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Abstract. An initial virgin plasticine-like poly(3-octylthiophene) (P30T) and this sample modified
by annealing and recrystallization were investigated mainly at X-band (10 GHz) and at D-band (140
GHz) electron paramagnetic resonance (EPR) in a wide temperature region. Paramagnetic centers with
anisotropic magnetic-resonance parameters were proved to exist in all polymers, namely, mobile po-
larons whose concentration and susceptibility depend on the temperature and the polymer treatment.
Superslow torsional motion of the polymer chains and layers was studied by the saturation transfer
method at D-band EPR. Spin-spin and spin-lattice relaxation times were measured separately by
steady-state saturation method at the same waveband EPR. Intrachain and interchain spin diffusion
coefficients and conductivity due to polaron dynamics were calculated. It was shown that the charge
transport in P30T is determined by the strong spin-spin interaction and is stimulated by torsion mo-
tion of the polymer chains. The total conductivity of P30T is determined mainly by dynamics of
paramagnetic charge carriers. Magnetic, relaxation and dynamics parameters of P30T were also shown
to change during the polymer treatment.

1 Introduction

The magnetic and electronic properties of organic polymer semiconductors with
extended m-conjugated system, trans-polyacetylene (¢rans-PA) and poly(p-phe-
nylene)-like, are widely studied in the last years [1-4] owing to their potential
use as active materials in molecular electronics [5—7]. Particularly, polythiophene
and its derivatives, poly(3-alkylthiophene) (P3AT) (Fig. 1a) have been the sub-
ject of many investigations [8, 9] as a model system for understanding the elec-
tronic and optical properties of sulphur-based one-dimensional (1-D) systems with
nondegenerate ground states [8—10]. In their undoped state these organic materi-
als are semiconductors, whose energy mid-gap is determined by the presence of
the m-orbital conjugation along the main polymer axis. For P3AT the gap amounts
ca 2 eV at ambient temperatures giving rise to its characteristic red color. This
parameter, however, is found for P3AT [11, 12] to be temperature-dependent, so
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Fig. 1. Schematic structure of P3AT (a) and P3OT (b). The formation of the polaron carrying along
the P30T chain and possessing a spin S = 1/2 and an elemental charge e is shown.

that the color of the polymer is changed to yellow at the temperature change
(‘thermochromism’).

For poly(3-octylthiophene) (P30T, » = 8 in Fig. la) (Fig. 1b) the transition
temperature is close to 450 K. A decrease of the optical gap was observed [13]
in P30T due to the decrease of the torsion angle between the adjacent thiophene
rings and the enhancement of interchain interactions between parallel polymer
planes. It is well known that the transport properties of this class of materials
are mainly governed by the presence of mobile polarons originating from the
synthesis and the adsorption of oxygen from ambient atmosphere (Fig. 1b) [14,
15]. This leads to an appearance in the polymer of positively charged polarons
(spontaneous p-type doping) possessing an elemental charge e and an unpaired
electron. These charge carriers are subsequently partly trapped by the impurities,
as opposed to inorganic semiconductors where, in the case of p-type doping, the
hole is transferred from the impurity to the valence band. The presence of po-
laron in polythiophene and its derivatives was revealed by optical absorption mea-
surements and electron paramagnetic resonance (EPR) [16]. When the concen-
tration y of dopant (oxygen, iodine, etc.) increases, the number of polarons in-
creases and, starting from some doping level, the polarons combine to form dia-
magnetic bipolarons. P30T is also expected to be a suitable and perspective poly-
mer for molecular electronics [5—7, 17-19], e.g., polymer sensors [20] and poly-
mer-fullerene solar cells [21-25]. The piezoelectric effect has been also regis-
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tered in P30T [26]. DC (direct current) conductivity of an as synthesized P30T
is about 107® Scm™! [27]. McCullough et al. [28] have reported the maximum
room temperature (RT) dc electrical conductivity (o,.) of I,-doped P3AT to be
60 Scm™! for poly(3-hexylthiophene) (P3HT, n = 6 in Fig. la), 200 Scm™' for
P30T, 1000 Scm™' for poly(3-dodecylthiophene) (P3DDT, n = 12 in Fig. 1a).
This shows the correlation of the P3AT dc conductivity with the alkyl group
length and the morphology of the sample. Kunugi et al. [29] have shown by the
electrochemical study of charge transport that the RT carrier mobility in a regio-
regular P3OT film is 5-107% ecm?V~!s™! at y = 1.4-107% This value decreases
down to 5-107* cm?V~!s™! at y = 1.0- 1072 due to the scattering of polarons by
ionized dopants and the formation of immobile n-dimers. Then it increases up
to 0.5 cm?V~!s™! at y = 0.23 due to the formation of bipolarons, followed by
the evolution of the metallike conduction. The energy levels associated with the
bipolarons are empty and are located closer to the center of the gap than those
associated with the polarons [30].

