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ABSTRACT: Aniline has been polymerized in the pres-
ence of a novel dopant sodio-5-sulfo-isophthallic acid
(NaSIPA), via the chemical oxidative polymerization route.
The thermal stability and processability of polyaniline pre-
pared by indirect method (PD1) have been improved signif-
icantly (2908C) as compared to polyaniline doped with con-
ventional inorganic dopants like HCl or H2SO4, without
much loss of electronic conductivity (5.07 S/cm in PD1).
This suggests its use for melt blending with engineering
thermoplastics. However, polyaniline prepared by direct
method (PD2) can be melt-blended only with conventional
thermoplastics like polyethylene, polypropylene, polysty-
rene, etc. Low-temperature studies reveal the 1-D variable

range hopping as a conduction mechanism for direct poly-
mer (PD2), with parameters To and ro as 4112 K and 15.1
S/cm, respectively. However, for indirectly doped polymer
(PD1) Arrhenius-type model, having parameters |(EF 2
EC)| and rC as 0.04 eV and 28.4 S/cm, respectively,
it suited well. The coherence length as found from XRD
data was around 28.8 nm for PD1 and 25.2 nm for
PD2. � 2008 Wiley Periodicals, Inc. J Appl Polym Sci 108: 1437–
1446, 2008
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INTRODUCTION

Since the discovery of conducting polymers in the
year 1977, these synthetic metals have become the core
of the material science because of their novel electronic
and electrical properties. These materials have
broad application range covering energy storage,1,2

sensors,3–5 anticorrosive materials,6–8 electromagnetic
interference shielding,9–11 electrostatic charge dissipa-
tion,12–14 organic light emitting diodes,15–18 plastic so-
lar cells,19,20 and supporting material for catalysis.21,22

However, among other conducting polymers, polyani-
line has been extensively studied, not only because its
electronic conductivity can easily be tuned by adjust-
ing the oxidation state and degree of doping of the
backbone, but also due to its environmental stability as
well as economic feasibility. Therefore, polyaniline is a
promising futuristic material for various technocom-
mercial applications.

Polyaniline polymerization proceeds by a conven-
tional free radical mechanism23–25 involving initia-
tion, propagation, and termination steps. Chemically,
polyaniline is made up of 50% reduced B��NH
��B��NH and 50% oxidized B��N¼¼Q¼¼N�� repeat-

ing units, where B denotes a benzenoid and Q
denotes a quinoid unit. Thus, different ratios of these
fully reduced and fully oxidized units yield various
forms of polyaniline, such as leucoemeraldine (100%
reduced form), emeraldine base (50% oxidized form),
and pernigraniline (fully oxidized form). However,
all of these forms are electrically insulating in nature.
Doping of emeraldine base with a protonic acid con-
verts it into conducting form protonated emeraldine
(emeraldine salt). The doping of polyaniline leads to
the protonation of imine nitrogen atoms, which
results in the formation of bipolarons. These bipolar-
ons are then converted into polarons via an internal
redox reaction. Finally, the separation of polarons
leads to the formation of highly delocalized polaron
lattice,26 imparting conductivity to the polymer.

Despite having a number of merits, the main issue
associated with polyaniline is processing difficulties
because of its infusibility and relative insolubility in
common organic solvents. It can be made process-
able/soluble either by polymerizing functionalized
anilines27,28 or by copolymerizing aniline with substi-
tuted monomers.29–31 Bulky counterion-induced pro-
cessability32,33 has also been reported by several
groups. Electronic properties of these synthetic metals
can be tailored by carrying out the polymerization
under the controlled conditions and in the presence
of specific dopants.

Polyaniline has been polymerized by a typical free
radical mechanism.23 Initiation was effected by
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(NH4)2S2O8 (APS), which under the proper pH condi-
tions form the primary radicals that react with aniline
monomer to form radical cations that can be repre-
sented by various canonical forms.24 Propagation step
involves the addition of radical cations to oligomeric
species to form polymeric chains. Because of the ste-
aric hindrance offered by the ��NH2 group, ortho
coupling has almost been excluded leading to the for-
mation of a para product. However, some ortho cou-
pling25 also occur leading to the formation of cor-
rupted polymer. Chain growth continued till it is ter-
minated either by chain transfer or by coupling of
radicals. Low temperature favors the formation of
long chains (high molecular weights).

