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Polarization-sensitive time-resolved visible-infrared pump—probe experiments demonstrate that one
can efficiently generate long-lived charges in donor—acceptor charge transfer complex (CTC) of
conjugated polymer doped with fullerene, MEH-PPV/dinitroanthraquinone/Cgg. In particular, a
strong enhancement of the photoinduced charge generation is observed in the red part of the
spectrum, i.e. inside the polymer band gap, which makes the current material attractive for
photovoltaic applications. The spectroscopic results indicate that enhanced generation of charges is
due to a consecutive photoinduced electron transfer from the polymer to the CTC-acceptor in the
first step and then, in the second step, to the fullerene. The LUMO energy difference between the
CTC-acceptor and fullerene appears to be a key parameter for efficient charge separation in these
ternary systems. The results are also discussed in respect to the charge generation processes in widely
used polymer—fullerene blends, where formation of weak CTCs has recently been discovered.

1. Introduction

One of the key strategies toward improving the performance
of plastic solar cells is the development of low-bandgap
polymers allowing more efficient harvesting of the solar light
in the red and near-IR spectral regions.'™ A complimentary,
or possibly alternative, route to low-bandgap organic mate-
rials is found in the utilization of Mulliken type* donor—
acceptor charge-transfer complexes (CTCs) based on conjugated
polymers.>’7 Such CTCs have attracted significant attention as
an important intermediate for charge harvesting in widely used
photovoltaic polymer—fullerene blends,®!' as nonvolatile
memory,'> and as narrow-bandgap electrophotographic
materials.'”®> The usage of CTCs for photovoltaics has a
number of attractive virtues. First, the donor—acceptor inter-
actions result in a CTC absorption band in the optical gap of
the polymer. As a consequence, the presence of the CTC
enhances the utilization of the low-energy part of the solar
spectrum. Second, CTC formation can substantially improve
the photooxidation stability of the polymer involved in the
CTC," which is of high importance for increasing the life-span
of polymer solar cells. Third, the efficiency of charge separa-
tion in the polymer CTCs can be close to unity, similar to
polymer—fullerene blends.'> However, the crucial drawback in
using polymer-based CTCs in photovoltaic devices is efficient
geminate recombination of photogenerated charges.!>'® This
recombination seems to be promoted by high localization of
the photogenerated charges in CTCs.

For efficient polymer solar cells, it would be extremely
beneficial to combine the aforementioned advantages of
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conjugated polymer-based CTCs with a long carrier lifetime
as provided by polymer—fullerene photovoltaic materials.'” We
have previously suggested'® that this would become possible if
one of the photogenerated charges escapes the parent CTC
before recombination occurs (i.e. faster than 5 ps). Such an
escape route can be realized in a ternary blend of polymer-based
CTC with an additional acceptor with higher electron affinity
and mobility, e.g. fullerene (Fig. 1). In this case, the presence of
the CTC-acceptor enhances the photosensitivity in the red and
increases the photooxidation stability as a result of the CTC
formation with the polymer, while the fullerene accepts the
already photogenerated electron and thereby improves the
generation of long-lived charges and their collection. As a
result, a two-step photoinduced electron transfer occurs: from
the polymer to the CTC-acceptor and then to the fullerene.

A similar scenario seems to be involved in the photophysics
of the widely used photovoltaic polymer—fullerene blends.

MEH-PPV

DNAQ G

Fig. 1 The chemical structure of materials under study and energies
of the frontier molecular orbitals. Arrows show two photoinduced
electron-transfer steps.
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Although polymer—fullerene CTCs®!%162922 gre rather weak,

making them indiscernible in early studies, their electronic
states are an important intermediate on the route from photo-
generated excitons to pairs of free charges.'®?® To reveal the
photophysics of CTC-fullerene electron transfer, it would be
beneficial to start with an easily observable ground-state CTC
as found in blends of the archetypical conjugated polymer
MEH-PPV with low-molecular-weight electron acceptors.®
Such CTCs may serve as a model system providing invaluable
insight into the charge generation process in donor-CTC-acceptor
systems.

