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Effect of dopants on electron localization length in polyaniline

P.K. Kahola,∗, K.K. Satheesh Kumarb, S. Geethab, D.C. Trivedib
a Department of Physics, Wichita State University, Wichita, KS 67260-0032, USA

b Electrochemical Materials Science Division, Center for Studies in Conducting Polymers,
Central Electrochemical Research Institute, Karaikudi 630006, India

Received 12 August 2002; received in revised form 12 November 2002; accepted 12 December 2002

Abstract

The electronic behavior of chemically synthesized polyaniline depends on the amount of disorder—whether homogeneous or inhomo-
geneous—created during synthesis and doping. Its physical properties are significantly affected by a number of parameters such as catalyst
type, solution pH, oxidant/monomer ratio, solvent type, secondary doping, dopant type, dopant size and synthesis temperature. With the
view of studying the dependence of electron localization behavior on the dopant type, all other factors remaining the same, we report
in this paper a systematic study of NMR, EPR, magnetic susceptibility, and dc conductivity measurements for seven doping acids. The
EPR lineshape in all these cases is close to a Lorentzian, but the linewidth is sensitively dependent on the type of the dopant. In spite of
differences in the magnitude and the temperature dependences of dc conductivity and magnetic susceptibility data, the experiments reveal
a localization length of approximately 30 Å forall the samples. It is concluded that, unlike drastically different charge transport behaviors
caused by the presence of substituent groups on phenyl rings of the polymer chains, dopant molecules belonging to a given family have
virtually no effect on the electron localization length.
© 2003 Published by Elsevier Science B.V.
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1. Introduction

The objective of this paper is to investigate the electron
localization behavior of polyaniline (PAN) as a function of
the dopant type for the following reasons.

First, polyaniline in the emeraldine base form is rendered
chemically conductive through doping by exposure to pro-
tonic acids[1–7]. The doping or protonation occurs from
a general reaction of polyaniline with protonic acids that
is of the form H+M−, where M− is the counterion. Al-
though counterions are not a part of the polymer backbone
along which charge delocalizes, the presence of suitable
counterions has been found to facilitate charge transport.
For example, chloride ions through their solvation effect
with absorbed water have been implicated in leading to in-
creased conductivity[8]. In addition, the role of structural
order in yielding better conducting samples has been amply
reported[9,10]. The dc conductivity and structural proper-
ties have been shown to vary rather dramatically depending
on the molecular weight of the polymer, the nature of the
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solvent, and the processing conditions to make free-standing
films [9]. Such studies have been done primarily on
d,l-camphorsulfonic acid (CSA) doped polyaniline and
PF6 doped polypyrrole (PPY), which happen to be the most
investigated materials in the area of conducting polymers
[10]. The effect on electron localization length due to differ-
ent dopants belonging to the same family,with other factors
remaining the same, has not been investigated in detail.

Second, it is now well established that polyaniline when
doped with protonic acids can be dissolved in a number
of commonly used organic solvents. The dc conductivity
of trichlorobenzene-sulfonic acid doped pressed pellet was
found to be 10 S/cm, but it turned out to be seven orders of
magnitude smaller when films of the same material were cast
in the solventm-cresol and three orders of magnitude smaller
for films cast in dimethylsulfoxide (DMSO). This result is in
sharp contrast to the data on CSA doped polyaniline pellets
and films [11,12]. CSA-PANI pellets typically yield a dc
conductivity of 50 S/cm, but lead to higher conductivity of
the order of 300 S/cm for films cast inm-cresol. As an other
example of the role of a dopant in affecting the electronic
behavior of conducting polyaniline, the dc conductivity of
2-hydroxy-4-methoxy-benzophenone-5-sulfonic acid doped
pressed pellet has a value of the order of 10−1 S/cm, stays
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nearly the same for films cast inm-cresol, but it decreases
by six orders of magnitude for films cast in DMSO[11,12].
Although both the dopant and solvent play a significant role
in the process of charge conduction, transport, magnetic
and EPR measurements have not been made to separately
investigate these effects quantitatively.

