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Charge transport and magnetic properties in polyaniline doped with methane sulphonic acid
and polyaniline-polyurethane blend
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Charge transport in polyaniline protonated fully with methane sulphonic acid~MSA! and polyaniline
~MSA!-polyurethane@PANI~MSA!-PU# blend has been investigated through measurements of temperature
(T) and electric field (E) dependence of conductivity~s!, temperature dependence of thermoelectric power
and magnetic susceptibility and electron spin resonance at room temperature. PANI~MSA! exhibits a three-
dimensional variable-range hopping~VRH! type of conduction, which is not the case with HCl-doped PANI
and the electric field dependence of its conductivity is also consistent with VRH behavior. The thermopower
in PANI~MSA! shows metallic behavior. The blend follows a one-dimensional VRH type of conduction and
the electric field dependence of its conductivity exhibits the Poole-Frenkel effect. The temperature-dependent
magnetic susceptibility measurements indicate the presence of Pauli and Curie spins in both the samples. From
electron spin resonance measurements the percentage of Lorentzian and Gaussian spins have been estimated. In
PANI-MSA a larger number of spins are found to be delocalized. The conduction mechanism in PANI-PU
blend is discussed in comparison to other commercial conducting polymer blends.@S0163-1829~97!02412-0#
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I. INTRODUCTION

The development of environmentally stable, process
conducting polymer with good mechanical properties op
up the possibility of new applications for polymers. Pol
acetylene doped with iodine or AsF5 can attain conductivity
comparable to that of metals.1 Owing to their instability, they
have limited usefulness in applications. Polyaniline~PANI!
has emerged as one of the most promising conduc
polymers.2 PANI is inexpensive, environmentally stable an
it exhibits relatively high conductivity. It is processab
when doped with organic acids. While the room-temperat
conductivity~s! of paratoluene-sulphonic-acid–doped PA
~PANI-PTSA! is 5 S/cm and sulpho-salicylic-acid–dope
PANI ~PANI-SSA! is 1 S/cm,3 conductivity as high as 102

S/cm has been obtained by doping PANI with camphor s
phonic acid~PANI-CSA!.4 The present work focuses on th
study of methane-sulphonic-acid–doped PANI~PANI-MSA!
and PANI-polyurethane blend.~S denotes siemens, 1 S51
A/volt.!

The carriers generated in the process of doping in c
ducting polymers are known to be self-trapped by the con
gated polymeric chains in the form of polarons or bipolaro
Hopping or tunneling conduction is the usual transport s
in conducting polymers. One-dimensional variable-ran
hopping5 ~VRH! and charging energy limited tunneling6

~CELT! conduction are characterized by a temperature
pendence of the form exp@2(T0/T)

1/2# whereT0 is a con-
stant. Charge transport in PANI-PTSA and PANI-SSA h
been found to follow CELT conduction from temperatur
dependent conductivity@s(T)# and thermopower [S(T)]
measurements. A distinction between CELT and o
dimensional~1D! VRH conduction can be made if the ele
tric field (E) dependence of conductivity at different tem
550163-1829/97/55~16!/10734~11!/$10.00
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peratures,s(E,T), is measured. ln@s(E,T)# should vary asE
andE21 for VRH and CELT, respectively.5,6

Blending PANI with other nonconducting polymers im
proves the mechanical properties of PANI.7,8 It has been
found that PANI® ~VERSICON, Allied Signals Corporation
USA!–poly vinyl chloride~PVC! blends show a temperatur
dependence of conductivity that is quite different from th
of unblended doped PANI®.9 As the temperature is de
creased, the blends show a much smaller decrease of con
tivity than the unblended PANI®. It is found to be even more
pronounced in the case of PANI®–poly methyl methacrylate
~PMMA! blends than in PANI®-PVC blends. It is said tha
the conduction barriers around PANI® particles appear to be
reduced in height.10 The blends of PANI with a copolyeste
of polyethylene terephthalate~PETG! show a flattening ins
at high temperatures in a manner similar to PANI®-PMMA
blend and the decrease in conductivity as the temperatu
reduced is larger.

