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Abstract

An Effective Particle Approach
to the Photophysics
of Conjugated Polymers
by
Melissa Anne Pasquinelli
Doctor of Philosophy in Chemistry
Carnegie Mellon University
David Yaron, Advisor
This thesis develops a computational technique, called “the effective particle approach,” that enables structure-property relationships of conjugated polymers to be
extracted from quantum chemistry calculations. This approach views an excited state
as containing one or more “effective particles” that move on an energy landscape with
a position-dependent “effective mass.” For the 1Bu state of conjugated polymers, the
effective particle is an exciton, or bound electron-hole pair. The form of the particle
is defined by the relative motion of the electron and hole, and its delocalization is described by its “center-of-mass” motion. This technique yields computational savings
as well as interpretive advantages.
This approach relies on the ability to form orbitals that are localized on molecular
segments. A technique is developed that uses sub-blocks of the Fock matrix in a hybrid
atomic orbital basis to generate reasonable trial functions for each segment, and the
local orbitals are then obtained by projecting these trial functions into the proper
orbital space. This method can localize occupied/unoccupied molecular orbitals and
can include both sigma and pi electrons. This robust technique enables the inclusion
of solid-state dielectric effects and yields computational savings in post Hartree-Fock
methods.
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Effective particles are used to generate energy landscapes and effective mass profiles that provide insight into how the structure of a material relates to its photophysical properties. Calculations on a carbonyl defect in polyacetylene and poly(p-phenylenevinylene) (PPV) quantify the degree to which the carbonyl attracts an
electron and repels a hole, thereby promoting charge separation that is strongly influenced by dielectric solvation. Landscapes and effective masses for a meta-linkage
defect and torsional disorder in PPV reveal that even relatively small torsional defects
have fairly large effects on the energy and reduced mass landscapes.
This approach is combined with a scattering formalism to study the photophysics
of long polymer chains. This methodology is used to investigate whether biexcitons
are stable and can be observed in two-photon spectroscopy. The results indicate that
biexciton states are not stable in the limit of long chains but could be stabilized on
short chains by confinement effects.
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Chapter 1
Introduction
1.1

Introduction to Conjugated Polymers

Conjugated polymers exhibit semiconducting properties because the bonding and
anti-bonding π orbitals along the polymer chain form valence and conduction bands
that support mobile charge carriers. These polymers are ideal for device applications
since they combine the processability and the mechanical properties of polymers with
the optical and electronic properties of semiconductors. These properties can be finetuned through the flexibility provided by organic synthesis. Due to their combination
of photophysical and semiconducting properties, conjugated polymers are promising
materials for the construction of devices such as light-emitting diodes1–5 and solidstate lasers.6–11
Light-emitting diodes (LEDs) made with conjugated polymers became
an active area of research in 1990 when electroluminescence from poly-(pphenylenevinylene)(PPV) was demonstrated.12 Polymer-based LEDs are envisioned
for applications such as flat-screen displays because of their flexibility,13 high thermal
stability,1 and ability to emit throughout the visible spectrum.14–16 Most importantly,
LED devices made with organic materials are easier to manufacture and design than
active-matrix liquid crystal displays.1
These organic LED devices operate by injecting electrons and holes into thin polymer films. The electrons and holes travel through the polymer and combine to form
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Figure 1.1: A depiction of a light emitting diode. The device functions by injecting
electrons and holes into the emitting polymer layer via the electrode layers. The
electrons and holes then travel through the polymer layer, combine to form an exciton,
and emit a photon of visible light.
an exciton, or bound electron-hole pair, which then emits visible light. Figure 1.1 is
a depiction of such an organic LED made with PPV and a substituted PPV sandwiched between two electrode layers. The hole-injecting electrode layer is typically
made of a material with a high work function, such as indium tin oxide (ITO), and
the electron-injecting electrode layer is one with a low work function, such as calcium,
aluminum, or magnesium. For optimal efficiency, the amount of electrons and holes
injected into the polymer needs to be balanced, since excessive amounts of one of the
charges can inhibit exciton formation. Organic materials tend to preferentially transport holes (called p-type semiconductors) because of their low electron affinities, 1 so
an electron transport layer is also typically placed into the device to improve device
performance. In the device depicted in Figure 1.1, the CN-PPV serves as the electron
transport layer.
LED device performance is dependent upon the luminescence efficiency of the
polymer material. The luminescence of these polymers tends to be lower in the solid
state than for isolated chain molecules because the excitons can migrate to quenching
sites, such as aggregates or chemical defects.17–25 Aggregates can serve as quenching
centers because interchain interactions can produce optically dark excited states lower
in energy than the optical state that provides a non-radiative pathway to the ground
state.2, 26–31 Interchain interactions can be reduced by attaching bulky side groups to
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the conjugated polymer backbone, such as alkyl groups. These side groups serve to
dilute the polymer backbones, which minimizes the effects of aggregation, but they
can also inhibit the transport of charges through the polymer film.32 More recently,
in order to reduce the significance of π stacking, helical polymer structures have been
formed by the inclusion of a biphenyl group in the unit cell structure, which has been
shown to increase photoluminescence efficiencies.33, 34 Luminescence is also affected
by the structure of the polymer. For instance, structural distortions along the chain,
such as a “kink” or torsional disorder along the chain, can reduce the delocalization
of the π bonds along the polymer backbone.29, 32, 35–40 The planarity of the polymer
is affected by the nature of the substituents, temperature, and the choice of solvent.
To improve material design, it is important to understand the effects of chemical
defects and chain morphology on the photophysics. This thesis presents a computational approach that enables such structural information to be extracted from quantum chemistry. This method is based on the effective particle language commonly
used in the physics community to describe the features of semiconductor materials.

1.1.1

Photophysical Essential States

The linear and nonlinear optical properties of π conjugated polymers are dependent upon the energetic location and nature of their excited states. The primary
excited states, depicted in Figure 1.2, are identified according to the symmetry labels
of the corresponding states in trans-polyacetylene: 11 Ag , 11 Bu , m1 Ag , n1 Bu , and the
free charge continuum.41 These states are either of even parity (Ag ) or odd parity
(Bu ), and only transitions between states of opposite symmetry are allowed.
The excited states can be viewed as containing electrons and “holes,” which are
formed from the ground state by promoting electrons from filled (valence band) orbitals to the empty (conduction band) orbitals. In the free charge continuum, these
electrons and holes move in an uncorrelated manner, meaning that the knowledge of
the position of either an electron or hole does not yield any information about the
location of the other. Any state that lies below the band edge of the continuum is
known as an excitonic state. In these states, the motion of the electron and hole are
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Figure 1.2: The essential photophysical states for conjugated polymers. The optical
gap and the exciton binding energy are also indicated.
correlated, and therefore the electron and hole are bound. This correlation can be
used to interpret the behavior of the electrons and holes in the excited states.
Since the ground state is of Ag symmetry, the lowest optically allowed one-photon
state is the 11 Bu , and the energy difference between the 11 Ag and 11 Bu states is
called the optical gap. The 11 Bu state, which carries most of the one-photon intensity, contains an exciton in which the electron and hole are bound together with an
average electron-hole pair separation of about 2.5 unit cells.42 This state is important
for device design because it is believed to be the state that emits the fluorescent
photon.19, 39, 43 However, there is another state that is close in energy, the 21 Ag state.
This state lies lower in energy than the 11 Bu in some π conjugated polymers, which
creates a non-radiative decay pathway for the 11 Bu state and significantly reduces the
fluorescence yield.30, 44 In phenylene-containing conjugated polymers, the 21 Ag state
lies above the 11 Bu , and so these polymers are typically used for the construction of
LEDs.45, 46
As described in Section 1.1, many applications of π conjugated polymers, such as
LEDs, utilize their luminescent properties. In these devices, an electron and hole are
injected into the conjugated polymer layer, such as poly-(p-phenylenevinylene). The
electron and hole migrate through the material, combine, and then emit a photon. In
the language of the essential states described above, the injected electron and hole
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correspond to the free charge continuum, and the bound electron and hole that emits
the photon is the 11 Bu state. The difference in energy between the band edge of the
continuum and the emitting state is called the exciton binding energy. For inorganic
semiconductors, the exciton binding energy typically lies in the 10 meV range. In
PPV, experimental estimates for the exciton binding energy include 0.2-1.1 eV, 47–53
and theoretical estimates include 0.4-0.9 eV.48, 54–56
Higher energy states can be reached through multi-photon processes. The m1 Ag
state has a large transition moment from the 11 Bu , and therefore carries a significant
amount of two-photon intensity. The n1 Bu state has a large transition moment from
the m1 Ag , and can be observed in three-photon experiments.57

1.2

Motivation for the Effective Particle Model
and Thesis Overview

The photophysics of conjugated polymers and other molecular systems can be
modelled with electronic structure calculations. As described in Section 1.1, the luminescence efficiency of conjugated polymers is affected by chemical defects and chain
morphology. However, the relation between molecular structure and electronic properties can be difficult to interpret from traditional calculations. For instance, a calculation with the Intermediate Neglect of Differential Overlap (INDO) Hamiltonian on
a PPV oligomer with 8 benzene rings produces 31 π and 31 π ∗ orbitals, each of which
is delocalized throughout the polymer chain. In even the simplest theory, such as Singles Configuration Interaction (S-CI), the excited states are composed of thousands
of excitations between these π orbitals.
Additional insight can be gained about the electronic structure with the ability
to observe how defined components of the system, like functional groups or monomer
units, contribute to properties like electronic excitations58–63 or intramolecular charge
transfer.64–68 This report presents a method, called the “effective particle approach,”
that can be used to extract from traditional electronic structure calculations how
the structural components of conjugated polymers, such as the unit cells or a defect,
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Figure 1.3: The unit cell structure of the conjugated polymers investigated in this
work, polyacetylene and poly-(p-phenylenevinylene). Note that this work will refer to
the size of PPV by the number of phenyl rings, rather than the number of unit cells.
affect the electronic properties. This method combines the effective particle language
of physics with the computational techniques of quantum chemistry. This work focuses
on the 11 Bu state (see Section 1.1.1) since radiative emission occurs from this state
in many conjugated polymers, although other excited states can also be studied with
this method. A popular luminescent polymer, poly-(p-phenylenevinylene) (PPV), and
polyacetylene will be used in order to illustrate the effectiveness of this method. The
unit cell structures of these two conjugated polymers are given in Figure 1.3.
Chapter 2 gives background information on the standard tools of quantum chemistry used in this work. Since the study of the photophysics of π conjugated polymers
is the main goal, π-electron Hamiltonians such as Pariser-Parr-Pople (PPP) and Intermediate Neglect of Differential Overlap (INDO) have been used. While PPP theory
includes only the π electrons, INDO theory includes both the σ and π electrons. Unlike
PPP theory, INDO theory has a systematic procedure for deriving the Hamiltonian
parameters for arbitrary molecular structure, so INDO can make detailed predictions for structure-property relationships. Also, the PPP Hamiltonian only includes
one-electron terms between nearest neighbors, and this causes the valence (hole) and
conduction (electron) bands to be symmetric about the Fermi level. The INDO Hamiltonian includes all one-electron terms, which causes the valence bandwidth to increase
and the conduction bandwidth to decrease.69, 70 This differing behavior of the electron and hole is referred to as electron-hole symmetry breaking, which makes the hole
lighter than the electron in INDO calculations.
The ground state molecular orbitals are calculated with Hartree-Fock theory, and

9
the excited electronic states are calculated using Configuration Interaction (CI) theory. CI theory represents an excited state as a linear combination of all the possible configurations of electrons and holes within the Hartree-Fock molecular orbitals.
The ground state of the system in this report is constrained to remain the HartreeFock ground state via the equation-of-motion method so that the calculations are
size-consistent, which means that they scale properly with chain length. For ordered
systems with translational symmetry, periodic boundary conditions can also be used,
which yields computational savings so that the limit of long polymer chains can be
investigated.
The computational tool that is crucial to the effective particle model is the ability
to decompose the molecular system into components. This ability can be achieved
through the use of localized molecular orbitals. Chapter 3 develops a simple yet efficient localized orbital method. This technique uses a projection method to localize
molecular orbitals on arbitrary segments of a molecule, such as the unit cells of a
polymer. In order to obtain the localized molecular orbitals, trial local orbitals corresponding to the molecular segments are extracted from the Fock matrix, and then the
trial orbitals are projected onto the original molecular orbitals. A crucial aspect of
this method is the use of hybridized atomic orbitals, which allows molecular segments
to be formed without breaking chemical bonds. The molecular orbitals resulting from
this localization method are over 80% localized on the defined segments. This localized orbital method is versatile since it can localize both the occupied and unoccupied
orbitals, and can handle both σ and π orbitals.
Segment-localized molecular orbitals provide a number of interpretive and computational advantages. The interpretive advantages result from the ability to define
a spatial position for the electron and hole in the excited state configurations. There
are a number of computational advantages. The spatial position of the electron and
hole enables CI calculations to be truncated efficiently by either reducing the twoelectron integrals that need to be calculated, or limiting the number of electron-hole
configurations that are used to describe the excited states. Also, localized orbitals
allow the inclusion of dielectric screening to the interaction of the electron and hole,
so that solid-state effects on the photophysical properties can be included. Standard
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quantum chemistry models typically incorporate dielectric screening by solvating the
average charge distribution, which means that the system is solvated after it has
been delocalized. For nonpolar systems, such as the conjugated polymers that are
considered in this work, this type of dielectric screening vastly underestimates the
dielectric effects. The dielectric screening model that is used in this work, described
in Chapter 2, mimics that of inorganic semiconductors, where the electron and hole
are each first solvated, and then the charges are delocalized. This model has been
shown to accurately capture the effects of the dielectric on conjugated polymers.71, 72
The dielectric parameters are adjusted to experimental observations.
The development of the effective particle model for the photophysics of organic
semiconductors is presented in Chapter 4. This approach relies on the segmentlocalized molecular orbitals from Chapter 3, which allow a spatial position to be
assigned to the electron and hole in CI calculations. An effective particle is formed
by creating a linear combination of CI electron-hole configurations, or a contracted
function,58, 59 that represents an excitation centered on a particular molecular segment. Since many CI basis functions are grouped into a single contracted function
with this approach, computational savings are obtained from a reduction of the basis
set. The convention for the center of these localized effective particles can be defined
according to position of the electron, position of the hole, or the average position of
the electron and hole.
The form of the effective particles can be determined in two ways. The first method
extracts the form from a full CI calculation, which gives the form of the particle
while it is in motion. The second method constructs effective particles “frozen” on
a particular segment. The difference between these two methods is that the former
method includes the effects of the dynamics in its form, whereas the latter does not. A
comparison of these two methods reveals the extent to which the form of the effective
particles depends on the dynamics. For polyacetylene, the form and the dynamics can
be separated with little loss of accuracy, which can yield substantial computational
savings.
The effective particle approach yields useful information on the nature of the excited states, such as the energy landscape and effective mass of the particles. The
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energy landscape and effective masses are extracted from the Hamiltonian matrix
elements between effective particles. The diagonal Hamiltonian matrix elements represent the energy it takes to create an effective particle on a particular molecular
segment, and thus gives the energy landscape. The off-diagonal matrix elements represent the transfer energy of an effective particle to move to another segment in the
molecule, and these give the “effective mass” of the particle.
Chapter 4 explores various details about this effective particle approach and the
information gained from the energy and effective mass landscapes. The use of both
the PPP and the INDO Hamiltonian will be contrasted. The landscape results will be
shown to be independent of chain length for reasonably-sized systems. The inclusion of
dielectric solvation will also be explored. Finally, chain-end defects will be investigated
and shown to act as hard-wall potentials.
The remaining chapters present applications of the effective particle approach to
the photophysics of conjugated polymers. Chapter 5 examines how a chemical defect,
such as a meta-linkage in aromatic substituted systems such as PPV or a carbonyl
defect, affects the luminescence efficiency of π-conjugated polymers. Experimentally,
it has been observed that meta-linkages can increase the luminescence efficiency by
breaking the π conjugation along the chain backbone, thereby possibly promoting
exciton confinement.73–75 The presence of carbonyl defects that arise from photooxidation of the sample, however, leads to a substantial decrease in emission.18–25
Energy landscapes and effective mass results are used to show that a meta-linkage
can in fact lead to exciton confinement, which can enhance emission. These interpretive schemes will also be utilized to quantify the degree to which a carbonyl defect
acts as an electron-withdrawing trap. Such a trap can lead to a decrease in the bound
character of the exciton, an effect which is enhanced by the ability of the dielectric
surroundings to stabilize charge separated configurations. The reduction in the correlation between the electron and hole can lead to dissociation of the exciton, which
will quench the luminescence. These results support Rothberg’s suggestion that the
carbonyl defect can act as an electron trap.19
Chapter 6 explores how conformational disorder along the polymer backbone affects the electronic structure of conjugated polymers. The absorption and emission
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spectra of these polymers should scale as the inverse of the chain length, but typically a saturation of the spectra occurs for long chain polymers. The chain length
where this saturation occurs is called the effective conjugation length. The absorption
and emission spectra also frequently exhibit inhomogeneous broadening. These spectral observations have been attributed to a distribution of conjugation lengths in the
sample that is caused by the interruption of the π delocalization. This distribution
of conjugation lengths has been attributed to the presence of defects and torsional
disorder.38, 76, 77 Results are presented for an oligomer of PPV with 8 rings that include torsional disorder along the second half of the polymer chain. The energy and
effective mass landscapes indicate that even small torsional disorder of 10◦ along the
polymer backbone can cause the exciton to localize on more ordered segments.
Finally, Chapter 7 examines the formation of biexcitons in conjugated polymers.
The calculations combine the effective particle approach with a scattering formalism
that provides a size-consistent description of excited states containing both single and
double electron-hole pair excitations. Calculations were performed on polyacetylene
oligomers with up to 9 unit cells, and on long chains using periodic boundary conditions. Excited-state absorption spectra from the 11 Bu exciton state will be presented
and examined for signatures of biexciton formation. The spectra indicate that polyacetylene with between 7 to 31 unit cells exhibit states with some of the features
expected for biexcitons, but such states are not seen in the limit of long chains. These
results suggest that exciton-exciton interactions in conjugated polymers are not of
sufficient strength to lead to biexciton formation in the limit of long chains, and that
their presence in shorter chains is due to confinement effects. Transitions are however
found to states with energies above that required to make two free excitons, and that
consist of bound electron-hole pairs. These transitions may result from scattering
resonances between excitons.
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Chapter 2
Background Details of the
Theoretical Methods
2.1

The Electronic Hamiltonian

The Born-Oppenheimer approximation states that to good approximation, the
electrons in a molecule can be considered to be moving in a field of fixed nuclei
since nuclei are much heavier than electrons. Therefore, the electronic portion to the
total energy of the system can be considered independently. The time-independent
Schrödinger equation can then be expressed as an eigenvalue problem,
Ĥelec Ψelec = εelec Ψelec .

(2.1)

The electronic Hamiltonian, which describes the motion of N electrons in the field
of M nuclear point charges is defined as,
Ĥelec = −

N
X
1
i=1

2

∇2i −

N X
M
X
ZA
i=1 A=1

riA

+

N X
N
X
1
i=1 j>i

rij

.

(2.2)

The first two terms are one electron terms; the first one represents the kinetic energy
of each of the N electrons, the second one represents the potential energy between
the electrons and nuclei. The third term represents the potential energy between each
distinct pair of electrons. Within a basis, the one-electron Hamiltonian matrix ele



ments are defined by i ĥ j . The two-electron matrix elements using spatial orbitals
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are represented by,78
( ij| kl) = (ψi ψj |ψk ψl ) =

Z

dr1 dr2 ψi∗ (r1 ) ψj (r1 ) (r1 − r2 )−1 ψk∗ (r2 ) ψl (r2 ).