Third, in the inhomogeneous model as it is applied
to partially crystalline conducting polymers, the electron
localization length (α−1) in the more disordered regions
is smaller than the crystalline coherence length (ξ) [13].
The crystalline regions are separated by disordered regions,
which lead to increased electron localization with increased
disorder. When the polymer chains have a coil-like mor-
phology in the disordered regions, not only is the localiza-
tion length small for electrons in the disordered regions but
the free electrons are also confined within the ordered or
metallic regions. Structural disorder is a primary source of
localization, and the electron localization length is an in-
dicator of the average amount of disorder in the sample. A
determination ofα−1 in polyaniline that is doped with many
different, but closely related, dopants can provide insights
into the effect of the nature of a dopant on the electronic
behavior of conducting polymers.

Fourth, the presence of substituent groups on the ben-
zene rings has been shown to have a considerable effect
on the electronic properties of polymers. Poly(o-toluidine)
(POT), for example, exhibits reduced interchain bandwidth
and interchain coherence[14,15]. Compared to PANI, these
effects in POT are due to the steric size of the CH3 groups
and the increased disorder due to the random placement
of CH3 groups on ring sites, respectively. The electron lo-
calization in POT is five times smaller compared with the
value in PANI. However, the disorder in POT fibers, drawn
from a solution of POT powder with a suitable solvent, is
lower and consequently the localization length is higher.
As an other example, the electron localization length was
found to be much larger in poly(alkoxyanilines) compared
with their respective poly(alkylanilines)[16]. The larger
localization length in poly(alkoxyaniline) compared with
poly(alkylaniline) seems to arise from reduced Coulomb in-
teraction between the positive charge on the polymer chain
and the anion due to the electron donating nature of the
alkoxy groups. The purpose of this paper is to investigate
the effect of the presence of dopant molecules of the same
family on the electron localization behavior of polyaniline
(when the size of the dopant is not changed significantly).

Fifth, a dc conductivity study on polyaniline films cast in
chloroform, benzyl alcohol (BeOH) andm-resol, but doped
with benzene sulfonic acid (BSA),para-toluenesulfonic
acid (PTSA), camphor sulfonic acid (CSA) and naphtha-
lene sulfonic acid (NSA), has been reported[17]. Since
the dc conductivity behaves like exp[−(T0/T)1/2] andT0 =
16/[kBN(EF)α−1], the authors have determined a localiza-
tion length (α−1) from the temperature dependence of the
dc conductivity. It is reported that the localization lengths
in m-cresol cast films of polyaniline are 80, 51, 38, 25 Å for

the dopants BSA, CSA, PTSA and NSA, respectively. For
films cast in chloroform, the localization lengths are 34, 32,
29 and 27 Å for the dopants BSA, CSA, PTSA and NSA,
respectively. For the third solvent BeOH, the localization
lengths are 25, 25, 28 and 49 Å for the dopants BSA, CSA,
PTSA and NSA, respectively. Although we do not know
how, without the knowledge ofN(EF), α−1 can be obtained
from T0, a few observations are in order from their mea-
surements and analysis. First,α−1 exhibits a large range of
values for the four dopants in the solventm-cresol. Second,
α−1 in the BeOH cast films does not change for the dopants
BSA, TSA and CSA, but surprisingly shows an increase by
a factor of two in the case of the dopant NSA. Third, the
four dopants in the case of chloroform cast films also do not
show any significant change inα−1. Before determining the
role of secondary doping on the electronic properties such
as the localization length, it is rather important to know the
magnitudes of the localization length before introducing
secondary processing of chain morphology in the polymer.

Sixth, some differences were observed in our earlier
magnetic, optical, and EPR studies of polyaniline that was
doped with para-toluenesulfonic acid (PTSA) and sulfo-
salicylic acid (SSA)[18]. We decided to investigate the
electronic behavior of polyaniline doped with a number of
dopants belonging to the same family.

