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Chapter Three

Electronic structure of conjugated
polymeric systems

Abstract
This chapter reports UPS measurements on para-phenylenevinylene
oligomers in the gas phase. We measured unsubstituted oligomers with up to 5
phenyl rings. The experiments reveal the evolution of the valence band structure of
the polymer from molecular orbitals of the monomeric units.
From these measurements we can directly extract a value for the transfer
integral between neighboring phenyl-rings. We use this transfer integral in
combination with a Hubbard-like model Hamiltonian to model the low electronic
excitations in oligo- and poly(para-phenylenevinylene)s. The results indicate that
Coulomb interactions are important in these conjugated polymers. Further, we
demonstrate that the proposed model is not only applicable to homopolymers such as
polythiophenes, as recently shown, but also to alternating copolymers as poly(paraphenylenevinylene)s.
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Introduction

In chapter 2 we described a set-up named ‘Poly I’. Here we present ultraviolet
photoelectron spectra recorded on series of oligo(para-phenylene-vinylene)s using
this set-up. The development of the valence orbital structure of these oligo(paraphenylene-vinylene)s shows strong similarities with other conjugated oligomers such
as oligothiophenes [1] and oligo(para-phenylene)s [2].
In a recent paper, a simple tight binding model was used to find the lowest
electronic excitations in oligo- and polythiophene [3]. The close correspondence
between the photoelectron spectra of oligothiophenes with the spectra of oligo(paraphenylenevinylene)s led us to apply the same tight binding model to these
conjugated materials. We show that the model may be applied to conjugated
homopolymers, such as polythiophenes and poly(para-phenylene)s as well as certain
alternating copolymers like poly(para-phenylenvinylene)s.
The model uses physically well-interpretable parameters like the transfer
integral (t), the on-site and next neighbor Coulomb interaction (U and V
respectively) and the exchange interaction (K). Initial guesses of these parameters
may be obtained from experimental data such as photoelectron spectra and optical
absorption spectra. From the model calculations, we can comment on the nature of
the lowest lying electronic excitations: we can distinguish Frenkel (singlet and
triplet), charge transfer excitons and charged excitations. This enables us the estimate
the exciton binding energy [4]. This energy is not only of importance for the basic
understanding of the physics of conjugated polymers, but also for applications such
as polymer based photovoltaic and light emitting devices.
The use of the physically well-interpretable parameters is one of the attractive
features of the model. By changing the parameters we can predict how the system
will respond to certain changes of the system. For example, a change in the dielectric
constant will change the (screening of the) Coulomb interaction (U and V), and thus
change the optical and electronic properties of the polymer. Electron donating
substituents, such as alkoxy side-chains on the phenyl-ring increase the electron
density on the phenyl-ring and thus influence U and t, which leads to a smaller
optical gap.
The field of conjugated polymers is studied in a large number of papers [5].
The enormous attention for the subject may be understood by realizing that the topic
is of interest to chemists and physicists in academia as well as in industry. The
combination of interesting material science and promising applications resulted in a
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intense research effort especially over the last 10 to 25 years. The joint effort to
understand and exploit the materials has led to more insight in the material
properties, the possibility to optimize these properties and the incorporation of the
materials in commercial applications such as LEDs. Even so controversy still exists
in the description of the elementary excitations in these materials.
Several methods have been used to model the optical properties of conjugated
materials [6]. Without the intension to be complete, here some of the currently used
models will be comprehensively addressed. In the late 1940’s Kuhn used a modified
free-electron gas model to describe light absorption in ‘polyenes and related
compounds’ [7]. The model was recently reassessed [8]. At the end of the 1960’s the
Hückel model was applied to oligo(para-phenylenevinylene)s by Hörhold et al. [9].
Onipko et al. used the same concepts in a recent paper [10].
The Su-Schrieffer-Heeger model, a tight-binding model that incorporates
electron-phonon coupling, was formulated at the end of the 1970’s [11]. This model
is still widely used for a wide range of conjugated polymers [12]. The Hubbard
model, another tight-binding model, has also been applied to several conjugated
polymers [3, 13]. This model neglects the electron-phonon interaction, yet it
incorporates the electron-electron or Coulomb interaction.
Other models, such as the Pariser-Parr-Pople (P-P-P) model, can cover (at
least to some extent) both the electron-phonon interaction and the electron-electron
interaction, see for example the work of Barford et al. and Chandross et al.[14, 15].
The work of Brédas and coworkers should also be mentioned here, who covered the
whole field of conjugated polymers mainly with semi-empirical calculations [16]. As
the number of terms in the model Hamiltonian increases and the number of
assumptions decreases, the model becomes more correct but also more complicated.
By making full use of the computational power of modern computers one can now
go one step further and calculate rather large systems from first principles. Examples
of these ab initio methods applied to conjugated polymeric systems may be found in
literature [3, 17-20].
The use of advanced ab initio calculations generally leads to good agreement
with experimental results but does have some disadvantages. One disadvantage is the
complexity of the method; the results are not always as easily interpretable as certain
empirical approaches. This may seem a problem: which method should one use?
However, one may look at the availability of different approaches as a luxury and
choose an appropriate method to study a specific system.
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In this chapter we used ab initio calculations to find the energy levels and
electron distributions of small molecular systems. For larger systems we applied the
semi-empirical AM1 method. Most importantly, we choose a Hubbard-like model to
study the optical excitations in conjugated oligomers and polymers.

