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Transformation of polarons to bipolarons in disordered matter
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The polaron to bipolaron transition in disordered media under the influence of a broadband ac
electric field is suggested: ac conductivity versus frequency measurements in disordered media with
inhomogeneous disorder induce spatiotemporal fluctuations of the density of polarons yielding
polaron to bipolaron transformation. The external field results in the transition, alternatively to an
increasing doping level. The assertion is confirmed by performing successive complex impedance
measurements in disordered media. A systematic increase in the real part of the ac conductivity in
the frequency domain, followed by mutual reduction in the magnetic inductivity of conducting
polypyrrole, are explained. © 2008 American Institute of Physics. [DOL: 10.1063/1.2938995]

Since the discovery of the metal to insulator transition
by doping in conjugated polymers,l’2 considerable experi-
mental investigation on the electric char§e transport in con-
ducting polymers has been reported.s’ Extensive efforts
were made to achieve a deep theoretical understanding of
transport phenomena. The objectives are the construction of
a generalized frame for electrical conductivity in conducting
polymerss’6 and the preparation of well characterized metal-
lic or semi-conducting polymers for many different techno-
logical applications.7’ Polymer chains of various lengths,
with conformational disorder and random orientation consti-
tute a polymer network.

Conducting polypyrrole is characterized by inhomoge-
neous disorder: short-range ordering in the polymer chains
results in the appearance of conducting grains embedded into
an insulating amorphous matrix.>**™ An electric charge
carrier (such as a polaron) can hop along each chain (intra-
chain transfer) and over cross-linked chain clusters. Charge
flow is favored within the ordered polaron-rich grains, while
intergrain transport occurs by penetrating the highly disor-
dered insulating matrix. ~ The system can be virtually de-
scribed as a network of conducting pathways with distributed
effective length.15

It is an experimental fact that the ac conductivity of
conducting polymers (more generally, of noncrystalline sol-
ids) as a function of frequency consists of a frequency inde-
pendent low-frequency region and, above a critical frequency
value w,, a high-frequency one, which is dispersive. ac con-
ductivity measurements can profile electric charge flow
along distances equal or longer proportional to the inverse of
the working frequency.

Polaron density exhibits spatiotemporal variations when
harmonic electric field of sweeping frequency is applied be-
cause of the inhomogeneity of the disorder. The variation of
the frequency influences the charge motion at different spa-
tial scales and results in temporal increased polaron density
in spatially restricted territories, such as the conductive
grains. The scope of this work is to investigate the above-
mentioned hypothesis and the subsequent assertion that the
locally increased polaron density in such regions urge them
to undergo a polaron to bipolaron transition.
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A complex impedance measurement is performed in the
frequency domain at discrete frequency values spanning over
a broad frequency range. In this sense, a sweeping frequency
of a harmonic electric field, which is applied to a disordered
media results in the redistribution of the polaron population
over the inhomogeneous matrix. The variation of the work-
ing frequency results in a subsequent variation of the length
scale the polarons move. Polarons moving within the volume
of the conductive grains yield a dynamic increase of polaron
density in restricted volume space and have increased prob-
ability for mutual interaction and formation of bipolarons,
which are more stable than polaron. On increasing the ac
frequency, polarons move along localized regions; when the
characteristic length gets comparable or less than the dimen-
sions of the ordered (conducting) grains, the local increase in
polaron concentration is favored and transition is more prob-
able to occur. Such transformation does not alter the net elec-
tric charge of the entities contributing to the conductivity but
enhances the electric charge flow due to the resulting bipo-
laron energy bands. Recalling that the spin of polarons is 1/2
while bipolarons are spinless, the above-mentioned polaron
to bipolaron transformation alters the magnetic susceptibility
of the material, as well.