In general, polyaniline is among the most studied con-
ducting polymers due to its relatively high conductivity,
environmental stability, ease of preparation and low cost
of raw materials. Fundamental interest in polyaniline stems
from the possibility of investigating physics in different
states, such as the “Fermi glass” state[19], the “granular
metal” state[13,20,21], or as a “disordered metal” close to
the metal–insulator transition state[9]. Polyaniline’s tech-
nological significance arises due to its processability into
films and fibers[22], which is achieved by synthesizing sol-
uble conducting polyaniline either by using functionalized
protonic acids, such aspara-toluene sulfonic acid[23], ben-
zene sulfonic acid[23], sulfanilic acid[24], sulfamic acid
[25], camphorsulfonic acid[20], dodecyl-benzene sulfonic
acid [20], octyl-benzene sulfonic acid[26], sulfosalicylic
acid [27] or methane sulfonic acid[28] as dopants, or by
including substituent groups in the ring giving polymers
such as alkyl polyanilines[29], alkoxy polyanilines[30],
sulfonic acid ring-substituted polyanilines (SPAN)[31], and
highly sulfonated SPAN[32]. The quality of the synthe-
sized material undoubtedly depends on the combination of
mesoscopic homogeneous order and microscopic disorder
created during the synthesis and doping processes. These
factors significantly affect localization of the electron wave
function [21,22,33].

Seven dopants have been chosen for the present study, and
their chemical names and abbreviations are: (1) 2,5-dime-
thylbenzenesulfonic acid (PXSA), (2) 3,4-dimethylbenzene-
sulfonic acid (OXSA), (3) 4-hydroxybenzenesulfonic acid
(PSA), (4) 4-hydroxy-m-benzenedisulfonic acid (PDSA),
(5) 4,6-dihydroxy-m-benzenedisulfonic acid (RDSA), (6)
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Fig. 1. Structural and chemical formulas, and their abbreviated names for the seven dopants used in the present study.

2-hydroxy-4-methylbenzenesulfonic acid (MCSA), and (7)
3-chloro-4-hydroxybenzenesulfonic acid (OCPSA). The
chemical structure of these dopants is also shown inFig. 1.
The size is not too drastically changed from one dopant to
the other in this series.

2. Experimental

2.1. Sample synthesis

2.1.1. Synthesis of polyaniline
Ammonium peroxy disulphate (0.1 M aqueous solution

in HCl) was added dropwise to a stirred solution of 0.1 M
aniline dissolved in 1 M aqueous solution of HCl, that was
pre-cooled to a temperature in the range 0–5◦C. Ammo-
nium peroxy disulphate was added very slowly to prevent
warming of the solution. After completion of the addition
(addition time almost 4–6 h), stirring was continued for 2 h to
ensure completion of the reaction. At the end of the reaction
acetone was added to terminate the polymerization reaction

and the mixture was filtered under suction. Collected green
precipitates of emeraldine hydrochloride were washed re-
peatedly with distilled water till these washings were color-
less. The filtered and washed precipitates were then treated
with aqueous solution of ammonia (pH≈ 9) under stirring
for 6–8 h for effective undoping to obtain emeraldine base.
This reaction mixture was filtered, washed with distilled
water till washings were neutral to a pH indicator paper.

The blue emeraldine base powder, obtained after filtration,
was purified by refluxing with methyl alcohol, benzene and
acetone. This process of treatment with organic solvents
was repeatedly done till the filtrate was colorless. Finally,
the blue emeraldine base obtained was dried under dynamic
vacuum at 60–80◦C for 8 h.