3.2

Theory

3.2.1 Coulomb interactions in conjugated molecules
In a recent paper a simple model was introduced to model the electronic
excitations in oligothiophenes with increasing chain length up to the polymer limit
[3]. We show that the same model can also be applied to other conjugated
homopolymers such as poly(para-phenylene) and even to the alternating copolymer
poly(para-phenylenevinylene). The model is based on an (extended,) two band
Hubbard-like Hamiltonian. The Hubbard model is one of the simplest models that
takes Coulomb interactions into account. Coulomb interactions seem to be important
in conjugated polymeric systems since these interactions can nicely explain why
excitons in conjugated polymers localize on several monomeric units. This
localization of the exciton is illustrated by figure 3.1. The figure shows the optical
gap (Egopt) of substituted OPV-derivatives as function of the reciprocal number of
phenyl units in the oligomer (1/N), (with N=n+1) [21, 22]. For short oligomers one
often finds a linear relation between Egopt vs. 1/N. By extrapolating the linear relation
to the polymer limit one finds a value that is in general lower than the observed
optical gap of the corresponding (long chain length) oligomer or polymer. Figure 3.1
presents experimental data showing that the optical gap of long chain oligomers
deviates from the linear relation between Egopt and the length of short chain
oligomers. This shows that the exciton is localized to a certain chain length, often
called the effective conjugation length.
Although it is not clear yet whether this localization of the exciton is caused
by defects such as chemical or structural defects, or whether it is an intrinsic
property, we will show below that the localization can very well be described by
taking into account Coulomb interaction. Other indications for the importance of
Coulomb interactions in these polymers are the large singlet-triplet splitting in many
conjugated polymers (in the order of 1 eV), and the (heavily discussed) exciton
binding energy.
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Figure 3.1 Plot of the optical gap of dipropoxy-substituted oligo(paraphenylenvinylene)s measured in chloroform as function of the reciprocal
number of phenyl rings in the oligomer [21, 22].

3.2.2 A Hubbard-like model Hamiltonian for conjugated
polymeric systems
Below we introduce the model that is used to study the low electronic
excitations in the conjugated materials. We define U as the Coulomb repulsion
between two electrons on the same ‘site’. The ‘site’ is an abstract description for an
atom, a molecule or an oligomer unit. In this work it corresponds to a group of atoms
that contains the electron pair of interest for the model. In order to get more familiar
with the Coulomb interaction, we consider a neutral system consisting of a long
linear row of N sites each bringing in i electrons. One configuration will be with an
equal amount of charges on each site (i).
i

i

i

i

i

i

i

i
(configuration 1)

However other distributions are possible for example the situation shown below
where one electron is removed from one site and added to another site. We assume
that the Coulomb interaction between the site with one electron added and the site
from which one electron is removed is negligible, because of the large distance
between these sites.
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i

i

i

i+1

i
(configuration 2)

If we compare configuration 1 and 2, it is clear that the ‘electron removal’ site (cell
2, configuration 2) will have a lower Coulomb energy. However, the Coulomb
energy on the ‘electron addition’ site (cell 7, configuration 2) is increased by the
presence of the extra electron. The Coulomb energy of configuration 1 is: N·½i(i-1)U
and of configuration 2: (N-2)·½i(i-1)U + ½(i-1)(i-2)U + ½(i+1)iU. The difference
between the two states is U, independent of i [23]. Note that in conventional bandstructure theories, the total energy of both ‘states’ may be equal. This seems not
correct for most molecular systems, intuitively it is clear that configuration 1 is lower
in energy than configuration 2. As predicted by taking into account the Coulomb
interaction.
To make this point more clear, we note that the we can reach configuration 2
from configuration 1 by first removing one electron from the system, which costs us
ionization potential (IP) and subsequently adding one electron to the system at a
different site (far from the electron removal site) which gives us the electron affinity
(EA). Since for most molecular systems IP > EA the energy of configuration 1 will
indeed be higher. However, we must be careful here because it is a priori not clear
whether both electrons will be added to, or removed from the same molecular orbital
or band: we will remove the electron from the HOMO (or highest occupied band)
and add the electron to the LUMO (or lowest unoccupied band). In most molecular
systems the HOMO and LUMO are separated by an energy gap. To continue the
discussion we need to describe the system in somewhat more detail.
Consider a system with two sites (N=2) each containing 2 electrons in the
ground state (i=2). Per site two levels are available, a lower level (h, from HOMO)
and a higher (energetic) level (l, from LUMO), see figure 3.2.

Electronic structure of conjugated polymeric systems

45

Figure 3.2 Schematic representation of a system composed of two sites,
four electrons, and two levels per site, see text for details.
If we want to bring an electron from the lower to the higher level on the same
site we have to add an amount of energy (∆) to the system, see figure 3.2 b. But, if
we want to bring the electron to the neighboring site (3.2 c), we have to ‘pay’ more
energy: the energy difference between the states presented in figure 3.2 c and a is
∆+U (neglecting spin effects for the moment). The first term (∆) is clear, it originates
from the fact that we add one electron to the higher level of the site. The second term
comes from fact that we have to break the electron-hole pair, which costs U. In the
‘initial state’ (a), where both sites are doubly occupied, each site contributes U to the
total energy of the system. In the ‘final state’ (c), one site is singly occupied by one
electron and thus does not contribute in any on-site Coulomb interaction. The other
site contains three electrons and the correlation energy between these electrons
contribute to three U. So the difference between the ‘final’ and ‘initial’ state energy
is: (∆+3U) -2U = ∆+U. If U is significant, the system is often called a correlated or
strongly correlated system.
The interaction between neighboring sites is described by the transfer integral
(t). The transfer or hopping integral is similar to the resonance integral (β) in the
Hückel model. t measures the mixing of orbitals located on a site with orbitals on
neighboring sites. The transfer integral is also related to the width of the band in the
limit of an infinitely large system (W), according to: W = 2Σti. The summation is
over the nearest neighbor directions, and ti is the transfer integral in the ith direction
[6]. For infinite, one-dimensional systems such as (ideal) conjugated polymers, the
width of the band in the polymer limit (W) is thus equal to 4t.
The model may be further extended, by defining another Coulomb
interaction, namely the next-neighbor Coulomb interaction (V). V gives the
Coulomb interaction between electrons on neighboring sites. If we would add this
interaction to the system given in figure 3.2 c, the energy difference between the two
states would be equal to (( ∆+3U+3V) - (2U+4V) =) ∆+U-V. In order to distinguish
between singlet and triplet states we have to add the exchange interaction (K).
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In infinitely long polymers, the on-site U on every site is reduced by
screening effects of the electron distribution on the two both neighboring sites. That,
however, leads to an artifact in short polymer chains (oligomers). In this case, the
end sites have only one ‘neighbor’ which leads to a reduced screening of the on-site
Coulomb interaction. We correct for this by introducing a ∆U term in the
Hamiltonian.
In figure 3.3 all parameters of the model are represented for a four-site
system. In the figure different transfer integrals are shown. thh represents the HOMOHOMO mixing, tll the LUMO-LUMO mixing and thl the mixing between one
‘HOMO’ orbital and one ‘LUMO’ orbital on neighboring sites. The next-neighbor
Coulomb interaction is depicted in figure 3.3 by V, the on-site Coulomb interaction
by U and the on-site Coulomb interaction in case of a chain end-site (U+∆U). K is
the exchange interaction.

