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Chapter 1 
 
 
 
 
 
 
 

General Introduction 
 
 
 
 
 
Recently developed types of conjugated systems are one of the most preferable and 

promising components that used in organic photovoltaic (OPV) devices. They are 

very favorable because of the high convertion rates of solar energy into electricity, 

and at the same time greatly desirable due to their potential of low cost 

production. Simultaneously, these systems raise many intriguing but yet 

unanswered questions concerning initial stages charge photogeneration that occur 

at timescales from tenths to tens of picosecond (10-13-10-10 s). For instance, one of 

such questions is the influence of the acceptor electron affinity on the charge 

recombination rates, and another question concerns the effect of the excess energy 

on the long-range charge separation. The goal of this thesis is to elucidate the 

nature of ultrafast charge photogeneration, and to clarify the inter-/intra- 

molecular charge transfer processes that form the crucial initial steps in the energy 

conversion process in OPV devices. This chapter introduces the main concepts of 

the systems studied in this thesis and the processes related to charge transfer. In 

addition, it contains a description of the experimental methods used throughout 

the thesis. For the convenience of the reader, a concise outline of this thesis is 

presented at the end of this chapter. 
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1.1. Main intro to organic photovoltaics 

1.1.1. Conjugated systems 

Conjugated systems are chemical structures in which π-orbital bonding plays a 

crucial role. One requirement for conjugation is the alternation of single and 

multiple bonds, which leads to charge delocalization over the bonds participating 

in the conjugation. This unique property results in a decrease of the energy of the 

molecule and an increased stability.1 The moieties forming conjugated systems can 

be linear, cyclic, acyclic, and even of mixed nature. Typical examples of conjugated 

systems are small organic molecules like benzene, chromophores, carbon 

nanotubes, and many polymers. The development of the last group (a schematic 

polymer structure is presented in Figure 1.1) has drawn quite some attention over 

the past decades. The importance and relevance of this class of materials has been 

recognized in 2000 when Alan J. Heeger, Alan G. MacDiarmid, and Hideki 

Shirakawa were awarded the Nobel Prize in chemistry “for the discovery and 

development of conductive polymers”. Nowadays conjugated polymers are found 

in numerous applications, including solar cells,2 light-emitting diodes (LEDs),3 

sensors,4 and organic photovoltaics.5 

 

Figure 1.1. Pictorial representation of the polymer structure. The red segments represent a 

model structure of polymerized monomer, while the blue line is a conjugation bond. 
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1.1.2. Organic photovoltaics and their fundamental principles 

When thinking of organic photovoltaics (OPVs), one usually identifies a class of 

electronics that obligatorily includes an organic conjugated conductive molecule. 

These molecules play a central role in photon-to-electron conversion processes, 

from light absorption to charge generation and further transport to the electrodes. 

The main advantages of using organic molecules are potentially low production 

costs in large volumes and solution processability. Furthermore, such OPVs are 

relatively flexible and lightweight, and are thus very convenient for 

portable/wearable applications as well. However, several weaknesses need to be 

overcome before this technology can truly triumph. These weaknesses concern 

primarily the relatively low conversion efficiency (up-to-date around 12%6,7), and 

the limited  photostability8 when compared to inorganic analogues.9 

Generally, an organic solar cell (OSC) has a minimal structure consisting of 

several layers.10 Usually, these layers are a glass (or plastic) substrate, transparent 

top electrode, the active layer, and a non-transparent bottom electrode. The active 

layer is typically a few hundred nm thick blend of light-absorbing organic 

semiconductor materials (we will explain later why at least two different materials 

are needed), in which the photoconversion process occurs. A pictorial 

representation of a typical OSC is depicted in Figure 1.2a. The charge generation 

processes—the most relevant and important for power conversion efficiency 

(PCE)—occur on an ultrafast timescale between photon absorption and the 

appearance of unbound charges.11 The electrodes provide an energy offset to help 

in the extraction of charges from the active layer. 

All of these processes start right after the photoexcitation of either the donor or 

acceptor molecule. If the donor molecule is optically excited, i.e. an electron is 

excited from the highest occupied molecular orbital (HOMO) to the lowest 

unoccupied molecular orbital (LUMO), the excited electron and the hole left 

behind form a bound pair of charges, the so-called exciton. In organic 

semiconductors, this state is stable due to the low dielectric constant (ε~3) which 

prevents spontaneous dissociation of the exciton into separate charges, in contrast 

to their silicon analogues.12 To overcome this difficulty, a second compound 

(acceptor), with a lower LUMO energy than the donor is blended with the donor 

material. If the LUMO energy level mismatch at the interface of the donor and the 

acceptor domains is higher than the binding of the exciton (typically 0.2–0.5 eV),13-

15 it is likely that the exciton, after diffusion to the interface, will dissociate into 
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separated charges. This process usually occurs on an ultrafast timescale, within 

~10-13 s16 and is called electron transfer (ET). 

 

 

Figure 1.2. (a) Schematic of an organic solar cell. The red and green areas represent the 

electron donating and electron accepting materials, respectivetely. The main charge 

photogeneration steps include photoexcitation (yellow flash), followed by the creation of an 

exciton (Ex) and its diffusion towards the interface, where it dissociates into an electron (e–) 

and a hole (h+). Afterwards created charges migrate to the electrodes. (b) A simplified 

scheme of the energy band diagram, together with the possible optical excitations (solid 

arrows) and charge transfer processes: electron transfer (ET) and hole transfer (HT) 

(dashed arrows). The HOMO and LUMO are the highest occupied molecular orbital and 

lowest unoccupied molecular orbital, respectively. 

The reverse of the ET scenario is also possible: the hole transfer (HT) process. 

This process starts with direct photoexcitation of the acceptor, after which the 

positively charged particle (hole) is transferred between the HOMO levels (Fig. 

1.2b) of the donor and acceptor moieties. As in the previous case, this scenario 

requires a sufficiently large offset between the HOMO levels to overcome the 

exciton binding energy. The combined efficiency of the ET and HT processes 

determines the maximum possible quantum yield of the device.17,18 

Irrespective of the origin of the charges, many other processes are involved in 

determining the overall efficiency of a plastic solar cell. A first important one is the 

geminate charge recombination occuring the first tens of picoseconds after charge 

generation. This process will be studied in this thesis. Another important limiting 

 

 
Donor Acceptor

HOMO

LUMO

HT

ET

a) b) 
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step – however, stretching beyond the scope of this thesis - is the transport of the 

separated charges to the electrodes through the percolated network in the blend. 

The efficiency of this transport process depends on both exciton diffusion length 

and morphology of the blend. This transport can take up to several µs19 during 

which non-geminate recombination can occur leading to a loss of charges20,21. This 

process leads to a reduction of the photocurrent, voltage, and fill factor22 of OSCs, 

which causes a PCE decrease. However, despite such complexity of the 

mechanisms of the photovoltaic effect in an OSC, it has been shown recently that 

when these processes are optimized, the PCE of the devices could reach more than 

10% in tandem solar cells.23 One way to achieve such high-value performance is 

the optimization of the morphology of the active layer, as the majority of above-

mentioned ultrafast processes are very susceptible to it.24 

1.1.3. Bulk heterojunction blends of organic conjugated systems 

One of the approaches to make an OSC commercially attractive and hence 

commonly usable is to increase its PCE. To reach this goal, one of the first steps is 

to improve the efficiency of the charge separation process. To improve the charge 

separation one needs to make the area of the donor/acceptor interface as large as 

possible, while at the same time ensuring that the excitons still reach the interface. 

The size of the species domains should not be larger then the exciton diffusion 

length, which in organic semiconductor media rarely exceeds 10–15 nm.25,26 It is 

clear that the “classical” bi-layered structure of the solar cell (depicted in Figure 

1.3a) in which the layers of donor and acceptor molecules are simply on top of each 

other is not the structure leading to a high PCE. The reason for this is that, if the 

layers are thin enough to ensure that excitons can reach the interface, their 

absorption becomes so low that most of the incoming photons will not be absorbed 

but rather be transmitted through the active layer.27,28 One possible solution to this 

is to make a vertical structure of thin layers to increase their number and, 

therefore, their absorption. Such an ideal architecture would include a columnar 

structure with alternating thin donor and acceptor columns as depicted in Figure 

1.3b. However, due to the complexity of the fabrication of these devices, the plastic 

solar cells would lose one of their main attractions—cheapness—because of the 

vast increase of the production cost. A compromise solution was found and 

realized in the so-called dispersed, or bulk heterojunction (BHJ), structure,29 which 

is a self-organized blend of donor and acceptor moieties (Figure 1.3c). The typical 



Chapter 1 

 

 6 

size of the donor/acceptor domains in a BHJ can be controlled in various ways in 

order to match it with the exciton diffusion length, and hence improve the charge 

separation efficiency. One of the most straightforward methods is through the 

control of the donor/acceptor concentration ratio.30  

с   

Figure 1.3. Schematic representation of possible architectures of the OSC: (a) bi-layered 

arrangement, (b) “ideal” columnar structure, and (c) bulk heterojunction concept. 

Apart from considering binary combinations, also ternary blends of organic 

bulk heterojunctions have been considered.31 In these systems the role of the third 

component is to provide a second donor material with a different absorption 

range, thereby increasing the absorption range of the blend, making a better match 

to the solar spectrum. It has been shown that such an approach indeed increases 

the performance of the cell due to enhanced light collection; however, it requires a 

highly optimized charge transport matrix with very little charge recombination 

losses.32 Therefore, ternary blends of organic BHJs have a need of more detailed 

research, which however is out scope of this thesis. 

1.1.4. Used materials 

A promising path towards high PCE in BHJ solar cells is the development of new 

materials for active layers of the device. These materials should demonstrate a 

variety of desired properties, like increased solar spectra absorption, easily 

controlled HOMO/LUMO levels and other specific properties which limit the PCE 

currently. In this section we provide a short overview of such materials, which will 

be considered in more detail later in this thesis.  

Several new classes of high-performance donor systems have recently been 

introduced.33-35 Among them, the third generation of functional polymers, which 

are often called push-pull polymers,36 is the most promising. The reason for this is 
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their distinct structure – alternating donor and acceptor units (“pushing” and 

“pulling” electron dencity respectively) contained within each polymerized 

segment. This feature gives these polymers a unique properties: high oscillator 

strength and an optimized band gap (difference between HOMO and LUMO 

energies), which leads to extension of the absorption spectrum into the red, 

resulting in improved collection of solar radiation. The photophysics in these 

molecules is expected to be similar to well-studied ground state charge transfer 

complexes (CTCs)37,38 despite their different structures.  

Along with novel polymers, another class of donors based on the so-called star-

shaped small molecules recently attracted attention.39 Similar to the push-pull 

polymers, these materials possess donor and acceptor units, but in this case in a 

star-like arrangement within each molecule.  

Despite impressive efficiencies demonstrated in devices based on these novel 

OPV materials,6,7,23 little is known about the initial steps of charge generation that 

initiate photon-to-voltage conversion in them. For example, these systems 

demonstrate an intricate interplay between the intramolecular and intermolecular 

charge transfer processes – a fact that has not been deeply appreciated yet. Another 

issue that needs a better understanding is the effect of “hot” states (the states 

which have an excess of vibrational energy) on charge separation of photoinduced 

excitations, and, hence, on the overall efficiency of the device. We will elaborate on 

these points in the introductory sections that follow. 

The acceptor material is also an important player in highly efficient OPV 

devices. Despite serious efforts to find new classes of capable acceptors over  last 

decades,40-42 the acceptor role is still firmly occupied by C[60]/C[70] fullerenes and 

in particular their soluble derivatives.43 Both materials will be used in research 

presented in this thesis. 

1.2. Ground state CTCs 

The construction consisting of two (or more) molecules, or different parts of one 

large molecule is called a CTC if a fraction of the electronic charge is transferred 

between the molecular entities.44 If it occurs in the ground state, then it is called a 

ground state CTC. The molecular formation is stabilized by resulting electrostatic 

attraction of the fragments.45 Such complexes could be conceptually divided into 

two fragments: the source molecule, from which the negative charge is transferred, 

is called the electron donor, and the receiving species, which is called the electron 
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acceptor. Figure 1.4 represents the schematic of the energy levels in CTCs. The 

CTC could be formed naturally (without any external action) if some requirements 

are satisfied. The most important necessities are: the energetic position of the 

molecular orbitals (the difference between donor HOMO and acceptor LUMO 

levels plays an essential role) and spatial wave function overlap of the molecules 

(i.e. there is no steric hindrance).46 One of the features of ground state CTCs is a 

partial redistribution of electronic density from the donor to the acceptor molecule 

already in the ground state, unlike the excited state CTCs.47 

Over the last 50 years, “weak” (when charge transfer state does not constitute a 

strong covalent bond) or so-called Mulliken CTCs formed between small 

conjugated molecules have been a topic of intensive study.37 In contrast, CTCs 

invoving conjugated polymers have only recently attained significant attention, 

most notably in organic blends used in photovoltaic applications.38 For instance, it 

has been found that the archetypical conjugated polymer for photovoltaics, MEH-

PPV, forms an intermolecular ground state CTC with low-molecular-weight 

organic acceptors.48,49  

  

Figure 1.4. (a) Energy level representation of separate molecules and a CTC formation. The 

dotted blue arrow symbolizes electron transfer from HOMODonor to LUMOAcceptor under a 

photoexcitation; (b) Example of chemical structures of the CTC forming materials. 

There are several reasons why these complexes became an important subject of 

studies. One of them is interest from the point of view of fundamental science 

because CTCs lay at the heart of many photoinduced charge transfer processes in 

physics, chemistry, and biology.50-52 Another point is that the ground state CTCs 
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can be considered as a model for photophysics in more complex systems, such as 

push-pull polymers or small molecules, which are considered prospective, for 

instance, for nonlinear optics and in OPV applications.53 These materials have 

some analogy in their structure to the ground state CTCs, where the electron is 

transferred from the donor to acceptor(s) unit(s). Despite an obvious difference 

(push-pull polymers and small molecules are intramolecular complexes, while 

ground state CTCs are intermolecular ones), the photophysics in both are quite 

similar. Additionally, CTCs have several interesting photophysical properties 

governed by the molecular structure of the donor-acceptor pair.54,55 For instance, it 

has been found that CTCs can be beneficial for OSCs because their absorption 

range extends up to 1 µm.55 More detailed description of this and other properties 

will be given later in the corresponding chapter.  

1.3. Intramolecular versus intermolecular charge transfer 

An important way to increase the efficiency of the solar cell is to broaden (i.e. to 

better match with solar spectrum) the absorption spectrum of the active layer by 

decreasing the band gap of the materials used in this layer. This works in the 

following way: after reduction of the band gap, photons with lower energy could 

create excitons and thereby a larger part of the solar spectrum will be covered and 

hence the PCE of the overall device will increase. For instance, one of the most 

used conjugated polymers in OPV – poly(3-hexylthiophene-2,5-diyl), or P3HT – 

was successfully replaced by polymers with optimized HOMO/LUMO level 

positions and broader absorption spectra.56 In addition, the typically used acceptor 

molecule – phenyl-C61-butyric acid methyl ester, or [60]PCBM, one of the soluble 

C[60] fullerene derivatives, was substituted by [70]PCBM, another fullerene 

variation with a more pronounced absorption in the blue area of the spectrum.57  

Currently, the best candidates to take the role of broad absorbing ingredients 

are the push-pull polymers, not in the least due to the ability to engineer their band 

gap. The main feature of this class of materials is their structure which is designed 

on the basis of alternating donor and acceptor subunits within the monomeric unit 

(Figure 1.5).58 As a consequence of the interaction of the donor and acceptor 

moieties within one segment, the formation of an intramolecular, ground state 

CTC occurs leading to a small band gap, and hence an increased absorption in the 

red part of the solar spectrum. 
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Figure 1.5. Schematical representation of a push-pull polymer: (a) pictorial illustration of 

the monomer segment structure and (b) schematic of energy levels of the separated 

molecules (red and blue) and the monomer/polymer (green). 

Although impressive efficiencies were demonstrated recently with devices 

based on push-pull polymers,6,7 still not much is known about their photophysical 

properties, such as charge separation and recombination processes, which 

ultimately determine the quantum efficiency of the photon-to-voltage conversion. 

In particular, there are questions about the interplay between the initial 

intramolecular (intrapolymer, to be precise) and intermolecular charge transfer 

processes that follow photon absorption.  

Figure 1.6a shows the intramolecular scenario, when charge separation occurs 

within one donor molecule. Due to absence of the external acceptor, such as a 

fullerene, and therefore lack of any possible route to escape, the initially separated 

charges will recombine after some time. However, in the presence of the external 

acceptor ([70]PCBM molecule in this situation), the electron has a chance to be 

transferred further and hence to prevent recombination (Figure 1.6b). This is the 

intermolecular charge transfer scenario. 

In BHJ blends both scenarios are possible. However, the first, intramolecular 

scenario is not favourable for OPV functionality, as it supplies no long-lived 

separated charges. The second, intermolecular scenario is exactly what is needed 

for a functional device. The interplay between these two processes will be studied 

in Chapter 3. 
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Figure 1.6. Possible scenarios of ET in the donor:acceptor system: (a) intramolecular charge 

transfer and (b) intermolecular charge transfer. Blue and red arrows represent forward and 

back (geminate recombination) ET. 

1.4. Delocalization of the “hot” states 

Yet another concern during the charge separation process is the role of the hot 

states on the long-range charge separation. Indeed, the formation of free charge 

carriers in OPV devices is known to be mediated by an interfacial charge-transfer 

(CT) state, which is a bound electron-hole pair at the organic semiconductor 

interface. Despite the critical importance of the dissociation process of the bound 

pair of charges59 (through the CT state) into separated charges at the organic 

semiconductor interface (Figure 1.7), its mechanism has not been fully elucidated 

yet. Some authors60,61 suggest that after singlet photoexcitation (S0→S1) and 

transferring of the exciton through the manifold of CT states, additional vibrational 

energy is required for the enhanced exciton dissociation into a pair of separated 

charge (CS) carriers. In other words, this state has to be hot (CTi), which promotes 

its delocalization and, therefore, charge separation. This situation corresponds to 

the hot dissociation scenario. An alternative viewpoint proposes that the initially 

created hot CTi state is not of any significance because it rapidly relaxes to the 

lowest “cold” (CT0) energy state from which charge separation occurs.62,63 This  is 

called the cold dissociation scenario. At the moment there is no clear consensus on 

the relevance of either of the two processes and their efficiency in real working 

devices. Moreover, it is still not clear how fast the hot state relaxes to the cold one, 

and how delocalization of the CTi state helps (if it does at all) charge separation. 

The roles of the different pathways for charge separation efficiency in conjugated 

systems will be addressed in Chapter 4. 
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Figure 1.7. Free energy state diagram for a typical OPV system with schematic 

representation of the hot and cold dissociations scenarios. The brown arrow represents the 

excitation from the ground to the excited state, light blue arrow -  further transfer to the CT 

state, while red and blue arrows demonstrate the hot and cold scenarios, respectively. 

1.5. BHJ based on “star-shaped” small molecules  

An alternative to the “polymer direction” in material development for solution 

processable BHJs are devices based on small molecule (SM) donors, which have 

recently gained a fair amount of attention.64,65 The OSCs based on these molecules 

combine many advantages of the polymer blends, like their ease of production, 

solution processability, and flexibility. At the same time, they offer several 

additional benefits like high purity, good batch-to-batch reproducibility, and well-

defined molecular structure and molecular weight.66,67 Several types68-72 of SMs are 

currently established with the potential to be used as a donor moiety in organic 

BHJs. The most relevant of them are linear and star-shaped SMs. A pictorial 

representation of linear and triple star-shaped molecules is given in Figure 1.8.  

The first of these SMs were studied during the last decade, and already now 

OSCs based on linear SMs recently reached a relatively high PCE of ~7%.69 The 

efficiencies of OPV materials based on star-shaped SMs are close to it (~6%73), but 

these molecules have a number of attractive advantages over linear organic 

conjugated oligomers and polymers. These advantages are related to better 

controlled morphology and improved solubility,71,72 which can be achieved due to 

the structural uniformity and high degree of purity of SMs.  
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Figure 1.8. Schematics of different types of SM: (a) linear SM and (b) star-shaped SM. 