(2.3)

The electronic Hamiltonian in Eqn. 2.2 can be written in terms of its matrix elements
using creation and destruction operators,78
Ĥ =

XX
i,j

σ

hij a†iσ ajσ +

1X X
(ij |kl ) a†iσ a†kρ alρ ajσ ,
2 σ,ρ i,j,k,l

(2.4)

where aiσ destroys an electron with spin σ on atom i, and a†iσ creates an electron with
spin σ on atom i.
There are many methods available for approximate calculations of the electronic
structure of molecular systems. The methods used in this work will be described
below.

2.2

Hartree Fock Theory

Hartree-Fock (HF) theory is the starting point for most electronic structure calculations. HF theory generates the one-electron wavefunctions, or molecular orbitals,
and their corresponding energies. This theory describes a single electron moving in
an average potential of the other electrons and the nuclei. The HF one-electron wavefunctions, ψi , are typically represented as a linear combination of n atomic orbitals,
χj ,
ψi (r) = c1 χ1 (r) + c2 χ2 (r) + · · · + cn χn (r).

(2.5)

The aim of HF theory is to find the best form of the one-electron wavefunctions, ψ i ,
by minimizing the total energy, εi . This leads to the eigenvalue problem,
F̂i ψi = εi ψi ,

(2.6)

where F̂ is the Fock operator. The occupied molecular orbitals correspond to the m
lowest eigenvalues of F̂ . The Fock operator, F̂ , is given by,78
(1)

F̂i = hi + v HF (i),

(2.7)
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(1)

where hi

represents the one electron terms of Eq. 2.2, and v HF (i) is the average

potential felt by the ith electron due to the presence of the other electrons. For a
closed-shell system with N electrons, v HF (i) is given by,
N/2

v

HF

(i) =

X
a

2Jia − Kia .

(2.8)

J is the coulomb operator, and is described by two electron integrals from Eq. 2.3 of
the form ( ii| aa) that give the repulsion between two charge clouds. K is the exchange
operator, described by two electron integrals from Eq. 2.3 of the type (ia| ai), which
arises from the indistinguishability of electrons and the antisymmetric properties of
the electronic wavefunction.
Since the HF potential described in Eq. 2.8 depends on the wavefunctions of the
other electrons, the Hartree-Fock equation in Eq. 2.6 must be solved iteratively. Due
to this iterative approach, HF theory is also known as self-consistent-field (SCF).

2.3

Semi-Empirical Models

A primary difference between various electronic structure models is how the two
electron matrix elements in Eq. 2.3 are calculated. The number of integrals that need
to be calculated scales as the fourth power of the number of basis functions in the
molecule, so calculations for even small molecules can be cumbersome. Ab initio methods calculate all of the two electron terms explicitly. Semi-empirical methods choose
values for these matrix elements in some approximate way, such as parameterizing
the matrix elements to experimental measurements. The most common semi-empirical
Hamiltonians for π-electron systems are the Hückel, Pariser-Parr-Pople (PPP), and
Intermediate Neglect of Differential Overlap (INDO) Hamiltonians. The differences
among these Hamiltonians with respect to the excited state calculations will be discussed in Section 2.4.2.
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2.3.1

Hückel Theory

The simplest model for describing π electron systems completely ignores the electronic repulsions in Eqn. 2.4. The Hamiltonian can then be written,
ĤHuckel =

Nπ
X

hij a†iσ ajσ .

X

(2.9)

i,j=1 σ=α,β

The matrix elements, hi,j are defined to be



α




2.3.2

i=j

hi,j =  β i, j neighbors .



 0 otherwise

(2.10)

Pariser-Parr-Pople (PPP)

The PPP Hamiltonian models the π-electron system62 by including one p orbital per carbon and assuming zero-differential overlap between these orbitals. Zerodifferential overlap sets all two electron matrix elements of Eq. 2.3 to zero except
when i = j and k = l. The Hamiltonian in Eq. 2.4 then becomes,
Ĥ =

XX
i,j

hij a†iσ ajσ +

σ

1X X
(ii |jj ) a†iσ a†jρ ajρ aiσ .
2 σ,ρ i,j

(2.11)

In terms of standard semi-empirical parameters, this Hamiltonian can be rewritten
as,
Ĥ =

X
i,σ



−I −

X
j6=i



Γij  a†iσ ajσ +

X

βij a†iσ ajσ +

i,j,σ

1 X
Γij a†iσ a†jρ ajρ aiσ ,
2 i,j,σ,ρ

(2.12)

where I represents the atomic ionization energy, and βi,j is the one-electron matrix
element between electrons on carbons i and j in polyenes. One electron matrix elements are included between bonded carbon atoms, with β1 =-2.5809 eV for double
bonds and β2 =-2.2278 eV for single bonds. The Coulomb energy, Γij , is calculated
using the Ohno parameterization,79
o

Γij = s 

14.397 eV A
o

14.397 eV A
U

2

2
+ rij

,

(2.13)
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where rij is the distance between the ith and j th orbitals and the Hubbard parameter
U is 11.13 eV, the difference between the ionization potential and electron affinity of
carbon. The carbon-carbon double and single bond lengths are set to 1.35 and 1.46 Å,
respectively, and bond angles are 120◦ .

2.3.3

Intermediate Neglect of Differential Overlap (INDO)

The INDO Hamiltonian models the molecular system by including all valence
electrons on each atom. Also, differential overlap between orbitals on the same atom
is included, such that the only two electron matrix elements of Eq. 2.3 that are
retained are those with i, j, k, l ∈ A, where A is an atomic center. The electronic
Hamiltonian in Eqn. 2.4 can then be represented as,
Ĥ =

XX
i,j

+

hij a†iσ ajσ +

σ

atoms X
1 NX
2 A σ,ρ

X

i,j,k,l∈A

(ij |kl ) a†iσ a†kρ alρ ajσ

atoms X X X
1 NX
(ii |jj ) a†iσ a†jρ ajρ aiσ .
2 A,B σ,ρ i∈A j∈B

(2.14)

As with the PPP Hamiltonian in Section 2.3.2, the values for the one and two electron integrals are parameterized80 to spectroscopic measurements. The one-electron
matrix elements on a single atom, hii , are obtained from the Slater-Condon factors.
Between atoms, the one electron matrix elements are given by,




i ĥ j = S̄ij (βA + βB ) /2,

(2.15)

where S̄ij is the overlap between the ith and j th orbitals, scaled such that the π overlaps
between p-orbitals are multiplied by 1.266 and the σ overlaps between p-orbitals are
multiplied by 0.585. βA and βB are semi-empirical parameters that depend only on
the respective elements. The overlaps between Slater orbitals are calculated using the
method of Rico et al.81
For the two electronic integrals described by Eqn. 2.3, both Coulomb and exchange
integrals (see Section 2.2) are retained for orbitals residing on the same atom,
JijA = (ii | jj)atom

A

,

KijA = (ij | ji)atom

A

.

(2.16)
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These values are obtained from the Slater-Condon factors as in Ref. 80. The zero
differential overlap approximation is assumed between atoms,
(ij | kl) = ΓAB δij δkl ,

(2.17)

where the ith orbital is on atom A, and the k th orbital is on atom B. The Coulomb
repulsion between nuclei is also described by ΓAB , and the attraction between an
electron on atom A and the core of atom B. The coulomb repulsion is determined
from a modified form of the Mataga-Nishimoto formula,
ΓAB =

1
,
2/ (ΓAA + ΓBB ) + εRAB

(2.18)

where ΓAA is the Hubbard parameter for atom A, and RAB is the distance between
atoms A and B. The form used in INDO is equivalent to that of Eqn. (2.18) with
ε = 1/1.2, a value chosen to obtain better agreement with the spectrum of benzene.80
Since the work presented in this thesis investigates long range Coulomb effects, ε was
set to 1.
Since the intention of the work presented in this thesis is to understand the photophysics of conjugated polymers, unless otherwise indicated, the excited state calculations using the INDO Hamiltonian were performed using just the π and nonbonding
molecular orbitals. This approximation allows for the study of larger polymer systems.

2.4

Excited States via Configuration Interaction

Excited states are calculated via Configuration Interaction (CI) theory. In CI,
a singly excited configuration is defined by removing an electron from one of the
“filled” molecular orbitals and placing it into one of the “empty” molecular orbitals,
as depicted in Figure 2.1(a). With the use of segment-localized molecular orbitals
(refer to Chapter 3), it is possible to define spatial positions for the electron and hole.
This allows the electron-hole configurations to be written in terms of the segment
positions of the electron and hole, as depicted in Figure 2.1(b).
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Figure 2.1: A singly excited configuration for (a) non-localized orbitals obtained
from a Hartree-Fock calculation, and (b) segment-localized molecular orbitals. Using
localized molecular orbitals enables one to define the unit cell on which the electron
or hole is located.
The excited states in CI theory are described by,
|ESi

=
=

c0 |HFi +
c0 |Ψ0 i +

X

cra a†r aa |HFi +

X

cra |Ψra i +

a ∈ occ
r ∈ unocc

a ∈ occ
r ∈ unocc

X

† †
crs
ab ar as ab aa |HFi

a <b∈ occ
r<s ∈ unocc
rs
crs
ab |Ψab i,
a<b ∈ occ
r<s ∈ unocc

X

(2.19)

where |HFi is the Hartree-Fock ground state, aa destroys an electron (creates a hole) in

the valence-band orbital on the ath unit cell, a+
r creates an electron in the conduction-

band orbital centered on the r th unit cell, and cra gives the amplitude for finding a
hole on the ath unit cell and an electron on the r th unit cell. The linear expansion
coefficients are determined variationally.

2.4.1

Equation-of-Motion Method

Size consistency is necessary for the energy obtained in a CI calculation to scale
correctly with chain-length in the limit of a long chain. (A size-consistent method
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is one that describes both small and large systems with equivalent accuracy.) When
only single electron-hole configurations are included (S-CI theory), CI theory is size
consistent. However, inclusion of double electron-hole pair configurations (SD-CI)
leads to size inconsistencies that prevent proper convergence to a long-chain limit.
To overcome this issue, an equation-of-motion (EOM) formalism is used, which has
previously been shown to be size consistent.58, 82 This method differs from CI theory
in that it constrains the ground state to remain the Hartree-Fock ground state.
The excited electronic states can then be written,
| excited state i = Ω† |HFi ,

(2.20)

where |HFi is the Hartree-Fock ground state, and Ω† is a linear combination of

electron-hole pair creation operators. In the EOM method, the excitation operator

Ω† describes only the difference between the ground and excited states, i.e. it is used
only to create electron-hole pairs in the excited state. In CI theory, the excitations
are also used to describe electron-correlation in the ground electronic state, and it
is this attempt to include ground-state correlation that leads to size inconsistencies.
Due to Brillioun’s theorem, whereby singles do not interact with the Hartree-Fock
ground state, EOM and CI theory are equivalent at the singles level. The differences
arise at the doubles level, and SD-EOM is useful since it provides a size-consistent
description of excited states containing both single and double electron-hole pairs.

2.4.2

Hamiltonian Comparison

In the work presented in this thesis, both the PPP and INDO Hamiltonians have
been used to study the excited states of conjugated polymers. However, the nature of
both of these Hamiltonians causes differences in the electron and hole bands, which
will be explained below.
Conjugated hydrocarbons, such as polyacetylene, and aromatic molecules with
an even number of atoms in the ring, like benzene, exhibit alternancy symmetry.
A molecule is considered alternant if the atoms can be divided into two disjoint
sets in such a way that all members of one set are bonded only to atoms in the
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other set. PPV also exhibits alternancy symmetry. For π electron models that only
include one-electron matrix elements between adjacent atoms, such as Hückel or PPP
theory, the molecular orbitals of alternant molecular structures exhibit interesting
characteristics.83, 84 First, the occupied and unoccupied orbitals are “paired;” for every
occupied orbital with energy Ei , there exists an unoccupied orbital at energy −Ei .

Therefore, the valence (or hole) and conduction (or electron) bands are distributed
symmetrically. Also, for each bonding/anti-bonding “pair” of molecular orbitals, the

coefficients of the same atomic orbital are equal in magnitude, but for one of the
two sets of atoms, these coefficients change sign from the occupied to the unoccupied
molecular orbital. This alternancy symmetry is also called electron-hole symmetry or
charge-conjugation symmetry.
However, the electron-hole symmetry of the molecular orbitals is broken when the
INDO Hamiltonian is used because of the inclusion of one-electron matrix elements
between all atoms.69, 70 This break in symmetry causes the valence bands to be wider
than the conduction bands. The bandwidth for both the occupied and unoccupied
molecular orbitals using the PPP Hamiltonian is 5.73 eV for 20 unit cells of polyacetylene. With the INDO Hamiltonian, the bandwidth for the π occupied molecular
orbitals in polyacetylene is 6.64 eV, and is 4.03 eV for the unoccupied orbitals. For
12 unit cells of PPV, these values are 7.67 eV and 4.43 eV, respectively. Because the
valence band is wider than the conduction band, the hole is lighter than the electron
in INDO calculations.
As explained in Section 1.1.1, the correlation between the electron and hole represents the bound character of the exciton. Since the PPP Hamiltonian displays
electron-hole symmetry, the most probable location of an electron and the corresponding hole will therefore be on the same site. For the INDO Hamiltonian, this may not
necessarily be the case due to the break in electron-hole symmetry. Figure 2.2 shows
a comparison of the electron-hole correlation for 20 unit cells of polyacetylene with
both the PPP and INDO Hamiltonians. These results show that for polyacetylene, the
most probable location of an electron and hole relative to one another is on the same
site with the PPP Hamiltonian, but on adjacent sites with the INDO Hamiltonian.
These Hamiltonians will also be contrasted with respect to the intermediate in-
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Figure 2.2: The electron-hole correlation as a function of the difference between the
electron and hole site positions for 20 unit cells of polyacetylene. The PPP Hamiltonian results are represented by square symbols, and the triangle symbols are for
the INDO results. The probability at electron-hole separation of zero was doubled in
order to account for volume effects. The dotted lines are the electron-hole correlations
obtained when the dielectric solvation model in Section 2.6 is included.
formation gained from the effective particle approach in Section 4.4.4.

2.5

Periodic Boundary Conditions

Periodic boundary conditions are useful for studying the limit of a long polymer
chain.58, 69 Due to the resulting translational symmetry, the excited electronic states
may be written,
N
2π
1 X
| excited state i = √
ei( N )K n Ωn(K)† |HFi ,
N n=1

(2.21)

where the sum is over all N unit cells and K is the wave vector that describes the
crystal momentum for the motion of the “center of mass” of the electrons and holes.
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Ω(K)†
creates electrons and holes relative to the nth unit cell, and describes the motion
n
of the electrons and hole relative to one another. Due to the translational symmetry of
the polymer, Ω(K)†
has the same form on each unit cell, n, but its form is dependent
n
on the crystal momentum K. The basis set for the excitation operator Ωn(K)† is a
factor of N smaller than the basis for a corresponding oligomer, and this reduction
in basis set is the computational advantage of using translational symmetry.
To be consistent with periodic boundary conditions, the transition moment operator is that for a ring of polymer with N unit cells.58, 69, 85 This leads to a selection
rule ∆K = ±1. The one-photon allowed states then have 1 Bu symmetry and K = ±1
and the two-photon allowed states have 1 Ag symmetry and K = 0, ±2.

The localized orbitals used in periodic boundary conditions are Wannier func-

tions,69, 70 described by,
band

Wn

1 X −iδk −ikn band
e
Ψk (x),
e
(x) = √
N k

(2.22)

which is the inverse Fourier transform of the Bloch functions. The δk ’s are arbitrary
phase factors. The optimal Wannier functions are obtained by finding the δk ’s that
minimize the size of the Wannier function.69, 70 This minimization is done with the
Simplex algorithm.86
Only the calculations in Chapter 7 utilized periodic boundary conditions.

2.6

Dielectric Solvation

As described in Section 1.1.1, an important experimental observable in conjugated
polymers is the exciton binding energy, the difference in energy between the band edge
of the free electron-hole states and the 11 Bu exciton state. However, the INDO and
PPP Hamiltonians, when applied to a single chain, drastically overestimate the exciton binding energy in conjugated polymers. For instance, INDO calculations on PPV
give an exciton binding energy of 3.5 eV, whereas the experimental measurements
estimate it to be around 0.2-1.1 eV.47–53 This overestimation of the exciton binding
energy can be overcome with the inclusion of dielectric screening of the electron-hole
interaction.
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Figure 2.3: The two limiting dielectric solvation cases.
There are two well-established models of dielectric screening, which are depicted
in Fig. 2.3. The standard model of inorganic semiconductors is a fast dielectric model,
which assumes that the solvent polarization is faster than the electron-hole motion,
such that the polarization is set by the instantaneous position of the electron and
hole. In this model, the electrons and holes are solvated first and then delocalized.
The timescale of electron-hole motion is set by the exciton binding energy, and the
timescale of the dielectric is set by the optical gap, so the fast dielectric model is valid
for systems where the optical gap is much greater than the exciton binding energy.
The standard model of quantum chemistry is a slow dielectric model, which assumes
that the solvent polarization is slower than the electron-hole motion. In this model,
the electron and hole are delocalized first and the averaged charge distribution is then
solvated. The slow dielectric model is valid for systems where the optical gap is much
less than the exciton binding energy.
So what model applies for conjugated polymers, where the exciton binding energy
and the optical gap are the same magnitude? A dynamic dielectric model has previously been developed,71, 72 which is a hybrid of these two models. This model first
creates a solvent basis set, with each basis function describing the solvent polarization
equilibrated to a particular location of an electron or hole on the solute chain. Product functions are then formed, which combine the S-CI electron-hole configuruation
for the solute with the corresponding solvent basis functions. The advantage of this
model is that it goes smoothly between the fast and slow dielectric limits. It also
allows each excited state to be solvated separately, which is important since the elec-
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Figure 2.4: The dielectric function, G (|ri − rj |) , of Eq. 2.23. The solid line is from
explicit calculations on a cylinder of polyacetylene. The effects due to the finite size
of the cylinder are removed by splicing the long range form in Eq. 2.24.
tron and hole behave differently in each state. The results of this dynamic dielectric
model indicate that the fast dielectric model is reasonable for single electron-hole pair
states of conjugated polymers.
As will be described in Chapter 3, the advantage of using a site model derived
from segment-localized molecular orbitals is that a spatial position for the electron
and hole can be assigned. Therefore, it is possible to include a fast dielectric model in
these calculations. This fast dielectric model is implemented by adding the solvation
energy of the charge distributions corresponding to the electron-hole configurations,
Ψra and Ψrs
ab , to the diagonal elements of the CI Hamiltonian matrix.
Within a linear dielectric approximation, the solvation energy of an arbitrary
charge distribution is given by,
Esolv =

N
X
i,j

ρi ρj G (|ri − rj |),

(2.23)

where ρi is the charge density at site i, and G (|ri − rj |) describes the energy of

interaction between a charge at ri and the polarization induced by a charge at rj .
The functional form of G (|ri − rj |) is shown in Figure 2.4. At short charge density
separations, G (|ri − rj |) is calculated explicitly for a cylinder of polyacetylene sol-
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vent chains.72, 87 At large charge density separations, G (|ri − rj |) is obtained from
a continuum dielectric model,

