
Tuning Optical Properties of Dibenzochrysenes by Functionalization:
A Many-Body Perturbation Theory Study
Nicolas Dardenne,† Roberto Cardia,‡,§ Jing Li,∥ Giuliano Malloci,‡ Giancarlo Cappellini,‡,§

Xavier Blase,∥ Jean-Christophe Charlier,† and Gian-Marco Rignanese*,†

†Institute of Condensed Matter and Nanoscience (IMCN), Universite ́ catholique de Louvain, B-1348 Louvain-la-Neuve, Belgium
‡Universita ̀ degli Studi di Cagliari, Dipartimento di Fisica, Cittadella Universitaria, I-09042 Monserrato, Cagliari, Italy
§Istituto Officina dei Materiali (CNR - IOM), UOS di Cagliari, Cittadella Universitaria, I-09042 Monserrato, Cagliari, Italy
∥CNRS and Grenoble-Alpes University, Institut Neél, F-38042 Grenoble, France

ABSTRACT: Using many-body perturbation theory, the optical proper-
ties of modified compact and angular dibenzochrysenes are investigated.
First, for a series of already existing molecules in that family, the
computed absorption spectra are benchmarked against experimental data
in order to evaluate the strengths and the limitations of the method.
Then, the computed absorption spectra are presented for newly designed
dibenzochrysenes. One of the main results is that the addition of
thiophenyl groups at specific positions produces an enhancement of the
absorption in the visible region. The information provided in this study
can be used as a guide to synthesize optimized materials for solar cells.

■ INTRODUCTION

Small polycyclic aromatic hydrocarbons (PAHs) are being
intensively studied due to their applications in different
optoelectronic devices such as organic field effect transistors
(OFETs), organic light-emitting diodes (OLEDs), and organic
photovoltaic (OPV) cells.1−6 Compared to conjugated polymers,
these soft organic semiconductors offer several advantages such
as the possibility to be easily purified by various techniques, to
have accurate molecular weight control, and to be tractable by
both evaporation and solution-processing methods.7−10 Bulk
heterojunction organic solar cells built with small-molecule
dibenzochrysene as active donor material show good power
conversion efficiencies. The angular dibenzo[b,def ]chrysene and
the compact dibenzo[def,mno]chrysene (A-DBC and C-DBC)
present efficiencies of 2.2% and 1.95%, respectively, due to a high
open-circuit voltage related to their low-lying HOMO levels.11,12

These molecules also exhibit good chemical stability. Also, with
their π-conjugated backbone, they can assemble in a well packed
structure due the strong π−π interactions. Moreover, their
electronic, optical, and transport properties can be tuned via
functionalization of the conjugated core.13−16 Chemical
modification of PAHs has already been tested in previous
experimental12,17−21 and theoretical21,22 investigations but with
only a few functional groups at a time.
The goal of this study is to present a systematic theoretical

study of various functional groups tested in previous
experimental works along with an analysis of a few newly
designed materials. Many-body perturbation theory (MBPT)
within the GW and Bethe−Salpeter equation (BSE) formal-
isms23 is used to predict the absorption spectra of PAHs. First,
the computational method is validated on a test set consisting of

various PAHs. The computed absorption peaks are found to be in
good agreement with the experimental ones. In addition, slight
modifications due to the substitution of functional groups are
correctly captured by the GW/BSE formalism. Then, newly
designed PAHs are investigated. Starting from the A-DBC andC-
DBC, various functional groups are attached to the molecules
and their computed absorption spectra are analyzed focusing on
their influence on the optical properties of DBCs. In particular,
the addition of several thiophenyl groups on a DBC is shown to
shift the main absorption peaks down from high energies to the
visible region. The discovered trends can be used as guidelines to
design optimized materials for harvesting the solar energy.

■ METHOD

For all the molecules considered, the atomic positions are first
fully relaxed within density functional theory (DFT)24,25 using
the NWChem package.26 The Becke three-parameter Lee−
Yang−Parr (B3LYP) hybrid exchange-correlation functional27,28
is adopted in combination with the Pople 6-31G basis set.29 The
size of the basis set was tested by comparing the optimized
geometries obtained with the larger 6-31+G* basis set for a few
molecules. The bond lengths were found to vary by less than 0.01
Å for the first and second row atoms and 0.2 Å for the few third
row atoms. The resulting electronic properties of the compounds
were found to be very similar. As far as the exchange-correlation
functional is concerned, the effect of adding an empirical
dispersion correction term30 to the B3LYP functional has already
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been shown22 to produce small differences in the geometries
(root-mean-square displacement less than 1 Å) without
significantly modifying the electronic properties.