Arrows show potential directions of the electron transfer; in reality the electron is more 

delocalized (for detailed calculations of star-shaped molecule, see Chapter 5). 

The structure of the linear and star-shaped SMs has some similarity to the 

structure of the push-pull monomer: they both contain a donor and an acceptor 

unit. Therefore, the charge-transport properties of both classes of the materials can 

be expected to be similar. Due to the novelty of SMs in photovoltaic applications, 

the key processes of initial charge generation and recombination have never been 

studied. A preliminary report on these properties will be presented in Chapter 5.  

1.6. Charge detection and photoinduced absorption spectroscopy 

Linear spectroscopy is a source of related to excited state information for systems 

at equilibrium; however, it does not provide any knowledge about the systems at 

non-equilibrium, nor the charge-transfer dynamics. Therefore, there is a need for a 

technique where it is possible to induce a concentration of charges and monitor 

their evolution over time, or, in other words, to monitor the dynamics of the 

photoexcited systems. Due to the fact that all charge-related initial processes inside 

the blends of conjugated systems occur on an ultrafast (10-13-10-10 s) time scale, the 

charge monitoring procedure requires a method with adequate temporal 

resolution. One of the techniques that possesses this requirement is optical 

spectroscopy.  

It has been demonstrated that after photoexcitation and splitting of the created 

exciton on the donor-acceptor interface, the surplus positive charge at the polymer 
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site induces changes in the donor electronic structure.74 This leads to the creation of 

a few additional absorption bands within the band gap of the donor in the IR 

region.75,76 These bands are called low energy (LE) polaron and high energy (HE) 

polaron absorption bands. Figure 1.9 shows a pictorial representation of the band 

diagram during a photoexcitation process for a typical organic conjugated system 

and photoinduced absorption spectrum of one of those studied in this thesis: the 

push-pull polymer benzo-[1,2-b:3,4-b’:5,6-d”]trithiophene-diketopyrrolopyrrole 

(BTT-DPP) in Chapter 3. If the transition cross-section does not change in time 

(which might be triggered for instance by a degradation of the studied material or 

reorganization of the sample’s molecules), the induced absorption of the system 

will be proportional to the amount of the photoinduced charges (holes).  

  

Figure 1.9. (a) Pictorial representation of the energy band diagram for a typical organic 

semiconductor during a photoexcitation process. The grey balls represent charges: electrons 

and holes. First of them being excited from the ground state. The blue dotted arrow is the 

electrom transfer from the donor to acceptor LUMO, while HE and LE stay for high energy 

and low energy polaron transitions, respectively; (b) spectra of the ground state (yellow 

curve) and photoinduced absorption for BTT-DPP polymer at short time delays (3 ps), 

represented by orange and green curves respectively. The Gaussians represent a provisional 

decomposition of the photoinduced absorption spectrum in HE, LE and Excitons absorption 

bands. ΔT/T stands for relative transmission change of the probe. 

Hence, we arrive at the concept of the photoinduced absorption (PIA) 

technique: creation of the photoinduced charges in the sample with a first (visible) 

pump pulse and monitoring the concentration of photoinduced charges (holes) 

after a time delay by probing the LE or HE absorption bands with an IR probe 

pulse (Figure 1.10). The lifetime of photogenerated charges can then be determined 

from the change of the amplitude of the induced absorption with time. 
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 The  most suitable feature for probing photoinduced charge dynamics is the LE 

band due to several attractive features. First of all, it is not contaminated by other 

photoinduced responses, like electroabsorption, stimulated emission etc. as the HE 

band could be.77 Additionally, in this region there is no ground state absorption 

due to IR active vibrational modes (Fig. 1.9b). This means that one can perform 

background-free measurements. Another remarkable feature of the LE band is the 

fact that the orientation of the LE transition dipole correlates with the orientation 

of the excitonic transient dipole.78 This results in an opportunity to follow not only 

the charge concentration but also their delocalization such as hole diffusion in the 

polymer domain. This information is brought about by the so-called transient 

anisotropy arrangement, which will be widely used in this thesis. 

  

Figure 1.10. (a) Schematic representation of the PIA experiment: green and red arrows 

represent pump and time-delayed probe, overlapping in the studied sample; (b) typical 

example of the charge concentration evolution (yellow curve) in an organic conjugated 

system after excitation (marked as VIS pump). ΔT/T stands for relative transmission 

change of the probe, which is proportional to photoinduced charge concentration. 

 

1.7. Motivation and scope of the thesis 

The processes of photoinduced charge separation and transfer are very important 

steps for the efficient operation of plastic solar cells. Deep understanding of these 

steps is crucial for the further optimization of OPV devices based on the novel 

conjugated systems. There are many intriguing questions that still remain 

unanswered. What is the influence of the donor/acceptor absolute and relative 

HOMO levels difference on the charge recombination process? How does the 
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excess of vibrational energy affect the charge separation at the heterojunction 

interface in novel conjugated systems? How does the electronic structure of the 

donor/acceptor molecule determine the photovoltaic properties of the mixture? 

This thesis presents an attempt to find answers for many of these questions. 

The thesis consists of five chapters, including the introduction as Chapter 1. 

Each of the following chapters addresses one particular problem of charge 

photodynamics in the blends of novel conjugated systems. 

In Chapter 2 we discuss the optical properties of ground state CTCs formed by 

one of the archetypical conjugated polymers, MEH-PPV, and a set of the fluorene-

based electron acceptors. In this study, a selection of optical techniques is used, like 

steady state absorption, Raman spectroscopy, and the ultrafast visible pump – IR 

probe PIA technique. The obtained results demonstrate that the differences in 

electron affinity of the acceptors (hence the HOMO and LUMO level positions) are 

correlated with the charge recombination rates in the blends. Exponential scaling 

of the charge recombination rates was observed, with a decrease of the acceptor 

LUMO energy in such CTCs. 

The issue addressed in Chapter 3 is the interplay between the initial 

intramolecular and intermolecular charge transfer processes following photon 

absorption in contemporary push-pull polymers, where processes of charge 

generation have not been fully elucidated before. These polymers are novel 

conjugated polymers that are designed for organic photovoltaic applications on the 

basis of alternating donor and acceptor units. For separation of intra- and inter-

transfer processes, we used blends with different donor/acceptor LUMO energy 

level positions. The charge transfer dynamics are studied by PIA visible pump – IR 

probe spectroscopy. The results show the importance of an effective intermolecular 

charge transfer process for efficient photogeneration of charges, in agreement with 

power conversion efficiencies reported in the literature.  

Chapter 4 is dedicated to the question of the importance of hot CT states for the 

initial long-range charge separation (delocalization). How the electron and hole 

overcome their mutual Coulombic attraction and separate at the heterojunction’s 

interface in the OSCs and what determines the efficiency of this process, are the 

main issues addressed. The hot states were obtained by optical IR excitation of the 

interfacial CT state. For monitoring the charge dynamics either another, third 

optical pulse was applied to obtain the best time resolution on initial delays, or 

induced photocurrent was measured to confirm the ultrafast spectroscopy findings 
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and demonstrate the effect on the macroscopic time scale that is relevant to the real 

devices. Theoretical quantum chemistry calculations confirm obtained 

experimental results. These results present an insight into the charge separation 

process in organic photoconversion systems. Moreover, the results show that the 

hot state charge delocalization channel could play an important role in charge 

separation efficiency in OPV systems.  

In Chapter 5, a study of the charge dynamics in donor/acceptor blends based 

on novel, star-shaped small molecules and [70]PCBMs is presented. Blends based 

on three star-shaped donors that differ from each other by length of the alkyl end 

group and the conjugated chain, are studied. We demonstrate how the efficiency of 

the long-lived charge generation and the intramolecular and intermolecular 

recombination times depend on the donor’s chemical structure. The obtained 

results suggest that the intermolecular recombination becomes a dominant factor 

at high acceptor concentrations, where the particular concentration value depends 

on the length of the donor’s alkyl end group. 

Finally, a conclusion and outlook of the research, which is accessible for the 

non-expert reader level will be given in the Summary. 
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Chapter 2 
 
 
 
 
 
 
 

Charge Transfer Dynamics in Donor-Acceptor 
Complexes between a Conjugated Polymer and 

Fluorene Acceptors 
 

 

This chapter is devoted to ground and excited state charge transfer in charge 

transfer complexes in films formed from a semiconducting polymer, MEH-PPV 

(poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene]) blended with a 

variety of fluorene electron acceptors. The electron affinity (EA) of the fluorene 

acceptors is systematically varied over ~1.5 eV by attachment of various electron 

withdrawing groups to the fluorene core. Steady-state absorption and Raman 

spectroscopies are used to investigate the formation of the ground state charge 

transfer complexes. The charge transfer dynamics are studied using an ultrafast 

visible-pump – IR-probe photoinduced absorption experiments. We demonstrate 

that the acceptor EA is the key – but not the only – parameter that governs charge 

recombination rates which scale exponentially with the EA. From the time-

resolved data we deduced a model that describes the blend morphology for 

acceptors with low and high EAs. The results presented herein have a clear 

implication for organic photovoltaics as increasing the acceptor EA increases the 

driving forces for efficient exciton dissociation but inevitably increases the rate of 

charge recombination. 

 

 
The current chapter is based on the following publication:  

Pavelyev, V. G.; Parashchuk, O. D.; Krompiec, M.; Orekhova, T. V.; Perepichka, I. F.; van Loosdrecht, P. 

H. M.; Paraschuk, D. Y.; Pshenichnikov, M. S., Charge Transfer Dynamics in Donor–Acceptor 

Complexes between a Conjugated Polymer and Fluorene Acceptors. The Journal of Physical Chemistry C 

2014, 118, 30291-30301.  
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2.1. Introduction 

The electronic ground state of a molecular charge transfer complex (CTC) is 

formed by the transfer of a fraction of the electron charge between the non-

covalently bound molecular entities, the donor and the acceptor. CTCs and the 

very process of electron transfer (ET) lay at the heart of many photoinduced 

processes in physics, chemistry, and biology.  According to the Mulliken model,1,2 

the amount of the donor to acceptor charge transfer in the CTC ground state is 

mainly controlled by the difference between the donor ionization potential and the 

acceptor EA or in first approximation by the energy difference between the 

acceptor lowest unoccupied molecular orbital (LUMO) and the donor highest 

occupied molecular orbital (HOMO), also known as the effective HOMO-LUMO 

gap.3  

In recent years, a novel kind of Mulliken-type CTCs involving conjugated 

polymers as donors has been identified in a variety of polymer-acceptor blends.4-8 

А number of unusual properties makes the polymer-based CTCs especially 

fascinating in comparison to their small-molecule counterparts. Planarization of 

the polymer chains9 and formation of crystalline domains10 are but two examples. 

Such properties are closely related to charge delocalization over conjugated 

polymer chains (non-existing in small-molecule CTCs) so that the electron density 

from a number of the repeating units of the polymer is transferred to an acceptor 

molecule.9,11 Furthermore, the polymer-based CTCs can be beneficial for organic 

solar cells because their absorption range extends up to 1 µm (i.e. deeply into the 

polymer band gap12) and the polymer photooxidation stability is also drastically 

increased due to CTC formation.13,14  

Ground-state CTCs have also been observed in conjugated polymer-fullerene 

blends15 although their absorption is extremely weak.16-18  These observations have 

changed the long-standing paradigm19 in organic photovoltaics (OPVs) that ET 

occurs only in the excited state of a donor:acceptor system while the ground-state 

charge transfer is irrelevant.20 Nowadays the charge transfer (CT) state with the 

hole at the donor and the electron at the acceptor, both near the interface, is 

recognized as a key intermediate state on the route from photon absorption to 

creation of free charges in various donor:acceptor combinations.21,22 Furthermore, 

the new generation of low band gap conjugated polymers for OPV, which has 

already demonstrated the highest efficiencies in polymer solar cells,23,24 is built 

upon a push-pull donor:acceptor concept (i.e. covalently linked alternating 
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electron donating and electron accepting monomer units in the polymer 

backbone25) which extends the light absorption into the red region of the solar 

spectrum. This is highly reminiscent of Mulliken-type CTC absorption which is 

readily detected visually as a film color change.7,8 

Upon optical excitation of the Mulliken-type CTCs, a major part of the electron 

density is transferred from the donor to the acceptor almost instantaneously while 

the back ET, i.e. charge recombination, occurs within a finite time span.26,27 The 

early studies on dynamics of small-molecule CTCs in solutions28,29 demonstrated 

that the driving force for geminate charge recombination is mainly determined by 

the acceptor EA. The charge recombination rate was shown to scale exponentially 

with the acceptor EA, while some deviations were attributed to the reorganization 

energy variations.28 In contrast, the effect of an acceptor EA on the charge 

recombination dynamics in films has only been studied for a couple of 

acceptors4,30,31 despite the fact that charge migration in films substantially changes 

the photophysics, contrary to small-molecule CTCs in solution.32 Furthermore, in 

films of conjugated polymers, the very formation of the CTCs alters the film 

morphology which could indirectly (via the acceptor EA) affect the dynamics of 

photoinduced charges  

In this chapter, we address the issue of how the acceptor EA controls the charge 

recombination dynamics in CTCs between an archetypical conjugated polymer 

donor MEH-PPV (poly[2-methoxy-5-(2’-ethylhexyloxy)-1,4-phenylene vinylene])33 

and a family of small molecular acceptors (Figure 2.1). A series of fluorene 

acceptors with a range of EAs was synthesized and characterized by cyclic 

voltammetry at School of Chemistry of Bangor University, United Kingdom, by the 

group of  I. F. Perepichka.34 The formation of the ground-state CTCs in the blends 

was identified by optical absorption and the frequency shift of the polymer Raman 

band, while the CTC excited state dynamics were studied via generation and 

recombination of photoinduced charges employing ultrafast visible-pump – IR-

probe photoinduced absorption (PIA) spectroscopy. We show that the 

recombination rate scales exponentially with the acceptor EA, in full accordance 

with the earlier observations for small-molecule CTCs in solution.28, 35 Finally, the 

anisotropy dynamics suggest that separated charges in most of the blends remain 

spatially highly localized, in sharp contrast to the case of the pristine polymer. 
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Figure 2.1. Structures of MEH-PPV polymer (upper left) and studied series of fluorene 

electron acceptors. Abbreviations of the latter are shown in bold. 

2. 2. Experimental section  

2.2.1. Samples  

Fluorenone (Fon) and 2,7-dinitrofluorenone (DNFon) have been purchased from 

Sigma-Aldrich and used without further purification. Details of the synthesis of 

fluorene acceptors 2-nitrofluorenone (NFon), 2,4,7-trinitrofluorenone (TNFon), 

2,4,5,7-tetranitrofluorenone (TeNFon), 2-nitro-9-dicyanomethylenefluorene (NDF), 

2,7-dinitro-9-dicyanomethylenefluorene (DDNF), 2,4,7-trinitro-9-

dicyanomethylenefluorene (DTNF),  4-cyanofluorenone (4CN-Fon), and 2-nitro-5-

cyanofluorenone (4CN-NFon) and their characterizations are given in Ref. 34.  

Regioregular MEH-PPV was chosen as a donor since it is known to readily form 

a ground-state CTC with fluorene electron acceptors.9, 21 MEH-PPV (Sigma-

Aldrich, Mn = 86,000, Mw = 420,000) and fluorene acceptors were dissolved 
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separately in chlorobenzene at a concentration of 2 g∙L–1. The solutions were placed 

into an ultrasonic bath for 15 minutes at 22 °C and then stirred with a magnetic 

stirrer for ~6 hours at 50 °C. Their blends were prepared by mixing the solutions of 

MEH-PPV and an acceptor with a molar ratio of 1:0.3 per polymer repeat unit. 

Further increase of the acceptor concentration in the blends led to phase 

segregation with loss of sample optical quality.36  

Films were prepared by drop casting of MEH-PPV:acceptor solution onto a 150 

µm thick microscope cover slide followed by tilting the slide until the droplet of ca. 

50 µL volume was distributed over the available surface of 2222 mm. The film 

formed after evaporation of the solvent and was allowed to dry for 8 hours in an 

air atmosphere at 22 °C. All experiments were performed at ambient conditions; no 

sample degradation was observed during the experiments.  

MEH-PPV HOMO and LUMO energies of –5.0 and –2.8 eV, respectively, were 

taken from the electrochemical data in Ref. 19. Fluorene acceptor's reduction cyclic 

voltammetry potentials and calculated energy levels were obtained by group of I. 

Perepichka (School of Chemistry, Bangor University, UK) as described in Ref. 34.  

2.2.2. Optical absorption and Raman spectroscopy 

Absorption spectra of the blends were recorded with a Perkin-Elmer Lambda 900 

spectrometer.  

The Raman experiments were performed in a 180° backscattering configuration, 

using a triple-grating micro-Raman spectrometer (T64000, Jobin Yvon), consisting 

of a double-grating monochromator (acting as a spectral filter) and a 

polychromator which disperses the scattered light onto a liquid-nitrogen cooled 

charge coupled device (CCD) detector. The frequency resolution was better than 2 

cm−1 for the frequency region considered. A krypton laser with 676.4 nm excitation 

wavelength to minimize the fluorescent background was focused onto the samples 

using a 50× microscope objective. The excitation intensity on the samples was 

about 1 µW/µm2. 

In Raman data, the background was subtracted after its approximation by a 

quadratic polynomial function. The 1580 cm-1 Raman band of MEH-PPV was then 

fitted with a Gaussian function in the a 1565-1595 cm-1 range to determine position 

of its maximum with a typical 0.1 cm-1 accuracy according to Ref. 37.  

2.2.3. Ultrafast spectroscopy experiments 
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The dynamics of photogenerated charges in selected materials have been explored 

with a PIA technique, which allows monitoring the time evolution of 

photoinduced charges. The method is based on the fact that a charge (a hole) 

created on a polymer molecule induces absorption bands in the polymer optical 

gap in the IR range.38 These bands, called low energy (LE) and high energy (HE) 

polaron bands20, are situated for the studied systems at ~3500 and ~10000 cm–1, 

respectively.39 The LE band is more suitable as a reporter of charge concentration 

because it is not contaminated by other responses, like electro absorption, 

stimulated emission etc., which allows for a background free measurement.31, 40 In 

the PIA technique, two pulses are applied: the first one photogenerates the charges 

and the second one probes the charge concentration by monitoring induced 

absorption in the IR spectral region. 

The PIA experiments were performed with a home-built 1kHz Ti:Sapphire 

multipass amplifier laser system that pumps an IR optical parametrical oscillator 

(OPO) and a nonlinear optical parametrical amplifier (NOPA). The NOPA 

generated ~30 fs, ~3 nJ pulses in the visible range (500–750 nm). The power density 

at the sample position did not exceed 800 nJ/cm2 to ensure a linear excitation 

regime. The IR OPO was optimized to provide ~70 fs pulses at ~3400 cm–1 (near 

the center of the LE polaron absorption band). To realize polarization-sensitive 

measurements, the polarization of the IR probe beam was rotated by 45° with 

respect to the polarization of the visible pump beam. Parallel and perpendicular 

components of the probe beam were selected after the sample by grid-wire 

polarizers and detected by two InSb photodiodes. The photodiode signals were 

processed by lock-in amplifiers synchronized to a mechanical chopper (500 Hz) 

inserted into the visible pump beam. To obtain relative changes in the transmission 

ΔT, the differential pump-on, pump-off signal ΔI from the lock-ins were 

normalized to the intensity I of the IR beam transmitted through the sample: 

I
I

T
D

D         (1) 

To calculate the isotropic )(tIsoTD  and anisotropic )(tr  transients the standard 

expressions41  
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were used. 

Here )(tTD  and )(| | tTD are the relative transmission changes of the perpendicular 

and parallel components of the probe signal. All data were obtained under 

ambient conditions.  