Polaron possesses a spin S = 1/2, therefore P30T is widely studied by dif-
ferent magnetic resonance methods. 'H nuclear magnetic resonance (NMR) pro-
ton spin-lattice relaxation time study of an initial and ClO,-doped P30T samples
have shown [31] that the motion of the chain ends and the entire motion of the
octyl groups occurs at different temperatures. At 3-cm waveband (v = 10 GHz,
X-band) EPR of polaron in polythiophene and its derivatives is characterized by
a single line with the peak-to-peak width of 6-8 G and the g-factor close to the
g-factor of a free electron [16]. In the study of C,,-doped poly(3-octadecylthiophene)
[32], P3OT [33], and P3DDT [34] at this waveband two EPR signals with dif-
ferent magnetic parameters attributed to the positive polaron P* in the polymer
chains and to the Cg, anion have been registered.

However, the study of organic solids with paramagnetic centers (PC) at v < 10
GHz demonstrates low spectral resolution and stronger spin exchange. These
factors limit significantly the accuracy of the method and can lead to an ambigu-
ous interpretation of the results obtained. This also is a reason that there are only
a few studies of relaxation, molecular and electronic dynamic properties of P3AT.

Earlierly we have demonstrated [35-38] the advantages of the 2-mm waveband
(v= 140 GHz, D-band) EPR spectroscopy in the study of spin dynamics in vari-
ous polymer semiconductors, P30T among them [39]. This paper reports first
detailed results of the investigation of polaron dynamics in the initial and treated
P30T samples at X- and D-bands EPR. Some results on P30T have been briefly
reported previously [39].

2 Experimental

In the study was used regioregular Aldrich P30T with the average molecular
weight M, ca 142000 characterized by the lattice constants of a = 2.030 nm,
b =0.480 nm, ¢ = 0.785 nm [40]. One part of the initial P30T (P30OT-I) was
slowly (nearly for 1 h) heated at argon atmosphere from 300 up to 450 K, the
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sample was annealed at this temperature for 2 h and then the temperature was
slowly, for 2 h, decreased down to 300 K. This sample is named P3OT-A.
Another part of the initial sample was firstly solved in chloroform at 300 K and
then resolved and recrystallized for 2.5 h. At the next stage this sample was also
annealed analogous to the P30T-A sample. This sample is named P30OT-R.

EPR experiments were performed mainly on a D-band EPR-05 [41] and an
X-band PS-100X spectrometers, with 100 kHz field modulation for phase-lock
detection. The X- and D-band EPR spectra of the samples were registered in the
temperature region of 90-340 K at nitrogen atmosphere. The RT total spin con-
centration in the samples was determined with a Cu,S0,-5H,O single-crystal stan-
dard, whereas Mn** with g = 2.00102 and a = 87.4 G was used for the deter-
mination of the g-factor as well as for the magnetic field sweep scale calibra-
tion at the D-band EPR. The total paramagnetic susceptibility of PC in the samples
was determined by double integration of their EPR spectra. EPR spectra were
simulated with the Microcal Origin V.7.0552 and Bruker WinEPR SimFonia
V.1.25 programs.

Spin-lattice and spin-spin relaxation times of the initial and treated P30T
samples were measured separately at D-band EPR by the steady-state continu-
ous-wave saturation method described in detail earlier [36, 42].

3 Results and Discussion
3.1 Magnetic Resonance Parameters of Polarons in P30T

Figure 2 shows X- and D-band EPR spectra of the initial and treated P30T
samples. At the X-band the samples show a single nearly Lorentzian EPR line
with g, = 2.0019. The asymmetry factor of the lines, i.e., the ratio of their nega-
tive amplitude (A) to the positive one (B) is A/B = 1.1, and their peak-to-peak
linewidth was measured to be AB = 2.7 G (P30T), 2.7 G (P30T-A), and 2.6
G (P3OT-R) (Fig. 2a). The AB,, value is smaller than AB =~ 6-8 G obtained
for polythiophene and poly(methylthiophene) [16], however, is close to 3.2 G reg-
istered for polarons in regioregular P30T [33]. The X-band EPR spectrum of
the P3OT-I sample stored for two years is also shown in Fig. 2a by the dotted
line. Its computer modeling has shown that it consists of anisotropic and isotro-
pic spectra. The effective g-factors of these spectra are close; therefore one can
conclude that localized paramagnetic centers with more anisotropic magnetic pa-
rameters appear during the polymer storage.