Figure 3.3 Schematic representation of the parameters used in the
Hubbard-like tight binding model, shown below. t Stands for the transfer
integral, the subscripts refer to the HOMO or LUMO level; U is the on-site
Coulomb interaction, V the next-neighbor Coulomb interaction. K is the
electron spin interaction, to distinguish singlet and triplet states.
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This leads to the following two-band Hubbard Hamiltonian [3]:

H = H ε + H t + H U + HV + H S
Hε =

Ht =

N

∑ ∑ ε mcim,σ cim,σ ,
+

i =1,σ =↑↓ m = h ,l

N

N

∑ ∑ tmmcim,σ cim+1,σ + thl × ∑[cih,σ cil+1,σ + cil,σ cih+1,σ ],
+

i =1,σ =↑↓ m = h , l

+

+

i =1,σ =↑↓

N 

 

HU = ∑ [U + ∆U (δ i ,1 + δ i , N )] ×  ∑ ni , m↑ ni , m↓ + ni , h ni ,l  ,
m = h,l
 
i =1 


N
H V = V ∑
 i =1

N

+
n
n
∑ i,m i +1,m ∑ (ni,h ni +1,l + ni,l ni +1,h ),

m = h,l
i =1

N
1


H S = −2 K ∑ S ih S li + nih n il ,
4

i =1 

where

ni , m = ni , m↑ + ni , m↓ ,
+

ni , m↑ = cim,↑ cim,↓ .
and
∆ = εl-εh
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The first term is the one electron term. Ht describes the hopping integral, HU
the on-site coulomb interaction, HV the next neighbor Coulomb interaction and HS
the spin Hamiltonian. The combination of the first three terms of the Hamiltonian is
known as the Hubbard model developed by Hubbard and others about four decades
ago [24, 25]. The model was developed to explain properties of transition metals, in
which the d-electrons play an important role. Incorporation of the fourth term leads
to the so-called extended Hubbard model [6]. The fifth term has to be incorporated to
account for the singlet and triplet states.

Figure 3.4 Several electron distributions representing different electronic
excitations. Note that the acual excitations will be a mixture of the above
shown distributions.

Figure 3.4 presents different electron distributions for a five-site system. Each
distribution represents a certain type of state of the system: the first state is the
ground state, in which all electrons occupy the lowest level. Frenkel type excitons
are represented by the next two states, in which one electron is excited to the higher
level, yet both electrons stay on the same site. By looking at the orientation of the
two electron spins we can discriminate between singlet Frenkel excitons (anti-
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parallel spins) and triplet Frenkel excitons (parallel spins). The next state in figure
3.4 stands for charge-transfer excitons. In these excitations, the electron hole-pair is
(partly) broken: the electron and hole are situated on neighboring sites. If the
distance between the electron and hole is further increased, and the Coulomb
interaction between the electron and hole further reduced, a charged excitation is
formed.
The above depicted electron distributions should be interpreted as archetype
electron distributions for the different excitation types. In the calculations, the
excitations will be a mixture of the above shown electron distributions. This enables
one to study the nature of the excitation. For example if the contribution of the
singlet Frenkel excitation is large and the contributions of the charge-transfer and
charged excitation are both very small, the excitation may be viewed as a Frenkel
type exciton. Contrary, if the electron distribution of a calculated exciton is
dominated by a large electron-hole separation, the excitation may be characterized as
charged excitation. By doing so, we cannot only study the nature of the calculated
excitation; we can go one step further and look at the energy difference between the
different excitons. For example, the exciton binding energy, a heavily debated topic
in the field of conjugated polymers, is estimated as the energy difference between the
singlet Frenkel exciton and the charged excitation.
Before we can model the optical excitations, we need to find initial estimates
for the parameters. From optical en photoelectron spectroscopy we can extract values
for the exchange interaction (K), the HOMO-LUMO splitting (∆) and the transfer
integral (t). The transfer integral (t) is taken from the energy differences between
peaks in the PES spectrum, as we will see below. The HOMO-LUMO splitting (∆) is
estimated from the (singlet) optical gap and the exchange interaction (K) is obtained
from the singlet-triplet splitting. This leaves us with two ‘free’ parameters: U and V.
It is possible to estimate U from combined PES, inverse PES (or IPES) and optical
spectroscopy. Another way is to use graphs such as shown in figure 3.1, showing the
optical gap versus the reciprocal number of repeating units. It is clear that for
increasingly long oligomers the optical gap bends away from the linear relation that
fits the short chain oligomers. The deviation from the linear relation is very sensitive
to the ratio of U/t. Since t is known from PES measurements, U can be estimated. It
is possible to find values for V by calculations, however we can leave it as free
fitting parameter. The next step is to refine the initial estimates by fitting calculated
excitations to experimental values. Again, series of experimental data such as
displayed in figure 3.1 may be used for this purpose.
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3.2.3 The case of oligo- and poly(para-phenylenevinylene)s
We will now change the discussion and focus on poly(para-phenylenevinylene) and related oligomers. Figure 3.5 gives the structural formula of the PPV
polymer. The polymer may be regarded as a homopolymer with a styrene-like group
as monomeric unit or as an alternating copolymer with a phenylene and a vinylene
group as alternating monomeric units. Whether the polymer is better described as
homopolymer or as alternating copolymer when the electronic structure is discussed,
depends mainly on the mixing between the phenylene and the vinylene orbitals. If
the orbitals are close in energy and non-orthogonal, the orbitals may be best
described as styrene-like since the electron density will be spread out evenly over
both units. If the phenylene and vinylene orbitals are well-separated in energy,
mixing of these orbitals will lead to an asymmetric hybrid orbital in which the
electron density will be mainly localized on either the phenylene or vinylene unit.