1
1 1−ε
,
G (|ri − rj |) =
2
ε
|ri − rj |




(2.24)

where ε is the dielectric constant of the material. Organic systems typically have
a low dielectric constant. In the calculations presented in this work, ε = 2.0 was
used unless otherwise indicated. G (|ri − rj |) is then obtained by splicing together
the form obtained from explicit calculations at short distances with the behavior

expected at large distances, represented in Figure 2.4.
The solvation energies calculated via Eq. 2.23 are multiplied by a scaling parameter
so the calculations can be fit to experimental observations, such as the location of the
m1 Ag or 11 Bu states. For the polymer systems studied in this thesis, the solvation
scales were chosen so that the 11 Bu state is around 2.5 eV and the m1 Ag state is
0.6 eV above that. Therefore, for the polymers given in Figure 1.3 used in this work,
the solvation scale was set to 1.25 for PPV, and to 1.0 for polyacetylene.
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Chapter 3
Localized Orbital Technique
3.1

Introduction

Electronic structure calculations are useful for investigating the structure-property
relationships of molecular systems. Additional insight can be gained from these calculations with the ability to observe how defined components of the system, such as
functional groups or monomer units, contribute to properties like electronic excitations58–63 or intramolecular charge transfer.64–68 Such studies are aided by localized
molecular orbitals, and this chapter presents a robust approach for forming molecular
orbitals localized on arbitrary molecular segments.
The localized orbital technique presented here was motivated by our studies of
the photophysics of conjugated polymers. Local orbitals make it possible to analyze
the results of electronic excited state calculations in terms of effective particle theory
by generating energy landscapes for the motion of charge or energy.59 For instance,
we are currently looking at how chemical defects and non-uniform morphologies alter
the energy landscapes and thus the photophysics of these systems.59, 88, 89 For these
applications, it is necessary to have molecular orbitals that are localized on various
segments of the molecule, since this allows definite spatial positions to be assigned to
the electrons and holes. Local orbitals also lead to computational savings that enable
Configuration Interaction (CI) excited state calculations to be performed efficiently
on large systems.58, 82 Our goal is an a posteriori localization technique that is com-
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patible with the INDO model of organic photophysics. Therefore, it is crucial for the
localization technique to be able to treat both σ and π orbitals, and to localize both
the occupied and unoccupied molecular orbitals.
For periodic systems, Wannier functions provide a useful local orbital basis, and it
is these functions that are typically used to construct electron-hole models of semiconductors. The Wannier functions are obtained by taking the inverse Fourier transform
of the Bloch functions, and typically leads to orbitals that are well-localized on each
unit cell of the system. The technique developed in this chapter can be viewed as
providing the functionality of Wannier functions, but in a manner that is applicable to disordered systems. A number of techniques have been developed that grow a
molecular system by adding fragments in order,90–95 and these have some analogy to
the construction of molecular orbitals that are localized on fragments. However, the
goal of this work is to devise a method that take as inputs the Hartree-Fock solution of a large system and the structure of the desired fragments, and yield a set of
Hartree-Fock orbitals localized on these fragments.
Local orbital techniques use either intrinsic or extrinsic criteria for localization.
Intrinsic criteria include interaction energy between orbitals and the spatial extension
of the orbitals.96–99 These techniques typically yield orbitals that are localized on
bonds or lone pairs, as opposed to molecular fragments. While intrinsic techniques
tend to localize filled molecular orbitals effectively, they often fail to localize the
unoccupied orbitals. This difficulty with localizing unoccupied orbitals makes intrinsic
techniques of limited utility for excited state calculations.
Localization methods based on extrinsic criteria have also been developed.95, 100–108
The extrinsic criteria are typically designed to target the localized orbitals to particular segments. Some methods focus strictly on generating molecular orbitals localized
on a particular fragment,106, 109–113 rather than complete transformation of all molecular orbitals to localized orbitals, but such techniques are not of use for our purposes. A
particularly effective class of extrinsic techniques are those based on projection. These
techniques begin with a set of localized “trial” functions, which have the desired localization properties but which can not, as required for localized Hartree-Fock orbitals,
be obtained by a unitary transformation among just the filled or empty canonical
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Hartree Fock orbitals. Application of a projection operator followed by an orthogonalization procedure transforms the “trial” functions into valid localized Hartree-Fock
orbitals. The success of the projection technique relies on choosing trial functions that
will retain their localization properties after application of the projection operator and
orthogonalization procedure. Most techniques use localized bond molecular orbitals
for the trial functions. For instance, the method developed by Karplus et al.62 uses
the π and π ∗ orbitals of ethylene as trial functions for polyenes, such that each of
the trial functions is completely localized to a particular double bond of the polyene.
Projection and orthogonalization leads to a slight delocalization of the orbitals, but
they retain most of their localized character.
The localized molecular orbital technique described in this report is based on existing projection techniques.62, 102, 114–116 The method is versatile since it can localize
on molecular segments instead of bonds, and it can handle all valence orbitals. The
projected trial functions are extracted from a block-diagonalized form of the Fock
matrix. A key step is the use of hybrid atomic orbitals that allow the fragments to
be broken across atoms instead of across bonds. This is necessary because breaking
fragments across bonds can lead to trial functions that do not retain their localization properties when projected. Localized molecular orbitals obtained from this
localization technique are presented for several different kinds of molecular systems,
including a conjugated polymer oligomer, a di-substituted benzene, and a simple peptide. Benefits of using segment-localized molecular orbitals in CI calculations are also
discussed.

3.2

Methodology

The formation of localized orbitals from projection techniques involves two basic
steps. First, localized trial functions are determined. Second, these trial functions
are projected onto the appropriate molecular orbital space and orthogonalized. The
choice of trial functions in the first step is of particular importance since a poor choice
of trial functions will lead to poorly localized orbitals after application of the second
step.
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Figure 3.1: A schematic representation of the procedure used to divide a molecular
system into molecular segments. The line between segments is drawn through an atom
rather than a bond. The atoms and hybrid orbitals indicated in gray are included in
the second segment, the atoms and hybrid orbital in white are included in the first
segment.
In this method, the trial functions are obtained from a block-diagonal form of
the Fock matrix, with each block corresponding to a segment of the molecule. The
segments for a polymer, for instance, can be the individual unit cells, and the segments
for an organic system can be defined according to its functional group constituents.
The Fock matrix for a molecule consisting of three molecular segments is shown
schematically in Fig. 3.2. The trial orbitals for the first segment are obtained by
diagonalizing the sub-block of the Fock matrix corresponding to this segment.
The simplest way to divide the molecule into segments is to draw lines through
the bonds connecting various fragments. For instance, butadiene could be fragmented
into two H2 CCH subunits. However, this choice breaks a sigma bond and the fragments become radicals. The molecular orbitals of these fragments then bear little
resemblance to the local orbitals appropriate for the system when it is bonded to the
remainder of the molecule. The trial functions obtained by diagonalizing the Fock
matrix corresponding to this fragment will then not be good trial functions.
Appropriate trial functions can instead be obtained by drawing the line between
molecular fragments through atoms instead of through bonds, as depicted in Fig. 3.1.
To accomplish this, the atomic orbitals on the dividing atom are transformed to
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Figure 3.2: A depiction of the block form of a generic Fock matrix. The dimension
of the Fock matrix is NAO by NAO , where NAO is the total number of atomic orbitals.
Each block represents a segment of the molecule.
appropriate hybrid orbitals, and the hybrid that forms a sigma bond with the adjoining molecular segment is absorbed into that segment. This prevents the creation of
molecular segments from bond breaking. Fig. 3.1 shows this process schematically for
butadiene, with the line between segments drawn through the first carbon atom of
the second fragment. This atom is hybridized such that one of its sp2 hybrids points
towards the last carbon atom of the first segment. (The definition of hybrid orbitals
is given in the Appendix.) This hybrid orbital is then absorbed into the basis for
the first segment, while the rest of the atomic orbitals on this carbon remain in the
second segment. The block of the Fock matrix corresponding to the first segment then
describes the entire first segment, along with the sigma bond to the second segment.
The orbitals obtained from diagonalizing this submatrix thereby reflect the bonding
situation present in the actual molecule and provide useful trial functions.
Once the molecular segments are defined, the portion of the Fock matrix representing each of these segments, as depicted in Figure 3.2, is extracted. These submatrices
are then individually diagonalized, and the resulting eigenfunctions are used as trial
functions for the projection method. For the sake of simplicity, each subsystem is
defined to be a closed shell system through the proper choice of dividing atoms.
Therefore, the trial functions for the occupied orbitals of segment i are the lowest
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ni /2 eigenfunctions, where ni is the number of electrons on segment i. The remaining
eigenfunctions are trial functions for the unoccupied orbitals. For convenience, the
trial functions are then expressed in the original non-hybridized atomic basis.
Although the occupied (unoccupied) trial functions have the desirable property of
being localized on the molecular segments, they are not valid Hartree-Fock orbitals
since they can not, in general, be obtained from a unitary transformation of only
the occupied (unoccupied) Hartree-Fock orbitals of the molecule. Rather, the occupied trial functions may have some non-zero component in the unoccupied molecular
orbital space, and vice versa. These inappropriate components can be removed by
application of an operator that projects the trial function into the appropriate molecular orbital subspace. The effects of these projection operators on the trial functions
are defined as,
Pocc |trialaocc i =

n
tot
occ n
X
X

i=1 j=1
n
tot
tot
X nX

Punocc |trialaunocc i =

i=nocc j=1

|Φi i hΦi | φj i hφj | trialaocc i

|Φi i hΦi | φj i hφj | trialaunocc i,

(3.1)

E

where φi are the atomic orbitals, trialocc/unocc
are the trial functions, and hΦi | φj i
a
are the eigenfunctions of the full Fock matrix expressed in the atomic basis. The

projected trial functions are then orthogonalized using Löwdin symmetric orthogonalization.117 The localized molecular orbitals can then be defined as,
E

Φ̃occ
=
a
E

=
Φ̃unocc
a

X
i,j

X
i,j

Sunocc
i,j

Socc
i,j

−1/2

−1/2

Pocc trialjocc

E

E

Punocc trialjunocc ,

(3.2)

where Φ̃a are the localized molecular orbitals, and Si,j is the overlap between the ith
and j th projected trial function from Eq. 3.1.
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Figure 3.3: The geometries of (a) a 3 unit cell oligomer of poly(p-phenylenevinylene)
(PPV), (b) p-nitrophenylacetic acid, and (c) a peptide of Cys-His. The segments
defined for the orbital localization are depicted.
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Table 3.1: The segment-localized molecular orbitals for a 3 unit cell oligomer of
PPV. The segments are indicated in Fig. 3.3(a). Each number in the table represents
the probability density of the orbital on that segment. The maximum probability for
each molecular orbital is indicated in bold. Because the orbitals are written in the
unhybridized atomic basis, the σ bonds between segments appears as an orbital with
probability spread between the respective segments.
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1.00 0.00 0.00 28 σ 0.00 0.99 0.01
1.00 0.00 0.00 29 σ 0.00 1.00 0.00
1.00 0.00 0.00 30 σ 0.01 0.99 0.00
1.00 0.00 0.00 31 σ 0.00 1.00 0.00
1.00 0.00 0.00 32 σ 0.02 0.95 0.02
1.00 0.00 0.00 33 π 0.00 1.00 0.00
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0.50 0.50 0.00
81 σ 0.00 1.00 0.00
0.98 0.02 0.00
82 σ 0.00 1.00 0.00
1.00 0.00 0.00
83 σ 0.00 1.00 0.00
0.99 0.01 0.00
84 σ 0.00 1.00 0.00
1.00 0.00 0.00
85 σ 0.00 1.00 0.00
1.00 0.00 0.00
86 σ 0.00 1.00 0.00
1.00 0.00 0.00
87 σ 0.00 1.00 0.00
1.00 0.00 0.00
88 σ 0.00 1.00 0.00
1.00 0.00 0.00
89 σ 0.00 1.00 0.00
1.00 0.00 0.00
90 σ 0.00 1.00 0.00
1.00 0.00 0.00
91 σ 0.00 1.00 0.00
1.00 0.00 0.00
92 σ 0.00 1.00 0.00
1.00 0.00 0.00
93 σ 0.00 0.01 0.99
1.00 0.00 0.00
94 π 0.00 0.02 0.98
1.00 0.00 0.00
95 π 0.00 0.00 1.00
1.00 0.00 0.00
96 π 0.00 0.00 1.00
1.00 0.00 0.00
97 σ 0.00 0.00 1.00
1.00 0.00 0.00
98 σ 0.00 0.00 1.00
1.00 0.00 0.00
99 σ 0.00 0.00 1.00
1.00 0.00 0.00 100 σ 0.00 0.00 1.00
0.00 0.70 0.30 101 σ 0.00 0.00 1.00
0.01 0.79 0.20 102 σ 0.00 0.00 1.00
0.02 0.97 0.02 103 σ 0.00 0.00 1.00
0.00 1.00 0.00 104 σ 0.00 0.00 1.00
0.01 0.98 0.01 105 σ 0.00 0.00 1.00
0.00 1.00 0.00 106 σ 0.00 0.00 1.00
0.00 1.00 0.00
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Table 3.2: Same as Table 3.1, but for p-nitrophenylacetic acid, whose segments are
indicated in Fig. 3.3(b).
OCCUPIED
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Seg1
0.99
1.00
0.96
1.00
0.77
0.99
0.98
1.00
0.86
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.01
0.00
0.04
0.00
0.23
0.01
0.02
0.00
0.14
1.00
1.00
0.98
1.00
0.99
0.95
1.00
1.00

Seg3
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.02
0.00
0.00
0.04
0.00
0.00

18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34

UNOCCUPIED

Seg1
0.00
0.01
0.00
0.05
0.00
0.05
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.99
0.99
1.00
0.91
0.46
0.93
0.00
0.00
0.01
0.00
0.01
0.01
0.01
0.03
0.02
0.01
0.08

Seg3
0.01
0.00
0.00
0.04
0.53
0.02
1.00
1.00
0.99
1.00
0.99
0.99
0.99
0.97
0.98
0.99
0.92

35
36
37
38
39
40
41
42
43
44
45
46
47

Seg1
0.03
0.93
1.00
1.00
0.00
0.35
0.01
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.94
0.07
0.00
0.00
0.12
0.65
0.98
1.00
1.00
0.99
0.99
1.00
1.00

Seg3
0.02
0.00
0.00
0.00
0.87
0.00
0.01
0.00
0.00
0.00
0.01
0.00
0.00

48
49
50
51
52
53
54
55
56
57
58
59

Seg1
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.99
1.00
1.00
1.00
1.00
0.42
0.00
0.00
0.00
0.00
0.00
0.00

Seg3
0.01
0.00
0.00
0.00
0.00
0.58
1.00
1.00
1.00
1.00
1.00
1.00

Table 3.3: Same as Table 3.1, but for a simple peptide made of His-Cys, whose
segments are indicated in Fig. 3.3(c).
OCCUPIED
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24

Seg1
0.98
0.98
1.00
0.98
1.00
0.98
0.43
0.00
0.01
0.00
0.00
0.00
0.00
0.02
0.02
0.01
0.00
0.08
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.02
0.02
0.00
0.02
0.00
0.02
0.56
1.00
0.99
0.98
1.00
0.99
0.90
0.65
0.73
0.88
0.81
0.91
0.00
0.00
0.01
0.03
0.00
0.03

Seg3
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.01
0.09
0.30
0.23
0.11
0.18
0.01
1.00
1.00
0.98
0.96
1.00
0.96

Seg4
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.03
0.02
0.01
0.01
0.00
0.00
0.00
0.01
0.01
0.00
0.00

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47

Seg1
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

UNOCCUPIED
Seg2
0.00
0.01
0.01
0.04
0.06
0.02
0.33
0.03
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01

Seg3
1.00
0.99
0.99
0.95
0.91
0.98
0.61
0.21
0.00
0.00
0.02
0.04
0.00
0.01
0.00
0.00
0.01
0.00
0.00
0.02
0.00
0.03
0.37

Seg4
0.00
0.01
0.00
0.02
0.03
0.00
0.07
0.76
1.00
1.00
0.98
0.96
1.00
0.99
1.00
1.00
0.99
1.00
1.00
0.98
1.00
0.97
0.62

48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

Seg1
0.12
1.00
0.98
1.00
1.00
0.23
0.17
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.87
0.00
0.02
0.00
0.00
0.53
0.61
0.87
0.99
0.99
0.99
1.00
1.00
0.02
0.03
0.00
0.00
0.00

Seg3
0.00
0.00
0.00
0.00
0.00
0.23
0.22
0.10
0.00
0.00
0.01
0.00
0.00
0.54
0.79
0.99
1.00
1.00

Seg4
0.00
0.00
0.00
0.00
0.00
0.01
0.00
0.03
0.00
0.00
0.00
0.00
0.00
0.43
0.18
0.01
0.00
0.00

66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82

Seg1
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg2
0.00
0.00
0.00
0.00
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg3
1.00
1.00
1.00
1.00
0.13
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Seg4
0.00
0.00
0.00
0.00
0.86
1.00
1.00
1.00
1.00
0.99
1.00
1.00
1.00
1.00
1.00
1.00
1.00
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3.3
3.3.1

Results and Discussion
Formation of Localized Molecular Orbitals

This localized orbital technique was tested on a 3 unit cell oligomer of poly(pphenylenevinylene) (PPV), p-nitrophenylacetic acid, and a simple Cys-His peptide.
The structures of these systems are illustrated in Figure 3.3, along with the choice of
molecular segments. The molecular geometries were optimized with AM1 theory.118
The probability densities per segment for both the occupied and unoccupied localized molecular orbitals are given in Tables 3.1, 3.2, and 3.3. These probabilities
indicate that the molecular orbitals are over 79% localized on the target segments.
Since we are reporting these wavefunction probabilities in the atomic basis rather
than the hybrid basis, the sigma orbital between segments appears as a orbital with
significant probability density on the adjoining segments. For example, see orbitals
39, 53, 54, and 74 in Table 3.1. The orbitals for PPV in Table 3.1 also maintain
excellent σ/π separation, as expected for a planar molecule.

3.3.2

Truncation of Excited State Calculations

Configuration Interaction (CI) theory is used to calculate the electronic excited
state energies. In S-CI theory, the excited state is written as a linear combination of all
singly excited configurations. A singly excited configuration is obtained by removing
an electron from a filled orbital, creating a hole, and placing it in an empty orbital,
creating an electron.
The results of the CI calculations are invariant to the use of localized molecular
orbitals. However, using localized molecular orbitals allows the electron and hole to
be assigned to particular molecular segments and this leads to several interpretive
benefits. For instance, the correlation between the electron and hole for the excited
states can be illustrated, which shows the the location probability of the hole relative
to the electron. Figure 3.4(a) represents such a depiction of the electron-hole correlation of an oligomer of 12 unit cells of PPV, whose molecular orbital localization
is similar to the 2 unit cell system given in Table 3.1. Without segment-localized

37

Figure 3.4: Two illustrations of the excited state behavior of the electron and hole
for 12 unit cells of PPV that can be generated with the use of segment-localized
orbitals; (a) the correlation of the electron and hole as a function of the distance
between the electron and hole segments, and (b) the wavefunction probability of the
most intense optical state (11 Bu ) as a function of the unit cell location of the average
position of the electron and hole.
molecular orbitals, the electron-hole correlation relative to the electron-hole separation could only be obtained by selecting a particular atomic orbital for the hole
position, and looking at the wavefunction probability for the electron relative to that
single atomic orbital.42 A second depiction of the excited state can be generated by
observing the wavefunction probability as a function of the unit cell location of the
average separation between the electron and hole, as depicted in Figure 3.4(b). Also,
since the electron and hole can be assigned to definite positions in the molecule, it
is possible to incorporate dielectric screening of the electron-hole interaction into the
calculation.88, 89 This screening is an important effect in conjugated polymers.
Localized orbitals also enable two approximations that lead to computational savings in CI calculations on large systems. First, the number of two electron matrix
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Figure 3.5: Excited state energies from INDO/S-CI calculations for a PPV chain of
12 unit cells as a function of (a) the truncation of two electron integrals, ∆, and (b)
limiting the number of single electron-hole configurations by constraining the segment
distance the electron and hole can be apart, me−h . Only the π molecular orbitals have
been included.
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elements in Eq. 2.3 that are calculated and hence stored in the electronic structure
calculations can be reduced. A differential overlap approximation can be invoked by
assuming that the overlap between ψi∗ (r1 ) and ψj (r1 ) is zero if orbitals i and j are on
molecular segments that are separated by a distance greater than some cutoff parameter, ∆. The same applies for orbitals ψk∗ (r2 ) and ψl (r2 ). Therefore, the two electron
integrals in which ij and kl are on segments greater than a distance ∆ apart can
be taken to be zero. A reasonable choice for ∆ can be determined by looking at the
local character of the molecular orbitals, as in Tables 3.1, 3.2, and 3.3. Figure 3.5(a)
shows the S-CI state energies as a function of ∆ for a PPV chain of 12 unit cells.
These results show that the S-CI state energies begin to converge by about ∆ = 2,
which is comparable to the local character of the molecular orbitals in PPV. This
approximation enables calculations to be done more efficiently and allows them to be
performed on larger systems, since fewer two electron integrals need to be calculated
and stored.
The second approximation stems from Figure 3.4, which indicates that the electron
and hole remain spatially near one another in the low energy excited states of a large
system. Since configurations with large separations between the electron and hole
do not contribute to the low-energy states, they can be removed from the basis set
used for the CI calculation. Figure 3.5(b) shows the S-CI state energies for a PPV
chain of 12 unit cells as a function of the maximum electron-hole pair separation
included in the S-CI basis, me−h . These results show that the S-CI state energies
converge by about me−h = 3. This reduces the number of basis functions used in the
CI calculations and makes it possible to perform calculations on much larger systems.
For instance, for a S-CI calculation on a PPV oligomer with 12 unit cells that includes
all π molecular orbitals, using me−h <= 3 reduces the size of the basis from 962 to
674 functions.