Using the optimized geometries, GW/BSE calculations are
performed with the FIESTA package.31−33 The Green’s function
G and the screened Coulomb potential W are built from the

Figure 1. Illustration of the compact (a) and angular (b) dibenzochrysenes. Various functional groups with their nomenclature attached at R1 and R2
positions (c) and at R3 and R4 positions (d).

Figure 2.Comparison between experimental (red) and computed (green) absorption spectra for the C-DBC (upper left), Dye 1 (upper right), TIPS-C-
DBC (lower left, C-R1R2-8), and TIPS-A-DBC (lower right, A-R1R2-8). The experimental spectra are from refs 40, 19, 12, and 17, respectively. In the
upper left graph, the absorption spectrum for C-DBC with a first solvation shell of CH2Cl2 is plotted in blue. In the lower left graph, the absorption
spectrum of a thin film TIPS-C-DBC is plotted in blue. In the upper right graph, the nine theoretical absorption peaks (1−9 from left to right) are
indicated with green arrows.
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Kohn−Sham eigenstates generated by the NWChem package
with the M06-2X exchange-correlation functional34 and the
maug-cc-pvtz basis set.35 Following a recent benchmark study of
the optical absorption energies of a large standard set of organic
molecules,33 partially self-consistent GW calculations were
performed, namely, reinjecting self-consistently the corrected
quasiparticle energies in the construction of the Green’s function
G and the screened Coulomb potentialW. It has been shown that
this procedure leads to an excellent agreement with the best
theoretical estimates provided by high-level quantum chemistry
techniques (mean-absolute error of the order of 0.2 eV).33 As for
the BSE calculations, they are performed mixing excitations and
deexcitations, beyond the Tamm−Dancoff approximation. The
BSE formalism has been shown to predict accurately charge-
transfer excitations32,36 and even cyanine-like transitions,37 both
known to be problematic for standard TD-DFT calculations,
resulting in a robust scheme showing the same O(N4)
computational scaling than TD-DFT. The calculations provide
a discrete set of excitonic states with energy Ei and their
corresponding oscillator strengths f i. These values allow one to
construct an absorption spectrum as a sum of Gaussian functions
centered in Ei of height f i. The full width at half-maximum for
each Gaussian is constant and arbitrarily fixed. With this
formalism, the optical gap is the first exciton that is active, i.e.,
with a nonzero oscillator strength. More details about the
methodology can be found in refs 31−33. Exploiting the fact that
the NWChem package also implements the SMD (solvation
model density) polarized continuum model,38 an estimate of the
polarization effect can be obtained as the difference between the
solvated and gas phase levels calculated by the ΔSCF
technique.39

■ RESULTS AND DISCUSSION
Themolecules that will be discussed in this work are illustrated in
Figure 1. The two simplest molecules are the C-DBC and A-
DBC, respectively (Figure 1a,b). Starting from these two
building blocks, various functional groups can be attached to
the four R positions, namely, R1, R2, R3, and R4. These
functional groups were found in previous experimental works on
DBC.12,17−20,40 Figure 1c,d illustrates the functional groups that
can be attached to R1 and R2 positions and to R3 and R4
positions, respectively. The notation X-Y-Z will be used to define
a molecule where X is either A or C (for angular or compact), Y is
either R1R2 or R3R4 for the attachment positions, and Z is the
corresponding label of the functional group. A molecule named
A-R1R2-4 will thus correspond to an angular DBC with the
functional group 4 in Figure 1c attached at R1 and R2 positions,
whereas the molecule named C-R3R4-2 will be a compact DBC
with the group 2 in Figure 1d attached to R3 and R4 positions.

Benchmarking. The upper left panel in Figure 2 shows the
comparison between the BSE calculated and experimental
absorption spectra of C-DBC taken in solution with CH2Cl2.