In the present article, we report the use of sodio-5-
sulfo-isophthallic acid (NaSIPA) as bulky counter ion
to improve processability of polyaniline. The polymer-
ization was carried out via the chemical oxidative po-
lymerization route. The doping was carried out
through both direct and indirect approach as shown in
Scheme 1. The polymers so synthesized were charac-
terized by the various techniques like thermogravimet-
ric analysis (TGA), differential scanning calorimetry
(DSC), FTIR, UV–visible spectroscopy, XRD, etc. Their
electronic conductivities were measured by four-probe
technique. Variable range hopping (VRH) and Arrhe-
nius models have been applied depending upon the
nature of variation of conductivity with temperature.

The solubility and thermal stability of the polyani-
line direct doped with NaSIPA (PD2) has been found
to be significantly higher than polyaniline doped
with small dopants like HCl. However, their elec-
tronic conductivities are substantially lower than lat-
ter. To maintain balance between conductivity, stabil-
ity, and processability indirect doping approach has
been used. The higher thermal stability and accepta-
ble electronic conductivity makes these polymers a
potential candidate for melt blending with engineer-

ing thermoplastics like polyamides, polyester, poly-
carbonate, etc.

EXPERIMENTAL

Materials

Aniline (Loba Chemie, India), HCl (35.4% SD Fine-
Chem, India), NaSIPA (Eastman Chemical Company,
India), and ammonium persulfate (APS, Merck, India)
were used without further purification. Liq. NH3 (30%,
LobaChemie, India)was used to dedope the doped poly-
mers. N-Methyl pyrrolidone (NMP, Merck), N,N-di-
methyl formamide (DMF, Qualigens, India), and acetone
(Merck) were used for making solutions. Monoethylene
glycol (MEG, Qualigens, India) used was of AR grade.
Aqueous solutions were prepared from the double dis-
tilledwater, having a specific resistivity of 1MO cm.

Polymer preparation

As discussed in Introduction, the doped polyaniline
was prepared by free-radical chemical oxidative poly-
merization, through both direct and indirect routes.

Direct approach

For the direct route, 0.1 mol of aniline and 0.5 mol of
NaSIPA were mixed in 1.0 L of water. Polymerization
was initiated by the drop wise addition of ammonium
persulfate (0.1 mol in 100 mL distilled water). The po-
lymerization was carried out at a temperature of
25.08C 6 1.0 8C and over a period of 4–6 h. The poly-
mer has been produced directly in the doped state as a
dark green precipitate, dispersed in the reaction mix-
ture. The aforementioned mixture was filtered, and the
precipitate so obtained was washed repeatedly with
distilled water till the pH of the filtrate became neutral.
The final precipitate was then dried under dynamic
vacuum till constant weight. The dried mass was then
crushed to obtain the powder of the doped polymer
(PD2). The earlier-synthesized powder (PD2) was then
treated with 1.0M aqueous ammonia and stirred for 2
h to convert it to the base/undoped form (PB2). The
PB2 powder was then obtained by the processes of fil-
tration, rinsing, and drying successively.

Indirect approach

For the indirect route, 0.1 mol of aniline and 0.5 mol
of HCl were mixed in 1.0 L of water. The polymeriza-
tion was carried out using APS (0.1 mol in 100 mL
distilled water) as initiator and for the same duration
and conditions as in the case of direct approach. The
doped polymer powder so obtained was then treated
with 1.0M aqueous ammonia to obtain the base form
of polyaniline (PB1). The PB1 was then treated with

Scheme 1
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0.5M aqueous NaSIPA solution and stirred for 2 h to
obtain the doped form of the same polyaniline (PD1).
The PD1 powder was again obtained by filtration and
drying.

The earlier-synthesized polymers were designated
on the basis of doping approach (i.e., direct or indi-
rect) and their detailed descriptions along with the
abbreviations have been presented in Table I.

Measurements

For the conductivity measurements, pellets of
dimensions of length 13 mm, width 7 mm, and thick-
ness 1–2 mm were prepared, and the resistivities
were measured by four-point probe technique using
Keithley 220 Programmable Current Source and 181
Nanovoltmeter. Mettler Toledo TGA/SDTA 851e and
Mettler Toledo DSC 822e were used to observe the

thermal behavior. Materials were heated from 25 to
7008C under a constant heating rate of 108C/min, in
the inert atmosphere of nitrogen. The samples were
also studied by using Shimadzu UV-1601 UV–visible
spectrophotometer after preparing solutions of their
base forms in NMP, and DMF and doped forms in
MEG. NICOLET 5700 FTIR spectrometer and D8
Advance Bruker AXS X-ray diffractometer (Cu Ka
1.54098 Å as source) were used to observe the charac-
teristic peaks of these polymers.

