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ABSTRACT: In a theoretical study, combining molecular dynamics simulations,
quantum-chemical calculations, and charge migration simulations based on Marcus
theory, we investigate the electronic structure, its ﬂuctuations, and the charge transport of
a promising organic near-infrared absorber material: 7,7-diﬂuoro-7H-5,9diphenyldiisoindolo[2,1-c:1′,2′-f ][1,3,5,2]triazaborinine-6-ium-7-uide (Ph2-benz-BODIPY), which is already successfully used as the donor material in organic solar cells. For
the crystalline, defect-free phase, we ﬁnd a one-dimensional hole transport characteristic
with a mobility of 0.53 cm2/(V s) and a two-dimensional electron transport characteristic
with a smaller mobility of 0.15 cm2/(V s). The attachment of the phenyl rings to the molecular core tends to improve the
electron conduction by reducing the internal reorganization energy and by increasing the intermolecular coupling. In contrast,
such functionalization tends to impair the hole transport as the highest occupied molecular orbital couples dominantly to the
dynamics of the phenyl rings and the annulated benzene rings.
stability caused by the robust molecular core.6 Additionally,
functional groups can be easily included due to a convenient
synthesis procedure.9,10 For example, benzannulated azaBODIPYs, displaying a bathochromic shift of the absorption
maximum with respect to the nonbenzannulated aza-BODIPYs,
are already accessible by adding aryl Grignards to phthalodinitrile followed by an in situ reduction-condensation procedure
with formamide.10,11 BODIPY derivatives ﬁnd successful
application in Grätzel type solar cells, showing an eﬃciency
of up to 1.7%,12 and as the donor material in combination with
PCBM as the acceptor material in solution-processed OSCs
with an eﬃciency of up to 2.0%.13,14
In our research, we choose Ph2-benz-BODIPY, which is
known to have a relatively simple molecular structure (Figure
1B) and crystal morphology (Figure 2) compared to other
members of the aza-BODIPY family and exhibits beneﬁcial
optical properties with an absorption maximum at 715 nm in
solution and with a corresponding extinction coeﬃcient of
106,000 L/mol cm.10 In the condensed phase, the absorption
maximum is shifted to 773 nm and the area of high absorption
is extended up to 860 nm due to an increased π-conjugation of
the molecular core compared to other aza-BODIPYs.5 Semitransparent OSCs incorporating a bulk heterojunction based on

1. INTRODUCTION
Organic solar cells (OSCs) based on small molecules are
potential candidates for low-cost large-area photovoltaic
applications since they can be produced on ﬂexible substrates,
with little material consumption and at low temperatures.1−3 In
the past few years, especially OSCs consisting of complementary absorber materials, e.g., tandem OSCs, have gained
importance in the ﬁeld of organic electronics.4 In order to
improve the eﬃciency of these technologies, the entire sun light
spectrum has to be covered by a set of diﬀerent organic
absorber materials. However, eﬃcient infrared absorbers for
application in OSCs are still rare and display several
problematic features.5
The 4,4′-diﬂuoro-4-bora-3a,4a-diaza-s-indacene (BODIPY)
and especially the 4,4′-diﬂuoro-4-bora-3a,4a,8-triaza-s-indacene
(aza-BODIPY)6 derivatives, as depicted in Figure 1A, show
promising characteristics as they exhibit an absorption
maximum in the near-infrared (NIR) despite their rather
small π-conjugated system7−10 as well as an enhanced thermal
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Figure 1. Molecular structure of aza-BODIPY (A) and Ph2-benzBODIPY (B).
© 2014 American Chemical Society
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Figure 2. A 2 × 1 × 1 supercell of Ph2-benz-BODIPY constructed according to a monoclinic unit cell (CCDC 691385/ref 11, a = 10.221 Å, b =
8.486 Å, c = 25.565 Å, β = 112.185°) along the crystal directions. The supercell contains 8 molecules. Identical basis molecules in diﬀerent unit cells
are depicted in the same color.

steps: molecular dynamics (MD) simulation of a supercell with
periodic boundary conditions, dynamic calculation of the
electronic structure, which is the so-called parametrization
step, and the investigation of the diﬀusive charge carrier
mobility by means of kinetic Monte Carlo (KMC) simulations
in combination with semiclassical Marcus theory. Each of these
ingredients has been used to study organic materials and a
combination of such methods has been employed to study
transport properties in a variety of systems showing overall
good agreement with experimental data. The major diﬀerence
and novelty in our method is a statistical treatment of the
thermal ﬂuctuations of the orbital energies that go beyond the
eﬀect included in the internal reorganization energy as
introduced in this section.
The starting point of the MD simulation is a supercell
geometry taken from X-ray diﬀraction experiments, as depicted
in Figure 2. We have chosen the smallest supercell large enough
to include all possible pairs of closest neighbors existing in the
crystal structure of Ph2-benz-BODIPY (see further discussion in
the Supporting Information). The Ph2-benz-BODIPY molecule
has two isomers: one with a C2 point group while a second has
a CS point group. This publication addresses charge transport
for the C2 isomer as its crystal structure is available from X-ray
diﬀraction experiments. Complementary investigations of the
CS isomer in the gas phase reveal no signiﬁcant deviations from
the C2 isomer. The MD simulation of this system is performed
at a temperature of 300 K by using the Quickstep program
implemented in CP2K26,27 which is a DFT based Born−
Oppenheimer MD tool. This code is used in combination with
the GTH-PADE28−30 exchange-correlation functional and the
TZV2P-GTH31 basis set.
For the parametrization step of the electronic structure, the
electronic Hamiltonian is represented in a molecular orbital
(MO) basis. Correspondingly, the electronic structure of the
system is described by the orbital energies εi at site i and the
TIs εij (i ≠ j), related to the coupling between orbitals on
diﬀerent molecules. These parameters are determined for every
0.5 fs along the MD trajectory of the molecular system by
means of DFT calculations performed with the B3LYP32−34
hybrid functional and the 6-311G 35 basis set using
GAUSSIAN03.36 In this publication, we focus on the thermal
ﬂuctuations of the electronic structure and their impact on
charge transport characteristics. The orbital energies and the
TIs are obtained by performing monomer and dimer
calculations, respectively. Electrostatic contributions are
neglected,24,37 but an estimation for the impact of these

