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Abstract

The structural effect of a side chain in a fullerene derivative on electron relaxation and polaronic charge transfer in a poly(3-hexyl-
thiophene)/fullerene composite was studied by 3 cm waveband electron paramagnetic resonance. All the systems with different fullerene
derivatives demonstrate a sum spectrum of small localized and mobile polarons whose contributions depend on the structure of the ful-
lerene derivative. Both the spin—lattice and spin—spin relaxation times were determined separately in a wide (77-320 K) temperature
region using the steady-state saturation method. It was shown that spin relaxation, susceptibility and dynamics are governed by the
dipole—dipole interaction of the polarons as well as by the structure of the side chains in the fullerene derivative. The treatment of
the polymer matrix by the fullerene changes its dimensionality and accelerates polaron diffusion along polymer chains.
© 2008 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Conjugated polymers with extended m-electron systems
in their main chain attract much interest from not only
purely scientific viewpoints but also because of their pro-
spective use as a 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 underlying the electrical, thermal and
optical behavior of organic polymeric materials is essential
for the optimization of devices fabricated using these
materials.

Among side chain substituted polymers, the alkyl-
substituted polythiophenes [5] are seen as a major mile-
stone in the development of high-performance solution
processible electronic polymer systems. As the parent
polymer, polythiophene, already tends towards backbone
planarity, there is a strong cooperative self-assembly of
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poly(3-alkylthiophenes) (P3AT) into well-ordered lamellar
phases [6,7]. For some applications, this behavior has the
desirable effect of enhancing interchain p-orbital overlap,
thereby improving the electron transport properties. Such
overlapping is higher in poly(3-hexylthiophene) (P3HT)
with shorter alkyl substitute, which stipulates faster
polaron formation and recombination in this polymer.
The nature of the coupling between adjacent alkylthioph-
ene 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 polythi-
ophene backbone out of planarity, and hence a decrease
in the conjugation of the m-conjugated system [8]. This
effect changes the electronic band structure of the polymer
and leads to novel photoluminescence and electrolumines-
cence [9]. Head-to-tail regioregular P3HT exhibits a planar
configuration, higher mobility and a higher degree of
crystallinity in the films [10]. Real P3AT are characterized
by weak paramagnetism due to mobile polarons originat-
ing from the synthesis and/or the adsorption of oxygen
from the ambient atmosphere [11]. The illumination of a
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polymer/fullerene film by light leads to the photoinduced
electron transfer from the polymer chain to the fullerene
molecule and, therefore, to simultaneous formation of
additional polarons P" and fullerene ion-radicals Cy, in
the film. The efficiency of such a process, including the
charge separation, quantum yield, absence of the electron
traps, etc. should be governed by the structure of both
the polymer and the fullerene derivative. P3HT and fuller-
ene derivatives are frequently used as effective donor and
acceptor composite materials in plastic solar cells [12-14].
Undoubtedly, the charge transfer in the initial and fuller-
ene-treated polymers should be studied before their use
as the active matrix of solar cells. However, the physics
processes in these systems have been scarcely studied and
understood.

Polarons stabilized in P3AT possess spin 1, so electron
paramagnetic resonance (EPR) is a powerful method for
the study of such solids [11,15,16]. As in the case of other
organic solids, the method allows one to determine the
main magnetic resonance parameters through the mea-
surement of the paramagnetic susceptibility, g-factor, line-
width and line shape of the polarons, and new important
information on the amplitude and correlation time of
inside fluctuating fields in fullerene-modified P3AT com-
pounds from longitudinal 7', and transversal 7, electron
spin relaxation times. Spin—spin relaxation time is usually
measured from the EPR linewidth; however, inhomoge-
neous broadening masks increase the effect of fluctuating
fields.

The main aim of this paper is to clarify the role of the
structure of the fullerene derivative in the magnetic, relax-
ation and dynamics properties of a whole spin reservoir
in the polymer/fullerene system. The existence of pola-
rons with different relaxation and mobility in P3HT
blended with fullerene derivatives is shown. The effective
relaxation times and paramagnetic susceptibility of these
paramagnetic reservoirs were studied, as well as the
dynamics of mobile polarons in a wide temperature
range, and the effect of the dipole—dipole interaction
between mobile and localized spins on these parameters
was analyzed. Finally, the correlation between the elec-

tronic and macromolecular properties was analyzed.
Small polarons are formed in the initial and fullerene-
modified P3HT whose main magnetic and electronic
properties are governed by the structure of the fullerene
derivative. The dimensionality of the polymer/fullerene
system was also determined by the structure of the fuller-
ene derivative.

