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ABSTRACT: Excited states of dicyanovinyl-substituted oligothiophenes are studied using many-body Green’s functions theory
within the GW approximation and the Bethe-Salpeter equation. By varying the number of oligomer repeat units, we investigate
the effects of resonant−antiresonant transition coupling, dynamical screening, and molecular conformations on calculated
excitations. We find that the full dynamically screened Bethe-Salpeter equation yields absorption and emission energies in good
agreement with experimental data. The effect of resonant−antiresonant coupling on the first singlet π → π* excitation
monotonically decreases with increasing size of the molecule, while dynamical screening effects uniformly lower the excitation
energies.

I. INTRODUCTION
In the field of organic photovoltaics, a significant effort is
directed at the development of organic solar cells based on
small molecules,1−7 in particular at the design of electron-donor
materials for use with a (C60-Ih)[5,6]fullerene (C60) acceptor.
A rather successful class of compounds in this regard is the
dicyanovinyl-substituted oligothiophenes (DCVnT),8 whose
chemical structure is shown in Figure 1. In this internal

ergies for small- and medium-sized molecules, provided that the
excited states are formed from local transitions, are mainly
composed of a single transition, and that not extended π
systems are involved.17,18 Such assumptions are, in particular,
problematic for charge-transfer excitons,19,20 for which the
interactions of spatially separated electrons (on acceptor) and
holes (on donor) are not correctly described. Range-separated
exchange-correlation kernels21,22 may be used to overcome this
deficiency but often need compound-specific adjustments.23,24
Quantum-chemical approaches, such as coupled-cluster methods, on the other hand, allow for an accurate treatment of
electron−electron and electron−hole interactions but come at
the price of prohibitively high computational demands.
Recently, it has been shown that the limitations of these
methods can be overcome by using many-body Green’s
functions theory within the GW approximation and the
Bethe-Salpeter equation (GW-BSE).25−27 It has been successfully applied to determine optical excitations in crystals,28−30
polymers,31,32 and small inorganic33,34 and organic32,35
molecules.
To reduce the computational cost, GW-BSE can employ
various approximations. The Tamm-Dancoff approximation
(TDA), for example, neglects the coupling between resonant
and antiresonant transitions. TDA might, however, overestimate experimental π → π* transition energies in a number
of organic molecules by up to 0.5 eV,36 and the error is argued
to depend on the size of the π-conjugated system and can even
lead to qualitatively wrong ordering of excited states.37 Similar
deviations could be caused by not taking dynamical screening
of the electron−hole interaction into account.37
In this work, we calculate the absorption and emission
energies of single-molecule DCVnTs with n = 1−6 using GWBSE and quantify the errors arising due to neglecting resonant−
antiresonant transition coupling and dynamical screening. To
do this, we first outline the methodology of GW-BSE

Figure 1. Chemical structure of DCVnT.

acceptor−donor−acceptor structure, the electron affinity is
fixed by electron-withdrawing terminal dicyanovinyl groups for
the entire series, while the ionization potential is determined by
the electron-donating core and decreases with inceasing length
of the oligomer due to quantum-size effects. In combination
with C60, the resulting level alignment facilitates exciton
separation into free charges for the tetramer, pentamer, and
hexamer of DCVnTs.9 Additionally, absorption of DCVnTs, as
compared to unsubstituted thiophenes,10,11 shows a better
overlap with the solar spectrum.
Despite the progress in the design of efficient organic
photovoltaic devices,12−14 the field still lacks a quantitative
understanding of microscopic processes involved in the
conversion from solar to electrical energy.15,16 Here, theoretical
calculations of the excited states can provide a better
understanding of, e.g., exciton diffusion, the formation of
charge transfer states, and geminate and bimolecular recombination.
Quantitative studies, however, require an accurate description of nonlocal electron−hole interactions. Among the
available methods, the use of time-dependent density-functional
theory (TDDFT) is appealing because of its moderate
computational demands. TDDFT calculations based on local
exchange-correlation kernels yield reasonable excitation en© 2012 American Chemical Society
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Kohn−Sham energies, and thus the self-energy and the
resulting QP energies, may deviate from self-consistent results,
asking for an iterative procedure. In practice, we calculate W
only once, using a scissors-shifted Kohn−Sham spectrum, with
a scissors-shift value between occupied and empty levels chosen
such that the resulting QP gap is matched. Furthermore, the
resulting QP energy levels are iterated a few times (and fed
back into the Green’s function of eq 4 and thus into the selfenergy) until convergence is reached. A one-shot G0W0
calculation from Kohn−Sham energies may differ from our
results by up to several tenths of an electronvolt. 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)).
While the quasi-particle energies obtained by this approach
describe the energetics of single-particle excitations with a high
degree of accuracy, such an effective one-particle picture is
insufficient to treat optical excitations, i.e., coupled excitations
of an electron and the hole it has left behind. Instead, an
electron−hole state can be described as

