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Ground State Bleaching at Donor—Acceptor Interfaces

Christian Schwarz, Felix Milan, Tobias Hahn, Markus Reichenberger, Stephan Kiimmel,

and Anna Kéhler*

Charge separation at the donor—acceptor interface is a key step for high
efficiency in organic solar cells. If interfacial hybrid states exist already in the
dark it is plausible that they can have a major impact on the dissociation of
optically generated excitations. In this work we probe such interfacial states
via steady state absorption spectroscopy. A substantial bleaching of the
absorption spectrum is found near the absorption edge when an electron-
accepting layer of either trinitrofluorenone (TNF), Cg, or a perylene-diimide
derivative is deposited on top of a layer of electron-donating conjugated
polymers, such as MEH-PPV or various poly-phenylene. This is in part attrib-
uted to the formation of ground state complexes with low oscillator strength.
The experiments bear out a correlation between the reduction of the absorb-
ance with the energy gap between the donor-HOMO and acceptor-LUMO,
the effective conjugation length of the donor, and the efficiency of exciton
dissociation in the solar cell. The effect originates from mixing of the donor-
HOMO and the acceptor LUMO. Calculations using density functional theory
support this reasoning. Implications for efficiency of organic solar cells will be

are responsible for efficient charge sepa-
ration and charge transport. A deeper
understanding of the electronic processes
at these donor-acceptor interfaces is
needed to develop further improved strate-
gies towards organic solar cells with even
enhanced efficiencies.

For organic solar cells, the key role of
photoinduced charge-transfer states in the
process of dissociating an excited state
at the donor—acceptor interface is well
known and well documented.??! Similarly,
the intermediate formation of excited state
complexes (exciplexes) in the course of
electron-hole recombination has long been
recognized as a central step in the opera-
tion of organic light-emitting diodes.?!

More recently it was noted that inter-
facial donor—acceptor complexes with
some charge-transfer character may also

discussed.

1. Introduction

The efficiency of promising low cost organic bulk heterojunc-
tion donor—acceptor (D-A) solar cells is successively increasing
over the past decade reaching now power conversion efficien-
cies greater than 10%.11 These efforts are mainly based on
progresses in morphology control and in the development
of low bandgap materials to harvest a larger part of the sun’s
solar spectrum. In these solar cells ideally composited blend
films with large D-A interfaces and interpenetrating networks
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prevail in the ground state, and that

their presence and nature may impact

on the photogeneration of charges.!
Evidence for such ground state (GS) complexes is frequently
brought forward by detecting the weak absorption associ-
ated with the GS complexes, for example through photo-
thermal deflection spectroscopy.’! A limiting case of a “donor—
acceptor system” is obtained when the electron affinity of the
acceptor is so strong that the acceptor may even be employed
to obtain p-type doping.”! An example for this is the acceptor
molecule F4-TCNQ (2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoqui-
nodimethane). Using ultraviolet photoemission spectroscopy
in combination with quantum chemical calculations, Méndez,
Salzmann and co-workers have recently shown that for the
D-A system comprising pentacene as donor and F4-TCNQ
as acceptor, electronic interaction leads to the formation of a
ground state charge-transfer complex.®l Their work explicitly
spells out and demonstrates that the frontier orbitals of the GS
complex result from mixing of the highest molecular orbital
(HOMO) of the donor with the lowest unoccupied molecular
orbital (LUMO) of the acceptor. Both electrons in the HOMO
of the GS complex then result from the former donor molecule.
Salzmann and co-workers were also able to detect the weak
absorption due to the GS complex.

When a GS complex is formed due to electronic interaction
between a donor and an acceptor, it is not surprising that there
should be an associated weak new absorption feature, with
the low oscillator strength of the GS complex resulting from
its charge transfer character. Concomitantly, one may expect
that the original absorption from the donor polymer and the
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acceptor molecule that now comprise the complex should
have vanished. Assessing the existence of such a ground state
bleach in a quantitative manner is difficult for intermixed
donor—acceptor blends. Here, we have used a bilayer geom-
etry to compare the absorption of the donor—-acceptor bilayer
with the sum of the two individual layers. We observe a strong
ground state bleach that we attribute to the formation of
ground-state charge-transfer complexes. This lack of absorp-
tion is more intense for better conjugated chromophores. It
correlates with the energy gap between the donor HOMO
and the acceptor LUMO as well as with the dissociation effi-
ciency of photo excitations. The systems investigated comprise
the poly(p-phenylene vinylene)-type polymers MEH-PPV and
PPV, the series of poly(p-phenylene)-type polymers MeLPPP
(a ladder-type poly(p-phenylene)), PIF (poly-(indenofluorene)),
DOOPPP (Dioctyloxy-poly(p-phenylene)), the solar cell “work
horse” polymer P3HT (regio-regular poly(3-hexylthiophene)),
and the low-bandgap polymer PCPDTBT (Poly[2,6-(4,4-bis-(2-
ethylhexyl)-4 H-cyclopenta([2,1-b;3,4-b’|dithiophene)-alt-4,7(2,1,3-
benzothiadiazole)). These donor materials were combined with
the acceptor molecules TNF (2,4,7-trinitro-9-fluorenone), Cq
and a PDI derivative (N,N’-bis-(1-ethylpropyl)-perylene-3,4:9,10-
tetracarboxi-diimide). Given the ease of measuring the absorp-
tion of bilayers, we suggest this may provide a convenient
means for initial material screening with a view to their suit-
ability for solar cell applications.