2.3. Results and discussion 

2.3.1. Fluorene acceptors design 

The acceptor EA engineering was achieved by attaching a number of different 

electron-withdrawing functional groups to the fluorene core: from one to four nitro 

groups or/and cyano group at the benzene rings, as well as using carbonyl oxygen 

or dicyanomethylene groups at the C-9 bridged atom of the fluorene moiety 

(Figure 2.1). The introduction of a NO2 group in substituted fluorenes increases the 

EA of the fluorene molecule by ~0.2–0.3 eV, while replacement of oxygen in the 

carbonyl group by the dicyanomethylene fragment increases the EA by ~0.35–0.45 

eV.42-48 Therefore, with the structural variations of the selected series of fluorene 

acceptors presented in Figure 2.1, the LUMO energy levels can be tuned by ~1.5 

eV, see Figure 2.2. Table 2.1 contains the values of the reduction cycling 

voltammetry potentials ( 𝐸𝐿𝑈𝑀𝑂
𝐶𝑉 ) obtained by the group of I. Perepichka (School of 

Chemistry, Bangor University, UK). 

 
 

Figure 2.2. Positions of the LUMO energy levels ( 𝐸𝐿𝑈𝑀𝑂
𝐶𝑉 ) of fluorene electron acceptors 

from cyclic voltammetry experiments (red blocks). MEH-PPV HOMO and LUMO 

energies (blue blocks) obtained from Ref. 19 and are also shown for comparison. 
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Table 2.1. Reduction cyclic voltammetry potentials of the fluorene acceptors depicted in 

Figure 2.1 

Compound CV

LUMOE

[eV] 

Fon -3.131 

4CN-Fon -3.340 

NFon -3.472 

4CN-NFon -3.641 

DNFon  -3.702 

NDF  -3.931 

TNFon  -3.961 

DDNF -4.152 

TeNFon -4.236 

DTNF -4.417 

 

Due to the fact that the EA are sometimes approximated as the negative of the 

LUMO energies (EA = –ELUMO) in accordance with generalized DFT-Koopman’s 

theorem, we used CV

LUMO E- as the acceptor EA:  

CV

LUMO

CV  E- = EA         (4) 

For more detailed explanations see the Ref. 34. 

2.3.2. Steady-state absorption  

Figure 2.3a shows optical absorption spectra of the MEH-PPV:acceptor blends. For 

the sake of simplicity, the blends are named after their respective acceptor. With 

increase of the acceptor EA, i.e. with decreasing effective HOMO–LUMO energy 
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gap, the blends show characteristic signatures of a ground-state polymer:acceptor 

CTC previously identified for MEH-PPV:TNFon blends.4-7,9 First, an absorption tail 

begins to form in the polymer band gap, i.e. at wavelengths longer than 600 nm 

(Fig. 2.3b). Second, the absorption maximum is progressively shifted to the red 

(Fig. 2.3a) for acceptors with EA higher than that of 4CN-NFon. This indicates that 

the majority of the conjugated chains are involved in CTC formation.9 With an 

increase of the acceptor EA, an additional CTC absorption band is formed (most 

clearly seen for TeNFon), in accordance with the Mulliken model which predicts 

that the CTC absorption should be progressively red-shifted with increasing 

acceptor EA.  

 

Figure 2.3. (a) Normalized absorption spectra for MEH-PPV:acceptor films. The spectra 

are shifted vertically for clarity; the acceptor EA increases from top to bottom. The 

spectrum of a pristine MEH-PPV film is also shown at the top for comparison. (b) 

Absorption at 650 nm relatively to the maximum absorption as a function of acceptor EA. 

The red curve shows the fit to an ad hoc function 𝐴(𝑒𝑥𝑝(−𝑏 ∙ 𝐸𝐴) + 𝑐)−1 to highlight the 

initial exponential growth followed by the saturation.  
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The absorption spectra in Figure 2.3a indicate that the polymer forms easily 

observable CTCs with the acceptors having an EA equal or higher than that for 

DNFon. For acceptors with a relatively low EA (4CN-NFon, NFon, 4CN-Fon and 

Fon) the only CTC signature is a weak absorption in the polymer gap (Fig. 2.3b) 

that increases exponentially with acceptor EA. Interestingly, the CTC absorption 

ceases to be a monotonic function of EA at the position of DNFon. As follows from 

Figure 2.3b, the fluorenone acceptors (i.e. with carbonyl oxygen at the C-9 bridged 

atom of the fluorene moiety, Figure 2.1) form stronger absorbing CTCs than their 

dicyanomethylenefluorene-derivatized counterparts with comparable EAs (cf. for 

pairs NDF/TNFon and DDNF/TeNFon). Therefore, EA is not the only variable 

that governs the CTC properties even for acceptors with similar molecular 

structure.  

2.3.3. Raman spectroscopy 

Raman spectroscopy provides a reliable means to identify the ground-state charge-

transfer,49 which changes the electron density at the donor-acceptor chemical 

bonds involved in the CTC interactions and therefore results in a shift in the 

vibrational frequencies. In MEH-PPV:TNFon CTC, the MEH-PPV Raman band at 

1582 cm–1 that corresponds to the valence vibrations of conjugated carbon bonds 

(the symmetric stretching vibration of the phenyl ring) is especially useful due to 

its pronounced spectral downshift.9 This frequency downshift is an evidence of 

partial transfer of the π-electron density from the polymer to the acceptor.50-51  

Figure 2.4a shows the position of the Raman band, while Fig. 2.4b shows the 

band’s maximum as a function the effective LUMO-HOMO gap. The MEH-PPV 

band at 1582 cm–1 downshifts up to ~5 cm–1 with increasing the acceptor EA.  

The Mulliken model for ground-state CTCs predicts that the amount of ground-

state charge transfer is controlled by the energy gap between the acceptor LUMO 

and the donor HOMO energies. Therefore, decreasing the effective EA should 

result in electron density decreasing at the polymer and, therefore, in a spectral 

downshift of the polymer Raman band. This is roughly in agreement with the 

Raman data in Fig. 2.4, however, with several deviations. Thus, the dependence is 

not smooth but rather stepwise. For the effective EA lower than 3.7 eV, the Raman 

band in the blends with Fon, 4CN-Fon, and 4CN-NFon peaks at the same 

frequency as that of the pristine polymer (~1582 cm-1), or even upshifted by ~2 cm-1 

in the blends with NFon (Fig. 2.4).  
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Figure 2.4. (a) The 1582 cm-1 Raman line of MEH-PPV in 1:0.3 volume ratio MEH-

PPV:acceptor blends. Dots represent the data points and Gaussian fits in 1565 cm-1 - 1595 

cm-1 region for it, respectively. Black vertical line shows the maximum of Raman band for 

pristine MEH-PPV. The spectra are vertically shifted for convenience. (b) Maxima of the 

polymer band (~1582 cm-1 for the neat polymer) as a function of the effective LUMO-

HOMO gap. The red line is a guide to the eye.  

In contrast, for acceptors with the effective EA lower than 3.8 eV the Raman 

band demonstrates an ~5 cm–1 downshift, which does not show any systematic 

variation with the acceptor chemical structure, however it looks to be related to the 

overall shift for higher EA. Importantly, for these relatively strong acceptors the 

Raman band slightly downshifts as a whole assuming that the majority of the 

conjugated polymer chains (or segments) are involved in the CTCs. 

The stepwise dependence in Fig. 2.4b is in line with the concentration threshold 

character of CTC formation observed in MEH-PPV:TNFon solutions52-53. This 

stepwise behavior was explained as a collective phenomenon with a positive 

feedback driven by neighbor effects.54 Briefly, formation of a CTC on the polymer 
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chain results in an increased probability of new CTC formation near the existing 

one. Most likely, the same scenario governs the CTC formation in blends of MEH-

PPV with the other fluorene acceptors and results in the stepwise dependencies of 

the CTC properties on the acceptor LUMO energy. As follows from the Raman 

data, the efficient CTC formation requires a threshold driving force determined by 

the EACV
 of ~3.7 eV.  

From the Raman and optical absorption data on the blends, one can conclude 

that the EA is one of the key factors controlling the ground-state charge transfer 

and CTC absorption in polymer:acceptor blends. Raman data do not show any 

CTC signatures for the four relatively weak acceptors: Fon, 4CN-Fon, NFon, and 

4CN-NFon. As it was shown in Sec. 2.3.2, in the blends with these acceptors, no 

clear CTC features were observed in the absorption spectra either.  

2.3.4. Photoinduced charge generation and recombination  

While absorption data are indispensable in studying formation of the ground-state 

CTCs, they do not provide any information on the excited-state dynamics, i.e. on 

the processes of charge separation and recombination. For this, a visible-pump IR-

probe arrangement31 was used where the magnitude of PIA signals in the region of 

LE polaron absorption monitors the concentration of photoinduced charges on the 

polymer.  

Figure 2.5a shows isotropic PIA transients for all the MEH-PPV:acceptor blends 

recorded at an excitation wavelength of 560 nm. This excitation wavelength was 

chosen at the lower-energy side of the absorption spectra (Figure 2.3a) to minimize 

deposition of excessive excitation energy.  

As is clear from Figure 2.5a, the initial charge photogeneration for all the 

samples is extremely fast and occurs within the apparatus time resolution of ~100 

fs, regardless of the acceptor. Therefore, we conclude that the polaron generation 

in the polymer occurs faster than 100 fs, and hence forward donor-to-acceptor ET 

is almost immediate upon optical excitation. In contrast, the decaying parts of the 

transients are strongly acceptor-dependent with the relaxation timescale changing 

from ~100 ps for MEH-PPV to ~1 ps for DTNF. These timescales are attributed to 

the charge recombination (or back ET from the acceptor to the polymer) process. 
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Figure 2.5. (a) Normalized isotropic PIA transients for the MEH-PPV:acceptor blends. 

Dots represent experimental data while solid curves show bi-exponential fits with the 

parameters listed in Table 2.2. The transients are shifted vertically for clarity; the 

corresponding zero signal levels are shown by dashed lines. Note the logarithmic scaling of 

the delay axis after the break. (b) Charge recombination rate in blends of MEH-

PPV:acceptor as a function of EA. The solid curve represents the best fit to the 

experimental data (dots) according to Eq. 6. The dashed and dotted lines are asymptotes for 

the intermolecular (acceptor-to-polymer) and intrapolymer relaxation channels, 

respectively. The inset presents deviations of the experimental values from the best fit in the 

linear scale. 

We briefly comment on the origin of the PIA signal from the film of pristine 

MEH-PPV. Ideally, such excitation should be of entirely excitonic nature so that no 

polarons are produced. However, a number of MEH-PPV excitons quickly 

dissociate into charge species which assignment was actively debated in the past 

(see for instance Ref. 54). Here we use the PIA signal from the pristine MEH-PPV 

film only as a reference for the charge recombination in the blends not affected by 

CTC formation. 

To quantify the dynamics, the transients were fitted by a bi-exponential 

function (Figure 2.5a, solid lines) with fit parameters presented in Table 2.2.  
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Table 2.2. The fitting parameters of pristine MEH-PPV and MEH-PPV:acceptors 

transient spectra at 560 nm.  

Compound 
Isotropic decay 

T1 (A1) T2 (A2) A0 

MEH-PPV 50ps (0.65) 3ps (0.25) 0.1 

Fon 55ps (0.65) 3ps (0.2) 0.15 

4CN-Fon 47ps (0.78) - 0.22 

NFon 27ps (1) - - 

4CN-NFon 21ps (1) - - 

DNFon 20.5ps (0.82) 1ps (0.18) - 

NDF 12.3ps (1) - - 

TNFon 7ps (1) - - 

DDNF 2.7ps (0.6) 0.7ps (0.35) 0.05 

TeNFon 1.7ps (0.98) 65ps (0.02) - 

DTNF 1ps (0.98) - 0.02 

DTeNF 0.4ps (0.92) 23ps (0.08) - 

To analyze the isotropic signal we have used the following bi-exponential 

fitting function:  

∆𝑇𝐼𝑆𝑂 = 𝐴0 + 𝐴1𝑒𝑥𝑝 (−
𝑡

𝑇1
) + 𝐴2𝑒𝑥𝑝 (−

𝑡

𝑇2
)
     

(5)
 

where Ai and Ti are the amplitudes and the time constants respectively, i – number 

of fitting exponents. The sum of amplitudes Ai and exponential baseline is 

normalized to 1. The two recombination rates most probably correspond to 

different donor/acceptor configurations or/and partial ET states. In any case, for 

the majority of the acceptors, the amplitude of the dominating exponential 

functions exceeds 90% (and is always higher than 80%), pointing at an almost 

mono-exponential relaxation. Therefore, the time constant of the dominating decay 

process was taken as the characteristic time for the back ET. 

Figure 2.5b summarizes the relation between the charge recombination rate, k, 

and the acceptor EA. The intermolecular recombination rate mostly follows the 
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exponential trend with some deviations for low-EA acceptors. This deviation 

originates from a second, intrapolymer (i.e. between units of the same and/or 

different polymer chains) channel of back ET that is characteristic for neat MEH-

PPV. The relaxation rate that accounts for the both intermolecular and 

intrapolymer channels is therefore expressed as follows: 

,01exp k
E

EA
ETkk 

D





























      (6) 

where ETk  is the proportionality coefficient, ED

 

is a characteristic energy, and 0k  

is the rate of the intrapolymer back ET. The fit to the experimental data resulted in 

the following values: 110101.4  psETk , eVE 2.0D , and 1018.00
 psk .  

The linear dependence of the logarithm of the charge recombination rate, ln(k), 

on EA has been observed in many small-molecule ground-state CTCs, both in 

solution28,29 and solid phase.35,55 The obtained value of 11 5  D eVE of the slope of 

the exponential factor is also similar to previous studies of small-molecule CTCs. 

For instance, Gould et al.28 reported the slope value of ~5 eV–1 in a series of CTCs 

formed between cyanoaromatic acceptors and methyl-substituted benzene donors. 

Hubig et al. found29, 35 the slope to vary from 2 eV–1 in benzene–methylviologen 

mixtures up to 3.6 eV–1 in CTCs between large aromatics and TCNB 

(tetracyanobenzene) acceptor.  

In the Marcus model,56 an increase of the charge recombination rate with 

increasing EA (the driving force) corresponds to the so-called inverted regime.57-59 

Various interpretations of the Marcus model were proposed to obtain a linear 

dependence of the experimentally observed ln(k) on EA for charge recombination 

in various small-molecule CTCs. As follows from the Marcus equation,56 such 

linear dependence of ln(k) appears when the reorganization energy becomes much 

larger than the driving force for charge recombination. As the latter is always 

higher than 0.5 eV for the examined CTCs, this leads in our case to unreasonably 

high reorganization energy, by a factor of 5 higher than imposed by kT. On the 

other hand, the linear EA dependence of ln(k) can be assigned to the energy gap 

law for radiationless transitions in polyatomic molecules as was explained for 

small-molecule CTCs adsorbed on porous glass at different temperatures.55 These 

are quantum transitions between (nearly) degenerated vibrational levels that 

belong to the ground and excited electronic states of the molecule60 (that is a 

photoexcited CTC in our case). Note that these transitions are not thermally 
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activated as the classic Marcus model implies (for detailed discussion of the 

inverted Marcus and the energy gap models, see Refs. 57, 58). Therefore, we 

suggest that in the conjugated polymer CTCs the charge recombination mechanism 

is very similar to that observed earlier in small-molecule CTCs. 

The data in Figure 2.5a suggest that the acceptor EA is the prime factor that 

governs charge recombination. Nonetheless, the fluorenone acceptors are 

characterized by slightly higher relaxation rates than the 

dicyanomethylenefluorene ones of similar EA (compare, for instance, pairs of 

NDF/TNFon and DDNF/TeNFon). This shows that other CTC parameters such as 

the molecular orbital overlap, the donor-acceptor distances, packing motif etc. that 

enter the pre-exponential factor in Eq. 6, are also important. 

From Figure 2.5b one can readily establish the EA for which the intermolecular 

recombination channel due to back ET begins to dominate over the intrapolymer 

one (~50 ps for pristine MEH-PPV). This energy can be estimated by equalizing the 

rates of intermolecular and intrapolymer charge transfer, i.e. as the abscissa of the 

crossing point between the dashed and dotted lines in Figure 2.6b, which results in 

~3.8 eV.  

Figure 2.6 presents PIA anisotropy transients for the MEH-PPV:acceptor blends. 

The initial anisotropy value of ~0.3 is virtually independent of the acceptor. This 

means that the transient dipoles of excitation (i.e. blend absorption) and probe (i.e. 

polaron absorption) remain unaffected by CTC formation. The long-time behavior 

strongly depends on the acceptor: for DNFon and acceptors with higher EA the 

anisotropy does not change appreciably from its initial value. In contrast, for the 

acceptors with lower EA (Fon, NFon, and 4CN-NFon), the anisotropy decreases 

with time in a similar fashion as for MEH-PPV, although to a lower extent. The 

anisotropy dynamics are ascribed to polaron migration on the polymer: as the 

polaron samples polymer segments with various orientations, the memory of the 

initial direction of the polaron transition dipole moment is more and more lost. 

Therefore, we conclude that the polarons are more mobile in the blends with 

acceptors of low EA, while they are more localized in the blends with the acceptors 

of higher EA. The border line, as found above in the isotropic PIA and steady-state 

spectroscopy data, is drawn at the DNFon acceptor.  
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Figure 2.6. PIA anisotropy transients for the MEH-PPV:acceptor blends. The transients 

are delay-limited because of deteriorating signal-to-noise ratio due to short lifetimes in the 

blends with high-EA acceptors. 

2.3.5. Ground-state CTCs: influence on blends morphology  

Based on the optical experiments, we propose the following model of 

morphology in polymer:acceptor blends with ground-state CTCs (Figure 2.7). For 

low-EA acceptors, namely Fon, NFon, and 4CN-NFon, the CTC concentration in 

the polymer phase is relatively low while the majority of acceptor molecules form 

their own phase (Figure 2.7a). As a consequence, a part of the photoexcitations that 

are characteristic of neat polymer is mobile, but another part – those of CTCs – is 

localized. The fraction of the former decreases with increasing acceptor EA which 

results in the red-wing absorption (Figure 2.3a), Raman shift (Figure 2.4a), 

accelerated back ET rate (Figure 2.5), and lowered anisotropy values (Figure 2.6). 

Acceptors with high EA form CTCs that are more dispersed in the conjugated 

polymer (Figure 2.7b; see also discussion on the absorption spectra, Figure 2.3) so 

that a polymer exciton is always generated near an acceptor molecule that 

immediately receives the photoexcited electron. Such complexation, in turn, 

planarizes MEH-PPV segments thereby increasing the conjugation length within 

these fragments of the polymer backbone (and consequently exciton 

delocalization) that facilitates trapping of all excitons through an efficient charge 
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transfer processes. As a consequence, the polaron stays in the vicinity of its birth 

place which results in a time-independent anisotropy. Note that the second, 

intrapolymer relaxation channel (the second term in Eq. 6) does not need to be 

involved and therefore the relaxation rates approach the asymptotic exponential 

behavior (Figure 2.5b). Probably, the previously observed self-organization of the 

polymer chains in crystalline domains due to the CTC formation10 adds another 

dimension to this scenario; a more detailed study on this point is underway.  

 

Figure 2.7. Impression of the MEH-PPV:acceptor blend morphology for acceptors with low 

(a) and high (b) EAs. For low-EA acceptors, very few of them form CTCs (red pucks) with 

polymer chains (blue) while most of acceptors aggregate in their own phase (shadowed in 

light red). This results in mobile (extended green) and more localized (green) excitations. 

For high-EA acceptors, almost all of them form CTCs with polymer chains resulting in 

localized excitations only. 

2.4. Conclusions 

The ground-state CTCs formed between the MEH-PPV conjugated polymer donor 

and a series of fluorene electron acceptors with varying EA have been studied 

using an optical spectroscopy. The acceptor EAs were engineered by attaching a 

variety of electron withdrawing functional groups (cyano, nitro, and carbonyl) to 

the fluorene core to systematically modify the EA of the acceptors.  

