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ABSTRACT: We present a comparative study of excited
states in push−pull oligomers of PCPDTBT and PSBTBT and
prototypical complexes with a C60 acceptor using many-body
Green’s functions theory within the GW approximation and
the Bethe−Salpeter equation. We analyze excitations in
oligomers up to a length of 5 nm and ﬁnd that for both
materials the absorption energy practically saturates for
structures larger than two repeat units due to the localized
nature of the excitation. In the bimolecular complexes with
C60, the transition from Frenkel to charge transfer excitons is generally exothermic and strongly inﬂuenced by the acceptor’s
position and orientation. The high CT binding energy of the order of 2 eV results from the lack of an explicit molecular
environment. External polarization eﬀects are then modeled in a GW-BSE based QM/MM approach by embedding the donor−
acceptor complex into a polarizable lattice. The lowest charge transfer exciton is energetically stabilized by about 0.5 eV, while its
binding energy is reduced to about 0.3 eV. We also identify a globally unbound charge transfer state with a more delocalized hole
at higher energy while still within the absorption spectrum, which opens another potential pathway for charge separation. For
both PCPDTBT and PSBTBT, the energetics are largely similar with respect to absorption and the driving force to form
intermediate charge transfer excitations for free charge generation. These results support that the higher power conversion
eﬃciency observed for solar cells using PSBTBT as donor material is a result of molecular packing rather than of the electronic
structure of the polymer.
mechanisms and ﬁeld-dependence, as well as the inﬂuence of
delocalization, e.g., for a hole along a polymer chain, are being
discussed.14−19
One of the unresolved issues concerns how small synthetic
variations aﬀect photovoltaic performance. PCPDTBT is a
prototypical low-bandgap push−pull polymer, formed from
alternating electron-rich benzothiadiazole (BT) and electrondeﬁcient cyclopentadithiophene (CPDT) units. A silole-based
derivative (PSBTBT) is realized by substitution of the bridging
C atom in CPDT with Si (see chemical structures in Figure 1).
As donor material in blends with PCBM as the acceptor, the
silicon-based polymer shows higher solar cell eﬃciency.20,21
The exact reason for this diﬀerence is unknown and could be
attributed to higher crystallinity, improved charge mobility (3 ×
10 −4 vs 1 × 10 −3 cm 2 /(Vs)), 22 reduced bimolecular
recombination, or reduced formation of charge transfer states.
Separating the molecular electronic structure and morphological changes is necessary to assess the respective eﬀects
caused by the atomic substitution.
In this paper, we aim to gain microscopic insight into the
nature of electronic excitations in oligomers of PCPDTBT and
PSBTBT in combination with C60. To this end, we employ

1. INTRODUCTION
Conjugated polymers are organic materials with extended πconjugated systems, which can show metallic or semiconducting electrical properties. Among their unique characteristics is
the tunability of their electronic structure by chemical synthesis
and control of morphology. The additional potential of solution
processing makes them attractive materials for the use in
various optoelectronic devices, such as light-emitting diodes,1−4
ﬁeld eﬀect transistors,5−8 optically pumped lasers,9 and organic
solar cells.10,11 Even though the modiﬁcation of materials and
their processing has resulted in signiﬁcant improvement of
organic solar cells in recent years, their record single-junction
eﬃciencies of about 10% are still substantially lower than their
thermodynamic limit,12 which is argued to be slightly below the
Shockley−Queisser limit of 31% for p−n junction solar cells.13
The generation of free charges after photoexcitation of the
material is one of the factors inﬂuencing solar cell eﬃciency.
Localized excitons exhibit a strong electron−hole binding
energy that cannot be overcome by thermal energy alone, and
donor−acceptor structures are required to split the charges.
However, the actual mechanism for charge generation at the
donor−acceptor interface is not fully clear. In particular, the
behavior of the charge transfer (CT) excitons formed at the
phase boundary is crucial for understanding the light-energy
conversion process. In the literature, hot and relaxed CT state
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exchange-correlation potential, giving rise to the quasi-particle
equations
⎧ ℏ2 2
⎫
⎨−
∇ + VECP(r) + VH(r)⎬ψnQP(r)
⎩ 2m
⎭
+

∫ Σ(r, r′,EnQP)ψnQP(r′)dr′ = EnQPψnQP(r)

(2)

The self-energy operator is evaluated as
Σ(r,r′,E) =
Figure 1. Chemical structures of PCPDTBT and PSBTBT.

