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The polaron dynamics has been investigated through the X- and Q-band ESR measurements for two types of
iodine-doped long oligothiophenes, the 20-mer with octyl substituents �o-20T� and the 16-mer with hexyl
substituents �h-16T�. o-20T, used as a model compound of conjugated polymers with crystalline grains, gives
anisotropic ESR spectra attributed to g anisotropy at low temperatures. The anisotropic spectra are found to be
brought by polarons moving within the crystalline grains consisting of parallel chains. The anisotropy is shown
to decrease with increasing temperature. This provides definite evidence that the polarons transfer among some
grains by the assist of temperature. In contrast, h-16T, used as a model of the polymers with amorphous
morphology, gives almost isotropic ESR spectra even in the Q-band measurement. This feature of h-16T is
explained to be caused by a rapid interchain transfer of polarons. Spectral simulations performed for obtained
spectra reveal that the ESR linewidth in the Q-band measurement is larger than that in the X band for both
oligothiophenes. The difference of the linewidth is analyzed by a simplified motional narrowing model in order
to draw the information of polaron dynamics. Analyses for o-20T show that the intergrain motion almost
follows the variable range hopping model. The interchain motion in h-16T is found to have a much weaker
temperature dependence than the intergrain motion in o-20T. This result suggests that the interchain dynamics
of h-16T revealed by the ESR technique includes a variety of processes of motion.

DOI: 10.1103/PhysRevB.76.155205 PACS number�s�: 73.61.Ph, 76.30.�v

I. INTRODUCTION

High conductivity achieved in heavily doped conjugated
polymers has attracted much attention due to their potential
application to semiconductor devices. Indeed, a field effect
transistor using conjugated polymers has been realized with
the use of the conductive carriers that have similar electronic
structures with the doped sates.1 In the conducting event,
polaron species with a 1/2 electron spin have been consid-
ered to be one of possible carriers.2 The dynamics of the
polaron has thus been studied on the basis of ESR
techniques.3,4 Particularly, the ESR spectroscopy has also
been applied to investigating polarons generated at
photoexcitations5 and in device performances.6,7 It is, how-
ever, difficult to derive decisive information concerning the
polaron dynamics from spectra measured with only a con-
ventional ESR technique. One of the reasons is that the spec-
trum of the doped conjugated polymer is usually averaged
due to a rapid polaron motion and gives no appreciable spec-
tral structures containing static information such as a hyper-
fine coupling constant and spectral anisotropic parameters. In
addition, there are some paramagnetic components such as
defects or trapped species that can coexist with polarons8 and
it makes spectral information more ambiguous. To deal with
these problems, advanced ESR techniques have been
adopted. Above all, treatments on the basis of the frequency
dependences of ESR linewidth3,4 and the electron spin relax-
ation times measured by a pulsed ESR technique9,10 have
been proved to be effective to investigate the polaron dynam-
ics in conjugated polymers.

In contrast, the use of advanced ESR techniques is not
sufficient to account for the polaron dynamics of polymer

samples, because such samples usually have some uncertain
structural elements. Particularly, with respect to a chain
length, when there is a degree of distribution in the chain
length, obtained spectra can be made inhomogeneously
broadened. From this point, the use of materials with a well-
defined chain length, oligomers, is one of the effective ways
for explicitly exploring the spin dynamics. Conjugated oligo-
mers have been used as a model compound of conjugated
polymers, particularly on the basis of oligothiophenes.11,12

Then, a short length of oligomers, mainly up to the 6-mer,
were mostly adopted. Recently, however, long sizes of alkyl-
substituted oligothiophenes over the 10-mer �the 48-mer at
the longest13� have been developed13–15 and shown to be
more desirable models of polythiophene �PT�.13–17

Previously, we reported briefly the ESR results of doped
13- and 20-mer oligothiophenes with octyl substituents.18