Ph2-benz-BODIPY as the donor material and C60 as the
acceptor are delivering eﬃciencies of 2.2% to 2.5%.15
In order to improve its performance as donor material in
OSCs, relatively high hole mobilities are desirable. However,
basic questions are still subject of intense debate, including the
impact of the molecular structure and the supramolecular
morphology on the charge transport properties. We address
these topics in a theoretical study by investigating the
dependence of the charge carrier mobility μ and its anisotropy
for Ph2-benz-BODIPY at 300 K on diﬀerent factors:
(1) The intramolecular structure which determines the
molecular orbitals and the intramolecular dynamics
causing local energetic disorder and inﬂuencing the
Huang−Rhys factors and accordingly the reorganization
energies.
(2) The system morphology and the intermolecular packing
which determine the band structure and correspondingly
the transfer integrals (TIs) as well as the intermolecular
dynamics causing nonlocal energetic disorder.
The main aim of this study is to understand the impact of
energetic disorder eﬀects on the charge transport characteristics
in Ph2-benz-BODIPY systems. The simulation of charge carrier
transport at ambient conditions is rather complicated, as charge
transport occurs via a sensitive interplay of coherent band
transport and thermally activated hopping.16,17 In systems
composed of small organic molecules, the underlying charge
transport mechanism strongly depends on the degree of
energetic disorder. Thermal ﬂuctuations of the orbital energies,
i.e., the local energetic disorder, as well as of the TIs, i.e. the
nonlocal energetic disorder, tend to localize the charge carrier
over very few molecular sites.18−21 In case of a weak electronic
coupling and high temperature, the charge hopping rates
between neighboring molecules can be evaluated by using
semiclassical Marcus theory.22−25 The applicability of this
approach for highly ordered Ph2-benz-BODIPY systems at 300
K will be discussed in detail in the present work.
The knowledge about the charge transport characteristics in
Ph2-benz-BODIPY gained by our studies helps in the
formulation of ﬁrst design rules for the class of BODIPYs
and in the production of more eﬃcient OSCs based on this
class of molecules.

2. METHODOLOGY
We apply density functional theory (DFT) based methods for
the evaluation of the charge transport characteristics. The
computational procedure can be divided into the following
6538

dx.doi.org/10.1021/jp408574d | J. Phys. Chem. C 2014, 118, 6537−6547

The Journal of Physical Chemistry C

Article

ΔGij = εi − εj

contributions on the charge carrier mobility is discussed in the
Supporting Information.
The charge carrier mobility μ is obtained by simulating
stochastically the propagation of a single charge carrier by
means of KMC simulations. The charge transfer rates are
evaluated by using a standard form of semiclassical Marcus
theory
kij =

εij2
ℏ

⎡ (ΔG − λ)2 ⎤
π
ij
⎥
exp⎢ −
⎢⎣
4kBTλ ⎥⎦
λkBT

which is subject to thermal ﬂuctuations of the orbital energies
εi. Such ﬂuctuations of frontier MO energies can be described
by a Gaussian density of states (DOS) with standard deviation
σ (see Figure S1, Supporting Information, for details). As all
normal modes contribute to the MD trajectories and therefore
also to the standard deviation of the orbital energies, the latter
contains contributions of the modes that are already included in
the internal reorganization energy λ. Thus, for a correct
deﬁnition of ΔGij and of the diabatic states, we only include the
impact of anharmonic eﬀects and crystal ﬁeld eﬀects on the
thermal ﬂuctuations of the orbital energies that are not covered
by the internal reorganization energy λ by using

(1)

where λ is the total reorganization energy of a molecule, kB is
the Boltzmann constant, T is the temperature (300 K for all
simulations), and ΔGij is the free energy diﬀerence of the initial
and the ﬁnal molecular states.22−25 λ can be divided in two
diﬀerent contributions being the inner-sphere part λi which is
related to the structural changes of the reacting molecule and
the outer-sphere part λo which is caused by the relaxation of the
surrounding solvent. In this work, we neglect any environmental relaxation as well as changes in the electronic
polarization, and describe the total reorganization energy λ
only by its intramolecular contributions λi. This quantity can be
accessed from the adiabatic potential energy surfaces for the
neutral and ionic states by DFT calculations (GAUSSIAN03,
B3LYP/6-311G(d,p)) according to22,38
(1)
(2)
λ± = λrel
+ λrel

(2)

λ± = [E0( ±) − E0(0)] + [E±(0) − E±( ±)]

(3)

