if θ = 00, n = 0 or m = 0: the 
nanotube seems to possess a hexagon belt in 

the plane perpendicular to its axis. The 
structure is the "zig-zag" type (Fig. 3-b). 
However, if 00<θ<300, n  = m = 6, All other 
possibilities. Their enrolment forms an 
Archimedes screw, the structure is the "chiral" 
type (Fig. 3-c). According to the Euler law 6 
pentagons are sufficient to form the cap which 
closes the nanotube. The type or chirality of the 
nanotube, defined by its pair of index (n, m) is 
an essential parameter to modulate its 
properties. Based on the distance aC-C between 
carbon atoms in the tubes which is nearly 1.42 
Å, we can deduce the diameter d of the tube 

π
)(3 22 mnmn

ad cc
++

= (Eq.2) 










+
=

nm
marctg

2
3θ (Eq.3) 

Fig3.  Different types of nanotube structure: (a) 
armachair (n = m), (b), zigzag (n, 0) and (c) 

chiral (n≠m). 

4.2. Production methods 
    Different methods of synthesis are intensively 
made where the properties of the resulting 
product is severely controlled in terms of 
diameter, and the number of concentric walls 
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for Multi-walled carbon nanotubes. Depending 
on the temperature, there are two  different 
processes to synthesize carbon nanotubes. For 
the high temperature processes (temperatures 
above 30000C)  there are two methods such as 
electric arc (IIjima, 1991; Journet et al., 1997) 
and laser ablation (Guo et al., 1995). Similarly to 
the medium temperature processes 
(temperatures below 10000C), there are two 
methods which are respectively the catalytic 
decomposition (Kitiyanan et al., 2000) and the 
PECVD (plasma enhanced chemical vapor 
deposition) (Gohier et al., 2007). 

4.3 Nanotubes obtained electric arc technique 
    The electric arcis established between two 
graphite electrodes located in a reactor filled 
with an inert gas such as helium or argon. The 
temperature elevation permits the graphite 
sublimation. A condensation process is 
established on the end of the cathode which 
results on the formation of nanotubes. If the 
anode is a pure graphite, multi-walled 
nanotubes will be formed. However, in the 
presence of metal catalysts, single walled will 
be synthesized (Journet et al., 1997; Iijima and 
Ichihashi, 1993). The synthesized nanotubes 
have few structural defects but are generally 
polluted by numerous impurities (catalyst, 
amorphous carbon). 

4.4.  HiPCO method for nanotube production 
    The HiPCO process (High Pressure Carbon 
monoxide) is a catalytic decomposition method 
(Bronikowski et al., 2001). A flux of monoxide 
carbon CO is injected with Fe(CO)5 particles in a 
high pressure furnace (10 atm)  for which 
temperature is ranged between 7000C and 
12000C. The iron particles play the role of 
catalyst and allow the nucleation of carbon 
nanotubes (Eq.4). 

CO (g) + CO (g) → C (s) + CO2 (Eq.4) 

    For his method, the formation SWNTs is 
favored. Despite the SWCNTs geometry is 
nearly uniform (mean diameter of 0.8 nm), 
nanotubes are less graphitized than those 
achieved by the electric arc method. 

4.5. Nanotube obtianed by CoMoCAT method 
    The CoMoCAT method (Cobalt Molybdenum 
CATalytic method) is also a method of catalytic 
decomposition which uses a 
Cobalt/Molybdenum mixture as a catalyst 
(Kitiyanan et al., 2000). It operates at 
temperatures between 7000C and 9500C and a 
pressures between 1 and 10 atm. This 
technique allows a good control on the 
characteristics of the resulting SWCNTs by 
changing synthetic parameters such as Mo/CO 
fraction, temperature or reaction time 
(Kitiyanan et al., 2001). 

4.6.  Properties of carbon nanotubes 
4.6.1.  Electronic and optical properties 
    The electronic properties of carbon 
nanotubes are essentially made from the 
structure of a graphene sheet. As it is known, 
the graphene is a semiconductor with  a null 
optical gap from which Fermi surface is 
summarized by 6 states, providing the energy 
overlapping between both valence and 
conduction bands. This means that only 6 states 
(kx; ky) are responsible for conduction in the 
graphene plane. The enrolment of the graphene 
sheet to form SWCNTs, is accompanied by the 
appearance of new conditions periodic limits. 
These new limit conditions  results in the 

quantification of the wave vector k  in the 
enrolment direction, as in the following 
expression (Eq. 5). 
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d
nK π*

=  (Eq.5) 

Thus, the nanotube can be conductive if 
one from the 6 states (kx; ky) corresponds tothe 
quantification condition imposed by the limit 
conditions. In  all other cases, the nanotubes 
are semiconductors. Therefore, the electronic 
properties of CNT depend on the integers n and 
m which definite chirality (Saito et al., 1992). 
Indeed, the nanotube is conductive if the 
following condition is satisfied (Eq. 6). 

Pmn 3=− , 3),,( NPmn ∈  (Eq.6)

    The density of states of the carbon nanotubes 
diverges for some energy values so-called Van 
Hove singularities, typical for uni-dimensional 
structure. For nanotubes, electron transitions 
take place between these singularities, For the 
first transition E11, the energy of the gap can be 
expressed by Eq.7, Where  aC-C = 1.42 Å, 
distance between carbon atoms E0 = 2.9 eV, 
interaction energy between two neighboring 
carbon atoms. 

NTC

CC

d
Ea

E 0
11

*6 −= (Eq.7) 

    The electronic properties of CNTs can be 
modified by charge transfer. The carbon 
nanotube can be p-doped by substitution where 
carbon atom is changed by boron atom. The n-
doping process can be accomplished by 
substituting the carbon atom with a nitrogen 
atom. Doping process can also take place by 
surface adsorption of electron donating or 
accepting species such as alkali metals, 
halogens (Lee et al., 1997) or organic molecules. 
    Carbon nanotubes are good conductors 
(higher conductivity than copper). They are very 
good models for ballistic transport, 

demonstrated experimentally for SWNTs by 
Kong et al. (Kong et al., 2001). Carbon 
nanotubes can support high current densities 
(higher than that of copper) typically 107 A/cm2 
(Franck et al., 1998). CNT are also good super 
conductors at  lower temperature. 

4.6.2.Mechanical properties 
    CNTs possess single/double bonds alternation 
which give the structure a high mechanical 
strength. Thus, the Young Modulus values 
obtained for either SWNTs, or MWNTs, are in 
the order of 1 TPa (Salvetat et al., 1999). 
However, these values are strongly dependent 
on the structure of the resulting material 
(principally the presence of defects) and can be 
decreased to 10GP (Salvetat et al., 1999). The 
nanotubes also have a high deformation 
capacity and a high flexibility which allows 
reversible deformations. This flexibility is due to 
a strong sp2-sp3 re-hybridization of the carbon 
atoms. The breaking strength is also very high, 
typically between 13 and 52 GPa  which is in the 
same order for steel 200 MPa (Yu et al., 2000). 

