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9.1 Introduction
Conjugated polymers and cyclic p-systems have been studied for almost a
decade in order to develop various optoelectronic devices, such as lightemitting diodes, field eﬀect transistors, optically pumped lasers, and organic
solar cells. Progress in the field has been remarkable, with the recently
announced 12% eﬃcient organic solar cells and light emitting diodes
(OLEDs), having already entered the market of flat panel displays and
lighting applications. Despite these advancements, there is still a lack of
understanding of the fundamental processes taking place in the active layers
of such devices, hindering further development. This is, however, hardly
surprising considering the complexity of the processes involved, where one
needs to have a thorough understanding of a system’s behavior on multiple
time- and length-scales.
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Figure 9.1
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(a) Basic mechanisms of a solar cell function: exciton creation, diﬀusion,
dissociation at the donor–acceptor interface; charge separation and
diﬀusion towards the electrodes. (b) Morphology with a large surface/
volume ratio and eﬃcient charge separation. (c) Morphology with eﬃcient charge transport towards electrodes in addition to eﬃcient charge
separation.

In an organic solar cell, for example, light absorption leads to the
generation of excited, strongly-bound electron–hole pairs (excitons)
(Figure 9.1a). To achieve substantial energy conversion eﬃciencies, these
need to be dissociated into free charge carriers with a high yield. Free charge
carriers, in turn, should be able to diﬀuse towards the electrodes such that
they can be injected into an external circuit. Hence, to increase the eﬃciency
of a solar cell, one should reduce the bandgap of the absorbing molecule
(e.g. by using the donor–acceptor molecular architecture), engineer the level
alignment at the heterojunction to have eﬃcient splitting of Frenkel excitons
into charge transfer states, and increase the charge mobility in the mesophases to reduce the non-geminate recombination. All of these processes are
sensitive to the morphology of the blend (examples shown in Figure 9.1b,c).
Similarly, in a phosphorescent OLED, electrons and holes are injected into
the transport layers via the electrodes, which ensures their balanced delivery
to the emission layer (EML). To allow for triplet-harvesting, the EML consists
of an organic semiconductor (host) doped by an organo-metallic emitter
(guest). Excitation of the emitter can be achieved either by an energy transfer
process, i.e. by the formation of an exciton on a host molecule and a subsequent energy transfer to the dopant, or by a direct charge transfer process.
In the latter case, one of the charge carriers is trapped on the emitter and
attracts a charge of the opposite sign, forming a neutral exciton on-site. This
is argued to lead to more eﬃcient OLEDs as compared to cases where
excitation occurs by energy transfer. The goal is therefore to achieve a
suﬃciently fast charge/energy transport dynamics within the EML, while
taking into account the interplay between the molecular electronic structure,
the morphological order, and the relative alignment of the transport/excited
state energy levels of the host and the guest.
Thus, it seems that a roadmap for the computer-based optimization of
organic semiconductors is well-defined: One needs to predict the material’s
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morphology, calculate the energetic landscape for elementary excitations
(i.e. charges and excitons), evaluate rates of various processes (i.e. charge/
exciton transfer, geminate/non-geminate recombination), solve the timedependent master equation, and analyze distributions of currents and
occupation probabilities to extract/optimize measurable properties such as
open-circuit voltage, short circuit current for solar cells, and color, eﬃciency,
and lifetime for OLEDs. This would comprise a solution to the so-called
‘‘forward’’ (structure to property) problem. Repeating this procedure for a set
of computer-generated compounds, these could then be pre-screened prior
to their actual synthesis. One might even imagine the possibility of inverting
the structure–property relationships by using machine-learning techniques
and appropriate molecular descriptors.
In reality, however, the computer design of organic semiconductors has
yet to reach this level of competence. In most cases, direct synthesis and
characterization of a particular compound is still faster, easier and in most
cases more reliable than computer-based predictions of its properties. The
question is – Why? There are, in fact, several reasons for this. First of all,
solving the forward problem is a non-trivial, interdisciplinary task
(Figure 9.2), which requires the combined knowledge of quantum chemistry
(molecular electronic structure, couplings, rates), statistical physics (selfassembly, drift-diﬀusion dynamics, optics), and engineering (device geometry, light in- and out-coupling).
Second, it is also a multiscale problem: On a molecular scale, every
molecule has its own unique environment created by its neighbors with local

Figure 9.2

Multiscale nature of processes in organic materials. (a)–(c) Properties of
isolated molecules used for accurate descriptions of electrostatic and
polarization eﬀects. (d) Simulations of large-scale atomistic morphologies using coarse-grained and force-field based models. Eﬃcient solvers
for the master equation with configuration-dependent rates. (e) Accurate
parameterization of macroscopic descriptions.
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electric fields leading to level shifts, broadening, and spatial correlations of
charge/exciton energies. On a mesoscopic scale, the size of phase-separated
domains of the donor and acceptor governs the eﬃciency of exciton splitting
and charge percolation in a solar cell; the connectivity of the guest molecules
in a host matrix determines the eﬃciency with which charges are delivered
to the phosphorescent guest. In addition, on a macroscopic scale, light
in–out-coupling needs to be accounted for to maximize absorption and
emission. Likewise, the typical time scales of dynamic processes such as
charge and energy transfer span several orders of magnitude. Hence, charge/
exciton kinetics cannot be treated via numerical methods with a fixed time
step, but rate-based descriptions must be employed instead.
Finally, to be predictive, the methods need to be quantitative. That is, not
only each particular method is required to provide accurate values for the
quantities of interest but the entire procedure of ‘‘bottom-up scaling’’ from
the micro- to the macroscopic world should be robust. To illustrate this, let
us focus on exciton and charge transport in a solar cell. Here, the energetic
landscape is crucial for the excitation mobility. The main contributions to
this landscape are from the (long-range) electrostatic interactions between
the charged molecule and its environment, as well as excitation stabilization
due to the polarization of its surroundings. To describe long-range interactions, cutoﬀs as large as 5–10 nm are required to accurately predict site
energies. Systems of these sizes simply cannot be treated using first
principles and an adequate classical representation needs to be employed.
For excited states (e.g. Frenkel excitons), classical treatments alone are
infeasible and QM/MM techniques are required. With the site energies at
hand, one can evaluate the rates, which in general exponentially depend on
site energy diﬀerences. This implies that all errors made when evaluating the
energetic landscape will propagate into, for example, the charge mobility,
exponentially. Therefore, an error propagation assessment at every level of
parameter transfer is essential.
To this end, three distinct directions of modeling organic semiconductors
have been pursued. At the most coarse level, continuum drift-diﬀusion
equations have been employed to interpret experimental data, e.g. current–
voltage characteristics.1–3 This type of modeling is based on generic physical
principles: only a few material-specific parameters, such as dielectric
constants, charge carrier and exciton mobilities, diﬀusion constants, and
creation/recombination rates, enter the equations. The continuum approach
helps to analyze and optimize complex multilayered devices, but it by no
means is limited to the device-engineering tasks. It can also be used to
establish universal relationships between device parameters, for example the
relation between the open-circuit voltage of a solar cell, the diﬀerence
between the electron aﬃnity and ionization potential of the acceptor and the
donor materials, and the value of the short circuit current.4,5
The use of the continuum approach would not be possible without prior
knowledge of charge/exciton diﬀusion constants, mobilities, injection
barriers, etc. In organic semiconductors, these quantities have a non-trivial
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dependence on the external field, the charge density, as well as the
material’s parameters. The generic expressions of these dependencies are
often obtained by employing mesoscale-level descriptions. At the mesoscale,
the electronic properties of single molecules and molecular pairs are coarsegrained into a few essential parameters, such as the hop attempt frequency,
the hopping range, and the distributions and spatial correlations of the site
energies. The morphological details are also ignored and regular lattices,
potentially with a positional disorder, are used. The Gaussian-disorder
family of models6–12 has been particularly successful in providing analytical
forms of these dependencies, helping to unveil the role of spatial correlations of the site energies on the field dependence of the charge mobility, as
well as providing a unified description for mobility versus charge-carrier
density for high and medium charge densities, achieved either in a fieldeﬀect transistor or a diode measurement.13
By construction, mesoscale models do not provide a direct link to the
underlying chemical structure or material morphology. Moreover, model
parameters must be extracted from experimental data, making material
design and compound pre-screening virtually impossible. To remedy the
situation, microscopic descriptions attempt to incorporate the molecular
electronic structure and material’s morphology into the charge/exciton
transport models. A missing link between the micro- and mesoscales is
normally introduced by employing more realistic charge/exciton transfer
theories and by parameterizing the corresponding rates using first-principles
calculations. This parametrization has to combine atomistic-level details of
the material morphology with the information about the molecular electronic
structure, and include accurate predictions of electrostatic and induction
energies. Last but not least, eﬃcient oﬀ-lattice master equation solvers with
explicit Coulomb interactions must be used to study transport dynamics.
The aforementioned tasks are both computationally and methodologically
challenging but definitely worth pursuing, as they help to establish the
missing links between chemical structure, processing conditions, and the
relevant macroscopic quantities of a device, e.g. open-circuit voltage in a
solar cell or charge carrier distribution in an organic light emitting diode.
Such links, or structure–property-processing relationships, help us to design
new chemicals, optimize their processing, and enable compound prescreening prior to their actual synthesis.
In what follows, we review the latest developments in microscale modeling
of organic materials. This includes predictions of morphologies at an atomic
level of detail (Section 9.2), charge/exciton transfer theories (Section 9.3.2),
evaluation of electronic coupling elements (Section 9.3.3), site energies
(Section 9.3.5), as well as methods required to solve the oﬀ-lattice master
equation. Since the computational cost of microscopic approaches sets
limits to accessible system sizes, special attention is paid to artifacts arising
due to finite-size eﬀects (Section 9.4), the truncation of long-range interactions (Section 9.6), and stochastic models which bridge the gap between
the microscopic and mesoscopic worlds (Section 9.5).
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9.2 Morphology Simulations
Let us first address the subject of the morphology. Molecular ordering in an
organic semiconducting film can vary from completely amorphous to highly
crystalline. The degree of ordering is often tunable by varying the chemical
structure or processing conditions. In organic light emitting diodes, for
example, where well-controlled homogeneous morphologies are required
and high charge carrier mobilities are not essential, amorphous solids are
used. As high charge carrier mobilities are needed in field eﬀect transistors,
single crystals or highly ordered polycrystalline films are employed. Similarly, in solar cells, high charge carrier mobilities in the donor and acceptor
are required for eﬃcient charge extraction. Excessive crystallinity can,
however, be detrimental for the formation of a phase-separated morphology
in a bulk heterojunction cell. In many cases, even ‘‘highly crystalline’’
organic semiconductors are only partially ordered in the active layer of a
device. The morphological disorder can occur on diﬀerent length scales,
from local defects and grain boundaries to mixed amorphous/crystalline
islands. Such morphological disorder can lead to energetic disorder (energetic traps) and large variations of electronic couplings (topological traps),
hampering the transport of mobile charge carriers. To account for such effects, realistic models of molecular ordering must be capable of predicting
the degree of molecular ordering, including the trap concentration. This is
certainly one of the main challenges when it comes to modeling of
morphologies at an atomistic level of detail. Another challenge is the
supramolecular assembly of organic semiconductors: local molecular
ordering coexists with large-scale heterogeneities, both equally important for
eﬃcient functionality. Thus, multiscale simulation techniques should be
developed, capable of covering both length-scales, from ångströms to
micrometers, as well as time-scales from femtoseconds to hours.
The theoretical and computational toolbox currently used to study selfassembling properties of organic materials is very versatile: On the highest
level of resolution, it includes accurate quantum chemical calculations
capable of predicting properties of isolated molecules. Less computationally
demanding density functional methods can deal with much larger molecules and oligomers, including side chains, and are often used to compare
ground state energies of experimentally proposed arrangements of atoms in
a unit cell. To assess crystalline packing modes at ambient conditions and
during annealing, as well as to study amorphous melts and longer chain
lengths, classical force-fields are parametrized. To access even longer lengthand time-scales (i.e. micrometers and microseconds) coarse-grained models
are developed. The ultimate goal of these simulations is to self-assemble the
compound in silico, i.e. to predict its polymorphs as well as the degree of
disorder in the kinetically trapped molecular arrangements. The honest
assessment, however, is that we are fairly far from achieving this goal. The
main obstacles are the insuﬃcient accuracy of the methods employed at
a specific level of resolution, the long simulation times required to study
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self-assembly, and the uncontrolled error propagation from one level to
another, e.g. when parameterizing force-fields based on quantum chemical
calculations or when developing coarse-grained models using force-fieldgenerated reference data. In what follows, we summarize the available
simulation techniques and point out which properties of single molecules
and of molecular arrangements they are capable of providing.