Figure 3.5 Structural formula of poly(para-phenylenevinylene) (PPV). This
polymer may be regarded as a homopolymer with a styrene-like unit as
repeating group, see top right-hand schematic representation, or as an
alternating copolymer with a vinylene and a phenylene unit, as displayed in
the lower right-hand corner of the figure.
In order to interpret the experimental data, we calculated the molecules with
semi-empirical and ab initio methods. These calculations do not only give an
estimate of the different orbital energies, but also of the spatial distribution of the
orbitals. The approach may then be described as follows: the UPS spectra of
different PPV oligomers were measured, including fragments of the repeating unit.
On the basis of these measurements and the calculations, a picture evolves how the
electronic structure of PPV develops from interacting ‘monomeric’ orbitals. From
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this picture we can indentify the transfer integral t and judge whether PPV is better
described as a homopolymer or as an alternating copolymer. From optical spectra we
obtain estimates for other parameters of the model. Finally we compare the results of
several modeled conjugated polymers.

3.3

Experimental

The set-up used to record the gas phase UPS spectra of the oligo(paraphenylenevinylene)s was described in section 2.3 of this thesis. P3V2, P4V3 and
P5V4 were all synthesized in our laboratories (, see figure 3.6 for structural
formulae). The shorter molecules were purchased from Sigma-Aldrich Chemie or
Hoek Loos. The compounds P2V1 through P5V4 were all re-crystallized before use.
P5V4 was further purified by sublimation. These compounds were added to the glass
tube of the organic evaporation cell (see figure 2.5). After degassing the evaporation
cell for several hours, the cell was heated to give a deposition rate of approximately
1-5 nm/s as determined by an in the beam inserted layer thickness monitor. The
evaporation temperature ranged from 50 for trans-stilbene (P2V1) to 400 oC for
P5V4.
The lower molecular weight compounds were liquid (styrene, benzene) or
gaseous (propene and butadiene) under standard lab conditions. To inject these
molecules into the vacuum chamber, the set-up was slightly changed as described in
section 2.3. These compounds were used as received, without further purification.
During measurements the pressure in the main chamber of the set-up was typically
around 2 to 4×10-5 mbar, while the base pressure was approximately 2×10-8 mbar.
For energy calibration purposes Xe gas (Hoek Loos) was added to the chamber with
a partial pressure of 0.5 to 1×10-5mbar. The Xe 2P3/2 line, with a known binding
energy of 12.13 eV [26], is easily recognized in most spectra as a sharp feature at the
above mentioned energy. From the width of the Xe line we could determine the
overall resolution that was between 80 and 140 meV in the measurements shown in
the graph.
For the calculations a commercial package of HyperChem was used to find
the energies and spatial distribution of the orbitals. Both semi-empirical and ab initio
methods were used. For the semi-empirical calculations the AM1 method was used;
for ab initio calculations a small basis set was chosen (3-21G). For the geometry
optimization we choose a Fletcher-Reeves or a Polak-Ribière algorithm.

52

3.4

Chapter Three

Results and discussion

3.4.1 Energy level development in oligo(para-phenylenevinylene)s
Figure 3.6 presents the UPS measurements on series of oligo(paraphenylenevinylene)s, including propene, benzene and styrene in the gas phase. The
graph gives the intensity, which is directly related to the detected photoelectron
current, versus the binding energy of the various compounds.

Figure 3.6 Gas phase UPS spectra (He I) of oligo(para-phenylene-vinylene)s with
up to five phenyl-rings, together with the spectra of propene, benzene and styrene.
The structures of the molecules (the H-atoms are omitted for clarity) are shown at
the right-hand side of the graph, just above the PES of the corresponding molecule
(from below: propene, benzene, styrene, t-stilbene, P3V2, P4V3 and P5V4).
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To explain the spectra in figure 3.6 and assign the peaks to certain orbitals we
first look at the smallest and therefore simplest molecules. Figure 3.7 shows the UPS
spectra of the four shortest compounds of the previous figure, together with ab initio
calculations on these molecules. The calculations provide the orbital energies as well
as the spatial distribution, both are presented in the figure, and complemented with
the UPS spectra. For comparison purposes, the x and y-axis of the UPS spectra are
exchanged when compared to figure 3.6.

