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ABSTRACT: We investigate the role of excess excitation energy on the nature of photoexcitations in donor—acceptor 7-
conjugated materials. We compare the polymer poly(2,6-(4,4-bis(2-ethylhexyl)-4H-cyclopenta[ 1,2-b;3,4-b]dithiophene)-4,7-
benzo[2,1,3]thiadiazole) (PCPDTBT) and a short oligomer with identical constituents at different excitation wavelengths, from
the near-infrared up to the ultraviolet spectral region. Ultrafast spectroscopic measurements clearly show an increased polaron
pair yield for higher excess energies directly after photoexcitation when compared to the exciton population. This effect, already
observable in the polymer, is even more pronounced for the shorter oligomer. Supported by quantum chemical simulations, we
show that excitation in high-energy states generates electron and hole wave functions with reduced overlap, which likely act as
precursors for the polaron pairs. Interestingly, in the oligomer we observe a lifetime of polaron pairs which is one order of
magnitude longer. We suggest that this behavior results from the intermolecular nature of polaron pairs in oligomers. The study
excludes the presence of carrier multiplication in these materials and highlights new aspects in the photophysics of donor—
acceptor small molecules when compared to polymers. The former are identified as promising materials for efficient organic
photovoltaics.

1. INTRODUCTION Several experiments based on pump—probe spectroscopy in the
visible, infrared, and terahertz spectral range have confirmed
this picture.**>*® In parallel with these studies there has been a
growing interest in the detection and identification of loosely
bound charge carrier pairs or polaron pairs.%*728
believed to be the secondary species generated upon light
absorption, since the low-dielectric constant of organic
materials does not allow for charges to escape from the mutual
Coulomb attraction even at room temperature.””° The
interest in polaron pairs recently has risen again, because of
the application of conjugated polymers in bulk-heterojunction
photovoltaics. Since polaron pairs exhibit a lower binding

The photogeneration of charge carriers in organic semi-
conducting materials remains a fascinating topic which involves
several studies spanning more than two decades of
research."™'* While being of fundamental relevance, it is also
a topic of interest for the application of these materials in
photovoltaics.'®™"® The general question of what are the
primary photoexcitations in organic semiconductors cannot be
answered without a detailed study of the molecular structure of
the materials and the excess energy with which an excited state

These are

is generated.">! Experiments on both disordered conjugated
polymers and well-ordered small molecule single crystals have

. . 31 . oy s
shown that a certain amount of charge carriers is generated energy with respect to Frenkel excitons,™ they might split into
upon photoexcitation.””** However, how this occurs and to free polarons by exploiting heterojunctions with smaller energy
what extent is sometimes very difficult to address in a reliable offsets. This represents a substantial advantage in optimizing
and accurate way. the available photovoltage in solar cells.”

The initial picture that the primary photoexcitations in Recently, a new class of 7-conjugated semiconducting
disordered conjugated polymers are free polarons has been materials has been introduced exhibiting unique performances
disproved by a number of ultrafast spectroscopy experi-
ments,”** clearly pointing out that strongly bound Frenkel Received: September 25, 2012
excitons are first generated as the majority of photoexcitations. Published: February 25, 2013
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in photovoltaic applications and in bipolar charge trans-
port.33_35 Their advantageous properties originate in the
molecular structure, which can be tailored to provide the
desired optoelectronic properties.'”***¢ In these materials, two
moieties with different electron affinity alternate along the
molecular backbone, and the electronic coupling between them
generates new electronic states, resulting in a narrow optical
bandgap compared to widely used homopolymers and
consequently better absorption in the red and near-infrared
(NIR). Furthermore, our recent studies,'” and from
others,>” > showed that their chemical structure favors the
formation of weakly bound polaron pairs, in absence of
fullerenes or other electron-accepting compounds.

Two important classes of donor—acceptor copolymer have
emerged with outstanding performances in fhotovoltaic blends:
poly(thienothiophene benzodithiophene)** copolymers (PTB-
type) and poly(cyclopentadithiophene benzothiadiazole)*’
copolymers (PCPDTBT-type). Ultrafast generation of polaron
pairs has been reported for both systems, even in the absence of
fullerene acceptors.>”** By performing a femtosecond
absorption study in the infrared spectral range for a series of
PCPDTBT copolymers, we have recently quantified the overall
amount of polaron pairs formed from the initial photo-
excitations.'” Remarkably, this amount can be of the order of
24% and shows a strong dependence on the chemical structure
of the polymer and the on-chain topology, i.e., the separation
between the donor and acceptor moieties. These findings,
together with the recent interest in donor—acceptor small-
molecule-based organic photovoltaics,*** prompted us to
compare the photogeneration of charges in PCPDTBT and the
respective oligomer.