calculations and computational details in section II. The
extraction of absorption and emission energies is then
demonstrated in detail for the DCV4T compound in section
III and is followed by the summary of results for the DCVnT
series, which can eventually serve as a guideline for the
application of GW-BSE to compounds relevant in organic
photovoltaics.

II. METHODOLOGY AND COMPUTATIONAL DETAILS
Ground state geometries of single DCVnT molecules are
optimized employing the Gaussian package38 within densityfunctional theory using both the PBE generalized gradient and
B3LYP hybrid functional with the 6-311G(d,p) basis set.
Electronic and optical excitations are treated within manybody Green’s functions theory. At the core of this theory is a set
of Green’s functions equations of motion, which contain both
the nonlocal, energy-dependent electronic self-energy Σ and
the electron−hole interaction leading to the formation of
excitons, described by the Bethe-Salpeter equation (BSE). The
practical evaluation of this set of equations is performed
perturbatively on a post-DFT level. First, the molecular orbitals
and energies are computed as solutions of the Kohn−Sham
equations:
⎧ ℏ2
⎫
⎨−
∇2 + VECP(r) + VH(r) + Vxc(r)⎬ψ nKS(r) = EnKSψ nKS(r)
⎩ 2m
⎭
⎪

⎪

⎪

⎪

occ virt

Φ(re, rh) =

α

⎪

⎪

⎪

⎪

where α and β denote the single-particle occupied and virtual
orbitals, respectively, and Aαβ and Bαβ are resonant (occ.→virt.)
and antiresonant (virt.→occ.) electron−hole amplitudes. In the
case of singlet-to-singlet excitations, these amplitudes can be
obtained by solving the generalized Bethe-Salpeter equation
⎛ R
⎛ A⎞
C ⎞⎛ A ⎞
⎟⎜ ⎟ = Ω⎜ ⎟
⎜
⎝ B⎠
⎝ − C * − R * ⎠⎝ B ⎠

(2)

The self-energy operator is evaluated as
Σ(r, r′, E) =

i
2π

+

∫ e−iω0 G(r, r′, E − ω) W (r, r′, ω) dω
(3)

where
G(r, r′, ω) =

∑
n

ψn(r) ψ*n(r′)
ω − En + i 0+sgn(En − μ)

(4)

is the one-body Green’s function in quasiparticle (QP)
approximation and
W = ε−1v

(7)