The RT total spin concentration of P3OT increases during the polymer treat-
ing from 4.1-10" spin/g in P3OT-I up to 3.3-10% spin/g in P3OT-A and 3.5-10%°
spin/g in P30T-R or from 0.013 to 0.11 and to 0.11 spin per monomer unit,
respectively. Their inverse effective paramagnetic susceptibility 7' and the 7T
value are presented in Fig. 3 as function of temperature. In the high-temperature
region the spin susceptibility of the P30T-I and P30OT-R samples seems to in-
clude a contribution due to a strong spin-spin interaction (Fig. 3) as it was re-
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Fig. 2. RT X-band (a) and D-band (b) absorption EPR spectra of the P3OT-I, P30T-A and P3OT-
R. The X-band EPR spectrum of the P30OT-I stored for two years is shown by the dotted line. The
spectra calculated with g, = 2.004089, g, = 2.003322, g = 2.002322, AB; = AB) = AB. =2.5 G,
and Lorentgian-Gaussian line shape ratio = 0.9 (a), and AB) =82 G, AB} = 7.8 G, AB], =88 G
and Lorentgian-Gaussian lineshape ratio = 0.4 (b) are shown by the dashed lines. The sum spec-
trum of the lines calculated with g, = 2.00387, g, = 2.00275, AB,, = 1.1 G and g;,= 2.00312 and

AB,, = 3.5 G with the amplitude ratio of 2.5:1 is shown by the dotted line on the top left as well.

vealed in polyanilines [38, 43], poly(bis-alkylthioacetylene) [44] and poly(3-
dodecylthiophenes) [45—48]. This contribution disappears at low temperatures due
to the phase transition opening an energy gap at the Fermi level [16], so then
the susceptibility demonstrates the Curie-Weiss behavior. In this case the total
spin susceptibility follows the equation [49, 50]

(M

2
o) = 7+ —C +£{ exp(=J [ kT) }
_ ,

T—0 T|1+3exp(=J/kyT)

where y, and k, are constants, C is the Curie constant, & is the Weiss constant,
ky is the Boltzmann constant, and J is the spin-spin interaction energy.

Figure 3 shows that the y(7T') dependences are fitted well by Eq. (1) for all
P30T samples. As in the case of sulfonated polyaniline [51], these results evi-
dence that the annealing of the P30T polymer affects an effective exchange cou-
pling between spins which results in the change of an effective number of the
Bohr magnetons u, per monomer unit, however, the recrystallization neglects this
effect.
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Fig. 3. Inverse y(7)~! and Tx(T) (inset) dependences of initial and treated P3OT samples. The de-

pendences calculated from Eq. (1) with y, =0, C = 0.72 + 0.02 emuK/mole, &= 55.1 K, k, = 10.6

emuK/mole, and J = 0.0062 eV (dashed line), y, = 4.5-10"* emu/mole, C = 0.044 emuK/mole,

6=k, =0 (dotted line), y, =0, C = 4.1 emuK/mole, 8= 155.6 K, k, = 52.1 emuK/mole, and

J = 0.011 eV (dash-dotted line) are shown as well. The error of the determination of C, 6, k,, and
J values is £0.02 emuK/mole, 0.2 K, =0.3 emuK/mole, and =0.4 meV, respectively.

At the D-band EPR the samples demonstrate the superposition of more broad-
ened convoluted Gaussian and Lorentzian lines (with the Lorentgian-Gaussian
lineshape ratio ca 0.4) with the anisotropic g-factor (Fig. 2b) as it is typical for
PC in some other conducting polymers with heteroatoms [35, 36]. In order to
determine the main magnetic resonance parameters of the samples their D- and
X-band EPR spectra were compared with computed ones as it is seen in Fig. 2.
From the RT spectra of P30T-I the main components of its g-tensor have been
determined to be g, = 2.00409, g, = 2.00332, g_= 2.00235. The treatment of
the samples leads to the change of these parameters to g, = 2.00404, g, = 2.00315,
g.. = 2.00231 for P30OT-A and to g = 2.00402, g = 2.00313, g__ = 2.00234 for
P30OT-R. The temperature should affect the dlStI’lbuthH of an unpaired electron
in polaron changing the principal values of the g-tensor and hyperfine structure
of the PC in the samples. Figures 4 and 5 show the temperature dependences of

. and g values and the peak-to-peak linewidth AB  of all spectral compo-
nents of the initial and treated P30T samples determined from their spectral
simulation.