40

The experimental spectrum has been scaled in intensity in such a
way that the height of the highest peak matches that of the
corresponding peak in the computed spectra. The computed
absorption onset is at 2.83 eV (first peak), while the experimental
one is at 2.92 eV (offset of 0.09 eV). The second important peak
in the BSE spectrum is at 4.08 eV, while experimentally it is at
4.32 eV (offset of 0.24 eV). The computed spectrum also
presents two extremely small peaks at 3.25 and 4.5 eV but failed
to correctly predict the smaller experimental secondary peaks
between 3.0 and 3.5 eV and one around 4.54 eV. These
secondary peaks could be the vibronic progressions associated
with each electronic transition (e.g., peaks at 3.2 and 3.4 eV for
compact DBC might be vibronic peaks of the 0−0 transition at
2.94 eV) which are missing because the electron-vibration
coupling is not taken into account by the MBPT. The energy
shifts are probably related to the solvation effects since
experiments are carried out in solution, while our computations
are performed on isolated molecules, meaning in gas phase.41 As
found in refs 17 and 42, similar discrepancies also appear
between gas phase calculations and solvated experiments when
using time-dependent DFT computations. As a first exploration
of solvation effects, the absorption spectrum of the same C-DBC
has been computed with a first explicit solvation shell of 20
dichloromethane molecules43 which is the solvent used in the
experience. The spectrum is plotted in blue in the upper left
panel of Figure 2. For the first peak, the offset of 0.09 eV between
experimental and computed data disappears, and the offset of
0.24 eV is reduced to 0.13 eV for the second peak. This clearly
indicates that the offsets are mainly due to the solvent effect.
However, the computing time that would be needed to simulate
all the systems with an explicit solvation shell is prohibitive.
Hence, the rest of our GW/BSE calculations will only be
performed in the gas phase.
The upper right panel of Figure 2 compares experimental

(taken in solution with tetrahydrofuran) and BSE absorption
spectra for one compact DBC called Dye 1 in ref 19. The first and
second experimental peaks are computed within 0.001 and 0.09
eV, respectively. The high values in between them could be
explained by the small second theoretical peak at 2.78 eV. The
combination of the fourth, fifth, sixth, seventh, and eighth
theoretical peaks form the third broad experimental peak
centered about 3.45 eV. This experimental peak presents two
small bumps at ∼3.8 and ∼4.0 eV which could be linked to the
seventh and eighth theoretical peaks. The ninth theoretical peak
at 4.43 eV also seems to correspond to an increase in the
experimental absorption at the same energy.

Table 1. Comparison between Experiment (in Solution with CH2Cl2) and Theory of HOMO/LUMO Levels and Optical Gaps for
Various DBC Moleculesa

HOMO LUMO optical gap

group GW GW* exptl GW GW* exptl BSE exptl

tBU- −6.43 −5.40 −5.26 −1.37 −2.79 −2.87 2.53 2.39
TMS- −6.58 −5.53 −5.24 −1.57 −2.94 −2.96 2.40 2.38
TES- −6.57 −5.55 −5.35 −1.60 −2.94 −2.97 2.41 2.38
TBDMS- −6.59 −5.56 −5.38 −1.61 −2.92 −3.03 2.41 2.35

aFor the HOMO/LUMO levels, the table shows the computed GW results in the gas phase, the values corrected to take into account the
polarization effect (GW*), and the experimental data (taken to be the negative of the ionization potential and electronic affinity). For the optical
gaps, the BSE results correspond to the first exciton peak and the experimental values are the UV/vis onsets. The experimental data are taken from
ref 18. All DBCs are angular type with various groups (listed in column 1) attached to the R1 and R2 positions. All energies are in eV.
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The graphs in the lower panels of Figure 2 show the
comparison between the BSE and experimental absorption
spectra of TIPS compact and angular DBC (C- and A- R1R2-8,
respectively) taken in solution with CHCl3.