3.4

Conclusion

This chapter presents a simple and robust technique for localizing both occupied
and unoccupied molecular orbitals onto molecular segments. The technique combines
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a projection methodology with a hybrid-orbital scheme that allows a molecule to be
divided into segments without breaking sigma bonds. The results for the three test
molecular systems indicate that this technique creates orbitals that are well-localized
onto the target segments, such as the unit cells of a PPV oligomer. Whereas the
projection method of Karplus62 works only for pi-electron models, this method works
with more complex Hamiltonians such as the INDO method, which includes sigma
and pi electrons.
Because this technique can localize both the occupied and unoccupied orbitals effectively, it is well-suited for Configuration Interaction (CI) excited state calculations.
These segment-localized molecular orbitals allow for approximations that improve the
efficiency and enable calculations to be performed on larger systems. These approximations were shown to have little impact on the CI excited state energies, provided
the cutoff parameters are chosen appropriately.
The use of localized molecular orbitals in CI calculations also leads to a number
of interpretive advantages. These advantages are the subject of the next two chapters
of this thesis.

3.5

Appendix: The Formation of Hybrid Orbitals

The hybrid orbitals on the atom dividing two molecular segments are chosen to
lie along two bonds. One of these bonds is the bond between the molecular segments.
The other bond is between the dividing atom and some other heavy atom. These two
bonds are sufficient to determine the appropriate hybridization for the dividing atom.
For instance, a bond angle of 120o indicates sp2 hybridization while a bond of 180o
indicates sp hybridization.
Vectors corresponding to each of the two bonds are first defined as,
ri = rhybrid

atom

− rbonded

atom i .

(3.3)

The hybrid orbitals will be defined to lie along these bonds. The axes, depicted in
Figure 3.6, are defined as,
z0 =

1
N

(r1 ⊗ r2 )
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Figure 3.6: The hybrid orbital coordinate system, defined from the axes of the bonds
with other heavy atoms.
x0 =

1
N

y0 =



1
N

r1
|r1 |

+

r2
|r2 |



(z 0 ⊗ x0 ) ,

(3.4)

where N is the normalization factor.
The sp and sp2 hybrid orbitals are formed by using the following formulas:119
h01 = a1 s + b1 cos
h02 = a1 s + b1 cos

 
θ
2

 
θ
2

p0x + b1 sin
p0x − b1 sin

h03 = a2 s − b2 p0x

 
θ
2

p0y

(3.5)

 

p0y

(3.6)

θ
2

(3.7)

where a1 , a2 , b1 , b2 , and θ are defined to conserve orthonormalization:
a1 =
b1 =

q

q

cos θ
cos θ−1

a2 =

1 − a12

b2 =
θ = arccos



r 1 •r 2
|r 1 | |r 2 |



q

q

1+cos θ
1−cos θ

1 − a22

These equations can generate both sp and sp2 hybridization; sp orbitals are obtained
when θ = 180◦ and sp2 are obtained when θ = 120◦ .
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Chapter 4
Description of the Effective
Particle Approach and Energy
Landscapes
4.1

Introduction

Much of the qualitative understanding of the photophysics of conjugated polymers
is rooted in an effective particle language. For instance, as described in Chapter 1,
an electron and hole join to form an exciton in the light emitting diodes used to
construct flat-screen displays. The exciton may then migrate through the material
and encounter defects, or become trapped in low-energy regions, before decaying
either radiatively or non-radiatively.
For the Hamiltonians used in this work (Section 2.3), the 11 Bu state of conjugated
polymers contains an exciton in which the electron and hole are bound together with
an average electron-hole separation of about 2.5 unit cells. The relative motion of the
electron and hole defines the form of the exciton, and the overall “center-of-mass”
motion defines its dynamics. The dynamics is simply the delocalization of the exciton
over the entire polymer chain. The basis of the approach outlined in this chapter is to
describe this exciton as an “effective particle” that moves on some energy landscape,
which has a position-dependent “effective mass.” These energy and effective mass
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landscapes are a useful construct for determining the effects of defects and nonuniform morphology on the photophysics, which will be shown in Chapters 5 and
6. The effective particles, energy landscapes, and effective masses are obtained with
semi-empirical quantum chemistry.
The focus in this chapter is on the methodology behind forming these effective
particles, and the interplay between the form of the effective particles and the dynamics of those particles. The results for polyacetylene suggest that the form of the
lowest-energy exciton is only weakly dependent on the dynamics. It is therefore possible to first determine the effective mass and energy landscape of the particle, and
then use this information to determine the dynamics.
This method was developed with organic semiconductors, such as conjugated polymers, in mind. Please note that this effective particle approach can be applied to study
the photophysics of other systems as well. However, only applications to conjugated
polymers will be presented in this work.

4.2
4.2.1

Methodology
Defining the Effective Particles

Excited states are calculated via the Configuration Interaction (CI) methods described in Section 2.4. In CI theory, a singly excited configuration is designated by
removing an electron from one of the occupied molecular orbitals (thus creating a
“hole”) and placing it into one of the unoccupied molecular orbitals, as depicted in
Figure 2.1. A molecular position for the electron and hole can be defined with the
use of localized molecular orbitals (Chapter 3). An excited state is represented by a
weighted sum of all of the possible electron-hole configurations.
Effective particles are formed by creating a linear combination of basis functions,
or a contracted function,58, 59 that represents an excitation localized on a particular
molecular segment, as depicted in Fig. 4.1. Therefore, the overall number of basis
functions is reduced. In operator notation, this effective particle is represented by,
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Figure 4.1: A depiction of an effective particle, which is made up of a linear combination of electron-hole pair configurations representing an excitation on a molecular
segment. The effective particle convention in this depiction is defined according to
the electron position.

Ω†n =

X

(n)

d∆ a†n+∆ an ,

(4.1)

∆

where Ω†n is normalized and creates an effective particle centered on the nth segment.
(n)

The relative motion of the electron and hole is described by d∆ , and thus specifies
the form of the effective particle. Note that the form may change with position.
There are several conventions for the effective particles that use different definitions for the center of an effective particle. In the e−
cent and conventions, the center
of the effective particle is defined by the location of the electron or hole, respectively.
These two conventions are of use since they allow the behavior of either the electron
or hole to be followed as it moves through the molecule. A disadvantage of these
conventions is that they do not preserve electron-hole symmetry. To illustrate this,
consider a configuration in which the electron is on segment n and the hole is on and
the hole is on segment n0 6= n. In the e−
cent convention, this configuration corresponds

to an effective particle on segment n. If the electron and hole are interchanged, the

center of the effective particle moves to segment n0 . Interchange of the electron and
hole can then effectively cause the effective particle to move. This is not consistent
with electron-hole symmetry, which requires that exchange of an electron and hole
change at most the phase of the effective particle.
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The e− h+
cent convention preserves electron-hole symmetry by defining the center
of the effective particle as the average position of the electron and hole. Although
this e− h+
cent convention may seem, at first, to be the most natural, it leads to two
complexities. The first is that the effective particle must contract as it approaches
the end of the chain. The effects of this contraction will be discussed in detail in
Section 4.4.1. The second complexity arises from configurations in which the center of
the effective particle lies between two segments. For instance, when the electron is on
segment n and the hole is on segment n + 1, the center is in-between segments, n + 12 .
One possibility is to combine configurations centered at n and n +

1
2

into a single

effective particle centered on segment n. However, this approach breaks reflection
symmetry in oligomers. Consider, for instance, an oligomer with N identical segments,
or unit cells. When the effective particle is on the first unit cell, n = 1, the the effective
particle is on the first unit cell, n = 1, the effective particle includes all electron-hole
configurations with centers on n = 1 or n = 1 + 21 . However, when the effective
particle is on the last unit cell, n = N , the effective particle includes only electronhole configurations with centers on n = N . So although the oligomer is symmetric, the
effective particle is very different on the first and last unit cell. The e− h+
cent convention
is therefore defined in a manner that preserves both electron-hole symmetry and
reflection symmetry. In this convention, when the average position of the electron
and hole lies between segments n and n + 1, the configuration is included in both
the effective particle centered on n and that centered on n + 1. While this convention
preserves both electron-hole and reflection symmetry, the inclusion of certain electronhole configurations in two different effective particles causes the effective particles to
overlap with one another, leading to non-orthogonal effective particles. Appendix 4.6
describes how this non-orthogonality is handled in generating energy and effective
mass landscapes.
The above three conventions give different perspectives on the energetics and
dynamics of the effective particles, each of which provides information on the photophysics. Which convention is most useful depends on the system under investigation.
+
For instance, the e−
cent and hcent conventions are useful for examining the tendency

of the electron or hole to trap on certain regions of a polymer. The e− h+
cent conven-
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Figure 4.2: The two methods for establishing the form of the effective particles. The
first method includes the effects of delocalization in its form, while the other does not.
tion is of use when it is important to preserve electron-hole symmetry. Most of the
results presented in this work will be given for all three conventions for comparative
purposes.

4.2.2

Two Methods for Forming the Effective Particles

The benefits of the effective particle approach result from separating the chemical
form of the effective particle from the delocalization, or dynamics, of that effective
particle. In this context, the form of the effective particle relates to the motion of the
electron and hole relative to one another, while the dynamics relates to the motion of
the center of the effective particle. In the notation of Eq. 4.1, the form of the effective
(n)

particle is set by the coefficients d∆ , while the dynamics is set by the amplitude
with which the various locations for the effective particle Ωn contribute to the overall
wavefunction of a particular state.
The form of the effective particles can be constructed in two ways, as depicted in
Fig. 4.2. The first method extracts the form of the effective particle from the full S-CI
wavefunction, so the form of these particles include the effects of the delocalization
dynamics. The second method constructs effective particles frozen on a particular
segment, and so the dynamics are turned off. By comparing the results of these two
methods, the effects of delocalization on the form of the particles can be pursued.
To separate the form and the dynamics, Eq. 2.19 can be rewritten using the
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operator notation of Eq. 4.1,
|ESi =

X
n

cn Ω†n |HFi =

X
n

cn

X
∆

(n)

d∆ a†n+∆ an |HFi,

(4.2)

(n)

where d∆ specifies the form of the effective particle on the nth molecular segment
and cn specifies the dynamics by giving the amplitude for finding the effective particle
on the nth segment.
In the first method for determining the form of the effective particle, a full S-CI
calculation is performed and the resulting wavefunction for the excited state of interest
is translated into the form of Eq. 4.2. Since the form of the particle is extracted from
the full S-CI wavefunction, these results represent the form of the effective particle
as it undergoes the dynamics associated with delocalization over the entire system.
In the second method for determining the form of the effective particle, the dynamics are turned off. These will be referred to as “frozen” effective particles. This
is done by constraining the effective particle to remain on a particular molecular
segment,
|particle frozen on segment ni = Ω†n |HFi =

X
∆

(n)

d∆ a†n+∆ an |HFi.

(4.3)

(n)

The coefficients, d∆ are determined variationally. This variational calculation is
equivalent to a S-CI calculation in a limited basis that contains only those electronhole configurations that are centered on the nth molecular segment. This procedure
is performed for all values of the position, n, and the results give the form that the
effective particle adopts when its center is frozen at each of these positions. Once the
form of the effective particle is established, the dynamics, or cn , can be determined
using the variational form in Eq. 4.2.
A comparison of these two methods and the effects of the dynamics on the form
of the effective particles is explored in Section 4.4.5.

4.2.3

Computational Benefits

Section 3.3.2 discussed the computational benefits of using a molecular site model,
which is possible through the use of segment-localized molecular orbitals. These bene-
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fits include truncation of the number of configurations included in the CI calculations,
and a reduction of the two electron integrals that are calculated and hence stored.
Both of these approximations allow calculations to be performed on large molecular
systems.
An additional benefit to using the effective particle approach is that it causes a
reduction in the basis set for a full dynamical calculation. This computational savings
is because a number of basis functions are grouped into one contracted function,
as depicted in Fig. 4.1. For instance, a full S-CI calculation on the π system of a
polyacetylene chain of 20 unit cells has 400 basis functions. In Eq. 4.2, these are
grouped into 20 contracted functions that describe the effective particle centered on
each of the 20 unit cells. contracted functions are used to solve for the dynamics of
the effective particle, the basis consists of only 20 functions. This reduces the total
number of basis functions from 400 to 20. This computational savings is utilized in
Chapter 7 in order to study exciton-exciton interactions in long polymer chains.
Computational savings can also be gained if it is possible to separate the form of
the effective particles from their dynamics, as discussed in Section 4.2.2. For instance,
a complete S-CI calculation with the PPP Hamiltonian on a polyene with N unit cells
uses a basis set containing N 2 functions. The computational effort involved in diagonalizing the Hamiltonian scales as the cube of the number of basis functions, or N 6 .
To take advantage of the decoupling of form and dynamics, we may first determine the
form of the effective particle on each unit cell, using the variational form of Eq. 4.3.
This requires N calculations, each of which requires N 3 effort, for a total effort that
scales as N 4 . Once the form of the particles is known, the dynamics may be determined using the variational form in Eq. 4.2, which scales as N 3 . Therefore, decoupling
the determination of the form of the effective particle from the determination of its
dynamics lowers the computational effort by a factor of N 2 .
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Figure 4.3: An energy landscape for a polyacetylene chain of 20 unit cells, extracted
from the full S-CI solution of the INDO Hamiltonian within the e−
cent convention. Each
point on the graph represents the energy it takes to create an effective particle on
that location in the molecule. No dielectric solvation was included. The 11 Bu state
energy obtained from the full S-CI calculation is 2.7 eV.

4.3
4.3.1

Applications
Energy Landscapes

The form of the effective particle created by Eq. 4.1 is characterized through the
Hamiltonian matrix elements. The diagonal elements,
En = hHF| Ωn Ĥ Ω†n |HFi

(4.4)

give the energy of the particle as a function of n, the location in the molecule. Fig. 4.3
is an example of an energy landscape for a polyacetylene chain of 20 unit cells. The
x-axis gives the location of the center of the particle within the chain, and the y-axis
gives the energy required to create an effective particle centered at that position.
The lower the energy, the easier it is to create an effective particle at that position.
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Figure 4.4: An effective mass landscape for a polyacetylene chain of 20 unit cells
using INDO with the e−
cent convention (see Fig. 4.3.1). Each point on the graph represents the transfer energy for the effective particle to move to an adjacent location
in the molecule.
Fig. 4.3.1 shows that the effective particle, or exciton, prefers to be in the center of
the chain. Other details about this energy landscape will be discussed later.
The delocalization energy can be determined by comparing the energy landscape
with the state energy. The energies shown in the energy landscapes, such as in Fig. 4.3,
represent the energy of a particle “frozen” on those sites. The difference between those
energies and the corresponding CI excited state energy is then the delocalization
energy. For the polyacetylene chain in Fig. 4.3, the delocalization energy is 5.3 eV −

2.7 eV = 2.6 eV.

4.3.2

Position-dependent Effective Masses

The off-diagonal Hamiltonian matrix elements between effective particles,
βn(1) = hHF| Ωn+1 Ĥ Ω†n |HFi

(4.5)
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specify the transfer amplitudes between segments, and thus determine the positiondependent effective mass of the particle. A larger magnitude indicates that it is easier
to transfer the particle to the next segment, and thus that the effective mass is lighter.
A position-dependent effective mass, or transfer amplitude, of zero means that there
will be no transfer to the next segment, or that the particle has infinite mass. The
effective mass landscapes give insight into the delocalization behavior of the effective
particles. Fig. 4.4 is an example of the effective mass profile for a polyacetylene chain
of 20 unit cells. This landscape shows that the transfer energy is relatively constant
throughout the chain, but increases in absolute value at the ends. This increase in
magnitude corresponds to a lowering of the effective mass and indicates that the
particle moves faster towards the ends of the chain. (Note that the transfer matrix
elements of Eq. 4.5 are less than zero, and so the magnitude decreases as you move
up the y-axis of Fig. 4.4. This perspective is convenient since the effective mass then
increases as you move up the y-axis and the landscape then corresponds to that of
the effective mass.)

4.4

Results and Discussion

Most of the results presented in this Section show a comparison of the different
center conventions for effective particles from Section 4.2.1. The results will also be
given with and without the inclusion of the dielectric solvation described in Section 2.6. Unless indicated otherwise, all calculations were performed with the INDO
Hamiltonian from Section 2.3.

4.4.1

Chain End Defects in Polyacetylene

This section examines the effects of the end of a chain on the effective particle in
a polyacetylene oligomer with 20 unit cells. The energy and effective mass landscapes
obtained with the PPP Hamiltonian are shown in Fig. 4.5 for all three conventions for
the center of the effective particle, and both with and without inclusion of dielectric
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Figure 4.5: Energy landscapes and effective masses for 20 unit cells of polyacetylene
with the PPP Hamiltonian both with (dotted lines) and without (solid lines) dielectric
solvation included. The 11 Bu state energies obtained from the full S-CI calculations
are 2.08 and 2.71 eV, respectively. Results are given for all effective particle center
conventions.
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solvation. Since the PPP Hamiltonian possesses particle-hole symmetry, the e−
cent and
h+
cent conventions give identical results.
+
The energy landscapes obtained in the e−
cent and hcent are about 0.4 eV lower

in energy than those obtained in the e− h+
cent convention. Since these conventions
correspond to different analyses of the same wavefunction, this difference in energy
for the stationary particles must be compensated by a corresponding change in the
reduced masses. The e− h+
cent convention gives reduced masses that are about 20 to
+
30% lighter than those from the e−
cent and hcent conventions. This leads to a greater

delocalization energy in the e− h+
cent convention that compensates for the higher energy
landscape. The conventions also differ with regards to the effects of the chain end. In
+
the e−
cent and hcent conventions, the chain end primarily alters the energy landscape:

the energy rises by 0.34 eV at the end of the chain, while the reduced mass changes
by only 0.02 eV. In the e− h+
cent convention, the chain end primarily alters the reduced
mass: the energy oscillates by about 0.1 eV while the reduced mass gets heavier by
0.25 eV.
Dielectric interactions with the surroundings lower the 11 Bu state energy from
2.71 eV to 2.08 eV, corresponding to a dielectric stabilization energy of 0.63 eV.
Fig. 4.5 shows that part of this stabilization arises from a lowering of the energy
of the stationary effective particle, such that the energy landscapes drop by about
+
− +
0.25 eV for the e−
cent and hcent conventions and 0.18 eV for the e hcent convention.