+

∫ e−iω0 G(r,r′,E − ω)W (r,r′,ω)dω

(3)

where

many-body Green’s functions theory23 in the GW approximation with the Bethe−Salpeter equation (GW-BSE) to
calculate excited states in these complexes. The use of GWBSE for quantum chemical applications has received growing
attention recently,24−27 most notably because it accurately
yields the characteristics of both localized Frenkel and
bimolecular CT excitations on equal footing,28,29 e.g., in typical
small molecule-based donor−acceptor structures for organic
solar cells. Here, we scrutinize the performance of GW-BSE for
the larger push−pull polymers PCPDTBT and PSBTBT. We
focus on the dependence of optically active excitations on the
number of repeat units in pure oligomers and in complexes
with C60. We analyze the sensitivity of intermolecular CT
excitons on the relative position and orientation of the donor
and acceptor molecules. To model the eﬀects of a polarizable
environment, we embed the (bi)molecular complexes in a
polarizable lattice and determined the respective excitations as
self-consistent solutions of a hybrid quantum mechanics/
molecular mechanics (QM/MM) scheme. The resulting
excitation energies are in good agreement with experimental
data available for PSBTBT and allow us to identify two possible
routes for charge generation via diﬀerent CT states.

G(r,r′,ω) =

∑
n

ψn(r)ψn*(r′)
ω − En + i 0+sgn(En − μ)

(4)

is the one-body Green’s function in quasiparticle (QP)
approximation and W = ε−1v is the dynamically screened
Coulomb interaction, comprising the dielectric function ε,
computed within the random-phase approximation, and the
bare Coulomb interaction v. Herein, ground-state Kohn−Sham
wave functions and energies are used to determine both G and
W. Since the fundamental HOMO−LUMO gap is underestimated within DFT, the self-energy and the resulting QP
energies may deviate from self-consistent results. To avoid such
deviations, we employ an iterative procedure, in which W is
calculated only once, using a Kohn−Sham spectrum that is
scissors-shifted so that the resulting QP gap is matched. Until
convergence is reached, the QP energy levels are iterated, and
the Green’s function of eq 4 and thus the self-energy are
updated. A one-shot G0W0 calculation from Kohn−Sham
energies may diﬀer from our results by up to several 0.1 eV.
Note that our (limited) self-consistency treatment does change
the QP structure of eq 4 (due to satellite structures or other
consequences of a self-consistent spectral shape of G(ω)).
An eﬀective one-particle picture as the above is not suﬃcient
to treat coupled excitations of an electron and a hole, e.g., as the
result of photoexcitation. Instead, an electron−hole state can be
described as

2. METHODOLOGY
In the following, the essential ideas of many-body Green’s
functions theory within the GW approximation and the Bethe−
Salpeter equation are brieﬂy summarized. More details about
the procedure and its implementation can be found in refs 25,
29, and 30. Charged (electron removal/addition) and neutral
(optical) excitations are treated using many-body Green’s
functions theory. This approach is based on a set of Green’s
functions equations of motion, containing both the nonlocal,
energy-dependent, electronic self-energy ∑ and the electron−
hole interaction leading to the formation of excitons, described
by the Bethe−Salpeter equation (BSE). The procedure starts
with the calculation of molecular orbitals and energies on the
level of density-functional theory (DFT) by solving the Kohn−
Sham equations

occ virt

Φ(re, rh) =

∑ ∑ [Aαβ ψβ(re)ψα*(rh) + Bαβ ψα(re)ψβ*(rh)]
α

β

(5)

where α and β denote the single-particle occupied and virtual
orbitals, respectively, and Aαβ and Bαβ are resonant (occ → virt)
and anti-resonant (virt → occ) electron−hole amplitudes.
These amplitudes can be obtained by solving a non-Hermitian
eigenvalue problem known as the generalized Bethe−Salpeter
equation
⎛ R
C ⎞⎛ A ⎞
⎛ A⎞
⎜
⎟⎜ ⎟ = Ω⎜ ⎟
⎝ B⎠
⎝−C* −R*⎠⎝ B ⎠