in which we defined the free interlevel transition energy D =
QP
QP
Evirt
− Eocc
, R = D + 2KR,x + KR,d is the resonant (and −R* the
antiresonant) Hamiltonian of the transition, while C = 2KC,x +
KC,d is the coupling term between resonant and antiresonant
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. Finally, Ω is the transition energy of the
optical excitation.
In the Tamm-Dancoff approximation, it is assumed that the
resonant−antiresonant coupling (RARC) terms C can be
neglected when they are much smaller than R, and the resonant
and antiresonant parts of the full BSE (eq 7) decouple. While
the GW quasi-particle levels are always calculated using
dynamical screening, static approximations are often used to
determine the direct term of the electron−hole interaction
kernel KR,d of the BSE. It was shown that dynamical screening
effects can be included perturbatively for valence excitation (see
ref 37 for details).
For the calculations within the GW-BSE method, single-point
Kohn−Sham calculations are repeated for the optimized
geometries using a modified39 version of the Gaussian03
package, the PBE functional,40 Stuttgart/Dresden effective core
potentials,41 and the associated basis sets that are augmented by
additional polarization functions42 of d symmetry. Since we are
interested in valence excitations, using ECPs offers a computational advantage as the wave functions entering the GW
procedure are smooth close to the nuclei and can therefore be
represented by a basis set without strongly localized functions,
keeping the numerical effort tractable. We find that the Kohn−

∫ Σ(r, r′, EnQP)

QP QP
ψQP
n (r′) dr′ = En ψn (r)

β

(6)
(1)

Here, VECP is an effective-core potential (ECP), VH is the
Hartree potential, and Vxc is the exchange-correlation potential.
As is known, the Kohn−Sham energies obtained with standard
local exchange-correlation functionals do not accurately reflect
the energetics of single-particle excitations, in particular those
involving unoccupied states, which is essential for the
evaluation of optical excitations. Within the GW approximation
of many-body Green’s functions theory, as introduced by
Hedin and Lundqvist,25 the exchange-correlation potential of
DFT is replaced by the energy-dependent self-energy operator
Σ(r, r′, E), giving rise to the quasi-particle equations:
⎧ ℏ2
⎫
⎨−
∇2 + VECP(r) + VH(r)⎬ψQP
n (r) +
⎩ 2m
⎭

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

(5)

is the dynamically screened Coulomb interaction, calculated
from the dielectric function ε, which can be computed within
the random-phase approximation, and the bare Coulomb
interaction v. Both G and W can be obtained on the basis of
ground-state Kohn−Sham wave functions and energies. Due to
the unrealistic fundamental gap within DFT, the dielectric
screening (W) and the Green’s function (G) obtained from
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We calculated the excited states of DCV4T for both
optimized ground state geometries. The polarizability in the
GW step of the procedure is determined using the randomphase approximation, taking 75 occupied and 689 empty states
into account. Quasiparticle corrections are obtained for the
lowest 150 DFT levels, and we consider 75 occupied and 75
empty states in the Bethe-Salpeter equation, which is sufficient
to converge the excitation energies within 0.01 eV. We compare
results obtained using the TDA with the solution of the full
BSE, and include dynamical screening effects in the latter as in
ref 37 employing five iteration steps. The respective three
lowest singlet excitation energies, S1, S2, and S3, are listed in
Table 2. Let us first consider results obtained within TDA.

Sham energies obtained from all-electron and ECP-based
calculations are in good agreement.43 The actual GW-BSE
calculations are performed using a code that is specifically
optimized for application to molecular systems.37,44 Therein,
the quantities occurring in the GW self-energy operator and the
electron−hole interaction in the BSE are expressed in terms of
atom-centered 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, and 3.0 for C; and 0.4 and 1.5 for H
atoms, yielding converged excitation energies. Further technical
details can be found refs 37 and 44.

III. RESULTS
A. Absorption of DCV4T. Ground State Geometry.
Since excitation energies can be sensitive to small changes in
molecular conformations, which depend on the method used to
obtain the ground state geometry, we first compare results for
geometries optimized using two different (PBE and B3LYP)
functionals. Characteristic structural features of DCV4T are
defined in Figure 2, and the results are summarized in Table 1.

