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Abstract

Polyaniline (PANI) exhibits a dc conductivitya~ 10~* S/cm when it is doped with poly(styrenesulfonic acid) (PSSA) such that the number
of sulfonate groups per two-ring PANI unjf)is 2. On increasing the dopant amoungto12,c drops to 10° S/cm. The EPR-derived magnetic
susceptibility of these two conducting polymers gives nearly the same density of states at the Fem{Bewvel0.65+ 0.05 states/eV 2-
rings. The corresponding electronic specific heat coefficient as calculated froN(Bgjsvalue does not appear to be inconsistent with the
results from low temperature calorimetric measurements. Similarly,yvitbfined as the number of sulfonate groups per three-ring PEDOT
unit, PSSA-doping of poly(ethylenedioxythiophene) (PEDOT) yields diffeeent10- and 10° S/cm aty =5.7 and 45.9, respectively,
but the sameé\(Er) ~ 0.55+ 0.05 states/eV 3-rings. These observations suggest that the additional dopants, which help with dispersion in
processing conducting polymers, do not alter the metallic domains but are located in the disordered regions surrounding\t&vdloes
also remain practically the same betweetoluenesulfonic acid (PTSA) doped PANI and its dispersed blend in poly(methylmethacrylate)
(PMMA), as well as for PEDOT—PTSA before and after its being subjected to an additional dispersion step.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction ber of technologies based on conducting polymers are now
in service. Current research programs are mostly concerned
Conducting polymers and high- superconductors are  with syntheses, morphology and better characteriz§ii@j.
among the most rewarding materials discovered in recentHowever, realizing the unavoidable complications associated
years. Both have led to Nobel prizes. While an exceedingly with polymeric materials, experimental investigations of
large amount of experimental and theoretical work has fundamental properties have been somewhat limited.
helped elucidate the superconductivity mechanism and Unlike saturated polymers that have all four valence elec-
related phenomena, high temperature superconductors stiltrons of carbon tied up in covalent bonds, the classical ex-
face technical barriers toward application. In contrast, a num- ample oftranspolyacetylene in the family of conducting
polymers identifies its unpairegil-electrons as a source for

intrinsic conductivity. Because of electron—lattice interac-
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from 10713 to 10° S/cm. In comparison, copper has a room- were obtained from Ormecdi6]. There is one sulfonate

temperature of 6 x 10° S/cm. group per two-ring PANI unit. Dispersion in PMMA en-
The conductivity of emeraldine-base polyaniline has been hances conductivity and induces even a metal—-insulator tran-
found to increase from 139 to 1(? S/cm on dopind5]. It sition at lower temperaturg48].

has been suggested that at sufficiently high doping levels, The last sample is a non-dispersed PEDOT doped with
conducting polymers are comprised of nano-sized “metal- PTSA (PEDOT—PTSA-1.5) having 1.5 sulfonate groups per
lic” domains separated by disordered regif@is A metallic three-ring PEDOT unit. Comparison is made after its be-
domain is a region in which the polymer chains are highly ing subjected to an extra dispersion step, thus identified as
coupled and show interchain coherence length of the order of PEDOT—PTSA-1.5Q.
5 nm. Although conducting polymers are susceptible to high ~ Acomputer controlled X-band Bruker EMX 6/1 spectrom-
degrees of disorder and inhomogeneities, which complicateeter (9.5 GHz) was used for EPR measurements. An Oxford
transport property studies, the characteristics of their metallic ESR900 cryostat under ITC503 control was used for control-
domains continues to attract interest and atterjtiod]. ling temperature down to 4.2 K. The derivative intensity data
One basic parameter for metallic characterization is the following an EPR experiment were integrated twice. This re-
density of states at the Fermi lev®l(Er), which has been  sult was divided by the double integral of the derivative EPR
evaluated for various conducting polymers through elec- signal for a KCrOg standard19] to obtain a value for the

tron paramagnetic resonance (EPR) spectros¢bay-10] magnetic susceptibility. The absolute uncertainty in the EPR
static magnetic measuremen,11-13] or low temper- obtained\(Er) values is primarily due to mass measurements
ature calorimetry[14,15] Using such techniques, this ofthe K3CrOgcrystal andits solutionina capillary. This error
study aims at determining the effect difEr) due to ex- is small and estimated to be approximately 10%.

cessive poly(styrenesulfonic acid) (PSSA) doping, which ~ SQUID was employed also to obtain magnetic susceptibil-

helps in dispersion processing, in polyaniline (PANI) and ity. Specific heat measurements were made using a thermal-

poly(ethylenedioxythiophene) (PEDOT). Electrical conduc- relaxation type microcalorimeter in a Bleryostat, the details
tivity of the PSSA doped PEDOT can be varied also over of which were given in an earlier papgr5].

a wide range using different molar ratios of PEDOT and

PSSA.

