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Light-induced processes in composites of semiconducting polymers and fullerene derivatives have been
widely studied due to their usage as active layers of organic solar cells. However the process of charge
separation under light illumination — the key process of an organic solar cell is not well understood yet.
Here we report a Q-band pulse electron paramagnetic resonance study of composites of the fullerene
derivative PCgoBM ([6,6]-phenyl-Ceg;-butyric acid methyl ester) with different p-type semiconducting polymers
regioregular and regiorandom P3HT (poly(3-hexylthiophene-2,5-diyl), MEH-PPV (poly[2-methoxy-5-
(2-ethylhexyloxy)-1,4-phenylenevinylene]), PCDTBT (poly[N-9’-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-
2-thienyl-2',1’,3’-benzothiadiazole)]), PTB7 (poly({4,8-bis[(2-ethylhexyl)oxylbenzo(1,2-b:4,5-b’]dithiophene-
2,6-diylH{3-fluoro-2-[(2-ethylhexyl)carbonyllthieno[3,4-blthiophenediyl}))), resulting in a detailed description
of the in-phase laser flash-induced electron spin echo (ESE) signal. We found that in organic donor—
acceptor composites the laser flash simultaneously induces species of two types: a polymer**/fullerene®
spin-correlated polaron pair (SCPP) with an initial singlet spin state and (nearly) free polymer** and
fullerene®™ species with non-equilibrium spin polarization. Species of the first type (SCPP) are well-
known for polymer/fullerene blends and are usually associated with a charge-separated state. Also, spin
polarization of long-living free species (polarons in deep traps) is affected by the laser flash, which is the
third contribution to the flash-induced ESE signal. A protocol for extracting the in-phase ESE signal of
the SCPP based on the dependence of the microwave nutation frequency on the strength of the spin
coupling within the polaron pair was developed. Nutation experiments revealed an unusual pattern of

Received 1st June 2017, the SCPP in RR-P3HT/PCgoBM composites, from which the strength of the exchange interaction

Accepted 26th July 2017 between the polymer** and fullerene®*” was extracted. In composites with low-efficient polymers the
contribution of the SCPP to the in-phase ESE signal is high, while in composites with high-efficient
polymers it is low. This finding can be used as a selection criterion of charge separation efficiency in the

polymer/fullerene composites.

DOI: 10.1039/c7cp03680a

rsc.li/pccp

Introduction

“Voevodsky Institute of Chemical Kinetics and Combustion of Siberian Branch of There is a rapid development in the field of organic photovoltaics

Russian Academy of Sciences, Institutskaya 3, 630090 Novosibirsk, Russia.

E-mail: chemphy@kinetics.nsc.ru; Tel: +7-383-3332297
b Novosibirsk State University, Pirogova 2, 630090 Novosibirsk, Russia
¢ School of Chemistry, University of Southampton, Highfield Campus, Southampton,

UK
4 Max Planck Institute for Chemical Energy Conversion, Stiftst. 34-36,

D-45470 Muelheim an der Ruhr, Germany
t Electronic supplementary information (ESI) available: ED EPR spectra of RR-
P3HT/PC4,BM composites in the dark and under continuous light illumination,
ED flash-induced EPR spectra of RR-P3HT/PC4,BM measured with pre-saturation
at different temperatures, simulations of the nutation curves for tight SCPP
RR-P3HT**/PCq,BM*~ with different parameters of exchange and dipolar inter-
actions, a model system for DFT calculations and computed g-factors of the
positively charged polythiophene polaron as a function of a distance to a negative
point charge, simulations of the extracted SCPP spectrum with a modified
RR-P3HT*" g-tensor. See DOIL: 10.1039/c7cp03680a

This journal is © the Owner Societies 2017

and some commercial applications have already been described.'®
Power conversion efficiencies of organic solar cells typically lie in the
range of 8-9%, the largest value obtained so far is 11.2%.” The active
layer of organic solar cells is usually a bulk heterojunction (BHJ)'®
comprising a p-type semiconducting polymer as an electron
donor® ™" and a fullerene derivative as an electron acceptor,?
although new promising materials, typically polycondensed
heterocycles, have also been employed.”*'* The key process
in organic solar cell operation is the charge separation process
that takes place in the active layer under light illumination.”™”
Its mechanism is, however, not completely understood.'®"°
The charge separation process in organic composites is
mainly studied using transient absorption spectroscopy®*>*
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and time-resolved (TR) EPR.>*"*° The following model of the
charge separation process has been developed using the results
of these studies. After the active layer has absorbed light, an
exciton is formed. This diffuses through the material until it
decays to the ground state or reaches the donor-acceptor interface
where the electron is transferred from the semiconducting polymer
to the fullerene. Thereby an intermediate charge transfer (CT) state
is formed. In the CT state electrons and holes are situated on
the acceptor and the donor molecules, respectively, but they are
still bound by strong Coulombic interactions. Hereafter the CT
state separates into free charges with almost unity quantum
yield in many polymer/fullerene blends. This description is
rather simplified and, actually, the understanding of the charge
separation mechanism at the organic donor/acceptor interface
still remains a challenge.

One of the major problems of both transient absorption and
time-resolved EPR is the difficulty of signal assignment, especially
if the spectrum consists of many different contributions. In
contrast, pulse EPR, in particular electron spin echo (ESE)
spectroscopy, provides the opportunity to separate different
contributions to the signal by varying microwave pulse
sequences and pulse amplitudes. Thus, pulse EPR is a valuable
technique in the investigation of the charge separation process
in organic donor/acceptor composites. In such experiments the
so-called flash-induced ESE signal is usually analyzed which is
the difference of the ESE signals obtained with the same
microwave pulse sequence obtained for a short Delay After
the laser Flash (Tpar), and for sufficiently long Tpag. It is
assumed that all transient paramagnetic species decay for long
Tpar and only stable species remain. Previously, pulse X-band
EPR spectroscopy was applied to studies of RR-P3HT (regio-
regular poly(3-hexylthiophene)) and PC¢,BM ([6,6]-phenyl-Cq;-
butyric acid methyl ester) or PC,,BM ([6,6]-phenyl-C;-butyric
acid methyl ester) composites, and the observed out-of-phase
electron spin echo envelope modulation (ESEEM) was interpreted
as a feature of a singlet-born spin-correlated polaron pair (SCPP)
polymer**/fullerene® ~.>°>" However, the nature of in-phase flash-
induced signals is not yet completely understood.>*~** Since for
sufficiently selective microwave pulses in-phase flash-induced
ESE is proportional to the magnetization change caused by the
laser flash, its magnetic field dependence (echo-detected EPR
spectrum) is expected to be similar to the TR EPR spectrum. It
should be noted that the evolution of the TR EPR spectrum for
RR-P3HT/PC¢,BM with the increase of Tpap cannot be inter-
preted within the simple singlet-born SCRP framework.?>
Taken together these facts show that the spin dynamics in
polymer/fullerene composites is more complex than it was
suggested in the earlier singlet spin-correlated radical pair
(SCRP) model,>* which has been successfully applied to the
photosynthetic charge separation process.*>™*