σdyn 2 = σanharm 2 + σcrystal 2

gas 2
cond 2
σcrystal 2 = (σMD
) − (σMD
)

j

j

kj
2

(ΔQ j)2 =

gas
σanharm 2 = [σMD
(ω < ωcutoff )]2 − [σharm(ω < ωcutoff )]2

(8)

As these modes can be treated classically (kBT ≳ ℏωj), the
standard deviation of the orbital energies in the harmonic
approximation is given as42−44

∑ Sjℏωj
j

(7)

The evaluation of anharmonic eﬀects is more complex. It is
clear that σgas
MD includes harmonic as well as anharmonic
contributions to the ﬂuctuations of the MO energies where the
degree of anharmonicity depends on the occupation. We
assume that at a temperature of 300 K only low frequency
modes (below ωcutoff = 300 cm−1) are occupied in higher states
than the ground state and that only these modes have
anharmonic contributions.41 Consequently, the standard
deviation σanharm containing only the inﬂuence of anharmonic
eﬀects on the ﬂuctuations of the orbital energies can be
calculated by using the expression

Hereby,
denotes the relaxation energy for the neutral
molecule with E0(±) the energy of the neutral molecule in the
equilibrium geometry of the ionic state and E0(0) the
equilibrium energy of the neutral molecule. λ(2)
rel is the relaxation
energy for the molecule in the ionic state with E±(0) the energy
of the ionic molecule in the equilibrium geometry of the neutral
state and E±(±) the equilibrium energy of the molecule in the
ionic state.
To investigate the contribution of each vibrational mode to
the relaxation processes, the normal mode approach is applied
for a calculation of the relaxation energy of the neutral molecule
38,39
λ(1)
It is based on a power series expansion of the potential
rel .
energy of the neutral state in the normal mode coordinates

∑ λj = ∑

(6)

To deduce crystal ﬁeld eﬀects, the time series of the frontier
MOs of a molecule in the gas phase and a molecule in the
condensed phase are analyzed statistically to obtain the
gas
cond
cond
standard deviations σMD
and σMD
, respectively. As σMD
includes the inﬂuence of the crystal ﬁeld on the ﬂuctuations
of the frontier MO energies, whereas σgas
MD does not, we can
calculate the standard deviation σcrystal containing only the
inﬂuence of the crystal ﬁeld as follows

λ(1)
rel

λrel =

(5)

σharm 2(ω < ωcutoff ) =

(4)

∑
ωj < ωcutoff

where λj denotes the contribution of mode j to the relaxation
energy, kj the respective force constant, ΔQj the displacement
along the mode j, ℏωj the vibrational energy, and Sj the
Huang−Rhys factor. For a calculation of the contributions λj for
hole (electron) transfer, the deformation of the molecular
structure upon charging the neutral molecule toward the
relaxed cationic (anionic) state is determined and projected
onto the complete set of vibrational eigenvectors of the neutral
molecule. All calculations are performed at a DFT level of
theory (GAUSSIAN03, B3LYP/6-311G(d,p)35). Consequently,
we apply a scaling factor of 0.967 for the frequencies of the
vibrational modes ℏωj, but we conserve the relaxation energies
λj by increasing the Huang−Rhys factors Sj by a factor of
1/0.967.40
The free energy diﬀerence is described by the diﬀerence in
the orbital energies

2λjkBT
(9)

For the propagation, a semi-inﬁnite three-dimensional
molecular lattice is built according to the relaxed crystal
structure since we are interested in the intrinsic charge carrier
mobility in highly ordered Ph2-benz-BODIPY. Correspondingly
during the KMC simulations the molecular positions are kept
ﬁxed. The electronic structure is represented statistically on the
molecular lattice,45,46 i.e. for each hopping event the orbital
energies εj of each neighboring molecule j are taken at random
following a Gaussian distribution according to σdyn. The TIs are
kept ﬁxed during the charge propagation as it was found that
the correlation time is much smaller compared to the average
hopping time.47 Consequently, in eq 1, εij2 is represented by its
time-averaged value
⟨εij 2⟩ = ⟨εij⟩2 + σij 2
6539
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where ⟨εij⟩ is the average value of the TI and σij is the
corresponding standard deviation. Both values are obtained
from the time series of the TIs.

plane because of the odd symmetry of the HOMO with respect
to this plane. Additionally, the HOMO extends more over the
annulated benzene rings compared to the LUMO.
Deformation Patterns for Charged Molecules. Figure 4
shows the deformation of the molecular structure upon

3. ELECTRONIC SYSTEM PARAMETERS
The charge transfer rate kij and, thus, the charge carrier mobility
μ are inﬂuenced by three parameters in eqs 1,5,10:
(1) the reorganization energy λ,
(2) the thermal ﬂuctuation σ of the orbital energy εi
determining the local energetic disorder,
(3) the average absolute values of the TIs εij as well as their
thermal ﬂuctuations determining the width σij of
nonlocal energetic disorder.
A detailed investigation of the intramolecular electronic
structure of the Ph2-benz-BODIPY molecule and accordingly
an analysis of the ﬁrst two parameters are given in section 3.1,
while section 3.2 addresses the intermolecular electronic
properties, i.e., the band structure and the TIs. Section 4
presents the results of the charge transport simulations.
3.1. Local Electronic Structure Properties. For a single
Ph2-benz-BODIPY molecule of the relaxed supercell, the
HOMO energy equals −5.25 eV and is well separated from
the HOMO-1 at −7.17 eV. Similarly, the LUMO energy at
−3.21 eV is well below the LUMO+1 energy at −1.38 eV.
Consequently, as a ﬁrst important result, we can state that only
the frontier MOs play a signiﬁcant role in the conduction
process, i.e. the HOMO for hole transport and the LUMO for
electron transport. In the following, we will focus only on their
energies and on the respective TIs.
Structural Analysis of the Frontier Orbitals. The frontier
orbitals are displayed in Figure 3. Interestingly, we ﬁnd that the

