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ABSTRACT: The light-induced charge-transfer (CT) state in the composite of the
conductive polymer poly(3-hexylthiophene) (P3HT) and the fullerene derivative [6,6]-
phenyl-Cy,-butyric acid methyl ester (PCBM) has been studied by electron spin echo
(ESE) spectroscopy. The out-of-phase ESE signal corresponding to the spin-correlated
radical pair P3HT*/PCBM™ has been observed in this composite material. The time-
domain ESE shape for different delays between the laser flash and the microwave pulse
sequence has been analyzed. In order to explain the evolution of the out-of-phase ESE
signal as a function of the delay between the microwave pulses, a model of the CT state is
proposed. The hole is assumed to be delocalized on the P3HT chain over several
thiophene subunits, while the point-dipole approximation is used to describe the
interaction with the electron on PCBM. The distribution of distances between the positive

and negative charges in the CT state has been evaluated.

B INTRODUCTION

Organic photovoltaics is an emerging alternative source of
energy."” Light-induced charge separation is a key process of
photoelectric conversion in organic photovoltaic cells. The
most widely used active media for such devices are polymer/
fullerene bulk-heterojunction blends. The power conversion
efficiency of organic photovoltaic cells is determined to a large
extent by the yield of photoinduced charge separation. For
many polymer/fullerene blends, including the benchmark
composite of the conductive polymer poly(3-hexylthiophene)
(P3HT) and the fullerene derivative [6,6]-phenyl-Cg;-butyric
acid methyl ester (PCBM) (Figure S1 in the Supporting
Information), this yield is close to unity.>* However, the origin
of such a high efficiency of charge separation is still unclear,
despite numerous studies.”~” The main reason for this is the
lack of information about the structure and dynamics of the
intermediates of charge separation at the polymer—fullerene
interface. These intermediates are usually called light-induced
primary charge-separated states® or charge-transfer (CT)
states,”'® although a number of other terms have been used
as well.'" The principal question regarding the mechanism of
charge separation in polymer/fullerene (or, more generally, in
donor/acceptor) composites is how the Coulomb attraction in
the CT state is overcome to produce separated charges. To
answer this question, knowledge of the distance between the
charges in the CT state is required. Examples of the direct
determination of this distance are rare.'”"® This task is
complicated by the short lifetime of the CT state at room
temperature. However, the CT state can be trapped at low
temperature, where the charge separation is slowed down.
Under such conditions, electron paramagnetic resonance
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(EPR) spectroscopy becomes a suitable method to study the
structure of the CT state.

Previously, time-resolved (TR) EPR spectra were obtained
for the CT state in a P3HT/PCBM composite.* '>'*'* It has
been well-established by these studies that the light-induced CT
state in the P3HT/PCBM composite is a spin-correlated radical
pair (SCRP) consisting of two weakly interacting radicals
(polarons), P3HT" and PCBM", created in the singlet spin
state upon exciton dissociation. Also, other polythiophene/
fullerene'® and oligothiophene/fullerene composites'” have
been studied by TR EPR spectroscopy. However, the
interpretation of TR EPR spectra of polymer/fullerene
composites is ambiguous because of the limited time resolution
and complexity of the system. Pulse EPR methods based on
registration of the electron spin echo (ESE) signal allow
variation of many experimental parameters (intervals between
microwave pulses, duration and amplitude of these pulses).
Thus, they can provide additional information about the
structure of this SCRP.'® To date, only in-phase ESE has been
obtained for this system, which gives some estimation of the
distance between the polarons in the CT state.”” However,
these experiments do not provide detailed data on the
distribution of the distances between the radicals in the pair.
Such information can be obtained from the out-of-phase ESE, a
powerful tool to study SCRPs.***' The modulation of the out-
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of-phase ESE provides a direct measure of the strength of the
magnetic interactions (dipolar and exchange interactions)
between the spins composing the pair. Previously, this
technique was successfully used to determine the structure of
the intermediates of light-induced charge se}s)aration in bacterial
photosynthetic reaction centers (RCs)**”>> and plant photo-
systems.”>~>° For these systems, out-of-phase ESE gives a
unique possibility to determine the interspin distance in the
nanometer range with angstrom precision. The high-field out-
of-phase ESE studies allow the relative orientation of
photosynthetic cofactors to be determined.* Recently, out-of-
phase ESE was used to study intramolecular light-induced
charge transfer in an artificial donor—spacer—acceptor
system.>”** To date, no out-of-phase ESE signal has been
detected in polymer/fullerene bulk-heterojunction blends, and
the full potential of ESE spectroscopy has not been exploited
yet. Here we report the first observation of this signal in a
P3HT/PCBM composite and propose an ESE-based model of
the structure of the CT state.