Their polarons generated by iodine doping were then con-
cluded to move within aggregates consisted of parallel
chains. Related to this, the octyl-substituted oligomers have
recently been ascertained to generate stacked lamella struc-
tures in a self-assembling way in the nondoped state.19 This
is consistent with the previous ESR results that suggested the
presence of crystalline grains,18 although its structure could
vary by doping as reported previously.20 In this paper, the
polaron dynamics is investigated in detail not only for the
20-mer oligomer with octyl substituents but also for the 16-
mer oligothiophene with hexyl substituents. In a usual poly-
mer solid film, two types of morphologies exist. The first one
is a crystalline that consists of oriented chain molecules with
strong interchain couplings. A prototype of having such a
morphology is regioregular poly�alkylthiophenes� �PATs�
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with head-to-tail coupled substituents.21 The other type is an
amorphous morphology consisting primarily of chains with
weak interchain couplings. Most of polymer films are sorted
into this type. The 16-mer oligomer used in this study has a
morphology of amorphous type in the solid film. We there-
fore treat these two types of long oligothiophenes as proto-
types of polymers with each morphology in the solid film
and investigate their polaron dynamics. In the previous pa-
per, the presence of g anisotropy was identified for the ESR
spectra of the 20-mer oligomer.18 We here focus on features
in g anisotropy for investigating the polaron dynamics. In
order to make the information on spectral g anisotropy
clearer, we adopted a Q-band ESR technique with higher
frequency ��36 GHz� than a conventional X-band ESR
��9 GHz�. We show that analyses through the comparison
of ESR spectra between X- and Q-band measurements enable
us to extract the information on interchain or intergrain hop-
ping processes that are directly associated with temperature
dependences of conductivity. Our consequences would be
meaningful for the application of ESR techniques to evalu-
ating photophysical and device properties as well.

II. EXPERIMENT

Oligomer samples used in this study are the hexyl-
substituted 16-mer and the octyl-substituted 20-mer �-linked
oligothiophenes �hereafter, h-16T and o-20T, respectively�.
The syntheses of these oligomers as well as their fundamen-
tal properties were reported previously.13–15 We prepared
ESR samples by exposing the neutral films cast from their
chloroform solutions to excess iodine vapor in half an hour.
About 20% of thiophene rings were estimated to be doped by
I3

− ions through elemental analyses.15 The casting films were
prepared at the inside bottom of an ESR tube �2 or 3 mm
diameter� for good heat contact with cooling He gas flowing
outside the tube in the low temperature measurements. The
tubes were evacuated ��10−2 Torr� in order to prevent the
effect of linewidth broadening due to residual molecular
oxygen.22,23 ESR measurements were carried out with the
Bruker E680 for X band �9.6 GHz� and the E500 spectrom-
eters for Q band �34 GHz�. ESR spectra in X- and Q-band
measurements were recorded in the same day �within 24 h�
using the identical batch sample for each oligomer, in order
to precisely compare the spectra. It was previously reported
that g factors in the flat film of doped PATs vary depending
on the geometry of the film plane to the static magnetic
field.24 In our case, the films were grown semispherically in
the ESR tube with a thickness of some micrometers and did
not give appreciable g shifts nor line shape variations when
the tube was rotated. This suggests that spectra were ob-
tained from a randomly oriented system. ESR signals were
stable over several months after sealed in the evacuated tube.
ESR signals of the oligomer samples before doping were
unobservable or negligible compared to those after doping.
This indicates that observed ESR signals after doping origi-
nate from the polaron species that were generated from the
iodine doping. The ESR linewidth after doping in a different
batch of samples was somewhat different at higher tempera-
tures around room temperature in both oligomers. It would

be due to some morphology differences among different
batches of samples. However, the difference in the linewidth
was appreciably reduced with decreasing temperature and
trends in the temperature dependences of linewidth were
similar among different batches of samples. The conductivity
of h-16T after iodine doping measured by a four-probe
method was in the order of 100 at room temperature, which is
the same order of magnitude as that of o-20T reported
previously.15

III. RESULTS

It was recently proved by an x-ray diffraction �XRD�
measurement that o-20T generates crystalline grains with
spacing of 15.5 Å in the solid film.19 In contrast, we did not
observe appreciable diffraction peaks demonstrating the
presence of crystalline grains in the XRD measurement for
the solid film of h-16T. These findings confirm that o-20T
and h-16T oligomers are good prototypes of conjugated
polymers with crystalline grains and with an amorphous
phase, respectively. Both o-20T and h-16T gave strong ESR
signals after iodine doping. The ESR spectra of o-20T ex-
hibited anisotropic line shape in Q-band measurements as
well as in X-band one as has been reported previously.18 The
anisotropy was highly enhanced in Q band. Some examples
of the Q-band spectra are shown in Fig. 1. The result that the
spectral anisotropy is enhanced in a higher frequency ESR
demonstrates that the anisotropy is brought by g factor. The
spectra in Fig. 1 further indicate that the g anisotropy is
reduced with increasing temperature. This trend was previ-
ously reported for the X-band spectra of the o-20T sample,18