The effective g-factor g = 1/32,g, of the P3AT is higher than that of most
hydrocarbonic conjugated polymers, therefore one can conclude that in P3AT the
unpaired electron interacts with sulfur atoms. This is typical for other sulfur-con-
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Fig. 4. Temperature dependences of the g, (closed symbols) and g, (open symbols) values deter-
mined at the X-band EPR for the P30OT-I, P30T-A and P3OT-R. The error of the determination of
the g-factor value is £3-107°,

taining compounds, e.g., poly(tetrathiafulvalenes) [36], poly(bis-alkylthioacetylene)
[44] and benzo-trithioles [52] in which sulfur atoms are involved into the conju-
gation. The shift of the g-factor from the g-factor for a free electron is expressed
by [53]

8i — & = 8AP(0)/AE,,

where g, = 2.00232, p(0) is the spin density on the sulfur nucleus, A, = 0.047
eV is the constant of the spin-orbit interaction of the electron spin with the sul-
fur nucleus, AE; is the energy of an electron excitation from the ground orbit
to nearest n* and c* orbits (AE, .. and AE . respectively). In sulfur-based or-
ganic solids like, e.g., poly(bis-alkylthioacetylene) and poly(tetrathiafulvalene) in
which electrons are localized mainly on the sulfur atom an effective g-factor of
PC is 2.014 < g, < 2.020 [52, 54-57]. The g-factor of PC in P3OT is much
smaller so one can expect a higher spin delocalization in the monomer units. In-
deed, assuming AFE, .~ 2.6 eV as typical for sulfuric solids, then the g-factor
components of the initial P30T yields the decrease in p(0) by a factor of 1.8
as compared with poly(bis-alkylthioacetylene) [44] and by a factor of 2.6-3.9 as
compared with poly(tetrathiafulvalenes) [36]. One can evaluate the lower limit
of RT probability (in frequency units) for the duration of the stay of spin at the
sulfur site in the P30T samples by the total shift of the spectral components
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Fig. S. Temperature dependences of the linewidth of the principal spectral components of the P30T-
I (a), P30OT-A (b) and P30T-R (c¢) 2-mm EPR spectra. The error of the determination of the linewidth
is £5-107% G.

registered at the above mentioned positions gP*°T relative to the g5 value typical

for the sulfuric radical from the modified Heisenberg equation

2
vip =288 = g DB

where B, is the strength of an external magnetic field and # = 2n% is the Planck
constant. With g*°T determined from the D-band EPR spectra we obtain
Wy =34-10° s7L.

As in the case of other organic radicals, the g,, values of the P3AT samples
are close to the g-factor for a free electron so they feel the change in the system
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properties weakly. In contrast to X-band EPR, high spectral resolution achieved
at D-band EPR allows one to register separately the structure and/or dynamic
changes in all spectral components. Figure 4 shows that the g and g, values
reflect the properties of the radical microenvironment more efficiently. These
values of the initial P30T decrease with the temperature decrease from 333 down
to 280 K possibly due to the transition to the more planar conformation of the
polymer chains. Below 280 K, these values increase at the sample freezing down
to 160220 K and then also decrease at the further temperature decrease. The
decrease of g, and g, values at low temperatures can be explain by a harmonic
vibration of macromolecules which evokes the crystal field modulation and is
characterized by the g(7) oc T dependence [58]. After the polymer treatment, tem-
perature weakly affects these parameters. This fact can be interpreted by the growth
of the system crystallinity due to the higher chain packing in the treated polymers.
The linewidth of the spectra increases by a factor of ca 3 at the increase
of the registration frequency from 10 up to 140 GHz (Fig. 5). It is seen that
the linewidths of the PC in the samples depend on the polymer treatment and
temperature. The treatment leads to the decrease in the averaged linewidth
AB,, = 1/32,AB from 8.2 G (P30T-I) down to 7.8 G (P30T-A) and then to 6.7
G (P30T-R) confirming the above supposition of the growth of the system crys-
tallinity. The linewidth of the P3OT-I increases with the temperature increase from
90 K up to the phase transition characteristic temperature 7, = 200 K and then
decreases at the further temperature growth. The analogous tendency demonstrates
P30T-R, however, its T, value decreases down to ca 170 K (Fig. 5). This effect
of the linewidth decrease below T, was detected also in the study of doped
polyaniline [37, 38] and was not registered in other conducting polymers; it can
be interpreted, e.g., as the manifestation of defrosting of molecular motion and/
or acceleration of relaxation processes at low temperatures. On the other hand,
the ABY value of P3OT-A decreases with the temperature increase of up to
T, = 200—-250 K and starts to increase at 7 > T, whereas the other spectral com-
ponents are broadened linearly with the temperature growth from 100 K (Fig.
5). If one supposes that molecular dynamics and/or electron relaxation should
stimulate activated broadening of the i-th line, AB; = ABlipoexp(Ea/kBT), from the
slopes of these dependences it is possible to determine separately the parameters
of electron relaxation and molecular dynamics near the principal macromolecular
axes. The preexponential factor and the energy for activation of molecular motion
near the principal X, Y and Z axes in the samples are presented in the Table 1.

Table 1. The preexponential factor ABPPO (in Gauss) and the activation energy E, (in millielectron
volts) of the molecular motion near the principal axes in the initial and treated P30T samples.