2. Experimental

Regioregular P3HT (the chemical structure is shown in
Fig. 1) with lattice constants « = 1.680 nm, » = 0.766 nm,
and ¢ = 0.770 nm [7] was purchased from Aldrich and used
without further purification. The synthesis of the soluble
fullerene derivatives 1-6

with side chains R——(CH,),C(O)OCH,Ph, —(CH,),C-
(O)O-CHs;, —(CH,),C(O)OCH,CHj3;, —(CH,);C(O)OCH3,
—(CH),C(O)O(CH,),CH3,  —(CH,),C(O)OCH(CH,)»,
respectively, was described in detail previously [17]. The
chlorobenzene solution of P3HT and appropriate fullerene
derivatives 1-6 (1:1 wt. ratio) with concentration ~1 wt.%
was placed onto a 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 ~4 x § mm?>
in area and ~0.1 mm thick.

EPR study of these samples was performed using a
3cm (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 a nitro-
gen atmosphere by the BRT-IOH controller in the range
90-320 K with +0.5° error. In addition, the spectra of
the samples were also registered at 77 K in quartz dewar
with liquid nitrogen. The total paramagnetic susceptibil-
ity of the samples was determined by comparing their
double integrated EPR spectra with that of a calibrated
quantity of 1,1-diphenyl-2-picrylhydrazyl. EPR spectra
were simulated using the Bruker WinEPR SimFonia
V.1.25 program. The uncertainty in the determination
of the peak-to-peak linewidth AB,, and the value of
the g-factor were consequently +2x 102G and
+2 x 1077



3984 V.I. Krinichnyi et al. | Acta Materialia 56 (2008) 3982-3989

P3HT/4
P3HT/3
P3HT/2

P3HT/6
P3HT/1

(a)

_— >

P3HT/1

(b)

Fig. 1. (a) EPR spectra of the initial P3HT and fullerene-modified samples P3HT/1-P3HT/6 registered at 300 K and B; = 15 mG. (b) Experimental EPR
spectrum of the sample P3HT/1 (solid line) compared with sum theoretical spectrum (dashed line) of localized R; and mobile R, polarons calculated from
Egs. (1) and (2) with relative concentration ratio [R,}/[R,] = 0.089 and I /I%, = 0.3 and 0.2, respectively. The formation of polaron in P3HT is shown

schematically. The magnetic resonance parameters measured are also shown.

3. Results and discussion
3.1. Magnetic resonance parameters

No EPR signal was found in pure fullerene derivatives
at the 3 cm waveband in the whole temperature range.
Using 3 cm waveband EPR, the initial P3HT sample dem-
onstrates a Lorentzian exchange-narrowed, nearly symmet-
rical line with effective g.x = 2.0029 (Fig. 1). As in the case
of regioregular P3AT with longer side chains [18,19], this
can be interpreted as stabilization in the polymer of mobile
polarons during synthesis and/or its treating by oxygen in
the air. As the sample is modified by fullerene, two addi-
tional lateral lines appear in its spectrum. This fact is evi-
dence for the localization of part of the polarons,
probably at cross-bonds and/or at the 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 the g-tensor
terms, peak-to-peak linewidth AB,, and paramagnetic sus-
ceptibility y, one should model the EPR spectra of para-
magnetic centers (PCs) stabilized in the samples. It is
supposed that the first derivative of the effective spectrum
G'(B) of localized and mobile polarons is characterized
by inhomogeneously broadened and motionally narrowed
EPR spectra with Gaussian G‘(}(B) and Lorentzian G‘L(B)
distributions, respectively [20]

G\(B) = G, (B) + GL(B) = 1, VEE=B0) o {_ LBO)Z}

AB,, AB},
-2
16(B — By) 4(B — By)’
+h 9AB = 3A320 m
pp pp

The deviation from the g-factor for the free electron
(ge = 2.00232) of the g-factor of PCs in such conjugated
n-electron systems is due to the non-compensated orbital
momentum, which induces an additional magnetic field.
The g-tensor terms are expressed by [20]

gi =& (1 + %(0)) 2)

nj

where pg(0) is the spin density on the sulfur nucleus,
As = 0.047 eV [21] is the constant of the spin—orbit interac-
tion of the electron spin with the sulfur nucleus, and AE,; is
the energy o*f the ele*ctron excitation from the ground orbit
to nearest 1 and o orbits. The orbital moment due to di-
rect T excitation is negligible and shows up on the
neighboring C atoms only. However, the g-factor anisot-
ropy is induced by additional fields along the x and y-direc-
tions within the plane of the ¢ skeleton and not along the
perpendicular z-direction. For sulfur-containing organic
solids, appropriate AE,,- lies near 2.6eV [22,23] and
AE, s lies near 15.6 eV [24]. In these systems, each unpaired
electron is localized on the sulfur atom, so that their isotro-
pic g-factor lies near 2.018-2.200. The small shift of the
effective g-factor of the samples studied from g. shows that
a spin is delocalized in these systems at least on two tens of
sulfur sites.