but it is more clearly displayed by adopting the Q-band ESR.
Figure 2 shows the ESR spectra of h-16T in Q band mea-
sured at 35, 100, and 200 K. Unlike the case of o-20T, the
spectra of h-16T do not exhibit explicit anisotropy, exclusive
of the spectrum at 35 K with small anisotropy. The differ-
ence in the degree of spectral anisotropy between h-16T and

FIG. 1. �a� ESR spectra in the Q-band measurements of the
20-mer oligothiophene with octyl substituents �o-20T� measured at
various temperatures. �b� Simulated spectra for the spectra in �a�.
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o-20T suggests that the observed anisotropy in o-20T is due
to its crystalline morphology in the film.

The crystalline regions in o-20T are expected to be ran-
domly oriented within the film. Therefore the spectra in
o-20T, as well as in h-16T with an amorphous morphology,
can be simulated with a powder pattern. Spectral simulations
for the observed ESR spectra were thus performed by assum-
ing a powder pattern. Examples of simulated spectra are
shown in Figs. 1 and 2 for o-20T and h-16T, respectively. A
Lorentzian curve gave the best fits and was used as constitu-
ent packets of a powder pattern spectrum in the simulation.
Simulation parameters are then axially symmetric g factors,
g� and g�, and a Lorentzian linewidth. In the case of o-20T,
two components differing only in g� were used to fit ob-
served spectra. This suggests that there would be two or
more paramagnetic species with different magnetic environ-
ments in the solid film. The g� of o-20T was thus represented
by weighted average.

The values of g� and g� obtained from the spectral simu-
lations are plotted in Figs. 3 and 4 for o-20T and h-16T,
respectively. The result in Fig. 3 indicates that the g aniso-
tropy, defined by g� −g�, of o-20T gradually decreases
with increasing temperature, while the mean g value
gav�=1/3�g� +2�g��� is almost independent of temperature.
As mentioned above, the observed g anisotropy in o-20T is
associated with its crystalline morphology in the film. This
means that the electron spins present in crystalline regions
give rise to anisotropic ESR spectra with a powder pattern.
Therefore the decrease in the g anisotropy identified at

higher temperatures indicates that the electron spins transfer
at the temperatures among several grains consisting of some
chains. This is definite evidence that the electron spins, po-
larons, transfer between grains in the film. The result in the g
anisotropy further suggests that such intergrain motions are
activated by temperature. Conductivity of the doped conju-
gated polymers is known to increase with temperature and
such feature is generally explained in terms of hopping pro-
cesses with certain activation energy.25 We emphasize that
the intergrain motion of polarons activated by temperature
should be one of decisive elements of the temperature depen-
dence of conductivity.

The g factors of h-16T shown in Fig. 4 confirm that the
spectra of h-16T are almost isotropic except at lower tem-
peratures. Related to the interpretation about g anisotropy in
o-20T, a feature of the quasi-isotropic g factor in h-16T
probably stems from its amorphous morphology and this
would be a common feature of amorphous conjugated poly-
mer. In fact, observations of explicit g anisotropy have not
been reported for amorphous type of heavily doped conju-
gated polymers, except for the case of the flat films of PATs
that have some orientation.24 Figure 4 also shows that the
mean g values gav in h-16T are almost temperature indepen-
dent analogously to the result of o-20T. The gav values of
both oligomers, close to that of the free electron ge �2.0023�,
indicate that their unpaired electrons originate from the �
electrons. It is, however, noted that gav of o-20T �2.0018–
2.0020� is smaller than that of h-16T �2.0024–2.0026� and
they are across ge. A g value in the i direction can generally
be calculated by the following equation:26

gi = ge − �
n�0

2�n

En − E0
, �1�

where E0 is the energy of unpaired electrons before pertur-
bation by the spin-orbit coupling �SOC�, En is the energy of

orbitals mixed through SOC, and �̄n is the SOC constant
averaged over constituent atoms in the n orbital. This equa-
tion indicates that the relations g�ge and g�ge are obtained
by the mixture of the unperturbed 0 orbital with its upper and
lower levels, respectively. The result g�ge observed in

FIG. 2. �a� ESR spectra in the Q-band measurements of the
16-mer oligothiophene with hexyl substituents �h-16T� measured at
35, 100, and 200 K. �b� Simulated spectra for the spectra in �a�.