4.6.3. Thermal properties 
    Thermal conductivity measurements carried 
out on the SWNTs show that thermal 
conductivities varies from 1800 to 6000 W: K-1: 
m-1 (Kimand and Jin, 2001; Hone, 1999) higher 
than that of diamond (2000 W: K-1: m -1). These 
values are strongly dependent on the 
orientation of the tubes during the 
measurement. 

4.6.4. Optical properties 
    The black color of carbon nanotubes is 
indicator of their high optical absorption in the 
areas of the UV-visible-near IR (Yang et al., 
2008). Carbon nanotubes also have electro-
luminescence properties that allow them to 
emit in the infrared frequencies (Freitag et al., 
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2004) as well as good photoconductivity 
properties (Shim et al., 2003; Stewart et al., 
2005; Lu et al., 2006). They also possess 
photoluminescence properties as demonstrated 
by O'connell et al., (O'Connell et al., 2002). 

5. CNTs / PANI Interaction
The functionalization of carbon nanotubes

with polyaniline can results from π-π 
interactions or covalent bonding. The untreated 
nanotubes generally result in non-covalent 
bonds between the C = C bonds and the 
aromatic rings of the polymer (Scheme 3). On 
the other hand, if CNTs are treated with a 
strong acid such as the COOH groups, covalent 
bonding between both components is the most 
preponderant exchange protocol. Mixing the 
properties of nanotubes with those of 
conductive polymers, mainly polyaniline, 
represent  recent investigation field.  

6. Functionalization of carbon nanotubes with
polymers 
6.1.  Purification and separation of carbon 
nanotubes 
    After the synthesis of the carbon nanotubes, 
the final product contains residual impurities 
related to the synthesis protocol (amorphous 
carbon, catalyst particles, impurities).  These 
impurities lead to undesirable effects on the 
electronic properties of the nanotubes and / or 

the obtained composites. Therefore, 
purification process are needed  after carbon 
nanotubes synthesis. Several methods are 
previously reported to have a better purity such 
as chemical methods, based on the selective 
oxidation process (Zhang and Wan, 2003). 
However, physical methods are based on 
filtration (Bonard et al., 1997) and 
centrifugation (Hu et al., 2005). It should be 
noted that generally some techniques should be 
combined to purify CNT, for which, chemical 
and physical techniques must be coupled (Wang 
et al., 2006). Moreover, for all synthesis 
methods, nanotubes were found in both single 
and mullti-walled forms. 
    As it is mentioned both categories differs by 
electronic and optical properties and present an 
handicap for applications (mixing between 
metallic and semiconducting nanotubes). To 
ensure separation, a technique based on 
gradient of density ultracentrifugation was 
generally applied. A better separation process 
between both categories is strictly based  on 
differentiation of their diameter (Arnold et al., 
2006). This method selectively separates small 
and large diameter tubes (Arnold et al., 2005). 
The selection by non-covalent interactions with 
a conjugated polymer via a functionalization 
process in acid medium (Strano et al., 2003) was 
also used. Other ways such as selection by 
interaction with DNA wrapping (Zheng et al., 
2003) or by di-electrophoresis technique 
(Krupke et al., 2003) have also been tested. 
These three techniques allow the selection of 
carbon nanotubes in liquid phase. 

6.2. Dispersion of carbon nanotubes 
    After the purification process and in order to 
obtain a good nano-composite, CNTs should be 
homogenously distributed in the organic matrix. 
In this context, it is currently known that the 
good dispersion of CNTs in polymer matrix is 

Scheme 3: Interaction of π-πtype between 
CNTs and polyaniline. 
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the major step which leads to good exploit of 
their properties. Thus carbon nanotubes exhibit 
strong cohesive interactions of Van der Waals 
type. These interactions induce strong 
aggregates of several micrometers in diameter, 
randomly distributed (Fig.4). Such an 
arrangement can not induces any specific 
properties on the final nano-composite. 

Fig 4. Structure of bundled CNT (a & b). 

    To achieve good dispersion process, for which 
carbon nanotubes  should be uniformly 
distributed in the polymers matrix, some 
techniques are recently used. It should be noted 
that these techniques are essentially made to 
separate tubes without destruction of the its 
structural integrity. In the last decades, 
intensive efforts have been focused to improve 

the CNTs dispersion on the polymer matrix. The 
easiest method is the direct mixing of CNTs with 
the polymer. The chemical modification of the 
polymer matrix or of the surface of the CNTs 
was also applied. These approaches are aimed 
to approach affinities values of both 
components. It is also possible to use a third 
element, such as surfactants. 

6.2.1. Direct Mixing Method (Mechanical 
Method) 
    In general, during mechanical agitation, the 
local force induced by vibration decomposes 
CNTS aggregates. The complete separation of 
the CNTs aggregates requires an energy 
(mechanical or vibrational) greater than the 
binding energy of the Van der Waals cohesive 
forces. This can be accomplished in low-
viscosity solvents, such as water and organic 
solvents (Huangand Terentjev, 2012). It is a 
simple method based on the use of mechanical 
agitation or vibration forces. An intense 
agitation (14000-18000 rpm) of the CNTs for a 
well-defined time allows a better dispersion 
process (Alimi et al., 2011; Sandler et al., 1999). 
On the other hand, it is demonstrated that 
when the agitation is followed by ultrasound 
with controlled frequency and power, makes it 
possible to have nano-composites of high 
qualities (Park et al., 2008). Chen and all. 
showed centrifugal forces applied in the nano-
composite result in better homogeneity and 
alignment of CNTs  (Chen et al., 2007). It should 
be noted out that this method, which uses 
intense vibratory forces, can give rise to breaks 
in tubes which imposes changes on their 
properties (Kerr et al., 2011). Indeed, it is clearly 
seen that longer agitation time induces change 
on the length distribution. 
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6.2.2. CNTs surface modification 
    CNTs surface modification is based on the its 
chemical functionalization through covalent 
bonding with functional groups. The process 
can also be governed with non-covalent 
bonding between CNTs and molecules (Moradi 
et al., 2012; Liu et al., 2012) (Fig.5). 

Fig 5. Surface modification of CNTs: (a, b) 
covalent bonds, (c, d) non-covalent bonds 

(Airsch et al., 2002). 