Figure 3.7 Comparison between ab initio calculations and UPS
measurements on the highest occupied molecular orbitals of PPV fragments.
From left to right: ethene (propene in UPS spectra), benzene, styrene and
stilbene.
The UPS spectrum of propene shows a peak around 10 eV with vibrational
structure. We assign this peak to the π-bond of propene. This assignment is
confirmed by the vibrational progression that is present on the first peak (with lowest
binding energy) in the UPS spectrum, the progression corresponds to the -C=Cstretch vibration (1.5×103 cm-1). The binding energy of the HOMO of propene is
comparable with the calculated HOMO of ethene. The highest occupied orbital of
benzene is actually a pair of degenerate π-orbitals, as is clearly shown from the
calculations. In the corresponding UPS spectrum we see a shoulder to the peak at 9
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eV. The shoulder is caused by a Jahn-Teller distortion of these degenerate orbitals
due to the photoemission process.
Styrene may be regarded as a benzene ring with a vinylene-substituent. The
substitution leads to a mixing of orbitals: the occupied π-orbital of vinylene
hybridizes with the highest occupied orbitals of benzene. The hybridization of the
HOMO of ethene and the HOMO of benzene with electron density on all six carbon
atoms, leads to the HOMO and HOMO-2 of styrene. Since the original orbitals differ
in binding energy, the hybrid orbitals are asymmetric: the HOMO of styrene has
more ‘phenyl character’, the HOMO-2 more ‘vinylene character’. The combination
of the HOMO of ethene with the other degenerate HOMO of benzene does not lead
to hybrid orbitals in styrene, see figure 3.7. This benzene orbital has a node at the
carbon atom connecting the vinylene group to the phenyl ring of styrene. This makes
mixing impossible; the orbital stays localized on the phenyl ring.
In trans-stilbene two benzene rings are connected with each other via a
vinylene bridge. Above it was discussed that in styrene only one of the two (initially)
degenerate HOMOs of benzene has electron density on the vinylene substituent. The
same is true in the case of stilbene: on both phenyl rings one of these orbitals stays
localized on the phenyl ring, the other delocalizes over the molecule. The delocalized
orbitals interact and form a bonding (HOMO-3) and anti-bonding (HOMO)
combination in stilbene. The two localized orbitals form a pair of (non-bonding)
orbitals that hardly interact. These orbitals have nearly the same energy and form the
HOMO-1 and the HOMO-2. The HOMO-4 stilbene orbital does not mix with the
‘localized phenyl’ orbitals (due to the node on the tertiary carbon atoms) and only
slightly with the ‘delocalized phenyl’ orbitals.
We can recognize three different types of (occupied) π-orbitals: the noninteracting, localized phenyl-like orbitals found around 9 eV (gray lines in figure
3.7), the delocalized phenyl-like orbitals found between 7 and 9.5 eV (black lines),
and the delocalized vinylene-like orbital around 10.5 eV(broken line). Note that
besides these three types of π-orbitals another group of π-orbitals is present at higher
binding energies. These orbitals are omitted here since they are not relevant for the
model that will be deduced below. The unoccupied π−orbitals are not measured,
these π-orbitals may be found with techniques such as inverse photoelectron
spectroscopy, or estimated using semi-empirical or ab inito calculations.
We continue the discussion by looking at the UPS spectrum of para-(distyrylbenzene) or P3V2. The molecule contains three phenyl rings. We thus anticipate that
the three localized phenyl-like π-orbitals will contribute to one intense peak at a
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binding energy of around 9 eV. The interaction between the three delocalized
‘phenyl-like’ π-orbitals gives rise to three distinct peaks. The first two of these peaks
are clearly observed in the UPS spectrum (figure 3.6), the third peak forms a
shoulder with the three non-bonding, localized π-orbitals (around 9 eV). P3V2
contains besides the three phenyl rings also two identical vinylene groups. We expect
that these orbitals will also split up to form a bonding and anti-bonding combination
in analogy with the delocalized phenyl-like orbitals. As expected, we indeed find two
features in the UPS spectrum above and below 10.5 eV: the energy of the vinylenelike orbital of stilbene.

Figure 3.8 Comparison between the gas phase UPS spectra of propylene,
butadiene and P3V2. In butadiene, the two occupied π-orbitals interact and
split up to form a bonding and anti-bonding combination, indicated by two
continuous arrows. In P3V2 the vinylene groups are separated by a
phenylene group. The two orbitals still split up, although to a lesser extent,
since the mutual vinylene-vinylene interaction is mediated by the phenyl ring,
schematically depicted by broken arrows. The inset shows the vibrational
progression on the HOMO peak of butadiene (ν≈1.5×10 3 cm-1).
Figure 3.8 compares the PES spectra of propylene, butadiene and stilbene. In
propylene, only one π-orbital is occupied. In butadiene, two vinylene-like orbitals
are present, these orbitals interact and form a bonding and anti-bonding combination.
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P3V2 also contains two vinylene-like orbitals. However, the vinyl-groups are
separated from each other by a phenyl group. The phenyl group acts as a medium
that guides the interaction between the vinyl groups. This interaction is similar to the
super-exchange interaction is metal oxides. The presence of the phenyl group dims
the interaction and therefore the splitting between the vinylene-like orbitals is less
strong in P3V2 as compared to butadiene. In a similar way, the vinylene-bridge
weakens somewhat the phenyl-phenyl interaction as compared to biphenyl.
The extent to which interacting orbital split up is determined by the transfer
integral (t). We identified three different types of orbitals each with its own transfer
integral: one transfer integral between the vinylene groups, and two between the
phenylene groups, see figure 3.9. Of the latter two transfer integrals, one is nearly
zero, namely the transfer integral between the localized orbitals and we will neglect
it in the remainder of this paper.

Figure 3.9 In poly(para-phenylenevinylene)s several different transfer
integrals may be identified: tVinylene-Vinylene depicts the transfer integral(s)
between the π-orbitals on the two vinylene groups, mediated by the phenyl
ring. Conversely, tPhenylene-Phenylene, stands for the transfer integral(s) between
π-orbitals on the phenyl rings, which are passed on by the vinylene bridge.