2. Results

2.1. The Observation of a Ground State Bleach in
MEH-PPV/TNF

In order to assess whether there might be any interaction
between a donor and an acceptor molecule in the ground state,
we compare the absorption of a bilayer film consisting of an
acceptor layer on top of a donor film with the algebraic sum
of the absorption of a film of donor and a film of acceptor. For
this experiment, we cover a quadratic fused silica substrate
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Figure 1. Scheme of the D-A interaction experiment: In configuration |
the acceptor is evaporated on top of the polymer donor, in configuration
Il on the backside of the fused silica substrate.

with a 40 nm layer of donor polymer by spin-coating from
solution. We then clean half of the substrate from the polymer
layer using a cotton bud with solvent. This results in a strip of
donor film. Orthogonal to the donor strip, we then evaporate a
strip of an acceptor layer of 50 nm thickness using a shadow
mask. As illustrated in Figure 1, this results in four areas of
the sample prepared by the same fabrication process, that
is the donor layer on its own, the acceptor layer on its own,
a bilayer with acceptor on top of the donor and an uncoated
area for reference. We refer to this arrangement where donor
and acceptor are in contact at the bilayer as configuration I.
For comparison, we also employ a configuration II, where we
turn over the fused silica substrate prior to the acceptor evapo-
ration, so that the donor and acceptor are physically separated
by the quartz substrate, while still obtaining the three areas of
donor, acceptor, and their superposition. If there was no inter-
action between donor and acceptor, one might expect that both
configurations should yield the same absorption spectra. As is
demonstrated in Figure 2 for the donor-acceptor pair of MEH-
PPV and TNF, the absorption spectra of MEH-PPV and of TNF
are identical in both configurations. For the area where donor
and acceptor overlap, there is, however, a striking difference.
In configuration II, where donor and acceptor are separated by
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Figure 2. Absorption spectra of the different film areas in the samples prepared a) in configuration Il and b) in configuration I. The black line with
squares and the red line with circles show the absorption spectra measured for the areas containing only a film of MEH-PPV or TNF, respectively. The
dark blue line with stars shows the absorption measured for the area where MEH-PPV and TNF films overlap. The algebraic sum of the MEH-PPV film
spectrum and the TNF film spectrum is shown as light blue line with triangles. The difference between the calculated and measured superposition

spectra is shown as pink line with pentagons.
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the fused silica substrate, the resulting measured absorption
(dark blue line with star symbols) perfectly matches the alge-
braic sum of the absorption spectra of the individual donor and
acceptor layers (light blue line with triangle symbols). When
subtracting the measured spectrum from the sum of the indi-
vidual spectra, a flat line of zero intensity results (pink line with
pentagons). In contrast in configuration I, where the acceptor
is directly deposited onto the donor, the spectrum obtained by
measuring the bilayer (dark blue line with star symbols) differs
from the sum of the donor and acceptor spectra (light blue line
with triangle symbols). This difference is displayed by the pink
line with pentagons. Compared to the direct superposition of
the individual spectra, the bilayer shows a lack of absorption
in the spectral range characteristic for the S;<-S; absorption of
MEH-PPV, centered around 2.5 eV. At this energy, the bilayer in
configuration I absorbs only about 65% of the light compared
to the superposition in configuration II. Furthermore, the peak
of the bilayer absorption is shifted to the red by about 30 meV
compared to the peak of the superposition spectrum. While the
intensity of the first absorption band in MEH-PPV is reduced
in the bilayer, we find an additional absorption signal below the
absorption edge of MEH-PPYV, that is, below 2.2 eV, as well as in
the ultraviolet spectral range (3.2—4.0) eV.

