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Abstract

Polyaniline (PANI) exhibits a dc conductivityσ ≈ 10−1 S/cm when it is doped with poly(styrenesulfonic acid) (PSSA) such that the number
of sulfonate groups per two-ring PANI unit (y) is 2. On increasing the dopant amount toy= 12,σ drops to 10−5 S/cm. The EPR-derived magnetic
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usceptibility of these two conducting polymers gives nearly the same density of states at the Fermi levelN(EF) ≈ 0.65± 0.05 states/eV 2
ings. The corresponding electronic specific heat coefficient as calculated from thisN(EF) value does not appear to be inconsistent with
esults from low temperature calorimetric measurements. Similarly, withy′ defined as the number of sulfonate groups per three-ring PE
nit, PSSA-doping of poly(ethylenedioxythiophene) (PEDOT) yields differentσ ≈ 10−1 and 10−5 S/cm aty′ = 5.7 and 45.9, respective
ut the sameN(EF) ≈ 0.55± 0.05 states/eV 3-rings. These observations suggest that the additional dopants, which help with disp
rocessing conducting polymers, do not alter the metallic domains but are located in the disordered regions surrounding them. TheN(EF) values
lso remain practically the same betweenp-toluenesulfonic acid (PTSA) doped PANI and its dispersed blend in poly(methylmethac
PMMA), as well as for PEDOT–PTSA before and after its being subjected to an additional dispersion step.
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ACS: PACS numbers: 72.80.Le; 76.30; 65.60.+a

eywords:Magnetic susceptibility; Heat capacity; Density of states; Electron paramagnetic resonance; Conductivity; Organic polymers

. Introduction

Conducting polymers and high-Tc superconductors are
mong the most rewarding materials discovered in recent
ears. Both have led to Nobel prizes. While an exceedingly
arge amount of experimental and theoretical work has
elped elucidate the superconductivity mechanism and
elated phenomena, high temperature superconductors still
ace technical barriers toward application. In contrast, a num-

� Some of the results presented in this paper were presented at the Interna-
ional Conference on the Science and Technology of Synthetic Metals held
t the University of Wollongong, Australia, 28 June to 2 July 2004.
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E-mail address:Pawan.kahol@wichita.edu (P.K. Kahol).

ber of technologies based on conducting polymers are
in service. Current research programs are mostly conc
with syntheses, morphology and better characterization[1,2].
However, realizing the unavoidable complications assoc
with polymeric materials, experimental investigations
fundamental properties have been somewhat limited.

Unlike saturated polymers that have all four valence e
trons of carbon tied up in covalent bonds, the classica
ample of trans-polyacetylene in the family of conductin
polymers identifies its unpaired�-electrons as a source f
intrinsic conductivity. Because of electron–lattice inte
tions, structural distortions occur, inducing polarons, b
larons and solitons[3,4]. Suitable oxidation (p-doping) an
reduction (n-doping) of certain polymers have been dem
strated to result in a wide range of electrical conductiviσ
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from 10−13 to 105 S/cm. In comparison, copper has a room-
temperatureσ of 6× 105 S/cm.

The conductivity of emeraldine-base polyaniline has been
found to increase from 10−10 to 102 S/cm on doping[5]. It
has been suggested that at sufficiently high doping levels,
conducting polymers are comprised of nano-sized “metal-
lic” domains separated by disordered regions[6]. A metallic
domain is a region in which the polymer chains are highly
coupled and show interchain coherence length of the order of
5 nm. Although conducting polymers are susceptible to high
degrees of disorder and inhomogeneities, which complicate
transport property studies, the characteristics of their metallic
domains continues to attract interest and attention[1–4].

