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Abstract— Different doped samples of conducting polypyrrole
(PPy) are prepared electrochemically at different current
densities. The electrical transport of conducting polypyrrole is
investigated in a wide range of temperature starting from 4.2 K
to 300 K. It is observed that, for samples prepared at high
current densities, the electrical conduction is dominated mainly
by the mechanism based on variable range hopping in a wide
temperature range. On the other hand, the magnetoresistance of
polypyrrole is investigated in the temperature range from 1.2 K
to 4.2 K and magnetic field from H=0 T to H= 103 T. It is
observed that, PPy sample is characterized by large positive
magnetoresistance. This obtained large positive
magnetoresistance in the insulating regime is typically expected
for VRH conduction.

Index Terms— Polypyrrole, Electrical conductivity, Magnetic
field, Magnetoresistance.

I. INTRODUCTION

Conducting polymers have attracted considerable attention
for the last three decades. Among the conductive polymers,
polyacetelyne, polyaniline, polythiophene, and polypyrrole
have drawn considerable interest because of their economical
importance, good environmental stability and satisfactory
electrical conductivity when doped. Conducting polymers are
candidate materials used in commercial applications such as
in solar cells, electromagnetic shielding, electrodes for
rechargeable batteries, sensors, supercapacitors, corrosion
protection and nonlinear optical display devices [1-4].

Conjugated conducting polymer is a class of polymer that
can distinguish significant level of electrical conductivity
comparable to metals [5]. Among the conducting polymers
known to date, ones based upon polypyrrole (PPy) have
attracted special interest because of their high conductivity
(10" — 10° S/cm), their ease and high flexibility in preparation,
high environmental and thermal stabilities. Polypyrrole
conducting polymers are easily synthesized using a broad
range of electrolytes (as dopant) from aqueous and
non-aqueous solvents electrochemically [6,7].

The transport properties of conducting polypyrrole, in
which related to free charges become more complicated as the
system becomes disordered [8-13]. Polarons is a defect as a
result of doping encompasses reaction between pyrrole
monomer and dopant whereas free ions come from dopant
which does not take place upon polymerization of

Tarek Fahmy, Physics Dept., College of Science and Humanitarian
Studies, Salman bin Abdulaziz Uni., 11942 Alkharj, Kingdom of Saudi
Arabia. Polymer Research Group, Physics Dept., Faculty of Science,
Mansoura Uni.,35516 Mansoura, Egypt.

Moustafa T. Ahmed, Polymer Research Group, Physics Dept., Faculty
of Science, Mansoura Uni., 35516 Mansoura, Egypt.

56

polypyrrole. The variation of temperature can provide more
detail on the behavior of charges and ability to enhance the
electrical conductivity [14]. The aim of the present article is
to study the electrical transport properties of the conducting
polymer.

Il. EXPERIMENTAL WORK

Different doped samples of polypyrrole are prepared
electrochemically. Initially pyrrole monomer (Fluka) was
distilled twice just before the polymerization process under
reduced pressure. The doped polypyrrole films with
toluene-4-sulfonate are obtained on the platinum (Pt) foil as
anode, with an area of 6 cm? (cathode was also Pt foil) in an
electrochemical cell containing different concentration of
tetraethylammonium  toluene-4-sulfonate, = Cy5H,7NOsS,
(Fluka) and 0.2 M pyrrole and 1% volume of distilled water in
acetonitrile (Merck, Germany) as a solvent at room
temperature. Different current densities are applied between
Pt electrodes placed 1.5 cm apart. Before polymerization the
solution was stirred for 20 minutes and then deoxygenated by
purging with argon gas for further 20 minutes. After
polymerization the free standing films of PPy-TOS are peeled
off the electrode and washed several times in pure
acetonitrile, then dried under vacuum at room temperature.

I1l. RESULTS AND DISCUSSION

A. Electrical Conductivity:

The electronic states of conducting polymers are strongly
influenced by disorder. Although heavily doped conducting
polymers have a metallic density of states at Fermi level (E;),
their transport properties are dominated by disorder which
originates from a combination of partial crystallinity
(molecular scale disorder) and/or inhomogenous doping.

Figure 1 shows the electrical conductivity of different
polypyrrole samples prepared at different current densities in
a wide range of temperature starting from 4.2 K to 300 K. Itis
observed that the room temperature conductivity of as grown
sample prepared at current density of 7.5 mAl/cm? is
relatively high~ 47 S/cm and is in good agreement with the
earlier reported values [15]. As polypyrrole has a
non-degenerate ground state, the spinless carriers are
considered to be bipolarons [6]. The relatively high
conductivity requires the transverse coupling of polarons into
interchain bipolarons for a more efficient coupling between
the chains, because many transverse hops from chain to
another are necessarily involved in the transport [16]. The
only way to build up stable polarons or bipolarons between
adjacent chains is to use the dopant center as a bridge. A
dopant molecule placed between two polymeric chains can
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donate its carrier to the chain as its right as well as to the chain
at its left.