In this paper we demonstrate a proof-of-principle example
of the two-step charge separation in the polymer-based CTC
doped with fullerene. Ultrafast polarization-sensitive photo-
induced absorption spectroscopy (PIA) was used to monitor
charge photogeneration and to discriminate consecutive and
parallel charge transfer processes. A significant, by a factor of
2, enhancement of the photogeneration efficiency of long-lived
charges in the ternary blend compared to the polymer-based
CTC was observed. Our results confirm the importance of
material lowest unoccupied molecular orbital (LUMO) level
management for providing efficient electron harvesting from
the CTC states in polymer—fullerene blends.

Experimental details

A conjugated polymer, poly[2-methoxy-5-(2’-ethyl-hexyloxy)-
1,4-phenylene vinylene] (MEH-PPV), organic acceptor
1,5-dinitroanthraquinone (DNAQ), and fullerene Cgo, were
chosen as components (Fig. 1) of a model ternary system. One
advantage of using this particular blend is that DNAQ is
known to form an easily-observable CTC with MEH-PPV
with an extended absorption in the red.® A second advantage
is that according to electrochemical data, the LUMO of
Cgo>>** is about 0.4 eV lower than the LUMO of DNAQ?
(Fig. 1) which favors the charge transfer from CTC to Cgg in
the second step.

For the preparation of binary/ternary blends each com-
ponent (MEH-PPV, DNAQ, Cq) was separately dissolved in
chlorobenzene at a concentration of 2 g 17", Then the solutions
were mixed with a weight ratio of components 1:0.3 and 1:0.2
for binary blends of MEH-PPV/DNAQ and MEH-PPV/Cyy,
respectively, and 1:0.3:0.2 for the ternary MEH-PPV/
DNAQ/Cg blend. The donor—acceptor ratio in MEH-PPV/
DNAQ blend was chosen as 1:0.3 to provide the maximum
CTC concentration in the films.?® Films were prepared by
drop-casting on microscope cover-glass substrates. The
absorption spectra were recorded with a Perkin-Elmer Lambda
900 spectrophotometer.

Polarization-sensitive time-resolved photoinduced absorp-
tion (PIA) experiments were performed with a femtosecond
VIS-pump — IR-probe setup described in details elsewhere.!
Briefly, a home-built Ti:Sapphire multipass amplifier was
used to pump a noncollinear optical parametric amplifier*’
providing tunable visible excitation pulses (duration 30 fs,
energy 1 pJ per pulse), and an optical parametric amplifier
generating the IR probe (70 fs, 0.05 pJ).2® The probe frequency
was positioned at the center of the low-energy (LE) polaron
band of MEH-PPV at 0.42 ¢V.? The polarization of the IR

probe beam was rotated by 45° with respect to the polarization
of the pump beam. After the sample, the probe component
parallel or perpendicular to the pump polarization was
selected by a wire-grid polarizer (extinction coefficient of
1:100) and detected by a liquid-nitrogen-cooled InSb photo-
diode. The isotropic (population) signal ATi, (¢) and the
induced anisotropy r(f) were then calculated from the
well-known expressions:>°

ATy (1) +2AT (1)
R T M

ATiso(l)
AT (1) = AT (1)
(0= ©)

All PIA transient data were obtained at 300 K in a nitrogen
atmosphere.

In the continuous-wave (cw) PIA spectroscopy studies, cw
solid-state lasers operating at 532 and 670 nm were employed
as a pump source. In the probe channel, we used a tungsten—
halogen lamp for illuminating the sample, a monochromator,
and solid-state photodetectors (Si and InGaAs). The pump
beam was mechanically chopped at 75 Hz, and the PIA signal
in the probe channel was processed by a lock-in amplifier at
the pump modulation frequency. Photoluminescence of the
films was measured using the same set-up.