One basic parameter for metallic characterization is the
density of states at the Fermi level,N(EF), which has been
evaluated for various conducting polymers through elec-
tron paramagnetic resonance (EPR) spectroscopy[4,7–10],
static magnetic measurements[6,11–13] or low temper-
ature calorimetry [14,15]. Using such techniques, this
study aims at determining the effect onN(EF) due to ex-
cessive poly(styrenesulfonic acid) (PSSA) doping, which
helps in dispersion processing, in polyaniline (PANI) and
poly(ethylenedioxythiophene) (PEDOT). Electrical conduc-
tivity of the PSSA doped PEDOT can be varied also over
a wide range using different molar ratios of PEDOT and
PSSA.
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were obtained from Ormecon[16]. There is one sulfonate
group per two-ring PANI unit. Dispersion in PMMA en-
hances conductivity and induces even a metal–insulator tran-
sition at lower temperatures[18].

The last sample is a non-dispersed PEDOT doped with
PTSA (PEDOT–PTSA-1.5) having 1.5 sulfonate groups per
three-ring PEDOT unit. Comparison is made after its be-
ing subjected to an extra dispersion step, thus identified as
PEDOT–PTSA-1.5Q.

A computer controlled X-band Bruker EMX 6/1 spectrom-
eter (9.5 GHz) was used for EPR measurements. An Oxford
ESR900 cryostat under ITC503 control was used for control-
ling temperature down to 4.2 K. The derivative intensity data
following an EPR experiment were integrated twice. This re-
sult was divided by the double integral of the derivative EPR
signal for a K3CrO8 standard[19] to obtain a value for the
magnetic susceptibility. The absolute uncertainty in the EPR
obtainedN(EF) values is primarily due to mass measurements
of the K3CrO8 crystal and its solution in a capillary. This error
is small and estimated to be approximately 10%.

SQUID was employed also to obtain magnetic susceptibil-
ity. Specific heat measurements were made using a thermal-
relaxation type microcalorimeter in a He3 cryostat, the details
of which were given in an earlier paper[15].

3

3

ade
o ndard
f re
d ples
P and
P lec-
t d
2 -2
a -
t de-
c of
m a-
t s
� er-
a teris-
t are
o ary,
a MI
t rlier
t

fol-
l es to
2

ing
P nd
P duc-
Comparisons are also made onp-toluenesulfonic aci
PTSA)-doped PANI before and after their being subje
o a special dispersion process, and before and after
eing blended and dispersed in poly(methylmethacry
PMMA).

. Experimental

Fig. 1shows the chemical structures of the various m
ials used in the study.

Two dispersible PSSA-doped PANI samples were
ained from Ormecon[16]. With the formula units o
ANI and PSSA defined as –(C6H4N–C6H5N)– and
CH2CH(C6H4SO3)–, the two samples have different nu
er of sulfonate groups per two-ring PANI unit,y= 2 and 12
hey will be identified as PANI–PSSA-2 and PANI–PSS
2, respectively. The largery value reflects a much more e
essive doping level.

Two dispersion-processed PEDOT–PSSA samples
tarck[17], under their trade names AI 4071 and CH 80
ere dried into powders. Both are excessively doped, b
ppreciably different levels. With the formula unit of P
OT defined as –[(C6H4O2S)3]–, the number of sulfona
roups per three-ring PEDOT unity′ is 5.7 for AI 4071
nd 45.9 for CH 8000. We will henceforth refer AI 40
s PEDOT–PSSA-6 and CH 8000 as PEDOT–PSSA-46

Two PTSA-doped PANI samples, one in a non-dispe
ondition (PANI–PTSA-1) and another one having b
lended and dispersed in PMMA (PANI–PTSA–PMM
. Results and discussion

.1. Electrical conductivity

The dc electrical conductivity measurements were m
n compressed pellets of the samples using the sta

our-probe technique.Fig. 2(a)–(d) show the temperatu
ependence of the dc conductivity for the four sam
EDOT–PSSA-6, PEDOT–PSSA-46, PANI–PSSA-2,
ANI–PSSA-12, respectively. The room-temperature e

rical conductivity is 10−1 S/cm for PEDOT–PSSA-6 an
× 10−5 S/cm for PEDOT–PSSA-46. For PANI–PSSA
nd PANI–PSSA-12, it is 0.5 and 7× 10−6 S/cm, respec