Here, we present broadband femtosecond absorption
spectroscopy of the polymer PCPDTBT and the oligomer
CPDTBT. The broadband probe light allows us to monitor
several excited species, excitons, and polaron pairs and to
perform relative comparisons on their population. We address
the role of photoexcitation excess energy in determining the
nature of the primarily generated species, showing that a larger
fraction results in polaron pairs as the excitation wavelength is
tuned toward the blue part of the absorption spectrum.
Supported by quantum chemical calculations, we show that
excitation in high-energy states generates electron and hole
wave functions with reduced overlap, which likely act as
precursors for polaron pairs. Interestingly, we observe that the
recombination lifetime of polaron pairs in the oligomer is 1
order of magnitude longer than the recombination lifetime in
the polymer, suggesting that the oligomers and, in general,
small-molecule donor—acceptor materials are systems capable
of generating weakly bound long-lived polaron pairs that can be
separated at suitable heterojunctions in solar cells.

2. EXPERIMENTAL AND COMPUTATIONAL METHODS

2.1. Material Synthesis. Reagents and dry solvents were
purchased from Aldrich, ABCR Chemicals, or VWR International
and were used without further purification. 'H and *C NMR spectra
were recorded on a Bruker Avance 400, chemical shifts are given in
ppm. UV—vis and photoluminescence (PL) spectra were recorded
with a Jasco V-670 and a Varian Cary Eclipse, respectively. Molecular
weights of the polymer were determined by gel permeation
chromatography analysis with polystyrene calibration. For mass
spectrometry, a Fisons Instruments Sectorfield mass spectrometer
VG instrument ZAB 2-SE-FDP at the MPI for Polymer Research
(Mainz, Germany) was used.
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PCPDTBT and CPDTBT are both generated in Stille-type cross-
coupling reactions. The polymer PCPDTBT (M, = 19 000 g/mol, M,,
26000 g/mol) was synthesized from 4,7-dibromobenzo[2,1,3]-
thiadiazole and 2,6-bis(tributylstannyl)-4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b" ]dithiophene according to a published proce-
dure*® The PCPDTBT sample of this study shows long-wavelength
absorption maxima at 730 and 747 nm in chloroform solution and as
thin film, respectively; the solution emission maximum is observed at
786 nm (excitation wavelength 400 nm). The average number of
repeat units in the polymer is 35 and 48 based on M, and M,
estimations, respectively. 4-Bromo-7-methylbenzo|[2,1,3]thiadiazole
was prepared as described in literature.***® The Stille-type cross
coupling of 4-bromo-7-methylbenzo[2,1,3]thiadiazole (472 mg, 2.06
mmol) and 2,6-bis(tributylstannyl)-4,4-bis(2-ethylhexyl)-4H-
cyclopenta[2,1-b:3,4-b' ]dithiophene (1.01 g, 1.03 mmol) with Pd-
(PPh,;),ClL, (11 mg, 15.4S umol) as catalyst was carried out in dry
toluene/THF (4/1, SO mL) for 12 h under reflux. After purification
(column chromatography, silica, n-hexane/toluene 1/1), the oligomer
CPDTBT was obtained as a red solid. Yield: 703 mg (1.01 mmol,
98%). '"H NMR (C,D,Cl,, 400 MHz, 295 K): 0.58—0.65 (m, 12H),
0.88—1.07 (m, 18H), 1.94—2.04 (m, 4H), 2.72 (s, 6H), 7.34—7.38 (d,
7.4 Hz, 2H), 7.71-7.75 (m, 2H), 7.92-7.97 (m, 2H). 3C NMR
(C,D,Cl,, 100 MHz, 295 K): 10.9, 14.3, 18.1, 23.0, 27.6, 28.6 34.4,
353, 43.0, 54.1, 122.2, 1242, 126.1, 128.6, 129.5, 138.5, 139.8, 152.0,
156.0, 158.8. MS(FD) m/z = 698.3. UV—vis (CHCl,): A,,,, [nm] =
312, 371, 514. PL (A, = 510 nm, CHCl;): Agpma [nm] = 658.