Figure 4. Deformation in the cationic (A) and anionic (B) geometry
of Ph2-benz-BODIPY (open spheres) with respect to the geometry in
the electronic ground state (front and top views). For reasons of
visibility, the deformation is increased by a factor of 20.

charging the neutral molecule toward the relaxed cationic and
anionic state. The strongest deformations are observed at the
substituents (phenyl rings at the 3,5-position), which are
rotated toward a smaller torsional angle with respect to the
molecular plane (Figure 4 lower panels) and shifted away from
the symmetry axis (Figure 4 upper panels). These deformations
are stronger for the anionic state than for the cationic state.
Moreover, strong deformations can also be seen at the
annulated benzene rings. For both the cationic and the anionic
deformation, the annulated rings are rotated in-plane around
the center of mass resulting in a shift toward the symmetry axis
(Figure 4 upper panels). The atoms of the annulated rings are
also moved slightly out-of-plane in the anionic state (Figure 4B
lower panel). In contrast, these atoms are shifted predominantly in-plane for the cationic deformation as shown in the
lower panel of Figure 4A.
Although the torsional deformations at the phenyl rings and
the annulated benzene rings show the largest structural changes
for the transition from the electronic ground state toward the
relaxed cationic and anionic state, they do not dominate the
relaxation energetically. This is especially true in the condensed
phase, when intermolecular interactions tend to disable the
torsional motion of the phenyl rings at the 3,5-position. In
contrast, the small shifts in the geometry of the molecular core
are much more signiﬁcant as will be seen in the further analysis.
In general, the deformations at the central ring and the
pentagons occur consistently to the structure of the frontier
MOs, i.e., the HOMO for the cationic deformation and the
LUMO for the anionic deformation. For the latter case, the
bond lengths are decreased for bonding lobes of the MO, and
for antibonding nodes the bond lengths are increased. A reverse
trend is observed for the cationic deformation.
Internal Reorganization Energy and Huang−Rhys Factors. By using the potential energy surface approach and eq 3 to
calculate the internal reorganization energy, we obtain λ+ = 139
meV for hole transport and λ− = 222 meV for electron
transport. This indicates that according to eq 1 the rate kij for
hole transport might be much larger than the rate for electron
transport.

Figure 3. HOMO (A) and LUMO (B) of Ph2-benz-BODIPY (front
and top views).

HOMO and the LUMO are delocalized over the whole
molecule which potentially leads to a strong intermolecular
coupling and improves the charge transport especially in
amorphous materials as has been reported for BTDF.48 This
strong delocalization is also in analogy to the orbital structures
of popular molecules investigated in the context of OSCs, such
as rubrene, where the contributions to the orbitals at the
attached phenyl rings are relatively low, but signiﬁcantly
improve the TIs.49,50
The structures of the HOMO and the LUMO diﬀer mainly
at the molecular core. The dominant contribution to the
LUMO, which is mirror-symmetric with respect to a vertical
plane, is made by atoms located at the central ring including the
N−B−N-group. In contrast, the coeﬃcients of the HOMO
vanish at the nitrogen atoms contained in the vertical N−B−N
6540
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In order to analyze the contribution of each vibrational mode
to the relaxation processes with the normal mode method, the
presence of Dushinsky rotations in the deformations from the
electronic ground state to the ionic states as shown in Figure 4
has to be corrected. Correspondingly we calculate the Huang−
Rhys factors Sj and the relaxation energies λj for auxiliary ionic
geometries constructed with frozen dihedral angles (see Figure
S2 for information).51 By using these deformation patterns, we
obtain results in good agreement with the approach relying on
the potential energy surface (see Table S1), serving as a
numerical conﬁrmation of the equivalence of both methods.
Analyzing the Huang−Rhys factors depicted in Figure 5A
and given in detail in the Supporting Information in Table S2,
one ﬁnds three main contributions:
(1) Low energy vibrations with frequencies up to about 500
cm−1 (Figure 5A, no. 1), assigned to torsional modes and
out-of-plane bending modes with strong contributions of
the central ring.
(2) Intermediate energy vibrations with frequencies around
1000 cm−1 (Figure 5A, no. 2), consisting of complex
combinations of in-plane B−N, C−C, and C−H bending
modes.
(3) High energy vibrations with frequencies between 1300
and 1600 cm−1 (Figure 5A, no. 3) dominated by in-plane
C−H bending modes and C−C stretching modes.
In agreement with the observations made for the internal
reorganization energy, the electrons couple more strongly to
the vibrational modes than the holes, which is a result of the
larger deformation of the anionic state shown in Figure 4B and
Figure S2B. The structural assignments of the normal modes
with the highest Huang−Rhys factors are given in the
Supporting Information in Table S3. The Huang−Rhys factors
for electron transfer strongly correlate with the motion of the
boron atom on the central ring and, thus, dominant electron−
phonon coupling elements are obtained for low energy
vibrational modes and in-plane bending modes of the central
ring with intermediate energy. This observation agrees with the
localization of the LUMO around the central ring involving the
boron atom, as shown in Figure 3B. In contrast, the size of the
Huang−Rhys factors for hole transfer depends on the
vibrational deformation of the annulated rings and especially
at the phenyl rings (Table S3). Thus, dominant hole-phonon
coupling elements are determined for low energy vibrational
modes as well as high energy C−C stretching and C−H
bending modes. The corresponding relaxation energies are
depicted in Figure 5B.
Chemical Substitution Eﬀect on λ. As several benzannulated aza-BODIPYs with diﬀerent functional groups at the 3,5position have been reported and show promising light
absorption characteristics,10 we want to investigate the
inﬂuence of the functionalization on the reorganization energy
by comparing the results obtained for Ph2-benz-BODIPY with
the ones for H2-benz-BODIPY (Figure S3 in the Supporting
Information). By substituting the phenyl rings at the 3,5position by hydrogen atoms, this molecule represents the case
of frozen side groups. Especially by regarding the deformation
patterns for Ph2-benz-BODIPY displayed in Figure 4, one
would expect a clear decrease in the reorganization energy for
H2-benz-BODIPY with respect to Ph2-benz-BODIPY. However, we obtain a surprising result: while the reorganization
energy for hole transfer λ+ decreases from 139 to 113 meV (as
expected), the reorganization energy for electron transfer λ−