Sample AB;‘FO EX ABI’,'po EY ABprO E?
P30OT-I 11.4 3.6 11.8 4.9 14.8 4.3
P30T-A 12.0 7.2 7.2 2.0 7.5 2.1

P30T-R 12.8 2.4 7.8 1.9 9.1 1.8
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The analysis of the data presented in Figs. 4 and 5 shows that the linewidth
can also be correlated to the spin-orbit coupling in the framework of the Elliot
mechanism [59] playing an important role in the charge transfer in organic
ion-radical salts [54] and five-member-ring conducting polymers [16]. Indeed,
ABY =28-10%g,, — g,)* and AB) = 8.1-10%g,, — g,)* dependences are valid for,
e.g., P3OT-I at least at 7 < T.. This means that different mechanisms can affect
the individual components of the P30T spectrum and that the scattering of charge
carriers (see below) should be governed by the potential of the polymer backbone.

3.2 Spin Relaxation of Polarons in P30T

Figure 6 demonstrates D-band dispersion spectra of P3OT registered at different
temperatures without and with m/2-shift in the phase-lock detector. It is seen that

Fig. 6. In-phase (a) and w/2-out-of-phase (b) terms of the D-band dispersion EPR spectrum of the
P30T-I registered at 7 = 90 K (1), 100 K (2), 110 K (3), 145 K (4), 200 K (5) and 250 K (6).
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in both components of the dispersion EPR signal of the P3OT the bell-like con-
tribution with Gaussian spin packet distributions is registered. The appearance
of such a component is attributed to the adiabatically fast passage of saturated
spin packets by a modulating magnetic field, as discussed below.

In order to determine the influence of the polymer structure and the polymer
treatment on spin and charge dynamics, the relaxation properties of all samples
should be studied. Gullis [60] have shown that the first derivative of the disper-
sion signal U registered at adiabatically fast passage of the saturated spin-pack-
ets by a modulating magnetic field with the angular frequency @, generally con-
sists of two in-phase, u,, u,, and one out-of-phase, u,, terms

U = u;sin(w,t) + u, sin(@,,t — m) + u, sin(w,t £ n/2), 2)

As for other conducting polymers [36, 42], the in-phase and m/2-out-of-phase
terms of the D-band EPR dispersion signal of the samples under study contain
the bell-like contribution with Gaussian spin packet distributions due to the adia-
batically fast passage effect (Fig. 6). At 7> 200 K the in-phase and m/2-out-of-
phase components of the dispersion signals are determined mainly by the first
and third terms of Eq. (2) (spectra 5 and 6 in Fig. 6) indicating that the in-
equality @, T, < 1 holds for polarons in all samples. The opposite inequality is
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Fig. 7. Temperature dependences of the relaxation times 7 (closed symbols) and T, (open symbols)
of the P30T-I, P30T-A and P30OT-R. The error of the determination of the relaxation times does
not exceed the area of the points.
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fulfilled at lower temperatures when the dispersion spectrum is determined by
the two last terms of Eq. (2) (spectra 1 to 4 in Fig. 6). Therefore, it is possible
from the analysis of these terms to determine separately the relaxation param-
eters of the PC in the samples, namely, spin-lattice (7;) and spin-spin (7}) re-
laxation times.

The semilogarithmic temperature dependence of the relaxation times deter-
mined from the saturated EPR dispersion spectra according to the method de-
scribed in refs. 36 and 42 are shown in Fig. 7. One can conclude from these
data that the polymer treatment leads to the acceleration of the PC effective re-
laxation possibly due to the increase of the interaction of polaron charge carri-
ers with the lattice phonons. As Fig. 7, the relaxation times of the samples in-
crease simultaneously at the temperature decreases from 333 down to ca 250 K
(P30T-1I, P30T-R) and 150 K (P30T-A). The spin-spin relaxation is accelerated
below this point leading to the appropriate change of the spectral component
linewidth (Fig. 6).

3.3 Macromolecular Dynamics of Chains of P30T

It is seen from Fig. 6 that the relative intensities of the u, term change with the
temperature. This effect evidences the appearance of the saturation transfer (ST-
EPR) over the quadrature spectrum [61] due to superslow macromolecular dy-
namics. Earlier, it was shown [62] that from the D-band ST-EPR spectra one can
estimate separately all characteristic times for the radicals with anisotropic mag-
netic parameters, involved in anisotropic superslow motion near different molecular
axes in various solids including conducting polymers with heteroatoms [36]. In
this case the correlation time of the chain segments macromolecular libration
motion of the near the principal molecular, e.g., X-axis 7¥ can be determined
from the ratio of amplitudes of the m/2-out-of-phase dispersion term u; as

=

X(,, X/, NN—«a
c TcO(“} /M3 s

where « is a constant determining by an anisotropy of g-factor.