Computer simulation shows that two types of PCs are
indeed stabilized in the samples, namely, polarons localized
at cross-bonds or/and on the short m-conjugated polymer
chains R; with g, =2.00493, g,, =2.00301, g..=
2.00098, and linewidth AB,,, = 0.66 G, and a polaron mov-
ing along the main m-conjugated polymer chain R, with
8xx = &y = &= = 2.00292, and AB,, =2.15 G. The princi-
pal 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 R; sig-
nal was achieved using nearly Gaussian line shape, which



V.L Krinichnyi et al. | Acta Materialia 56 (2008) 3982-3989 3985

means that the transitions are inhomogeneously broad-
ened, mainly as a result of unresolved hyperfine interaction
of unpaired spin with protons. Simulated spectra of PCs R,
and R, are also shown in Fig. 1. The effective g-factor of
the PCs R, gy = 1/3Xg;;, lies near that of the PCs R,. This
fact supports the supposition made above about the nature
of PCs. Spin concentration ratio [R;])/[R,] lies near 0.089
for P3HT/1 and decreases for other compounds (see
Fig. 1). Note that the existence of such polarons with differ-
ent relaxation and dynamics was also determined in other
conjugated polymers [25].

3.2. Paramagnetic susceptibility

The effective spin susceptibility of the samples y is shown
in Fig. 2 as a function of temperature. It is seen from Fig. 2
that this parameter depends not only on the temperature,
but also on the structure of a fullerene derivative. This
value increases on treating the P3HT by fullerene deriva-
tives 1 and 2 and then returns to the previous value in
the case of the 3-6 fullerene derivatives (Fig. 2).

Generally, the temperature-dependent static paramag-
netic susceptibility of Ny localized and N, mobile polarons
with § = 1 consists of two appropriate parts. The first con-
tribution should follow the Curie law

Nty

(D) =3 o)

where i = g/ S(S + 1) is the effective magneton, up is
the Bohr magneton, and kg is the Boltzmann constant.

The samples studied demonstrate more complex temper-
ature dependence for their own spin susceptibility (Fig. 2).
The analysis shows that this value cannot be described in
terms of the model of interacting spins proposed by Raghu-
nathan et al. [26] for doped organic conductors, regioregu-
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Fig. 2. T vs T dependences obtained for the initial P3HT and fullerene-
modified samples P3HT/1-P3HT/6. Vertical dashed lines show the
dependences calculated from Eq. (5) with E, =2.0, 1.9 and 4.0 meV,
respectively.

lar P3BHT among them [27]. In order to interpret the
experimental data obtained, one should also consider the
term of susceptibility due to Q1D mobile polarons charac-
terized by mid-gap energy E,=2FE, near the Fermi level
[28,29]
* X e
2(T) =270 / dx
() eQ /x27Q2(1+eX)2
_ 0 VQexp(1-Q) atQ >4
‘1 (1-0210Q%) atQ<1/4

where Q = E,/kgT.

The analysis shows that the E, value evaluated using the
high-temperature limit of Eq. (4) is too large (3-20 eV), so
to interpret the data one should use the other limit of Eq.
(4). In this case, the spin susceptibility of mobile polarons
is characterized by activation law and, in addition, the
T~'72 factor appears in its temperature dependence.

Indeed, Fig. 2 shows that the experimental data
obtained for all the polymer systems are fitted well by the
following combination of Egs. (3) and (4):

K E, E,
() =5 ke[ (1- 22 5

with appropriate coefficients k| and k, and the E, summa-
rized in Table 1.

3.3. EPR linewidth

The effective EPR linewidth of PCs stabilized in the ini-
tial and fullerene-treated P3HT samples is presented in
Fig. 3 as a function of temperature. One can see that this
value decreases distinctly on P3HT fullerene treatment,
but changes weakly within the polymer/fullerene series.
This value is determined mainly by the spin—spin relaxation
time 75, but there are several relaxation processes which
cause the shortening of 7, and hence the broadening of
the EPR line. One of them is spin relaxation on the lattice
phonons with time 7', which shortens the lifetime of a spin
state and therefore broadens the line. If one represents all
the other relaxation processes by the time T |, one can write
for effective peak-to-peak width AB,, of a Lorentzian line
[30]

1 1 1 1 1
AB,, = = =4 = 6

m VTV (rz zn) )
where 7, is the gyromagnetic ratio for the electron.