12,17 For both
molecules, the computed onset is slightly red-shifted (0.02 eV
for TIPS C-DBC and 0.09 eV for TIPS A-DBC) and the
computed spectra are also missing vibronic secondary peaks. For
the second BSE peaks, a blue shift occurs for the TIPS C-DBC,
while it seems to perfectly match for the TIPS A-DBC. In the
lower left panel of Figure 2, the experimental absorption
spectrum of a thin film C-DBC (in blue) shows a more
continuous profile with only two broad absorption peaks
centered at 2.65 and 3.85 eV. As compared to the experimental
solution phase, the position of the main absorption peaks is blue-
shifted by 0.15 eV for the first peak and by only 0.02 eV for the
second peak. This comparison shows that the position of the
main peaks in the solution phase is a good indicator for
predicting the absorption range in the solid state. There is,
however, a broadening in the solid phase due to dispersion effects
and the formation of occupied and unoccupied energy bands.
Table 1 compares the gas phase GW HOMO and LUMO

energy levels and BSE optical gap with experimental data in
solution for various DBCs. As expected, due to the lack of solvent
polarization effects, the gas phase HOMO and LUMO GW
energy levels are found to be larger and smaller, respectively, as
compared to the reference values in solution. The solvent
reaction field is known to stabilize added holes or electrons in a
photoemission experiment in solution, with typical polarization
energies of 1 eV ormore.44,45 The polarization energy induced by
the dichloromethane has been estimated with the SMD model
(with a 6-31+G* basis set and the B3LYP functional). By taking
into account these solvent effects (GW* in Table 1), the HOMO
and LUMO levels are in better agreement with the experiments.
On the other hand, the BSE optical gaps seem to correctly predict
the vis/UV onset with an average andmaximum error of 0.06 and
0.14 eV, respectively. The exciton, being a neutral excitation, is
less sensitive to the surrounding dielectric medium and the
absence of the solvent is less detrimental.
As a last benchmark of our GW/BSE method, Figure 3 shows

the computed and experimental20 absorption spectra for three
different angular DBC molecules. The corresponding molecules
are illustrated inside each graph. The DP, DT, and DBT groups
are attached at R3 and R4 positions, while the TES is attached at
R1 and R2 positions. The first BSE peaks at 2.45, 2.46, and 2.45
eV for DP-, DT- and DBT-TES-DBC present offsets of 0.04,
0.10, and 0.07 eV, respectively, with respect to the corresponding
experimental peaks. On the other hand, the second peaks for DP-
and DT-TES-DBC show large offsets of 0.29 and 0.25 eV,
respectively, with respect to experiments. For the DBT-TES-
DBC, the combination of the second and third BSE peaks (at
2.89 and 3.01 eV) seems to correctly reproduce the experimental
peak centered at 3.03 eV. Both experimental and computed data
suggest that the substitutions of functional groups at R3 and R4
positions have little influence on the position of the first
absorption peak. For the second peaks at higher energies,
experimental and computed spectra show red shifts when
substituting the DP- with DT- and DBT- functional groups at R3
and R4 positions. In this case, the effect of the functional groups
are clearly observed. Despite overestimating the position of the
second peak for DP- and DT-DBC molecules, the red shift
between them is correctly predicted with an experimental shift of
0.19 eV, while the BSE shift is at 0.22 eV. As already seen in some

previous examples, experimental secondary peaks between 2.5
and 2.75 eV are not predicted by the theory.
To summarize the first set of calculations, the GW/BSE

method allows us to predict the position of the first absorption
peaks of a DBC type molecule with an accuracy of ±0.1 eV.
However, the offsets between experimental and calculated peak
positions can reach up to ±0.3 eV at higher energies. Moreover,
in some cases, vibronic secondary peaks are not predicted by the
method. One possible explanation of these discrepancies is
related to the limits of our simulations which are performed for
the gas phase at zero Kelvin so that they do not necessarily
reproduce the experimental conditions in which the molecule is
surrounded by a solvent at ambient temperature. Despite these
limitations, the MBPT seems to correctly reproduce the trend in
the shift of the main peaks when substituting functional groups.
Finally, the example of the thin film for TIPS-C-DBC suggests
that the absorption range of the solid-state material can be

Figure 3. Computed (green) and experimental (red, in solution with
CHCl3) absorption spectra for DT-, DP-, and DBT- TES-DBC
molecules. The experimental absorption spectra are taken from ref 20.
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extrapolated from the BSE computed absorption spectrum. In
the next part, results are presented for newly designed molecules
with a more systematic approach.
Predictions. Figures 4 and 5 show the computed absorption

spectra for all modified DBCs at R1 and R2 and at R3 and R4
positions, respectively. From a general standpoint, all the
functional groups attached at R1 and R2 produce a small
decrease in energy for the first exciton and an even smaller
decrease for the second exciton. Only two exceptions are
observed. First, the triphenyl group (9 in Figures 1c and 4)
induces an increase of ∼0.1 eV for the first peak and the creation

