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The effect of a structure of a fullerene derivative on electronic properties of poly�3-hexylthiophene�
/fullerene composite was studied at 3 cm wave band EPR in wide �77–320 K� temperature region.
All the systems with different fullerene derivatives demonstrate sum spectrum of small polarons
with different mobilities and contributions depending on the structure of the fullerene derivative.
Both the spin-lattice and spin-spin relaxation times were determined separately by using the
steady-state saturation method. The treatment of polymer matrix by fullerene derivative changes its
dimensionality and conformation. This leads to the change in the spin relaxation and susceptibility
as well as in the rate of polaron diffusion along polymer chain. © 2008 American Institute of
Physics. �DOI: 10.1063/1.2908819�

I. INTRODUCTION

Conjugated polymers with extended �-electron systems
in their main chain attract much interest from not only pure
scientific viewpoints but also due to their perspective use as
flexible active matrix for new electronic devices such as light
emitting diodes,1 solar cells,2,3 and thin film field effect
transistors.4 The understanding of the basic physics underly-
ing the electrical, thermal, and optical behavior of organic
polymeric materials is essential for the optimization of de-
vices fabricated using these materials.

Among side chain substituted polymers, the alkyl-
substituted polythiophenes5 are seen as a major milestone in
the development of high-performance solution processible
electronic polymer systems. Since the parent polymer, poly-
thiophene, already tends toward backbone planarity there is a
strong cooperative self-assembly of poly�3-alkylthiophenes�
�P3AT� into well ordered lamellar phases.6,7 For some
applications, this behavior has the desirable effect of en-
hancing interchain p-orbital overlap and thereby improving
the electron transport properties. Such overlapping is higher
in poly�3-hexylthiophene� �P3HT� with shorter alkyl sub-
stitute that stipulates faster polaron formation and recombi-
nation in this polymer. The nature of the coupling be-
tween adjacent alkylthiophene rings in P3HT determines its
optical, transport, and electronic properties. For example, the
steric repulsion between the sulfur atoms and the hexyl
side groups in head-to-head conformations causes torsion in
the polythiophene backbone out of planarity, and hence, a
decrease in the conjugation of the �-conjugated system.8

This effect changes the electronic band structure of the
polymer and leads to a novel photoluminescence and
electroluminescence.9 Head-to-tail regioregular P3HT ex-
hibits a planar configuration, higher mobility, and a higher
degree of crystallinity in the films.10 The illumination
of a polymer/fullerene film by light leads to the photo-

induced electron transfer from polymer chain to fullerene
molecule and, therefore, to simultaneous formation of addi-
tional polarons P+ and fullerene ion-radical C60

− in the
film. The efficiency of such process including the charge
separation, quantum yield, the absence of the electron traps,
etc., should be governed by the structure of both the
polymer and fullerene derivative. P3HT and fullerene de-
rivatives are frequently used as effective donor and acceptor
composite materials in plastic solar cells.11–13 Undoubtedly,
the charge transfer in the initial and fullerene-treated
polymers should be first studied before its use as active
matrix of solar cells. However, the physics processes being
in these systems are only scarcely studied and under-
stood.

Polarons stabilized in P3AT possess spin 1
2 , so the elec-

tron paramagnetic resonance �EPR� is the powerful method
for the study of such solids.14–16 As in the case of other
organic solids, the method allows one to determine main
magnetic resonance parameters through the measurement of
paramagnetic susceptibility, g-factor, linewidth, and line
shape of the polarons and new important information on am-
plitude and correlation time of inside fluctuating fields in
fullerene-modified P3AT compounds from longitudinal T1

and transversal T2 electron spin relaxation times. Spin-spin
relaxation time is usually measured from the EPR linewidth,
however, inhomogeneous broadening masks frequently the
effect of fluctuating fields.

The main aim of this article is to clarify the role of
a structure of the fullerene derivative on the magnetic,
relaxation, and dynamic properties of whole spin reservoir in
the polymer/fullerene system. We show the existence of po-
larons with different relaxations and mobilities in P3HT
blended with fullerene derivatives. We studied the effective
relaxation times and paramagnetic susceptibility of these
paramagnetic reservoirs as well as the dynamics of mobile
polarons in a wide temperature range and analyzed the effect
of the dipole-dipole interaction between mobile and localized
spins on these parameters. Finally, the correlation between
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the electronic and macromolecular properties is analyzed.
Small polarons are formed in the initial and fullerene-
modified P3HT, whose magnetic and electronic properties
are governed by a structure of the fullerene derivative. The
dimensionality of the polymer/fullerene system is also deter-
mined by a structure of the fullerene derivative.

