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Abstract Charge carriers photoinduced in poly(3-dodecylthiophene)/([6,6]-phe-

nyl-C61-butanoic acid methyl ester) (P3DDT/PCBM) by photons with the energy of

1.88–2.75 eV were investigated by X-band light-induced electron paramagnetic

resonance (LEPR). LEPR spectra were attributed to non-interacting polarons and

methanofullerene anion radicals with different magnetic and relaxation parameters.

A part of these charge carriers are trapped in a polymer matrix. Paramagnetic

susceptibility and spin–spin relaxation of mobile charge carriers were shown to

follow the activation law.

1 Introduction

During the last years, research has been increasing in the field of synthesis and

characterization of conjugated polymers with extended p-electron delocalization

and their composites with fullerene by perspective utilization in organic plastic solar

cells [1–3]. The irradiation of bulk heterojunctions, formed by polymer chains with

fullerene globes, by visible light with photon energy hmph higher than its p–p*

energy gap leads to the formation of ion–radical pairs, polarons P?� (donors, D) on

a polymer chain, and fullerene anion radicals C60
-� (acceptors, A) pseudorotating

near polymer chains. Charge separation results in the following consequent

processes [4]:
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(1) excitation of a polaron on a polymer chain: D ? A ? D* ? A,

(2) excitation delocalization on the complex: D* ? A ? (D - A)*,

(3) initiation of the charge transfer: (D - A)* ? (Dd? - Ad-),

(4) formation of an ion–radical pair: (Dd? - Ad-)* ? (D?� - A-�), and

(5) charge separation: (D?� - A-�) ? D?� - A-�.
The donor and acceptor units are spatially close but are not covalently bonded. At

each step, the (D - A) system can relax back to the ground state, releasing energy

to the ‘lattice’ in the form of heat or emitted light. The photoinitiation of charge

carriers was revealed by time-resolved spectroscopy [5] to occur in the femtosecond

time domain, whereas the electron backtransfer with charge annihilation was much

slower [6] due to relatively slow structural relaxation [7]. This, therefore, means that

one may register an effective number of charge carriers as a result of opposite

processes of initiation and recombination. The efficiency of organic photovoltaic

systems is lower as compared to silicone prototypes due to the limited number,

mobility and lifetime of charge carriers. These parameters are governed by the

electronic and structural properties of the polymer matrix and the embedded

fullerene derivative [8, 9]. Understanding of all electronic processes related to

fullerene-modified conjugated polymers is of fundamental interest for both material

characterization and molecular device fabrication.

Soluble conjugated polymers and fullerenes were proved [10, 11] to be the most

efficient electron donors and acceptors, respectively, in such plastic solar cells.

Photoinduced charge separation and transfer is accompanied by the formation of

radical pairs (P?� – C60
-�) of polarons P?� transferring a positive charge (hole)

along the polymer chain toward a negatively charged fullerene globule C60
-�. These

charge carriers possess also spin S = � with different density configuration and,

therefore, different magnetic, relaxation and dynamics parameters. Such peculiar-

ities account for a wide use of the direct light-induced electron paramagnetic

resonance (LEPR) method for investigation of the spin-assisted processes taking

part in plastic solar cells [12–14].

Our previous high-field high-frequency (D-band, 140 GHz) EPR study of

structurally close poly(3-octylthiophene) showed [15, 16] that weak interaction of

an unpaired electron delocalized on a polaron with sulfur heteroatom involved in the

polymer backbone provokes rhombic symmetry of its g-factor (with gxx = 2.00409,

gyy = 2.00332 and gzz = 2.00235) and line width. The same symmetry of spin

density appeared to be characteristic also for a polaron stabilized in poly(3-

hexylthiophene) with gxx = 2.0028, gyy = 2.0019 and gzz = 2.0009 [17]. We

showed also [18] that among soluble fullerene derivatives with different side alkyl

substitutes, [6,6,]-phenyl-C61-butanoic acid methyl ester (methanofullerene mC61
-�,

