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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 gfddped poly2-buthoxy-5-methoxy-1,4-
phenylenevinyleneconducting 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 disorderedin some electrochemically synthesized conducting polymers
medium has fascinated many researchers over the yearhrough the electron paramagnetic resonaideR) and sus-
However, while critical behaviors near the percolationceptibility measurements;*this work is believed to repre-
thresholds have been theoretically described in a comprehegent a comprehensive observation of the collective critical
sive manner, only sporadic and indirect evidences have bediehavior of spin-charge-carrier delocalization in an iodine-
experimentally observed for inherently homogeneous sysdoped conjugated polymer.
tems, although some examples have been reported in poly- The PBMPV conducting polymer samples were prepared
mer composite systeni$. Especially, close examination of Py thermal elimination of polyelectrolyte precursor polymer
the critical behavior in the percolation threshold regime in afilms and iodine doping, and the iodine concentration was
disordered medium caused by inhomogeneous doping wouldetermined as previously describ€dwhile the doped PB-
be of considerable interest. In this work, we report a comMPV samples are known to have inherent inhomogeneities,
prehensive observation of the fractal and critical behaviofelatively thick good quality samples have been obtained.
associated with the delocalization in a disordered conductinghe room-temperature NMR line shape and spin-lattice re-
polymer system. Doping up to controllable degrees showingxation measurements were made at 30 MHz using a home-
metallic behavior around room temperature in a polyphenylbuilt pulsed spectrometer.
nevinylene(PPV) derivative, for which heavy doping is pos-  Figure 1 shows the room-temperature electrical conduc-
sible, provided us with a unique opportunity for such a studytivity as a function of the degree of Hoping, in which the

Conducting polymers show remarkable electrical conducconductivity displays a characteristic increase with the dop-
tivities upon doping with electron donors or accepﬁj{%_ ing. In Fig. 1 prominent changes of the electrical conductiv-
The electrical conductivity is generally known to be gov- ity are noticed around the dopings pf;=4x10 3 I;/RU
erned by the one-dimensional diffusion of the charge<{repeating unjtandp.,=5x10" 2 I;/RU, which can be at-
carrying solitons or polarons, and the main charge-transfetributed to the dynamics governing the charge conduction
mechanism in conjugated conducting polymers is known tanechanism. The behavior of the conductivity as a function of
be the intrachain diffusion and interchain hopping of po-the doping can be explained with the bond percolation model
larons and/or bipolarorfs:*® described in terms of the variable range hopping in conduct-

Nuclear magnetic resonan@éMR) is a powerful tool for  ing polymers such as our PBMPV systéfrt! This model
spin dynamics, and has been employed to study various coulefines percolation thresholds at critical doping degrees
ducting polymers as it can sensitively reflect the spin carriexvhere infinite percolation clusters are formed with infinite
motions and interaction§-> NMR measurements have correlation lengths. Correspondingly, the dc conductivity can
proven to be very successful in investigating the local enviincrease drastically due to the infinite percolation clusters. In
ronments and lattice dynamics in a variety of systems includbulk samples with three-dimensional network structures such
ing polymer systems. as PBMPYV, the dc conductivity can increase rapidly at the

Poly[2 - buthow -5 -methoxy - 1, 4-phenylenevinylehe percolation threshold only when infinite percolation clusters
(PBMPV) is a derivative of the conjugated PPV polymer. It are formed, because charge carriers diffuse principally per-
can be easily doped to controllable degrees and provides @endicular to the polymer chains. The bulk electrical conduc-
unique opportunity to systematically study the doping adivity in those structures is limited by the interchain diffusion
well as conductivity dependence of various properties intather than the fast diffusion along the main cHas will
cluding the dopant kinetics and spin/charge dynamics. In thise further elucidated, the two percolation thresholds in the
work, we have investigated the charge/spin dynamics in é@dine-doped PBMPV systeff,p.; andp,,, corresponds to
series of j-doped PBMPV samples by means of NMR asthe evolution of the local environments as the concentration
well as electrical conductivity measurements. While thereof the conducting islands near the dopants increases with the
have been some indirect indications of bipolaron formationrdegree of doping.
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FIG. 1. The electrical conductivity of,ddoped PBMPYV as a g . : :’.; \H
function of the degree of doping showing the two percolation & .2 ’-} \
thresholds. g ; = N

*g 0.1 ",‘ : \\

Figure 2 shows the electrical conductivity as a function of @ i s S : E
(p—pcy), Wherep is the doping degree angl,;=4x10"3 Z 0'0'_ :

I3/RU. It is noticed in Fig. 2 that for doping levels higher o o4 . < . .
than p.4, the conductivity is proportional to the square of 5 4 3 2 ¥

. . . 10 10 10 10 10
(p—pc1), in agreement with the case of conduction due to
the fractal network between conducting islandighus, pg; Degree of doping (I,/RU)

is seen to act as a percolation threshold for theldped

PBMPV conducting polymer samples. FIG. 3. 'H NMR spin-lattice relaxation rate (I) and the ex-
While the spin-lattice relaxation patterns of the undopedponentn as a function of the degree of doping, both showinig a

and the heavily doped samples were well fitted into a single—p¢,|~” dependence wherne., is a percolation threshold.