⎧ ℏ 2
⎫
⎨−
∇ + VECP(r) + VH(r) + Vxc(r)⎬ψnKS(r)
⎩ 2m
⎭
2

= EnKSψnKS(r)

i
2π

(6)

in which we deﬁned the free interlevel transition energy D =
R,x
QP
EQP
+ KR,d is the resonant (and −R* the
virt − Eocc, R = D + ηK
anti-resonant) Hamiltonian of the transition, while C = ηKC,x +
KC,d is the coupling term between resonant and anti-resonant
transitions (with η = 2(0) for singlet (triplet) transitions). Kj,x
and Kj,d (with j = R,C) are the bare exchange and screened
direct terms of the electron−hole interaction kernel,
respectively. We include dynamical screening eﬀects in the
electron−hole interaction kernel perturbatively (see refs 29 and

(1)

Here, VECP is an eﬀective-core potential (ECP), VH the Hartree
potential, and Vxc the exchange-correlation potential. Singleparticle excitations are then obtained within the GW
approximation of many-body Green’s functions theory, as
introduced by Hedin and Lundqvist,23 by substitution of the
energy-dependent self-energy operator ∑(r,r′,E) for the DFT
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30 for details). Finally, Ω is the transition energy of the optical
excitation.
The resonant and antiresonant parts of the full BSE (eq 6)
decouple if the resonant−anti-resonant coupling terms C are
much smaller than R. In this Tamm−Dancoﬀ approximation
(TDA) the electron−hole wave function is given by ΦS(re,rh) =
virt
∑occ
*(rh), and a standard Hermitian eigenvalue
α ∑β Aαβψβ(re)ψα
problem (of smaller dimension than eq 6) needs to be solved.
For typical donor molecules used in organic solar cells, we
showed that the use of the TDA overestimates π−π transition
energies by 0.2 eV but yields the correct character of the
excitations.29
For practical calculations according to the GW-BSE method,
we perform single-point Kohn−Sham calculations using a
modiﬁed31 version of the Gaussian03 package,32 PBE functional, Stuttgart−Dresden eﬀective core potentials,33 and
associated basis sets that are augmented by additional
polarization functions34 of d symmetry. The use of ECPs
oﬀers a computational advantage as the wave functions entering
the GW procedure are smooth close to the nuclei and do not
require strongly localized basis functions, keeping the numerical
eﬀort tractable. We conﬁrmed that the Kohn−Sham energies
obtained from ECP-based calculations do not deviate
signiﬁcantly from all-electron results. The actual GW-BSE
calculations are performed using a code that is speciﬁcally
optimized for molecular systems.25,29,30,35 Therein, the
quantities occurring in the GW self-energy operator (dielectric
matrix, exchange and correlation terms) and the electron−hole
interaction in the BSE are expressed in terms of auxiliary atomcentered Gaussian basis functions of the form χijk(r) = Aijkxiyjzk
exp(−αr2). We include orbitals of s, p, d, and s* symmetry with
the decay constants α (in a.u.) 0.20, 0.67, and 3.0 for N and S,
0.25, 0.90, 3.0 for C and Si, and 0.4 and 1.5 for H atoms,
yielding converged excitation energies. Note that we also
conﬁrmed that the addition of diﬀuse functions with decay
constants smaller than 0.06 a.u. to the wave function basis set
does not aﬀect the low-lying excitations. Further technical
details can be found in refs 29, 30, and 35.