We can now shortly describe the PES spectra of P4V3 and P5V4. P4V3 will
have four localized phenyl-like orbitals around 9 eV, further four delocalized phenyllike orbitals between 7 and 9.5 eV, and three vinylene-like orbitals are expected
between 9.5 and 11 eV. Similar, we attribute the first three peaks in the UPS
spectrum of P5V4 to the delocalized phenyl-like orbitals. The other two are ‘buried’
under the five localized phenyl-like orbitals around 9 eV; the four vinylene-like
orbitals are not well resolved, they give weak features between 9.5 and 11 eV.
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Figure 3.10 Schematic representation of the development of the highest
occupied π-orbitals in oligo(para-phenylenevinylene)s from UPS measurements shown in figure 3.6. Three different types of π-orbitals may be
identified: delocalized, phenyl-like orbitals (black lines); localized, phenyllike orbitals (grey lines) and delocalized, vinylene-like orbitals (broken lines).
In the hypothetical infinitely long polymer these different types of orbitals
form three different bands.

Figure 3.10 shows how the three different types of orbitals develop into bands
toward the polymer limit. The width of the band (W) is related to the transfer integral
(W=4t). We can find an estimate of t from the orbital splitting in the UPS spectra.
For comparison, figure 3.11 shows the calculated π-electron energy levels for ethene
up to P5V4. These energy levels are calculated using a semi-empirical AM1 method.
Note the correspondence between figure 3.10 and figure 3.6. Note also the similar
development between the occupied and unoccupied orbitals.
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Figure 3.11 Development of the occupied and unoccupied π-electron levels
of ethene, benzene, styrene and oligo(para-pheneylenevinylene)s as a result of
semi-empirical AM1 calculations.

3.4.2 Low electronic excitations in oligo- and poly(para-vinylenevinylene)
Another important aspect of the development is the fact that the three
different types of orbitals develop nearly independent from each other (see figure
3.9). The highest occupied band is formed by the interaction between the delocalized
phenyl orbitals. A narrow band around 9 eV originates from the localized phenyl-like
orbitals and the third band from the delocalized vinylene-like orbitals. A similar
development holds for the lowest unoccupied orbitals (, see figure 3.11). We can
thus model most optical excitations of the polymer by taking three interacting
entities. The crucial point here is the following: if we are interested in the lowest
electronic excitations, we only need to model the interaction between the delocalized
phenyl-like orbitals. This means that in the calculation, we actually model a
hypothetical row of interacting (delocalized) phenyl orbitals; the exact nature of the
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bridging group is not so important. The main role of the bridging group is mediating
the phenylene-phenylene interaction.
Before we can start to model the low electronic excitations in oligo- and
poly(para-phenylevinylene) we need to find initial parameters for the fitting
procedure. The transfer integral (t) is taken from the orbital splitting between the
delocalized phenylene orbitals, as determined by the UPS measurements. This
actually yields the transfer integral between the occupied phenyl orbitals (=tphenylenephenylene = thh). We assume here that the inter-phenyl ring transfer integral between the
unoccupied orbitals (tll) is equal to thh. This seems reasonable when one looks at the
calculated energy level development in figure 3.11. The transfer integral between
occupied and unoccupied orbitals is neglected.

(a)

(b)

Figure 3.12 Singlet and triplet optical gap of oligo(para-phenylenevinylene)s (a) and oligo-para-phenylenes (b), as function of their reciprocal
chain length (where N is the number of phenyl rings) obtained from
experiments [27, 31] (absorption maximum) and fitted using the Hubbard
model. The parameters are summarized in table 3.1.
The on-site Coulomb interaction (U) is found by the fitting procedure. For
this procedure a plot similar to figure 3.1 is used in which the optical gap of tertbutyl substituted oligo(para-phenylenevinylene)s is plotted versus the reciprocal
number of phenyl-rings in the oligomers, see figure 3.12a (data taken from [27]). ∆U
is neglected here since the distance between the phenyl-rings is rather large, which
leads to a reduced screening of U by the neighboring sites. This makes the system
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less susceptible to chain-end effects. For similar reasons, the next-neighbor Coulomb
interaction (V) is also set to 0. The exchange interaction (K) is taken from the
difference between the lowest excited singlet (S1) and triplet (T1) states of t-stilbene
[29-30]. ∆ is taken from the lowest (allowed) optical transition in stilbene (S0 to S1
(0-0) transition) [28-30]. The mentioned parameters are summarized in table 3.1.
Figure 3.12a presents experimental and calculated values for the optical gap
(lowest singlet-singlet as well as singlet-triplet transition) of poly(para-phenylenevinylene) and the related oligomers. Figure 3.12b shows the experimental and
modeled optical gap of series of oligo-para-phenylenes. The fitting parameters of
both fits, together with the fitting parameters to the optical transitions of oligo- and
polythiophene [3] are tabulated in table 3.1. Note that the star-shaped symbol in
figure 3.12b is a calculated value for the optical gap of poly-para-phenylene [31].
Figure 3.12 shows that the Hubbard model may be used to describe the
development of the lowest electronic transitions in these conjugated oligomers and
polymers. The fit to the experimental data reproduces two important features that are
generally observed in conjugated oligomers. Firstly, for short oligomers, a nearly
linear dependence is found between the optical gap and the reciprocal number of
repeating units. This indicates that the exciton delocalizes over the oligomer, the
longer the oligomer, the more extended the (lowest singlet) exciton. Secondly, for
long chain oligomers, the optical gap becomes nearly independent of the oligomer or
polymer chain length. This feature is related to the localization of the exciton, also
known as the (effective) conjugation length.
All parameters of the Hubbard model are fitted to experimentally observed
values. By comparing column two and four, we can conclude that the initial values
of the model parameters are only slightly changed by the fitting procedure. This is an
interesting aspect of the model: the parameters are physically well interpretable and
may be estimated from experimental values.
By comparing a parameter between different materials we can observe a
trend. For example, the transfer integrals (t) of oligothiophene and oligo-paraphenylene are similar and larger than for oligo(para-phenylenvinylene). This can be
understood by the presence of the vinylene-bridge in oligo(para-phenylenvinylene),
which reduces the transfer integral between the delocalized phenyl-like orbitals, a
similar effect as the splitting of the vinylene-like orbitals in butadiene as compared to
P3V2, see figure 3.8. Note that the difference in the transfer integral can direct be
observed from the UPS spectra of these compounds [2,3].
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Tabel 3.1
Overview of the parameters Hubbard model, found by fitting
the optical gap of series of oligomers of oligo(para-phenylenevinylene)s
(OPV), oligo-para-phenylenes (OPP) and oligo-thiophenes (OT) and the
corresponding polymers to the model. The initial values for the fitting
procedure of the oligo(para-phenylenevinylene)s obtained from experimental
data are presented in column 2.
Parameter