B EXPERIMENTAL SECTION

PCBM was purchased from Aldrich. Regioregular P3HT with
molecular weight approximately 20—40 kDa was obtained from
BASF (Sepiolid P200). Both PCBM and P3HT were used
without further purification. P3BHT and PCBM (1:1 weight
ratio) were dissolved in chlorobenzene and mixed using an
ultrasonic mixer (QSonica Microson XL2000). Several freeze—
pump—thaw cycles were performed, after which the solvent was
evaporated and the sample tube (S mm o.d.) was pumped.
Samples were annealed at 107> Torr and 150 °C for about 10
min, filled with ethanol, and then immediately frozen. The
P3HT/PCBM composite was not affected by ethanol, since
nearly the same experimental results were obtained without
ethanol addition. The only difference was that fracture of the
composite film under the action of laser pulses was prevented
for ethanol-filled samples. A light guide was frozen into the
ethanol to achieve better light irradiation. Between measure-
ments the sample was stored in liquid nitrogen in order to
avoid degradation.

All of the measurements were performed on a Bruker Elexsys
E 580 X-band EPR spectrometer. An ER4118X-MD-5W1
dielectric resonator inside an Oxford ESR 900 cryostat was
used. The employed microwave frequency was about 9.63 GHz.
The temperature was set using an Oxford ITC 503 temperature
controller and additionally monitored by an ER4131VT device.
A temperature of 65 K was achieved by liquid nitrogen
overpumping. The sample was irradiated by second-harmonic
pulses from a Surelite-10 Nd:YAG laser with a wavelength of
532 nm, pulse duration of 10 ns, and a pulse repetition rate of
10 Hz. The incident light intensity on the sample was about 0.6
m]. After the laser flash, a two-pulse microwave sequence was
applied to form the ESE signal. The nominal durations of the
nonselective microwave pulses were set to 8 and 16 ns, and
their amplitudes were optimized to maximize the out-of-phase
ESE intensity. It should be noted that the real duration of the
pulses was shorter because of the finite rise time of the
microwave field in the resonator. Therefore, the turning angle
of the first nonselective pulse was smaller than /2. This is
important for producing out-of-phase ESE, since it has zero
intensity if the turning angle of the first nonselective pulse
exactly equals 7/2.** In some experiments, selective 7/2 and 7
microwave pulses with durations of 40 and 80 ns were used. In
order to suppress resonator ringing and the free induction

decay caused by the second microwave pulse, two-step phase
cycling was applied, ie., the measurements with positive sign
and negative sign of the first pulse were subtracted. Unless
otherwise specified, the time dependences of the ESE were
measured at a field strength of 3448.3 G, which is
approximately at the center of the echo-detected (ED)
spectrum, using an integration gate of 72 ns for short pulses
and 172 ns for long pulses.

B RESULTS AND DISCUSSION

1. Time-Domain Shape of the ESE Signal. In our
experiments, the CT state in the P3HT/PCBM composite was
created by laser flashes. Since the background signal of
thermalized P3HT" and PCBM ™ radicals complicates the ESE
signal in this experirnent,w’19 we start from the analysis of the
ESE shape in the time domain. The echo signal in the P3HT/
PCBM composite in the time domain is not bell-shaped, in
sharp contrast to the case of bacterial RCs and plant
photosystems. This is caused by the narrow features of the
EPR spectrum of P3HT" and PCBM™ (see the continuous-
wave (CW) EPR spectrum of thermalized radicals in this
composite under continuous illumination,'® shown in Figure S2
in the Supporting Information). As can be seen from Figure 1a,
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Figure 1. (a) In-phase and (b) out-of-phase echo shapes measured
with Tpar = 280 ns, 2.28 us, and 99 ms (black, red, and blue lines,
respectively) after the laser flash. The two-pulse microwave sequence
with nonselective pulses and 7 = 120 ns was used. The temperature
was 65 K.

only the in-phase ESE is present for long delay times after the
flash (Tpap = 99 ms, limited by the shot repetition time of 100
ms). This is expected for a spin system in thermal equilibrium.
Tpar = 99 ms is much longer than the spin—lattice relaxation
times of both P3HT* and PCBM™ at 65 K, which are in the
range of several tens of microseconds to several milliseconds as
estimated from inversion—recovery experiments (data not
shown). Thus, we conclude that for Tp,r = 99 ms the spins
of P3BHT" and PCBM™ that survive recombination are relaxed
to thermal equilibrium. The data for Tpyp = 99 ms are
considered as a background. They are subtracted when
necessary to obtain the flash-induced ESE signal originating
from the CT state."