6.2.2.1. Chemical functionalization 
    The chemical functionalization can be carried 
out either by organic chemical reactions or by 
reactions induced after creating structural 
defects of CNTs. In this context, CNTs can be 
functionalized using special reactive groups, 
such nitrenes (Holzinger et al., 2004), lithium 
alkyls (Viswanathan, 2003), fluorine radicals 
(Peng et al., 2003; Mickelson et al., 1998). After 
surface modification, it is easy to graft 
functional groups such carboxylic acid, hydroxy 
or amine type on the surfaces of CNTs, allowing 
the formation of covalent bonding with 
polymers or with molecules (Martín et al., 
2012). The multi-walled carbon nanotubes were 
previousely oxidized with inorganic acid by 

Gojny et al (Gojny et al., 2003) for which 
transmission electron microscopy results 
showed a good incorporation in an epoxy 
matrix. It is also poosible to accomplish the 
polymerization process after the  chemical 
functionnalization. The approach consists first 
in linking the functional group on the surface of 
the tubes and then, the of polymerization 
process take place (Shanmugharaj et al., 2007; 
Qin et al., 2004). 

6.2.2.2. Physical functionalization 
    This approach consists to create non-covalent 
interactions between CNTs and the molecules 
chosen to be functionalized. It has been 
demonstrated that adding some functional 
groups such as pyrenes (Vijayakumar et al., 
2011), anilines (Rajarajeswari et al., 2012), and 
amines (Kong et al., 2001) leads to a good 
dispersion of CNTs in organic solvents. In this 
case and due to the weak interaction between 
CNTs and molecules the electronic properties of 
the original materials are conserved. 
    The process can be also carried out by in situ 
polymerization, as it is previously described by 
Deng et al (Deng et al., 2002),when synthesizing 
polyaniline/CNTs nano-composite. All 
component of the mixture were added with 
stirring in a very specific amount in order to 
reach an effective system stabilization. 
    Fig.6 depicts the functionnalization process of 
MWCNTCs / polypyrrole composite (Sahoo et 
al., 2007). The CNTs were treated with an acid 
and the polyperrole was then functionalized by 
chemical polymerization in situ using iron 
chloride FeCl3/6H2O as an oxidant. It has been 
demonstrated, that the COOH groups interact 
via non-covalent bonding simultaneously with 
both C=C bonds of CNTs and the N-H groups of 
the polypyrrole (Fig. 6). 
    Morishita et al., (2010) have also obtain a 
good dispersion of SWCNTs when using 
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polymalein (MIP) in several organic solvents. 
Results showed an homogeneous solubilization 
of CNTs within the polymer matrix widh 
improved the physical properties relative to the 
resulting composite.  

Fig 6. Interaction between polypyrrole and 
multi-walled CNTs. 

    For all adopted method, the stability of the 
obtained solutions, especially concerning the 
dispersion process, is of short duration and 
consequently CNTs rapidly agglomerate on the 
surface of the solution. The use of ultrasonic 
baths to separate aggregates represents a good 
adopted solution. However, frequencies and 
energy should be controlled in order to evitate 
the nanotubes degradation (Kerr et al., 2011). 

6.3. Orientation of carbon nanotubes in the 
polymer matrix 
    The performance organic electronic devices 
using CNTs  embedded on the polymer matrix is 
strongly dependent on their CNT orientation. 
Physically, for optoelectronic applications, 
oriented nanotubes permits charge transport 
and reinforces the optical properties in a 
preferential direction so called spatial 
anisotropy. To achieve good CNTs orientation, 
two ways are used. The first consists to orient 
CNTs during their synthesis, whereas for the 
second one (the most used), the  alignment 

process is done the liquid phase after the 
synthesis by Applying external perturbations. 

6.3.1. CNTs Orientation during synthesis 
    Using vapor deposition (CVD) technique (Fig. 
7), metallic catalyst nanoparticles (Fe, Ni, Co, 
Mo) permit to obtain CNTs vertically aligned 
with the substrate (Futaba et al., 2004). In fact, 
the high density of CNTs is the principal factor 
which favors good orientation. Moreover, it is 
also possible to apply an electric field during the 
growth, which allows to improve their 
alignment (Meyyappan et al., 2003). It should 
be noted that the most efficient alignment can 
be achieved during the synthesis step. However 
its complexity is originated from dyamic 
structural changes (Rarvikar et al,2005, Boncel, 
2011). 

6.3.2.CNTs Orientation after the synthesis 
    Among of the widely used methods is the 
liquid phase after the CNTs dispersion. This 
method is based on the application of external 
perturbations such as an electric field (Chen et 
al.,2001; Domingues et al., 2012) or magnetic 
field (Hone et al., 2000; Choi et al., 2003).  
It is also possible to use light excitation which 
permits elastic movement CNTs as it is 
previously reported for SWCNTs (Zhangand 
Iijima,1999). Several experimental and 
theoretical studies relative to the orientation of 
single- or muti- walled  nanotubes via electric or 
magnetic fields applications are reported on the 
literature. The application of electric field 
between two electrodes, leads to orientate 
nanotubes parallel to their intrinsic dipolar 
moments (Dimaki et al., 2004). 
    Park et al.,(2006) have study the field effect 
on the degree of SWCNTs alignment of 
SWCNTs. They have shown that the electrical 
conductivity and the dielectric properties of the 
nano-composite can be modulated by varying 
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the characteristics of the electric field 
(amplitude, frequency, time).  

Fig 
7. CNTs Alignment (a) lateral vision, (b)
longitudinal vision (Chen, 2005). 

The application of the electric field creates a 
dipole moment, and the resultant force induces 
the tube in the field direction (Fig. 8.a). 
Moreover, the oriented carbon nanotubes 
interact with each other as dipole-dipole 
interactions as illustrated in Fig. 8.b. these 
effects are responsible for their movement to 
form an oriented networks connected in "head-
to-head" (Fig.8.c). In the other hand, it has been 
demonstrated that moderate annealing 
treatment, induces a higher electric 
photocurrent in photovoltaic solar cells (Yang et 
al., 2005; Savenije et al., 2006). This 
amelioration has been interpreted as good 

arrangement of polymer and CNTs at the 
molecular scale (Zhokhavets et al., 2006). 

 It should be noted that CNTs orientation 
process in the organic matrix, can induce 
polymer alterations, mainly the decrease of 
conjugation degree, which modify its electronic 
properties. Moreover, the orientation process 
can induce modifications on the polymer 
structure.  

Fig 8. CNTs orientation process by application 
of electric field (a): orientation in the direction 
of the field (b): head-to-head interaction and 
(c): formation of the network (Monti, 2012). 