Results and discussion

The optical absorption and photoluminescence data indicate
that addition of Cgy to the MEH-PPV/DNAQ blend does not
affect strongly the CTC formation between MEH-PPV and
DNAQ. That is demonstrated in Fig. 2 which compares the
normalized absorption spectra of MEH-PPV, MEH-PPV/Cy,
MEH-PPV/DNAQ, and MEH-PPV/DNAQ/Cg. Binary
MEH-PPV/DNAQ blend displays a noticeable red shift of
the absorption spectrum relative to MEH-PPV, and, more
importantly, possesses an enhanced absorption extending
deeply into the optical gap of MEH-PPV. These changes were
associated with the CTC formation in MEH-PPV/DNAQ

Lo MEH-PPV:DNAQ:C,, |

0.8 §
= MEH-PPV:DNAQ
= N\ 1
S 06} \ J
2 '\
© ,
o MEH-PPV:C,,
O o4k g J
@]

02+  MEH-PPV -

0.0

450 500 550 600 650 700

% (nm)

Fig. 2 Normalized absorption spectra of MEH-PPV/Cg4, blend
with a weight ratio 1:0.2 (solid curve), MEH-PPV/DNAQ 1:0.3
(dashed curve), and MEH-PPV/DNAQ/Cgo 1:0.3:0.2 (dash-dotted
curve) blends. The shaded contour represents the absorption of a
MEH-PPV film.
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blends.®?® Whereas the absorption spectrum of the MEH-PPV/
Cgo blend (solid curve) is a superposition of the individual
absorption spectra of MEH-PPV (shaded area) and Cgo (not
shown), the absorption spectrum of MEH-PPV/DNAQ/Cg,
(dash-dot line) blend is quite similar to that of MEH-PPV/
DNAQ (dashed line). The slightly less-pronounced red shift of
the MEH-PPV absorption edge in the ternary blend can not be
explained by a simple superposition of the binary blend
absorption spectra. Most probably, it results from a change
in the polymer effective conjugation length or/and in the local
dielectric environment of the polymer chains in the blend.?

In addition to these absorption experiments, we also verified
the strong quenching of luminescence which was previously
observed in MEH-PPV/DNAQ blends due to efficient exciton
dissociation by charge transfer to DNAQ.® In the ternary
blend, photoluminescence quenching was found to be as
efficient as in MEH-PPV/DNAQ CTC, and one order more
efficient than in MEH-PPV/Cq, blend at corresponding
acceptor concentrations. This indicates that the exciton dis-
sociation in the ternary blend occurs predominantly due to the
CTC formation.

The evolution of photo-induced charges in the polymer was
studied by monitoring the transient intensity of the charge-
associated absorption band(s) in the photoinduced absorption
(PIA) spectra of the blends.?*'3% The presence of charge at
MEH-PPV leads to the appearance of additional absorption
bands in the IR region due to the formation of new allowed
states in the polymer bandgap. In particular, the low energy
(LE) and high energy (HE) absorption bands at ~3 and ~ 1 pm,
respectively, are the well-known fingerprints of charged states
in MEH-PPV.” We refer the reader to ref. 15 for the PIA
spectra of the blends and a detailed discussion on the
advantages of probing the LE band (as is the case in the
current study). In our further analysis we assume changes of
the LE transition cross-section to be negligibly small so that
the charge-associated absorption is proportional to the
concentration of charges in the sample.

Fig. 3a shows typical isotropic (i.e. polarization independent)
PIA transients in the binary and ternary blends. We excited the
CTC absorption band with 30-fs pulses centered at 620 nm
while monitoring the transient changes at the LE absorption
band around ~3 pm. MEH-PPV is almost transparent at the
excitation wavelength thereby minimizing its direct photo-
excitation and the possible photoinduced electron transfer form
MEH-PPV to Cg. The PIA transient for the MEH-PPV/DNAQ
CTC is characterized by a prominent and fast (<5 ps) multi-
exponential decay with a diminutive long-lived component
(Table 1). Assuming the PIA amplitude to be proportional to
the concentration of polaron states, the PIA decay reflects a
decrease in the number of the charges at the MEH-PPV. The
observed decay was previously attributed to the fast geminate
recombination of photogenerated charges on the basis of
photocurrent and transient anisotropy measurements.'> The
(sub)picosecond part of decay can be approximated by two
exponents having time constants of 0.7 and 5 ps, with both
time scales representing a broad distribution of CTCs in
diverse local environments. From fluorescence and transient
anisotropy measurements'>>* the former timescale is known
to be characteristic of thermalization in the conjugated
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Fig. 3 Isotropic PIA transients (a) and induced anisotropy (b) of the
LE band for MEH-PPV/DNAQ (open circles), MEH-PPV/Cq, blend
(diamonds), and MEH-PPV/DNAQ/C¢, (solid circles) excited at
620 nm. The early part of the isotropic PIA transients is depicted in
the inset. Solid curves show multi-exponential fits to the data (for
isotropic signals, fit parameters are given in Table 1). Dotted curves
display the direct sum of isotropic responses from CTC and
MEH-PPV/Cy (a), and the anisotropic response as derived from
summing up the parallel and orthogonal components of the CTC
and MEH-PPV/Cq, PIA responses and then calculating the anisotropy
according to eqn (2) (b). The dashed curve presents the anisotropy
calculated according to the model explained in the text.