Comparisons are also made ¢rtoluenesulfonic acid 3. Results and discussion

(PTSA)-doped PANI before and after their being subjected

to a special dispersion process, and before and after their3.1. Electrical conductivity

being blended and dispersed in poly(methylmethacrylate)

(PMMA). The dc electrical conductivity measurements were made
on compressed pellets of the samples using the standard
four-probe techniqueFig. 2(a)-(d) show the temperature

2. Experimental dependence of the dc conductivity for the four samples
PEDOT—-PSSA-6, PEDOT-PSSA-46, PANI-PSSA-2, and

Fig. 1shows the chemical structures of the various mate- PANI-PSSA-12, respectively. The room-temperature elec-
rials used in the study. trical conductivity is 101 S/cm for PEDOT-PSSA-6 and

Two dispersible PSSA-doped PANI samples were ob- 2 x 10~°S/cm for PEDOT-PSSA-46. For PANI-PSSA-2
tained from Ormecon[16]. With the formula units of and PANI-PSSA-12, it is 0.5 and»710~° S/cm, respec-

PANI and PSSA defined as —{B4N-CsHsN)— and tively. Clearly, excess doping leads to a significant de-

—CH;CH(CgH4S03)—, the two samples have different num- crease in conductivity. With the materials in the vicinity of

ber of sulfonate groups per two-ring PANI unitz: 2 and 12. metal—insulator (MI) transitionkig. 3 shows the tempera-

They will be identified as PANI-PSSA-2 and PANI-PSSA- ture dependence of reduced activation enaifglefined as

12, respectively. The larggrvalue reflects a much more ex-  Alno/AlInT. In such a plot, a positive slope at low temper-

cessive doping level. atures is considered as an indication of metallic characteris-

Two dispersion-processed PEDOT-PSSA samples fromtics. Accordingly, PEDOT-PSSA-6 and PANI-PSSA-2 are

Starck[17], under their trade names Al 4071 and CH 8000, on the metallic side, PANI-PSSA-12 is near the boundary,

were dried into powders. Both are excessively doped, but atand PEDOT—PSSA-46 is on the insulating side of the Ml

appreciably different levels. With the formula unit of PE- transition. PANI-PTSA-PMMA has also been shown earlier

DOT defined as —[(eH402S)k]-, the number of sulfonate  to be on the metallic sidg.8].

groups per three-ring PEDOT unjt is 5.7 for Al 4071 PEDOT-PTSA-1.5 has a dc conductivity of 90 S/cm, fol-

and 45.9 for CH 8000. We will henceforth refer Al 4071 lowing an extra dispersion step, the conductivity increases to

as PEDOT—-PSSA-6 and CH 8000 as PEDOT-PSSA-46. 240 S/cm in PEDOT-PTSA-1.5Q.

Two PTSA-doped PANI samples, one in a non-dispersed Most of the samples mentioned above including
condition (PANI-PTSA-1) and another one having been PANI-PSSA-2, PEDOT-PSSA-6, PANI-PTSA-PMMA and
blended and dispersed in PMMA (PANI-PTSA-PMMA), PEDOT-PTSA-1.5Q, which have reasonably good conduc-



P.K. Kahol et al. / Synthetic Metals 151 (2005) 65-72 67

{w@@ = (-

(a) Polyaniline (PANI) in the emeraldine-base form

$ >

(b) Conducting PANI in the emeraldine-salt form. A” is the dopant anion.

T—27

L y \/ 0
(c) Doped poly(ethylenedioxythiophene) (d) Poly(styrenesulfonate) ion (PSSA)
(PEDOT). A’ is the dopant anion.
CH, H,
|
CH, C N 0

é [

H3CO/ \o Z 0

(e) Poly(methylmethacrylate) (PMMA) (f) p-toluenesulfonate ion (PTSA)
Fig. 1. Chemical structure of materials used in the present study.
tivity or behave as being on the metallic side of the Ml transi- Questions arise as to what extent the excess doping, which

tion, are not conventional metals in terms of mean free path. greatly reduces the conductivity, would affect the metallic
They are instead comprised of metallic domains or “islands”, domains. The answer is difficult to obtain only from trans-
which are surrounded by disordered regions. The disorderedport property measurements. Rather, magnetic and calori-
regions are quasi one-dimensional, and charge carriers hopmetric studies seem to be in order to shed some light in this
between chains and along chains. Charge carriers are confespect.

fined in the metallic regions as long as the on-chain localiza-

tion length is smaller than the distance between the metallic 3.2. Electron paramagnetic resonance

regions or islands. As the on-chain localization length in-

creases due to favorable chain morphology in the disordered  One major contribution to the magnetic susceptibijity
regions, the charge carriers can diffuse among the metallicof most metallic systems is the temperature-independent
regions. Pauli susceptibility,xp. Being a characteristic signature of
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Fig. 2. Temperature dependence of dc conductivigis a function of temperature for (a) PEDOT-PSSA-6, (b) PEDOT-PSSA-46, (c) PANI-PSSA-2, and (d)

PANI-PSSA-12.
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Fig. 3. Temperature dependence of reduced activation enérgfor . ! )
(a) PEDOT-PSSA-6 (circles) and PEDOT-PSSA-46 (squares), and (b) States at the Fermi level in either the PANI or the PEDOT

PANI-PSSA-2 (circles) and PANI-PSSA-12 (squares).

the presence of delocalized sping is directly propor-
tional to N(Ef) for both spin directions through the relation
Xp = pu%N(E,:) with g being the Bohr magnetdd]. 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 componenjs= Nué/kBT + xpor

xT = (Nu3/ks) + [EN(EF)]T, with N being the number

of Curie-type spins ankk the Boltzmann constant. Accord-
ingly, from a xT versusT plot, xp and henceN(Er) can be
obtained from the slope of a straight line fit, while its in-
tercept would yield the value df. N(Eg) 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 &f are not a main concern

of this study.