The formation of the ground-state CTCs in polymer:acceptor blends has been 

identified by optical absorption spectroscopy through the appearance of an 

additional absorption in the polymer bandgap. Raman spectroscopy on the 

strongest MEH-PPV band at 1582 cm-1 has confirmed these findings. Visible-IR PIA 
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spectroscopy has been further employed to study excited-state charge separation 

and recombination dynamics. In all blends, charge photogeneration is extremely 

fast (<100 fs), while charge recombination shows noticeably different dynamics 

ranging from 1 to 50 ps. The acceptor-to-polymer recombination rates exhibit an 

exponential scaling with the acceptor EA with parameters that are similar to those 

reported earlier for small-molecule CTCs. Transient anisotropy data have indicated 

that in the CTCs with acceptors of relatively high EA, the mutual orientation of 

exciton and polaron transient dipole moments is retained, whereas in the low-EA 

acceptors the two dipole moments become less correlated.  

The experimental data have been discussed in terms of a morphology model 

where the low-EA acceptors form relatively sparse CTCs with the polymer chain 

and most of the acceptor molecules stay phase-separated from the polymer. In 

contrast, the high-EA acceptors are thought to be rather dispersed in the polymer 

due to pronounced CTC formation. As a result, in the first case photoexcitations 

are fractioned between delocalized polymeric and more localized CTCs ones while 

in the second case excitations are localized around the point of their creation.  

The effect on the acceptor EA on the charge transfer dynamics is directly linked 

to the field of organic photovoltaics. In polymer:fullerene and other phase-

separated donor:acceptor blends, CTCs are formed only at the donor to acceptor 

interface so that photon absorption triggers photophysics at the domain 

boundaries of the phase-separated donor and acceptor domains. It is only at later 

times that the exciton diffusion delivers the excitations to the interfacial CTCs to 

form the charge-separated states.21 In such blends, the interfacial CTCs hardly 

contribute to optical absorption due to their relative scarcity and, in polymer-

fullerene blends, due to their weakness. In contrast, in polymer:acceptor blends 

with pronounced ground-state charge transfer, as studied here, a CTC is formed 

per each conjugated segment so that exciton diffusion and other concurrent 

processes (e.g., generation of triplets) are excluded from the photophysics. As a 

result, optical excitation leads to immediate formation of a charge-separated state, 

and the charge relaxation dynamics can be monitored directly without 

contamination from competing photophysical processes.  
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Chapter 3 
 
 
 
 
 
 
 

Ultrafast Spectroscopy of Push-Pull Polymers 
 
 
Modern push-pull polymers for organic photovoltaic are designed on basis of 

alternating donor and acceptor units. One of the characteristic features of these 

polymers is the formation of an intramolecular (intrapolymer) ground-state charge 

transfer complex (CTC) which brings enhanced absorption in the red region of the 

solar spectrum. Despite impressive efficiencies demonstrated with devices based 

on the push-pull polymers, still very little is known about the initial steps of charge 

generation which are crucial for photon-to-voltage conversion efficiencies. In this 

chapter, Photo Induced Absorption (PIA) spectroscopy is used to study charge 

separation dynamics in two push-pull polymers: poly[N-9”-heptadecanyl-2,7-

carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) and 

benzo-[1,2-b:3,4-b’:5,6-d”] trithiophene-diketopyrrolopyrrole (BTT-DPP) and their 

blends with the phenyl-C71-butyric-acid-methyl ester ([70]PCBM) acceptor. We 

demonstrate the interplay between the intra- and inter- molecular charge 

separation processes by making use of blends with different acceptor 

concentration. It is shown that for a push-pull polymer to be efficient, a faster-than-

10-ps channel should be opened for the electron to escape the polymer to 

[70]PCBM and thereby avoid geminate recombination. 

 

 

 
The current chapter is based on the following publication:  

Kozlov, O.; de Gier, H. D.; Pavelyev, V. G.; van Loosdrecht, P. H. M.; Havenith, R. W. A.; 

Pshenichnikov, M. S., Charge Transfer Pathways in Blends of Push-Pull Polymers with [70]PCBM. in 

preparation(2015).  
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3.1. Introduction 

Bulk heterojunction solar cells are one of the promising classes of Organic 

Photovoltaics (OPVs) technologies. Nowadays these devices attract a lot of 

attention1,2 due to their promising power conversion efficiencies (PCE), which 

recently reached more than 10%3, and their potentially low-cost production.  

The active layer in a solution-processed solar cell consists of the electron 

donating unit and electron accepting unit. If the role of the acceptor is conventially 

taken up by [60]PCBM or [70]PCBM – soluble derivatives of the C60 or C70 

fullerenes4-7, the role of the donor has recently been changed from conventional 

semiconducting polymers8 to the so-called push-pull polymers2. The push-pull 

polymers are based on alternating donor and acceptor units which gives them a 

unique property: an ability to form an intramolecular ground-state CTC9 with a 

narrowed band gap and an increased absorption in the red part of the solar 

spectrum. 

One of the first reviews on the tools to manipulate and optimize the band gap 

of conjugated polymers for OPVs was published by van Mullekom et al.10 The 

authors showed that one of the most successful approaches to narrow the band 

gap and hence to extend the absorption in IR is the manipulation of the 

donor:acceptor repeating units in co-polymer. Furthermore, they presented a study 

of a series of alternating donor-acceptor materials, which demonstrated one of the 

smallest band gaps (~0.3 eV) and revealed the achievable limits of the 

corresponding co-polymers. Moreover, it was shown that the influence of side-

chains, main chain conformation, and mesoscopic order may give rise to additional 

effects on the band gap; however, these effects were not fully elucidated. 

Recent developments of push-pull polymers for bulk heterojunction 

photovoltaics have been thoroughly described in another review by Yong Cao et 

al.9 The authors described the proper choice of the donor and acceptor units within 

the push-pull polymer and compared a large set of modern donor and acceptor 

moieties and their combinations. The authors also reviewed new perspective 

strategies for the push-pull conjugated photovoltaic materials. One of the possible 

ways is to better align the energy levels of the donor and acceptor species through 

the interaction of the d-orbitals of the metal (platinum for instance) with the ligand 

orbitals. Another perspective approach is to use a new molecular design strategy, 

the so-called pended push-pull conjugated polymer for the OPV applications. The 
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main difference (as compared to the ordinary polymerization approach) is to 

construct the main polymer chain from the electron-rich units, while the electron-

withdrawing units are attached onto the end of the side chains and connected to 

the main chain through a π-bridge. Such design poses several advantages. First, 

these two-dimensional structures provide a good solubility and better isotropic 

charge transporting properties, as compared to their linear counterparts. Second, 

due to the post-functionalization approach, the molecular weight and the degree of 

polymerization are well controlled.  

Continuing on the issue of effects of the polymer structure on its photophysical 

properties, Tautz et al.11 applied time–resolved PIA spectroscopy to study charge 

generation and recombination processes in the low band gap co-polymers. The 

authors examined the charge generation properties in thin films of a set of co-

polymers (PCPDT-BDT, PCPDT-BT, PCPDT-2TTP, PCPDT-2TBT) that differ by the 

donor:acceptor moieties and spacer, and compared these co-polymers with the 

well-studied homopolymer P3HT. The obtained results demonstrated that co-

polymers with a strong acceptor unit show large yields of polaron formation (up to 

24% in PCPDT-BDT) as compared to much lower value for the homopolymer 

P3HT (~8%). Furthermore, it was found that elongation of the π-conjugated 

spacers in between the donor and acceptor moieties tend to increase the charge 

recombination time. Another interesting aspect was the influence of the electron 

affinity (EA) of the acceptor on the recombination lifetime within one topological 

category. In general, the authors noted that the higher the EA of the acceptor, the 

shorter the recombination time, in full accord with our observations in Chapter 2. 

Unfortunately, the authors did not attempt to study bulk heterojunctions of the co-

polymers with an external acceptor, such as [60]PCBM or [70]PCBM, which would 

have borne more resemblance to the real OPV devices. 

Bakulin et al.1,12 have taken another approach to studying ultrafast photophysics 

by a novel IR pump-push photocurrent (PPP) spectroscopy technique in a variety 

of donor:acceptor systems like the MDMO-PPV:[70]PCBM, PCPDTBT:[70]PCBM13, 

and BTT-DPP. The selected polymers differ by the position of the LUMO levels 

and hence the driving energy for the electron transfer (ET). The latest polymer 

nicely complement the series as it was shown to have too small offset between the 

LUMO levels with [70]PCBM to ensure the ET.14 The authors demonstrated that 

the charge transfer (CT) states generated through both ET and HT channels are 

almost identical. This conclusion was based on a fact that PPP recombination 
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dynamics for both channels are very similar. Secondly, Bakulin et al. showed that 

the efficiency of generating bound CT states increases with the decrease of the 

energy difference between donor and acceptors LUMO energy levels. A possible 

explanation for such behavior is that a larger energy difference leads to a larger 

excess energy, which results in the decreased probability of the CT states 

formation. Important as they are, the studies by Bakulin et al. were focused on 

pushing the CT states by IR light without addressing much the pathways to and 

escape routes from the CT states. Furthermore, the very nature of CT states as 

intra- (i.e. within the polymer) or inter- (i.e. between the polymer and fullerene) 

molecular remained unclear as well as their interplay during the charge generation 

and separation processes. 

In this chapter we report on a study of the intricate interplay between the intra- 

and inter- molecular CT processes following photon absorption. To distinguish 

between the two processes, blends with two different donor:acceptor LUMO 

energy level offsets were used. First, a PCDTBT:[70]PCBM combination that was 

used in efficient collar cells by Park and co-workers13, exhibits a high LUMO 

energy offset of ~0.4 eV15. Second, a BTT-DPP:[70]PCBM blend with the BTT-DPP 

polymer synthesised by the group of McCulloch (Imperial College, UK), possesses 

almost zero (~0.2 eV) LUMO energy offset but is quite efficient (~3% solar cell 

efficiency14) via the HT process. To reveal the charge dynamics we used an 

ultrafast PIA spectroscopy. PIA anisotropy has been analysed to assist in the 

separation of the ET and HT channels for charge production. Our studies 

demonstrate that efficient charge generation (with a minimum geminate 

recombination) in a push-pull polymer can be reached only if a faster-than-10-ps 

channel will be opened for the electron to escape the polymer to [70]PCBM.  

3.2. Experimental section 

3.2.1. Materials 

The PCDTBT polymer was obtained from 1-Material company, while [70]PCBM 

was purchased from Solenne B.V. BTT-DPP polymer was obtained from the group 

of J. Durrant (Imperial College, UK), and was synthesised in the group of I. 

McCulloch (Imperial College, UK). All materials were dissolved separately in 

orthodichlorobenzene (ODCB) at a concentration of 25 g/l that was chosen to 
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optimize the OD of the samples. Separated solutions were stirred for 12 hours at 

~50ºC. Blends were prepared by mixing the solutions of the polymers and 

[70]PCBM. The weight ratios from 1:0 to 1:4 were used to determine the optimal 

(from charge photogeneration’s point of view) concentration of the acceptor in the 

blend. Solutions of the mixtures were steered again for 12 hours at ~50ºC. Films 

were prepared on microscopic cover slides (22x22 mm, 150 µm thickness) by spin 

coating at 1000 rpm in the air atmosphere of 30 µl of the mixture per film. During 

spin-coating the volume of the film covered evenly all surface of the slide. After 

spin-coating the films were dried under the air atmosphere during 6 hours. 

3.2.2. Steady-state absorption spectroscopy section 

Absorption spectra of the used materials were recorded with a Perkin-Elmer 

Lambda 900 spectrometer. 

3.2.3. Ultrafast experiment section 

To monitor the dynamics of photogenerated charges in the samples we apply a 

PIA technique, which allows obtaining the evolution of the photoinduced charge 

density in time with sub-100 fs resolution. The principles of this technique together 

with experimental details have been already described in the previous chapters 

(see Chapter 1, 2).  

The polaron absorption spectra were obtained using a different setup based on 

two commercial optical parametrical amplifiers (TOPAS) from Light Conversion 

which operated in the visible (500-700 nm, as a pump) and IR (1.2-20 µm, as a 

probe) regions. The TOPASes were seeded by a Hurricane Ti:Sapphire 

regenerative amplifier (Spectra Physics). The time resolution varied with the probe 

wavelength but did not exceed ~500 fs in all cases. 

3.3. Results and Discussion. 

3.3.1. Structure of studied materials and linear absorption spectra 

Figure 3.1 shows chemical structures of the studied materials and energy levels of 

the frontier molecular orbitals.15-17 In the PCDTBT and [70]PCBM pair, the energy 

offset between the LUMO levels is ~0.4 eV which is sufficient for ET from the 
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donor to the acceptor. In contrast, for the BTT-DPP and [70]PCBM combination, 

the LUMO-LUMO offset does not exceed 0.2 eV which might not be enough for 

splitting the polymer exciton into charges. 

 
Figure 3.1. Chemical and simplified electronic structure of the studied materials (above) 

with the positions of the HOMO and LUMO levels16-18 (below). HOMO and LUMO 

denote the highest occupied molecular orbital and the lowest unoccupied molecular orbital, 

respectively. 

Absorption spectra of the studied samples are depicted in Figure 3.2. The two 

polymers show different band gaps which are mainly determined by the position 

of the energy levels of the donor and acceptor moieties within the polymer.10 For 

instance, PCDTBT has a maximum absorption at 560 nm and a band gap of 1.9 eV; 

BTT-DPP has a maximum absorption at 760 nm and a lower band gap of 1.4 eV. 

To reveal absorptions of the polymer and the fullerene components in the blend 

(which could deviate from 1:1) we perform a tentative decomposition of the blend 

absorption spectrum. The decomposition was obtained as the weighted sum of the 

polymer and the fullerene contributions until the blend absorption spectrum is 

best reproduced. The resulted spectra are close to the measured absorption of the 

blends although with some notable deviations in the red region (see the yellow 

curves in Fig. 3.2). 
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Figure 3.2. Absorption spectra (scaled according to decomposition coefficient) of the 

PCDTBT (a,с) and BTT-DPP (b,d) blends for different concentrations (shown in the 

legends) together with their decomposition into the polymer and [70]PCBM spectra. The 

black and red numbers represent shares in absorption of the polymer and fullerene, 

respectively at the excitation wavelength shown by the dotted line (two lines in case of BTT-

DPP). The difference between the spectra of measured absorption of the blend and its 

decomposition is presented by yellow curves.  

In both cases this inconsistency could be explained as a consequence of 

existence of the interactions between the donor and acceptor molecules in the 

blend, i.e. by the formation of the ground state CTC19 (Chapter 2). For PIA 

spectroscopy, we used excitation wavelengths close to the absorption maxima: 560 

nm for the PCDTBT-based blends and 750 nm for the BTT-DPP-based blends. In 

the latter case, 560 nm excitation wavelength was also used to vary the partition 

between BTT-DPP and [70]PCBM absorptions. 

a) b) 

c) d) 
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3.3.2. IR and polaron absorption spectra 
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Figure 3.3. PIA (symbols) and IR absorption (thin lines) spectra of the PCDTBT (a) and 

BTT-DPP (b) based films for excitation wavelengths of 560 nm and 750 nm, respectively. 

Spectra for the neat polymer depicted in black, for the 1:1 blend – in blue. The delay between 

the excitation and probe pulses is set at 3 ps. CT, LE and IRAV mark the IR absorption 

bands and stands for charge transfer excitons, low energy polaron band, and IR active 

vibrations, respectively.  

In Figure 3.3, IR absorption spectra of the studied materials are shown. The IR 

absorption spectra of the neat materials and blends with [70]PCBM closely follow 

each other for both polymers. The most noticeable difference is the existence of the 

additional peak at ~5.8 µm in the spectra of the blends with [70]PCBM. This peak 

was attributed to the carbonyl (C=O) stretch mode of the [70]PCBM molecule.20 

The next feature is different optical density (mostly around 3.5 µm and in the 

region of 6-9 µm, where different C-H modes of the polymer absorb) of the neat 

materials in comparison to blends. Such a difference could be explained by a 

thinner film of the blend with [70]PCBM due to different viscosity of the solution 

from which the film was spin-cast.  

All PIA spectra demonstrate similar features: a well pronounced broadband 

peak extending from ~3 to ~7 μm. For semiconducting polymers, this feature was 

assigned21 to the low-energy (LE) polaron (for the blend) and charge-transfer (CT) 

exciton (for the neat polymers) absorption.22 Since the films are transparent around 

3 μm (except readily avoidable CH-stretch lines around ~3.3 μm) this wavelength 

suits well for the probe pulse as it allows for background-free measurements.  

a) b) 
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3.3.3. PIA dynamics 

Figure 3.4 shows isotropic transients for PCDTBT- and BTT-DPP-based films with 

different concentration of [70]PCBM. The experimental data were fitted with a tri-

exponential function: 

))) 3322110 /exp(/exp(/exp(  tAtAtAATISO D   (2) 

convoluted with a Gaussian apparatus function (standard deviation σ~50 fs). Here, 

Ai and τi stand for amplitudes and times, respectively, of the exponential function, 

while A0 stands for the offset. The fit parameters for the materials measured in 

blends are given in Table 3.1. 

The PIA results for PCDTBT films (Fig.3.4a) demonstrate that recombination 

dynamics in the pristine polymer are fast and show very minor contribution of 

long-lived charges. Indeed, large energy offset between the polymer species 

accelerate the recombination. Hence we conclude that the intramolecular 

recombination within the polymer occurs at a ~100 ps timescale (Table 3.1).  

The situation changes after addition [70]PCBM to the blend. First of all, this 

leads to increase of the yield of the initially produced charges (higher initial 

amplitude of the PIA transient), which reaches its maximum at 1:3 donor:acceptor 

concentration. Furthermore, there is a 5-fold increase as compared to the neat 

polymer of the long-time offset or, in other words, in long-lived charges. This fact 

means that after adding the acceptor to the blend, the charges are transferred from 

the polymer to [70]PCBM and escape the intrapolymer recombination process.  

Finally, after adding [70]PCBM the ingrowing response sets up with a timescale 

of ~2 ps. Such a growing behaviour is consistent with excitation of the [70]PCBM 

molecules in the fullerene domain away from the donor and acceptor interface. In 

this case, the created excitons need some time to reach the polymer and fullerene 

interface and contribute to the charge separation via the HT process.23 This 

conclusion is strengthened by the fact that the contribution of the ingrowing 

component increases with the increase of [70]PCBM concentration (compare blue 

and brown curves in Fig.3.4b) as the [70]PCBM absorption share at the excitation 

wavelength of 560 nm increases (Fig.3.2a-c).  

Therefore, the PCDTBT-based blends demonstrate both ET and HT channels of 

charge generation via the polymer and fullerene excitations, respectively. The 

contribution of the HT process remains relatively low (estimated as ~30%) as 

dictated by the contrast between the polymer and fullerene linear absorption at the 
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excitation wavelength (Fig. 3.2a-c). Overall, in the 1:3 blend there remain about 

50% of the initially photogenerated charges, in a sharp contrast to the neat polymer 

where most charges recombine on a 100-ps timescale. 

Figure 3.4b shows PIA transients for the BTT-DPP blends. The first striking 

feature is their identical shape irrespective [70]PCBM concentration. This is 

confirmed by fitting of the transients with a bi-exponential function: the identical 

timescales of ~15 ps point to highly efficient intrapolymer recombination of the CT 

exciton, with barely existent ET to [70]PCBM. This is in agreement with previous 

studies by Bakulin et al.12, where they concluded that this is due to insufficient 

LUMO-LUMO offset between BTT-DPP and [70]PCBM (see Fig.3.1).  

