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Chapter One 
 
 
 

IInnttrroodduuccttiioonn  
 
 
 
 
 
 

Abstract 
 

 
This chapter gives a short account on conjugated molecules, with the 

emphasis on conjugated oligomers and polymers. Several possible applications of 
these molecules in devices are outlined. Although the first application, a conjugated 
polymer based light emitting diode, reached the commercial stage recently, the 
device physics is still not completely understood.  The susceptibility of the 
electronic structure of the conjugated molecules on the molecular environment is 
shortly described. Finally, the outline of this thesis is presented.
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1.1 Conjugated oligomers and polymers 
 
Oligomers and polymers are molecules that consist of a number of repeating units. 

The somewhat arbitrary difference between the two groups of molecules is the number of 
repeating units: the number is large for polymers and small for oligomers.  Synthetic 
polymers are well known and may be viewed as one of the greatest successes of the 
twentieth century chemistry.  These ‘plastics’ found applications in a wide range of  
products, from (bio-degradable) coffee cups to sport shoes and from medical implants to 
high-tech fibers. Most of these polymers are saturated, meaning that all valence electrons of 
the carbon atoms constitute to single covalent (σ-) bonds. This electron configuration (sp3) 
makes the material an insulator, and these plastics were thus considered uninteresting as 
active component in electronic devices.  

Unsaturated molecules were also studied but received less attention [1-3]. This 
changed considerably after a serendipitous discovery of metallic-like properties of doped 
polyacetylene films: upon doping the film with iodine, the conductivity increased by a 
factor of 10 million [4,5]. Polyacetylene is an example of a special group of unsaturated 
polymers, namely conjugated polymers. In conjugated polymers single and double bonds 
alternate in the main chain. Figure 1.1 shows several examples of conjugated polymers. 

.  

 
 
Figure 1.1 Several examples of conjugated polymers (or oligomers if n is small), in each 

compound one can identify a sequence of alternating single and double 
bonds. 
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 The presence of the alternating single and double bonds is responsible for the 
interesting properties of this class of polymers. Take for example polyacetylene, each 
carbon atom in the chain has one unpaired electron (electron configuration sp2pz

1). These 
unpaired electrons give rise to π-bonds in the conjugated polymer. The mutual overlap of 
the π-orbitals on neighboring atoms in the polymer chain causes the wave functions to 
delocalize over the conjugated polymer.  
 The unpaired electrons form a half-filled band. However, the half-filled band does 
not give the material metal-like properties: all pristine conjugated polymers, including 
polyacetylene, have absorption gaps that fall in the range from 1 to 4 eV. The presence of 
the gap may be explained by either a strong electron-electron interaction, or by a structural 
rearrangement of the polymer backbone, or by a combination of both effects. If the system 
has strong electron-electron interactions, the gap may be explained by a so-called Mott-
Hubbard insulator [6]. If structural rearrangements are important, then the system may be 
subject to a lattice instability: the system lowers its energy by creating alternating single 
and double bonds. The lattice distortion  is known as Peierls instability [7]. In the Su-
Schrieffer-Heeger (SSH) theory the interaction between electrons and the molecular 
geometry is explicitly described (by an electron-phonon coupling constant), and the 
interaction between electrons is neglected [8,9].  

The SSH theory is widely and successfully used to explain most properties of 
conjugated polymers. Nevertheless, there is still no consensus whether it is allowed to 
ignore the Coulombic interaction in conjugated polymers. The discussion is mostly 
concentrated around the exciton binding energy, the energy that is necessary to split a 
bound electron-hole pair into free charges [10]. Reported values for the exciton binding 
energy range from smaller than 0.1 eV up to ~1 eV [11-14]. The magnitude of the exciton 
binding energy is not only crucial for a good understanding of the relative importance of 
the different interactions in these polymers, it also plays an important role in applications.   

The long sp2-hybridized backbone is characteristic for conjugated polymers. A few 
examples are depicted in  figure 1.1. A disadvantage of these polymers is their low 
solubility in common solvents, making them hard to  process into thin films. This problem 
was solved, in part, by designing new conjugated polymers with soluble side-groups [15]. 
The solubility of the polymer in combination with other good film forming properties of 
these polymers makes it possible to use simple (and cheap) techniques, such as spin 
coating, to form neat films for electronic device fabrication.  

The fact that the electronic structure of  these organic semiconductors is strongly 
related to the molecular structure, combined with the chemical possibilities to alter the 
chemical as well as the geometrical structure of these polymers motivated many chemists to 
‘tune’, the electronic properties of conjugated polymers. For this purpose, side-chains were 
added, new repeating units were synthesized and others were combined in alternating 
copolymers and block copolymers [16].  
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1.2 Applications 
 
