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1 
 

Introduction into the field of organic photovoltaics 
 
 
1.1 Technology and energy market 
 

One of the biggest challenges nowadays is to generate sustainable energy. Sustainable 
energy covers both renewable, i.e., natural and inexhaustible, energy sources like wind, 
water and solar energy, and non-renewable energy sources like nuclear power. Solar energy 
is an attractive sustainable and renewable energy source for which effective and low-cost 
solar cells are needed. Currently, (mono- and polycrystalline) silicon solar cells are the 
most conventional ones because of their high efficiencies. Standard industrial cells usually 
reach a power-conversion efficiency (PCE) of 15-18% and industrial modules of 12-15%. 
These industrial cells typically have simple cell designs in order to fabricate them from 
low-cost materials using high-speed automated methods. PCEs of ~20% can be reached, 
but with more complex cell structures. These so-called high-efficiency cells cannot be 
fabricated using simple manufacturing technologies.1 Therefore, according to Saga,1 
innovative and simple manufacturing technologies are needed to produce commercially 
competitive high-efficiency and low-cost silicon solar cells in the near future. 

An attractive alternative is the organic photovoltaic (OPV) device. This type of solar cell 
has several potential advantages compared to the silicon one: it can be produced from 
cheap and abundant materials using low-cost, i.e., solution-processing, and large-scale 
fabrication methods, e.g., roll-to-roll printing. Fabrication of OPV devices by processing 
the photoactive layer from solution is a key advantage, which enables the production of 
cheap, flexible, and light-weight solar cells that can open up new application markets for 
photovoltaics.2 

Different classes of organic solar cells exist based on the different types of molecules that 
can be applied in the solar cell device like conjugated polymers, small molecules and 
dyes.3, 4 This last class is better known as the dye-sensitized solar cell.5, 6 Recently, a new 
class of organic solar cells is being developed in which both organic and inorganic 
components are integrated. So strictly speaking, this organic-inorganic hybrid perovskite 
solar cell is not a ‘pure’ organic solar cell.7, 8  

The PCEs vary between these different classes. State-of-the-art lab sized single-junction 
polymer-based and small-molecule-based devices can have PCEs above 9% and above 8% 
respectively.9 The record PCE of a lab sized dye-sensitized solar cell is above 11%.10 
Recently, for a lab sized organic-inorganic hybrid perovskite solar cell a PCE above 17% 
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has been reported.11 This high efficiency increases the future expectations for this new 
class of organic solar cells.8, 11  

Despite the attractive features of OPV, its usefulness becomes questionable when one 
considers the typical PCEs of ~5% of square meter sized modules and their short 
operational lifetimes of 5 years under outdoor conditions. On the other hand, OPV has 
significant advantages when compared to other renewable energy technologies, like an 
energy payback time of less than a few months, energy return factors of more than 100, and 
fast manufacture of a given energy producing unit. One has to consider these specific 
advantages of OPV too when drawing conclusions about the chances for successful 
commercialisation. Because of these specific advantages, Jørgensen et al.12 conclude that 
OPV technology is already competitive with other solar cell technologies. Its low 
performance, which requires the use of large landmass, is the reason why this technology is 
not in use yet.12 

Successful commercialisation of a solar technology will only happen when three basic 
requirements are fulfilled at the same time, namely reasonable PCE, lifetime and cost.2 In 
future all these requirements have to be met, but the problem of the low PCE is a good one 
to start with because solving this issue very likely needs the development of a new 
generation of molecular semiconductors. Issues like lifetime and cost price should be kept 
in mind when developing these new molecular semiconductors. 
 
 
1.2 Operating principle 
 

A photovoltaic cell is a so-called photodiode, which is a semiconductor device that 
converts light into a current and/or voltage. In the dark, an exponential increase in the 
current density is measured under forward bias, i.e., when the voltage at the cathode is 
higher than the one at the anode. Under reverse bias, i.e., when the voltage at the anode is 
higher than that at the cathode, a small reverse saturation current density J0 is measured that 
suddenly increases exponentially when a large forward bias is applied. The dark current 
density Jdark (in A/m2) is related to the applied bias voltage V (in V) in the following way: 
 

!!"#$ = !! !
!"
!!! − 1 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.1) 

 
where J0 is the reverse saturation current density (in A/m2), i.e., the maximum value 
(typically very small) of the reverse bias current density for large negative voltages in the 
dark, q the elementary charge, kB the Boltzmann’s constant (in eV/K) and T the absolute 
temperature (in K). A typical J-V curve in the dark is shown in Fig. 1.1 (dotted line).3, 4 

When the photovoltaic cell is illuminated, the J-V curve shifts down. Due to this shift, the 
solar cell can generate power. By definition, under short-circuit conditions the applied 
voltage is zero and the output photocurrent density is at a maximum equal to the short-
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circuit current density labelled as Jsc, and under open-circuit conditions no photocurrent 
density flows through the cell and the output voltage is at a maximum equal to the open-
circuit voltage labelled as Voc. The point of maximum power (MP) on the J-V curve is 
defined as the point where the product of current density and voltage is maximised. Fig. 1.1 
shows a typical J-V curve under illumination (solid line) and illustrates all these 
characteristic points.3, 4 

 

 
Fig. 1.1 Current density – voltage (J–V) curves of a photovoltaic cell under dark (dotted line) and under 
illumination (solid line). The J0, Jsc, Voc and maximum power points JMP and VMP are shown. Picture reproduced 
from ref.3. 
 

A solar cell becomes efficient when it absorbs light over a broad range of the solar 
spectrum from visible to near-infrared (~350-900 nm), converts the absorbed photons 
effectively into free charges, and collects these charges at a high voltage with suitable 
current in order to do useful work.7 To measure and compare the PCEs of terrestrial flat 
solar cells and submodules a standard solar spectrum is used, namely the global (global = 
direct and diffuse radiation) AM1.5 spectrum. AM stands for air mass and is the path length 
of light through the atmosphere normalised to the shortest possible path length. AM1.5 
corresponds to solar radiation incident at 48.2° with respect to the normal on the surface of 
the earth and has an integrated power of 1000 W/m2.13 The ‘Solar cell efficiency tables’ 
(version 46) of Green et al.10 report for a single-junction, i.e., a solar cell configuration 
consisting of one cell, organic thin film research cell a highest confirmed PCE of 
11.0±0.3% (for 1 cm2 area under the global AM1.5 spectrum), which is low compared to 
the reported highest confirmed PCE of a silicon (monocrystalline) research cell, namely 
25.6±0.5% (for 144 cm2 area under the global AM1.5 spectrum).  

The PCE of a solar cell is determined by the ratio of the maximum power generated by 
the solar cell Pout (in W/m2) and the total incident power under the global AM1.5 spectrum 
Pin (in W/m2):  
 

PCE = !!"#
!!"

∙ 100% = !!" ∙ !!" ∙ !!
!!"

∙ 100%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.2) 

J0#
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where Voc is the open-circuit voltage (in V), Jsc the short-circuit current density (in A/m2) 
and FF the fill factor (dimensionless). The FF is defined by: 
 

!! = !!" ∙ !!"
!!" ∙ !!"

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.3)!
 
where JMP is the current density at the maximum power point and VMP the voltage at the 
maximum power point. The FF is an indication of how easily charges can be collected 
from a solar cell.2, 3 The Shockley-Queisser14 model, which establishes a detailed balance 
(theoretical) limit for the efficiency of single (p-n) junction solar cells, sets a theoretical 
limit to the FF as a function of the Voc. It turns out that the FF never reaches one. For 
example for a Voc of ~800 meV, which can be observed for polymer-based devices,2 the FF 
is ~0.86.14, 15 

The incident-photon-to-current efficiency2, 3, 16 (IPCE) is a different kind of efficiency 
that is also used to characterise solar cells. It is related to the number of generated electrons 
and not to the generated power. Two different types can be considered: the external (EQE) 
and internal quantum efficiency (IQE). The EQE is a measure of how much current is 
produced at a particular wavelength of light, i.e., the probability that the absorption of one 
photon results in the generation of one electron that is able to flow through an external 
circuit. This quantity is determined by the ratio of the measured current Jphoto (in A/m2) 
multiplied by 1240 (conversion factor between wavelength and energy, in eV nm) and the 
power of the incident monochromatic light Pin (in W/m2) multiplied by its wavelength λ (in 
nm): 
 

EQE = 1240 ∙ !!!!"!! ∙ !!"
∙ 100%!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.4)!

 
The EQE typically is integrated over the solar spectrum.3 Although for organic solar cells a 
high EQE does not guarantee a high PCE, it is an essential requirement. The EQE of 
inorganic solar cells often approach unity. For organic solar cells based on the so-called 
bulk heterojunction concept (vide infra), which is currently the most applied device 
architecture for organic solar cells, the EQE can reach values of ~80%.2 

The IQE is determined by the same ratio as the EQE, but this quantity considers only the 
incident photons of a given wavelength that are absorbed in the device. So the IQE can be 
obtained from the EQE by dividing this number by the total absorptance A, i.e., the fraction 
of the power of the incident monochromatic light that is absorbed: 
 

IQE = EQE
! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(1.5) 

 
For considerably thick devices, A can be approximated because the sum of total 
absorptance A, transmittance T and reflectance R must be one. For thick devices, T can be 
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considered zero, so A can be replaced by (1−R) in eq. 1.5.2, 3, 16 In organic solar cells based 
on the bulk heterojunction concept (vide infra), the IQE can approach 100% meaning that 
every absorbed photon results in the generation of a separated pair of charge carriers that 
are collected at the electrodes.17  

A simple measure of the solar cell effectiveness for generating a voltage is the difference 
in energy between the optical band gap of the absorbing material and the Voc that is 
generated by the solar cell under the global AM1.5 spectrum. For example, for inorganic 
solar cells based on GaAs (optical band gap of 1.4 eV and Voc ~1.11 eV), this difference is 
~0.29 eV. For organic solar cells this difference is 0.7-0.8 eV, which is significantly larger. 
This large loss is predominantly caused by the low dielectric constant of organic 
semiconductors, which leads to the generation of tightly bound electron-hole pairs, i.e., 
excitons, after light absorption.7, 18  
 
 
1.3 Device architecture  
 

Different options in device architecture exist to split these excitons into separate electrons 
and holes. In 1986, Tang et al.19 discovered that at the interface of donor and acceptor 
molecules excitons dissociate due to electron transfer from donor to acceptor. These so-
called bi-layer heterojunction devices resulted in a major breakthrough in the PCE of OPV 
devices up to 1%. One of the limiting factors for the PCE of these devices appeared to be 
the relative short distances that excitons are able to travel before they recombine. For most 
organic semiconductors, these diffusion lengths are in the range of 10 nm, which limits the 
thickness of the absorbing layer in these bi-layer heterojunction solar cells also to ~10 nm. 
However, thicknesses of at least 100 nm are necessary to absorb most of the light.4  

To improve the PCE by decreasing the distance that excitons have to travel to the nearest 
donor-acceptor interface, a new device architecture concept was introduced by Yu et al.20 
in 1995. In this type of solar cell the bi-layer structure is replaced by an active layer 
consisting of bi-continuous and interpenetrating networks of phase-separated donor and 
acceptor domains that ideally should not be larger than the exciton diffusion length. In this 
way, all excitons are able to reach the interface before they recombine. This so-called three-
dimensional (bulk) heterojunction (BHJ) is one of the most applied device architectures 
today (Fig. 1.2). Currently the best performing single-junction OPV devices are based on 
this concept.4  

In conventional BHJ solar cell devices the active layer is sandwiched between a 
transparent anode, commonly composed of indium-doped tin oxide (ITO), poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) – a conductive water 
processable polymer mixture that improves the electrical contact and surface wettability – 
and a cathode, often composed of lithium fluoride (LiF) and aluminium (Al) (Fig. 1.2). 
PEDOT:PSS and LiF serve as respectively the electron and hole blocking layer. These 
layers are particularly useful when both the donor and acceptor are in contact with the 
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electrodes.21 To transport and collect the different charges at the particular electrodes, the 
anode consists of a high work function material and the cathode of a low work function 
material.4 This asymmetry in the work functions provides the necessary selective contacts 
for the holes and electrons.22 Furthermore, depending on the mode of operation, an electric 
field can result by which the charges drift to their respective electrodes.  

 

 
Fig. 1.2 Schematic representation of a BHJ organic solar cell. The active layer usually is composed of conjugated 
polymers with side-chains (drawn schematically) and PCBM molecules. 
 
 
1.4 Typical donor and acceptor molecules 
 

The hole-conducting donor typically is a conjugated polymer that absorbs most of the 
light. Conjugated polymers are characterised by an alternating single-double bond structure 
that gives rise to their semiconductor properties. In both bi-layer and BHJ solar cells, 
homopolymers were used in the first years.23 The most studied homopolymers were poly(3-
hexylthiophene) (P3HT), poly[2-methoxy-5-(2!-ethyl-hexyloxy)-1,4-phenylvinylene] 
(MEH-PPV) an the better processable poly[2-methoxy-5-(3!,7!-dimethyloctyloxy)-1,4-
phenylvinylene] (MDMO-PPV) (Fig. 1.3).4 A large disadvantage of homopolymers is their 
large band gap, which limits light absorption.  

 
Fig. 1.3 Structures and abbreviated names of the most studied homopolymers in solar cells. 
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To increase the absorption towards the near infrared spectral region, polymers with a 
smaller band gap were synthesised.24 These polymers are the so-called donor-acceptor co-
polymers25 in which alternating electron-rich donating and electron-poor accepting 
fragments are coupled together in one monomer unit. Typical donor and acceptor building 
units are given in Fig. 1.4.23, 26-29  

 

 
Fig. 1.4 Structures and abbreviated names of typical donor and acceptor building units for donor-acceptor co-
polymers.23, 26-29 
 

The interaction between the frontier molecular orbitals (MOs) of the donor and acceptor 
building units, i.e., their highest occupied molecular orbital (HOMO) and lowest 
unoccupied molecular orbital (LUMO), leads to a very small HOMO-LUMO energy 
difference for the combined donor-acceptor unit (Fig. 1.5). Further interaction between the 
frontier MOs of the repeating units in the polymer chain results in the characteristic small 
band gap of this class of polymers.25 Currently, record PCEs are obtained with OPV 
devices that contain these donor-acceptor co-polymers.30, 31 For example, solar cells based 
on PBDT-TPD32 and PBDT-TT33 have shown PCEs above 6%.  
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Fig. 1.5 Molecular orbital energy level diagram illustrating the small band gap of donor-acceptor co-polymers 
originating from the interaction between the frontier molecular orbitals of the separate donor and acceptor building 
units. 
 

The ideal acceptor for BHJ solar cells should easily accept electrons, support electron 
transport in three dimensions, have a good electron mobility in composites with the donor, 
a favourable nanoscale morphology, a considerable energy offset between the LUMO of 
the donor and acceptor, be stable, and cheap.34, 35 This energy offset needs to be of ~0.3-0.4 
eV to enable exciton dissociation and charge separation. Lower offsets lead to incomplete 
exciton dissociation.36 

One of the most used acceptor molecules is Buckminsterfullerene (C60, Fig. 1.6). C60 has 
the advantage of a high electron affinity and a good electron conductance.4 Its 
disadvantages are weak absorption of light and relative low solubility in normal solvents. In 
1995, Hummelen et al.37 synthesised soluble derivatives of C60 with both hydrophilic (for 
applications to biology) and hydrophobic (for applications to physics) functional groups 
attached indirectly to the cluster. Among these synthesised derivatives is the well-known 
fullerene derivative [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM, Fig. 1.6). This 
fullerene derivative is currently one of the most applied acceptor molecules in BHJ solar 
cells, together with its C70 analogue [70]PCBM.  
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Fig. 1.6 Structures and abbreviated names of the fullerene molecule C60 and the fullerene derivative [60]PCBM.  
 

The disadvantage of the weak absorption of C60 is solved to a large extent upon using 
[70]PCBM. A strong absorption of the acceptor that ideally is complementary to the 
absorption of the donor is preferred because absorption of the acceptor can contribute to 
charge generation too.34 Besides electron transfer, hole transfer from acceptor to donor can 
take place in organic solar cells. The contribution of this process to charge generation 
becomes significant when an acceptor is used with strong optical absorption in the visible 
region, like [70]PCBM.38 For this process the offset between the HOMO of the donor and 
acceptor needs to be of ~0.3-0.4 eV to enable exciton dissociation and charge separation.21 

Currently, many C60 and C70 derivatives have been synthesised to improve the 
processability, the morphology and to optimise HOMO-HOMO and LUMO-LUMO 
offsets. Besides fullerene derivatives that the majority of OPV devices use,35 other 
molecules can in principle also be used as the acceptor like polymers, perylene 
derivatives,39 carbon nanotubes, and inorganic semiconducting nanoparticles.34 
 
 
1.5 Models for the description of electronic properties 
 

Because organic molecules have their electrons organised in discrete MO energy levels, 
the electronic properties of typical donor and acceptor molecules are usually described with 
one-electron models like MO energy level diagrams that contain the HOMO and LUMO of 
the organic molecule. This description is different from the one that is typically used for 
conventional inorganic semiconductor photovoltaic materials like silicon.25 Their electronic 
properties are usually described with one-electron models like the ‘band structure’ (see 
Chapter 2, section 2.9 for more details) in which the highest occupied energy band is called 
a valence band and the lowest unoccupied energy band a conduction band. The energy 
difference between the lowest point of the conduction band, i.e., the conduction band edge, 
and the highest point of the valence band, i.e., the valence band edge, is called the band 
gap.40  
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Typically the electronic properties of conjugated polymers are also described using the 
band structure, which originates from the interaction between the π-MOs of the repeating 
units in the polymer chain. Therefore, the description of electronic and optical properties of 
conjugated polymers is often in terms of the band gap, the highest occupied energy band 
and the lowest unoccupied energy band.25 However, when conjugated polymers are 
considered as donor in BHJ solar cells, the donor-acceptor interface is often described in a 
one-electron picture using a MO energy level diagram that contains the HOMO and LUMO 
of both donor and acceptor.18, 21, 41 This simplified viewpoint to describe the photo-
excitation often has the goal to clarify certain energy level offsets that are needed to drive 
exciton dissociation. 
 
 
1.6 Photovoltaic process 
 

To understand why the PCE of organic solar cells is rather low, we need to know in detail 
their working mechanism. The commonly accepted scheme consists of the following steps: 
light absorption by (mainly) the donor or the acceptor leading to the formation of local 
excitons, diffusion of these excitons towards the donor-acceptor interface, electron or hole 
transfer between the donor and the acceptor, transport of free charges to the electrodes and 
finally, charge collection.21, 42 Exciton diffusion takes place via a Förster resonance energy 
transfer mechanism, i.e., non-radiative transfer of excitation energy from an excited 
molecule to a ground state molecule driven by dipole-dipole interactions.  

The time scales of the steps of the OPV working mechanism and possible competing 
processes span several orders of magnitude: the absorption event takes place 
instantaneously on a time scale of the order of fs, the lifetime of local excitons typically is 
of the order of 100 ps, the electron transfer step typically takes place on a much shorter 
time scale namely within 150 fs, internal conversion that can compete with the electron 
transfer step typically happens on a longer time scale namely of the order of ps, the creation 
of free charges after electron transfer typically takes place within 150 fs, and the 
recombination of these free charges typically happens on a time scale of several ns.43  

Despite this attained understanding of the working mechanism, the generation of free 
charges in OPV devices is still not fully understood. Besides intra-molecular local excitons, 
many experimental studies44-47 demonstrate the presence of inter-molecular charge-transfer 
(CT) excitons that may be generated at the donor-acceptor interface by electron transfer. 
The interfacial CT state ((D+!A−!)CT, Fig. 1.7) can be seen as an intermediate state between 
the initially excited state at the donor (D*A, Fig. 1.7) or acceptor (DA*, in Fig. 1.7 omitted 
for clarity) and the final charge-separated (CS) state consisting of two fully dissociated 
charges in the donor and acceptor ((D+! A−!)CS, Fig. 1.7).18, 45, 48 Often the lowest CT 
(CT1) state of the CT manifold is lower in energy than the final CS state. The energy 
difference is believed to be one of the most important parameters that limit the PCE of 
OPV devices. 21, 42 
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The CT state can be populated via photo-excitation of the donor or acceptor, or via direct 
excitation into the CT manifold. After population, both radiative and non-radiative 
relaxation to the ground state or dissociation into free charges can happen. It turns out that 
population of the CT state can depend on the crystallinity of the donor and acceptor, the 
donor-acceptor character of the polymer, the electron and hole mobilities,18 and, as 
suggested by Loi et al.,45 on the dielectric constant.  

In P3HT/PCBM blends49 the population of the CT state depends on the crystallinity. 
Howard et al.49 showed for this blend that the percentage of the CT state population 
depends on the degree of disorder in the sample. Annealing of the sample leads to increased 
order, which results in a greater generation of free charges. According to their study, 
quenching of the local excitons on the polymer leads to two populations: CT excitons and 
the immediate formation of free charges. The CT excitons all recombine and therefore do 
not contribute to the photocurrent. Thus free charges are generated without passing through 
the CT state as intermediate state. This study suggests that population of the CT state 
should (and could) be avoided because it limits the number of extracted free charges.49  

Also Koster et al.50 found evidence in favour of avoiding CT state population. They 
showed theoretically that by preventing CT state action, i.e., CT absorption and CT 
emission being responsible for most of the electroluminescence, organic solar cells could 
be as efficient as inorganic solar cells. It appeared that the Shockley-Queisser limit is 
retained in both limiting cases of 0% and 100% CT state action. Current BHJ organic solar 
cells operate in the first limit, so by reducing the CT state action even further – without 
introducing non-radiative recombination – improved PCEs are expected. For ‘(pure) CT 
state materials’ that operate in the second limit, it was pointed out that reaching high PCEs 
will be very difficult in practice, because of the very strong non-radiative recombination in 
this limit.50 

Instead of constructing a MO energy level diagram that is based on the one-electron 
HOMO and LUMO energy levels of both donor and acceptor, an electronic state diagram 
can be constructed that contains the energies of the many-electron states involved in the 
charge generation process. This description gives therefore different information than a MO 
energy level diagram. An electronic state diagram of the solar energy conversion to free 
charges is shown in Fig. 1.7, together with illustrations showing the differences between 
the (intra-molecular) local exciton, the (inter-molecular) CT exciton and the CS state. Due 
to the Coulomb attraction between the charges in the CT exciton a so-called CT exciton 
binding energy labelled Eb

CT arises (vide infra). The final CS state energy is equal to the 
energy difference between the ionisation potential (IP) of the donor and the electron affinity 
(EA) of the acceptor. The charge separation process illustrated in Fig. 1.7 is initiated by a 
local excitation on a donor molecule (D*A). A similar scheme can be drawn for charge 
separation initiated by a local excitation on an acceptor molecule (DA*).21, 42 
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Fig. 1.7 Electronic state diagram of the first steps of the OPV working mechanism. Blue arrows show the basic 
steps to create free charges assisted by hot (grey lines) and higher energy electronic CT states (black line labelled 
CTn) (vide infra). Green arrows show the energy difference defined as Eb

CT and as the CS state energy. Vibrational 
energy levels within the CT manifold are depicted in grey. Higher energy electronic D* states, as well as 
electronic acceptor excited states, are omitted for clarity.  
Left top: local exciton where the electron and hole are both localised on the same molecule. Left bottom: CT 
exciton where the hole is located on the donor and the electron on the acceptor. Right top: CS state consisting of 
two fully dissociated charges in the donor and acceptor molecules. (D* = donor excited state, D+! = radical cation 
of donor, A−! = radical anion of acceptor, blue: positive charge, red: negative charge) 
 
 
1.7 Exciton binding energy and charge-transfer exciton binding 

energy 
 

Clarke et al.41 define two different binding energies of the intra-molecular local excitons 
and the inter-molecular CT excitons to emphasise their difference. Some discussions about 
these binding energies include entropy contributions (ΔS), but most of them consider the 
binding energies as Coulomb attraction energies and therefore address potential energies 
(enthalpies, ΔH).29 

The first definition of Clarke et al.41 considers the binding energy of the initially formed 
local exciton. This property is equal to the energy difference between the CS state 
consisting of two fully dissociated charges in the same system, with the hole on a donor 
molecule and the electron on a distant acceptor molecule, and the initially excited state. 
This binding energy is labelled Eb

exc from now on (Fig. 1.8). 
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Fig. 1.8 Local exciton D*A at the donor monomer CPDTTBT illustrating the exciton binding energy Eb

exc and the 
CT exciton (D+!A−!)CT at CPDTTBT and the acceptor [60]PCBM illustrating the CT exciton binding energy Eb

CT. 
(blue: positive charge, red: negative charge) 
 

Estimates of Eb
exc for conjugated polymers range from less than 0.1 eV to over 1 eV. Due 

to the disordered nature of conjugated polymers direct experimental measurements of the 
magnitude are difficult.29 Typically electric field quenching of the polymer photo-
luminescence is used to determine its value.44 However, consensus about the value for a 
particular system is often not obtained.29 If Eb

exc is smaller than the available thermal 
energy kBT, which is a few hundredths of an eV, the primary photo-excitations are 
considered to be mobile charges.29 Usually Eb

exc is larger, namely of the order of 0.3-0.5 
eV.18 Therefore, as a rule of thumb for BHJ solar cell devices, one considers a LUMO-
LUMO offset of ~0.3-0.4 eV to be sufficient to drive local exciton dissociation.36 

Several experimental and theoretical studies have shown that different types of excitons 
with varying exciton binding energies are formed as the primary photo-excitations in 
polymers.24 The less bound excitons are believed to play a significant role in the 
photovoltaic process because they might decrease the energy and voltage loss for charge 
separation24, reduce geminate recombination and make electron transfer from donor to 
acceptor easier.51 The sometimes immediately formed free charges after light absorption 
can contribute directly to the yield of free charges. Therefore, polymers in which less 
bound excitons and mobile charges are formed after light absorption are preferred above 
polymers in which tightly bound excitons are formed. Szarko et al.52 showed for 
PTB7/PCBM blends that free charges are generated via a combination of intra- and inter-
molecular charge transfer mechanisms. They expect that a (possible) interplay between 
intra- and inter-molecular CT states has significant implications for how to optimise the 
BHJ morphology to obtain better performing OPV devices.52 

The second definition of Clarke et al.41 considers the binding energy of the CT exciton. 
The energy difference between the CS state consisting of two fully dissociated charges in 
the donor and acceptor molecules and the nearest neighbour CT1 state at the donor-acceptor 
interface, is called the charge-transfer exciton binding energy (Eb

CT, Fig. 1.8). Usually Eb
CT 
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is lower than Eb
exc because of the increased electron-hole distance.29 Its value is estimated 

to be of a few tenths of an eV,41, 53 which is higher than the usually available thermal 
energy. Consequently, the electron and hole are not able to escape from their Coulomb 
attraction in order to generate free charges. Therefore, Eb

CT is one of the most important 
parameters that limit the PCE of an OPV device.18!

Besides the high Eb
CT also other losses limit the performance of OPV devices. Kirchartz 

et al.54 analysed the losses for BHJ solar cells and found that optical losses due to 
insufficient light trapping and absorption in solar cell layers that do not collect charge 
carriers, exciton losses due to insufficient transport of excitons to the donor-acceptor 
interface or due to inefficient exciton dissociation, non-radiative recombination losses at 
the donor-acceptor interface, and charge carrier collection losses due to insufficient 
mobilities, lead to a great reduction in the PCE. Of all these possibilities, the most 
dominant one is the non-radiative recombination at the donor-acceptor interface.54, 55 
 
 
1.8 Proposed mechanisms for charge separation  
 

Currently the biggest challenges lie at the heart of the organic solar cell: the donor-
acceptor interface. The question of how the charge generation process at this interface can 
overcome the high Eb

CT has so far been unanswered. Several options have been proposed, 
like the assistance of hot CT states,47, 56, 57 the role of structural heterogeneity leading to 
relatively delocalised charge carriers,47, 58, 59 the assistance of an interfacial electric field,60 
an increase in the entropy when charges move away from each other,41, 61 and the 
possibility that quantum coherence controls charge separation.62-64 Hereafter, all these 
options will be discussed. 

One of the most considered options assumes that excess photon energy leads to hot CT 
states that assist in charge separation.56, 65 Bakulin et al.56 find experimental evidence in the 
enhancement of the photo-current due to re-excitation in the CT manifold. A computational 
study that supports this possible mechanism is the recent work of Jailaubekov et al.57 who 
performed mixed quantum mechanics/molecular mechanics simulations of the charge 
separation dynamics. These simulations show preference for the formation of more 
delocalised CT excitons because these higher-energy CT states have better overlap of their 
electronic density of states (DOS) distributions with the DOS of the initially excited states 
(it is emphasised that the excess energy in the hot CT excitons is predominantly electronic 
in nature and not vibronic).57 Still, the question whether or not this hot CT state-assisted 
mechanism is common to photo-induced charge separation processes in general, remains 
challenging to answer. Recently, an experimental study performed by Vandewal et al.47 
reports for a wide range of OPV devices (polymer/fullerene, small-molecule/C60, and 
polymer/polymer) that excess electronic or vibrational energy does not affect the IQE. 
These results indicate that free charge carriers are generated and collected with nearly 
identical efficiencies regardless of whether the charges are generated on excitation directly 
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into the CT1 state or on excitation into higher energy unrelaxed (i.e., vertical) CT states, 
higher energy donor excited states and higher energy acceptor excited states. It is proposed 
that all hot CT states relax within the CT manifold and are in thermal equilibrium with the 
CT1 state, which suggests that excess energy cannot be exploited to improve the charge 
separation yield.47 

The study performed by Vandewal et al.47 suggests another option for efficient charge 
separation to explain their experimental findings: large IQE can only be reached when the 
CT1 state is sufficiently delocalised and has an energy close to the CS state. Several 
theoretical studies58, 59 support this option when the local morphology of the interface is 
modelled properly, i.e., not in a very localised fashion. For example, McMahon et al.58 
show that the electronic structure of P3HT in contact with PCBM is more disordered 
compared to bulk P3HT, which leads to an increase in the band gap of P3HT near the 
interface. The exciton is therefore repelled by the interface. Consequently, electron transfer 
leads to the splitting of the exciton in a hole a few layers away from the interface and an 
electron in one of the partially delocalised states of PCBM. It is suggested that this provides 
a possible explanation for the high quantum yields of free charges of certain donor-acceptor 
combinations.58 

Another popular option to explain charge separation assumes that a local electric field at 
the interface lowers the barrier for charge separation. This local electric field exists due to 
the presence of interfacial dipoles that originate from electronic polarisation effects, i.e., 
reorganisation of the electron density within the molecules across the interface, or from 
(partial) charge transfer between the ground state donor and acceptor molecules. The 
interfacial dipole causes a vacuum level shift that strongly modifies the alignment of donor 
and acceptor electronic levels at the interface. For example, in a tetrathiafulvalene-
tetracyanoquinodimethane (TTF-TCNQ) complex, the interfacial dipole results in a 
stabilisation of the TTF frontier molecular orbitals by a few tenths of an eV and a 
destabilisation of the TCNQ frontier molecular orbitals by the same amount. Therefore, 
Beljonne et al.60 emphasise the importance of taking fully into account interfacial effects 
when constructing energy diagrams for describing interfacial electronic processes. 
Inclusion of interfacial effects in the description of the OPV working mechanism will likely 
alter driving forces for charge separation and Voc.60, 66 

The increase in entropy ΔS when charges move away from the donor-acceptor interface is 
also proposed to be essential for charge separation. Clarke et al.41 show quantitatively that 
for equilibrium processes the contribution from ΔS can substantially decrease the Coulomb 
barrier for charge separation. In this regard, one should consider changes in Gibbs free 
energies ΔG instead of changes in potential energies ΔH (note that ΔG=ΔH−TΔS). 
However, Gregg61 states that for non-equilibrium processes like an illuminated solar cell, 
the magnitude of entropic effects should diminish considerably compared to equilibrium 
processes. Clearly some controversy exists about the role of entropy in the charge 
separation process in organic solar cells. 
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Very recently, a lot of effort has gone into the time-dependent modelling of the early 
stages of the charge transfer dynamics to model this process as realistic as possible.62-64 
Falke et al.63 combined experimental and theoretical studies on P3HT/PCBM blends and in 
this way found strong evidence for an important role of coherent vibronic coupling between 
electronic and nuclear degrees of freedom in this process. After excitation of the polymer 
leading to the formation of local excitons, electron transfer to PCBM takes place by 
delocalisation of the electronic wave packet across the interface. This step appears to 
trigger coherent vibrational motion of the fullerene. Correlated oscillations within 25 fs of 
the electron density and the nuclei on the same time scale were found that enable ultrafast 
charge transfer.63 Eisenmayer et al.62 argue that a broader investigation is necessary to 
verify the generality and the role of this correlated oscillatory behaviour in photo-induced 
charge transfer processes, and the possibility of optimising these coherences to increase the 
efficiency of photon-to-charge conversion.  

Also for electronic energy transfer processes, quantum coherence is expected to play a 
role. For example, the very high efficiencies reached for excitation energy transfer in 
biological light-harvesting complexes are often attributed to long-lived electronic quantum 
coherence in these systems, which manifests itself in observable quantum beating signals.67 
However, recently Tempelaar et al.68 question this as they found by numerical simulations 
strong indication that the quantum beating signals are induced by vibrational (nuclear) 
motion instead of electronic quantum coherence. 

In general one can conclude that further investigation of the exact mechanisms that 
underlie charge separation in organic blends is needed. According to Moses,69 research that 
aims at identifying the molecular properties that make some organic blends more efficient 
in creating free charges is required. In parallel, models should be developed that can unify 
the sometimes seemingly contradicting experimental results.69 These steps are believed to 
be necessary in order to improve the performance of organic solar cells in future.  

Since OPV is a multidisciplinary research field, several studies18, 21 have already 
underlined the importance of a multidisciplinary approach that involves materials science, 
(theoretical) chemistry and physics to provide understanding of the OPV working 
mechanism. Therefore, a multidisciplinary research team at the University of Groningen 
started a large research programme called the FOM-focus group ‘Next generation organic 
photovoltaics’. 
 
 
1.9 Aim and approach of the research programme 
 

Recently a promising route to increase the efficiency of OPV devices has been suggested: 
developing new organic materials with a high dielectric constant. Koster et al.50 showed 
that the Shockly-Queisser limit of 33% that sets a maximum to the efficiency of single (p-
n) junction solar cells, also applies to OPV devices. In their study based on a drift-diffusion 
model the key parameter enabling PCEs of more than 20% for OPV devices is the dielectric 
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constant (or relative permittivity). According to Koster et al.,50 a high dielectric constant is 
expected to lower exciton binding energies and to reduce all forms of geminate (or 
monomolecular) and nongeminate (or bimolecular) recombination.50 Therefore, the aim of 
the research programme at the University of Groningen is to develop a new generation of 
molecular semiconductors that are characterised by a high dielectric constant. 

In contrast to inorganic materials having high dielectric constants (e.g., 11 for silicon70, 

71), most organic semiconductors have low dielectric constants (εPCBM≈3.972 and 
εpolymer≈373). This low dielectric constant has a large effect on the photo-physical properties, 
because it is responsible for the formation of local excitons. Weak Van der Waals 
interactions between neighbouring molecules lead to narrow energy bandwidths, low 
mobilities and hopping-like charge transport. This unfavourable situation for charge 
separation does not occur in, e.g., silicon where the high dielectric constant screens charges 
very effectively. Strong (covalent) interatomic interactions lead to broad energy 
bandwidths, high mobilities and band-like charge transport. Immediately after light 
absorption highly delocalised excitons are formed from which free charges are generated.74 
Consequently, the highest confirmed PCE of a silicon research solar cell is ~25%.10 

Within the Debye model, the dielectric constant εr is related to the properties of its 
constituting molecules/atoms according to the following equation: 
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where N is the number of atoms/molecules (per m3), ε0 the permittivity of vacuum (in 
C2/Jm), αe the electronic polarisability of the molecule (in C2m2/J), αd the distortion 
polarisability of the molecule (in C2m2/J), µ the permanent electric dipole moment of the 
molecule (in Cm), kB the Boltzmann’s constant (in J/K) and T the absolute temperature (in 
K). The term (µ2/3kBT) is called the orientation polarisability of the molecule. Without this 
term, the Debye equation becomes the Clausius-Mossotti equation.75 

The Debye equation illustrates the three different microscopic mechanisms of polarisation 
that can exist in a dielectric material: the electronic polarisation depending on the 
displacement of the electron cloud with respect to the nuclei in an applied electric field, the 
distortion polarisation depending on the displacement of the nuclei in an applied electric 
field, and the orientation polarisation – which only exists for polar molecules – depending 
on the (modification of the) permanent electric dipole moment of the molecule in an 
applied electric field. The first two mechanisms result in an induced dipole moment of the 
molecule.75, 76 

These three polarisation phenomena all show different frequency dependencies. The 
motion of complete molecules (maximum frequency is ~109 Hz) and the displacement of 
nuclei (maximum frequency is ~1013 Hz) need more time than the available time at optical 
frequencies (~430-790×1015 Hz) to respond to the alternating electric field. Due to this 
fact, a static (dielectric constant in static electric field, i.e., all polarisation mechanisms 
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determine εr) and optical dielectric constant (dielectric constant at optical frequencies, i.e., 
only electronic polarisation determines εr) can be defined for a material.75, 76 

Within the Debye model, a high dielectric constant can originate from molecules that are 
highly electronic polarisable (i.e., molecules containing atoms with high polarisability), 
highly distortion polarisable (i.e., molecules containing a large number of ionic bonds) and 
posses a dipole. An increase in the density N can also contribute to a higher dielectric 
constant.75!In general the Debye model should rather be used as guideline to understand the 
origin of dielectric response at the molecular scale, especially for molecule-based systems 
like organic blends.77 

Recently, Van Duijnen et al.78 studied the behaviour of charge distributions in dielectric 
media. In this work the validity of a screened Coulomb law at microscopic length scales 
was investigated. Often the expected higher PCE of organic solar cells based on high 
dielectric constant organic materials is explained by arguments41, 79, 80 based on the concept 
of a screened Coulomb law: 
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where Fij is the interaction force (in N) between two point charges with charges Qi and Qj 
(in C), ε0 the permittivity of vacuum (in C2/Jm), εr the dielectric constant, and Rij the 
distance between the charges (in m). The interaction energy can be obtained by integration 
of the force. In contrary to the well-known Coulomb law, the screened Coulomb law (eq. 
1.7) is not an exact formula but an effective one, which can only be applied when all 
parameters are macroscopic, including the interaction distance between the charges 
(distance should be ~100 Å). Van Duijnen et al.78 illustrated for charges in different 
environments that one cannot use a screened Coulomb law at length scales of electron-hole 
separation in local and CT excitons, i.e., 10-20 Å. Instead, a full treatment of all 
interactions on a microscopic scale is needed to correctly describe the early stages of 
charge dissociation of the local and CT excitons.78 

However, this does not imply that increasing the dielectric constant of organic materials 
will not lead to a higher PCE, as Koster et al.50 showed. Van Duijnen et al.78 also showed 
that the exciton binding energy decreases with increasing dielectric constant, but the 
relation between the two is not inversely proportional, as a screened Coulomb law would 
predict. So the PCE of OPV devices based on high dielectric constant organic materials is 
expected to be higher than the PCE of the current devices.  