9.2.1

First-Principles Calculations

Computationally demanding first principles calculations are mostly used to
gain insight into the electronic structure, the ground state geometry of
isolated molecules, and the properties of neutral periodic crystalline
molecular arrangements. These calculations can, to some extent, serve as a
guide for a qualitative understanding of properties of molecular assemblies.
In the general case, however, processes in organic materials are extremely
sensitive to the local molecular environment, the degree of long-range
ordering, and the presence of defects and disorder. The results of first
principles calculations should therefore be complemented by the environmental contributions. For computational eﬃciency, the latter are normally
accounted for perturbatively, using classical force-fields. The parameters of
these force-fields, e.g. distributed multipoles and polarizabilities, bonded
and non-bonded interaction potentials, can also be obtained from first
principles.14–18
However, first principles methods cannot be routinely applied in all cases,
even for isolated organic molecules. A typical example here is the conjugated
polymers (oligomers),19–25 where the extended p-conjugation flattens the
backbone, whereas the non-bonded interactions between consecutive repeat
units (steric repulsions, Coulomb, and van der Waals interactions) often
tend to distort the planarity. Typical energy diﬀerences between planar and
non-planar conformations are of the order of 10 meV, which is the accuracy
threshold of density functional methods. Hence, one is forced to use more
accurate but computationally demanding quantum-chemical methods,19
especially when parametrizing bonded interactions. At the same time, in
conjugated polymers, the ground-state torsional angle between repeat units
depends on the oligomer length and torsional potentials can be correlated
up to a few nearest-neighbors.25,26 This makes geometry predictions a
formidable task, even for the case of isolated oligomers.
Another niche of research where first principles methods are employed is
in studies of crystalline molecular arrangements. Here, density functional
theory has been used to establish whether experimentally reported crystal
structures correspond to well-defined energy minima.23,27–29 Since the van
der Waals interaction provides one of the major contributions to the
cohesive energy of a crystal, density-functional approaches have to be
complemented by either ad hoc terms30,31 or using semi-classical approaches.16,32,33 Similar to the situation with a single isolated chain, typical
energy diﬀerences between diverse packing motives are of the order of
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10 meV per unit cell and, hence, theoretical methods are at their accuracy
limits, making it diﬃcult to rank the diﬀerent molecular arrangements.
Note, that unit-cell optimizations and free energy estimates are often
performed at 0 K, and so entropic eﬀects are ignored.
Apart from force-field parameterizations, formation energies, and
densities of states of crystalline arrangements, first principles methods can
also be used to evaluate some of the ingredients of charge and exciton
transfer rates and, in general, to study chemical reactions occurring upon
the oxidation, reduction, and excitation of organic molecules. Representative
examples are evaluations of electronic coupling elements between diabatic
states (discussed in more detail in Section 9.3.3), reorganization energies
(Section 9.3.4), and electron aﬃnities and ionization potentials of isolated
molecules. They are also imperative for identifying localized states in
polymeric systems, where both strong and weak electronic couplings coexist
in the same molecule and simple criteria for conjugation segments cannot
be identified (Section 9.3.1). Finally, first principles methods can be used to
parametrize model Hamiltonians, which are solved when charge transfer
and nuclear dynamics occur on a similar timescale, or when nuclear
dynamics are not harmonic and the analytical expression for the transfer
rate is not available.34–39 These approaches are discussed in more detail in
the contribution of Ortmann, Radke, and Cuniberti in this book (Chapter 8).

9.2.2

Atomistic Models

To study larger systems and longer time-scales, various types of force fields
are developed. These integrate out electronic degrees of freedom and operate
with the (many-body) interaction potential between nuclei. The potential is
used to propagate classical equations of motion, sample the phase space of
the system in a specified ensemble, and evaluate averages of macroscopic
observables. The basis functions used to represent the potential energy
surface are often chosen according to chemical intuition and split into
bonded (bonds, angles, torsions) and non-bonded (van der Waals, Coulomb)
contributions, for which simple analytical expressions or tabulated functions can be used. A detailed overview of this classical approach can be
found in several original works as well as textbooks.16,40–42
For the sake of computational eﬃciency, induction eﬀects (molecular
polarizabilities) are implicitly incorporated by adjusting partial charges and
van der Waals interactions. Parametrizations of eﬀective charges and Lennard-Jones parameters require experimental input such as transition temperatures, density, and other thermodynamic properties, and are often
performed for a specific state point and a mesophase. Transferability to
other compounds (e.g. from biological systems to organic semiconductors) is
not guaranteed. The most common re-parametrization includes the adjustment of the equilibrium values for bond lengths and angles, the fitting
torsional potentials to ab initio calculations, and the reparametrization of
partial charges using the electrostatic potential fits of an isolated molecule.
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A representative example is the gradual refinement of the P3HT force-field,
where parameters of an existing force-field have first been refined in order to
reproduce the torsional potential between thiophene units and electrostatic
potential around an isolated oligomer43,44 and, subsequently, to account for
the change in the backbone potential with increasing oligomer
length.20,22,24,44–46
A more computationally demanding, polarizable force-field incorporates
induction eﬀects via distributed polarizabilities and includes higher multipoles in the description of electrostatics. As such, it rigorously accounts (in a
perturbative way) for electrostatic, induction,14 and van der Waals16 interactions on the same footing. Since all parameterizations can be performed
from first principles, it is the only method that can be used for systematic
pre-screening of new compounds. In large systems, however, the evaluation
of induced dipoles requires a self-consistent solution of coupled non-linear
equations, which is computationally demanding. Thus, in practice, such
large-scale morphologies are simulated using standard (or adjusted) forcefields while site energies required for the evaluation of rates are computed
using polarizable force-fields.47–49
Three typical examples of employing classical force-field simulations to
analyze or even predict molecular alignment of organic semiconductors are
shown in Figure 9.3: Figure 9.3(a) depicts lamellar arrangement of the
conjugated polymer, regioregular P3HT,44,50 obtained by equilibrating the
experimentally known crystal structure of the P3HT polymorph I. Notably,
even with these, classical descriptions, only highly crystalline morphologies
and high-temperature amorphous melts can be studied. Figure 9.3(b) shows
the vacuum-deposited layer of a small-molecule organic dye (DCV5T) on top
of crystalline C60, which assembles into a glassy phase with nematic ordering. Finally, Figure 9.3(c) shows an amorphous host/guest system generated
by thermal annealing of a binary mixture of two organic compounds used in
the active layer of an OLED.51,52

Figure 9.3

(a) Lamellar molecular arrangement of regioregular P3HT; (b) bulk
heterojunction solar cell (C60 : DCV5T) simulated by depositing single
molecules of C60 and DCV5T on top of a C60 crystal; (c) amorphous host–
guest system of an active layer of an OLED.
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Coarse-Grained Models