2.2. The Role of the Acceptor Molecule

The observation of an altered bilayer absorption spectrum
is not limited to the MEH-PPV/TNF system but also occurs
for other acceptors such as Cgy and a perylene-diimide deriva-
tive (PDI). Figure 3 shows the absorption spectra obtained for
the combination of the insoluble polymer poly(p-phenylene
vinylene) (PPV) with Cg. To prepare the sample, a soluble pre-
cursor-polymer is deposited from solution and converted into
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Figure 3. Absorption spectra of the different film areas in the samples
prepared in configuration |, for the combination of a 41 nm film of PPV
with about 30 nm of Cg. Lines and symbols are used analogously to
Figure 2. In addition, the orange line with tilted triangles shows the
absorption of the former bilayer area after the Cg had been mechanically
removed.
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an insoluble layer of PPV by heating. In this way, we prepared a
sample consisting of 41 nm of PPV with about 30 nm of C¢, on
top of it in the geometry of configuration I, that is, two stripes
orthogonal to each other, with direct contact between donor and
acceptor in the bilayer formed by the stripes’ overlapping area.
Analogous to the case of MEH-PPV with TNF, we find that the
absorption of the bilayer (dark blue line with triangles) differs
from the sum of the absorption of the individual layers (light
blue line with stars). The absorption that is missing matches
the absorption of PPV from about 2.5 eV to 3.5 eV, and it also
follows the absorption of the Cg, in the range from about
1.8 eV to 2.8 eV. At the peak of the polymer absorption band,
at 3.1 eV, the absorption in the bilayer is reduced by 28% com-
pared to the sum of the individual layers. Above 3.5 eV, absorp-
tion is not missing, and centered around 1.6 eV, there seems
to be a very small additional absorption signal. The reduction
of the S;<-S, absorption band in PPV is analogous to that in
MEH-PPYV, while the reduction in acceptor absorption is a new
feature. Before considering the reduction in acceptor absorp-
tion in more detail, we draw the reader’s attention to an exten-
sion of this absorption experiment. Compared to MEH-PPV,
PPV is characterized by a high packing density of the polymer
backbone due to the lack of side chains, a high glass transition
temperature, and concomitantly a hard surface.’)» We can there-
fore remove the evaporated layer of Cyy simply by swiping over
the film with a dry cotton bud. If we then measure the sample
again (orange line with tilted triangles), we find a spectrum that
is identical to that of the individual PPV layer measured previ-
ously. From the fact that the PPV absorption is recovered by
wiping with a dry cotton bud we infer that Cy, does not signifi-
cantly diffuse into the PPV layer within the timeframe of the
experiment. This implies that the lack of absorption originates
from a reversible donor-acceptor interaction at the bilayer
interface.

We now attend to the issue of reduced acceptor absorption
indicated in the measurement of the PPV/Cg, bilayer. The con-
tributions of donor and acceptor absorption can be identified
more clearly when compounds are used that display well-struc-
tured absorption spectra. In Figure 4a, we therefore consider
the pair of MeLPPP as donor with a PDI derivative as acceptor.
The absorption spectra of the individual compounds show well-
resolved peaks. As for the previous samples, the absorption
of the bilayer (dark blue line with stars) is reduced compared
to the sum of the individual layers (light blue line with trian-
gles). The difference spectrum (pink line with circles) can be
matched by combining the spectra of the individual layers in
the form Ipigerence = 0.17 Iyierppp + 0.34 Ippp. In other words, 17%
of the polymer absorption are lacking as well as 34% of the
PDI derivative absorption. This experiment shows that not only
the polymer S;<S, absorption is reduced but also the acceptor
S¢S, absorption. To probe whether this is indeed due to an
electronic interaction between donor and acceptor, we con-
ducted a control experiment where the MeLPPP was replaced
by a 40 nm layer of the electronically inert polymer polystyrene.
When polystyrene is used, the bilayer absorption spectrum is
nearly identical to the spectrum obtained by the addition of the
two individual layers (Figure 4Db).