The remainder of the stabilization energy arises from a change in reduced mass such
that the particle becomes lighter, or more strongly delocalized, in the dielectric.
+
In the e−
cent and hcent conventions, the energy rises as the effective particle ap-

proaches the end of the chain while the reduced mass stays relatively constant. In
considering the effects of this energy rise on the particle, it is useful to consider the
delocalization energy of the particle. The delocalization energy is the difference between the energy of the stationary effective particle, as given by the energy landscape,
and the energy of the 11 Bu state, about 3.5 eV for this system. For all of the landscapes in Fig. 4.5, the rise in energy at the end of the chain is under 0.3 eV, less
than 10% of the delocalization energy. This rationalizes the success of particle-ina-box models for polyenes,83 since these models treat the chain end as a hard-wall
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potential.
Other details of these landscapes (including the end effects obtained with the
INDO Hamiltonian) will be discussed in Section 4.4.4.

4.4.2

Chain End Effects in PPV

Figures 4.6 and 4.7 show the energy landscapes for oligomers of PPV with 12
phenyl rings. The unit cell of PPV contains a phenyl ring and a vinyl group (see
Fig. 1.3); however, most studies on oligomers use structures that are capped with a
phenyl group. Figures 4.6 and 4.7 show landscapes for both types of termination. As
expected, the differences occur primarily on the terminating group, with the phenyl
cap having an energy that is 0.5-0.7 eV higher than that obtained for termination
with a PPV unit cell. This energy difference is due to the smaller size of the phenyl
cap relative to the PPV unit cell, which contains both a phenyl group and a vinylene
group. However, the effective mass landscape remains about the same, indicating that
the Hamiltonian coupling matrix element between the cap and the remainder of the
oligomer is roughly the same for both caps. The 11 Bu state energy obtained from full
S-CI calculations varies by less than 0.05 eV, indicating that the addition of a vinyl
group has little effect on an oligomer of this length.
Other aspects of these energy and effective mass landscapes are discussed in Section 4.4.4.

4.4.3

Chain Length Effects

The energy landscapes of various length oligomers of polyacetylene are shown in
the bottom panel of Figure 4.8, both with and without inclusion of dielectric solvation.
The corresponding 11 Bu state energies are given in Table 4.1. For isolated oligomers,
the energy landscapes follow a smooth dependence on chain length after about 6
units cells, such that the energy landscape for the oligomer could be easily predicted
from that of the long chain. For oligomers with 2 and 4 unit cells, the landscapes are
considerably higher than those of longer oligomers. This can be rationalized in terms of
these short oligomers being comparable in size to the effective particle. When dielectric
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Figure 4.6: Energy (solid lines) and effective mass (dotted lines) landscapes for
12 unit cells of PPV with different groups at the end of the chain and for different
effective particle center conventions. The 11 Bu state energy obtained from the full
S-CI calculation for both structures is 3.00 eV. The INDO Hamiltonian was used. No
dielectric solvation is included.
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Figure 4.7: Same as Figure 4.6, but with dielectric solvation included. The 11 Bu
state energy obtained from the full S-CI calculation for both structures is 2.39 eV.
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Figure 4.8: Energy landscapes (bottom) and effective masses (top) for polyacetylene
with different chain lengths. The INDO Hamiltonian was used. The effective particles
are e−
cent ; the results are comparable for the other types of effective particle center conventions. The results are given without (solid lines) and with (dotted lines) dielectric
solvation included. The 11 Bu state energies obtained from the full S-CI calculations
are given in Table 4.1.
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Table 4.1: The 11 Bu state energies (in eV) obtained from a full S-CI calculuation
for polyacetylene and PPV chains of various lengths in Figures 4.8 and 4.9.
polyacetylene
PPV

solv
solv
solv
solv

=
=
=
=

0.00
1.00
0.00
1.25

N=2
5.92
5.84
4.10
3.81

N=4
4.28
3.98
3.33
2.85

N=6
3.64
3.22
3.14
2.62

N=8
3.32
2.83
3.06
2.54

N=10
3.13
2.60
3.02
2.49

N=12
3.02
2.46
2.99
2.47

N=16
2.88
2.31

N=20
2.77
2.18

solvation is included, the landscapes converge more slowly. Dielectric stabilization is
much greater for configurations with large electron-hole pair separations, and this
apparently leads to a somewhat slower convergence with respect to oligomer length.
The effective mass landscapes for these oligomers are also shown in the top of
Figure 4.8. For short oligomers, the effective mass is somewhat heavier than that
predicted from long chains. Without dielectric solvation, the effective mass landscape
converges onto that of the long chain by about 10 unit cells. With dielectric solvation,
the convergence is a bit slower, and agrees with the long chain by about 16 unit cells.
Figure 4.9 shows the energy and effective mass landscapes for PPV. Unlike polyacetylene, the energy landscapes for all oligomers agree with those expected from the
long-chain limit. This is the case both with and without inclusion of dielectric solvation. The effective mass does, however, become heavier as the oligomer increases in
length, changing from -0.8 eV to -0.7 eV between 2 and 3 unit cells, and then slowly
approaching the long chain limit of -0.62 eV.

4.4.4

PPP vs INDO Hamiltonian for Polyacetylene

Section 2.3 describes the Hamiltonians most commonly used to study π electron
systems. This section compares the energy and effective mass landscapes obtained
from the PPP and INDO models of polyacetylene.
The energy landscapes, obtained without inclusion of dielectric solvation, are
shown in Fig. 4.10. As explained in Section 2.4.2, the PPP Hamiltonian conserves
electron-hole symmetry while INDO does not. As described in Section 2.4.2, the
bandwidth is larger for the valence than conduction bands69, 70 in INDO theory of
conjugated polymers. Since the band width is larger for the valence than conduction
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Figure 4.9: Energy landscapes (bottom) and effective masses (top) for PPV with
different chain lengths. The INDO Hamiltonian was used. The effective particles are
e−
cent ; the results are comparable for the other types of effective particle center conventions. The results are given without (solid lines) and with (dotted lines) dielectric
solvation included. The 11 Bu state energies obtained from the full S-CI calculations
are given in Table 4.1.

60

Figure 4.10: Energy and effective mass landscapes for 20 unit cells of polyacetylene
using both the PPP (dotted lines) and INDO (solid lines) Hamiltonians and for
different effective particle center conventions. The 11 Bu state energies obtained from
the full S-CI calculations are 2.67 and 2.71 eV, respectively. The PPP curves are the
same as those given in Figure 4.5. Dielectric solvation is not included.
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Figure 4.11: Same as Figure 4.10, but with dielectric solvation included. The 1 1 Bu
state energies obtained from the full S-CI calculations are 2.32 for PPP and 2.08 eV
for INDO.
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band, the hole is lighter than the electron and the h+
cent convention should give a
lighter reduced mass than the e−
cent convention. This is observed in Fig. 4.10, where
the reduced mass for the e−
cent convention is about 1.7 times larger than that for the
h+
cent convention. The reduced mass landscape for the PPP Hamiltonian lies approximately half way between the INDO landscapes. This suggests that when a model that
possesses particle-hole symmetry, such as the PPP model, is parameterized to experiment, the effective mass of the particles is comparable to the average of the actual
effective masses of the electron and hole. Since the h+
cent convention leads to a lighter
effective mass than the e−
cent convention, it leads to a larger delocalization energy and
the energy landscape is expected to lie above that from the e−
cent convention. This
is indeed the case in Fig. 4.10. The delocalization energies obtained from these en−
ergy landscapes are 3.73 and 2.46 eV for the h+
cent and ecent conventions, respectively.

Similar results are obtained in Figure 4.11 with dielectric solvation included.
+
The e−
cent and hcent conventions also lead to somewhat different energy landscapes

near the end of the chain. For the e−
cent convention, the INDO landscape is similar
to that from PPP theory, with the energy rising smoothly as the particle approaches
the end of the chain. For the h+
cent convention, the energy also rises as the particle
approaches the chain end, but it then decreases on the last unit cell. This decrease in
energy on the last unit cell is larger in a dielectric than it is for the bare chain. It is
not clear what is causing this behavior.
Since the e− h+
cent convention preserves electron-hole symmetry, the INDO and
PPP Hamiltonians are expected to yield similar landscapes within this convention.
Figures 4.10 and 4.11 do show similar behaviors, although there are some differences
between the results obtained with the two Hamiltonians. Although the effective mass
landscapes behave similarly at the end of the chain, the energy rises much more
sharply in the INDO landscape than in the PPP landscape. The effective mass is also
somewhat lighter for INDO theory than PPP theory. Finally, the dielectric effects
on the energy landscape are 0.5 eV larger for INDO theory than PPP theory, which
is reflected in the 11 Bu state energies. The 11 Bu state energies from the PPP and
INDO models are 2.67 and 2.71 eV, respectively, for the bare chains and 2.32 and
2.08 eV, respectively, when dielectric solvation is included. All of these differences
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can be attributed to the larger average electron-hole separation obtained from INDO
theory, as discussed in Section 2.4.2. According to Fig. 2.2, the most probable location
of an electron and hole relative to one another is on the same site for the PPP model,
but on adjacent sites in the INDO model. This larger separation between the electron
and hole in INDO theory is consistent with the pronounced chain-end effects, lighter
effective mass, and larger dielectric stabilization energies from INDO.
The remainder of the energy and effective mass landscapes presented in this work
are calculated using the INDO Hamiltonian and, unless otherwise noted, the CI calculations include only the π molecular orbitals.

4.4.5

Test of the Separation of the Form of the Effective Particle and Its Dynamics

Polyacetylene
This section compares the form of the effective particles obtained from the two
methods discussed in Section 4.2.2. The square symbols of Figures 4.12 and 4.13 were
obtained by decomposing the full S-CI wavefunction into the form of Eq. 4.2. Since
the effective particle is extracted from the full wavefunction, this procedure yields
the form of the “effective particle in motion,” or the form of the effective particle as
it undergoes delocalization dynamics. The triangle symbols of Figures 4.12 and 4.13
were obtained by using Eq. 4.3 to determine the form of the effective particle on each
unit cell. This procedure yields the form of the “frozen effective particle”, or the form
the effective particle adopts when its center is constrained to a particular molecular
segment. The resulting forms for the particles were then used to evaluate the energy
and effective mass matrix elements of Eqs. 4.4 and 4.5.
+
For the e−
cent and hcent conventions in Fig. 4.12, the energy landscapes obtained for

the “effective particle in motion” and “frozen effective particle” agree to within about
0.09 eV. This is excellent agreement compared to, for instance, the delocalization
+
energy of 2.4 eV for the e−
cent and 3.4 eV for the hcent conventions. Also, the effective

mass landscapes only differ by 5.1% and 9.1% respectively. Inclusion of dielectric
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Figure 4.12: Energy (solid lines) and effective mass (dotted lines) landscapes for
20 unit cells of polyacetylene for different particle center conventions using the INDO
Hamiltonian. The form of the effective particles was calculated in two ways, as depicted in Fig. 4.2. The first method includes the effects of the delocalization dynamics
(square symbols), and the second method has the dynamics turned off (triangle symbols). No dielectric solvation is included. The 11 Bu state energy obtained from the full
S-CI calculations is 2.71 eV and the 11 Bu state energies obtained from the frozen cal+
−
culations are 3.18, 2.77, and 2.94 eV for the e− h+
cent , ecent , and hcent effective particles,
respectively. The square symbol curves are the same as those given in Figure 4.10.
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Figure 4.13: Same as Figure 4.12, but with dielectric solvation included. The 1 1 Bu
state energy obtained from the full S-CI calculations is 2.08 eV and the 11 Bu state
energies obtained from the frozen calculations are 2.52, 2.20, and 2.10 eV for the
−
+
e− h+
cent , ecent , and hcent effective particles, respectively. The square symbol curves are
the same as those given in Figure 4.11.
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solvation in Fig. 4.13 yields somewhat better agreement between the “effective particle
in motion” and “frozen effective particle” landscapes. Therefore, although dynamics
has a significant effect on the state energy, it has a relatively minor effect on the form
+
of the e−
cent and hcent effective particles themselves. These results strongly suggest

that it is possible to separate the form of the effective particles from their dynamics.
Section 4.2.3 argued that computational savings of a factor of 400 could be obtained
by first determining the form the effective particle adopts when it is centered on each
unit cell, and then solving for the dynamics of this particle. The use of this procedure
on the unsolvated systems yields 2.77 and 2.94 eV for the 11 Bu state energy within
+
the e−
cent and hcent effective particles, respectively. This is in quite good agreement

with the state energy of 2.71 eV obtained from a full S-CI calculation. For this case,
the computational savings come with little loss in accuracy.
However, for the e− h+
cent convention in Figs. 4.12 and 4.13, the agreement between
the “effective particle in motion” and “frozen effective particle” landscapes is not
quite as good as for the other conventions. While the energy landscape values only
differ by about 0.06-0.13 eV, the effective mass landscape values vary by 14.7-18.0%.
The procedure of Section 4.2.3 that leads to computational savings of a factor of 400
−
introduces substantially more error for the e− h+
cent convention than for the ecent or
−
1
h+
cent conventions considered above. For the ecent convention, the 1 Bu state energy

obtained with the computationally cheaper method is 3.18 eV, without dielectric
solvation and 2.54 eV with dielectric solvation. These are to be compared to the full
S-CI results of 2.71 eV. and 2.08 eV respectively.
Similar results for the energy and effective mass landscapes are obtained with the
PPP Hamiltonian, given in Figures 4.14 and 4.15.
PPV
Although calculations similar to those of the previous section may be possible
on other molecular systems, such as PPV, the frozen effective particle calculations
become more complex and have not yet been implemented. In solid state physics terminology, polyacetylene only has one π valence and one π ∗ conduction band, while
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Figure 4.14: Same as Figure 4.12, but with the PPP Hamiltonian.
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Figure 4.15: Same as Figure 4.13, but with the PPP Hamiltonian.
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PPV has four π valence and bands and four π ∗ conduction bands. (The total number
of π bands is equal to the number of sp2 hybridized carbons per unit cell.) While
the form of the electrons and holes in polyacetylene are set by symmetry, the form
of the electrons and holes in PPV are influenced by the coupling between unit cells.
For instance, in the limit of decoupled phenyl rings, the highest valence and lowest conduction bands of PPV become degenerate with the localized (flat) bands of
PPV.69, 70 Use of the “frozen particle” approach described above, especially in the
+
e−
cent or hcent conventions, freezes not only the effective particle but also the electron

or hole. This leads to an incorrect description of the electron or hole; in particular,
it uses the electron or hole corresponding to the flat bands of PPV. It should be
relatively straightforward to modify the above model such that the form used for the
electron or hole corresponds to the electron or hole “in motion,” and this modification
will not significantly impact the predicted computational savings. However, this is left
for the subject of future studies.

4.5

Conclusion

A method was developed that can extract the contributions of select molecular
structure components from excited state calculations. This approach describes an
excitation as an effective particle by grouping CI electron-hole configurations that are
centered about a particular unit cell into a single contracted function. The center of
these localized effective particles can be defined according to position of the electron,
position of the hole, or the average position of the electron and hole.
The form of the effective particles can be determined in two ways. The first method
extracts the form from a full CI calculation, which gives the form of the particle
while it is in motion. The second method constructs effective particles “frozen” on
a particular segment. The difference between these two methods is that the former
method includes the effects of the dynamics in the form of the particle, whereas
the latter does not. A comparison of these two methods reveals the extent to which
the form of the effective particles depends on the dynamics. For polyacetylene, the
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form and the dynamics can be separated with little loss of accuracy, which can yield
substantial computational savings.
The interpretive advantages of using the effective particle approach with electronic
structure calculations were also demonstrated. The effective particle approach yields
useful information on the nature of the excited states, such as the energy landscape
and effective mass of the excitation. A variety of details about this effective particle
approach and the information gained from the energy and effective mass landscapes
were explored, such as chain length effects, chain-end defects, inclusion of dielectric
solvation, and Hamiltonian differences. Further applications are the subject of the
remainder of this thesis.

4.6

Appendix

This appendix shows how the energy and effective mass landscapes are calculated
for e− h+
cent effective particles. The energy landscape and position-dependent effective
mass values are stored as matrix M during the calculations, where elements Mii
represent the energy landscape values according to Eq. 4.4, and the elements Mij
correspond to the transfer energy between segment i and j of Eq. 4.5. The overlap of
the effective particles is also calculated and stored in a matrix, S.
Since the energy values stored in M were calculated using non-orthogonal particles, M must be transformed. This transformation is done via the inverse square root
of the overlap matrix, which is Löwdin symmetric orthogonalization117 (see Eq. 3.2),
1

1

M0 = S− /2 M(S− /2 )T .

(4.6)

The mathematical procedure to find the inverse square root of a matrix (or in general,
apply any function to a matrix), is as follows:78
1. Diagonalize S to form s.
1

2. Take the inverse square root of each of the eigenvalues to form s− /2 .
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1

3. “Undiagonalize” s− /2 by performing a unitary transformation using the eigenfunctions obtained from the diagonalization in Step 1.
The diagonal elements of M0 give the energy landscape, and the off-diagonal elements give the effective masses.
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Chapter 5
Application to Chemical Defects
5.1

Introduction

Chemical defects in conjugated polymers have a strong impact on the photophysics
of these materials. For instance, a meta-linkage defect in poly-(p-phenylenevinylene)
(PPV) can increase the photoluminescence quantum efficiencies by interfering with
the π delocalization, which alters the effective conjugation length. Synthetic chemists
have utilized the benefits of meta-linkages by intentionally incorporating these defects
into the polymers either as a copolymer unit or randomly.73–75 Other chemical defects,
such as cis-linkages,120 and nonconjugated spacer units have been used to control the
effective conjugation length and hence exciton confinement.121
Some chemical defects decrease quantum efficiencies. For instance, the quenching
of luminescence in some PPV samples has been attributed to carbonyl defects.18–25
Carbonyl defects occur in conjugated polymers through photooxidation and degradation of the material.19 Experimental analysis of these structures have found that the
oxygen attacks the vinylene bonds in PPV, to create two chains terminated with an
aldehyde group.19 Rothberg has suggested that the fluorescence is quenched due to
electron-withdrawing character of the carbonyl oxygen, which leads to dissociation of
the exciton on the carbonyl group.19
Although quantum chemistry is a useful tool for understanding the photophysics
of conjugated polymers, it is difficult to elucidate from traditional calculations how
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the structure of the molecular system, and the inclusion of chemical defects, affects
its properties. With the effective particle method described in Chapter 4, such insight
can be gained. The effective particle approach yields information about how defined
components of the system, such as functional groups or monomer units, contribute to
the electronic excitations. This approach describes an excitation as an effective particle that moves on some energy landscape, and that possesses a position-dependent
effective mass. The effects of the molecular structure on the excited state properties
can be determined by examining these landscapes.
This chapter utilizes the energy landscapes and position-dependent effective
masses obtained from the effective particle approach to investigate how chemical
defects affect the photophysics of conjugated polymers. Polyacetylene is studied as a
model system for π-conjugated polymers. Results are also presented for a luminescent
polymer, PPV. These results show how the carbonyl acts as an electron-withdrawing
group, and that the charge separation of a disassociating exciton is stabilized by the
inclusion of fast dielectric screening effects. These results also show how a meta-linkage
defect serves to break conjugation in a 12-ring oligomer of PPV.