Heitzer et al.81 pointed out that the rational design of high dielectric constant organic 
materials is challenging, mainly because many questions have remained unanswered about 
how molecular chemical properties affect the bulk dielectric response. In their studies77, 81 
they address this problem by applying a first-principles approach to compute the dielectric 
response of molecule-based materials by taking into account the effects of position, 
orientation and packing of the constituent molecules. The change in charge density as a 
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function of the applied electric field determines the dielectric response. It was shown that 
large packing density and alignment of π-systems parallel to the applied electric field lead 
to a high dielectric constant. So controlling the molecular ordering may be the key to 
design high dielectric constant molecule-based materials.77, 81 With regard to highly 
disordered media like organic blends, Heitzer et al.77 argue that in these systems the 
polarisation response of a single molecule, i.e., local dielectric response, in a specific 
orientation may be important for certain chemical and physical processes that happen at the 
nanoscale. It is possible that the local dielectric response deviates from the bulk dielectric 
constant.77 

Until now several synthetic chemical approaches to develop high dielectric constant 
materials for application in OPV devices have been reported. Jahani et al.82 shortly review 
some of these approaches, like blending the polymer with inorganic, conductive fillers or 
electron-rich organic dopants, and installing polar pendant groups in the materials, e.g., 
cyano groups and terthiophene groups. The approach applied in the research programme at 
the University of Groningen is to install polarisable side-groups and permanent dipoles in 
both the conjugated polymers and fullerene derivatives, without modification of the π-
conjugated system in order not to affect the mobility or band gap. Ideally, the electronic, 
optical and solubility properties of the molecules should not change.82 

Several promising outcomes of this approach have recently been reported. Jahani et al.82 
report an increase in the dielectric constant of fulleropyrrolidines with triethylene glycol 
monoethyl ether (TEG) side-chains (εr≈5.5) and the excellent solubility of these 
functionalised fullerenes in organic solvents without any significant changes in electron 
mobility, UV-vis absorption and electrochemical properties. Torabi et al.83 report 
impressive doublings of the dielectric constant up to ~5-6 for poly(p-phenylene vinylene) 
and diketopyrrolopyrrole based polymers also functionalised with TEG side-chains. 
Donaghey et al.84 synthesised two non-fullerene acceptors with short ethylene glycol chains 
and measured an enhancement in the dielectric constant (up to 9.8) compared to their 
alkylated counterparts, while the optical and electrochemical properties and electron 
mobilities did not change. 

An enhancement of the dielectric constant up to frequencies of 109 Hz can diminish 
losses originating from Coulomb interactions between charges, because these losses are not 
beyond the ns time scale. Due to the flexibility and swiftness of the TEG side-chains, 
reorientations of their dipoles, i.e., orientation polarisation, can potentially increase the 
dielectric constant in this frequency range and diminish these loss processes.83 Therefore, 
Torabi et al.83 expect that application of donor and acceptor molecules functionalised with 
TEG side-chains in real OPV devices will result in higher PCEs. Donaghey et al.84 report 
some encouraging outcomes of initial OPV device testing. Application of their synthesised 
high dielectric constant non-fullerene acceptors with P3HT as donor in an OPV device 
resulted in a slight enhancement in the short-circuit current. Further study is required to 
disentangle whether the improvement in the OPV device performance is due to the increase 
in the dielectric constant or due to other factors like changes in the blend morphology.84  
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1.10 Aim of the theoretical research within the programme and 
thesis outline 

 
The central aim of this theoretical and computational research project, which is part of the 

research programme at the University of Groningen, is to find strategies for lowering 
exciton binding energies in OPV materials. Chapter 2 explains the theory of the 
computational methods that are used for the research described in this thesis.!

The thesis discusses the results of three proposed strategies. The first strategy is to 
incorporate permanent dipoles in polymer side-chains to lower Eb

CT (Chapter 3). The 
second strategy is to install permanent dipoles in PCBM analogues to lower Eb

CT (Chapter 
4). In these studies the primary interest is the influence of the local environment including 
these dipoles on the interaction between charges that are present in this environment and 
not the effect of these dipoles on the properties of the molecule itself. The third strategy is 
to introduce push-pull group substitution patterns on donor-acceptor co-monomers and 
their corresponding trimers to lower Eb

exc (Chapter 5). In this study the primary interest is 
the influence of structural changes on (excited state) properties of the donor molecule itself. 

The study described in Chapter 6 investigates whether a relation exists between Eb
exc and 

Eb
CT. Furthermore, detailed information on the amount of charge transfer upon excitation 

and on the separation between the positive and negative charge formed upon excitation, 
called the charge-transfer excitation length, is provided for the same series of donor-
acceptor co-monomers studied in Chapter 5 and their corresponding trimers.  

The thesis ends with an outlook giving an overview of interesting directions for future 
research based on the studies described in this thesis and based on the research that is 
currently ongoing in the field of OPV (Chapter 7). 
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2 
 

Theory 
 
 
2.1 Schrödinger equation 
 
 At the end of the nineteenth century several experiments showed that classical mechanics 
failed to describe the motion of systems at atomic length scales or smaller. The new 
concepts and equations that are needed to describe these microscopic systems form the 
quantum mechanics. A central concept in this theory is that matter and radiation have both 
particle and wave character, i.e., particles are distributed through space like a wave rather 
than travelling along a definite path. Consequently, at (sub)atomic length scales, the 
position of a particle is unpredictable. 
 At the heart of the quantum mechanics is the Schrödinger equation1 that is used to 
describe the microscopic system. A time-independent and time-dependent form exist. Most 
of the calculations described in this thesis start with solving the time-independent non-
relativistic Schrödinger equation. In quantum mechanics an operator that carries out a 
mathematical operation on a function is associated with every physical observable. For the 
observable of the total energy the corresponding operator is the Hamiltonian operator Ĥ 
that is formed by the operator for the kinetic energy ! and the operator for the potential 
energy !. If the potential energy operator does not depend on time, the system can be 
described by the time-independent Schrödinger equation. 
 The Schrödinger equation for a many-particle system consisting of n electrons with mass 
me and N nuclei with mass mI that moves in three dimensions is: 
 
!Ψ !!,… , !!,!!,… ,!! = !Ψ !!,… , !!,!!,… ,!! !!"#ℎ 
 

! = − ℏ!
2!!

∇!!
!

!
− ℏ

!

2
∇!!
!!

−
!

!

!!!!
4!!!!!"

+
!

!

!

!

!!
4!!!!!"

!

!!!
+ !!!!!!

4!!!!!"

!

!!!
!!!!!!!!!!!(2.1) 

 
where the first term represents the kinetic energy operator of the electrons (Laplacian 

operator !! = !!
!!! +

!!
!!! +

!!
!!! ), the second term the kinetic energy operator of the nuclei, 

the third term the electron-nucleus attraction energy operator, the fourth term the electron-
electron repulsion energy operator and the fifth term the nucleus-nucleus repulsion energy 
operator. E is the total energy of the system. Ψ !!,… , !!,!!,… ,!!  is the time-
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independent part of the many-particle wavefunction Φ !!,… , !!,!!,… ,!!, ! =
!Ψ !!,… , !!,!!,… ,!! !

!!"
ℏ ! that contains all the information of the system. When the 

Schrödinger equation is written as in eq. 2.1 it is an eigenvalue equation. The constant E is 
an eigenvalue and the function Ψ an eigenfunction of the operator Ĥ. 

Analytical solutions of the Schrödinger equation can only be obtained for the hydrogen 
atom and for hydrogenic atoms that consist of bare nuclei of charge Ze and one electron. 
Several approximations have been introduced in order to solve the Schrödinger equation for 
other atoms and molecules.  

This chapter reviews some of the approximations and computational methods that are 
generally used to solve the Schrödinger equation and is based on the following textbooks: 
‘Atkins' Physical Chemistry’, P. Atkins and J. De Paula2; ‘Molecular Quantum Mechanics’, 
P. Atkins and R. Friedman3; ‘European Summerschool in Quantum Chemistry 2013’, book 
I4, II5, III6, R. Bast and P.-O. Widmark; and ‘Introduction to Computational Chemistry’, F. 
Jensen7. 
 
 
2.2 Born-Oppenheimer approximation 
 
 The Born-Oppenheimer approximation8 is the assumption that the electronic and nuclear 
motion in molecules can be separated because nuclei are much heavier than electrons. This 
allows the non-relativistic Schrödinger equation to be solved for the electronic and nuclear 
problem separately. It turns out that this approximation is in general very reliable for 
ground states but less reliable for excited states.  
 The Schrödinger equation for n electrons in the static potential arising from N nuclei is: 
 

!!Ψ !;! = − ℏ!
2!!

∇!!
!

!
− !!!!

4!!!!!"
+

!

!

!

!

!!
4!!!!!"

!

!!!
Ψ !;! = !!Ψ !;! !!!(2.2) 

 
where Ĥe is the Hamiltonian operator for solely the electrons, Ψ(r; R) is the n-electron 
wavefunction that depends on the electronic coordinates summarised by r and 
parametrically on the nuclear conformation summarised by R, and Ee is the total electronic 
energy. The first term that contributes to Ĥe is the kinetic energy operator for the electrons, 
the second term is the electron-nucleus attraction energy operator and the third term is the 
electron-electron repulsion energy operator.3 From now on the Born-Oppenheimer 
approximation is used to solve the non-relativistic Schrödinger equation. 
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2.3 Pauli principle 
 
 The Pauli principle may be considered as a fundamental postulate of quantum mechanics. 
It states that the total wavefunction must be antisymmetric under the interchange of any 
pair of identical fermions, i.e., particles with half-integral spin, and symmetric under the 
interchange of any pair of identical bosons, i.e., particles with integral spin.  
 In order to obey the Pauli principle, the n-electron wavefunction must be antisymmetric 
with respect to the interchange of any pair of electrons. The simplest n-electron 
wavefunction that fulfils this requirement is an antisymmetrised spinorbital product (ASP) 
expressed in terms of a set of spinorbitals (from now on these spinorbitals are assumed to 
be orthonormal, i.e., mutually orthogonal and normalised to one): 
 

Ψ !!,… ,!! = 1
!!

!!(!!) ⋯ !!(!!)
⋮ ⋱ ⋮

!!(!!) ⋯ !!(!!)
= 1

!!
!!(!!) ⋯ !!(!!) !!!!!!!!!!!!!!!!!(2.3)!! 

 
where Ψ is an ASP written as a single Slater determinant and, e.g., !!(!!) is spinorbital 1 
filled with electron 1. A spinorbital is a one-electron wavefunction and is the product of a 
one-electron spatial wavefunction (or orbital) and a one-electron spin function, i.e., 
!! !! = !! !! !!(!!) where !! !! !represents the spatial wavefunction with coordinates 
!! and !!(!!) the spin function with coordinate !!. The spin function can be α (ms=+½) or 
β (ms=−½).!From now on the joint spin-space coordinates of electron i are represented by 
!!. The constant !!! ensures that the ASP is normalised. The parametrical dependence of 

the n-electron wavefunction and n spinorbitals on the nuclear conformation summarised by 
R is omitted from now on.!!
 
 
2.4 Hartree-Fock theory 
 

In Hartree-Fock (HF) theory the orthonormal spinorbitals that construct the best 
approximate ASP written as a single Slater determinant for the exact non-relativistic 
ground state electronic wavefunction are obtained by using the variation theorem, i.e., by 
minimising the expectation value of the energy: 
 
! = Ψ!(!!,… ,!!) !! Ψ!(!!,… ,!!) ≥ !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.4) 
 
where E0 is the lowest eigenvalue of the electronic Hamiltonian Ĥe. The spinorbitals are 
varied until the lowest expectation value for the energy is found.  

Application of the minimisation procedure leads to the general HF equations, which 
transform after a unitary transformation of the spinorbitals in the ASP to the canonical HF 
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equations for the individual spinorbitals. For example for spinorbital i filled with electron 1 
the canonical HF equation is: 
 
!!!! !! = !!!! !! !!"#ℎ! 
!! = ℎ! + !! 1 − !! 1

!
!!"#ℎ!!!!!!!!!!!!!!!!!!!!! 

!! 1 !! !! = !!
4!!!

!!∗ !!
1
!!"

!! !! !!! !!! !! !!! 

!! 1 !! !! = !!
4!!!

!!∗ !!
1
!!"

!! !! !!! !!!(!!)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.5) 
 
where !!  represents the Fock operator, !!(!!)  the spinorbital, !!  the corresponding 
spinorbital energy, ℎ! the core Hamiltonian, i.e., Hamiltonian for electron 1 in the field of 
bare nuclei of charge Ze, !!(1) the Coulomb operator and !!(1) the exchange operator. All 
these operators are one-electron operators. The Coulomb operator takes into account the 
Coulomb repulsion between the electrons. The exchange operator takes into account 
quantum corrections to the Coulomb repulsion due to effects of spin correlation. The sum u 
runs over all ‘occupied’ spinorbitals, i.e., all spinorbitals in the ASP. The contribution from 
the spinorbital that is being computed, !!(!!), is zero because the Coulomb repulsion of 
electron 1 in spinorbital !!  with itself is exactly equal to its exchange energy: 
!! 1 !! !! = !! 1 !! !! .  

The canonical HF equations describe the motion of each electron in an average 
electrostatic field of the nuclei and the other (n-1) electrons. This approximation is often 
called the independent particle approximation, which means that the correlation between 
the motion of the electrons is neglected. The difference between the ground state HF energy 
and the exact non-relativistic ground state energy is therefore called the electron correlation 
energy.  

The one-electron Fock operator depends on the spinorbitals of the other (n-1) electrons. 
So in order to solve the HF equations one must already know the solutions at forehand. 
This problem is solved by applying a self-consistent field (SCF) process to obtain the Fock 
operator: a set of guess spinorbitals is used to calculate the Fock operator, then the HF 
equations are solved to obtain a new set of improved spinorbitals and a revised Fock 
operator and so on. This iterative process is repeated until a convergence criterion is 
satisfied.  

The outcomes of a HF calculation for an n-electron system are an infinite number of 
optimised spinorbitals and corresponding spinorbital energies. These spinorbitals are 
arranged in order of increasing energy. The n lowest spinorbitals are the occupied 
spinorbitals and are used to build the Fock operator and the HF wavefunction. The 
remaining ones are the virtual spinorbitals. According to Koopmans’ theorem9 that is based 
on the frozen orbital approximation, the energy of an occupied spinorbital is equal to the 
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negative of its electron binding energy and to the negative of its ionisation potential (IP), 
and the energy of a virtual spinorbital is equal to the negative of its electron affinity (EA). 
 The HF equations can be solved numerically for atoms and diatomic systems but are too 
complicated to solve for polyatomic systems. In order to solve these systems, a limited set 
of basis functions is used instead of a complete set. The following explanation is limited to 
the spin-restricted HF (RHF) formalism, which supposes that the spatial components of the 
spinorbitals of each member of a pair of electrons are identical. The best approximate ASP 
within RHF theory is then built from doubly (and singly) occupied orbitals.  
 Atomic orbitals of many-electron atoms can be used as a starting point for the description 
of molecular orbitals of many-electron molecules. The construction of molecular orbitals as 
a linear combination of atomic orbitals (LCAO) is another approximation that is generally 
applied in electronic structure theory: 
 

φ!(!!) = !!"!!(!!)
!

!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.6) 

 
where !!" are the expansion coefficients and !!(!!) are atomic orbitals that form the basis 
set for the calculation of the molecular orbital φ!(!!). By expanding unknown functions in 
a set of known basis functions, the problem of solving the HF equations is transformed into 
a matrix problem, which can be solved using matrix manipulations.  

In practice, molecular orbitals are expanded in functions constructed from the product of 
a spherical harmonic function and of a function of the form !!!" (i.e., Slater-type basis 
functions) or of the form !!!"! (i.e., Gaussian-type basis functions) where α is different for 
the different basis functions. Slater-type basis functions have the disadvantage that for 
polyatomic systems the evaluation of the two-electron integrals is difficult. Gaussian-type 
basis functions make these calculations easier because the product of two of them at 
different centres is equivalent to one Gaussian-type basis function centred at the point 
between the two centres. A disadvantage of using Gaussian-type basis functions is their 
poor representation of the orbitals at the atomic nuclei. Using a combination of Gaussian-
type basis functions improves this representation. The calculations described in this thesis 
were performed with basis sets using Slater- and Gaussian-type basis functions. 

Within the LCAO approximation, the energy is minimised with respect to the coefficients 
!!" to obtain their optimum values for specifying the molecular orbitals. Application of the 
variation theorem to molecular orbitals that are expressed as linear combinations of a set of 
m basis functions results in a set of m linear equations that are called the Roothaan-Hall 
equations:10, 11 
 
!" = !"#!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.7) 
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where F is the Fock matrix built from the elements !!" = !!(!!) !! !!(!!) , S is the 
overlap matrix built from the elements !!" = !!(!!) !!(!!) , C is the coefficient matrix 
and ε is the diagonal matrix of the HF molecular orbital energies εi. The Roothaan-Hall 
equations have a non-trivial solution if the secular determinant is zero: 
 
! − !" = 0!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.8) 

 
Application of a SCF procedure leads to m solutions for ε, which corresponds to m 
molecular orbital energies.  
 
 
2.5 Post Hartree-Fock methods 
 

Different electronic structure methods have been developed to include (part of) the 
electron correlation energy in an accurate way. In these methods the n-electron 
wavefunction is expressed as a linear combination of ASPs. The majority of these methods 
are spin-restricted implying that the ASPs are built from doubly and singly occupied 
orbitals. Methods that correct for the incorrect behaviour of the HF wavefunction in 
describing a bond dissociation process – where several electronic configurations become 
(near) degenerate – take into account non-dynamical or static electron correlation energy. 
Methods that correct for the incorrect HF wavefunction due to an overestimation of short-
range electron repulsions, take into account dynamical electron correlation energy. All the 
post HF methods have the advantage of gaining accuracy compared to the HF method, but 
this advantage comes with the disadvantage of a large increase in the computational cost. 
 
2.5.1 Configuration interaction 
 

In a configuration interaction (CI) calculation the wavefunction for an n-electron system 
is written as a linear combination of a large number of configuration state functions (CSFs), 
i.e., an n-electron Slater determinant or a linear combination of them in order to have the 
correct spin and symmetry properties, which arise from an orthonormal set of molecular 
spinorbitals φi: 
 

Ψ! = !!Φ! + !!!Φ!
! + !!"!"Φ!"

!" +⋯
!!!
!!!

!,!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.9) 

 
where Cs are expansion coefficients, Φ0 is the reference wavefunction, usually the HF 
ground state wavefunction, Φ!

! is a singly excited CSF, i.e., one in which a single electron 
is promoted from an occupied (i.e., occupied in Φ0) molecular spinorbital φi to a virtual 
(i.e., unoccupied in Φ0) molecular spinorbital φa, and Φ!"

!" is a doubly excited CSF, i.e., one 
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in which two electrons are promoted from occupied molecular spinorbitals φi and φj to 
virtual molecular spinorbitals φa and φb. In the case of a so-called full CI (FCI) calculation, 
the linear expansion continues up to and including the CSF in which all n electrons are 
promoted from occupied to virtual molecular spinorbitals. FCI results are exact in a given 
basis and therefore account for the complete electron correlation energy. 

In practise FCI calculations are computationally too demanding so a truncation scheme is 
applied in order to keep the number of CSFs at a manageable size. An example of these so-
called limited CI calculations is SDCI in which the linear expansion of eq. 2.9 continues up 
to and including the doubly excited CSFs. Truncated CI calculations account for part of the 
correlation energy. 
 
2.5.2 Multiconfiguration and multireference theories 
 

In a multiconfiguration self-consistent field (MCSCF) calculation both the molecular 
spinorbitals φi that are used to construct the CSFs of eq. 2.9 and the expansion coefficients 
Cs of eq. 2.9 are optimised, which makes the calculation computationally more demanding. 
The advantage of optimising both sets is that more accurate results can be obtained with a 
smaller number of CSFs. Contrary to CI in which often the complete molecular spinorbital 
space within a given basis is used, in MCSCF a subset of molecular spinorbitals is selected 
with which a CI calculation is done. In case of performing a FCI calculation for a subset of 
the molecular spinorbitals, the MCSCF calculation is called a complete active-space self-
consistent field12 (CASSCF) calculation. For one of the studies described in this thesis, 
CASSCF calculations were performed to serve as a benchmark for the calculations done 
with another method. 

In a multireference configuration interaction (MRCI) calculation a set of reference 
configurations is used. This set can be obtained by, e.g., a MCSCF calculation and by 
selecting those CSFs that have expansion coefficients Cs larger than a certain threshold 
value. The selected CSFs will often be singly and doubly excited with respect to the HF 
determinant Φ0. From this set of reference configurations excited determinants are formed 
usually by applying a truncation scheme, e.g., by moving solely one or two electrons from 
occupied to virtual orbitals. The final CI list of CSFs includes the reference CSFs together 
with the excited determinants generated from them.  
 
2.5.3 Møller-Plesset many-body perturbation theory 
 

Perturbation theory (PT) offers an alternative way to approach the electron correlation 
energy. PT is not variational so energies lower than the exact energy are possible. Many-
body PT concerns the application of PT to, e.g., a many-electron system. Within Møller-
Plesset many-body perturbation theory13 (MPPT) the zero-order Hamiltonian operator is 
chosen as the sum of all the one-electron Fock operators of the system. It turns out that the 
ground state HF energy is equal to the sum of the zero-order energy and the first-order 
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correction to the energy. Therefore, the second-order energy correction gives the first 
correction to the ground state HF energy. Inclusion of a second-order energy correction is 
labelled MP2. MPPT can be extended to include higher-order energy corrections, like up to 
and including third (MP3) and fourth (MP4) order. PT calculations are mostly performed to 
account for dynamical electron correlation energy and work only well for this purpose 
when the applied perturbation is small. 

An extension of the previously described single-reference PT is multireference PT14 
(MRPT). CASPT215 is the most commonly used MRPT version.  
 
2.5.4 Coupled-cluster theory 
 

In single-reference coupled-cluster (CC) the electronic wavefunction Ψ is related to a 
reference state, e.g., the HF wavefunction Ψ0 if it gives a good description of the system, in 
the following way: 
 

Ψ = !!Ψ! = 1 + ! + 1
2!!

! + 1
3!!

! +⋯+ 1
!!!

! Ψ!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.10) 
 
where C is the cluster operator. Its exponential form is written in a Taylor expansion. The 
cluster operator C is a sum of the one-electron excitation operator C1, the two-electron 
excitation operator C2,…, the n-electron excitation operator Cn. The effect of, e.g., the one-
electron excitation operator C1 on Ψ0 is: 
 

!!Ψ! = !!!Φ!
!

!,!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.11)!! 

 
where !!! are the single-excitation amplitudes and Φ!

! the singly excited determinants. The 
effect of !!  on Ψ0 is to create a linear combination of Ψ0 and all singly, doubly, ..., n-tuply 
excited determinants that can be created from Ψ0. If all excitation operators are included, 
the resulting CC energy is identical to the FCI energy.  

For a given set of HF molecular spinorbitals, the excitation amplitudes and the CC energy 
are obtained by solving the CC equations, which is not done using the variational principle. 
These equations are obtained by substituting !!Ψ! in the electronic Schrödinger equation 
and by multiplying on the left by !!! . This results in projected energy and amplitude 
equations that are decoupled. It turns out that only single-excitation and double-excitation 
amplitudes contribute directly to the energy, but these amplitudes depend on all the other 
amplitudes. The projected amplitude equations form a set of nonlinear equations.16  

Truncated schemes like CCSD are applied to keep the number of determinants 
manageable. In a CCSD calculation the cluster operator is approximated by C1+C2, which 
results in a final CC wavefunction that consists of the HF wavefunction with singly excited 
(C1) and doubly excited (C2) determinants, but also triply excited (C1C2), quadruply excited 
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(C2C2), …, determinants contribute because products of excitation operators are formed in 
the series expansion given in eq. 2.10. Doubly excited determinants resulting from C2Ψ0 

represent connected double-excitation contributions. Doubly excited determinants resulting 
from C1C1Ψ0 and all triply, quadruply and higher excited determinants represent 
disconnected double-, triple-, quadruple- and higher-excitation contributions to the CC 
wavefunction. 

The CC method is known today as the most accurate correlation treatment provided that a 
single configuration reference is adequate. Therefore, it is often used to benchmark the 
results of other, less accurate methods. CCSD(T), i.e., CC singles and doubles plus 
perturbative triples, is the ‘golden standard’ of Quantum Chemistry. The disadvantage of 
this method is its high computational cost. A good alternative may be CC2,17 which is a 
second-order approximate CC singles and doubles model. CC2 is part of the hierarchy 
CCS, CC2, CCSD, CC3, CCSDT, ... Higher levels lead to increased accuracy, but also to 
increased computational cost. CC2 is an approximation to CCSD because it does not 
include all singles and doubles as CCSD does.17 Christiansen et al.18 showed that CC2 
retains 80% of the improvement from CCS to CCSD and therefore may be a useful 
approach for many practical purposes.  

Excited states can be described within CC theory using an extended form called equation-
of-motion CC (EOM-CC). The EOM-CC formalism leads to a CI-like eigenvalue problem 
for the similarity transformed Hamiltonian !, i.e., ! = !!!!!! . Target states are found by 
diagonalising this Hamiltonian. Excited states as target states can be described when the 
reference state is the ground state wavefunction and the excitation operators conserve the 
number of electrons and spin. Linear response CC (LR-CC) approach is a time-dependent 
approach that is closely related to the EOM-CC approach. Both approaches are almost 
identical with some small differences in implementation.19, 20  

For some studies described in this thesis, (LR-)CC2 calculations were performed to serve 
as a benchmark for the calculations done with another method.  
 
 
2.6 Density Functional Theory 
 
2.6.1 Hohenberg-Kohn theorems 
 

The popularity of Density Functional Theory (DFT) stems from the fact that high quality 
results can be obtained at low computational cost. Therefore, DFT calculations and time-
dependent DFT (TD-DFT) calculations to obtain excitation energies were performed for the 
studies described in this thesis. For this reason, this section and the following one review 
DFT and its time-dependent extension and are based on – in addition to the textbooks 
mentioned earlier2-7 – ‘Orbitals and orbital energies in DFT and TD-DFT’, E.J. Baerends, 
lecture notes, Winterschool in Theoretical Chemistry and Spectroscopy (2014)21; ‘The 
Kohn-Sham gap, the fundamental gap and the optical gap: the physical meaning of 
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occupied and virtual Kohn-Sham orbital energies’, E.J. Baerends, O.V. Gritsenko and R. 
van Meer, Phys. Chem. Chem. Phys. 15, 16408-16425 (2014)22; and ‘Time-dependent 
Density Functional Theory’, M.A.L. Marques and E.K.U. Gross, Annu. Rev. Phys. Chem. 
55, 427-455 (2004)23.  
 At the heart of DFT is a quantity called the electron density ρ(r). ρ(r)dr gives the 
probability of finding any of the n electrons in an infinitesimal volume element around a 
particular point r in space, dr. Within DFT the ground state energy is expressed as a unique 
functional, i.e., a mathematical object that takes a function as its argument, of the ground 
state electron density. Hohenberg and Kohn provided a rigorous proof for the relation 
between the ground state electron energy and density and a method for calculating the exact 
ground state density, which are nowadays known as the first and second Hohenberg-Kohn 
theorems,24 respectively. 
 The first Hohenberg-Kohn theorem states that the ground state electron density 
determines every ground state property of a stationary molecular quantum mechanical 
system, like the number of electrons and the electronic energy. The theorem proofs that the 
ground state electron density determines the external potential up to an additive constant. It 
turns out that the electron density determines all components of Ĥ and the wavefunction. So 
the electronic energy E of a molecular system can be written as a functional of the electron 
density ρ: 
 
! ! = ! ! + !!" ! + !!![!]!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.12)  
 
where ![!] is the kinetic energy, !!"[!] the electron-nuclear attraction energy, i.e., the 
external potential, and !!![!] the electron-electron repulsion energy.  
 The second Hohenberg-Kohn theorem provides a method for calculating the exact ground 
state electron density in a particular external potential, namely by minimisation of the 
energy functional given in eq. 2.12 subject to the constraint that the number of electrons is 
conserved. The theorem proofs that the exact ground state electron density minimises the 
exact energy expression: 
 
!"[!]
!"(!) |!!!! = 0!!"#ℎ! ! ! !! = ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.13)!! 
 
Note that the ground state energy can be determined without having to know the ground 
state wavefunction. Therefore, this method is often called orbital-free DFT. 
 In practice, eq. 2.13 is only of use if good representations exist of the functionals ![!] 
and !!![!]. The Hohenberg-Kohn theorems offered no prescription for obtaining these 
representations. Until now sufficiently accurate representations of the functional ![!] do 
not exist. Therefore, an alternative procedure is used that offers a practical scheme to 
calculate the total ground state electron density. This procedure was developed by Kohn 
and Sham25. 
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2.6.2 Kohn-Sham theory 
 
 The proposed solution to the problem of not finding an accurate representation of the 
functional ![!] was to use orbitals in order to calculate the kinetic energy sufficiently 
accurate. The central ansatz in Kohn-Sham theory25 is the existence of an independent 
system of n non-interacting electrons all moving in the same local potential Vs(r) (often 
called the Kohn-Sham potential). This local potential is such that the ground state electron 
density ρs(r) of this fictitious non-interacting n-electron system is equal to the exact ground 
state electron density of the interacting n-electron system ρexact(r) in a given external 
potential Vne(r). So if a Vs(r) exists, there is a one-to-one correspondence between this Vs(r), 
ρs(r) and ρexact(r). The following explanation considers systems with an even number of 
electrons. Identical spatial components of the spinorbitals of each member of a pair of 
electrons are supposed (as in RHF theory). 
 The Hamiltonian for a non-interacting n-electron system in a local potential Vs(r) is 
separable and therefore a single Slater determinant is an exact wavefunction. This Slater 
determinant is constructed from orbitals that are solutions of a one-electron Schrödinger 
equation called the Kohn-Sham equation: 
 

− ℏ!
2!!

∇!! + !! !! !! !! = !!!! !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.14) 

 
with the first term the one-electron kinetic energy and the second term the one-electron 
local potential. The orbitals are called the Kohn-Sham orbitals and their corresponding 
energies are called the Kohn-Sham orbital energies. Since Vs depends on the density of the 
non-interacting n-electron system, which is the sum over the squares of the n lowest Kohn-
Sham spinorbitals, the Kohn-Sham equation is solved by a SCF procedure. The final 
optimised ground state density of the non-interacting n-electron system gives the ground 
state density of the interacting n-electron system. 
 To obtain the exact total electronic energy of the interacting n-electron system, Kohn and 
Sham made the following analysis. The electronic energy of the interacting n-electron 
system can be written exactly as a functional of the density: 
 
! ! = !! ! + !!" ! + ! ! + !!" !  

!!!!!!!!!!= − ℏ!
2!!

!!∗ !! ∇!!!! !! !!!
!

!
− !!
4!!!

!!
!!!
! !! !!!

!

!
 

!!!!!!!!!!!!!!!+ !!
4!!!

1
2

! !! ! !!
!!"

!!!!!! !+ !!" ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.15) 
 
where Ts[ρ] is the exact kinetic energy of the non-interacting n-electron system, Vne[ρ] is 
the electron-nuclear attraction energy of the interacting n-electron system, J[ρ] is the 
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classical Coulomb repulsion energy of the density of the interacting n-electron system with 
itself, and Exc[ρ] is the exchange-correlation energy. The factor ½ in J[ρ] allows the 
integration to be over all space for both r1 and r2. By equating eq. 2.15 to the exact energy 
as given in eq. 2.12, this expression defines Exc[ρ]. It is that part of the exact energy that is 
not known yet when the Kohn-Sham orbitals and the electron density are known: 
 
!!" ! = ! ! − !! ! + !!! ! − ! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.16) 
 
In other words, the exchange-correlation energy in DFT is a remainder of energy 
containing the difference between the exact kinetic energy of the interacting n-electron 
system and the kinetic energy of the non-interacting n-electron system (i.e., the correlation 
part), and the difference between the exact electron-electron repulsion energy of the 
interacting n-electron system and the classical Coulomb repulsion energy of the interacting 
n-electron system (i.e., the exchange part). The exchange-correlation energy is not typically 
a large component of the total energy. However, it is an important one because it can be 
seen as ‘nature's glue’ that binds atoms together to form molecules and solids. Without this 
energy term, bonds are too long and weaker than they actually are.26 
 The complete Kohn-Sham SCF procedure consists of the following steps: a set of guess 
orbitals is used to evaluate the electron density in order to construct the local potential and 
to calculate the electronic energy, then the Kohn-Sham equation is solved to obtain a new 
set of improved Kohn-Sham orbitals and a revised density, local potential and electronic 
energy, and so on. This iterative process is repeated until convergence criteria are satisfied. 
It will result in the exact total ground state electronic energy and density of the interacting 
electron system if the exact exchange-correlation energy is known. In practice, this term 
must be approximated. Still, Kohn-Sham theory works very well, because the difference 
between the exact and non-interacting kinetic energy is small.  
 The similarity between the one-electron Kohn-Sham equation (eq. 2.14) and the one-
electron HF equations (eq. 2.5) is striking. This resemblance arises from the fact that both 
theories are based on a single Slater determinant. In HF theory the wavefunction of an 
interacting many-electron system is approximated by a single Slater determinant. In this 
way the correlation energy is neglected. In Kohn-Sham theory the wavefunction of a non-
interacting many-electron system – which is exactly a single Slater determinant – is 
determined in order to obtain the ground state electron density of this non-interacting 
many-electron system. The Kohn-Sham analysis proofs that this density is equal to the one 
of the interacting many-electron system. This gives also access to the ground state 
electronic energy of this system using eq. 2.15. Therefore, a computer program for HF 
theory can easily be transformed to one for DFT by replacing the HF exchange energy and 
operator with the DFT exchange-correlation energy and potential. This last one is the 
functional derivative of the DFT exchange-correlation energy. 
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2.6.3 Exchange-correlation hole 
 
 If no interaction would exist between electrons, the probability of finding electron 2 at 
position !! given that electron 1 is located at !! nearby !!, is independent of the position of 
electron 1. In this situation the electron-pair density !!(!!, !!), i.e., the density of an 
electron-pair with electron 1 at !! and electron 2 at !!, is given by !!(!!)!!(!!) with a 
normalisation factor, where !!  is the one-electron density. In reality electrons have 
interaction due to their charge and spin. Consequently, there is a modification in the 
probability to find electron 2 at !! given that electron 1 is at !!. It turns out that this 
modification in the probability can be written in terms of a so-called exchange-correlation 
hole density !!"!!"#(!!, !!), which integrates to minus the electron density. This hole follows 
the electron because it is localised around !!.7 
 In DFT an exchange-correlation hole is included in the exchange-correlation energy and 
therefore also in the corresponding potential. Electrons in both occupied and virtual Kohn-
Sham orbitals feel the same local potential represented by a Coulomb field of n electrons 
and an exchange-correlation hole. Therefore, the Kohn-Sham orbitals are bound one-
electron states. Note that in HF theory (see section 2.4) the electrons in occupied HF 
spinorbitals interact with (n-1) electrons through the HF potential and the energies of 
virtual spinorbitals contain the interaction with n electrons so these spinorbitals are higher 
in energy.  
 Within exact Kohn-Sham theory, the energy of the highest occupied orbital is equal to the 
negative of its electron binding energy and to the negative of its IP, but the energy of the 
lowest unoccupied orbital cannot be related to the EA. An approximate interpretation of 
Kohn-Sham theory is given by Chong et al.,27 who state that the energies of all occupied 
Kohn-Sham orbitals can be interpreted as approximate but rather accurate IPs.  
 According to Baerends et al.,22 the positive consequences of the exchange-correlation 
hole potential that is included in the Kohn-Sham potential for both occupied and virtual 
orbitals are strong. It leads to orbital energies that are directly connected to IPs and orbital 
shapes that are very good, also for describing excited states. Therefore, Kohn-Sham orbitals 
can be used very well for qualitative and semi-quantitative molecular orbital theoretical 
considerations. The presence of the exchange-correlation hole is the reason that the Kohn-
Sham virtual orbitals are stabilised in such a way that the gap between the highest occupied 
and lowest unoccupied molecular orbital (HOMO and LUMO respectively) is a good 
approximation to the first excitation energy.  
 