Another noticeable feature of the BTT-DPP-related transients is that their initial 

amplitude decreases with the increase of [70]PCBM content. Note that the 

transients are normalized on the number of photons absorbed so that possible 

decrease of film absorption can be safely ruled out. Also, [70]PCBM almost does 

not absorb at the excitation wavelength of 750 nm (Fig.3.2b,d); therefore, 

differences in partial absorptions cannot be an explanation either. At this point we 

could only speculate that such a decrease of the signal is caused by the CT 

excitonic response that contributes to the overall response (see Figure 3.5) at the 

0 1 2 3 4 100 200 300 400

0.00

0.25

0.50

0.75

1.00


D

T
/T

/A
b
s
 

Delay, ps

 PCDTBT

 1:1

 1:3

 

0 1 2 3 4 100 200 300 400

0.0

0.1

0.2

20 40 60 80 100

0.00

0.05

0.10

D
T

/T
/A

b
s
,%

Delay, ps


D

T
/T

/A
b
s
 

Delay, ps

 BTT-DPP

 1:1

 1:4

 
Figure 3.4. Isotropic transients at the excitation wavelength of 560 nm for PCDTBT (a) 

and 750 nm for BTT-DPP (b) blends with different polymer:fullerene content (shown in the 

legends). All transients are normalized to film absorption (i.e. to the number of absorbed 

photons) to allow direct comparison of different concentrations. Note the breaking point at 

the delay axis. The inset in Fig. 3.4b demonstrates a weak offset at long delays after 750 nm 

excitation of BTT-DPP mixtures. 

b) a) 
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probe wavelength of 3 µm. Alternatively, the absorption cross-section at 3 µm of 

the CT state (that is probed in the push experiment1,12) might be higher than the 

polaron absorption cross-section. Verifying these hypotheses would require 

additional measurements at a different probe wavelength. 
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Figure 3.5. Polaron spectrum of BTT-DPP:[70]PCBM blend for 1:1 concentration 

together with its provisional decomposition into three Gaussian peaks. The excitation 

wavelength is 525 nm.  

Table 3.1. Fitting parameters of the studied blends transient spectra @560nm and @750 

nm for PCDTBT and BTT-DPP, respectively. 

Material 
Isotropic decay fit parameters 

A1 (τ1) A2 (τ2) Ingrowing time τ3, ps Offset 

PCDTBT neat 0.4 (5ps) 0.45 (100ps) 0 0.07 

PCDTBT 1:1 0.2 (5ps) 0.35 (100ps) 0.5 0.45 

PCDTBT 1:3 0.18 (5ps) 0.32 (100ps) 2 0.5 

BTT-DPP neat 0.25 (2ps)  0.72 (15ps)  0 0.03 

BTT-DPP 1:1 0.2 (2ps)  0.54 (15ps)  0 0.26 

BTT-DPP 1:4 0.1 (2ps)  0.6 (15ps)  0 0.3 

From the 750 nm excitation experiment we concluded that there are no 

signatures of long-lived ET in BTT-DPP-based blends, in sharp contrast to the 

PCDTBT-based blends. Extremely low [70]PCBM absorption at this wavelength 

(Fig. 3.2) does not allow studying the HT process, so that similar transients were 

collected at the 560 nm excitation wavelength (Fig. 3.6), where fullerene absorption 

dominates over the polymer one.  
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The transients are found to be similar to the 750 nm excitation dynamics at the 

time scale of 15 ps. However, at long delays the transients are remarkably 

different: while absorption in pristine BTT-DPP approaches zero, the blends with 

[70]PCBM result in a noticeable offset. The 1:1 blend shows the highest share of the 

separated charges at 90 ps, even higher than for the 1:4 blend. This trend is 

consistent with the HT process as there is a trade-off between the amount of 

fullerene (the HT contribution increases) and the size of fullerene domains (the 

excitons formed deeply in the [70]PCBM domain cannot reach the interface). An 

acceptor content of ~1:1 appears to be optimal for charge separation. Nonetheless, 

even at this optimal concentration only a small fraction of ~5% of the initially 

generated charges survives by 100 ps. Therefore, in the BTT-DPP:[70]PCBM blends 

at the short excitation wavelength the charge generation occurs via the HT process, 

however, with low efficiency.24 

The intrapolymer recombination dynamics in pristine polymers occur on a 15 

ps (BTT-DPP) and 100 ps (PCDTBT) timescale with no surviving long-lived 

charges. As we know from Chapter 2, the higher recombination rate corresponds 

to higher EA of the acceptor (see Fig. 2.5 in Chapter 2). The latter also results in a 

pronounced red shift of absorption due to narrowed band gap (see Fig. 2.3 in 

Chapter 2). Therefore, both features observed in the polymers are consistent with 
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Figure 3.6. Isotropic transients at excitation wavelength of 560 nm for BTT-DPP blends 

(normalized to film absorption) with different polymer:fullerene content (shown in the 

legend). Dots represent measured data, lines are the fits; fit parameters are given in Table 

3.2. The inset shows the long-time (90 ps) amplitude as a function of the [70]PCBM 

content.  
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the trends observed for fluorine acceptors. The closest ones to BTT-DPP by EA, 

DNFon (-3.7 eV) and TNFon (-3.96 eV), exhibit similar recombination times of 20 

ps and 7 ps, respectively. Their absorption also extends beyond 700 nm. This 

proves the prediction made in Chapter 2 that the two opposite trends - higher 

acceptor EA increases the driving force for charge separation but also inevitably 

increases the rate of undesirable charge recombination – should be carefully 

counterbalanced in designing novel polymer:fullerene bulk heterojunctions. 

Table 3.2. Fitting parameters of the studied blends transient spectra @560nm for BTT-
DPP. 

Material 
Isotropic decay fit parameters 

A1(τ1) A2(τ2) Ingrowing time τ3, ps Offset 

BTT-DPP neat 0.26 (2 ps)  0.7 (15 ps)  0 0.04 

BTT-DPP 1:1 0.16 (2 ps)  0.46 (15 ps)  0 0.38 

BTT-DPP 1:4 0.08 (2 ps)  0.58 (15 ps)  0 0.34 

Summarizing the experiment discussed insofar: blends with large LUMO-

LUMO offset (the case of PCDTBT) show a 5-fold increase of the long-lived charges 

as compared to the neat polymer. This result points at the efficient intermolecular 

charge separation in the PCDTBT blends driven by the ~0.4 eV LUMO-LUMO 

offset (ET) and ~0.3 eV HOMO-HOMO offset (HT). In contrast, the ~0.2 eV LUMO-

LUMO offset in the case of BTT-DPP does not allow for any significant ET process. 

The only long-lived charges originate from the fullerene excitation followed by the 

HT process (the HOMO-HOMO offset of ~0.6 eV). 

3.3.4. Excitation spectra 

To strengthen the conclusions of the previous Section, we measured the action 

(excitation) spectra of both materials, i.e. the PIA responses over a range of 

excitation wavelengths – ~515 nm, 560 nm, 600 nm, 640 nm, 670 nm, ~710 nm, 750 

nm and ~800 nm (Figure 3.7). For comparison, absorption spectra are plotted in the 

same graph (solid lines). 
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Figure 3.7. Comparison of the excitation (symbols) and absorption spectra (arbitrarily 

scaled, thick lines) for 1:1 PCDTBT:[70]PCBM blend (a) and 1:1 BTT-DPP:[70]PCBM 

blend (b) at delays of 1 ps (black) and 100 ps (red). The absorption spectra are shown to 

highlight their overlap with the excitation spectra.  

For the PCDTBT:[70]PCBM blend, the short-time response lays in between the 

polymer and blend absorption spectra (Fig. 3.7a, blue and black symbols). This 

confirms the previous finding that on the short time scale the photoinduced signal 

originates mostly from the ET process but has some (interfacial) contribution from 

the HT process. The long-time excitation spectrum (Fig. 3.7a, red symbols) closely 

follows the absorption of the blend, which confirms the dual – ET and HT related - 

origin of the signal. At the long wavelengths (around 700 nm) the contribution 

from [70]PCBM excitation (and hence a HT) dominates due to its higher absorption 

as compared to the polymer (see Fig. 3.2). Hence, our previous conclusion that in 

the PCDTBT:[70]PCBM blends both processes, ET and HT, complement each other, 

receives an additional proof. The two processes acting in unison result in a high 

power conversion efficiency demonstrated by devices based on the PCDTBT 

polymer. 

The excitation spectrum of the BTT-DPP:[70]PCBM blend exhibits a totally 

different behaviour. The short-time response closely follows the polymer 

absorption spectrum (Fig. 3.7b, blue and black curves) rather than the blend 

absorption, especially at the short wavelengths. This means that at short times the 

PIA signal originates mainly from the CT excitons (i.e. polymer excitation). 

However, the long-time excitation spectrum has nothing in common with neither 

b) a) 
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blend nor polymer absorption spectra but is more consistent with the fullerene 

absorption spectrum. This convincingly demonstrates that at long times when the 

contribution for the CT (intrapolymer) excitons fully vanishes, the contribution of 

the HT process dominates.  

3.3.5. PIA anisotropy dynamics 

Together with PIA isotropic transients, the anisotropy dynamics were also 

obtained, which are useful in the separation of the two channels for charge 

production: ET and HT.23 When a push-pull polymer absorbs light, the electron 

and hole become separated which results in a CT exciton. Its transient dipole 

moment is preferentially oriented along the polarization of the excitation pulse 

which leads to high anisotropy values. In contrast, when the fullerene is 

photoexcited, the transient dipole moment of the resulted polaron absorption at 

the polymer site has no memory for the polarization of the excitation pulse due to 

isotropic nature of HT. Therefore, for the HT process the anisotropy value is close 

to zero.23 This provides a convenient contrast parameter to distinguish between the 

ET and HT processes. 

Figure 3.8 shows the transient PIA anisotropy of the studied materials.  
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Figure 3.8. Anisotropy transients for PCDTBT:[70]PCBM blends at 560 nm excitation (a) 

and BTT-DPP:[70]PCBM blends at 750 nm excitation (b). The blend composition is shown 

in the legend. 

a) b) 
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The high values of initial anisotropy are in line with the fact that most of the 

PIA signal originates from the polymer excitation. At longer times, the anisotropy 

decreases for all samples albeit to the different extent. The most probable reason 

for such loss of the transient dipole moment orientation of the polaron (CT exciton) 

is hopping from one polymer segment to another with a different orientation of the 

transient dipole moment.  

For the PCDTBT-based blends (Fig. 3.8a), the value of initial anisotropy slightly 

decreases (from 0.25 to 0.2) with increase of the [70]PCBM content. This decrease 

signifies increased contribution of the excitons in the [70]PCBM domains with zero 

anisotropy. Furthermore, the anisotropy decays with time from initial values of 

0.2-0.25 to ~0.05 at 100 ps (i.e. by a factor of 4-5) and keeps on decreasing. 

Therefore, CT excitons and/or polarons are quite mobile that they are free to move 

away from the place they were created. This is reminiscent to the anisotropy 

behaviour for relatively weak fluorine acceptors such as 4CN-NFon (Chapter 2, 

Fig. 2.6 and Fig. 2.7a).  

Figure 3.8b shows anisotropy dynamics for the BTT-DPP-based blends which is 

distinctly different from those for the PCDTBT case. First, the initial value of 

anisotropy almost does not change with addition of [70]PCBM. Secondly, at 100 ps 

the anisotropy decreases only by a factor of 2 which points to the reduced mobility 

of the CT excitons/polarons. This can be understood as follows: because the ET to 

the [70]PCBM is hindered by an unfavourable LUMO-LUMO offset, the true 

polaron (i.e. the electron at the [70]PCBM and the hole at the polymer) is not 

formed. Instead, a bound intrapolymer hole-electron pair, i.e. a CT exciton, is 

created. Although both the electron and the hole are delocalized along the 

acceptor-donor moieties of the polymer, their mutual attraction does not allow 

them to become really mobile which results in high anisotropy. This is quite 

similar to the localization of the polarons in the blends with the higher EA fluorine 

acceptors (Chapter 2, Fig. 2.6).  

Figure 3.9 shows anisotropy excitation spectra of the PCDTBT:[70]PCBM and 

BTT-DPP:[70]PCBM blends with 1:1 weight ratio. In the PCDTBT:[70]PCBM case, 

the anisotropy is fairly constant at all excitation frequencies and times. Only at 560 

nm the anisotropy becomes slightly lower, most probably, because of the increased 

[70]PCBM contribution, in full agreement with our previous conclusions (Fig. 3.7a).  
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Figure 3.9. Comparison of the anisotropy excitation spectra of PCDTBT:[70]PCBM (a) 

and BTT-DPP:[70]PCBM (b) blends with 1:1 weight ratio. The stars in (b) show 

anisotropy of the neat polymer at two wavelengths for 1 ps (black) and 100 ps (red) delays. 

The dashed curve represents a scaled (in a way to provide the best visual overlap with the 

anisotropy excitation spectrum at 1 ps) absorption spectrum of the polymer for comparison.  

A more intriguing anisotropy spectrum is demonstrated by the BTT-

DPP:[70]PCBM blend which shows a strong spectral response (Fig. 3.9b). The 

short-time anisotropy mostly follows the polymer absorption spectrum because of 

the prevalence of CT excitons originated from the polymer excitation. This is in 

agreement with our PIA data and is also confirmed by independent measurements 

on the neat polymer film at two excitation wavelengths (Fig. 3.9b, black stars). As 

the anisotropy reflects the mutual orientation of the directions of the transient 

dipole moments in the visible and IR regions, these orientations possess more 

angular inhomogeneity at shorter wavelengths. Such spectral dependence of the 

anisotropy is not very common because the vibronic structure does not typically 

lead to different transient dipoles orientations (compare, for instance, with Fig. 

3.9a). Therefore, we speculate that anisotropy decrease at the short wavelengths is 

due to the second, higher energy CT band with a lower and differently-angled 

transient dipole moment. 

At long delays (red squares) and long wavelengths, the anisotropy decreases by 

only approximately a third from its initial value while the isotropic PIA signal 

decreases by a factor of 25 at 750 nm (Fig. 3.7b). At the shorter wavelengths, the 

anisotropy decays by a factor of 2 to the value of ~0.05, while the neat-polymer 

anisotropy hits to ~0.08. Therefore, at these wavelengths and times the ET 

a) b) 
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contribution to the anisotropy is largely overwhelmed by the HT contribution for 

which anisotropy should be close to zero.  

Our findings on the anisotropy wavelength dependence of films of BTT-DPP 

are in agreement with previous studies performed by Bakulin et al.12 based on 

current detection (the so-called push technique25). For instance, at the excitation 

wavelength of 700 nm relatively high anisotropy of ~0.15 was obtained, while at 

the 520 nm excitation the anisotropy is close to a half of this value (~0.07). The 

difference was attributed to the different charge generation pathways. Thus, with 

the excitation at 700 nm, mostly the donor polymer is excited, which leads to the 

high value of anisotropy. In the case of 520 nm excitation, mostly acceptor 

fullerene is excited, and the anisotropy value is low. The anisotropy values 

obtained by Bakulin et al. are almost twice smaller than obtained herein (0.25 and 

0.12, respectively). This inconsistency can be explained by different molecular 

weights of BTT-DPP polymers that significantly change the morphology of the 

active layer.24 Based on these observations and taking into account the amplitudes 

of the PIA transients, Bakulin et al. concluded that in the BTT-DPP:[70]PCBM 

blends the yield of generated CT states is ~10 times higher for the ET than for the 

HT. Our measurements demonstrate a similar value of ~6. Such a difference 

between the yields of ET/HT has been attributed to a much smaller LUMO 

difference between the donor and acceptor as compared to the HOMO-HOMO 

energy difference.  

Therefore, anisotropy data together with the excitation spectrum (Fig. 3.7b) 

allow us to make the final conclusion. In the BTT-DPP blends the long-lived 

charges are originating from the HT process at shorter wavelengths, while at 

longer wavelengths the charges separate within the polymer only, recombine with 

~15 ps time. Hence, the anisotropy spectrum appears to be an important argument 

for such assignments in addition to the excitation spectra. It provides a perfect 

contrast parameter for discrimination of the polymer and fullerene absorption 

contributions.  

3.4. Conclusions 

The ultrafast experiments on two representative push-pull polymers, PCDTBT and 

BTT-DPP that differ by the donor and acceptor LUMO energy level offsets, 

demonstrated the intrapolymer charge recombination dynamics at 100 ps and 15 

ps time scale, respectively. These dynamics are comparable to those obtained 
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previously22,26 in the ground-state CTCs formed between a semiconducting 

polymer, MEH-PPV,  and a series of fluorene electron acceptors. The results clearly 

indicate that for a push-pull polymer to be efficient, a faster than 10 ps channel 

should be opened for the electron to escape the polymer to [70]PCBM and thereby 

avoid geminate recombination.  

After addition of the [70]PCBM fullerene to the blend, the interplay between the 

intra- (i.e. within the polymer) and inter- (i.e. between the polymer and fullerene) 

molecular charge transfer processes seems to be governed by the value of the 

LUMO energy offset. Thus, in case of PCDTBT and [70]PCBM blends (where there 

is a significant LUMO-LUMO offset between the donor and acceptor), both ET and 

HT channels are equally involved in the light harvesting which makes the blend 

efficient. In contrast, for the mixtures with a low LUMO-LUMO energy offset (the 

case of the BTT-DPP polymer and [70]PCBM) the ET is hardly possible, and the HT 

becomes the only source of the long-lived photogenerated charges. Of course, there 

is nothing wrong or inefficient about HT per se; the problem is that the polymer 

absorbs a significant amount of the incoming light which is essentially wasted.  
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Chapter 4 
 
 
 
 
 

The Role of Driving Energy and Delocalized 
States for Charge Separation in Organic 

Semiconductors 
 
 

In organic light-harvesting systems photon absorption leads to the formation of a 

tightly bound electron-hole pair. While biological systems employ cascading 

charge transfer steps to dissociate the exciton and achieve long-range charge 

separation, organic photovoltaic cells use only a single heterojunction. How the 

electron and hole overcome their mutual attraction still keeps many unanswered 

detailed questions. Here we use new spectroscopic techniques to demonstrate that 

long-range charge separation is facilitated by “hot” delocalised band states. 

Atomistic modelling shows that IR photons promote these bound charge pairs to 

delocalised band states, similar to those formed just after singlet exciton 

dissociation, suggesting that such states act as the gateway for long-range charge 

separation. These results offer a new framework to understand charge separation 

in efficient organic photoconversion systems, demonstrating that they make use of 

hot-state charge delocalisation rather than energy-gradient-driven intermolecular 

hopping. 
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4.1. Introduction 

In contrast to the elegant photosynthetic apparatus evolved by nature,1 organic 

photovoltaic (OPV) cells use a single heterojunction between two semiconductors 

to generate charge.2 These semiconductors, referred to as the donor and acceptor, 

are cast from solution or vacuum sublimed to form a thin film with nanoscale 

domains of relatively pure bulk materials and large interfacial regions. This 

architecture, known as the bulk heterojunction,3 allows for absorption of light in 

the bulk domains to form excitons followed by charge generation at the interface 

where offsets between the Lowest Unoccupied Molecular Orbitals (LUMOs) and 

Highest Occupied Molecular Orbitals (HOMO) of the donor and acceptor enable 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1. Chemical structures of donor (left, red captions) and acceptor (right, blue 

captions) organic materials utilised in this study. Table presents typical incident photon-to-

current efficiencies (IPCE) of the corresponding OPVs5-10, defined as the number of 

collected electrons per incident photon. Adapted from Ref.4. 

BLEND IPCE(%)

PFB:F8BT
9 6

P3HT:F8TBT
8 25

MDMO-PPV:[70]PCBM
5 40

PCPDTBT:[70]PCBM
7 50

P3HT:[60]PCBM
6 70

PCDTBT:[70]PCBM
10 80
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electron transfer, thereby dissociating the exciton. 

Figure 4.1 shows various conjugated macromolecules used as electron donors 

or acceptors in this study. Also listed are the reported external quantum 

efficiencies (EQE), under short circuit conditions, which vary from high (>70%) to 

low (<10%).5-10 This variation in performance cannot be explained simply by 

energy-level offsets as these are sufficient in all listed systems to enable exciton 

dissociation, nor can they be explained by non-ideal charge transport..11-12 This 

suggests that there are fundamental differences in electronic structure of the 

heterojunctions formed between materials, which determine the efficiency of 

photoconversion.  