Table 2. Three Lowest Singlet Excitation Energies (in eV) in
DCV4T Resulting from Different GW-BSE Approaches for
Molecular Geometries Optimized Using PBE and B3LYP
Functionals and Comparison to TDDFT Resultsa
GW-BSE
TDA
geom.
PBE

B3LYP

PBE
@B3LYP torsions

Figure 2. Structure of DCV4T. Nitrogen (sulfur) atoms are
represented by blue (yellow) circles. bC−N is the carbon−nitrogen
bond of the DCV unit; bDb is the C−C bond connecting the DCV unit
to the oligomer backbone; and bC−C, b*C−C, and bC−S are different
bonds within a thiophene monomer, which is bound to its neighbor by
a bond bTb. α12 is the torsion angle between the first and second
thiophene units (α23 is defined in a similar way).

B3LYP
@PBE torsions

B3LYP

excited state TD-B3LYP

cation B3LYP

1.17
1.42
1.40
1.40
1.75
1.44
4.2
12.8

1.16
1.42
1.39
1.40
1.75
1.44
10.9
19.4

1.16
1.41
1.40
1.39
1.76
1.42
0.0
0.0

1.16
1.37
1.40
1.39
1.75
1.42
0.0
0.0

stat.

stat.

dyn.

TDDFT

S1
S2
S3
S1
S2
S3
S1
S2
S3
S1
S2
S3

2.42
3.01
3.52
2.59
3.22
3.67
2.46
3.05
3.55
2.55
3.18
3.64

2.24
2.88
3.18
2.44
3.06
3.40
2.29
2.91
3.22
2.38
3.03
3.36

2.17
2.81
3.12
2.35
2.97
3.33
2.21
2.84
3.15
2.31
2.95
3.29

1.83
1.88
2.56
2.22
2.60
3.12

The maximum of the experimentally observed absorption peak in
solution corresponding to S1 is found at 2.39 eV.9

Inspection of the amplitudes Aαβ for the PBE (B3LYP)
geometry reveals that the main contribution to S1 is a
HOMO→LUMO transition with |AHOMO,LUMO|2 ≈ 87%
(86%), S2 is formed to 68% (75%) from a HOMO→LUMO
+1 transition, and the transition HOMO−1→LUMO contributes to S3 with 70% (75%). Apparently, the differences in
geometry do not significantly modify the character of the
excitation. With respect to the energetics, we find that the
energies obtained for the PBE geometry are lower by 0.17, 0.21,
and 0.15 eV than those for the B3LYP geometry, respectively.
These differences are slightly larger than what is typically
expected due to variations in bond lengths alone. Repeating the
calculations mixing the B3LYP torsions and PBE bond lengths
(and vice versa) shows (see Table 2) that the different torsions
only affect the excitation energies by about 0.04 eV, roughly a
quarter of the total difference.
RARC Effects and Dynamical Screening. The absorption
spectrum of DCV4T in dichloromethane solution was reported
in ref 9 and is characterized by a single optical transition. The
maximum of the absorption peak is located at a wavelength of
abs
= 518 nm, which corresponds to an excitation energy of
λmax
2.39 eV. In our GW-BSE calculations, only S1 results as
optically active with a transition strength of 0.95. The
associated excitation energy of 2.59 eV for the B3LYP structure
obtained using the TDA overestimates the experimental result

ground state
PBE

state

a

Table 1. Bond Lengths (in Å) and Torsion Angles (in deg)
Defined in Figure 2 in the Ground State Geometry of
DCV4T As Resulting from an Optimization Using the PBE
and Hybrid B3LYP Functional, Respectivelya

bC−N
bDb
bC−C
b*C−C
bC−S
bTb
α12
α23

Full BSE

a

The fourth column lists the parameters obtained after optimizing the
geometry of the first singlet excited state using TDDFT-B3LYP.