FIG. 3. Temperature dependences of g�, g�, and gav �=1/3�g�

+2�g��� for o-20T determined from spectral fits assuming an axi-
ally symmetric powder pattern.

FIG. 4. Temperature dependences of g�, g�, and gav �=1/3�g�

+2�g��� for h-16T determined from spectral fits assuming an axi-
ally symmetric powder pattern below 100 K and an isotropic pow-
der pattern above 100 K.
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h-16T is thus characteristic of p-doped materials and has
actually been reported on p-doped polypyrroles �PPy�10,27

and PT derivatives.28–32 Similarly, a g value smaller than ge
is typically observed in n-doped materials. Indeed, the elec-
trochemically n-doped PT derivatives were reported to have
g values smaller than ge.

32 In this respect, the gav values of
p-doped o-20T, being smaller than ge, are somewhat unex-
pected. Similar features in g values were also reported for
some p-doped PATs with some crystalline morphology.24

Therefore the features of gav values smaller than ge in
p-doped conjugated polymers are presumably characteristic
of a system with crystalline phases. The reason for it is not
wholly understood at present, but we conjecture that delocal-
ization is enhanced by the crystalline structure and it leads
filled or vacant levels to being located just above unpaired
polaron levels.

Figures 5 and 6 show temperature dependences of the Q-
and X-band peak-to-peak Lorentzian linewidth �Hp.p. of
o-20T and h-16T, respectively, derived from the spectral
simulations. Both of the oligomers show a trend for �Hp.p. to
increase with temperature. This feature, observed in most of
heavily doped conjugated polymers,10,33 has been explained
to be caused by phonon scattering of spins �Elliott
mechanism34,35� or by hopping of spins36 via SOC. In these
mechanisms �called “Elliott-like” mechanism, hereafter�,

both forward and backward scatterings �hops� are known not
to work effectively.37–40 The inclusion of the Elliott-like be-
havior thus indicates that there exist effective scattering or
hopping events perpendicular to a one-dimensional chain
axis in both oligomers. The comparison between Figs. 5 and
6 suggests that �Hp.p. of h-16T is larger as a whole than that
of o-20T. However, the magnitude of �Hp.p. at higher tem-
peratures varied widely among different batches of samples
in both oligomers and h-16T sometimes gave smaller �Hp.p.
than o-20T. Such dispersion of �Hp.p. values stems from the
Elliott-like term. We attribute the dispersion of the Elliott-
like term to the morphological difference around polaron
spins among different batches of samples.

IV. DISCUSSIONS

A. Origin of observed electron spin dynamics

In advance of discussions on the dynamics of the ob-
served ESR signals, it should be clarified whether observed
electron spins are dynamical or static. One of the most
straightforward evidences that they are dynamical is the ab-
sence of electron spin echo �ESE� signals, because the ESE
signals disappear when the resonance positions of individual
spin components alter during either a dephasing or refocus-
ing period due to their motion. The ESE signals are detected
through a pulsed ESR measurement.41 The absence of ESE
signals was previously reported on PPy42 and recently iden-
tified for o-20T as well.18 This means that the ESR signals
observed in o-20T are dynamical. Another evidence of being
dynamical spins is Lorentzian line shape with no hyperfine
splitting, because a rapid spin motion readily averages the
hyperfine interaction. Such feature of line shape has been
identified in the previous section by the spectral simulations
for h-16T as well as o-20T. We therefore conclude that the
observed ESR signals in the two oligomers originate from
dynamical spins. Such dynamical properties of the spins al-
low the ESR spectrum to be motionally narrowed.