2.6.4 Approximations to the functional for the exchange-correlation 

energy 
 
 The formally exact Hohenberg-Kohn theorems and Kohn-Sham theory will give exact 
ground state electron densities and energies if the exact exchange-correlation functional is 
known. In practice this term must be approximated. Many approximate expressions have 
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been developed over the years. A hierarchy in these expressions was presented by Perdew 
and Schmidt and is known as ‘Jacob's Ladder’.28 
 The ladder starts with an expression for the exchange-correlation functional based on the 
local density approximation (LDA) in which the exchange-correlation functional depends 
only on the value of the electron density at each point in space. LDA works pretty well for 
periodic metallic clusters and sometimes for molecular structures, but is known to overbind 
molecules significantly.  
 An improvement is obtained by adding a non-local correction involving the gradient of 
the electron density to the expression for the exchange-correlation energy. Resulting 
functionals are called generalised gradient approximation (GGA) and have been developed 
in the 1980s. GGA works well for atomisation energies, other energy quantities, bond 
lengths and local excitations. Rydberg and charge-transfer (CT) excitation energies can be 
significantly underestimated.  
 The next step was to add, besides the first derivative, higher derivatives of the electron 
density to the expression for the exchange-correlation energy. These so-called meta-GGA 
functionals enable the description of many different systems like molecules, solids and 
surfaces.  
 In the 1990s hybrid functionals were developed that include some fraction of exact 
exchange, i.e., HF exchange, into the DFT exchange-correlation functional. These 
functionals model very well short-range properties because short-range electron-electron 
interactions are well described. Long-range exchange interactions are not described very 
well. Many different hybrid functionals exist, which can be divided in semi-empirical (e.g., 
B3LYP) and purely theoretical (e.g., PBE0). Compared to GGA, atomisation energies, 
other energy quantities and bond lengths are improved. Local excitations remain 
reasonable. Rydberg and CT excitations are usually still underestimated, mainly because of 
the incorrect treatment of long-range exchange interactions. 
 In the 2000s, Coulomb attenuated functionals were developed in which the amount of 
exact exchange increases as a function of the interaction distance. A popular solution is to 
split the electron-electron repulsion operator into components that calculate the long-range 
and short-range exchange. The amount of exact exchange increases from 0% (purely GGA 
exchange) to 100% (purely HF exchange) as the interaction distance increases. The 
Coulomb attenuated functionals improve considerably the Rydberg and CT excitation 
energies, but are often less accurate for short-range properties compared to hybrid 
functionals because they behave like GGA. A solution is to add an amount of exact 
exchange also at short range. This is applied in the Coulomb attenuated functional CAM-
B3LYP.  
 The next step to the ladder is formed by functionals that depend on both the occupied and 
virtual Kohn-Sham orbitals. These functionals are called double hybrids (e.g., B2-PLYP). 
Calculations with these functionals are computationally more demanding. 
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2.6.5 Self-interaction 
 
 Because the exchange-correlation energy in DFT must be approximated by one of the 
previously mentioned expressions, some errors arise in the formally exact theory, like the 
so-called self-interaction error. When the exact exchange-correlation energy term is known, 
electrons in occupied and virtual DFT orbitals interact with a potential that is represented 
by the field of (n-1) electrons. However, in practice, the exchange-correlation potential is 
replaced by an approximate potential that does not cancel correctly the self-interaction 
error in the Coulomb part originating from the interaction of the electron with itself (see 
also eq. 2.15, the expression for J[ρ]). This leads to slightly wrong occupied and virtual 
orbital energies in DFT. The error is of the same order of magnitude for both type of 
orbitals, so the orbital energy differences are usually still good approximations for 
excitation energies of non-CT states.22, 29  
 Over the years different approaches were developed to reduce or eliminate the errors that 
arise from using approximate functionals. Some of them focussed especially on the self-
interaction error.30 In the early 1980s the only approximation in use was LDA, which works 
well for periodic metallic clusters, but not for molecules. Therefore, DFT was widely used 
in Solid State Physics at that time, but hardly in Chemistry. After 1981 two roads diverged 
in DFT to improve the results obtained with LDA. One road focused on developing new 
functionals like GGA, meta-GGA and hybrid functionals. Several of these new functionals 
turned out to be accurate for sp bonds near equilibrium. Due to these developments it is 
now possible to apply DFT in Chemistry. The other road focused on deriving corrections 
for the self-interaction error in specific. In 1981 Perdew and Zunger31 proposed a self-
interaction correction (SIC) that can be applied to LDA in order to make DFT exact for any 
one-electron density. This development resulted in a more accurate treatment of open-shell 
d and f electrons and of stretched bonds.30  
 In the special case of strongly correlated systems, a so-called strictly-correlated-electrons 
(SCE)32-34 functional can be used in the Kohn-Sham scheme to approximate the exchange-
correlation term. In this way Kohn-Sham DFT can become applicable to strongly correlated 
systems. This so-called ‘Kohn-Sham SCE’ DFT approach turns out to be completely self-
interaction free.35 
 
 
2.7 Time-dependent Density Functional Theory 
 
2.7.1 Runge-Gross theorem and time-dependent Kohn-Sham equation 
 
 TD-DFT can be applied if the molecular system is subject to a time-dependent external 
potential. Due to this potential, the electron density of the system changes in time. The 
time-dependent analogue of the first Hohenberg-Kohn theorem is the Runge-Gross 
theorem.36 This theorem proofs that the exact time-dependent electron density determines 
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the time-dependent external potential up to an additive constant and thus the time-
dependent wavefunction up to an additive time-dependent phase-factor.  
 The time-dependent Kohn-Sham equation takes the form:  
 

− ℏ!
2!!

∇!! + !! !!, ! !! !!, ! = !ℏ !!" !!! !!, ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.17) 

 
where Vs is the time-dependent one-electron local potential chosen such that the density of 
the non-interacting n-electron system is the same as the density of the interacting n-
electron system. The time-dependent external potential contributes to the time-dependent 
one-electron local potential Vs. Again, the sum over the squares of all occupied Kohn-Sham 
spinorbitals gives the time-dependent electron density of the non-interacting n-electron 
system, which is equal to the electron density of the interacting n-electron system.  
 Often the adiabatic approximation is applied, which assumes that the functional 
dependence of the time-dependent exchange-correlation potential on the exact time-
dependent electron density is the same as in the time-independent case. This approximation 
works well when the temporal dependence is small, i.e., when the density varies slowly in 
time. The advantage of the adiabatic implementation is that existing functionals for ground 
state DFT can also be used for TD-DFT.  
 If the external time-dependent potential is weak, instead of solving the full time-
dependent Kohn-Sham equation, linear response theory can be applied to study the 
molecular system. In such a situation, the electron density of the molecular system is 
expanded in a perturbative series of which the term that depends linearly on the 
perturbation ! ! (!, !) is the most important one. It turns out that for determining ! ! (!, !) 
a so-called linear density-density response function of the interacting n-electron system ! 
is needed. However, within the time-dependent Kohn-Sham framework ! ! (!, !) can be 
calculated from the linear density-density response function of the non-interacting n-
electron system !!", which is much easier to solve.  
 In practice, even calculating !!" appears to be difficult, because often it is necessary to 
perform a summation over all excited states. Several approximate frameworks exist to 
avoid this problem. The one proposed by Petersilka et al.37 leads in the end to an 
eigenvalue equation of which the eigenvalues give the excitation energies of the system. 
These excitation energies are the frequencies of the external potential where the linear 
relation between ! ! (!, !) and the perturbation breaks down and represent the resonant 
conditions of the system. 
 
2.7.2 Known failures 
 
 Although linear response TD-DFT in its adiabatic implementation is one of the most 
important applications of modern DFT, the method exhibits three remarkable failures that 
one should keep in mind when using it. First of all, it is unable to treat excited states that 
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are characterised predominantly by doubly excited configurations, i.e., configurations in 
which two electrons are promoted from occupied molecular orbitals to virtual ones. 
According to Maitra et al.,38 exact linear response TD-DFT in principle produces 
transitions to excitations of any number, but the matrix equations lead to corrections to the 
Kohn-Sham response that finally result in only resonant conditions at single-excitations. As 
a possible solution, they proposed an adaption to the so-called exchange-correlation kernel 
that describes the change in the time-dependent exchange-correlation potential when a 
small perturbation is applied to the molecular system. Their proposed adaption to the kernel 
introduces special frequency dependencies of the kernel in cases where singly and doubly 
excited configurations mix.38-40 Secondly, linear response TD-DFT in its adiabatic 
implementation underestimates the excitation energy of long-range CT states.29, 39, 41 
Thirdly, the method gives the incorrect 1/R asymptotic behaviour of the potential energy 
curves of CT excited states along a bond-breaking coordinate. R is a distance coordinate 
between the separated charges of the CT state.29, 39, 41 Hereafter, the second failure will be 
explained in more detail because it is an important issue for the correct description of 
electron transfer processes in organic photovoltaic (OPV) devices using this method.  
 
2.7.2.1 Charge-transfer excitations 
 
 The underestimation of long-range CT excitation energies in linear response TD-DFT in 
its adiabatic implementation can be explained in the following way. Due to the exchange-
correlation hole that is included in the exchange-correlation potential, the electrons in 
occupied and virtual Kohn-Sham orbitals feel the same field of (n-1) electrons and thus 
resemble bound states. When this exchange-correlation hole is a good substitute for the 
actual ‘depletion’ hole left behind by the excited electron, the resulting stabilisation of the 
virtual orbital is physical. Consequently, the energy difference between the virtual (with the 
excited electron) and occupied (with the depletion hole) orbital is a good approximation to 
the corresponding excitation energy. This situation usually is true for compact molecules 
where local molecular excitations take place because the hole is in the same region as the 
excited electron.22 
 However, the situation is different when long-range electron transfer takes place between 
donor and acceptor molecules, which is the case in OPV devices. In such a situation, the 
exchange-correlation hole is not a good substitute for the actual depletion hole. The 
depletion hole is present on the donor and the excited electron is present on the acceptor. 
This excited electron is still stabilised by an exchange-correlation hole that is included in 
the exchange-correlation potential. This unphysical stabilisation leads to a too low-lying 
LUMO of the acceptor. Therefore, the energy difference between the virtual orbital located 
on the acceptor (with the excited electron) and the occupied orbital located on the donor 
molecule (with the depletion hole) underestimates significantly the corresponding long-
range CT excitation energy.22  
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 The description of CT excitations can be improved by mixing in HF exchange. The 
resulting effect will be an up-shift in the energy of the LUMO of the acceptor and 
consequently higher CT excitation energies. Typical hybrid functionals contain 10-25% of 
HF exchange but for reasonably large organic molecules (~100 atoms) it turns out that 
mixing of 40-50% of HF exchange is needed to obtain realistic excitation energies.41, 42  
 
 
2.8 Valence Bond theory 
 

Valence Bond (VB) theory43 offers a different way to build a many-electron wavefunction 
compared to the molecular orbital (MO) methods described so far. This section gives an 
introduction to VB theory and is based on ‘Valence Bond theory in heterocyclic chemistry’, 
Z. Rashid, R. Broer, J.H. van Lenthe and R.W.A. Havenith44.  

In HF theory, post HF methods and DFT the MOs are linear combinations of atom 
centred basis functions, are mutually orthogonal and may extend over the whole molecule. 
In VB theory, bonds are formed by spin pairing non-orthogonal atom centred orbitals of 
different atoms. For example, the (non-normalised) VB wavefunction of a hydrogen 
molecule H2 constructed by Heitler and London43 is: 
 
Ψ!" = 1!!(1)1!!(2) − 1!! 1 1!! 2 !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.18) 
 
where 1!!(1) is the hydrogen 1s atomic orbital of atom a filled with electron 1 with spin α 
and 1!!(2) is the hydrogen 1s atomic orbital of atom b filled with electron 2 with spin β, et 
cetera. In this example the VB wavefunction consists of one so-called VB structure, but 
usually it consists of a superposition of more VB structures. These VB structures resemble 
(all or a subset of) the resonance structures of the system under study. In this way, VB 
theory offers a clear chemical interpretability in terms of resonance structures.  

Due to the use of atom centred orbitals that are mutually non-orthogonal, the VB 
structures are also non-orthogonal. Therefore, their coefficients ci within the VB 
wavefunction cannot be linked directly to their importance, i.e., the norm of the 
wavefunction is not equal to !!!! . In order to link the weight of each structure with its 
importance, the Gallup-Norbeck45 scheme can be applied: 
 

!! =
! !!

!

!!! !!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.19) 

 
where !! is the Gallup-Norbeck weight of the jth structure, !! is the coefficient of the jth 
structure in the VB wavefunction, !!! !! is the jjth element of the inverse overlap matrix 
and N is the normalisation constant. 
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Different VB approaches exist, of which VB self-consistent field46, 47 (VBSCF) is the 
most general one. It can be seen as the non-orthogonal analogue of MCSCF. The 
coefficients of the VB structures and the orbitals are both optimised using the variational 
principle. During the optimisation, the VB orbitals can be restricted to a subspace, e.g., 
expanded in basis functions centred on one atom, which is called the ‘local’ model, or on a 
group of atoms, which is called the ‘partial delocal’ model, or on all atoms, which is called 
the ‘delocal’ model. The advantage of the local model is the clear interpretation in terms of 
the original, i.e., input VB structures. When only a subset of all VB structures is used, the 
local model has the disadvantage that the VB wavefunction usually has not enough degrees 
of freedom to fully adapt to the molecular situation, which could result in outcomes of the 
calculations that are biased by the original VB structures. This problem is less severe when 
the ‘delocal’ model is used. In this case, sometimes the final orbitals do not resemble the 
orbitals of the original structures, which makes an interpretation in terms of the original VB 
structures not possible anymore.  
 
 
2.9 Band theory 
 
 When a solid is formed from an infinite number of atoms or molecules that are arranged 
in a certain (crystallographic) order, continuous bands of energy levels instead of discrete 
energy levels are formed. The electronic structure of the solid is described using one-
electron band theory, which can be seen as similar to MO theory. For its description the 
reciprocal lattice of the solid is important, which is the inverse of the real lattice. This 
section reviews band theory and is based on ‘Electronic structure methods for solids’, R. 
Broer, lecture notes, University of Groningen (2009)48; and the textbook ‘Introduction to 
Solid State Physics’, C. Kittel49. 
 In order to reduce the n-electron problem, periodic boundary conditions are applied to 
model the crystal structure. This is a set of boundary conditions applied to an identical 
fragment of the crystal (usually the primitive unit cell), which leads to an approximate, 
idealised three-dimensional (3D) crystal that has translational symmetry. The resulting 
idealised crystal does not possess surfaces, whereas the real crystal does because it has a 
finite size. So only far from the surface, i.e., in the interior of the real crystal, the electronic 
structure of the idealised crystal is a reasonable approximation to its electronic structure.  
 The Schrödinger equation for one electron travelling through the lattice of a 3D solid in 
which the potential energy of the electron !(!) varies periodically, is: 
 

− ℏ!
2!!

∇! + ! ! Ψ ! = !Ψ ! !!"#ℎ!! ! + ! = !(!)!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.20) 

 
where !(!) has the period of the lattice under consideration and a is any translation vector 
of the lattice under consideration. Bloch theorem sets a translation symmetry condition for 
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the electronic wavefunction in order to be a solution of this Schrödinger equation. The 
wavefunction should be of the form: 
 
Ψ! ! = !! ! !!!⋅!!!"#ℎ!!! ! + ! = !! ! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.21) 
 
where the function uk(r) has the period of the lattice under consideration and the quantity k 
is called the wavevector. A one-electron wavefunction of the form of eq. 2.21 is called a 
Bloch function. For a 3D crystal that consists of N1×N2×N3 identical fragments, the number 
of distinct values that k may take is N1×N2×N3. These values of k are restricted to a volume 
in reciprocal space, called the first Brillouin Zone (BZ), which is the equivalent of the 
primitive unit cell in real space. For each (unique) k value HF or Kohn-Sham equations can 
be solved, yielding occupied and unoccupied levels. The collection of one-electron levels 
for all k values is called the ‘band structure’. Usually not all values of k within the first BZ 
are shown in the band structure plot, but only a collection of special k points.  

The band structure of a solid contains all energy bands as a function of k. If the highest 
filled band is completely full, i.e., occupied for all values of k, it is called a valence band. 
The lowest lying empty band is called a conduction band. In insulators a large gap exists 
between the highest point of the valence band and the lowest point of the conduction band, 
so electrons cannot bridge the gap by thermal energy or visible light excitation. In 
semiconductors a small gap exists between these bands, which electrons can overcome by 
thermal energy or visible light excitation. In conjugated polymers that intrinsically are 
semiconductors, a small percentage of a doping material can increase their conductivity 
dramatically.50 If the highest filled band is not completely filled, it is called a conduction 
band. This situation applies to conductors. The electrons can travel through the solid under 
the application of an electric field.  
 
 
2.10 Molecular Dynamics  
 

Molecular Dynamics (MD) aims at understanding the properties of molecular ensembles 
that originate from the temporal behaviour of their molecular structure and the microscopic 
interactions between and within the molecules. This section gives an introduction to MD 
and is based on ‘Introduction to Molecular Dynamics simulation’, M.P. Allen51; and 
‘Modelling and Molecular Dynamics of membranes and proteins’, A.H. de Vries, lecture 
notes, University of Groningen (2012)52.  

Two types of MD are possible: ab initio MD based on quantum mechanics (e.g., Carr-
Parrinello53) and MD based on classical mechanics. For some of the studies described in 
this thesis, MD simulations based on classical mechanics were performed, so this last type 
is considered here. Usually, MD accesses different time and length scales than the ones that 
are accessed by Quantum Chemical (QC) calculations. QC methods can model the 
electronic and nuclear motion on time scales on the order of 10-15-10-11 s and length scales 
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on the order of 10-10-10-9 m. MD is often used to model molecular ensembles on time scales 
on the order of 10-12-10-6 s and length scales on the order of 10-9-10-6 m.54  

During a MD simulation a representative ensemble of conformations is generated. The 
microscopic interactions or forces between and within the molecules determine which 
conformations are possible. These forces are described by a force field that contains all the 
physicochemical knowledge of the molecular ensemble, i.e., bond lengths, bond angles, 
dihedral or torsion angles, Van der Waals interactions and electrostatic interactions. The 
parameters that form the force field are typically determined by QC calculations combined 
with thermophysical and phase coexistence data. An example of a force field for the MD of 
organic molecules is MM355 and for the MD of biomolecules is AMBER56, 57. 

Different types of molecular models can be chosen for a MD simulation. The molecular 
ensemble can be modelled using a united atoms (or atomistic) model, in which every atom 
is treated as a particle. This choice results in a detailed description of the dynamics of the 
system. If the system is very large, a coarse-grained superatom model is a better option, 
because it treats groups of atoms (~4 united atoms) as a particle, a so-called ‘bead’. In this 
way the number of degrees of freedom is reduced and less interactions have to be 
calculated. Due to the lower number of particles longer time and length scales can be 
considered. The MARTINI58, 59 force field is developed especially for performing these 
coarse-grained MD simulations and contains effective interactions between the beads.  

For some of the studies described in this thesis, atomistic MD simulations were 
performed with the force field MM3 because of its suitability for describing organic 
molecules. Some of the resulting MD conformations were used as a representative 
embedding conformation around a central donor-acceptor complex. 
 
 
2.11 Computational modelling of organic photovoltaics  
 
2.11.1 Multiscale modelling 
 
 The complete description of the OPV working mechanism requires the inclusion of many 
length and time scales: typical device thicknesses (10-7 m -10-5 m), intra-molecular 
distances (10-10 m), inter-molecular distances (10-9 m),60 time scales for inter-molecular 
electron transfer (fs),61 time scales for geometry relaxation, i.e., molecular vibrations (ps), 
and time scales for charge transport across the device (ns-µs).62 Therefore, a combination of 
methods is needed, called multiscale modelling,62-64 in which each method addresses the 
processes taking place on the different length and time scales: MD for simulating the 
molecular packing,65, 66 QC methods for calculating excited, CT and charge-separated (CS) 
states,67 and Monte Carlo for simulating charge transport.68 Recently, Few et al.69 gave an 
overview of the state-of-the-art theoretical methods that are used to model charge pair 
generation in OPV devices. This review study illustrates that a wide range of methods is 
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suitable, from semi-empirical to ab initio, but challenges remain because there is not yet 
one theory that describes the complete process.69 
 An illustrative example of multiscale modelling of OPV materials using a combination of 
QC methods and Monte Carlo simulations is given by Idé et al.68. To determine electron 
transport in crystalline PCBM-like fullerene derivatives, kinetic Monte Carlo simulations 
were performed without using any fitting parameter but electron transfer rates from 
preceding DFT calculations.68 A theoretical estimation of the electron transfer rate is often 
done using Marcus theory70. In semiclassical nonadiabatic Marcus theory the electron 
transfer rate constant k (in s-1) is written as: 
 

! = 4!!
ℎ !!"!

1
4!"!!!

!"# −(∆! + !)!
4!!!!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(2.22) 

 
where h is the Planck constant (in Js), Vif is the electronic coupling between the diabatic 
initial and final states (in J2), λ is the total reorganisation energy associated with the 
electron transfer process (in J), ΔG is the Gibbs free energy of the reaction (in J), T the 
absolute temperature (in K) and kB the Boltzmann constant (in J/K). All these required 
parameters can be calculated with QC methods. Often DFT and semi-empirical methods are 
applied.62, 68, 71 

In principle, all QC methods introduced before can be applied in a multiscale modelling 
scheme to study the complete OPV working mechanism. In practice, the post HF methods 
are computationally too demanding to study the often large systems (i.e., >100 atoms) 
because it turns out that they scale poorly with system size. So usually (TD-)DFT, CIS and 
semi-empirical methods (e.g., Austin Model 1, intermediate neglect of differential overlap 
and related approaches) are applied because these methods are computationally feasible.64, 

72, 73 Although some problems might be encountered by using TD-DFT for describing CT 
states, still, with a proper benchmarking of several functionals, trends can be described 
reasonably well. 

Nevertheless, preferably accurate wavefunction based correlated methods are used to 
study the complete OPV working mechanism. Often EOM-CC is the method of choice 
because it is among the most accurate methods for computing vertical excitation energies.74 
But due to its demanding scaling requirement, performing EOM-CC calculations on large 
systems can only be done using leading (petaflop) supercomputer facilities.  

Another option to make the applicability of post HF methods to large systems possible is 
through the development of new, more efficiently scalable methods and implementations.75 
Currently, interesting developments are taking place. For example, the Divide-Expand-
Consolidate (DEC) CC method of Jørgensen et al.76-78 shows linear scaling with system 
size. In addition, this method is very efficiently parallelised on the Titan Supercomputer at 
the Oak Ridge Leadership Computing Facility (OLCF)79. In this way, CC calculations of 
large systems are within reach. 
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2.11.2 Modelling the molecular environment  
 
 The direct molecular environment can have a significant influence on the energies of the 
excited, CT and CS states.64 In principle different solvation or embedding techniques can 
be used to model these effects. These techniques can roughly be divided into continuum 
models, e.g., the Polarisable Continuum Model80 (PCM) that describes very dilute 
solutions, and discrete models, e.g., the Discrete Reaction Field (DRF) method81-83. For 
accurate predictions at the microscopic level (i.e., length scales<100 Å), discrete models 
like DRF are necessary because these models appropriately treat the microscopic effect of 
discrete classical molecules on the electronic structure of a central QC part. Hereafter, the 
PCM method and the DRF method will be explained shortly because both techniques were 
applied in some of the studies described in this thesis. 
 The PCM method enables modelling the embedding as a polarisable continuum dielectric. 
The ‘solute’, usually the system of interest, is enclosed in a solute cavity, which is built by 
a set of interlocking spheres around each solute atom. In this way, the shape of the cavity, 
called the Van der Waals surface, resembles the shape of the solute. Inside the cavity the 
dielectric constant εr is 1. Outside the cavity, the medium that represents the solvent has the 
dielectric properties of the considered solvent. The solvent is represented by an infinite, 
structureless dielectric medium. The solute is treated at a homogeneous QC level and 
solvent effects are described by a suitable operator added to the molecular Hamiltonian. 
The solute-solvent interactions are limited to those of electrostatic origin: the electric field 
and the dielectric displacement.6, 80 
 The DRF method enables the classical treatment of discrete embedding molecules – using 
polarisabilities and point charges – and the quantum mechanical treatment of a central part, 
usually the system of interest. The point charges model the electrostatic static field of the 
embedding and the polarisabilities model the electrostatic linear response of the embedding 
to the QC part. This linear response is called the reaction field. Additionally it is possible to 
embed these quantum and classical parts in an enveloping dielectric continuum that models 
the bulk response of the embedding to the QC part.81-83 
 
2.11.3 Motivation for the (TD-)DFT approach applied in the studies 

described in this thesis 
 
 For the studies described in this thesis, (TD-)DFT is applied to study the often large 
systems (i.e., >100 atoms) because for these studies this method provides the required 
accuracy and is computational feasible. For some of the studies, DFT geometry 
optimisations were performed with the hybrid functional B3LYP84 because of its suitability 
in this respect.85 Other studies used the hybrid functional Becke half and half (BHandH86) 
for the geometry optimisation in order to be consistent in the choice of functional through 
the complete study, since after the geometry optimisation TD-DFT calculations with this 
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functional were performed to obtain excitation energies. The BHandH functional is more 
suitable for calculating excited states with CT character than the B3LYP functional.87  
 The motivation for this (TD-)DFT approach with the functional BHandH is as follows. At 
the start of the PhD project, the results of (PCM-)TDDFT (6-311G**) calculations with 
several functionals were benchmarked against the results of LR-CC2 (6-311G**) 
calculations for a small donor-acceptor complex of tetrathiafulvalene-parabenzoquinone. It 
appeared that the result obtained with BHandH is closest to the CC2 result and that the 
effect of the environment is not dependent on the choice of the functional (Chapter 3, Table 
3.1). 

The reasons for choosing the CC2 level in this benchmark study and another comparison 
study (see below) are the following. If the wavefunction of the excited state is dominated 
by singly excited determinants, CC2 gives vertical excitation energies typically correct 
within 0.3 eV.88 In the special case of CT excitations, Fliegl et al.88 showed that CC2 
reproduces these excitations with errors much smaller than TD-DFT may do. Finally, CC2 
shows a good balance between accuracy and computational cost.18  
 Besides the benchmark study done for a small model system, we also performed some 
comparison studies with our larger systems of interest. First of all, for a monomer-PCBM 
complex of ~160 atoms, the results of TD-DFT (BHandH/DZP) calculations were 
compared with the ones of TD-DFT (CAMYB3LYP89/DZP) calculations, because the 
CAMB3LYP functional is known to be a reasonably good functional for CT states90, 91. 
Considerable agreement was found between the two functionals (Appendix A, Table A.1 
and Table A.3). Secondly, for some smaller systems of interest, namely donor-acceptor co-
monomers of ~45 atoms, the results of TD-DFT (BHandH/6-31G**) calculations were 
compared with the results of LR-CC2 (6-31G**) calculations. It appeared that TD-DFT 
with BHandH reasonably describes computed energy differences between CT excitations of 
these co-monomers (Chapter 5, section 5.2). Furthermore, for one particular co-monomer 
the results of TD-DFT (BHandH/6-31G**) calculations were compared with the results of 
CASSCF(16,12) (6-31G**) calculations followed by CASPT2 (ANO-S basis of TZP 
quality) calculations. For the first (CT) excitation energy we found agreement within ~0.2 
eV between TD-DFT and CASPT2. For the amount of charge transfer upon excitation, the 
result of TD-DFT appeared to be in qualitative agreement with the result of CASSCF 
(Chapter 6, Table 6.2). 
 Also in literature several justifications were found for our (TD-)DFT approach with the 
functional BHandH. A justification especially for the application of the BHandH functional 
to study large systems of organic molecules was given by Dierksen et al.,42 who showed 
that mixing of 40-50% of HF exchange is needed to obtain realistic excitation energies. A 
further justification was given by Sini et al.,87 who performed extensive work to evaluate 
the performance of many DFT functionals for describing ground state charge transfer in a 
donor-acceptor complex of tetrathiafulvalene-tetracyanoquinodimethane. This study 
showed good behaviour for the BHandH functional. Finally, Peach et al.90 justified the use 
of a quantity called Λ, which measures the degree of spatial overlap between occupied and 
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virtual orbitals involved in a particular excitation, as a diagnostic test for judging the 
reliability of a general (CT) excitation energy from a particular functional. For our studied 
donor-acceptor co-monomers and their corresponding trimers, the calculated values of Λ 
with the functional BHandH were significantly higher than the reported90 minimum value 
for giving reliable results of a comparable hybrid functional, namely B3LYP (Chapter 5, 
Table 5.3 and Table 5.6). 
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Non-innocent side-chains with dipole moments in organic 
solar cells improve charge separation* 
 
* H.D. de Gier, R. Broer, R.W.A. Havenith, Phys. Chem. Chem. Phys. 16, 12454-12461 
(2014), http://dx.doi.org/10.1039/c4cp01070a 
 
 
Abstract: Providing sustainable energy is one of the biggest challenges nowadays. An 
attractive answer is the use of organic solar cells to capture solar energy. Recently a 
promising route to increase their efficiency has been suggested: developing new organic 
materials with a high dielectric constant. This solution focuses on lowering the Coulomb 
attraction between electrons and holes, thereby increasing the yield of free charges. In here, 
we demonstrate from a theoretical point of view that incorporation of dipole moments in 
organic materials indeed lowers the Coulomb attraction. A combination of Molecular 
Dynamics simulations for modelling the blend and ab initio Quantum Chemical 
calculations to study specific regions was performed. This approach gives predictive insight 
in the suitability of new materials for application in organic solar cells. In addition to all 
requirements that make conjugated polymers suitable for application in organic solar cells, 
this study demonstrates the importance of large dipole moments in polymer side-chains. 
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3.1 Introduction 
 

One of the biggest challenges nowadays is to generate sustainable energy. Solar energy is 
an attractive solution for which effective and low-cost solar cells are needed. Because of 
their high efficiency (highest confirmed value for a research cell is ~25%1), currently 
silicon solar cells are the most conventional ones. However, their relatively high 
manufacturing costs are an important disadvantage. An attractive low-cost alternative is the 
solution-processed organic solar cell, which has several potential advantages compared to 
the silicon ones: they can be produced from cheap raw materials using low-cost, i.e., 
solution-processing, and large-scale fabrication methods, e.g., roll-to-roll printing, and they 
are light and flexible. Unfortunately, the efficiency of organic solar cells is still quite low 
(highest confirmed value for a research cell is ~10%1). 

Currently, the best-performing single-junction organic solar cell consists of a three-
dimensional (bulk) heterojunction composed of a hole-conducting (donor) and an electron-
conducting (acceptor) material (Fig. 3.1).2 The donor typically is a conjugated polymer that 
absorbs most of the light and the acceptor is a fullerene derivative. After light absorption, 
excitons (i.e., bound electron-hole pairs) are formed that diffuse towards the donor-acceptor 
interface. Due to the bulk heterojunction, almost all excitons reach the interface. 
Subsequently, electrons transfer from donors to acceptors with a quantum efficiency 
approaching unity.3, 4 Collection of charges takes place at the different electrodes of the 
solar cell.  

 

 
Fig. 3.1 Schematic representation of a bulk heterojunction organic solar cell. The active layer is composed of 
polymers with side-chains (drawn schematically) and PCBM molecules and sandwiched between electrodes.  
 

To recognise why the efficiency of organic solar cells is nevertheless low, we need to 
understand in detail its working mechanism describing the processes that take place at the 
donor-acceptor interface (Fig. 3.2). Most models visualise the main problem of organic 
solar cells by making use of a charge-transfer (CT) state, where the electron at the acceptor 
and the hole at the donor are Coulombically bound.5 This state serves as an intermediate 
between the initial excited and the final charge-separated (CS) state, where the electron and 
hole are no longer Coulombically bound.5  
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In organic solar cells a problem arises because often the lowest CT (CT1) state of the CT 
manifold lies lower in energy than the CS state, which limits the generation of free charges 
(Fig. 3.2). The energy difference is called the charge-transfer (CT) exciton binding energy 
Eb

CT and is estimated to be ~0.3-0.5 eV.6, 7 In literature several mechanisms have been 
proposed to explain the generation of free charges in such a situation, like the involvement 
of hot CT states.5, 8, 9 In some of the explanations changes in entropy resulting from 
electronic degeneracy are not considered.9 However, an entropy contribution is expected to 
stabilise the CS state relative to the CT state.9 Such a stabilisation is also expected from the 
presence of interfacial dipoles, favourable polymer chain conformations and morphological 
effects.10 

 

 
Fig. 3.2 Electronic state diagram of the working mechanism of an organic solar cell. The blue arrows show the 
basic steps in an organic solar cell after light absorption to create free charges when hot (grey lines) and higher 
energy electronic CT states (black line labelled CTn) are involved. The green arrows show the energy difference 
defined as the CT exciton binding energy Eb

CT and the CS state energy, which is the energy difference between the 
ionisation potential (IP) of the donor (D) and the electron affinity (EA) of the acceptor (A). Vibrational energy 
levels within the CT manifold are depicted in grey. Higher energy electronic D* states, as well as electronic 
acceptor excited states, are omitted for clarity. (D* = donor excited state, D+! = radical cation of donor; A−! = 
radical anion of acceptor) 
 
 Recently, a new route to lower the energy difference between the CT and CS states and 
thereby improving the performance of organic solar cells has been suggested: developing 
new molecular donor/acceptor materials with a high dielectric constant.11 To this end, 
dipole moments are incorporated in the materials. Until now, the use of dipole moments in 
order to stabilise free charges has not been applied to organic solar cells. In this work, we 
focus on answering the research question whether or not incorporating dipole moments in 
polymer side-chains lowers the Coulomb attraction between positive and negative charges. 
Our results show that indeed side-chains are electronically not innocent spectators (they 
may also influence the morphology), but that they exert electronic effects on the CS state. 
This insight will lead to new design guides for donor/acceptor materials that show an 
increased yield of free charges. 
 To answer the research question from a theoretical point of view, we studied the influence 
of the molecular environment on the electronic structure of a monomer-[6,6]-phenyl-C61-
butyric acid methyl ester ([60]PCBM, labelled PCBM from now on) model system. Usually 

D*A
(D+!A-!)CTn
(D+!A-!)CT1

(D+!     A-!)CS

E(CS) = IP(D) - EA(A)

DA

CT exciton
binding energy
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nanoscale morphologies of polymer/PCBM blends are modelled using multiscale coarse-
grained Molecular Dynamics (MD) simulations.12, 13 Examples of Quantum Chemical (QC) 
studies of polymer/PCBM blends involve Density Functional Theory (DFT) studies on one 
PCBM molecule in the vicinity of a short polymer chain.14 Here we go one step further by 
doing a so-called MD/QC approach. After having performed MD simulations, we 
investigated specific regions of the blend using ab initio QC calculations. A hybrid 
quantum mechanical and molecular mechanics (QM/MM) model, namely the Discrete 
Reaction Field (DRF) method,15-17 was used to treat the embedding molecules classically 
with point charges and polarisabilities while the central complex was treated quantum 
mechanically.  
 Our model system consisted of one donor-acceptor co-monomer (1 or 2) and one PCBM 
molecule (3) in a representative configuration, embedded in only monomers (1, 2 or 4) 
(Fig. 3.3). This particular co-monomer structure was investigated because of 
computational18, 19 and experimental18, 19 studies done on the influence of replacing the 
bridging carbon atom in the cyclopentadithiophene unit by a silicon atom on the 
performance of organic solar cells. The results showed that in the Si case a more crystalline 
material was formed,18 and no evidence was found for the formation of a long-lived CT 
complex in blends of this polymer with PCBM.19 
 We chose to vary the dipole moment in the polymer side-chain: one has a small (1.6 
Debye, 1) and one has a large (7.3 Debye, 2) dipole moment. Monomer 4 was used as a 
reference to determine the environmental effect of monomers that have side-chains without 
dipole moments. By exclusion of the PCBM molecules from the molecular environment, 
the stabilisation of PCBM caused by other PCBM molecules was excluded, but this only 
removes a uniform stabilisation effect. 

 

 
Fig. 3.3 Structures of the monomers (1, 2, 4) and PCBM (3) used in this study. Structure 1 contains side-chains 
with a small dipole moment (1.6 Debye), 2 with a large dipole moment (7.3 Debye) and 4 without dipole moment; 
4 was therefore used as a reference monomer. Total dipole moment of monomer 1: 2.7 Debye, of 2: 8.2 Debye and 
of 4:1.9 Debye. 
 
 We used (time-dependent) (TD-)DFT with the density functional Becke half and half 
(BHandH)20 to calculate the electronic state diagram of the complexes 1-3 and 2-3 with and 
without environment. Its application in combination with the BHandH functional to study 
these systems and the environmental effect is justified for different reasons: similar (TD-) 
DFT studies on a P3HT-PCBM complex showed that functionals especially designed for 
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CT states do not give appreciably different excitation energies for these systems compared 
to regular functionals.14 More extensive work done on evaluating the performance of DFT 
functionals for CT states showed good behaviour for the functional of our choice,21 and 
lastly, the effect of the environment shows hardly any variation with the choice of 
functional (see section 3.2).  
 For both complexes 1-3 and 2-3 three different electronic state diagrams were obtained: 
e.g., 1-3 in vacuum, 1-3 embedded in 4 and 1-3 embedded in 1. Every electronic state 
diagram with environment was obtained for only one configuration of embedding 
molecules. During one MD simulation, all generated solvent configurations were 
correlated. Based on the time scales of these processes,22 we expect only moderate changes 
in the configuration of embedding molecules. Calculating many solvent configurations 
would not change the observed trends, but would only result in small deviations in excited 
state energies. Therefore, our choice for a correlated description and calculating only one 
particular configuration is sufficient for the question we aim to answer. A description of 
how the particular snapshot from the MD simulation that was calculated was selected, can 
be found in section 3.2. 
 