For blends preparation we used fused silica substrates cleaned by sonication in 

acetone and isopropanol spectrosil. 1:2 weight ratio blend of PCPDTBT:[70]PCBM 

(30mg/ml in chlorobenzene with 5% 1,8-octanedithiol), 1:4 blends of 

PCDTBT:[70]PCBM (30mg/ml in dichlorobenzene) and 1:4 blend of MDMO-

PPV:PC70BM (15mg/ml in chlorobenzene) were spun on the substrates in a 

nitrogen filled glovebox. PCDTBT: [70]PCBM and PCPDTBT:[70]PCBM samples 

were allowed to dry for 30 minutes at 70°C. For devices, the indium-tin-oxide-

coated (ITO) glass substrates were cleaned by sonication in acetone and 

isopropanol, followed by oxygen plasma treatment. A 40 nm thick PEDOT:PSS 

layer was deposited onto the plasma-treated substrates and then annealed at 230°C 

for 30 minutes under flowing nitrogen. The substrates were then transferred into a 

nitrogen glovebox for the further fabrication steps. 1:2 blend of 

PCPDTBT:[70]PCBM (30mg/ml in chlorobenzene with 5% 1,8-octanedithiol), 1:4 

blends of PCDTBT:[70]PCBM (30mg/ml in dichlorobenzene) and 1:4 blend of 

MDMO-PPV:[70]PCBM (15mg/ml in chlorobenzene), 1:1 blend of P3HT:[60]PCBM 

(30mg/ml in dichlorobenzene), 1:1 blend of P3HT:F8TBT (20mg/ml in xylene) and 

1:1 blend of PFB:F8BT (20mg/ml in chloroform) were then spun on the treated ITO 

substrates. PCDTBT:[70]PCBM and PCPDTBT:[70]PCBM samples were allowed to 

dry for 30 minutes at 70°C. P3HT:[60]PCBM samples were annealed at 140°C for 10 

min. Samples were then transferred to a thermal evaporator within the glovebox 

where 120 nm thick Al electrodes were deposited under a vacuum better than 10-6 

mbar. P3HT:F8TBT samples were then post annealed at 140°C. All samples were 

encapsulated using a second fused silica substrate before testing. 

Figure 4.2a illustrates the current understanding of the photon-to-charge 

conversion mechanism in an OPV devices.13 Absorption of a photon produces an 
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intramolecular singlet exciton at the donor and acceptor interface either directly or 

after exciton diffusion from the bulk domains. The exciton then undergoes ultrafast 

quasi-adiabatic charge transfer, yielding a hole on the donor and an electron on the 

acceptor. Having overcome the intramolecular Coulomb attraction (holding 

together the singlet exciton), via the use of offset energy levels, the charges remain 

electrostatically attracted across the donor and acceptor interface.11, 14  

  

Figure 4.2. Band diagrams for a typical OPV (a) and for cationic state on the polymer 

donor (b). Singlet, Charge-Transfer (CT, lowest-lying - CT0, band states - CTn) and 

separated-charges (SC) states are shown; positive charge density distribution in (b) is 

indicated by pink contour. Solid arrows show optical transitions and dashed arrows 

indicate energy/charge transfer pathways involved in photoconversion. Adapted from Ref.4. 

Due to the interaction, the nature of produced state may differ from that of a 

free well-separated electron-hole pair (SC). Therefore, in this chapter, the species 

formed immediately after charge transfer are referred to as charge-transfer (CT) 

states, without consideration of whether these states eventually dissociate into free 

carriers or stay bound until recombination.15 When electron and hole do localise so 

that they are immediately adjacent on either side on the heterojunction, Coulombic 

binding energies of several hundred meV are expected and observed.16-17  

Here we use two new spectroscopic techniques – the push and 3-pulse 

arrangements - to demonstrate what is the effect of the push pulse (which creates 

hot states) on the photocurrent production and what is also important, on the 

charge generation. We reveal that long-range charge separation is facilitated by hot 

delocalised band states.  
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4.2. Experimental  

The schematics of the electro-optical pump-push experiment, performed on 

working OPV diodes is presented in Figure 4.3a. A visible pump pulse illuminates 

the OPV and creates a population of CT/SC states, as illustrated in Figure 4.2a. The 

pump flux is kept low to give excitation densities ~1016 cm-3, comparable to cw 

solar excitation.19 The charge carrier on the polymer causes a geometrical 

rearrangement of the chain, known as polaron formation. Polaron formation 

lowers the energy for charge storage by pulling two band states (π and π*) into the 

gap, creating the localised polaron as illustrated in Figure 4.2b.20-21 For the hole 

polaron, the lower gap state is singly occupied, and the optical transition (P1) 

between it and the π valence band is dipole, forming an absorption band typically 

between 0.1 and 0.5 eV,21-22 with the energy being determined by the degree of 

polaron delocalisation.23 As we show later, polaron formation plays a key role in 

limiting long-range charge separation.  

 

 

Figure 4.3. Layouts of pump-push photocurrent (a) and 3-pulse transient-anisotropy (b) 

experiments. NOPA and OPA correspond to (non-collinear) optical parametric amplifiers. 

PD stands for photodiodes. Adapted from Ref.4. 

In our experiments, we address the dynamics of electron-hole pairs still 

localised at the interface. Following charge transfer, the number of CTn states 

formed are hot states with energy 0.3-1 eV in excess of the lowest lying CT0 states. 

The charge pair then relaxes through the manifold to the lowest lying CT0 states 

giving rise to a red-shifted CT emission.24 Here we selectively excite the P1 (CT0-

CTn) transition with an IR push pulse, re-populating hot states that the system 

samples immediately after the charge transfer. The perturbation of the charge 

dynamics on the molecular level affects the OPV performance and the 

corresponding change of the photocurrent (δPC) induced by the IR push pulse is 

 

(a)

 

(b)
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recorded as a function of the delay between pump and push.25-26 These pump-push 

photocurrent experiments were performed using commercial regenerative 1kHz 

Ti:Sapphire amplifier (Spectra Physics, Solstice) pumping a home-build broadband 

NOPA used for generating the pump pulse and a commercial OPA (Light 

Conversion, TOPAS) to generate the push pulse (2200 nm, ~1 μJ). A reference 

photocurrent from a photodiode was detected at the pump repetition frequency of 

1 kHz by a lock-in amplifier. The push beam was mechanically chopped at 500 Hz 

and its effect on the photocurrent was also detected by a lock-in technique. For 

simultaneous measurement of the photoinduced absorption the transmitted push 

beam was detected by a photodiode. Push pulse energy needed for a good signal-

to-noise ratio was as high as ~1 μJ (~3 mJ/cm2). To avoid experimental artefacts we 

measured the intensity dependence of the signal. For some of samples multiphoton 

contributions to the signal were observed at higher push energies of 5-10 μJ (~30 

mJ/cm2). To avoid multiphoton absorption, the push pulse energy was lowered 

until the linear dependence on the push intensity was reached. These experiments 

were performed in the group of R.Friend in Cambridge (UK). 

In a complementary all-optical experiment (Figure 4.3b), the effect of the push 

pulse on charge dynamics is observed using an additional IR probe pulse.27 To 

boost the signal and ensure that a large number of charges were excited by the 

push pulse, a higher excitation density (~1019 cm-3, still in a linear regime) was used 

in the all-optical experiment. These 3-pulse experiments were performed using a 

setup based on a home-built Ti:Sapphire amplifier which pumped a non-collinear 

optical parametrical amplifier (NOPA), providing pump pulses (500-700 nm, 30 fs, 

<0.1 μJ per pulse), and an optical parametric amplifier (OPA), generating the IR 

push and the probe. Although the pump pulse was relatively intense the low 

extinction of the sample at the absorption edge provided low spatial density of 

states homogeneously redistributed in the film. The ~1 μJ push and 5 nJ probe 

pulses having duration of ~70 fs and a bandwidth of ~300 nm FWHM, were 

positioned at 3300 nm. The polarizations of the IR-push was rotated by 54.7o 

(‘magic’ angle) with respect to the polarization of the pump beam. After the 

sample, the probe components of different polarisation were detected by InSb 

photodiodes. All data were obtained at 300 K. During the measurements the pump 

beam was mechanically modulated at 500 Hz rate and the push beam at 250 Hz 

rate, both rates being phase-locked to the laser 1 kHz repetition frequency. The 

pump, push, probes (parallel and perpendicular components), and probe-reference 
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intensities were simultaneously detected and digitized using an ADC card. This 

approach allowed simultaneous detection of the charge dynamics with and 

without push pulse at high frequency and therefore with minimal noise.  

The push-induced states are very similar to those populated directly after 

exciton-dissociation. The geometry of the polymer is different in the case of the 

push experiment because the chain has relaxed to form a polaronic state. However, 

as established earlier 20, the presence of the polaron distortion leaves all other π-

band states unchanged. This is confirmed by the calculation presented in Ref. 4. 

This allows us to generalise the results of our experiments to photoconverstion 

under solar-illumination conditions.  

4.3. Results and discussion 

Figure 4.4 shows pump-push photocurrent data for an MDMO-PPV:[70]PCBM 

solar cell. When the push pulse arrives after the pump, the photocurrent 

manifestly increases. The rise time of this increase is instrument-limited (200 fs), 

indicating that the push pulse interacts with species created directly after 

excitation. The magnitude of the push-induced photocurrent decays slowly (~600 

ps) as the delay time increases. We attribute this decay to the CT state lifetime, in 

agreement with previous time-resolved photoluminescence measurements.28-29 

From measurements of the pump-induced absorption at the push wavelength and 

the flux of the push pulse, we calculate the increase of the photocurrent per IR 

photon absorbed per charge pair. For an MDMO-PPV:[70]PCBM cell, we observe a 

~5% change in relative photocurrent i.e. every IR photon absorbed by an electron-

hole pair has a 5% chance of helping to dissociate it. The fast rise-time (200 fs) rules 

out charge trapping after diffusion to possible defect sites. We observed a slower 

rise of the signal for blends of P3HT and PCPDTBT with fullerenes, which is 

probably associated with delayed formation of bound states preceded by the 

exciton diffusion.  
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Figure 4.4. The results of IR photocurrent pump-push experiments on MDMO-

PPV:[70]PCBM cell. The scatters show increase in relative photocurrent induced by the 

push pulse in the device. Lines are multiexponential fits convoluted with the response 

function. The experiments were performed for pump photons having energy above (580 nm, 

green curve) and below (800 nm, red curve) polymer and fullerene band gaps. Adapted 

from Ref.4. 

An important question with regards to charge separation is the role of excess 

energy, which the hot CTn state inherits from the exciton. It has been argued that 

this energy, which is lost during relaxation to the cold CT0 state, facilitates long-

range charge separation.12, 30 However, this interpretation has been questioned31 

and the role of excess energy remains ambiguous.15, 32-35 We elucidate the effect of 

excess energy on charge separation by using below-gap excitation (Figure 4.4, open 

circles).31, 36 Through the below-gap transition, CT states are populated directly at 

the donor and acceptor interface, rather than through singlet exciton dissociation. 

Although the cross-section of the S0→CT transition is low, it allows for charge 

generation while bypassing the hot CT state. We note that this excitation is not 

necessarily to the cold CT state, but occurs with ground state geometries of the 

donor and acceptor. Subsequent geometrical relaxation forms polaron states, 

giving Stokes shifted (~0.6 eV) CT luminesence.37 Although the CT state excited 

possesses ~0.5 eV less excess energy than the state created after exciton 

dissociation, δPC/PC kinetics (Figure 4.4) are similar for below- and above-gap 

excitations demonstrating that charge separation effectively occurs without the 

need for the large excess energy associated with the exciton.31 
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Figure 4.5. The results of IR photocurrent pump-push experiments on a set of solar cells. 

Solid lines are mono-exponential fits convoluted with the Gaussian ‘charge-generation’  

function. Adapted from Ref.4. 

Figure 4.5 shows pump-push transients corresponding to above-gap excitation 

for a range of materials systems. The relative amount of additional photocurrent 

stimulated by re-excitation is very dependent on the particular material. 

Polymer:polymer blends, PFB:F8BT and P3HT:F8TBT, display a large push-

induced increase of photocurrent (10-50%). Consistent with previous reports, the 

CT state lifetime in these materials is up to a few 10s of ns.38 Polymer:fullerene cells 

demonstrate modest photocurrent increase (<6%) and sub-ns CT-state lifetimes. 

Finally, the highly efficient PCDTBT:[70]PCBM system shows a minor decrease of 

photocurrent upon IR irradiation, possibly due to bi-molecular recombination.  

We note that both free hole polarons (SC) and those bound within CT states 

may absorb the IR push pulse. Although recent studies have indicated that the 

photoinduced absorption at 0.5 eV is related to CT states, 39-40 IR push photons can 

be also absorbed by weakly bound charges which would contribute to the PC even 

without the application of the push pulse. Thus, systems with lower EQE, where 

the amount of bound charges is high, demonstrate greater δPC/PC response. In 

contrast, in efficient photoconversion systems, where the number of CT states is 

reduced, the push-induced photocurrent is low. After normalisation to the 
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estimated amount of bound charges, we find that for all materials the efficiency of 

charge separation from CT state after the push is lower (roughly 50%) but still 

comparable to the efficiency of charge separation after the original pump pulse. 

This indicates that the push pulse takes those excitations that had relaxed to bound 

CT states back to states very similar to the early-time hot states formed after the 

singlet exciton dissociation, giving them a second chance to dissociate.  

To monitor the effect of the push pulse on the charges directly, we employ an 

all-optical pump-push-probe technique (Figure 4.3b). Figure 4.6a shows isotropic 

pump-probe transients in a MDMO-PPV:[70]PCBM film with and without the 

push pulse. Pump pulses create CT/SC states in the OPV material and their 

evolution is monitored with the IR probe pulse. When the probe arrives after the 

pump, it is partly absorbed by the pump-generated carriers. The red curve in 

Figure 4.6a, therefore, reflects the population of all CT0/SC states as a function of 

time. The green circles present analogous dynamics when a push pulse, ~2 ps after 

the pump, brings a significant fraction (~10%) of the charges back to the ‘hot’ state 

CTn (Figure 4.6a). This is observed as a sudden drop of signal amplitude because 

fewer charges absorb the probe beam. The signal then re-joins the red curve as the 

CTn states relax to CT0. Figure 4.6b presents the difference in response with and 

without the push pulse, for MDMO-PPV and PCPDTBT mixed with [70]PCBM. A 

fast sub-100 fs component accounts for ~80% of the signal decay, with the residual 

relaxation of ~20% of states occurring on a longer but still relatively fast 1-20 ps 

time scale.  

Figure 4.6c presents the anisotropic component of the same pump-probe 

transient in an MDMO-PPV:[70]PCBM. The initial anisotropy is lower than the 0.4 

limit for a random distribution of dipoles, indicating that there may be (excitonic) 

dynamics occurring before charge generation and/or below our time ~70 fs 

resolution.34 However, the non-zero anisotropy observed indicates that the P1 

transition dipole partly inherits polarisation memory from the singlet excitons. As 

charges move from the chain on which they are created to another chain, the 

transition dipole moment associated with the charge acquires a different 

orientation, which is observed as depolarisation.34  

Figure 4.6d shows the relative difference between with push and no-push 

anisotropic transients. As a general trend, we observe that anisotropy is reduced 

by the push. The anisotropy within the pulse-overlap region drops, probably, due 

to the different orientation of the P1 transition dipoles in the excited state. 
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Anisotropy dynamics at longer (>0.2 ps) delays display bi-phasic behaviour. 

Anisotropy is lost after the push and decreases further in following 10-50 ps. The 

loss in anisotropy after the push corresponds to the re-excited hot CT state re-

localising to the neighbouring CT/SC state with a different orientation of charge-

associated dipole.14 The continued loss of anisotropy provides further evidences 

that charges become more mobile after the push pulse.  

 

Figure 4.6. Transient-absorption (a) and transient-anisotropy (c) kinetics for MDMO-

PPV:[70]PCBM blend film excited above the MDMO-PPV optical gap (580 nm) and 

probed 3 µm. Green line in figure (a) shows dynamics with push pulse arriving at ~2 ps 

delay. Bottom panels present the effect of push pulse on the isotropic (b) and anisotropic (d) 

transients, calculated from the difference between with push and no-push measurements, 

for MDMO-PPV:[70]PCBM, PCPDTBT:[70]PCBM films. Solid lines are 

multiexponential fits to the data convoluted with 70-fs vis-IR response function of the 

setup. Adapted from Ref.4. 

The fast charge relaxation and re-localisation observed in 3-pulse experiments 

are not consistent with the currently dominant models of charge separation 
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through relaxation-assisted intermolecular hopping. However, the observed 

results can be explained by hole delocalisation achieved via band states. These 

states are formed after singlet exciton dissociation, before polaron formation 

occurs. Here we re-populate these states through the optically-allowed IR 

transition. The absorption of the IR photon promotes an electron from the 

delocalised valence band to the localised HOMO, instantaneously delocalising the 

hole, as illustrated schematically in Figure 4.2b. Importantly, such delocalisation 

would then play a critical role in reducing the Coulomb binding energy.41  

To confirm this hypothesis we resort to atomistic ‘many-body’ modelling. These 

calculations were performed in the group of D. Beljonne, Mons (Belgium). We first 

demonstrate that optical excitation from the singly (positively) charged ground 

state to the lowest dipole allowed electronic state, namely the valencen (P1) 

electronic transition in the simplified one-electron picture above, results in an 

increased intrachain hole delocalization in isolated chains of archetypical 

conjugated polymers. By combining force-field geometry optimization with 

quantum-chemical excited-state calculations of donor:acceptor pairs, we then infer 

the nature of the electronic states at representative polymer:[70]PCBM and 

polymer:polymer heterojunctions.  

Figure 4.7a features the charge density distribution as calculated in the lowest 

charge-transfer electronic excited state (CT0) of a P3HT:[70]PCBM heterojunction, 

while Figure 4.7b shows the analogous situation for a higher-lying, strongly dipole 

coupled to CT0, excited state, CTn, prepared by absorption of an IR photon from 

CT0. The P3HT-hole wavefunction, which is confined close to the [70]PCBM 

electron in the CT0 state, is found to be more delocalised along the polymer 

backbone in the CTn state, resulting in an increased intermolecular average 

electron-hole separation. The electron density on the fullerene is also changed 

upon the excitation to the CTn state, however due to the already delocalised nature 

of the electron on the fullerene molecule this effect is not very pronounced. 

Nonetheless, current calculations cannot exclude further delocalization over more 

than one fullerene molecule when such molecules are available. Similar results are 

obtained for the P3HT:F8TBT interface (Figures 4.7c&d). Thus, at both 

heterojunctions, the strong IR transition from the CT0 to the CTn excited state 

delocalises the hole wavefunction along the donor chain and thereby promotes a 

larger intermolecular electron-hole separation. Although this transient 
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delocalisation is short-lived (sub-ps), as measured by the all-optical technique in 

Figures 4.5b&d, it allows for charges to decouple and move apart.  

 
Figure 4.7. Microelectrostatic simulations of the charge distribution at the 

P3HT:[70]PCBM (a&b) and P3HT:F8TBT (c&d) heterojunction, with electron and hole 

densities shown in blue and red respectively. a&c show the charge distribution in the 

lowest charge-transfer state configuration, and b&d show the excited charge-transfer state 

configuration created upon absorption of an IR push photon. R stands for the average 

electron-hole separation. Adapted from Ref.4. 

Although the general trend of delocalisation of charge by optical excitation is 

observed for both modeled systems, the extent of delocalisation is material 

dependent. Moving from F8TBT to [70]PCBM increases the average electron-hole 

separation by 50%. This, in turn, induces even larger variations in CT-state binding 

energy and dissociation probability. The results of these variations are clearly seen 

in Figures 4.1(table) and Figure 4.4. It is this difference in delocalisation of charges 

that causes OPV systems to demonstrate dramatically different quantum 

efficiencies.  

4.4. Conclusions 

In conclusion, we have demonstrated that delocalised band states are critical for 

long-range charge separation in organic photovoltaic cells. In the experiments 

reported these delocalised states are populated through the absorption of a low-
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energy IR photon (~0.5 eV) by bound charge pairs. By generalising our conclusions 

to the early-time hot states formed after singlet exciton dissociation (before polaron 

formation), we propose that the driving energy for charge separation in organic 

photoconversion systems is the energy needed to reach these delocalised states. 