PCBM) appears to be at the moment one of the most suitable electron acceptors to

be used in plastic solar cells. Besides, we pointed out [19] that the main relaxation

and dynamics properties of spin pairs photoinduced in a bulk heterojunction formed

by PCBM with macromolecules of poly(3-dodecylthiophene) (P3DDT) depend on

the energy of excited photons hmph. Unpaired electron delocalized on the PCBM

anion radical is also characterized by rhombic symmetry with gxx = 2.00031,

gxx = 2.00011 and gzz = 1.99821 [20].
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Charge recombination is considered to be a predominantly nongeminate process

governing the effectiveness of polymer/fullerene solar cells [21]. The annihilation

of radical pairs in bulk heterojunction of a composite can be described as a

thermally activated bimolecular process [22, 23]. This process can be complicated,

e.g., by the formation of additional long-lived massive (with effective mass

meff & 300me) spin polaron-like excitons [24]. The recombination of the long-lived

photoinduced polarons in a polymer matrix follows temperature-independent fast

and exponentially temperature-dependent slow decay laws [25]. Besides, some

charge carriers may by pinned by traps in a polymer matrix. So, the localization and

recombination of charge carriers are the most interesting processes. However, they

are not yet sufficiently understood in detail and there is no generally applicable

model available. This is because the polymer/fullerene systems were mainly studied

at low temperatures when the dynamics of charge carriers seems to be frozen [26].

The aim of the present work was to study the spin composition and recombination

of charge carriers photoinduced in bulk heterojunctions of the P3DDT/PCBM system

by optical photons with an energy of 1.88–2.75 eV. The results obtained were

interpreted in the frames of approaches mainly used in the study of analogous organic

polymer/fullerene systems of reduced dimensionality.

2 Experimental

In the study, we used PCBM from Solenne BV� (The Netherlands) and regioregular

P3DDT from Aldrich� (USA) without additional rectification. Into a ceramic plane,

ca. 1 wt% concentrated solution in chlorbenzene at a weight ratio of 1:1 was placed

and dried repeatedly, so that the P3DDT/PCBM composite was formed as a film

with the size of ca. 4 9 8 mm2 and thickness of ca. 0.1 mm.

EPR experiments were performed at permanent illumination of the sample by

Roithner Lasertechnik RLDH660-40-3 (k = 660 nm, hmph = 1.88 eV, P = 41

mW), MGM2-30 (k = 530 nm, hmph = 2.22 eV, P = 38 mW) and DPSSL-473-

40 (k = 450 nm, hmph = 2.75 eV, P = 40 mW) laser modules directly in a

microwave cavity of an X-band (3 cm, 9.7 GHz) PS-100X spectrometer with

100 kHz field ac modulation for phase-lock detection. The LEPR spectra of the

polymer/fullerene systems and their components were registered at 90–340 K in dry

nitrogen atmosphere using a BRT SKB IOH temperature controller and at 77 K in

quartz Dewar filled with liquid nitrogen. The signal-to-noise ratio of the LEPR

spectra was improved by averaging of several (typical 4–6) acquisitions.

The total paramagnetic susceptibility of photoinduced charge carriers was

determined from double integration of LEPR spectra far from their microwave

saturation. Diphenylpicrylhydrazyl (DPPH) single microcrystal standard with

g = 2.0036 was used for estimation of g-factor of both charge carriers. The

inaccuracy in determination of the g-factor and peak-to-peak line width DBpp was

±2 9 10-4 and ±2 9 10-2 G, respectively. Processing and simulations of the EPR

spectra were done with the Bruker� WinEPR SimFonia and OriginLab� Origin

programs.
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3 Results and Discussions

Both the poly(3-dodecylthiophene) and [6,6]-phenyl-C61-butanoic acid methyl ester

(Fig. 1) are characterized by the absence of the dark and LEPR signals in the whole

temperature range. As the P3DDT/PCBM composite is prepared and the steady state

is irradiated by visible light directly in a cavity of the EPR spectrometer, two partly

overlapping LEPR lines appear at T B 200 K. The composite LEPR spectrum

photoinduced by photons with energy hmph = 1.88 eV at 77 K is shown in Fig. 1

[13]. The lines registered in low and high fields can be attributed to positively

charged polarons P?� with isotropic (effective) giso
P = 2.0016 and negatively

charged methanofullerene mC61
-� with giso

F = 1.9996 background photoinduced in

bulk heterojunctions of the polymer/fullerene composites, respectively. These

values lie near those obtained for radical pairs photoinduced in other fullerene-

modified conjugated polymers [19, 27–30]. Detailed analysis of the data obtained at

a wide variety of experimental conditions allowed to point out that the LEPR
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Fig. 1 (a solid line) LEPR spectrum of radical pairs (P?� – mC61
-�) background photoinduced in bulk

heterojunctions of the P3DDT/PCBM composite by laser with the photon energy hmph = 1.88 eV at 77 K.
(b dashed line) Theoretical sum spectrum and its contributions caused by mobile radical pairs
(P?� – mC61