2.2. Sample Preparation. Pristine film samples of all studied
materials were prepared from solution. The polymers and the oligomer
have been dissolved in toluene (Chromasolv, Sigma-Aldrich) with
concentrations of 10 and 20 mg/mL. To ensure good solubility, the
solutions were stirred for several hours on a heating plate at 70 °C.
The film samples have been prepared on microscope glass substrates
by spin coating a volume of 80 yL at a speed of 1800 rpm for 2 min
resulting in thin and homogeneous films with optical densities between
0.1 and 0.6 and a thickness between 50 and 150 nm. To prevent any
oxidation or adsorption of water of the film samples, all steps were
done in nitrogen atmosphere. Final encapsulation with thin micro-
scope cover glass slides (about 100 ym thickness) using a vacuum glue
(TORR SEAL, Thorlabs) allowed us to conduct our optical
measurements in laboratory atmosphere without using vacuum to
avoid photo-oxidation or other degradation phenomena.

Spectroscogy on chemically generated cations is described in details
elsewhere.'”*

PL of all studied materials has been recorded with an automated
UV—vis NIR PL spectrometer (Fluorolog, Horiba) using the same
samples as measured in the ultrafast spectroscopic studies.

2.3. Ultrafast Spectroscopy. Time-resolved measurements were
performed using a home-built femtosecond pump—probe setup. A
Ti:sapphire regenerative amplifier (Quantronix, Integra C) was used as
a laser source, delivering 100 fs pulses at a central wavelength of 800
nm with 1 mJ pulse energy at a repetition rate of 1 kHz. For the
excitation pulses, a single-stage optical parametric amplifier (OPA),
pumped at 400 nm, allowed the choice of a desired pump wavelength
from 500 to 900 nm. UV wavelengths and wavelengths shorter than
500 nm were obtained by frequency doubling of the output of the
OPA. Excitation pulse intensities were kept in the range between S and
50 u]/cmz. In order to minimize bimolecular effects, the lowest
possible excitation density has been chosen, which still provides a
sufficient signal-to-noise ratio for clearly resolving the spectroscopic
bands of all species. White light generated with a 2 and 3 mm-thick
sapphire plate was used for probing in the visible from 450 to 780 nm
and in the NIR from 820 to 1100 nm, respectively. For a spectrally
resolved detection of the probe light, a spectrograph and CCD array
(Stresing Entwicklungsbiiro) were used.*’ The temporal chirp of the
stretched white light pulse was carefully taken into account during the
analysis and evaluation of the obtained two-dimensional (wavelength
and time) AT(At)/T maps before extraction of the spectral and
temporal data with a homemade software. Overall, a temporal
resolution of at least 150 fs was achieved for all excitation wavelengths.
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Figure 1. (a) Illustration of the photoinduced processes in donor—acceptor materials. Upon absorption of photons with high energy, states with
more pronounced spatial separation of electron and hole wave functions are accessed. Upon relaxation from these excited states, pairs of charged
polarons are formed with a yield # varying with excitation energy (#g.q and #,.) as well as neutral excitons with a yield 1 — 5. D and A denote donor
and acceptor moieties in the molecular backbone. (b) Schematic visualization of the relevant energy levels for photoexcitation in a simplified single-
particle picture. HOMO (LUMO) denotes the highest occupied (lowest unoccupied) molecular orbital and S, marks exciton energy levels. Ground-
state bleaching (GB) and the formed species, i.e., neutral excitons and polaron pairs, can be observed on an ultrafast time scale by their distinct
spectroscopic signatures of excitonic absorption (EX), stimulated emission (SE), and polaronic absorption (P1), respectively.