Bond lengths obtained with the PBE are about 0.01 Å longer
than those obtained with the B3LYP functional. Typically, such
differences affect the calculated excitation energies by less than
0.1 eV. A more significant difference between the two
optimized geometries is found for the torsion angles along
the tetramer backbone of the molecule, which are larger using
the hybrid functional. The torsion between the backbone and
the DCV unit is zero, independent of the method.
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GW-BSE are in good agreement with each other. The total
energy minimum using GW-BSE is reached slightly earlier than
in TD-B3LYP, but the actual structural differences are small. It
is also apparent that the biggest difference in excitation energies
between GW-BSE and TDDFT is observed for the nonplanar
ground state geometry, while for the planar molecule, the
energies differ by less that 0.1 eV. Overall, the dependence of
excited state energies on the geometry obtained with TDB3LYP seems to provide a reasonable estimate of the respective
dependence of full GW-BSE energies, implying that the
direction of the change in the multidimensional conguration
space of all nuclear coordinates of DCV4T is correctly
approximated.
For the configuration corresponding to the minimum of the
GW-BSE total energy45 in Figure 3, we find an excitation
(emission) energy of 1.93 eV. This result is 0.1 eV lower than
the one observed in the experiment.9 In total, our GW-BSE
abs
em
calculations yield a Stokes shift ΔE = Emax
− Emax
of 0.42 eV, in
good agreement with the experimental result of 0.36 eV. An
additional calculation for the excited state in the geometry of a
DCV4T cation yields a first excitation energy of 2.00 eV. This is
less than 0.1 eV higher than for the full excited state geometry,
indicating that the main relaxation effects can be approximated
by considering a cation geometry.
C. Absorption and Emission in DCVnT. On the basis of
the results obtained for DCV4T, we determine the absorption
and emission energies for the series of dicyanovinyl-substituted
oligothiophenes with n = 1−6. The B3LYP hybrid functional is
used to determine ground and excited state geometries in DFT
and TDDFT calculations. The numbers of states included in
the determination of the polarizability using the random-phase
approximation are nocc = 39 (nvirt = 353) occupied (virtual)
states for DCV1T, 51 (465) for DCV2T, 63 (577) for DCV3T,
87 (801) for DCV5T, and 99 (913) for DCV6T. Quasiparticle
corrections are calculated for the 2nocc lowest-energy states,
respectively, and nocc occupied and nocc virtual states are
considered in the Bethe-Salpeter equation. We solve the BSE
within the TDA, as well as the full BSE with and without
dynamical screening effects, and the respective excitation
energies based on the ground-state geometries are listed in
Table 3 and shown in Figure 4. For all oligomers, the inclusion

by 0.20 eV (−39 nm), while TD-B3LYP underestimates it by
0.17 eV (+41 nm). For GW-BSE, the use of the TDA is known
to overestimate excitation energies of mainly π → π*
character.37 When the resonant−antiresonant coupling terms
in the full BSE (eq 7) are taken into account, one can see from
the results listed in Table 2 that this reduces the excitation
energy of the optically active S1 transition by 0.15 eV. The
second-lowest transition is similarly lowered by 0.16 eV, while
an even stronger effect (−0.27 eV) is observed for S3.
Additional inclusion of dynamical screening further reduces
the calculated excitation energies by 0.09 eV for S1 and S2 and
by 0.07 eV for S3.
The final energy of the optical transition of 2.35 eV then
agrees well with the experimental reference of 2.39 eV. The
inclusion of RARC and dynamical screening effects is evidently
important for obtaining converged excitation energies of
DCV4T, which are in quantitative agreement with experimental
results. We should mention that while the TDA overestimates
the energies, the respective character of the transitions as well
as the energetic order is well reproduced.
B. Emission of DCV4T. Optical excitations induce a
redistribution of charge density and cause a rearrangement of
nuclear coordinates. Within GW-BSE, the optimization of the
molecular geometry in an excited state involves either the
numerical evaluation of gradients or the use of approximate
schemes.34 In some systems, it is reasonable to perform
geometry relaxation using, e.g., a constrained DFT approach
with the highest valence state depopulated and lowest empty
state populated.29 This, however, requires that the excited state
be a single well-defined single-particle transition and be
distributed over many atoms. An inspection of the singleparticle contributions to the first singlet excitation in DCV4T
reveals that it is not composed exclusively from a HOMO→
LUMO transition but also has a nonnegligible contribution of
the transition from HOMO−1 to LUMO+1. Knowing that
TDDFT yields a similar composition of the transition
(although the absolute excitation energies differ), we optimize
the geometry of the first excited singlet state using TD-B3LYP
and evaluate the GW-BSE energies for the intermediate
geometries obtained during the TDDFT optimization.
Figure 3 shows the resulting total energies of neutral, TDB3LYP, and GW-BSE first excited states of DCV4T as a
function of the cumulative RMS displacement of the geometry
optimization. The characteristic bond length and torsion angles
for the optimized singlet excited state are listed in Table 1. The
main observation is that DCV4T planarizes upon excitation
(α12 = α23 = 0°). The energies resulting from TD-B3LYP and