ively. Clearly, excess doping leads to a significant
rease in conductivity. With the materials in the vicinity
etal–insulator (MI) transition,Fig. 3 shows the temper

ure dependence of reduced activation energyW defined a
ln σ/�lnT. In such a plot, a positive slope at low temp
tures is considered as an indication of metallic charac

ics. Accordingly, PEDOT–PSSA-6 and PANI–PSSA-2
n the metallic side, PANI–PSSA-12 is near the bound
nd PEDOT–PSSA-46 is on the insulating side of the

ransition. PANI–PTSA–PMMA has also been shown ea
o be on the metallic side[18].

PEDOT–PTSA-1.5 has a dc conductivity of 90 S/cm,
owing an extra dispersion step, the conductivity increas
40 S/cm in PEDOT-PTSA-1.5Q.

Most of the samples mentioned above includ
ANI–PSSA-2, PEDOT–PSSA-6, PANI–PTSA–PMMA a
EDOT–PTSA-1.5Q, which have reasonably good con
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Fig. 1. Chemical structure of materials used in the present study.

tivity or behave as being on the metallic side of the MI transi-
tion, are not conventional metals in terms of mean free path.
They are instead comprised of metallic domains or “islands”,
which are surrounded by disordered regions. The disordered
regions are quasi one-dimensional, and charge carriers hop
between chains and along chains. Charge carriers are con-
fined in the metallic regions as long as the on-chain localiza-
tion length is smaller than the distance between the metallic
regions or islands. As the on-chain localization length in-
creases due to favorable chain morphology in the disordered
regions, the charge carriers can diffuse among the metallic
regions.

Questions arise as to what extent the excess doping, which
greatly reduces the conductivity, would affect the metallic
domains. The answer is difficult to obtain only from trans-
port property measurements. Rather, magnetic and calori-
metric studies seem to be in order to shed some light in this
respect.

3.2. Electron paramagnetic resonance

One major contribution to the magnetic susceptibilityχ

of most metallic systems is the temperature-independent
Pauli susceptibility,χP. Being a characteristic signature of
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Fig. 2. Temperature dependence of dc conductivityσ as a function of temperature for (a) PEDOT–PSSA-6, (b) PEDOT–PSSA-46, (c) PANI–PSSA-2, and (d)
PANI–PSSA-12.

Fig. 3. Temperature dependence of reduced activation energyW for
(a) PEDOT–PSSA-6 (circles) and PEDOT–PSSA-46 (squares), and (b)
PANI–PSSA-2 (circles) and PANI–PSSA-12 (squares).

the presence of delocalized spins,χP is directly propor-
tional toN(EF) for both spin directions through the relation
�P = �2

BN(EF) withµB being the Bohr magneton[4]. In con-
trast to the static measurements, e.g. SQUID to be described
below, the technique of EPR measures only the spin part
of magnetic susceptibility. For disordered conducting poly-
meric systems, the measured susceptibility is expected to be a
sum of Curie and Pauli components:χ = Nµ2

B/kBT + χP or
χT = (Nµ2

B/kB) + [µ2
BN(EF)]T , with N being the number

of Curie-type spins andkB the Boltzmann constant. Accord-
ingly, from aχT versusT plot, χP and henceN(EF) can be
obtained from the slope of a straight line fit, while its in-
tercept would yield the value ofN. N(EF) is expressed here
in states/eV formula unit, where the formula unit will corre-
spond to a three-ring unit for PEDOT and a two-ring unit for
PANI. The relatively small values ofNare not a main concern
of this study.