Figure 2. Excitation (Ω) and binding (⟨Ke−h⟩) energies for oligomers
of PCPDTBT and PSBTBT as a function of the number of repeat
units. Arrows to the right of the graph indicate the respective energies
of the absorption peak maximum in solution.36,37

redshift is the cumulative result of two eﬀects related to the
localization of the excitation. First, the excitation energy drops
due to a quantum-size eﬀect associated with the more
delocalized nature of the excited state, which is most
pronounced for the increase from one to two donor−acceptor
units. Indeed, for the longer oligomers, the excitation does not
delocalize over the whole molecule, but we observe a
localization of the exciton on approximately three repeat
units. (The slight drop in Ω for larger molecules is most likely
due to DFT inaccuracies in the determination of the underlying
ground state geometries.) Second, using the TDA is known to
overestimate excitation energies of π → π* transitions by
several 0.1 eV for small molecules, with the eﬀect of
monotonically decreasing with size of the conjugated system.
Taking resonant−anti-resonant transition coupling terms into
account lowers the excitation energies by 0.2 eV for the 1-mers
and 0.1 eV for 2-mers. Experimentally, the absorption spectra of
the polymers have been measured in solution,36,37 with peak
energies determined to be 1.71 eV for PCPDTBT and 1.85 eV
for PSBTBT, respectively. These values are also indicated by
arrows on the right-hand side of Figure 2. Considering that we
cannot reproduce all details of the experimental conditions,
such as small solvent eﬀects, ﬁnite temperature, or polydispersity, our calculations agree very well with the reported energies.
In particular, we are able to reproduce the relative diﬀerence
between PCPDTBT and PSBTBT, with the silole-based
compound exhibiting roughly 0.1 eV lower excitation energies.
Mirroring the size-dependence of the excitation energies, the
electron−hole binding energies shown in Figure 2 practically
saturate for oligomers of three or more repeat units at a value of
−2.3 eV as a result of the aforementioned characteristics of the
excited states. Such high binding energies are typically obtained
when excitations are calculated using molecules in vacuum25
and are signiﬁcantly modiﬁed by local electric ﬁelds and
polarization eﬀects in a molecular environment, which we will
address later.
Previous studies have shown that the GW-BSE method yields
singlet excitation energies in very good quantitative agreement
with experimental data and higher order computational
approaches. For instance, results for small molecules, such as
silane and methane, agree within 0.1 eV with those obtained
from quantum Monte Carlo and complete active space selfconsistent ﬁeld (CASSCF) calculations.38 Later, similarly

3. RESULTS
3.1. Oligomer Excitations. After replacing the branched
side chains shown in Figure 1 by methyl groups, ground state
geometries of oligomers with one to ﬁve donor−acceptor
repeat units have been optimized within DFT using the def2TZVP basis set with the B3LYP hybrid functional. In all cases,
we ﬁnd stable geometries that are practically ﬂat, with a barrier
of about 25 kJ/mol between cis and trans conformations of
donor and acceptor blocks. On the basis of these geometries,
we evaluate the optical excitation energies within the TDA of
GW-BSE. A total of 567 levels are used in the RPA
determination of the polarizability, and two particle states are
formed using the 54 highest occupied and 54 lowest virtual
quasiparticle states in case of 1-mers, 1118 (107) for the 2mers, 1669 (160) for the 3-mers, 2220 (213) for the 4-mers,
and 2771 (226) for 5-mers. The resulting energies Ω of the
optical active excitations are shown in Figure 2, together with
the electron−hole binding energy that we estimate from the
expectation value of the electron−hole interaction kernel of the
Bethe−Salpeter equation ⟨Ke−h⟩. It is immediately apparent
that PCPDTBT and PSBTBT show a very similar behavior; we
observe a strong redshift by about 1 eV of the absorption
energy from 1- to 2-mers, while it remains fairly constant for
oligomers with three or more repeat units. The strong initial
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them. It has been shown before25,28 that the energies of
intermolecular CT excitations can be obtained with high
accuracy from GW-BSE. The corresponding energies are
summarized in Table 2.