II. EXPERIMENTAL

Regioregular P3HT �the chemical structure is shown in
Fig. 1� with the lattice constants7 a=1.680 nm, b
=0.766 nm, and c=0.770 nm was purchased from Aldrich®
and used without further purification. The synthesis of the
soluble fullerene derivatives 1–6,

was described in details previously.17 The chlorobenzene so-
lution of P3HT and appropriate fullerene derivatives 1–6
�1: wt. ratio� with concentration �1 wt % was placed onto
ceramic plane and dried, so that the respective composites
P3HT/1, P3HT/2, P3HT/3, P3HT/4, P3HT/5, and P3HT/6
were formed as film with the size of �4�8 mm2 and thick-
ness of �0.1 mm.

EPR study of these samples was performed using a 3 cm
�X band, 9.7 GHz� PS-100X spectrometer with 100 kHz field
ac modulation for phase-lock detection. The temperature of
the sample was stabilized in nitrogen atmosphere by the
BRT-IOH controller in the range of 90–320 K with the
�0.5° error. Besides, the spectra of the samples were also
registered at 77 K in quartz dewar with liquid nitrogen. The
total effective susceptibility of paramagnetic centers in the
samples was determined by comparison of their double inte-
grated EPR spectra with that of calibrated quantity of 1,1-
diphenyl-2-picrylhydrazyl. EPR spectra were simulated us-
ing the Bruker® WINEPR SIMFONIA V.1.25 programs. The
uncertainty in the determination of the peak-to-peak line-
width �Bpp and the value of g-factor was consequently �2
�10−2 G and �2�10−4.

III. RESULTS AND DISCUSSIONS

A. Magnetic resonance parameters

Paramagnetic centers �PCs� in the initial P3HT sample
demonstrates at 3 cm wave band EPR Lorentzian exchange-
narrowed nearly symmetrical line with effective geff

=2.0029 �Fig. 1�. As the sample is modified by fullerene
in its spectrum appear two additional lateral lines. This
fact evidences for the localization of part of polarons
probably at cross bonds and/or at ends of polymer
chains during such a modification. The intensity of these
components decreases in the series P3HT /1→P3HT /6
→P3HT /2→P3HT /3→P3HT /4→P3HT /5.

In order to determine more correctly and completely
such main magnetic resonance parameters as g-tensor terms,
peak-to-peak linewidth �Bpp, and paramagnetic susceptibil-
ity �, one should model EPR spectra of PCs stabilized in the

samples. We suppose that first derivative of the effective
spectrum G��B� of localized and mobile polarons are charac-
terized by inhomogeneously broadened and motionally nar-
rowed EPR spectra with Gaussian GG

� �B� and Lorentzian
GL

� �B� distributions, respectively,18

G�B� = IG
0
�e�B − B0�

�Bpp
exp�−

2�B − B0�2

�Bpp
2 	

+ IL
0 16�B − B0�

9�Bpp
�1 +

4�B − B0�2

3�Bpp
2 	−2

. �1�

The deviation from g-factor for the free electron
�ge=2.002 32� of the g-factor of PCs in such conjugated
�-electron systems is due to noncompensated orbital mo-
mentum, which induces an additional magnetic field. The
g-tensor terms are expressed by an equation18

gii = ge
1 +
�s�s�0�
�Enj

� , �2�

where �s�0� is the spin density on the sulfur nucleus, �s is the
constant of the spin-orbit interaction of the electron spin with
sulfur nucleus equal to 47 meV,19 and �Enj is the energy of
the electron excitation from the ground orbit to nearest �*

and �* orbits. The orbital moment due to a direct �-�* ex-
citation is negligible and shows up on the neighboring C
atoms only. On the other hand, the g-factor anisotropy is
induced by additional fields along the x and y directions
within the plane of � skeleton and not along the perpendicu-
lar the z direction. For sulfur-containing organic solids, ap-
propriate �En�* and �En�* lie near 2.6 and 15.6 eV,
respectively.20–22 In these systems, each unpaired electron is
localized on the sulfur atom, so then their isotropic g-factor
lies near 2.018–2.200. Small shift of effective g-factor of the
samples studied from ge evidences that a spin is delocalized
in these systems at least on two tens of sulfur sites.