To first examine the effect of excess doping on metal-
lic characteristics,Fig. 4 shows the EPR-derived magnetic
susceptibility values for PSSA-doped PEDOT and PANI.
The temperature dependence ofχT can be indeed repre-
sented by a straight line in each case. Results from a lin-
ear regression of theχT data can be summarized as follows:
N(EF) ≈ 0.55± 0.05 states/eV 3-rings for PEDOT–PSSA-
6 and 0.50± 0.05 states/eV 3-rings for PEDOT–PSSA-46,
with correspondingN≈ 0.004 and 0.002 per formula unit,
r rac-
t nd
N ap-
p ity of
s OT
s

espectively. PANI–PSSA-2 and PANI–PSSA-12 have p
ically the sameN(EF) ≈ 0.65± 0.10 states/eV 2-rings a
≈ 0.003 and 0.005 per formula unit, respectively. It
ears that the excess doping does not affect the dens
tates at the Fermi level in either the PANI or the PED
ystems.
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Fig. 4. EPR-derived magnetic susceptibility as a function of temperature
for (a) PEDOT–PSSA-6 and PEDOT–PSSA-46, and (b) PANI–PSSA-2 and
PANI–PSSA-12. Each straight line represents linear regression of theχT
data.

A small difference inN(EF) values appears inFig. 5.
It is 2.0± 0.10 states/eV 2-rings for PTSA doped PANI
(PANI–PTSA-1) and 2.2± 0.10 states/eV 2-rings for its dis-
persed blend in PMMA (PANI–PTSA–PMMA).

Again, the linear fit for theχT versusTplot in Fig. 6indi-
cates that theN(EF) value changes from 0.65± 0.05 states/eV
3-rings for PEDOT-PTSA-1.5 to only a slightly higher
value of 0.75± 0.05 states/eV 3-rings for PEDOT-PTSA-
1.5Q, which had been subjected to an extra dispersion
step.

All N(EF) values thus obtained are listed inTable 1.

Fig. 5. EPR-derived magnetic susceptibility as a function of temperature
f ents
l

Fig. 6. EPR-derived magnetic susceptibility as a function of temperature for
PEDOT–PTSA-1.5 and PEDOT–PTSA-1.5Q. Each straight line represents
linear regression of theχT data.

Table 1
Comparison ofN(EF) values obtained from EPR and heat capacity
measurements

Sample N(EF) from EPR (states/eV
formula unit)

PEDOT–PSSA-6 0.55± 0.05
PEDOT–PSSA-46 0.50± 0.05
PANI–PSSA-2 0.65± 0.05
PANI–PSSA-12 0.70± 0.05
PANI–PTSA-1 2.0± 0.1
PANI–PTSA–PMMA 2.2± 0.1
PEDOT–PTSA-1.5 0.65± 0.05
PEDOT–PTSA-1.5-Q 0.75± 0.05

3.3. SQUID magnetometry

Like a “force” magnetometer, SQUID yields the total
magnetic susceptibility that is comprised of several contri-
butions including intrinsic core diamagneticχdia. As shown
in Fig. 7, some of the conducting polymers reported in the
present study have negative or near zero total susceptibility.
Obviously, the core diamagnetism is appreciable, and
needs to be subtracted from the total susceptibility to allow
the determination ofN(EF)-related Pauli contribution. To

Fig. 7. Magnetic susceptibility data from SQUID measurements revealing
s

or PANI–PTSA-1 and PANI–PTSA–PMMA. Each straight line repres
inear regression of theχT data.
 ignificant contributions from core diamagnetism.
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do so one often relies on a set of empirically derived
parameters generally referred to as Pascal constants (e.g.,
−6.00× 10−6 emu/mol for C, −4.61× 10−6 emu/mol
for O, and −15.0× 10−6 emu/mol for S) and con-
stitutive corrections (e.g., +5.5× 10−6 emu/mol for
C C bond, +8.15× 10−6 emu/mol for C N bond, and
−3.07× 10−6 emu/mol for C shared by two rings)[20]. The
values of the Pascal’s constants have been deduced from
examining the susceptibilities of various compounds, and
uncertainties in the literature values can lead to significantly
erroneous estimates ofχdia and consequentlyN(EF) for
conducting polymers because they are comprised of a large
number of atoms and chemical bonds. The detailed analysis
of the data inFig. 7 is in progress and will be reported
later if meaningful results can be arrived. Meanwhile, it
is deemed worthy to point out such difficulties that one
would encounter using the static magnetic measurements on
polymeric materials.