convincing results have been reported for a series of biological
chromophores,35 as well as medium-sized conjugated molecules
used in organic electronics.24,29 Particularly, it has been
demonstrated that GW-BSE can accurately describe excited
states of molecules with extended π-systems as well as nonlocal
excitations such as charge transfer excitations, in contrast to,
e.g., time-dependent density-functional theory (TD-DFT) with
commonly used functionals.39,40 To illustrate these notions for
the push−pull type oligomers at hand, we compare our GWBSE results to those obtained from more routine approaches of
comparable complexity as a reference. We chose conﬁguration−interaction singles (CIS) as an example of a post
Hartree−Fock method as well as TD-DFT with the B3LYP
hybrid functional (TD-B3LYP) and determine the energy of
the lowest optically active excitation of PSBTBT as an example
using the same molecular geometries and basis sets as in the
GW-BSE calculations.
The respective results listed in Table 1 show that CIS
systematically yields higher energies (by 0.5−0.7 eV), which is

Table 2. Excitation (Ω) and Binding (⟨Ke−h⟩) Energies (in
eV) of Frenkel and CT Excitons in PCPDTBT and PSBTBT
Complexes with C60
PCPDTBT
5-A
5-D
6-A
6-D

Table 1. Excitation Energies (in eV) of PSBTBT Oligomers
As Obtained from GW-BSE, CIS, and TD-B3LYP
Calculations
PSBTBT

1-mer

2-mer

3-mer

4-mer

5-mer

GW-BSE
CIS
TD-B3LYP

2.96
3.43
2.38

2.20
2.70
1.77

1.90
2.49
1.53

1.78
2.39
1.40

1.64
2.34
1.34

PSBTBT

type

Ω

⟨Ke−h⟩

Ω

⟨Ke−h⟩

FE
CT
FE
CT
FE
CT
FE
CT

2.87
2.45
2.90
2.39
2.82
2.52
3.00
2.16

−2.87
−2.02
−2.94
−2.08
−2.83
−2.21
−2.93
−2.43

2.90
2.39
3.00
2.72
2.87
2.30
2.99
2.32

−2.90
−2.01
−2.99
−2.05
−2.86
−2.33
−2.97
−2.13

Compared to the isolated 1-mers, we observe a minimal
redshift of the optically active FE energies by about 0.1 eV for
the 5-A and 6-A conﬁgurations. This is likely due to the
proximity of the electron accepting fullerene to the electrondeﬁcient polymer building unit and the more pronounced
interactions compared to the respective D positions. The
energies of the lowest CT excitation range from 2.16 to 2.52 eV
in PCPDTBT and from 2.30 to 2.72 eV in PSBTBT. For all
cases considered, we ﬁnd that ΩCT < ΩFE, i.e., a conversion
from Frenkel to a charge transfer exciton is exothermic, with a
reduction in binding energy between 0.5 and 0.9 eV. Again, the
properties of CT excitations appear largely similar in both
PCPDTBT and PSBTBT, and no substantial diﬀerence can be
identiﬁed that could be relevant for the diﬀerent solar cell
eﬃciencies.
To illustrate the diﬀerences to routine techniques, we also
determined the respective excitation energies of the 5-A
conﬁguration of PSBTBT with C60 from CIS and TD-B3LYP.
For CIS, we observe a qualitatively diﬀerent order of the excited
states, with the ﬁrst excitation with at least partial charge
transfer character about 1.1 eV higher in energy than ΩFE =
3.42 eV. TD-B3LYP, in contrast, yields ΩCT = 1.61 eV
compared to the FE energy of 2.39 eV, as it is known to
underestimate the energies of intermolecular CT excitations.42
Concomitantly, the FE-CT oﬀset as calculated with TD-B3LYP
is nearly twice as large as that obtained from GW-BSE.
3.3. Dependence on Oligomer Length. As we have
concluded from the analysis in section 3.1, the absorption
energy of the oligomers eﬀectively saturates for sizes of three or
more repeat units. The complexes of PCPDTBT and PSBTBT
monomers with C60 can therefore only serve as a qualitative
indicator of orientation and position dependence of charge
transfer excitations. To obtain a more quantitative insight
requires explicit calculations for larger oligomers. We start out
from the representative 5-A conﬁgurations discussed in section
3.2 and extend the 1-mer to 2- and 3-mers, respectively.
As shown in the results in Table 3, the dependence of the
optically active Frenkel exciton’s energy on the number of
repeat units is unaﬀected by the presence of the C60 molecule.
The energy of the lowest CT state (CT1) is much more
aﬀected. Extending the length of the oligomer from one to two
repeat units lowers ΩCT by 0.7 eV in PCPDTBT and by 0.5 eV
in PSBTBT. Concomitantly, we also identify a second charge