 
3.2 Computational details 
 
 To determine a representative donor-acceptor configuration, we performed dispersion-
corrected DFT (DFT-D23) (B3LYP24/6-31G**) geometry optimisations (GAMESS-UK25) 
on four initial configurations of a central donor-acceptor complex of one donor-acceptor 
co-monomer with two different side-chains (-C7H14F (1), -CH3 (4)) and one PCBM 
molecule (Fig. 3.5). The B3LYP functional was chosen for the geometry optimisations, 
because of its suitability in this respect.26 The structures represent possible configurations at 
the donor-acceptor interface. Configuration c, where the acceptor part of the co-monomer 
was positioned above PCBM, is the lowest in energy (Table 3.1). Subsequently, neutral, 
cationic and anionic geometry optimisations were performed for the two donor-acceptor 
complexes 1-3 and 2-3 in configuration c. The use of only a co-monomer instead of a 
polymer is justified here, because the excitation energy, ionisation potential (IP) and 
electron affinity (EA) of related co-monomers show the same trends as for their 
oligomers.27 
 The central donor-acceptor complex was embedded in a molecular environment of only 
monomers. Configurations of these embedding molecules were obtained by doing MD 
simulations. In these simulations (Tinker28), the NVT ensemble using a Berendsen 
thermostat with coupling constant of 0.1 ps was employed. The system temperature was set 
at 298 K; all the boundaries were periodic; the Verlet integration method was used; the 
Ewald summation – with real-space cutoff of 7.0 Å – was turned on during computation of 
electrostatic interactions; the cutoff distance was 12 Å for van der Waals potential energy 
interactions; the cutoff distance for all non-bonded potential energy interactions was 14 Å; 
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the convergence criterion was 0.01 Debye for computation of self-consistent dipoles; the 
time step was 1 fs; the MM3 simulation package29 (additional parameters were added when 
required for the studied systems) was employed. Firstly, a MD simulation of 10 ps was 
performed for solely the environment (cubic box with a-axis ~40 Å). Secondly, one of the 
final snapshots of this simulation was chosen as start for the simulation of the central 
donor-acceptor complex in environment. The simulation time of this MD simulation was 
200 ps. The atoms of the central donor-acceptor complex were set inactive, i.e., not allowed 
to move, during the simulation. The density of the complete system is for 1-3 in 4: 1.4 
g/ml; for 1-3 in 1: 1.3 g/ml; for 2-3 in 4: 1.4 g/ml; for 2-3 in 2: 1.4 g/ml.  
 The snapshots for our calculations were selected from the last 195-200 ps MD snapshots 
based on the smallest distance between an atom belonging to the central donor-acceptor 
complex and an atom belonging to the embedding molecules. If this distance was smaller 
than 1.8 Å, the particular snapshot was rejected. A too small distance between the QM and 
MM parts invalidates the embedding model. 
 Single-point (TD-)DFT (BHandH/DZP) calculations (BHandH: 50% HF exchange, 50% 
LDA exchange and 100% LYP correlation in ADF30, 31) for the neutral, cationic and anionic 
complexes were performed, both with and without environment in order to obtain the 
electronic state diagram as presented in Fig. 3.2. The BHandH functional was chosen, 
because this functional is more suitable for calculating excited states with CT character 
than the B3LYP functional.21 A change in basis set from Gaussian-type 6-31G** used for 
geometry optimisations to Slater-type DZP used for single-point (TD-)DFT calculations, is 
inevitable due to the change from GAMESS-UK to ADF. DFT energies for the cationic and 
anionic complex were used to determine the final CS state energy as the difference between 
the IP and EA of the central donor-acceptor complex. A hybrid QM/MM model, namely 
the DRF method,15-17 was used to treat the embedding molecules classically with point 
charges and polarisabilities and the central complex quantum mechanically.  
 TD-DFT was used to obtain the excited state with the highest oscillator strength (labelled 
(S*)vert): S13 with f=0.3 for 1-3 in vacuum, S10 with f=0.4 for 1-3 in 4, S13 with f=0.5 for 1-3 
in 1, S16 with f=0.2 for 2-3 in vacuum, S13 with f=0.4 for 2-3 in 4, S18 with f=0.2 for 2-3 in 2 
(see Appendix A, Table A.1 and Table A.2). For both complexes 1-3 and 2-3, this excited 
state has the largest weight of the HOMO→LUMO+3 one-electron transition, namely 0.6 
for 1-3 in vacuum, 0.8 for 1-3 in 4, 0.8 for 1-3 in 1, 0.5 for 2-3 in vacuum, 0.8 for 2-3 in 4, 
0.4 for 2-3 in 2 (Table A.1 and Table A.2). For both complexes 1-3 and 2-3, the HOMO is 
located on the donor part of the co-monomer and the LUMO+3 on the acceptor part of the 
co-monomer, so (S*)vert corresponds to an excitation located on the co-monomer. Also the 
CT state of the central donor-acceptor complex was obtained from the TD-DFT 
calculations, i.e., the excited state with the largest CT character from donor to acceptor 
(labelled (CT)vert). The amount of CT character was estimated by looking at the weight of 
the HOMO→LUMO one-electron transition to a given excitation, because for both 
complexes 1-3 and 2-3 the HOMO is located on the donor molecule (co-monomer) and the 
LUMO on the acceptor molecule (PCBM). The excitation with the largest weight of this 
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HOMO→LUMO one-electron transition was labelled the CT state: S1 with 
HOMO→LUMO weight of 0.7 for 1-3 in vacuum, S1 with HOMO→LUMO weight of 0.8 
for 1-3 in 4, S1 with HOMO→LUMO weight of 0.6 for 1-3 in 1, S7 with HOMO→LUMO 
weight of 0.6 for 2-3 in vacuum, S6 with HOMO→LUMO weight of 0.7 for 2-3 in 4, S6 
with HOMO→LUMO weight of 0.8 for 2-3 in 2 (Table A.1 and Table A.2). For 2-3 in 
vacuum, in 4, and in 2, the CT state is not the lowest excited state. The lowest excited state 
energy is ~2.3 eV, which corresponds to a PCBM-excitation, like all other excited states 
below (CT)vert. 
 To investigate the stabilisation of the CS state by dipole alignment, two types of MD 
simulations were performed: one with a neutral donor-acceptor complex and one with net 
charges present at the central complex. In the first case the dipole moments are oriented 
randomly (we call this the CS state without dipole alignment). In the second case the dipole 
moments are allowed to align favourably in response to the net charges (we call this the CS 
state with dipole alignment). Net charges were obtained by performing a dipole preserving 
analysis (DPA) using DFT (B3LYP/6-31G**) for the relaxed neutral, cationic and anionic 
complex geometries (GAMESS-UK). For all cationic complexes the positive charge was 
mainly located on the monomer and for all anionic complexes the negative charge on the 
PCBM. Subsequently, three MD simulations of 50 ps were performed for these complexes 
with DPA charges present at the central complex. In this way, embedding configurations 
were obtained where a rearrangement of the embedding molecules was possible in response 
to the DPA charges.  
 Dipole moments of the polymer side-chains and monomers were calculated using DFT 
(B3LYP/6-31G**) (GAMESS-UK). 
 For the analysis of the difference in quantum mechanical/classical interaction energy 
between the (cationic and anionic) central complex 2-3 with either environment 2 or 4 
(with and without dipole alignment), the quantum mechanical part was replaced by two 
point charges: one located at the centre-of-mass (CM) of 2 with its corresponding DPA 
charge (for the cationic or anionic complex) and the other one located at the CM of 3 with 
its corresponding DPA charge (for the cationic or anionic complex) (GAMESS-UK). 
 To analyse the change in orientation of the embedding molecules with respect to the 
relaxed cationic complex 2-3 when allowing dipole moment alignment, the distance r 
between the carbon atoms of the embedding molecules 2 to which the NH2 group is 
attached and the CM of the co-monomer 2 of 2-3, and the angle α between NO2, NH2 and 
the CM of the co-monomer 2 of 2-3 (Fig. 3.4) were probed. The differences in distances r 
and angles α were calculated for every side-chain between the snapshots with and without a 
net positive charge at 2-3. If dipoles align towards the positive charge of the cationic 
complex, a decrease in the distances r of dipoles and their angles α would be observed. The 
snapshots that were analysed in this way were the same as used to determine the IP of the 
central cationic complex 2-3 with and without dipole alignment. 
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Fig. 3.4 Schematic representation of the analysis of the change in distance r and angle α, both with respect to the 
centre-of-mass (CM) of the co-monomer, of every dipole in environment 2 as a consequence of a positive charge 
present at the relaxed cationic complex of 2-3. In blue, the local dipole moment of the side-chain is indicated. 
 
Table 3.1 First (CT) excited state energy (eV) of tetrathiafulvalene-parabenzoquinone calculated with TD-DFT 
using several density functionals and LR-CC2. 

method ECT (vacuum)  ECT (PCM:H2O)  ΔECT 
TD-DFT: B3LYP 0.91 0.77 0.14 
TD-DFT: BHandH 1.70 1.57 0.13 
TD-DFT: CAMB3LYP 1.66 1.55 0.11 
TD-DFT: HCTH407 0.47 0.33 0.14 
TD-DFT: PBE0 1.04 0.90 0.14 
LR-CC2 1.87 - - 

 
 The choice of the BHandH functional was based on a comparison between Polarisable 
Continuum Model32 (PCM-)TDDFT (6-311G**) calculations using several functionals and 
linear response second-order approximate coupled-cluster singles and doubles (LR-CC2) 
(6-311G**) calculations on a small donor-acceptor complex of tetrathiafulvalene-
parabenzoquinone (DALTON33). This study made clear that BHandH is closest to the CC2 
result and thus provides a reasonable description of the states we studied (Table 3.1). 
Furthermore, the effect of the environment turned out not to be dependent on the choice of 
functional. As a second check, we compared the results of TD-DFT calculations using the 
BHandH functional (Table A.1) with the ones of TD-DFT calculations using the 
CAMB3LYP functional,34 which is known to be a reasonably good functional for CT 
states34, 35 (see Appendix A, Table A.3). For the states of interest, BHandH/DZP 
calculations result in (CT)vert=2.3 eV and (S*)vert=2.8 eV, and CAMYB3LYP36/DZP 
calculations result in (CT)vert=2.2 eV and (S*)vert=2.8 eV. Based on these results, we 
conclude that considerable agreement is found between the two functionals. 
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3.3 Results and discussion 
 
3.3.1 Geometry of the central donor-acceptor complex 
 
 Four initial configurations of a central donor-acceptor complex of one co-monomer and 
one PCBM molecule were generated and optimised (Fig. 3.5). Fig. 3.5 only shows the 
obtained geometries for co-monomer 1. For this co-monomer, geometry optimisation of 
configuration d – where the donor part of the co-monomer initially was positioned above 
PCBM – led to configuration c – where the acceptor part of the co-monomer was 
positioned above PCBM. It appeared that for both side-chains the configuration where the 
acceptor part of the co-monomer was positioned above PCBM (configuration c) is the 
lowest in energy (Table 3.2), and it was therefore selected for the study of CT states.  

 

 
Fig. 3.5 Four optimised configurations of the central donor-acceptor complex (1-3). For co-monomer 1, 
configurations c and d are energetically and geometrically almost identical.  
 
Table 3.2 Relative energies (with respect to configuration c, eV) of four optimised configurations of the 
complexes 1-3 and 4-3. 

configuration PCBM-monomer 
(-C7H14F, 1-3) 

PCBM-monomer 
(-CH3, 4-3)  

a 0.4 0.2 
b 0.4 0.2 
c 0.0 0.0 
d -0.1* 0.2 

* for 1-3 configuration d converged to configuration c  
 
3.3.2 Results for the donor-acceptor complex 1-3 
 
 The calculated electronic state diagrams obtained with and without environment are 
shown in Fig. 3.6a-c. (S*)vert corresponds to the excited state with the largest oscillator 
strength, (CT)vert to the excited state with the largest CT character from 1 to 3, and (CS)vert 
to the charge-separated state, all three at the ground state geometry of the complex. See 
Table A.1 for more details on the labelling of the excited states and on the occupied-virtual 
orbital pairs that contribute most to these excitations. (CS)relaxed corresponds to the charge-
separated state determined with relaxed cationic and anionic complex geometries. (CS)relaxed 

a b c d



Chapter 3 

!74 

without dipole alignment is determined without taking into account the response of the 
embedding dipoles to net charges present at the central donor-acceptor complex, so in this 
case the dipoles are oriented randomly. (CS)relaxed with dipole alignment takes into account 
the response of these dipoles to charges present on the central donor-acceptor complex, so 
in this case the dipoles are allowed to align favourably.  

 

 
Fig. 3.6 Electronic state diagrams for the studied donor-acceptor complexes. Diagram (a) shows the results for 1-3 
without environment, (b) for 1-3 in 4, (c) for 1-3 in 1, (d) for 2-3 without environment, (e) for 2-3 in 4 and (f) for 
2-3 in 2. Black lines correspond to vertical excitations, i.e., energies obtained at the ground state geometry of 1(2)-
3. Red and blue lines correspond to energies obtained at relaxed cationic and anionic geometries of 1(2)-3. The red 
line corresponds to the CS state without dipole alignment and the blue line to the CS state with dipole alignment.  
 
 From Fig. 3.6 it follows that for (CS)vert a significant stabilising effect of ~1 eV from 4.1 
eV in vacuum (Fig. 3.6a) to 2.9 eV in 4 (Fig. 3.6b) or 3.0 eV in 1 (Fig. 3.6c) is found, 
caused by the environment. In all three cases, geometry relaxation of the CS state results in 
an extra stabilisation of ~0.1 eV. This effect originates predominantly from relaxation of 
the cation, which results in a lower IP (Table 3.3). (S*)vert nor (CT)vert are significantly 
stabilised by the molecular environment. Thus, our results show a reduction in Eb

CT of ~1 
eV (Table 3.3) due to the environment.  
 A comparison of the electronic state diagrams obtained with environment (Fig. 3.6b with 
3.6c) shows no significant difference. The energies of all relevant states are quite similar. 
Dipole alignment, which again mainly affects the IP (Table 3.3), results in a further 
stabilisation of 1-3 in both environments of ~0.3 eV. This similar effect of dipole alignment 
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in the case of environment 1 compared to the reference environment 4, is in line with the 
similar dipole moments of both embedding molecules. 
 Our results for 1-3 in 4 are in line with experimental results18, 19! reported for a co-
monomer that differs only in side-chain showing no evidence for the formation of a long-
lived CT complex when blended with PCBM.!The calculated Eb

CT of ~0.3 eV (Table 3.3) 
can possibly be overcome, because of the reported high crystallinity and improved charge 
transport properties of the corresponding polymer. 
 
Table 3.3 Calculated ionisation potential (IP, eV), electron affinity (EA, eV) and CT exciton binding energy (Eb

CT, 
eV) for the systems under study. 

system (CS)vert (CS)relaxed 
without dip. 

alignm. 

(CS)relaxed 
with dip. 
alignm. 

Eb
CT  

with respect to  
(CS)relaxed 

 IP EA IP EA IP EA without dip. 
alignm. 

with dip. 
alignm. 

1-3 in vac. 6.8 2.7 6.6 2.7 - - 1.6 - 
1-3 in 4 6.4 3.5 6.2 3.4 6.1 3.6 0.6 0.3 
1-3 in 1 6.3 3.3 6.1 3.2 6.0 3.3 0.6 0.4 

2-3 in vac. 7.4 3.1 7.1 3.0 - - 1.4 - 
2-3 in 4 6.6 3.4 6.3 3.2 6.3 3.4 0.5 0.3 
2-3 in 2 6.9 3.6 6.3 3.5 5.8 3.8 0.2 -0.6 

 
3.3.3 Results for the donor-acceptor complex 2-3 
 
 We first focus again on the calculated electronic state diagrams obtained with 
environment (Fig. 3.6e and 3.6f) and compare these with the one obtained without 
environment (Fig. 3.6d). The states are labelled in the same way as in Fig. 3.6a-3.6c. See 
Table A.2 for more details on the labelling of the excited states and on the occupied-virtual 
orbital pairs that contribute most to these excitations.  
 For (CS)vert again a significant stabilising effect of ~1 eV is found (from 4.3 eV (Fig. 
3.6d) to 3.2 eV (Fig. 3.6e) and 3.3 eV (Fig. 3.6f)) due to the environment. For 2-3 in 
vacuum and in 4, geometry relaxation leads to a stabilising effect of ~0.1 eV originating 
predominantly from relaxation of the cation; this effect is larger (~0.5 eV) for 2-3 in 2 
(Table 3.3). (S*)vert nor (CT)vert are significantly stabilised by the molecular environment. 
From these data, where only stabilisation caused by the environment and geometry 
relaxation are considered, a similar reduction in Eb

CT of ~1 eV is found for both 2-3 in 4 
and in 2 (Table 3.3). 
 However, inclusion of dipole alignment results in an extra stabilisation, which is 
significantly larger in the case of environment 2 (Fig. 3.6e-f). For the reference 
environment 4 dipole alignment results in an extra stabilisation of ~0.2 eV (Fig. 3.6e: from 
3.1 eV to 2.9 eV). For environment 2 dipole alignment results in an extra stabilisation of 
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~0.8 eV (Fig. 3.6f: from 2.8 eV to 2.0 eV). This stabilising effect is the largest for the 
cation, resulting in a significant lowering of its IP (Table 3.3). This effect even results in an 
electronic state diagram where the CS state, i.e., (CS)relaxed with dipole alignment, is below 
the CT state, i.e., (CT)vert. Consequently Eb

CT, as defined previously, becomes negative (~-
0.6 eV, Table 3.3).  
 To show that the environment indeed responds to charges on the central complex, the 
interaction energy was determined between the quantum mechanical, i.e., donor-acceptor 
complex, and classical part, i.e., environment, for (CS)relaxed of 2-3 embedded in 4 and in 2, 
with and without dipole alignment (Table 3.4). For environment 2 with dipole alignment, a 
stronger interaction of ~0.2 eV between the quantum and classical part is found, which 
results from the response of the environment. For environment 4, the interaction energy is 
the same, regardless of dipole alignment or not. 
 
Table 3.4 Calculated quantum mechanical/classical interaction energy (eV) for the relaxed cation and relaxed 
anion of 2-3 in 4 and 2-3 in 2 with and without dipole alignment. 

system quantum 
mechanical/classical 
interaction energy of  

2-3 in 4 

quantum 
mechanical/classical 
interaction energy of  

2-3 in 2 
 without 

dip. 
alignm. 

with  
dip. 

alignm. 

without 
dip. 

alignm. 

with  
dip.  

alignm. 
relaxed cation of 2-3 in 4(2)  -0.9 -0.9 -0.9 -1.1 
relaxed anion of 2-3 in 4(2) -1.2 -1.2 -1.0 -1.3 

 
 To further corroborate the suggestion that several dipoles respond to net charges of 
cationic and anionic complexes, we performed the following analysis. The changes upon 
dipole alignment in distances of the dipoles and their angles with respect to the CM of the 
co-monomer and PCBM for either the cationic and anionic optimised geometries, 
respectively, were calculated. The largest changes in distances and angles are expected for 
dipoles with respect to the CM of the co-monomer in the relaxed cationic complex of 2-3 in 
2, since dipole alignment appears to affect mainly the IP (Table 3.3). The response is 
expected to be the greatest for closely positioned dipoles. 
 The result of this analysis for the relaxed cationic complex of 2-3 in 2 is given in Fig. 3.7. 
This graph visualises the change in distance (Δr, Å) and angle (Δα, °) of every dipole 
caused by a positive charge present at the cationic complex, both with respect to the CM of 
the co-monomer (where the majority of the positive charge is located). The different 
(coloured) cues correspond to a particular dipole that is present in a certain range in 
distance between the dipole and the CM of the co-monomer. Small changes in distance 
between dipoles and the co-monomer are observed (Table 3.5). A more careful analysis of 
Δα (Table 3.5) clarifies that dipoles closest to the co-monomer, i.e., red dots (!), show a 
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decrease in their angles in order to align favourably, i.e., –NO2 is directed towards the co-
monomer. However this decrease is not very large, which indicates that small changes in 
dipole orientation already result in a significant charge stabilisation. 
 

 
Fig. 3.7 Change in distance (Δr, Å) and angle (Δα, °), both with respect to the CM of the co-monomer, of every 
dipole in environment 2 as a consequence of a positive charge present at the relaxed cationic complex of 2-3. The 
different (coloured) cues correspond to a particular dipole that is present in a certain range in distance between the 
dipole and the CM of the co-monomer: 0.0-7.6 Å (black "), 7.6-15.2 Å (red !), 15.2-22.8 Å (green ✕), 22.8-30.4 
Å (dark blue +), 30.4-38.0 Å (light blue Δ), 38.0-45.6 Å (purple ◊) and 45.6-53.2 Å (yellow ✚). 
 
Table 3.5 Analysis for the relaxed cationic complex of 2-3 in 2 of the change in distance r (Å) and angle α (°) of 
dipoles in environment 2 with respect to the CM of the co-monomer, as a consequence of the presence of a 
positive charge at the central complex. The number of dipoles within a certain range in distance is indicated. 

colour and 
visual cue 

corresponding 
to a particular 

dipole 

range in distance 
between a 

particular dipole 
and the CM of 

the co-monomer 

# dipoles 
with  
Δr>0  

# dipoles 
with  
Δr<0  

# dipoles 
with  
Δα>0  

# dipoles 
with  
Δα<0  

black (") 0.0−  7.6 0 1 0 1 
red (!) 7.6−15.2 19 15 9 25 

green (✕) 15.2−22.8 49 40 40 49 
dark blue (+) 22.8−30.4 54 33 37 50 
light blue (Δ) 30.4−38.0 12 6 5 13 

purple (◊) 38.0−45.6 1 0 0 1 
yellow (✚) 45.6−53.2 0 0 0 0 
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3.4 Conclusions 
 
 This work focuses on a promising route to increase the efficiency of organic solar cells, 
i.e., by designing new organic materials with a high dielectric constant. It demonstrates 
from a theoretical point of view that polymer side-chains with dipole moments are 
electronically not innocent spectators, but that they exert electronic effects that lower the 
Coulomb attraction between electrons and holes, thereby facilitating their charge 
separation. Until now, the use of dipole moments in order to stabilise charges has not been 
applied to organic solar cells. 
 These results were obtained by successfully applying a MD/QC approach to investigate 
the influence of the molecular environment on the electronic structure of a monomer-
PCBM complex, thereby bringing the state-of-the-art in this field to the next level. This 
method is able to give predictive insight in the behaviour of polymers in organic solar cells. 
 Interesting directions for future research are studies of the flexibility of these side-chains 
and of the time scales needed for dipole alignment. Considering the typical time scales of 
photo-physical processes, dipole moments have to rearrange themselves within a few 
hundred fs.22, 37 Another interesting issue that was outside the scope of this work, is to 
compare the relative rates of various pathways. Strong couplings are possible between 
certain excited states, which can then act as efficient decay channels. 
 The results of this work can be generalised to a larger field of applications. In all fields 
where the generation of free charges from excitons forms a central problem, incorporation 
of dipole moments in materials could be a solution, on the condition that the dipole moment 
is sufficiently large and able to rotate modestly. 
 In addition to all requirements that make conjugated polymers suitable for application in 
organic solar cells,38-40 this theoretical study demonstrates the importance of large dipole 
moments in polymer side-chains. Addition of this new requirement could bring the next 
generation organic solar cells within reach. 
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Abstract: A multidisciplinary approach involving organic synthesis** and theoretical 
chemistry was applied to investigate a promising strategy to improve charge separation in 
organic photovoltaics: installing permanent dipoles in fullerene derivatives. First, a PCBM 
analogue with a permanent dipole in the side-chain (PCBDN) and its reference analogue 
without a permanent dipole (PCBBz) were successfully synthesised and characterised. 
Second, a multiscale modelling approach was applied to investigate if a PCBDN 
environment around a central donor-acceptor complex indeed facilitates charge separation. 
Alignment of the embedding dipoles in response to charges present on the central donor-
acceptor complex enhances charge separation. The good correspondence between 
experimentally and theoretically determined electronic and optical properties of PCBDN, 
PCBBz and PCBM indicates that the theoretical analysis of the embedding effects of these 
molecules gives a reliable expectation for their influence on the charge separation process 
at a microscopic scale in a real device. This work suggests the following strategies to 
improve charge separation in organic photovoltaics: installing permanent dipoles in PCBM 
analogues and tuning the concentration of these molecules in an organic donor/acceptor 
blend. 
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4.1 Introduction 
!

Organic photovoltaics (OPV) is an attractive renewable energy technology because cheap 
and abundant materials as well as low-cost, i.e., solution-processing, and large-scale 
fabrication methods, e.g., roll-to-roll printing, can be applied. However, the usefulness of 
this energy technology becomes questionable when one considers the typical power-
conversion efficiency (PCE) of ~5% of square meter sized modules and the short 
operational lifetime of 5 years under outdoor conditions. Still, OPV has significant 
advantages compared to other renewable energy technologies, like an energy payback time 
of less than a few months, energy return factors of more than 100, and ultrafast 
manufacture of a given energy producing unit.1 Therefore, according to Jørgensen et al.,1 
OPV technology is already competitive with other solar cell technologies.  

To understand why the PCE of organic thin-film single junction solar cells is quite low 
(highest confirmed value for a research cell of 1 cm2 area is ~10%),2 we need to know in 
detail their working mechanism. Bulk heterojunction solar cells are composed of a hole-
conducting donor (typically a conjugated polymer) and electron-conducting acceptor 
material (usually a fullerene derivative).3 The commonly accepted scheme of the working 
mechanism consists of the following steps: light absorption by (mainly) the donor or the 
acceptor leading to the formation of local excitons, diffusion of these excitons towards the 
donor-acceptor interface, electron or hole transfer between the donor and the acceptor, 
transport of free charges to the electrodes and finally, charge collection.4 However, the 
generation of free charges has not been fully understood, because many experimental 
studies5-8 demonstrate the presence of a charge-transfer (CT) state at the donor-acceptor 
interface, an intermediate state between the initially excited state and final charge-separated 
(CS) state.4, 9-12 Loi et al.6 define the CT state as a correlated electron-hole state, where the 
electron is located at a neighbouring molecule of the one where the hole is located. 

An electronic state diagram illustrating the solar energy conversion to free charges is 
shown in Fig. 4.1. Often the lowest CT (CT1) state of the CT manifold is lower in energy 
than the CS state, which limits the generation of free charges. The energy difference is 
called the charge-transfer exciton binding energy (Eb

CT) and is estimated to be of 0.3-0.5 
eV9. Several options have been proposed to explain how the charge generation process at 
the donor-acceptor interface can overcome this high Eb

CT. One of the most considered 
options assumes that excess photon energy leads to hot CT states that assist in charge 
separation.13, 14 Recently, an experimental study performed by Vandewal et al.8 questions 
this proposal by revealing that the best material systems show an internal quantum 
efficiency higher than 90% without the need for excess electronic or vibrational energy. 

Another option was given by Arkhipov et al.15 who suggest the assistance of an 
interfacial dipolar layer in the exciton dissociation process at a polymer/acceptor interface. 
Due to partial charge transfer between the polymer and the acceptor in the dark an 
interfacial dipole is formed, which creates a repulsive potential barrier for the hole on the 
polymer preventing recombination with the electron on the acceptor. Their proposed 
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model15 makes use of a parabolic (harmonic) approximation for the electrostatic potentials 
and assumes that the polymer chains are positioned parallel to the interface. Koehler et al.16 
extended the model of Arkhipov et al.15 by allowing disorder in the position of the 
interfacial dipoles and, recently, Wiemer et al.17 extended the model even further by going 
beyond the harmonic approximation. Computational support for the model was given by 
Marchiori et al.18, 19 who concluded for isolated P3HT/C60 and P3HT/[60]PCBM-like 
complexes that an interfacial dipole exists. Several experimental results20-22 suggest that a 
dipolar layer can be formed at donor/acceptor interfaces. 

The increase in entropy (ΔS) when charges move away from each other is also proposed 
to be essential for charge separation.23 Clarke et al.23 showed quantitatively that for 
equilibrium processes the contribution from ΔS can substantially decrease the Coulomb 
barrier for charge separation. However, Gregg24 states that for non-equilibrium processes 
like an illuminated solar cell, the magnitude of entropic effects should diminish 
considerably compared to equilibrium processes. Considerations of ΔH are still useful for 
studying charge separation processes because an entropy contribution is expected to 
stabilise the CS state relative to the CT state leading to an additional decrease in Eb

CT.  
In short, the question on how the charge generation process can overcome the high Eb

CT 
has so far been unanswered. 

 

 
Fig. 4.1 Electronic state diagram of the OPV working mechanism. Blue arrows show the basic steps to create free 
charges assisted by hot (grey lines) and higher energy electronic CT states (black line labelled CTn). The green 
arrow shows the energy difference defined as the charge-transfer exciton binding energy labelled Eb

CT. Vibrational 
energy levels within the CT manifold are depicted in grey. Higher energy electronic D* states, as well as 
electronic acceptor excited states, are omitted for clarity. (D* = donor excited state, D+! = radical cation of donor, 
A−! = radical anion of acceptor) 
 

One way to lower the Coulomb attraction between charges is to increase the dielectric 
screening of organic donor and acceptor materials. Recently, Koster et al.25 showed that the 
key parameter for enabling PCEs of OPV of more than 20% is the dielectric constant (εr). 
According to classical descriptions like the Debye and Clausius-Mossotti equations, this 
bulk property is related to the properties of its constituting molecules/atoms. The Debye 
equation illustrates that three different microscopic mechanisms of polarisation can exist in 
a dielectric material: the electronic, distortion and orientation polarisation. The last one 
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only exists for polar molecules. The Clausius-Mossotti equation is the same expression as 
the Debye equation but without this permanent dipole contribution.26 

However, as Heitzer et al.27 indicate, these equations are inappropriate for many 
materials, especially for molecule-based systems. Therefore, these classical descriptions 
should rather be used as guidelines to understand the origin of dielectric response at the 
molecular scale. So increasing the dielectric constant might be achieved by increasing the 
electronic polarisation, i.e., polarisability, and/or by increasing the orientation polarisation 
of donor and acceptor molecules (by incorporating dipoles in these molecules). Thus, apart 
from optimising molecular properties like relative alignments of frontier molecular orbital 
energies to improve the OPV efficiency, another strategy25, 28-30 is to install polarisable side-
groups and permanent dipoles in conjugated polymers and fullerene derivatives to facilitate 
charge generation. Ideally, the electronic, optical and solubility properties of the molecules 
should not change.29 

Several promising first steps to investigate this strategy have recently been reported. 
Jahani et al.29 describe an increase in εr of fulleropyrrolidines with triethylene glycol 
monoethyl ether (TEG) side-chains (εr≈5.5) and the excellent solubility of these 
functionalised fullerenes in organic solvents without any significant changes in electron 
mobility, UV-vis absorption and electrochemical properties. Torabi et al.30 report about 
impressive doublings of εr up to ~5-6 for poly(p-phenylene vinylene) and diketo-
pyrrolopyrrole based polymers also functionalised with TEG side-chains. Donaghey et al.31 
synthesised two non-fullerene acceptors with short ethylene glycol chains and measured an 
enhancement in the dielectric constant (up to 9.8) compared to their alkylated counterparts, 
whereas the optical and electrochemical properties and electron mobilities did not change. 

Application of donor and acceptor molecules functionalised with TEG side-chains in real 
OPV devices is expected to result in higher PCEs. Loss processes that originate from 
Coulomb interactions between charges are not beyond the nanosecond time scale, which 
means that an enhancement of εr up to frequencies of 109 Hz, i.e., GHz, can diminish these 
loss processes. Due to the flexibility and swiftness of these TEG side-chains, reorientations 
of their dipoles, i.e., orientation polarisation, can potentially increase εr in the GHz range 
and diminish loss processes leading to higher PCEs.30 Studies of the performance of OPV 
devices containing donor and acceptor molecules functionalised with TEG side-chains29, 30 
are currently in progress. Donaghey et al.31 report some encouraging outcomes of initial 
OPV device testing. Application of their synthesised high dielectric constant non-fullerene 
acceptors with P3HT as donor in an OPV device resulted in a slight enhancement in the 
short-circuit current. Further study is required to disentangle whether the improvement in 
the OPV device performance is due to the increase in the dielectric constant or due to other 
factors like changes in the blend morphology.31 

In this work, we focus on installing permanent dipoles in [6,6]-phenyl-C61-butyric acid 
methyl ester ([60]PCBM, labelled PCBM from now on, Fig. 4.2) analogues to facilitate 
charge separation. Our theoretical model system consisted of a central donor-acceptor 
complex embedded in only PCBM analogues with a permanent dipole in the side-chain. 
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We concentrate on the embedding effects of these dipoles, being part of the molecular 
environment of the central donor-acceptor complex, on charge separation. We focus on 
PCBM analogues, since the majority of OPV devices use [60]PCBM and [70]PCBM as 
electron acceptors, because of their ability to easily accept electrons, to obtain favourable 
nanoscale morphology, to support electron transport in three dimensions and their 
reasonably good electron mobilities.32 In reality, the environment around a donor-acceptor 
complex also contains polymers, because an environment of solely polymers or PCBM 
makes good charge conduction impossible. It is shown28 that an embedding of solely 
monomers could facilitate charge separation only when permanent dipoles are installed in 
the side-chains. Additionally, these dipoles have to be sufficiently large and able to rotate 
modestly.28 For monomer/PCBM mixed environments, the stabilising effect is less 
compared to ‘pure’ embeddings where a maximum stabilising effect resulting from the 
constituting molecules is calculated. 

The importance of a multidisciplinary approach involving materials science, (theoretical) 
chemistry and (theoretical) physics to provide understanding of the OPV working 
mechanism and to achieve highly efficient solar cells in future, has already been underlined 
in several studies.11, 33 In this work, we apply this multidisciplinary approach. First, a 
PCBM analogue with a permanent dipole in the side-chain called [6,6]-phenyl-C61-butyric 
acid 2-dimethylamino-5-nitrobenzyl ester (PCBDN, Fig. 4.2) and its reference analogue 
without a permanent dipole called [6,6]-phenyl-C61-butyric acid benzyl ester (PCBBz, Fig. 
4.2) were synthesised and characterised.34 Second, we used electronic structure theory to 
predict the potential effect of reorientations of these dipoles on charge separation in OPV. 
Due to the large system size, theoretical modelling is challenging10 and therefore the 
current strategy33 is to combine macroscale modelling Molecular Dynamics (MD) with 
Quantum Chemical (QC) calculations on the molecular scale. Usually Density Functional 
Theory (DFT) is applied because this method provides the required accuracy and is 
computationally feasible. This combined MD/QC approach is also applied here.  

 

 
Fig. 4.2 Chemical structures of PCBM, PCBDN, PCBBz and Si-CPDTBT. 
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4.2 Computational details 
 

Geometries of PCBDN, PCBBz and PCBM (Fig. 4.2) were optimised using DFT 
(B3LYP35/6-31G**) with the program GAMESS-UK36. B3LYP was chosen for the 
geometry optimisations, because of its suitability in this respect.37 Subsequently, the 
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital 
(LUMO) energies of these molecules were calculated using DFT (BHandH38/DZP) and the 
lowest 60 vertical excitation energies were calculated using time-dependent DFT (TD-
DFT) (BHandH/DZP) with ADF39, 40. The density functional Becke half and half (BHandH) 
is more suitable for the calculation of excited states with CT character than the B3LYP 
functional.41 A change in basis set from Gaussian-type 6-31G** used for geometry 
optimisations to Slater-type DZP used for single-point (TD-)DFT calculations, is inevitable 
due to the change from GAMESS-UK to ADF. 

Isotropic polarisabilities and dipole moments of PCBDN, PCBBz and PCBM were 
calculated using DFT (B3LYPg/aug-cc-pVDZ) with the program DALTON42. 

To model the effect of the molecular environment on charge separation in OPV, we 
followed our recently developed procedure28. MD simulations with the program Tinker43 
were performed for generating configurations of an embedding of either PCBDN or PCBBz 
around a (geometry optimised) central donor-acceptor complex consisting of one monomer 
of a typical donor-acceptor co-polymer called poly[(4,4!-bis(2-hepthyl)dithieno[3,2-b:2!,3!-
d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-4,7-diyl] (Si-PCPDTBT and its monomer Si-
CPDTBT, Fig. 4.2) and PCBDN. In view of computational efficiency we used a monomer 
instead of an oligomer in this complex. Using a monomer instead of an oligomer does not 
affect our qualitative conclusions that are related to the embedding effects, although the 
embedding effects may be smaller when an oligomer is considered. To determine a 
representative donor-acceptor configuration of the central complex, in a previous study28 
dispersion-corrected DFT (DFT-D44) (B3LYP/6-31G**) geometry optimisations 
(GAMESS-UK) were performed on four initial configurations of a central donor-acceptor 
complex. For this study, the lowest energy configuration was used as a starting point for the 
geometry optimisation of the central donor-acceptor complex Si-CPDTBT-PCBDN (Fig. 
4.3a). Its dipole moment was calculated using DFT (B3LYPg/aug-cc-pVDZ) with the 
program DALTON. It appears that the permanent dipole moment of the complex is mainly 
determined by the permanent dipole moment of PCBDN (Fig. 4.3b), which Marchiori et 
al.19 also pointed out. From a dipole preserving analysis (DPA) using DFT (B3LYP/6-
31G**) with the program GAMESS-UK, we found that only a small amount of charge is 
transferred from the monomer to PCBDN in the ground state (0.12 |e-|). Based on these 
results, we conclude that the partial charge transfer in the ground state has only a small 
contribution to the dipole moment of our studied complex. 
 



Promising strategy to improve charge separation in organic photovoltaics: installing permanent dipoles in PCBM 
analogues 

! 87 

 
Fig. 4.3 Optimised structures of (a) the central donor-acceptor complex Si-CPDTBT-PCBDN and (b) PCBDN. 
The green arrows represent the dipole moment in the negative-to-positive charge convention. Magnitude of the 
dipole moment for Si-CPDTBT-PCBDN: 6.30 Debye; and for PCBDN: 5.97 Debye. 
 

In the MD simulations, the NVT ensemble using a Berendsen thermostat with coupling 
constant of 0.1 ps was employed. The system temperature was set at 298 K; all the 
boundaries were periodic; the Verlet integration method was used; the Ewald summation – 
with real-space cutoff of 7.0 Å – was turned on during computation of electrostatic 
interactions; the cutoff distance was 12 Å for Van der Waals potential energy interactions; 
the cutoff distance for all non-bonded potential energy interactions was 14 Å; the 
convergence criterion was 0.01 Debye for computation of self-consistent dipoles; the time 
step was 1 fs; the MM3 simulation package45 (additional parameters were added when 
required for the studied systems) was employed. Firstly, a MD simulation of 10 ps was 
performed for solely the environment (cubic box with a-axis ~40 Å). Secondly, one of the 
final snapshots of this simulation was chosen as start for the simulation of the central 
donor-acceptor complex in environment. The simulation time of this MD simulation was 
200 ps. The atoms of the central donor-acceptor complex were set inactive, i.e., not allowed 
to move, during the simulation. The density of the complete system is for Si-CPDTBT-
PCBDN embedded in PCBBz: 2.5 g/ml; for Si-CPDTBT-PCBDN embedded in PCBDN: 
2.8 g/ml. 
 The snapshots for our calculations were selected from the last 195-200 ps MD snapshots 
based on the smallest distance between an atom belonging to the central donor-acceptor 
complex (QM part) and an atom belonging to the embedding molecules (MM part). If this 
distance was smaller than 1.4 Å, the particular snapshot was rejected. A too small distance 
between the QM and MM parts invalidates the embedding model. 
 For the calculations of the relaxed charge-separated state (labelled (CS)relaxed) in the 
PCBBz (PCBDN) embedding, the relaxed cationic and anionic complex geometries of Si-
CPDTBT-PCBDN were used. The configuration of the PCBBz (PCBDN) embedding 
around these relaxed cationic and anionic geometries was obtained from the selected 
snapshot of the MD simulation of the neutral complex embedded in PCBBz (PCBDN). So 
the environment is optimal for the neutral complex and might be slightly unfavourable for 
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the cationic/anionic complex, resulting in slightly smaller – compared to the vacuum case – 
stabilising effects due to geometry relaxation (see section 4.3.3). In the case of the cation, it 
proved that the relaxed cationic geometry did not properly fit in the space of the neutral 
complex embedded in PCBBz (PCBDN). To avoid artefacts, a linear interpolation between 
the optimised neutral and cationic geometries was performed, resulting in a series of 
interpolated geometries. For 6 (5) interpolated geometries, a short MD simulation of 10 ps 
was performed to allow the environment PCBBz (PCBDN) to adapt slightly, until the 
relaxed cationic geometry fitted in the embedding. 
 Single-point (TD-)DFT (BHandH/DZP) calculations (BHandH: 50% HF exchange, 50% 
LDA exchange and 100% LYP correlation in ADF) for the neutral, cationic and anionic 
complexes were performed, both with and without environment in order to obtain the 
electronic state diagram. DFT (BHandH/DZP) energies for the cationic, anionic and neutral 
donor-acceptor complex were used to determine the final CS state energy as the difference 
between the ionisation potential (IP) and electron affinity (EA) of the donor-acceptor 
complex. 