In many cases, not only local but also large-scale material ordering is essential for a functional device. Single grains in field-eﬀect transistors or
domain sizes of the donor and acceptor materials in a solar cell can, for
example, be as large as several hundreds of nanometers. At the same time,
the time-scales involved in some of the stages of material processing (solvent
evaporation, annealing) can range anywhere from seconds up to hours. Such
length- and time-scales cannot feasibly be reached by atomistic molecular
dynamics simulations. One can, however, explore the fact that certain parts
of the system evolve on much slower times and larger length-scales (e.g. a
thiophene ring rotation in a polythiophene occurs on a much slower timescale than a characteristic bond vibration). One can therefore combine
several coherently moving atoms, connected via fast degrees of freedom (e.g.
bonds), into a single interaction site. By doing this, we reduce the number of
degrees of freedom to be propagated and, more importantly, obtain a much
smoother potential energy landscape in terms of the coarse-grained degrees
of freedom (softer interaction potentials, less friction), allowing one to
simulate ten to hundred longer times and system sizes.
The coarse-graining procedure in itself involves three steps: choice of the
coarse-grained degrees of freedom, identification of a merit function (norm),
which quantifies the diﬀerence between the fine- and coarse-grained representations, and determination of the coarse-grained potential energy
surface (PES). The entire procedure can be thought of as a projection of the
fine- onto the coarse-grained PES and is therefore sensitive to the number
and types of basis-functions employed in the CG representation. In practice,
these are limited by the functional forms included in the coarse-grained
force field, which usually exclude many-body contributions. To perform
correct statistical sampling of the coarse-grained degrees of freedom, the
potential of mean force should be used as their interaction potential,54
which is inherently a many-body potential. The accuracy of the coarsegrained model thus becomes sensitive to the way the projection is performed
as well as the number of basis functions that are used to represent
the coarse-grained force-field.55 Existing projection schemes either try
reproducing various pair distribution functions (structure-based coarsegraining56–59), matching the forces,54,60,61 minimizing the information loss
in terms of relative entropy,62 or using liquid state theory.63 An extensive
overview of such coarse-graining techniques is provided in ref. 64.
In the field of organic semiconductors, one of the most challenging tasks
is to quantify the self-organizing abilities of a material solely based on its
chemical structure. Relevant self-assembled structures in this field are
lamellar arrangements of conjugated polymers, partially crystalline phases
of a small-molecule donor/acceptor material, or molecular alignments at the
interface between the organic layers. Since these require systems on the
order of (hundreds of) thousands of molecules, various coarse-grained
models have been developed.65–69
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A typical example of a coarse-grained model is the three-site model
developed for P3HT. Here, the P3HT monomers are coarse-grained into
three interaction sites placed at the center-of-mass of each of the thiophene
rings and on every three methyl groups of the hexyl side-chain. This model is
capable of reproducing the lamellar molecular arrangements of P3HT, as
well as the phase separation observed in P3HT/PCBM blends.68,70
Often, the accuracy of the coarse-grained model can be improved by
explicitly incorporating information about macroscopic properties of the
system, i.e. its equation of state or the symmetry of its mesophase.71,72
Moreover, one can further reduce the number of degrees of freedom by
introducing anisotropic interaction potentials. An example of such a model
with soft interaction potentials is shown in Figure 9.4. Here, all of the nonbonded interactions are chosen such that the system has a desired phase
behavior (biaxial nematic to nematic to isotropic phase transition) while all of
the torsion and dihedral angle distributions reproduce those of the underlying isolated atomistic chain in y-solvent conditions.53 Using this model,
one can equilibrate systems as large as 505050 nm3, containing 5105
chains with 32 monomers per chain. The model predicts reasonable values
for the persistence length and Frank elastic constants and also provides some
insight into how the collective orientation of backbones aﬀects the energetic
landscape for drift-diﬀusion of charges, which turns out to be spatially correlated even without taking long-range Coulomb interactions into account.
Finally, the most coarse models for morphology simulations employ
field-theoretical descriptions, e.g. the self-consistent field theory method
with the Flory–Huggins Cahn–Hillard functional. The bulk heterojunction
morphologies,73–77 generated by this method, can be used as input for either
a self-consistent solution of the continuity-transport equations for electrons,
holes, and excitons in conjunction with Poisson’s equation73,76–79 or they
can be coupled to a suitable kinetic Monte Carlo algorithm.74,75,80
These approaches help us to study the eﬀect of boundary conditions on

Figure 9.4

(a) Atomistic and coarse-grained representation of a P3HT side chain.
(b) Biaxial nematic alignment in a melt of P3HT chains. (c) Spatiallycorrelated distribution of conjugation segments, leading to a correlated
energetic landscape.
Adapted with permission from ref. 53. Copyright (2013) American
Chemical Society.
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self-assembly and orientation of lamellar phases, as well as the influence of
the degree of phase separation and ordering on the photovoltaic device
characteristics.

9.3 Charge Transport
We will now discuss the simulation techniques used to assess semiconducting properties of organic materials, in particular the charge carrier
mobility. Since a first-principles-based analysis of non-equilibrium electron
transport in these materials is computationally infeasible, one has to decide
upon an appropriate model for charge transport, or a model Hamiltonian.
For perfectly ordered crystalline organic semiconductors, the Drude model
based on band theory is often used, where the charge mobility is determined
from the mean relaxation time of the band states and the eﬀective mass of
the charge carrier.81–83 Such band-based models can be further extended to
account for electron–phonon coupling.34,39,84 At ambient conditions, however, the thermal fluctuations of the non-local electron–phonon coupling or
the transfer integral can become of the same order of magnitude as its
average value, such that charge transport becomes diﬀusion-limited by
thermal disorder. The corresponding description (semiclassical dynamics)
can be achieved by using a Hamiltonian with interacting electronic and
nuclear degrees of freedom.38 If the nuclear dynamics are much slower than
the dynamics of the charge carrier while the electronic coupling is weak, a
Hamiltonian with a static disorder is assumed with an electronic density of
localized states and hopping rates between them. The latter approach is
often used to study amorphous and partially ordered small-molecule-based
organic semiconductors. Hopping rates can be postulated empirically as in
the Gaussian disorder models8 or evaluated from quantum-chemical
calculations and combined with various charge transfer theories as
discussed in Section 9.3.2.
The appropriate description for a particular material model is often
predetermined by experiment. For example, an increase in the mobility with
rising temperature is often interpreted as a sign of temperature-activated
hopping transport, with localized charges (charged states) and thermally
activated (sometimes tunneling-assisted) charge transfer reactions. Charge
localization allows one to cast charge transport as a series of charge transfer
reactions. If the charge transfer rates of these reactions are known, the
resulting master equation for the occupation probabilities of localized states
can be used to study charge dynamics in the system. The solution to the
master equation provides information about the charge distribution and
currents, and eventually the mobility, all as a function of temperature,
the external field, the charge density, and, importantly, the underlying
morphology. In what follows, we first introduce the quantities necessary for
describing charge transfer reactions, then discuss the simulation techniques
required for their evaluation, and finally illustrate how to solve the master
equation to obtain the charge carrier mobility.
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Diabatic States

The first-principles description of a charge transfer, or an oxidation–
reduction reaction, of type AB - AB can be obtained by analyzing
solutions to the Schrödinger equation with a dimer Hamiltonian:
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where the nuclei of a dimer AB with charges ZIe and masses MI are located at
positions RI and electronic coordinates are denoted as ri. A practical way of
solving this equation is to introduce the Born–Oppenheimer approximation,
which assumes that electronic motion in a specific state of a system occurs
on significantly faster time-scales than the motion of the nuclei. This allows
one to separate the electronic and nuclear degrees of freedom and to solve
the electronic Hamiltonian, assuming a parametric dependence on the
nuclear degrees of freedom. The solution of-the
electronic Hamiltonian, that
is, a set of orthogonal adiabatic states fv(r ; R), can be used to expand the
molecular wavefunction:
X
c(~
r; ~
R) ¼
wv (~
R)jv (~
r; ~
R)
(9:2)
v