RESULTS AND DISCUSSION

Conductivity

Figure 1 shows the relationship between voltage and
current in the doped polymers PD1 and PD2 at room
temperature. The voltage increases linearly with the

TABLE I
Characteristics of Polyaniline Prepared by Direct and Indirect Routes

Base form of the PANI
(polymerized in the
presence of HCl
medium)(PB1)

Base form of the PANI
(polymerized in the
presence of NaSIPA

medium) (PB2)

NaSIPA doped PB1
(indirect approach)

(PD1)

PANI polymerized
in the presence of
NaSIPA medium
(direct approach)

(PD2)

COO2 group
of dopant

– – 1693 1698

N-Quinoid 1582 1584 1556 1559
N-Benzenoid 1494 1495 1483 1489
C��N stretching 1308 1288 1294 1286
C��H in-plane
bending 1160 1164 1101 1105

Stretching of
SO�

3 of dopant – – 1032 1036
C��H out-of-plane
bending 825 824 794 802

1,3,5-Trisubstituted
benzene ring
of dopant

– – 752 753

Bending modes
of SO�

3 of dopant – – 667, 616 671, 615

Figure 1 Relationship between current and voltage for doped polymers (a) PD2 and (b) PD1 at room temperature.
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increasing current, indicating that the polymers rep-
resent ohmic behavior. The slope of the straight line
between voltage–current plots gives the resistance
‘‘R’’ of the samples, which ultimately gives the con-
ductivity by taking into account dimensions of the
samples.

The conductivity r of the pellet is given by the fol-
lowing relation:

r ¼ l

RA

where ‘‘l’’ is the length of the pellet, ‘‘R’’ is resistance,
and ‘‘A’’ is the cross-sectional area of the pellet.

The room temperature resistance values of doped
PD2 and PD1, as evaluated from slopes of Figure 1
(curves a and b) are 42.7 and 3.77 O, respectively.
Taking into account the dimensions of pellets, the
corresponding values of conductivities are found to
be 0.298 and 5.07 S/cm, respectively.

Figure 2 shows the variation of conductivities of PD1
and PD2 with temperatures in the range of 50–300 K. As
can be viewed, conductivity of both the samples
increases exponentially with the temperature. This shows
that these polymers obey temperature dependence of
conductivity similar to conventional semiconductors.

We have also tried to fit the appropriate model for
the variation of conductivity of the materials with
temperature. For the aforementioned models,
we have studied the response of samples in both
VRH34–37 and Arrhenius type transport38 regimes. In
the VRH regime, temperature dependence of conduc-
tivity r follows the generalized relation:

r ¼ ro exp � To

T

� �1=r
" #

where To is the Mott characteristic temperature and is
a measure of the hopping barrier and ro is conductiv-
ity at infinite temperature. Their values are deter-

mined by density of states, localization length, and
average hopping distance. The value of ‘‘r’’ is related
to the dimensionality (d) of the system as r 5 (d 1 1).
For the one-, two- and three-dimensional systems,
‘‘r’’ is equal to 2, 3, and 4, respectively.

In the Arrhenius-type transport, temperature depend-
ence of conductivity r follows the generalized relation:

r ¼ rC exp � jðEF � ECÞj
kT

� �

where (EF 2 EC) is the energy difference between the
Fermi energy and mobility edge and rC is the con-
ductivity at the mobility edge.39

Figure 3 shows the variation of conductivities for
both PD1 and PD2 when plotted as ln r versus T21/2,
T21/3, T21/4, and T21, respectively. These plots have
been fitted for linear correlations. The quality of lin-
ear fit is represented in terms of fit factor (FF) and
standard deviation (SD). For the good fitting, FF
should be as close as possible to unity, whereas SD
should approach zero.

