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ESR studies on polarons in long oligothiophenes

Katsuichi Kanemoto* and Tatsuhisa Kato
Institute for Molecular Science, Nishigonaka 38, Myodaiji, Okazaki, 444-8585 Aichi, Japan

Yoshio Aso and Tetsuo Otsubo
Department of Applied Chemistry, Graduate School of Engineering, Hiroshima University, Higashi-hiroshima, 739-8527, Jap

~Received 6 January 2003; published 16 September 2003!

We have performed electron spin resonance~ESR! studies on long oligothiophenes~13 and 20 T! doped by
iodine vapor. The oligomers gave anisotropic ESR spectra differing from ordinary cases in conjugated poly-
mers. Our analyses by way of the Fourier transform of ESR spectra indicate that the cutoff event between
parallel chains occurs at the same degree of frequency as the motion along a chain: 31.8 MHz at 50 K in 13 T.
Above 150 K, we observed the signature of the cutoff motion between nonparallel chains~;5 MHz!. We assert
that polarons mainly move within aggregates consisting of parallel chains formed in the film.
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High conductivity exhibited by heavily doped conjugat
polymers has remained attractive for technological appl
tions since the first report on polyacetylene~PA! in 1977.1 In
most of the conjugated polymers, it is believed that polar
and/or bipolarons are generated by charge injection and w
as charge carriers in the conductive phenomenon. Exp
mental signatures of polarons are commonly recognized
the presence of two electronic absorption peaks in an in
red range2 and of paramagnetic spins. As to the latter,
electron spin resonance~ESR! spectroscopy is a straightfor
ward way to acquiring detailed information on the param
netic spins, and hence lots of knowledge was derived fro
variety of techniques based on ESR.3 On the other hand
however, it is noted that difficulties are usually involved
the analysis of ESR signals for conjugated polymers due
the coexistence of several types of paramagnetic spins
reported ontrans-PA: ESR signals originating from diffusing
and trapped solitons were suggested to coexist.4

Recently, conjugated oligomers have been widely stud
because of their utility as a model of conjugated polymers
well as of their possibility of candidates for nanoscaled te
nology. Above all, oligothiophenes are one of the most p
gressive conjugated oligomers,5 and sexithiophene~6-mer!
was truly utilized for refined, optical researches.6,7 Neverthe-
less, there is the question of whether such a length of ol
mers is suited for a model of polymers, and indeed, it w
observed for a series of oligothiophenes that electronic
sorption peaks originated from thep-p* transition shift to
lower energy with an increase of its chain length up to
20-mer, and further that the conductivity in heavily dop
states is rapidly enhanced by the increase in chain len
from 6-mer to 13-mer.8 These findings indicate that oligo
mers with a length longer than at least 10-mer should be u
for the model of conjugated polymers.

In this article, we report on the ESR investigation on 1
mer and 20-mer oligothiophenes in a heavily doped regi
which are suitable as models ofp-conjugated polymers. We
demonstrate that the use of these oligomers enables u
extract spectroscopic information excluding the inhomoge
ity in chain length on heavily doped conjugated polyme
which has not ever been clarified with polymer samples
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addition, we utilize a pulsed ESR technique as well a
conventional continuous wave~CW! one. The former tech-
nique, giving ESR signals in a time domain, is available
examining the dynamics of observed electron spins9,10 and
for classifying the signals consisting of several paramagn
species depending on their time dependences. Our appr
with a variety of ESR techniques will present significant i
formation on the nature of paramagnetic species, polaron
heavily doped conjugated polymers.

Oligomer samples used were 13- and 20-mera-linked
oligothiophenes~hereafter, 13 and 20 T, respectively! with
several octyl substituents at theb positions. Synthesizing
procedures and some physical properties were repo
previously.8,11 We prepared ESR samples by exposing th
casting films grown with CH2Cl2 to excess iodine vapor. In
this stage, about 20% of thiophene rings were estimated t
doped by I3

2 ions through elemental analyses, and the c
ductivities were measured as 3.2–3.7 and 5.2–8.9 S cm21 for
13 and 20 T, respectively.8 CW and pulsed ESR measure
ments were performed for degassed samples (,1022 Torr)
with an X band~9.6 GHz! Bruker ELEXES E680 spectrom
eter. In the pulsed ESR experiments, we typically used a
ns pulse for thep/2 rotation of the magnetization. Electro
spin echoes were observed through the typical two-pulse
quencep/2-t-p-t.12 An echo-detected~ED! ESR spectrum
was measured via recording the maximum echo amplitu
with a phase cycling technique13 in order to eliminate spuri-
ous responses due to surviving free induction decay~FID!
signals. In all of the samples used, ESR signals were st
over several days, and we hardly detected ESR signals be
doping, which assures that the origin of observed ESR
nals is the species generated from doping with iodine va