After substituting this expansion into the Schrödinger equation, we obtain a
set of coupled equations for wv(R). The (non-adiabatic) coupling between the
adiabatic states, which is mediated by the nuclear kinetic energy operator, is
referred to as dynamic coupling. Its calculation requires knowledge of the first
and second derivatives of the electronic wavefunction. In addition, the
electronic wavefunction can change rapidly during the charge transfer reaction, implying that this coupling can be singular within a narrow range of
nuclear configuration space, leading to numerical complications. To summarize, adiabatic functions are useful as long as non-adiabatic couplings
can be neglected, i.e. when charge transfer occurs within a single electronic
state driven by a slow nuclear reaction coordinate.
In practice, it is, however, convenient to use diabatic basis functions jv,
which are eigenstates of the electronic Hamiltonian, evaluated at some fixed
nuclear configuration R0. Expanding the wavefunction in this basis, we again
obtain a set of coupled linear equations but now the couplings are not
mediated by the non-adiabaticity operator. This is because diabatic basis
functions do not depend on R but are shifted from the kinetic to the
potential energy operator. In general, any complete basis set that solves the
stationary Schrödinger equation and yields negligible small matrix elements
of the nonadibaticity operator can be used. An example of this is a so-called
‘‘frozen-core’’ approximation, where the diabatic states of a dimer are
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constructed from the frontier orbitals of (neutral) isolated monomers85–88
and it is assumed that the reduction/oxidation of a monomer does not alter
the rest of the orbitals. Another option is to use the constrained densityfunctional theory, where a density constraint is applied, forcing the charge to
localize on the individual monomers of the dimer.89 Note that more
computationally demanding approaches have also been proposed.90–101
Determining the diabatic states in polymeric systems is another important
area of computational studies that deserves special attention. Indeed, in the
case of small molecules or relatively short oligomers, one can often assume
that the charge is localized on the entire molecule. In polymers, however, it
has been proposed that the charge localizes on molecular (conjugated) segments or regions between conjugation breaking, where strong deviation from
planarity occurs.47,102 This idea has been used to interpret spectroscopic data,
but is diﬃcult to justify when wanting to rigorously define a sharp threshold
that separates complete conjugation breaking from full conjugation between
oligomers. Moreover, many polymers form crystalline domains that are so
extended that no conjugation breaks occur for nanometers103 but the charge
is certainly more localized than that, either due to the disorder present in the
semicrystalline phase or the electron–phonon coupling.104,105
Hence, to determine the charge localization, there is no other alternative
than computing the electronic wavefunction of a large model system that is
generated by classical simulations. The excited state of the charged simulation box cannot be computed with modern computational methods and
therefore it becomes impossible to even evaluate the nuclear relaxation
(reorganization energy) for the hopping between two states. For these reasons, all attempts to evaluate the wavefunction of a large model of polymers
have focused on neutral systems and have so far interpreted only the oneelectron states (molecular orbitals) as possible sites where the excess charge
can be localized.36,106 Results are normally presented in terms of the density
of states (DOS) and localization length, although it should be noted that the
two quantities should only be used for systems with orbitals fully filled and
empty above and below the band gap. Such descriptions are also not directly
comparable with the models in Section 9.3.2, which take into account
electron and nuclear polarization, but have to make assumptions for the
localization length.
For the one-electron states to be representative of the actual localization of
the charge carrier, a further condition needs to be satisfied. The charge
needs to be localized predominantly by the conformational disorder of the
polymer and not by the electron–phonon coupling. If the electron coupling
is particularly strong, the frontier orbitals may be delocalized over many
monomers. However, when an excess charge is added, the nuclear
polarization will localize the charge, completely modifying the electronic
wavefunction with respect to the neutral calculation. Calculations for, e.g.
P3HT, support this approximation36,107 but it should be noted that polaron
sizes are heavily dependent on the DFT methodology108 and that the same
assumption might not hold for new families of semiconducting polymers109
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in which large conjugated units are more weakly coupled by smaller conjugated linkers. In general, if the polaron size of a perfectly ordered system is
much larger than the orbital in the disordered model, it is acceptable to
determine the charge localization from calculations that neglect the
electron–phonon coupling as a first approximation. Again, for P3HT, there is
a consensus that the localization of the wavefunction largely originates from
the disorder and not the electron–phonon coupling, since there is a correlation between the increased order of P3HT and increased mobility.110–112
Assuming that the calculation of a ground state wavefunction of a polymer
model yields information about the charge localization for the carrier states,
it is still not trivial to carry out such calculations. It is not obvious to know in
advance how large should a model of bulk polymer be to reproduce the DOS
and localization length without the results being aﬀected by finite size effects. The experience of available calculations with P3HT and PPV suggests
that a model containing several chains of 20 to 40 monomers displays
electronic properties that do not depend appreciably on the chain length113
(it should not be forgotten though that the morphology depends on the
chain length until much larger molecular weight.114) Such models will
contain tens of thousands of atoms, a number still one order of magnitude
larger than what is normally achievable by the current software specialized
in linear scaling ab initio calculations.
However, many ideas of linear scaling methodology can be used to develop
ad hoc methods that are able to compute in more approximate fashion the
wavefunction for large systems by using a very localized basis set that reduces the number of matrix elements to be evaluated.115–117 Diﬀerent
schemes have been proposed to evaluate the diagonal and oﬀ-diagonal
elements of such reduced Hamiltonian, including a fragment molecular
orbital approach118 and a charge patching method.106,119,120 General formalism for such methods have been developed by the quantum chemistry
community.115,121–123
The various partitioning schemes proposed for polymer systems are very
often complemented by further approximations that take into account the
chemical structure of the investigated system. As the frontier orbitals are
invariably localized on the conjugated fragment of the monomer, while a
large fraction of the molecular weight is taken up by the polymer side chains
that do not contribute to the charge transport states, it is customary to remove the side chains in the calculation, sometimes substituting them with
eﬀective point charges that simulate the missing electrostatic eﬀects.113 For
lamellar systems (such as P3HT and PBTTT) it is a good approximation to
neglect the electronic coupling between lamellae, thereby describing a system that is essentially two-dimensional.36,124 An alternative approach to full
or ad hoc linear scaling DFT methods is the calculation through approximate
DFT methods such as the tight binding DFT.125 This family of methods
has been developed over the years and the most convenient version of
the methodology is the self-consistent charge-density functional tight
binding.126 One–two order of magnitudes acceleration of the electronic
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structure calculation can be achieved by an approximate evaluation of the
Kohn–Sham–Fock matrix elements in the atomic orbital basis. A very broad
range of applications apart from organic semiconductors have been
proposed123 but relatively few have been reported for semiconducting
polymers.127 Finally, an obvious choice for the calculation of electronic
structure on large scale systems would be by semi-empirical methods. These
have been the method of choice for many years to explore charge- and
exciton-dynamics128,129 in single chain polymers containing carbon atoms
but there are very few systematic studies on their reliability for polymers
containing heteroatoms.
Once the one-electron states of a large system have been evaluated, it is
still challenging to derive a master equation (Section 9.3.6) that describes the
transitions between these states. Vukmirović and Wang have proposed a
perturbative expression assuming that these states are coupled by nonadiabatic coupling terms that can be evaluated explicitly106 or approximated
using the overlap between the absolute value of the wavefunction.130 The
proposed expression does not contain the eﬀect of nuclear reorganization in
the presence of an additional charge and is valid only in the limit of vanishing reorganization energies, like in the Miller–Abrahams rates.131 Using
this approach, it has been highlighted that the DOS does not contain all of
the information needed to evaluate the mobility and that it is possible to
have reduced broadening of the DOS due to increased order but still have
low mobility because of the coupling between the states is reduced.132 Alternative methods to combine nuclear polarization and disorder eﬀects have
been proposed, but these could so far only be applied to simple model
systems.133,134 An extended discussion of charge delocalization in polymeric
systems is provided in ref. 135.

9.3.2

Charge Transfer Rates

The simplest rate expression for a charge transfer reaction can be derived
for a system with classical harmonic vibrational degrees of freedom or the
high-temperature limit.136,137 The diabatic and adiabatic potential energy
surfaces of a dimer are shown in Figure 9.5. The corresponding rate
expression reads:


2
2p JAB
(DUAB  l)2
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ exp 
(9:3)
kA!B ¼
4lkT
h 4plkT
This so-called Marcus-rate depends only on three microscopic parameters,
namely, the reorganization energy l, the electronic coupling JAB, and the
driving force DUAB ¼ UA  UB, all of which can be evaluated using quantumchemical methods, classical polarizable force-fields, or quantum-classical
hybrid methods, as discussed in the following sections.
Note that both classical and semi-classical expressions for charge transfer
rates are often criticized as being not applicable for studying charge
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(a) Diabatic states constructed using the molecular orbitals
participating in a charge transfer reaction (frozen core approximation).
(b) Diabatic (solid black line) and adiabatic (dashed red line) potential
energy surfaces of two electronic dimer states |jABi and |jaBi, participating in the charge transfer reaction AB-AB along the reaction
coordinate x.

transport in well ordered organic semiconductors. Having said this, one has
to also acknowledge that, so far, it is the only way of linking a large-scale
morphology to the charge dynamics in partially disordered materials. Of
course, this should not serve as an excuse for not validating the Marcus
expression (or its quantum equivalent) for the charge transfer rates. In fact,
various generalizations of this expression to quantum-mechanical modes
have been derived.138–140 Moreover, indications that these expressions are
better suited for describing charge transport, especially at low temperatures
and high fields, have recently been reported.141

9.3.3

Electronic Coupling Elements

Electronic coupling elements, or transfer integrals, between molecules i and
j are given by the oﬀ-diagonal matrix elements99,137:
D
E
^ j
Jij ¼ fi jHjf
(9:4)
where fi,j are the diabatic states often approximated by the frontier orbitals
^ is the dimer Hamiltonian. These quantities are
of the molecules, and H
normally evaluated using electronic structure theory. Expanding the
adiabatic states of the dimer into monomer states produces the following
secular equation:
(H  ES)C ¼ 0

(9.5)

where H and S are the Hamiltonian and overlap matrices of the system:




1 Sij
ei Hij
(9:6)
H ¼ H * e : ; S ¼ S* 1 :
j
ij
ij
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and the eigenfunctions:
D
E
D
E
D
E
D
E
^ j fj ; ej ¼ fj j H
^ j fi ; Hij ¼ fi j H
^ j fj ; Sij ¼ fi j fj
ei ¼ fi j H
In the basis of its eigenfunctions, the Hamiltonian operator is diagonal,
 D

^ Dm ¼ En dnm . Hence, eq. (9.5) can be rewritten as:
jn jHjj
E D
E
XD
fi jfDj En fDni jfj
Hij ¼
(9:7)
n

Expanding the monomer and dimer functions into a basis set of atomcentered orbitals:
X
 X (n)
Ma(k) jja i; jfDn ¼
Da jja i
jfk i ¼
a

the projections read as:



D

ji jjn ¼

X

a

*
Ma(k) aj

n

X

+
(n)
Db jb

¼ M y(k) SD(n)

(9:8)

b

where S is the overlap matrix of the atomic basis functions. The Hamiltonian and overlap then take the form:
y

Hij ¼ M (i) SDEDy Sy M (j)
y

Sij ¼ M (i) SDDy Sy M (j)

(9:9)
(9:10)

The final required transformation is the diagonalization of the diabatic
states imposed by the charge-transfer Hamiltonian.142 An orthonormal basis
set that retains the local character of the monomer orbitals can be obtained
by using the Lödwin transformation, Heff ¼ S1=2 HS1=2 , yielding an eﬀective Hamiltonian with its entries directly related to the site energies ei and
transfer integrals Jij:


ei Jij
eff
H ¼ *
:
(9:11)
Jij ej
The projection method can be significantly simplified if semiempirical
methods are employed for the dimer Hamiltonian85–87 as well as made
computationally more eﬃcient by avoiding self-consistent dimer calculations.88 Notably, the density functional and semiempirical methods can
introduce a systematic error when used to evaluate electronic
couplings.140,142
As the electronic coupling and, correspondingly, charge carrier mobility is
intimately related to molecular overlap, it is very sensitive to relative positions and orientations of neighboring molecules. To illustrate this,
Figure 9.6 (left-hand side) shows the absolute value of the electronic coupling element as a function of the azimuthal rotation angle for several
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(Left-hand side) Absolute values of the electronic coupling element as a
function of the azimuthal rotation angle for several symmetric polyaromatic hydrocarbon cores. The separation was fixed to 0.36 nm. (Righthand side) Charge mobilities as a function of temperature as measured
by the PR-TRMC technique. Inset: direct comparison to simulation.
Adapted with permission from ref. 143. Copyright (2009) Macmillan
Publishers Limited.

polyaromatic hydrocarbons. Here, the most favorable molecular arrangement is either co-facial or twisted by 601 (except triphenylene). For eﬃcient
charge transport, it is therefore preferable to lock the relative molecular
orientations at the positions of the maxima of the transfer integral, which
can be achieved by adjusting the density and type of side chains.143
This example shows that it is in principle possible to predict the optimal
molecular arrangement for charge transport. This description, however, relies on a static picture, whereas in reality electronic couplings are timedependent. To understand whether a static picture can be employed, one has
to compare the distributions of the relaxation times of the electronic
coupling elements and site energies to the distributions of the escape times
of a charge carrier. For instance, for P3HT, even the slowest escape times for
holes do not extend into the decorrelation regime of the electronic couplings. Charge-carrier dynamics are therefore limited by the static disorder of
the electronic couplings, since their relaxation times exceed typical timescales of hopping transport. Hence, it is possible to resort to a single chargetransfer rate without time-averaging of electronic couplings of a pair of
molecules.44 The reason for the slow relaxation times of electronic couplings
is the chemical structure of P3HT: every thiophene unit is linked to an alkyl
side-chain with slow dynamics, both in the crystalline and amorphous
phases. This overdamps the backbone dynamics, in particular the torsional
motions of the thiophene units, and results in slow variations of the electronic couplings. Interestingly, in a very similar conjugated polymer PBTTT,
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where the thienothiophene units are not linked to the side-chains (implying
a lower side-chain density and higher crystallinity), electronic couplings
have significantly faster dynamics, which is beneficial for charge
transport.44,144,145