The 7 value determined from the n/2-out-of-phase dispersion spectra of po-
larons in the initial and treated P3OT samples are presented in Fig. 8 as the func-
tion of temperature. This value of P30T-I and P30T-A decreases with the tem-
perature increase of up to 7, = 150 K and increases above this critical tempera-
ture (Fig. 8). The opposite temperature dependence is characteristic for zX(T) of
P30T-R with the close T, value. Note that Masubuchi et al. [31] have observed
"H NMR T, temperature dependence with the same critical temperature that was
attributed to the defrosting of molecular motion of methyl, ethyl or propyl chain
end groups. The dependences obtained can be interpreted in the frames of the
superslow activation 1-D libration of the polymer chains together with polarons
at low temperatures when T < T, whereas their high-temperature part can be ex-
plained by the defrosting of the collective 2-D motion at I'> T,. In this case an
the effective correlation time is determined as
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tX(T) = (% exp(E,  kT))" + (k,T5)" Y. 3)

Figure 8 shows that the dependences obtained experimentally for P3OT-I, P30T-
A, and P3OT-R are well fitted by Eq. (3) with £, = 0.069 eV, f= 1.8, n =1,
E,=0.054 ¢V, f=25,n=1, and E, = 0.073 eV, = 3.5, n = —1 respectively.
The activation energies obtained are close to those of macromolecular librations
in other organic conducting polymers [36]. The preexponential factors are the low-
est limit for the respective correlation times in these samples. The linear com-
pressibility of an initial P3OT with planar chains is strongly anisotropic, being
2.5 times higher for the direction along the a-axis than along the b-axis [63]. It
was proved that the low- and high-frequency modes exist in polythiophenes [64].
These modes differently superposed in P30T above and below T, should lead to
the change of the n exponent in Eq. (3) from 1 for “successive” macromolecu-
lar dynamics in P30T-I and P3OT-A to —1 for “paralle]” molecular librations
in P30T-R. Osterbacka et al. [65] have found that the interchain coupling exist-
ing in self-assembled lamellae in P3AT drastically changes the properties of the
polaron excitations and that the traditional self-localized polaron in one dimen-
sion is delocalized in two dimensions, resulting in a much reduced relaxation
energy and multiple absorption bands.
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The upper limit for the correlation time of anisotropic molecular motion in
the systems under study registered by the ST-EPR method can be evaluated from
equation [61]

< 2 sin? Ycos? §(B? — B})?
¢ 3n’TyiB' B?sin’9+ Blcos’9

4

where y, is the gyromagnetic ratio, B, is the magnetic term of the microwave
polarizing field, B, and B, are the anisotropic EPR spectrum components per-
pendicular and along the field, 4 is the angle between an external magnetic field
B, and the X-axis of the radical. The maximal correlation time was determined
for P30T-I sample from Eq. (4) to be z¥=4.4-10"*s at 66 K.

3.4 Dynamics of Polarons in P30T

The spin-spin relaxation time of the P30T samples determined from their X-band
EPR absorption spectra as T, =2/ \/gyeABpp and from their saturated D-band EPR
dispersion spectra increases approximately by a factor of six. This means that
the experimental data can rather be explained in terms of a modulation of spin
relaxation by the polaron motion along the conjugated polymer chain segments
with the diffusion coefficient D, , and its hopping between the chains with the
rate D, . In the framework of such approach, the relaxation time of the elec-
tron or proton spins in the sample should vary depending on the spin preces-
sion frequency w as T}, <o [66, 67] that should lead to the increase in re-
laxation times approximately by a factor of four. Note that the 2-D spin motion
should lead to T, o< In(w) dependence [66, 67] or to the increase of the relax-
ation times by factor of about two at the transition from X-band to D-band EPR.

Since the electronic relaxation is mainly determined by the dipole-dipole in-
teraction between the spins, we can write the following equations for the rates
of electronic relaxation [68]

T (@) = (”)[2J(@,) + 8J2w,)], (&)
T (@) = (”)[3J(0) + 5J(@,) + 2J2w,)], (6)

where (@) = 1/10(u/4n)*yh*S(S + 1)n; is the averaged constant of the spin
dipole interaction for a powderlike sample, u, is the permeability for vacuum, 7
is the Planck constant, n is the number of polarons per monomer unit, 2, is the
lattice sum for the powderlike sample, J(®,) = 2AD, @) "* at D, , > w,> D,
or J(®,) = (2D, nD5 ) " at Dy, > @, is the spectral density function for the
1-D motion, D, , = 4D, ,/L?, and L is the number of monomer units along which
a spin is delocalized. The analogous spectral density function was used in the study
of electron and proton spin dynamics in various conducting polymers [16, 36, 67].