To first examine the effect of excess doping on metal-
lic characteristicsFig. 4 shows the EPR-derived magnetic
susceptibility values for PSSA-doped PEDOT and PANI.
The temperature dependence ,0f can be indeed repre-
sented by a straight line in each case. Results from a lin-
ear regression of thgT data can be summarized as follows:
N(Er) ~ 0.55+ 0.05 states/eV 3-rings for PEDOT—PSSA-

6 and 0.5Gt 0.05 states/eV 3-rings for PEDOT—-PSSA-46,
with correspondindN~ 0.004 and 0.002 per formula unit,
respectively. PANI-PSSA-2 and PANI-PSSA-12 have prac-
tically the sameN(Eg) ~ 0.65+ 0.10 states/eV 2-rings and
N~ 0.003 and 0.005 per formula unit, respectively. It ap-
pears that the excess doping does not affect the density of

systems.
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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 the
data.

A small difference inN(Er) values appears iffrig. 5.

It is 2.0+ 0.10states/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 theyT versusT plot in Fig. 6indi-
cates that thBl(Ef) value changes from 0.650.05 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-

69

0.035

0.03

et
0.025 | e

% T (emu K/mol)

100 150

T (K)

200 250

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 thgT data.

Table 1

Comparison of N(Eg) values obtained from EPR and heat capacity
measurements

Sample N(Eg) from EPR (states/eV
formula unit)
PEDOT-PSSA-6 0.5% 0.05
PEDOT-PSSA-46 0.58- 0.05
PANI-PSSA-2 0.65+ 0.05
PANI-PSSA-12 0.7Gt 0.05
PANI-PTSA-1 2.0+ 0.1
PANI-PTSA-PMMA 22+ 0.1
PEDOT-PTSA-1.5 0.65- 0.05
PEDOT-PTSA-1.5-Q 0.7% 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 diamagnefigia. AS shown
in Fig. 7, some of the conducting polymers reported in the
present study have negative or near zero total susceptibility.

1.5Q, which had been subjected to an extra dispersionObviously, the core diamagnetism is appreciable, and

step.
All N(Ef) values thus obtained are listedTiable 1

0.03

]
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0 1o 1 | | | |
50 100 150 200
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Fig. 5. EPR-derived magnetic susceptibility as a function of temperature
for PANI-PTSA-1 and PANI-PTSA-PMMA. Each straight line represents
linear regression of thgT data.

needs to be subtracted from the total susceptibility to allow
the determination oN(Eg)-related Pauli contribution. To

2.0x10°
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Fig. 7. Magnetic susceptibility data from SQUID measurements revealing
significant 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.,
—6.00x 10 8emu/mol for C, —4.61x 10-%emu/mol

for O, and —15.0x 10 %emu/mol for S) and con-
stitutive corrections (e.g., +5:510 %emu/mol for

C=C bond, +8.15¢10-%emu/mol for G=N bond, and
—3.07x 10-% emu/mol for C shared by two ringg0]. 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 gfgia and consequentl\N(Eg) 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=yT+ T2 or C/T=y+ BT2. The electronic specific heat
coefficienty, as to be determined from the intercept of a
linear fit in aC/T versusT plot, is a measure dl(Eg) (in
states/eV formula unit) = 0.424(in mJ/(mol K?)) for both
spin directions, and the slopgis the lattice specific heat
coefficient.

Specific heat data irfrig. 8 for PEDOT-PSSA-6 and
PEDOT—PSSA-46 reveal some kind of anomalies below
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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 th€/T data above the lower-temperature anomalies.

approximately 2K. The lattice contribution is apparently
the dominating term, particularly with the higher dopant
content. Further uncertainty in the high-temperature limit
of the T-dependence for lattice specific heat makes it
harder to obtain unambiguous valuesN{Eg). Therefore,
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Fig. 10. Analysis of the temperature dependence of specific heat for

Fig. 8. Analysis of the temperature dependence of specific heat for PANI-PTSA-1. The straightline represents linear regression o&thek)/T
PEDOT-PSSA-6 and PEDOT—-PSSA-46. Each straight line represents lineardata above the lower-temperature anomaligs.a constant as explained in

regression results of tH&/T data above the lower-temperature anomalies.

Ref.[15].
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PEDOT-PSSA-6 and around 20 nm for PEDOT-PSSA-46
[17].
1000 - When PANI-PTSA-1 is blended with PMMA to obtain
PANI-PTSA-PMMA, the treatment promotes dispersion of
metallic particles, bul(Eg) 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 sant¥(Ef) values. Same is the case be-
o 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.

-

th

(=]
T

C/T (mJ/ mol K?)
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