With the aim to probe whether the observed bilayer absorp-
tion spectrum and its intensity is free from measurement
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Figure 4. a) Absorption spectra of a of the different film areas in the sam-
ples prepared in configuration | for MeLPPP and a PDI derivative, with
lines and symbols used analogous to Figure 2. In addition, the dashed
line shows the calculated linear combination of the spectra measured for
the MeLPPP-only and PDI derivative-only areas. b) The same for polysty-
rene and the PDI derivative.

artefacts, we performed a number of auxiliary experiments. The
associated spectra are displayed in the Supporting Information.
i) For a MeLPPP and PDI derivative system, we measured the
absorption spectra with and without an integrating sphere. We
found no significant changes between the two, suggesting that
the influence of light scattering and reflection is negligible.
ii) The spectra obtained are independent on the direction of
the light path, that is, whether the light is incident first onto
the donor layer or first onto the acceptor layer makes no dif-
ference, thus excluding optical and scattering effects. This is
most evident for the MeLPPP/PDI derivative bilayer which
has a well-resolved spectrum. iii) We wondered whether the
changes to the polymer absorption may be related to annealing
effects caused by thermal radiation of the evaporation source
when the acceptor is evaporated. To test this hypothesis for the
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polymers MEH-PPV, MeLPPP, and PPV, we heated the evap-
oration source without acceptor material in it yet at the same
source temperature and for the same length of time used as for
an acceptor evaporation while having the polymer film in its
usual place. We found the polymer absorption to be unaltered
Dby this process. We take these auxiliary experiments to confirm
that the difference between the observed bilayer absorption and
the superposition of the individual spectra is a genuine signa-
ture of the material system.

2.3. The Relation of the Missing Absorption to Solar Cell
Performance

From the above mentioned experiments it appears that absorp-
tion is missing in the bilayer as a result of some interaction
at the interface between a m-conjugated donor polymer and a
m-conjugated acceptor molecule. We were wondering whether
this bleaching of the ground state absorption correlates in
some way with the performance of the donor—acceptor system
in solar cells. We had previously considered exciton dissocia-
tion in a series of poly(p-phenylene)-(PPP)-based polymers in
combination with TNF or Cg, as acceptors in a bilayer solar
cell.' When measuring the photocurrent as a function of
the internal field in the device, we found the photocurrent to
increase with the applied field until it saturates for a critical
field strength F,, roughly at about 100% internal quantum
yield. The value of the saturation field, where exciton dissocia-
tion into charges is at its maximum, reduces with increasing
effective conjugation length of the PPP-type polymer. We shall
now compare this to the bleaching of the ground state absorp-
tion that we find in the associated donor—acceptor bilayers.
The polymers considered are MeLPPP, which is a ladder-type
PPP with a stiff backbone, a polyindenofluorene (PIF) where
three phenyl rings are bridged to form a stiff unit, and a PPP
with sidechains (DOOPPP) where each phenyl ring can rotate.
The chemical structures are given elsewhere.'” As acceptor
we use TNF since it has less overlap with the donor absorp-
tion spectra than Cg, which is beneficial for the analysis. For
all three donor—acceptor combinations, the measured absorp-
tion in the bilayer is lower than the mathematical superposi-
tion of the individual donor and acceptor absorption (Figure 5).
Absorption is bleached in particular in the lower energy range
of the polymer absorption band, such that the bleach signal
appears like a red-shifted absorption spectrum of the polymer,
even matching the vibrational structure. The amount of the pol-
ymer ground state bleach, compared to the superposition of the
individual donor and acceptor signal, is summarized in Table 1
for the PPP-type polymers and MEH-PPV in combination with
TNEF. Also listed are the saturation field F,,, required for max-
imum exciton dissociation, the HOMO level of the polymer and
the energy difference AE,,, between the polymer HOMO and
the acceptor LUMO. For MEH-PPV and MeLPPP, about 35%
of the absorption is missing. In contrast, for PIF and DOOPPP,
the absorption is reduced by only 27 and 11%, respectively. This
amount of ground state bleaching correlates with the energy
gap between donor HOMO and acceptor LUMO which is lower
for MEH-PPV and MeLPPP than for PIF and DOOPPP. Impor-
tantly, it also parallels the critical field strength F,, needed for
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Figure 5. Absorption spectra of a of the different film areas in the
samples prepared in configuration | for a) MeLPPP with TNF, b) PIF with
TNF, and c) DOOPPP with TNF. Lines and symbols are used analogously
to Figure 2. The thickness of the polymer film is about 40 nm that of the
TNF layer is about 57 nm.

complete exciton dissociation, which is an order of magnitude
lower for MeLPPP than for PIF and DOOPPP, and concomi-
tantly, the amount ground state bleach increases with the effec-
tive conjugation length in the PPP-type system.
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Table 1. The reduction of the ground state absorption observed for the
polymers MEH-PPV, MeLPPP, PIF and DOOPPP in a bilayer with TNF,
along with the values of the polymer HOMO energy, the energy differ-
ence AEg,, between the polymer HOMO and the TNF LUMO energy
(taken to be —3.9 eV) and the saturation field strength Fs,; required for
maximum exciton dissociation in a bilayer solar cell structure. Fs,, the