The fine powder of blue emeraldine base thus obtained
was dispersed in 1 M aqueous solution of functionalized aro-
matic sufonic acids like 2,5-dimethylbenzenesulfonic acid,
3,4-dimethylbenzenesulfonic acid, 4-hydroxybenzenesul-
fonic acid, 4-hydroxy-m-benzenedisulfonic acid, 4,6–dihyd-
roxy-m-benzenedisulfonic acid, 2-hydroxy-4-methylbenzene
sulfonic acid and 3-chloro-4-hydroxybenzenesulfonic acid
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under vigorous stirring for 24 h. After doping reaction, so-
lution was filtered under suction and collected material was
given washing with 1 M aqueous solution of functionalized
aromatic sulfonic acid. By this method, a doping level of
50 mol% was achieved. The so obtained polymer was dried
at 60–80◦C under dynamic vacuum for 12 h[34].

As synthesized doped polyaniline samples were found
to have a moisture content as follows: PXSA 2%, OXSA
2.5%, PSA 3.75%, PDSA 3.5%, RDSA 5%, MCSA 2% and
OCPSA 5%. Complete degradation of the polymers occurs
around 607–685◦C.

The acids used in this study were synthesized and purified
according to standard synthetic organic chemistry methodo-
logies[35–41], as described in the following sections.

2.1.2. 2,5-Dimethylbenzenesulfonic acid
Place 5.2 g (6 ml, 0.05 M) ofp-xylene in a 25 ml round

bottomed flask and add, with gentle swirling agitation, 10 ml
of concentrated sulfuric acid. Heat the mixture on water bath
for 10–15 min, remove the flask from the bath and mix the
contents with a circular motion every 2 min. The reaction is
complete when the xylene layer on the surface of the acid has
disappeared. Cool the mixture to room temperature and add
5 ml of H2O cautiously with gentle swirling. Pour the warm
reaction mixture into a 100 ml beaker and cool in ice. Filter
the crystalline solid with suction on a sintered glass funnel.
Recrystallize the crude product from 5 ml of water and dry
on filter paper. The yield of 2,5-dimethylbenzenesulfonic
acid is 90% and its melting point is 82◦C [35].

2.1.3. 3,4-Dimethylbenzenesulfonic acid
A volume of 25 ml (22 g) of technicalo-xylene (95%, with

boiling point at 143–144◦C) and 12.5 ml of concentrated
sulfuric acid were stirred together at 95◦C for 10–15 min.
When the mixture was cooled a small layer of unsulphonated
material was separated. The sulfonic acid layer diluted with
15 ml of water was then neutralized with 40% NaOH solu-
tion. The solid, which separated on cooling, was collected
on a centrifuge and recrystallized from half its weight of dis-
tilled water. The sodium salt obtained is then converted into
its free acid form byAmberlite IRP-69 resin. The melting
point of this acid was found to be 63–64◦C [36].

2.1.4. 4-Hydroxybenzenesulfonic acid
Place 9.5 g (0.1 mol) of phenol in a dry 500 ml

flat-bottomed flask and add 23 g (12.5 ml) of concentrated
sulfuric acid. Shake the mixture (which becomes warm) and
heat it on a boiling water bath for 30 min to complete the
formation of theo- andp-phenolsulfonic acids (2:3). Then
cool the flask thoroughly in an ice–water mixture. Theo-
and p-phenolsulfonic acid can be separated by means of
barium and magnesium salts[37].

2.1.5. 4-Hydroxy-m-benzenedisulfonic acid
Place a mixture of 31 g (0.33 M) of phenol in a dry

500 ml flat-bottomed flask and add 116 g of concentrated

sulfuric acid. Heat in a boiling water bath for 3 h with me-
chanical stirring. On cooling to room temperature or below
by immersing the flask in ice water and then adding slowly
a solution of 95 g of NaOH in 235 ml water, solid salt sep-
arates. Due to its hygroscopic nature, melting point could
not be measured[38].

2.1.6. 4,6-Dihydroxy-m-benzenedisulfonic acid
Carefully add 25 ml of concentrated sulfuric acid (98%)

to 5.5 g of (0.05 M) of resorcinol in a 150 ml beaker whilst
stirring the mixture continuously with the glass rod. Then
warm the mixture to 60–65◦C on a water bath and allow
it to stand for 15 min. Cool the slum of the 4,6-disulfonic
acid to 0–10◦C, which is then converted into sodium salt by
adding NaOH[39].