Here we report a Q-band pulse electron paramagnetic
resonance study of composites of the fullerene derivative
PC¢,BM([6,6]-phenyl-Ce;-butyric acid methyl ester) with different
conductive polymers (regioregular (RR) and regiorandom
(RRa) P3HT (poly(3-hexylthiophene-2,5-diyl)), MEH-PPV (poly[2-
methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]), PCDTBT
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Fig. 1 Molecular structures of the substances used.

(poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-

2',1',3’-benzothiadiazole)]), PTB7 (poly({4,8-bis[(2-ethylhexyl)-
oxy|benzo[1,2-b:4,5-b']dithiophene-2,6-diyl}{3-fluoro-2-[(2-ethyl-
hexyl)carbonyl]thieno[3,4-b]thiophenediyl}))) (see molecular struc-
tures in Fig. 1), resulting in a detailed description of the in-phase
laser flash-induced electron spin echo (ESE) signal. Using different
pulse sequences and the high spectral resolution obtained at the
Q-band we were able to separate several contributions to this
signal. We found that in organic donor-acceptor composites the
laser flash induces not only a polymer®*/fullerene® ~ SCPP with an
initial singlet spin state but also free or nearly free polymer*" and
fullerene® ~ polaron species with non-equilibrium spin polarization,
which can be either absorptive or emissive. These non-equilibrium
polarized species are known to appear as a result of a separation of
a geminate radical (polaron) pair to rather long distances (CIDEP
mechanism)***> or by polarization transfer from the SCRP to a
third observer spin,*®*” presumably, pre-existing polarons in
deep traps. We also developed a protocol for suppressing the
contribution of free species to the flash-induced ESE signal.
Using this protocol we estimated the strength of the exchange
interaction for the CT state RR-P3HT*"/PCgo,BM"® .

Theory

Since a bulk heterojunction is intrinsically disordered, the
precise description of the CT state in a polymer/fullerene
composite would imply a broad distribution of distances
between its parts, polymer®" and fullerene®”. This implies also
a distribution of the parameters of the exchange and magnetic
dipolar interactions. In the present study we consider a highly
simplified model of this distribution consisting of only two
subensembles. The first one (CT state) has a small fixed
distance between polarons, a fixed exchange and dipolar inter-
action parameters and an initial singlet spin state; thus it can
be treated as a SCPP. The second subensemble (separated
charges) has a long distance between polarons and negligible
strength of magnetic interactions between them. In this case a
pure singlet RP is not observable in the ESE experiments. We
assume, however, that these species carry non-equilibrium spin
polarization. Initially, this is CIDEP with an A/E pattern, which
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is gradually converted to Boltzmann polarization at longer Tpar
because of spin-lattice relaxation.

The theoretical description of a SCRP was developed for the
interpretation of photosynthetic reaction centers and is described
in detail elsewhere.>**®*° Here we will briefly outline the main
aspects of this theory and then describe the modifications
necessary to apply it to the simulation of our ESE experiments.

The spin Hamiltonian of a polaron pair contains the
Zeeman interactions of both polarons with the external mag-
netic field, as well as the dipole and exchange interactions
between polarons:*

1
H = ppgierrBoS1: + 1pgrert BoS2: + J(E - 2S152)
1 1 @
+ ED(3 cos’ & — 1) (SZ2 — §S2)

Here ug is the Bohr magneton, B, is the spectrometer magnetic
field, gierr and goer are the effective g-factors of polarons 1
and 2, respectively, S; and S, are their spin operators, S denotes
the total spin operator S; + S,, J is the exchange coupling,
D is the dipolar coupling, ¢ is the angle between the line
connecting the polarons in the pair and the external magnetic
field. The hyperfine coupling in organic photovoltaic materials
is often negligible due to the strong delocalization of the spins
and charges.

The spin centers in both polymers and fullerenes have
anisotropic g-tensors, therefore the effective g-factor is
determined as

_ ;2 2 s 2 ;2
81,2etf = 81,26 5IN" 015 COS™ @y 5 + 81,2y SIN 01,25In" @15
2
+ g1,,€08” 01 5, (2)

where g 5(x,,-) are the principal components of the g-tensor, 0, ,
and ¢, ,, are the angles characterizing the orientation of the
molecular frame with respect to the magnetic field orientation
(the z-axis of the laboratory frame). In the absence of inter-
actions between spins 1 and 2 their resonance frequencies are
®1 = lipgiesrBo and @y = UpgaestBo.