Table 1 Parameters of the multi-exponential fit Y A4; exp (—¢/T;)
(i = 1,2,3) of isotropic PIA transients measured after excitation at
620 nm. The sum of amplitudes A; is normalized to 100%

Ay Az A3
Material (Ty = 0.7ps) (T, = 54ps) (T;5 = 0.3 ns)
MEH-PPV/ Cq — — 100%
MEH-PPV/DNAQ 30% 55% 15%
MEH-PPV/DNAQ/Cqy — 60% 40%

polymers. Therefore, we assign sub-ps dynamics to be mostly
related to the charge recombination from the “hot” excited
states. In the same spirit, we attribute the ~5 ps component to
recombination from the already thermalized states. Finally,
the minor (~15%) 0.3 ns component in the decay is attributed
to the small fraction of long-lived charges. Previous studies
suggested that these charges have low mobility and are
probably trapped.'®
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In contrast, PIA kinetics in the MEH-PPV/Cgq blend can be
well approximated by a slow mono-exponential decay with a
time constant of ~0.3 ns or longer (Table 1). Therefore, we
conclude that there are no changes in the charge concen-
tration during the first 100 ps, indicating that the majority of
photogenerated charges are long-lived. The initial (short-time)
PIA amplitude in the MEH-PPV/Cg( blend is low compared to
that of the CTC (Fig. 3a) mainly due to the low absorption
of MEH-PPV/C¢, blend at the excitation wavelength. We
attribute the observed signal to the excitation of Cg.

The PIA transient in the ternary blend MEH-PPV/DNAQ/Cg
(Fig. 3a, solid circles) is significantly different from that in the
MEH-PPV/DNAQ CTC (open circles). Most striking is the
disappearance of the fast (0.7 ps) decay upon doping the CTC
with Cg (Fig. 3a, inset). As a result of this, the amplitude of the
long-lived (>300 ps) component of the PIA decay becomes
higher by a factor of 3 in the ternary blend than in the MEH-PPV/
DNAQ CTC (Table 1). This indicates an appreciable increase
in the survival probability of the photogenerated charges upon
doping with Cg. The resulting ~40% yield of the long-lived
charges in the ternary blend is comparable with the ~50%
yield observed in the widely used MEH-PPV/PCBM blend,"’
and exceeds by a factor of 2 the amount of long-lived charges
in the reference MEH-PPV/Cqq blend (Fig. 3a).

The increase in the efficiency of long-lived charge generation
can be attributed to a consecutive electron transfer from the
CTC-acceptor to the fullerene within the first ps after excita-
tion. After the charge photogeneration within the CTC and
the subsequent (CTC-acceptor)/Cgo charge transfer, the elec-
tron at Cgo and the hole at MEH-PPV become completely
separated. This rapid separation of charges due to two-step
electron transfer strongly suppresses geminate recombination.
According to our data, only the fast (0.7 ps) decay component
is affected by the Cgo doping (Table 1); the intermediate
(~5 ps) decay does not change much compared to the
MEH-PPV/DNAQ CTC. The charge transfer from CTC to
Cgo should therefore be significantly faster than 0.7 ps. The
fact that the 5-ps decay component is hardly affected by
doping with fullerene suggests that CTC-Cgq charge transfer
is more efficient from the “hot” CTC states. The possible
reason for this could be that the binding energy of the charge-
transfer exciton is close to the ~0.4 eV energy difference
between the LUMOs of DNAQ and Cgo. Thus, an excess
energy required for the efficient charge separation is available
only in the “hot” states which are also more susceptible to
geminate recombination in the binary blends.