5.2

Methodology

This chapter examines the effects of a carbonyl defect on a 20 unit cell oligomer
of polyacetylene and a 12 unit cell oligomer of PPV. The ground state geometries of
these polymers, whose unit cell structures are depicted in Figure 1.3, were optimized
with the implementation of the PM3 Hamiltonian122 in MOPAC, with no geometric
constraints. For the carbonyl defect structures, the aldehyde group was placed on
the last unit cell in order to match experimental structural characterizations of the
defects.19 A PPV oligomer with a vinyl end group is used (refer to Section 4.4.2) for
comparative purposes. The optimized geometries indicate that the carbonyl lies in
the same plane as the polymer backbone for both polyacetylene and PPV.
The excited electronic states were obtained using S-CI theory and the INDO
Hamiltonian (see Sections 2.3.3 and 2.2). Localized molecular orbitals were obtained
using the method described in Chapter 3, with the molecular segments defined ac-
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cording to unit cells. Singles Configuration Interaction (S-CI) theory (Section 2.4) was
used to calculate the excited electronic states. Only the π and nonbonding molecular
orbitals were included in the S-CI calculations, and no limit on the number of electron
hole configurations, me−h , was utilized. The calculation of the two electron integrals
was limited to ∆ ≤ 4 for the PPV calculations (Section 3.3.2). Calculations were also

performed with the inclusion of the fast dielectric screening of the electron and hole
(Section 2.6), which simulates the effects of interchain interactions on the electronic
excited states. The solvation model was scaled by 1.25 for meta-linkage PPV in order to obtain a 11 Bu state energy of 2.5 eV, which is comparable to experimental
observations, and was scaled by 1.75 eV for the carbonyl calculations. The effective
particle approach described in Chapter 4 was utilized to derive energy and effective

mass landscapes. All three conventions for the center of effective particle were used.

5.3
5.3.1

Results and Discussion
Polyacetylene with Carbonyl Defect

A polyacetylene oligomer with 20 unit cells and a terminal aldehyde group was
used as a general model of π-conjugated polymers in order to investigate how a
carbonyl defect affects the photophysics. Figure 5.1 compares the S-CI excited state
energy levels and their corresponding transition moments from the 11 Ag ground state;
the solid lines represent the excited state energies for a regular polyacetylene chain,
and the dotted lines are for the polymer terminating with an aldehyde group. (As
described in Section 1.1.1, the 11 Bu state is defined as the excited state that has the
largest transition moment from the ground state.) For the unsolvated calculations, the
energies and transition moments change very little with the inclusion of the carbonyl.
Inclusion of dielectric solvation leads to an overall drop in energy for all of the excited
states. In addition, effects of the carbonyl on the excited state energies is slightly
larger than then seen without solvation, but the difference is negligible for the 1 1 Bu
state.
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Figure 5.1: Excited state energy levels with and without dielectric solvation for 20
unit cells of polyacetylene with (dotted lines) and without (solid lines) a carbonyl
defect at the end of the chain. The numbers indicate the oscillator strength to that
state. The probability densities per unit cell for e−
cent effective particles for the lowest
two excited states, labelled 1 and 2, are shown at the bottom. The filled squares are
for a regular polyene and the open circles are for a polyene with a carbonyl defect.
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A standard quantum chemistry calculation would yield the energy levels and transition moments of Figure 5.1 for a chain without inclusion of dielectric solvation. It is
not evident from these results how the carbonyl alters the photophysics of the system.
In particular, it is not clear what effect the carbonyl defect has on the exciton in the
11 Bu state. However, an interpretive model can provide insight into the connection
between the structure of the system and its function, which will now be demonstrated
using the effective particle approach.
Figure 5.2 gives the unsolvated energy landscapes (solid lines) and positiondependent effective masses (dotted lines) for a 20 unit cell oligomer of polyacetylene
with and without the terminal aldehyde group, using all three conventions for the
+
center of the effective particle. As explained in Section 4.2.1, the e−
cent (hcent ) conven-

tion follows the behavior of an electron (hole) as it moves through the material, while
the e− h+
cent effective particle follows the electron and hole as they move together. For
the h+
cent effective particles in Figure 5.2, the energy landscape drastically increases by
2.09 eV on the carbonyl unit cell, and the effective mass becomes heavier by 0.35 eV.
This indicates that the hole prefers to avoid the carbonyl. The opposite is seen for the
e−
cent effective particles. Since a carbonyl group has electron-withdrawing character,
the electron is expected to be drawn towards the carbonyl, which is apparent from the
0.18 eV decrease in the energy landscape and the effective mass becoming lighter by
0.22 eV. For the e− h+
cent effective particles, the energy landscape increases by 0.45 eV
at the carbonyl, and the effective mass become lighter by 0.09 eV. Since e− h+
cent effective particles force the electron and hole to be together, these results indicate that
it is more difficult to create both the electron and hole on the carbonyl together.
Apparently, the repulsion of the hole from the carbonyl offsets the attraction of the
electron when both must travel together.
As discussed in Section 3.3.2, one of the benefits of using a site model derived from
segment-localized molecular orbitals is the ability to view the probability density for
finding the effective particle at a particular position. The inset graphs in Figure 5.2
show the probability densities per unit cell for the 11 Bu state, without inclusion of
dielectric solvation. These graphs indicate that there is a negligible increase in the
wavefunction probability near the carbonyl defect.
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Figure 5.2: Energy landscapes (solid lines) and effective masses (dotted lines) without dielectric solvation for 20 unit cells of polyacetylene with (triangles) and without
(squares) a carbonyl defect at the end of the chain. The inset graphs correspond to
the probability density per unit cell for the 11 Bu state. The 11 Bu state energies and
dipole moments are given in Table 5.1.
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Table 5.1: The 11 Bu state energies (eV) and dipole moments (D) obtained from a
full S-CI calculation for polyacetylene and PPV chains with and without chemical
defects, corresponding to the curves in Figures 5.2, 5.3, 5.6, 5.7, and 5.10.
NO SOLVATION
11 B
polyacetylene
with carbonyl defect
PPV (solv = 1.25)
PPV (solv = 1.75)
with carbonyl defect
with meta-linkage defect

energy
2.78
2.80
3.05

u

3.05
3.11

GS dipole
0.20
7.12
0.11
5.44
0.07

11 B

SOLVATION
dipole
0.20
9.65
0.12

u

5.83
0.04

11 B

energy
2.18
2.19
2.53
2.23
2.23
2.60

u

GS dipole
0.20
7.12
0.11
0.11
5.44
0.07

11 Bu dipole
0.27
17.01
1.23
0.43
11.39
0.42

The results obtained with the inclusion of dielectric solvation are given in Figure 5.3. For the h+
cent effective particles, the solvation leads to a slightly larger increase
in the energy landscape on the carbonyl defect, and a somewhat larger increase in
effective mass. For the e− h+
cent effective particles, the energy landscape increase at the
carbonyl defect is slightly less than that for the unsolvated case, and the effective mass
difference remains the same. However, solvation causes a drastic change in the e−
cent
effective particle results. For these effective particles, the energy landscape decreases
by 0.54 eV on the carbonyl defect, which is three times more than that seen for the
unsolvated case. The inset graph for the e−
cent effective particles also shows a shift of
the probability density towards the carbonyl side of the oligomer. This indicates that
the electron is drawn towards the carbonyl when dielectric solvation is included.
The dipole moments for both the ground state and the 11 Bu excited state are
listed in Table 5.1. (The small dipole moments in the regular polyacetylene oligomer
result from slight asymmetry in the AM1 optimized geometry.) The carbonyl defect
leads to 7.1 D dipole moment in the ground state. Without dielectric solvation, the
change in dipole moment on excitation to the 11 Bu state is only about 2.5 D, but this
increases to 9.9 D in the dielectric. This large change in the dipole moment indicates
that the inclusion of dielectric solvation stabilizes a greater charge separation between
the electron and hole.
This conclusion is also apparent by looking at the electron-hole correlation as a
function of the unit cell position. Figure 5.4 gives the correlation of the hole position
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Figure 5.3: Same as Figure 5.2, except with dielectric solvation included. The 11 Bu
state energy obtained from the full S-CI calculation for polyacetylene is 2.18 eV, and
is 2.19 eV with the carbonyl defect.
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relative to the unit cell location of the electron. Each curve in Figure 5.4 corresponds
to a different location of the election, and the curve indicates the degree to which the
hole is bound to the electron at that position. (The correlation is analogous to the size
of the effective particle.) For a polyacetylene chain with no defect and no dielectric
solvation, the electron and hole prefer to be one unit cell apart, with the maximum
separation being approximately 4 unit cells. The electron-hole separation increases
slightly at the ends of the chain due to chain-end effects (see Section 4.4.1). With
the inclusion of solvation, the maximum electron-hole separation increases slightly,
especially at the ends of the chain. The inclusion of a carbonyl defect causes a greater
separation between the electron and hole, and this separation is significantly greater
in the calculations that include dielectric solvation. When the electron is on the
carbonyl defect, the hole prefers to be at least 3 unit cells away from the electron, and
this charge separation is stabilized by the inclusion of the dielectric screening. These
results show that, when dielectric solvation is included, the carbonyl defect serves
an attractor for the electron, and that when the electron is on the carbonyl defect,
the hole is about 3 unit cells away. This is in qualitative agreement with Rothberg’s
suggestion that the carbonyl defect quenches fluorescence by serving as an electron
trap.19 However, our results do not indicate that the trapping ability of the carbonyl
defect is sufficient to dissociate the exciton.

5.3.2

PPV with Carbonyl Defect

In order to further investigate the effects of carbonyl defects on a luminescent
conjugated polymer, this section presents results for a PPV oligomer with 12 unit
cells. The results are shown in Figs. 5.5-5.7. The results are qualitatively similar to
those obtained for the polyacetylene oligomer, except that the electron trapping ability of the carbonyl appears to be somewhat weaker in PPV than in polyacetylene.
For instance, the solvated energy landscape for the h+
cent effective particles in Figure 5.7 only rises by 0.58 eV at the carbonyl defect, and the particle gets slightly
lighter. (Calculations were also performed with the benzene and vinyl groups being
in their own unit cells, and this increase in delocalization was shown to be due to the
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Figure 5.4: The normalized electron-hole correlations per unit cell for 20 unit cells
of polyacetylene with (top) and without (bottom) a carbonyl defect at the end of
the chain, for e−
cent effective particles. Only the correlations for the half of the chain
containing the carbonyl defect are included. Each curve in Figure 5.4 corresponds to
a different location of the election, and the width of the curve indicates the degree to
which the hole is bound to the electron at that position. The electron-hole correlation
for the defect unit cell is indicated with filled-in symbols.
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benzene ring, not the carbonyl. The effective particle got heavier on the carbonyl in
these calculations.) For the e−
cent effective particles, the energy landscape value drops
0.16 eV more at the carbonyl defect than it did for polyacetylene, with only a slight
change in the effective mass. The inset graphs in Figure 5.7 show that the probability
density is shifting towards the carbonyl a bit, although not as much as that seen for
polyacetylene. Finally, a large change in the solvated excited state dipole is observed
in Table 5.1, which indicates that the electron and hole are more separated and less
bound. This decrease in the bound character of the electron and hole can also be seen
in the correlation functions in Figure 5.8.

5.3.3

PPV with meta-linkage Defect

The inclusion of a meta-linkage defect within a PPV chain of 12 benzene rings
was also investigated using the effective particle approach. The energy landscapes and
position-dependent effective masses are given in Figure 5.10. These results include dielectric solvation; the unsolvated results are qualitatively similar. The 1 1 Bu excited
state energies and dipole moments are given in Table 5.1. The slight increase in the
11 Bu state energy relative to a regular PPV oligomer indicates that the excited states
are sensitive to this geometric defect. Similar results are obtained for all three conventions for the effective particle center shown in Figure 5.10. The energy landscapes
show that the meta-linkage serves a break in conjugation, both by raising the energy
of the effective particle on the defect and by leading to an increase in effective mass
near the particle. The increase in effective mass corresponds to a weaker electronic
coupling across the defect. The landscapes seen on either side of the defect are in
good agreement with those predicted for a PPV oligomer with 6 unit cells. The inset
graphs show that the probability density is distributed between the wells, with more
probability been seen in the well at right, which is longer in length by one unit cell.
These results demonstrate that the effective particle method can give quantitative
information on the manner in which a defect such as meta-linkage breaks conjugation
in conjugated polymers.
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Figure 5.5: Excited state energy levels with and without dielectric solvation for 12
unit cells of PPV with (dotted lines) and without (solid lines) a carbonyl defect at
the end of the chain. The numbers indicate the oscillator strength to that state. The
wavefunction probability per unit cell for e−
cent effective particles for the lowest two
excited states are also indicated.
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Figure 5.6: Energy landscapes (solid lines) and effective masses (dotted lines) without dielectric solvation for 12 unit cells of PPV with (triangles) and without (squares)
a carbonyl defect at the end of the chain. The inset graphs correspond to the wavefunction probability per unit cell for the 11 Bu state. The 11 Bu state energies and
dipole moments are given in Table 5.1.
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Figure 5.7: Same as Figure 5.6, except with dielectric solvation included.
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Figure 5.8: The normalized electron-hole correlations per unit cell for 12 unit cells
of PPV with (top) and without (bottom) a carbonyl defect at the end of the chain
for e−
cent effective particles. Only the correlations for the second half of the chain
is included. The electron-hole correlation for the defect unit cell is indicated with
filled-in symbols.
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Figure 5.9: Energy landscapes (solid lines) and effective masses (dotted lines) for
12 unit cells of PPV with (triangles) and without (squares) a meta-linkage defect
at the center of the chain. Dielectric solvation is not included. The stars show the
landscapes obtained for a regular PPV oligomer with 6 unit cells. The inset graphs
show the probability density per unit cell for the 11 Bu state for PPV with (hollow
triangles) and without (solid squares) a meta-linkage defect. The 11 Bu state energies
and dipole moments are given in Table 5.1.

88

Figure 5.10: Same as Figure 5.9, but with dielectric solvation included. The results
are qualitatively similar.
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5.4

Conclusion

These calculations provide insight into how a chemical defect affects the photophysics of conjugated polymers. It was shown that a carbonyl defect acts as an
electron-withdrawing trap, and that it plays a role in reducing the bound character
of the exciton. This decrease in the bound character of the exciton can be seen by
looking at the electron-hole correlation of the effective particle on each unit cell, and
by the increase in the 11 Bu state dipole moment. This charge separation between the
electron and hole is stabilized with the inclusion of dielectric screening. The decrease
in the bound character of the exciton can lead to a reduction in the luminescence
quantum yield. The presence of meta-linkage was shown to cause a break in the
π conjugation, and the wavefunction probability density indicates that the exciton
prefers to be on the longer segment. These results quantify the manner in which a
meta-linkage breaks conjugation in PPV, and may be used in creating a site-model
for materials with such defects.
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Chapter 6
Application to Conformational
Disorder
6.1

Introduction

The photophysics of conjugated polymers depend not only on the chromophores
in the polymer backbone, but also on the morphology of the material. The effects
of the morphology on the photophysics are are often described in terms of an effective conjugation length, or set of effective conjugation lengths, present in the material.29, 32, 35–39, 123 One approach to estimating the effective conjugation length is to
compare the optical absorption spectrum of oligomers with that observed for polymers. For a perfectly ordered polymer chain, the energy of the 11 Bu state, the lowest
allowed one-photon state, should red-shift with increasing chain length in a manner
that is inversely proportional to the length of the oligomer. However, the experimental absorption spectra typically saturate as the length of the chain is increased, and
the point at which this saturation occurs may be taken as the effective conjugation
length.124
The inhomogeneous broadening observed in optical absorption and emission spectra is also typically viewed as arising from a distribution of effective conjugation
lengths in the sample.38, 76 For instance, a joint experimental and theoretical study on
polyacetylene and β-carotene77 expressed the observed inhomogeneously broadened
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linear absorption spectra as a superposition of spectra for shorter conjugated segments, and found that the spectrum was dominated by the shorter segments. It has
also been observed that the average conjugation length increases as the temperature
decreases, which has been attributed to a decrease in the amount of chain torsion with
decreasing temperature.77, 125 Similarly, spectral diffusion in conjugated polymers is
often interpreted in terms of effective conjugation lengths, such that the red shift of
the luminescence arises from exciton migration to segments with increasingly longer
effective conjugation lengths.29, 35, 36, 38, 126–130
In terms of materials optimization, manipulation of the effective conjugation
length can allow the luminescence properties of a material to be fine-tuned. This
can be achieved synthetically by, for instance, intentionally including chemical defects such as a meta-linkage,73–75 cis-linkages,120 or nonconjugated spacers.121
Although the effective conjugation length is a useful qualitative concept, the precise connection between the molecular structure of the material and the effective
conjugation length remains elusive. Most models attribute the loss of conjugation to
torsional rotations that decrease the π overlap between unit cells. For instance, Bittner et al. used a Monte Carlo technique to generate an ensemble of structures for
long chains of PPV.125, 131–134 The distribution of effective conjugation lengths was
then generated by assuming that the conjugation was broken whenever the torsional
angle between nearest-neighbor phenylene units was greater than some cut-off angle.
Given the continuous distribution of torsional angles, it is not clear that use of a
cut-off correctly captures the relation between the structure and the photophysically
observed effective conjugation length.
This chapter illustrates how the effective particle approach developed in Chapter 4
may be used to quantify the connection between molecular structure and effective
conjugation length. The bridge between structure and conjugation length is provided
by the energy and effective mass landscapes, since these relate the structure of the
polymer to the dynamics of the exciton present in the excited state. The results are
given for a PPV oligomer with 8 unit cells, 4 of which are perfectly planar and 4 of
which are nonplanar. The results indicate that relatively moderate torsional angles
are sufficient to localize the exciton on the planar segment.
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6.2

Methodology

The PPV oligomer used to investigate the effects of torsional disorder is shown
at the bottom of Fig. 6.2. The oligomer has 8 phenylene groups, with the first four
held planar and the second four held at varying degrees of nonplanarity according
to the torsional angles shown Fig. 6.2. The structures are optimized using the PM3
Hamiltonian122 in MOPAC, with constraints applied to the dihedral angles between
nearest neighbor phenylene units. Structures were generated with θ of Fig. 6.2 varying
from 0 to 60◦ , in increments of 5◦ to 30◦ , and then in increments of 10◦ . Structures
were also generated for the 4 unit cell oligomers corresponding to the left and right
halves of the system.
Excited-state electronic structure calculations were performed with the INDO
Hamiltonian (Section 2.3.3). Localized molecular orbitals were obtained using the
method described in Chapter 3, with the molecular segments defined as the unit
cells of the oligomer. Direct-CI,135 which was recently implemented in our code,136
enables excitations among all σ and π valence molecular orbitals to be efficienctly
included in the calculations, and was used to calculate the 11 Bu excited electronic
state. No dielectric solvation was included. The effective particle approach described
in Chapter 4 was used to generate energy and effective mass landscapes, using only
e−
cent for the center of the effective particle.