Figure 5. Huang−Rhys factors (A) and relaxation energies (B) of the
electronic ground state of Ph2-benz-BODIPY for electron (anion) and
hole (cation) transfer. The Huang−Rhys factors and the relaxation
energies are obtained based on auxiliary relaxed ionic geometries with
frozen dihedral angles. The mode energies in panels (A) and (B) are
scaled by a factor of 0.967 and the Huang−Rhys factors by 1/0.967.40
Fourier transforms of the time series of the LUMO energy (C) and the
HOMO energy (D) of a molecule in the gas and in the condensed
phase. The arrows indicate normal modes with substantial Huang−
Rhys factors in the gas phase (Figure 5A, Table S3).

increases slightly from 222 to 236 meV (potential energy
surface approach) when replacing the phenyl groups. This
indicates that especially electron transfer can be improved due
to a proper choice of the substituents (H → Ph), while hole
transfer might be impaired due to the functionalization which is
an undesired eﬀect if the material is supposed to be used as the
donor material in OSCs. However, the observation made for
electron transfer is surprising since in investigations of the
inﬂuence of functional groups on the reorganization energy, a
6541
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Figure 6. Illustration of the 13 closest neighbors and deﬁnition of the 9 most important TIs between HOMOs. The neighboring molecules are
colored according to the size of the HOMO−HOMO TIs in the relaxed Ph2-benz-BODIPY crystal. The numbers denote the classiﬁcation of the TI
as used in Table S4. The HOMO−HOMO TIs are anisotropically arranged with one dominant conduction channel (TI3 and TI4) in y direction.

and the electron−phonon coupling (Figure 5A), it seems that
the ﬂuctuations of the HOMO and the LUMO are similarly
aﬀected.
Statistical Analysis of the Frontier Orbital Energies. In
addition to their inﬂuence on the internal reorganization energy
λ, thermal ﬂuctuations of the frontier MO energies also
contribute to the free energy diﬀerence ΔGij as explained in
Sec. 2. First, we analyze the Gaussian distributions of the orbital
energies εi without performing the discussed corrections
introduced by eqs 7 and 8. In the condensed phase, we ﬁnd
εHOMO = (−5.244 ± 0.062) eV and εLUMO = (−3.240 ± 0.072)
eV, showing a higher local energetic disorder for the LUMO
with respect to the HOMO, which is in accordance with our
expectations from the structural and dynamical analysis of the
orbital energies. In the gas phase, we obtain εHOMO = (−5.240
± 0.052) eV and εLUMO = (−3.230 ± 0.064) eV. Consequently,
the crystal ﬁeld yields an increase in the local energetic disorder
in going from gas phase toward the condensed phase that is
similar for both MOs. Nevertheless, this eﬀect is surprising as
one would expect that the crystal ﬁeld is reducing the local
energetic disorder by hindering the molecular dynamics.
When considering these ﬂuctuations for the free energy
diﬀerence ΔGij in eq 1, we have to apply a correction as
discussed in the methodology part. Figure S4 shows the
cond
accumulated standard deviations, σharm (eq 9), σgas
MD, and σMD as
a function of a cutoﬀ frequency ωcutoff. The curves conﬁrm the
assumption formulated in section 2 that ωcutoff can be set to 300
cm−1 at 300 K. On the basis of these data, for the HOMO and
the LUMO, we obtain nearly identical values for σdyn with 33
and 30 meV, respectively. Thereby, the contributions made by
anharmonicities are similar for both MOs, while the
contributions by the crystal ﬁeld are stronger for the HOMO.
3.2. Non-Local Electronic Structure Properties. To gain
more insight into the directional dependence (anisotropy) of
electronic properties, we focus in this section on the electronic
coupling between neighboring molecules. From the analysis of
the TIs and their ﬂuctuations, one can investigate the preferred
conduction directions in the crystalline system, the degree of
nonlocal energetic disorder, and the localization of the charge
carriers. Correspondingly we compare the TIs of the relaxed
supercell with the statistically analyzed TIs obtained from the
simulated MD trajectory at 300 K.