7. Applications in the organic electronic
devices 
7.1. Electroluminescence of organic materials 
    Electrical excitation induces excitons creation 
for which the diffusion length is typically in the 
order of few nanometers. Depending on its 
spins, exit on can be singlet or triplets. The 
singlet de-excitation is accompanied by a 
radioactive decay, however, triplets  involves 
non-radioactive decay process. Depending on 
the nature of the molecule, the created exciton 
can be either Frenkel type (electron-hole 
strongly bound: El ~ 1 eV) or of Waner type 
(electron-hole weakly bonded El ~ 0.1 eV). 
Another type of exciton may exist in organic 
structures namely, the charge transfer exciton 
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(CTE). The latter is an intermediate case 
between the two previous systems which are 
largely reported for in inorganic semi-
conductors. CTE describes a system where the 
exciton is delocalized through several repeating 
unit of a polymer, due to their anisotropic 
nature. Currently, the degradation processes, 
mainly residual carbonyl groups and/or the 
interaction of the electrodes with air are 
levitated, using the concept of encapsulation 
with transparent glass. The encapsulated ITO / 
PPV / Ca luminescent device showed a very 
good stability when operating in air for 7000h 
and at 200C (Carter et al., 1997). The range of 
products of commercial interest  have proven a 
progressive need and the companies like Kodak, 
Philips, Toshiba, Seiko-Epson are interested to 
the use of organic materials. In the display 
screens, the conversion efficiency under 
operating voltages varying from  3 to 5V is a few 
tens of Lm/m2. For Inorganic Semiconductors, 
except for AlGaInP, the same orders of 
magnitude were obtained (Kovac et al., 2003). It 
is also known that the original properties of 
these materials leads to a spectral 
luminescence which can cover the entire visible 
spectrum, by simply modifying the molecular 
structure. Thus, according to their advantages, 
namely lower cost and flexibility, organic 
materials will cover the market for flat panel 
displays (Mbarek et al., 2012). 
  As for inorganic semiconductors, the 

conversion efficiencies are also dependent on 
the molecular structure and the architecture of 
the component. Currently, the some works are 
focused on the realization of low cost 
consumable components with higher 
performance. For the conjugated polymers, one 
of the methods is to introduce a conjugation 
interruption which favors a radioactive channel 
resulting from of excitons confinement. 

7.2. photovoltaic conversion from organic 
materials 

Due to the need of electrical energy, 
photovoltaic production is currently a necessity. 
Fig.9 shows the global evolution of solar energy 
production over the last two decades (Razykov 
et al.,2011). This production, which reflects our 
needs is the consequence of various 
manufacturing technologies which use new 
materials as active layers. 

Fig 9. Evolution of photovoltaic energy 
production in the wide. 

The photovoltaic effect has been observed 
for organic materials for over 40 years. The first 
organic solar cells exhibited very low energy 
conversion efficiency  (10-5%). Starting from 
1986 (Tang, 1986). The conversion efficiency 
reached 1% with the few years ago, this value 
was reproduced with different materials but 
never improved. In the beginning of this 
century, conversion efficiency have started to 
increase again, reaching 2.5% with the works 
published by Shaheen (Shaheen 2001), 3.6% 
with those of Peumans (Peumansand Forrest, 
2001) under power illumination of 100 mW.cm-2 

and finally 4.2% with a double heterostructure 
of C60 and copper phthalocyanine (Xue et al., 
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2004). The record is broken by recent works, 
using the compound obtained using the hybrid 
carbon nanotubes/polymers from which  CE 
exceeds 5%. This value is still low when 
compared to those obtained with mono-
crystalline (24.7%) or polycrystalline (19.8%) 
and amorphous (12.7%) silicon cells (Razykov et 
al.,2011) (Fig. 10). However, design and 
production steps are more  expensive for 
inorganic conventional semi-conducting 
materials (Razykov et al., 2011). 

Fig 10. Evolution of photovoltaic conversion 
efficiencies for silicon (single and poly crystal) 

and organic materials. 

Solar cells based on organic polymers 
constitute another alternative to those based 
on inorganic semiconductors, for several 
advantages. Indeed, these materials offer easy 
processing, flexibility, lightness and low cost of 
production. A major handicap is the low 
mobility of charge carriers (10-1 to 10-4 cm2V-1 s-

1) which remains lower than that that of
polycrystalline silicon (50 -100 cm2V-1 s-1) or of 
silicon single crystal (300-900 cm2V-1 s-1). This 
mobility handicap can be overcome by using 
CNTs. Charge carriers motilities of these carbon 
structures are better than those of silicon 
(μn≈106 cm2V-1 s-1, μp≈103 cm2V-1 s-1) (Hongwe 
et al., 2009). Carbon nanotubes in their single- 

or multi-walled forms are also characterized by 
very high rigidity and excellent chemical 
stability. The addition of a small quantity of 
CNTs results not only in good mechanical 
strength but also in the optical gap suitable for 
the solar spectrum (UV-V range). By their 
presence, the number of nano-P-N- junctions 
are maximized and the photo-generated exciton 
would be able to diffuse where its dissociation 
occurs at the interface. The distance which 
separate photo-generation and dissociation 
sites  will be in the order of diffusion length (not 
exceed 20 nm). Moreover, if the charge transfer 
is established, CNTs can  collect and carry these 
charge towards electrodes. Prototypes of 
organic photovoltaic cells have recently been 
developed, showing a good improvement open 
circuit currents due to the addition of very low 
weight fractions of NTCs. The open-circuit 
currents obtained under illumination of 100 
mW/cm2 vary from 10 to 25 mA / cm2 (Yun et 
al., 2008, Derbal-Habak et al., 2011; Jun et al., 
2012; Rajiv et al., 2010). 

The process of exciton dissociation can be 
further improved when photo-generation sites 
are distributed in the bulk. Such a configuration 
is obtained by organizing donor/acceptor 
materials in interpenetrating networks, which 
increase the nano-junction surface. Moreover, 
the organization of the materials in 
interpenetrating networks ensures a better 
charge transfer. Finally, the addition of a small 
quantity of CNTs to this acceptor/donor hetero-
nano-junction is the consequence of better 
charges collection. 

8. Functionalization of SWCNTs with
polyaniline: Theoretical and experimental 
study 
    As presented in the literature concerning 
nano-composites and their methods of 
production, the aims of this work to synthesize 
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CNTS/ polyaniline nano-composite with simple 
methods. In the first step  the work is focused 
to obtain better dispersion process of CNTs 
within the polymer matrix and then to ensure a 
good orientation of the tubes in a preferential 
direction. The final objective of this work is to 
identify the field of application when mixing 
properties of polyaniline those of CNTs. Finally, 
we try to use this nano-composite as an active 
layer for photovoltaic cells. 