The eigenvectors and eigenvalues of the spin Hamiltonian
(1) are

1
1) =IT+) Ey=—J+3d+0
|2) = cosy|S) + siny|Tp) E = f%dJrQ
| ®)
|3) = —siny|S) 4+ cosy|Ty) E3 = fid -Q
1
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The allowed EPR transition energies are:
Wy = —Q-sign(1g2y) — (J — d)
w3 = o — Q-sign(tg2y) + (J — d)
w3 = o+ Q- sign(tg2y) — (J —d) “
w4 =+ Q-sign(1g2y) + (J — d)

The sign function in the above equations is necessary for the
correct assignment of the transition frequencies but it is lacking
in previous treatments. It is assumed that microwave pulses are
selective and that they excite only one allowed transition. This
transition was treated as spin 1/2 with an effective gyromagnetic
ratio yor = V27, sini for the 1 <> 2 and 2 « 4 transitions and
Veft = \/iyo cosy for the 1 «— 3 and 3 < 4 transitions, where
7o is the free electron gyromagnetic ratio. Every transition is
broadened by a Gaussian function. We took into account that
two radicals in the pair have different line widths and therefore
calculated the line width of each individual line according to
the relative contributions of the transition moments of polaron
1 and polaron 2 as

Wi = Wil (i]Swal )1 + Wal(ilSael 1%, (5)

where W; and W, are the individual line widths of polarons
1 and 2.
Thus we obtained

Wiy = Wiy = [Wi(cosy — sinyy)* + Wa(cosy + sin)?] /2

Wis = Wy = [Wi(cos + sin)? + Wa(cosyy — siny)?] /2.
(6)

For the case of a negligible interaction between spins (¥ = n/4)
the empirical relation (6) ensures that transitions belonging to
the first polaron have the linewidth W; and transitions of the
second polaron have the linewidth W,. For the case of strong
spin coupling ( = 0) eqn (6) ensures an average linewidth.

The initial level population (upon charge separation) was
zero for levels 1 and 4, cos® for level 2 and sin®y for level 3.

The ESE signal of the pair of non-interacting polarons
was calculated using a similar approach. The difference from
the SCPP calculation was the assumption J = 0, D = 0 and the
appropriate initial population of the spin levels, representing
longitudinal magnetization for spin of each polaron with equal
magnitude and different sign (A/E polarization).

The line intensity of the ESE signal in ¢,-t-2¢,-t-echo is the
product of the population difference of the levels, the transition
probability and sin® «, where o is the rotation angle of the first
pulse o = t,w4(Sy), in which ¢, is a pulse length, w, = y,B, with B,
denoting the microwave amplitude, (S,) is siny for the 1 < 2
and 2 < 4 transitions and cosy for the 1 « 3 and 3 < 4
transitions.>® For the case of a negligible interaction between
spins the maximum echo intensity is observed for ¢y, = m/2.

The nutation experiment with a pulse sequence f-T-t,~1-
2t,~t1-echo can be simulated using the same model as described
above. The first microwave pulse with variable length changes
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the level populations as follows

(Pz_Pl) Pz—Pl COS([ﬂS]l’]lp)
(P4 — Pz) P4 — P2 COS<\/§ﬁ sin l//)

7)
(P4 — P3) P4 — Pz COS(\/_ﬁ COoS l//)

(P3—P1) — (P3—Py) cos(x/iﬁcos 1//)

where f is the turning angle of the nutation pulse for isolated spin
S =1/2. The influence of the following two-pulse sequence can be
calculated as described above. Thus we calculated the transition
frequencies for all possible transitions in the spectrum, then took
into account line broadening with the line-width determined as in
eqn (6) and calculated the contribution of each line to the signal
intensity at the chosen g-value. The extracted signal of the SCPP
was determined as a difference of the ESE signal calculated with a
strong pulse and the ESE calculated with a weak pulse, multiplied
by 2+/2, according to the above protocol.

In each case the ESE signal for a polyoriented ensemble of
SCPPs was obtained by averaging over the spatial orientations of
the g-tensors. For the case of non-zero dipolar interactions
averaging over the angle £ was performed. All distributions were
uncorrelated. We assume that hopping of the charges is slow
compared to the duration of the microwave pulse sequence, so
all magnetic parameters are constant.

Experimental procedures
Sample preparation

Regioregular and regiorandom P3HT (poly(3-hexylthiophene-
2,5-diyl)), MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]), PCDTBT (poly[N-9'-heptadecanyl-2,7-carbazole-
alt-5,5-(4',7'-di-2-thienyl-2’,1’,3’-benzothiadiazole)]), PTB7 (poly({4,8-
bis[(2-ethylhexyl)oxy|benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl}{3-
fluoro-2-[(2-ethylhexyl)carbonyl]thieno[3,4-b]thiophenediyl})) and
PCgoBM ([6,6]-phenyl-Cs;-butyric acid methyl ester) (see molecular
structures in Fig. 1) were purchased from Sigma Aldrich and used
without further purification. One of the semiconducting polymers
and PC¢BM (weight ratio 1:1) were dissolved in chlorobenzene
(concentration of each substance approximately 6 mg ml~ ') and
mixed using an ultrasonic mixer (QSonica Microson XL2000).
Several freeze-pump-thaw cycles were performed, then the
solvent was evaporated to form a composite film on the inner
wall of a quartz sample tube (0.d. 2.8 mm). Then samples were
annealed at 10> Torr at 150 °C for about 10 minutes. This was
done to remove traces of oxygen from the composite, which act as
deep trap for polarons. The intensity of the dark EPR signal of
these samples did not increase upon exposure to air at room
temperature. This testifies that the composite is stable under
ambient conditions, and sealing of the samples is not necessary.

Pulse EPR experiments

EPR measurements were performed on a pulse Q-band Bruker
ELEXSYS E580 EPR spectrometer (microwave frequency close
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to 34 GHz) at the Max Planck Institute for Chemical Energy
Conversion, Muelheim an der Ruhr, Germany. The spectrometer
is equipped with a homebuilt TE0O11 microwave cavity’' and a
cryogen-free closed-cycle cryostat (Cryogenic Limited) employing
a PT415 Cryomech Inc pulse tube cryocooler (1.5 W @ 4 K)
maintaining a stable low temperature during long-time experi-
ments. If not otherwise specified, the measurements were done
at 40 K. This low temperature was used to ensure slow charge
hopping after initial light-induced charge separation.

Light excitation was realized using an Innolas SpitLight
600 OPO laser system (700 nm, flash duration 5 ns, repetition
rate 10 Hz, about 1 mJ light intensity reaching the sample) for
all samples. The light absorption of the studied composites is
relatively low in the infrared region, therefore the laser light
penetrates deep into the sample and the resulting spatial distribu-
tion of light-induced species is expected to be homogeneous.
Changing pulse excitation wavelength to 532 nm did not affect
the resulting ED EPR spectral shape and nutation pattern, only
signal intensity was varied. For continuous light illumination
laser operating at 532 nm was used.