3.4. Low temperature specific heat

At sufficiently low temperatures the specific heat of a
normal metallic solid generally follows a simple relation:
C=γT+βT3 or C/T=γ +βT2. The electronic specific heat
coefficientγ, as to be determined from the intercept of a
l
s
s at
c

d
P low

F t for
P linear
r es.

Fig. 9. Analysis of the temperature dependence of specific heat for (a)
PANI–PSSA-2, and (b) PANI–PSSA-12. Each straight line represents linear
regression of theC/T data above the lower-temperature anomalies.

approximately 2 K. The lattice contribution is apparently
the dominating term, particularly with the higher dopant
content. Further uncertainty in the high-temperature limit
of the T3-dependence for lattice specific heat makes it
harder to obtain unambiguous values ofN(EF). Therefore,

F at for
P
d in
R

inear fit in aC/T versusT plot, is a measure ofN(EF) (in
tates/eV formula unit) = 0.424γ (in mJ/(mol K2)) for both
pin directions, and the slopeβ is the lattice specific he
oefficient.

Specific heat data inFig. 8 for PEDOT–PSSA-6 an
EDOT–PSSA-46 reveal some kind of anomalies be

ig. 8. Analysis of the temperature dependence of specific hea
EDOT–PSSA-6 and PEDOT–PSSA-46. Each straight line represents

egression results of theC/T data above the lower-temperature anomali
ig. 10. Analysis of the temperature dependence of specific he
ANI–PTSA-1. The straight line represents linear regression of the (C−A)/T
ata above the lower-temperature anomalies.A is a constant as explained
ef. [15].
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Fig. 11. Analysis of the temperature dependence of specific heat for
PANI–PTSA–PMMA. The straight line represents linear regression of the
C/T data above the lower-temperature anomalies.

a different approach is taken by first calculating a value
of γ =N(EF)/0.424 = 1.2 mJ/(mJ mol K2) from the EPR re-
sults. It is then used as the predetermined intercept for a
straight line fit to each set ofC/T versusT2 data above
the anomalous region inFig. 8. Indeed, the straight line
fit by linear regression yields a quite acceptable coeffi-
cient of determinationR2 = 0.9953 for PEDOT–PSSA-6 and
R2 = 0.9898. Same procedures are applied to other systems
with calculatedγ = 1.50 mJ/(mol K2) for PANI–PSSA-2 and
PANI–PSSA-12, and 5.0 mJ/(mol K2) for PANI–PTSA-1 and
PANI–PTSA–PMMA. Again, as shown inFigs. 9–11, a good
linear fit above lower-temperature anomalies prevails in each
case, implying that the calculatedγ and thus theN(EF) val-
ues are consistent with the specific heat data. In this respect,
the low temperature calorimetry provides a complementary
support to the EPR study in determining the metallic charac-
teristics of the conducting polymers.

4. Conclusions

A much higher doping level in PANI–PSSA-12 results
in four orders of magnitude lower electrical conductiv-
ity than that of PANI–PSSA-2, but the same density of
states at the Fermi level. Same observation is made be-
tween PEDOT–PSSA-46 and PEDOT–PSSA-6. The addi-
t ions
s
w a, an
i pri-
m ates
o rage
s the
o for

PEDOT–PSSA-6 and around 20 nm for PEDOT–PSSA-46
[17].

When PANI–PTSA-1 is blended with PMMA to obtain
PANI–PTSA–PMMA, the treatment promotes dispersion of
metallic particles, butN(EF) remains the same. It could be an
indication that the special dispersion treatment does not sig-
nificantly alter the morphology of the primary particles. Both
PANI–PSSA-2 and PANI–PSSA-12 have been subjected to
the above mentioned additional dispersion step, and both are
found to have the sameN(EF) values. Same is the case be-
tween PEDOT–PTSA-1.5 and PEDOT–PTSA-1.5Q, where
the latter material is obtained from the former by subjecting
it to an additional dispersion step.
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