6.3

Results and Discussion

For the 8 unit cell oligomer of PPV depicted at the bottom of Figure 6.2, the heat
of formation obtained from MOPAC as a function of the dihedral angle, θ, is given in
Figure 6.1. The conformations that lie below kT at room temperature (0.6 kcal/mol,
0.025 eV) are also indicated. These results indicate that significant torsional disorder
(ie, θ ≤ 15◦ ) is expected for PPV in solution at room temperature. Although the

conformation energies shown in Figure 6.1 will be dominated by the packing forces
and chain entanglement in the solid state, significant torsional disorder seems likely
for amorphous samples.
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Figure 6.1: The heat of formation vs. the torsion angle, obtained from a MOPAC
calculation.
Fig. 6.2 shows the energy landscapes for the PPV oligomers using e−
cent effective
particles. The energy landscape is higher on the disordered side of the chain, and
increases with increasing torsional angle. The effective mass landscapes in Fig. 6.3
indicate that the effective particle becomes heavier in the disordered region, as expected since the π overlap between unit cells decreases with θ. Comparison with the
landscapes obtained for oligomers with 4 unit cells indicates that the landscape of
the 8 unit cell oligomer is qualitatively similar to that expected from piecing together
two oligomers. The significant jump between 30◦ and 40◦ in both Figures 6.2 and 6.3
indicate that a torsional rotation of this magnitude causes the effective particle to
prefer to be located on the flatter segment. The localization of these effective particles
is exemplified in Figure 6.4, which shows the probability density for the the center
of the effective particle as a function of its unit cell location. These results indicate
that the wavefunction becomes localized on the planar region of the oligomer when
θ ≥ 40◦ .
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Figure 6.2: Energy landscapes for the 11 Bu state using e−
cent effective particles of a
8 unit cell PPV oligomer, which is depicted at the bottom of the figure. The torsional
angle, θ is increased from 0◦ to 60◦ . The filled-in symbols give the landscapes for a
planar 4 unit cell oligomer (left) and a 4 unit cell oligomer with torsional angles of
40◦ and 60◦ (right). Dielectric solvation is not included. The 11 Bu state energies are
given in Table 6.1.

Table 6.1: The 11 Bu state energies (in eV) obtained from a full S-CI calculuation
for the 8 unit cell PPV oligomer of Fig. 6.2 and for the 4 unit cell oligomer obtained
from the right side of the structure shown in Fig. 6.2.
4 unit cells
8 unit cells

θ=0
3.116
2.910

θ=5

θ = 10

θ = 15

θ = 20

θ = 25

θ = 30

2.911

2.915

2.922

2.931

2.942

2.956

θ = 40
3.381
3.015

θ = 50
3.034

θ = 60
3.545
3.048
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Figure 6.3: The effective mass landscapes for the system of Figure 6.2, using equivalent notation.
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Figure 6.4: The probability density for the center of the e−
cent effective particle as a
function of the unit cell location of the effective particle center.
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Comparison of the 11 Bu state energies of Table 6.1 with the heats of formation in
Fig. 6.1 reveal that the torsional potential is much stiffer in the excited state than in
the ground state. In Fig. 6.1, distorting the polymer with a torsional angle of 10 ◦ raises
the energy of the ground electronic state by only about 0.18 kcal/mole (0.008 eV),
whereas the excitation energy is increased by 0.12 kcal/mole (0.005 eV). This leads
to a somewhat stiffer torsional potential in the excited state, implying that creation
of the excited state will tend to planarize the oligomer in solution.

6.4

Conclusion

The results presented in this chapter illustrate the use of the effective particle
methodology to quantify the connection between the structure of a conjugated polymer system and the resulting photophysics. The studies reveal that relatively moderate torsional distortions, on the order of 35◦ to 40◦ , have fairly large effects on the
energy and reduced mass landscapes for the 11 Bu state. These torsions have little effect on the energy of the ground and excited 11 Bu electronic states, but a stiffening of
the torsional potential in the excited state is seen. This torsional potential stiffening
in the 11 Bu should lead to a planarization of the excited state and make a significant
contribution to the observed Stokes shift in solution.
The results presented here illustrate that a site model is possible for disordered
conjugated polymers, and provides a means to extract the parameters for such a
model from quantum chemical calculations. For instance, the energy and effective
mass landscapes of Figs. 6.2 and 6.3 show how the site energies and Hamiltonian
coupling matrix elements change with torsional angle in PPV. The observed agreement between the landscape of an 8 unit cell oligomer and its constituent 4 unit
cell oligomers suggests that these parameters are transferable to arbitrary length systems. It should be possible to use such site models to make quantitative predictions
regarding how the effective conjugation length, as observed in photophysical experiments, is related to the underlying chemical structure of the material. Such models
are, however, left to future work.
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Chapter 7
Application to Exciton-Exciton
Interactions
7.1

Introduction

The photophysical and semiconducting properties of conjugated polymers enable
the construction of devices such as light-emitting diodes1–4 and solid-state lasers.6–10
But despite this functional similarity between organic and inorganic semiconductors,
there are some significant differences in the details of the photophysics. Of particular
interest is the effective strength of Coulomb interactions between an electron and
hole. Such interactions can lead to the formation of bound electron-hole pair states,
or excitons. In conjugated polymers, estimates of the exciton binding energy range
from 0.2 and 0.9 eV, much larger than the 10s of meV seen in inorganic semiconductors. So, unlike inorganic semiconductors, excitons play an important role in the
room temperature photophysics of conjugated polymers. For instance, the 11 Bu state
of conjugated polymers is the lowest energy exciton state, and this state carries most
of the one photon intensity out of the electronic ground state. Here, we examine the
nature of the interaction between excitons and, in particular, whether such interactions can lead to binding between two excitons to form a biexciton state. These
interactions may be especially important in applications that rely on high exciton
densities such as solid-state lasers.6–10
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Coherent many-particle states, such as biexciton states, are known to exist in inorganic semiconductors.137 Although biexciton states have been observed in molecular
aggregates138 and charge transfer crystals,139 their existence in other organic semiconductors remains uncertain.140 Several researchers have speculated that certain spectral features of conjugated polymers such as PPV are due to biexcitons.3, 25, 47, 140–145
For instance, the photoinduced absorption seen in PPV at 1.4 eV has been attributed to biexcitons,145 although the biexciton binding energy implied by this assignment was observed to be unreasonably large.47, 144, 146 Calculations performed on
oligomers47, 85, 144, 145, 147–157 suggest that biexcitons can exist in conjugated polymer
chains. Since such calculations are difficult to perform on long polymer chains, results
from oligomers are typically extrapolated to the long chain limit. While extrapolation
typically yields an accurate depiction of the infinite chain for low lying excitations,
this procedure can be problematic for high energy excitations.158
Because of chain length limitations and issues with size consistency,151 our goal
was to develop a size-consistent technique that could be applied to long polymer
chains in order to study high energy exciton-exciton interactions, including spectral
signatures of biexcitons. This is accomplished by using the scattering formalism described in Section 7.2. The Pariser-Parr-Pople (PPP) model of polyacetylene is used
as a simple two-band model that captures the essentials of conjugated polymers. A
Frenkel exciton model159–162 is used as a benchmark for comparison, since the characterization of the biexciton within this model is fairly straightforward. Section 7.3
presents results obtained for oligomers, and for long chains with periodic boundary
conditions. The excited-state absorption spectrum from the 11 Bu exciton state is calculated and examined for signatures of biexciton formation. No such signatures are
found in the long-chain limit of the PPP model. The significance of these findings is
discussed in Section 7.4.

7.2

Formalism

Much of the formalism used here was originally developed for nonresonant nonlinear optics, and a detailed justification of the approach and demonstration of its
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size consistency is given in Ref. 58. Here, we briefly describe the method and provide
details on its application to the calculation of excited-state absorption spectra.
The calculations are performed on the Pariser-Parr-Pople (PPP)163, 164 model of
polyacetylene. The molecular geometry is fixed, which prevents formation of solitons
and makes this a simple two-band model that captures the salient features of conjugated polymers.
We used periodic boundary conditions in order to study the limit of a long polymer chain. The Hartree-Fock band structure and Wannier functions are obtained as
described in Ref. 58 and Chapter 2. The Hartree-Fock solution yields one valence and
one conduction band, and their corresponding Wannier functions.

7.2.1

Scattering Formalism

To obtain a size-consistent and computationally tractable description of the twophoton excited states, we employ the scattering formalism described in Ref. 58. This
is an equation-of-motion approach (see Section 2.4.1), where the ground state is the
Hartree-Fock ground state, the one-photon states are obtained from S-CI theory, and
the two-photon states are described by SD-EOM theory.
The use of S-CI for the one-photon states and SD-EOM for the two-photon states
gives a balanced description, such that states containing two excitons are treated with
an accuracy that is equivalent to that used for the one-photon states. This balance is,
for instance, necessary to obtain a size consistent description of two-photon optical
processes.58 SD-EOM theory used in conjunction with this scattering formalism may
not be adequate for more complex states such as the 21 Ag .
This need for a balanced description of the one and two photon states also influences the design of the contracted basis set in Section 7.2.3. The use of SD-EOM and
the contracted basis set in these calculations are based on the idea that a biexciton
is composed of two excitons. If the nature of the biexciton is sufficiently different,
then a higher level of theory is necessary. The next higher level of theory in this scattering framework would be to use SD-EOM for the one-photon states, and perhaps
SDTQ-EOM for the two-photon states. However, it is unknown whether the inclu-
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sion of quadruples breaks size consistency. Also, quadruple CI scales as N 16 , which
limits the calculations to small systems. The scattering formalism presented here is
meant to model the behavior two excitons in the limit of long polymer chains in a
size-consistent and computationally plausible manner.
The excited-state absorption from the 11 Bu state is calculated using,165
χ(1) (ω) =

X
a

2 |µba |2 Eab
,
2
Eab
− (ω + iΓ)2

(7.1)

where b is the 11 Bu state obtained from S-CI theory, a is summed over all states
obtained from the SD-EOM calculation, and Γ sets the linewidth. For the spectra
shown in this report, Γ is set to a small value (0.01 eV) to allow all excited states to
be resolved.

7.2.2

Frenkel Scattering Calculations

In order to interpret the spectra that we obtained from the PPP model (Section 2.3.2), we adopted the method that Spano and coworkers developed for the
investigation of exciton-exciton interactions in Frenkel exciton systems. 159–162 An operator that creates a Frenkel exciton on the nth unit cell is defined as,
i
1 h
F̂n† = √ a†n b†n + ā†n b̄†n ,
2

(7.2)

where a†n creates a hole and b†n creates an electron on the nth unit cell. The Frenkel
Hamiltonian can then be written,
Ĥ =

X
n

ω

F̂n†

F̂n −

N
−1
X
n=1

J(F̂n† F̂n+1 + c.c.) −

X Eexc−exc

n,m

|n − m|

3

(F̂n† F̂m† F̂m F̂n ),

(7.3)

where ω sets the energy required to create a Frenkel exciton, J is the nearest neighbor hopping, Eexc−exc sets the strength of the dipole-dipole like interactions between
excitons, and c.c. indicates complex conjugation. This model was parameterized to
correspond to the PPP model by setting ω = 6.0 eV and J = 1.75 eV. The value for J
was chosen based on the bandwidth of the exciton in our previous calculations,59 (also
refer to Section 4.4.5) where the form of the exciton and its motion were segregated.
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The energy of this “frozen” exciton was found to be 6.0 eV from these calculations,
which gives a bandwidth of 7 eV and J = 1.75 eV. Also note that biexciton formation
should depend only on the dimensionless parameter Eexc−exc /J, which we confirmed
by varying J in the calculations.

7.2.3

Contracted Scattering Calculations

In the scattering formalism of Section 7.2.1, S-CI theory is used for the one-photon
states and SD-EOM theory is used for the two photon states. With periodic boundary
conditions, the number of single electron-hole pair excitations scales as the number of
unit cells, N , and so a complete set of all single excitations is included in both the S-CI
and SD-EOM calculations. However, the number of double excitations grows as the
third power of the number of unit cells.1 To make the SD-EOM calculations tractable
on long polymer chains, we use the contracted basis functions described in detail
in Ref. 58 and Chapter 4 and summarized briefly here. This basis set implements a
scattering approach for studying states containing two interacting excitons. We begin
by defining an operator that creates a 11 Bu exciton on the nth unit cell,
m

†
B̂n(K)

e−h
i
h
X
1
(K)
cδ a†n+xc +δ/2 b†n+xc −δ/2 + ā†n+xc +δ/2 b̄†n+xc −δ/2 ,
=√
2 δ=−me−h

(7.4)

where a†n creates a hole on the nth unit cell, and b†n creates an electron on the nth
unit cell. Bars are used to indicate β as opposed to α electron spin. (This equation is
analogous to the finite chain form in Eq. 4.1.) The term in brackets creates a singletcoupled electron-hole pair separated by δ unit cells and centered on the nth unit cell
if δ is even and centered between the nth and (n + 1)th unit cell if δ is odd (xc is zero
(K)

if δ is even and 1/2 if δ is odd). The coefficients, cδ

are determined through an S-CI

calculation, with the (K) superscript indicating that the form of the 1 1 Bu exciton
depends on the crystal momentum K. Due to the binding between the electron and
(K)

hole in an exciton, cδ

becomes small at large |δ|. A local approximation can be

1
Such large basis sets could be handled by direct CI methods, if the goal was to calculate a few
low-lying states. However, the goal here is to calculate high-energy states that carry two-photon
intensity and direct methods are not readily available.
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(K)

implemented by setting cδ
summation in Eq. (7.4).

= 0 for |δ| > me−h , as indicated by the limits on the

†

B̂n(K) then corresponds to the creation operator, Ω(K)†
of Eq. (2.21), for a 11 Bu
n
exciton. The 11 Bu state arises from the delocalization of this “effective particle”58, 59
as in Eq. (2.21),
N
E
2π
1 X
†
ei( N )K n Bn(K) |HFi.
11 Bu = √
N n=1

(7.5)

Here, it will be useful to include basis functions that describe the presence of two
excitons on the polymer chain,

N 
1 X
(K 0 )†
(K+K 0 )n
i( 2π
(K)†
)
N
√
| 2-exciton ∆ i =
× B̂n B̂n+∆ |HFi ,
e
N n=1

(7.6)

which has the form of Eq. (2.21) with Ω(K)†
creating two excitons, one centered on the
n
nth unit cell and one centered on the (n + ∆)th unit cell. This basis function describes
two excitons separated by ∆ unit cells and delocalized with a crystal momentum that
is the sum of that of the individual excitons, K + K 0 .
Eq. (7.6) is referred to as a contracted many-body basis function since it consists
of a linear combination of a number of primitive electron-hole excitations. The coefficients of the linear combination are determined during construction of the basis
(K)

set, via the S-CI calculation of cδ

of Eq. (7.4), and are not altered when using

this basis set to obtain a variational solution of the Schroedinger equation. The use
of contracted functions substantially reduces the number of variational parameters,
making it possible to affect a complete diagonalization of the Hamiltonian within the
basis.
A scattering formalism is obtained by allowing interactions to alter the form of
the excitons when the distance between the excitons is less than or equal to nscat unit
cells. Therefore, nscat sets the size of the scattering region. To describe the excitons
outside of the scattering region, the basis set includes the | 2-exciton ∆ i functions

of Eq. (7.6), with ∆ = (nscat + 1) . . . (N − 1). Within the scattering region, we use

a more complete basis of primitive electron-hole excitations. This is done by first
constructing a primitive basis consisting of all single and double electron-hole pair

excitations consistent with a maximum electron-hole pair separation of me−h . All
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primitives that are already present in the contracted functions (|2-exciton ∆ i; ∆ =

(nscat + 1) . . . N − 1) are then removed, and the remaining primitive functions provide

a basis that describes the excitons within the scattering region. Note that this basis

includes interactions between excitons outside the scattering region, and so it simply
prevents such interactions from altering the form of the excitons.
When nscat = 0, the excited states are written in terms of single excitations and
the contracted functions of Eq. (7.6) that describe two excitons separated by various
distances. No primitive double electron-hole pair functions are included and thus the
interactions between excitons are not allowed to alter their form. This case is then
analogous to Frenkel exciton theory, except that the PPP Hamiltonian is used to
explicitly calculate the interaction between the excitons. This exciton-exciton interaction is likely to be significantly more complicated than the form used for the Frenkel
excitons in Section 7.2.2. For instance, the nature of the Pauli repulsion between excitons may be quite different. For Frenkel excitons, Pauli exclusion prevents the creation
of two excitons on one unit cell. In the PPP model, the excitons are extended and,
in creating the two-exciton contracted functions, the presence of the electron-hole
pair in the first exciton restricts the possible locations of the electron-hole pair in
the second exciton. The resulting Pauli exclusion interaction is most likely a repulsive interaction with a longer range than the hard-wall exclusion interactions between
Frenkel excitons. If the nscat = 0 calculations agree with the results obtained with a
larger nscat , then a Frenkel exciton model could be expected to capture the essentials
of this system, although perhaps with a rather complex exciton-exciton interaction
potential. To the extent that the nscat = 0 calculation differs from the converged nscat
result, the Frenkel exciton approximation is not reliable in these systems.

7.3

Results and Discussion

Our main intention for this research was to determine whether spectral signatures
of biexcitons exist in the long chain limit. All spectra presented in this section represent absorption from the 11 Bu state to high-energy two-photon states as described
in Section 7.2.1. A peak at or near 2 × E11 Bu should appear in each spectrum, repre-
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senting two non-interacting excitons. A spectral signature of a biexciton state is the
appearance of a state at an energy below 2 × E11 Bu whose wavefunction is character-

istic of a bound state.

7.3.1

Frenkel Excitons

The Frenkel exciton model described in Section 7.2.2 is used as a point of comparison for the PPP Hamiltonian calculations by varying the strength of interactions
between the excitons, Eexc−exc in Eq. (7.3). Calculations were performed on a chain
with 71 unit cells and periodic boundary conditions. The calculations indicate that
for Eexc−exc greater than about 3 eV, or Eexc−exc /J = 1.7, a biexciton state breaks off
from the two-exciton continuum. Fig. 7.1 shows the excited state absorption spectra
for a range of Eexc−exc . For all Eexc−exc , transitions are observed to states at and above
2 × E11 Bu . For Eexc−exc greater than 3 eV, the formation of the biexciton is observed

spectrally as a peak below 2 × E11 Bu .

Fig. 7.2 shows the analysis of the excited state wavefunctions for the states ob-

served in the spectra for Eexc−exc = 2.0 and 4.5 eV in Fig. 7.1. For Eexc−exc = 2.0 eV,
which does not give rise to biexcitons, all wavefunctions are delocalized and the number of nodes increases smoothly with energy. The energy of these states corresponds
to a least-squares fit of the particle-in-a-box form expected for unbound excitons
(E = 2.46 eV + 0.021 eV n2 ; n = 1 . . . 5). In the infinite chain limit, the box
size becomes infinite, and therefore these states will all collapse onto 2.46 eV, such
that the energy required to create an additional exciton is essentially identical to
the 2.5 eV required to create the first exciton. For Eexc−exc = 4.5 eV, a biexciton
state occurs at 2.09 eV and the wavefunction indicates binding between the excitons
with an average separation of about two to three unit cells. For the higher-energy
states, the wavefunction is delocalized over the entire chain, with the 2.50 eV state
having two nodes (mexc−exc = 0 and 3) and the number of nodes increases smoothly
with increasing state energy. These higher energy levels fit a particle-in-a-box form
(E = 2.46 eV + 0.026 eV n2 ) with n = 1 being the 2.50 eV state. Just as for
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Figure 7.1: Excited-state absorption from the 11 Bu one-exciton state, for long chain
Frenkel excitons with various Eexc−exc , using periodic boundary conditions and N = 71.
The dotted line is K = 0, and the solid line is K = 2. The units of intensity are the
same for all panels.
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Eexc−exc = 2.0 eV, these states all converge onto 2.46 eV in the limit of an infinite
chain.
Similar results are obtained from Frenkel exciton calculations on finite linear
chains. Fig. 7.3 shows the 11 Bu excited state absorption spectra for various chain
lengths with and without biexciton formation, Eexc−exc = 4.5 eV and 2.0 eV, respectively. For Eexc−exc = 2.0 eV, an intense transition to a state containing two unbound
excitons approaches 2 × E11 Bu from above. A number of states are also observed at

higher energy, with intensity patterns that are not easily interpreted. For instance,

these states do not fit the particle-in-a-box model used above for periodic boundary
condition calculations on N = 71 chains. These complications likely arise from a complex interplay of finite-chain boundary conditions and the exciton-exciton potential.
For Eexc−exc = 4.5 eV, the lowest energy transition shown corresponds to a biexciton,
as confirmed by analysis of the wavefunction. The energy of the biexciton state is
relatively independent of chain length. Comparison of the Eexc−exc = 2.0 and 4.5 eV
spectra reveals that the biexciton state is borrowing its intensity from the unbound
two-exciton state. On short polyenes, N = 9 in Fig. 7.3, the biexciton carries essentially all of the intensity and the relative intensity to the two-exciton state increases
rapidly with chain length. Just as for Eexc−exc = 2.0 eV, the unbound two-exciton
state approaches 2 × E11 Bu from above, but the Eexc−exc = 4.5 eV results show a
much stronger dependence on chain length.

