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Introduction

By this contribution we will show how we can support by electron spin resonance (ESR or EPR)
the development of polymer photovoltaic and related fields of organic electronics. Essential pro-
cesses in organic photovoltaic are the excitation of molecules, the electron transfer, the genera-
tion of charge carrier pairs, and the motion of charges. To the study of all mentioned processes
ESR can support.

The contributions of ESR are especially high if one has the possibility to use various measuring
frequencies, that is, to employ besides the ordinary X-band with 9.5 GHz, for example, the K-
band ( 24 GHz), and/or the Q-band (35 GHz), the W-band (94 GHz), or the D-band (140 GHz).
The higher the frequency, the better is the spectral resolution [1-2]. In the solid state the ESR
signals are usually influenced by inhomogeneous line broadening caused by unresolved hyper-
fine structures and by anisotropic broadening connected with the anisotropy of the g-factor
components. K-, Q-, W- and D-band measurements allow to determine the spectral parameters g;
and AB; (line widths) with better accuracy.

As known in polymer electronics thin layers of semiconducting polymers are applied showing
often strong anisotropic structures and properties. The ESR offers the opportunity to study the
anisotropic behaviour direct on the polarons P™ generated and moving in polymer chains. If the
polymer chains in polymer films exhibit some degree of order and orientation the same is valid

also for the polarons. The macroscopic anisotropy of polymer thin film morphology can be
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confirmed by angular-dependent ESR experiments as made recently, for example, by K-band
investigations on films of P3HT/PCBM blends [3].

LESR ( light-induced ESR )
According to the topic of the paper especially LESR spectra— that is ESR measured during light

illumination - are in the center of interest. The following information can be obtained by analysis
of LESR spectra[4]:

1. The main is the detection of cation and anion radicals during and after light excitation
including the determination of the estimation of charge carrier concentration.

2. The analysis of the spectroscopic Zeeman splitting factor (g-factor) gives information
about the localization of the paramagnetic centre and on the symmetry. The deviation of
the average g-factor from the g-factor ge of the free electron; Ag = g- ge =1 /AEg,
where | isthe spin-orbit coupling constant and AEy isthe polymer band gap, informs
about the most probable position (or spin density maximum) of polaron localization on
the polymer chain. This is possible because of the significant difference of thel value
for C-atoms of a conjugated polymer (I =29 cm™ for C) from that of other atoms (I =
78 cm* for N and 382 cm™ for S)

3. TheLESR signal line-width analysis gives essential information about

(a) spin-lattice and spin-spin relaxation times Ty and T, respectively,

(b) exchange and dipole-dipole interactions,

(c) anisotropic broadening, connected with the anisotropy of g-factor components,
(d) inhomogeneous broadening due to unresolved hyperfine signal structure.

4. Thetime dependence of the signal amplitude gives information on the kinetics of
charge generation and charge recombination processes.

Examples of LESR-spectra of a poly(3-dodecylthiophene){ P3ADDT} /PCBM {phenyl-C61-
butyric acid methylester} composite registered during laser irradiation at 77 K shows Fig. 1 [2].
The spectra of two overlapping ESR signals are seen where the left hand signals belong to
diffusing polarons P* and the right hand signals are attributed to the PCBM anion radicals Ce; .
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Fig.1 left: X-band LESR spectra
of polarons P™ in P3DDT and of
PCBM anion radicals,

a) measured (S;) + simulated
(Ss) 1< derivative spectrum,

b) absorption spectrum
calculated from S,

Ss = extracted P* signal,

c) schematic representation of
anisotropic absorption signals
and g-factor components

Fig.1 right: D-band ESR spectra
of polarons P™ in P3DDT

LESR studies have been made also on PPV-PPE/PCBM and PPV-MDMO/PCBM at 77 K [4].
The strong saturation effect of the polaron signal gives the opportunity to investigate the PCBM

anion radical de facto separately and in detail. Measured and calculated spectra dominated by the

anion radicals are seen in Fig. 2. Inthe first step the absorption spectrum had been calculated

a)

—»—(8,) - experimental measured

fird derivetive sgna
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from the signal b)-S,

1/PCBM (1:2)
P =1mw,

| =15mwW / cm’,
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| =488n€m, T=77K

b)
(S,) - absorption signal as
integrd of a)-S,

| (S,) - simulation of the

sgnd (S,)
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k g - factors position

Fig. 2; LESR spectraof al:2
composite of PPV-PPE/PCBM
registered during laser irradiation

(I =488 nnm, P=15mW) at 77 K
(in the X-band)

(a) measured and calculated first
derivative spectrum,

(b) constructed absorption spectrum,
(c) schematic representation of the
anisotropic absorption signal of the
PCBM anion radical (calculated with
asmall line-width) and positions of
the determined g-factor components
PPV -PPE = poly(phenylene
vinylene)-poly(phenylene
ethynylene)

by integration of the experimentally first derivative ESR signal. In the second step these absorp-

tion spectrum were simulated as a glass type spectrum with a Lorentzian line shape.