-�) (b dash-dotted line) as well as by localized polarons P?� (c dash-dotted line) and
methanofullerene anion radicals mC61

-� (d dash-dotted line) calculated using the data of Table 1 are also
shown. P3DDT and PCBM are schematically shown at the top. The positions of photoinduced radicals
and components of their g-tensors are shown as well
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spectrum, presented in Fig. 1a, consists of a Lorentzian doublet of mobile radical

pairs (P?� – mC61
-�), shown in Fig. 1b, as the sum of isotropic contribution from

mobile polarons P?� and fullerene anion radicals mC61
-� with equal spin

concentrations plus Gaussian anisotropic contributions of these charge carriers

pinned in the polymer matrix (shown in Fig. 1c and d, respectively). Since the

backbone of the polymer can be expected to lie preferably parallel to the film

substrate [31], the lowest principal g-value is associated with the polymer backbone.

The molecule can take any orientation with regard to the z-axis, i.e., the polymer

backbone direction, as derived from the presence of both the gxx and gyy components

in the spectra for all orientations of the film. So, the g-factor anisotropy gives rise to

the inhomogeneity of distribution of additional fields along the x and y directions

within the plane of the polymer r skeleton and not along its perpendicular

z direction. To determine all main magnetic resonance parameters of all spin

ensembles, one should fit each LEPR spectrum analytically as the sum of the above-

mentioned contributions with different anisotropy factors. The magnetic resonance

parameters used for simulation of effective LEPR spectra of the P3DDT/PCBM

composite shown by dashed line in Fig. 1a are summarized in Table 1.

Figure 2 shows the paramagnetic susceptibility v of mobile and pinned charge

carriers photoinduced in the P3DDT/PCBM system as a function of the photon

energy hmph and temperature. The data presented evidence that the number of both

trapped charge carriers changes weakly with the temperature and photon energy. It

is seen from Fig. 2 that mobile radical pairs demonstrate sharper v(T, hmph)

dependence. This fact can be interpreted as follows.

There are two spin-assisted processes taking part in the light-irradiated

composite, namely, fast exciting of spin pairs and their further considerably slower

recombination. This means that one may register an effective number of spin charge

carriers, which depends on the probability that positively charged polaron meets

negatively charged fullerene globule. The decay of radical pairs in regioregular

P3DDT consists of temperature-independent fast and exponentially temperature-

dependent slow contributions [32]. The distances of the phonon-assisted jumps of

pinned polarons and their tunneling through the barrier between two adjacent sites

and the concentration of the trapped centers in conjugated polymers should follow

the activation model [33]. The temperature dependences of v obtained can be

described, e.g., by a simple model of trap-controlled charge carrier transport [34,

35]. The model assumes that states in the valence band-tail with the width DEV are

separated by a mobility edge EV, where transport takes place only in the extended

states located below EV. However, this model was shown [36] to be quite good for

Table 1 Average values of the g-tensor gjj and peak-to-peak line width DBpp
i (in Gauss) used for

simulation of polarons P?� and methanofullerene PCBM anion radicals mC61
-� photoinduced in the

P3DDT/PCBM composite by a laser with photon energy hmph = 1.88 eV at 77 K

Radical gxx gyy gzz giso DBpp
X (G) DBpp

Y (G) DBpp
Z (G) DBpp

iso (G)

P?� 2.0026 2.0017 2.0006 2.0016 2.5 1.4 1.5 1.8

mC61
-� 2.0003 2.0001 1.9986 1.9996 0.7 1.6 2.5 1.6
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exponential band-tails, exactly for the specific case kBT/(DEV) = �, which is

mainly unreliable in our case (see below). As in the case of charge carriers

background photoinitiated in other polymer/fullerene systems (see, e.g., [37, 38]),

the data obtained can be interpreted in terms of the Nelson model [39] of the polaron

thermally assisted multistep tunneling from one site i to another one j through

energy barrier DEij = Ej - Ei with the rate

xhop ¼ x0
hopexp �DEij

kBT

� �
; ð1Þ

where x0
hop is the attempt frequency for a hole tunneling between the polymer

chains, kB is a Boltzmann constant, and T is the temperature. The polaron may

recombine not obviously with the first negative charge but with the charge on the