For a smaller Tp,p of 2.28 us, the out-of-phase component of
the ESE appears (Figure 1b). However, it has nearly symmetric
positive and negative parts, which yields zero signal intensity
upon integration in the time domain. Finally, for the smallest
Tpar of 280 ns, the out-of-phase ESE line shape becomes
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nonsymmetric and produces a positive signal upon time-
domain integration. A nonzero out-of-phase ESE is a signature
of a SCRP.?

2. Echo-Detected EPR Spectra. The in-phase components
of the ED EPR spectra of the P3HT/PCBM composite
measured at different Tp,p values are shown in Figure 2a. As
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Figure 2. (a) In-phase and (b) out-of-phase echo-detected EPR
spectra of P3HT/PCBM measured under pulse laser excitation.
Spectra with delays of 280 ns, 2.28 us, and 99 ms between the laser
flash and the microwave pulse sequence [mw pulse (8 ns)—7 (120
ns)—mw pulse (16 ns)] are indicated by black, red, and blue lines,
respectively. The dashed line indicates the field position where the
echo shapes and ESE decay were measured (3448.3 G). The
temperature was 65 K.

explained above, the spectrum for T, = 99 ms corresponds to
the thermalized species. No separate peaks of P3HT' and
PCBM™ are seen because the lines are broadened as a result of
the strong magnetic field B, during the short nonselective
microwave pulses. Such separate peaks can be obtained in an
analogous experiment with weaker and correspondingly longer
microwave pulses'® (Figure S3a in the Supporting Informa-
tion). The in-phase ED EPR spectra for smaller T, values are
noticeably shifted, and the spectrum for Tp,r = 280 ns
demonstrates an emission/absorption (E/A) pattern. The flash-
induced ED EPR spectrum (Figure S4 in the Supporting
Information) obtained as differences of two spectra recorded at
different Tp,p values are similar to previously published ones
for T = 80 K.'® In principle, nuclear ESE envelope
modulation (ESEEM) can influence ED EPR spectra. However,
since the amplitude of this ESEEM is negligible for P3HT" and
PCBM™,"® it does not noticeably affect the ED EPR spectra in
Figure 2.

The out-of-phase ED EPR spectrum for Tp,p = 280 ns is a
single broad line (Figure 2b). Its center nearly coincides with
the center of the ED EPR spectrum of the thermalized species,
similar to the case of a photosynthetic SCRP.*® Notably, the
out-of-phase ESE disappears for Tpap = 2.28 ps and Tpap = 99
ms.
3. ESE Decay. The evolution of the out-of-phase ESE
amplitude as a function of the delay between the microwave
pulses, 7, was obtained by numerical integration of the time-
domain echo signals measured for different delay values and is
shown in Figure 3. The integration gate with a length of 120 ns
was placed symmetrically with respect to the in-phase echo
maximum such that almost the whole ESE signal was
integrated. The behavior of the out-of-phase ESE in the
P3HT/PCBM composite can be explained consistently in the
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Figure 3. Out-of-phase (Im) echo decay obtained by numerical
integration (gate = 120 ns) of echo shapes measured with different
delays between microwave pulses. Green squares represent Tp,p = 280
ns; the background signal measured at Tpyp = 99 ms is indicated by
black dots. The simulation shown by the blue line was obtained using
the radical pair distance distribution shown in the inset.

framework of the SCRP model. In particular, the out-of-phase
ESE disappears for the case of a selective pulse sequence 7/2 —
7 — « (Figure S3b in the Supporting Information), as the SCRP
theory predicts.**** The dependence of the out-of-phase ESE
on 7 is quite sharp. Apparently, it decays much faster than
exp(—27/T,), where T, = 0.87 us as measured for the in-phase
flash-induced ESE decay of P3HT* (Figure SS in the
Supporting Information).