t (eV)
U (eV)
U/t
∆U (eV)
V (eV)
K (eV)
∆ (eV)

initial value
(OPV)
[28-30]
0.7
0
0
1.0
4.0

OPV

OPP
[2, 31, 32]

OT
[3]

0.7
2.0
2.9
0
0
0.8
4.1

1.0
3.1
3.1
0.5
0.7
0.8
5.4

1.0
2.4
2.4
0.5
0.7
0.8
4.7

The relatively large on-site Coulomb interaction (U) of oligo-para-phenylene
may be attributed to the non-planarity of the benzene rings in the main chain. This
‘out of plane bending’ reduces the screening and therefore increases the Coulomb
interaction. The bending is caused by steric hindrance of hydrogen atoms on
neighboring benzene rings. This effect is less important in oligo(para-phenylenevinylene)s and oligothiophenes. This is also reflected in the ratio of U/t: this ratio is
measure for the localization; if the ratio is small (U/t ≈ 0) the system is highly
delocalized, if U/t is large (>>1) the wave functions will be localized to the sites. For
the three different types of conjugated polymers we find that U/t is around 3,
indicating that localization effects are important in these materials. The ratio is
relatively large for oligo-para-phenylenes probably due to the out-of plane bending
of the phenyl rings which tends to localizes the wave functions.
From an analysis of the nature of the calculated excited states we found an
estimate for the exciton binding energy of approximately 0.5 eV for all polymeric
species studied. This value is very similar to previously reported exciton binding
energies of several conjugated polymers [19, 33].
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Conclusions

The UPS spectra of series of unsubstituted oligo(para-phenylenevinylene)s
were recorded in the gas phase, revealing the development of the valence orbital
structure of these molecules. This development shows that the highest occupied
molecular orbitals may be classified as vinylene-like orbitals, localized phenyl-like
orbitals and delocalized phenyl-like orbitals. It is suggested that in order to model the
lowest electronic excitations in these oligomers one only needs to model one group
of orbitals, here the delocalized phenyl-like orbitals. To calculate these excitations, a
two band, Hubbard-like model is used, that was previously formulated for thiophene
based oligomers [3]. A good initial guess for the parameters of this simple tightbinding model can be obtained from experimental data. After a fitting procedure, the
experimentally reported values for the low electronic excitations are accurately
reproduced. Further, we found an exciton binding energy for all three studied
conjugated polymers of approximately 0.5 eV.
It is interesting that this simple model is capable of not only describing
homopolymeric systems as polythiophene and poly-para-phenylene but also an
alternating copolymer as poly(para-phenylenevinylene). It is found that the bridging
group (here a vinylene moiety) acts as a guide for the interaction between the
(delocalized) phenyl-like orbitals. So the effect of the bridging group is that the tightbinding parameters U, t and V are only modified by the presence of the group, the
electronic structure of the bridging group itself does not need to be described in the
model.

Electronic structure of conjugated polymeric systems

63

3.6

References

[1]

D. Jones, M. Guerra, L. Favaretto, A. Modelli, M. Fabrizio, G. Distefano, J.
Phys. Chem. 94, 5761 (1990).
K. Seki, U. O. Karlsson, R. Engelhardt, E.-E. Koch, W. Schmidt, Chem.
Phys. 91, 459 (1984).
R. Telesca, H. Bolink, S. Yunoki, G. Hadziioannou, P. Th. Van Duijnen, J. G.
Snijders, H. T. Jonkman, G. A. Sawatzky, Phys. Rev. B 63, 155112.
J.-L. Bredas, J. Cornil, A. J. Heeger, Adv. Mater. 8, 447 (1996).
A recent literature search with the INSPEC database and the keywords
conjugated polymer* yields over 3000 hits.
R. Silbey in Conjugated polymeric materials: opportunities in electronics,
optoelectronics, and moleculare electronics, ed. J. L. Bredas, R. R. Chance,
Kluwer Academic Publishers, Dordrecht (NL) (1990).
H. Kuhn, J. Chem. Phys. 17, 1198 (1949).
H. Kuhn, C. Kuhn, Chem. Phys. Lett. 204, 206 (1993).
G. Drefahl, R. Kühmstedt, H.Oswald, H.-H. Hörhold, Makromolekulare
Chemie 131, 89 (1970); G. Drefahl, R. Kühmstedt, H.Oswald, H.-H. Hörhold,
ibid. 131, 105 (1970).
A. Onipko, Y. Klymenko, L. Malysheva, J. Chem. Phys. 107, 7331 (1997).
A. J. Heeger, S. Kivelson, J. R. Schrieffer, W. P. Su, Rev. Mod. Phys. 60, 781
(1988).
A. J. Heeger, Angew. Chem. Int. Ed. 40, 2591 (2001).
D. Baeriswyl, E. Jeckelmann in The Hubbard model its physics and
mathematical physics, ed. D. Baeriswyl, D. K. Campbell, J. M. P. Carmelo, F.
Guinea, E. Louis, NATO ASI series B: Physics 343 Plenum Press, New York
(1995);
Y. Anusooya-Pati, Z. G. Soos, A. Painelli, Phys. Rev. B 63 205118;
M. Chandross, Y. Shimoi, S. Mazumdar, Synth. Met. 85 1001 (1997);
M. Y. Lavrentiev, W. Barford, J. Chem. Phys. 111, 11177 (1999);
W. Barford, R. Bursill, M. Y. Lavrentiev, J. Phys.: Condens. Mater 10, 6429
(1998).
M. Chandross, S. Mazumdar, S. Jeglinsky, X. Wei, Z. V. Vardeny, E. W.
Kwock, T.M. Miller, Phys. Rev. B 50, 14702 (1994).