Although the delocalised states are extremely short-lived (<1 ps), they enable 

charges to overcome the otherwise dominant Coulomb interaction.  

Our results provide a new framework to understand charge generation in 

organic systems and outline the basis for the design of improved OPVs. In 

particular, those materials that support delocalised charge wavefunctions and have 

low reorganisation energies due to structural rigidity and suppressed torsion 

relaxation, should be targeted for the next generation of OPVs. This would 

mitigate the problem of polaron formation and allow for efficient charge 

separation with minimal band offsets, greatly increasing the open-circuit voltage 

and efficiency of OPVs. The superior performance of fullerenes is explained by 

meeting the outlined criteria, as is the performance of porphyrins, used in 

photosynthesis and in recently reported high-efficiency OPVs.42-43  
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Ultrafast Charge Dynamics in Novel Star-Shaped 
Conjugated Molecules 

 
 
In this Chapter ultrafast charge dynamics in donor:acceptor blends based on novel 

star-shaped small molecules are investigated by ultrafast photoinduced absorption 

(PIA) spectroscopy. Three star-shaped donors that differ from each other by the 

length of the alkyl end group and by the length of conjugated chain are studied. 

The dependence of long-lived charge generation efficiency, and in particular the 

intra- and intermolecular recombination times, on the donor’s chemical structure 

are measured by ultrafast photoinduced absorption spectroscopy. It is shown that 

intermolecular recombination becomes dominant at high acceptor concentration, 

with the particular consentration for which this happens depending on the length 

of the donor’s alkyl end group. 
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5.1. Introduction 

Bulk heterojunction (BHJ) organic solar cells (OSC) based on solution-processable 

small molecules (SMs) donors have recently attracted a fair amount of attention 

attention as an alternative to the polymer-based OSCs.1-8 On one hand, SM-based 

OSCs combine advantages of polymer solar cells, i.e. flexibility, solution 

processability, ease of manufacturing, etc. On the other hand, they possess all 

benefits of small molecules like high purity, good batch-to-batch reproducibility, 

well defined molecular structure and molecular weight, and easy mass-scale 

production.9-14 Nowadays, there are two types of SMs which are mainly used as a 

donor in OSCs: linear and star-shaped. OSCs based on linear SMs have been 

studied more thoroughly, and recently achieved power conversion efficiency 

(PCE) as high as ~10%.15-17 OSCs based on star-shaped SMs have not yet shown 

such impressive results but nonetheless demonstrated a PCE of ~7%.6,18 The latter 

molecules have a number of attractive advantages over linear organic conjugated 

oligomers, like better solubility9,19 and film packing,20,21 which make them 

promising materials as OSCs donor.  

The star-shaped SMs studied here are push-pull type of molecules (see Chapter 

3), where triphenylamine (TPA) is used as a core donor unit, and three units of 

benzothiazole derivative6,9,14 or dicianovinyl (DCV)12,13,19,22,23 attached to it play the 

role of acceptors. A thiophene chain is used as a π-bridge, and alkyl end groups are 

attached in order to achieve high solubility in organic solvents. The resulting star-

shaped molecules demonstrate a broad absorption spectrum in the visible 

region.9,13,19,23 

One of the key processes occurring in the active layer of a typical BHJ OSC’s is 

charge generation and separation (Chapter 1). This process includes 

photoexcitation of the donor – which is a star-shaped SM in this case - with (charge 

transfer) exciton formation and its subsequent dissociation into charges.24 These 

processes take place on an ultrafast time scales (a few ns at the longest25), and their 

efficiency directly influences the PCE of the solar cell.26 Charge loss due to bi-

molecular and geminate recombination27,28 etc. could take place even at such short 

times26, leading to a reduced photocurrent, voltage and fill factor for the OSC, and 

hence a decrease of the PCE.29 Consequently, efficient generation of free charges 

and minimization of the above mentioned losses requires optimization of the 

active layer of the cell.  
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A number of factors, including the donor chemical structure as well as the 

acceptor concentration, affect the charge generation and recombination processes. 

Because of the relative novelty of SMs in photovoltaic application, the knowledge 

on the generation and recombination processes, as well as on the influence of the 

acceptor concentration and the donor chemical structure on these, is currently 

rather limited. The aim of this Chapter is therefore to establish a correlation 

between efficiency of charge generation/recombination processes and the donor 

chemical structure and the acceptor concentration. We investigated three different 

star-shaped SMs both in pure thin film form, as well as in film blends with 

[70]PCBM. The charge dynamics were studied by ultrafast polarization-sensitive 

visible-pump – IR-probe photoinduced absorption spectroscopy (PIA). 

Measurements were performed in a timespan of 100 picoseconds with time 

resolution of ~100 fs. The timescales of intramolecular recombination in films of 

pristine SMs as well as times of intermolecular recombination in films of 

SM:[70]PCBM blends were measured. Our results show that intermolecular 

recombination becomes dominant for high acceptor concentrations, and the 

threshold values of this concentration depend on the alkyl end groups length. 

5.2. Sample preparation and the experiment 

Figure 5.1 shows the chemical structure of the studied star-shaped molecules. The 

molecules were synthesized at the Institute of Synthetic Polymeric Materials of the 

Russian Academy of Science, Moscow, by the group of S.A. Ponomarenko. Details 

of chemical synthesis are described in Ref.18. The molecules differed from each 

other by the length of the alkyl end group and length of the conjugated chain and 

hence have different charge transfer properties. Molecules with two thiophene 

rings in their arms and two (2T-2) or six (2T-6) carbon atoms in the alkyl group, 

and a molecule with three thiophene rings and six carbon atoms (3T-6) have been 

studied.  
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Figure 5.1. Chemical structure of the studied star-shaped molecules. The arrows show 
schematically a possible intramolecular electron transfer from the donating cores to the 
accepting sides of the molecules. 

For the PIA experiments, thin films of neat SM donors as well as of 

donor:acceptor blends with different acceptor concentrations were made. For films 

preparation, each donor and acceptor were dissolved separately in 

dichlorobenzene at a concentration of 25 g/l. Solutions were stirred using a 

magnetic stirrer for at least 12 hours at 50°C. For blends, each donor solution was 

mixed with [70]PCBM at different volume ratios (1:0.2, 1:1, and 1:3). Mixed 

solutions were again stirred using a magnetic stirrer for at least 1 hour at 50°C. 

Films were spin-coated from solutions (1000 rpm, 2 min) on quartz microscope 

cover-glass substrates. For IR absorption measurements films were drop-casted on 

barium fluoride substrates which are fairlytransparency in far IR region (up to 10 

μm).  

Absorption spectra of the samples were recorded with a Perkin-Elmer 

Lambda 900 spectrophotometer.  

To study dynamics of photogenerated charges in the investigated materials 

we applied polarization sensitive PIA spectroscopy to monitor the time evolution 

of photoinduced charges with sub-100 fs time resolution. The principle of this 

technique, together with experimental details, has been described in Chapters 1 

and 2.  

e-

e-

e-

2T-6 2T-2 

3T-6 
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5.3. Results 

5.3.1. Linear absorption 

Absorption spectra of thin films of neat SMs are presented in Figure 5.2 (all spectra 

are normalized to their maximum). All films exhibit strong absorption in the 

visible region with two absorption peaks at ~400 nm and ~532 nm. The spectra of 

2T-based donors are almost identical, which means that the alkyl group length 

does not substantially affect the absorption of the film. The absorption spectrum of 

the 3T-6 film, however, differs from spectra of 2T-based donors most likely due to 

the different number of thiophene rings. 

The weak peak at ~390 nm in the 2T-2 and 2T-6 films is usually assigned to the 

π-π* excitation of the conjugated backbone.9,13,23 The corresponding peak for 3T-6 is 

red-shifted by 40 nm (to 430 nm) in comparison to the 2T-based donors because of 

the longer conjugated arm. It has been shown before that the strong peak at ~530 

nm has a charge transfer origin.9,13,23 For subsequent experiments, the wavelength 

of the excitation pulse was chosen close to the peak absorption at 560 nm. 

 

Figure 5.2. Normalized absorption spectra of the neat donor compounds (in films). 

Figure 5.3 shows absorption spectra for all investigated blends. As expected, 
the optical density of the absorption peak of the films varies for different donors. It 
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is related to the film thickness, which depends on the solubility and chemical 
structure of donor. 

 
Figure 5.3. Absorption spectra for blends of different concentration of donor:[70]PCBM 
blends. 

It is well known (see Chapter 2) that in some donor:acceptor mixtures the so-

called intermolecular ground-state charge transfer complex (CTC) is formed 

because of donor and acceptor interaction in the ground state.30-32 Formation of the 

CTC leads to enhanced absorption in the red-shifted spectral region where both 

donor and acceptor are transparent.33 To recognize the influence of the possible 

CTC formation with the acceptor on the optical properties of the samples a 

decomposition of the absorption spectra for 2T-2:[70]PCBM blends was performed 

(Fig. 5.4) in the following way: the absorption spectrum of the blends was 

calculated as a linear combination of absorption spectra of the two constituencies 

(i.e. SM donor and [70]PCBM acceptor); the relative contribution of the two 

decomposition components are depicted in Fig. 5.4 for each particular 

concentration. Note that there is a small but persistent red shift of absorption in the 

blends as compared to absorption of direct sum of the components which is 

indicative of the interfacial CTC. However, the effect is very minute; therefore 

donor-acceptor ground state CTC formation can be neglected. 
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Figure 5.4. Decompositions of absorption spectra for 2T-2:[70]PCBM blends. The 

measured spectra (black squares) are depicted together with composed of the donor and 

acceptor weighted sum. Shares of the decomposition coefficients are shown next to the 

corresponding apectrum.  

Figure 5.5 shows the contributions of the star-shaped donor and the acceptor 

to the overall blend absorption at 560 nm. The acceptor share grows linearly with 

increasing of the [70]PCBM concentration and both contributions become more or 

less equal at high fullerene load.  

 Figure 5.5. Donor and acceptor contributions to the overall blend absorption at the 

excitation wavelength of 560 nm. 

5.3.2. Polaron and IR absorption 

Polaron and IR absorption spectra of thin films of neat 3T-6 and a blend of 3T-

6:[70]PCBM (1:1) are shown in Figure 5.6. As follows from FT-IR spectra for the 

films of neat 3T-6 and 3T-6:[70]PCBM blend (blue curves in Fig. 5.6a and Fig. 5.6b, 
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correspondingly), IR absorption is quite similar for the neat donor and the blend, 

except of a small peak at ~5.8 μm, which appears in the blend. This feature most 

probably originates from the carbonyl (C=O) stretch mode of the [70]PCBM 

molecule.34  

The photoinduced spectrum of the neat film shows more structure: for 

instance, the peak at 7 μm that is caused by donor absorption (which contribution 

reduces in the blend). This is caused most probably by the IR active vibrational 

modes.  

A similar feature for all spectra is a broad plateau which starts at ~4 μm and 

continues to the high-frequency side for both 3 ps and 100 ps delays. Since 

unexcited samples do not absorb at 3 μm, this plateau is assigned to photoinduced 

polaron absorption.  

The decrease of the signal amplitude at long delays (Fig. 5.6, red curve) is 

assigned to charge recombination. Note that signal decays much faster for the neat 

donor in comparison to the blend. It is assigned to formation of separated charges 

in the blend as, after adding [70]PCBM, the photogenerated electrons migrate to it 

and hence escape the intramolecular recombination that occurs in the neat donor.  

For the further experiments, the wavelength of the probe pulse was set at 3 

μm (in the region of sample IR transparency) where the polaron response provides 

the cleanest signal. 

 
 Figure 5.6. Photo induced polaron (black and red symbols) spectra for thin films of 3T-6 (a) 

and 1:1 3T-6:[70]PCBM blend (b). The photo induced polaron spectra were obtained at 

delays of 3 ps (black symbols) and 100 ps (red symbols) after excitation with 530 nm. The 

blue lines show the normal IR absorption spectra of the films, please note that IR spectrum 

for thin film of 3T-6 (a) has been scaled by factor of 3 for the sake of convinience. 

a) b) 

x3 
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5.3.3. Photoinduced absorption dynamics 

Figure 5.7 shows the PIA transients for the blends of the star-shaped molecules 

with [70]PCBM. All transients are normalized to their maximum values. As the 

PIA amplitude is considered proportional to the concentration of separated 

charges, PIA decay is ascribed to their recombination. The experimental data were 

fitted by a bi-exponential function: 

)/exp( 110 tAATIso D  (1) 

convoluted with a Gaussian apparatus function (standard deviation σ=50 fs). Here, 

A1 and τ1 stand for amplitudes and times, respectively, of the exponential function, 

while A0 stands for the offset. The fit parameters for transients measured in the 

neat films and blends are given in Table 5.1. 

Table 5.1. Fit parameters of the isotropic PIAtransients for the neat and blend films 
studied here. 

Donor Blend composition A0, abs. shares % A1, % τ1, ps 

2T-2 

neat 0.4 0.6 13±2 

1:0.2 0.67 0.33 13±5 

1:1 0.69 0.31 22±4 

1:3 0.6 0.4 24±5 

2T-6 

neat 0.33 0.67 12±1 

1:0.2 0.56 0.44 11±3 

1:1 0.64 0.36 11±3 

1:3 0.57 0.43 24±5 

3T-6 

neat 0.38 0.62 8±1 

1:0.2 0.65 0.35 8±1 

1:1 0.7 0.3 11±2 

1:3 0.71 0.29 20±2 
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From presented dynamics one can see that the amplitude of the signal at 100 ps 

increases with increasing of [70]PCBM concentration. Furthermore, we can see the 

increase of the recombination time and to the decrease of the recombination 

efficiency (i.e. increase of the contribution of A0 in Eq. (1)). This fact suggests the 

appearance of long-lived separated charges.  

 
Figure 5.7. PIA isotropic transients for the films of blends of the star-shaped molecules 

(different molecules from left to right) with [70]PCBM (different concentrations from top to 

the bottom). Transients are normalized to their maximum values. 

Figure 5.8 shows the dependence of the recombination time τ1 on acceptor 

concentration for all investigated blends. As it follows from the diagram, there are 

two different timescales of recombination: ~10 ps and ~20 ps. As the increase of 

recombination time occurs only in blends with relatively high acceptor 

concentration (at least 50%), one can conclude that longer timescale corresponds to 

intermolecular recombination of separated charges (i.e. between the star-shaped 

molecule and acceptor). Intermolecular recombination becomes dominant at 50% 

of [70]PCBM in the case of 2 carbon atoms in the alkyl chain and 75% in the case of 

6 carbon atoms. This might indicate different packing of the star-shaped molecules 

in the blend. Indeed during the intermolecular recombination the charges are 

separated not within a single star-shaped molecule, but onto neighboring 

molecules, hence efficient intermolecular recombination requires dence packing, 

which can be provided by better packed 2T-2 with shorter alkyl chains.  
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Figure 5.8. Recombination time dependence vs. [70]PCBM concentration for all star-

shaped donors. 

The survival probability of charges (i.e. the ratio of long-lived charges to 

maximum generated charges) was calculated from the dynamics for all blends 

using following expression: 

%*
 ps)N(

 ps)N(
yprobabilitSurvival 100

5.0

100
   (2) 

where N(t) is polaron concentration (proportional to -ΔT/T) at delay t. The survival 

probability dependence on acceptor concentration is depicted in Figure 5.9. As 

follows from Fig. 5.9, the survival probability is quite similar for all investigated 

donors. It increases rapidly with the increase of acceptor concentration to its 

maximum at 50% of [70]PCBM, and saturates (for 3T-6) or eventually decreases 

(for 2T-2 and 2T-6). As a consequence, in terms of charge separation the optimal 

concentration of acceptor is about 50%. In this case, the survival probability of 

charges reaches ~70%. 
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Figure 5.9. Dependence of charges survival probability vs. [70]PCBM concentration in the 

studied mixture. 

From the analysis of recombination time and survival probability 

dependences, some conclusions about generation and recombination processes of 

long-lived charges can be made. In the case of neat donors, the intramolecular (or 

intermolecular between neighboring star-shaped molecules) generation-

recombination processes with a characteristic time of recombination of ~10 ps take 

place in the films. After adding the [70]PCBM acceptor, intermolecular charge 

separation (i.e. electron transfer from the star-shaped to the accepting molecule) 

with appearance of long-lived charges becomes possible, which leads to the 

increased survival probability. However, in case of low [70]PCBM concentration, 

charges still recombine intramolecularly, at least, in part. After further increase of 

acceptor concentration, most of photoexcited charges separate on the donor and 

acceptor interface and intermolecular recombination with longer times becomes 

dominant. As it follows from Fig. 5.9, intermolecular recombination becomes 

dominant at 50% of [70]PCBM content for 2T-2 with 2 carbon atoms in alkyl group 

and at 75% for donors with 6 carbon atoms which may be related to the smaller 

size of the 2T-2 donor and its better packing. Within the star-shaped core, the 

electron is delocalized only over the conjugated backbone, and intermolecular 

charge transfer is possible only in the case of sufficient π-orbital overlap between 

the donor and [70]PCBM molecules. Longer alkyl group could hinder the 
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proximity of the conjugated backbone to the acceptor which leads to weakening of 

their interaction and, as a consequence, to decrease of intermolecular generation-

recombination processes efficiency. 

5.3.4. Photoinduced anisotropy dynamics 

Together with the isotropic PIA transients, anisotropy transients were measured. 

As it was discussed in Chapter 1, anisotropy experiments provide information 

about the dynamics of the orientation of the induced dipole moments (which 

appear when the pairs of bounded charges – excitons – are created). This 

information is useful i.e. for distinguishing between localized/delocalized 

polarons (see Chapter 4).  

Figure 5.10 shows the transient anisotropy decays for films of all the studied 

materials.  

 
Figure 5.10. Anisotropy decays for the films of blends of the star-shaped molecules 

(different molecules from left to right) with [70]PCBM (different concentrations from top 

to the bottom). 
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As one can see, the anisotropy dynamics are almost identical for different donors 

and virtually independent on the acceptor concentration. Anisotropy for all blends 

decays from its initial values of about 0.2 to zero within ~1 ps. 

Since the anisotropy dynamics do not depend on acceptor concentration or 

molecular structure, one can conclude that anisotropy decays because of an 

intramolecular process. A possible mechanism of such fast anisotropy decay can be 

proposed based on theoretical calculations.23 Star-shaped molecules have a double 

degenerate excited state due to symmetry: each of degenerate LUMO levels differs 

only by its electron density distribution (Figure 5.1).23 Therefore, because of 

degeneracy, the molecule excited in one of the eigenstates (e.g. LUMO) is mixed 

with another (e.g. LUMO+1) eigenstate. This leads to effective depolarization, 

because each of the molecules involved has its own initial polarization direction 

before mixing and disappearance of the correlation between the induced and final 

transition dipole moments. Hence, the anisotropy in the studied materials decays 

because of intramolecular processes of mixing of the degenerated excited states, 

and therefore contains no information on polaron dynamics. 

 

Figure 5.1. DFT-calculated orbitals of ground and first excited states for 2T-based donor. 

Adapted from Ref. 21. 
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5.4. Conclusions 

Using the time-resolved pump-probe technique, charge dynamics in films of 

donor:acceptor blends based of three novel star-shaped SMs as donors and 

[70]PCBM as an acceptor have been studied. The molecules differ from each other 

by the length of the alkyl end group (2 or 6 carbon atoms) and by the length of 

conjugated chain (2 or 3 thiophene rings). 

Charge dynamics have been found virtually independent on the chemical 

structure of the star-shaped donor for neat materials. The intramolecular 

recombination time is slightly faster for the donor with 3 thiophene rings in 

conjugated arm (8 ps vs. 11 ps). For high [70]PCBM concentrations, intermolecular 

(i.e. between the star-shaped molecule and the acceptor) recombination at a 

timescale of 20 ps becomes dominant. The concentration for which this happens 

depends on the donor chemical structure and is equal to 50% of [70]PCBM content 

in the case of 2 carbon atoms in the alkyl group and 75% in the case of 6 atoms in 

the same group, which is probably related to differences in film packing. 