The following microwave pulse sequences were used in the
experiments:

1. A two-pulse sequence was applied to form the ESE signal
at a certain Tpap.

2. An additional microwave pulse was added before the laser
flash in order to turn the magnetization of stable species to the
XY plane of the rotating frame and thus make its contribution
to the resulting ESE signal zero. Amplitude and the duration of
the first pulse were chosen so that the ESE signal without laser
flash is zero.

3. For the measurements of ESE nutations the following
pulse sequence was used: after the laser flash and delay Tpar a
microwave pulse with variable length ¢ was applied. After a fixed
delay time T the two-pulse sequence was applied for the
detection of the echo.

Turning angles of all microwave pulses are related to separated
polarons with negligible interactions with other electron spins.
This situation occurs at long Tpar when the flash-generated
SCPPs either recombined or dissociated. The phase of ESE was
tuned by the two-pulse ESE signal at long Tphar, for which pure
in-phase ESE is expected. In all experiments out-of-phase ESE
amplitude was negligibly small.

Results and discussion
RR-P3HT/PCs,BM composite

We measured the Q-band ED EPR spectra of RR-P3HT/PC4,BM
in the dark and under continuous light illumination (Fig. S1,
ESIT). The obtained spectrum consists of two well-separated
peaks, the peaks at a low and a high g-factor belong to PC¢,BM* ™
and RR-P3HT*", respectively. The signal in the dark appears due
to the presence of polaron species trapped in the defects; light
irradiation generates long-living thermalized polarons that
contribute to the spectrum. The Q-band in-phase light-induced
ED EPR spectrum of RR-P3HT/PC4,BM was determined as a
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Fig. 2 Light-induced ED EPR spectrum of RR-P3HT/PCgoBM determined
as a difference between the spectrum measured under laser flashes
without synchronization between laser flashes and the microwave pulse
sequence and a spectrum measured in the dark after the laser light was
turned off (red line). The measurements were done using the two-pulse
sequence (Scheme 1). The spectrum was simulated using parameters of
polaron species summarized in Table 1 and zero magnetic interactions
between polarons (black line).
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difference of the spectrum recorded under continuous unsyn-
chronized laser flash illumination and the spectrum measured
after the light was turned off (Fig. 2). The ESE signal of the
thermalized polarons accumulated after many laser flashes is
measured in this experiment; this spectrum is almost equal to
that under continuous light irradiation meaning that it also
belongs to thermalized long-living polarons. It should not be
confused with the flash-induced ED EPR, in which the change
in the ESE intensity caused by a single laser flash is measured.

We measured the flash induced ED EPR spectra of the
RR-P3HT/PC,,BM composite with Tpar = 300 ns and 99 ms
delays between the excitation laser flash and the microwave
pulse sequence. The spectra of RR-P3HT*" and PC4,BM"* ™ at the
Q-band are clearly separated, the low g-factor and the high
g-factor peaks correspond to fullerene and polymer polaron
signals, respectively (Fig. 3). The spectrum with Tpar = 99 ms is
similar to that of thermalized free polarons, implying that at
such a long Tpr all flash-induced species either recombined or
thermalized.

The difference between the spectra at Tpar = 300 ns and
99 ms corresponds to the flash-induced signal (Fig. 4), which
has emissive polarization at a high g-factor and very weak
absorptive polarization at a low g-factor, similar to the pre-
viously observed flash-induced ED EPR spectra in composites
of semiconducting polymers and fullerenes.>** This signal
presumably comprises both ESE of the light-induced species
and the changes in the signal of long-living polarons. In order
to separate these two contributions we applied an additional
microwave pulse prior to the laser flash, which turns the
magnetization of the long-living polarons into the XY plane of
the rotating frame and therefore suppresses their ESE signal
(Scheme 2). The ESE signal of the flash-induced species without
contribution of the long-living polarons is presented in Fig. 5.
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Fig. 3 Echo-detected EPR spectra of RR-P3HT/PCgoBM measured
with Tpar = 300 ns and 99 ms (green and black lines, respectively).
A two-pulse microwave sequence with selective pulses and t = 400 ns
was used (Scheme 1).
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Fig. 4 Echo-detected flash-induced (determined as a difference of spectra
measured with Tpar = 300 ns and 99 ms, pulse sequence 1) EPR spectra
of RR-P3HT/PCeoBM measured with different microwave power settings.
The two-pulse microwave sequence with selective pulses (duration of the
first pulse 100 ns) and © = 400 ns was used. The numbers in the figure
indicate the microwave attenuation level. Attenuation of 14 dB corresponds
to the maximum ESE signal of the separated polarons.

The influence of the laser flash on the long-living free species
(Fig. 6) was determined by subtraction of the pre-saturated flash
induced spectra (measured according to Scheme 2) from the
regular flash induced spectra (measured according to Scheme 1).
The pre-saturation pulse suppresses the long-living magnetization
but it does not affect the flash-induced species. Therefore the

ESE
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I Toar T T t
i

Scheme 1 Two-pulse sequence.
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Scheme 2 Two-pulse ESE with pre-saturation.

—— Experiment
—— A/E polarized
separated polarons
—— SCPP

—— Sum

Signal Intensity, arb.un.