The complete analysis allows to eliminate the anisotropic line width broadening and to estimate

the effective spin-spin relaxation time T, (and by means of it also the spin-lattice relaxation time

T1). T, of the anion radical is significantly influenced by the surrounding structure. (In MDMO-
PPV T,=7.4 ps, T,=68 ns; in PPV-PPE T1=9.4 us, T,=65ns.) That in MDMO-PPV T; is shor-
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ter than in PPV-PPE composites means that the exchange of spin energy with the surrounding
occursin MDMO-PPV faster than in PPV-PPE composites.

light on  |ight off F|g 3, Rise and decay of the LESR Slgnal of
| PCBM radical PCBM anion radicals Cg; " in two different 1:2

| =488 mm , composites measured at 77 K
| =30 mW /cm

LIGHT

T =77K

The upper signal amplitude belongsto
MDMO-PPV / PCBM composite and the
lower one to a PPV-PPE composite

LESR signal amplitude (arb. units)

%%Q M DM O-PV / PCBM (1;2) MDMO'PPV = poly[methoxy _
PPV-PPE 1/PCBM (1:2) (dimethyloctyloxy)-phenylene vinylene

0 50 100 15?/ 200 250 300 350
S

In Fig. 3 is to see that also the kinetics of the PCBM anion radical depends strongly on the
polymer surrounding. The decay curves can be described successfully by a tunnel model in
which the recombination frequency depends only on the distance between the charge carriers.
The same model has been used before for the study of organic solar cell composites [6].

The generation of radical pairs normally occurs in the femto- to nano-second time domain. There
-fore the time dependence of the ESR signal intensities is mainly caused by their recombination.
Different activation energies obtained for P™ and Cs;~ are evidences for independence of the
motion of the polarons and Cg; anion radicals [5]. There are also different spin dynamics in this
system, namely the polaron diffusion along and between the polymer chains and the dominant
rotational diffusion of the PCBM anion radicals.

L/\/ Fig. 4
OCH; 0

Structure formulas of
o OCH; @CH-CH CH-CH}- PCBM-Ci200
n

Similar LESR studies on thin films of M3EH-PPV with the fullerene dimmer PCBM-C1200 as
electron acceptor have been carried out by X- and K-band ESR at 77 and 120K [7].
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Fig.5; (Light-dark)-LESR spectra of
an 1.1 M3EH-PPV/PCBM-C;200
composite film registered during Xe-
lamp illumination

Left: X-band, 9.4 GHz

Right: K-band, 24 GHz

Sy measured and simulated spectra,
S; —S3 gpectraextracted from S,
S; - spectraof polaron P*

S, - gpectra of Cy200 anion radical,
Sz spectrum of PCBM-Cg; anion
radical

It was found that the isotropic g-factor g, = (g«tgy+g;) of the PCBM-Ci200 anion radical obtai-
ned in this blend is with g, = 1.9996 close to the g-factor of PCBM and of the electrochemical
reduced (Cy200)", but it does not coincide with the analogous parameter of the triplet state radi-
cal (C1200)*"18].

ESR give also the opportunity to study the spin and charge dynamics in conjugated polymers
like P3DDT [2] and also in P3ADDT/PCBM composites with photo-generated radical pairs [5]
especially if measuring at various frequencies [9] and as a function of temperature.

TR-ESR (time-resolved ESR)

If we would like to know
what happens in detail after the absorption of light quanta in the polymer blends,

from which excited state the photo-induced electron transfer will be introduced,

the mechanism of the generation of charge carrier pairs and their motion, separation and

energy exchange,
in that case the time-resolved ESR is a suitable measuring method. Such TR-ESR studies of the
photo-induced electron transfer in poly(3-dodecylthiophene){ P3DDT}/maleic anhydride { MA}
blend in THF solution have been carried out [10]. The blends have been excited by laser flashes
of about 20 ns and the ESR spectra were registered between 100 ns and 10 ps after the flash.

By TR-ESR investigations a great part of the information on the photo-induced ET (electron
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transfer) and with it on the formation of radical ion pairs we get from the irregular population of
energy levels which are below 1 us far away from the population in the thermal equilibrium. The
reason for the unusual level population is the so-called Chemically Induced Dynamic Electron
Spin Polarization (CIDEP).