2.4. Theoretical Methods. All calculations are based on density
functional theory (DFT) and linear response time-dependent DFT
(TD-DFT). The Gaussian09 program suite®™® was used, and all results
presented were obtained with the Coulomb-attenuating method Becke
three-parameter Lee—Yang—Parr hybrid functional (CAM-B3LYP)
and 6-31G* basis set. Orbitals were visualized using GaussView S (ref
49). To model the PCPDTBT polymer as closely as possible,
calculations were performed on a long but finite-length oligomer
consisting of six units as shown in Figure 4; alkyl side chains that are
largely uninvolved in the electronic processes studied here were
replaced by methyl groups to reduce the computational cost. For
CPDTBT, the calculations were done for the molecules used in the
experiments including side chains. These have been removed from the
visualizations in Figure 4 for clarity. For CPDTBT no symmetry
constraints were imposed. Calculations for PCPDTBT were done for
Cyy symmetry of the molecules, as previous tests show*® that spectra
and electronic states are very similar when considering a C; symmetry
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only. We first optimized the molecular geometry in the electronic
ground state and then calculated the lowest electronic singlet
excitations. A homogeneous broadening of 100 meV was applied to
plot the electronic spectra. Natural transition orbitals (NTOs) were
computed separately for the transitions of interest. In the donor—
acceptor copolymers studied here, significant charge separation occurs
in ground and excited states. To account also for long-range
contributions to the electronic exchange interaction of these charges,
we used the long-range corrected CAM-B3LYP functional **>%%'
Good convergence of the results was obtained with the 6-31G* basis
set, which was used in all calculations presented here.

3. RESULTS AND DISCUSSION

3.1. Excess Energy Dependence of Polaron Pair
Formation. In Figure 1 we provide a qualitative physical
picture for the different steps in the photoinduced polaron pair

dx.doi.org/10.1021/ja309252a | J. Am. Chem. Soc. 2013, 135, 4282—4290
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Figure 2. Chemical structures of (a) PCPDTBT and (b) CPDTBT. Gray- and yellow-shaded parts denote the donor and acceptor moieties,
respectively. (c,d) Absorption (solid line) and PL (dashed line) spectra of thin film samples. Arrows indicate wavelengths for low- (red) and high-
energy (blue) photoexcitation in pump—probe experiments. (e,f) Femtosecond transient absorption spectra for long- (red) and short-wavelength
(blue) excitation compared with a spectrum of chemically generated cations (black). (e,f) Vertical dotted lines indicate the spectral position for the

evaluation of the temporal dynamics of GB, EX, SE, and P1.

formation occurring at different excitation wavelengths. Figure
la illustrates the formation of an excited state after photon
absorption by the chromophore. Hereby, the energy of the
absorbed photons, and hence the excess energy with respect to
the gap, plays a crucial role for the degree of charge separation
because of relaxation through the excited states. Higher photon
energies excite the molecules to high electronic states. These
may have a significantly more pronounced spatial separation of
the pair of charge carriers (electron and hole) than states
accessible at photon energies close to the optical bandgap,”” as
further explained below for our materials. In an intuitive
picture, in high excited states a reduced overlap of the electron,
and hole wave function is likely to be present causing a reduced
Coulomb interaction. Thus, photoexcitations bearing significant
excess energy should exhibit increased polaron pair formation
yields 7, ie., the ratio of polaron pairs to neutral excitons
photoinduced in the system.

Unique spectral signatures of excitons and polarons can be
found in each material. A schematic visualization of
corresponding energy levels and accessible transitions is
presented in Figure 1b. The observation of ground-state
bleaching (GB) is considered as a clear indication for the
photoexcitation to higher electronic states of the molecules.
Different species can be distinguished by their spectral
signatures, giving rise to photoinduced absorption or stimulated
emission (SE). Neutral excitons can be identified by stimulated
emission or by their excited-state absorption band (EX). In
contrast, the formation of polarons is visible from the
characteristic polaronic absorption band (P1) below the optical
bandgap of the neutral molecule.'”