trend toward an increase in the internal reorganization energy
due to the attachment of substituents has been reported.52 On
the other hand, the selective tunability of the transport features
of only one charge species appears as an interesting perspective
on its own.
The change in the reorganization energy for hole transfer
from H2-benz-BODIPY to Ph2-benz-BODIPY can be traced
back to the contributions λj made by the vibrational modes at
the phenyl rings. While the contribution of high energy modes
remains nearly unchanged, an increase of the contributions of
low and especially intermediate energy modes causes an
increase of the total reorganization energy as can be seen by
comparing Figure 5B with Figure S3D. To understand the
decrease of the reorganization energy for electron transfer in
Ph2-benz-BODIPY, one has to compare the deformation
patterns depicted in Figure 4B and in the right panel of Figure
S3B. The deformation of the central ring which is mostly
aﬀecting the electron−phonon coupling elements is more
pronounced for H2-benz-BODIPY than for Ph2-benz-BODIPY.
This results in a large decrease of the contributions by high
energy modes for Ph2-benz-BODIPY, which cannot be
compensated by an increase in the contributions by low and
intermediate energy modes.
Dynamical Analysis of the Frontier Orbital Energies. The
Fourier transforms of the time series of the MO energies
obtained for a molecule in the gas phase and a molecule in the
condensed phase within the simulated supercell are analyzed.
This helps to gain further insight into the coupling of the
frontier MOs to the dynamics of the molecule. The resulting
spectra are displayed in panels C and D of Figure 5. We observe
that the spectra are qualitatively in good agreement with the
results discussed in the previous part, i.e. normal modes with
large Huang−Rhys factors Sj and reorganization energies λj are
also pronounced in the spectra (Figure 5, parts C and D), as
indicated by the arrows.
The comparison between gas phase and condensed phase
can be used to investigate the impact of the crystal ﬁeld on the
coupling of the MOs to the vibrational modes. For both the
HOMO and the LUMO, we ﬁnd a decrease for the
intermolecular vibrational modes below 300 cm−1 and out-ofplane bending modes around 800 cm−1 by switching from the
gas phase to the condensed phase. As these vibrational modes
contribute simultaneously to both the hole-phonon coupling
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Basically, each molecule has 16 close neighbors with ﬁnite
orbital overlap. As the charge transfer rate in eq 1 depends
quadratically on the TI, we only include the TIs with |εij| ≥ 0.5
meV, reducing the number of closest neighbors considered in
the charge transport simulations to 13. Additionally, some
molecular combinations are structurally equivalent for
symmetry reasons, decreasing the number of diﬀerent couplings
to 9 TIs as shown in Figure 6. The full set of TIs of the relaxed
supercell as well as the averaged values for the system simulated
at 300 K are given in Table S4 in the Supporting Information.
Here, we discuss only the most important features.
In Figure 6, the closest neighbors of a given molecule are
displayed and colored according to the absolute value of the
HOMO−HOMO TIs of the relaxed system. These images
reveal a highly anisotropic spatial distribution of the TIs with
one clearly dominant TI (denoted TI3). The pair connected by
TI3 has strong π−π overlap because the extended molecular
cores are ordered almost parallel to each other. In the relaxed
system, TI3 dominates by far with an absolute value of 116
meV. On the opposite side of the central molecule, we deﬁne
TI4 which exhibits an absolute HOMO−HOMO TI of 26
meV, signiﬁcantly smaller than TI3. The steric hindrance
arising from the phenyl rings increases the distance between the
molecules, reducing the orbital overlap accordingly. Both TI3
and TI4 deﬁne a linear conduction channel along the y axis
since all other TIs are signiﬁcantly lower (see Table S4). From
the TIs with larger molecule separation, only TI6 shows an
absolute HOMO−HOMO TI that is larger than 10 meV,
arising from an orbital overlap between the phenyl rings.
By comparing the HOMO−HOMO TIs of the relaxed
system with the corresponding average values obtained at 300
K (Figure S5A−C), we observe a decrease in the dominance of
TI3 (Table S4). Because of the vibrational motion of the
phenyl rings, the high π−π overlap of the molecules is
disturbed, reducing the average value from 116 to 98 meV. In
contrast, the average values of TI4 and TI6 remain almost
unchanged, but their distributions show a higher relative
standard deviation. For the molecules with low TIs in the
relaxed structure, we observe an increased average value by
including thermal eﬀects.
Analogous considerations of the distribution of the LUMO−
LUMO TIs in the relaxed system as well as at 300 K can be
found in Figures S5D to S5I in the Supporting Information.
The results for the LUMO−LUMO TIs are similar, so we
brieﬂy highlight only the main diﬀerences to the HOMO−
HOMO TIs (see Table S4 for details). We observe an
analogous anisotropy, but the most signiﬁcant TIs (TI3, TI4,
and TI6) are almost a factor of 2 smaller than the
corresponding HOMO−HOMO TIs. According to eq 1, this
decreases the electron transfer rate kij by a factor of about 4
with respect to the hole transfer rate. Regarding the ﬂuctuations
of the TIs, the standard deviations of TI3, TI4, and TI6 are
clearly increased with respect to the corresponding standard
deviations obtained for the HOMO−HOMO TIs. This can be
assigned to the relatively strong coupling of the LUMO to the
vibrational modes including deformations of the central ring.
Already from an analysis of the TIs, we observe that
crystalline Ph2-benz-BODIPY tends to be a quasi onedimensional charge transport material with a dominant charge
transfer along the y direction. Without including energetic
disorder eﬀects, the dimensionality of the charge carrier
transport as well as the localization of the charge carriers can
be investigated by analyzing the band structure of the Ph2-benz-