Two different embeddings were investigated: one consisting of PCBDN and one 
consisting of PCBBz. The influence of the PCBDN or PCBBz environment on the 
excitation, CT state and CS state energies of the central donor-acceptor complex was 
accounted for by using the Discrete Reaction Field (DRF) method46-48. This method is a 
QM/MM approach that treats the central complex using a Quantum Chemical approach 
(QM) and the PCBDN or PCBBz embedding molecules with point charges and 
polarisabilities (MM). According to Van Duijnen et al.,49 a full treatment of all interactions 
on a microscopic scale is needed to correctly describe the early stages of charge 
dissociation of the local and CT excitons. Therefore, a discrete solvation model instead of a 
continuum solvation model is used. To study the effect of reorientations (or alignment) of 
embedding dipoles in response to charges present on the central complex, the embedding is 
dynamic;33 i.e., changes that occur in the environment upon electron transfer were taken 
into account.  
 TD-DFT was used to obtain the excited state with the highest oscillator strength (labelled 
(S*)vert): S13 with f=0.3 for Si-CPDTBT-PCBDN in vacuum, S9 with f=0.4 for Si-CPDTBT-
PCBDN embedded in PCBBz, and S14 with f=0.4 for Si-CPDTBT-PCBDN embedded in 
PCBDN (see Appendix B, Table B.1). This excited state has the largest weight of the 
HOMO→LUMO+3 one-electron transition, namely 0.9 for Si-CPDTBT-PCBDN in 
vacuum, 0.7 for Si-CPDTBT-PCBDN in PCBBz, and 0.6 for Si-CPDTBT-PCBDN in 
PCBDN (Table B.1). The HOMO is located at the donor part of the co-monomer and the 
LUMO+3 at the acceptor part of the co-monomer, so in all cases (S*)vert corresponds to a 
local excitation on the co-monomer. The CT state of the central donor-acceptor complex 
was also obtained from the TD-DFT calculations, i.e., the excited state with the largest CT 
character from donor to acceptor (labelled (CT)vert). The amount of CT character was 
estimated from the weight of the HOMO→LUMO one-electron transition to a given 
excitation: the HOMO is located at the donor molecule (Si-CPDTBT) and the LUMO at the 
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acceptor molecule (PCBDN). The excitation with the largest weight of this 
HOMO→LUMO one-electron transition was labelled the CT state: S1 with 
HOMO→LUMO weight of 0.8 for Si-CPDTBT-PCBDN in vacuum, S3 with 
HOMO→LUMO weight of 0.5 for Si-CPDTBT-PCBDN embedded in PCBBz, and S4 with 
HOMO→LUMO weight of 0.4 for Si-CPDTBT-PCBDN in PCBDN (Table B.1). 
 To investigate the stabilisation of the CS state by dipole alignment, two types of MD 
simulations were performed: one with a neutral donor-acceptor complex and one with net 
charges present at the donor-acceptor complex. In the first case the dipole moments in the 
embedding are oriented randomly around the central complex (we call this the CS state 
without dipole alignment). In the second case the dipole moments in the embedding are 
allowed to align favourably in response to the net charges present at the central complex 
(we call this the CS state with dipole alignment). Net charges were obtained by performing 
a DPA using DFT (B3LYP/6-31G**) for the relaxed neutral, cationic and anionic complex 
geometries (GAMESS-UK). For all cationic complexes the positive charge was mainly 
located on the monomer and for all anionic complexes the negative charge on the fullerene 
derivative. Subsequently, three MD simulations of 50 ps were performed for these 
complexes with DPA charges present at the central complex. In this way, embedding 
configurations were obtained where a rearrangement of the embedding molecules was 
possible in response to the DPA charges.  
 
 
4.3 Results and discussion 
 
4.3.1 Comparison between experimental and calculated electronic and 

optical properties 
 

The electrochemistry of fullerenes is one of their most important properties as conjugated 
materials. Therefore, we investigated the electrochemical properties of PCBDN, PCBBz 
and PCBM by cyclic voltammetry. Table 4.1 gives an overview of these electrochemical 
properties34 together with calculated HOMO and LUMO energies. The measured half-wave 
potentials of the reduction processes of all compounds are listed.  
 
Table 4.1 Electrochemical properties* (V) and calculated HOMO and LUMO energies (eV) of PCBDN, PCBBz 
and PCBM. 

compound E1/2 1, red E1/2 2, red HOMO LUMO 
PCBDN -1.089 -1.482 -7.92 -3.88 
PCBBz -1.095 -1.489 -7.90 -3.86 
PCBM -1.097 -1.487 -7.87 -3.83 

* Experimental conditions: Bu4NPF6 (0.1 M) as the supporting electrolyte; ODCB/CH3CN (4:1) as solvent; Pt as 
working electrode; Pt wire as counter electrode; Ag/AgCl as reference electrode; scan rate, 10 mV/s; potentials are 
relative to ferrocene/ferrocene+. 
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The computational results show that the LUMO energies and the HOMO-LUMO energy 
differences are similar for these compounds. These findings are in agreement with the 
experimental data, which show that the differences in the first and second reduction 
potentials are very small, indicating that the behaviour of the reduction potential is not 
affected by the dipoles. So installing a permanent dipole in the side-chain of a PCBM 
analogue does not modify its π-conjugated system, which is one of the advantages of the 
strategy25, 28-30 of installing permanent dipoles in side-chains of conjugated polymers and 
fullerene derivatives to facilitate charge separation. 

The measured34 and calculated UV-vis absorption spectra of PCBDN, PCBBz and PCBM 
(Fig. 4.4) are very similar apart from an overestimation of the energies in the case of the 
calculated spectra. Therefore, all calculated spectra are shifted by 0.6 eV towards lower 
energies, i.e., larger wavelengths. The optical properties of these molecules appear to be 
nearly similar so it can be concluded that installing a permanent dipole in the side-chain of 
a PCBM analogue does not affect its optical properties. 

 

 
Fig. 4.4 Experimental34 UV-vis absorption spectra (continuous curves) of PCBDN (blue), PCBBz (red) and 
PCBM (black) in 10-5 M CHCl3 solution and calculated UV-vis absorption spectra (vertical lines) of PCBDN 
(blue), PCBBz (red) and PCBM (black) in vacuum. All calculated spectra are shifted by 0.6 eV to lower energy. 
 

Based on the good correspondence between experimentally and theoretically determined 
electronic and optical properties of PCBDN, PCBBz and PCBM it is expected that the 
theoretical analysis of the embedding effects of these molecules (see section 4.3.3) gives a 
reliable expectation for their influence on the charge separation process at a microscopic 
scale in a real device. 
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4.3.2 Isotropic polarisabilities and dipole moments 
 

Table 4.2 gives an overview of the isotropic polarisabilities and dipole moments of 
PCBDN, PCBBz and PCBM. The isotropic polarisability per electron is similar for 
PCBDN (548 electrons), PCBBz (502 electrons) and PCBM (462 electrons). Therefore, a 
similar optical dielectric constant (dielectric constant at optical frequencies, i.e., only 
electronic polarisation defines εr) is expected for these systems. When the additional 
screening from dipoles is considered too, a larger screening is expected for a PCBDN 
embedding compared to its reference, a PCBBz embedding, due to the larger dipole 
moment of PCBDN. This hypothesis is tested in the following theoretical analysis (see 
section 4.3.3). When both newly synthesised PCBM analogues are compared to PCBM, it 
appears that the dipole moment of PCBDN is larger and the dipole moment of PCBBz 
smaller than the one of PCBM. 
 
Table 4.2 Isotropic polarisabilities (a.u.) and dipole moments (Debye) of PCBDN, PCBBz and PCBM. 

compound polarisability polarisability per electron dipole moment 
PCBDN 838.79 1.53 5.97 
PCBBz 784.54 1.56 2.35 
PCBM 716.44 1.55 4.01 

 

4.3.3 Electronic state diagrams 
 

Application of the computational procedure described in section 4.2 resulted in electronic 
state diagrams as presented in Fig. 4.5 for the studied donor-acceptor complex Si-
CPDTBT-PCBDN in vacuum (Fig. 4.5a), Si-CPDTBT-PCBDN embedded in PCBBz (Fig. 
4.5b) and Si-CPDTBT-PCBDN embedded in PCBDN (Fig. 4.5c). Fig. 4.5d shows a 
particular snapshot of a MD simulation on which the QM/MM approach is applied (QM 
part: red, MM part: blue). (S*)vert corresponds to the excited state that has the largest 
oscillator strength, (CT)vert to the excited state with the largest CT character from Si-
CPDTBT to PCBDN, and (CS)vert to the charge-separated state, all three at the ground state 
geometry of the complex. See Table B.1 for more details on the labelling of the excited 
states and on the occupied-virtual orbital pairs that contribute most to these excitations. 
(CS)relaxed corresponds to the charge-separated state determined with the relaxed cationic 
and anionic complex geometries. (CS)relaxed without dipole alignment is determined without 
taking into account the response of the embedding dipoles to net charges present at the 
central donor-acceptor complex, so in this case the embedding dipoles are oriented 
randomly. (CS)relaxed with dipole alignment takes into account the response of these dipoles 
to charges present on the central donor-acceptor complex, so in this case the embedding 
dipoles are allowed to align favourably. 
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Fig. 4.5 Electronic state diagrams (a, b, c) for the studied donor-acceptor complex Si-CPDTBT-PCBDN. Diagram 
(a) shows the results for Si-CPDTBT-PCBDN in vacuum, (b) for Si-CPDTBT-PCBDN embedded in PCBBz, and 
(c) for Si-CPDTBT-PCBDN embedded in PCBDN. Black lines correspond to vertical excitations, i.e., energies 
obtained at the ground state geometry of Si-CPDTBT-PCBDN. Red and blue lines correspond to energies obtained 
at relaxed cationic and anionic geometries of Si-CPDTBT-PCBDN. The red line corresponds to the CS state 
without dipole alignment and the blue line to the CS state with dipole alignment. (d) shows a particular snapshot 
of a MD simulation on which the QM/MM approach is applied. The central complex (QM) is depicted in red and 
the embedding molecules (MM) in blue. 
 

Fig. 4.5a-c show that due to the environment (either PCBBz or PCBDN) (CS)vert is 
stabilised by ~1.5 eV. Neither (S*)vert nor (CT)vert is significantly affected by the molecular 
environment.  

For Si-CPDTBT-PCBDN in vacuum and embedded in PCBDN, geometry relaxation of 
the CS state leads to a stabilising effect of ~0.5 eV (Fig. 4.5a and 4.5c). This lowering 
originates predominantly from relaxation of the cation and results in a significant decrease 
in the IP (Table 4.3). The stabilising effect due to geometry relaxation is smaller for Si-
CPDTBT-PCBDN embedded in PCBBz, namely ~0.1 eV (Fig. 4.5b), due to a much 
smaller relaxation of the cation (Table 4.3). A slightly unfavourable environment around 
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Si-CPDTBT-PCBDN might cause this apparent smaller stabilising effect of geometry 
relaxation (see section 4.2). 

Inclusion of alignment of embedding dipoles in response to charges present on Si-
CPDTBT-PCBDN results in an extra stabilisation of the CS state, which is significantly 
larger in the case of the PCBDN environment compared to the PCBBz environment (Fig. 
4.5b and 4.5c). For the PCBDN environment, dipole alignment results in an extra 
stabilisation of ~1.4 eV. This stabilising effect is the largest for the cation, resulting in a 
significant lowering of its IP (Table 4.3). For the PCBBz environment, dipole alignment 
results in an extra stabilisation of only ~0.6 eV. However, in this case, the overall CS state 
stabilisation of ~0.7 eV due to geometry relaxation and dipole alignment together is a better 
aspect to look at, because the effect of geometry relaxation is probably slightly 
underestimated, as explained previously. 
 
Table 4.3 Ionisation potential (IP, eV), electron affinity (EA, eV) and CT exciton binding energy (Eb

CT, eV) for 
the systems under study. 

system (CS)vert (CS)relaxed 
without dip. 

alignm. 

(CS)relaxed 
with dip. 
alignm. 

Eb
CT  

with respect to  
(CS)relaxed 

 IP EA    IP         EA IP EA without dip. 
alignm. 

with dip. 
alignm. 

Si-CPDTBT-
PCBDN 
in vacuum 

6.8 2.8 6.3 2.7 - - 1.3       - 

Si-CPDTBT-
PCBDN 
in PCBBz 

6.1 3.5 5.9 3.4 5.7 3.8 0.2 -0.4 

Si-CPDTBT-
PCBDN 
in PCBDN 

5.4 3.0 4.7 2.8 3.6 3.1 -0.5 -1.9 

 
To corroborate that indeed aligned dipoles in the embedding cause the significant 

lowering in IP, the dipole moments of the PCBDN embedding were ‘turned off’ by making 
all charges of the embedding atoms equal to zero. In this way, the embedding configuration 
did not change and kept its dielectric screening from polarisability, but the additional 
screening from dipoles was removed. This procedure shows that the IP recovers to the 
value of ~6 eV, i.e., the one for Si-CPDTBT-PCBDN embedded in PCBBz (Table 4.3). 
This outcome is in agreement with the similar polarisabilities per electron of PCBDN and 
PCBBz (Table 4.2). 

Table 4.3 contains the IP and EA obtained from the single-point DFT (BHandH/DZP) 
calculations performed on the optimised neutral, cationic and anionic DFT (B3LYP/6-
31G**) geometries. As expected, due to geometry relaxation of Si-CPDTBT-PCBDN its IP 
decreases. However, the decrease shown for EA is unphysical and caused by the change in 
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basis set and functional. The DFT (B3LYP/6-31G**) calculations show a small relaxation 
of the anion, and a corresponding small increase in EA (Table 4.4). 
 
Table 4.4 Ionisation potential (IP, eV), electron affinity (EA, eV), absolute energy and bond energy of neutral 
(Eneutral, eV), cationic (Ecation, eV) and anionic (Eanion, eV) Si-CPDTBT-PCBDN complex in vacuum that were used 
to calculate the vertical ((CS)vert, eV) and relaxed charge-separated ((CS)relaxed, eV) state energies using DFT 
(B3LYP/6-31G**) and DFT (BHandH/DZP). 

  (CS)vert (CS)relaxed 
B3LYP/6-31G** IP 6.2 5.8 

EA 2.0 2.1 
  absolute energy absolute energy 
 Eneutral                    -167473.5509 
 Ecation -167467.3573 -167467.7287 
 Eanion -167475.5483 -167475.6093 
BHandH/DZP IP 6.8 6.3 

EA 2.8 2.7 
  bond energy bond energy 
 Eneutral                    -1795.512009 
 Ecation -1788.679608 -1789.213461 
 Eanion -1798.321864 -1798.226963 

 
Table 4.3 also gives an overview of Eb

CT, defined previously as the energy difference 
between (CS)relaxed and (CT)vert. This energy difference, when positive, limits the generation 
of free charges. In Table 4.3 this difference is calculated with respect to (CS)relaxed without 
and with dipole alignment. For both embeddings Eb

CT is negative when the effects of the 
environment, geometry relaxation and dipole alignment on the CS state energy are 
considered. In these situations free charge generation is favourable. When the effect of 
dipole alignment is excluded, only for Si-CPDTBT-PCBDN embedded in PCBDN is 
(CS)relaxed still below (CT)vert, although for Si-CPDTBT-PCBDN embedded in PCBBz this 
probably also holds. But due to the underestimated effect of geometry relaxation explained 
previously, the value of Eb

CT is positive. When one considers the expected stabilisation of 
~0.5 eV caused by geometry relaxation, (CS)relaxed without dipole alignment of Si-
CPDTBT-PCBDN embedded in PCBBz will be ~2.1 eV and consequently the value of 
Eb

CT will be negative too (~-0.2 eV). 
These results suggest that an environment of solely PCBBz around a Si-CPDTBT-

PCBDN complex already favours free charge generation in OPV. In reality, the 
environment around a donor-acceptor complex also contains polymers. For an environment 
consisting of solely monomers with sufficiently large dipoles in the side-chains28 the 
stabilising effect due to dipole alignment appears to be smaller compared to an environment 
consisting of solely PCBM analogues with a dipole in the side-chain. Therefore, for 
monomer/PCBM mixed environments, the stabilising effect is less compared to the 
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(maximum) stabilising effect that was found for the fullerene-rich environments studied 
here. 

In this respect, this work leads to promising strategies for improving charge separation in 
OPV by optimising the molecular environment: installing permanent dipoles in PCBM 
analogues and tuning the concentration of these molecules in the blend. To facilitate charge 
separation in OPV, both the magnitude of the installed dipoles in PCBM analogues (and/or 
polymers) and the concentration in the active layer of these molecules with a permanent 
dipole in the side-chain can be used as a parameter to tune the dielectric screening of the 
environment in such a way that Eb

CT becomes negative. One could even think of a third 
tuning parameter to optimise the molecular environment for charge separation: mixing 
PCBM with, in this case, PCBDN to form the electron-conducting phase of an organic 
donor/acceptor blend.  

We can make an analogy between our theoretical system of a donor-acceptor complex 
embedded in a fullerene-rich environment and an experimental situation with an increased 
PCBM concentration in the organic donor/acceptor blend. In several studies6, 50 where the 
effect of increased PCBM concentration was investigated, a red shift on CT emission was 
measured. This was explained by suggesting that adding more PCBM leads to a reduction 
of the Coulomb attraction between electrons and holes (due to an increased average 
dielectric constant of the medium). Our calculations can be regarded as modelling the 
dielectric screening of a PCBM-like embedding on a microscopic scale of ~40 Å, i.e., the 
size of the box filled with PCBBz or PCBDN, as Van Duijnen et al.49 suggested. Our 
results corroborate the suggestion done in some experimental studies6, 50 that increasing the 
PCBM concentration in polymer/PCBM blends facilitates charge separation in organic 
solar cells because of the more polarisable medium. 

The effect of dipole reorientations on other aspects – besides charge separation – that 
determine the overall OPV efficiency, like charge transport and blend morphology, is 
subject of current studies. The encouraging initial results31 of the performance of OPV 
devices containing organic molecules with permanent dipoles in their side-chains increase 
the future expectations for these materials. 
 
 
4.4 Conclusions 
 

This work illustrates using a multidisciplinary approach that the proposed strategy25, 28-30 
for improving charge separation in OPV, i.e., installing polarisable side-groups and 
permanent dipoles in polymers and PCBM analogues, is a promising one. The good 
correspondence between experimentally and theoretically determined molecular properties 
of the studied PCBM analogues indicates that the theoretical analysis of the embedding 
effects of these molecules gives a reliable expectation for their influence on the charge 
separation process at a microscopic scale in a real device. 
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The combination between experiment and theory is necessary to make a sound prediction 
of the effects that embedding dipoles might have on charge separation in OPV devices. 
Therefore, this work can be seen as one of the first studies providing a synthetic route for 
this new class of promising organic semiconductors, i.e., PCBM analogues with a 
permanent dipole in the side-chain, and at the same time focusing on the effect of these 
functional materials on the charge separation process in organic solar cells.  

Promising strategies for improving charge separation in OPV are provided. Besides the 
installation of dipoles and their magnitude, also the concentration of PCBM analogues with 
a permanent dipole in the side-chain in an organic donor/acceptor blend can be used to tune 
the dielectric screening of the environment. These insights may indicate directions in the 
search for better performing OPV devices. 

The applied procedure for modelling charge separation at the microscopic level of OPV 
devices can be taken a step forward by increasing the part that is treated using a quantum 
chemical approach, e.g., two PCBM molecules and a short oligomer. In this way the 
procedure can be used to study the effect of charge delocalisation on the excited state 
energies and the energies of the CT and CS states. Such a study is currently in progress. 
Several studies33, 51 have already mentioned this and other similar challenging directions for 
future research in multiscale modelling of OPV devices. 
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Influence of push-pull group substitution patterns on excited 
state properties of donor-acceptor co-monomers and their 
trimers* 
 
* H.D. de Gier, B.J. Rietberg, R. Broer, R.W.A. Havenith, Comput. Theoret. Chem. 1040-
1041, 202-211 (2014), http://dx.doi.org/10.1016/j.comptc.2014.03.002 
 
 
Abstract: Organic electronics form a very promising new generation of cheap, light-weight 
and flexible devices. Of special interest is the ability to engineer photo-physical properties 
of organic molecules by chemical modification. In this regard, the purpose of this research 
is to understand the influence of push-pull group substitution patterns on excited state 
properties of several donor-acceptor co-monomers and their trimers. Part of this work 
focuses on organic photovoltaic applications to demonstrate the practical use of the 
structure-property relations. In this context, the strong exciton binding energy determined 
by the electron-hole interaction is an important property. (Time-dependent) Density 
Functional Theory calculations showed for the electron-hole interaction and the vertical 
local exciton binding energy a significant difference between monomers with linear- and 
with cross-conjugated mesomeric push-pull group pathways, which can be understood from 
simple Hückel theory. A reasonable correlation between the dipole moment change upon 
excitation and the vertical local exciton binding energy for the 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. The 
overlap density between the frontier molecular orbitals alone already reveals valuable 
information about the relative size of the electron-hole interaction and the vertical local 
exciton binding energy. Application of our findings in the context of organic photovoltaics 
results in significant support for cross-conjugated mesomeric push-pull group pathways in 
order to spatially separate the HOMO and LUMO. 
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5.1 Introduction 
 

Nowadays organic molecules find their way in all kinds of applications, like thin film 
transistors (TFT), light emitting diodes (OLED) and thin film photovoltaic cells (OPV). In 
comparison to conventional silicon-based electronics, organic electronics have the 
advantage of low-cost fabrication processes using for example roll-to-roll methods. A new 
generation of cheap, light-weight and flexible organic electronic devices is entering the 
commercial world.1 In order to make significant progress in this field, insight in the relation 
between chemical structure and excited state properties is one of the key issues. Of special 
interest is the ability to engineer photo-physical properties by chemical modification 
through adding particular functional groups at different positions.  

Further accelerated progress is expected by application of this knowledge in the 
development of new organic materials for OPV. Currently, the highest confirmed efficiency 
of an organic thin film research solar cell is ~10%,2 which is limited by several factors.3 
The best-performing organic solar cell consists of a three-dimensional (bulk) hetero-
junction composed of a hole-conducting donor (typically a conjugated polymer) and an 
electron-conducting acceptor (fullerene derivative).4 An electronic state diagram illustrating 
the solar energy conversion to free charges is shown in Fig. 5.1.5 After light absorption by 
mainly the donor material, excitons are formed. These excitons are electron-hole pairs, 
bound by the Coulomb force, with a local exciton binding energy (Eb

exc) of 0.3-0.5 eV.3 
They diffuse towards the donor-acceptor interface, where electrons transfer from donor to 
acceptor molecules. Typically, the electron-hole pair remains bound, leading to the 
formation of an inter-molecular charge-transfer (CT) state.3, 6 To prevent recombination, the 
charge-transfer exciton binding energy (Eb

CT) has to be overcome, e.g., with the 
involvement of hot CT states.5, 7 Finally, collection of free charges takes place at different 
electrodes of the solar cell. If the exciton binding energy can be lowered, more efficient and 
cost effective solar cells are within reach.3 

Several experimental and theoretical studies have shown that not only Frenkel excitons, 
but also more separated excitons are formed as the primary photo-excitations in polymers. 
These less bound excitons are believed to play a significant role in the photovoltaic process 
because they would increase the probability of electron transfer from donor to acceptor, 
decrease the energy needed for charge separation and reduce geminate recombination.8, 9 In 
order to distinguish between the two types of excitons, an observable can be used that 
correlates with their internal degree of charge separation: the change in dipole moment 
between the ground and excited state of the donor molecule, Δµge.8-10 It was explained by 
Carsten et al.9 that a larger Δµge correlates to a lower exciton binding energy. A linear 
relation was found between the device efficiency and the change in dipole moment upon 
excitation of several donor-acceptor co-monomers: when Δµge is larger, the efficiency 
increases.8 Still, this and other correlations between solar cell performance and intrinsic 
properties of the donor polymers, like chemical structure, and their possible correlation to 
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the exciton binding energy of the primary photo-excitation, are not completely 
understood.10, 11  

 

 
Fig. 5.1 Electronic state diagram describing the mechanism of converting solar energy to electric energy in 
organic solar cells. The green arrows show the basic steps after light absorption to create free charges assisted by 
hot (grey lines) and higher energy electronic CT states (black line labelled CTn). The blue arrows show 
recombination pathways. The red arrows show the energy differences Eb

exc and Eb
CT, as introduced previously. 

(CS)D-D is defined as the energy difference between the ionisation potential of donor and electron affinity of donor, 
and (CS)D-A as the energy difference between the ionisation potential of donor and electron affinity of acceptor. 
Vibrational energy levels within the CT manifold are depicted in grey. (GS = ground state, S1 = first excited state, 
CS = charge-separated state, CT = charge-transfer state, D = donor, A = acceptor) 
 

In this regard, the objective of this work is to study the influence of push-pull group 
substitution patterns on excited state properties, in particular Eb

exc, of several donor-
acceptor co-monomers and their trimers. In this way we are able to understand and engineer 
the photo-physical properties of new molecular structures. Part of this work focuses on 
OPV applications to demonstrate practical use of the structure-property relations. This 
knowledge may be used to formulate design guides for developing new organic materials 
with lower exciton binding energies. 

We concentrated on understanding the photo-physical properties of a donor-acceptor co-
monomer (1 in Fig. 5.2). Monomer 1 is 4,4!-bis-(2-methyl)-4H-cyclopenta[2,1-b;3,4-b!]-
dithiophene-4-(2-thienyl)-2,1,3-benzothiadiazole (CPDTTBT), which consists of the 
donating fragment CPDT and the accepting fragment BT, linked via one thiophene unit T. 
The main reason for applying donor-acceptor co-polymers in organic solar cells is their low 
band gap enabling the absorption of more of the incoming light.12  

We studied the effect of adding NH2 as electron donating group (EDG) and NO2 as 
electron withdrawing group (EWG) to respectively the donor and acceptor side of this co-
monomer. These groups exert mesomeric (by resonance, i.e., through π-bonds) effects. 
Linear- and cross-conjugated push-pull group substitution patterns were compared to study 
their effect on excited state properties (2 and 3 with linear- and 4 and 5 with cross-
conjugated push-pull group substitution patterns, Fig. 5.2). It is known that cross-
conjugated groups show weaker electronic communication than linear-conjugated ones.13  

We investigated one conformation with CH3 as EDG and F as EWG added to respectively 
the donor and acceptor side of the co-monomer (6, Fig. 5.2) to get insight in the influence 
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CT 
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of inductive (i.e, through the σ-framework) effects on excited state properties. The NH2 
group is inductively electron withdrawing and by resonance electron donating, however 
resonance dominates induction. The NO2 group is electron withdrawing both by induction 
and resonance, so here resonance reinforces induction. The CH3 group is inductively 
electron donating, while the F group is inductively electron withdrawing and by resonance 
electron donating. Here induction outcompetes resonance, so the F group is a weak electron 
acceptor.14  

 

 
Fig. 5.2 Chemical structures of monomers 1-6. Monomer 1 is the reference monomer CPDTTBT. Isomers 2 and 3 
have linear-conjugated and 4 and 5 have cross-conjugated push-pull group substitution patterns. Monomers 2-5 
contain mesomeric groups and monomer 6 contains inductive groups. 
 

For all monomers, the effect of trimerisation on their excited state properties was studied 
to see if the trends valid for the monomers still apply. Trimerisation of the reference 
monomer 1 and the 5 substituted monomers led to the molecules T1-T6 (reference trimer 
T1 and T2-T6, Fig. 5.3). Note that for the trimers the distinction in conjugation patterns 
does not hold anymore. For example, in T5 the EDG(2)/EWG(2) pathway within a 
monomeric unit, e.g., unit 2, is cross-conjugated (blue, Fig. 5.3) and the EDG(2)/EWG(1) 
or EWG(2)/EDG(3) pathway between two monomeric units, e.g., between units 2 and 1 or 
units 2 and 3, is linear-conjugated (red, Fig. 5.3). 

We focused on the following excited state properties: vertical first excited state energy 
((S1)vert), oscillator strength (ƒ), HOMO energy (εHOMO), LUMO energy (εLUMO), orbital 
energy difference between HOMO and LUMO (ΔεHL), vertical ionisation potential 
((IP)vert), and vertical electron affinity ((EA)vert). Properties relevant for OPV applications 
were: change in dipole moment between the ground and excited state of the molecule 
(Δµge), vertical local exciton binding energy ((Eb

exc)vert), the electron-hole interaction as 
defined in the Hartree-Fock method (J−2K), and the degree of spatial overlap between 
occupied and virtual orbitals involved in the excitation (Λ).  
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Fig. 5.3 Chemical structures of trimers T1-T6. Trimer T1 is the reference trimer PCPDTTBT. Trimers T2-T5 
contain mesomeric groups and trimer T6 contains inductive groups. T5 illustrates that for the trimers the 
distinction in conjugation patterns does not hold anymore. 
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5.2 Computational details 
 

Geometries were optimised using Density Functional Theory (DFT) (BHandH15/6-
31G**) with the programs DALTON16 for isolated monomers 1-6 and GAMESS-UK17 for 
isolated trimers T1-T6. Subsequently, vertical excitation energies were calculated using 
time-dependent DFT (TD-DFT) (BHandH/6-31G**) with DALTON. The lowest 10 
vertical excited states were calculated. For all systems, the primary photo-excitation, i.e., 
the excitation with the largest oscillator strength, is the first excited state. For all systems 
except T4 the largest contribution for this state comes from a HOMO→LUMO one-
electron transition on the monomer/trimer. For T4, the HOMO→LUMO (c2=0.25) and 
HOMO-1→LUMO transitions (c2=0.26) are equally important. 

 The use of (TD-)DFT with the density functional Becke half and half (BHandH) to study 
these systems is justified for different reasons. Firstly, more extensive work done on 
evaluating the performance of DFT functionals for CT states showed good behaviour for 
the functional of our choice.18 Secondly, we performed a comparison study between the 
TD-DFT (BHandH/6-31G**) calculations with DALTON and linear response second-order 
approximate coupled-cluster singles and doubles (LR-CC2) (6-31G**) calculations with 
TURBOMOLE19-23 on monomers 2 and 4 to verify computed trends. The LR-CC2 
calculations resulted in an energy difference of 0.36 eV between 2 (S1=2.47 eV) and 4 
(S1=2.83 eV), which is reasonably described by TD-DFT that computed an energy 
difference of 0.20 eV between 2 (S1=2.41 eV) and 4 (S1=2.61 eV). Thirdly, Peach et al.24 
justified the use of a quantity called Λ that measures the degree of spatial overlap between 
occupied and virtual orbitals involved in particular excitations, as a diagnostic test for 
judging the reliability of a general (CT) excitation energy from a particular density 
functional. For the hybrid functional B3LYP, the minimum value of this quantity for giving 
reliable results was significantly lower than the calculated values for these systems. 

(Eb
exc)vert was defined as the energy difference between the vertical charge-separated (CS) 

state and the vertical first excited state of the monomer/trimer using the following equation: 
 
(!!!"#)!"#$ = (!")!"#$ − !" !"#$ − (!!)!"#$!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.1) 
 
with (IP)vert the vertical ionisation potential, (EA)vert the vertical electron affinity, and 
(S1)vert the vertical first excited state energy of the monomer/trimer. After the Frank-
Condon photo-excitation, typical photo-physical processes like charge separation take place 
within only a few hundred fs.25, 26 In order to focus solely on the effect of push-pull group 
substitution patterns on the lowering of Eb

exc (and not having the effect of geometry 
relaxation in addition), we calculated (Eb

exc)vert.  
 Dipole moments of (S1)vert were calculated using Density Functional Quadratic Response 
Theory27-29 (BHandH/6-31G**) with DALTON. The absolute difference in dipole moment 
between the ground and vertical first excited state of the monomer/trimer, Δµge, was 
calculated in the same way as introduced by Carsten et al.8 using the following equation: 
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Δ!!" = !!" − !!"
! + !!" − !!"

! + !!" − !!"
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.2) 

 
with, e.g., µgx the x-component of the ground state dipole moment and µex the x-component 
of the vertical excited state dipole moment.  

In the simple Hartree-Fock (HF) picture, neglecting orbital relaxation and electron 
correlation effects, the CS state on two molecules is defined as the orbital energy difference 
between the LUMO and HOMO (Koopmans’ theorem). In this frozen orbital (FO) model, 
the excitation energy for a single electron HOMO→LUMO excitation is: 
 
!!!"!!" = Δ!!" − !!" + 2!!"!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.3) 
 
with ΔεHL the orbital energy difference between the HOMO and LUMO, JHL the Coulomb 
and KHL the exchange two-electron integrals [(HH|LL) and (HL|LH)].30, 31 In this HF-FO 
model, the exciton binding energy is thus defined as [JHL–2KHL]. Although in DFT the 
above analysis is not completely valid, the electron-hole interaction given by [JHL–2KHL] 
can still be used as a measure of the exciton binding energy. The advantage of using JHL as 
this indicator is that its magnitude can be related to the spatial extent of the orbitals 
involved, which in turn can be related to the molecular structure (a similar rationalisation 
was applied by Van Walree et al.32). Baerends et al.33 state that the shape of the Kohn-
Sham orbitals describes excited states very well, justifying the use of Kohn-Sham orbitals 
in this respect.  

To get insight in the degree of electron-hole separation and to judge the reliability of the 
excitation energies from the density functional BHandH, the degree of spatial overlap Λ 
between occupied and virtual orbitals involved in the excitation was determined. The 
quantity Λ as defined in DALTON was used: 
 

Λ = !!"! !!"!,!
!!"!!,!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(5.4) 

 
with !!" the contribution of an occupied-virtual pair to a given TD-DFT excitation and Oia 
the inner product of the moduli of a given occupied orbital φi and a virtual orbital φa, which 
is weighted by !!"! .24 Small values of Λ correspond to long-range excitations and large 
values to short-range excitations. When Λ falls below a prescribed threshold, for example 
Λ<0.3 for B3LYP, excitation energies are likely to be in very significant error. It should be 
noted that the quantity Λ is not unique, so this diagnostic number is qualitative.24 

Since the calculations were done on isolated monomers/trimers, the theoretical values for 
Eb

exc are higher compared to experimental values because stabilisation effects from the 
environment (and charge delocalisation effects in the case of the monomers) are missing. 
 
 



Chapter 5 

!108 

5.3 Results and discussion  
 
5.3.1 Monomers 
 
5.3.1.1 Geometries 
 

Geometry optimisation of monomers 1-6 resulted in slight deviations from planarity for 
the substituted monomers 2-6. Two dihedral angles (Fig. 5.4 and Table 5.1) were defined to 
investigate if conjugation still applies to the monomers. Dihedral angle α is similar for all 
substituted monomers 2-6 and dihedral angle β clearly is larger for the monomers with 
linear-conjugated mesomeric push-pull group substitution patterns (2 and 3) compared to 
the monomers with cross-conjugated mesomeric push-pull group substitution patterns (4 
and 5). This difference is caused by the position of the NO2 group in monomers 2 and 3, 
i.e., it is attached closer to the thiophene unit, which causes more steric hindrance. Despite 
this moderate loss of planarity, the interaction between the p-orbitals that form the π-bonds 
is still significant (it scales with cos[angle]), so the push-pull groups are conjugated. 
 

 
Fig. 5.4 Monomer 1 with defined dihedral angles α and β. 
 
Table 5.1 Dihedral angle α (°, Fig. 5.4) and dihedral angle β (°, Fig. 5.4) for monomers 1-6.  

monomer dihedral angle α  dihedral angle β 
1    0.0 0.0 
2 -24.2 34.2 
3 -22.2 37.9 
4 -13.1 2.1 
5 -20.5 4.0 
6 -25.9 -5.4 

 
5.3.1.2 Molecular orbitals 
 

The HOMO and LUMO of monomers 1-6 (Fig. 5.5) reveal an interesting trend: for the 
monomers with linear-conjugated mesomeric push-pull group substitution patterns (2 and 
3) the HOMOs and LUMOs are both delocalised over carbon atoms to which the NH2 
group and the NO2 group are attached (for monomer 2 the LUMO has very low electron 
density at the carbon atom to which the NH2 group is attached). This is contrary to the 
monomers with cross-conjugated mesomeric push-pull group substitution patterns (4 and 5) 
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where the HOMOs are delocalised over carbon atoms to which the NH2 group is attached 
and the LUMOs over carbon atoms to which the NO2 group is attached.  

 

Fig. 5.5 Frontier molecular orbitals (isocontour value: 0.04 a.u.) of monomers 1-6. For all monomers, the first 
excited state corresponds predominantly to a HOMO→LUMO one-electron transition (c2>0.83). 
 

For the monomers with linear-conjugated mesomeric push-pull group substitution 
patterns (2 and 3), the HOMOs are delocalised over the donating fragment CPDT (and the 
NH2 group) and the central thiophene unit T, but also over two carbon atoms of the 
accepting fragment BT. One of these is the one to which the NO2 group is attached. The 
LUMOs of monomers 2 and 3 are delocalised over the accepting fragment BT (and the NO2 
group) and also over two carbon atoms of the central thiophene unit T. Amongst these is for 
monomer 3 the one to which the NH2 group is attached. In the case of monomer 2, the 

        HOMO 1             HOMO 2           HOMO 3

        HOMO 4             HOMO 5           HOMO 6

        LUMO 1             LUMO 2            LUMO 3

        LUMO 4             LUMO 5                   LUMO 6
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LUMO also has very low electron density at two carbon atoms of the donating fragment 
CPDT. Amongst these is the one to which its NH2 group is attached. 

For the monomers with cross-conjugated mesomeric push-pull group substitution patterns 
(4 and 5), the HOMOs are also delocalised over the donating fragment CPDT (and the NH2 
group), the central thiophene unit T and over two carbon atoms of the accepting fragment 
BT. However, for monomers 4 and 5 these carbon atoms are not those to which the NO2 
group is attached. The LUMOs of monomers 4 and 5 are also delocalised over the 
accepting fragment BT (and the NO2 group) and over two carbon atoms of the central 
thiophene unit T, but again these carbon atoms are not attached to the NH2 group.  

This trend can be understood from simple Hückel theory34 applied to the simplest, odd 
alternating hydrocarbon system that models the thiophene-benzene part of the monomers, 
namely methylenebenzene (Fig. 5.6). Its non-bonding molecular orbital (NBMO) can be 
determined without solving the secular equations. This HOMO has low electron density at 
the meta positions and high electron density at the ortho/para positions, resulting in an 
ortho/para directing, activating towards electrophilic substitution (e.g., of the NO2 group) 
effect of – in this case – the by resonance electron donating methylene substituent. This 
result of the Hückel analysis is irrespective of the size of the ring. It demonstrates clearly 
that linear-conjugation corresponding to ortho/para substitution leads to more π-delocalised 
HOMO and LUMO over similar parts of the molecule. In contrary, cross-conjugation 
corresponding to meta substitution leads to less delocalised frontier MOs over separate 
parts of the molecule.  

Monomer 6 shows clearly that functional groups that exert inductive effects do not 
participate in the frontier MOs, because these orbitals are π-type. Consequently the frontier 
MOs are very similar to the ones of monomer 1. 
 

 
Fig. 5.6 Example of an odd alternating hydrocarbon, methylenebenzene (left), and its non-bonding molecular 
orbital Φ (right) within the Hückel approximation. (NBMO = non-bonding molecular orbital) 
 
5.3.1.3 Excited state properties 
 

A summary of the excited state properties of interest for monomers 1-6 is given in Table 
5.2. For all substituted monomers 2-6, (S1)vert decreases with respect to the reference 
monomer 1. Not surprisingly, a larger effect is found if the substituents interfere with the π-
system of the pristine monomer (2-5), namely a decrease in the range of 0.3-0.5 eV. Only a 
slight decrease of 0.03 eV is found for monomer 6, which has functional groups that exert 
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inductive effects. For all substituted monomers 2-6, ƒ decreases compared to the reference 
monomer 1. A large decrease is observed for monomers 2-5 and a small decrease for 
monomer 6. No clear distinction between the monomers with linear- and with cross-
conjugated mesomeric push-pull group pathways is discernible.  
 