Computer simulation shown that two types of PCs are
indeed stabilized in the samples, namely, a polarons localized
at cross bonds or/and on the short �-conjugated polymer
chains R1 with gxx=2.004 93, gyy =2.003 01, gzz=2.000 98,
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and linewidth �Bpp=0.66 G, and a polaron moving along the
main �-conjugated polymer chain R2 with gxx=gyy =gzz

=2.002 92, and �Bpp=2.15 G. The principal x axis is chosen
parallel to the longest molecular c axis, the y axis lies in the
thiophene rings plane, and the z axis is perpendicular to the x
and y axes. The best fit of the R1 signal was achieved using
nearly Gaussian line shape, which means that the transitions
are inhomogeneously broadened mainly due to unresolved
hyperfine interaction of unpaired spin with protons. Simu-
lated spectra of R1 and R2 PCs are shown in Fig. 1 as well.
The effective g-factor of the R1 PCs, geff=1 /3	gii, lies near
to that of the R2 ones. This fact supports the supposition
made above about the nature of PCs. Spin concentration ratio
�R1� / �R2� lies near 0.089 for P3HT/1 with phenyl, the
fullerene derivative’s side chain, slightly decreases for
P3HT/6 with more branched opposite end of the fullerene
derivative’s side chain and then reduces progressively for
other compounds �see Fig. 1�. Note, that the existence of
such polarons with different relaxations and dynamics was

determined by us also in other conjugated polymers.23 This
phenomenon can be explained by combined effect of the
fullerene derivative’s structure and conformation on the
packing order of the polymer chains. Indeed, the more sphe-
ricity of the fullerene derivative, the smaller disorder of
polymer chains appears. In this case, the smaller mobile po-
larons are localized on the polymer chains so then contribut-
ing to the R1 spectrum.

B. Paramagnetic susceptibility

Effective spin susceptibility of the samples � is shown in
Fig. 2 as function of temperature. It is seen from the figure
that this parameter depends not only on the temperature but
also on the structure of a fullerene derivative. This value
increases at the treating of P3HT by the fullerene derivatives
1 and 2 and then returns to the previous value in the case of
the 3–6 fullerene derivatives �Fig. 2�.

Generally, temperature dependent static paramagnetic

FIG. 1. �a� EPR spectra of the initial
P3HT and fullerene-modified samples
P3HT/1–P3HT/6 registered at 300 K
and B1=15 mG. �b� Experimental
EPR spectrum of the sample P3HT/1
�solid line� compared to sum theoreti-
cal spectrum �dashed line� of localized
R1 and mobile R2 polarons calculated
from Eqs. �1� and �2� with relative
concentration ratio �R1� / �R2�=0.089
and IL

0 / IG
0 =0.3 and 0.2, respectively.

The formation of polaron in P3HT is
shown schematically. The magnetic
resonance parameters measured are
shown as well.

FIG. 2. �T vs T dependences obtained for the initial
P3HT and fullerene-modified samples P3HT/1–
P3HT/6. Top-to-down dashed lines show the dependen-
cies calculated from Eq. �5� with Ea=2.0, 1.9, and
4.0 meV, respectively.
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susceptibility of Ns localized and Ne mobile polarons with
S= 1

2 consists of two appropriate parts. First, contribution
should follow the Curie low

�s�T� =
Ns
eff

2

3kBT
, �3�

where 
eff=
Bg�S�S+1� is the effective magneton, 
B is the
Bohr magneton, and kB is the Boltzmann constant.

The samples studied demonstrate more complex tem-
perature dependence for own spin susceptibility �Fig. 2�. The
analysis shown that this value cannot be described in terms
of the model proposed by Raghunathan et al.24 for interact-
ing spins in doped organic conductors, regioregular P3HT
among them.25 In order to interpret the obtained experimen-
tal data, we should consider also the term of susceptibility
coming due to quasi-one-dimensional �quasi-1D� mobile po-
larons characterizing by midgap energy Eg=2Ea near the
Fermi level26,27

�e�T� = 2�e
0�

�

� x
�x2 − �2

ex

�1 + ex�2dx

= �e
0
�� exp�1 − �� at � 
 4

�1 − 0.21�2� at � � 1/4,
� �4�

where �=Ea /kBT.
The analysis shown that the Ea value evaluated using the

high-temperature limit of Eq. �4� is too large �3–20 eV�, so
to interpret our data, we should use the other limit of Eq. �4�.
In this case, spin susceptibility of mobile polarons is charac-
terized by activation low and, besides, the T−1/2 factor ap-
pears in its temperature dependence.

Indeed, Fig. 2 shows that the experimental data obtained
for all polymer systems are fitted well by the combination of
Eqs. �3� and �4�,

��T� =
k1

T
+ k2� Ea

kBT
exp
1 −

Ea

kBT
� , �5�

with appropriate coefficients k1 and k2 and with Ea presented
in Table I.