2.1.7. 2-Hydroxy-4-methylbenzenesulfonic acid
An volume of 10 ml ofm-cresol and 10 ml of concen-

trated sulfonic acid were mixed and refluxed for 1 h at
120◦C. Cooled the reaction mixture to room temperature,
then converted to sodium salt by adding NaOH. Due to its
hygroscopic nature, melting point could not be measured
[40].

2.1.8. 3-Chloro-4-hydroxybenzenesulfonic acid
An amount of 12.6 g ofo-chlorophenol and 10 ml of con-

centrated sulfuric acid were stirred together on a water bath
for about 30 min. Cooled the mixture to 0◦C, which is then
converted into the sodium salt by adding NaOH. Due to its
hygroscopic nature, melting point could not be measured
[41].

2.2. NMR measurements

The NMR measurements were made on a Varian Inova
400 MHz spectrometer. Samples were dissolved in deuter-
ated DMSO-d6 (Cambridge Isotope Ltd.) and were left
overnight before recording the spectra.

2.3. Electrical dc conductivity, σ(T)

Powders pressed into round pellets of thickness∼0.05 cm
were used for conductivity measurements. Samples cut into
the shape of a parallelepiped were mounted on the cold
finger of a Janis closed cycle refrigerator. Conductivity was
measured on both the pressed pellets and the thin films by
the four-probe technique. Acheson Electrodag 502 was used
to make contact between the copper wire and the pellet.
Temperature was controlled with a Lake Shore temperature
controller and the absolute temperature was measured us-
ing a calibrated Lake shore temperature sensor. A Keithley
Model No. 220 constant current source was used to pass
a constant current through the sample and the voltage was
measured using a Keithley Model No. 614 Electrometer.
The σ(T) was measured in the Ohmic region from room
temperature down to about 30 K.
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2.4. Electron spin resonance

A small quantity of powdered sample was placed in an
EPR tube for ESR studies. A computer-controlled X-band
Bruker EMX 6/1 spectrometer was used for the ESR ex-
periments. Microwave power and magnetic field modulation
were carefully optimized to avoid any lineshape distortion.
The modulation amplitude was kept in the range 0.1–0.5 G.
Variable temperature measurements down to about 10 K
were made using a Bruker digital temperature controller
(ER4112HV and ER4121VT).

3. Results and discussion

3.1. Structural studies using 1H NMR

Fig. 2 shows the room temperature NMR spectra of four
representative samples namely, OCPSA-PANI, PDSA-PANI,

Fig. 2. Experimental proton NMR spectra of polyaniline doped with the four dopants namely, RDSA, PSA, PDSA and OCPSA.

PSA-PANI and RDSA-PANI. The NMR assignments are
relative to TMS as a standard. Theoretical chemical shift
calculations for all the seven dopants were done using
CS Chemdraw Ultra program (version 4.0, Cambridgesoft
Corp.) and these are shown inFig. 3. We do find a fairly
close match between the theoretical and observed chemical
shift values, and the downfield or upfield peak shifts arise
due to the nature of the solvent. It is clear that dopants
are released into DMSO from the polymer. Low-intensity
peaks in the aromatic region are believed to be due to the
partially dissolved polymer in DMSO. In summary, the
NMR analysis provides evidence in support of the integrity
of the seven dopants.

3.2. EPR linewidth

The EPR peak-to-peak linewidth (
pp) as a function of
temperature is shown inFig. 4. The samples were pumped
overnight under a vacuum of about 1×10−4 Torr to remove
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Fig. 3. Theoretical values of the proton chemical shift values indicated on the respective proton sites.

oxygen and moisture. At temperatures higher than 100 K
or so,
pp is found to be proportional to temperature. At
low temperatures, however,
pp increases with decrease in
temperature. The minimum around 100 K is found for all the
samples except OCPSA-PANI and is rather very broad. In
the case of OCPSA-PANI,
pp increases very slowly with
decrease in temperature down to 100 K.