8.1. Materials and methods 
8.1.1. Preparation of the nano-composite 

Polyaniline emeraldine base and single 
walled carbon nanotubes were purchased from 
Sigma-Aldrich. The polyaniline powder (purity 
of 99.99%) has the number average molecular 
weight of Mn > 15000 and a refractive index of 
1.85, a melting point higher than 600 K, and a 
density of 1.36 g/ml at 300K. Then, the SWCNTs 
were produced by electric arc technique and 
have diameter varying from 1.0 nm to 1.2 nm 
and a length of nearly 500 nm. The classical 
procedure used for the doping process is similar 
to that previously reported by A. G. MacDiarmid 
et al. (Chiang et al., 1986). First, the powder was 
placed for 2 hr in a mixture made up of 20% of 
sulfonic acid (R-SO3H) and 80% of DMF. Then, 
the doped polyaniline powder was washed 
three times by DMF. In fact, treating polyaniline 
with sulfonic acid having the morality of 1.0, is 
principally done in order to obtain the 
conducting form of polyaniline (emeraldine salt) 
and to facilate the grafting process between 
both components. 

The procedure used to prepare the 
composite is based on the direct mixture of 
both components as it is previously described 
(Zaidi et al., 2010). The PANI at doped states is 
dissolved in DMF solvent and SWNTs are 
mechanically dispersed in the same solvent for 
three hours in two separate recipients. This step 

is immediately followed by a sonication process 
for 30 min and by applying centrifuges forces. 
When the SWCNTs dispersion is achieved, the 
polyaniline solution is progressively added by a 
quantitative amount to the already dispersed 
SWCNTs in order to obtain the appropriate 
SWCNTs weight concentration. After SWCNTs 
dispersion, five SWCNTs weight concentrations 
are obtained (0%, 0.71%, 1.16 %, 2.1 %, and 5 
%). These concentrations are chosen to be 
lower than 5%, principally to overcome Van der 
Walls cohesive forces in order to obtain a good 
dispersed SWCNTs state (Byron et al., 2006; 
Schroder et al., 2003). The obtained solution 
relative to each SWCNTs concentrations were 
deposited at room temperature with nearly 
uniform thickness on silica and KBr pellets 
respectively for optical absorption and infrared 
analysis. For optical absorption measurements, 
all substrates were cleaned in ultrasonically 
bath with deionizer water and ethanol. The 
composite film obtained after solvent 
evaporation is introduced in an oven and is 
subsequently heated under vacuum at the 
temperature of 390 K for about 1 h. 

8.1.2. Experimental measurements 
    Infrared absorption measurements are 
recorded using a Bruker Vertox 80 V 
interferometer with the resolution of 4 cm-1. 
The samples were pellets of KBr painted with 
the organic compound under study (Zaidi et al., 
2003). For each SWCNTs weight concentration 
and in order to eliminate the effect of residual 
solvent and the KBr, the reference of 
measurement is obtained by carrying out both 
infrared spectrum of the KBr alone and those of 
KBr mixed with the DMF. The optical absorption 
spectra are recorded using UV1800 
spectrophotometer working in the absorption 
mode with the wave length varying from 200 
nm (6.2 eV) to 2000 nm (0.62 eV).  

http://www.sciencedirect.com/science/article/pii/0379677986900706
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8.1.3. Theoretical details 
Concerning the theoretical part, all the 
structures including PANI at neutral or doped 
states and at different chain lengths, SWCNTs 
and the resulting nano-composite have been 
fully optimized using the most popular Becke’s 
three-parameter hybrid functional, B3 (Becke et 
al., 1993), with non-local correlation of Lee–
Yang–Parr, LYP, abbreviated as B3LYP method 
(Pokrop et al., 2009; Leeet al., 1988) without 
constraint. Theoretically, the PANI doping 
process is accomplished by adding (removing) 
electrons to (from) the corresponding modeling 
structure at its neutral state. For the polyaniline 
at both neutral or doped state calculations are 
done for different chain length (the fragments 
number i (atoms labeled from 0 to 7i in scheme 
4). Optical absorption spectra were calculated 
using the time-dependent density functional 
theory (TD-DFT) method with the 6-31G (d) 
basis set which is widely applied to organic 
polymers (Leeet al., 1988; Gorelsky et al., 2009; 
Bourass et al.,  2016; El Malki et al., 2011;  Zhou 
et al., 2004) and were fitted to Gaussian curves 
within Swizard program (Gorelsky et al., 2009). 
Vibration frequencies calculations have been 
carried out with DFT at 6-31G* level method 
(Ayachi et al., 2012; Bourass et al., 2016; El 
Malki et al., 2011) after the ground state 
optimization. The Highest Occupied Molecular 
Orbital (HOMO), the Lowest Unoccupied 
Molecular Orbital (LUMO) levels and the 
HOMO–LUMO gap are deduced from these 
calculations (Zhou et al., 2004). The electron 
density iso-contours plots at the ground states 
are obtained by the optimization using TD-
B3LYP6-31G (d) method. These calculations 
were performed by the Gaussian 09 package 
(Frisch et al., 2009).  

Scheme 4: Molecular structure of  polyaniline. 
Nitrogen (7, 14, 21, 28, 35, 42 and 49) and 
Carbon atoms are labeled with their number 
for the optimization in both neutral and doped 
states. 

8.2. Results and discussions 
Fig.11 represents changes of FTIR spectra of 

PANI/SWCNTs composites as a function of 
SWCNTs weight concentration. Band positions 
and assignments are referred to the already 
published vibration studies (Mishraand 
Tandon., 2009, Baibarac et al., 2003). All spectra 
are normalized by referring to the band at 1124 
cm-1 which represent ring deformation and have 
not been affected when SWCNTs are added. 

Fig 11. FTIR Spectra of polyaniline 
functionalized with SWCNTs as a function of 
SWCNTs concentration (a) 0%, (b) 0.71%, (c) 

1.16 %, (d) 2.1 %, and (e) 5 %. 

For SWCNTs concentrations lower than 
2.10%, there are no significant changes in the 
shape of FTIR spectra, at least the increase of 
the band situated at 619 cm-1, attributed to the 
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C-N deformation. At these concentrations there 
is a conformational change due to SWCNTs 
inserting but without covalent functionalization 
process. Starting from 2.1 % SWCNTs weight 
concentration, the spectrum is severely 
affected. New band appears at 1255 cm-1, 
traducing the covalent binding between both 
components. Moreover, both bands at 1124 
cm-1 and at 619 cm-1 are respectively shifted to 
1099 cm-1 and to 661 cm-1. These oscillations 
frequencies shifts and the netter intensity 
increase of the last band at 661 cm-1, indicate a 
new molecular arrangement due to the SWCNTs 
inserting (Pal et al., 2016). 