In these blends, from 250 to 10 K a temperature depen
dence characteristic of either 1D VRH or CELT at low fiel
is observed. Even in the case of PANI-CSA/PMMA blend11

a temperature dependence characteristic of VRH transp
viz., s(T)}exp@2(T0/T)

g# with the exponentg increasing
from g50.25 to 1, has been found upon decreasing the v
ume fraction of PANI up to the percolation threshold, belo
which g50.5, as in the case of granular metals.

While at high temperatures ln~s! varies asT21/2 for
PANI®-PMMA and PANI®-PVC blends, at millikelvin tem-
peratures they are found to exhibit a fluctuation-induced t
neling ~FIT! conduction.12 For the PANI®-PETG blends
s(E,T) exhibits a CELT conduction.13 It has been found tha
the method of synthesis and the insulating polymer used
blending play a vital role in deciding the morphology an
10 734 © 1997 The American Physical Society
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55 10 735CHARGE TRANSPORT AND MAGNETIC PROPERTIES IN . . .
conduction mechanism in a polymer blend containing
same mole fraction of PANI in a given insulating polym
matrix.14 In an attempt to improve the mechanical propert
of pure PANI-MSA, in the present case it has been blen
with the insulating polymer, viz., polyurethane.

A correlated study of transport and magnetic proper
provides better insight into the conduction mechanisms.
transport and magnetic properties of doped PANI-MSA a
its blend with polyurethane@PANI~MSA!-PU# are discussed
in the present work. The plan of this paper is as follows:
Sec. II, the synthesis and characterization of polyaniline
its blend and the experimental details are described. Ch
transport studies include temperature-dependent~i! dc elec-
trical conductivity,~ii ! electric-field-dependent conductivity
and ~iii ! thermoelectric power measurements. The magn
properties investigated are temperature-dependent dc m
netic susceptibility and electron-spin-resonance absorpt
The relevant theoretical models are briefly discussed in S
III. The results are presented in Sec. IV followed by a d
cussion in Sec. V and conclusions in Sec. VI.

II. EXPERIMENT

A. Synthesis and characterization

Polyaniline was prepared by chemical oxidation of anili
using ammonium persulphate in the presence of methane
phonic acid.15 The prepared polymers were purified by r
peated washing with water and methanol. NCO termina
polyurethane was prepared by condensation of polyoxyp
pylene glycol and toluene diisocyanate by the procedure
ported by Francis, Thomas, and Gupta.16 PANI was pow-
dered well and blended with solutions of polyurethane
toluene. The concentration of PANI was set to 50%
weight. Thin films were cast on clean glass surfaces
were allowed to cure at room temperature.

B. Experimental details

Unblended PANI-MSA pellets of diameter 8 mm an
thickness 1 mm were used for conductivity~s! and thermo-
electric power (S) measurements while for the PANI~MSA!-
PU~50%! blend, flexible sheets of dimensions 1 cm31 cm
30.1 cm were used. For unblended PANI-MSAs(T) was
measured by the Van der Pauw method17 using a Keithley
constant current source Model No. 225 and a Keithley 1
Nanovoltmeter. For the PANI~MSA!-PU~50%! blend a two-
probe method was used as the sample resistance was
Gold was deposited on both sides of the sample to avoid
interactions of PANI with the contact material. A consta
voltage was applied using a Keithley 617 electrometer
the current was measured in the low-field Ohmic region
the sample. The sample was mounted in a Cu block us
GE varnish~General Electric, Oxford Instruments, England!.
A Janis closed-cycle refrigerator model CCS-500 was u
for these measurements. The temperature was controlled
Lakeshore temperature controller model 330 and it was m
sured using a calibrated silicon diode sensor. During
electric-field–dependent conductivity measurements
sample temperature was monitored carefully to avoid
self-heating in the sample beyond a certain value of app
voltage. Thermoelectric power was measured by the dif
ential method.18 Magnetic susceptibility was mea
e
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sured using a commercial Quantum Design Superconduc
quantum interference device magnetometer model MPM
in the temperature range 300–5 K in a magnetic field of 5
G. Room-temperature ESR spectra of the sample were
corded atX band using a Varian E110 spectrometer.