One reason for CIDEP is the Triplet Mechanism (TM). Absorption of a photon by a donor
molecule M yields an excited singlet state *M* which undergoes intersystem crossing to an
excited triplet state M* whose Zeeman levels T.1, To and T.; have different energy in the mag-
netic field of the ESR spectrometer. The ISC is spin selective and creates spin polarization in the
triplet state molecule. If the ET and the radical pair formation from a triplet state takes place
more quickly than the deactivation by phosphorescence or by the spin-lattice relaxation of the
triplet state (°T1) the unusual spin polarization will be transferred in the douplet states of the
radical ions and often we will observe emission spectra which are independent of the magnetic
field position of the observed ESR lines. (The radical system acts as a microwave emitter until
the occupation of the thermal equilibrium isreached.)

A second reason for CIDEP isthe so-called Radical Pair Mechanism (RPM) which effects
changes between singlet and triplet states (S-T-mixing) during separation, diffusion and reen-
counter of radical pairs. It effects that the spin polarisation in the low-field region is different
from that in the high-field region.

Some times CIDEP effects are to observe also in the usual continues wave ESR spectraif these
areregistered during steady state illumination with light of a Xenon lamp or alaser as published,
for example, in[11, 12]. If the effect of RPM is observed it informs us that radical pairs are
formed also if we detect only the spectrum of one radical.

The usual continues wave ESR register the spectra with modulation technique and the first
derivative of the absorption spectrawill be observed as seen, for example, in Fig.s1, 2, 5...of this
paper. For the TR-ESR measurements no field modulation was used but a direct detection have
been applied. The transient ESR signals were digitized by a fast digital oscilloscope synchroni-
zed with the laser pulses. Photo-excitation was performed by an excimer laser Compex 205 ope-
rating at 308 nm and with a pulse repetition rate of 10 Hz. The pulse energy of the Laser was 100
— 200 mJ and the pulse duration was about 20 ns. The time resolution of our detection system is
approximately 50 ns.

The effect of TM and the influence of RPM can be seen in Fig. 6 for radicals of maleic anhy-

dride (MA) and in Fig. 7 for radicalsin P3SDDT/MA [10].
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Fig. 6 ; TR-ESR spectraof 3 various radicals
of MA radicals and the belonging splitting
diagrams @) in THF solution, b) in butanol
The H-containing solvents are in this contribu-
tion labelled as LH. The electrical neutral radi-
cals R; and R; are formed by attachment of H'
and L' via abstraction of H from the LH-mole-
cule (R; = HMA, R,= LMA). In butanol
Rs; = MA™ is formed by the attachment of an
electron from a solvent molecule.

Fig. 7; TR-ESR spectra (S;, S) of radicalsin
blends from P3DDTand MA solved in THF.
S; and S; are measured 0.35 s after the laser
flash. For the spectrum S, about two times
more P3DDT has been in the solution than for
S;. Sz isthefitted spectrumof S, S;and Ss
are extracted spectrafrom Sg belonging to
the anion radical R3 = MA™and

the polaron P", respectively.

In Fig. 7 thefield position H; of the central lines of R; corresponds to g = 2.0037 for the anion

radical. The position H, corresponds to g = 2.0022 which is in agreement with the isotropic ~ g-

factor of the polaron P™, estimated from measurements on a film of PSDDT/PCBM [5].
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O O Flg 8:
il /j g | The measured time dependence of the polaron
: signal. Although the signal to noise rate iswith
S/N = 3.5 low the time dependence is clear and
allows in afitting process the estimation of the
relaxation times T, and To.
The low spin-spin relaxation time T is caused
mainly by the high hole mobility of P™in the
conjugated polymer P3DDT and is of the same
order of magnitude as estimated by a saturation
method in asolid PDDT layer [5].
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Complete three-line TR-ESR spectra of MA™ have been published by Honma et al, [13] and by
He et al. [14], however, not with a conjugated polymer as donor but with a low molecular com-
pound.

Resultsregarding ET in PSBDDT/MA [10].

The simultaneous detection of both ion radicals, the polaron P and the anion radical R;" informs us that
in solutions of P3DDT/MA blends in THF the most probable version of the formation of R; anion
radicals will be via the dectron attachment from the photo-excited poly(3-dodecylthiophene).
The emissive character of the spectra informs that the dominating CIDEP mechanism is the triplet
mechanism (TM). That means a precursor of the photo-induced electron transfer is a triplet state

generated viaintersystem crossing from an excited singlet state.