BODIPY crystal. The calculations are performed based on the
relaxed unit cell (CP2K, GTH-PADE/GTH-TZV2P) at a DFT
level of theory (VASP,53−55 LDA56,57). Although LDA tends to
underestimate the band gap as can be seen for the HOMO and
LUMO bands in Figure 7, the widths of the bands are usually

Figure 7. DFT-band structure of the Ph2-benz-BODIPY crystal
showing the HOMO and LUMO bands. The included panels depict
the unit cell the deﬁnition of special points in the Brillouin zone as
well as the path through the Brillouin zone. Corresponding directions
are indicated by the same colors.

considered reliably.58 The results are in good agreement with
the investigations on the TIs in the Ph2-benz-BODIPY crystal.
The strongest band dispersion occurs in the ΓY direction for
both the HOMO and the LUMO bands. This most dispersive
direction in reciprocal space corresponds to the b direction in
real space (y axis), in agreement with the high values obtained
for TI3 and TI4. The band dispersion is also more pronounced
for the HOMO bands than for the LUMO bands, conﬁrming
the larger HOMO−HOMO TIs compared to the LUMO−
LUMO TIs. For the HOMO bands, a signiﬁcant (though
smaller) band dispersion can also be found in the ΓB direction
arising from TI6 indicating quasi one-dimensional charge
carrier transport for both electrons and holes.

4. CHARGE TRANSPORT SIMULATIONS
Electron and hole mobilities are obtained by KMC simulations
as described in section 2. Thereby each single run i deﬁnes an
end position ri⃗ and the respective arrival time ti of a charge
carrier. We project ri⃗ onto a spatial direction according to the
normalized radial vector e(⃗ θ,φ) and average over all KMC runs
i to obtain the spatial angular dependence (spherical angles θ
and φ) of the average moved distance and carrier mobility
according to
μ(θ , φ) =

1
kBT

[ ri ⃗· e (⃗ θ , φ)]2
2ti

i

(11)

Finally, the averaged charge carrier mobility μ is determined by
integrating over all directions θ and φ.
We obtain an average hole mobility μ+ of 0.53 cm2/(V s) and
an average electron mobility μ− of 0.15 cm2/(V s). This result
conﬁrms our expectation of more facile hole transport
formulated on the basis of the electronic structure. We identify
two main factors for the electron−hole asymmetry: the
reorganization energy for electron transfer λ− is larger than
λ+ by more than 50% and the LUMO−LUMO TIs are smaller
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smaller, the number of neighbors is higher, providing more
pathways, which seems to be more important for a robust
electron transfer. Here, 81% of all jumps occur along TI3
(Table S6), which is only slightly smaller than for holes.
Nevertheless, the somewhat better availability of other
transport channels reduces the anisotropy of the electron
mobility signiﬁcantly.

than the HOMO−HOMO TIs by roughly a factor of 2. In
contrast, the standard deviation of the LUMO energy caused by
anharmonicities and the crystal ﬁeld is nearly identical to the
value obtained for the HOMO energy.
The anisotropy of the hole mobility is depicted in Figure 8A
and Figure S6. The distribution of the hole mobility μ(θ,φ)

5. DISCUSSION
In this discussion, we address mainly two points. In the ﬁrst
part, we use our results to discuss qualitative aspects of charge
transport of Ph2-benz-BODIPY in the amorphous phase. In the
second part, the applicability of the semiclassical Marcus theory
for charge transport investigations in a highly ordered Ph2benz-BODIPY system is discussed.
5.1. Charge Transfer in the Amorphous Phase. In the
solar cells using Ph2-benz-BODIPY as the donor material, this
material has formed amorphous structures.5,15 Although the
main aim of our studies is the simulation of charge transport in
highly ordered Ph2-benz-BODIPY systems, it is therefore
interesting to relate our ﬁndings to the conduction in the
amorphous phase. The analysis of the contributions of the
normal modes to the internal reorganization energy is based on
gas phase simulations that are largely valid independently from
the system morphology. Here, we ﬁnd that the reorganization
energy is much larger for electrons than for holes. Moreover,
the intermolecular coupling between the HOMOs of
neighboring molecules in the crystal phase is overall higher
than between the LUMOs. In the amorphous phase, where
only short-range order survives, it can be expected that this
trend is robust because the HOMO has stronger contributions
than the LUMO both at the phenyl rings and the annulated
rings, increasing the probability for a substantial orbital overlap.
Consequently, we expect that in amorphous Ph2-benzBODIPY, the hole mobility remains larger than the electron
mobility. However, due to the impact of static disorder, both
mobilities should reduce signiﬁcantly compared to the ones
obtained for highly ordered systems.5 Unfortunately, there is
very little experimental information about the type of disorder,
its strength or other characteristics available for this material
class. However, in the Supporting Information, a discussion of
the impact of weak static disorder following the Anderson
disorder model is addressed.60−63 Such uncorrelated disorder
mimics defects and impurities as a ﬁrst approximation and gives
a ﬁrst impression of the eﬀect of disorder on the charge carrier
mobility. Additionally, an isotropic charge transport is expected
for the amorphous phase and, thus, bottleneck eﬀects as
observed in the crystal should be reduced.
5.2. Applicability of Marcus Theory. As we observed a
dominant hole conduction, the following discussion is only
presented for the case of hole transport, but it applies equally
for electrons.
The largest HOMO−HOMO TI (TI3) shows an absolute
value of 116 meV in the relaxed system. As all other TIs are
signiﬁcantly smaller (the second largest value is 26 meV (TI4)
being much smaller than λ+ = 139 meV), 86% of all hopping
events occur between the pair of molecules (dimer) deﬁning
TI3, limiting the hole mobility signiﬁcantly. This can be
understood in terms of bottleneck eﬀects which seem to be
even stronger than in other one-dimensional charge transport
materials.59 Consequently, we can assume that the charge
carrier is highly localized at the molecular dimers, and the
reactants of the charge transfer reaction in the Marcus picture