In h-16T with amorphous morphology, elements causing
dynamical features of the spins are intra- and interchain mo-
tions. The contribution of these motions to ESR spectra can
essentially be distinguished through the analyses of its ESR
line shape.4 However, the observed feature of Lorentzian line
shape in 16T indicates that both intra- and interchain motions
are so rapid as to cause motional narrowing and hence that
their contributions are not distinguishable. The fact that the
interchain spin motion in h-16T are rapid also appears in its
g factor. In the previous section, h-16T was shown to have
quasi-isotropic g factors. Previously, Krinichnyi and Roth
showed using a D-band �140 GHz� ESR technique that non-
doped and slightly doped PATs have appreciable g
anisotropy.43 This suggests that, if the spins in h-16T are not
dynamical or move only along the chain axis, its g factors
should exhibit anisotropy. The quasi-isotropic feature of g
factors in h-16T is thus caused by such a rapid interchain
motion as averages its inherent g anisotropy. This conse-
quence should generally be true for amorphous type of doped
conjugated polymers.

In contrast, o-20T gave anisotropic ESR spectra attributed
to g anisotropy. This anisotropy does not stem from localized

FIG. 5. Temperature dependences of the peak-to-peak Lorentz-
ian linewidth �Hp.p. in X- and Q-band measurements for o-20T
determined from spectral fits.

FIG. 6. Temperature dependences of the peak-to-peak Lorentz-
ian linewidth �Hp.p. in X- and Q-band measurements for h-16T
determined from spectral fits.
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spins, because the observed ESR signals in o-20T are dy-
namical enough to give motional narrowing. In this case, a
possible explanation is only that polaron spins spend most of
the time at crystalline grains while moving within the grains.
The spin is considered to originally delocalize at a confined
domain in the grain. Then the interdomain motion in the
grain would be the main element to give dynamical feature
of signals, see Fig. 7. Most of the domains within the grain
are expected to have the same g anisotropy, leading to the
observation of powder-patterned ESR spectra with g aniso-
tropy. Furthermore, the intergrain motion can also be present
and is enhanced with increasing temperature, resulting in re-
duction of g anisotropy, as seen in Fig. 3. From these points,
in crystalline o-20T, interdomain and intergrain motions de-
termine its spin dynamics that is represented by behaviors of
linewidth.

B. Polaron dynamics derived from the difference of ESR
linewidth between X- and Q-band measurements

In the Results section, it was identified that the magnitude
of Lorentzian linewidth �Hp.p. of both h-16T and o-20T is
different between the X- and Q-band measurements �Figs. 5
and 6�. In this section, the origin of the difference of �Hp.p. is
discussed using a simplified model, and thereby we attempt
to draw the information on the polaron dynamics in both
oligomers.

As described in the previous section, we can regard ob-
served ESR signals of both oligomers as originating from
dynamical spins. This assures that the spectral line shape
excluding the contribution of g anisotropy is homogeneous.
In this case, the spin-spin relaxation time T2

* determined from
the inverse of �Hp.p. can be equal to the essential spin-spin
relaxation time T2.42 The homogeneous linewidth �Hp.p. can
then be assumed to compose of the term �He attributed to
the Elliott-like behavior and the term �Hmn attributed to the
motional narrowing effect �MNE� as follows:

�Hp.p. = �He + �Hmn. �2�

The Elliott-like term does not depend on the magnitude of
the Zeeman interaction. Hence its contribution is not ex-
pected to vary with the resonance frequency. This means that
the difference of �Hp.p. between X- and Q-band measure-
ments observed in h-16T and o-20T is not caused by the
Elliott-like term. Therefore a change in the MNE term must
be responsible for the �Hp.p. difference. �Hmn in Eq. �2�,
proportional to the spin-spin relaxation rate due to MNE
1/T2,mn, is generally represented by the following
formula:44–46

�Hmn 	
1

T2,mn
= 
e

2h2���0� + ����� . �3�

Here 
e is the electron gyromagnetic ratio and h2 is the mean
square field that fluctuates with spin motions. This field is
assumed to be isotropic since the observed ESR spectra can
be represented by a powder pattern. Also ���� is the Fourier
transform of the autocorrelation function g�t�. Physically,
this formula means that the fluctuation of magnetic interac-
tion is caused by spin motions expressed by g�t�. We here
adopt an exponential type of autocorrelation function. This
treatment is suitable for a nonanisotropic spin motion and its
validity was actually confirmed for PPy9 and o-20T.18 Under
this treatment, ���� is obtained as

���� =
c

1 + �2c
2 , �4�

where c is the correlation time and its inverse is a measure
of hopping rate of electron spins. In this case, spin dynamics
is simply represented by the single parameter c that aver-
ages over different directions of motion, e.g., parallel and
perpendicular directions along the chain axis.