mainly due to an insuﬃcient representation of electron
correlation. Excitation energies obtained with TD-B3LYP lie
0.3−0.6 eV below the ones calculated with GW-BSE. It should
be emphasized that with our implementation GW-BSE is of
roughly similar computational cost as CIS or TD-DFT
calculations in standard packages. These notions underline
the quality of the many-body Green’s functions approach
compared to more commonly used methods.
All in all, the results obtained for isolated oligomers show
that it is suﬃcient to limit GW-BSE calculations on 3-mers of
the oligomers to gain reliable insight into the photophysical
properties of PCPDTBT and PSBTBT in combination with
C60.
3.2. Donor−Acceptor Complexes of 1-mers with C60.
We now focus on prototypical donor−acceptor complexes of
PCPDTBT and PSBTBT with C60 by ﬁrst starting out with 1mers of the polymer material, assessing the sensitivity of the
bimolecular charge transfer excitation energies on the relative
positions and orientations of the electron accepting fullerene
with respect to the polymer. By positioning either a pentagon
(5) or hexagon (6) face above the electron-rich CPDT or SBT
(D) and electron-deﬁcient BT (A) units, we prepared four
distinct initial conﬁgurations of C60 stacked on top of the
oligomer backbone. We then optimize the respective geometries with DFT on the B3LYP/def2-TZVP level with
additional van der Waals interactions41 taken into account.
The respective stable conﬁgurations we obtain are energetically
very similar, with total energies within 0.16 eV of each other.
For both compounds, conﬁguration 6-D is the most stable due
to a maximization of π−π-interactions between the two
molecules. We determine the singlet excitation spectra for the
diﬀerent conﬁgurations with GW-BSE using 1827 states in the
RPA and 174 occupied and virtual states in the BSE and
identify the local Frenkel and bimolecular CT excitations within
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Table 3. Excitation (Ω) and Binding (⟨Ke−h⟩) Energies (in
eV) for Frenkel and CT Excitons, as Well as CS States, in
PCPDTBT and PSBTBT Complexes with C60, for Diﬀerent
Numbers of Oligomer Repeat Unitsa
PCPDTBT
vacuum
type