III. THEORY

A. Transport properties

1. Conductivity

Conducting polymers are predominantly polycrystalli
or amorphous in character and have a substantial amou
disorder. As a result, hopping or tunneling conduction is g
erally observed and the dependence of conductivity on t
perature (T) and electric field (E) help to identify the exact
conduction mechanism.

(a) Variable range hopping conduction.5 In a disordered
material when the charge carriers are localized due to
dom electric fields, instead of band conduction, charge tra
port takes place via phonon-assisted hopping between lo
ized sites. Since the localized states have quantized ene
extending over a certain range, an activation energy is
quired for each hop.

The quasi-1D VRH model19 predicts a temperature
dependent conductivity given by

s5~s0 /T!exp@2~T0 /T!1/2#. ~1!

According to the 1D VRH model, Mott’s characteristic tem
perature is given by

T058a/kBN~EF!Z, ~2!

wherea21 is the localization length,N(EF) is the density of
states at the Fermi energy,kB is the Boltzmann constant, an
Z is the number of nearest-neighbor chains which is 4
PANI.20

The range of hopping~Rhop! and activation energy for
hopping~Whop! for 1D VRH are expressed as

Rhop5@apkBTN~EF!#21/2, ~3!

Whop5@pRhopN~EF!#21. ~4!

The inverse localization length for the strong localization
given by

a5~2m*V/\2!1/2, ~5!

wherem* is the effective mass of the charge carriers,\
5h/2p, whereh is Planck’s constant, andV is the effective
barrier height between localized sites.

For variable-range hopping in three dimensions~3D
VRH!, the temperature dependence of conductivity follo
the relation

s}exp@2~T0 /T!1/4#, ~6!

whereT0 is the characteristic Mott temperature in 3D and
given as

T0516a3/kBN~EF!. ~7!

The expressions for the range of hopping and the act
tion energy for hopping in three dimensions are given by
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10 736 55B. SANJAI et al.
Rhop5@9/8pkBTaN~EF!#1/4, ~8!

Whop5kB~T0T
3!1/4. ~9!

(b) Charging energy limited tunneling.6 In a disordered
material when the insulating barrier between two conduct
regions is sufficiently thin, electron tunneling occurs b
tween small surface areas. A tunnel junction can be appr
mated by a parallel plate capacitor (C) and a resistance (R).
When the conducting segments are large, the total cap
tance ~C0! between the conducting segments is large a
therefore the charging energy (e2/2C0) becomes negligible
and the conduction is due to fluctuation-induced tunnelin21

When the size of the conducting segments is small and
isolated metallic grains are dispersed in a dielectric mat
the charging energy plays a dominant role. Electrons
holes are transported from one isolated metallic grain to
next by tunneling. The effects of charging energy are see
both the temperature and electric field dependence of c
ductivity. The low-field charging energy limited conductivit
is of the form

s}exp@2~D/kBT!1/2#, ~10!

whereD is a constant.

2. Electric-field-dependent conductivity

A nonlinear relationship between current and voltage
plies that either mobility or carrier concentration, or both,
PANI vary with the applied field. Froms(E) measurements
at a particular temperature it is possible to distinguish
tween 1D VRH and CELT.

(a) Variable-range hopping. The electric field depen
dence of conductivity according to the VRH model in a
dimension5 is given by

s}exp~eRE/kBT!, ~11!

whereR is the range of hopping.
(b) CELT. In the high field non-Ohmic regime, th

CELT model predicts6

s5s08 exp~2E0 /E!, ~12!

whereE is the electric field. Heres08 andE0 are some con-
stants only weakly dependent onT andE. The most probable
separation between the centers of two metallic grainsv is
given by

v5kBD/4eE0 , ~13!

or v5kBT/eEt ,

whereD is a constant andEt is the threshold electric field
above whichs increases rapidly according to equation~12!.