9.3.4

Reorganization Energies

The internal reorganization energy is a measure for how much the geometry
of the charge transfer complex adapts while the charge is transferred. The
reorganization energy can be estimated based on four points on the diabatic
potential energy surfaces (PES) (Figure 9.5):
lA!B ¼ Ua (xA )  Ua (xa ) þ UB (xb )  UB (xB );

(9:12)

lB!A ¼ Ub (xB )  Ub (xb ) þ UA (xa )  UA (xA )
Here, Ua,b and UA,B refer to the diabatic states of molecule A,B in their neutral
and charged state, respectively. Treatments that do not approximate the PES
in terms of a single shared normal mode are also available,47,137,146
An additional contribution to the overall l results from the reorganization
of the environment in which the charge transfer takes place, giving rise to
lout. In a classical case, this outer-sphere reorganization energy contributes
to the exponent in the rate expression in the same way as its internal
counterpart. Assuming that charge transfer is significantly slower than
electronic polarization but much faster than nuclear the rearrangement of
the environment, lout, can be evaluated from the electric displacement fields
created by the charge transfer complex,137 provided that the Pekar factor is
known. It also turns out that the classical Marcus expression for the outersphere reorganization energy (inversely proportional to the molecular
separation) can predict negative values of lout for small intramolecular
separations, which is unphysical and hence shall be used with care.140
For a P3HT chain of 20 monomers, the reorganization energy of 0.1 eV is
relatively small compared to the 0.2–0.4 eV observed in many small-molecule
based organic semiconductors due to the better delocalization of the charge.
Additionally, steric hindrance prevents conformational changes of the
polymer chain upon charging if embedded in a p-stacked crystal, since the
resulting constraint on the backbone planarity lowers the reorganization
energy.147

9.3.5

Driving Forces

The energetic landscape, that is, the change in the system’s energy when a
charge or exciton is drift-diﬀusing in an organic material, is one of the most
crucial quantities aﬀecting a device’s functionality. In solar cells, for example, it assists the splitting of the Frenkel excitons into charge transfer
states (and consequently into free charges), as well as influences the charge
and exciton mobility and diﬀusion constants. In OLEDs, it is possible to
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force charge carriers to form an exciton on a specific molecule (phosphorescent guest) by adjusting the energetic landscape.
For every molecular pair, the free energy diﬀerence (or driving force DUAB)
is given by the diﬀerence in site energies UA  UB, that is, the energy
separation between the diabatic PES minima as shown in Figure 9.5.
The latter include an internal contribution Uint, namely, the electron
aﬃnities for electrons and ionization potentials for holes of isolated
molecules. Uint can vary from one molecular pair to another because of
diﬀerent energy levels for diﬀerent types of molecules, or diﬀerent conformers of the same molecule. The external contribution is due to the
electrostatic, Uest, and the induction, Uind, interactions of a charged/excited
state with the environment:
int
int
est
est
ind
ind
 Uab
 Uab
 Uab
UA ¼ UAb (xAb )  Uab (xab ) ¼ UAb
þ UAb
þ UAb
int
int
est
est
ind
ind
 Uab
 Uab
 Uab
þ UaB
þ UaB
UB ¼ UaB (xaB )  Uab (xab ) ¼ UaB

(9:13)
Here, the subscript ab denotes the reference (neutral) state of the system,
with all molecules being in their ground states.
It is the interaction with the environment that is the most diﬃcult to
evaluate: since the underlying interactions are long-ranged, large system
sizes are needed to converge the values of site energies. To self-consistently
account for both the electrostatic and the polarization eﬀects, classical
models are normally employed such as the polarizable force-fields. These
models are computationally demanding (despite being classical) and are
often not accurate enough when used ‘‘out of the box’’. For example, the
Thole model, which performs extremely well for biomolecular systems, can
easily underestimate the anisotropy of a molecular polarizability tensor for
an extended p-conjugated system.

9.3.5.1

Electrostatic Contribution

The electrostatic interaction energy in the site-energy calculation can be
evaluated as the first-order energy correction term, which stems from
treating an external field as a perturbing term in the molecular Hamiltonian.
This term is normally evaluated using atomic distributed multipoles, where
the interaction energy UAB of two molecules A and B, located at positions X
and ~
Y , reads:
ðð
1
rA (~
x)rB (~
y)
d3 xd3 y
(9:14)
UAB ¼
~
~
4pe0
jY þ ~
y  X ~
xj
Here rA and rB are charge densities of molecules A and B, respectively.
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Using the spherical-harmonic addition theorem, this energy can be rewritten in terms of the molecular multipole moments, defined with respect
to the molecule’s local frame:


1 X X l1 þ l2 ^ A ^ B
Ql1 k1 Ql2 k2  Skl11lk22l1 þl2 j~
X ~
Y jl1 l2 1
(9:15)
UAB ¼
l1
4pe0
l1 ;l2 k1 ;k2

Ð
^ Alm ¼ d3 xrA (~
x)Rlm (~
x), interact with each other via a tensor
These moments, Q
that contains the distance and orientation dependence. Note that here we
have used the fact that |x  y |o|X  Y |, namely, that the molecular charge
densities must not interpenetrate. Rl,m, Il,m are the regular and irregular
spherical harmonics, respectively.148
The molecular multipole moments can be converted between two coordinate frames, S1 and S2, according to:
X (S )
(S )
Qlk 1 ¼
Q 2 Dlmk (j; y; c)
m lm
Here, f, y, c are the Euler angles, and [Dlmk] is a Wigner rotation matrix.
This allows one to perform the electrostatic parametrization of a molecule in
a conveniently chosen local frame as well as include the transformation from
the local to the global interaction frame in a tensor that takes care of both
the distance and orientation dependence:


1
l1 þ l2 k1 k2
Sl1 l2 l1 þl2 j~
¼
X ~
Y jl1 l2 1
(9:16)
TlA;B
1 k 1 l2 k 2
l1
4pe0
The interaction energy thus reduces to an expression consisting of
only molecular multipole moments defined with respect to the molecular
(tabulated up to
local frame and the generic interaction tensors TlA;B
1 k 1 l2 k 2
l1 þ l3 ¼ 5 in ref. 149):
^ Al k T A;B Q
^B
UAB ¼ Q
1 1 l1 k 1 l2 k 2 l2 k 2

(9:17)

where we have used the Einstein sum convention for the multipole-moment
components liki. The electrostatic part of the site-energy, which enters
exponentially in the Marcus rate expression for a charge localized on
molecule A, then reads:
X A;c
^
^ A;n A;B
^ B;n
(Q
(9:18)
DUAcn ¼
l1 k1  Ql1 k1 )Tl1 k1 l2 k2 Ql2 k2
BaA

where the superscripts c and n denote the molecular multipole moments in
the neutral and charged state, respectively, and the sum extends over all
external molecules B.

9.3.5.2

Distributed Multipoles

In eq. (9.17), we have provided an expression for the electrostatic interaction
energy in terms of molecule-centered multipole moments. To arrive at this
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expression, the separation between the molecular centers, |X  Y |, was assumed to be larger than that of any of the respective charge-carrying volume
elements of the two molecules, |x  y |. In a molecular solid, this demand
can hardly be satisfied, considering the dense packing and strongly anisotropic charge density. This inevitably leads to the breakdown of the singlepoint expansion at small separations. It is possible to avoid this breakdown
by choosing multiple expansion sites per molecule in such a way as to accurately represent the molecular electrostatic potential, with a set of suitably
chosen multipole moments {Qalk} allocated to each site. We then simply extend the expression for the interaction energy between two molecules A and
B in the single-point expansion, eq. (9.17), and include the sum over all
expansion sites a A A and b A B:
UAB ¼

XX

^ al k T a;b Q
^ al k T a;b Q
^b  Q
^b
Q
1 1 l1 k1 l2 k2 l2 k2
1 1 l1 k1 l2 k2 l2 k2

(9:19)

a2A b2B

Here, we have used the Einstein sum convention for the site indices a and b
on the right-hand side of the equation, in addition to the same sum convention which is already in place for the multipole-moment components.
There are several strategies on how to arrive at such a collection of distributed multipoles,14,15,150–153 which can be classified according to whether
the multipoles are derived from the electrostatic potential, generated by the
SCF charge density, or from a decomposition of the wavefunction itself.
The CHELPG (CHarges from ELectrostatic Potentials, Grid-based)
method, for example, relies on performing a least-squares fit of atom-placed
charges to reproduce the electrostatic potential, as evaluated from the
SCF density on a regularly spaced grid,151,154 while the distributed multipole
analysis (DMA)152,153 operates directly on the quantum-mechanical
density matrix, expanded in terms of atom- and bond-centered Gaussian
functions.

9.3.5.3

Induction Interaction

Similar to the distributed multipole expansion of molecular electrostatic
fields, one can derive a distributed polarizability expansion of the molecular
field response by including the multipole-expansion in the perturbing
^ at fat , where the Einstein sum convention is used
^ ¼Q
Hamiltonian term W
for both superscripts a (referencing an expansion site) and subscripts
t (summarizing the multipole components (l, k) in a single index). Thus, the
second-order energy correction reads14:
W (2) ¼ 

X jh0jQ
^ a ja jnij2
t

na0

t

Wn  W0

(9:20)

We then absorb the quantum-mechanical response into a set of intra0 a0
molecular site-site polarizabilites, where aaa
tt0 ft0 yields the induced
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multipole moment Qat at site a, which results from a field component fat0
at site a 0 14:
0
aaa
tt0

¼

X h0jQ
^ a jnihnjQ
^ a00 j0i
t

t

Wn  W0

na0

þ h:c:

(9:21)

With this set of higher-order polarizabilities at hand, we obtain the
0 a0
induction stabilization in a distributed formulation as W (2) ¼ 12jat aaa
tt0 jt0 .
(2)
a
The derivatives of W with respect to the components of the field ft at a
polar site a then yield the correction to the permanent multipole moment Qat
0 a0
at that site, DQat ¼ @W (2) =@fat ¼ aaa
tt0 ft0 .
Using the multipole corrections DQat, we can now extend the
electrostatic interaction energy (eq. 9.19) to include the induction contribution to the field energy Uext, while accounting for the induction work
Uint:
1XX a
ab
(Q þ DQat )Ttu
(Qbu þ DQbu )
(9:22)
U ext ¼
2 A BaA t
U int ¼

1X
0
a0
DQat Zaa
tt0 DQt0
2 A

(9:23)
0

Here, the inverse of the positive-definite tensor Zaa
tt0 is simply given by the
aa0
distributed polarizabilities tensor att0 , where we have included explicit sums
over all molecules A and B.
We then use a variational approach to calculate the multipole corrections
DQat:
"
#
X
a
ab
b
b
aa0
a0
Ttu (Qu þ DQu ) þ Ztt0 DQt0
(9:24)
d(U ext þ U int ) ¼ dQt
BaA

which leads to a set of self-consistent equations for the induced moments,
which for large systems are solved iteratively:
X 0 0
ab
b
b
aaa
(9:25)
DQat ¼ 
tt0 Tt0 u (Qu þ DQu )
BaA

The total energy can now be decomposed into two energy terms:
Upp ¼

XX
A

Upu ¼

ab b
Qat Ttu
Qu

B>A

1XX
2

A

(9:26)
ab b
DQat Ttu
Qu

þ

ab a
DQbt Ttu
Qu

B>A

Here, Upp2W(1) is the electrostatic interaction energy, that is, the first-order
correction due to the interaction of the permanent multipole moments.
Upu2W(2) is the induction energy associated with the interaction of the
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induced moments on a single molecule with the permanent moments induced on surrounding molecules.