It is demonstrated from Figure la that, the electrical
conductivity increases monotonically with temperature,
expressing a semiconductor type behavior. Although
relatively conductivity values have been reported for doped
polypyrrole, the conductivity of such materials is typically
activated and decreases as temperature is lowered. The
electrical conductivity of samples prepared at high current
densities has weak temperature dependence in the range 100
K to room temperature, whereas, for samples prepared at low
current densities, the conductivity drops by more than five
orders of magnitude as the temperature is lowered.
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Figure 1:(a) Temperature dependence of electrical conductivity

for different polypyrrole samples prepared at different current

densities. (b) Room temperature electrical conductivity as a
function of current density
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The electrical conductivity as a function of different values
of current densities is shown in Fig. 1b. It is observed that, the
conductivity increases as current density increases up to
optimal value of 7.5 mA/cm? and then decreases at higher
current densities. At lower current densities oxygenation of
active sites on the pyrrole ring may occur in preference to the
polymerization reaction, resulting in chain termination and
thus a low conjugation length. It is also, probable at high
current densities that side reaction occurs, which result in
lower conjugation lengths and thus higher defect
concentration. This leads to formation of potential barriers,
inhibiting electrical conduction [17-18].

The early point of view on the nature and mechanism of
transport in conducting polymers are similar to amorphous
semiconductor [19].  According to this analogy the
conduction mechanism of thermal activation, Mott's variable
range hopping (VRH) mechanism is used to investigate the
electrical conductivity according to the following equation
[20]:

o=0, eXp l—(TolT)%HiJ

Where o, T and d represent the electrical conductivity,
temperature and dimensionality, respectively. It seems that it
is possible to determine whether the conductivity is 1D or 3D
by examining the electrical conductivity temperature
dependence as shown in Figure 2. Transport properties
reflect the structural disorders, so that the transport occurs by
hopping states near E;. These states reside in the band tails of
localized states that extend from the band edges into the
energy gap as a consequence of disorder. The hopping
probability depends not only on the energy difference
between the initial and final states and on the photon
spectrum, but also on the overlap of the wavefunctions.
Hence, if localization is not very strong, hopping occurs with
variable range hopping.

WWW.ijeas.org



International Journal of Engineering and Applied Sciences (IJEAS)

24 0B 0T 0% 04 04
TS
L s}
ti E : i
1{'1_ ‘—'“—'—*—o—.n_,,_._qm
| HSERmT
i ¥ I
| b I
|
E—J . + eI
E '1'|:|l:: [T
2 ] T
E ¥ G
= [ L
'1|ji-:
"||:|-h2 — T T T T T T T 1
34 36 A8 40 42 4
Jo007 [y

Figure 2: (a) Electrical conductivity versus T and
(b) Arrhenius plot for different polypyrrole samples
at different current densities.

Figure 2a shows the Mott plots regarding electrical
conductivity of different polypyrrole samples. The complex
morphology of PPy (polymer chains, small crystalline
regions, fibrils, disturbances effected by the anions), makes it
difficult to describe the transport properties by a consistent
model within a large temperature range. However, one can
observe that the plots obeyed the Mott equation between 18 K
and slightly deviation above 200 K. Starting from 200 K and
around room temperature, the electrical conductivity fitted
Arrhenius equation better than Mott equation suggesting
nearest-neighbour hopping as shown in Figure 2b.
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By knowing the initial slope of the Arrhenius plot, the
activation energy (AE) values have been calculated and
summarized in Table 1, which serve as simple index of the
conductivity behavior. It was found that, the activation
energy decreases as the current density increases until the
optimal value of 7.5 mA/cm? and then increases again. On the
other hand, it is found that in Mott's plot the deviation below
18 K was smaller as the current density was higher.
Accordingly, for samples prepared at high current densities,
the plots are close to the Mott's equation below 18 K,
suggesting that the electrical conduction is dominated mainly
by the mechanism based on variable range hopping in a wide
temperature range.

Table 1

Room temperature electrical conductivity (o) and
characteristic temperature (Ty) from Mott's plot, activation
energy AE and the initial conductivity o, from Arrhenius plot
at different current densities.