For an isolated spin, there are two main contributions to
the 1/T ‘2 term of Eq. (6), namely spin dipole-dipole w4 and
hyperfine w; interactions [31]. However, if the spin is
movable or exchange interacts with other spins with wey
exceeding both the wyq and w, values, its line becomes
motional narrowed and [32]

1 100} + 3w}

T,

Ve
30u =3B, [S1pgme + A1 + 1)] (7)
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Table 1

Parameters E,, Eqq and E, (all in meV) determined from Egs. (5), (8), and (13), respectively, as well as the Dyp (in 10" rad s™1) and D;p/Dsp values
determined from Egs. (11) and (12) at room temperature for the initial P3HT and fullerene-treated samples P3HT/1-P3HT/6 with side chains R

Sample R E, Eqq Ey Dip Dip/Dsp
P3HT — 4.0 5.0 25.3 3.3 12
P3HT/1 2.0 4.4 23.8 5.4 16
H, O
/C—<
—C 0—C
H, H,
P3HT/2 H2 O 1.9 43 19.8 6.0 32
"
/
—c 0—CH,
H, i
P3HT/3 H O 2.0 4.6 10.9 7.7 77
2
C"{ CH,
/
—C 0—C
H, H,
P3HT/4 H 6] 1.4 3.8 2.7 8.6 71
2
L
/
—c—C  0—CH,
H, H,
P3HT/5 H O g 1.7 39 0.9 52 18
2 2
c—{ C—CH,
/ /
—C O0—C
H, H,
P3HT/6 H 6] 0.2 3.7 9.9 22 1300
2
C 4/< CH,
/
—C o0—C .
H, Hcn

where B, is the additional magnetic field arising as a result
of spin motion, n, is the spin concentration, 4 is the hyper-
fine constant, and 7 is the nuclear spin.

The diffusing of polarons along and between chains of
conjugated polymers is studied using the Bloch-Hasegawa
equations [29]. The linewidth of such a system spin reser-
voir is determined mainly by dipole—dipole activation inter-
action between two types of polarons with activation
energy Eqq, so that [29,33]

E
ABy,(T) = Ang]Lm cXp (_ kB_d;) (8)

Some dependences calculated from Eq. (8) with different
Eg4q values are also presented in Fig. 3, which shows that
the temperature dependences of the linewidth determined
from the spectra are described well by the above equation
with E4q summarized in Table 1.

3.4. Spin relaxation

As the magnetic term B; of microwave irradiation
increases, the absorption line of the polarons is broadened,
and its intensity I} changes non-linearly, as shown in
Fig. 3. This is due to the steady-state saturation of the
whole spin reservoir, allowing one to determine separately
the effective T, and T, values from relations [34]

AB,, = AB](D‘Q\ [1+92BT,\T, 9)

Iy =B (14 2B’T\T,) (10)

where ABY) = \/3/2;,T, is the linewidth of the unsaturated
line at the B; — 0 limit. The relaxation parameters of pola-
rons determined from Egs. (9) and (10) using such a meth-
od are presented in Fig. 4a.
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Fig. 3. Peak-to-peak linewidth of the initial P3HT and fullerene-modified samples P3HT/1-P3HT/6 as a function of temperature. The top-to-down
dashed lines show the dependences calculated from Eq. (8) with E, = 5.0, 4.6 and 4.4 meV, respectively. In the insert, the change in the line amplitude and
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Fig. 4. (a) Temperature dependences of the longitudinal (77, filled points) and transversal (75, open points) relaxation times determined from Egs. (9) and
(10) as well as (b) the intrachain (D;p, filled points) and interchain (D;p, open points) diffusion coefficients determined from Egs. (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 E, = 25.3 meV is

also shown as an example by the dashed line.

3.5. Spin dynamics

Part of the polarons diffusing along and between the
polymer chains with respective diffusion coefficients D;p
and D;p induces an additional magnetic field near another
spin, which, in turn, accelerates the electron relaxation of
the whole spin ensemble. As the relaxation times of the
spins are defined mainly by their dipole—dipole interaction,
the following equations can be written [21]:

T (we) = (@) [2 (@) + 87 (200c)] (11)
Ty (we) = (@?)[37(0) + 57 (e) + 27 (200c))] (12)

where (0?) = 1/10y*#*S(S + 1)ny_,; is the constant of a di-
pole—dipole interaction for powder with »n polarons per
each monomer and lattice sum ), J(w,) = 2D\ pw.)
at D‘lD > e > D3D or J(O) (2D1DD3D) 172 at D 3D>> We
is a spectral density function for QID motion
D‘lD =4D\p /L, w, is the resonant angular frequency of
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the electron spin precession, and L is a factor of spin delo-
calization over a polaron equal to approximately five
monomer units in P3AT [35]. A similar spectral density
function was used earlier in the study of spin dynamics in
other conjugated polymers [11,25].