3.2. Spectroscopic Study of Polaron Pair Formation
for Different Excess Energies. In the following section, we
discuss in detail our experimental and theoretical results,
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bearing in mind the qualitative picture we discussed in Figure 1.
We have chosen a suitable set of materials, consisting of the
copolymer PCPDTBT and the short oligomer CPDTBT. Their
chemical structures are shown in Figure 2a,b, with the electron-
donating cyclopentadithiophene moieties marked with a gray
box and the accepting benzothiadiazole moieties highlighted
with a yellow circle. Absorption and PL spectra of the
respective materials are shown in Figure 2c¢,d. Pump—probe
experiments with ~100 fs time resolution and broadband-probe
spectral range were performed on thin films of PCPDTBT and
CPDTBT. Tuning of the pump wavelength allows us to excite
the materials selectively in the low- and high-energy absorption
bands, as indicated by red and blue arrows, respectively. In
Figure 2ef, differential transmission (AT/T) spectra for low
(red) and high (blue) excitation photon energies at 300 fs
pump—probe delay are compared to a polaron absorption
spectrum (black) obtained by chemical oxidation.'”*> For
better comparison, all spectra shown are normalized to their
GB in a range separated from other spectral features and the
pump laser wavelength. We have performed the normalization
at 690 and 510 nm for the polymer and oligomer, respectively.
In selecting these normalization wavelengths we have payed
particular attention to maximize the overlap of the GB spectral
shapes for the two excitation wavelengths, in a spectral range
likely free from overlapping excited-state species, e.g., for the
polymer 550—700 nm. In addition, this choice was operated
after careful examination of the temporal dynamics of the GB
spectra which we report in Figure S1. In particular at these
normalization wavelengths, the AT/T spectra do not show
appreciable spectral diffusion independently of the excitation
wavelength and are therefore suitable to account for the density
of photoexcitations induced in the sample by the pump.

dx.doi.org/10.1021/ja309252a | J. Am. Chem. Soc. 2013, 135, 4282—4290
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Figure 3. Ultrafast transient dynamics of GB (black), SE (red), P1 (blue), and EX (green) for long-wavelength excitation of (a) PCPDTBT (760
nm) and (b) CPDTBT (530 nm). (c,d) Dynamics for short-wavelength excitation at 400 and 370 nm are shown, respectively. For better
comparison, the modulus of all normalized signals is plotted. Clear differences in the temporal dynamics between long- and short-wavelength
excitation can be found for PCPDTBT in going from panels (a) to (c). Those are even more pronounced for the oligomer in panels (b) and (d).
Spectral positions of respective probe wavelengths are indicated by vertical dotted lines in Figure 2e,f. The inset in panel (c) shows clearly longer
decay dynamics for the polaron pair signal in the oligomer (light green) than in the polymer (dark green), both excited with excess energy.

For PCPDTBT in Figure 2e, both AT/T spectra upon 760
nm (red) and 400 nm (blue), as well as the chemical doping
spectrum show a prominent GB from 570 up to 745 nm and a
clear positive contribution peaking at 935 nm. Because of the
good agreement with the spectral shape of the separately
measured PL as shown in Figure 2c, an assignment of this latter
contribution to stimulated emission is immediate. We note here
that differences in the shape of the absorption spectrum and the
GB are intrinsically connected to the dynamic nature of the GB.
The GB spectrum measures the ground-state absorption
blocking due to the population of excited states, which are
no longer empty for an absorption process. The excited-state
population evolves on a short time scale and involves potential
energy surfaces which may be different from those probed in a
linear absorption spectrum. At longer wavelengths up to 1100
nm the stimulated emission competes with the negative signal
of the polaronic photoinduced absorption. Spectral features
arising from polaron absorption range from ~800 nm and go
up to 1400 nm, as seen in the spectrum of chemically generated
cations; at 1100 nm polaron absorption becomes more
prominent due to the vanishing stimulated emission, and the
overall AT/T curve turns negative. Our results demonstrate the
presence of photogenerated polaron pairs for both excitation
wavelengths with the polaron absorption bands exhibiting
different amplitudes. When the excitation is performed at short
wavelength (400 nm), a less-pronounced stimulated emission
and enhanced polaronic absorption are an indication for a
higher polaron-to-exciton ratio, i.e., g > Hred-

When looking at the AT/T spectrum of the oligomer
CPDTBT we observe a similar pattern of spectroscopic features
(Figure 2f), but in addition it exhibits photoinduced absorption
at 780 nm, which does not correspond to the PL or the radical
cation (polaron) spectrum and occurs for both excitation
wavelengths. For this material, the larger bandgap and thus
blue-shifted absorption compared to the polymer allows to
access the EX, which is located at lower energy compared to the
polaron absorption, ranging between 700 and 1100 nm and
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peaking at 775 nm. As in the case of the polymer, excitation
with high-energy photons with respect to the gap leads to a
higher generation yield of polaron pairs. Because of the large
overlap between SE and Pl in this material, the AT/T
completely changes in the range around 630 nm. In agreement
with our interpretation of a higher polaron pair generation yield
when exciting at higher energy, the EX signal is reduced since
its origin is excitonic.

