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NMR observation of critical delocalization in a disordered conducting polymer system
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A critical behavior associated with the delocalization of the charge-carrier wave function was manifested in
our study of the spin/charge dynamics for a series of I2-doped poly@2-buthoxy-5-methoxy-1,4-
phenylenevinylene# conducting polymers employing conductivity and nuclear-magnetic-resonance measure-
ments. Our results represent a demonstration of a critical behavior near a percolation threshold in a disordered
system.
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The topic of localization/delocalization in a disorder
medium has fascinated many researchers over the y
However, while critical behaviors near the percolati
thresholds have been theoretically described in a compre
sive manner, only sporadic and indirect evidences have b
experimentally observed for inherently homogeneous s
tems, although some examples have been reported in p
mer composite systems.1,2 Especially, close examination o
the critical behavior in the percolation threshold regime in
disordered medium caused by inhomogeneous doping w
be of considerable interest. In this work, we report a co
prehensive observation of the fractal and critical behav
associated with the delocalization in a disordered conduc
polymer system. Doping up to controllable degrees show
metallic behavior around room temperature in a polyphen
nevinylene~PPV! derivative, for which heavy doping is pos
sible, provided us with a unique opportunity for such a stu

Conducting polymers show remarkable electrical cond
tivities upon doping with electron donors or acceptors.3–5

The electrical conductivity is generally known to be go
erned by the one-dimensional diffusion of the charg
carrying solitons or polarons, and the main charge-tran
mechanism in conjugated conducting polymers is known
be the intrachain diffusion and interchain hopping of p
larons and/or bipolarons.6–10

Nuclear magnetic resonance~NMR! is a powerful tool for
spin dynamics, and has been employed to study various
ducting polymers as it can sensitively reflect the spin car
motions and interactions.10–12 NMR measurements hav
proven to be very successful in investigating the local en
ronments and lattice dynamics in a variety of systems incl
ing polymer systems.

Poly @2 - buthoxy - 5 -methoxy - 1, 4 - phenylenevinylene#
~PBMPV! is a derivative of the conjugated PPV polymer.
can be easily doped to controllable degrees and provid
unique opportunity to systematically study the doping
well as conductivity dependence of various properties
cluding the dopant kinetics and spin/charge dynamics. In
work, we have investigated the charge/spin dynamics i
series of I2-doped PBMPV samples by means of NMR
well as electrical conductivity measurements. While th
have been some indirect indications of bipolaron format
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in some electrochemically synthesized conducting polym
through the electron paramagnetic resonance~EPR! and sus-
ceptibility measurements,13,14 this work is believed to repre
sent a comprehensive observation of the collective crit
behavior of spin-charge-carrier delocalization in an iodin
doped conjugated polymer.

The PBMPV conducting polymer samples were prepa
by thermal elimination of polyelectrolyte precursor polym
films and iodine doping, and the iodine concentration w
determined as previously described.15 While the doped PB-
MPV samples are known to have inherent inhomogeneit
relatively thick good quality samples have been obtain
The room-temperature NMR line shape and spin-lattice
laxation measurements were made at 30 MHz using a ho
built pulsed spectrometer.

Figure 1 shows the room-temperature electrical cond
tivity as a function of the degree of I2 doping, in which the
conductivity displays a characteristic increase with the d
ing. In Fig. 1 prominent changes of the electrical conduct
ity are noticed around the dopings ofpc15431023 I3

2/RU
~repeating unit! andpc25531022 I3

2/RU, which can be at-
tributed to the dynamics governing the charge conduct
mechanism. The behavior of the conductivity as a function
the doping can be explained with the bond percolation mo
described in terms of the variable range hopping in condu
ing polymers such as our PBMPV system.16,17 This model
defines percolation thresholds at critical doping degr
where infinite percolation clusters are formed with infin
correlation lengths. Correspondingly, the dc conductivity c
increase drastically due to the infinite percolation clusters
bulk samples with three-dimensional network structures s
as PBMPV, the dc conductivity can increase rapidly at
percolation threshold only when infinite percolation cluste
are formed, because charge carriers diffuse principally p
pendicular to the polymer chains. The bulk electrical cond
tivity in those structures is limited by the interchain diffusio
rather than the fast diffusion along the main chain.8 As will
be further elucidated, the two percolation thresholds in
iodine-doped PBMPV system,18 pc1 andpc2, corresponds to
the evolution of the local environments as the concentra
of the conducting islands near the dopants increases with
degree of doping.
©2002 The American Physical Society02-1
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Figure 2 shows the electrical conductivity as a function
(p2pc1), wherep is the doping degree andpc15431023

I3
2/RU. It is noticed in Fig. 2 that for doping levels highe

than pc1, the conductivity is proportional to the square
(p2pc1), in agreement with the case of conduction due
the fractal network between conducting islands.19 Thus,pc1
is seen to act as a percolation threshold for the I2-doped
PBMPV conducting polymer samples.