An important issue to address here is whether the charge
transfer is consecutive or if there are two independent charge
transfer processes—one in the MEH-PPV/DNAQ CTC and
one in the MEH-PPV/C¢, blend—occurring in parallel. If the
latter were true, the ternary blend transient should be a simple
sum of the respective transients. As shown in Fig. 3a (dotted
curve) this simple sum, however, deviates considerably from
the ternary blend transient (note the logarithmic scale). While
this fact points toward the consecutive nature of the process,
it does not provide per se enough evidence to discriminate
between the two scenarios given the uncertainties in, for
instance, signal normalization, sample composition, and film
morphology.

A more reliable separation of the contributions from the
CTC and fullerene excitations can be achieved in a polarization-
sensitive experiment. It has been demonstrated that the
orientation of charge-associated transition dipole in conjugated
polymers® and their CTCs'? is correlated with the orientation
of the initial electronic transition. In contrast, the polymer—
fullerene blends show a substantial anisotropy loss within the
first 150 fs after excitation. These differences were previously
attributed to the stronger spatial localization of photoinduced
charges in the CTC as compared to polymer—fullerene
blends."® Therefore, in the ternary blend, if the charges are
generated through the CTC, the initial anisotropy should be as
high as in the binary blend with CTC. In contrast, if the
charges are generated via two parallel processes, the anisotropy
in the ternary blend should be an average of the separate
anisotropies in the two binary blends weighted with the
corresponding isotropic responses. This difference should
provide a sufficient contrast to determine the dominant route
to the photogenerated charges.

Fig. 3b shows the transient anisotropy in the ternary blend
MEH-PPV/DNAQ/Cq4 as well as in the binary MEH-PPV/
DNAQ and MEH-PPV/Cg, blends. Transient anisotropy in
the MEH-PPV/DNAQ CTC begins at a value of 0.3 and stays
persistently at a high level (the unusual increase of the
anisotropy with time was explained in ref. 15 and is not
relevant to the current discussion). In contrast, the anisotropy
in MEH-PPV/Cq is substantially reduced (to a value of ~0.1)
already in the first 100 fs after excitation, and rapidly decays
further. The initial anisotropy in the MEH-PPV/DNAQ/Cgo
ternary blend is 0.28 which is close to the 0.3 value observed in
the MEH-PPV/DNAQ blend, and exceeds the initial aniso-
tropy in the MEH-PPV/Cg, blend by a factor of 3. Further-
more, the measured anisotropy dynamics are totally different
from those calculated on the basis of the two binary blend
responses (dotted curve in Fig. 3b). Note that the anisotropy is
not an additive quantity (consult eqn (2)), and, therefore, the
(weighed) sum of the two respected anisotropies does not
provide the right answer. Instead, parallel (orthogonal) polari-
zation PIA responses of the two binary blends should be
summed up, and from the resulted transients the expected
anisotropy is calculated according to eqn (2). The dissimilarity
between the experimentally measured and calculated aniso-
tropies presents a strong evidence that the generation of
long-lived charges in the ternary blend corresponds to the
consecutive electron transfer from MEH-PPV to DNAQ and
then to Cgp.