exponential form, those for the intermediate doping level . . .

were clearly nonexponential, and were well fitted into asib: fug]heerg;gﬁ;etg';;%uﬁg Sshgzvfé?iigefgllgggéze I:;'gg’

- 1 — _ — 1-n oy -

stretched expon_ennal formV (t) = M,(1 exg T D). ., (1/T). Both of them initially increase with doping, abruptly

The exponentn=0 corresponds to the single-exponential decreasing aroun

type, and the greater values ofare indicative of higher Ing unfc,.

degrees of honexponentiality, and of inhomogeneity, as will .The _stretched-exponenual type of relaxation is character-
Istic of inhomogeneous environments such as glassy systems

Conductivity (S/cm)

Gpr = 1298 X (P- P’

10

2

P-P.

and can be attributed to a distribution of the microscopic
correlation time?® In our PBMPV conducting polymer sys-
tems, the inhomogeneity is caused by the inhomogeneous |
doping. In other words, the dopants are believed to form
around them inhomogeneous glassy regions, which are the
metallic conducting islands. These regions under the direct
influence of the dopants will be in environments different
from those less directly affected by the dopants. Our spin-
lattice relaxation data are well interpreted in this physical
picture. The nonexponentiality in the spin-lattice relaxation
can be attributed to the inhomogeneous distribution of con-
ducting islands arising from the Idoping. Then, the spin-
lattice relaxation would reflect corresponding transitions in
the local environments.

The exponenn, indicative of the degree of inhomogene-
ity, and the spin-lattice relaxation rateT}/initially increase
with doping, both showing & — p.,|~” dependence in Fig.

3. This concentration dependence is in agreement with the
bond percolation model, in which percolation clusters of
various sizes form fractal dimensions as the concentration
approaches the percolation threshold, whichpis in our

FIG. 2. Log-log plot of the conductivity vsp(—p.1) Wherep is
the degree of doping angl,;=4x10 2 is a percolation threshold.
The dotted line is a linear fit corresponding to@p.;)? depen-
dence.
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case. In such cases, the proton spin-lattice relaxation is givemiline and polypyrrole conducting polymers, it has also been
by the cluster size distribution. The change in the clusteshown that the metal-insulator transition results from a per-
sizes defined by the volume to surface area ratio is describasblation of metallic regions in the presence of inhomoge-
by the correlation length, which varies ds|p—p./~". It  neous disordet*

then follows that the concentration dependence of the spin- The magnetic susceptibility of ous-toped PBMPV sys-
lattice relaxation rate, Tho|p—pco| ”, observed in Fig. 3  tems were also studied by means EPR measurements. In ad-
is a good indication that our system forms fractal dimensiongjition to an abrupt increase of the linewidth, the magnetic
in mtermedlate_dop_mg ranges where more _of the 'UhomerSusceptibility per charge created by the doping showed a
neous conducting islands are formédt is interesting t0  sharp minimum aroung,,. This indicates that spin carriers

note that the distribution parameteshows a similar depen- recombine into spinless states around this percolation thresh-
dence, which suggests that it is a sensitive indicator of thgq

evolution of the microscopic local environments, presumably |, symmary, a disordered conducting polymer system of a
the cluster size distribution of the conducting islands in ourppy/ gerivative arising from inhomogeneous iodine doping
0
case’ _ . , _ was carefully studied near the percolation thresholds by
In Fig. 3, the abrupt decrease in both the spin-lattice remeans of conductivity and nuclear magnetic resonance mea-
laxation rate and the exponemaroundpe; is indicative of @ syrements. Two percolation thresholds were identified in this
transition in the local environments. In particular, the abruptyork. The first one at the lower doping degree corresponds
drop in the exponenn indicates that the system suddenly {4 the formation of the fractal network between the conduct-
becomes quite homogeneous, pointing to a transition assogjq jsjands: the local environment becomes more inhomoge-
ateq with the _spln/charg_e carriers, which dictate the local,ggys as the doping further proceeds until the second perco-
environments in conducting polymer systems. Furthermorggtion threshold is reached. On the other hand, the second
as heavier do_plng will give rise to more spin/charge carriergne at the higher doping degree turned out to correspond to
and to more inhomogeneous regions in general, the suddgRe sydden globalized delocalization of the spin/charge car-
transition to a more homogeneous environment indicated byia;r wave function. which renders the whole environment
a sudden drop in the exponentto zero can only be ex- qyite homogeneous. The current systematic study provided
plained by a sudden globalized delocalization of the spinys with unique and comprehensive evidences for fractal and
charge-carrier wave functions. In other words, the delocaleyitical behaviors apparently associated with the evolution of

ization of the wave functions would render the carrierihe inhomogeneous local environments and with the charge-
environments quite homogeneous in the whole system. Thgarier delocalization.

sharp and abrupt transition then can be attributed to the pres-

ence of a critical carrier density for the carrier delocalization. This work was supported by the Korea Ministry of Sci-
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