While the spin-lattice relaxation patterns of the undop
and the heavily doped samples were well fitted into a sing
exponential form, those for the intermediate doping lev
were clearly nonexponential, and were well fitted into
stretched-exponential form,M (t)5Mo(12exp@2(t/T1)

12n#).
The exponentn50 corresponds to the single-exponent
type, and the greater values ofn are indicative of higher
degrees of nonexponentiality, and of inhomogeneity, as

FIG. 1. The electrical conductivity of I2-doped PBMPV as a
function of the degree of doping showing the two percolat
thresholds.

FIG. 2. Log-log plot of the conductivity vs (p2pc1) wherep is
the degree of doping andpc15431023 is a percolation threshold
The dotted line is a linear fit corresponding to a (p2pc1)2 depen-
dence.
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be further discussed. Figure 3 shows the results of the fitt
i.e., the exponentn and the spin-lattice relaxation rat
(1/T1). Both of them initially increase with doping, abruptl
decreasing aroundpc2.

The stretched-exponential type of relaxation is charac
istic of inhomogeneous environments such as glassy sys
and can be attributed to a distribution of the microsco
correlation time.20 In our PBMPV conducting polymer sys
tems, the inhomogeneity is caused by the inhomogeneou2
doping. In other words, the dopants are believed to fo
around them inhomogeneous glassy regions, which are
metallic conducting islands. These regions under the di
influence of the dopants will be in environments differe
from those less directly affected by the dopants. Our sp
lattice relaxation data are well interpreted in this physi
picture. The nonexponentiality in the spin-lattice relaxati
can be attributed to the inhomogeneous distribution of c
ducting islands arising from the I2 doping. Then, the spin-
lattice relaxation would reflect corresponding transitions
the local environments.

The exponentn, indicative of the degree of inhomogene
ity, and the spin-lattice relaxation rate 1/T1 initially increase
with doping, both showing aup2pc2u2n dependence in Fig
3. This concentration dependence is in agreement with
bond percolation model, in which percolation clusters
various sizes form fractal dimensions as the concentra
approaches the percolation threshold, which ispc2 in our

FIG. 3. 1H NMR spin-lattice relaxation rate (1/T1) and the ex-
ponentn as a function of the degree of doping, both showing aup
2pc2u2n dependence wherepc2 is a percolation threshold.
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case. In such cases, the proton spin-lattice relaxation is g
by the cluster size distribution. The change in the clus
sizes defined by the volume to surface area ratio is descr
by the correlation length, which varies asj}up2pcu2n. It
then follows that the concentration dependence of the s
lattice relaxation rate, 1/T1}up2pc2u2n, observed in Fig. 3
is a good indication that our system forms fractal dimensi
in intermediate doping ranges where more of the inhomo
neous conducting islands are formed.19 It is interesting to
note that the distribution parametern shows a similar depen
dence, which suggests that it is a sensitive indicator of
evolution of the microscopic local environments, presuma
the cluster size distribution of the conducting islands in o
case.20

In Fig. 3, the abrupt decrease in both the spin-lattice
laxation rate and the exponentn aroundpc2 is indicative of a
transition in the local environments. In particular, the abr
drop in the exponentn indicates that the system sudden
becomes quite homogeneous, pointing to a transition ass
ated with the spin/charge carriers, which dictate the lo
environments in conducting polymer systems. Furtherm
as heavier doping will give rise to more spin/charge carri
and to more inhomogeneous regions in general, the sud
transition to a more homogeneous environment indicated
a sudden drop in the exponentn to zero can only be ex
plained by a sudden globalized delocalization of the sp
charge-carrier wave functions. In other words, the deloc
ization of the wave functions would render the carr
environments quite homogeneous in the whole system.
sharp and abrupt transition then can be attributed to the p
ence of a critical carrier density for the carrier delocalizatio

The inhomogeneous morphology of even the most hig
conducting polymer samples is known to lead to disord
induced localization and percolation effects, dominating
transport. In a metallic conductivity study of doped poly
m

e

nd

lym

J.

y

23320
en
r
ed

n-

s
e-

e
y
r

-

t

ci-
l

e,
s
en
y

-
l-
r
he
s-
.
y
r-
e
-

niline and polypyrrole conducting polymers, it has also be
shown that the metal-insulator transition results from a p
colation of metallic regions in the presence of inhomog
neous disorder.21

The magnetic susceptibility of our I2-doped PBMPV sys-
tems were also studied by means EPR measurements. I
dition to an abrupt increase of the linewidth, the magne
susceptibility per charge created by the doping showe
sharp minimum aroundpc2. This indicates that spin carrier
recombine into spinless states around this percolation thr
old.

In summary, a disordered conducting polymer system o
PPV derivative arising from inhomogeneous iodine dop
was carefully studied near the percolation thresholds
means of conductivity and nuclear magnetic resonance m
surements. Two percolation thresholds were identified in
work. The first one at the lower doping degree correspo
to the formation of the fractal network between the condu
ing islands: the local environment becomes more inhomo
neous as the doping further proceeds until the second pe
lation threshold is reached. On the other hand, the sec
one at the higher doping degree turned out to correspon
the sudden globalized delocalization of the spin/charge
rier wave function, which renders the whole environme
quite homogeneous. The current systematic study provi
us with unique and comprehensive evidences for fractal
critical behaviors apparently associated with the evolution
the inhomogeneous local environments and with the cha
carrier delocalization.
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