Ω

⟨Ke−h⟩

CT1
FE
CS

2.45
2.87
4.20

−2.02
−2.87

CT1
FE
CT2
CS

1.76
2.12
2.65
3.21

−1.95
−2.42
−1.78

CT1
FE
CT2
CS

1.71
1.88
2.44
3.05

−1.82
−2.36
−1.62

the neglect of mutual polarization. A signiﬁcant energy
diﬀerence of 1.3 or 0.6 eV from the CT1 and CT2 states,
respectively, needs to be overcome in the considered
PSBTBT:C60 complex according to these bimolecular values.
However, this cannot truly represent the spatially separated
ﬁnal state in the photogeneration of charges in an organic solar
cell. Additionally, calculations on isolated complexes neglect the
inﬂuence of the bulk on the respective energies including local
electric ﬁelds and polarization eﬀects of the environment and
can therefore not yield a quantitative description.
3.4. Polarization Eﬀects: Lattice Embedding. It has
been shown before that the most accurate approach to obtain
excitation energies in a molecular aggregate is to embed the
quantum-mechanically (QM) treated complex into an environment at molecular mechanics (MM) resolution.44−47 Such a
QM/MM scheme can be realized, i.e., by representing the
molecules in the MM region by a set of atomic properties such
as static partial charges and polarizabilities, which then interact
among each other and the QM part via classical electrostatic
potentials. This obviously requires the determination of an
explicit morphology of the whole system at full atomistic
resolution, which is a particularly challenging task for polymer−
fullerene mixtures. Here, we follow a less intricate approach by
embedding the oligomer−C60 complex into a regular lattice and
assigning an isotropic polarizability α to each lattice site. More
speciﬁcally, we use a lattice spacing of 2 Å and a point
polarizability that reproduces a macroscopic dielectric constant
of εr = 3 according to the Clausius−Mosotti relation. We adopt
Thole’s model48,49 for the polarizable interactions and couple
its implementation in the VOTCA package50 to the GW-BSE
part. Total energies of the neutral and excited complexes are
then obtained as self-consistent solutions of the combined
QM/MM system, with their diﬀerence deﬁning the excitation
energy in the polarizable environment. This procedure assumes
that the states of interest and in particular their localization
characteristics on the QM cluster are easily identiﬁable.
Typically, this can be expected to be the case for the Frenkel
and low-energy CT excitons, on which we focus in the
following.
As shown for the resulting energies of the complexes of 1mers with C60 given in Table 3, the polarizable environment
only has a minor eﬀect on the energetics of Frenkel exciton
because the internal charge distribution is only moderately
changed during the excitation. By promoting one electron from

PSBTBT
ε=3

vacuum

ε=3

Ω

Ω

⟨Ke−h⟩

Ω

1-mer
1.62
2.95
2.23
2-mer

2.39
2.90
4.25

−2.00
−2.90

1.77
2.97
2.32

1.88
2.20
2.76
3.47

−2.25
−2.55
−1.73

1.86
2.00
2.58
3.15

−2.01
−2.40
−1.58

3-mer
1.18
1.92
1.84
1.65

1.35
2.09
2.18
1.71

a

See insets of Figure 3 for information about the molecular
arrangement.

transfer state (CT2) in both systems 0.9 eV higher in energy as
shown in Figure 3. From the insets showing the electron
density diﬀerence of the excitations, one can see that this
second CT excitation at 2.76 eV exhibits a more delocalized
hole density, which leads to a weaker electron−hole interaction.
Adding a third repeat unit does not lower the CT1 state at all,
while the energy of CT2 is further reduced by 0.2 eV due to
additional delocalization. The driving force for the FE to CT1
conversion obtained from our calculations is lowered to as little
as 0.15 eV, while energy of nearly 0.6 eV needs to be found to
promote the complex to the CT2 state. Again, this holds for
both PCPDTBT and PSBTBT. We also added the energy of a
charge-separated (CS) state to Figure 3 and Table 3,
respectively, estimated as ΩCS = IPD − EAA, i.e., the diﬀerence
of the ionization potential of the isolated oligomer and the
electron aﬃnity of the isolated C60. Note that this estimate
based on the unperturbed excitation energies based on isolated
donor and acceptor is subject to several approximations such as

Figure 3. Energies of Frenkel and charge transfer excitations in prototypical complexes of PSBTBT and C60 for one, two, and three repeat units of
the polymer. Insets show the respective diﬀerence electron density distribution (green: hole; red: electron) for an isovalue of ±4.10−4 e/Å3. The
energy of the charge-separated state is estimated as ΩCS = IPD − EAA.
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potential pathways for the dissociation of a coupled electron−
hole pair into free charges from our embedded GW-BSE
calculations for excited states energy levels, it is diﬃcult to draw
any deﬁnite conclusion regarding which of these pathways will
be preferred. For a quantitative estimate of transition rates for
the cascade from FE to the charge-separated state via any of the
CT excitons, it is important add explicit morphological detail
beyond a single cluster representation, e.g., by means of
molecular dynamics simulations of donor−acceptor interface.
Such simulations account for distributions of both ΩFE and the
ΩCT and, most importantly, yield a more realistic estimate of
the ﬁnal charge-separated state(s) relevant for the solar cell
functionality.