In Fig. 1, we present the CW ESR spectra of 13 and 2
at representative temperatures~detailed temperature depen
dences will be published elsewhere!. Both 13 and 20 T gave
spectra with an apparent anisotropy at 50 K, typically of t
case ing anisotropy.14 In our knowledge, such anisotropi
spectra have been scarcely reported on conjugated polym
which is probably because the inhomogeneity in chain len
reduces the spectral anisotropy. The presence of thesg
anisotropies indicates that the averaging effect does not
©2003 The American Physical Society02-1
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cur among the paramagnetic species with different directi
of chain axes to a static magnetic field, and that each p
magnetic species exists, almost confined within an area
allel to the chain axes. The situation can happen for sp
within a single chain or an aggregate consisting of a cer
number of parallel chains.

At this temperature, an electron spin echo~ESE! was not
detected in both 13 and 20 T. A spin echo is generally
served in the case that the resonance positions of indivi
components forming FID signals remain unaltered durin
dephasing period and a refocusing one. In this sense,
absence of ESE is clear evidence that each spin compo
transfers over several areas giving different magnetic
roundings due to a hyperfine interaction, for instance. Th
mobile ESR signals are regarded as originating from
larons, and hence reflect the polaron dynamics. In the E
experiment, the total of dephasing and refocusing peri
~2t! was more than 400 ns. Thus this experimental re
signifies that the polarons in 13 and 20 T transfer alon
chain or within an aggregate at the rate of at least 2.5 M

Increasing the temperature above 50 K, any ESE sig
were not detected in both samples. On the other hand,
could observe ESE signals for 13 T below 30 K, while 20
still did not give ESE. In Fig. 2, we present ED ESR spe
trum for 13 T at 8 K, together with the integrated CW spe
trum at 8 K. The ED ESR spectrum is recognized as ap
ently broadened compared to the CW one: the square roo
the spectral second moment were 0.62 and 0.10 mT, res
tively. This spectral broadening is caused by the quench
of motion of observed spins. The ESE signals were se
tively detected from the total ESR signals by setting the
rametert larger in order that the ESE signals may not
interfered with most of the FID signals giving no ESE.
practice, our estimate of the portion of ED signals to the F
ones was just about 2% and hence the ESE compone

FIG. 1. ESR spectra for 13 and 20 T~left!, and their simulated
spectra using the Lorentzian line shape~right!: ~a! 13 T at 50 K,~b!
13 T at 200 K,~c! 20 T at 50 K,~d! 20 T at 200 K. Simulation data
used were listed on Table I.
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considered to be a small portion of the whole CW ESR s
nals. Therefore, we consider that the motion of polarons
gins to stop in the low temperature range below 30 K, wh
most of the polarons are then sure to be still mobile.

For conjugated polymers, the electron spin dynamics
cluding their dimensionality has been investigated in de
on the basis of the ESR line shape.15 It should be noted,
however, that the spectral anisotropy and the inhomogen
in chain length inherent in ESR spectra of polymer samp
have a possibility of giving a distortion in the line shap
regardless of the spin dynamics. Here we try to deduce
intrinsic information of line shape and examine the spin d
namics, by excluding the spectral anisotropy observed
our oligomer samples.

The spin dynamics has been studied on the basis of
time correlation functionG(t),4,15,16which is defined as the
Fourier transform~FT! of the CW-ESR line shapeF(v).
G(t) generally varies depending on two parameters, the li
width Dv and the cutoff frequency out of a single chainvc ,
and it is proposed in the case of the motional narrowing t
G(t) should exhibit the time dependence of exp(2atn) ~a is
an arbitrary parameter concerned withDv!: n5 3

2 for one-
dimensional ~1D! motion (vc!Dv) and n51 for
pseudo-1D motion (vc@Dv) and 3D motion.15 In our case,
the 3D motion is not taken into consideration, because
served electron spins are presumed to move along a cha
within an aggregate.

Here we assume that oligomer chains in 13 and 20
distribute in the films with a wholly random orientation, an
that each oligomer sample exhibits an axially symmetricg
factor originating from its molecular structure and has ea
identical line shape functionf (v), independently of the ori-
entation to the static magnetic field. Then the relation

F~v!}(
u

I ~u! f @v2v~u!#sinu ~1!

is given, whereu is the orientation angle of an oligomer t
the static field andI (u) represents the sum of ESR intensi
in the components making the angleu and is proportional to
the transition probability depending on the orientation
follows:17

I ~u!} bTrg̃"g2~ h̃"g̃"g"g̃"g"h!/ug"hu2c, ~2!