C. EPR linewidth

Effective EPR linewidth of PCs stabilized in the initial
and fullerene-treated P3HT samples is presented in Fig. 3 as
function of temperature. One can see that this value de-
creases distinctly at the P3HT fullerene treatment, however,
changes weakly within the polymer/fullerene series. This
value is mainly determined by spin-spin relaxation time T2,
however, there are several relaxation processes which cause
the shortening of T2 and hence the broadening of EPR line.
One of them is the spin relaxation on the lattice phonons
with a time T1, which shortens the lifetime of a spin state and
therefore broadens the line. If we represent all the other re-
laxation processes by the time T2

� , we can write for effective
peak-to-peak width �Bpp of a Lorentzian line28

�Bpp =
1

�3�e

·
1

T2
=

1
�3�e

· 
 1

T2
� +

1

2T1
� , �6�

where �e is the gyromagnetic ratio for electron.
For an isolated spin, there are mainly two contributions

to the 1 /T2
� term of Eq. �6�, namely spin dipole-dipole �d and

hyperfine �h interactions.29 However, if the spin is movable
or exchange interacts with other spins with �ex exceeding
both the �d and �h values its line becomes motional nar-
rowed and30

1

T2
=

10�d
2 + 3�h

2

3�ex
=

�e

3Bex
�51
eff

2 ne
2 + A2I�I + 1�� , �7�

where Bex is the additional magnetic field arising due to spin
motion, ne is the spin concentration, A is the hyperfine con-
stant, and I is the nuclear spin.

The diffusing of polarons along and between chains of
conjugated polymers is studied using the Bloch–Hasegawa
equations.27 The linewidth of such system spin reservoir is
mainly determined by dipole-dipole activation interaction
between two type of polarons with activation energy of Edd,
so that27,31

TABLE I. Parameters Ea, Edd, and Eb �all in meV� determined from Eq.
�5�, Eq. �8�, and Eq. �13�, respectively, as well as the D1D �in 1011 rad /s�
and D1D /D3D values determined from Eqs. �11� and �12� at room tempera-
ture for the initial P3HT and fullerene-treated samples P3HT/1–P3HT/6
with side chains R.
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�Bpp�T� = �Bpp
0 T−1/2 exp
−

Edd

kBT
� . �8�

Some dependencies calculated from Eq. �8� with differ-
ent Edd values are presented in Fig. 3 as well. The figure
shows that the temperature dependencies of the linewidth
determined from the spectra are described well by the above
equation with Edd summarized in Table I.

D. Spin relaxation

As the magnetic term B1 of microwave irradiation in-
creases, the absorption line of polarons is broadened and its
intensity IL changes nonlinearly, as it is seen in Fig. 3. This

happens due to the steady-state saturation of the whole spin
reservoir allowing one to determine separately the effective
T1 and T2 values from relations32

�Bpp = �Bpp
�0��1 + �e

2B1
2T1T2, �9�

IL = IL
0B1�1 + �e

2B1
2T1T2�−3/2, �10�

where �Bpp
�0�=�3 /2�eT2 is the linewidth of unsaturated line

at the B1→0 limit. The relaxation parameters of polarons
determined from Eqs.�9� and �10� using such a method are
presented in Fig. 4�a�.

FIG. 3. Peak-to-peak linewidth of the initial P3HT and
fullerene-modified samples P3HT/1–P3HT/6 as func-
tion of temperature. By the top-to-down dashed lines
are shown the dependencies calculated from Eq. �8�
with Ea=5.0, 4.6, 4.4 meV, respectively. In the inset,
the change of the line amplitude and width of the initial
P3HT sample with the B1 value at T=77 K as well as
the dependencies calculated from Eqs. �9� and �10� with
T1=1.2�10−6 and T2=4.1�10−8 s are shown.

FIG. 4. Temperature dependencies of the longitudinal �T1, filled points� and transversal �T2, open points� relaxation times determined from Eqs. �9� and �10�
�a� as well as the in-chain �D1D, filled points� and interchain �D3D, open points� diffusion coefficients determined from Eqs. �11� and �12� for polarons
stabilized in the initial P3HT and fullerene-modified samples P3HT/1–P3HT/6. The dependence calculated from Eq. �13� with Ea=25.3 meV is shown as an
example by dashed line as well.
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E. Spin dynamics

A part of polarons diffusing along and between the poly-
mer chains with respective diffusion coefficients D1D and
D3D induces an additional magnetic field in the whereabouts
of another spins that, in turn, accelerates electron relaxation
of whole spin ensemble. As the relaxation times of the spins
are defined mainly by their dipole-dipole interaction, the fol-
lowing equations can be written as:19