Additionally the polarization by the radical pair mechanism (RPM) occurs, however, with oppo-
site sign in comparison with the electrically neutral radical pairs R; and R, where the RPM by
S-Tomixing effects clear E/A spectrawith emissive signalsin the low field region and enhanced
absorption signals in the high field region of the spectra. In case of the electrically charged radi-
cal pairs the polarization is not only influenced by the exchange interaction J < 0 but especially
by dipole-dipole or Coulomb interaction (CI). In such ion radical pair systems a “J > 0" beha
viour is possible [15], and in the above mentioned system with MA™ radicals the S-T.; mixing
seems to be the most plausible polarization mechanism [13].
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Also in the case of the radical pair Rs"and P* a“J> 0" behaviour is probably influencing the
spectra of R3 = MA™. This behaviour is caused by dipole-dipole or Coulomb interaction (ClI)
within the geminately generated ion radical pairs. Thisis in agreement with the theoretical treat-
ment of Shkrob [15].

The CI is larger in donor/acceptor systems with smaller molecular radius of acceptors than in
that with larger acceptor molecules. The CI promotes the back electron transfer, and as a result,
limits the efficiency of the charge separation process. The small CI in polymer blends with the
acceptor fullerene is probably the reason for the high efficiency of the photo-induced electron
transfer in blends of conjugated polymers with fullerene derivates.

DHZ_>

DH, = 0.098mT, Dg = 0.0005

3(Ceo'PCBM )* Fig. 9: TR-ESR spectraof various
MA/polymer blendsin THF
solution measured in the X-band at

room temperature

S - MA/P30OT/ Cgo-PCBM
Sy - MA/P30OT

Ss - MA/P3DDT
W S, - MA/M3EH-PPV/Cr-PCBM
S - MA/M3EH-PPV/Cg-PCBM

l S, ., .
_ ! P," - polaronsin P3AT
' R

1 'R, 1 P," - polarons in M3EH-PPV
2
imT DH, = 0.12mT, Dg = 0.0007

Additional experiments with two other conjugated polymers have been carried out with the aim
to compare the resonance positions and the spin polarisation (CIDEP) of polarons in different
polymers. The spectra are seen in Fig. 9. The spectrum Sz of Fig. 9 isidentical with the spec-
trum S; of Fig. 7.

Concerning the spectra S; and S, of Fig. 9 it should be pointed out that the TR ESR spectra have
been recorded in the presence of a small concentration (c = 0.001 M) of Cgo- and Czo-PCBM,
respectively, especially because in pure MA/M3EH-PPV solution the signal/noise rate was too

low to register polaron spectra of sufficient intensity. The resonance positions of polarons P,
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(in M3EH-PPV) is shifted to the low field direction by 0.12 mT in respect to P;* (in P3AT).
Different g-factors of polaronsin P3AT and in M3EH-PPV are the reason for the displacement.

P30T (Poly-3-octylthiophene) and P3DDT have the same polymer backbone and the polarons
have about the same isotropic go-factor of around 2.0021. However, the polarons P," in M3EH-
PPV have a go-factor value go =2.0029. (In Fig. 9 signals of the anion radicals of Cg- and Cyo-
PCBM are de-facto not to see because of the small concentration. Its g-factors are about 2.000
and 2.0028, respectively.)

For the spectrum Ss an about 10-times higher Cgo-PCBM concentration (c ~ 0.01 M) have been
applied in the blend with MA-P30OT. The strong absorption signal is caused by excited triplet
states of Cg-PCBM. It should be pointed out that the 3(Ceo-PCBM)* spectrum has been
certainly registered by us also in THF solution without MA and polymer, and for example, by
Scharber et al. [16]. For the spectrum Ss the blend with MA has applied mainly because of the
opportunity of precise line position determination relative to the spectral lines of R; and R, of
maleic anhy-dride. The CIDEP signals of *(Cg-PCBM)* and of the observed polarons have
opposite signs. Therefore on the field position labelled with P," in the spectra S; and S, are really
the resonance signals of P," and can not be attributed to signals of anion radicals of PCBM .

Concluding remarks

With this contribution it has been shown that ESR spectroscopy allows a deeper insight in the
physical processes of the electron transfer and in chemical reactions of radical ions and neutral
radicals. By means of ESR spectroscopy relatively fast can be proofed

whether in a new donor/acceptor material combination photo-induced electron transfer
occurs or not

how various additives influence the electron transfer and the electron back-transfer
whether in the selected material combination electron back-transfer happens and how
fast it is

how special material treatments like, for example, annealing, solving and re-crystalli-
zation influences that process

By means of TR- ESR spectroscopy one can study
excited triplet state properties of donors:
- electron transfer rate

- excited triplet / singlet ground state kinetics,
- estimation of relative sublevelstriplet state populations
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transient precursor states and kinetics of ion radical formation in donor-acceptor organic
composites under the light excitation

Without doubt, ESR spectroscopy contributes not only to the fundamental research but it isalso

of practical worth for developers of solar cell materials and for related subjects of development.
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