Table 3. Lowest Singlet Absorption Energy (in eV) in
DCVnT Resulting from Different GW-BSE Approaches, As
full
Well As the Changes in Excitation Energies ΔEBTDA = Estat
−
full
full
ETDA and ΔEdyn = Edyn
− Estat
TDA
DCV1T
DCV2T
DCV3T
DCV4T
DCV5T
DCV6T

full BSE

stat.

stat.

dyn.

ΔEBTDA

ΔEdyn

3.54
3.03
2.76
2.59
2.49
2.42

3.15
2.75
2.55
2.44
2.36
2.31

3.06
2.66
2.47
2.35
2.27
2.22

−0.39
−0.28
−0.21
−0.15
−0.13
−0.11

−0.09
−0.09
−0.08
−0.09
−0.09
−0.09

of the resonant−antiresonant coupling terms as well as
dynamical screening reduces the calculated excitation energies.
The effect of RARC on the excitation energies becomes
progressively smaller with increasing number of thiophene
repeat units in the oligomer. For DCV1T, the reduction of the
absorption energy amounts to 0.39 eV (∼11%), while it is only
0.11 eV (∼5%) in DCV6T. In contrast, dynamical screening

Figure 3. Total energies in neutral (black) and excited (red) states as a
function of cumulative RMS displacement of the atoms obtained
during the TD-B3LYP optimization of the geometry of the S1
excitation in DCV4T. The blue curve is the result of adding GWBSE excitation energies to the neutral energies.
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Table 4, TD-B3LYP performs well for DCV1T and DCV2T,
but as the length of the moleculeand with that the size of the
conjugated π-systemincreases, one can note a systematic
underestimation compared to experimental results. This is in
accordance with the general observation that TDDFT fails to
describe extended excitonic states in polymers and solids
(unless nonlocal electron−hole attraction is included in the
kernel). The GW-BSE excitation energies, in contrast, agree
very well with the experimental data, even for the hexamer, in
which the absorption energy is underestimated by 0.11 eV only
compared to 0.32 eV in TD-B3LYP.
Along the series of DCVnT, a strong bathochromic shift of
the absorption (emission) energies totaling 0.73 eV (0.91 eV)
is found in the experiment. This is well reproduced in our GWBSE results, in which the energies are shifted by 0.84 eV (0.82
eV). TD-B3LYP in contrast overestimates these shifts, yielding
1.05 eV (1.00 eV). The lowering of the excitation energy with
increasing size of the molecule is a consequence of the
molecular architecture. As was mentioned above, the addition
of the dicyanovinyl groups to the termini of the thiophene
backbone fixes the electron affinity, while the ionization
potential monotonically decreases with increasing size of the
conjugation length (confinement). This is well captured within
the GW-BSE approach, both qualitatively and quantitatively.
Finally, GW-BSE predicts the Stokes shift, which is often
used to estimate the rate of exciton diffusion, of 0.44 (exptl.:
0.36), 0.36 (0.28), 0.37 (0.31), 0.42 (0.36), 0.40 (0.47), and
0.42 eV (0.54 eV) for n = 1−6 of the DCVnT’s. The good
agreement reflects the quality of the results of absorption and
emission energies.
Our GW-BSE approach works equally well for small and
large molecules (as well as for extended systems), providing a
method without size bias. TDDFT approaches, on the other
hand, often require different kernels for different molecule
classes or system sizes. The crucial ingredient of our GW-BSE
method is system-specific dielectric screening (to be evaluated
for each molecule) and its incorporation into the nonlocal
Coulomb interaction. Similarly, individual screening might also
be implemented into TDDFT (with nonlocal kernels), which
significantly improves the applicability of TDDFT, as well.