MEH-PPV, and TNF energy levels from the literature.[023%

Polymer Reduction of the ground = Polymer HOMO  AE,,, Fsat
state absorption [eV] [eV] [10°Vem™

MEH-PPV 35% =5.1 1.2

MeLPPP 35% -5.2 1.3 5

PIF 27% —5.4 1.5 15

DOOPPP 1% -5.6 1.6 30

This data suggests that there is a correlation between the
amount of ground state absorption that is missing in the
bilayer spectra and the efficiency of exciton dissociation. If
this is correct one would expect that absorption is in particular
missing in the bilayers spectra of well-known efficient solar
cell materials. To probe this, we measured the absorption of
P3HT and PCPDTBT, two polymers widely used for efficient
solar cells, in combination with the acceptor Cg,. The spectra
are shown in the Supporting Information. We find that for the
P3HT/Cyy and the PCPDTBT/Cg bilayers, 27% and 32% of the
absorption are missing, respectively. The energy gap between
the donor HOMO and acceptor LUMO is 0.8 eV and 1.1 eV,
respectively, if we take a value of 5.4 eV and 5.1 eV, respectively
for the donor HOMO and of 4.3 eV for the Cyy LUMO. Thus,
the results on these solar cell materials in combination with Cg,
are consistent with the findings obtained on the PPV and PPP-
type polymers with TNF.

2.4. Quantum Chemical Calculation of the Absorption
Spectra

To assist the interpretation of the experimental data, we have
calculated the absorption spectra of a model MEH-PV trimer,
of TNF and of a sandwich type model dimer where TNF is
placed above the MEH-PV trimer using time-dependent den-
sity functional theory (TD-DFT). For this, the geometry of the
trimer and of TNF were optimized first individually and then
the ground state geometry of both molecules together was
optimized. Different initial orientations of the two molecules
resulted in a very similar, sandwich type final geometry, as
detailed in the experimental section. The lowest vertical transi-
tion energies with their respective intensities were calculated,
and these delta-functions were broadened by multiplying with
a Gaussian function to allow comparison with experiment.
Figure 6 shows the absorption spectra obtained for the model
MEH-PV trimer, the TNF and the sandwich-type model dimer
(dark blue line with stars) with TNF on top of the MEH-PV
trimer. For comparison, the sum of the calculated absorption
spectra of the TNF and the MEH-PV Trimer is also shown
(light blue line with triangles), as well as the difference between
the calculated dimer absorption and the sum of the individual
absorptions (pink line with circles). The calculations indicate
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Figure 6. TD-DFT calculations of a model system. a) Calculated absorption spectra of a single MEH-PV trimer, a single TNF and a sandwich-type
dimer of MEH-PV trimer with TNF on top of it (dark blue line with stars). For comparison, the sum of the individual spectra of MEH-PV timer and
TNF is also shown (light blue line with triangles). The difference between the sum spectrum and the calculated spectrum of the sandwich-type dimer
is shown by the pink line with pentagons. b) Orbital plots of the sandwich-type dimer for the HOMO, the LUMO and the LUMO+4. c) Energy level
diagram showing the HOMOs and LUMOs of the MEH-PV trimer, the TNF and the sandwich-type dimer formed between them. For the latter, the

energy of the LUMO+4 is also indicated.

a reduced absorption of the sandwich-type dimer compared to
the MEH-PV trimer as well as a slight additional absorption at
the onset of the MEH-PV trimer absorption. In a qualitative
manner, this agrees very well with the experimental results dis-
played in Figure 2. An analysis of the transitions contributing
to this absorption band of the donor—acceptor sandwich dimer,
centered around 2.5 eV, indicates that it results from a transi-
tion from the dimer's HOMO to the dimer’s LUMO+4 orbital.
Importantly, the dimer’s LUMO+4 has some charge density on
the TNF molecule, thus suggesting some resonance interac-
tion between the TNF and the PV-trimer to take place. Thus,
the lowest optically active excited state, when a TNF acceptor is
located on top of a MEH-PV trimer, consists to equal parts of
a transition on PV trimer and a transition with some charge-
transfer contribution onto the TNF. The excited state analysis
also indicates a number of transitions with vanishing oscillator
strength roughly around 2 eV.

In Figure 6, we have summarized the HOMO and LUMO
energies of the non-interacting MEH-PV trimer and TNF as
well as the HOMO, LUMO, and LUMO+4 of the sandwich-type
dimer. For reference, the values are also listed in the Supporting
Information. In the sandwich-type dimer, the HOMO is stabi-
lized compared to that of the donor MEH-PV, and the LUMO
is destabilized compared to the TNF acceptor. The LUMO+4
of the dimer that contributes significantly to the first optically
active excited state is between the LUMOs of the MEH-PPV
and the TNF.