 The large academic and nowadays industrial interest in conjugated polymers was 
initiated by two publication in the early 1990’s. The first paper was written by Burroughs et 
al. and showed that electro-luminescence was possible with conjugated polymers, [17]. The 
second paper showed that polymer based light-emitting diodes (pLED’s) are reasonably 
efficient [18]. In the next decade a large number of more or less typical inorganic 
semiconductor devices were prepared with conjugated polymers: photodiodes [19], 
including large area image sensors [20], photovoltaic cells (PVDs)[21], field effect 
transistors (FETs) [22], light-emitting electrochemical cells [23], optocouplers [24], 
optically pumped solid state lasers [25] and an all-polymer integrated circuit [26]. 
 Of these applications, pLEDs [27] and PVDs [28] are probably the most investigated 
conjugated polymer based devices. Figure 1.2 gives a schematic representation of the 
device structures of pLEDs and PVDs together with the energy diagrams. There is a large 
resemblance between both devices structure: in principle both devices consist of an active 
organic layer sandwiched between two electrodes. Furthermore, the working mechanism of 
both devices is basically the same, only the time arrow is reversed: pLEDs convert 
electrical energy into light, PVDs absorb light to generate electrical energy. Note, that the 
PVD consists of an organic blend, whereas the emissive polymer layer in pLEDs is ‘pure’.   
 

 
Figure 1.2 Schematic presentation of the structure (left-hand side) and relevant energy 
levels (right-hand side) in polymer based light-emitting diodes (pLEDs) and photovoltaic 
devices (PVD) based on donor-acceptor blends. The numbers indicate a sequence of steps 
in the device operation. Ca is also often used as metal electrode, especially for pLEDs.  
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 In figure 1.2 the sequence of steps in a working pLED is schematically presented 
[27]. This sequence starts with the injection of charges at the polymer metal interfaces: 
holes are injected at the high work function electrode (anode), and electrons at the low 
work function electrode (cathode) (1). These charges migrate through the thin organic film 
towards the counter electrode under the influence of an applied field (2). When two 
opposite charge  meet and recombine, a bound neutral excited state (exciton) is created (3). 
The exciton is formed from two spin-1/2 electronic charges and consequently the exciton 
carries either spin 0, corresponding to a singlet state, or spin 1, yielding a triplet state. Spin 
allowed emission occurs from the singlet state (4). Radiative decay from triplet states only 
proceeds through phosphorescence or triplet-triplet annihilation, which have low rate 
constant, and the triplet states mainly decay non-radiatively, thus reducing the efficiency of 
the LED. According to simple spin statistics only 1 singlet state is created upon the 
recombination of two opposite charges against 3 triplet states. It is therefore clear that 
triplet states severely suppress the efficiency of pLEDs. However it should be mentioned 
here that the simple spin statistics do not always apply to these materials [29].  

In PVDs, the sequence of steps starts with the absorption of a photon and the 
formation of an (singlet) exciton (1). The exciton diffuses over several nanometers, the 
exciton diffusion length (~14 nm [30]), before decaying radiatively or non-radiatively. Yet, 
if the exciton finds a donor-acceptor interface before decaying to the ground state, the 
exciton is dissociated into a hole localized in the donor material and an electron in the 
acceptor material (2). For blends consisting of PPV- and C60-derivatives the exciton 
dissociation occurs so fast (~ 45 fs [31]) that no other decay processes can compete, the 
exciton dissociation efficiency is therefore nearly unity (the time constant of competing 
decay processes is at least three orders of magnitude larger). Nevertheless, since the exciton 
diffusion length is about an order of magnitude smaller than the organic layer thickness 
(~100-200 nm), a simple double layer structure is not sufficient to dissociate all photo-
generated excitons in the organic layer. Instead, blends or ‘bulk heterojunctions’ of 
conjugated polymers with C60-derivatives are used to increase the photon-to-electron 
conversion efficiency. C60-derivatives are used since they are excellent electron acceptors 
and have better film forming properties compared to unsubstituted C60. Ideally, both phases 
in these devices form a continuous or percolated path from one electrode to the other, while 
at least one dimension of the phases is smaller than the exciton diffusion length. The 
generated charges move to the electrodes (3) and there the charges are collected (4). 
 In order to achieve efficient pLEDs and PVDs it is therefore necessary to have: a 
strong coupling between the (singlet) excited state and the ground state via radiative decay 
(pLEDs) or a good spectral match between the absorption spectrum of the organic blend 
with the solar spectrum, combined with high extinction coefficients for these wavelengths 
(for PVDs); an efficient electron-hole recombination or dissociation respectively; a good 
and  balanced charge transport; and an efficient charge transfer process at the 
electrode/active organic layer interfaces. 
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1.3 Effects of inter-molecular interactions on the electronic structure 
of molecular systems 