We now consider the difference of linewidth between the
Q- and X-band measurements. Among some possible mag-
netic interactions, only the Zeeman interaction can be the
origin of the fluctuating field varying with the resonance fre-
quency. Then, the linewidth difference for the variation of
the resonance frequency � is obtained from Eqs. �3� and �4�
as follows:

���Hp.p.�Q-X 	 �� 1

T2,mn
	

Q-X

= �

e
2hg

2�c,g +
c,g

1 + �2c,g
2 	�

Q-X

, �5�

where the expression ��a�Q-X represents the difference of
quantity a between the Q- and X-band measurements. The
correlation time c,g is defined for the fluctuation of the iso-
tropic squared Zeeman filed hg

2 that is proportional to the
squared g anisotropy �g� −g��2. In the case of slow spin mo-
tions �1��2c,g

2 �, the first term in the right hand side of Eq.
�5� is larger than the second one. Further, the second term is
approximated as 
e

2hg
2 /�2c,g and it is independent of � be-

cause hg
2, proportional to the squared g-anisotropy �g� −g��2,

and �2 have the same frequency dependence. In the case of
fast spin motions �1��2c,g

2 �, the second term gets close to

FIG. 7. Schematic representation of grain and domain structures
expected in o-20T. The interfaces of the grain and the domain are
represented by solid and broken curves, respectively. The intergrain
and interdomain motions are represented by arrows. Dopant iodine
anions are omitted for simplicity.
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the first one and the sum of them is 2
e
2hg

2c,g at most. There-
fore, eventually, ���Hp.p.�Q-X in Eq. �5� is determined by the
term 
e

2c,g��hg
2�Q-X. This indicates that the information on

the spin dynamics, 1 /c,g, can be obtained by the inverse of
���Hp.p.�Q-X.

Temperature dependences of the inverse of ���Hp.p.�Q-X

in h-16T and o-20T are shown in Fig. 8. In h-16T, both
interchain and intrachain motions are possible elements of
MNE. However, the term ��hg

2�Q-X must be determined by
the interchain motion. This is because the intrachain motion,
probably dominated by transfers between segments parallel
to each other, is expected to cause much less fluctuation of
the Zeeman field than the interchain motion. In addition, the
g factors of h-16T shown in Fig. 4 suggest that the tempera-
ture variation of ��hg

2�Q-X is small. Therefore the temperature
dependence of 1 /���Hp.p.�Q-X in h-16T is determined by
that of the interchain correlation rate 1 /c,g. From a similar
argument, with respect to o-20T, the Zeeman fluctuating
field in the intergrain motion should be much larger than the
case in the intragrain motion as well as the interchain one.
Then the temperature dependence of the squared Zeeman
field hg

2 that fluctuates with the intergrain motion can be es-
timated as follows, based on the result of g anisotropy ob-
tained in Fig. 3:

hg
2 	 ��g� − g��8 K − �g� − g��T�2. �6�

Here, the Zeeman fluctuating field is assumed to be the mini-
mum at 8 K �the lowest measurement temperature�. There-
fore, finally, the temperature dependence of the correlation
rate �1/c,g� for the intergrain motion in o-20T is obtained by
the calculation ��g� −g��8 K− �g� −g��T�2 /���Hp.p.�Q-X.

From these arguments, the temperature dependences of
interchain and intergrain hopping rates �1/c,g� can be inves-
tigated by the terms 1/���Hp.p.�Q-X in h-16T and ��g�

−g��8 K− �g� −g��T�2 /���Hp.p.�Q-X in o-20T, respectively.
We here analyze these hopping behaviors with the variable
range hopping �VRH� model,47 typically used for explaining
hopping transport in amorphous semiconductors including
conjugated polymers.25,48,49 Hopping transport following
the VRH model is usually confirmed by the temperature
dependence of exp�−�T0 /T�1/4� type for a three-dimensional

transport. Such temperature dependences were indeed re-
ported on the conductivity of heavily doped PAT.49–51

Plots of 1 /���Hp.p.�Q-X for h-16T and ��g� −g��8 K− �g�

−g��T�2 /���Hp.p.�Q-X for o-20T versus T−1/4 are shown in
Fig. 9. First, the result in o-20T demonstrates that its inter-
grain hopping process almost follows the VRH model. This
result is interesting because a hopping process following the
VRH model has been identified from a microscopic view
using an ESR technique. T0 obtained from the best fit is
7.4�106 K. This value is not far from the previously re-
ported T0 values ��1.4–2.8��107 K� obtained from conduc-
tivity measurements for head-to-tail coupled PATs that have
crystalline morphology.49 This suggests that the temperature
dependence of conductivity in the conjugated polymers with
a crystalline morphology should be dominated by this type of
intergrain hopping process of polarons.