(c) Poole-Frenkel effect.The Poole-Frenkel effect is th
field-assisted thermal ionization occurring in insulators a
semiconductors.22 This can be explained by treating th
semiconductor as a system of neutral atoms and not
system of electrons moving in a self-consistent periodic
g
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tential. After ionization of impurity atom, the electron move
in the medium of a polarizable atom and in the field of
positive ion.

If the electrons are localized in an effective potentialV(r )
centered atr50, when an electric fieldE is applied,V(r ) is
given by

V~r !52e2/4pe0er2erE, ~14!

wheree0 is the permittivity of free space ande is the relative
permittivity of the material. Hence the maximum heightVmax
between adjacent sites will be lowered by

dV5~e3/pe0e!1/2E1/2, ~15!

sincea changes according to Eq.~5!, using Eq.~1! and ex-
pandingV leads to

ln~s!}~1/4V!~T0 /T!1/2~e3/pe0e!1/2E1/2,

i.e.,

ln~s!5KE1/2, ~16!

where

K5~T0
1/2/4V!~e3/pe0e!1/2T21/2, ~17!

or

K5K8T21/2, K85~T0
1/2/4V!~e3/pe0e!1/2. ~18!

3. Thermoelectric power

The sign of thermoelectric power (S) shows the type of
majority carriers present in the material at a particular te
perature. In fully doped polyanilines a small and linear te
perature dependence ofS is observed that is characteristic o
metals and is given by the Mott expression

S5@p2kB
2T/3e#@d„ln s~EF!…/dE#E5EF

, ~19!

whereS is related to the energy derivative of the electric
conductivity at the Fermi level. The 3D VRH model give
the temperature dependance of thermopower on the o
hand as

S}T1/2. ~20!

B. Magnetic properties

1. dc magnetic susceptibility (x)

In disordered conducting polymers the presence of
larons and bipolarons gives rise to temperature-indepen
paramagnetic susceptibility apart from the temperatu
dependent Curie susceptibility.23–25 Experimentalxspin can
be resolved into Pauli and Curie contributions according
the expression

xspin5xP1C/T, ~21!

whereC is Curie constant andxP is Pauli susceptibility ex-
pressed as
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FIG. 1. Temperature dependence of dc conductivity of PANI-MSA showing a fit to 3D VRH~solid line!. The inset shows a plot of the
experimental data.
tio
R

mic
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xP5mB
2N~EF!, ~22!

wheremB is the Bohr magneton. The measurement ofxspin
therefore helps in determiningN(EF).

2. Electron spin resonance

Electron spin resonance measurements give informa
regarding theg factor, linewidth, and line shape. These ES
n

parameters can be analyzed in terms of static and dyna
characteristics of the paramagnetic centers. Deviations f
free-electrong values are mainly due to coupling of electro
spins with the orbital angular momenta. The linewidth me
sures the interaction between the unpaired electrons of
ferent nature namely, conduction and localized electron26

The presence of localized spins gives rise to a Gaus
shape given by the function27
FIG. 2. Temperature dependence of dc conductivity of PANI~MSA!-PU blend showing a fit to 1D VRH~solid line!. The inset shows a
plot of the experimental data.
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FIG. 3. Electric field dependence of conductivity of PANI-MSA at 25 K~h! and 30 K~1! showing a fit to VRH conduction.
.
zia

e
ibu-
f G~H !51/D~2p!1/2 expF2
~H2H0!