In comparing intensities, it is important to note that the intensities of the bound
and free exciton states should scale differently with chain length in the long-chain
limit.157 The transition from a state with one exciton to a state with two unbound
excitons corresponds to creation of an additional free exciton. Since there are N − 1

locations for this second exciton on a chain with N unit cells, the intensity should
scale as N in the long chain limit. This is not the case for the bound biexciton state,
where the second exciton must be created next to the first exciton and so the number
of possible locations is independent of chain length. (In effect, the biexciton acts a
single effective particle and the transition corresponds to a conversion of the exciton
into a biexciton, as opposed to the creation of an additional effective particle.) The
transition from the 11 Bu state to the biexciton state thus has an intensity that is
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Figure 7.2: Analysis of the wavefunctions for the states giving rise to the transitions
in the spectra in Fig. 7.1 for Eexc−exc = 4.5 (solid line) and 2.0 (dotted line). The K = 2
wavefunctions have the same form as K = 0. The probability density is shown as a
function of exciton-exciton separation, mexc−exc .
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Figure 7.3: Excited-state absorption from the 11 Bu state, for a Frenkel exciton
system with Eexc−exc = 4.5 (solid line) and 2.0 (dotted line) and N unit cells. The
11 Bu state energies are indicated by arrows. To allow comparison with chain length,
the scale of the axes is the same for all panels, such that a constant height indicates
the intensity is linearly dependent on chain length.
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independent of chain length in the long-chain limit. The spectra in Fig. 7.3 indicate
that the biexciton carries significant intensity relative to 2 × E11 Bu on short chains,
and the intensity saturates by about 21 unit cells. The transitions above 2 × E11 Bu

are weak on short chains, and the intensity increases rapidly with chain length. On
chains with greater than about 41 unit cells, the intensity begins to scale as N, as
expected in the long chain limit.
The Frenkel exciton results of Fig. 7.1 allow us to examine the implications of using
periodic boundary conditions within a well-understood model. This insight is useful
since we must use periodic boundary conditions in order to investigate the long-chain
limit of the PPP Hamiltonian. Fig. 7.1 shows a rather substantial difference between
the K = 0 and K = 2 spectra, particularly in the region near 2 × E11 Bu . The splitting

between the K = 0 and K = 2 transitions for the biexciton transition are as expected

for a system in which the biexciton states form a band with a minimum at K = 0.
However, in the vicinity of 2 × E11 Bu , the K = 0 and K = 2 spectra show differences
that are not as easily rationalized. For instance, it is not clear why the lowest two

peaks near 2 × E11 Bu carry very different intensities for the K = 0 versus K = 2
spectra. Similar effects are observed in the PPP results of Section 7.2.3, and we take

their presence within the Frenkel exciton model as evidence that this spectral feature
is not indicative of complex exciton-exciton interactions. In particular, large difference
between the K = 0 and K = 2 spectra are observed even for Frenkel excitons with
no interactions (Eexc−exc = 0) and with repulsive interactions (Eexc−exc = -4.5 eV).
Also note that these are small splittings in a spectral region that will be dominated
by one-photon absorption, and so are of no apparent experimental interest.
In summary, the results for Frenkel excitons indicate that excited-state absorption
provides a good probe of biexciton formation. The biexciton appears as an intense
transition below 2 × E11 Bu and exhibits only weak chain-length dependencies.

7.3.2

PPP Oligomers

Fig. 7.4 shows excited-state absorption spectra for polyenes with between 4 and
9 unit cells. These were obtained using the scattering methodology of Section 7.2.1
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with complete S-CI and SD-EOM basis sets. Comparison of these spectra in the
region near 2 × E11 Bu with that obtained for Frenkel excitons reveals a somewhat

different behavior. Just as for Frenkel excitons, the most intense transition approaches

2 × E11 Bu from above, but here it drops below 2 × E11 Bu for chains with 7 or more unit

cells. In addition, the states closest to 2 × E11 Bu have nearly 50% single electron-hole

pair character. A state is observed below 2 × E11 Bu with greater than 80% double
electron-hole pair character. While this is suggestive of a biexciton, its energy is

dropping rapidly with chain length, unlike the Frenkel exciton model. The following
calculations on long chains provide more insight into the behavior and stability of
biexciton states.

7.3.3

Long PPP Chains

In this section, we consider solutions of the PPP Hamiltonian on long chains
of polyacetylene, using periodic boundary conditions and the scattering basis set of
Section 7.2.3. In this basis, nscat sets the size of the scattering region within which
exciton-exciton interactions are allowed to alter the form of the excitons. The onephoton states in these calculations are calculated differently than the finite chain
calculation presented above, which will give a slight difference in the 11 Bu energies
indicated in the spectra. These calculations represent the one-photon states under
periodic boundary conditions as an “effective particle” depicted by Eq. 7.5, and a
local approximation of me−h = 5 has been implemented. In contrast, the one-photon
states in Section 7.3.2 are represented by a complete S-CI basis.
The convergence of the calculations with respect to the size of the scattering
region, nscat , is depicted in Fig. 7.5. The spectra are well-converged by nscat = 9. Although the higher energy transitions move about slightly in energy between nscat = 5
and 9, their intensities and relative positions are well-established. The additional
peaks around 2.3 eV in the nscat = 2 spectrum occur from a dark state that mixes
strongly with the background single electron-hole pair configurations. These peaks disappear in D-EOM calculations, which do not include single electron-hole pair configurations in the calculation of the two-photon states. The results obtained for n scat = 0
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Figure 7.4: Excited-state absorption for polyenes with N unit cells. The 11 Bu state
energies are indicated by arrows. The numbers above the peaks indicate the relative
contribution of double electron-hole pair configurations to the relevant excited state.
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do not agree with those for larger nscat , which indicates that the interactions between
excitons alters their form. As discussed in Section 7.2.3, this suggests that the Frenkel
exciton approximation is not sufficient for these systems.
Fig. 7.6 shows the excited-state absorption spectra obtained for nscat = 9 on
various chain lengths, and Table 7.1 gives the energies and the relative composition
of single and double electron-hole pair configurations for each peak in the spectra. In
considering the chain length dependence of the spectra, it is important to remember
that the use of periodic boundary conditions on short chains is useful only as a means
of extrapolation to the long-chain limit. Spectral features that do not persist in the
limit of long chains can be artifacts of the boundary conditions, especially when large
differences are observed between K = 0 and K = 2, as is the case for some of the
spectral features in Fig. 7.6. These spectra are strongly dependent on chain length
below 51 unit cells, but appear reasonably well converged by 71 unit cells.
The most intense transitions in the spectra for 71 unit cells occur to states near
2 × E11 Bu for both K = 0 (2.57 eV) and K = 2 (2.63 eV). Fig. 7.7 shows an analysis
of the wavefunctions for the states giving rise to the transitions in the spectra for 71

unit cells. Since most of the probability density for these intense transitions lies at
large exciton-exciton separation distances, these states are comprised of two unbound
excitons. The most significant result is the absence of spectral features below these
transitions, which is a strong indication that this system does not support spectral
biexciton states in the limit of long chains.
The behavior of the 2 × E11 Bu transition is different for K = 0 and K = 2 in

Fig. 7.6; the most intense K = 2 transition approaches 2 × E11 Bu from above while

the most intense K = 0 transition approaches 2 × E11 Bu from below. This difference

can be rationalized in terms of the selection rule for K (Section 2.5). Since the one-

photon 11 Bu state contains a single K = 1 exciton, 2 × E11 Bu is the energy required

for creation of two K = 1 excitons, or a two-exciton state with K = 2. The difference

between 2 × E11 Bu and the unbound two-exciton state with K = 2 therefore arises

only from excluded volume interactions between excitons. The excluded volume effect

causes the K = 2 transition to approach 2 × E11 Bu from higher energy. The difference
between the K = 0 and K = 2 unbound two-exciton states arises from the band
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Figure 7.5: Excited state absorption from the 11 Bu state obtained for periodic
polyacetylene chains with 71 unit cells and the indicated scattering regions, nscat .
The dotted line is K = 0, and the solid line is K = 2.
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Figure 7.6: Excited state absorption from the 11 Bu state obtained for periodic
polyacetylene chains with N unit cells and a scattering region of nscat = 9. The
arrows indicate the 11 Bu state energies, hence where the 2 × E11 Bu peak is expected.
The dotted line is K = 0, and the solid line is K = 2. The marked peaks are explained
in the text.
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Table 7.1: Analysis of the wavefunctions giving rise to the transitions in the spectra
of Fig. 7.6. The relative probabilities are listed for single electron-hole pair configurations (% singles) and for double electron-hole pair configurations within ( <n scat ) and
outside (>nscat ) of the scattering region. The K = 0 and the corresponding K = 2
peaks are aligned in the table.
K = 0
N E(eV) %sing
2.57
0.3
2.72(*)
37.8
71
2.87(*)
22.3
3.05
16.2
2.58
0.6
2.70(*)
37.1
61
2.86(*)
29.8
3.18
11.1
2.59
2.1
2.67(*)
34.9
51 2.83(*)
33.9
3.37
34.0
3.44
72.7
2.59(*)
26.0
2.64
10.2
41
2.77(*)
36.8

K = 2

%doub<nscat %doub>nscat
0.4
99.3
58.2
4.0
66.4
11.3
26.0
57.8
0.8
98.6
60.6
2.3
66.7
3.5
34.7
54.2
2.5
95.4
61.2
3.9
64.7
1.4
38.8
27.2
16.2
11.1
37.4
36.6
29.9
59.9
60.7
2.5

2.44(*)
2.54
31
2.67(*)
3.31
2.32(*)
21

28.9
9.3
38.6
66.7
14.3

33.9
54.9
47.7
33.3
83.2

37.2
35.8
13.7
0.0
2.5

2.59

16.4

47.7

35.9

E(eV) %sing
2.63
0.6
2.74(+)
40.0
2.95(+)
30.9
2.86
9.5
2.66
1.8
2.88(+)
31.7

%doub<nscat %doub>nscat
1.6
97.8
64.0
5.0
34.4
34.6
36.7
53.8
3.7
94.5
54.7
13.6

3.02
2.72
2.68(+)
2.80(+)
3.16

11.6
3.0
24.0
41.5
5.5

16.5
16.5
60.5
54.1
21.5

71.9
80.5
15.5
4.4
73.0

2.63(+)
2.79
2.86(+)
3.41
2.53(+)
2.79(+)
2.95

22.8
4.5
42.8
9.1
17.9
50.2
2.1

76.7
13.8
44.4
36.1
82.1
48.4
14.6

0.5
81.7
12.8
54.8
0.0
1.4
83.3

2.27(+)
2.65(+)
3.23

13.2
54.9
1.2

86.8
45.1
54.9

0.0
0.0
43.9
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Figure 7.7: Analysis of the wavefunctions for the states giving rise to the transitions
in the N = 71 spectrum of Fig. 7.6. The probability density is shown as function of
exciton-exciton separation, mexc−exc . The dotted lines show the average probabilities
within the scattering region. (Note that the probabilities due to single electron-hole
configurations are not included.)
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width of the exciton. While this difference also approaches zero in the limit of long
chains, it is a larger effect than the excluded-volume effect and so the K = 0 transition
approaches 2 × E11 Bu from lower energy.

Fig. 7.8 shows the spectra obtained when only double electron-hole pair configura-

tions (D-EOM) are included in the calculation of the two-photon states, which can be
used to understand the extent of mixing between single and double electron-hole pair
configurations. The inclusion of single electron-hole pair configurations in Fig. 7.6 has
little effect on the intense 2 × E11 Bu transitions in the long-chain limit. For N = 61

and 71, these states have greater than 98% double electron-hole pair character. On
shorter chains, the inclusion of single electron-hole pair configurations does have some
effects on these transitions, which will be discussed in more detail below.
The K = 2 spectra in Fig. 7.6 exhibit a higher-energy transition that behaves
similarly to the higher-energy transitions of the Frenkel exciton model. For N = 41,
51, 61, and 71, this transition occurs at 3.41, 3.16, 3.02, and 2.86 eV, respectively,
corresponding to a gradual decrease in state energy. These transitions are to states
with greater than 90% double electron-hole pair character, and persist in the D-EOM
spectra in Fig. 7.8 with a slight shift in energies and intensities. The analysis of
the wavefunction in Fig. 7.7 for the 2.86 eV transition at N = 71 shows a nodal
pattern similar to that seen for the second-highest unbound exciton state in the
Frenkel model in Fig. 7.2. The K = 0 spectrum also exhibits a similar transition
that decreases rapidly with chain-length, with energies 3.37, 3.18, and 3.05 eV for
N = 51, 61 and 71 respectively. Although this state is also comprised of about 90%
double electron-hole pair character, it differs a bit from the K = 2 state in that the
wavefunction has two nodes outside of the scattering region. Nevertheless, by analogy
with similar states in the Frenkel exciton spectrum, we expect these higher-energy
unbound exciton states to converge onto the lowest-energy unbound exciton states in
the limit of an infinite chain.
Other high-energy features of the spectra in Fig. 7.6 have interesting behavior.

There are two peaks marked with a (*) in each K = 0 spectrum in Fig. 7.6. The
wavefunction analysis in Fig. 7.7 of these transitions for N = 71 at energies 2.72 and
2.87 eV reveals that the probability density arising from the double electron-hole pair
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Figure 7.8: Same as Fig. 7.6, but without inclusion of single electron-hole pair
configurations in the calculation of the two-photon excited states (D-EOM).
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configurations lies predominantly in the scattering region, which indicates that these
states are comprised of two overlapping excitons. The upper of these two transitions is
0.25 eV above the unbound two-exciton transition, and so may be experimentally observable, especially in a well-ordered material such as polydiacetylene. Similar peaks,
marked with a (+), are also found in the K = 2 spectra, except their intensity behaves
somewhat differently.
Table 7.1 reveals that these overlapping exciton peaks, marked with a (*) for K = 0
and a (+) for K = 2, are comprised of a significant amount of single electron-hole
pair configurations, between 20-40%. Each of the D-EOM spectra in Fig. 7.8 only
has a single overlapping exciton peak, which indicates that the overlapping exciton
state mixes strongly with single electron-hole pair configurations, leading to the two
transitions in the SD-EOM spectra in Fig. 7.6.
The interesting chain length behavior of these overlapping exciton transitions is
apparent in Figs. 7.6 and 7.8. As the chain length decreases, the energy of these
transitions decreases, while the energy of the 2 × E11 Bu transition increases. Even-

tually the overlapping exciton state crosses the 2 × E11 Bu state as the chain length
decreases, causing a state with overlapping exciton character to be lower in energy

than the 2 × E11 Bu . Table 7.1 shows how the composition of double electron-hole pair
configurations within the scattering region of these peaks also changes with chain

length. For K = 2, the percentage for the lower energy peak increases as it drops
lower in energy than the 2 × E11 Bu (from 64.0% for N = 71 to 76.7% for N = 41),

indicating that the overlapping excitons are becoming more bound. For K = 0, a similar trend is found. However, in the N = 41 and N = 31 spectra for K = 0 where the

overlapping exciton transition is crossing the 2 × E11 Bu transition, there is a decrease
in the percentage of double electron-hole configurations within the scattering region

and an increase in those outside the scattering region, which indicates that the two
free exciton state and the overlapping exciton state are mixing. As discussed earlier,
the differences between the behavior of the K = 0 and K = 2 spectra are greater
for shorter chain lengths, especially for the position of the 2 × E11 Bu peak relative to
the 11 Bu state energy, which is an artifact of the boundary conditions. Despite the

different behavior of the K = 0 and K = 2 spectra on shorter chain lengths, their
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overall result is the same: the growth of a bound state below the 2 × E11 Bu in shorter
chains, which can be attributed to confinement effects due to their finite size.

How about the nature of these overlapping exciton states above 2 × E11 Bu ? If these

states do arise from overlapping excitons, their location above the energy of two free
excitons is indicative of a scattering resonance rather than a biexciton. Alternatively,

it may be that these states are not best viewed as containing overlapping excitons,
and instead contain some other type of two-photon allowed effective particle.

7.4

Summary

The calculations presented here provide strong evidence that long-chain conjugated polymers do not support biexciton states.
The Frenkel exciton model provides a good benchmark to verify the approach used
here to identify biexcitons. In the Frenkel model, there is a critical exciton-exciton
interaction strength above which a biexciton state is formed. This biexciton state
has an energy below that of 2 × E11 Bu and carries significant intensity from the 11 Bu

state.

The PPP Hamiltonian of polyacetylene serves as a two-band model of conjugated
polymers. On polyenes with between 7 and 9 unit cells, states are observed below
2 × E11 Bu that are dominated by double electron-hole pair configurations. While this
is suggestive of a biexciton state, the energy of the state is dropping rapidly with

chain length, unlike in the Frenkel exciton model where the biexcitons are relatively
independent of chain length.
The existence of a biexciton state in the long-chain limit was investigated using
periodic boundary conditions and the scattering methodology discussed above. When
the size of the scattering region is set to zero, the scattering formalism is analogous to
a Frenkel exciton model in that exciton-exciton interactions are not allowed to alter
the form of the excitons. However, it differs from the Frenkel model in that it uses the
PPP Hamiltonian to explicitly calculate the exciton-exciton interactions. In addition,
it includes the finite size of the excitons and the resulting Pauli-exclusion interactions
between excitons. Within this zero-scattering-region approximation, the lower energy
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states show a build-up of probability near zero exciton-exciton separation, suggesting
an attraction between excitons. However, formation of biexciton states is not observed,
indicating that the attraction, if present, is not sufficient to lead to a binding between
excitons.
As the size of the scattering region is increased, exciton-exciton interactions are
allowed to alter the form of the excitons. Convergence is observed for a scattering
region of about 9 unit cells. The need for a large scattering region and the significant difference between a scattering region of size 0 and 9 indicates that a Frenkel
model, even with an explicitly calculated exciton-exciton potential, is not adequate
to describe exciton-exciton interactions in these systems since it does not allow the
excitons to change their form as they interact.
The principal result of the converged scattering calculations is the absence of a
biexciton state in the long chains. This is in contrast to the results obtained for
oligomers with up to 9 unit cells and the periodic calculations on chains up to 31 unit
cells, which did exhibit states suggestive of biexcitons, i.e. states with predominantly
double electron-hole pair character and with energies a few tenths of an eV below
2 × E11 Bu . Since the biexcitonic character of these states only appears in short chains,

their presence is rationalized to be due to confinement effects.

Transitions are observed to states above 2 × E11 Bu which have a large contribution

from double electron-hole pair configurations with overlapping electron-hole pairs.

The observed energy being above 2 × E11 Bu is suggestive of a scattering resonance
rather than a bound biexciton state.
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