the oligomer to the C60, the charge distribution in the CT
excitation is signiﬁcantly diﬀerent to the one of the ground
state, and we observe a signiﬁcant energy stabilization by 0.83
eV in PCPDTBT and 0.62 eV in PSBTBT.
For a more quantitative situation, we consider the polarization eﬀects on the relative energies in complexes of 3-mers
with C60 (Table 3). The results for PSBTBT are also shown in
Figure 3, together with experimental data.37,43 The asymmetric
error bars for the FE energy represent the half-width of the
experimentally observed absorption peak. Again, ΩFE is hardly
inﬂuenced by the presence of the polarizable environment and
remains very close to the measured data. The CT1 state, in
contrast, is stabilized by 0.51 eV from 1.86 to 1.35 eV. This ﬁnal
energy is in good agreement with value of 1.26 eV reported
from the experiment.43 As a consequence of the stronger
delocalization of the hole over the oligomer, the stabilization of
CT2 is weaker, amounting to 0.40 eV, leading to a ﬁnal energy
of 2.18 eV. Similarly, we estimated the energy of the chargeseparated state to be 1.7 eV.
The energy diagram as in Figure 4 highlights two
consequences of the polarizable environment. First, the

4. SUMMARY
To summarize, we have presented a comparative theoretical
study of electronically excited states in oligomers of PCPDTBT
and PSBTBT and their complexes with C60. Using many-body
Green’s functions theory within the GW approximation and the
Bethe−Salpeter equation, we demonstrate that the optically
active excitation is localized over no more than three repeat
units and obtain absorption energies in good agreement with
experimental data. Bimolecular charge transfer excitations in
prototypical complexes depend sensitively on the mutual
arrangement of the two molecules but do result in lower
energy than the Frenkel exciton for all investigated π-stacked
arrangements. By embedding large complexes in a polarizable
lattice and solving the coupled QM/MM system, we
approximate the eﬀect of a molecular environment on the
excitation energies, obtaining a good agreement of both Frenkel
and charge transfer excitons with available experimental data.
The occurrence of a second charge transfer excitation with a
more delocalized hole creates the possibility of a second
pathway for charge generation in both PCPDTBT and
PSBTBT. All in all, the electronic excitations are very similar
for both polymers, supporting the notion that diﬀerent
eﬃciencies in organic solar cells are a result of diﬀerent
morphological orders.

Figure 4. Energies of Frenkel and charge transfer excitations, as well as
charge-separated states in the complex of a PSBTBT 3-mer and C60 in
vacuum (dashed) and embedded in a polarizable lattice (solid)
resulting from our GW-BSE calculations together with experimental
data.43 Arrows indicate the two possible CT-mediated channels for
charge separation: A via the low-energy CT1 state or B via the lessbound CT2.

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: baumeier@mpip-mainz.mpg.de.
Notes

The authors declare no competing ﬁnancial interest.

■

stabilization of CT1 leads to an increase in the driving force
for FE to CT conversion to 0.65 eV. To generate free charges
via this low-energy CT pathway labeled A in Figure 4, one
needs to overcome the energy diﬀerence of 0.36 eV according
to our calculations, which may be achieved with the excess
energy of the FE → CT1 conversion. Mounting experimental
and theoretical evidence points to the important role that highenergy (hot) charge transfer states play in the dissociation of
Frenkel excitons at a donor−acceptor interface.16−18 Interestingly, the results of our polarized calculations also indicate the
existence of a second pathway, labeled B in Figure 4, via the
CT2 exciton. Its energy is close to ΩFE and, taking the
broadness of the absorption peak into account, a transition
from FE to CT2 appears energetically possible. In this case, the
conversion to the charge-separated state could even be
exothermic, i.e., pathway B occurs via a globally unbound CT
state. We see from the data in Table 3 that a very similar
situation is found in embedded PCPDTBT, with CT2 even
slightly below the FE energy. While it is possible to identify two
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