subsequent fullerene. So, one should also take into consideration an exchange

interaction of both paramagnetic centers and a probability p of spin flip-flop during

their collision [40]

p ¼ a2

2 1þ a2ð Þ; ð2Þ

where a = 3pJ/�hxhop, �h = h/2p is the Planck constant and J is the constant of

exchange interaction of the spins in a radical pair. This means that the slower the

polaron hopping along the polymer chain or/and the lesser the probability p, the

smaller is the number of ion–radical pairs that have a possibility to recombine and,
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Fig. 2 Temperature dependence of the v parameter determined for the mobile radical pairs (P?� – mC61
-�)

(filled circles) as well as localized polarons P?� (open triangles) and methanofullerene anion radicals mC61
-�

(open squares) photoinduced in the P3DDT/PCBM composite by the photons with the energy 1.88 (a), 2.22
(b), and 2.75 eV (c). Insets LEPR spectra registered at different temperatures. The dependences calculated
from Eq. (3) with DEij presented in Table 2 are shown by dashed lines
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therefore, a higher spin susceptibility v should be registered. Combining Eqs. (1)

and (2), we can express v as

vp ¼ vpn þ v0
P

�h

J
aþ 1

a

� �
: ð3Þ

Assuming the absence of dipole–dipole interaction between methanofullerene

anion radicals, one can determine DEij (see Table 2) and J parameters from the

fitting of temperature dependences of paramagnetic susceptibility presented in

Fig. 3.

It is seen from Fig. 2 that Eq. (3) with the DEij values presented in Table 2 and

J = 0.25 eV fits the experimental data well. Figure 2 shows that localized charge

carriers of both types are characterized by weaker v(T) dependences as compared to

that of mobile radical pairs. DEij obtained for mobile radical pairs increases

monotonically with the growing photon energy hmph.

A lower limit of the peak-to-peak line width DBpp
(0) obtained far from the

microwave saturation conditions of the charge carriers depends on the temperature

Table 2 DEij and Ea values determined from Eqs. (3) and (4), respectively, for radical pairs photoin-

duced in the P3DDT/PCBM composite by laser beam with different photon energies hmph (all in eV)

hmph

Parameter 1.88 2.33 2.75

DEij 0.009 0.047 0.071

DEa 0.019 0.016 0.029
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Fig. 3 Temperature dependences of isotropic (effective) peak-to-peak line width DBpp
(0) determined far

from microwave saturation for the polaron P?� (open points) and methanofullerene anion radicals mC61
-�

(filled points) photoinduced in the P3DDT/PCBM composite by a laser with different photon energies
hmph. The dependences calculated from Eq. (4) with Ea presented in Table 2 are shown by dashed lines
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as seen in Fig. 3. Analyzing the data presented, one can conclude that the effective

DBpp
(0) value of polarons varies monotonically and weakly depends on the sample

heating. At the same time, fullerene radicals demonstrate more complex DBpp
(0)(T,

hmph) dependence characterized by some critical temperature Tc. It is evident from

Fig. 3 that both the DBpp
(0) and Tc values are governed by the photon energy.

Assuming exchange and activation interaction of the methanofullerene anion radical

with a polaron diffusing along the polymer chain with the frequency xhop, the

experimental data presented in Fig. 3 can probably also be described in terms of

their exchange interaction. According to this approach, the collision of both types of

spins should broaden the LEPR line by the value [40]

dðDxÞ ¼ pxhopC ¼ 1

2
xhopC

a2

1þ a2

� �
; ð4Þ

where p is the probability described by Eq. (2), xhop = xhop
0 exp(-Ea/kBT), C is the

number of paramagnetic centers per each polymer unit, and Ea is the activation

energy.

Ea values determined from experimental data obtained at different photon

energies are also summarized in Table 2. The analysis of the data presented allows

the conclusion that the energy required for activation of polaron diffusion in the

P3DDT/PCBM composite increases nonmonotonically with the energy of the

photons initiating charge separation (see Table 2). However, this value seems to

correlate with an appropriate change in activation energy of charge carriers

dynamics in the P3DDT/PCBM composite [19, 28, 41].