In the other hand, the weak band situated at 
1022 cm-1 ascribed to the C-H deformation 
disappears and a news band appears at 1062 
cm-1. Then, bands situated in the range 1350 to 
1700 cm-1 are severely affected by referring to 
those relative to the basic material. Indeed, 
bands at 1388 cm-1 and at 1502 cm-1 and 1688 
cm-1 respectively attributed to C-H binding, ring 
deformation and N-H switching are dramatically 
improved in intensity supporting the 
aromaticity increase of the resulting compound. 
Two other new bands appear at 1409 and at 
1438 cm-1 which traduce covalent binding 
between both components via new C-N link (Lu 
et al., 2016). In fact, the appearing of new 
vibration frequencies and the disappearing of 
another demonstrate that there is a covalent 
functionalization process (Cosnier et al., 2008). 
It is of importance investigate this 
functionalization process which is the major 
factor to evidence to electro-optical properties 
of the resulting composite. As carbon 
nanotubes are generally donating moieties, if 
there is a covalent functionalization process, 
polyaniline at doped state will be oxidized. For 
these reason a re-optimization process and the 
same calculations are done on the already 
optimized doped polyaniline structure to reach 

the oxidized state. Starting from this point of 
view, fig.12 represents the normalized infrared 
spectra obtained either experimentally or 
theoretically of the doped state by referring to 
those of oxidized state.  

In fact, these theoretical calculations are 
done to support in a first step the molecular 
structure of the basic material and to elucidate 
the change from neutral to the oxidized state 
which can check the reactive sites for an 
eventual grafting process (Zaidi et al., 2010). 
Indeed, from the experimental to the 
theoretical spectrum, all vibrational frequencies 
are found with nearly same intensities and 
positions except a shifting of maximum 90 cm-1 
is observed for the band at 1124 cm-1 which 
represent ring deformation. This shifting is 
essentially due to the fact that calculations are 
done in gaseous phases and without inter-chain 
interactions (Zaidi et al., 2010). 

Fig 12. Infrared spectra of doped polyaniline, 
(a) experimental, (b) theoretical and (c) doped 

polyaniline after oxidation (c). 
Particularly, hindrance effects which are 

necessarily dominant in the real material are 
evidently absent on the modeling structure 
reported in scheme 4, especially for the ring 
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deformation that appears at 1124 cm-1. From 
doped polyaniline to its oxidized state there are 
some changes. First, bands at 1207 cm-1 (ring 
vibration) and at 1667 cm-1 (NH2-switcghing) 
disappear simultaneously with the appearance 
of a new band at 1309 cm-1. In the other hand, 
bands at 1543 and at 1570 cm-1 attributed to 
the symmetric and anti-symmetric C-H binding 
are improved similarly to those situated at 3190 
cm-1 and at 3217 cm-1. However, the band at 
3595 cm-1 is severely quenched. These changes 
are principally due to the creation of quinoidal 
form of polyaniline (Mishraand Tandon.,  2009; 
Wang et al., 2016 ). 

Fig.13 represents bond length, atomic 
charges modifications from the neutral to the 
oxidized states and the resulting spin density. 
Atoms are numbered in scheme 4, and bond 
length number n represents distance between 
neighboring atoms n and n+1. As shown, for the 
bond length variations, the most changes are 
nearly repetitive and concerns bonds which are 
directly related to the nitrogen atom and/or to 
their directly bonded carbon atoms. 

In fact the oxidation process is followed by a 
new electronic repartition due to the new 
conformation as it is represented in fig. 13 
which induces the appearing of quinoidal form 
(Mishra et al.,  2009). As shown, before the 
oxidation process, the higher atomic charges 
are restricted to nitrogen atoms numbered as 7, 
14, 21, 28, 35, 42 and 49. Then, after oxidation, 
the most changes are restricted for these sites 
and their neighboring atoms which exhibit a 
more higher atomic charge. In the other hand, 
the resulting spin density distribution (fig.13-c), 
demonstrates also for doped PANI, only 
nitrogen atoms exhibits higher spin density. 
These first preliminary results let to conclude 
that the reactive sites are located around the 
nitrogen atoms. 

Fig 13. Changes of bond length (a), of atomic 
charge (b) from doped () to the it’s oxidized 
state () and the resulting spin density at the 
doped state (c). 

As, it is shown, changes of vibrational 
frequencies are limited around the nitrogen 
atoms in the polymer squeleton. These results 
are in good agreement with the observed 
changes in atomic charges and in the geometric 
parameters. Therefore, the most probable site 
of interaction for which carbon nanotubes can 
be grafted is the nitrogen atoms. This result was 
already supported by a systematic SERS and 
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FTIR experimental study on the neutral 
PANI/SWCNTs composite (Baibarac et al., 2003). 
As it is known, carbon nanotubes have unique 
electronic properties (Chenand Yu, 2005) and 
the already proposed grafting mechanism are 
checked by electronic changes involving C=C 
groups which constitutes the tube (Zaidi et al., 
2010). Our modeling structure of the nano-
composite is based on the covalent bonding 
between both components (fig.14). It is of 
importance to note that, the non-covalent 
bonding can be also present on the final 
structure. These non-covalent bonding are due 
to the intensive Van der Walls cohesive Force 
for carbon nanotubes which inhibit the 
homogenous dispersions process (Byron et al., 
20; Schroder et al., 2003). 

Fig 14. Modeling structure of the nano-
composite D-PAN/SWCNTs. 

To support this hypothesis, fig.15 represents 
the change of optical absorption spectra after 
doping and after SWCNTs adding obtained 
either experimentally or theoretically. From this 
figure, same transitions are found and a 
decrease of the optical gap after doping and 
after SWCNTS adding is clearly seen in both 

cases which support the already proposed 
grafting mechanism.  

Fig.15. (1) Experimental (1) and theoretical (2) 
optical absorption spectra (a) PANIEB, (b) of 
sulfonic acid doped PANI and of the nano-
composite (c). 

From experimental to theatrical spectra, it is 
noted that band intensities of theoretical 
spectra are more pronounced. This difference is 
principally due to the fact that calculations are 
done on the modeling structure already 
presented in fig. 14, for which the SWCNTs 
concentration is higher than that used in 
experimental part. Moreover, experimentally, 
the doping process is accomplished via adding 
acid entities which lead to the molecular 
structure modification. Theoretically the 
process is accomplished only by electron 
adding. As it is demonstrated for PANI at its 
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neutral state, the π-π* transition which 
dominates the energy gap is maximized at 290 
nm and the corresponding energy gap is 3.75 
eV. The other transitions at higher energy 
(lower wavelength) are however attributed to 
σ- σ* and σ- π* transitions (Farag et al., 2010). 