9.3.5.4

Thole’s Model

Equations (9.25) and (9.26) allow us to compute the electrostatic and induction energy contributions to the site energies in a self-consistent manner
based on a set of molecular distributed multipoles {Qat} and polarizabilities
0
faaa
tt0 g, which can be obtained from wavefunction decomposition or fitting
0
schemes, as discussed in Section 9.3.5.2. The faaa
tt0 g are formally given by eq.
(9.21). This expression is somewhat impractical, though possible to evaluate
(see ref. 152), such that various empirical methods have been developed. The
Thole model,155,156 for example, treats polarizabilities aa in the local dipole
approximation. It is based on a modified dipole–dipole interaction, which
can be reformulated in terms of the interactions of smeared charge densities. This eliminates the divergence of the head-to-tail dipole–dipole interaction at small separations (Å scale).155–157 Smearing out the charge
distribution mimics the nature of the QM wavefunction, which eﬀectively
prevents the polarization catastrophe.
The smearing of the nuclei-centered multipole moments is obtained via a
should be normalized to unity and fall
fractional charge density rf (u), which
- oﬀ rapidly as of a certain radius u ¼ u(R). The latter is related to the physical
distance vector R, connecting two interacting sites via a linear scaling
factor that takes into account the magnitude of the isotropic site polarizabilities aa. This isotropic fractional charge density gives rise to a modified
potential:
ð
1 u
4pu0 r(u0 )du0
(9:27)
j(u) ¼ 
4pe0 0
The multipole interaction tensor Tij. . . (this time in Cartesian coordinates)
can be related to the fractional charge density in two steps: First, it is rewritten in terms of the scaled distance vector u:
u(~
R ; a a ab )
R) ¼ f (aa ab ) tij... ~
Tij... (~

(9:28)
-

a b

where the specific form of f (a a ) results from the choice of u(R,aaab).
Second, the smeared interaction tensor tij. . . is given by the appropriate derivative of the potential in eq. (9.27):
tij... (~
u) ¼ @ui @uj . . . j(~
u)
-

(9:29)

It turns out that for a suitable choice of rf (u), the modified interaction
tensors can be rewritten in such a way that powers n of the distance R ¼ |R |
u(~
R) .158
are damped via a damping function ln ~
Several fractional charge densities rf (u) have been tested for the purpose
of yielding best results for the molecular polarizability as well as the interaction
energies. For most organic molecules, a fixed set of atomic polarizabilities
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(aC ¼ 1.334, aH ¼ 0.496, aN ¼ 1.073, aO ¼ 0.873, aS ¼ 2.926 Å ) based on atomic
elements gives satisfactory results,156 though reparametrizations are advised
for ions and molecules with extended conjugated p-systems.
One of the common approaches, e.g., in the AMOEBA force-field,158 uses
an exponentially-decaying fractional charge density:
r(u) ¼

3a
exp(  au3 )
4p

(9:30)

where ~
u(~
R; aa ab ) ¼ ~
R=(aa ab )1=6 and a ¼ 0.39 is the smearing exponent. The
distance at which the charge–dipole interaction is reduced by a factor g is
then given by:


1=3
1
1
(ai aj )1=6
(9:31)
Rg ¼ ln
a
1g
1
The interaction damping radius, associated with g ¼ , revolves around an
2
interaction distance of 2 Å. A half-interaction distance on this range indicates how damping is primarily important for the intramolecular field
interaction of induced dipoles.

9.3.5.5

Case Studies

The expansion of the molecular field and field response in terms of distributed multipoles and polarizabilities is an eﬃcient approach to solve for
the first- and second-order corrections to the molecular Hamiltonian, which
result from a perturbation by the molecular environment. This approach
has been used to evaluate energetic landscapes in amorphous organic
semiconductors,47,51,52,159 where the width of the site energy distribution is
often very large and can be attributed to randomly oriented molecular
dipoles.160,161 Owing to long-range electrostatic interactions, the resulting
energetic disorder is always spatially correlated (Figure 9.7a). Spatial
correlations lead to current filaments, as shown in Figure 9.7(a,b), and a
Poole–Frenkel dependence of the charge carrier mobility on the externally
applied electric field.162
Using this perturbative approach, it has also been shown that thermal
fluctuations can lead to large variations in local electric fields and, hence,
large energetic disorder (even in crystalline systems).44,144,147 Finally, the
method has also been employed to study energetics at organic interfaces.49,163–169 Additional complications associated with the dimensionality
reduction at interfaces and long-ranginess of Coulomb interactions are
discussed in Section 9.6.
For crystalline polymers, it has been shown that the width of the distribution of the site energies (energetic disorder) depends on the side-chain
packing and polymer regioregularity: 100% regioregular P3HT always has
narrower site energy distributions than the 90% P3HT,44,144 The magnitude
of the disorder compares well with the width of the DOS, as extracted from
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(a) Current filament and energetic landscape visualized in a slice of a
disordered (amorphous) morphology of DCV4T. (b) Local currents contributing to 90% of the total current in the system. The dots are the
molecular centers of mass, while the arrows depict the local currents
(their thickness and color are proportional to the logarithm of the
current’s amplitude). Adapted with permission from ref. 159. Copyright
(2012) The Royal Society of Chemistry. (c) Poole–Frenkel plots for a
system of 4096 Alq3 molecules. To illustrate the role of disorder and
correlations, we show the field dependence for a system without energetic disorder (top panel) and without spatial correlations, that is after
randomly shuﬄing site energies.
Adapted with permission from ref. 140. Copyright (2011) The American
Chemical Society.

time-of-flight experiments,170,171 where values for s of 56 and 71 meV, respectively, have been proposed from a fit of the field-dependence of the
mobility as obtained within the Gaussian disorder model.8 On the level of
chain ordering, the increase in energetic disorder can also be related to the
increase in paracrystallinity along the p-stacking direction,44 with the energetic disorder being linearly related to the amplitude of backbone–backbone
distance fluctuations.

9.3.6

Charge Mobility

With the site energies and electronic couplings at hand, one is now able to
calculate charge transfer rates (Section 9.3.2) for the set of electronically
coupled pairs of conjugated segments. The directed graph which describes
charge transport in the system is then fully parametrized and charge
dynamics can be described via a master equation of the form:
@Pa X
¼
Pb Kb!a  Pa Ka!b
(9:32)
@t
b
where Pa is the probability to find the systems in state a. The rates Ka-b are
the transition rates from state a to state b. For single-carrier dynamics, the
number of available states a is the number of conjugated segments in the
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system, with each state associated with molecule A being singly occupied.
Using the single-site occupation probability PA and transfer rates KA-B, eq.
(9.32) simplifies to:
@pA X
¼
½pB kB!A  pA kA!B 
(9:33)
@t
B
p¼
This equation, valid in the limit of low charge densities, has the form @t~
~k~
p and can be solved using linear solvers. In the more general cases (i.e.
more than one carrier), expressing eq. (9.32) in terms of site occupation
probabilities can be done using a mean-field approximation.172 For this, the
analogue of eq. (9.33) becomes, however, nonlinear and requires special
solvers. If, in addition, several diﬀerent types of carriers (holes, electrons,
excitons) are present in the system, with their creation/annihilation processes taking place, it is practically impossible to link state and site occupation probabilities to the corresponding rates.
Instead, the solution of eq. (9.32) can be obtained by means of kinetic
Monte Carlo (KMC) methods. KMC explicitly simulates the dynamics of
charge carriers by constructing a Markov chain in state space and is suitable
for both transient and stationary solutions of the master equation. A variable
time-step size implementation of KMC is often employed due to the broad
distribution of rates KA-B, which easily spans many orders of magnitude.
The stationary solution of eq. (9.33) can be used to evaluate several
macroscopic observables.47 For comparison with TOF, impedance spec~ in
troscopy, or similar measurements, the charge-carrier mobility tensor m
the electric field E can be calculated as:
X
~~
m
E¼
pA kA!B (~
RA  ~
RB )
(9:34)
A;B

Alternatively, the charge-carrier mobility along the direction of the external
field E can be obtained from a trajectory:
m¼o

D~
R ~
E
>
Dtj~
Ej2

(9:35)

whereo. . .4denotes averaging over all trajectories, Dt is the total run time
of a trajectory and DR denotes the net displacement of the charge.
Charge dynamics are therefore guided by an interplay of topological
connectivity of the directed graph, determined by the electronic coupling
elements, and the ratios of forward to backward rates, prescribed by the
energetic landscape. In discotic liquid crystals, for example, the graph
is practically one-dimensional, i.e. even a few defects can block charge
transport along p-conjugated columns.143,173,174 In crystalline organic
semiconductors, the presence of a strong well-defined p-stacking direction
can turn out to be disadvantageous for eﬃcient charge transport, since it
might inhibit other transport directions and is prone to charge trapping if
energetic disorder is present in the system.147,159 In amorphous

Simulations of Morphology and Charge Transport

337

semiconductors, the directed graph is always three-dimensional and the
transport is mostly determined by energetic disorder and correlations, as
illustrated in Figure 9.7(c) for a system of 4096 Alq3 molecules. Here, the
energetic disorder reduces the value of mobility by six orders of magnitude.
The Poole–Frenkel behavior for small fields can only be observed if
correlated disorder is taken into account. Note that for systems with large
energetic disorder, simulations systematically overestimate the absolute
values of non-dispersive mobilities due to significant finite size eﬀects
(see also Section 9.4).
Transport studies on diﬀerent levels of complexity have been performed to
investigate hole transport along the p-stacking direction of conjugated
polymers.36,44,144,175 Since the transport has a one-dimensional character, it
can already be anticipated that a broad distribution of electronic couplings
limits the charge mobility along the lamellae.147,159,173,174,176–179 Indeed,
mobility values are typically broadly distributed (from lamellae to lamelae),
with small mobilities as low as 107 cm2 V1 s1 for P3HT.44 It has also been
observed that the regioregularity eﬀect occurs exclusively due to increased
energetic disorder and that the higher mobility in the more regioregular
material is entirely attributable to the narrowing of the density of states that
arises from an increased order in hole–quadrupole interaction distances.
This reduction can be traced back to the amplified fluctuations in
backbone–backbone distances, i.e. the material’s paracrystallinity.