FIG. 2. The integrated CW ESR spectrum and the echo-dete
~ED! ESR one for 13 T at 8 K.
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whereg andh represent ag tensor and a static field, respe
tively. Now, when we denoteg(t) for the FT of f (v), the FT
of F(v) at v0 is given by

G~ t !uv0
5g~ t !(

u
CI~u! sinu cos@~v~u!2v0!t#, ~3!

where C is a proportionality factor. We can thus getg(t)
from the division of the Fourier-transformed~FT! CW spec-
trum by the sum part on the right side in Eq.~3!. Hereg(t)
is the correlation function excluding the spectr
g-anisotropy, and directly related to the motion along a ch
or within an aggregate.

In Fig. 3, we show the FT-ESR spectrum atv0 ~in this
case, almost the resonance center! for 20 T at 50 K and its
g(t) calculated from Eq.~3! using parameters defined in th
inset. At this temperature, the motional narrowing effect
considered to give the main contribution to the electron s
dynamics for conjugated polymers.10 The deference betwee
the FT-ESR and theg(t) demonstrates that theg anisotropy
has a large influence on the spectral line shape and tha
contribution should be essentially excluded for a line sh
analysis. In Fig. 3, we further show with a solid curve t
simulated result ong(t) using the function of exp(2atn).
Best fitting was obtained withn50.97 and a50.010
3109n/s2n. The obtainedn, quite close to 1, is strong evi
dence for pseudo-1D motion of observed spins. The cu
event out of a single chain is thus suggested to occur wi
much higher frequency thanDv~;10 MHz!. Therefore, tak-
ing into account the observedg anisotropy, it follows that
electron spins, polarons, move pseudo-one-dimension
with a rapid cutoff motion between parallel chains, thus s
nifying that polarons move mainly within an aggregate co
sisting of parallel chains.

Here the function exp(2at) corresponds to the Fourie
transform of the Lorentzian line shape. We thus perform
ESR simulations of the CW spectra for 13 and 20 T at 50
using the Lorentzian line shape forf (v) in Eq. ~1!. The
result, shown in Fig. 1, demonstrates its validity of using
Lorentzian line shape. We show their simulation parame
in Table I. In the pseudo-1D motion, the ESR linewidth h
been considered to correspond to (Dv0)2/(D ivc)

1/2, where

FIG. 3. The Fourier-transformed~FT! ESR for 20 T at 50 K and
the correlation functionsg(t) after excluding theg anisotropy for
20 T at 50 K and P13T at 50 K. The inset represents ESR par
eters used in the text.
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Dv0 is the linewidth in the absence of motion andD i is the
diffusion frequency of the motion along a chain.15 It is noted
that, when we exclude the effect ofg anisotropy from the
spectrum,vc represents the cutoff frequency for the trans
between parallel chains. Since the spectral second mome
usually unchanged in the case of motional narrowing,18 we
can here substitute for (Dv0)2 the second moment obtaine
from the ED ESR at 8 K. Therefore, after subtracting t
second moment due tog anisotropy (1.631023/mT2),
(D ivc)

1/2, the averaged frequency within an aggregate
estimated as 31.8 MHz for 13 T at 50 K, on the basis of
above mechanism. This value is surely consistent with
condition that an ESE was absent at 50 K~.2.5 MHz!. Also,
the condition of the pseudo-1D motionvc@Dv ~;9.45
MHz! leads toD i!107 MHz. This result signifies that th
cutoff event between parallel chains occurs almost at
same frequency as the transfer along a chain.

Increasing the temperature above 50 K, CW ESR spe
broadened gradually in both 13 and 20 T as the example
200 K are shown in Fig. 1. The broadening effect with te
perature is usually explained in terms of the Ellio
mechanism,19 known to be induced mainly by phonon sca
tering via the spin-orbit mixing. The mechanism is presum
to work for these oligomers, similarly to the case in con
gated polymers.10,20 To be exact, this mechanism is consi
ered to work effectively for the scattering perpendicular
one-dimensional chain,21 and hence the broadening effect
consistent with the above result of higher cutoff motion at
K. In contrast, the spectral anisotropy in theg factor was
observed to be reduced by increasing the temperature a
150 K for both samples. These behaviors are considere
resulting from the wandering of observed spins over nonp
allel aggregates~or chains!, not by a change in the electroni
state. For clarifying the consideration, we prepared the 1
sample diluted in the inactive polymer, poly~methyl meth-
acrylate! ~PMMA!, with the mass ratio of 13 T/PMMA
57.931023 ~hereafter, abbreviated as P13T!. We consider
that with this sample, the transfer between nonparallel cha
decreases at least by mixing the inactive polymer. CW E
spectra for P13T and their simulation data using the Lore
zian line shape are shown in Fig. 4 and Table I, respectiv
The spectrum at 200 K and its simulation data demonst
that theg anisotropy is almost conserved even at the te
perature, which is further ascertained by the comparison
tween 13 and P13 T of the anisotropy parameterA/B ~de-
fined on the inset in Fig. 3!: 1.01 and 0.81 at 200 K