The EPR linewidth that shows a linear dependence on
temperature at higher temperatures is essentially determined
by the spin–lattice relaxation time, which is proportional to
temperature for direct process involving absorption of single
phonons. Spin localization is the reason for an increase of

pp with decrease in temperature at lower temperatures. It
is worth recalling that the EPR linewidth behavior was qual-
itatively the same as observed here for polyaniline samples
protonated with HCl[14].

One of the most obvious features ofFig. 4 is the result
that the data for the peak-to-peak linewidth, including the

temperature dependence, falls into three distinct categories.
The room-temperature linewidth is around 5.8 G in the case
of PSA-PANI, PDSA-PANI and RDSA-PANI (samples 3, 4
and 5), around 3 G in the case of PXSA-PANI, OXSA-PANI
and MCSA-PANI (samples 1, 2 and 6), and 1.3 G in the case
of OCPSA-PANI (sample 7). While the dopants in samples
3, 4 and 5 have only OH and SO3H (single or double)
substituent groups and give rise to the top set of linewidth
curves, the dopants in samples 1 and 2 contain two CH3
units and a SO3H unit and yield the middle set of curves.
Since the dopant in sample 6 contains one OH group in
addition to CH3 and SO3H groups, the magnitude of
pp
is larger than that for samples 1 and 2 at all temperatures.
Finally, for the dopant OCPSA that contains the substituent
Cl in addition to OH and SO3H, 
pp is the lowest and it
increases very slowly with a decrease in temperature. It is
therefore abundantly clear that the EPR linewidth is very
sensitively dependent on the dopant type.
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Fig. 4. Dependence of the peak-to-peak EPR linewidth (
pp) as a function
of temperature: PXSA-PANI (solid circles); OXSA-PANI (open circles);
PSA-PANI (solid squares); PDSA-PANI (open squares); RDSA-PANI
(solid triangles); MCSA-PANI (open triangles); OCPSA-PANI (plusses).

Fig. 5. The lineshape results on: OXSA-PANI (open circles); RDSA-PANI
(open squares); OCPSA-PANI (open diamonds). The theoretical lineshapes
corresponding to a Lorentzian function (continuous line), a Gaussian
function (dashed line), and a function indicating one-dimensional spin
motion (dashed-dot line) are also shown in this plot.

3.3. EPR lineshape

Fig. 5 shows the EPR absorption lineshape at 110 K
for the three samples: PSA-PANI, RDSA-PANI, and
OCPSA-PANI. Thex-axis in this plot is the square of the
magnetic field from the central value after dividing this
difference by the full width at half-maximum (
H1/2). The
y-axis, on the other hand, is the ratio of the intensity at the
central magnetic field (H0) and the intensity at a given field
H. The lineshape in all these cases is close to a Lorentzian
for a magnetic field approximately six times the
H1/2.

3.4. EPR magnetic susceptibility

Fig. 6 shows results for the EPR magnetic susceptibility,
plotted as�T versusT, for the seven samples. The mea-
surements for PXSA-PANI and RDSA-PANI were also

Fig. 6. Dependence of the magnetic susceptibility as a function of temper-
ature, plotted asχT vs. T, for the seven samples: PXSA-PANI (solid cir-
cles); OXSA-PANI (open circles); PSA-PANI (solid squares); PDSA-PANI
(open squares); RDSA-PANI (solid triangles); MCSA-PANI (open trian-
gles); OCPSA-PANI (plusses). The solid lines are fits of the linear part
of the data toEq. (1).

extended to temperatures below 77 K. The data can be fitted
to an Equation of the typeχ = χP + C/T, which summa-
rizes the fact that the measured susceptibility is a sum of
temperature-independent Pauli and temperature dependent
Curie susceptibilities. The Pauli and Curie susceptibilities
can be obtained from the linear part of theχT versusT plot
because

χT = χPT + C, (1)

whereC is the Curie constant.Fig. 6, thus, also shows fits
of the data toEq. (1) in the form of continuous lines. The
slope of theχT versusT plots yieldsχP, which can be used
to obtainN(EF) usingχP = [µ2

BN(EF)]. The knowledge of
N(EF) and T0 will yield values for the localization length,
α−1. The constantC is related to the number of Curie spins
(nC) in the sample.