9.4 Finite-Size Eﬀects
Microscopic charge transport simulations are computationally demanding:
First, electronic coupling elements need to be evaluated for all neighboring
molecules. Second, evaluation of the electrostatic and induction contributions to the site energy requires large cutoﬀs or even special summation
techniques (Section 9.6). This sets the limit on system sizes, which currently
is on the order of hundreds of thousands of molecules. It is thus important
to make sure that there are no finite size eﬀects present when evaluating
macroscopic properties of the system.
In fact, these eﬀects are observed even experimentally in systems with
large energetic disorder. Indeed, time-of-flight measurements of mobility
can become unreliable: in thin organic films charge transport is dispersive
and transients do not have a characteristic plateau used to determine the
transient time.6,180–182 Using thicker samples normally remedies the situation. It might seem that one can perform the same trick in computer
simulations and replicate the (periodic) simulation box in the direction of
the applied field. It turns out that the straightforward increase in the system
size will still give incorrect (higher) values of charge carrier mobility. The
reason for this is that all duplicated boxes have exactly the same (and small)
number of independent site energies. Hence, statistical averages will always
be performed over this small set of site energies, and charge carriers will
traverse the sample at a diﬀerent (higher) temperature than in an infinitely
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large system. An additional averaging over diﬀerent (statistically uncorrelated) repeated snapshots is required, since the origin of the problem is
in the limited number of sites available for every distinct Monte Carlo
simulation.
This type of finite size eﬀects becomes much smaller at higher temperatures, since the relevant dimensionless parameter (at least in the Gaussian
disorder model) is the width of the site energy distribution s divided by kBT.
In fact, an empirical expression:
(s=kB TND )2 ¼ 5:7 þ 1:05 ln N
can be used to estimate at what temperature the ‘‘transition’’ between the
dispersive and non-dispersive transport occurs, where N is the number of the
hopping sites (molecules) in the system. This observation has been used to
perform an ad hoc correction of finite-size eﬀects183: Nondispersive mobilities were calculated for a set of temperatures above TND. Then, an explicit
temperature dependence was used to extrapolate the value of mobility to
room temperature.
A clear drawback of this method is that is relies on an explicit knowledge
of the temperature-dependence of mobility. While the exact analytical expression of this dependence is available only for one-dimensional
systems184,185:

 
m0
a 2
b
m(T) ¼ 3=2
(9:36)
exp 

T
T
T
it can still be used in a three-dimensional case in a rather broad temperature
range (this has been verified by performing simulations for systems of different sizes and at diﬀerent temperatures).
To illustrate the relevance of such extrapolation, charge transport in the
amorphous mesophase of Alq3 has been simulated in systems of diﬀerent
sizes.183 In a system of 512 molecules simulated mobility was of the order of
106 cm2 V1 s1, while in a box of 4096 molecules an order of magnitude
lower value has been measured. An extrapolation procedure resulted in a
mobility of 109 cm2 V1 s1, which is three orders of magnitude lower than
the one simulated in a small system. Note that the magnitude of the
correction is very sensitive to the value of energetic disorder s. While in Alq3
s ¼ 0.14 eV, in an amorphous DCV4T s ¼ 0.25 eV and one can overestimate
the value of mobility by seven(!) orders of magnitude.186

9.5 Stochastic Models
A separate issue of organic materials is their stability. This is especially
important for OLEDs, where the eﬃciency roll-oﬀ and life-time of a device
are intimately connected. Device degradation modeling poses, however,
statistical challenges, since we are dealing with rare events that require large
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simulation boxes, in particular in the lateral dimension (which in OLED is of
the order of square mm). A pragmatic solution to this problem is to parametrize a mesoscopic lattice model (e.g. Gaussian disorder model, GDM) on
the results of microscopic simulations and use this model to study charge/
exciton distributions and dynamics in larger systems.186
The convenience of GDM originates from their simplicity: material
morphology is represented by a regular lattice, while charge transfer rates
decay exponentially with the intermolecular separation and energy diﬀerences are incorporated via the Boltzmann prefactor. This approach, initiated
by Bässler, has been successfully used by several groups to understand the
role of traps, finite charge carrier density, energetic disorder, and other
mesoscopic parameters on charge mobility.8,13,161,187–190
At the same time, the necessity of extending the existing discrete
mesoscopic models has also become clear: first, the parametrization based
on microscopic simulations is not straightforward.186 Second, either stationary or transient quantities are quantitatively reproduced, while for the
description of transient (degradation) processes both should agree with
experimental data. A potential solution to this problem is to introduce an
oﬀ-lattice model, which can be directly linked to the microscopic model and
would thus oﬀer a much closer description of physical processes in the
system.
One of the ways to achieve this is to provide a stochastic way of generating
the material morphology and charge transfer rates.191–193 For morphologies,
for example, a stochastic process should reproduce given correlation functions, densities, and coordination numbers. For the charge transfer rates, a
simple procedure can be developed by analyzing the distributions of
parameters entering the charge transfer rate. In an amorphous mesophase
of Alq3, for example, the distribution of electronic couplings at every
particular intermolecular separation is Gaussian. The dependence of the
width and the mean of this Gaussian on intermolecular separation can be
determined from microscopic simulations. Regarding the site energies,
spatial correlations can be introduced by using a moving-average procedure,
where site energies of the neighbors within a certain cutoﬀ are mixed into
initially independent Gaussian site-energy distribution.
Stochastic models developed for amorphous mesophases of Alq3 and
DCV4T could reproduce the mobility-field and mobility-density dependencies.186,191,193 This indicates that they indeed can serve as an intermediate
step between the completely microscopic descriptions and macroscopic,
drift-diﬀusion-equations based models. The current challenge is to extend
such models to anisotropic and heterogeneous systems.

9.6 Interfaces and Long-Range Interactions
As discussed in Section 9.3.5, the contribution of the environment to the
energy of a localized charged state is taken into account in a perturbative
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way, by evaluating the corresponding electrostatic and induction terms. Van
der Waals interactions are normally ignored, since only the site energy differences enter the charge transfer rate, i.e. if the molecular polarization
tensor does not change upon charging a molecule, this contribution is
negligible. Evaluation of the electrostatic contribution includes, among
others, Coulomb interactions of partial charges or higher distributed multipoles. These interactions are inherently long-range and require special
summation techniques, e.g. Ewald summation, which is widely used in
atomistic molecular dynamics simulations.194 In this approach, the
Coulomb interaction potential is split into two terms, one of which is converging rapidly in real and the other in reciprocal space. Induction contribution can also be incorporated in such a scheme.158 While this method is
well developed, it is designed for neutral systems, whereas for charge
transport we would be interested in energies of a localized charge interacting
with the neutral environment. The presence of a charged excitation (and its
polarization cloud) violates periodicity of the system, which is essential for
calculations in the reciprocal space.
A solution to this problem has been proposed by Poelking et al.195: the
non-periodic (foreground) part of the system, which incorporates the
charged excitation and its induction cloud, is superimposed onto a periodic,
neutral background, which is computed using the Ewald summation
method. The real-space interaction between these two regions is mediated by
fields created by the background charge distribution, including induced
moments. A modified shape term196 is added to account for the net charge
and quadrupole of the simulations cell. This term takes into account surface
eﬀects and depends on the summation geometry.
By applying this technique to organic/organic interfaces it has been shown
that a cutoﬀ of 4–8 nm is suﬃcient to converge the energy of a periodic threedimensional system. For heterogeneous ordered systems (e.g. interfaces) the
convergence turns out to be significantly slower, for example for a 12 nm
thick slab the energy is far from converged even for the cutoﬀ of 22 nm (see
ref. 195 and Figure 9.8). Hence, this method is imperative to use in twodimensional periodic systems or, in general, heterogeneous systems with a
long-range molecular ordering. The diﬀerences between using simulations
with a cutoﬀ and without it are remarkable: the additional electrostatic/
induction contribution can change from 0.5 eV (10 nm cutoﬀ) to –0.7 eV
(infinite system). The correct treatment of electrostatic contribution can
therefore reverse the role of donor and acceptor as conditioned by gas-phase
energy levels and energy levels calculated with a seemingly ample cutoﬀ. It
also predicts that the energy profiles for electrons and holes are flat at the
organic–organic interfaces, while cutoﬀ based calculations lead to a significant level bending. Finally, it allows to establish a relationship between
structural coherence and state energetics: the structural coherence is probed
up to a mm scale, hence emphasizing the role of extended crystallites (and
their alignment) at interfaces.
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Variation of the electrostatic interaction energy with interaction range
(rc) for a positively charged (h) and neutral (n) DCV4T molecule in a
nematically ordered thin film of thickness 12 nm. The crossover from a
bulk-like to a slab-like convergence occurs as rc exceeds film thickness.
The converged value for a positively charge molecule is –0.7 eV (not
shown on the graph).