2

~2D2!
G , ~23!

whereD is the rms linewidth andH0 is the resonance field
The presence of delocalized spins gives rise to a Lorent
shape given by the normalized function27
n

f L~H !5~g/p!$1/@g21~H2H0!
2#%, ~24!

where g is the linewidth. In many cases the actual lin
shape is a combination of Lorentzian and Gaussian distr
tions.
FIG. 4. Electric field dependence of conductivity of PANI~MSA!-PU blend at 97 K~h!, 87 K ~1!, 79 K ~L!, 68 K ~n!, 62 K ~3!, and
the solid line is the fit to the Frenkel-Poole effect.
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FIG. 5. A plot ofK vs T21/2 from Eq. ~12! and the solid line is the fit to calculate the value ofK8 from Eq. ~18!.
is
IV. RESULTS

A. Temperature dependence of conductivitys„T…

1. Unblended PANI-MSA

The room-temperature conductivity of the sample
found to be 0.1~S/cm!. s(T) is found to follow a behav-
ior characteristic of 3D VRH given as
s~T!5s0T
21/2 exp@~2T0 /T!1/4#.

s(T) data are shown in Fig. 1 in the form of log10~sT
1/2!

versusT21/4 plot. The inset of Fig. 1 shows a plot of log10~s!
versusT. The value of the Mott characteristic temperatureT0
obtained from the slope of Fig. 1 is found to be 3.23107 K.
FIG. 6. Temperature dependence of thermoelectric power of PANI-MSA whereh denotes experiment and2 is the fit to Eq.~19!.
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FIG. 7. Temperature dependence of dc magnetic susceptibility of PANI~MSA! whereh denotes experiment and2 is the fit to Eq.~21!.
nd
n .
2. PANI(MSA)-PU(50%) blend

The room-temperature conductivity of the blend is fou
to be 1023 ~S/cm!. s(T) data from 300 to 50 K are shown i
Fig. 2 in the form of a log10~s! versusT21/2 plot. The inset of
Fig. 2 shows a plot of log10~s! versusT. This behavior is
characteristic of variable-range hopping in one dimension5 or
charging energy limited tunneling in the low-field regime6

The value ofT0 is found to be 2.43104 K.
FIG. 8. Temperature dependence of dc magnetic susceptibility of PANI~MSA!-PU blend whereh denotes experiment and2 is the fit to
Eq. ~21!.
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TABLE I. Parameters of PANI materials evaluated from theory.

Sample
Hopping
dimension

Mott
temp.
T0 ~K! a21 ~A!

xp
~emu/
mole!

C
~emu K/
mole! N (EF)

Rhop
~A! at
100 K

Whop
~eV! at
100 K

Unblended 3.331022

PANI- 3D 3.23107 0.71 33031026 7731024 states/ 5.5 0.15
MSA eV cm3

PANI 1.2231022

~MSA!-PU 1D 2.43104 80 25531026 11731024 states/ 500 0.05
blend ev cm3
er
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.
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q.
B. Electric field dependence of conductivitys„E,T…

1. Unblended PANI-MSA

A plot of ln~s! versusE for PANI-MSA is shown in Fig.
3 for different temperatures. It follows a behavior charact
istic of variable-range hopping according to Eq.~11!.

2. PANI(MSA)-PU(50%) blend

The results of electric-field–dependent conductivity m
surements performed at different temperatures are show
Fig. 4 in the form of a log10~s! versusE1/2 plot. They are
found to follow a behavior according to Eq.~16!, which is
characteristic of the Frenkel-Poole effect. Slope (K) of the
lines in Fig. 4 versusT21/2 is found to be linear and is show
in Fig. 5. The value of the potential barrierV determined
from the slope~K8! of Fig. 5 according to Eq.~18! is found
to be 1.56 eV@the value ofe is taken as 4.3~Ref. 28!#.
-

-
in

C. Thermoelectric power „S…

Unblended PANI-MSA. An S versusT graph is shown in
Fig. 6.S is found to be linear withT characteristic of metals
For the blended polymer, because of high resistance of
sample,S could not be measured.