As can be seen from Figure 3 (curves a, c, e and g)
for the direct-doped sample (PD2), linear dependence
of the ln r on T21/2 is better than that on either of
T21/3, T21/4, or T21. The former has a linearity FF of
0.99967 and shows SD of only 0.03832. Thus, 1D-VRH
(r 5 1) model suits better for PD2. Therefore, for PD2
the values of To and ro as evaluated from the slope of
the straight line of the Figure 4(c) are 4112 K and 15.1
S/cm, respectively. On the other hand, Figure 3
(curves b, d, f, and h) reveals that, for the PD1, linear
dependence of the ln r on T21 is better than either on
T21/2, T21/3, or T21/4 and the linearity FF and SD for
the same are found to be 0.99789 and 0.09762, respec-
tively. Therefore, Arrhenius-type transport seems to
be an appropriate choice for the PD1. This suggests
the existence of band-type conduction, and the values
of (EF 2 EC) and rC as obtained from straight line of

Figure 2 Plots of d.c. conductivities (r) versus temperature (T) for doped polymers (a) PD2 and (b) PD1 at room
temperature.
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Figure 3(b) are found to be 0.04 eV and 28.4 S/cm,
respectively.

The conductivity data shows that direct-doped
samples are less conducting than indirectly doped

polymers. The conductivity decreases both due to
decrease in conjugation length as well as less doping
level achieved. Further, the higher amount of NaSIPA
(which is an insulating material) in PD2 than in PD1

Figure 3 Plots of ln r versus T21, T21/2, T21/3, and T21/4 for doped polymers curves (a), (c), (e), (g) for PD2 and curves
(b), (d), (f), (h) for PD1.
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leads to partial blockage of the conduction path and
subsequently reduces the conductivity.

UV–visible absorption spectra

Figure 4 (curves a and b) shows UV–visible absorp-
tion spectra of base forms PB1 and PB2, respectively,
in NMP solvent. For base forms, there are two peaks
in the UV–visible range, one around 320 nm is due to
the p->p* transition (band-gap) and is directly related
to the extent of conjugation. The other peak 630 nm is
due to the molecular exciton associated with the qui-
nine–diimine structure40 i.e., transition between
HOMO orbitals of benzenoid rings and LUMO orbi-
tals of the quinoid rings.

The UV–visible data reveals that p->p* band in PB2
shifts to the lower wavelength (hypsochromic shift)
w.r.t. the PB1 which can be attributed to the dopant-
induced alteration of the torsional angle, and subse-
quent reduction of conjugation length. The degree of
hypsochromic shift in PB2 is directly related to the
reduction in conjugation lengths w.r.t. PB1. Therefore,
the PB1 absorbs at 329 nm in NMP, whereas PB2
gives a band around 323 nm.

Also the higher relative intensity of 320 nm w.r.t.
630 nm band in case of PB2 than in PB1 reveals that
PB2 is present in much more reduced state than PB1.
Thus, PB2 has more benzenoid rings than quinoid,
whereas in case of PB1 they are present in almost
equal proportions.

Now more benzenoid content of PB2 suggests its
absorption around 320 nm should be higher than that
of PB1 (329 nm). However, the lower conjugation
length favors the absorption at lower wavelength
than PB1. Thus, there are two competing factors and
lower absorption wavelength of PB2 than PB1, sug-
gesting that a decrease in conjugation dominates over
the higher benzenoid content factor. However, both
the aforementioned factors leads to both lower elec-
tronic conductivity as well as thermal stability.

Figure 4 (curves c and d) shows the UV–visible
spectra of the doped samples (PD1 and PD2), respec-
tively, in MEG. The spectra show that bands of PD1
are located at 293, 365, 428, and 910 nm, respectively,
whereas those of PD2 are at 293, 390, and 810 nm.
The band around 360 nm is due to the p->p* transi-
tion, whereas bands around 430 nm (polaron->p*)
and 850 nm (p->polaron).41 are the characteristics of
localized polaronic states and indicate the presence of
polymers in their doped forms in MEG solvent.

The presence of much better developed p->polaron
band in PD1, having a tail deep into NIR suggests
that polarons in PD1 are more delocalized than in
case of PD2. The UV data also reveals that, in case of
PD2, the band around 360 and 430 are merged to give
a single band around 390 nm. The presence of a weak
shoulder around 565 nm (reminiscence of undoped
form) in case of PD2 suggests relatively less degree of
doping. To confirm the same, we have compared the
relative intensities of the bands around 810–910 nm
w.r.t. 290- to 300-nm band. The higher value in case
of PD1 suggests that the same has much higher
achieved doping levels than that of PD2.