T T T
2,000 2,002 2,004

g-factor

Fig. 5 Echo detected flash-induced EPR spectrum RR-P3HT/PCgoBM
measured with pre-saturation (black line). The pre-saturating microwave
pulse was applied 1 ps before the laser flash and a two-pulse microwave
sequence with selective pulses and 7 = 400 ns was used for detection
(Scheme 2). Green and blue lines show simulated curves for A/E polarized
separated polarons and SCPPs, respectively; the red line shows their sum.
The simulation was done using the parameters of polaron species sum-
marized in Table 1, assuming a dipolar interaction of 5 MHz and an
exchange interaction of 3 MHz for SCPPs and zero magnetic interactions
for A/E polarized separated polarons.
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Fig. 6 Laser flash influence on long-living polarons of the EPR spectrum of
the RR-P3HT/PCqoBM composite. Spectra were determined as a difference
between signals measured using the two pulse sequences shown in the
inset with Tpar = 300 ns (green line) and Tpar = 99 ms (black line).

contribution of flash-induced species disappears after subtraction.
As can be seen in Fig. 5 the laser flash significantly reduces
the ESE signal of long-living polarons. The reason for this is
not clear at present. One possibility is a polaron spin polariza-
tion change caused by exciton quenching by this polaron.
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Exciton quenching on polarons is an important loss mechanism
in polymer/fullerene OPV devices.”>> Presumably, it involves
electron transfer from the exciton to a positive polaron or from
a negative polaron to the exciton. The change in electron
spin polarization during this process cannot be excluded,
although it has not been reported to date. The other possible
mechanism of polaron spin depolarization is bi-polaron
formation observed at high concentrations of the polarons on
polymer molecules.” This scenario implies that after the laser
flash the concentration of polarons increases and a significant
part of these form bi-polarons that are EPR silent, while at long
Tpar the charge concentration decreases due to recombination
and most bi-polarons separate into free charges. The third
possibility is partial interconversion of singlet excitons to triplet
excitons before they dissociate at the donor acceptor interface,
and transfer of spin polarization from triplet excitons to polarons.
Such a process is known for stable radicals in organic matrices.>
The origin of stable polaron depolarization is unclear for our case,
but it seems not to be related to the CT state at the donor-
acceptor interface. For this reason we did not analyze this effect
further but suppressed it by our data treatment.

Even with pre-saturation of long-living polarons the ESE
signal of flash-induced species (Fig. 5) consists of at least two
contributions. During the charge separation process short-lived
SCPPs with significant magnetic interactions between polarons
are formed. This suggestion is supported by the non-uniform
dependence of the flash-induced spectra on microwave power
(Fig. 4). The ESE signal of the SCPP depends on microwave
power differently than that of the free species with spin S = 1/2,
which gives the opportunity to separate electron spin echo
signals of different species.

As mentioned above we assume that the overall ESE signal at
small Tpar is a superposition of the contributions from the CT
state and the separated polarons. We assume also that at long
Tpar the CT state either recombines or dissociates. Therefore,
for Tpar = 99 ms only separated polarons contribute to the ESE
signal. Under these assumptions it is possible to filter out the
contribution of separated polarons from the mixture of ESE
signals using the following protocol for the experimental
data treatment:

1. We choose two values of the microwave amplitude for the
primary ESE sequence with selective microwave pulses: A; that
is optimal for separated polarons (the maximal ESE signal at
Tpar = 99 ms) and A4, = A;/2 which corresponds to 6 dB higher
microwave power attenuation than that for 4,. If the microwave
amplitude is twice lower, the magnetization turning angles are
also two times reduced. According to the Theory section the
ESE intensity for separated polarons in this case scales by
1/2v/2 compared to its maximum value, which corresponds to
the m/2 turning angle for the first pulse.

2. We measure four echo-detected EPR spectra with a two-
pulse sequence with selective microwave pulses. Two of these
spectra are recorded with optimal microwave power: S(Tpsr =
99 ms, 4,), S(short Tpag, 4;). The other two spectra are recorded
with reduced microwave power but with the same pulse length:
S(Tpar = 99 ms, A,), S(short Tpag, Az)-
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3. We determine the coefficient K that describes how the
signal of separated polarons changes with the decrease of
the microwave power for the condition S(Tpar = 99 ms, 4,) —
K X S(Tpar = 99 ms, A;) = 0. The experimental value of K is not

exactly equal to 1/2v/2 because of some uncertainty in the
choice of A;.

4. We subtract two spectra measured at short Tp,r with this
coefficient K and thus cancel out the contribution of separated
polarons to the ESE signal. Only the signal of the SCPP is left:
S(short Tpap, 43) — K x S(short Tpar, A;) = CT state spectrum.

It should be noted that the signal of the CT state is slightly
distorted by this protocol: the stronger is the deviation of the
particular SCPP from the weak coupling limit, the stronger is its
contribution to the processed signal. Further such signal will be
referred to as “‘extracted SCPP signal”. Thus, the extracted SCPP
signal is decreased at the edges of the EPR spectrum, because
these correspond to a larger difference of the Zeeman frequency
of the spins constituting the pair, and consequently, to a smaller
extent of spin coupling (the angle of singlet-triplet mixing
¥ is close to m/4). Analogously, by subtraction of the signals
measured with different microwave power for short Tpar (step 4
of the above protocol), it is possible to filter out the signal of
isolated polarons and extract the SCPP contribution not only in
the ED EPR spectrum, but also in ESE nutation (Scheme 3). This
approach still works if the following conditions are fulfilled: the
measured signal is primary ESE and amplitude of all other
pulses (the first microwave pulse for the case of nutation
experiment) is the same in the set of measurements. The scaling
coefficient K can be determined at step 3 of the above protocol
from two-pulse ESE for long Tp,r (measurements at two different
microwave powers); this two-pulse ESE sequence should be the
same as the detection unit in the nutation sequence (the second
and the third pulses in Scheme 3).

The process of the extraction of this signal from experi-
mental data is illustrated in Fig. 7. Under our conditions
the precision of the experimental determination of optimal
microwave power is about 1 dB, which translates in deviation

of the scaling coefficient K from the theoretical value 1/2v/2.
The value of K was in the range 0.3-0.4 in our experiments.

The distortion of the shape of the echo-detected EPR spectrum
of the SCPP caused by the extraction procedure is illustrated for
the simulated SCPP spectra in Fig. S2 (ESIY).