In Fig. 9 are shown the temperature dependences of the effective dynamic
parameters D, , and D, , calculated for PC in the initial and treated P30T samp-
les from the data presented in Fig. 7 with Eqs. (5) and (6) at L = 5 [69]. The
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Fig. 9. Temperature dependences of the spin-charge diffusion coefficients along (D, filled sym-

bols) and between (D, open symbols) polymer chains in the P30T-I, P30T-A and P30T-R deter-

mined with Egs. (§) and (6). Open stars show the D, (7) dependence calculated from Eq. (7) with
'"H NMR data for P3OT-I [31].

RT D, value obtained is about D = 2.1-10'" s~' evaluated from the charge car-
rier mobility in slightly doped P30T [29] and the D, value exceeds by 1-2
orders of magnitude the lower limit of the spin motion V¢ . The RT anisotropy
of spin dynamics D, /D, , increases from 6 in P3OT-I up to 18 in P3OT-A and
decreases down to 2 in P3OT-R. At the temperature decreases down to 200 K
this value increases up to 2500, 140, and 390 respectively, and then up to 3.8- 108,
6.5-107, and 3.4-10'°, respectively, as the temperature decreases down to 100
K (Fig. 9).

In principle, the polaron 1-D diffusion coefficient D, can also be determined
from the proton 'H spin-lattice relaxation time T ), from [67]

T\ (@,,0,) = %(f—;] 72h2S(S + Dn Eaﬂj(a)p) +(a® + %dz)J(a)e)} , ()

where d and a are the dipolar and scalar electron-nuclear coupling constants re-
spectively, @, is the proton angular precession frequency. The D, (T) dependence
calculated from the '"H 50 MHz spin-lattice relaxation data obtained by Masubuchi
et al. [31] for P3OT-I with Eq. (7) is also presented in Fig. 9. It is seen from
Fig. 9 that the D, , value calculated from the NMR data is changed weaker with
temperature. Besides, this value considerably exceeds the D, , value obtained by
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EPR at high temperatures and is close to that determined for the low-tempera-
ture region. Such discrepancy occurs probably because NMR is not a direct
method for studying electron spin dynamics in this and other conducting polymers.

3.5 AC Conductivity of P30T

The conductivity due to the 1-D and 3-D motion of N polarons each carrying
an elemental charge e can be calculated from the equation

N62D1,3-Dd12,3-D

Oi3p = Ne:ul,}D = T > (8)
B

where u,, is the mobility of the polaron and d,, are the lattice constants.

The temperature dependences of the conductivity due to polaron motion in
the samples calculated from Eq. (8) with the lattice constants d,, = ¢ = 0.785
nm and d, , = b = 0.480 nm [40] are shown in Fig. 10. It is seen that the anisot-
ropy of conductivity o, /o, depends on the system treatment. Indeed, this RT
value increases from 15 in the P3OT-I up to 48 in the P30OT-A and decreases
down to 4 in the P3OT-R (Fig. 10). The o, /0, ratio depends also on the tem-
perature of the samples increasing up to 6.8-10°% 3.7-10% and 1.2-10° respec-
tively, at 7= 200 K and up to 1.0-10° 1.2-10% and 1.1-10' respectively at
T =100 K. This means that the charge dynamics as well as the spin and charge
transfer mechanism depend on the structure and treatment of the polymer.

Analogously to the 1-D spin diffusion rate, the 1-D conductivity of the
samples is characterized by the strong temperature dependence, o, (T) oc T-7~9
especially in the low-temperature region, when 7' < T, (Fig. 10). Note that the
conductivity of organic salts frequently exhibits the o oc T2 relationship [54] and
the ooc T-! dependence is typical for classical metals [70]. Such a behavior oc-
curs also in other conducting polymers [36] and it is usually associated with the
scattering of charge carriers on the optical lattice phonons. This model proposed
for the charge transfer in conjugated polymers with metallike clusters [71, 72]
predicts their intrinsic conductivity in the form

2402 M2 ho ho
o, (T) = DMk o V2O 1 o p | ginn[ 220 | 2], ()
8nha’ ey T kT

where M is the mass of the polymer unit, ¢, is the transfer integral equal for the
n-electron approximately to 2.5-3 eV, @,, is the angular frequency of the opti-
cal phonon, and « is the constant of electron-phonon interaction equal for trans-
PA to a=4.1-108 eVem™! [72]. Note that the analogous metallike temperature
behavior was also registered for intrachain polaron diffusion limited by macro-
molecular the librational scattering above 7, in undoped [73] and doped [38]
polyanilines and poly(bis-alkylthioacetylene) [44].
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Fig. 10. Temperature dependences of the conductivity due to the spin-charge diffusion along (o, filled

symbols) and between (o, open symbols) polymer chains in the P3OT-I, P30OT-A and P3OT-R.