ac conductivity measurements were performed at room
temperature from 1072 Hz tol0 MHz by employing a Novo
Control Solartron SI 1260 frequency response analyzer. The
amplitude of the electric field was 1.5 V/mm. We worked on
three different materials: (i) Teflon, which is actually the test
material provided by the manufacturer of our complex im-
pedance analyzer, (ii) sandstone, which is a heterogeneous
polycrystalline silicate material with ionic-type electrical
conductivity that was extensively studied in previous
publications,” ™ and (iii) conducting polypyrrole (details
about the specimens are given in Ref. 27). For the first two
specimens, successive scans of the real part of the conduc-
tivity versus frequency yielded identical experimental plots.
On the contrary, spectacular effects were observed in con-
ducting polypyrrole. The fact that Teflon does not exhibit the
peculiar one observed in polypyrrole excludes the possibility
of any instrumental artifact. Moreover, the ordinary behavior
of sandstone indicates that the dynamic picture of the real
part of the conductivity of polypyrrole is related with the
nature of the charge carriers. The possibility of electrode
polarization is excluded, because: (i) the low-frequency con-
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FIG. 1. Successive measurements of the real part of the ac conductivity of
conducting polypyrrole vs frequency. Inset diagram: the time sequence is
from the bottom curve to the top one. The magnetic inductivity measured
at 1.43 MHz is depicted as a function of the time sequence of the
measurements.

ductivity values should decrease in successive experiments
due to the space charge limited motion; what is observed is
the opposite; i.e., increase (ii) the phenomenon reported is
not sensitive to the type of electrodes and the quality of the
sample-electrode contact. In Fig. 1, successive measure-
ments, recorded for one day, of the real part of the conduc-
tivity versus frequency are depicted. We observe that, at any
frequency, the measured conductivity increases after each
measurement, with gradually decreasing rate to saturation.
Bipolarons are spinless, while polarons have spin 1/2. If the
suggested interpretation for polaron to bipolaron transforma-
tion is correct, a systematic change in the magnetic proper-
ties of polypyrrole should be observed. The magnetic induc-
tivity L, which is proportional to the magnetic permeability
m, measured at 1.43 MHz corresponding to each measure-
ment is shown in the inset diagram of Fig. 1. Indeed, we
observe a systematic decrease in L in consecutive measure-
ments.

We define a “bunch” of impedance measurements as a
set of conductivity versus frequency scans collected within
one day. Different bunches are also collected at different
days. In Fig. 2, the first and the final measurement of each
bunch at different days are displayed. The general trend is
the increase in the conductivity throughout the series of those
experiments, while the phenomenon yields saturation values.
When reaching saturation, a back and forth phenomenon ap-
pears: the first measurement of a bunch exhibits conductivity
values somewhat lower than those detected in the final scan
of the previous bunch (Fig. 3).

During the doping process of polypyrrole, polarons have
the preference to reduce to bipolarons:28‘29 a couple of po-
larons transforms to a bipolaron by reducing a net amount of
energy of about 0.45 eV. It is also worth noticing that
transverse polarons and bipolarons and their importance for
interchain conductivity might be related with their stability.31
We assume that during a frequency sweep of a measurement,
part of the polarons combines to bipolarons. This transfor-
mation is intrinsic in the sense that the specimen is not
chemically doped anymore. The increased values of the con-
ductivity in successive scans have two constituents: (i) the
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FIG. 2. The first and the final scans performed within one day for different
days [sequence from (a)—(e)]. An unprimed letter denotes the first measure-
ment, while a primed on the last one during the same day. Intermediate
measurements were omitted for reasons of simplicity. Part of the diagram is
augmented so as to distinguish between curves collapsing to saturation.

transformation of electric charge carriers and (ii) the subse-
quent energy release in the form of additional phonon en-
ergy. Thus, additional bands appear within the energy gap
and, moreover, phonons of higher energy are available to
contribute to the phonon-assisted hopping. The experimental
results that are interpreted through the above mentioned
model are:

(1) the fact that the magnetic inductance change in less dras-
tically rate than conductivity does: the former depends
solely from the quantity of the transformed electric
charge carriers, while in the latter phenomenon addition-
ally contributes the energy released from this transfor-
mation,

(2) the asymptotic increase in the conductivity to saturation
since the polaron population available to coexist in re-
stricted (conductive) regions and are likely to transform
to bipolarons gets successively lower, and

(3) the fact that, when the waiting time between successive
measurements is long enough, the conductivity value is
slightly lower than the last one measured in a set of
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FIG. 3. The inductivity L measured at a single frequency f=1.43 MHz
for different bunches of measurements. A bunch of measurements is a
set of impedance scans vs frequency collected within one day. Squares,
triangles, circles, and open triangles correspond to successive bunches of
measurements.
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successive scans, due to the system relaxation during the
waiting time interval by dissipation of the energy re-
leased during the transition.
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