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

3. Discussion

To summarize the results obtained on different donor-acceptor
systems, we observe a lack in the ground state absorption of
donor and acceptor when the two are brought into immediate
contact such as to form a bilayer. Through various control meas-
urements, we ascertained that this is a genuine experimental
feature. Quantum chemical calculation on the absorption of an
adjacent pair of donor and acceptor, that is, a MEH-PV trimer
and TNF also yield a reduced intensity of the absorption. As
evident from Table 1, the lack of ground state absorption cor-
relates with the energy difference between the donor HOMO
and the acceptor LUMO, and with the electrical field strength
needed for maximum exciton dissociation. The latter is a
measure for the ease of exciton dissociation. Concurrently, lack
of ground state absorption also increases with the effective con-
jugation length in the system of PPP-type polymers.

The energy levels obtained for the donor—acceptor system
(Figure 6) are reminiscent of those suggested by Salzmann
and co-workers for a ground state (GS) complex. They propose
such a species may form when a strong acceptor is brought in
contact with a donor with the purpose to p-dope the donor.®!
The GS complex would have a HOMO and LUMO resulting
from mixing of the polymer HOMO with the acceptor LUMO,
with both electrons for the HOMO of the GS complex being
supplied from the former polymer’s HOMO. In their picture,
the splitting between the frontier orbitals of the GS complex
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depends on the intermolecular resonance integral, (8 in a
Hiickel treatment, or referred to as transfer integral ¢ in a tight-
binding treatment), and thus on the energy difference between
the donor HOMO and the acceptor LUMO. The evidence they
provide for this picture is based on photoemission spectroscopy
supported by quantum chemical calculations.

We interpret our data in similar fashion. This is, we suggest
that upon depositing the acceptor molecule onto the donor pol-
ymer, a ground state complex is formed with the frontier orbitals
having some hybrid character. The two electrons in the complex
HOMO result from the donor polymer, that is, the MEH-PPV.
Since the polymer chromophore and the acceptor molecule no
longer exist as individual entities after the formation of such
a complex, their lowest optical transitions no longer prevail in
the same manner. Concurrently, an absorption from the GS
complex is expected. In fact, the spectra of Salzmann, Méndez,
and co-workers® and in the associated Supporting Informa-
tion reveal both, a reduction of the S; absorption band of the
donor as well as the appearance of low energy absorption fea-
tures. The latter are attributed to transitions of the GS complex.
The intensity of the spectral features are not analysed further
in their work. Obviously, for the purpose of making solar cells,
molecules with weaker acceptor strength are typically chosen
than for the purpose of obtaining p-type doping that was the
aim in Salzmann’s work. For doping, an ideal acceptor will have
a LUMO with the same or even with lower energy than the
donor’s HOMO. For isoenergetic levels, resonance splitting and
hybridization of orbitals is at maximum. The finite energy dif-
ference AEg,, between donor HOMO and acceptor LUMO that
prevails in a typical donor-acceptor system employed for solar
cells, however, implies a weaker mixing. Let us, in a gedanken-
experiment, tune AEg,, from zero offset to a very large limit, in
a simple Hiickel-type picture. With increasing value of AEg,y,
the splitting reduces, and the hybrid orbitals of the complex
acquire a weighted character, with the donor HOMO contrib-
uting dominantly to the complex HOMO and the acceptor
LUMO prevailing in the complex LUMO. Eventually, for very
large AE,,;, the individual donor HOMO and acceptor LUMO
would be retained (Figure 7). Let us now consider the expected
oscillator strengths. For zero AE,,, (Figure 7a), the transitions
from the complex HOMO to the complex LUMO should have
reasonable oscillator strength, since the well mixed character
of these orbitals should ensure good overlap of initial and final
state wavefunctions, while the absorption from the parent

www.afm-journal.de

donor and acceptor molecule will be strongly quenched. This
is indeed what is observed elsewhere.®] With increasing AEg,,
(Figure 7b), the low-energy transitions in the complex how-
ever acquire a stronger charge-transfer character and a con-
comitantly weaker oscillator strength, so that their detection
requires sensitive techniques such as photothermal deflection
spectroscopy. Concomitantly, the bleaching of the parent donor
or acceptor absorption should become less pronounced, until
for very large AE,,,, the independent absorption features are
retained.