The decay dynamics of all spectral features described in the
polymer spectrum are shown in Figure 3a,c for 760 and 400 nm
excitation, respectively. The polaron pair signal shows a rapid
initial decay of 1.1 ps, followed by a slow decay with a time
constant of 16 ps. Previous measurements of polaron pair
dynamics, based on the decay of the mid-infrared absorption
band P2 (ref 17), exhibit similar recombination dynamics with a
first component lifetime of 2.6 ps and a second of 16 ps.
Although we tried to stay at excitation densities as low as
possible, the required densities for a broadband spectral
detection of all species within one measurement did not
allow us to completely suppress a residual contribution of
bimolecular processes. Thus the discrepancy of the first
component in the P1 lifetime with respect to the value in
our previous experiments is likely due to the increased laser
fluence resulting in an excitation density of 5 X 10'® cm?, this is
also likely the origin of the biexponential decay dynamics with
1.1 and 18 ps in the stimulated emission. The increased laser
fluence compared to our previous experiments (excitation
density 7 X 10" cm®) may have an effect on the generation of
polaron pairs, since in some materials it has been reported that
high excitation densities promote polaron pair formation. We
have investigated this effect for our polymers and found that the
AT/T signal amplitude for P1 and the first time constant shows
a weak dependence on laser fluence, whereas the SE and GB
signals are more affected (Figure S2). Therefore, we exclude
that the higher excitation densities used in the experiments
presented here have a significant influence on the polaron pair
generation yield.

dx.doi.org/10.1021/ja309252a | J. Am. Chem. Soc. 2013, 135, 4282—4290
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Figure 4. Calculated absorption spectra (a) and (b) and analysis of excitations in terms of natural transition orbitals (NTOs) for the copolymer
PCPDTBT (c) and the oligomer CPDTBT (d). Stick spectra represent wavelength and oscillator strength of each transition in (a) and (b); those
transitions used for the NTO analysis are shown in black. For both copolymer in (a) and oligomer in (b), only one transition with large oscillator
strength contributes to the long-wavelength absorption peak. The corresponding pairs of NTOs are depicted in panels (c) and (d), respectively,
showing a delocalized nature and direct spatial overlap of the wave functions. In contrast, transitions corresponding to the absorption band at shorter

wavelength exhibit a much lower oscillator strength (denoted as ).

The GB has contributions from both polaron pairs and
excitons since it measures the depletion of the ground-state
absorption with no distinction on whether this originates from
neutral or charged excited species. Interestingly, it has very
similar decay dynamics to the stimulated emission and confirms
the fact that excitons are formed predominantly when the
polymer is excited at 760 nm. At short wavelength excitation,
the fast initial decay component of the polaron pair signal is less
pronounced, as shown in Figure 3c. In this case, the GB decays
with a fast time constant of 1.2 ps and a second longer decay of
16 ps. These dynamics are comparable to that of polaron pair
absorption, which show a biexponential decay with 1.6 and 17
ps time constants. While the values of the decay times are not
identical overall, this suggests that a larger contribution of
polaron pairs to the bleaching signal is present. In agreement
with other studies,' a slower rise time can be observed for
stimulated emission due to vibrational relaxation of the hot
excited state preceding photon emission. Measurements on
another donor—acceptor copolymers with a similar chemical
structure (Figure S3) show qualitatively the same effect of a
decreasing stimulated emission and increasing polaronic
absorption for larger excess excitation photon energies.
Excitation energies exceeding the optical bandgap twice did
not show any indication of multiexciton or multipolaron pair
formation, as known for other organic materials like
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4-56 7
pentacene®**° or carbon nanotubes.’” This result confirms