For the doped polyaniline, a large band is 
created giving rise to the optical gap decrease. 
This gap reduction is due to the π-polaron 
and/or polaron-π* band transitions (Huangand 
MacDiarmid, 1993). This new band results on 
the decrease of the optical gap at the onset of 
nearly 2.63 eV. When SWCNTs are added, the 
spectrum is dramatically changed and a new 
band appears at λmax = 535 nm, giving rise the 
onset of optical absorption at nearly 1.7 eV. As 
it is already reported, this new band is 
attributed to the charge transfer (Zaidi et al., 
2011). In fact, photo-excitation begins in the 
polymer matrix and after electron diffusion; 
electron can be easily transferred to the 
SWCNTs as it reported for some 
polymer/SWCNTs nano-composites (Jeong et 
al., 2015). This charge transfer is the major 
parameter for which the improvement of 
photovoltaic characteristics is referred (He et 
al., 2014). 

By referring to the experimental spectra, 
theoretically, optical absorption spectra relative 
to the neutral, doped or functionalized with 
SWCNTs states show also that same transitions 
are found, except a shifting. The observed 
shifting is probably due to the fact that 
calculations are done in gaseous phase and 
without inter-chain interaction. The above 
presented experimental results and the 
obtained theoretical calculations supports the 
modeling structure and consequently the 
grafting process which take place in the 
nitrogen atom. 

Fig 16. Variation of optical absorption spectra 
of doped PANI/SWCNTs composite versus the 

SWCNTs 

In other hand and in order to evaluate the most 
appropriate SWCNTs weight concentration, 
which permits to evaluate the most appropriate 
photovoltaic characteristics, fig.16 represents 
the evolution of optical absorption spectra as a 
function of SWCNTs contents. First, it is clearly 
seen that sulfonic acid doping induces the 
creation of new additional band centered at λ
max =340 nm which show a progressive 
broadness. This latter is progressively red -
shifted as a function of SWCNTs weight 
concentrations to be centered at 392 nm for 
both higher SWCNTs weight concentrations 
(2.16 % and 5.0 %). Moreover, localized states 
due to the charge transfer creation within the 
energy gap are clearly seen after SWCNTs 
functionnalization (Goswami et al., 2016), as 
shown, by the appearing of new additional 
feature in the wavelength ranging from 500 to 
650 nm. In order to evaluate the effect of either 
acid doping or SWCNTs adding on the electronic 
structure of the basic material, the evolution of 
the optical energy gap and those of localized 
state the most significant parameters. 
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 The band gap all compounds presented in this 
study has been estimated from the absorbance 
coefficient data as a function of wavelength 
using Tauc relation as given by equation 1 (Eq. 
8) (Tauc, 1974). Where α is the absorption
coefficient, hυ is the photon energy, B is the 
band gap tailing parameter, Eg is the optical 
band gap and n is the transition probability 
index. By the plot of (αh𝝂𝝂)1/2 versus h𝝂𝝂 (fig. 17-
1), the energy gap is estimated by extrapolation 
of the linear dependence which occurs 
generally in the absorption onset (Chithralekha 
et al., 2007; Kumar, 2011). From fig. 16, it is also 
noted that when SWCNTs are added a new 
feature appears in wavelength ranging from 500 
to 650 nm. This new band which is progressively 
more pronounced when SWCNTs increase 
traduces the creation of localized states within 
the energy gap. In fact in the low photon energy 
range, the spectral dependence of the 
absorption coefficient (α) and photon energy 
(hν) is known as Urbach empirical rule, which is 
given by the following equation (Eq. 9) (Urbach, 
1953): 

(Eq. 8) 

) (Eq. 9) 

where α0 is a constant and EU denotes the 
energy of the band tail or sometimes called 
Urbach energy (Kumar, 2011), which is weakly 
dependent upon temperature and is often 
interpreted as the width of the band tail due to 
localized states in the normally band gap that is 
associated with the disordered or low 
crystalline materials (Urbach et al., 1953; 
Kazmersky et al., 1985). Taking the logarithm of 
the two sides of Eq. 9, hence one can get a 
straight line equation (Eq. 10). Therefore, the 

band tail energy or Urbach energy (EU) can be 
obtained from the slope of the straight line of 
plotting ln (α) against the incident photon 
energy (hα) (Fig.17-2). 

(Eq. 10) 

Fig 17.  (1): Variation of (αh𝝂𝝂)1/2 versus hν in the 
onset of absorbance region, (2): Evaluation of band 

tail width of localized states as a function of 
SWCNTs weight concentrations: (a) 0.71 %, (b): 1.16 

%, (c): 2.1% and (d): 5%. 

All the data concerning the optical gap and 
the localized states are summarized in fig.17. 
The obtained energies gap for doped 
polyaniline is 2.63 eV. Then, when adding 
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SWCNTs, this later takes the values of 2.48 eV 
for the lower SWCNTs concentrations and is 
typically the same (2.28 eV) for the other 
SWCNTs concentrations. The evolution of the 
optical gap as a function of SWCNTs 
concentrations presented on the onset of fig.17 
demonstrates that it has a limit of 2.28 eV 
whatever are the SWCNTs concentrations. For 
the lower SWCNTs concentration (0.71), the 
new localized state which traduces the charge 
transfer creation has threshold energy of 1.7 
eV. Starting from the 1.16% Weight 
concentration the SWCNTs weight increase has 
no significant effect on the energy position of 
localized states. Indeed, for all concentrations 
higher than 0.71 wt %, this threshold energy is 
typically 1.62 eV. The band width of localized 
states takes respectively 80 meV for the first 
SWCNTs concentration and nearly 65 meV for 
the other SWCNTs Concentrations. The 
challenge is now to check the properties of this 
charge transfer availability between both 
components and to carry out the electronic 
properties of the resulting nano-composite 
(Zaidi et al., 2011). The obtained electronic 
structure permits to elucidate the aptitude of 
the doped polyaniline on the photovoltaic 
conversion when the structure is regularly 
dispersed with SWCNTs to avoid an 
interpenetrating network. Principally, some 
electronic parameters such as HOMO, LUMO 
levels and ionization potential energy should be 
known. For these reasons and in order to 
evaluate the electronic structure of the used 
compounds, fig. 18 represents the evolution of 
the HOMO-LUMO energies levels of both 
neutral and doped states for several units cells. 
Same procedure has been previously used in 
order to elucidate electronic affinity and 
ionization potential for infinite chain length 
(Aleman et al., 2008).  