The values ofχP, arising from fits of the data, for the
samples 1 through 7 are, respectively, 65×10−6, 55×10−6,
60 × 10−6, 67× 10−6, 95× 10−6, 75× 10−6, and 70×
10−6 emu/(mol 2-rings). The respective values ofC for the
seven samples are: 0.030, 0.039, 0.035, 0.028, 0.011, 0.022,
and 0.026 emu K/(mol 2-rings).

3.5. The dc conductivity

As far as dc electrical conductivity is concerned, all the
seven samples are found to obey the relation

σ = σ0 exp

(
−T0

T

)1/2

(2)

which is characteristic of quasi-one-dimensional variable
range hopping between nearest neighbors[14,15,42]. Here,

T0 = 16

[α−1N(EF)zkB]
(3)
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Fig. 7. Dependence of dc conductivity on temperature, plotted as lnσ

vs. T−1/2, for the seven samples: PXSA-PANI (solid circles); OXSA-
PANI (open circles); PSA-PANI (solid squares); PDSA-PANI (open
squares); RDSA-PANI (solid triangles); MCSA-PANI (open triangles);
OCPSA-PANI (plusses).

σ0 = e2N(EF)b2νphonon
2πt0τi/h2

A
(4)

whereα−1 is the decay length of the localized electron state,
N(EF) the density of states at the Fermi level,z the number
of nearest neighbor chains (which is 4 for polyaniline[36]),
kB the Boltzmann constant,b the interchain separation,t0 the
transfer integral,τi the mean free time andA is the average
cross-sectional area of a chain. A fit of the experimental
data toEq. (2) givesT0. The determination ofN(EF) from
magnetic susceptibility measurements was discussed in the
previous section.α−1 can therefore be determined by using
values ofT0 andN(EF).

Fig. 7shows the results of dc conductivityσ(T), plotted as
logσ versusT−1/2, on pressed pellets of the seven samples.
It is found thatσ for all the samples, except OCPSA whose
value is 1×10−1 S/cm, lies in the range 1.0±0.6 S/cm. The
values ofT0 obtained from the above plots are 7200, 9600,
8500, 7400, 4600, 6200, and 11,000 K for the samples 1
through 7, respectively.

Except for OCPSA-PANI, which exhibits the small-
est conductivity and the largestT0 compared to the six
other samples, we do not see in our results any correlation
betweenT0 and the room temperature conductivity.

Table 1
Room temperature conductivity (σRT), T0, χP, nC, N(EF) andα−1 for the seven samples of polyaniline

Sample (molecular mass in g) σRT (S/cm) T0 (K) χP (10−6 emu/
mol 2-rings)

nC (per 2-rings) N(EF)
(states/eV 2-rings)

α−1 (Å)

PXSA-PANI (186, with 2H2O) 0.9 7225 65 0.088 2.0 32
OXSA-PANI (186, with 2H2O) 0.6 9600 55 0.107 1.7 28
PSA-PANI (174) 1.4 8500 60 0.093 1.9 29
PDSA-PANI (254) 1.6 7430 67 0.075 2.1 30
RDSA-PANI (270) 1.0 4900 95 0.027 2.9 32
MCSA-PANI (177) 0.5 6240 75 0.059 2.3 32
OCPSA-PANI (208, with 1H2O) 0.1 11000 51 0.069 1.6 27

3.6. Determination of localization length

Table 1lists the following quantities:σ at room tempera-
ture (σRT), T0, χP, number of Curie spins (nC), N(EF), and
α−1 as determined fromEq. (3). The value ofα−1 for all
the samples, except OCPSA-PANI, is seen to be nearly the
same. This is a rather surprising result especially because no
significant correlation was observed betweenσRT andT0.