D. dc magnetic susceptibility„x…

x for a two-ring repeat unit is shown as a function
temperature in Figs. 7 and 8 for unblended PANI-MSA a
PANI~MSA!-PU~50%!, respectively. The experimental va
ues have been corrected for diamagnetic contributions f
the atomic cores~xcore! using Pascal constants.29 The values
of xcore for unblended PANI-MSA and PANI~MSA!-
PU~50%! are 215331026 and 224431026 emu/mole, re-
spectively. The corrected susceptibility could be fitted to E
~21!. The values ofxP andN(EF) are given in Table I.
FIG. 9. Room-temperature ESR spectra PANI~MSA! whereh denotes experiment,1 denotes Gaussian fit,L denotes Lorentzian fit, and
2 denotes combination of Gaussian and Lorentzian.
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FIG. 10. Room-temperature ESR spectra of PANI~MSA!-PU blend whereh denotes experiment,1 denotes Gaussian fit,L denotes
Lorentzian fit, and2 is the combination of Gaussian and Lorentzian.
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E. ESR

The experimentalX-band ESR spectra of both unblend
PANI-MSA and PANI~MSA!-PU~50%! could be resolved
into a Lorentzian and a Gaussian line shape and are show
Fig. 9 and Fig. 10, respectively. The various parameters
tained from the spectra are given in Table II.

V. DISCUSSION

For the unblended PANI-MSA, a ln~s! versusT21/4 varia-
tion is observed that is characteristic of 3D VRH instead
1D VRH, which is normally observed in fully dope
polyanilines.30 This could probably be due to a better inte
chain coupling upon doping with MSA due to which mo
sites are available for hopping in three-dimensions. T
electric-field–dependent conductivity also shows a variat
characteristic of VRH. While a hopping conduction chara
teristic of disordered material is seen from temperatu
dependent conductivity measurements, a small and lin
temperature dependence ofS, which is characteristic of a
metal is observed~Fig. 6! instead of a 1/T variation expected
for hopping conduction. A small temperature-depend
in
b-

f

e
n
-
-
ar

t

Pauli susceptibility is observed in addition toxCurie, which
also supports the metallic character in the material. T
temperature-dependent Pauli susceptibility above 150 K
dicates the existence of a finite Fermi density of states
spin carriers. A similar observation has been made in po
pyrrole doped with BF4.

31 The authors observe that th
could be due to the microcrystalline regions of the polym
embedded in amorphous matrix apart from the differ
lengths of the chains of the polymer due to which magne
species can coexist with nonmagnetic species in a cha
state. The exact reasons for such a behavior in PANI~MSA!
are not clear.

In PANI~MSA!-PU~50%! blend, the value ofs ~300 K! is
found to be decreased from that of unblended PANI-MSA
2 orders of magnitude unlike PANI®-PVC ~Ref. 9! and
PANI®-PMMA where the conductivities are either comp
rable to or higher than that of pure PANI®.10 While aT21/2

variation reminiscent of either 1D VRH or CELT is observe
from s(T) measurements,s(E,T) behavior is in accordance
with quasi-1D VRH of electrons among localized sites whe
the electrons have an effective Coulombic barrier betw
adjacent sites. The effective barrier height is lowered by
9

TABLE II. Parameters obtained from the ESR spectra.

Sample
DHexpt

~G!
DHG

~G!
DHL

~G! G% L% gG gL

Unblended
PANI-MSA 1.4 2.2 1.5 18 82 2.0231 2.023 8

PANI
~MSA!- 126 199 72 68 32 2.0077 2.0185
PU blend
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55 10 743CHARGE TRANSPORT AND MAGNETIC PROPERTIES IN . . .
applied electric field and hence the conductivity increa
with E and a Poole-Frenkel effect is observed similar to
case of polytoluidine~POT-ES!.32 Hences(E,T) measure-
ments confirm that the conduction mechanism
PANI~MSA!-PU~50%! blend is 1D VRH and not CELT.