 
 The scientifically interesting questions that are related to conjugated polymers, 
combined with the industrial interest in conjugated polymer based devices resulted in a 
strong research effort in this particular field of material science. A question that arises when 
one wants to study a material is: ‘What is the electronic structure of the material?’. One of 
the most powerful ways to determine the occupied densities of states experimentally is by 
photoelectron spectroscopy. However, before answering that question one should further 
specify it, since the electronic structure of molecular systems has intra-molecular and inter-
molecular contributions and therefore the electronic structure of a molecular material 
differs when measured for example in a solid or on isolated molecules in the gas phase. The 
effect of the molecular environment on the electronic structure of a particular molecule in 
the solid turns out to be important for device applications, since even in the solid phase not 
every molecule has exactly the same ‘surroundings’ as all the other molecules. Therefore 
the electronic structure of identical molecules in the solid may differ due to differences in 
the molecular environment. These inter-molecular interactions, though generally weak, 
have implications in the interpretation of energy diagrams, as will be outline below. 
 In order to study the electronic structure of conjugated molecules it is especially 
interesting to use series of conjugated oligomers in stead of conjugated polymers. The 
molecular structure of these oligomers can be altered in a systematic way and hence the 
influence of these modifications on the electronic structure may be studied by photoelectron 
spectroscopy (PES). Obvious examples are the influence of side-chains or the oligomer 
chain length on the electronic structure. Furthermore, with oligomers one can measure the 
importance of intermolecular interaction on the electronic structure of the molecules by 
comparing the PES spectra of isolated molecules with the PES spectra of solid films. This 
is practically difficult to achieve with polymers since it is difficult to get these large 
molecules into the gas phase. For the same reason oligomers are more suitable to use in an 
ultra high vacuum setup, since it is possible to obtain relatively clean thin films by in-situ 
vacuum deposition of the oligomer.    
 Energy diagrams as shown in figure 1.2 are often used to explain the electronic 
properties of these devices. These diagrams show in a schematic and over simplified way 
the relevant material properties of a simple device structure, such as the energy gap 
(important for the absorption and emission characteristics), the work functions of the 
electrodes, and the barriers for charge transfer at the material interfaces. The usage of 
energy diagrams to interpret and explain the behavior of semiconductor devices comes 
from the inorganic semiconductor field. The applicability of these diagram is therefore not 
straightforward. Take for example the diagram representing the electronic structure of a 
pLED. The highest occupied molecular orbital  (HOMO) or valence band, and the lowest 
unoccupied molecular orbital (LUMO) or conduction band are depicted as two parallel, 
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continuous lines, indicating that the energy levels exist throughout the devices. It is at least 
questionable whether this is a correct representation of the relevant energy levels in a 
conjugated polymer based device. In organic materials, the interaction between neighboring 
molecules (or polymer chains) is often a weak, Van der Waals-type interaction. The weak 
intermolecular interaction results in  narrow valence and conduction bands. However, local 
disorder, for example due to the amorphous nature of the polymer chains, may disturb the 
narrow band and cause a disintegration into localized wave functions that extent over 
dimensions that are considerably smaller that the device dimensions. This disintegration has 
severe consequences for the transport properties of the material. Instead of band transport, 
the charge transport has to occur by a hopping mechanism: the charges ‘hop’ from one 
localized site to another. It is nevertheless often very helpful to use these energy diagrams 
to discuss the electronic structure of devices, despite the over simplified nature, that should 
be kept in mind. 
 It is now obvious that the electronic structure of molecules at interfaces, as they are 
found in real organic based devices, will also be affected by the asymmetry in the local 
environment. Recall that at these interfaces important processes occur with respect to the 
device operation. At the electrode/organic interface for example, charges are injected or 
collected in pLEDs or PVDs respectively, while the exciton dissociation in organic bulk 
heterojunction based PVDs occurs at the donor-acceptor interface. We can therefore 
conclude that in order to understand molecular based electronic devices one needs detailed 
information about the electronic structure throughout the device.  
  
   
1.4 Outline of this thesis 
 

The studies reported in this thesis may be summarized as an investigation in the 
electronic structure of several conjugated molecules, and how the electronic structure of 
these molecules is influenced by the molecular environment. The results of these studies are 
relevant for devices such as conjugated polymer based light emitting diodes and 
photovoltaic devices consisting of blends of conjugated polymers with C60-derivatives. The 
experimental technique that was used to elucidate the electronic structure is photoelectron 
spectroscopy (PES). The technique is shortly introduced in chapter two, in order to explain 
the basic features of this experimental technique to interested readers that are not familiar 
with PES. The chapter continuous with a description of the set-ups that were used to collect 
the PES spectra. 

Chapter three describes the electronic structure of conjugated oligomers and 
polymers. The gas phase ultra-violet photoelectron spectra of series of unsubstituted para-
phenylenevinylene based oligomers with increasing chain length are reported. The 
electronic structure of these and other conjugated oligomers is described using a simple 
tight-binding theory which includes Coulomb interactions. 
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In chapter four the morphology of vacuum deposited thin films of an unsubstituted  
five ring oligo(para-phenylenevinylene) oligomer (P5V4) is discussed. The results indicate 
the presence of micro-crystallites in the thin film. Furthermore, computer simulations 
indicate that several polymorphs may coexist. If so, these polymorphs will increase the 
disorder in the films.   

Chapter five reports on the electronic structure of P5V4 in a thin, vacuum deposited 
film, and compares the electronic structure of the P5V4 thin film with the electronic 
structure of an isolated P5V4 molecule. The chapter further focuses on the electronic 
structure of metal/oligomer and oligomer/C60 interfaces. 

Finally, in chapter six, preliminary results are presented on combined PES and 
current-voltage (J-V) measurements. Ultimately, these measurements enable a one-to-one 
comparison between the electronic structure of an in-situ prepared device measured by 
PES, with the J-V characteristics of the same device.      
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