Dashed lines show the dependences calculated from Eq. (8) with ¢, =7.1-107° Sem™'K™' and /@, =

0.13 eV, 0,=5.5-10"* Sem™'K™' and hw,, =020 eV, o, =1.1-10"° Scm™'K™' and ha,, = 0.18

eV. The dependences calculated from Eq. (10) with gy = 9.1-107"" Ssem 'K, = 2.1, E, = 0.18 eV

(P30T-D), o, =3.1-1077 Ss’em 'K™!, @ = 3.6, E, = 0.19 eV (P30T-A), and o, = 1.3:10"? Ss’em 'K,
a=22, E =0.19 eV (P30T-R) are shown by dotted lines.

Figure 10 shows that the intramolecular ac (140 GHz) conductivity calcu-
lated with Eq. (8) follows well Eq. (9) with the energy of optical phonons of
0.13 eV for P3OT-I, 0.20 eV for P30T-A, and 0.18 eV for P3OT-R samples.
This value is close to the energy of lattice phonons of 0.09—0.13 eV determined
for doped polyanilines [37, 38] and 0.15-0.18 eV obtained for laser-modified
poly(bis-alkylthioacetylene) [44].

The polaron-phonon interaction seems play an important role also in the
interchain charge transfer at 7> 7. However, another mechanism should prevail
at lower temperatures. Figure 10 shows that the interchain conductivity o, in-
creases with the temperature increase at the low-temperature region and then
slightly decreases at T > T, The analogous dependence with the characteristic
temperature 7, ~ 150 K was obtained for dc conductivity of P3HT [74] typical
for the systems with a strong coupling of the charge with the lattice phonons.
In this case the strong temperature dependence of the hopping conductivity is
more evidently displayed in the ac conductivity. This interaction should lead to
the narrow energy gap £, much higher than the RT thermal energy (kzT ~ 0.026
eV). The strong temperature dependence for o,  at low temperatures can be due
to the thermal activation of the charge carriers from widely separated localized
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states in the gap to closely localized states in the tails of the valence and con-
ducting bands. In this case ac conductivity of P3OT can be written as [75]

oy, p(T) =0o,Tw! exp[— kEaT] ) (10)
B

where 0 < y<1 is a constant reflecting the dimensionality of the system and E,
is the activation energy of the charge carrier to extended states. Typical activa-
tion energies for the semiconducting, e.g., organic ion-radical salts are of the order
of 0.1 eV [54]. The increase of the dimensionality of the polymer system should
lead to the decrease in E,. Parneix et al. [76] showed y=1— ak,T/E, (a = 6,
E,=1.1 eV) dependence for poly(3-methylthiophene). So, we can use this ap-
proach for the explanation of the 3-D conductivity in the samples under study.
Note that a nearly linear dependence of y on E, is characteristic for some other
conducting polymers [77].

The temperature dependences calculated from Eq. (10) for the P3OT samples
are shown in Fig. 10 as well. The activation energies obtained are close to the
energy of lattice phonons of these samples determined above and also to that
determined for the charge transfer in poly(tetrathiafulvalene) (0.2-0.3 eV) [78]
and in laser modified poly(bis-alkylthioacetylene) (0.15-0.18 eV) [44].

DC conductivity of P30T is close to 107¢ Sem™! [27] and is mainly deter-
mined by the activation hopping of a charge carrier between high-conductive crys-
talline domains. Its intrinsic conductivity is defined by the o, , and o, values,
so the o5, > g, relation should hold for all the samples.

4 Conclusion

Thus, the interaction of the spin charge carrier with the heteroatom in sulfurous
organic polymer semiconductors P30T leads to the appearance of the g-factor
anisotropy in their D-band EPR spectra. Spin relaxation and dynamics are deter-
mined by the interaction of the mobile polaron with optical phonons of the poly-
mer lattice. Polymer modification leads to a distinct change in magnetic, relax-
ation and dynamics properties of the polaron and its microenvironment. The cor-
relations of the energies of the interchain spin diffusion, spin-spin interaction and
the optical lattice phonons indicates the interaction of charge transport and mo-
lecular dynamics in these polymer semiconductors. These energies increase at the
polymer treatment indicating the increase of its effective crystallinity. It can be
concluded that the two types of charge transport mechanism can be associated
with change in the lattice geometry at the characteristic (the polymer-glass tran-
sition) temperature 7, e.g., with its thermochromic effect.

The relaxation, magnetic and dynamics properties of P3AT are expected to
depend also on the alkyl group length and morphology of the sample. We plan
to carry out an appropriate investigation also on P3HT and P3DDT to discuss
these questions in the future publications.
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The method provides the registration of fine structural, conformational and
electron processes in various systems with their following interpretation in the
frames of different theories. In high magnetic fields the interaction between spin
packets in polymer decreases significantly, and they may be considered as non-
interacting. This allows one to use the methods of steady-state saturation of spin
packets and their saturation transfer to obtain more correct and complete infor-
mation on spin relaxation and molecular dynamics in P3AT and other organic
systems with lower dimensionality.
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