As it is represented, these energetic levels 
show a linear relation-ship as a function of 1/n. 
The extrapolation for infinite chains (1/n0) 
permits to elucidate the corresponding 
electronic energy gap which is evaluate to be 
3.58 eV for polyaniline and 2.31 eV for the 
doped polyaniline. These values are in 
accordance with the already published 
experimental results (Aleman et al., 2008). The 
decrease of the electronic gap is evidently due 
to the creation of new energetic levels on the 
band gap of the neutral polymer as it is 
reported in the experimental part. In fact, for 
the doped polyaniline, the obtained energy 
value is lower than that obtained 
experimentally by nearly 0.5 eV. This difference 
can be related to the chain length diminution 
after sulfonic acid doping and to the weak inter-
chain interaction due to the solvent state.  

Fig 18. The evolution of the HOMO-LUMO energies 
levels of both neutral and doped states for several 

units cells (n). 

To more support this hypothesis concerning 
the charge transfer and the ability of electron or 
hole transport, fig. 19 shows the contour plots 
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of molecular orbital (MOs) including HOMO and 
LUMO of both compounds. The HOMO 
possessed an anti-bonding p character between 
the two adjacent subunits (Mayand Kühn., 
2011). However, the LUMO has a bonding 
character between the two subunits. When 
passing from ground to excited states, the 
HOMO state density was much localized on the 
donor moiety, while the electron density of 
LUMO was mainly localized on the acceptor 
moiety (El Malki et al., 2016).  

Fig 19. The contour plots of HOMO and LUMO 
orbitals of the studied compounds in their ground 

states: (a) doped polyaniline, (b) the nano-
composite D-PANI/SWCNTs. 

To evaluate the aptitude of the resulting 
interpenetrating network, on the photovoltaic 
conversion, some parameters should be 
cheeked such as the open-circuit voltage Voc 
and the power conversion efficiency (PCE). 
These parameters are related by (Eq. 11) 
(Mabrouk et al., 2013), where Pin is the incident 
power density and FF is the Field factor. 

(Eq. 11) 

The power conversion efficiency can also be 
checked theoretically from the Scharber 

diagram. This parameter is strictly related to the 
electronic structure of both components. In the 
other hand, as it is previously described (Gadisa 
et al., 2004), it is possible to evaluate the open-
circuit voltage Voc theoretically from the 
difference between HOMO and LUMO Energies 
levels of respectively donor and acceptor 
materials (Eq. 12). 

(Eq. 12) 

Here e is the elementary charge and 0.3 V is 
a typical loss found in bulk hetero-junction solar 
cells due energy lost during the photo-charges 
generation (Azazi et al., 2011). A similar relation 
has been reported by Veldman et al., and 
Scharber et al.,  (Veldman et al.,  2009; Scharber 
et al.,2013). For the SWCNTs alone, same 
calculations are also done on its modeling 
structure. Results give that SWCNTs exhibits 
HOMO and LUMO energy level respectively of 
5.3 eV and 3.7 eV, by referring to vacuum level. 
These results are in good agreement with those 
recently reported (Ferguson et al., 2013). By 
comparing the obtained energetic levels for 
both doped polyaniline and SWCNTs to those of 
the work function of some metals, ITO and Al 
are the most appropriate for the architecture of 
the resulting solar cell (fig.20-a). From this 
electronic structure, the open circuit voltage 
(Voc) is nearly 1.25 V. 

As it is presented above in, localized states 
have the threshold energy of 1.62 eV. This 
energy coincides with those between HOMO of 
doped polyaniline and LUMO of SWCNTs energy 
levels. In fact, at this nanometer scale the 
transfer under illumination of electron between 
these energy levels is possible; especially for 
this interpenetrating network when the 

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3837184/#bib0295
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3837184/#bib0295
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diffusion length is typically the same of chain 
length. Indeed, photo-excitation begins in the 
polymer matrix and finishes on the SWCNTs 
squeleton. Then, starting from the energy 
diagram of the resulting photovoltaic cell 
presented in fig.20-a, it is possible to estimate 
the maximum power conversion efficiency 
which is strictly based on from Scharber 
diagram (fig.20-b).  

Fig 20.  (a) Energetic diagram of the bulk 
hetero-junction ITO/Doped PANI/SWCNTs/Al 

photovoltaic cell (b) the power conversion 
efficiencies. D: Donor, A: Acceptor (Azazi, 

2011; Veldman,  2009). 

The resulting interpenetrating network 
exhibits a power conversion efficiencies (PCEs) 
varying from the 4% to 5%. Note that the power 

conversion efficiency can be ameliorated by 
using short-oligo aniline rather than the 
polymer. However, the chain length (number of 
units) should be chosen as a function of its 
compatibility with the solar spectrum in the 
absorption process and as a function of the 
electron diffusion length (Zaidi et al., 2013). 

9. Conclusions
Intensive efforts have been devoted in the two 
last decades in order to obtain organic nano-
composites with advanced functional 
properties, incorporating well-dispersed and 
aligned CNTs. However, majority of these 
experimental methods are not able to  produce 
CNTs/polymer nano-composites with properties 
comparable to those theoretically provided. The 
possibility of synthesizing advanced nano-
composites with perfectly aligned CNTs is still 
uncertain and depends on the properties, the 
perfection and the dispersion quality of CNTs 
structure. In the other hand its necessary to 
overcame Van der Waals forces and to control 
polymer/CNTs interfaces. Our interested is 
focused on synthestising polyaniline/ SWCNTs 
nano-composite. For that, Polyaniline EB is 
treated with sulfonic acid, and functionalized 
with SWCNTs. A systematic experimental study 
based on change of vibration and optical 
properties is established as a function of 
SWCNTs contents. In the other hand, and by 
referring to the experimental conclusions, a 
theoretical study based on DFT calculations is 
also done in order to establish correlation 
structure-properties. Results show that a 
covalent bonding between doped polyaniline 
and SWCNTs is occurred via nitrogen link. This 
functionalization process induces the appearing 
of new broad band giving rise to a decrease of 
optical gap to reach the value of 2.28. The 
obtained nano-composite exhibits a good 
compatibility with the solar spectrum. 

https://hal.archives-ouvertes.fr/search/index/q/*/authFullName_s/B.+Zaidi
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Moreover, whatever the SWCNTs weight 
concentrations, a localized state within the gap 
having the threshold energy of 1.62 eV is 
created. This localized state is the consequence 
of the donor-acceptor charge transfer. The 
modeling of the bulk hetero-junction 
photovoltaic cell ITO/D-PAN/SWCNTs/Al is also 
elucidated. The open voltage circuit is evaluated 
nearly 1.25 V and the corresponding power 
conversion efficiencies (PCEs) is estimated to be 
4~ 5 %. 
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