In contrast, plots for h-16T in Fig. 9 suggest that the
temperature dependence of 1 /c,g �interchain hopping rates�
does not follow well the VRH model. In fact, T0 estimated
roughly from the plots is 5.2�102 K and much smaller than
T0 of o-20T. This is somewhat unexpected because tempera-
ture dependences of conductivity are expected to be similar
between h-16T and o-20T since their conductivities at room
temperature were in the same orders of magnitude. This T0
difference between h-16T and o-20T could merely be due to
a difference in the hopping process between the interchain
and intergrain ones. As another possible explanation, events
such as phonon scattering of the spins causing the Elliott
mechanism could be somewhat involved in the temperature
dependence of 1 /c,g for h-16T, because spin motions via
this event can also give rise to MNE, and because this event
is expected to have much weaker temperature dependence
than a hopping process. It could be difficult to reach a con-
clusion at this stage about the origin of observed spin dy-
namics in 16T but we shall finally emphasize that this result
in h-16T could reflect an intrinsic interchain polaron dynam-
ics. This is because conductivity can be determined by less
efficient hops at minor sites, while the ESR information is a
result averaged over several sites that could have different
spin dynamics.

FIG. 8. Plots of the inverse of the �Hp.p. difference between X-
and Q-band measurements ����Hp.p.�Q-X� for h-16T and o-20T ver-
sus temperature.

FIG. 9. Plots of �a� ��g� −g��8 K− �g� −g��T�2 /���Hp.p.�Q-X �ar-
bitrary units� in o-20T and �b� 1/���Hp.p.�Q-X in h-16T versus T−1/4

�T: temperature�. The solid lines in the figures are results of linear
fits.
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V. CONCLUSIONS

The polaron dynamics was investigated for the two types
of long oligothiophenes, o-20T and h-16T, through the X-
and Q-band ESR measurements. o-20T, used as a model of
conjugated polymers with crystalline grains, gave anisotropic
ESR spectra originating from g anisotropy at low tempera-
tures. The anisotropy is concluded to be caused by polarons
that move within grains consisting of parallel chains. Also
the anisotropy was shown to decrease with increasing tem-
perature. The decrease of g anisotropy is concluded to stem
from the transfer of polarons among several grains. This is
definite experimental evidence that polarons in doped conju-
gated polymers transfer between grains in the film. In con-
trast, h-16T, used as a model of the polymers with amor-
phous morphology, gave almost isotropic ESR spectra. The
anisotropic and isotropic features in ESR line shape are con-
cluded to be characteristic of polymer samples with crystal-
line and amorphous morphologies, respectively. The ESR
spectra of two oligomers were fitted well using axially sym-
metric g factors and a Lorentzian linewidth. The fitting re-
sults showed that the mean g values of o-20T are smaller
than that of h-16T. We concluded that smaller gav values
than ge identified in o-20T should be characteristic of a sys-
tem with crystalline phases.

Both of the oligomers showed a trend for the linewidth to
increase with temperature, called the Elliott-like behavior. In
addition, the linewidth was shown to be larger in the Q-band
measurement in both oligomers. The difference of the line-
width was analyzed by the motional narrowing model and
concluded to be caused primarily by the intergrain motion in
o-20T and by the interchain motion in h-16T. The analysis
for o-20T eliminating the contribution of the g anisotropy
showed that the intergrain motion almost follows the VRH
model. The interchain motion in h-16T, in contrast, was
shown to have a much weaker temperature dependence than
the intergrain motion in o-20 T. This difference was con-
cluded to be due to the presence of several processes in the
interchain motion that can contribute to the motional narrow-
ing effect. We emphasize that the analyses performed on the
basis of the linewidth difference between different frequency
measurements are effective ways to investigate the polaron
dynamics associated with conductivity.
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