of a double peak∼ 0.2 eV higher for the second peak. Second, the
2-cyano-3-(thiophen-2-yl) acrylic acid group (11 in Figures 1c
and 4) induces a large red shift of 0.65 eV on the second peak. As
for the substitution at R3 and R4 positions illustrated in Figure 5,
a red shift of the second peak is observed for all functional groups,
while it does not seem to have any influence on the first peak. It is
worth noting the effect of the same 2-cyano-3-(thiophen-2-yl)
acrylic acid group (5 in Figures 1d and 5), which induces a large
red shift (with the creation of a double peak). Finally, the
oscillator strength of the second peak is found to be larger for the

Figure 4. Computed absorption spectra for the angular (left) and compact (right) DBCs with substituents at R1 and R2 positions: the angular and
compact DBCs are at the bottom in blue, next from bottom to top, the modified compact DBCs with groups from 1 to 11 (Figure 1c) are plotted.

Figure 5. Computed absorption spectra for the angular (left) and compact (rigth) DBCs with substituents at R3 and R4 positions: the angular and
compact DBCs are at the bottom in blue, next from bottom to top, the modified DBCs with groups from 1 to 5 (Figure 1d) are plotted.

Figure 6. Computed absorption spectra for different angular DBC molecules. For the DBT-TES-DBC, the four absorption peaks (1−4 from left to
right) are indicated with green arrows.
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angular DBC compared to the compact DBC, and this
observation holds for the modified DBCs.
Figure 6 shows the computed absorption spectra and their

illustration for various DBC molecules. Starting from A-DBC,
which is illustrated in Figure 6a and adding a di(phenyl), a
di(thiophenyl), and a di(bithiophenyl) at R3 and R4 positions,
DP- (Figure 6b), DT- (Figure 6c), and DBT-DBC (Figure 6d)
are formed, respectively. By adding TES at R1 and R2 positions,
the molecules from (a) to (d) in Figure 6 transform into those
shown in (e) to (h) in Figure 6. The first absorption peaks for the
molecules without TES (dashed lines) are centered at 2.74 eV
(±0.01), while the first absorption peaks for the molecules with
TES (continuous lines) are centered at 2.44 eV (±0.02). This
confirms the trend that functional groups at R3 and R4 have very
little influence on the absorption onset. This low-energy
transition is a HOMO−LUMO transition with weak overlap
between holes and electrons, displaying nodes on the atoms (see
Figure 7a), and corresponds to the “ionic” 1La transition with
partial charge-transfer character in aromatic hydrocarbons.46,47

As such, this kind of excitation cannot be stabilized by
delocalization with conjugated sideschains. On the other hand,
the second peak of A-DBC seems to be red-shifted by the
addition of functional groups at R3 and R4 positions (DP-DBC,
DT-DBC, and DBT-DBC in Figure 6). The functional groups
DP, DT, and DBT, attached at R3 and R4 positions, decrease the
energy of the second exciton by 0.24, 0.43, and 0.82 eV,
respectively. These red shifts of the second peaks are almost
identically reproduced for the molecules with TES (third peak
for DBT-TES-DBC) with a red shift of 0.20, 0.42, and 0.84 eV for
the DP, DT, and DBT substitutions, respectively. It is worth
noting that the addition of two thiophenyl (DBT) produces a red
shift exactly twice larger than the one with one thiophenyl (DT).

While the addition of functional groups at R3 and R4 positions
has no influence on the first peak, the addition of the TES group
at R1 and R2 positions (dashed to continuous lines) produces a
constant red shift of 0.3 eV (±0.03 eV). As for the second peaks,
the addition of TES also induces a constant red shift of 0.19 eV
(±0.03 eV). The shape of the spectrum for DBT-TES-DBC is
more complex. First, a new peak appears at 2.89 eV (indicated by
a green arrow). Second, a fourth active exciton at 3.12 eV (fourth
green arrow) is present but hidden by the third peak centered at
3.09 eV (third green arrow). This fourth BSE peak seems to be in
accordance with the small bump at the same energy in the
experimental spectrum of DBT-TES-DBC (see Figure 3).
Figure 7 shows the hole-averaged electronic and electron-