To describe the observed anisotropy dynamics, we build up
a model of ultrafast charge dynamics in the ternary blend
(Fig. 4) based on the following observations. First, the overall
survival probability of long-lived charges in the ternary blend
was measured to be ~40% (Fig. 3a, Table 1). Second, based
on the PIA experiments on the binary blend, we consider all
the charges generated through MEH-PPV/Cg excitation to be
long-lived (Table 1). Third, the initial anisotropy value of
0.28 in the ternary blend implies that ~85% of the initially
excited charges originate from CTC excitation, while the rest
(i.e. ~15%) appears due to the residual MEH-PPV/Cq,
excitation (Fig. 3b). This is also consistent with the absorption
spectra of MEH-PPV/Cy, and MEH-PPV/DNAQ/Cq, (Fig. 2)
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Fig. 4 Schematic representation of the kinetic model summarizing
the results of ultrafast PIA experiments in the ternary blend photo-
excited at 620 nm. Arrows indicate the charge-transfer pathways.
Percentages are calculated with respect to amount of the initially
excited charges.

and the relative amplitudes of isotropic PIA transients at 0 fs
delay (Fig. 3a). Finally, we assume the anisotropy of the
charges generated through the CTC to be constant and equal
to 0.3.'° Within this model, the transient anisotropy in the
ternary blend can be well reproduced (Fig. 3b, dashed curve)
when assuming 25% of initially generated charges to be
irreversibly transferred from DNAQ to C4 (Fig. 4). The
partial anisotropy decay in the ternary blend results from a
simple interplay between the short-lived component with high
anisotropy (60% of initially generated charges recombine in
the CTC) and the long-lived component with low anisotropy
provided by MEH-PPV/Cq, excitation (about 15% of initially
generated charges). The ps anisotropy decay in the ternary
blend is similar to the one in MEH-PPV/Cg4 blend which was
previously assigned to the fast charge transport through the
polymer. >33

Efficient photoinduced charge separation in a MEH-PPV/
DNAQ CTC doped by fullerene agrees with the fact that the
fullerene LUMO is lower in energy than the CTC-acceptor
LUMO. To investigate the role of the acceptor electron affinity
in the photophysics of the ternary blends, we performed
similar experiments with another acceptor, 2,4,7-trinitro-
fluorenone (TNF), which is also known to form a ground-state
CTC with MEH-PPV.° The LUMO of TNF?® is situated at about
the same energy as the LUMO of Cgy 2* thereby making the
sequential charge transfer from CTC to Cg less probable. Indeed,
isotropic PIA transients for the MEH-PPV/TNF/C¢, ternary
blend are almost identical to those for the binary MEH-PPV/
TNF blend (Fig. 5) indicating no surplus of the long-lived charges.
Also, the anisotropy transients for binary and ternary blends are
hardly distinguishable. Therefore, both experiments demonstrate
an extremely low efficiency of charge transfer from the CTC to the
fullerene resulting from the small (if any) downhill difference in the
LUMO energies between TNF and Cgy.

We have also performed similar PIA and anisotropy experi-
ments in the ternary blends upon excitation in the polymer
absorption band (at 540 nm) with the results quite similar to
those outlined above (i.e. after the CTC band excitation). This,
on the one hand, supports our previous conclusion that CTC
dominates the photophysics of the material. On the other
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Fig. 5 Isotropic PIA transients (circles) and transient anisotropy
(triangles) of the LE band for binary MEH-PPV/TNF (open symbols)
and ternary MEH-PPV/TNF/Cq, (solid symbols) blends, excited at
620 nm. Solid curves show multi-exponential fits to isotropic transients
and guide to the eye for anisotropic transient.