-

TABLE I. Data for the simulation on ESR spectrum using t
Lorentzian line shape under the assumption of axiallyg factor.
DHPP is the peak-to-peak linewidth in a differential ESR spectru

gi g' DHPP mT

13 T 50 K 2.002 64 2.00174 0.062
200 K 2.002 32 2.00184 0.183
20 T 50 K 2002 60 2.00186 0.058
200 K 2.002 31 2.00184 0.135
P13T 50 K 2.002 81 2.00176 0.114
200 K 2.002 82 2.00157 0.207
2-3
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respectively. Therefore it is confirmed that the spins of
and 20 T transfer among nonparallel chains in this temp
ture range. This behavior can be treated as the motional
rowing effect among the spins residing in nonparallel cha
In this case, its criterion, estimated with theg-anisotropic
parametergi2g' , is ;5 MHz, which is a measure of th
cutoff frequency between nonparallel chains in this tempe
ture range.

At 50 K, the ESR spectrum of P13 T apparently broa
ened compared to 13 T. The spectral second moment is
sumed not to change so much to account for the differe
between them, because spin parameters such as ag factor
and a hyperfine interaction are probably not much affec
by the scale of aggregate. In this sense, the broadening e
must be brought by the difference in the spin dynamics. T
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carried out theg(t) simulation using the function of exp
(2atn), leading ton50.94 anda50.0233109n/s2n. The ob-
tained n still suggests the pseudo-1D motion of observ
spins, and hence that the cutoff event between parallel ch
occurs at a higher frequency thanDv ~;17 MHz! even under
the dilution with PMMA. In addition, we obtained
(D ivc)

1/2517.3 MHz for P13 T by its spectral simulatio
with the Lorentzian and the use of the second moment of
T for (Dv0)2/(D ivc)

1/2. When we assume that th
(D ivc)

1/2 difference between 13 T and P13 T is mainly a
tributed to the change invc , the dilution with PMMA seems
to diminish the cutoff event to the extent of about 30%.

As mentioned above, we could obtain several, phys
pictures on the polaron dynamics of conjugated oligome
which have not been clarified with polymer samples. Es
cially, the findings indicate that polarons move within th
aggregates consisting of parallel chains, which proba
leads to the formation of metallic islands. We further o
served the signature of the transfer between nonpar
chains by increasing the temperature. These componen
motion, hardly resolved with polymer samples, will be e
ments of consequence for a detailed investigation on the
dynamics. Furthermore, the spin echoes, resulting from
quenching of motion in parts of the spins moving pseud
one-dimensionally, will be utilized for obtaining static info
mation concerning the nature of the wave function of p
larons.

of
ail

,

-

Otsubo, Bull. Chem. Soc. Jpn.74, 979 ~2001!.
9K. Kanemoto and J. Yamauchi, Phys. Rev. B61, 1075~2000!.

10K. Kanemoto and J. Yamauchi, Synth. Met.114, 79 ~2000!.
11H. Nakanishi, N. Sumi, Y. Aso, and T. Otsubo, J. Org. Chem.63,

8632 ~1998!.
12A. Schweiger, Angew. Chem., Int. Ed. Engl.30, 265 ~1991!.
13C. Gemperleet al., J. Magn. Reson.88, 241 ~1990!.
14J. H. Freedet al., J. Phys. Chem.75, 3385~1971!.
15M. Nechtschein, inHandbook of Conducting Polymers II, edited

by T. A. Skotheim, R. L. Elsenbaumer, and J. R. Reynolds~Mar-
cel Dekker, New York, 1997!, p. 141.

16J. Tanget al., Phys. Rev. B28, 2845~1983!.
17B. Bleany, Proc. Phys. Soc., London, Sect. A75, 621 ~1960!.
18A. Abragam,Principles of Nuclear Magnetism~Oxford Univer-

sity Press, Oxford, 1961!.
19R. J. Elliott, Phys. Rev.96, 266 ~1954!.
20K. Mizoguchi et al., Solid State Commun.96, 333 ~1995!.
21D. Jerome and H. Schultz, Adv. Phys.31, 299 ~1982!.
2-4