T1
−1��e� = ��2��2J��e� + 8J�2�e�� , �11�

T2
−1��e� = ��2��3J�0� + 5J��e� + 2J�2�e�� , �12�

where ��2�=1 /10�e
4�2S�S+1�n�ij is the constant of a

dipole-dipole interaction for powder with n polarons per
each monomer and lattice sum �ij, J��e�= �2D1D

� �e�−1/2 at
D1D

� ��e�D3D or J�0�= �2D1D
� D3D�−1/2 at D3D��e is a

spectral density function for quasi-1D motion, D1D
�

=4D1D /L2, �e is resonant angular frequency of the electron
spin precession, and L is a factor of spin delocalization over
a polaron equal approximately to five monomer units in
P3AT.33 The similar spectral density function was earlier
used in the study of spin dynamics in other conjugated
polymers.15,23

Figure 4�b� shows how the coefficients D1D and D3D of
polaron diffusion in the initial and fullerene-modified
samples calculated from Eqs. �11� and �12� at L�5,33 are
changed with the temperature. The data obtained evident that
the D1D value as well as the anisotropy of spin diffusion
D1D /D3D tends to increase in the series P3HT→P3HT /1
→ ¯ →P3HT /6 �see Table I�.

The analysis shown that the best interpretation of the
D1D�T� dependencies presented in Fig. 4 should be inter-
preted in terms of the motion of small polarons through ac-
tivation barrier Eb in quasi-1D system.34,35 In this case, the
D1D value should change with temperature as

D1D�T� = D1D
0 T−4 exp
−

Eb

kBT
� . �13�

Figure 4 evidences that the temperature dependences de-
termined for polaron diffusion along polymer chains in the
polymer systems studied are fitted well by Eq. �13� with Eb

also presented in Table I. The activation barrier energies ob-
tained lie near to those determined for lattice phonons in
other conjugated polymers,23 poly�3-octylthiophene�36 and
poly�3-hexylthiophene�37 among them.

IV. CONCLUSION

In this work, we performed comparative EPR studies of
the magnetic, relaxation, and electron dynamic properties of
the initial P3HT sample and different P3HT/fullerene com-
posites. The microwave saturation studies allowed one to
determine separately all relaxation parameters of polarons
with different relaxation and mobility formed in these
samples. Both the effective relaxation times and paramag-
netic susceptibility of polarons are governed by their dipole-
dipole interaction with own microenvironment and other

PCs. Spin and electronic dynamics in the P3HT can be de-
scribed in terms of the activation diffusion of small polarons
along the polymer chains.

The introduction of the 1–6 fullerene derivatives into
polymer matrix changes its dimensionality and conforma-
tion. This changes the interaction of polarons with own
microenvironment that leads to the change in their mag-
netic, relaxation, and dynamic parameters. The rate and
anisotropy of polaronic dynamics are governed by a structure
of the fullerene derivative and, probably, by its donor-
acceptor properties. The data obtained show that the acti-
vation barrier Eb crossed by a polaron increases in the
row P3HT /5→P3HT /4→P3HT /3→P3HT /6→P3HT /2
→P3HT /1. This is accompanied by the increase in concen-
tration of localized polarons R1 as well as in spin suscepti-
bility and spin-lattice relaxation time in the polymer/
fullerene system. The presence of linear side chains in the
fullerene derivatives 3, 4, and 5 seems to decrease the acti-
vation barrier Eb. On the other hand, shortening �2� or
branching �1 or 6� of the side chain in the molecule of the
fullerene derivative results in the higher activation barrier as
well as in the appearance of greater number of localized
polarons on the polymer chains. This can be explained by the
complex orientation and conformation effect of the fullerene
side substitude �depending, e.g., on the relative position and
orientation of its –CO–O– group� on a conformation of poly-
mer chains via orientation and to lesser degree dispersion
van der Waals forces that might change conformation of
polymer chains. The interaction of polarons with other PCs
characterized by the Ea and Edd values is weaker then their
interaction with the polymer lattice phonons characterized by
Eb. The introduction of an optimal fullerene derivative leads
to the simultaneous decrease of these correlated parameters
and also to the acceleration of 1D polaronic diffusion in the
P3HT/fullerene samples.

The dynamics of polarons photoinduced in different
P3AT/fullerene systems is very interesting not only experi-
mentally but also theoretically. We are carrying out now
some deeper experimentation with P3HT and other P3AT
blended with fullerene derivatives to address these questions
in more detail in the future.
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