hand, it confirms the consecutive charge-transfer scenario
because similar photophysics for such different excitation
wavelengths can not be explained as a superposition of two
parallel (MEH-PPV/DNAQ and MEH-PPV/Cg) processes.
The ultrafast PIA studies have addressed the early dynamics
of photoinduced charges. However, the behavior of the
separated charges at longer timescales could be substantially
different. The long-time survivability of charges up to the
millisecond scale (provided by a mechanical chopper) can be
verified by performing PIA experiments under continuous-
wave photoexcitation.?! In our experiments, both the HE band
(~1.3 eV) and the high-energy tail of the LE band (~0.8 V)
were used as a probe for the photoinduced charges (Fig. 6).
These bands are clearly visible in the PIA spectrum of the
MEH-PPV/Cqy blend upon 532 nm excitation, i.e. where the
polymer is highly absorptive (orange solid curve). Photo-
excitation of the binary MEH-PPV/Cg, blend at 670 nm (that
is, at the polymer bandgap) does not result in any PIA signal
within experimental accuracy because blend absorption is too
low (Fig. 2).> Photoexcitation of the binary MEH-PPV/DNAQ
blend at 670 nm which matches the tail of the CTC absorption
band (Fig. 6, blue dashed curve) does not lead to efficient
generation of the long-lived charges, due to their ultrafast and
efficient recombination. However, addition of Cg, to the
MEH-PPV/DNAQ blend results in a ~20-fold increase in
the PIA intensity of the HE band (Fig. 6, green curve).
Furthermore, the PIA signals from the ternary blend
MEH-PPV/DNAQ/Cyq excited in the CTC band and in the
binary MEH-PPV/Cg, blend excited in the polymer absorp-
tion band have similar amplitudes after normalization by the
number of photons absorbed in the samples. Therefore, after
the CTC photoexcitation, the Cg, facilitates generation of
photoinduced charges even at long (up to 10 ms) time scales.
The efficiency of charge generation in the ternary blend is close
to that in the MEH-PPV/Cq4, blend. However, the higher
absorption of ternary blends in the red does provide a
dramatic enhancement in the amount of photogenerated
charges. In accordance with the time-resolved data, we did
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Fig. 6 PIA spectra of 1:0.3:0.15 MEH-PPV/DNAQ/Cg (dash-dot)
and 1:0.3 MEH-PPV/DNAQ (dashed) blends under cw photo-
excitation at 670 nm. The solid curve represents the PIA spectrum
in the MEH-PPV/Cq, blend excited at 532 nm. The absorbed
pump-photon fluxes were identical for all measurements.

not observe any enhancement in the cw PIA spectra upon
doping the MEH-PPV/TNF CTC by C.

Our study demonstrates that the CTC excited state can be
an efficient intermediate in charge separation if the energy
difference between CTC and acceptor LUMO levels is about
0.4 eV (i.e. like in MEH-PPV/DNAQ/Cgp). In contrast, if the
energy difference between LUMO levels of CTC-acceptor and
detached acceptor is much smaller (i.e. like in MEH-PPV/
TNF/Cgp), the second charge separation step is not efficient
enough to suppress recombination. The latter mimics the case
of the binary phase-separated donor—acceptor blends where
only minor interfacial fractions of donor and acceptor form
CTCs and, thus, the CTC-acceptor and detached acceptor are
the same type of molecules.'®!"!%22 Indeed, it was previously
shown that in such blends the recombination -efficiency
strongly depends on the donor—acceptor ratio, which determines
the density of the interface states®! assigned to the CTC.%!%-2°
Importantly, the recombination can be overcome by blend
annealing®! that may change the alignment of the relevant
LUMO energy levels and create an energy gradient for further
charge separation.

Conclusions

With optical time-resolved and cw pump—probe techniques,
we have demonstrated that doping of conjugated polymer
CTCs with fullerene Cgq results in a strong enhancement of
the photogeneration efficiency of long-lived charges. Their
amount in the ternary MEH-PPV/DNAQ/Cq, blend under
red excitation is at least a factor of two higher than in the
reference MEH-PPV/Cg4, binary blend. The time-resolved
polarization-sensitive data strongly suggest that the generation
of such charges corresponds to the consecutive electron trans-
fer from the polymer to the acceptor involved in CTC, and
then to the stronger fullerene acceptor. Our proof-of-principle
study highlights a promising route to low-bandgap photo-
voltaic materials based on ternary polymer/(CTC acceptor)/
fullerene blends. The discussed approach allows combining the

benefits of conjugated polymer CTCs such as strong absorp-
tion in the polymer optical gap and enhanced photooxidation
stability with the advantages of fullerenes such as efficient
agents in generation of charge-separated states and high
charge mobility. Preliminary experiments on photovoltaic-
device prototypes have indicated a noticeable (up to 30%)
increase of the external quantum efficiency of the ternary-
blend cells as compared to MEH-PPV/Cg in the red part of
the spectrum. Further evaluation of the charge collection
efficiency in the ternary blends materials is underway.
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