FTIR spectra

The characteristic FTIR bands of the base (PB1 and
PB2) and doped (PD1 and PD2) forms of the poly-
mers have been recorded in the Table I. In the base
forms, the intensity ratio of 1580 and 1490 cm21 band
could be used to determine the oxidation state of the
material.42 This ratio was 0.953 for PB1 and 0.707 for
PB2. This suggests that PB1 has equal number of ben-
zenoid (0.51) and quinoid (0.49) units, and thus has a
nearly pure emeraldine-type structure. However, the
comparatively smaller ratio for PB2 suggests the pres-
ence of more benzenoid (0.60) than quinoid (0.40)
units. Thus, PB2 may be present in a slightly reduced
state. The comparatively reduced structure of the PB2

Figure 4 UV–visible absorption spectra of base forms in NMP curves (a) PB1 and (b) PB2 and doped forms in MEG curves
(c) PD1 and (d) PD2.
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has also been complemented by the UV–visible data
of the materials.

The characteristic FTIR bands of dopant (NaSIPA)
are located at 1712 and 1736 cm21 (��COOH stretch-
ing), 1120 (C��H in-plane bending), 1042 (��SO3

stretching), and 600–700 cm21 (��SO3 deformation).
On doping the base, the band intensity of 1400 and
1500 cm21 bands decrease significantly (because of
the internal redox reaction and formation of polaronic
lattice), and a sharp intense band appears around
1100 cm21. This free carrier band around 1100 cm21

is much broader and intense in case of PD1 than in
PD2, which indicates more charge delocalization in
former. In case of doped samples (Table I), all the
major bands of dopant NaSIPA are present but the
relative intensity of these bands is more in PD2 than
in PB1, thus indicating more NaSIPA content of the
PD2. The same has also been conferred by XRD,
where main peaks of NaSIPA are more intense in
PD2 than in PD1. This extra/stray dopant leads to
lower conductivity of PD2 than PD1.

XRD studies

Figure 5 (curves c and d) shows the X-ray diffraction
pattern of the powdered samples PB2 and PB1,
respectively. The pattern shows a broad halo centered
on the 2y value of 208. The presence of halo indicates
that the base form is amorphous. However, a pattern
of PB2 exhibits a relatively sharp halo around 2y 5
19.58. This may be related to the dopant-induced
change in the supermolecular structure of the poly-
mer. The main diffraction peaks of PD2 (curve 5a) are
situated at 2y values of 9.6 (d 5 9.18 Å), 13.5 (d 5 6.55
Å), 19.9 (d 5 4.46 Å), 20.5 (d 5 4.32 Å), 24.5 (d 5 3.63
Å), 25.0 (d 5 3.56 Å), 26.2 (d 5 3.40 Å), and 29.6 (d 5
3.02 Å), whereas that of PD1 (curve 5b) are located at
2y value of 9.7 (d 5 9.10 Å), 13.5 (d 5 6.55 Å), 19.7 (d
5 4.5 Å), 20.5 (d 5 4.32 Å), 24.5 (d 5 3.62 Å), 25.2 (d
5 3.53 Å), 26.4 (d 5 3.38 Å), and 29.5 (d 5 3.03 Å.
Among these, peaks around 2y values of 9.7, 19.7,
and 26.4 are characteristic peaks of dopant. However,
peaks around 2y values of 20.5 and 25.2 are character-

Figure 5 XRD patterns of the polymers (a) PD2, (b) PD1, (c) PB2, and (d) PB1.
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istic of doped emeraldine salt form of polyaniline and
are related to the periodicity parallel and perpendicu-
lar to the polymeric chains.43,44 The aforementioned
data reveals that the doped polymers PD1 and PD2
are partially crystalline relative to the respective
undoped (base) forms.

Furthermore, peaks of pure dopant NaSIPA were
more pronounced and sharper in the XRD pattern of
PD2 than in PD1. This indicates more NaSIPA content
in the polymer synthesized by direct method (PD2)
than that of polymer prepared by indirect method
(PD1). The same has also been indicated by the FTIR
spectra of the samples. Also the peak around 2y val-
ues of 258 is much well developed in case of PD1
than that of PD2, indicating that doping levels
achieved are higher in PD1 than in PD2. This fact was
also complemented by the UV–visible and FTIR data.

The crystallite size/coherence lengths of the crys-
talline domains of the PANI-NaSIPA and pure
NaSIPA can be estimated from the X-ray peak broad-
ening of the diffraction peaks, using Scherrer for-
mula.45 The coherence length for PD1 from 258 peak
is 28.8 nm, whereas that of PD2 is 25.2 nm. Thus, the
crystalline domain size is more in PD1 than in PD2,
indicating more charge delocalization in the former.