From the value ofT0 andN(EF) the localization length
a21 is calculated using Eq.~2! for PANI-PU~50%! blend and
Eq. ~7! for unblended PANI-MSA and are given in Table
Other Mott parametersRhop andWhop are determined using
Eqs.~8! and~9! for unblended PANI-MSA and Eqs.~3! and
~4! for PANI-PU~50%!. The polyurethane chains i
PANI~MSA!-PU blend might increase the average ch
separation between adjacent PANI chains and this red
the interchain transfer of charge carriers. Hence an additio
random potential may be present in this material becaus
blending with insulating PU. The value of the localizatio
length is 80 Å for the blend while for the unblended dop
PANI-MSA it is 0.71 Å. This variation in localization length
cannot be used to conclude that the charge carriers in
case of blends are more delocalized as the conduction in
case is 1D VRH whereas in the unblended PANI-MSA it
3D VRH. It is difficult to compare these two polymers on th
basis ofa21 alone. The thermopower of PANI-MSA is pro
portional to temperature indicating a metallic character. T
linear thermopower is a signature of very high intrinsic co
ductivity in PANI-MSA. Such metallic thermopower also in
dicates that the thermal resistance of the barriers that do
nates the electrical resistance is small.

From Table II it can be seen that the area under
Lorentzian and Gaussian line shapes are 32% and 68%
spectively, for the PANI-PU~50%! blend, which indicates the
presence of more localized spins in the material as comp
to PANI-MSA. The linewidth of the experimentally ob
served, Gaussian, and Lorentzian line shapes are 12
199G and 72.5G, respectively for PANI~MSA!-PU~50%!
blend. These values are about 2 orders of magnitude hi
than those for unblended PANI-MSA and other dop
PANI.3,33 This indicates that there is no significant motion
narrowing and there is line broadening due to the locali
spins because of blending with polyurethane. This resu
qualitatively consistent with the values of the Curie const
as given in Table I for both the samples.

It has been confirmed by our measurements that the c
mercial blends@PANI doped with organic acid~VERSICON!
and blended with insulating polymers# containing 60% by
.
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weight of copolyester of polyethylene terephthalate~PETG!
exhibit conduction by the CELT mechanism.13 This indicates
that the insulating polymer used alters the morphology of
conducting regions in the material. The size of the meta
regions may be more and the barrier width may be less in
PANI-PETG blend when compared to pure PANI-MS
doped with HCl, which shows a 1D VRH behavior.31 The
use of polyurethane for blending seems to increase the
order in PANI-MSA, which is reflected in an increased val
of ESR linewidth and a greater number of Curie spins
unit volume when compared to unblended PANI-ES. T
insulating polymer used and the exact method of synth
play a vital role in determining the morphology and the co
duction mechanism in conducting polymer blends.

VI. CONCLUSIONS

A 3D VRH conduction is observed in pure PANI-MSA
while in the case of PANI doped with inorganic acids, so
only a 1D VRH type of conduction has been observed30

This could be due to better interchain coupling in PAN
MSA. In the case of the PANI~MSA!-PU blend the conduc-
tion is by 1D VRH. In order to distinguish between 1D VR
and CELT, since in both the cases ln~s! varies asT21/2,
electric-field–dependent conductivity measurements h
been carried out. From these measurements it has been
firmed that both PANI-MSA and PANI~MSA!-PU follow a
VRH type of conduction and not CELT. In the blended pol
mer a Frenkel-Poole effect is observed where the inter
potentials, assumed to be Coulombic, are lowered by
applied electric field. The localized charges hop from o
localized site to another along the chain. The effective
tential barrier height is 1.56 eV. The metallic character in
polymers is seen from a linear temperature dependenc
S(T), the presence of Pauli spins fromx(T) measurements
and the Lorentzian component of the ESR absorption. T
larger ESR linewidth in the PANI~MSA!-PU blend when as
compared to the unblended PANI~MSA! qualitatively indi-
cates greater localization of charge carriers in the blen
polymer.
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