The local structural order in the polyaniline family is
a function of various synthesis parameters of a particular
chemical procedure[43,44], but the formation of an in-
homogeneous structure—comprised of relatively ordered
semi-crystalline regions separated by disordered regions—
seems like a common occurrence in the polyaniline system.
The chains in the amorphous regions show a coil-like mor-
phology and improved synthesis techniques can introduce
instead a rod-like chain morphology in these regions. It is
therefore the case that the nature of the disordered regions
is not significantly affected by the seven dopants considered
in this paper. As is known, the CSA dopant leads to higher
conductivity in polyaniline films (PANI-CSA) when they
are cast inm-cresol as a solvent[7,9,10]. The solvent is
thought to act as a secondary dopant, which induces rod-like
chain geometries in the amorphous regions. Along similar
lines, PAN-CSA-fibers, cast usingm-cresol, are more insu-
lating than PAN-CSA-films[45], suggesting the presence
of more disordered regions in fibers; this conclusion is
consistent with X-ray structural studies[43]. On the other
hand, the fibers of CSA doped poly(o-toluidine) inm-cresol
(POT-CSA-fibers) exhibit a 1000-fold increase in conduc-
tivity compared with POT-HCl-pressed pellets, yet the two
systems have comparable amount of crystalline order.

While the localization length for all the samples turns out
to be nearly the same, the EPR linewidth shows a distinct
dependence on the nature of the dopant. This difference is
easy to understand because EPR is sensitive to local mag-
netic interactions, but a calculation of the localization length
involves mesoscopic information about the polymer. The
localization length depends on the morphology of the disor-
dered regions, and it is larger for the rod-like morphologies
compared with the coil-like morphologies. Although most
of the charge is stored as localized spinless bipolarons in the
disordered regions, conduction between two ordered regions
occurs via diffusion along quasi one-dimensional chains,
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which connect these ordered regions, running through dis-
ordered regions. The fact thatα−1 (≈30 Å) is nearly the
same in polyaniline doped with different dopants is there-
fore suggestive of the presence of such isolated chains that
stay statistically as well as electronically unaffected by dis-
order. Furthermore, the chain morphology in the disordered
regions must also be of the same type with the implication
that the disorder due to the presence of coil-like mor-
phologies in the disordered regions dominates the electron
localization behavior of polymers.

While the nature of the dopant in the family of doping
acids considered in this paper does not affect the localization
length, smaller magnitude for the localization length com-
pared with the HCl-doped polyaniline is believed to be due
to the larger size of the dopants.

4. Conclusions

On the basis of the results presented in this paper, we
have arrived at the following conclusions. First, the EPR
peak-to-peak linewidth that arises from motional as well as
spin–lattice relaxational effects is sensitively dependent on
the type of the dopant in polyaniline doped with organic dop-
ing acids. Second, the EPR magnetic susceptibility and dc
electrical conductivity measurements on polyaniline doped
with various organic acids reveal a localization length that
is approximately the same and falls in the range 27–32 Å.
The finding of a nearly constant localization length leads
us to the conclusion that the charge transport properties are
not significantly affected by the nature of the dopants be-
longing to a given family. The disorder due to the presence
of coil-like morphologies in the disordered regions seems
to dominate the electron localization behavior of polymers.
This set of systems is therefore ideal for investigating
dopant–solvent–polymer interactions through a study of the
electron localization lengths. Finally, room temperature dc
conductivity data must be combined with the temperature
dependent conductivity and magnetic susceptibility mea-
surements to obtain a semi-quantitative understanding of
the effects of mesoscopic disorder in polyaniline and related
materials.
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