In Fig. 8 we show the extracted signal of the SCPP for
RR-P3HT/PC4,BM. We can see that the extracted SCPP signal
is slightly narrower than the flash-induced ED EPR spectrum
(Fig. 5). The broad spectral component in Fig. 5 seems to originate
from weakly or non-interacting spins with 1/2 multiplicity. This
signal presumably corresponds to separated polarons with non-
equilibrium spin polarization. Such polarization can form

Laser flash <L,

Tpar T=1.5us s T

« « t

Scheme 3 Pulse sequence used in nutation experiments.
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Fig. 7 Echo-detected EPR spectra used for the extracted SCPP signal.
The left and right side plot shows spectra measured at Tpar = 99 ms and
Toar = 300 ns respectively. The red line shows a spectrum measured at a
microwave power optimal for S = 1/2, the black line corresponds to the
spectrum measured at the reduced microwave power. The first spectrum
is multiplied with a coefficient K determined to minimize the difference
(blue line) with the second spectrum for Tpar = 99 ms. Thus the difference
between the two spectra measured at Tpar = 300 ns (blue line) corre-
sponds to the SCPP signal which has a microwave power dependence
deviating from that of S = 1/2 species.

either due to spin evolution of geminate pairs during charge
separation or by polarization transfer to the long-living free
species.*®*

We measured the temperature dependence of the signal from the
flash-induced species in the RR-P3HT/PC¢,BM composite (Fig. S3,
ESIt) and found that the narrow central component of the spectrum
due to the SCPP disappears upon increasing the temperature.
Evidently, a SCPP forms at low temperature due to retardation
of the charge separation process caused by the low thermal
energy. The spectrum of polarized free species becomes
narrower with increasing temperature because of partial aver-
aging of the g-tensor anisotropy by fast molecular motions.

To determine the spin coupling parameters of the RR-P3HT*"/
PCqoBM* ™ SCPP we performed nutation experiments (Scheme 3).
We measured nutations of the ESE signals of the separated
polarons and of the SCPP (Fig. 9) at the maximum of the extracted
SCPP signal (g = 2.00105). The nutation signal of the SCPP was
determined as the difference between the signal measured at
Tpar = 300 ns and the microwave power of echo-forming pulses
(the second and the third pulses in Scheme 3) corresponding to
the maximum ESE intensity and the signal measured with the
microwave power reduced by 6 dB multiplied by a coefficient K
determined as described above. The amplitude of the nutation
pulse (the first in Scheme 3) was kept the same during these
measurements. The Microwave Pulse Forming Unit (MPFU) was
used to keep the same amplitude of the nutation pulse and
vary only the amplitude of echo-forming pulses. The nutation
signal of the separated polarons was measured at Tpar = 99 ms
where exclusively such spins were present. We applied a cosine
Fourier transformation to experimental nutation curves and
determined the nutation frequency of separated polarons at
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Fig. 8 Echo-detected EPR spectrum of the SCPP extracted for RR-P3HT/
PCeoBM at Tpar = 300 ns (black line). The red line shows the simulation

done using the parameters of polaron species summarized in Table 1,
dipolar interaction of 5 MHz, exchange interaction of 3 MHz.

T
1,998

Experiment
—— Simulation
¢
=
=
(]
=
£'0 100200 300 400 500 600 700800 0 5 10 15 20 25 30
5
=
©
c
=)
(7))
0 100200300400 500600700800 0 5 10 15 20 25 30

Pulse Length, ns

Fig. 9 Nutations of ESE signals in the RR-P3HT/PCgoBM composite. The
black lines show experimental data, the red lines correspond to simula-
tions. Measurements were done at the maximum of the extracted SCPP
(g = 2.00105) using the three-pulse microwave sequence shown in
Scheme 3. Durations of n/2 and © echo-forming pulses are 20 ns and
40 ns, respectively, interpulse separation T = 400 ns. The upper plot shows
the signal of the SCPP extracted as described in the text, the simulation
was done using the parameters of polaron species summarized in Table 1,
dipolar interaction D = 5 MHz, exchange interaction J = 3 MHz. The lower
plot corresponds to the signal of separated polarons at Tpar = 99 ms, the
simulation was done using the parameters of the polarons summarized in
Table 1 and zero magnetic interactions between polarons. The cosine
Fourier representations of the experimental and simulated nutation curves
are shown in the right part of the plot.

Frequency, MHz

Tpar = 99 ms and SCPPs, yielding 14.7 MHz and 16.6 MHz,
respectively. Prior to Fourier transformation both experimental and
simulated curves were zero-filled up to 1024 points and multiplied
by the Gaussian apodization function f(x) = exp(—(x/w)?) with
w = 200 ns.

Spectral simulations

We simulated the spectrum of the free species assuming that this
spectrum consists of the contributions of two non-interacting
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polarons RR-P3HT*" and PCe,BM"* ™~ (Fig. 2). For the calculation
we slightly modified the g-tensor values determined in ref. 29.
We obtained the best agreement with our experimental data
using grrpsur+ = [2.0028 2.0020 2.0009] and gpc pm-- =
[2.0001 2.0001 1.9985] and line widths of 9 MHz (3.2 G) and
4 MHz (1.4 G) for RR-P3HT*" and PCe,BM"*~, respectively.
Also we included g-strain as the Gaussian shape distribution
of grr-psur+ (¥) and gpc_pm-- (z) with 0.0006 and 0.002 width,
respectively. These values, summarized in Table 1, were used
for all following calculations. All simulations were done using
Matlab R2012b.

The simulation of the nutation experiment (Fig. 10) was
done as described in the theory section in order to determine
the strengths of magnetic interactions in the SCPP. The calcu-
lation was performed at the same g-value as in the experiment.
From simulation of nutation traces with different J values we
determined w,; = 14.7 MHz from the nutation frequency of the
free paramagnetic species. We obtained that the exchange
interaction in the SCPP is about 3 MHz. This result is in good
agreement with / < 10 MHz obtained using TR EPR.*° Simula-
tion of the nutation traces also allows us to estimate upper and
lower limits of the exchange integral in the RR-P3HT*'/
PC¢oBM*~ SCPP, yielding 1 MHz < J < 5 MHz (Fig. S4, ESI¥).
Evidently, the dipole interaction is also present in this SCPP,
but its influence on the signal is much smaller than that of the
exchange interaction; therefore it cannot be determined in the
presence of a strong exchange interaction (Fig. S8, ESIT). We
assumed D = 5 MHz for the calculations, although it does not