what has been recently observed by Bange et al. on ladder-type
polymers.>®

The temporal dynamics for the oligomer is shown in Figure
3b,d and confirms the hypothesis that excitation at higher
energy leads to a more pronounced formation of polaron pairs.
While in the long-wavelength excitation case the GB decay
follows almost exactly the dynamics of the EX band (Figure
3b), it appears to be clearly slower when excited at higher
energy (Figure 3d) and more similar to the P1 dynamics. We
believe that a larger contribution of longer living polaron pairs
is the reason for this prominent difference. When excited at 530
nm, the temporal dynamics of the spectral region from 600 to
about 700 nm, where SE and P1 absorption are overlapping, is
clearly dominated by SE. Although originating from the same
species, i.e. excitons, the SE shows faster decay dynamics
compared to EX. Most likely this occurs due to a spectrally
overlapping polaron absorption signal. However, the most
interesting results are obtained when molecules are excited at
370 nm. Here, a long-lived signal with negative amplitude due
to polaron absorption follows the GB dynamics and, according
to our assignment, is another strong indication that polaron
pairs are the mainly formed species. What seems to be a slow
buildup of polaron pair absorption can be explained as decay of
SE having opposite sign. Indeed measurements of the P1
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dynamics further into the red part of the spectrum at 700 nm
instead of 640 nm (as in Figure 3d) do not exhibit such a rise
on a picosecond time scale (Figure S4).

In summary, the materials show a higher polaron pair yield #
for excitation with higher photon energies compared to
excitations close to the optical bandgap, i.e., gy > freq. This
effect is present for the donor—acceptor copolymer PCPDTBT
(and a similar polymer reported in Figure.S3) and is found to
be significantly pronounced for the shorter oligomer CPDTBT.
Interestingly, as shown in the inset in Figure 3c, the lifetime of
the polaron pairs excited at high energy in the oligomer is 164
ps, an order of magnitude larger than the long component in
the lifetime of the same species in the polymer, which is 16 ps.

3.3. Wave Function Localization of Photoexcited
States. To obtain a deeper understanding and provide a
more comprehensive explanation on the photon energy
dependence of the polaron pair generation process, we
investigated by quantum chemical modeling the optical
transitions in PCPDTBT and CPDTBT (see Experimental
and Computational Methods section for details). Figure 4a,b
shows calculated linear absorption spectra. Comparing these
computed spectra with experimental absorption spectra in
Figure 2¢,d, we note a consistent overall shift of calculated
transitions to shorter wavelengths. More importantly, however,
relative positions of transitions in the spectrum and relative
oscillator strengths of the different peaks are well represented
by the calculations. Figure 4c,d provides NTOs for the relevant
optical transitions in PCPDTBT and CPDTBT. In the case of
the polymer, excitation with low photon energy results in a
transition (Figure 4c, transition 1) where both electron and
hole wave function are delocalized over several benzothiadia-
zole (BT) and dithiophene units in the center of the
chromophore. The resulting large wave function overlap and
the common center of mass lead to a strong Coulomb
interaction and explain the favored formation of neutral
excitons with respect to spatially separated polaron pairs. The
wave function distribution appears different, when electron and
hole are excited with significant excess energy, as shown by the
dominant NTO pairs 1 and 2 of transition 15 in Figure 4c (CI
coefficients 0.42 and 0.26). This transition carries the main
oscillator strength leading to the high-energy absorption band
in the polymer, and the corresponding dominant NTOs clearly
show its significant charge-transfer character. In the dominant
contributions, the electron wave function is mostly localized on
the BT units, whereas the hole wave function is delocalized in
nature. The resulting spatial separation of electron and hole
wave function leads to a reduced Coulomb interaction and
consequently favors the formation of a weakly bound polaron
pair. We note that we have found almost identical NTOs to
those reported in Figure 4 for transitions calculated in the
equilibrium geometries of the corresponding excited states.

An even more pronounced difference can be found for
CPDTBT, as shown in panel Figure 4d. The long wavelength
arises from a transition that is delocalized over the entire
oligomer backbone. Both electron and hole wave functions are
calculated to be spread out with their center of mass located in
the middle of the molecule. Transition 3 in Figure 4d is
responsible for the higher-energy absorption band in the
oligomer and is accessible at high photon energy. This
transition also appears to be very delocalized in nature with
significant spatial overlap of electron and hole wave functions.
However, following excitation of this transition, we assume that
the system undergoes ultrafast relaxation through the manifold
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of excited states.”’ During this relaxation the system may transit
through another excited state which is optically almost dark but
has very pronounced charge-transfer character according to the
involved NTOs shown in Figure 4d. In this state, the overlap
between electron and hole wave functions is strongly reduced
which could be the explanation for the increased polaron
formation yield found at higher excitation energies for this
system. The pronounced charge-transfer character of the excited
states at higher energies explains also the lower oscillator
strength for those transitions with a lower wave function
overlap of initial and final state.> This can be seen in the
measured (Figure 2¢,d) and calculated (Figure 4a,b) absorption
spectra showing lower absorption in the high-energy peaks. The
corresponding oscillator strengths for the relevant transitions
are given in Figure 4¢,d.