Thermogravimetric analysis

Figure 6 (curves a and b) shows the TGA of the PB1
and PB2, respectively, revealing that both polymers
have almost same stability up to 2708C. However
afterwards, curves diverge and PB2 shows significant
loss up to 4008C. On the other hand, PB1 shows good
stability up to 4308C. The data clearly reveal that the
thermal stability of PB2 is less than PB1. The onset of
loss around 2708C reflects the reminiscence of leucoe-
meraldine state. Thus, low stability of PB2 may be

attributed to the decreased conjugation length and
molecular weights as well as lower oxidation state
than PB1. After 4308C, both the polymers show a
sharp weight loss, which can be correlated with the
loss of the polymeric backbone and continued even
after 7008C.

Figure 7 (curves a–c) shows the thermal stabilities
of the dopant NaSIPA, PD1, and PD2, respectively.
From the TGA data it is quite clear that all the sam-
ples show five noticeable weight loss steps. The rela-
tive positions of onset and endset temperatures of the
loss steps vary from one sample to another depend-
ing on the material characteristics. The first weight
loss is due to bound and free water. The sharp weight
loss is from 440 to 4908C in case of dopant NaSIPA,
where it suddenly loses 32% due to the onset of deg-
radation and subsequent removal of CO2. As evident
from the first loss step, the free moisture content of
the doped polymers was �6%. During the second
loss step, both PD1 (95–1708C) and PD2 (105–1508C)
show almost similar thermal profiles. The third loss
step for PD1 (170–2808C) and PD2 (150–2308C) may
be linked to the condensation reaction between the
��NH�� groups of polymeric backbone and ��COOH
groups of dopant molecules. The fourth and fifth
steps correspond to the further degradation of the
materials. From the TGA data, it is quite clear that
PD1 has good thermal stability even in the vicinity of
2908C, whereas PD2 is stable only up to 2308C. This
envisages PD2 as a good candidate for melt blending
with only conventional thermoplastics (polyethylene,
polypropylene, polystyrene, etc.), but PD1 could also
be melt-blended with engineering thermoplastics like
polyamides, polyester, polycarbonates, etc.

Figure 7 TGA graphs (a) dopant NaSIPA and doped
forms of polymer curves (b) PD1 and (c) PD2. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]

Figure 6 TGA graphs of base forms of polymers (a) PB1
and (b) PB2. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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Differential scanning calorimetry

Figure 8 (curves a–c) shows the DSC plots of the
NaSIPA, PD2, and PD1, respectively. The pure
NaSIPA shows a broad transition centered around
1408C and a sharp transition around 2808C and a
weak broad shoulder at 3208C, with no clear distinc-
tion between the last two steps. The posterior melting
transition at 2808C is due to the disordered phase of
dopant moiety. The 3208C is the melting point of the
dopant.

The DSC plot of PD1 shows a broad endothermic
peak centered on 958C and having a weak shoulder
around 1308C. However, in case of PD2, the peak is
centered on 1058C, and a sharper shoulder was
placed around 1408C. The broad peak is due to the
moisture content of the material and shoulder may be
attributed to some the changes related to the dopant.
The smaller normalized area of the broad peak in
case of PD2 than in PD1 and a sharper shoulder in
case of the former indicates higher free NaSIPA con-
tent of the PD2 than PD1.

CONCLUSIONS

Conducting polymers of polyaniline doped by novel
dopant NaSIPA have been prepared both by direct and
indirect approaches. The direct-doped polymer has
been significantly lower in conductivity and thermal
stability than indirect-doped polymer. Therefore, indi-
rect polymer has been focused in the present article.

UV and FTIR data revealed that PD2 is formed in
more reduced state and has lower conjugation length
than PD1. Also as revealed by UV and XRD data, the
doping levels are much higher in case of PD1. The
room temperature conductivity of PD1 has been
found to be an order of magnitude higher than PD2.
XRD and FTIR data also revealed that the free
NaSIPA content of the PD2 is higher than PD1.

The low-temperature conductivity plots suggest that
1-D VRH is proper model for PD2, whereas for PD1
Arrhenius-type transport mechanism seems to be an
apt choice. Room temperature conductivities of PD1
and PD2 were found to be 5.07 and 0.298 S/cm, respec-
tively. The coherence length as found from XRD was
around 28.8 nm for PD1 and 25.2 nm for PD2.

The thermal data suggests that PD1 has higher
thermal stability than PD2 and can be used for melt
blending with engineering thermoplastics.
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