The charge survival probability has been obtained from the transient 

dynamics for all blends. Based on their behavior, the optimal concentration (in 

terms of charge separation) of acceptor in the blends was revealed. The optimal 

acceptor concentration turned out to be equal of 50% for all types of star-shaped 

donors.  

Summarizing, the star-shaped SMs provide efficient long-lived charge 

separation in the blends with [70]PCBM, which makes them perspective materials 

as donor in OSCs. Our data show that further optimization of the molecular 

structures and blend morphology might be able to improve current PCE of ~5%, 

which was already achieved using 2T-2:[70]PCBM blend.18 However, further 

investigations of these materials and optimization of blends and manufacturing 

conditions are still required to improve the devices efficiency. 
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Summary  

Charge transfer plays a central role in many photoinduced processes in physics, 

chemistry, and biology. It is also key to the photon-to-charge conversion process in 

organic photovoltaic (OPV) systems, which find more and more widespread use. 

Unlike their conventional inorganic counterparts, this class of photovoltaic systems 

compulsorily includes organic conjugated conductive molecules. The conjugated 

materials, usually used as an active layer in OPVs, are chemical structures which 

are coupled through the π-orbitals leading to a delocalization of charges over the 

bonds participating in the conjugation. Usage of the organic materials determines 

the strong and weak points of the OPVs. The main advantages of using organic 

molecules are potentially low production cost in large volumes and solution 

processability. In addition, OPVs are relatively flexible and lightweight, and are 

thus very convenient for portable applications. On the other hand, the main 

weakness concerns mainly the relatively low conversion efficiency (up-to-date 

around 12%), and limited photostability in comparison to their inorganic 

analogues. In this work, we present a number of studies dedicated to charge 

photogeneration and charge transfer processes in novel conjugated systems. We 

focus on revealing the charge photogeneration efficiency and clarifying the 

intermolecular (between different molecules) and intramolecular (within one 

molecule) charge transfer processes that form the crucial initial steps in the energy 

conversion process in OPV devices.  

Since charge transfer occurs on an ultrafast timescale, i.e. faster than 10-10 s, it 

requires an experimental tool suitable to monitor the relevant processes with an 

adequate time resolution. In our studies the dynamics of generation and 

recombination of photoinduced charges are studied using ultrafast visible-pump – 

IR-probe photo induced absorption (PIA) spectroscopy, which allows monitoring 

the time evolution of photoinduced charges. The method is based on the fact that 

photoinduced charge (a hole) created on a polymer molecule creates absorption 

bands in the IR range in the polymer bandgap. In the PIA technique, two pulses 

are applied: the first one photogenerates the charges and the second one probes the 

charge concentration by monitoring induced IR absorption that is proportional to 

the amount of holes at the conjugated molecule. This technique is applied to a 
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variety of blends of conjugated polymers and organic acceptors, which represent 

different classes of conjugated systems. 

Our investigations start with a study of the charge recombination dynamics in 

ground state charge-transfer complexes (CTCs) formed between an archetypical 

conjugated polymer donor MEH-PPV and a family of small molecular acceptors 

(Chapter 2). One of the reasons why the polymer-based ground state CTCs are 

important is that they can be beneficial for the OPVs. CTCs (which energy is within 

the polymer band gap) can extend the spectral absorption range up to 1 µm, 

thereby improving the absorption overlap with the solar spectrum. In addition it 

has been shown that their presence leads to an increased photooxidation stability 

of OPV devices. To reveal which parameters govern the charge recombination 

rates for CTC forming donor-acceptor systems, we vary the electron affinities 

(EAs) of fluorine based acceptors by changing the attached functional electron 

withdrawing groups (cyano, nitro, and carbonyl), thereby systematically 

modifying the lowest unoccupied molecular orbital (LUMO) and the highest 

occupied molecular orbital (HOMO) energies of the acceptors. Clear signatures of 

CTC formation in the polymer-acceptor blends have been found in both the optical 

absorption spectra of the blends, which showed the formation of a clear wing red-

shifted relative to the polymer main HOMO-LUMO transition, as well as in 

vibrational Raman spectroscopy. Acceptor-to-polymer recombination rates, 

obtained from ultrafast Visible-IR PIA spectroscopy, exhibit an exponential scaling 

with the acceptor EA with parameters that are similar to those reported earlier for 

small-molecule CTCs. From the ultrafast studies presented we arrive at the 

following conclusion: It is well established that increasing the acceptor EA 

increases the driving force for efficient exciton dissociation. Inevitably, however, 

increasing the acceptor EA simultaneously enhances unwanted recombination due 

to formation of the CTCs. Therefore, in order to improve the efficiency of 

photovoltaic devices, one should carefully balance these two competing processes. 

Continuing the topic of the ground-state CTCs, in Chapter 3 we perform studies 

of push-pull polymers which recently attracted considerable attention as acceptor 

polymers in OPV applications. These polymers feature the formation of a state 

which one could call an intramolecular (intrapolymer) ground-state CTC. Even 

though relatively high efficiencies have been demonstrated for devices based on 

these push-pull polymers, little knowledge exists on the initial steps of charge 

generation in these materials. To extend our knowledge in this direction we 
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perform a set of experiments aiming to elucidate the intermolecular and 

intramolecular charge transfer processes following photon absorption. For this, we 

use blends of phenyl-C71-butyric-acid-methyl ester ([70]PCBM) with two 

contemporary push-pull polymers: poly[N-9”-heptadecanyl-2,7-carbazole-alt-5,5-

(4’,7’-di-2-thienyl-2’,1’,3’-benzothiadiazole)] (PCDTBT) and benzo-[1,2-b:3,4-b’:5,6-

d”] trithiophene-diketopyrrolopyrrole (BTT-DPP). These particular model systems 

are chosen for their different donor-acceptor LUMO energy level offsets in order to 

separate the intermolecular and intramolecular charge transfer processes. The 

results presented in this work demonstrate that the interplay between the 

intramolecular (i.e. within the polymer) and intermolecular (i.e. between the 

polymer and fullerene) charge transfer processes, is governed by the value of the 

LUMO energy offset. Hence, in a broader context, our findings show the 

importance of an effective intermolecular charge transfer process for efficient 

photogeneration of charges in OPVs, in line with the in the literature reported 

power conversion efficiencies (PCE) of the studied systems. 

In Chapter 4 we focus on excited state CTCs, and in particular on the role of the 

so-called “hot” states in charge generation in OPV blends. The influence of the 

driving energy and the degree of delocalization of interfacial charge transfer states 

on the charge separation process in OPVs are studied in this chapter. For this 

investigation we use a variety of well-known conjugated macromolecules as 

electron donors and/or acceptors. In addition to the normal PIA experiments as 

used in the previous chapters, we also use a novel optical pump-push-probe 

experiment. The main difference of this method is the application of an additional 

push pulse in between the pump and probe. This pulse excites the interfacial 

charge transfer state created by the initial pump pulse, thereby deliberately 

generating a hot state which subsequentially may charge separate into free 

charges. In addition, we use a further modification of this technique, where the 

probe pulse was replaced by a measurement of the optically induced changes in 

the photocurrent as function of the delay between pump and push pulses.  The 

main advantage of the latter technique, which is performed on actual OPV devices, 

is that it allows for a direct measurement of the photo-induced current, which is 

one of the main parameters of OPV device efficiency. Our results demonstrate that 

delocalised band states are critical for long-range charge separation in organic 

photovoltaic cells. Even though these are typically short-lived (<1 ps), they enable 

charges to overcome the otherwise dominant Coulomb interaction, and hence 
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make the charge separation process more efficient. Therefore, we conclude that the 

delocalization of the hot state plays an important role in the charge separation 

efficiency in the OPVs. 

Finally, Chapter 5 is dedicated to the study of the charge transfer dynamics in 

donor:acceptor blends based on another class of novel conjugated systems, small 

star-shaped molecules. These molecules have a great potential for small molecule 

based OPVs, where it is possible to combine the advantages of polymer solar cells 

with all the benefits of small molecules. We study several star-shaped donors, 

which differ from each other by the length of the alkyl end group and by the length 

of the conjugated arms. Our findings show that the star-shaped small molecules 

indeed provide long-lived charge separation in the blends with [70]PCBM, which 

makes them perspective materials for use as a donor counterpart in organic solar 

cells.  

Using a variety of ground- and excited-state spectroscopies we reveal and study 

a diversity of important physical phenomena occurring during the photon-to-

charge conversion process in OPV materials. The results described in this thesis 

provide a detailed insight into some of the key parameters determining the 

efficiency of the conversion process and may serve as guidance for further 

optimization of the efficiency of OPV devices. 

 
 

 



 

 

 

Samenvatting  

Licht geïnduceerde ladingsoverdracht speelt een centrale rol in veel processen in 

de natuurkunde, scheikunde en biologie. Het is ook een essentieel proces in de 

werking van organische fotovoltaïsche (OPV) systemen die meer en meer 

wijdverbreid toepassing vinden. Anders dan hun conventionele anorganische 

tegenhangers, bevat deze klasse van fotovoltaïsche systemen altijd organische 

geconjugeerde geleidende moleculen. Deze geconjugeerde materialen die een 

centrale rol spelen in de werking van OPV’s, zijn chemische structuren die zijn 

gekoppeld via de electronische π-orbitalen. Deze koppeling leidt tot een 

delokalisatie over de molekulen van de ladingen die deelnemen aan de conjugatie. 

Het gebruik van deze organische materialen bepaalt zowel de sterke als ook de 

zwakke punten van OPV’s. De belangrijkste voordelen van het gebruik van 

organische moleculen zijn potentieel lage productieprijzen en de verwerkbaarheid 

in oplossing. Bovendien zijn OPV’s relatief flexibel en licht van gewicht, en dus 

zeer geschikt voor draagbare toepassingen. De belangrijkste zwaktes van OPV’s, in 

vergelijking met hun anorganische tegenhangers, liggen met name in de relatief 

lage omzettingsefficiëntie (ongeveer 12%) en de beperkte fotostabiliteit. In dit 

proefschrift presenteren we een aantal studies over het genereren van lading door 

licht en over de ladingsoverdracht processen in nieuwe geconjugeerde systemen. 

Wij richten ons op de cruciale eerste stappen van de energieconversie in OPV 

systemen, en met name op de efficiëntie van de ladingsgeneratie en op de 

intermoleculaire (tussen verschillende moleculen) en intramoleculaire (binnen één 

molecuul) ladingsoverdracht processen die hierbij een rol spelen.  

Aangezien ladingsgeneratie plaatsvindt op een ultrasnelle tijdschaal, d.w.z. 

sneller dan 10-10 s, vereist het een experimenteel instrument dat geschikt is om deze 

processen met voldoende tijdsresolutie te volgen. In dit werk bestuderen we de 

dynamica van het genereren en recombineren van door licht geïnduceerde vrije 

ladingen met behulp van ultrasnelle, zichtbaar-licht-‘pump’ - infrarood(IR)-‘probe’ 

spectroscopie, de zogenaamde ‘photo induced absorbtion’ (PIA) spectroscopie. De 

methode is gebaseerd op het feit dat een door licht geïnduceerde lading op het 

polymeermolecuul (een “gat” in de electronische toestanden), nieuwe 

absorptiebanden veroorzaakt in het infrarode (IR) deel van het absorptie spectrum 

van de polymeer. In de PIA techniek worden twee licht pulsen toegepast: de eerste 

induceert de ladingen en de tweede meet de ladingsconcentratie, door de 
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geïnduceerde IR absorptie te meten. Deze absorptie is evenredig met de 

hoeveelheid ladings-“gaten” op de geconjugeerde moleculen. Deze techniek wordt 

toegepast op diverse mengsels van geconjugeerde polymeren en organische 

acceptoren, die zo verschillende klassen van geconjugeerde systemen 

vertegenwoordigen.  

Ons onderzoek begint met een studie naar de dynamica van de 

ladingsrecombinatie in de grondtoestand van lading-overdracht complexen 

(CTC's), bestaande uit een archetype geconjugeerd donor polymeer, MEH-PPV, en 

een familie van kleine moleculaire acceptoren (Hoofdstuk 2). Een van de redenen 

waarom de CTC’s van op polymeer-gebaseerde grondtoestanden belangrijk zijn, is 

dat zij gunstig voor de OPV kunnen zijn. CTC’s (met energiebanden in de 

polymeer ‘band gap’) kunnen het spectrale absorptie bereik vergroten tot 1 µm, 

waardoor de absorptie overlap met het zonnespectrum verbetert. Verder is 

gebleken dat hun aanwezigheid zorgt voor een verhoogde oxidatie stabiliteit van 

OPV systemen. Om uit te vinden welke parameters bepalend zijn voor de snelheid 

van de ladingsrecombinatie in CTC vormende donor-acceptor systemen, variëren 

we de elektronaffiniteit (EA) van de op fluor gebaseerde acceptoren door het 

veranderen van de functionele elektron-aanzuigende groepen (cyaan, nitro, en 

carbonyl). Hierdoor veranderen we systematisch de energieën van de laagste 

onbezette moleculaire orbitaal (LUMO) en de hoogste bezette moleculaire orbitaal 

(HOMO) van de acceptoren. Duidelijke tekenen van CTC vorming zijn gevonden 

in de polymeer- acceptor mengsels, in zowel de optische absorptie spectra van de 

mengsels (met een duidelijke band, rood verschoven t.o.v. de HOMO-LUMO 

overgang van het polymeer), als in de vibrationele Raman spectra. Acceptor-naar-

polymeer recombinatie snelheden, verkregen uit ultrasnelle zichtbaar licht-

infrarood PIA spectroscopie, vertonen een exponentiële schaling met de acceptor 

EA parameters,  vergelijkbaar met eerdere, voor kleine moleculen CTC’s, 

gerapporteerde waarden. De gepresenteerde ultrasnelle studies leiden tot de 

conclusie dat het verhogen van de acceptor EA leidt tot een vergroting van de 

drijvende kracht voor een efficiënte exciton dissociatie. Onvermijdelijk echter, 

wordt, door de vorming van CTC’s, met het verhogen van de EA ook de 

ongewenste recombinatie verhoogt.  Om de efficiëntie van OPV systemen te 

verbeteren, moet men dus de juiste balans vinden tussen deze twee concurrerende 

processen.  Voortbordurend op het thema van de grondtoestand CTC’s, worden in 

Hoofdstuk 3 studies gepresenteerd van ‘push-pull’ polymeren, die recentelijk 
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aanzienlijk aandacht hebben getrokken als aktieve polymeren in OPV systemen. 

Deze polymeren laten de vorming van een toestand zien, die men een 

intramoleculaire (intrapolymeer) grondtoestand CTC zou kunnen noemen. 

Hoewel relatief hoge rendementen zijn aangetoond voor systemen op basis van 

deze ‘push-pull’ polymeren, bestaat weinig kennis over de eerste stappen van de 

ladingsgeneratie in deze materialen. Om onze kennis hierover uit te breiden, 

voeren we een reeks experimenten uit met als doel de inter- en intramoleculaire 

ladingsoverdracht processen die volgen op de absorptie van een foton op te 

helderen. Hiervoor maken we gebruik van mengsels van phenyl-C71-butyric-acid-

methyl ester ([70]PCBM) en twee moderne ‘push-pull’ polymeren: poly[N-9”-

heptadecanyl-2,7-carbazole-alt-5,5-(4’,7’-di-2-thienyl-2’,1’,3’-benzo-thiadiazole)] 

(PCDTBT) en benzo-[1,2-b:3,4-b’:5,6-d”] trithiophene-diketopyrrolopyrrole (BTT-

DPP). Deze modelsystemen zijn gekozen vanwege hun verschillende offsets van 

de donor-acceptor LUMO energieniveaus wat het mogelijk maakt de 

intermoleculaire en intramoleculaire ladingsoverdracht processen te kunnen 

scheiden. De resultaten laten zien dat de wisselwerking tussen de intramoleculaire 

(dus binnen het polymeer) en intermoleculaire (dat wil zeggen tussen het 

polymeer en fullereen) ladingsoverdracht processen wordt bepaald door de 

waarde van de LUMO energie offset. Onze bevindingen tonen dus, in een bredere 

context, het belang aan van een effectief intermoleculair ladingsoverdracht proces  

voor het efficiënt genereren van ladingen in een OPV. Dit is in lijn met de in de 

literatuur gerapporteerde energie conversie efficiënties (PCE) van de onderzochte 

systemen.  

In Hoofdstuk 4 richten we ons op CTC’s in de aangeslagen toestand, en met 

name op de rol van de zogenaamde "hete" toestanden op de ladingsgeneratie in 

OPV mengsels. Bestudeerd wordt de invloed van de drijvende energie en de mate 

van delokalisatie van grensvlak CTC’s op de ladingsscheidingsprocessen. Voor dit 

onderzoek gebruiken we een aantal bekende geconjugeerde macromoleculen als 

elektron-donor en/of acceptor. Naast de normale PIA experimenten uit de 

voorgaande hoofdstukken gebruiken we ook een nieuwe optische ‘pump-push-

probe’ techniek. Het belangrijkste verschil van deze methode is de toepassing van 

een extra ‘push’ puls tussen de ‘pump’ en ‘probe’ puls. Deze puls exciteert de 

grensvlak ladingsoverdracht toestand, gecreëerd door de eerste ‘pump’ puls, 

waardoor doelbewust een “hete” toestand wordt gemaakt die vervolgens uiteen 

kan vallen in vrije ladingen. Daarnaast gebruiken we een verdere modificatie van 
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deze techniek, waarbij de ‘probe’ puls werd vervangen door een meting van de 

veranderingen van de door licht veroorzaakte stroom als functie van de vertraging 

tussen de ‘pump’ en ‘push’ pulsen. Het belangrijkste voordeel van deze laatste 

techniek, die wordt uitgevoerd op bestaande OPV systemen, is dat het zorgt voor 

een directe meting van de door licht veroorzaakte stroom, één van de belangrijkste 

rendementsparameters van een OPV. Onze resultaten laten zien dat 

gedelokaliseerde toestanden van cruciaal belang zijn voor langeafstands 

ladingscheiding in organische fotovoltaïsche cellen. Hoewel ze meestal maar kort 

leven (<1 ps), zorgen ze ervoor dat de ladingen de anders zo dominante Coulomb 

interactie kunnen overwinnen, en maken dus het ladingsscheidingsproces 

efficiënter. We concluderen dan ook dat de delokalisering van de “hete” toestand 

een belangrijke rol speelt bij een efficiënte ladingsscheiding in een OPV.  

Tenslotte is Hoofdstuk 5 gewijd aan het onderzoek van de dynamica van 

ladingsoverdracht van donor:acceptor mengsels, gemaakt van een andere klasse 

van nieuwe geconjugeerde systemen: kleine, stervormige moleculen. Deze 

moleculen hebben een groot potentieel voor kleine-molecuul OPV’s, omdat het 

mogelijk is om de voordelen van polymeer zonnecellen te combineren met alle 

voordelen van kleine moleculen. We bestuderen verschillende stervormige 

donoren, die van elkaar verschillen door de lengte van de alkyl- eindgroep en de 

lengte van de geconjugeerde armen. Onze resultaten laten zien dat deze 

stervormige kleine moleculen inderdaad een langlevende ladingsscheiding 

opleveren in mengsels met [70]PCBM, waardoor ze veelbelovende materialen zijn 

voor gebruik als donor in organische zonnecellen.  

Met behulp van een verscheidenheid aan spectroscopische experimenten 

onthullen en bestuderen we verschillende belangrijke fysische verschijnselen die 

optreden tijdens de light-naar-lading conversie in OPV systemen. De in dit 

proefschrift beschreven resultaten geven een gedetailleerd inzicht in enkele van de 

belangrijkste parameters die de efficiëntie van het omzettingsproces bepalen en 

kunnen dienen als leidraad voor een verdere optimalisatie van de efficiëntie van 

OPV systemen.  
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