Table 5.2 The vertical first excited state energy* ((S1)vert, eV), the oscillator strength (f), the HOMO energy (εHOMO, 
eV), the LUMO energy (εLUMO, eV), the orbital energy difference between the HOMO and LUMO (ΔεHL, eV), the 
vertical ionisation potential ((IP)vert, eV), and the vertical electron affinity ((EA)vert, eV) for monomers 1-6. 

monomer (S1)vert f εHOMO εLUMO ΔεHL (IP)vert (EA)vert 
1 2.90 0.803 -5.72 -1.44 4.28 6.33 0.72 

linear-conjugation, mesomeric effect 
2 2.41 0.581 -5.74 -1.98 3.75 6.30 1.29 
3 2.36 0.373 -5.85 -2.00 3.85 6.44 1.28 

cross-conjugation, mesomeric effect 
4 2.61 0.520 -5.86 -2.13 3.73 6.46 1.40 
5 2.37 0.473 -5.64 -2.16 3.48 6.23 1.44 

inductive effect 
6 2.87 0.725 -5.69 -1.53 4.16 6.36 0.76 

* these excitations all correspond to a HOMO→LUMO one-electron transition (c2>0.83) 
 

For all substituted monomers 2-6, ΔεHL becomes smaller, mostly because of lowering of 
εLUMO. This lowering is the smallest for monomer 6. The trend for (S1)vert is slightly 
different than the one for ΔεHL, which can be explained by realising that not only ΔεHL 

contributes to (S1)vert but also the electron-hole interaction (eq. 5.3). We come back to this 
point later when the results of the Coulomb and exchange energies are discussed.  

A good correspondence in the trends for monomers 1-6 between (IP)vert and εHOMO and 
between (EA)vert and εLUMO is found, as expected. When the results of the monomers with 
linear-conjugated mesomeric push-pull group substitution patterns (2 and 3) are compared 
to the ones of the monomers with cross-conjugated mesomeric push-pull group substitution 
patterns (4 and 5), only a difference in εLUMO (and (EA)vert) is found: εLUMO is higher (and 
(EA)vert is smaller) for monomers 2 and 3. This difference could be explained as follows. 
As noticed earlier, for monomers 2 and 3 both their HOMOs and LUMOs are delocalised 
over the carbon atoms to which the NH2 and NO2 groups are attached. So for εLUMO the 
stabilising effect of the NO2 group (Fig. 5.7) is opposed by the destabilising effect of the 
NH2 group (Fig. 5.7), leading to relatively high εLUMO of monomers 2 and 3 compared to 
monomers 4 and 5. Vice versa, for εHOMO of monomers 2 and 3 the destabilising effect of 
the NH2 group is opposed by the stabilising effect of the NO2 group, leading to relatively 
low εHOMO compared to monomers 4 and 5. Monomer 4 does not follow this reasoning for 
εHOMO. This can be explained by noticing that the HOMO of monomer 4 has low electron 
density at the carbon atom to which the NH2 group is attached and is less delocalised over 
the NH2 group compared to the HOMO of monomer 5 (Fig. 5.5). Consequently, the 
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destabilising effect of the NH2 group for the HOMO is very small in monomer 4 leading to 
a relatively low εHOMO compared to εHOMO of monomer 5. 

The inductive effects of the CH3 groups and the F groups of monomer 6 have no 
significant effect on (S1)vert, εHOMO, εLUMO, (IP)vert and (EA)vert, compared to monomer 1. 

 

 
Fig. 5.7 Molecular orbital energy levels diagrams showing the stabilising effect of the LUMO of the NO2 group 
(left) and the destabilising effect of the HOMO of the NH2 group (right) on the HOMO and LUMO of the 
monomer. 
 
5.3.1.4 Properties relevant for OPV applications 
 

A summary of the properties relevant for OPV applications of monomers 1-6 is given in 
Table 5.3. The electron-hole interaction calculated as [JHL–2KHL] decreases by 0.5 eV for 
the monomers with cross-conjugated mesomeric push-pull group substitution patterns (4 
and 5) and increases by 0.1 eV for the monomers with linear-conjugated mesomeric push-
pull group substitution patterns (2 and 3), compared to the reference monomer 1. Only a 
slight decrease is found for monomer 6 substituted with CH3/F groups. This significant 
difference in [JHL–2KHL] of monomers 4 and 5 compared to monomers 2 and 3 can be 
explained by looking at the overlap density between the orbitals involved in (S1)vert (Fig. 
5.5). The overlap density between the HOMO and LUMO is smaller for monomers 4 and 5 
than for monomers 2 and 3 leading to smaller Coulomb and exchange terms. This trend in 
overlap density is confirmed by the trend in the quantity Λ, which is significantly smaller 
for monomers 4 and 5 compared to monomers 2 and 3. This rationalisation shows that 
[JHL–2KHL] can indeed be related to the spatial extent of the orbitals involved in the 
excitation and thus to the molecular structure. It is also in perfect correspondence with the 
earlier explained analysis of linear-conjugation (and cross-conjugation) using Hückel 
theory, leading to more (and less) π-delocalised HOMO and LUMO over similar (and 
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different) parts of the molecule. In general it is known that cross-conjugation does not 
result in pronounced π-electron delocalisation, leading to a relatively large reduction in 
electron repulsion upon excitation.35  

(Eb
exc)vert decreases for all monomers in the range 0.1-0.3 eV except for monomers 3 and 

6, compared to the reference monomer 1. The decrease is the largest for monomers 4 and 5. 
For monomer 3 (Eb

exc)vert increases by 0.1 eV and for monomer 6 it does not change 
significantly. When these values are compared to the ones of [JHL–2KHL], a reasonably 
similar trend is found: from monomers with linear- (2 and 3) to monomers with cross-
conjugated mesomeric push-pull group pathways (4 and 5), [JHL–2KHL] decreases by 0.4-
0.5 eV, which is reasonably similar to the decrease in (Eb

exc)vert (namely 0.2-0.4 eV).  
Concerning the last property relevant for OPV applications, Δµge increases for all 

monomers except for monomer 3, compared to the reference monomer 1. This increase is 
the largest for monomers 4 and 5 and the smallest for monomer 2. 
 
Table 5.3 The electron-hole interaction calculated as [JHL–2KHL] (eV), the degree of spatial overlap between 
occupied and virtual orbitals involved in the excitation (Λ, eq. 5.4), the vertical local exciton binding energy 
((Eb

exc)vert, eq. 5.1, eV), and the change in dipole moment upon excitation (Δµge, eq. 5.2, Debye) for monomers 1-6. 
monomer JHL–2KHL Λ (Eb

exc)vert Δµge  
1 2.47 0.57 2.70 11.11 
2 2.52 0.48 2.61 11.53 
3 2.58 0.46 2.79 10.13 
4 1.98 0.39 2.46 17.84 
5 2.06 0.38 2.42 17.57 
6 2.34 0.51 2.73 13.47 

 
Let us now study possible relations between properties related to the molecular structure 

and observables that are important for specific photo-physical applications. Part of this 
work focuses on OPV applications and in this context Eb

exc is an important property. 
Firstly, the statement made in the introduction about the correlation between a more 
separated exciton and a larger Δµge is investigated8-10. Although in DFT the electron-hole 
interaction given by [JHL–2KHL] can only be used as a measure of the exciton binding 
energy, a strong correlation between Δµge and [JHL–2KHL] is found (linear trend line with 
R2=0.98, Fig. 5.8). As showed earlier, both are related to spatial extent of the orbitals 
involved in the excitation and thus to the molecular structure. 

As is also stated in the introduction, a linear relation has been found by Carsten et al.8 
between the device efficiency and Δµge, if a larger Δµge is the result of a more separated 
exciton, i.e., an exciton with a smaller binding energy. Secondly, the relation between these 
two properties is studied. A reasonable correlation is found between Δµge and (Eb

exc)vert, but 
a linear relation between these properties (linear trend line with R2=0.80, Fig. 5.8) is not as 
nice as in the case of Δµge and [JHL–2KHL]. These findings suggest that important photo-
physical properties like Eb

exc can be engineered by tuning of properties related to the 
molecular structure, e.g., Δµge and [JHL–2KHL]. 
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Fig. 5.8 Electron-hole interaction ([JHL–2KHL], eV) as a function of the change in dipole moment upon excitation 
(Δµge, Debye) (red �) and the vertical local exciton binding energy (Eb

exc, eV) as a function of the change in 
dipole moment upon excitation (Δµge, Debye) (blue +). Linear trend lines (red and blue respectively) with the 
values for R2 are also plotted. 
 
5.3.2 Trimers 
 
5.3.2.1 Geometries 
 

Geometry optimisation of trimers T1-T6 resulted in different values for dihedral angle γ 
(Fig. 5.9 and Table 5.4) between two subsequent monomers. The loss of planarity is the 
largest for trimers T4, T5 and T6, probably caused by the position of the NO2/F group with 
respect to the CPDT unit. Despite this loss of planarity for all trimers T1-T6 the interaction 
between neighbouring monomers is still sufficient to speak of conjugation. 

 

 
Fig. 5.9 Trimer T1 with defined dihedral angle γ. 
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Table 5.4 Dihedral angle γ (°, Fig. 5.9) for trimers T1-T6.  

trimer dihedral angle γ 

T1 -4.0 
T2 -2.7 
T3 -5.3 
T4 -31.0 
T5 -23.4 
T6 -38.2 

 
5.3.2.2 Molecular orbitals 
 

For trimers T1-T6 all occupied-virtual orbital pairs that correspond to the first excited 
state with c2>0.20 were analysed (Fig. 5.10). For trimers T1, T2, T3 and T6 the first 
excited state corresponds to a HOMO→LUMO one-electron transition (c2>0.62). For trimer 
T4, the HOMO-1→LUMO one-electron transition becomes equally important and for 
trimer T5 the HOMO→LUMO+1 one-electron transition becomes considerably important. 
When these orbitals are compared to the ones of the monomers (Fig. 5.5), it is noticed that 
both the HOMO and LUMO are more delocalised. The HOMOs of the trimers cannot be 
regarded as simple superpositions of the HOMOs of their corresponding monomers. The 
LUMOs of the trimers can be more or less regarded as superpositions of the LUMOs of 
their corresponding monomers because in general they are delocalised over all three 
accepting fragments. 

For the trimers, the computed difference between linear- and cross-conjugated mesomeric 
push-pull group pathways concerning HOMO/LUMO delocalisation over both (or either) 
the carbon atom(s) to which the NH2 group and (or) the NO2 group are (is) attached, is not 
retrieved, because the distinction in conjugation pattern does not hold anymore (see section 
5.1 and Fig. 5.3). The only difference between trimers T2 and T3 (derived from the 
monomers with linear-conjugated mesomeric push-pull group substitution patterns) and 
trimers T4 and T5 (derived from the monomers with cross-conjugated mesomeric push-pull 
group substitution patterns) is that the HOMOs of trimers T4 and T5 are less delocalised 
than the ones of trimers T1-T3 and T6 (i.e., T1-T3 and T6: HOMO is delocalised over the 
first, second and third donating fragment; T4 and T5: HOMO is delocalised on the first and 
second donating fragment). It is also noticed that for trimers T4 and T5 the HOMOs and 
LUMOs are more localised at different parts of the trimers, leading to relatively smaller 
overlap densities between these orbitals, compared to trimers T2 and T3. 
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Fig. 5.10 Molecular orbitals (isocontour value: 0.015 a.u.) of trimers T1-T6. All occupied and virtual orbital pairs 
that correspond to the first excited state with c2>0.20 are given. 
 
5.3.2.3 Excited state properties 
 

A summary of the excited state properties of interest for trimers T1-T6 is given in Table 
5.5. When the values of Table 5.5 are compared to the ones for the monomers (Table 5.2), 
it is noticed that in general the values of (S1)vert are lowered by about 0.4-0.8 eV and the 
relative differences between molecules are diminished. Compared to the monomers, ƒ 
increases by a factor 4-5. All values of ΔεHL for the trimers are smaller by about 0.5-0.6 eV 

!!!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!
!

!
!
!
!
!
!
!
!
!
!
!
!

c2 = 0.72 

HOMO T1 LUMO T1 

c2 = 0.71 

HOMO T2 

c2 = 0.62 

HOMO T3 LUMO T3 

c2  = 0.25 
HOMO-1 T4 

HOMO T4 

LUMO T4 

c2  = 0.37 

c 2 = 0.22 
LUMO T5 

HOMO T6 LUMO T6 

LUMO+1 T5 
HOMO T5 

c2 = 0.66 

LUMO T2 

c 2 = 0.26 



Influence of push-pull group substitution patterns on excited state properties of donor-acceptor co-monomers and 
their trimers!

! 117 

(except for trimer T1: 0.9 eV) compared to the monomers, because their εHOMO increases by 
about 0.3-0.4 eV and their εLUMO decreases by about 0.2-0.4 eV. Consequently (IP)vert of the 
trimers decreases by 0.6-0.8 eV and (EA)vert increases by 0.6-0.8 eV. These results are 
explained by the fact that in general chain extension destabilises εHOMO and stabilises 
εLUMO. 
 
Table 5.5 The vertical first excited state energy* ((S1)vert, eV), the oscillator strength (f), the HOMO energy (εHOMO, 
eV), the LUMO energy (εLUMO, eV), the orbital energy difference between the HOMO and LUMO (ΔεHL, eV), the 
vertical ionisation potential ((IP)vert, eV), and the vertical electron affinity ((EA)vert, eV) for trimers T1-T6. 

trimer (S1)vert f εHOMO εLUMO ΔεHL (IP)vert (EA)vert 
T1 2.12 3.780 -5.29 -1.87 3.42 5.58 1.54 

mesomeric effect 
T2 1.91 3.099 -5.44 -2.29 3.15 5.70 1.98 
T3 1.90 2.326 -5.50 -2.29 3.21 5.78 1.96 
T4 2.01 3.002 -5.53 -2.32 3.21 5.84 1.98 
T5 1.85 3.203 -5.33 -2.37 2.97 5.61 2.04 

inductive effect 
T6 2.34 3.862 -5.42 -1.77 3.66 5.72 1.43 

* these excitations all correspond to a HOMO→LUMO one-electron transition with c2>0.62, except for T4 
(HOMO→LUMO with c2=0.25 and HOMO-1→LUMO with c2=0.26) and T5 (HOMO→LUMO with c2=0.37 and 
HOMO→LUMO+1 with c2=0.22) 
 

The following trends are found for the trimers. (S1)vert of trimers T2-T5 substituted with 
NH2/NO2 groups decreases slightly by about 0.1-0.2 eV compared to the reference trimer 
T1. For trimer T6 substituted with CH3/F groups, an increase of 0.2 eV is found. For 
trimers T2-T5 substituted with NH2/NO2 groups ƒ decreases compared to the reference T1 
and for trimer T6 substituted with CH3/F groups ƒ increases slightly. Trimers T2-T5 
substituted with NH2/NO2 groups have a smaller ΔεHL and trimer T6 substituted with 
CH3/F groups has a larger ΔεHL, compared to the reference trimer T1. This trend is in 
accordance to the one for (S1)vert. A perfect correspondence in trends for trimers T1-T6 
between (IP)vert and εHOMO and between (EA)vert and εLUMO is found. It is noticed that both 
(IP)vert and (EA)vert increase (except for trimer T6 where (EA)vert decreases), compared to 
the reference trimer T1.  

When these trends are compared to the ones for the monomers, some differences are 
found. For trimer T6, (S1)vert increases compared to trimer T1, whereas for monomer 6 it 
does not change compared to monomer 1. Also for ƒ trimer T6 shows different behaviour 
compared to monomer 6: ƒ of trimer T6 slightly increases compared to trimer T1, whereas 
ƒ of monomer 6 slightly decreases compared to monomer 1. In contrast to the monomers, 
for the trimers the trend for (S1)vert corresponds rather well to the one for ΔεHL. Finally, also 
in contrast to the monomers, for trimer T6 the inductive effects of the CH3/F groups appear 
to have an effect on (S1)vert, εHOMO, εLUMO, (IP)vert and (EA)vert. 
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5.3.2.4 Properties relevant for OPV applications 
 

A summary of the properties relevant for OPV applications of trimers T1-T6 is given in 
Table 5.6. The same properties as the ones for the monomers were analysed, except for the 
electron-hole interaction calculated as [JHL–2KHL] because not for all trimers the first 
excited state can be regarded as predominantly a HOMO→LUMO one-electron transition. 
 
Table 5.6 The degree of spatial overlap between occupied and virtual orbitals involved in the excitation (Λ, eq. 
5.4), the vertical local exciton binding energy ((Eb

exc)vert, eq. 5.1, eV) and the change in dipole moment upon 
excitation (Δµge, eq. 5.2, Debye) for trimers T1-T6. 

trimer Λ (Eb
exc)vert Δµge  

T1 0.66 1.91 2.14 
T2 0.56 1.81 3.77 
T3 0.54 1.92 4.14 
T4 0.44 1.85 2.78 
T5 0.44 1.72 3.79 
T6 0.59 1.95 2.54 

 
The degree of spatial overlap between the occupied and virtual orbitals involved in the 

excitation, Λ, is smaller for trimers T4 and T5 (originally derived from monomers with 
cross-conjugated mesomeric push-pull group substitution patterns) than for trimers T2 and 
T3 (originally derived from monomers with linear-conjugated mesomeric push-pull group 
substitution patterns). This difference is also found in the case of the monomers. In general 
the values for Λ are larger for the trimers than for the monomers, which is explained by the 
larger delocalisation of the occupied and virtual orbitals involved in the excitation over 
more than one repeating unit. 

The values of (Eb
exc)vert are smaller compared to the values for the monomers. Because the 

HOMO and LUMO of trimers are more delocalised (Fig. 5.10), the electron-hole attraction 
is reduced. For the trimers, (Eb

exc)vert decreases slightly for the trimers T2 and T4-T5 
substituted with NH2/NO2 groups, compared to reference trimer T1. The largest decrease is 
found for trimer T5, namely 0.2 eV, which is in line with the results found for the 
monomers: corresponding monomer 5 also shows the largest decrease, namely of 0.3 eV. 
Trimer T3 shows no significant change in (Eb

exc)vert, whereas its corresponding monomer 3 
shows an increase of about 0.1 eV. This difference in behaviour between monomer and 
trimer is explained by realising that in the trimer the excitation is more delocalised because 
electron density transfers to two different parts of the trimer (Fig. 5.10). For trimer T6 
substituted with CH3/F groups the change in (Eb

exc)vert is not significant, similar to what is 
found for its corresponding monomer 6. In general the computed trend in (Eb

exc)vert for the 
monomers holds reasonably for the trimers. 

Noteworthy is the relatively high (Eb
exc)vert of trimer T4, compared to the relatively low 

value for its corresponding monomer 4. This result can be explained by looking at the 
NH2/NO2 group distance inside, i.e., intra, a monomeric unit and the one between two 
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neighbouring, i.e., inter, monomeric units. For monomer 4, the intra-monomer push-pull 
group distance is relatively large (Fig. 5.2) and as Fig. 5.5 shows, the excitation takes place 
over a relatively large distance from the donating to the accepting fragment. For trimer T4, 
the inter-monomer push-pull group distance is very small (Fig. 5.3) and as Fig. 5.10 shows, 
during the excitation electron density transfers from the NH2 group to the NO2 group that 
are closely positioned.  
Δµge increases for all trimers, compared to the reference trimer T1. When comparing to 

the monomers, again a larger increase is found for trimers T2-T5 substituted with NH2/NO2 
groups than for trimer T6 substituted with CH3/F groups. The overall magnitudes of and the 
differences between Δµge are smaller. The relatively large value for trimer T3 (compared to 
monomer 3) arises from the fact that for the trimer the excitation is more delocalised: 
electron density transfers to two different parts of the trimer (Fig. 5.10). The relatively low 
value for trimer T4 (compared to monomer 4) is because electron density transfers from the 
NH2 group to the NO2 group, which are closely positioned (Fig. 5.3). 
 Finally, the relation between Δµge and (Eb

exc)vert, which was found for the monomers (Fig. 
5.8), is studied to see whether or not it also holds for the trimers. It appears that Δµge does 
not correlate to (Eb

exc)vert for all trimers. An increase in Δµge and a corresponding decrease 
in (Eb

exc)vert are only found for trimers T2, T4 and T5 compared to the reference T1 (Fig. 
5.11). For trimer T3, a large increase in Δµge and a very small increase in (Eb

exc)vert are 
found. For trimer T6 substituted with CH3/F groups, no significant changes in Δµge and in 
(Eb

exc)vert are found compared to the reference trimer T1. Only mesomeric push-pull groups 
significantly influence the formation of more separated excitons leading to an increase in 
Δµge. 

 

 
Fig. 5.11 Vertical local exciton binding energy (Eb

exc, eV) as a function of the change in dipole moment upon 
excitation (Δµge, Debye) for T1, T2, T4 and T5 (red �). A linear trend line (red) with the value for R2 is also 
plotted. 
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5.4 Conclusions 
 

In this work, the influence of push-pull group substitution patterns on excited state 
properties, in particular the local exciton binding energy, of several donor-acceptor co-
monomers and their trimers is studied by performing (TD-)DFT (BHandH/6-31G**) 
calculations. The aim is to understand and engineer the photo-physical properties of new 
molecular structures. Part of this work focuses on OPV applications to demonstrate 
practical use of the structure-property relations. 

The influence of push-pull group substitution patterns on excited state properties of 
several monomers can be summarised as follows. A decrease is found in the vertical first 
excited state energy, the band gap (mostly caused by a decrease in the LUMO energy), and 
the oscillator strength, with the largest decrease for functional groups that exert mesomeric 
effects. A good correspondence between the HOMO energy and the vertical ionisation 
potential, and the LUMO energy and the vertical electron affinity is found for all 
substituted monomers. The only clear distinction between molecules with linear- and cross-
conjugated mesomeric push-pull group substitution patterns is found for the LUMO energy 
(and the vertical electron affinity): the LUMO energy is higher (and the vertical electron 
affinity is smaller) in the case of molecules with linear-conjugated mesomeric push-pull 
group substitution patterns. 

The influence of mesomeric push-pull group substitution patterns on properties relevant 
for OPV applications of several monomers can be summarised as follows. A decrease is 
found in the electron-hole interaction calculated as [JHL–2KHL] for the monomers 
substituted with cross-conjugated mesomeric push-pull group pathways, an increase for the 
molecules substituted with linear-conjugated mesomeric push-pull group pathways, and a 
small decrease for the molecule substituted with inductive push-pull groups. For the 
monomers substituted with NH2/NO2 groups, the vertical local exciton binding energy 
decreases (except for monomer 3), with the largest decrease for the molecules substituted 
with cross-conjugated mesomeric push-pull group pathways. For the monomer substituted 
with CH3/F groups, no significant difference is found compared to the reference monomer. 
From monomers with linear- to monomers with cross-conjugated mesomeric push-pull 
group pathways, a reasonably similar decrease is found in [JHL–2KHL] and the vertical local 
exciton binding energy. The dipole moment change upon excitation (Δµge) becomes larger 
when the monomer is substituted with functional groups that exert inductive or mesomeric 
effects (except for monomer 3), with the largest increase for the monomers substituted with 
cross-conjugated mesomeric push-pull group pathways. 

The clear difference between monomers with linear- and with cross-conjugated 
mesomeric push-pull group substitution patterns for the LUMO energy, the vertical 
electron affinity, the electron-hole interaction calculated as [JHL–2KHL], the quantity Λ, the 
vertical local exciton binding energy and Δµge, can be understood from simple Hückel 
theory. For odd alternating hydrocarbons substituted with a by resonance donating group, 
this theory gives a non-bonding molecular orbital with low electron densities at the meta 
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positions. So cross-conjugated mesomeric push-pull group substitution patterns lead to less 
π-delocalised frontier molecular orbitals over separate parts of the molecule, whereas 
linear-conjugated mesomeric push-pull group substitution patterns lead to more π-
delocalised frontier molecular orbitals over similar parts of the molecule. 

The computed trends give strong support for a correlation (linear trend line with R2=0.98) 
between the observable Δµge and [JHL–2KHL]. A reasonable correlation between Δµge and 
the vertical local exciton binding energy is found (linear trend line with R2=0.80). These 
results hint to a possible correlation between properties related to the molecular structure, 
i.e., Δµge and [JHL–2KHL], and the vertical local exciton binding energy. The overlap density 
between the frontier molecular orbitals alone already reveals valuable information about the 
relative size of the electron-hole interaction and the vertical local exciton binding energy. 

When the excited state properties of the trimers are compared to the ones of their 
monomers, it appears that most of the trends for the monomers still hold for the trimers, 
except for the ones that gave a difference between linear- and cross-conjugated mesomeric 
push-pull group substitution patterns because for the trimers this distinction in conjugation 
pattern does not hold anymore. In general the relative differences are diminished and the 
effects are usually smaller. Many deviations of the trends for the monomers are found for 
the trimer with functional groups that exert inductive effects: the vertical first excited state 
energy increases and effects of the CH3/F groups are found on the HOMO/LUMO energies, 
the vertical ionisation potential and the vertical electron affinity. For the trimers in general 
the vertical first excited state energy decreases by about 0.4-0.8 eV, the band gap decreases 
by about 0.5-0.6 eV (except for T1: 0.9 eV), the LUMO energy decreases by about 0.2-0.4 
eV (the vertical electron affinity increases by about 0.6-0.8 eV), and the HOMO energy 
increases by about 0.3-0.4 eV (the vertical ionisation potential decreases by about 0.6-0.8 
eV), compared to the monomers.  

When the properties relevant for OPV applications of the trimers are compared to the 
ones of their monomers, it appears that for the trimers the vertical local exciton binding 
energy and Δµge are smaller, and the quantity Λ is larger. The computed trend in vertical 
local exciton binding energy for the monomers holds reasonably for the trimers. The largest 
decrease is found for the same trimer as the monomer (compared to their reference), but 
this decrease is slightly diminished (0.2 eV for the trimer compared to 0.3 eV for the 
monomer). Concerning Δµge, a larger increase is found for the trimers substituted with 
NH2/NO2 groups than for the trimer substituted with CH3/F groups, compared to the 
reference trimer. 

Finally, a correlation between the observable Δµge and the vertical local exciton binding 
energy was not found for all trimers. Based on the small change in Δµge and no significant 
change in vertical local exciton binding energy for the trimer substituted with CH3/F 
groups, it can be concluded that only mesomeric groups influence the formation of more 
separated excitons and that this would lead to an increase in Δµge. Therefore, the direct 
correlation found by Carsten et al.8 between device efficiency and Δµge of a donor-acceptor 
co-monomer cannot be generalised to oligomers. Whether or not this correlation still 
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applies to trimers depends on aspects like the choice of functional groups, i.e., groups that 
exert inductive or mesomeric effects, and on differences in electron density transfer 
between the monomer and its extended form, e.g., its trimer, as is shown in this work. 

Although the computed trend between Δµge and the vertical local exciton binding energy 
properties does not hold for all trimers, this work indicates that important photo-physical 
properties, like the exciton binding energy for OPV materials, can be engineered by 
chemical modification through adding particular functional groups. Application of our 
findings in the context of OPV results in significant support for cross-conjugated 
mesomeric push-pull group pathways in order to spatially separate the HOMO and LUMO. 
This substitution pattern possibly leads to lower exciton binding energies, without the 
adverse effect of smaller oscillator strengths compared to linear-conjugated pathways. 
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Abstract: In organic photovoltaic devices two types of excitons can be generated for which 
different binding energies can be defined: the binding energy of the local exciton generated 
immediately after light absorption on the donor or acceptor and the binding energy of the 
charge-transfer exciton generated through the electron or hole transfer between the donor 
and acceptor. Lowering these two binding energies is expected to improve the efficiency of 
the devices. Using (time-dependent) Density Functional Theory, we studied whether a 
relation exists between the two different binding energies. For a series of related co-
monomers, we found that the binding energy of the local exciton on a monomer is not 
directly related to that of the charge-transfer exciton on a monomer-PCBM complex 
because the variation in local exciton binding energy depends mainly on the variation in 
electron affinity, which does not affect in a direct way the charge-transfer exciton binding 
energy. Furthermore, for the studied co-monomers and their corresponding trimers, we 
provided detailed information on the amount of charge transfer upon excitation and on the 
charge-transfer excitation length. For the molecules studied here, this detailed study of the 
excitation process reveals that the thiophene unit, that links the donor and acceptor 
fragments of the co-monomer, actively participates in the charge transfer process. 
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6.1 Introduction 
 

Solar energy is an attractive renewable energy source for which effective and low-cost 
solar cells are needed. Currently, (mono- and polycrystalline) silicon solar cells are the 
most conventional ones because of their high efficiencies. Standard industrial cells usually 
reach a power-conversion efficiency (PCE) of 15-18% and industrial modules of 12-15%. 
These industrial cells typically have simple cell designs in order to fabricate them from 
low-cost materials using high-speed automated methods. PCEs of ~20% can be reached, 
but with more complex cell structures. These so-called high-efficiency cells cannot be 
fabricated using simple manufacturing technologies.1 Therefore, according to Saga,1 
innovative and simple manufacturing technologies are needed to produce commercially 
competitive high-efficiency and low-cost silicon solar cells in the near future. 

An appealing alternative is the organic photovoltaic (OPV) device. This type of solar cell 
has several potential advantages compared to silicon-based PV devices: it can be produced 
from cheap and abundant materials using low-cost, i.e., solution-processing, and large-scale 
fabrication methods, e.g., roll-to-roll printing.2 However, successful commercialisation of 
OPV devices will only happen when three basic requirements are fulfilled at the same time: 
reasonable PCE, lifetime and cost.2 Currently, the highest confirmed PCE of an organic 
thin film research solar cell is ~10%, which is low compared to the highest confirmed PCE 
of a silicon research solar cell (~25%).3 

Presently, the best performing single-junction (i.e., a solar cell configuration consisting of 
one cell) OPV devices are based on the concept of a three-dimensional (bulk) 
heterojunction (BHJ).4 In this type of device the photo-active layer consists of bi-
continuous and interpenetrating networks of phase-separated donor and acceptor domains 
that ideally should not be larger than the exciton diffusion length. In this way, all excitons 
are able to reach the donor-acceptor interface before they recombine. The hole-conducting 
donor typically is a conjugated polymer that absorbs most of the light. Record PCEs are 
obtained with OPV devices that contain donor-acceptor co-polymers as the donor 
material.5, 6 In donor-acceptor co-polymers electron-rich donating and electron-poor 
accepting fragments are coupled together in one monomeric unit, which reduces the band 
gap and enhances light absorption towards the near infrared spectral region.7-9 The electron-
conducting acceptor usually is a fullerene derivative.10 A well-known and often applied 
fullerene derivative is [6,6]-phenyl-C61-butyric acid methyl ester ([60]PCBM, labelled 
PCBM from now on).11 

To understand why the PCE of organic solar cells is rather low, we need to study the 
OPV working mechanism. The commonly accepted scheme consists of the following steps: 
light absorption by mainly the donor leading to the formation of tightly bound electron-hole 
pairs, i.e., excitons, diffusion of these excitons towards the donor-acceptor interface, 
electron transfer from donor to acceptor, transport of free charges to the electrodes and 
finally charge collection.12 Due to the low dielectric constant of organic semiconductors, 
tightly bound electron-hole pairs are formed after light absorption.13 
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Despite this attained understanding, the generation of free charges in OPV devices is still 
not fully understood. Besides intra-molecular local excitons on the polymer, many 
experimental studies14-17 demonstrate the presence of inter-molecular charge-transfer (CT) 
excitons that may be generated at the donor-acceptor interface by electron transfer. The 
interfacial CT state can be seen as an intermediate state between the initially excited state 
and the final charge-separated (CS) state.13, 15, 18 Often the lowest CT (CT1) state of the CT 
manifold is lower in energy than the final CS state. The energy difference is believed to be 
one of the most important parameters that limit the PCE of OPV devices.12, 13 

Clarke et al.19 define two different binding energies for the intra-molecular local excitons 
and the inter-molecular CT excitons to emphasise their difference. The first definition 
considers the binding energy of the initially formed local exciton. This property is equal to 
the energy difference between the CS state consisting of two fully dissociated charges in 
the same system, with the hole on a donor molecule and the electron on a distant acceptor 
molecule, and the initially excited state. This binding energy is labelled Eb

exc from now on 
(Fig. 6.1).19 Estimates of Eb

exc for conjugated polymers range from less than 0.1 eV to over 
1 eV.19 Several experimental and theoretical studies showed that different types of excitons 
with varying Eb

exc are formed as the primary photo-excitations in polymers.9 The less 
bound excitons are believed to play a significant role in the photovoltaic process because 
they might decrease the energy and voltage loss for charge separation,9 reduce geminate 
recombination, and make electron transfer from donor to acceptor easier.20 

 

 
Fig. 6.1 Local exciton at the donor monomer 4,4!-bis-(2-methyl)-4H-cyclopenta[2,1-b;3,4-b!]-dithiophene-4-(2-
thienyl)-2,1,3-benzothiadiazole (CPDTTBT) illustrating the exciton binding energy Eb

exc and the CT exciton at 
CPDTTBT and the acceptor [60]PCBM illustrating the CT exciton binding energy Eb

CT. (blue: positive charge, 
red: negative charge) 
 

The second definition of Clarke et al.19 considers the binding energy of the CT exciton. 
The energy difference between the CS state consisting of two fully dissociated charges in 
the donor and acceptor molecules and the nearest neighbour CT1 state at the donor-acceptor 
interface, is called the CT exciton binding energy and labelled Eb

CT from now on (Fig. 6.1). 
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This energy difference is estimated to be a few tenths of an eV.19, 21 Consequently, the 
electron and hole are not able to escape from their Coulomb attraction in order to generate 
free charges. In general, if the binding energy of either the local or CT exciton is higher 
than the available thermal energy, which is a few hundredths of an eV, the electron and 
hole remain bound.19 

Different mechanisms have been proposed to explain how the charge generation process 
in organic solar cells can overcome the high Eb

CT. One of the most popular ones assumes 
that excess photon energy leads to hot CT states, assisting charge separation. Bakulin et 
al.22 found experimental evidence in the enhancement of the photo-current due to re-
excitation in the CT manifold. Still, the question whether this hot CT state-assisted 
mechanism is common to photo-induced charge separation processes in general, remains 
challenging to answer. Recently, an experimental study performed by Vandewal et al.17 
indicated that free charge carriers are generated and collected with nearly identical 
efficiencies regardless of whether the charges are generated on excitation directly into the 
CT1 state or on excitation into higher energy, unrelaxed CT states, higher energy donor 
excited states and higher energy acceptor excited states. Vandewal et al.17 propose that all 
hot CT states relax within the CT manifold and are in thermal equilibrium with CT1, which 
suggests that excess energy cannot be exploited to improve the charge separation yield.17 

An electronic state diagram of the solar energy conversion to free charges is shown in 
Fig. 6.2. The blue arrows show the basic steps to create free charges assisted by hot (grey 
lines) and higher energy electronic CT states (black line labelled CTn). The green arrows 
show the energy difference defined as Eb

CT and the CS state energy, which is the energy 
difference between the ionisation potential (IP) of the donor and electron affinity (EA) of 
the acceptor. 

 

 
Fig. 6.2 Electronic state diagram of the first steps of the OPV working mechanism. Vibrational energy levels 
within the CT manifold are depicted in grey. Higher energy electronic D* states, as well as electronic acceptor 
excited states, are omitted for clarity. (D* = donor excited state, D+! = radical cation of donor, A−! = radical anion 
of acceptor, IP = ionisation potential, EA = electron affinity) 
 
 Szarko et al.23 are of the opinion that understanding the role of charge separation via 
intra- and inter-molecular charge transfer mechanisms is of great importance for 
comprehending the OPV functional performance. They state that the role of intra-
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molecular CT states and their dependence on the push-pull character of the polymer has 
received little attention, mainly because intra-molecular charge transfer and charge 
separation processes were thought to be unimportant for OPV device performance. 
However, Szarko et al.23 showed that for PTB7/PCBM blends free charges are actually 
generated via a combination of intra- and inter-molecular charge transfer mechanisms.23 
 Howard et al.24 showed for P3HT/PCBM blends that quenching of the local excitons on 
P3HT via electron transfer leads to two populations: inter-molecular CT excitons and the 
immediate formation of free charges. It appeared that all CT excitons recombine and 
therefore do not contribute to the photo-current. Therefore, in this blend free charges are 
generated without passing through the inter-molecular CT state as intermediate state.24 
 Based on experimental results, Rolczynski et al.25 conclude that a more polar local 
exciton on the polymer is more likely to produce a better separated electron and hole and 
therefore to produce free charges in BHJ devices. Their study focuses on the role of the 
local exciton polarity on the exciton dissociation dynamics at the donor-acceptor interface. 
They showed that a higher exciton polarity enhances charge dissociation within tens to 
hundreds of picoseconds after the excitation. The local dipole moment change upon 
excitation of a single repeating unit of the polymer (Δµge) is used to characterise the local 
exciton polarity. A higher exciton polarity can be obtained by push-pull actions between 
the neighbouring building blocks of the co-polymer. It is proposed that a correlation exists 
between the local CT character in the co-polymer and the corresponding BHJ device 
performance through the intrinsic polarity of the exciton.25 
 These studies all make clear that charge separation in OPV devices via intra- and/or inter-
molecular charge transfer mechanisms is still not fully understood. Szarko et al.23 expect 
that a (possible) interplay between intra- and inter-molecular CT states has significant 
implications for how to optimise the BHJ morphology to obtain better performing OPV 
devices. Regarding such a possible interplay, an unanswered question is whether a relation 
exists between the binding energy of the local exciton, i.e., intra-molecular CT state, and 
the binding energy of the CT exciton, i.e., inter-molecular CT state. Lowering the binding 
energies of both types of excitons is expected to contribute to better performing OPV 
devices since charges can be separated via intra- and/or inter-molecular charge transfer 
mechanisms as Howard et al.24 and Szarko et al.23 showed.  
 The objective of this work is three-fold. According to Rolczynski et al.,25 Δµge (defined 
for a monomer unit) reflects the local electron density displacement upon excitation and 
can be used to characterise the local exciton polarity, which in turn gives information about 
the possibility to create free charges. This suggests that changes in the local exciton polarity 
are related to changes in the amount of charge that is transferred upon excitation and/or 
changes in the separation between the positive and negative charge formed upon excitation 
of a monomer. These characteristics of the excitation process provide detailed and 
complementary information on the charge separation process upon excitation. Therefore, in 
the first place, we study these characteristics and their (possible) relation to Eb

exc for the 
same series of related donor-acceptor co-monomers and their corresponding trimers that 
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were studied in Chapter 5 (Fig. 6.3). From the electron density difference between the 
excited and ground state, Δρ(r), the amount of transferred charge between segments upon 
excitation using a Mulliken population analysis26 is obtained. Different methods have been 
proposed to quantify the CT character of an electronic transition and the CT excitation 
length. Etienne et al.27, 28 suggest the use of detachment and attachment densities, which 
physically depict the hole and electron generated upon excitation. Here, the spatial distance 
between the two barycentres of the regions where an electron density loss or gain is 
generated upon excitation, is calculated following the procedure put forward by Le Bahers 
et al.29. This distance is a measure of the CT excitation length, labelled DCT.29 The charge 
separation upon excitation is visualised by computing an isosurface of Δρ(r). 
 Secondly, since in real OPV devices polymers are embedded in a blend and not isolated, 
we investigate the effect of an embedding on the vertical local exciton binding energy 
(Eb

exc)vert of the same series of monomers using the Polarisable Continuum Model (PCM)30. 
In this way we can answer the question whether these embedding effects influence the 
trend that was found in vacuum for (Eb

exc)vert (see Chapter 5 and ref.31). 
Thirdly, we study whether a relation exists between the binding energies of local and CT 

excitons for the same series of monomers. Isolated monomer-PCBM complexes are used to 
calculate the properties of the CT excitons. 