[2]
[3]
[4]
[5]
[6]

[7]
[8]
[9]

[10]
[11]
[12]
[13]

[14]

[15]

64
[16]

[17]
[18]
[19]

[20]
[21]
[22]

[23]
[24]
[25]

[26]

Chapter Three
see for example W. R. Salaneck, S. Stafström, J.-L. Brédas in Conjugated
polymer surfaces and interfaces, Cambridge University Press, Cambridge,
UK (1999);
J. Cornil, D. A. dos Santos, X. Crispin, R. Silbey, J.-L. Brédas, J. Am. Chem.
Soc. 120, 1289 (1998);
J.-L. Brédas, J. Cornil, D. Beljonne, D. A. dos Santos, Z. Shuai, Acc. Chem.
Res. 32, 267 (1999);
J. Cornil, D. Beljonne, J.-P. Calbert, J.-L. Brédas, Adv. Mater. 13, 1053
(2001).
Z. C. Soos, S. Etemad, D. S. Galvao, S. Ramasesha, Chem. Phys. Lett. 194,
341 (1992).
M. Rohlfing S. G. Louie, Phys. Rev. Lett. 82, 1959 (1999); M. Rohlfing,
M.L. Tiago, S. G. Louie, Synth. Met. 116, 101 (2001).
J.-W. van der Horst, P. A. Bobbert, P. H. L. de Jong, M. A. J. Michels, G.
Brocks, P. J. Kelly, Phys. Rev. B 61, 15817 (2000);
J.-W. van der Horst, P. A. Bobbert, M. A. J. Michels, H. Bässler, J. Chem.
Phys. 114, 6950 (2001);
J.-W. van der Horst, Ph. D. thesis, Eindhoven University, NL (2001).
F. Kootstra, Ph. D. thesis, University of Groningen, NL (2001) .
K. Müllen and G. Wegner (eds.), Electronic Materials: The Oligomer
Approach, Wiley VCH, Weinheim (1998).
U. Stalmach, H. Kolshorn, I. Brehm, H. Meier, Leibigs Ann., 1449 (1996);
H. Meier, U. Stalmach, H. Kolshorn, Acta Polymerica 48, 379 (1997);
D. Oelkrug, J. Gierschner, H.-J. Egelhaaf, L. Lüer, A. Tompert, K. Müllen, U.
Stalmach, H. Meier, Synth. Met. 121, 1693 (2001).
R. Hesper, The influence of surfaces and interfaces on the properties of C60
compounds (Ph. D. Thesis, Groningen, The Netherlands, 2000).
P.W. Andersson, Phys. Rev. 115, 2 (1959).
J. Hubbard, Proc. Roy. Soc. A 276, 238 (1963);
ibid. 277, 237 (1964);
ibid. 281, 401 (1964);
see also M.C. Gutzwiller, Phys. Rev. Lett. 10 159 (1963).
see for example D.W. Turner, C. Baker, A.D. Baker, C.R. Brundle in
Molecular Photoelectron Spectroscopy, Wiley Interscience, London (UK)
(1969).

Electronic structure of conjugated polymeric systems
[27]
[28]
[29]

[30]
[31]
[32]
[33]

65

D. Beljonne, Z. Shuai, R.H. Friend, J.L. Brédas, J. Chem. Phys. 102, 2042
(1995).
J. A. Syage, P.M. Felker, A.H. Zewail, J. Chem. Phys. 81(11) 4685 (1984).
D.F. Evans, J. Chem. Soc. 1351 (1957);
R.H Dyck, D.S. McClure, J. Chem Phys. 36(9), 2326 (1962);
T. Ikeyama, J. Phys. Chem. 98, 2832 (1994);
V. Minola, B.O. Roos, J. Phys. Chem. A, 11(19), 3478 (1997).
S. L. Murow, I. Carmichael, G. L. Hug, Handbook of Photochemistry, second
edition, Marcel Dekker New York (1993).
E. Mulazzi, A. Ripamonti, L. Athouel, J. Wery, S. Lefrant, Phys. Rev. B 65,
085204 (2002).
N.I. Nijegorodov, W.S. Downey, M.B. Danailov, Spectrochimica Acta A 56,
783 (2000).
S. F. Alvarado, P. F. Seidler, D. G. Lidzey, D. D. C. Bradley, Phys. Rev. Lett.
81, 1082 (1998);
L. Rossi, S. F. Alvarado, W. Riess, S. Schrader, D. G. Lidzey, D. D. C.
Bradley, Synth. Met. 111–112, 527 (2000).