Table 1 Simulation parameters for RR-P3HT** and PCgoBM* ™~ polarons

x & Jo Line width
RR-P3HT*"  2.0028 2.0020 2.0009 9 MHz (3.2 G)
g-strain 0.0006
PCgoBM* ™ 2.0001 2.0001 1.9985 4 MHz (1.4 G)
g-strain 0.002
c
=}
o A
—_
©
)
‘@
2
9
£
©
c
S -
‘»
T T T T
1,990 1,995 2,000 2,005 2,010
g-factor

Fig. 10 ED EPR spectrum of the extracted SCPP for RRa-P3HT/PCgoBM
at Tpar = 300 ns (thick blue line). ED EPR spectra for Tpar = 300 ns (black
line), Tpar = 99 ms (red line) and flash-induced ED EPR spectrum
calculated as their difference (magenta line).
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influence the result of the calculation significantly. The upper
limit of the dipolar interaction of D < 10 MHz was derived
previously from Q-band TR EPR,* which allows a rough
estimation of the lower limit of the distances between the
polarons in the SCPP giving 1.5 nm. Fast decay of the oscilla-
tions in the nutation pattern for the SCPP is probably caused by
the distribution of J which was not taken into account in the
present simulation.

We simulated the flash-induced ED EPR spectrum for the
RR-P3HT/PC¢,BM composite as a sum of the spectra of non-
interacting separated polarons and the singlet SCPP with the
interaction (Fig. 5) determined from the nutation fitting
described above. The contributions of separated polarons
and the SCPP to the spectrum of flash-induced species in the
RR-P3HT/PC4,BM composite are comparable. Furthermore we
calculated the theoretical “extracted SCPP spectrum” as a
difference of the ESE calculated with a strong pulse and ESE
calculated with a weak pulse, multiplied by 2v?2 (Fig. 8),
mimicking the protocol described in the Theory section. We
can see from both spectra that the PC¢BM* ™ signal at low g-
values is reproduced quite well by our simulations, while in the
RR-P3HT*" part (high g-values) the experimental and simulated
spectra differ significantly. One of the possible reasons for this
discrepancy is a correlation of the dipolar axis with the RR-
P3HT*" g-tensor orientation for SCPP RR-P3HT*'/PCg(BM*~
which was not considered in the present calculations. Such
correlation was taken into account and indeed led to a reason-
able simulation of the RR-P3HT**/PC¢,BM*®~ TR EPR spectrum
at the X-band, although with a dramatically increased number of
fitting parameters.”® However, there is another possible reason
for this discrepancy, which was not considered previously. It can
be caused by the changes in the polymer g-tensor in the SCPP
induced by the presence of an opposite charge in close proximity.
Such an effect was observed also in nitroxide radicals.”® This
effect was confirmed using the quantum chemical g-factor
calculation of the holes on the thiophene oligomer in the vicinity
of the electron (Fig. S6, ESIt). The g-factors were computed with the
TPSSh functional®’”® and the def2-SVP basis set®®*® using ORCA
4.0,°! the spin-orbit coupling was computed using the SOMF(1X)
approximation.*> An increase in the spin delocalization along the
chain as the point charge gets further away leads to an increase of
the g-factors especially in the directions perpendicular to the polymer
chain (Fig. S7, ESIt). We simulated the extracted SCPP spectrum
with a modified RR-P3HT*" g-tensor [2.0012 2.0010 2.0009], the other
parameters of polaron species are summarized in Table 1, dipolar
interaction 5 MHz, exchange interaction 3 MHz, and obtained
good agreement with the experiment (Fig. S8, ESIt). However, the
gvalue shift is higher than that predicted using quantum
chemical calculations. We suggest that while the trend of the
gvalue change is correctly reproduced by DFT calculations, its
magnitude is underestimated. It is known from high-field EPR
that the largest principal g-value of RR-P3HT*' is sensitive to
the P3HT environment: for RR-P3HT/PCs,BM films it is larger by
6 x 10~* than for toluene solution of RR-P3HT/PC4,BM." For this
reason a strong change in the RR-P3HT*" gtensor caused by
negative PCoBM polarons in the vicinity is not surprising.
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The significant J value for the RR-P3HT*"/PC¢,BM®~ SCPP
obtained in this work apparently contradicts the assumption
of zero J in our previous study of out-of-phase ESE for this
system.>® We assume that this is caused by the very broad
distribution of interspin distances in the RR-P3HT*'/PCqoBM* ™
SCPP due to intrinsic disorder of the bulk heterojunction. For
long distances J is close to zero and the dipolar interaction
prevails; these pairs give a major contribution to the out-of-
phase ESE. SCPPs with small interspin distances cannot be
detected in out-of-phase ESE experiments because of the high
modulation frequency. In this case ESE oscillations are lost
within the spectrometer dead time. However, these pairs are
observable in the ED EPR and nutation experiments described
in the present study.

RRa-P3HT/PCs,BM composite

We also measured the signal of the SCPP in a similar composite
of RRa-P3HT and PC,,BM using the same procedure described
in the Theory section. The observed signal of the extracted
SCPP is significantly wider than that of the RR-P3HT/PCs,BM
composite (thick blue line in Fig. 10). Already from this nearly
symmetric spectral shape a strong coupling between RRa-P3HT*"
and PC4,BM* ™ spins can be deduced. We found that the extracted
SCPP spectrum for the RRa-P3HT/PC4BM composite is very
similar to the usual flash-induced ED EPR spectrum (magenta
line in Fig. 10). The difference between these two spectra is caused
mainly by separated polarons with non-equilibrium polarization,
which contribute to the latter spectrum and do not contribute to
the former one, implying that their contribution is negligible.
This is not surprising since light-induced charge separation in
RRa-P3HT/PC4(BM is relatively poor. Therefore, in contrast to
the RR-P3HT/PCs,BM composite, it was not necessary to use a
special protocol for extracting the SCPP signal.