J o (S/cm) To (K) AE 6o
(mA/cm?) (eV) (S/cm)
0.50 0.209 3.2x107 0.047 0.25
2.00 1.057 9.2x10° 0.030 1.22
3.00 4.980 1.2x10° 0.017 5.15
4.00 7.940 4.3x10° 0.014 8.35
5.00 14.77 3.4x10° 0.011 15.45
6.00 28.11 1.2x10° 0.011 29.60
7.50 47.82 4.2x10* 0.009 50.00
9.00 34.30 8.1x10* 0.010 36.75
16.0 6.840 2.6x10° 0.021 7.170
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The most interesting observation is the variation of Ty with
the values of current density, values of T, are ranged from
3.2x10" to 4.2x10* K relating to different current densities. In
addition, it is found that room temperature electrical
conductivity has current density dependence. It has been
reported that variable range hopping is applicable under the
requirement of (To/T)* >10 [21]. In addition, Mott and
Davis have pointed out that the variable range hopping occurs
in the system in which the wavefunctions are confined in a
small space [20]. Therefore small values of (To/T)"* as listed
in Table 1 due to the fact that the wavefunctions of
polypyrrole is highly delocalized [22]. In addition, it was
observed that, for the samples which are prepared at relatively
higher current density, the VRH is no longer valid. This may
be due to the fact that polarons and bipolarons are mobile
along the polypyrrole chain and the charge transport is partly
by the mobile polarons and bipolarons, and partly by the
hopping electrons [23]. The deviation from the exponent 1/4
which is observed at high temperatures may have various
reasons, i.e., spatial inhomogenities, variations of the density
of states with energy or lower dimensionality [24].

Magnetoresistance Measurements:

The magnetoresistance (MR) phenomenon defined as
[p(H)—p(0)]/p(0) is one of the most important tools used to
study the transport properties of conducting polymers.
Magnetoresistance has traditionally been a powerful method
to probe the mean spatial characteristics of charge transport
and scattering processes in metals. As means to know the
transport mechanism, the magnetoresistance has been carried
out at very low temperatures.  The contribution to
magnetoconductance due to electron-electron interactions is
negative  (positive  magnetoresistance) and  arises
predominantly from Zeeman splitting of the spin-up and
spin-down. In contrast, the sign of the magnetoconductance
associated with localization can be negative or positive
depending on whether or not spin-orbit effects are important.

The magnetoresistance has been investigated for conducting
polypyrrole in the temperature range from 1.2 Kto 4.2 K and
magnetic field from H=0 T to H= 10.3 T, as shown in Figure
3. Itwas observed that, the magnetoresistance increases in the
positive direction as the magnetic field increases and the
temperature decreases. Since the contribution from
electron-electron interaction increases at lower temperatures
and higher magnetic fields, the magnetoresistance has a
higher value of Ap/p at very low temperature (Ap/pa12k =
2.21). This high value of Ap/p is characteristic for the
insulating regime. The conduction mechanism in this regime
is dominated by VRH, where the magnetic field may modify
the conduction process via Zeeman shift in the levels relevant
to hopping. Electron transfers either between singly occupied
levels or between doubly occupied and vice versa are
suppressed; this leads to a positive magnetoresistance [25].
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Figure 3. Magnetic field dependence of the magnetoresistance
(Ap/p) (where p is the resistance at H=0T and Ap is the resistance
increament) for conducting polypyrrole sample

Figure 4 displays the magnetoresistance as a function of H?
at different temperatures. It is observed that, the data are
quadratic in H at low fields up to H=4 T, but at high fields
tends to saturate. The obtained large positive
magnetoresistance in the insulating regime as shown in Figure
3 is typically expected for VRH conduction, since the overlap
of the localized state wavefunctions shrink in the presence of
the magnetic field, the average hopping length increases.
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Figure 4: Magnetoresistance of conducting
polypyrrole (Ap/p) as a function of HZ.

In the insulating regime the localization length can be
estimated from the expression of the magnetic field
dependence on the resistivity as follow [26-27]:

p(H) :t(L m_j/

C
p(0) | Ly

where t=5/2016 for 3D-system, L. is the localization length

and Ly is the magnetic length.
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Figure 5: In p(H)/p(0) versus T~ of conducting PPy sample.

Fig. 5 shows the resistivity dependence on the temperature
at different magnetic fields with good fitting to Mott's
equation. It was observed that, the characteristic temperature
Ty is increased as the magnetic field increased. The values of
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localization length and magnetic length are estimated and
summarized in Table 2.

Table 2
The values of characteristic temperature, localization length
and magnetic length

Magnetic To (K) L. (A) Ly (A)
field Strength
(M
3 1.2x10° 62.49 146.95
4 1.3x10° 58.56 127.27
6 1.4x10° 53.79 103.91
8 1.5x10° 48.92 89.99
10 1.6x10° 45,01 80.49
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IV. CONCLUSION

The electrical conductivity of conducting PPy is
investigated in a wide range of temperature starting from 4.2
K to 300 K. Itis concluded that, for samples prepared at low
current densities has weak temperature dependence in the
range 100 K to room temperature, whereas, for samples
prepared at low current densities, the conductivity drops by
more than five orders of magnitude as the temperature is
lowered. In addition, the conduction mechanism of
conducting PPy samples is dominated mainly by the
mechanism based on variable range hopping in a wide
temperature range. On the other hand, the magnetoresistance
of polypyrrole sample is investigated in the temperature range
from 1.2 K to 4.2 K and magnetic field from H=0 T to H=
10.3 T. It is observed that, PPy sample is characterized by
large positive magnetoresistance. This obtained large positive
magnetoresistance in the insulating regime is typically
expected for VRH conduction.
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