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 The central aim of the theoretical and computational research described in this thesis is to 
find strategies for lowering exciton binding energies in organic photovoltaic materials in 
order to improve their performance. The thesis discusses the results of three proposed 
strategies: incorporating permanent dipoles in side-chains of polymers, installing 
permanent dipoles in [6,6]-phenyl-C61-butyric acid methyl ester (PCBM) analogues, and 
introducing push-pull group substitution patterns on donor-acceptor co-monomers. 
 Chapter 1 gives an introduction into the research field of organic photovoltaics. At 
present, silicon solar cells are the most common ones because of their high power-
conversion efficiency compared to organic solar cells. Currently the best performing single-
junction organic solar cell consists of a three-dimensional (bulk) heterojunction composed 
of a hole-conducting (donor) and electron-conducting (acceptor) material. The donor 
typically is a low band gap donor-acceptor co-polymer that absorbs most of the light and 
the acceptor is a fullerene derivative, e.g., PCBM. 
 The low dielectric constant of organic semiconductors is responsible for the formation of 
local excitons, i.e., bound electron-hole pairs, on the donor or acceptor after light 
absorption. At the donor-acceptor interface, these local excitons can be quenched by 
electron or hole transfer between the donor and acceptor. However, this step may lead to 
the generation of interfacial charge-transfer excitons in which the electron and hole are still 
Coulombically bound. Two binding energies can be defined for these two types of excitons: 
a local exciton binding energy and a charge-transfer exciton binding energy. Lowering 
these binding energies is expected to improve the efficiency of organic solar cells. 
 Chapter 2 explains the theory of the computational methods that are used for the research 
described in this thesis. Furthermore, the computational modelling of organic photovoltaics 
in specific is discussed.!In most studies described in this thesis, Density Functional Theory 
was applied to study large systems, i.e., >100 atoms, because for these studies it provides 
the required accuracy and is computational feasible.! Time-dependent Density Functional 
Theory was applied to investigate the linear response of molecular systems to (weak) 
electric and magnetic fields in order to calculate, e.g., excitation energies. 
 Chapter 3 discusses the results of the first proposed strategy. By incorporating permanent 
dipoles in side-chains of polymers the charge-transfer exciton binding energy is 
significantly reduced. This effect is caused by a favourable alignment of these dipoles in 
response to net charges on the donor and acceptor molecules. It appears that small changes 
in dipole orientation already result in a significant charge stabilisation. In addition to all 
requirements that make polymers suitable for application in organic solar cells, this 
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computational study demonstrates the importance of large dipole moments in side-chains of 
polymers.  
 The results discussed in Chapter 3 were obtained by applying a procedure that combines 
Molecular Dynamics simulations and Quantum Chemical calculations – using an 
embedding technique – to study the influence of the molecular environment on the 
electronic structure of a central monomer-PCBM complex. The Discrete Reaction Field 
method was used as embedding technique to treat the monomer-PCBM complex quantum 
mechanically and the embedding molecules classically with point charges and 
polarisabilities. 
 Chapter 4 discusses the results of the second proposed strategy. It turns out that also when 
dipoles are installed in PCBM analogues the charge-transfer exciton binding energy is 
significantly reduced.! This work leads to promising strategies for improving charge 
separation in organic photovoltaic devices by optimising the molecular environment: 
installing permanent dipoles in PCBM analogues and tuning the concentration of these 
molecules in a polymer/PCBM blend. As a consequence, both the magnitude of the 
installed dipoles in side-chains of polymers and/or PCBM analogues and the concentration 
of these molecules in the blend can be used as a parameter to tune the dielectric screening 
of the environment. 
 Chapter 5 discusses the results of the third proposed strategy. By introducing cross-
conjugated mesomeric push-pull group substitution patterns on donor-acceptor co-
monomers the local exciton binding reduces. For the electron-hole interaction and the 
vertical local exciton binding energy, a significant difference is found between monomers 
with linear- and with cross-conjugated mesomeric push-pull group pathways, which is 
explained with simple Hückel theory. A reasonable correlation between the dipole moment 
change upon excitation and the vertical local exciton binding energy for the co-monomers 
hints to a possible correlation between properties related to the molecular structure and 
important photo-physical properties, although this correlation is less pronounced for the 
trimers. This work indicates that important photo-physical properties, like the exciton 
binding energy for organic photovoltaic materials, can be engineered by chemical 
modification through adding particular functional groups. 
 The work described in Chapter 6 gains some interesting insights that may be useful for 
future development of promising organic photovoltaic materials. First of all, it shows for 
the same series of co-monomers studied in Chapter 5 that no relation exists between the 
binding energy of the local exciton on a monomer and that of the charge-transfer exciton on 
a monomer-PCBM complex. This outcome can be understood because for the studied co-
monomers the variation in local exciton binding energy depends mainly on the variation in 
electron affinity of the monomers, which does not affect in a direct way the charge-transfer 
exciton binding energy. Secondly, for the studied co-monomers and their corresponding 
trimers Chapter 6 provides detailed information on the amount of charge that is transferred 
upon excitation and on the separation between the positive and negative charge formed 
upon excitation, called the ‘charge-transfer excitation length’. This detailed study of the 
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excitation process reveals that for the molecules studied here the thiophene unit that links 
the donor and accepting fragments of the co-monomer actively participates in the charge 
transfer process and that its contribution can be tuned by choosing a particular push-pull 
group substitution pattern. 
 Chapter 7 gives an overview of interesting directions for future research based on the 
studies described in this thesis (worm’s eye view) and based on the research that is 
currently ongoing in the field of organic photovoltaics (bird’s eye view). From a worm’s 
eye view, interesting directions are studies of the flexibility of the side-chains of polymers 
and PCBM tails in which dipoles are incorporated, studies of the time scales needed for 
dipole alignment, and studies that aim to predict the bulk dielectric response of several of 
the molecules that are described in this thesis. Furthermore, it is argued that some 
envisaged future developments in Theoretical Chemistry could contribute to understanding 
the charge separation mechanism in organic photovoltaic materials, which is currently one 
of the grand challenges in this research field.  
 From a bird’s eye view, future research is expected in the areas focusing on improving 
the power-conversion efficiency of organic photovoltaic devices through all kinds of 
strategies, increasing the lifetime of organic photovoltaic devices, and reducing the cost of 
producing organic photovoltaic devices. Already now, research focusing on all these three 
aspects is carried out in academia, at research institutes and in industry. Chapter 7 ends 
with some comments to the future perspective for organic photovoltaics. Despite the fact 
that currently organic-inorganic hybrid perovskite solar cells have power-conversion 
efficiencies far above the record power-conversion efficiencies of polymer-based organic 
solar cells, it is argued that there still is a sunny future for polymer-based devices. This 
conclusion is founded on the fact that a lot of questions have remained unanswered about 
the charge separation mechanism in organic photovoltaic materials. Moreover, it is 
expected that several promising renewable energy technologies will be able to gain a 
reasonable market share because of their own convincing market advantages. 
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