 

 
Fig. 6.3 Chemical structures of monomers (n=1) 1-6 and their corresponding trimers (n=3) T1-T6. Monomer 1 is 
the reference monomer CPDTTBT. Isomers 2 and 3 have linear-conjugated and 4 and 5 have cross-conjugated 
push-pull group substitution patterns. Monomers 2-5 contain mesomeric push-pull groups and monomer 6 
contains inductive push-pull groups. 
 
 We concentrated on a series of related donor-acceptor co-monomers (Fig. 6.3) that have 
different (Eb

exc)vert, resulting from the different push-pull group substitution patterns, and 
different local exciton polarities, shown by different Δµge (Chapter 5 and ref.31). In this 
series, the reference monomer 1 is CPDTTBT, a well-known donor-acceptor co-monomer, 
which consists of the donating fragment CPDT and the accepting fragment BT, linked via 
one thiophene unit T. Such a thiophene unit is often included in the donor-acceptor co-
polymer design to make the backbone more planar.6 
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6.2 Computational details 
 
6.2.1 Charge transfer and charge separation upon excitation 
 

Geometries of the isolated monomers 1-6 were optimised using Density Functional 
Theory (DFT) (BHandH32/6-31G**) with the program DALTON33 and geometries of the 
isolated trimers T1-T6 with the program GAMESS-UK34. The arguments for choosing the 
density functional Becke half and half (BHandH) to describe these systems can be found in 
Chapter 3 and 5 and ref.31, 35. The lowest vertical excitation energy and corresponding 
excited state density ρexc(r) were calculated with time-dependent DFT (TD-DFT) 
(BHandH/6-31G**) using the program GAUSSIAN0936. For all monomers and trimers, the 
primary photo-excitation, i.e., the excitation with the largest oscillator strength, is the first 
excited state. For all systems except T4 the largest contribution for this state comes from a 
HOMO→LUMO one-electron transition on the monomer/trimer. For T4, the 
HOMO→LUMO (c2=0.25) and HOMO-1→LUMO transitions (c2=0.26) are equally 
important (Chapter 5 and ref.31). Ground (ρgs(r)) and excited state densities were calculated 
on a grid of points using the cubegen program of GAUSSIAN09. For the first excited state, 
the electron density displacement upon excitation, Δρ(r), was calculated by taking the 
difference between ρexc(r) and ρgs(r). Plots of an isosurface of Δρ(r) were generated with 
GAUSSVIEW to visualise the charge transfer upon excitation of the monomer/trimer. 

Subsequently, Δρ(r) was used to calculate DCT according to the procedure outlined by Le 
Bahers et al.29. The barycentres of the spatial regions where an electron density loss or gain 
is generated upon excitation, respectively ρ+(r) and ρ-(r), were calculated in the following 
way: 
 

!! =
!!! ! !"
!! ! !" = !!, !!, !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6.1) 

 
and analogously for ρ-(r) leading to !!. By integrating ρ+(r) or ρ-(r) over all space the total 
amount of transferred charge, qCT, was obtained. The spatial distance between the two 
barycentres, DCT, was given by: 
 
!!" = !! − !! !!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6.2) 
 
As Le Bahers et al.29 pointed out, the result of multiplying DCT with qCT has to be equal to 
the value of Δµge. 
 The difference between the Mulliken charges of the first excited and ground state, 
grouped per segment, was used to quantify the amount of transferred charge between the 
segments during the excitation (GAUSSIAN09). It appears that in monomer 1 and in 
monomers 4-6 very little charge (~0.04 |e-|) is transferred in the ground state. Monomers 2 



Chapter 6 

!132 

(0.13 |e-|) and 3 (0.12 |e-|) show a slightly larger charge transfer in the ground state. In all 
trimers a reasonably small amount of charge is transferred in the ground state (range: 0.1-
0.4 |e-|). A comparison between the Mulliken charge differences and charge differences 
obtained by a natural population analysis37 (NPA with GAUSSIAN09) for monomers 1 and 
5 grouped per segment showed that similar results for both methods were found (Table 
6.1). Based on this similarity we conclude that the numbers obtained by a summation of 
atomic charge population differences for a specific part of the molecule are not very 
dependent on the choice of charge analysis. Therefore, in this study the Mulliken 
population analysis is used for this purpose. 
 
Table 6.1 Mulliken and natural population analysis (NPA) charge differences between the first excited and 
ground state for monomers 1 and 5. 

monomer analysis method donor spacer acceptor 
1 Mulliken 0.19 0.08 -0.27 

NPA 0.20 0.12 -0.32 
5 Mulliken 0.26 0.17 -0.43 

NPA 0.27 0.22 -0.49 
 
 To check the validity of the (TD-)DFT results for the vertical first excited state energy 
and for the amount of charge transfer upon excitation, state specific (SP) and state average 
(SA) CASSCF(16,12) calculations with a 6-31G** and ANO-S basis set of TZP quality (S 
5s 4p 1d /C/N/O 4s 3p 1d /H 3s 1p) were performed for monomer 1 using the program 
MOLCAS38-40. Only the SP and SA CASSCF (ANO-S) calculations were followed by 
CASPT2 calculations because this method requires a sufficiently large basis set. The active 
space consisted of the 8 highest occupied and 4 lowest unoccupied π-orbitals. An overview 
of the results is given in Table 6.2.  
 
Table 6.2 The vertical first excited state energy ((S1)vert, eV) and difference between the Mulliken charges of the 
first excited and ground state, grouped per segment, for monomer 1 obtained with different quantum chemical 
methods and basis sets. (SP = state specific, SA = state average) 

Method (S1)vert Mulliken charge difference (exc−gr) 
donor thiophene unit acceptor 

TD-DFT (BHandH/6-31G**) 2.90 0.19 0.08 -0.27 
SP CASSCF (6-31G**) 4.23 0.15 0.28 -0.43 
SA CASSCF (6-31G**)  4.15 0.06 0.30 -0.36 
SP CASSCF (ANO-S) 3.89 0.17 0.30 -0.47 
SA CASSCF (ANO-S) 3.74 0.13 0.36 -0.49 
SP CASPT2 (ANO-S) 3.08 - - - 
SA CASPT2 (ANO-S) 3.09 - - - 
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 It appears that the vertical first excited state energy calculated with TD-DFT (BHandH/6-
31G**) and CASPT2 (ANO-S) agrees within ~0.2 eV. Quantitative differences appear in 
the Mulliken charge differences (excited−ground) between the different quantum chemical 
methods, with more charge transfer from the thiophene to the acceptor unit for the 
CASSCF calculation, suggesting that the (TD-)DFT approach underestimates the CT 
character of these excitations; however, the Mulliken charge differences obtained with 
(TD-)DFT are in qualitative agreement with those from the CASSCF calculations. 
 
6.2.2 Effect of an embedding on the vertical local exciton binding energy 
 

Single-point neutral, cationic and anionic PCM-DFT (restricted open-shell DFT in the 
case of the cationic and anionic calculations) and single-point first excited state PCM-
TDDFT (BHandH/6-31G**) calculations with increasing static dielectric constant εr 
(range: 1-15) were performed with the program DALTON, all at the optimised ground state 
geometry of the monomers 1-6. At every εr, (Eb

exc)vert of the monomers 1-6 was given by 
the energy difference between the vertical CS state of the monomer – calculated as the 
energy difference between the vertical IP ((IP)vert) and vertical EA ((EA)vert) – and the 
vertical first excited state of the monomer. 
 
6.2.3 Monomer-PCBM complexes 
 

Geometries of monomers 1-6 with PCBM in their vicinity were optimised using 
dispersion-corrected DFT (DFT-D41) (BHandH/6-31G**) with the program GAMESS-UK. 
In a previous study (Chapter 3 and ref.35) DFT-D (B3LYP42/6-31G**) geometry 
optimisations on four initial configurations of a monomer-PCBM complex were performed 
(GAMESS-UK) to determine a representative configuration. Here, the lowest energy 
configuration was used as a starting point for the geometry optimisation of these monomer-
PCBM complexes. Neutral, cationic and anionic geometry optimisations were performed 
(unrestricted DFT in the case of the cationic and anionic complexes). 

The lowest 10 vertical excitation energies, and in the case of monomer 1-PCBM and 
monomer 6-PCBM the lowest 20, were calculated on the neutral optimised geometries 
using TD-DFT (BHandH/6-31G**) with DALTON. TD-DFT was used to obtain the 
excited state with the largest CT character from monomer to PCBM (labelled (CT)vert). 
Whether the excitation has CT character was estimated from the weight of the 
HOMO→LUMO one-electron transition to a given excitation: the HOMO is located at the 
donor molecule (monomer) and the LUMO at the acceptor molecule (PCBM). (CT)vert is S3 
for monomer 1-PCBM, S1 for monomer 2-PCBM, S1 for monomer 3-PCBM, S3 for 
monomer 4-PCBM, S1 for monomer 5-PCBM, and S1 for monomer 6-PCBM. For 
monomer 1-PCBM and monomer 4-PCBM, all excited states below S3 are local PCBM-
excitations, which are nearly degenerate with the CT excitation. 
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(Eb
CT)vert was defined as the energy difference between the vertical CS state of the 

monomer-PCBM complex and the vertical CT state of the complex: 
 
!!!" !"#$ = !" !"#$ − !" !"#$ − !" !"#$!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6.3) 

 
with (IP)vert the vertical ionisation potential, (EA)vert the vertical electron affinity, and 
(CT)vert the vertical CT state energy of the complex (vertical implies that all energies are 
obtained at the optimised ground state geometry of the complex). 
 The relaxed CT exciton binding energy (Eb

CT)relaxed was defined as the energy difference 
between the relaxed CS state of the complex and the vertical CT state of the complex: 
 
!!!" !"#$%"& = !" − !" − !" !"#$!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!(6.4) 

 
with IP the relaxed ionisation potential, EA the relaxed electron affinity, and (CT)vert the 
vertical CT state energy of the complex. The effect of geometry relaxation of the CS state 
on the lowering of Eb

CT is included since the lifetime of the CS state is considerably longer, 
i.e., several ns, than the typical time scales of molecular vibrations, i.e., on the order of ps. 
The creation of free charges from the CT state typically takes place within 150 fs,43 which 
is shorter than the typical time scales of molecular vibrations. Therefore, the effect of 
geometry relaxation of the CT state on Eb

CT is not included in this study. 
 Since the calculations were done on isolated monomer-PCBM complexes, the 
theoretical values for Eb

CT are higher compared to experimental values because stabilisation 
effects from the environment and charge delocalisation effects are missing. 
 
 
6.3 Results and discussion 
 
6.3.1 Charge transfer and charge separation upon excitation 
 
6.3.1.1 Monomers  
 
 Plots of the isosurface of Δρ(r) for monomers 1-6 are shown in Fig. 6.4. Below each plot 
the difference between the Mulliken charges of the first excited and ground state is given, 
grouped per segment. The values of DCT and qCT are included in each plot too. 
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Fig. 6.4 Isosurface (isocontour value: 0.001 a.u.) of Δρ(r) for monomers 1-6 with below each plot the difference 
between the Mulliken charges of the first excited and ground state, grouped per segment, and in the upper left 
corner of each plot the value of DCT and qCT. Blue corresponds to a loss of electron density, red corresponds to a 
gain in electron density. Length of each monomer: ~17 Å. 
 
 For all monomers the plots of an isosurface of Δρ(r) show that charge is transferred 
during the excitation from the donating segment and the thiophene unit (predominantly 
blue, i.e., loss of electron density) to the accepting segment (predominantly red, i.e., gain in 
electron density). So the thiophene unit actively participates in the charge transfer process. 
Large and distinct differences between the monomers in the charge separation upon 
excitation are not immediately visible from these plots. Upon these π→π* transitions not 
only electron transfer in the π-system is visible, but also changes in the σ electron density 
are discernible due to relaxation. 
 The Mulliken charge differences between the first excited and the ground state, grouped 
per segment, (Fig. 6.4, below each plot) show that for monomers 2-5 ~0.4 |e-| is transferred 
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during the excitation from the donating segment and the thiophene unit to the accepting 
segment. At monomer 1 only 0.27 |e-| is transferred between these segments, so substitution 
with mesomeric push-pull groups enhances the amount of transferred charge upon 
excitation. In the case of inductive push-pull groups (monomer 6) the amount of transferred 
charge between these segments (0.32 |e-|) is slightly smaller compared to monomers 2-5, 
because these groups do not act through the π-bond system, while this excitation has 
mainly π→π* character. Still these groups enhance the amount of charge transfer too, 
compared to monomer 1. 
 Our results show that the thiophene unit actively participates in the charge transfer 
process by enhancing the amount of charge transfer. Choosing a particular substitution 
pattern can influence this enhancement. For example in monomer 3 the thiophene unit is a 
stronger donor than the donating segment itself. Banerji et al.44 reported for a particular 
donor-acceptor co-polymer (PCDTBT) that the thiophene moiety itself relative to the 
accepting segment is electron donating. For PCDTBT, the electron donating properties of 
the bridging thiophene are stronger than of the actual donating segment. PCDTBT is related 
to our monomer of interest, since it only differs in choice of the donating segment (CZ 
instead of CPDT). Our result for monomer 3 is in line with this finding of Banerji et al.44. 
 The values of DCT (Fig. 6.4, included in each plot) differ between the monomers. 
Monomers 2-3 show slightly smaller and monomers 4-5 slightly larger values compared to 
monomers 1 and 6, which show similar values. This trend gives insight in the trend found 
in Δµge (Table 6.3), because qCT differs only moderately between the monomers. So it may 
be useful to separate Δµge in its individual components DCT and qCT to obtain detailed 
information about the excitation process. For example, the larger Δµge of monomers 4-5 
compared to monomers 2-3 originates from their larger DCT and slightly larger qCT. For 
monomer 6, its larger Δµge compared to monomers 2-3 originates from its larger DCT, 
because its qCT is nearly similar with the qCT of monomers 2-3. Compared to monomers 4-
5, monomer 6 has a smaller Δµge, which originates from its smaller DCT and slightly smaller 
qCT. Due to its small DCT and smallest qCT, monomer 1 has a small Δµge. The smallest Δµge 
was found for monomer 3, which can be explained with its smallest DCT. 
 If all these characteristics of the excitation process are compared with the trend found in 
(Eb

exc)vert (Table 6.3), it appears that many of the differences herein between the monomers 
can be understood. For example, the highest (Eb

exc)vert for monomer 3 can be explained with 
its smallest DCT, the small (Eb

exc)vert for monomers 4 and 5 with their large DCT and qCT, and 
the similar (Eb

exc)vert for monomers 1 and 6 with their similar qCT and DCT. 
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Table 6.3 The vertical local exciton binding energy ((Eb
exc)vert, eV) and dipole moment change upon excitation 

(Δµge, Debye) for monomers 1-6 and their corresponding trimers T1-T6 from Chapter 5 and ref.31. 
monomer (Eb

exc)vert Δµge trimer (Eb
exc)vert Δµge 

1 2.70 11.11 T1 1.91 2.14 
2 2.61 11.53 T2 1.81 3.77 
3 2.79 10.13 T3 1.92 4.14 
4 2.46 17.84 T4 1.85 2.78 
5 2.42 17.57 T5 1.72 3.79 
6 2.73 13.47 T6 1.95 2.54 

 
 This study makes clear that a plot of the isosurface of Δρ(r), the amount of charge transfer 
upon excitation, and the CT excitation length provide detailed and complementary 
information about the excitation process. For this series of monomers, such a detailed study 
of the excitation process reveals that the thiophene unit actively participates in the charge 
transfer process and that its contribution can be tuned by choosing a particular push-pull 
group substitution pattern. 
 
6.3.1.2 Trimers 
 
 In order to see if the findings for the monomers still hold when larger systems are studied, 
we investigated the same characteristics of the excitation process for trimers T1-T6. Plots 
of the isosurface of Δρ(r), together with the Mulliken charge difference between the first 
excited and the ground state, grouped per segment, are given in Fig. 6.5. The values of DCT 
and qCT are included in each plot too. Large and distinct differences between the trimers in 
the charge separation upon excitation are not immediately discernible. Just like in the 
monomeric systems, charge is transferred from the donating segments and the bridging 
thiophene units – which actively participate in the charge transfer process – to the accepting 
segments. For all trimers, the excitations are more or less delocalised over the whole 
molecule. 
 The Mulliken charge differences between the first excited and the ground state, grouped 
per segment, (Fig. 6.5, below each plot) make clear that the total amount of transferred 
charge during the excitation from the donating segments and the thiophene units to the 
accepting segments is reasonably similar for T2 (0.28 |e-|), T3 (0.30 |e-|), T4 (0.25 |e-|), T5 
(0.28 |e-|) and T6 (0.23 |e-|) and slightly smaller for the reference T1 (0.19 |e-|). Also for the 
trimeric systems it appears that the thiophene units participate in the charge transfer process 
and that the push-pull groups enhance the amount of charge transfer upon excitation. 
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Fig. 6.5 Isosurface (isocontour value: 0.0001 a.u.) of Δρ(r) for trimers T1-T6 with below each plot the difference 
between the Mulliken charges of the first excited and ground state, grouped per segment, and in the upper left 
corner of each plot the value of DCT and qCT. Blue corresponds to a loss of electron density, red corresponds to a 
gain in electron density. Length of each trimer: ~50 Å. 
 
 The values of DCT (Fig. 6.5, included in each plot) vary in a narrow range for the trimers. 
For all trimers the values of DCT are smaller than the ones found for the monomeric systems 
(Fig. 6.4) because of the more delocalised nature of the excitations leading to averaging of 
the positive/negative charge positions over all three units and, hence, a small DCT. Just like 
for the monomers, also for the trimers the trend in DCT gives insight in the trend found in 
Δµge (Table 6.3), because qCT is reasonably similar for trimers T2-T6. For example, the 
large Δµge for trimer T3 originates from its large DCT and the small Δµge for trimer T6 from 
its small DCT. The smaller Δµge of trimer T4 compared to trimers T2-T3 and T5 can be 
explained with its smaller DCT and its slightly smaller qCT. Finally, trimer T1 shows a 
smaller DCT and qCT compared to trimers T2-T6 and therefore its Δµge is the smallest. So 
also the trimers show that it may be useful to separate Δµge in its individual components 
DCT and qCT to obtain detailed information about the excitation process. 
 If all these characteristics of the excitation process are compared with the trend found in 
(Eb

exc)vert of the trimers (Table 6.3), there appears to be no relation between (Eb
exc)vert and 

one of the aforementioned characteristics (DCT, qCT, Δµge) that for example can explain the 
slightly lower (Eb

exc)vert in the case of T5. 
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6.3.2 Effect of an embedding on the vertical local exciton binding energy 
 

The effect of a uniform polarisable environment on (Eb
exc)vert of monomers 1-6 is shown 

in Fig. 6.6 and Table 6.4. Upon increasing εr, a reasonably similar decrease in (Eb
exc)vert for 

monomers 1-6 is observed, which does not influence the trend found in (Eb
exc)vert for the 

isolated monomers. This result can be rationalised because the electron density 
displacement upon excitation and the Mulliken charge difference between the excited and 
ground state (Fig. 6.4) are also reasonably similar for the monomers 1-6, leading to a 
comparable interaction with the environment. So it appears that the observed differences in 
the amount of charge transfer and charge separation upon excitation between the 
monomers, which were discussed previously (see section 6.3.1.1), do not influence the 
stabilisation effects and therefore the trend found in (Eb

exc)vert for the isolated monomers is 
not affected. 
 In a typical OPV device the dielectric constant of the active layer (polymer and PCBM) is 
~3-4.13 Fig. 6.6 shows that a dielectric screening of 3 lowers (Eb

exc)vert by ~2 eV. For 
monomers 4 and 5 with cross-conjugated mesomeric push-pull group substitution patterns 
(Eb

exc)vert is lowered to ~0.5 eV, which is in good agreement with reported values for similar 
donor-acceptor co-polymers, i.e., 0.3-0.5 eV13. 

 

 
Fig. 6.6 Vertical local exciton binding energy ((Eb

exc)vert, eV) for monomers 1-6 as a function of the static 
dielectric constant. 
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Table 6.4 Vertical local exciton binding energy ((Eb
exc)vert, eV) as a function of the static dielectric constant for 

monomers 1-6. 
εr   1  2 3 4 5 6 
1 2.70  2.61 2.79  2.46  2.42  2.73 
3 0.84  0.76 0.93  0.55  0.50  0.76 
6 0.35  0.29 0.44  0.04  0.00  0.22 
9 0.18  0.13 0.28 -0.13 -0.17  0.10 

12 0.10  0.04 0.21 -0.22 -0.25  0.02 
15 0.05 -0.01 0.13 -0.27 -0.31 -0.03 

Δ(Eb
exc)vert

  

(εr: 1→15) 
2.66  2.62 2.66  2.72  2.72  2.76 

 
6.3.3 Monomer-PCBM complexes 
 
6.3.3.1 Excited state properties 
 

An overview of several excited state properties for monomers 1-6 with PCBM is given in 
Table 6.5. It appears that εLUMO becomes similar for all monomer-PCBM complexes within 
a range of 0.1 eV because this property is predominantly determined by εLUMO of the 
PCBM molecule. For εHOMO the same trend is found in the monomer-PCBM complexes as 
was found in the corresponding monomer systems (Table 6.6). These outcomes are in line 
with the general picture that for a donor-acceptor complex εHOMO resembles εHOMO of the 
donor and εLUMO resembles εLUMO of the acceptor. The band gap ΔεHL becomes nearly 
similar for all complexes due to the similar εLUMO and almost similar εHOMO. A reasonable 
correspondence in the trends between (IP)vert and εHOMO and a good correspondence in 
trends between (EA)vert and εLUMO for the complexes is found. 

A slightly larger relaxation energy of the cation, i.e., [(IP)vert –IP], is found in the case of 
monomer 5-PCBM, namely ~0.3 eV, compared to the other complexes, namely ~0.2 eV. A 
noteworthy change in geometrical feature upon relaxation of the cationic complexes is the 
decrease in dihedral angle α, resulting in planarisation of the monomer (Fig. 6.7). The 
relaxation energies of the anions, i.e., [(EA)vert–EA], are similar for all complexes, namely 
~-0.1 eV, because the PCBM molecule predominantly determines the relaxation of the 
anionic complex. 
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Table 6.5 The vertical excitation energy of the excited state with the largest oscillator strength ((S*)vert, eV), 
vertical CT state energy* ((CT)vert, eV), oscillator strength of the vertical excited state with the largest oscillator 
strength (f(S*)), oscillator strength of the vertical CT state (f(CT)), HOMO energy (εHOMO, eV), LUMO energy 
(εLUMO, eV), orbital energy difference between HOMO and LUMO (ΔεHL, eV), vertical ionisation potential 
((IP)vert, eV), ionisation potential (IP, eV), vertical electron affinity ((EA)vert, eV), and electron affinity (EA, eV) 
for monomers 1-6 with PCBM. 

! 1-PCBM! 2-PCBM! 3-PCBM! 4-PCBM! 5-PCBM! 6-PCBM!
(S*)vert! 2.93 

2.20 2.34 
2.56 2.39 2.88 

(CT)vert! 2.47 2.46 2.28 2.37 
f(S*)! 0.12 

0.053 0.21 
0.12 0.17 0.22 

f(CT)! 0.0050 0.027 0.051 0.030 
εHOMO! -5.77 -5.76 -5.81 -5.83 -5.64 -5.72 
εLUMO! -2.23 -2.33 -2.21 -2.28 -2.29 -2.25 
ΔεHL! 3.54 3.43 3.60 3.55 3.35 3.47 
(IP)vert! 6.13 6.04 6.10 6.19 5.99 6.05 
IP! 5.91 5.85 5.90 5.98 5.66 5.79 
(EA)vert! 1.68 1.83 1.69 1.78 1.77 1.71 
EA! 1.78 1.97 1.80 1.94 1.92 1.81 

* CT corresponds to the excited state with the largest CT character from monomer to PCBM. These excitations all 
correspond predominantly to a HOMO(D)→LUMO(A) transition with c2>0.55, except for monomer 1-PCBM 
(HOMO(D)→LUMO(A) transition with c2=0.34 and HOMO-1(A)→ LUMO(A) transition with c2=0.31 and the 
remaining part local PCBM-excitations), monomer 3-PCBM (HOMO(D)→LUMO(A) transition with c2=0.37 and 
HOMO(D)→LUMO+3(D) with c2=0.30 and the remaining part local PCBM-excitations (c2=0.17) and CT 
excitations (c2=0.16)) and monomer 4-PCBM (HOMO(D)→LUMO(A) transition with c2=0.38 and HOMO-
1(A)→LUMO(A) with c2=0.28 and the remaining part local PCBM-excitations). 
 
Table 6.6 The vertical first excited state energy ((S1)vert, eV), the oscillator strength (f), the HOMO energy (εHOMO, 
eV), the LUMO energy (εLUMO, eV), the orbital energy difference between the HOMO and LUMO (ΔεHL, eV), the 
vertical ionisation potential ((IP)vert, eV), and the vertical electron affinity ((EA)vert, eV) for monomers 1-6 from 
Chapter 5 and ref.31. 

monomer (S1)vert f εHOMO εLUMO ΔεHL (IP)vert (EA)vert 
1 2.90 0.803 -5.72 -1.44 4.28 6.33 0.72 
2 2.41 0.581 -5.74 -1.98 3.75 6.30 1.29 
3 2.36 0.373 -5.85 -2.00 3.85 6.44 1.28 
4 2.61 0.520 -5.86 -2.13 3.73 6.46 1.40 
5 2.37 0.473 -5.64 -2.16 3.48 6.23 1.44 
6 2.87 0.725 -5.69 -1.53 4.16 6.36 0.76 
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Fig. 6.7 Left: geometry of neutral complex of monomer 5-PCBM illustrating the relative large dihedral angle α. 
Right: geometry of cationic complex of monomer 5-PCBM illustrating the smaller dihedral angle α. 
 

(CT)vert is expected to depend on (IP)vert of the monomer-PCBM complex (which is 
related to (IP)vert of the monomer, Table 6.6), (EA)vert of the complex (which is related to 
(EA)vert of PCBM) and the distance between the monomer and PCBM. Table 6.5 shows 
comparable (EA)vert for the complexes. Also the nearest distance between the monomer and 
PCBM carbon atoms (the ones of the C60 part) is comparable for the complexes (3.02±0.1 
Å). So the trend in (CT)vert is expected to depend on the trend in (IP)vert of the complexes. 
Indeed a reasonable correlation (linear trend line with R2=0.63) is found between (IP)vert 
and (CT)vert, i.e., the smaller the (IP)vert the lower (CT)vert. The strongest correlation is found 
between [(IP)vert−(EA)vert] and (CT)vert (linear trend line with R2=0.80). 

The oscillator strengths f(CT) are very small for the CT states of the complexes except for 
monomer 3-PCBM, which can be understood by scrutinising the occupied-virtual orbital 
pairs that belong to the particular CT excitation. Monomer 3-PCBM is the only system with 
a large D→D contribution (c2=0.30) to the CT excitation, which is comparable to the D→A 
contribution (c2=0.37). Local excitations on the donor molecule can have large oscillator 
strengths, which explain the large oscillator strength of the CT state of monomer 3-PCBM. 
It even appears to be the largest oscillator strength within the lowest 10 excitations. For 
monomer 2-PCBM the CT excitation also has, besides the dominant D→A contribution 
(c2=0.56), a considerable D→D contribution (c2=0.29), but in this system it is still 
significantly smaller than the most important contribution. For this complex f(CT) also is the 
largest oscillator strength within the lowest 10 excitations. 

Table 6.5 also lists the vertical excitation energy of the excited state with the largest 
oscillator strength, labelled as (S*)vert and its oscillator strength, labelled as f(S*). For all 
monomer-PCBM complexes except monomer 2-PCBM and monomer 3-PCBM, this state 
is assigned predominantly as a local excitation on the monomer. For these complexes, the 
energies of (S*)vert are comparable to the energies of the excited states with the largest 
oscillator strength of the monomeric systems (Table 6.6). For monomer 2-PCBM the 
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second excited state at 2.37 eV with f=0.0052 can be assigned as a local excitation on the 
monomer (D→D contribution (c2=0.46), D→A contribution (c2=0.37) and the remaining 
part local PCBM-excitations). For monomer 3-PCBM, no other excitation is found (within 
the lowest 10) that can be assigned predominantly as a local excitation on the monomer. 
Besides the CT excitation (S1), also the second excited state at 2.43 eV with f=0.063 has 
some D→D contribution (c2=0.10), but its main character is a local-PCBM excitation 
(c2=0.72).  
 
6.3.3.2 Charge-transfer exciton binding energies  
 

For monomers 1-6 with PCBM (Eb
CT)vert and (Eb

CT)relaxed are given in Table 6.7. When 
(Eb

CT)vert of these monomer-PCBM complexes are compared to (Eb
exc)vert of the monomers 

1-6 (Table 6.3) it appears that the clear distinction between conjugation pattern of the 
mesomeric push-pull groups in the monomers – with the lowest (Eb

exc)vert in the case of 
cross-conjugation – is not maintained in the case of (Eb

CT)vert. In fact, all (Eb
CT)vert of the 

complexes are similar. (Eb
CT)relaxed appears to be slightly lower for monomer 5-PCBM 

(namely ~0.2 eV) compared to the other complexes. The additional reduction in this case 
originates from the slightly larger relaxation of the cationic complex of monomer 5-PCBM 
compared to the other complexes, which was mentioned previously. 
 
Table 6.7 The vertical and relaxed CT exciton binding energy ((Eb

CT)vert, (Eb
CT)relaxed, eV) for monomers 1-6 with 

PCBM. 
system (Eb

CT)vert (Eb
CT)relaxed 

1-PCBM 1.97 1.65 
2-PCBM 2.01 1.69 
3-PCBM 2.07 1.76 
4-PCBM 1.95 1.58 
5-PCBM 1.93 1.46 
6-PCBM 1.97 1.61 

 
The similar values of (Eb

CT)vert for the complexes can be explained by realising that for 
the monomers 1-6 the differences in (Eb

exc)vert between the monomers substituted with 
linear- and cross-conjugated mesomeric push-pull group pathways mainly originate from 
differences in (EA)vert (Table 6.6). Once a very strong acceptor, i.e., stronger than the 
acceptor segment of the co-monomer, like PCBM is present in the vicinity of the monomer, 
(EA)vert of the monomer itself will not affect in a direct way (Eb

CT)vert of the monomer-
PCBM complex (eq. 6.3).  

It turns out that (IP)vert of the monomer slightly affects (Eb
CT)vert (namely through (IP)vert 

and (CT)vert of the complex, see eq. 6.3). It appears that the variation in (IP)vert of the 
monomers (namely ~0.2 eV, Table 6.6) is larger than the variation in (Eb

CT)vert of the 
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complexes (namely ~0.1 eV, Table 6.7). This indicates that the effect of (IP)vert of the 
monomer on (Eb

CT)vert of the complex is slightly damped. 
So for this series of monomers 1-6 no relation exists between the vertical binding energy 

of the local exciton and of the CT exciton because the variation in (Eb
exc)vert depends mainly 

on the large variation in (EA)vert between the monomers. For a series of monomers in which 
the variation in (Eb

exc)vert depends mainly on the variation in (IP)vert between the monomers, 
it is possible that (Eb

exc)vert and (Eb
CT)vert are related. However, based on our finding that the 

effect of (IP)vert on (Eb
CT)vert is slightly damped, a small effect is expected. 

 
 
6.4 Conclusions 
 

The scientific objective of this work was three-fold. Firstly, for a series of related 
monomers and their corresponding trimers we provided detailed information on the amount 
of charge that is transferred upon excitation and on the charge-transfer excitation length. 
Secondly, for the same series of monomers we examined the question whether embedding 
effects influence the trend that was found in vacuum for the vertical local exciton binding 
energy. Thirdly, we answered the question whether a relation exists between the binding 
energies of local and charge-transfer excitons for the series of related monomers. 

By studying a plot of the electron density displacement upon excitation, the amount of 
charge that is transferred upon excitation, and the charge-transfer excitation length, detailed 
and complementary information about the excitation process can be obtained. For the 
studied monomeric and trimeric systems, such a detailed study of the excitation process 
reveals that the thiophene unit – often included in the donor-acceptor co-polymer design to 
make the backbone more planar – actively participates in the charge transfer process and 
that its contribution can be tuned by choosing a particular push-pull group substitution 
pattern. 

For all monomers, a reasonably similar decrease in the vertical local exciton binding 
energy was found with increasing static dielectric constant. This result was rationalised by 
noting that the electron density displacement upon excitation and the Mulliken charge 
difference between the excited and ground state for the monomers are also reasonably 
similar, leading to a comparable interaction with the environment. So for these systems 
embedding effects do not change the trend that was found in vacuum for the vertical local 
exciton binding energy. 

For the studied monomers, no relation exists between the vertical binding energy of the 
local exciton and that of the charge-transfer exciton. This outcome can be understood 
because the variation in vertical local exciton binding energy depends mainly on the 
variation in vertical electron affinity between the monomers, which does not affect in a 
direct way the vertical charge-transfer exciton binding energy. 

This work gives some interesting insights that may be useful for future development of 
promising OPV materials. First of all, it indicates that the thiophene unit may actively 
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participate in the charge transfer process, as was shown for the molecules studied here, and 
that its contribution can be tuned by choosing a particular push-pull group substitution 
pattern. Secondly, for polymers having a low exciton binding energy due to a high electron 
affinity this work shows that no interplay exists between intra- and inter-molecular charge-
transfer states in the charge separation process in OPV devices through their binding 
energies.  
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7 
 

Outlook 
 
 
7.1 Worm’s eye view 
 

The central aim of this theoretical and computational research project is to find strategies 
for lowering exciton binding energies in organic photovoltaic (OPV) materials. Interesting 
directions for future research based on some of these strategies, are listed below. 

A next step in the research described in Chapters 3 and 4 may be to study the flexibility 
of the polymer side-chains and of the tails of the PCBM analogues in which the permanent 
dipoles are incorporated. As was pointed out in Chapter 3, only a modest rotation of the 
dipoles is needed to reduce the charge-transfer (CT) exciton binding energy significantly. 
In a bulk heterojunction (BHJ) it is possible that the (interface) morphology is influenced 
by these dipoles, which may have consequences for their rotational freedom. To obtain 
information about the rotational freedom that these dipoles have in a BHJ and their possible 
influence on the morphology of the blend, studies analogous to the ones described in 
Chapters 3 and 4 can be performed, but now with snapshots of (coarse-grained) Molecular 
Dynamics (MD) simulations of polymer/PCBM blends with installed dipoles in their side-
chains/tails. These snapshots can be used to calculate rotational barriers of these side-
chains/tails within their environment. In addition, the snapshots reveal the morphology 
changes when dipoles are incorporated in the donor and acceptor molecules. 

Another interesting direction for future research based on the studies described in 
Chapters 3 and 4 may be to study the time scale needed for dipole alignment and to 
compare this time scale with the typical time scales of the steps of the OPV working 
mechanism. Considering the typical time scales of ~150 fs for the electron transfer step 
between donor and acceptor and for the creation of free charges from the inter-molecular 
charge-transfer (CT) state,1 dipoles have to rearrange themselves within a few hundred fs in 
order to align favourably around the created local and CT excitons. Since molecular 
vibrations take place on time scales of ps, dipoles might not have enough time. Considering 
the typical time scales of several ns for the recombination of free charges,1 dipoles have to 
rearrange themselves within a few ns in order to align favourably around the charge-
separated (CS) state and thus to reduce Coulomb interactions between free charges.2 Based 
on the time scales of molecular vibrations, this is likely to happen. In order to make sound 
predictions of the time scales needed for dipole alignment and also to obtain information 
about of the rotational freedom that dipoles have in a BHJ, force fields especially 
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developed for the molecules of interest are required to perform the necessary MD 
simulations. 

In order to make a connection between composition and local environment of the 
molecules and the bulk dielectric response of the material, approaches are needed that 
model the dielectric constant of molecule-based materials by including the effects of 
position, orientation and packing of the molecules. Heitzer et al.3, 4 report about a first-
principles approach that can model the dielectric response of molecule-based materials by 
taking into account these effects. They conclude that large packing density and alignment 
of the π-system parallel to the applied electric field lead to a high dielectric constant. So 
controlling the molecular ordering may be the key to design high dielectric constant 
molecule-based materials.3, 4 An interesting direction for future research would therefore be 
to apply approaches like the one developed by Heitzer et al.3, 4 to several molecules that are 
described in this thesis in order to predict their bulk dielectric response and to discover 
which molecular orderings lead to a high dielectric constant, which can then possibly be 
obtained via synthetic chemical means. 

Several other interesting research directions related to the studies described in this thesis 
but focusing more on the fundamental understanding of the charge separation mechanism, 
are listed below.  

An interesting issue that was outside the scope of the research described in this thesis is 
comparing the relative (electron transfer) rates of the various steps of the OPV working 
mechanism and of the possible competing processes. Strong couplings may be possible 
between certain excited states, which can then act as efficient decay channels. Several 
studies5-7 have already been performed in this direction. Often Marcus theory8 is applied to 
obtain a theoretical estimation of the electron transfer rate (Chapter 2, section 2.11.1).  

Presently, the role of the lowest charge-transfer (CT1) state in the charge separation 
process is still unclear.9-11 It is proposed that delocalised and higher energy electronic CTn 
(n>1) states are needed for long-distance electron transfer to overcome the CT exciton 
binding energy.12 Charge delocalisation over several molecules might affect the CT state 
energy in such a way that it will not act as an intermediate trapped state between the initial 
excited and final CS state. Studying the effect of charge delocalisation on the excited state 
energies and the energies of the CT and CS states is only possible by using a large donor-
acceptor complex, e.g., two PCBM molecules and a short oligomer consisting of three 
monomeric units of a typical donor-acceptor co-polymer. In this way, the energies of the 
delocalised and higher energy CTn states with respect to the energy of the lowest CT1 state 
can be determined. By calculating the electronic couplings between certain excited states, 
insight can be obtained in the role of the CT1 state and of delocalised and higher energy 
CTn states in the charge separation mechanism.  

As the last example indicates, treating ever larger systems at the electronic structure 
theory level is of great importance to make progress in the fundamental understanding of 
the charge separation mechanism via computational modelling. Some envisaged future 
developments in Theoretical Chemistry could contribute to this grand challenge in the 
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research field of OPV. Firstly, it has been estimated that the progress in the microprocessor 
technology will continue in the next decades. In combination with the development of 
linear scaling Quantum Chemical methods and the application of fast Graphical Processing 
Units (GPUs), this leads to a reduction in the computational cost.13 In this way more 
accurate and much larger calculations become computationally within reach. Secondly, 
future progress in Density Functional Theory (DFT) (Chapter 2, section 2.6) – which is 
nowadays often used to describe large systems – is expected to lead to better 
approximations to the exchange-correlation functional for describing excited states with 
long-range CT character. This will improve the description of electron transfer processes in 
OPV devices using DFT and therefore will make this method more suitable to apply in 
studying the grand challenges of the OPV research field. 
 