Figure 8. Distribution of the hole (A) and electron mobility (B) of
Ph2-benz-BODIPY in space.

resembles a pea-pod-like spheroid along the y axis (Figure 8B),
where we also obtained the largest TIs (TI3, TI4).
Notwithstanding, the hole mobility is surprisingly low given
the strong intermolecular couplings. The reason is the
asymmetric one-dimensional character of the conduction
channels, where 86% of all jumps occur along TI3 (Table
S5); i.e., holes move mainly forth and back between the
molecules. This indicates that due to the anisotropy of the
crystalline structure, the charge carrier is mostly localized on
two adjacent molecules connected by the largest TI.
Correspondingly we ﬁnd that this large TI is not signiﬁcantly
contributing to the net transport. Such bottleneck eﬀects have
been reported for one-dimensional molecular systems59 and
molecular systems with static disorder.24 We can conclude that
in real devices hole transport in Ph2-benz-BODIPY might be
more susceptible to defects due to the one-dimensional
character.
The anisotropy of the electron mobility is shown in Figure
8B. In contrast to holes, the simulation gives an oblate spheroid
approximately oriented in the yz plane. Surprisingly, the highest
electron mobilities occur roughly in z direction followed by
somewhat lower values along the y axis. Although the highest
TIs are observed in y direction, the molecule has only 2
neighbors to which the charge carrier can hop. In the other
spatial directions, even though the TIs remain signiﬁcantly
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might be better represented by these dimers. Also, the resulting
average hole mobility of 0.53 cm2/(V s) remains far below
values that have been proposed for hopping transport in model
crystals at room temperature even with signiﬁcant static
disorder.63 All these arguments suggest dominant hopping
transport of a highly localized charge carrier in Ph2-benzBODIPY crystals at room temperature and the applicability of
semiclassical Marcus theory for charge transfer simulations.
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6. CONCLUSIONS
On the basis of an extensive investigation of the electronic
structure, its ﬂuctuations, and the charge transport of a highly
ordered defect-free Ph2-benz-BODIPY system, we provide
insight in the complex interplay between molecular structure,
crystal morphology, and their impact on charge transport
considering in detail the anisotropy of the charge carrier
mobility and the diﬀerence between electron and hole
transport.
For electron transport, we ﬁnd that the LUMO couples
predominantly to vibrational modes with low and intermediate
energy including the central ring. These modes cause an
internal reorganization energy for electron transfer λ− that is
more than 50% larger compared to λ+. The substitution of the
hydrogen atoms at the 3,5-position by phenyl rings slightly
decreases the value of λ−. We observe mainly two-dimensional
electron transport along the crystal direction with the highest
number of nearest neighbors with an average electron mobility
of 0.15 cm2/(V s). The corresponding TIs arise from orbital
overlap between the phenyl rings and the annulated rings. In
summary, we predict that the attachment of the phenyl rings
improves the electron transport of Ph2-benz-BODIPY.
In contrast, the HOMO couples mainly to vibrational modes
with strong contributions on both the annulated rings and the
phenyl rings. These modes occur mostly at intermediate and
high energy. Because of the signiﬁcant coupling of the HOMO
to vibrational modes involving the phenyl rings and an increase
in the internal reorganization energy due to the attachment of
the substituents at the 3,5-position, we expect that the
functionalization is impairing the hole transfer, which is an
unintended feature if the material is used as the donor material
in a photovoltaic device. However, we obtain a hole mobility of
0.53 cm2/(V s) that clearly exceeds the value obtained for
electron transport due to a HOMO−HOMO overlap that is
overall better than the LUMO−LUMO overlap and a
signiﬁcantly smaller internal reorganization energy.
In general, we observe that at 300 K the charge transport in
the system investigated is strongly limited by the anisotropic
crystal structure and bottleneck eﬀects, and thus can be
characterized by hopping transport between localized states on
molecular dimers. The phenyl functionalization responsible for
the speciﬁc arrangement in the crystal structure might not be an
optimal choice regarding transport since in electronic devices
materials with dominant one-dimensional conduction channels
exhibit strongly defect-limited charge transport. As other
benzannulated aza-BODIPYs show diﬀerent crystal structures,10,11 it would be interesting to study in more detail the
inﬂuence of molecular core functionalization on crystal
morphology and the resulting transport anisotropy.
In summary, our investigations can be considered as a
starting point for an in silico materials design for the class of
BODIPY molecules. They will assist in the search for more
appropriate NIR absorber materials for OSCs to further
improve their eﬃciency.
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