It is seen that the main magnetic resonance parameters of both charge carriers are

governed by the energy of excited photons. This can be a result either of formation

of spin pairs with different properties in homogeneous composite fragments or of

excitation of identical charge carriers in heterogeneous domains of a composite. The

latter case when different spin pairs can be photoinduced as a result of photon-

initiated appearance of traps with various depths in domains inhomogeneously

distributed in the polymer matrix seems to be more realistic. These domains should

be characterized by different ordering leading to different band gaps and, hence, by

different sensitivity to optical photons.

4 Conclusion

Light excitation of the P3DDT/PCBM composite leads to a charge separation and

transfer from a polymer chain to a fullerene globule. This is accompanied by the

formation of two noninteracting paramagnetic centers with rhombic symmetry,

namely, the positively charged polaron P?� on the polymer backbone and the

negatively charged methanofullerene anion radical C60
-� situated between the

polymer chains. A part of these charge carriers are trapped in a polymer matrix.

Photoinduced charge is transferred by a mobile polaron along the polymer chain and

can recombine with a fullerene anion radical. The probability of such collapse

follows the activation law and depends on the energy of initiating photons. The

main magnetic resonance parameters of both charge carriers are also governed by
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the energy of light photons. This can be a result of a structural inhomogeneity of the

polymer/fullerene composite that leads to the photon-initiated appearance of traps

with different depth.

Acknowledgments We are grateful to Prof. H.-K. Roth for the gift of P3DDT. The work was partly

supported by the Russian Foundation for Basic Research, grant nr. 08-03-00133.

References

1. S.S. Sun, N.S. Sariciftci (eds.), Organic Photovoltaics: Mechanisms, Materials, And Devices (Optical
Engineering) (CRC Press, Boca Raton, 2005)

2. J. Poortmans, V. Arkhipov (eds.), Thin Film Solar Cells: Fabrication, Characterization and Appli-
cations (Wiley, West Sussex, 2006)

3. Z. Zhu, D. Muhlbacher, M. Morana, M. Koppe, M.C. Scharber, D. Waller, G. Dennler, C.J. Brabec,

High-Efficient Low-Cost Photovoltaics (Springer, Berlin, Heidelberg, 2009), pp. 195–222

4. I.W. Hwang, C. Soci, D. Moses, Z.G. Zhu, D. Waller, R. Gaudiana, C.J. Brabec, A.J. Heeger, Adv.

Mater. 19, 2307–2312 (2007)

5. C.J. Brabec, G. Zerza, G. Cerullo, S. Desilvestri, S. Luzatti, J.C. Hummelen, N.S. Sariciftci, Chem.

Phys. Lett. 340, 232–236 (2001)

6. N.S. Sariciftci, Prog. Quant. Electron. 19, 131–159 (1995)

7. C. Wang, Z.X. Guo, S. Fu, W. Wu, D. Zhu, Prog. Polym. Sci. 29, 1079–1141 (2004)

8. V.I. Krinichnyi, P.A. Troshin, N.N. Denisov, Acta Mater. 56, 3982–3989 (2008)

9. M. Lenes, G.J.A.H. Wetzelaer, F.B. Kooistra, S.C. Veenstra, J.C. Hummelen, P.W.M. Blom, Adv.

Mater. 20, 2116–2119 (2008)

10. S. Gunes, H. Neugebauer, N.S. Sariciftci, Chem. Rev. 107, 1324–1338 (2007)

11. T.E. Scotheim, J.R. Reynolds (eds.), Handbook of Conducting Polymers (CRC Press, Boca Raton,

2007)

12. K. Marumoto, Y. Muramatsu, S. Kuroda, Appl. Phys. Lett. 84, 1317–1319 (2004)

13. V.I. Krinichnyi, H.-K. Roth, S. Sensfuss, M. Schrödner, M. Al-Ibrahim, Physica E 36, 98–101 (2007)

14. C. He, Q.G. He, X.D. Yang, G.L. Wu, C.H. Yang, F.L. Bai, Z.G. Shuai, L.X. Wang, Y.F. Li, J. Phys.

Chem. C 111, 8661–8666 (2007)

15. V.I. Krinichnyi, H.-K. Roth, A.L. Konkin, Physica B 344, 430–435 (2004)

16. V.I. Krinichnyi, H.K. Roth, Appl. Magn. Reson. 26, 395–415 (2004)

17. A. Aguirre, P. Gast, S. Orlinskii, I. Akimoto, E.J.J. Groenen, H. El Mkami, E. Goovaerts, S. Van

Doorslaer, Phys. Chem. Chem. Phys. 10, 7129–7138 (2008)