In order to explain the observed 7 dependence of the out-of-
phase ESE, we propose the following model for the CT state
(Figure 4). The positive polaron is assumed to be delocalized

Figure 4. Model of the light-generated CT state at the PSHT—PCBM
interface. The hole is assumed to be delocalized on the P3HT chain
over L = 4 nm (approximately 10 thiophene monomers); the spin of
the electron on PCBM is approximated as a point dipole. The
principal axes of the dipolar interaction tensor are shown.

on one P3HT chain. Its spin density is approximated by a
homogeneous one-dimensional distribution in a rod of length L
= 4 nm. This rather crude approximation, however, reflects the
delocalization of the P3HT" polaron on approximately 10
thiophene monomer subunits®*>’ and thus is more realistic
than the point-dipole approximation used previously.'” The
point-dipole approximation is used for PCBM™ since it is not
expected to be significantly delocalized. The PCBM™ point
dipole is placed symmetrically at a distance r from the center of
the P3HT" spin distribution. Since the point-dipole approx-
imation no longer holds, the frequency of the dipolar oscillation
of the ESE, wp, is determined by the components of the dipolar
interaction tensor D (,j==x9 2):
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where §; is the Kronecker delta, R is the magnitude of the
vector connecting the two electron spins, and the average is
taken over R because of the spin density distribution. When the
principal values of the dipolar interaction tensor D,,, D,, and
D,, are known, the dipolar frequency can be calculated:

DZZ
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(1 —3cos’0) + ”f sin” 0 cos 2¢7)
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where 6 and ¢ are the polar and azimuthal angles, respectively,
of the magnetic field B, in the reference frame determined by
the principal axes of D;; (see Figure 4). The second term in eq 2
reflects the deviation of the spin density distribution from axial
symmetry. Finally, the distribution over the distance, G(r), is
introduced because of the intrinsic disorder of bulk-
heterojunction blends. Within this model, the out-of-phase
ESE intensity M,(7) can be calculated by the integration

wp = 27[(

M () = f G(r) dr f sin[wp(0, ¢, r)7] sin 6 dOdgp
(3)

Equation 3 is valid for arbitrary shape of EPR spectrum of
SCRP if it is excited uniformly by microwave pulses.

The resulting distribution over r is shown in the inset of
Figure 3. We suggest a simple model function consisting of two
halves of Gaussian distributions: G(r) = exp[—(r — r,)*/a*] for
r < 1y and G(r) = exp[—(r — 10)*/b*] for r > ro, with ry = 1.2
nm, a = 0.25 nm, and b = 2.75 nm. While other distributions
are possible, the limited signal-to-noise ratio of the present data
does not allow a more detailed simulation to be performed. The
suggested distribution is relatively wide, resulting in fast decay
of the out-of-phase ESE with increasing 7. The absence of the
pronounced oscillation pattern in the 7 dependence of the out-
of-phase ESE is in sharp contrast with the case of SCRPs in
bacterial RCs and plant photosystems, which are characterized
by a fixed interspin distance coinciding with the distance
between the cofactors. This seems not to be the case for the
P3HT/PCBM composite, in which the CT state is charac-
terized by a wide distribution of the distance between the
charges rather than by a fixed distance. Obviously, this is caused
by the intrinsic disorder of the composite. The fixed CT state
geometry used in the work of Kobori et al.® for the simulation
of TR EPR spectra of the CT state in a P3HT/PCBM
composite would lead to pronounced oscillations of the out-of-
phase ESE, which are not observed. The deviation of the
dipolar interaction tensor from axial symmetry assumed in the
present work also contributes to fast out-of-phase echo decay.
G(r) most probably also depends on Tpp, with larger distances
prevailing at longer Tp,p values. Furthermore, G(r) probably
changes with temperature. We plan to address these issues in
future work.

The out-of-phase ESE decays quite rapidly with increasing
Tpar- The monoexponential fit results in a characteristic decay
time of 550 ns (Figure S6 in the Supporting Information). In
principle, such fast decay can be caused by a very short T value
for P3HT" and/or PCBM™. However, such short relaxation
times are unlikely. A more realistic origin of this decay is
polaron migration on the submicrosecond time scale, which
would lead to dissociation of the CT state and loss of the

magnetic interaction between its components. Also, recombi-
nation of some fraction of the CT states could contribute to the
observed ESE decay rate. The obtained value of the out-of-
phase ESE decay lifetime is close to the low-temperature limit
of the CT lifetime in a P3HT/PCBM composite measured by
transient optical absorption."* This limit is reached below 50 K
and equals several microseconds.