This picture is supported by the experimental data. From
Table 1, the correlation between AE,,, and the bleaching of
the absorption is evident. Within the PPP series, AE,,, reduces
with the S; energy of the polymer due to the concomitant desta-
bilization of the polymer HOMO, so that the amount of ground
state bleach also concurs with the S; energy and, implicitly,
the effective conjugation length. The reduced extinction of
the donor interacting with the acceptor was also observed in
the TD-DFT calculations, reproducing the experimental data
qualitatively. Quantitatively, the amount for ground state bleach
found in the calculation for the MEH-PV trimer/TNF system,
that is, 25%, is low compared to the value of 35% measured
experimentally for the bilayer formed with MEH-PPV and TNF.
We consider that a number of factors contribute to this differ-
ence. Some part of this difference may be due to internal reflec-
tion at the bilayer interface. Another part may be due to the
fact that the calculations have been carried out for a MEH-PV
trimer. In the MEH-PPV polymer, however, the effective conju-
gation length for the ground state geometry has been found in
the range of 6 repeat units for the disordered phase, and about
twice as long for the planar phase. This larger effective conju-
gation length with concomitant lower AEg,, implies a stronger
ground state bleach. Multiple interactions, such as clustering
of GS complexes proposed by Parashchuk and co-workers,!!!]
subsequent planarization of the donor after complex forma-
tion, the complex formation of one TNF molecule with two
or more MEH-PPV chromophores as proposed by Bruevich et
al.,'2 or alternatively, of one donor chromophore with several
acceptor molecules,l are not taken into account. While more
extensive computations would be required for a detailed quan-
titative analysis, the simple initial model calculations employed
here are sufficient to qualitatively account for the key features
observed experimentally, that is, the appearance of missing
ground state absorption.

The interpretation of the data in the pic-

a) b) ture of an interfacial ground state com-
’E\ /F; plex can also elucidate why the amount of
LUMO_A LUMO missing ground state absorption concurs
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with the ease of exciton dissociation, as evi-
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e tumo  dent in Table 1. Consider an initial arrange-

/ Dax AE,,  ment of chromophores in the order donor,
HOMO AL

donor, acceptor, acceptor, that results in a
three-component system of donor, complex,

' ::f/ﬁ\;ﬂ‘ LUMO

% HOMO

HOMO - ) ’ ”
acceptor. As illustrated in Figure 8, light
D (DA) A D (DA) A absorption by either donor, acceptor or com-
> Space > space  plex, followed by exothermic electron transfer

will eventually result in a configuration with
an electron removed from the donor and
added to the acceptor, with the two opposite,

Figure 7. Schematic illustration of the effect of increasing the energy gap AE;,, between the
donor HOMO and acceptor LUMO on the hybridization and thus on the intensity of the transi-

tions for a) zero AL, and for b) increased AE,,,.
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Figure 8. Schematic illustration of the effect of interfacial hybridization on the interfacial energies. a) Formation of a ground state complex at the
interface. b) Excitation of the donor or the complex (DA) and subsequent electron transfer. c) the resulting interfacial geminate pair, spatially separated

by the complex (DA).

Coulomb-bound charges separated by the complex. The energy
levels of the complex form a barrier to geminate recombina-
tion in way similar to a small insulating tunnelling barrier™
or a cascading energy level trilayer system,!’” thus enhancing
the probability for the charges to escape their mutual Coulomb
potential. The height of the barrier to recombination scales with
reducing AE,,;, and thus with the amount of missing absorp-
tion. In earlier work,' we have observed that the saturation
field strength for complete exciton dissociation, Fg,, decreases
with increasing conjugation within the PPP series. On the basis
of numerical modelling, this was attributed to an increase in
kinetic energy of the hole, parameterized through an effective
mass, and to the formation of an interfacial electrostatic poten-
tial that assists the dissociation process. It is gratifying that the
formation of a GS complex proposed here is consistent with
the notion of a repulsive interfacial electrostatic potential pre-
venting geminate recombination.

The observation that a ground state complex may form in
a donor-acceptor system is well established in the field. For
molecular donor—-acceptor-type crystals, the electronic interac-
tion between the donor HOMO and the acceptor LUMO has
been demonstrated by quantum chemical calculations for crys-
tals with TTF (tetrathiafulvalene) or acene type molecules as
donors and TCNQ (tetracyanoquinodimethane) type molecules
as acceptor,'®'7] and the importance of the associated absorp-
tion of the charge-transfer complex for photocarrier generation
has been confirmed.'32% For conjugated polymers, the pio-
neering work of the researchers around Dimitry Paraschuk and
Olga Paraschuk on the MEH-PPV/TNF system ascertained the
formation of a GS complex by Raman spectroscoy.'?>?!] Using
crystallography and modelling, they showed that upon complex
formation the MEH-PPV chromophore planarizes and becomes
more ordered. GS complexes have further been demonstrated
by the observation of weak sub-gap absorption using photo-
thermal deflection spectroscopy (PDS), for example for the
PPV-derivative MDMO-PPYV, the thiophene-derivative P3HT or
the copolymer TEMO (poly[9,9-dioctylfluorene-co- N-(4-methoxy-
phenyl)diphenylamine] with the fullerene PCBM.F%622 While
it is well possible to detect the weak low-energy absorption of

© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

the GS complexes, PDS is a sophisticated technique that is
not routinely available for material screening. Our approach of
investigating the existence of a GS complex by focussing on the
reduction of the donor and acceptor absorption in a bilayer, in
contrast, requires merely a commercial ultraviolet-visible spec-
trometer, which is a common resource in many laboratories.
Due to the observed connection between the amount of ground
state bleach and ease of exciton dissociation, this approach may
lend itself to screen material combinations for their potential in
solar cell applications.

4. Experimental Section

MEH-PPV and Cgy (99.9% purity) were bought from American Dye
Source Inc, polystyrene from Sigma Aldrich. MeLPPP, PIF and DOOPPP
were synthesized by the group of U. Scherf as described elsewhere.?’]
The precursor PPV was synthesized in Bayreuth using the method
described in the literature.?!l The PPV-precursor was converted to PPV
by heating for one hour at 165 °C. TNF was also synthesized in Bayreuth
following the method of Woofolk and Orchin.[?’l The PDI derivative was
synthesized by the group of K. Miillen as described as compound PDI-2
in another study.?l

The samples have been prepared by covering a quadratic fused
silica substrate with an about 40 nm polymer donor layer by spin
coating from solutions in chlorobenzene at concentrations of 4-10 mg
mL™" and at an angular speed of 1000-4000 rpm. The polymer layer is
then conscientiously removed from half of the substrate with a cotton
bud previously dipped into the solvent. In configuration I, a stripe of
acceptor layer is then thermally evaporated through a shadow mask
orthogonal onto the polymer layer. In configuration Il, the acceptor layer
is evaporated in the same geometry yet the substrate is turned over
prior to the evaporation, so that polymer and acceptor are separated
by the fused silica layer. This results in three different areas: a polymer-
only layer, an acceptor-only layer and an area with a superposition of
the donor and the acceptor layer. The absorption was recorded using
a Cary 5000 (Varian) ultraviolet-visibile (UV-Vis)spectrometer. The film
thicknesses were measured by a Dektak profilometer.

For the DFT and TD-DFT calculations, a MEH-PV trimer was used as
model system for the MEH-PPV polymer. The geometry of the MEH-PV
trimer and the TNF were first optimized separately using the PBEO
hybrid exchange-correlation functional®’! and the turbomole program
suite.?®l Then the geometry of both molecules together was optimized
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with PBEO starting from different initial spatial separations and relative
orientations of the two molecules. Different relaxations lead to very
similar end geometries. As expected for molecules with conjugated
m-systems, the configuration in which the two molecular planes are
parallel to each other is consistently found as the ground state, lowest
energy configuration. The thus obtained gas-phase configuration cannot
be expected to be identical to the molecular situation in layered films, but
it serves as a reasonable starting point for the exploratory calculations
that we aim at in this work.

The ground state configurations of each individual molecule
and the combined D-A system served as input to linear-response
TD-DFT calculations with the exchange-correlation functional PBEO.
The spectra are produced within the range of 0 eV to approximately
4 eV ranging from the lowest to the highest excitation. The lowest 20
excitations were calculated for the donor MEHPPV and the lowest 10
for the acceptor TNF, as these numbers of excited states are sufficient
to cover the spectral range of interest. The 30 lowest excitations
were determined for the D-A system. These 30 excitations cover the
spectral range of interest, that is, up to approximately 3.5 eV. In order
to ensure that the optically active excitation in the D-A system is not
underestimated due to TD-DFT’s well know charge transfer problem(?°!
we repeated the TD-DFT calculation for the donor—acceptor system
with a hybrid functional with an increased amount of exact exchange.
This influenced several of the optically dark, low lying excitations
noticeably, but changed the energy of the optically active excitation
only very little. This finding is in line with the observation that this
excitation has only a weak charge-transfer character. Both ground state
and excited state calculations used the TZVP basis set. For ease of
comparison calculated excitation peaks in the TD-DFT spectra were
broadened via a Gaussian function with width chosen such that it
roughly matches the experimental width.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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