Figure 4. Absorption energies of DCVnT resulting from GW-BSE
calculations using the TDA or the full BSE with static and dynamic
screening, compared to results from TD-B3LYP and the experiment.

lowers the energies by less than 0.1 eV, independent of the size
of the molecule. Note that the difference between calculations
beyond and within the TDA depends significantly on system
size (fifth column of Table 3), resulting from the increased
electron−hole overlap and exchange terms for the smaller
molecules. On the other hand, the dynamical effects (sixth
column of Table 3) result from resonances and poles in the
frequency dependence of the screening (and their neglect by a
static kernel), which are more or less the same for all molecules
studied here. Despite these quantitative effects, one should
emphasize that going beyond TDA does not result in different
character of the transitions or a reordering of excitations.
Finally, absorption and emission energies resulting from GWBSE calculations using the full BSE and dynamical screening are
compared to the respective results from TD-B3LYP and the
experiment in Tables 4 and 5. As one can see, for instance, from
Table 4. Comparison of Calculated and Experimentally
abs
Determined9 Absorption Energies (Emax
; in eV) of the S0→
S1 Transition in DCVnT (n = 1−6), Caluclated Using GWBSE and TD-B3LYPa
DCV1T
DCV2T
DCV3T
DCV4T
DCV5T
DCV6T

EGW−BSE

ETDDFT

Eexp

ΔEGW−BSE

ΔETDDFT

3.06
2.66
2.47
2.35
2.27
2.22

3.06
2.64
2.38
2.21
2.10
2.01

3.06
2.72
2.51
2.39
2.34
2.33

0.00
−0.06
−0.04
−0.04
−0.07
−0.11

0.00
−0.08
−0.13
−0.18
−0.24
−0.32

IV. SUMMARY
In this work, we have used many-body Green’s functions theory
within the GW approximation and the Bethe-Salpeter equation
to systematically study the excited states of terminally
dicyanovinyl-substituted oligothiophenes. We find that the
use of the Tamm-Dancoff approximation leads to an
appropriate description of the excitation spectrum regarding
the characteristic transitions and their energetic order but
overestimates experimental excitation energies in the range of
0.48 eV (DCV1T) to 0.09 eV (DCV6T). The inclusion of
resonant−antiresonant transition coupling lowers the excitation
energies and depends on the size of the π-conjugated system,
while corrections due to dynamical screening of about 0.1 eV
are independent of the oligomer length. The absorption and
emission energies of the first singlet π → π* transition are
found to be in very good agreement with experimental data.
Our approach is equally well applicable for oligomer backbones
of any length, indicating that GW-BSE is a powerful tool for the
investigation of excited states processes in organic semiconductors.

a

We note that our TDDFT results agree with those reported in ref 46,
where available.

Table 5. Comparison of Calculated and Experimentally
abs
Determined9 Emission Energies (Emax
; in eV) of the S1→S0
Transition in DCVnTs, Caluclated Using GW-BSE and TDB3LYP
DCV1T
DCV2T
DCV3T
DCV4T
DCV5T
DCV6T

EGW−BSE

ETDDFT

Eexp

ΔEGW−BSE

ΔETDDFT

2.62
2.30
2.10
1.93
1.87
1.80

2.74
2.39
2.15
1.97
1.84
1.74

2.70
2.44
2.20
2.03
1.87
1.79

−0.08
−0.14
−0.10
−0.10
0.00
+0.01

+0.06
−0.05
−0.05
−0.06
−0.03
−0.05
1001
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