18. V.I. Krinichnyi, P.A. Troshin, N.N. Denisov, J. Chem. Phys. 128, 164715-1–164715-7 (2008)

19. V.I. Krinichnyi, Acta Mater. 56, 1427–1434 (2008)

20. J. De Ceuster, E. Goovaerts, A. Bouwen, J.C. Hummelen, V. Dyakono, Phys. Rev. B 64, 195206-

1–195206-6 (2001)

21. A.F. Nogueira, I. Montanari, J. Nelson, J.R. Durrant, C. Winder, N.S. Sariciftci, J. Phys. Chem. B

107, 1567–1573 (2003)

22. C. Brabec, V. Dyakonov, J. Parisi, N. Sariciftci (eds.), Organic Photovoltaic: Concepts and Reali-
zation (Springer, Berlin, 2003)

23. G. Juska, K. Arlauskas, G. Sliauzys, A. Pivrikas, A.J. Mozer, N.S. Sariciftci, M. Scharber, R.

Osterbacka, Appl. Phys. Lett. 87, 222110-1–222110-3 (2005)

24. J.M. Leng, R.P. Mccall, K.R. Cromack, J.M. Ginder, H.J. Ye, Y. Sun, S.K. Manohar, A.G. Mac-

diarmid, A.J. Epstein, Phys. Rev. Lett. 68, 1184–1187 (1992)

25. M. Westerling, R. Osterbacka, H. Stubb, Phys. Rev. B 66, 165220-1–165220-7 (2002)

26. X.L.R. Dauw, G.J.B. Van Den Berg, D.J. Van Der Heuvel, O.G. Poluektov, E.J.J. Groenen, J. Chem.

Phys. 112, 7102–7110 (2000)

27. R. A. J. Janssen, D. Moses, N.S. Sariciftci, J. Chem. Phys. 101, 9519–9527 (1994)

28. V.I. Krinichnyi, Sol. Energy Mater. Sol. Cells 92, 942–948 (2008)

29. K. Marumoto, Y. Muramatsu, N. Takeuchi, S. Kuroda, Synth. Met. 135, 433–434 (2003)

Spin Localization in P3DDT/PCBM Composite 327

123



30. V.I. Krinichnyi, in Encyclopedia of Polymer Composites: Properties, Performance and Applications,
ed. by M. Lechkov, S. Prandzheva (Nova Science Publishers, Hauppauge, New York, 2009),

pp. 417–446

31. S. Cambre, J. De Ceuster, E. Goovaerts, A. Bouwen, H. Detert, Appl. Magn. Reson. 31, 343–355

(2007)

32. M. Westerling, R. Osterbacka, H. Stubb, Thin Solid Films 403, 510–512 (2002)

33. A.N. Papathanassiou, I. Sakellis, J. Grammatikakis, S. Sakkopoulos, E. Vitoratos, E. Dalas, Solid

State Commun. 125, 95–98 (2003)

34. J.M. Marshall, Rep. Prog. Phys. 46, 1235–1282 (1983)

35. T. Tiedje, in The Physics of Hydrogenated Amorphous Silicon II. Electronic and Vibrational
Properties ed. by J.D. Joanopoulos, G. Lucovsky (Springer, Berlin, 1984), pp. 261–300

36. J. Orenstein, M.A. Kastner, V. Vaninov, Philos. Mag. B 46, 23–62 (1982)

37. Y. Kim, S. Cook, S.M. Tuladhar, S.A. Choulis, J. Nelson, J.R. Durrant, D.D.C. Bradley, M. Giles, I.

Mcculloch, C.S. Ha, M. Ree, Nat. Mater. 5, 197–203 (2006)

38. P. Kumar, S.C. Jain, H. Kumar, S. Chand, V. Kumar, Appl. Phys. Lett. 94, 183505–183507 (2009)

39. J. Nelson, Phys. Rev. B 67, 155209-1–155209-10 (2003)

40. E. Houze, M. Nechtschein, Phys. Rev. B 53, 14309–14318 (1996)

41. V.I. Krinichnyi, E.I. Yudanova, Renew. Sustain. Energy 1, 043110-1–043110-18 (2009)

328 V. I. Krinichnyi, A. A. Balakai

123


	Spin Localization in Poly(3-Dodecylthiophen)/PCBM Composite
	Abstract
	Introduction
	Experimental
	Results and Discussions
	Conclusion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