Fig. 4b shows how the coefficients D;p and D;p of
polaron diffusion in the initial and fullerene-modified sam-
ples calculated from Egs. (11) and (12) at L ~ 5 [35] change
with temperature. The data obtained show that the Dp
value as well as the anisotropy of spin diffusion D;p/Dsp
tend to increase in the series P3HT — P3HT/1 — ---
— P3HT/6 (see Table 1).

The analysis shows that the best interpretation of the
D,p(T) dependences presented in Fig. 4 should be inter-
preted in terms of the motion of small polarons through
activation barrier Ey in the Q1D system [36,37]. In this case
the Dp value changes with temperature as

Dio(1) = Dfp T *exp - 5 ) (13)

Fig. 4 shows that the temperature dependences deter-
mined for polaron diffusion along polymer chains in the
polymer systems studied are fitted well by Eq. (13), with
Ey, also presented in Table 1. The activation barrier ener-
gies obtained lie near those determined for lattice phonons
in other conjugated polymers [25], poly(3-octylthiophene)
[19] and P3HT [38] among them.

4. Conclusions

In this work, comparative EPR studies of the magnetic,
relaxation and electron dynamics properties of the initial
P3HT sample and different P3HT/fullerene composites
were performed. The treatment of P3HT with fullerene
derivative changed the interaction of polarons with their
own microenvironment which in turn changed their mag-
netic, relaxation and dynamic parameters. The microwave
saturation studies allowed all the relaxation parameters
of the polarons with different relaxation and mobility
formed in these samples to be determined separately.

The effective relaxation times and paramagnetic sus-
ceptibility of both types of paramagnetic centers are gov-
erned by their dipole-dipole interaction. These
parameters as well as the dynamics of mobile polarons
depend on the molecular structure of the fullerene deriv-
ative. Electronic dynamics can be described in terms of
the activation diffusion of small polarons along the poly-
mer chains in the initial and fullerene-modified P3HT.
The rate and anisotropy of these dynamics are also gov-
erned by the structure of the fullerene derivative and,
probably, its donor-acceptor properties. The introduc-
tion of the 1-6 fullerene derivatives into the polymer
matrix changes the polymer dimensionality, which accel-
erates polaron diffusion along the polymer chain and,
therefore, its interaction with the polymer matrix. The
fullerene derivative introduces specific states, initiating
the localization of part of the mobile polarons.

The data obtained show that the activation barrier Ej,
crossed by a polaron increases in the order P3HT/
5 — P3HT/4 —» P3HT/3 —» P3HT/6 — P3HT/2 — P3HT/
1. This is accompanied by an increase in concentration of
the localized polarons R, as well as in the spin susceptibil-
ity and spin—lattice relaxation time in the polymer/fullerene
system. It seems that such linear side chains in fullerene
derivatives 3 (R=—CH,CH,COOCH,CH3), 4 (R=
—CH,CH,CH,COOCH3), and 5 (R=——CH,CH,COOCH,
CH,CHj;) decrease the activation barrier E}. Shortening
(R=—CH,CH,COOCH; (2)) or branching
(R:—CHQCHQCOOCH(CH::,)Q (6) or RZ—CH2CH2COO
CH,CgHjs (1)) of the side chain in the molecule of the ful-
lerene derivative results in higher activation barriers. This
can be explained by the complex orientation and confor-
mation effect of the fullerene side substitute (depending,
for example, on the relative position and orientation of
its -CO-O- group) on the conformation of polymer chains
via orientation and, to a lesser degree, dispersion van der
Waals forces changing the conformation of the polymer
chains. The interaction between mobile or localized pola-
rons characterized by the E, and Eyq4 values is weaker than
their interaction with the polymer lattice phonons charac-
terized by E,. The introduction of an optimal fullerene
derivative leads to the simultaneous decrease in these corre-
lated parameters and also to the acceleration of 1D pola-
ronic 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. The authors are carrying
out some deeper experimentation with P3HT and other
P3AT blended with fullerene derivatives to address these
questions in more detail.
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