 
7.2 Bird’s eye view 
 

OPV can only become a competitive technology in the energy market when basic 
requirements are fulfilled, like reasonable power-conversion efficiency (PCE), lifetime and 
cost.14 To reach these requirements, research focusing on all these aspects is carried out in 
academia, at research institutes and in industry. Currently, in all these areas challenges and 
unanswered questions can be found. An overview of the current status and of the expected 
future research in these areas, is given below. 

Concerning the first requirement, different strategies can be envisaged to increase the 
PCE of OPV devices, like increasing the dielectric constant, controlling the (interface) 
morphology, e.g., by using donor-acceptor block co-polymers, and optimising molecular 
properties, e.g., the relative alignment of frontier molecular orbital energies.15 Strategies 
usually focus on one or several loss processes that limit the performance of OPV devices. 
Losses can originate from high local and CT exciton binding energies, limited absorption, 
bad morphology of the active layer, large charge carrier recombination, inefficient charge 
transport, and non-optimised offsets between donor and acceptor energy levels.16 In future, 
progress is expected in both the understanding of the fundamentals of charge separation and 
in the application of this knowledge to the optimisation of material and device design.15 

Even if in future the PCE of lab sized solar cells will increase sufficiently to become 
practically useful, this does not imply that the PCE of module sized solar cells will then 
also be sufficient.17 There still remains a significant drop in the efficiency on a module 
scale. According to Li et al.,18 the PCE of lab sized solar cells should increase above 15% 
in order to have an acceptable module efficiency around 10-12%. Rivière et al.19 show that 
currently commercially available modules have PCEs in the range of 1.5-2.5%. They 
conclude that the final module performance strongly depends on the number of well 
performing and non-limiting cells and the active layer thickness, which is associated with 
the homogeneity of the deposition process.19 In this area of research, one of biggest 
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challenges is to identify the possibilities to translate lab efficiencies to module efficiencies 
by discovering and reducing the causes of main loss.17 

Concerning the second requirement, the material stability towards oxygen and water must 
improve.17 The first solar cell devices were stored in inert atmosphere in order to prevent 
degradation due to exposure to sunlight, water and oxygen. Increased understanding of the 
photochemical processes in organic layers has been achieved since then, like the insight 
that the molecular structure has a strong impact on the photochemical stability. Other 
device designs may also help to improve the device stability.20 In conventional BHJ solar 
cells low work function metals are applied as top contact (Chapter 1, Fig. 1.2). Under 
ambient conditions these low work function metals form non-conductive oxides, which 
leads to a fast degradation of the solar cell. To prevent fast oxidation of these electrodes, 
the solar cell is often encapsulated in expensive packing materials that show very low 
oxygen and water permeability. In an inverted device design this issue is solved because the 
hole and electron blocking layers are reversed. The top contact is now made of a high work 
function metal like silver or gold, which is air stable. Inverted solar cells show substantially 
improved stabilities under ambient conditions.21  

According to Dennler et al.,22 OPV modules should have a lifetime of 7 years to become 
competitive. Currently the lifetimes of square meter sized panels on average is 5 years 
under outdoor conditions.23 In order to increase the device stability, a deeper understanding 
of the interactions with water and oxygen at all the interfaces in BHJ solar cells is needed, 
together with an improved stability towards oxygen and water both at the material and 
device architecture level.17 

Concerning the third requirement, according to Brabec,14 cost reduction in developing 
OPV devices is expected when roll-to-roll printing techniques – applied in the industrial 
process – instead of spin coating techniques – mainly used in the laboratory process – are 
applied in the production process. It turns out that the average PCE of printed OPV devices 
is slightly lower than that of spin coated OPV devices. In order to increase the efficiency of 
printed OPV devices, more research is needed to improve the printing processing 
techniques to obtain smoother and more homogeneous layer structures. When printing 
techniques are used, large-scale production of OPV devices may become feasible, which in 
turn may lead to a fall in the prices of the materials and thus in cost reduction.14 

According to Krebs et al.,24 the total cost for developing OPV devices is mainly 
determined by the cost of the materials. So a further cost reduction may come from: 
elimination of expensive components such as indium-doped tin oxide (ITO) as the 
transparent anode, reduction in the costs for the electron blocking layer poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) and for the active donor and 
acceptor materials through upscaling by the chemical suppliers, increase in the 
manufacturing speed, and possibly from developing in-line coating systems where all 
layers are coated in the same pass through the machine.24 
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7.3 Future perspective for organic photovoltaics 
 

According to Green et al.,25 a convincing market advantage is essential to commercialise 
a new solar cell technology. From the different classes of organic solar cells that currently 
exist, the organic-inorganic hybrid perovskite solar cell has the highest PCE25 and therefore 
its convincing market advantage may be its high PCE in combination with its low 
manufacturing cost. At the moment this solar cell technology also has its drawbacks, like 
its large fluctuations in device performance, its reliance on the environmentally hazardous 
heavy metal Pb, and its instability under ambient conditions, which requires expensive 
encapsulation to protect the solar cell for degradation. There is a possibility to replace Pb 
with the less toxic element Sn, however, easy oxidation of Sn2+ to Sn4+ lowers the 
photovoltaic performance. In the present market, the toxicity of Pb is not expected to be a 
major obstacle for large-scale applications since CdTe solar cells were also able to gain a 
considerable market share.25, 26 

Despite the convincing market advantage of the perovskite solar cell that makes this 
organic solar cell technology currently the most promising, one can argue that also for 
polymer-based organic solar cells there is a sunny future. Currently, a lot of questions have 
so far been unanswered about the charge separation mechanism in this class of organic 
solar cells. Koster et al.27 showed that organic solar cells can in potential have PCEs of 
more than 20% by increasing the dielectric constant. So by new materials development and 
comprehensive understanding of the photovoltaic principles there still remains a lot to gain. 
In the future a substantial rise in the PCE of polymer-based organic solar cells may 
therefore be expected. 

Based on the before mentioned considerations, it is tempting to conclude that one should 
not focus on improving polymer-based organic solar cells anymore. However, it is 
misleading shorthand to draw this conclusion. Both solar cell technologies are promising 
and have the possibility to gain a reasonable market share in future, since both technologies 
have their own convincing market advantages and drawbacks. It is unlikely that solely one 
renewable energy technology will be leading on the energy market in future. Instead, a 
situation in which several renewable energy technologies gain a reasonable market share is 
more likely, since diverse (new and existing) application possibilities are thinkable for 
which a certain solar cell or energy technology may turn out to be the most suitable. For 
example, organic solar cells may become dominant in low-cost and light-weight consumer 
or building integrated applications where importance is attached to environmental impact 
and toxicity issues. 

In conclusion, putting effort in improving several kinds of promising renewable energy 
technologies is the best way to prepare a diverse landscape of possible energy technologies 
for the future. In this way full replacement of fossil fuels in all kinds of application areas is 
likely to happen. 
 
! !
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A 
 

Appendix 
 
 
A.1 Analysis of the TD-DFT (BHandH/DZP) calculations of 1-3 

in vacuum, embedded in 4 and embedded in 1 
 
Table A.1 Energies (eV), oscillator strengths, assignments, and comments of the excited states of 1-3 in vacuum, 
embedded in 4 and embedded in 1. 

state   energy oscillator 
strength 

assignment 
(c2>0.1) 

comment 

1-3 in vacuum 
S1 = CT 2.26 0.004 0.7: H→L 

0.1: H-3→L 
monomer→PCBM 
PCBM→PCBM 

S2 2.34 0.0009 0.7: H-1→L+1 
0.1: H→L+1 

PCBM→PCBM 
monomer→PCBM 

S3 2.35 0.0004 0.8: H-2→L PCBM→PCBM 
S4 2.42 0.01 0.7: H →L+1 

0.1: H-3 →L+1 
monomer→PCBM 
PCBM→PCBM 

S5 2.43 0.0004 0.6: H-2→L 
0.1: H-3→L 

PCBM→PCBM 
PCBM→PCBM 

S6 2.50 0.001 0.6: H-3→L 
0.2: H→L  

PCBM→PCBM 
monomer→PCBM 

S7 2.58 0.001 0.3: H-4→L+1 
0.3: H-2→L+1 
0.2: H-3→L+1 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S8 2.62 0.001 0.6: H→L+2 
0.1: H-2→L+2 

monomer-PCBM 
PCBM→PCBM 

S9 2.64 0.007 0.4: H-2→L+1 
0.1: H-1→L+2 

PCBM→PCBM 
PCBM→PCBM 

S10 2.71 0.001 0.4: H-3→L+1 
0.3: H-4→L+1 

PCBM→PCBM 
PCBM→PCBM 

S11 2.73 0.002 0.3: H-4→L 
0.2: H-2→L+2 
0.2: H→L+2 
0.1: H-4→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 
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S12 2.79 0.0002 0.5: H-5→L+1 
0.2: H-3→L+2 

PCBM→PCBM 
PCBM→PCBM 

S13 = S* 2.84 0.3 0.6: H→L+3 
0.1: H-1→L+2 

monomer→monomer 
PCBM→PCBM 

1-3 in 4 
S1 = CT 2.19 0.01 0.8: H→L monomer→PCBM 
S2 2.32 0.01 0.5: H→L+1 

0.4: H-1→L+1 
monomer→PCBM 
PCBM→PCBM 

S3  2.34 0.002 0.8: H-1→L PCBM→PCBM 
S4 2.37 0.02 0.4: H-1→L+1 

0.4: H→L+1 
PCBM→PCBM 
PCBM→PCBM 

S5 2.43 0.0007 0.6: H-3→L 
0.3: H-2→L 

PCBM→PCBM 
PCBM→PCBM 

S6 2.47 0.002 0.5: H-2→L 
0.3: H-3→L 

PCBM→PCBM 
PCBM→PCBM 

S7 2.57 0.01 0.8: H→L+2 monomer→PCBM 
S8 2.58 0.004 0.4: H-4→L+1 

0.4: H-3→L+1 
PCBM→PCBM 
PCBM→PCBM 

S9  2.63 0.06 0.5: H-2→L+1 
0.1: H-1→L+2 

PCBM→PCBM 
PCBM→PCBM 

S10 = S* 2.67 0.4 0.8: H→L+3 monomer→monomer 
1-3 in 1 

S1 = CT 2.27 0.007 0.6: H→L 
0.2: H-2→L 
0.1: H-1→L 

monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S2 2.33 0.0009 0.6: H-1→L+1 
0.2: H-1→L 

PCBM→PCBM 
PCBM→PCBM 

S3 2.36 0.0007 0.6: H-1→L 
0.1: H-1→L+1 
0.1: H-2→L 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S4  2.43 0.02 0.6: H→L+1 
0.1: H-2→L+1 

monomer→PCBM 
PCBM→PCBM 

S5 2.44 0.001 0.7: H-3→L 
0.1: H-2→L 

PCBM→PCBM 
PCBM→PCBM 

S6 2.50 0.003 0.5: H-2→L 
0.2: H→L 
0.1: H-3→L 

PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 

S7 2.58 0.003 0.5: H-3→L+1 
0.3: H-4→L+1 

monomer→PCBM 
PCBM→PCBM 
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A.2 Analysis of the TD-DFT (BHandH/DZP) calculations of 2-3 

in vacuum, embedded in 4 and embedded in 2 
 
Table A.2 Energies (eV), oscillator strengths, assignments, and comments of the excited states of 2-3 in vacuum, 
embedded in 4 and embedded in 2. 

state energy oscillator  
strength 

assignment 
(c2>0.1) 

comment 

2-3 in vacuum 
S1 2.32 0.002 0.9: H-1→L PCBM→PCBM 
S2 2.34 0.00007 0.7: H-1→L+1 

0.1: H-5→L 
0.1: H-2→L 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S3 2.39 0.0003 0.6: H-2→L 
0.1: H-1→L+1 

PCBM→PCBM 
PCBM→PCBM 

S4 2.46 0.000007 0.4: H-3→L 
0.4: H-4→L 

PCBM→PCBM 
PCBM→PCBM 

S5 2.57 0.0002 0.5: H-5→L+1 
0.4: H-2→L+1 

PCBM→PCBM 
PCBM→PCBM 

S6 2.63 0.0006 0.2: H-5→L+1 
0.2: H-2→L+1 
0.1: H-3→l+1 
0.1: H-1→L+2 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S8 2.62 0.0009 0.5: H→L+2 
0.2: H-2→L+2 

monomer→PCBM 
PCBM→PCBM 

S9 2.64 0.02 0.5: H-2→L+1 
0.1: H-1→L+2 
0.1: H→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S10 2.70 0.001 0.4: H-4→L+1 
0.3: H-3→L+1 
0.1: H-2→L+2 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S11 2.73 0.003 0.4: H-4→L 
0.2: H→L+2 
0.1: H-3→L+2 

PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 

S12 2.79 0.01 0.5: H-5→L+1 
0.2: H-3→L+2 
0.2: H-4→L+2 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S13 = S* 2.80 0.5 0.8: H→L+3 monomer→monomer 
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S7 = CT 2.66 0.02 0.6: H→L 
0.2: H-5→L 

monomer→PCBM 
PCBM→PCBM 

S8 2.68 0.004 0.3: H→L 
0.2: H-5→L 
0.1: H-2→L+2 

monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S9 2.71 0.0004 0.3: H-4→L+1 
0.2: H-3→L+1 
0.1: H-2→L+1 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S10 2.78 0.002 0.3: H-7→L+1 
0.1: H-6→L+1 
0.1: H-2→L+2 

PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 

S11 2.83 0.003 0.7: H→L+1 
0.1: H-1→L+2 

monomer→PCBM 
PCBM→PCBM 

S12 2.87 0.0003 0.2: H-2→L+2 
0.2: H-7→L+1 
0.1: H-5→L 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S13 2.87 0.005 0.3: H-5→L+2 
0.2: H-4→L+2 
0.1: H-3→L+2 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S14 2.89 0.003 0.4: H-1→L+2 
0.1: H-2→L+1 
0.1: H→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S15 2.96 0.1 0.3: H→L+3 
0.3: H-7→L 
0.1: H-6→L 

monomer→monomer 
PCBM→PCBM 
PCBM→PCBM 

S16 = S* 2.97 0.2 0.5: H→L+3 
0.2: H-7→L 

monomer→monomer 
PCBM→PCBM 

2-3 in 4 
S1 2.30 0.003 0.9: H-1→L PCBM→PCBM 
S2 2.34 0.0002 0.7: H-1→L+1 

0.1: H-4→L 
0.1: H-2→L 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S3 3.39 0.0009 0.6: H-3→L PCBM→PCBM 
S4 2.44 0.000003 0.8: H-3→L PCBM→PCBM 
S5 2.57 0.005 0.4: H-2→L+1 

0.3: H-4→L+1 
0.1: H→L 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S6 = CT 2.58 0.02 0.7: H→L monomer→PCBM 
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S7 2.62 0.0002 0.3: H-3→L+1 PCBM→PCBM 
   0.2: H-4→L+1 

0.1: H-2→L+1 
0.1: H→L+3 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S8 2.67 0.0005 0.5: H-4→L 
0.2: H-2→L+2 

PCBM→PCBM 
PCBM→PCBM 

S9 2.70 0.0007 0.3: H-3→L+1 
0.2: H-4→L+1 
0.1: H→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S10 2.75 0.003 0.6: H→L+1 
0.1: H-2→L+1 

monomer→PCBM 
PCBM→PCBM 

S11 2.79 0.008 0.2: H-7→L+1 
0.1: H-2→L+2 
0.1: H-3→L+2 
0.1: H-5→L+1 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S12 2.85 0.0009 0.3: H-1→L+2 
0.1: H-3→L+2 
0.1: H-7→L+1 
0.1: H-4→L 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S13 = S* 2.87 0.4 0.8: H→L+3 monomer→monomer 
2-3 in 2 

S1 2.28 0.003 0.9: H-1→L PCBM→PCBM 
S2 2.31 0.00006 0.8: H-1→L+1 PCBM→PCBM 
S3 2.39 0.0009 0.7: H-2→L 

0.1: H→L 
PCBM→PCBM 
monomer→PCBM 

S4 2.45 0.00003 0.9: H-3→L PCBM→PCBM 
S5 2.56 0.0002 0.4: H-2→L+1 

0.4: H-4→L+1 
PCBM→PCBM 
PCBM→PCBM 

S6 = CT 2.58 0.02 0.8: H→L 
0.1: H-2→L 

monomer→PCBM 
PCBM→PCBM 

S7 2.61 0.0008 0.3: H-4→L+1 
0.2: H-1→L+2 
0.2: H-3→L+1 
0.1: H-2→L+1 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S8 2.65 0.0002 0.5: H-4→L 
0.2: H-2→L+2 

PCBM→PCBM 
PCBM→PCBM 

   0.1: H-3→L+2 PCBM→PCBM 
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S9 2.69 0.001 0.3: H-3→L+1 
0.3: H→L+1 
0.1: H-4→L+1 

PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 

S10 2.74 0.001 0.3: H→L+1 
0.3: H-3→L+1 
0.1: H-1→L+2 

monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S11 2.77 0.007 0.2: H-3→L+2 
0.2: H→L+1 
0.1: H-4→L+2 
0.1: H-2→L+2 
0.1: H-6→L+1 

PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S12 2.82 0.002 0.4: H-1→L+2 
0.2: H-2→L+1 

PCBM→PCBM 
PCBM→PCBM 

S13 2.82 0.0006 0.3: H-4→L 
0.2: H-2→L+2 
0.2: H-3→L+2 
0.1: H→L+2 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S14 2.86 0.002 0.5: H-4→L+2 
0.4: H-6→L+1 

PCBM→PCBM 
monomer→PCBM 

S15 2.92 0.009 0.6: H→L+2 monomer→PCBM 
   0.1: H-2→L+2 PCBM→PCBM 
S16 2.99 0.1 0.4: H-6→L 

0.1: H→L+3 
monomer→PCBM 
monomer→monomer 

S17 3.00 0.2 0.3: H→L+3 
0.2: H-6→L+1 
0.1: H-3→L+2 
0.1: H-2→L+2 

monomer→monomer 
monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S18 = S* 3.01 0.2 0.4: H→L+3 
0.3: H-6→L 

monomer→monomer 
monomer→PCBM 
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A.3 Analysis of the TD-DFT (CAMYB3LYP/DZP) calculation 
of 1-3 in vacuum 

 
Table A.3 Energies (eV), oscillator strengths, assignments, and comments of the excited states of 1-3 in vacuum. 

state energy oscillator  
strength 

assignment 
(c2>0.1) 

comment 

S1 = CT 2.20 0.004 0.6: H→L 
0.2: H-1→L 

monomer→PCBM 
PCBM→PCBM 

S2 2.25 0.0005 0.6: H-1→L 
0.2: H-1→L+1 

PCBM→PCBM 
PCBM→PCBM 

S3 2.27 0.0004 0.6: H-1→L+1 
0.1: H-1→L 

PCBM→PCBM 
PCBM→PCBM 

S4 2.34 0.2 0.4: H-2→L 
0.4: H-3→L 
0.1: H→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S5 2.35 0.006 0.4: H→L+1 
0.1: H-3→L+1 
0.1: H-2→L 
0.1: H-1→L+1 

monomer→PCBM 
PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S6 2.41 0.002 0.4: H-3→L 
0.3: H-2→L 
0.2: H→L 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S7 2.46 0.0007 0.4: H-2→L+1 
0.2: H-3→L+1 
0.2: H-4→L+1 

PCBM→PCBM 
PCBM→PCBM 
PCBM→PCBM 

S8 2.52 0.01 0.2: H-4→L 
0.2: H-3→L+1 
0.1: H→L+1 
0.1: H-2→L+2 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 
PCBM→PCBM 

S9 2.52 0.0004 0.3: H→L+2 
0.2: H-2→L+2 
0.1: H→L+1 

PCBM→PCBM 
PCBM→PCBM 
monomer→PCBM 

S10 2.59 0.001 0.4: H-4→L+1 
0.4: H-3→L+1 

PCBM→PCBM 
PCBM→PCBM 

S11 2.61 0.003 0.3: H→L+2 
0.3: H-4→L 

monomer→PCBM 
PCBM→PCBM 

S12 2.67 0.0002 0.6: H-5→L+1 
0.2: H-3→L+2 

PCBM→PCBM 
PCBM→PCBM 
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S13 2.71 0.02 0.6: H-1→L+2 
0.2: H-2→L+1 

PCBM→PCBM 
PCBM→PCBM 

S14 2.73 0.003 0.7: H-4→L+2 
0.1: H-3→L+2 

PCBM→PCBM 
PCBM→PCBM 

S15 2.74 0.09 0.4: H-2→L+2 
0.2: H→L+3 
0.1: H-4→L 

PCBM→PCBM 
monomer→monomer 
PCBM→PCBM 

S16 = S* 2.77 0.2 0.6: H→L+3 
0.2: H-2→L+2 

monomer→monomer 
PCBM→PCBM 
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B 
 

Appendix 
 
 
B.1 Analysis of the TD-DFT (BHandH/DZP) calculations of Si-

CPDTBT-PCBDN in vacuum, embedded in PCBBz and 
embedded in PCBDN 

 
Table B.1 Energies (eV), oscillator strengths, assignments, and comments of the excited states of Si-CPDTBT-
PCBDN in vacuum, embedded in PCBBz and embedded in PCBDN. 

state energy oscillator 
strength 

assignment  
(c2>0.1) 

comment 

Si-CPDTBT-PCBDN in vacuum 
S1 = CT 2.25 0.02 0.8: H→L Si-CPDTBT→PCBDN 
S2 2.33 0.001 0.4: H-1→L 

0.4: H-1→L+1 
PCBDN→PCBDN 
PCBDN→PCBDN 

S3 2.34 0.001 0.4: H-1→L 
0.4: H-1→L+1 

PCBDN→PCBDN 
PCBDN→PCBDN 

S4 2.41 0.01 0.7: H →L+1 Si-CPDTBT→PCBDN 
S5 2.43 0.0007 0.7: H-3→L PCBDN→PCBDN 
S6 2.45 0.001 0.6: H-2→L 

0.2: H-3→L  
PCBDN→PCBDN    
PCBDN→PCBDN 

S7 2.57 0.0002 0.5: H-4→L+1 
0.2: H-2→L+1 

PCBDN→PCBDN 
PCBDN→PCBDN 

S8 2.61 0.0009 0.6: H→L+2 
0.1: H-2→L+2 

Si-CPDTBT→PCBDN 
PCBDN→PCBDN 

S9 2.63 0.0008 0.3: H-3→L+1 
0.2: H-2→L+1 
0.1: H-1→L+2 
0.1: H→L+2 

PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN   
Si-CPDTBT→PCBDN 

S10 2.70 0.002 0.3: H-4→L 
0.1: H-4→L+1 
0.1: H→L+2 
0.1: H-2→L+1 
0.1: H-3→L+2 

PCBDN→PCBDN 
PCBDN→PCBDN 
Si-CPDTBT → PCBDN 
PCBM→ PCBDN 
PCBDN→PCBDN 
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S11 2.71 0.0002 0.3: H-4→L+1 
0.2: H-4→L 
0.2: H-3→L+1 
0.1: H-2→L+1 

PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 

S12 2.78 0.004 0.5: H-5→L+1 
0.2: H-2→L+2 
0.2: H-3→L+2 

PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 

S13 = S* 2.84 0.3 0.9: H→L+3 Si-CPDTBT→Si-CPDTBT 
Si-CPDTBT-PCBDN in PCBBz 

S1 2.27 0.01 0.8: H-1→L PCBDN→PCBDN 
S2 2.29 0.009 0.6: H-1→L+1 

0.1: H→L 
0.1: H-4→L 

PCBDN→PCBDN 
Si-CPDTBT→PCBDN 
PCBDN→PCBDN 

S3 = CT 2.31 0.03 0.5: H→L 
0.1: H-3→L+1 
0.1: H-1→L+1 
0.1: H-1→L 

Si-CPDTBT→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 

S4 2.41 0.001 0.8: H-2→L PCBDN→PCBDN 
S5 2.46 0.04 0.6: H-3→L 

0.1: H→L 
0.1: H→L+1 
0.1: H-4→L 

PCBDN→PCBDN 
Si-CPDTBT→PCBDN 
Si-CPDTBT→PCBDN 
PCBDN→PCBDN 

S6 2.49 0.005 0.7: H→L+1 Si-CPDTBT→PCBDN 
S7 2.54 0.0002 0.5: H-2→L+1 

0.3: H-4→L+1 
PCBDN→PCBDN 
PCBDN→PCBDN 

S8 2.62 0.04 0.3: H-4→L+1 
0.2: H-4→L 
0.1: H-1→L+2 

PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 

S9 = S* 2.65 0.4 0.7: H→L+3 Si-CPDTBT→Si-CPDTBT 
Si-CPDTBT-PCBDN in PCBDN 

S1 2.22 0.009 0.8: H-1→L PCBDN→PCBDN 
S2 2.28 0.002 0.4: H-2→L 

0.4: H-1→L+1 
0.1: H→L 

PCBDN→PCBDN 
PCBDN→PCBDN 
Si-CPDTBT→PCBDN 

S3 2.32 0.002 0.5: H-1→L+1 
0.3: H-2→L 
0.1: H→L 

PCBDN→PCBDN 
PCBDN→PCBDN 
Si-CPDTBT→PCBDN 
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S4 = CT 2.44 0.03 0.4: H→L 
0.3: H-2→L 
0.1: H-3→L 

Si-CPDTBT→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 

S5 2.47 0.01 0.4: H-3→L 
0.2: H→L 
0.2: H-4→L 

PCBDN→PCBDN 
Si-CPDTBT→PCBDN 
PCBDN→PCBDN 

S6 2.50 0.004 0.4: H-2→L+1 
0.4: H→L+1 

PCBDN→PCBDN 
Si-CPDTBT→PCBDN 

S7 2.60 0.0003 0.2: H-4→L+1 
0.2: H-4→L 
0.1: H-2→L+2 
0.1: H-1→L+2 
0.1: H-3→L+1 
0.1: H→L+2 
0.1: H-3→L 

PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN   
Si-CPDTBT→PCBDN 
PCBDN→PCBDN 

S8 2.63 0.009 0.5: H→L+1 
0.1: H-4→L+1 
0.1: H-3→L+1 
0.1: H-1→L+2 
0.1: H-2→L+1 

Si-CPDTBT→PCBDN 
PCBDN→PCBDN 
PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN 

S9 2.65 0.002 0.2: H-4→L+1 
0.2: H-1→L+2 
0.2: H-4→L 
0.1: H-3→L 
0.1: H-5→L 
0.1: H-2→L+1 

PCBDN→PCBDN   
PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN 

S10 2.67 0.002 0.3: H-3→L+1 
0.3: H-2→L+1 
0.2: H-1→L+2 

PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN 

S11 2.71 0.02 0.3: H-2→L+2 
0.2: H→L+2 
0.1: H-3→L 
0.1: H-4→L 
0.1: H-5→L+1 
0.1: H-3→L+1 

PCBDN→PCBDN   
Si-CPDTB →PCBDN 
PCBDN→PCBDN   
PCBDN→PCBDN   
PCBDN→PCBDN   
PCBDN→PCBDN 

S12 2.79 0.2 0.3: H→L+2 
0.2: H-3→L+2 
0.2: H→L+3 
0.1: H-5→L+1 

Si-CPDTBT→PCBDN 
PCBDN→PCBDN   
Si-CPDTBT→PCBDN 
PCBDN→PCBDN 
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S13 2.80 0.002 0.3: H-1→L+2 
0.2: H-3→L+1 
0.2: H-4→L+1 
0.1: H-5→L+1 
0.1: H-5→L 
0.1: H-2→L+2 

PCBDN→PCBDN   
PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN   
PCBDN→PCBDN 
PCBDN→PCBDN 

S14 = S* 2.82 0.4 0.6: H→L+3 
0.2: H-3→L+2 

Si-CPDTBT→Si-CPDTBT 
PCBDN→PCBDN 
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Summary 
 
 
 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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Het hoofddoel van het theoretische en computationele onderzoek dat beschreven is in dit 
proefschrift, is het vinden van strategieën die exciton bindingsenergieën in organisch 
fotovoltaïsche materialen verlagen om zodoende hun prestaties te verbeteren. In dit 
proefschrift worden de resultaten besproken van drie voorgestelde strategieën: het 
inbouwen van permanente dipolen in polymeerzijketens, het inbouwen van permanente 
dipolen in [6,6]-fenyl-C61-boterzuur methylester (PCBM) analogen, en het introduceren van 
substitutiepatronen met behulp van elektron-stuwende en elektron-zuigende groepen in 
donor-acceptor co-monomeren. 

Hoofdstuk 1 omvat een introductie in het organisch fotovoltaïsche onderzoeksgebied. 
Tegenwoordig zijn silicium zonnecellen de meest voorkomende zonnecellen vanwege hun 
hoge conversie efficiëntie van zonne-energie naar elektriciteit in vergelijking met 
organische zonnecellen. Momenteel is de best presterende enkel-junctie organische 
zonnecel gebaseerd op het concept van een heterojunctie in drie dimensies die is 
opgebouwd uit een donormateriaal dat positieve ladingen (de zogenaamde gaten) geleidt en 
een acceptormateriaal dat negatieve ladingen (de zogenaamde elektronen) geleidt. De donor 
is doorgaans een donor-acceptor co-polymeer met een kleine bandafstandsenergie die 
verantwoordelijk is voor de meeste lichtabsorptie en de acceptor is doorgaans een afgeleide 
van fullereen, bijvoorbeeld PCBM. 

De lage diëlektrische constante van organische halfgeleiders is verantwoordelijk voor het 
creëren van lokale excitonen, oftewel gebonden elektron-gat paren, op de donor- of 
acceptormoleculen na lichtabsorptie. Door overdracht van elektronen of gaten op de grens 
tussen donor- en acceptormoleculen worden de ladingen in deze lokale excitonen 
gescheiden. Deze stap kan echter leiden tot het creëren van ladingsoverdracht excitonen 
waarin het elektron en gat nog steeds gebonden zijn door middel van een 
Coulombinteractie. Voor deze twee typen excitonen kunnen twee verschillende 
bindingsenergieën worden gedefinieerd: een lokale exciton bindingsenergie en een 
ladingsoverdracht exciton bindingsenergie. Het verlagen van deze bindingsenergieën zal 
naar verwachting leiden tot een verbetering van de prestaties van organische zonnecellen. 

Hoofdstuk 2 beschrijft de theorie van de rekenmethodes die toegepast zijn in het 
onderzoek dat is beschreven in dit proefschrift. In het bijzonder wordt ingegaan op het 
theoretisch modelleren van organisch fotovoltaïsche materialen. In de meeste studies die 
zijn opgenomen in dit proefschrift werd dichtheidsfunctionaaltheorie toegepast om de grote 
systemen, namelijk >100 atomen, te bestuderen, omdat voor deze studies 
dichtheidsfunctionaaltheorie voorziet in de benodigde nauwkeurigheid en computationeel 
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uitvoerbaar is. Tijdsafhankelijke dichtheidsfunctionaaltheorie werd toegepast om de 
lineaire respons van moleculaire systemen op (zwakke) elektrische en magnetische velden 
te bestuderen en zodoende bijvoorbeeld excitatie-energieën uit te rekenen. 

In Hoofdstuk 3 worden de resultaten van het onderzoek aan de eerste voorgestelde 
strategie besproken. Het inbouwen van permanente dipolen in polymeerzijketens leidt tot 
een significante afname in de ladingsoverdracht exciton bindingsenergie. Dit effect wordt 
veroorzaakt door het gunstig richten van de dipolen naar netto ladingen op de donor- en 
acceptormoleculen. Het blijkt dat kleine veranderingen in de oriëntatie van de dipolen al 
leiden tot een significante ladingsstabilisatie. Dit computationele onderzoek toont het 
belang aan van grote dipolen in polymeerzijketens, wat kan worden gezien als een 
aanvulling op alle eisen die gesteld worden aan polymeren om deze geschikt te maken voor 
toepassing in organische zonnecellen. 

De resultaten die besproken zijn in Hoofdstuk 3 werden verkregen door een procedure toe 
te passen die Moleculaire Dynamica combineert met Quantum Chemische berekeningen – 
waarbij gebruik wordt gemaakt van een techniek om een moleculaire omgeving te 
modelleren – om zodoende het effect van een moleculaire omgeving op de elektronische 
structuur van een centraal monomeer-PCBM complex te bestuderen. Om de omgeving te 
modelleren werd de Discreet Reactie Veld methode toegepast waarin het monomeer-PCBM 
complex quantummechanisch wordt behandeld en de omgevingsmoleculen klassiek door 
middel van puntladingen en polariseerbaarheden. 

In Hoofdstuk 4 worden de resultaten van het onderzoek aan de tweede voorgestelde 
strategie besproken. Het blijkt dat ook wanneer dipolen ingebouwd zijn in PCBM analogen, 
de ladingsoverdracht exciton bindingsenergie significant afneemt. Dit werk leidt tot 
veelbelovende strategieën om ladingsscheiding in organische zonnecellen te verbeteren 
door middel van het optimaliseren van de moleculaire omgeving: het inbouwen van 
permanente dipolen in PCBM analogen en het variëren van de concentratie van deze 
moleculen in een polymeer/PCBM mengsel. Dientengevolge kunnen zowel de grootte van 
de ingebouwde dipolen in polymeerzijketens en/of PCBM analogen als het variëren van de 
concentratie van deze moleculen in het mengsel gebruikt worden als parameter om de 
diëlektrische afscherming van de omgeving te optimaliseren. 

In Hoofdstuk 5 worden de resultaten van het onderzoek aan de derde voorgestelde 
strategie besproken. Het introduceren van kruis-geconjugeerde substitutiepatronen met 
behulp van mesomerische elektron-stuwende en elektron-zuigende groepen in donor-
acceptor co-monomeren leidt tot een afname in de lokale exciton bindingsenergie. Voor de 
elektron-gat interactie en de verticale lokale exciton bindingsenergie zijn significante 
verschillen gevonden tussen monomeren met lineair-geconjugeerde en met kruis-
geconjugeerde substitutiepatronen van mesomerische groepen, hetgeen begrepen kan 
worden met behulp van simpele Hückel theorie. Een redelijke correlatie tussen de 
dipoolverandering door excitatie en de verticale lokale exciton bindingsenergie suggereert 
een mogelijke correlatie tussen eigenschappen gerelateerd aan de moleculaire structuur en 
belangrijke fotofysische eigenschappen, alhoewel deze correlatie minder uitgesproken is 
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voor de trimeren. Dit werk laat zien dat belangrijke fotofysische eigenschappen, zoals de 
exciton bindingsenergie in het geval van organisch fotovoltaïsche materialen, 
geoptimaliseerd kunnen worden met behulp van chemische veranderingen door toevoeging 
van bepaalde functionele groepen aan een systeem. 

Met het werk beschreven in Hoofdstuk 6 wordt inzicht verworven dat nuttig kan zijn voor 
toekomstige ontwikkelingen van veelbelovende organisch fotovoltaïsche materialen. Ten 
eerste laat het voor dezelfde serie co-monomeren als in Hoofdstuk 5 zien dat er geen relatie 
bestaat tussen de bindingsenergie van het lokale exciton op een monomeer en dat van het 
ladingsoverdracht exciton op een monomeer-PCBM complex. Dit resultaat kan worden 
begrepen omdat voor de bestudeerde co-monomeren de variatie in de lokale exciton 
bindingsenergie voornamelijk afhangt van de variatie in de elektronaffiniteit van de co-
monomeren, hetgeen geen effect heeft op de ladingsoverdracht exciton bindingsenergie. 
Ten tweede geeft Hoofdstuk 6 voor de bestudeerde co-monomeren en de corresponderende 
trimeren gedetailleerde informatie over de hoeveelheid lading die wordt overgedragen 
tijdens de excitatie en de mate van scheiding van de positieve en negatieve ladingen die 
gevormd worden tijdens de excitatie, genaamd de ‘ladingsoverdracht excitatielengte’. Deze 
gedetailleerde studie van het excitatieproces onthult dat voor de bestudeerde moleculen de 
thiofeen tussengroep die de donor- en acceptorfragmenten van het co-monomeer aan elkaar 
koppelt, actief meedoet in het ladingsoverdrachtsproces en dat deze bijdrage 
geoptimaliseerd kan worden door bepaalde substitutiepatronen van elektron-stuwende en 
elektron-zuigende groepen te kiezen. 

Hoofdstuk 7 bevat een overzicht van verschillende interessante richtingen voor 
toekomstig onderzoek, gebaseerd op studies beschreven in dit proefschrift 
(kikkerperspectief) en gebaseerd op onderzoek dat momenteel wordt uitgevoerd in het 
gehele organisch fotovoltaïsche onderzoeksgebied (vogelperspectief). Vanuit 
kikkerperspectief zijn interessante richtingen studies naar de flexibiliteit van de 
polymeerzijketens en de staarten van de PCBM analogen waarin de dipolen worden 
ingebouwd, studies naar de tijdschalen voor het gunstig richten van deze dipolen, en studies 
die tot doel hebben de diëlektrische respons te voorspellen van verschillende moleculen 
beschreven in dit proefschrift. Verder wordt betoogd dat sommige beoogde toekomstige 
ontwikkelingen in de Theoretische Chemie zouden kunnen bijdragen aan het begrijpen van 
het ladingsscheidingsmechanisme in organisch fotovoltaïsche materialen, hetgeen 
momenteel gezien wordt als één van de grote uitdagingen in dit onderzoeksgebied. 

Vanuit vogelperspectief wordt toekomstig onderzoek verwacht in gebieden die zich 
richten op het laten toenemen van de prestaties van organische zonnecellen door middel 
van allerlei strategieën, het laten toenemen van de levensduur van organische zonnecellen, 
en het verlagen van de kosten voor het produceren van organische zonnecellen. Momenteel 
wordt al onderzoek gedaan in al deze drie richtingen aan universiteiten, 
onderzoeksinstituten en in de industrie. Hoofdstuk 7 eindigt met een toelichting op de 
vooruitzichten voor organisch fotovoltaïsche zonnecellen. Ondanks het feit dat momenteel 
de efficiëntie van zonnecellen gemaakt van anorganische/organische hybride perovskiet-
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gebaseerde materialen veel hoger is dan de record efficiëntie van zonnecellen gemaakt van 
polymeren, wordt betoogd dat er nog steeds een zonnige toekomst is voor zonnecellen 
gemaakt van polymeren. Deze conclusie is gebaseerd op het feit dat nog veel onbekend is 
over het ladingsscheidingsmechanisme in organisch fotovoltaïsche materialen. Bovendien 
mag verwacht worden dat meerdere veelbelovende duurzame energietechnologieën in staat 
zullen zijn een redelijk marktaandeel te verwerven vanwege unieke overtuigende 
marktvoordelen. 
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