The characteristic time of the in-phase ESE recovery with
increasing Tpap is appreciably longer, on the order of 10 us
(Figure S7 in the Supporting Information). This can be
explained by recombination of the P3HT*/PCBM™ radical
pairs that are stabilized at the longer distances and do not
exhibit spin correlation. The components of such pairs acquire
net polarizations of the same magnitude and opposite sign as a
result of the chemically induced dynamic electron polarization
effect.>® However, as can be seen in Figures S3 and S4 in the
Supporting Information, net emissive polarization dominates in
the flash-induced ED EPR spectra. While the identification of
the origin of the in-phase ESE signal at short Tp,p is beyond
the scope of this paper, one possible mechanism can be
suggested. Such a signal may originate from thermalized
polarons in the vicinity of the P3HT—PCBM interface that
become polarized in the course of charge separation and fast
geminate recombination of P3HT" and PCBM™. Such an effect
was observed in a prereduced bacterial RC, in which a
nonequilibrium three-spin system is formed upon laser
excitation.* Recently, polarization of the “observer” spin of
the stable radical by the SCRP was detected for a three-spin
donor—acceptor—observer system.>> Similar to our case, the
emissive polarization of the stable radical prevailed. The
possibility of this effect was also shown theoretically.***!

The in-phase ESE recovery time with increasing delay after
the laser flash defines the lower limit of T, for the P3BHT" and
PCBM™ spins in the CT state. Very similar ESE recovery times
were obtained for P3HT" (Figure S7 in the Supporting
Information) and PCBM™ (data not shown). Thus, the spin—
lattice relaxation times for these spins are not shorter than 10
us. This is an order of magnitude longer than the T, values
determined for PA3HT* and PCBM~ from TR EPR® and CW
EPR* (in both studies, T, values close to 1 us were reported
for P3BHT* and PCBM™). This discrepancy can be caused by
the complicated procedure for simulation of the TR EPR and
CW EPR spectra of the P3HT*/PCBM™ state. On the contrary,
in the present work T, was estimated directly from the ESE
recovery.

An even stronger discrepancy is noted between the T, values
for P3HT* and PCBM™ measured in the present work (about 1
us for both species) and those obtained previously from TR
EPR?® (about 10 ns) and CW EPR* (in the range 20—100 ns)
at close temperatures. This can be explained by the appreciable
inhomogeneous broadening of the EPR spectra of P3HT" and
PCBM™ caused by unresolved hyperfine interactions and g-
tensor anisotropy. This broadening severely complicates the
determination of spin relaxation times from EPR spectra but
does not affect the rate of ESE decay, from which T, is
determined directly.

Finally, we should note that the proposed geometrical model
of the CT state (Figure 4) is not unique, and we were able to
achieve out-of-phase ESE fits of similar quality with other spin
density distributions (data not shown). Also, it is possible that
the exchange interaction contributes noticeably to the ESE
modulation frequency.”*" Therefore, Figure 4 is a highly
simplified schematic model of the CT state at the P3HT—
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PCBM interface. For a reliable determination of the structure of
this state, more detailed data are needed. Such data can be
obtained in a multifrequency ESE study, which is in progress.

B CONCLUSIONS

Registration of the two-pulse out-of-phase ESE from the light-
induced interfacial CT state in a P3HT/PCBM composite
confirms the spin-correlated nature of this state. The
characteristic time of the out-of-phase ESE decay with
increasing Tpap is 0.5 ps at 65 K, which gives an estimation
of the lifetime of these states. The dependence of the out-of-
phase ESE on 7 is characterized by quick decay and the absence
of a pronounced oscillation pattern. From this dependence it
has been derived that the CT state in the P3HT/PCBM
composite should be described by a broad distribution of the
interspin distances rather than by a fixed distance. The average
distance between P3HT" and PCBM™ in the CT state is 2—3
nm. For correct simulation of the decay of the out-of-phase
ESE, the delocalization of the hole on the P3HT chain should
be taken into account.
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Molecular structures of the studied substances, light-induced
CW EPR signal, ED spectrum with long microwave pulses,
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