We assume that topological restrictions due to a limited
chain length of the oligomer further promote the localization of
the electron wave function. This together with the longer
lifetime of the polaron pairs in the oligomer clearly points
toward dynamics involving intermolecular processes. In the
oligomeric sample, it is likely that a close spacing between
donor and acceptor units belonging to nearest-neighbor
molecules is present in three dimensions. In case of favorable
packing and orientation, this may favor the formation of
stabilized long-lived polaron pairs, as was observed in
copolymer heterojunctions.”® While these aspects are important
in trying to establish a quantitative comparison between the
polymer and the oligomer, the experimental evidence for a
higher polaron pair yield upon excitation with high photon
energy can be rationalized by the intramolecular wave function
characteristics shown in Figure 4. Simulations involving
intermolecular polaronic states, for example in dimers, are
likely to provide more information on the dynamics of polarons
in both systems but involve a large number of degrees of
freedom connected to the crystallinity and, in general, to the
structure of the two materials. Such studies will be reported
elsewhere. PCPDTBT is a semicrystalline polymer,®" and we
have indications that CPDTBT forms polycrystalline films, thus
the two material systems have structural similarities. CPDTBT
is a rather new compound, and a full structural characterization
has not been carried out. Certainly molecular packing and
crystallinity may be involved in the polaron pair recombination
process, less likely in the generation which starts from the
intramolecular wave function shown in Figure 4, since those are
mainly responsible for light absorption.

4. CONCLUSIONS

In conclusion, we have studied the influence of excess excitation
energy on charge photogeneration in organic donor—acceptor
materials with different chain length. Both materials studied,
ie, PCPDTBT and CPDTBT, show consistently higher
polaron pair yields for shorter excitation wavelengths together
with a reduced occurrence of stimulated emission. With
broadband ultrafast pump—probe spectroscopy, we demon-
strated a significantly higher polaron-to-exciton formation ratio
n for high-energy photons already within the temporal
resolution of the setup of 150 fs (#pie > #pea)- This effect is
observable in PCPDTBT and more pronounced for a short
oligomer with the same chemical structure, CPDTBT.

We explain the higher polaron pair formation yield 7
observed at shorter wavelengths with the more pronounced
initial charge-transfer character of the higher-lying excited states
absorbing light, likely caused by the variation of the molecular
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on-chain energy landscape present in these materials. This
interpretation is supported by our quantum chemical
calculations. During the relaxation through the excited states
in the oligomer CPDTBT, pronounced localization of the
electron at the BT acceptor moieties occurs when excited at
370 nm. In contrast, the excitations stay delocalized over the
entire molecule for 530 nm excitation. A similar effect occurs in
PCPDTBT, although less pronounced. The reduced overlap
between electron and hole leads to a decreased Coulomb
attraction and a lower binding energy. We therefore conclude
that a more pronounced charge separation in the initial
excitations dynamically favors polaron pair formation instead of
relaxation into a strongly bound and emissive Frenkel exciton.

The finding of a high polaron pair formation yield over the
high energy part of the absorption spectrum indicates that an
optimization of materials in terms of higher yields might be
interesting for more efficient organic solar cells. Due to a lower
binding energy, the extraction of polaron pairs might be
favorable in terms of a reduced voltage loss for their separation
compared to strongly bound Frenkel excitons. We believe that
the knowledge gained about the nature of higher photo-
excitations and the influence of the molecular size is crucial for
reaching this goal. Interestingly, we report an increase by 1
order of magnitude in the lifetime of polaron pairs in the
oligomer, which can represent an intrinsic advantage for
organic photovoltaics. The increased lifetime may be related to
a different crystalline, solid-state packing of the small molecules
if compared to the semicrystalline polymer PCPDTBT; further
detailed structural investigations are required to address this
important difference.
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