9.7 Excited States
Excited and charge transfer states are at the heart of the functionality of solar
cells and OLEDs. Through them, photons dissociate into free charges and
free charges recombine radiatively. In both situations, however, processes
related to these excitations are still poorly understood. Eﬃcient exciton
dissociation, for example, has been attributed to the assistance of charge
separation by a gradient in the free-energy landscape,197,198 structural heterogeneity as a function of distance to the interface,199 doping and charged
defects,200 increase in entropy as the electron and hole move away from the
interface,201 formation of hot charge transfer states,202 or long-range tunneling.203 To gain more microscopic insight into the role of excited and
charge transfer states is not only of fundamental interest, but is also directly
relevant for a better understanding of, for example, the shape of the current–
voltage curves of photovoltaic devices. For solar cells, in particular, this
should help to understand the origin of the fill factor, which largely determines the device eﬃciency and can vary dramatically between diﬀerent
blends.
We therefore must aim at quantitative descriptions of excited states, their
rates of geminate and non-geminate recombination, mobilities and diffusion coeﬃcients. Such quantitative studies, however, require an accurate
description of nonlocal electron–hole interactions. To this end, there is no
optimal method for taking them into account and the scientific community
has attempted various approaches. Among the available methods, the use of
time-dependent density-functional theory (TDDFT)204 is appealing because
of its moderate computational demands. TDDFT calculations based on local
exchange-correlation kernels yield reasonable excitation energies for smalland medium-sized molecules, provided that the excited states are formed
from local transitions, are mainly composed of a single transition, and no
extended p-systems are involved.205,206
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Such assumptions are, however, problematic for charge-transfer excitons,207,208 for which the interactions of spatially separated electrons (on
acceptor) and holes (on donor) are not correctly described. Range-separated
exchange-correlation kernels209,210 can be used to overcome this deficiency
but often need compound-specific adjustments.211,212 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 are computationally too demanding.213–215
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).216–218 It has been
successfully applied to determine optical excitations in crystals,219–221
polymers,222,223 and small inorganic224,225 and organic223,226 molecules.
To this end, the many-body Green’s functions theory within the GW approximation and the Bethe–Salpeter equation have been benchmarked for a
series of prototypical small-molecule based pairs.227–229 This method has
predicted energies of local Frenkel and intermolecular charge-transfer excitations with an accuracy of tens of meV.230 Analysis of energy levels and
binding energies of excitons in dimers of dicyanovinyl-substituted quarterthiophene and fullerene231 as well as zinc-tetraphenylporphyrin and C70fullerene232 has shown that the transition from Frenkel to charge transfer
excitons is endothermic and the binding energy of charge transfer excitons is
still of the order of 1.5–2 eV. Hence, even such an accurate dimer-in-vacuumbased description does not yield internal energetics favorable for the generation of free charges either by thermal energy or by an external electric
field. These results indicate that accounting for the explicit molecular
environment is as important as an accurate knowledge of internal dimer
energies and should clearly be the focus of research aiming at quantitative
descriptions of excitations in organic materials.

9.8 Software
An extensive list of standard simulations packages can be found elsewhere.48,233 Here, we only provide a brief overview of the package that was
especially designed for coarse-grained simulations of morphologies and
microscopic calculations of charge mobility, the Versatile Object-oriented
Toolkit for Coarse-graining and Charge Transport Applications (VOTCA,
www.votca.org). Most of the aforementioned methods are implemented in
this package (Figure 9.9).
VOTCA consists of several modules: systematic coarse-graining (VOTCACSG), charge/exciton transport (VOTCA-CTP, VOTCA-MOO), and the kinetic
Monte Carlo (VOTCA-KMC). The coarse-graining (VOTCA-CSG) package55
implements several coarse-graining techniques, among them force-matching, inverse Monte Carlo, and iterative Boltzmann inversion. It is a platform
for method development of new approaches for obtaining well-defined
coarse-grained models. The purpose of the charge transport (VOTCA-CTP)
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package
is to simplify the work-flow for charge and energy transport
simulations, provide a uniform error control for these methods, a flexible
platform for their development, and to eventually also allow for in silico prescreening of organic semiconductors for specific applications.
A typical work-flow of charge transport simulations is depicted in
Figure 9.9. The first step is the simulation of the atomistic morphology
(VOTCA-CSG), which is then partitioned into hopping sites. Subsequently,
the coordinates of the hopping sites are used to construct a list of pairs of
molecules, known as the neighbor list. For each pair, an electronic coupling
element (VOTCA-MOO), the reorganization energy, the driving force, and
eventually the hopping rate are evaluated. The neighbor list, combined with
the hopping rates, defines a directed graph. The corresponding master
equation can then be solved using the kinetic Monte Carlo method (VOTCAKMC), which allows one to explicitly monitor the charge dynamics in a
system, as well as calculate time- or ensemble-averages of occupation
probabilities, charge fluxes, correlation functions, and field-dependent
mobilities.
The package is written in modular C þ þ while the workflow is implemented using scripting languages and controlled by several extensible

Figure 9.9

Modules of the VOTCA package, www.votca.org: Ground-state geometries, partial charges, refined force-fields, and coarse-grained models
are used to simulate atomistically-resolved morphologies. After partitioning on conjugated segments and rigid fragments, a list of pairs of
molecules (neighbor list) can be constructed. Transfer integrals, reorganization and site energies, and eventually hopping rates are then calculated for all pairs from this list. From this, a directed graph is generated
and the corresponding master equation is solved using the kinetic
Monte Carlo method.
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markup language (XML) input files, which make it a robust yet easily
modifiable toolkit for new developers. The code is available as a complete
package in various Linux distributions and is partitioned into five libraries
(tools, csg, ctp, kmc, moo), with each library providing a distinct functionality. Data transfer between individual programs is implemented via a
relational (SQLite) database. CMake is used to build, test, and package the
toolkit.

9.9 Outlook
To conclude, substantial method development is still necessary to achieve
parameter-free modeling of organic semiconductors. Although the list is far
from complete, several methodological issues to resolve are:
 Prediction of partially-ordered, non-equilibrium morphologies
influenced by the material’s processing, especially for polymeric
semiconductors. This includes force-field parametrization from firstprinciples and the development of accurate coarse-grained models, as
well as advanced sampling techniques.
 Definition of diabatic states, in particular if they are delocalized over
parts of the molecule or over several molecules.
 Development of more accurate and eﬃcient methods for the evaluation
of electrostatic and induction eﬀects when evaluating site energy
diﬀerences, especially for charged systems with aperiodic charge
distributions in a periodic neutral environment.
 Embedding of (computationally demanding) treatment of explicit longrange Coulomb interactions (including induction) when solving the
master equation, i.e. re-evaluation of state-dependent rates at every
Monte Carlo step.
 Developing computationally eﬃcient oﬀ-lattice models for morphologies and rates, as well as the parametrization techniques for specific
compounds.
 Quantitative treatment of excited states embedded in a heterogeneous
polarizable molecular environment.
Note, that advancements in all of the above-mentioned directions are
absolutely vital before one can even start to think about devising accurate
structure–property relationships for organic semiconductors.
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86. Veaceslav Coropceanu, Jérôme Cornil, Demetrio A. da Silva
Filho, Yoann Olivier, Robert Silbey and Jean-Luc Brédas, Charge
transport in organic semiconductors, Chem. Rev., 2007, 107(4),
926–952.
87. James Kirkpatrick, An approximate method for calculating transfer
integrals based on the ZINDO hamiltonian, Int. J. Quantum Chem.,
2008, 108(1), 51–56.
88. Björn Baumeier, James Kirkpatrick and Denis Andrienko, Densityfunctional based determination of intermolecular charge transfer
properties for large-scale morphologies, Phys. Chem. Chem. Phys., 2010,
12(36), 11103.
89. Troy Van Voorhis, Tim Kowalczyk, Benjamin Kaduk, Lee-Ping Wang,
Chiao-Lun Cheng and Qin Wu, The diabatic picture of electron transfer, reaction barriers, and molecular dynamics, Annual Review of Physical Chemistry, 2010, 61(1), 149–170.
90. S. F. Boys, Construction of some molecular orbitals to be approximately
invariant for changes from one molecule to another, Rev. Mod. Phys.,
1960, 32(2), 296–299.
91. Michael Baer, Adiabatic and diabatic representations for atommolecule collisions: Treatment of the collinear arrangement, Chem.
Phys. Lett., 1975, 35(1), 112–118.

352

Chapter 9

92. Robert J. Cave and Marshall D. Newton, Generalization of the MullikenHush treatment for the calculation of electron transfer matrix
elements, Chem. Phys. Lett., 1996, 249(1–2), 15–19.
93. Gregory J. Atchity and Klaus Ruedenberg, Determination of diabatic
states through enforcement of configurational uniformity, Theoretical
Chemistry Accounts, 1997, 97(1–4), 47–58.
94. C. Alden Mead and Donald G. Truhlar, Conditions for the definition of
a strictly diabatic electronic basis for molecular systems, J. Chem. Phys.,
1982, 77(12), 6090–6098.
95. T. Pacher, L. S. Cederbaum and H. Köppel, Approximately diabatic
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Construction of tight-binding-like potentials on the basis of densityfunctional theory: Application to carbon, Phys. Rev. B, 1995, 51(19),
12947–12957.
126. M. Elstner, D. Porezag, G. Jungnickel, J. Elsner, M. Haugk,
Th. Frauenheim, S. Suhai and G. Seifert, Self-consistent-charge densityfunctional tight-binding method for simulations of complex materials
properties, Phys. Rev. B, 1998, 58(11), 7260–7268.
127. Tao Liu and Alessandro Troisi, Understanding the microscopic origin
of the very high charge mobility in PBTTT: Tolerance of thermal disorder, Adv. Funct. Mater., 2014, 24(7), 925–933.
128. Åsa Johansson and Sven Stafström, Polaron dynamics in a system of
coupled conjugated polymer chains, Phys. Rev. Lett., 2001, 86(16), 3602–
3605.
129. William Barford and David Trembath, Exciton localization in polymers
with static disorder, Phys. Rev. B, 2009, 80(16), 165418.
130. Nenad Vukmirović and Lin-Wang Wang, Carrier hopping in disordered
semiconducting polymers: How accurate is the Miller–Abrahams
model?, Appl. Phys. Lett., 2010, 97(4), 043305.

Simulations of Morphology and Charge Transport

355

131. Allen Miller and Elihu Abrahams, Impurity conduction at low concentrations, Phys. Rev., 1960, 120(3), 745–755.
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Philippe Aurel, Laurent Ducasse and Frederic Castet, On the interface
dipole at the pentacene-fullerene heterojunction: a theoretical study,
J. Phys. Chem. C, 2010, 114(7), 3215–3224.
164. Stijn Verlaak, David Beljonne, David Cheyns, Cedric Rolin,
Mathieu Linares, Frédéric Castet, Jérôme Cornil and Paul Heremans,
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