In order to determine the magnetic interaction parameters in
the SCPP we measured its nutation and compared it with that of
the long-living polarons measured at Tpar = 99 ms (Fig. 11). The
signal of the SCPP was simply determined as a difference
between signals measured at Tpar = 300 ns and Tpar = 99 ms.
In both measurements the microwave power was reduced by
6 dB with respect to the optimal value for long-living polarons, to
increase the relative contribution of the SCPP to the ESE signal.
We applied cosine Fourier transformation for both curves zero-
filled up to 1024 points and multiplied by the Gaussian apodiza-
tion function f(x) = exp(—(x/w)?) with w = 500 ns. The nutation
frequencies were found to be 9.5 MHz for the SCPP and 7.2 MHz
for the separated polarons. The nutation frequencies differ by
approximately a factor of 1.32, meaning that the SCPP in this
case is very similar to the purely triplet polaron pair, for which
the value 1.41 is expected.’® This means that in this composite
the interaction between radicals in the pair is stronger than the
typical difference in the Zeeman frequencies of RRa-P3HT*" and
PCeoBM* ™ at the Q-band, which is about 50 MHz. This result is
in good agreement with the estimation of the dipolar coupling
parameter (22 G) for RRa-P3HT*"/PC¢,BM*® ™~ derived from TR
EPR data.”® Similar to the present ESE results, the TR EPR
spectrum of RRa-P3HT*"/PC¢,BM*~ is much broader than that
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Fig. 11 Nutations of ESE signals in the RRa-P3HT/PCgoBM composite.
Black and green lines correspond to the signal of long-living polarons
(Toar = 99 ms) and flash-induced species (difference of the nutation traces
at Tpar = 300 ns and Tpar = 99 ms). Measurements were done at the
maximum of the extracted SCPP signal (g = 2.00105). The cosine Fourier
representation of the nutations is presented in the inset. The nutation
frequencies differ by a factor of 1.32.

of RR-P3HT*'/PC¢,BM*~. This broadening is mainly caused
by the increased strength of the dipolar interaction for RRa-
P3HT*"/PC¢BM* ~, which reflects a smaller distance of charge
separation due to a lack of regioregularity and n-conjugation
loss in RRa-P3HT.

Other composites

We compared the spectra of the flash-induced species measured
both in low and high-efficient polymer/PCs,BM composites using
the pre-saturation pulse sequence (Scheme 2) to suppress the ESE
signal of long-living polarons (Fig. 12). In all studied composites
the flash-induced ESE signal consists of the same components
(SCPP and non-equilibrium separated polarons), but the relative
contributions of these species varied. The spectra of thermalized
polarons in all these composites are similar: they consist of the
PC4oBM* ™ line at a lower g-value and the polymer polaron line at
a higher g-value. However, the flash-induced ESE spectra of these
composites differ significantly. We observed that the central
narrow component corresponding to the SCPP (EPR spectral
region between the peaks of PC¢,BM* ™ and polymer®’, shaded
area in Fig. 12) is dominant in poorly performing MEHPPV/
PCs,BM and RRa-P3HT/PCgBM composites, comparable to the
non-equilibrium separated polaron contribution in RR-P3HT/
PCeBM and almost zero in high-efficient PTB7/PCs,BM and
PCDTBT/PC¢,BM composites. Importantly, the flash-induced
ESE signal for PTB7/PCs,BM and PCDTBT/PCs,BM composites
is almost solely formed by absorptively polarized separated
PCeBM* ™ polarons and emissively polarized separated polymer
polarons. This is confirmed by the nearly zero contribution of the
SCPP to these spectra extracted according to the protocol in the
Theory section (data not shown). Thus, the presence of the SCPP
signal seems to be inversely correlated with the efficiency of the
composite used as the active layer of the organic solar cell.
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Fig. 12 Echo-detected EPR spectra of flash-induced species in different
polymer/fullerene composites (black lines). The red lines show spectra
of thermalized polarons measured under unsynchronized laser flash
irradiation. The green shaded area indicates the region where the signal
of thermalized polarons is weak and the SCPP signal dominates for
composites of moderate efficiency.

Conclusion

The light-induced charge separation in composites of different
conductive polymers as electron donors and PCs,BM fullerene
as an acceptor was studied using pulse Q-band EPR spectro-
scopy at cryogenic temperatures. Since different pulse
sequences can be applied and several experimental parameters
can be varied (delays between microwave pulses, pulse ampli-
tude and duration) this technique provides detailed informa-
tion about the spin dynamics accompanying charge separation
in such composites. Using these possibilities we managed to
separate the contributions of different species to the in-phase
flash-induced echo-detected EPR spectra. We found that the in-
phase laser flash-induced EPR spectrum consists of several
contributions:

e Charge transfer state, which is the spin-correlated polaron
pair polymer*®‘/fullerene®~,

e Separated charges, which are the polaron pairs with
negligible magnetic interactions and A/E spin polarization,

¢ Change of the spin polarization of pre-existing polarons in
deep traps caused by the laser flash.
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The latter contribution was not considered before. However,
all of them are of importance for a correct interpretation of the
flash-induced ESE signal in polymer/fullerene blends because
they often have a comparable magnitude. It is expected that all
these contributions are also present in the TR EPR spectra
of polymer/fullerene composites, which are similar to some
extent with respect to their in-phase flash-induced echo-detected
EPR spectra.

A method for the determination of the strength of magnetic
interactions between the polymer** and fullerene®~ spins using
microwave nutation patterns is proposed. We simulated both
the ESE nutation pattern and the ED EPR spectra of the
RR-P3HT/PC¢,BM composite and found that an average exchange
integral of about J = 3 MHz for the SCPP in this composite.
A nonzero dipolar interaction is expected in this case, but its
value cannot be determined in the presence of strong exchange
interactions. Species with such a relatively strong exchange
interaction were not detected in previous out-of-phase ESE
experiment on the RR-P3HT/PC¢,BM composite. Inconsistency
of the interpretation of the experimental results obtained using
different techniques (TR EPR, out-of-phase ESEEM and nuta-
tions) is probably caused by a broad distribution of the initial
charge transfer distances.

The contribution of the SCPPs to the flash-induced ESE
signal is high in composites with low-efficient polymers, while
in composites with high-efficient polymers it is low. Thus the
intensity of the SCPP ESE signal can be used to predict the
charge separation efficiency in such composites. To analyze
the charge separation efficiency quantitatively the distribution
of CT states over the distance between polarons should be
reconstructed from the ESE data, which is in progress now in
our laboratories.
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