averaged hole densities (e-h densities) for the excitonic states
corresponding to the main absorption peaks of molecules A-
DBC, TES-DBC, DBT-DBC, and DBT-TES-DBC (illustrated in
Figure 6). The small red shift of 0.33 and 0.20 eV induced by the
addition of TES for the first and second peaks, respectively, can
be explained by the small modifications of the e-h densities.
Compared to A-DBC, the e-h density of TES-DBC stays almost
identical on the backbone DBC with only a small delocalization
toward the first carbon atom of the TES. This delocalization of
the excitonic particle induces the red shift. On the other hand, the
addition of the DBT group to the A-DBC (to form DBT-DBC)
does not modify the e-h density for the first peak, hence the same
excitonic energy in both molecules. The second e-h density of
DBT-DBC is completely different from the second e-h density of
A-DBC. It is spread all over the molecules with the main part on
the DBT functional group allowing for a red shift of 0.82 eV.
Finally, the first e-h density of DBT-TES-DBC looks like the first
e-h density of TES-DBC, hence the same excitonic energy
around 2.4 eV. This confirms that functional groups at R3 and R4

Figure 7. Hole-averaged electron (in yellow) and electron-averaged hole (in wireframed blue) densities of the excitonic states (a) A-DBC, (b) TES-
DBC, (c) DBT-DBC, and (d) DBT-TES-DBC. For each exciton, its reference number, its energy level, and, between parentheses, its oscillator strength
(in arb. units) are reported below the corresponding densities.
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positions do not influence the first peak. The second e-h density
of DBT-TES-DBC at 2.89 eV looks like the second one of DBT-
DBC, at 3.32 eV, but is more evenly spread over the DBC part.
Since the delocalization of the e-h density is more important is
this case, the energy will be lower with a red shift of 0.43 eV. The
e-h densities for the third and fourth excitons of DBT-TES-DBC
look as if they had been obtained by splitting the second exciton
of DBT-DBC (at 3.32 eV) with e-h density mainly spread on the
DBT group and a little presence on the DBC backbone. As
already seen above, the addition of TES at R1 and R2 positions
induces a red shift of∼0.20 eV (3.32 to 3.09 eV for the third peak
and 3.32 to 3.12 eV for the fourth peak).
Since functional groups at R3 and R4 positions were found to

produce a red shift for the second peak of a DBCmolecule, newly
designed molecules were tested with 1 (DP), 2 (DBT), 3 and 4
added thiophenyls at R3 and R4 positions on a C-DBC. These
molecules are illustrated in Figure 8 alongside with their

computed absorption spectrum. A red shift of the second peak
of C-DBC is observed and is proportional to the number of
added thiophenyls. Figure 9 shows the e-h densities of the first
and second excitons for these four molecules and for the C-DBC.
Again, the e-h density of the first exciton is not influenced by the
functional groups (left column in Figure 9). As for the second
exciton (right column in Figure 9), the thiophenyl groups induce
a delocalization of the e-h densities and consequently a decrease
in energy of the exciton. This red shift also goes alongside with an
increase in the oscillator strengths. With 3 and 4 added
thiophenyls, the second peaks at 2.85 and 2.58 eV are right in
the middle of the visible spectrum (1.65−3.26 eV) and with large
oscillator strengths. With such absorption spectra, these newly
designed DBCs could potentially improve the efficiency of DBC-
based solar cells by collecting a larger part of the solar spectrum.
A fine mixing of different modified DBCs could be developed in
order to overlap the full solar spectrum and then even further
improve efficiencies.

■ CONCLUSIONS
The GW/BSE calculations have been demonstrated to be a
precise method to predict the optical gap of DBC molecules.
Despite a lower accuracy to describe absorption peaks at higher
energies, this method allows us to predict the effect of different
functional groups on the optical properties of DBC. The
influence of the position where these groups are linked to the
DBC backbone has been investigated. In particular, the addition

of thiophenyl groups could be a strategic way to shift high energy
absorption peaks to the visible region. These results could pave
the way to the creation of new molecules with high absorption in
the visible region in order to improve the corresponding
efficiencies of future organic solar cells.
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backbone DBC. Right column: exciton localized on the thiophenyl
groups. For each exciton, its energy level and, between parentheses, its
oscillator strength (in arb. units) are reported below the corresponding
densities.
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