
Copyright

by

Olivia Dinica

2015



The Dissertation Committee for Olivia Dinica
certifies that this is the approved version of the following dissertation:

Exciton Behaviour at Organic Solar Cell Interfaces

Committee:

Graeme Henkelman, Supervisor

Peter J. Rossky

David A. Vanden Bout

Dmitrii E. Makarov

Charles Buddie Mullins



Exciton Behaviour at Organic Solar Cell Interfaces

by

Olivia Dinica, B.S.

DISSERTATION

Presented to the Faculty of the Graduate School of

The University of Texas at Austin

in Partial Fulfillment

of the Requirements

for the Degree of

DOCTOR OF PHILOSOPHY

THE UNIVERSITY OF TEXAS AT AUSTIN

December 2015



Dedicated to everyone who walked beside me these last five years.



Acknowledgments

I would like to first of all thank my advisor Dr. Peter Rossky for the

invaluable guidance and teaching you offered me. You taught me what real

research is. You taught me how to approach problems, how to think strategi-

cally, how to explain myself clearly, thank you so very much. Secondly, thank

you to Dr. Xiao Yang Zhu for encouraging me to do theoretical chemistry

when it was clearly what I liked most of all, and to Dr. Graeme Henkelman

for taking me in at the end. I would also like to thank Dr. Adam Willard.

Pretty much everything I know about computers from the first 3 years was

from you and I can never thank you enough for your patience and my beloved

use of awk. Thank you also to Dr. Ryan Haws for our talks and your support

and advice. Matthias, you have been my rock. You listened to all my problems

and ideas, and gave me so much good advice (and always agreed with me when

I complained about the code). I got so many ideas by running things by you,

I don’t know if I would have finished without it. Thank you to all my friends

in Austin for all the talking, listening, and fun. It made all this time pass in

the blink of an eye. I was mentioned once in someone’s acknowledgments and

it made me so happy, so I’ll try to do the same thing for you guys. Juliana,

Chris, Joel, Murat, Sepehr, Nima, Eric, Shannon, Zach thank you so much.

And finally, thank you to my parents. I have never known two people more

devoted. Everything I am is because of you.

v



Exciton Behaviour at Organic Solar Cell Interfaces

Publication No.

Olivia Dinica, Ph.D.

The University of Texas at Austin, 2015

Supervisor: Graeme Henkelman

Organic photovoltaics (OPVs) have emerged as a promising class of

materials in the production of flexible and cheap solar cells. Polymer OPVs

are typically composed of a blend of a semiconducting electron donating poly-

mer with an electron accepting fullerene derivative. This blend leads to a high

donor-acceptor interfacial surface area where excitons are split apart to create

free charges. The generation of free charges after photo-excitation is a main

factor influencing solar cell efficiency. However, the mechanisms of charge

transfer and the competing process of charge recombination at the interface

are not completely clear. The understanding of these processes is essential

for the rational design of materials that can maximize photovoltaic conver-

sion efficiencies. The focus of this dissertation is on the influence that electric

fields and chemical structure have on exciton dissociation and recombination

at the interface of donor-acceptor materials. In particular, we use mixed quan-

tum/classical dynamical simulations and electronic structure calculations to

investigate several oligomer-fullerene systems. In order to study the potential
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energy surfaces guiding the dynamics of electron transfer, the nuclear and elec-

tron dynamics of large systems need to be simulated. To make these calcula-

tions computationally feasible, a mixed quantum classical molecular dynamics

(MQCMD) approach was taken. This technique is based on the QCFF/PI

formalism first described by Warshel and Karplus and was further developed

by Lobaugh and Rossky for the simulation of betaine-30. This approach di-

vides the conjugated system into a classical and a quantum subsystem. The

quantum treatment is reserved for the π electronic system described by the

Pariser-Parr-Pople (PPP) Hamiltonian. The classical potential describes a

fully flexible molecular backbone and is modeled using an empirical molecular

mechanics force field. In the first part of the dissertation we are examining

the effect of an external electric field on charge transfer pathways and rates at

sexithiophene/fullerene interfaces. In the second part, we develop a rigorous

parametrization technique that allows us to model push-pull polymers. These

polymers include PCDTBT and KP115 which have a more complex molecular

structure than homo-polymers like the one considered in the first part. We

use the QCFF/PI method as well as electronic structure calculations to inves-

tigate the influence of molecular structure and donor-acceptor orientation on

charge transfer and recombination. The pathways linking exciton formation,

charge transfer and thermal relaxation are explored, particularly in the con-

text of dependence in the morphology of the donor molecules as well as the

non-adiabatic coupling between excited states.
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Chapter 1

Introduction

1.1 Organic Solar Cells

In recent years, solar cells employing organic semi-conductors have

gained wide-spread attention in both academic and commercial communities.

In contrast to the inorganic cells which presently dominate the market, organic

photovoltaic (OPV) cells are promising in terms of their lower-cost, flexibility,

and ease of processing. OPV cells are composed of an organic active layer

sandwiched between two metallic conductors, typically a layer of indium tin

oxide (ITO) with high work function and a layer of low work function metal

such as aluminum, magnesium or calcium. Photo-excitations of the active

layer produce electron-hole pairs (excitons) bound together by an electrostatic

force. The potential bias arising from the difference in work function between

the outer layers helps to separate the excitons, upon which the electrons and

holes are collected at the cathode and anode respectively. The power con-

version efficiency (PCE), calculated as the ratio of generated electricity to

incoming light energy, is used as a measure of the general efficiency of a solar

cell.

There are several different ways to categorize OPV cells. One way is
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to consider whether the organic layer is composed of small molecules or π-

conjugated polymers. The work in this dissertation will be focused on the

research of polymer OPVs. A second type of categorization depends on dif-

ferences in the fabrication of their active layer. The first generation OPV

solar cells were single-layer devices composed of only one type of organic

conjugated molecule. The differing work functions between the organic layer

and the metal with the lower work function resulted in a so-called Schottky-

barrier[1, 2] which facilitated charge separation. The potential bias in these

types of cells was not sufficient to efficiently separate the electrons and holes

leading to poor PCEs. The most successful cells were based on merocyanine

dyes with PCEs of ∼0.7%.[3, 4] As an improvement, donor-acceptor bilayer

planar hetero-junctions were first introduced by Tang in 1986 which achieved

PCEs of around 1%.[5] This result was not surmounted for many years. The

donor and acceptor polymers are chosen such that there is an energy differ-

ence between the lowest unoccupied molecular orbital (LUMO) of the donor

and highest occupied molecular orbital (HOMO) of the acceptor, providing an

additional driving force for the dissociation of excitons.

This planar junction concept has certain limitations however, includ-

ing a small surface area between the donor-acceptor interfaces and the re-

quirement of long carrier lifetime to ensure that the electrons and holes reach

their respective electrodes. This problem was first addressed by Hiramoto et

al. by introducing the bulk heterojunction (BHJ) cell, which involves mix-

ing the donor and acceptor materials in a bicontinuous interpenetrating net-
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work.[6, 7] Finally, the adoption of C60 fullerene and its derivatives (such as

[6,6]-phenyl-C61-butyric acid methyl ester, PCBM) as the acceptor molecule

in these devices was a major breakthrough in OPV technology.[8] The first ef-

ficient BHJ cells were independently realized in 1995 by the groups of Heeger

and Friend.[9, 10] Polymer-fullerene systems currently dominate the field of

high-efficiency OPVs and will be the focus of this research.

1.1.1 Donor-Acceptor Copolymers

The early years of polymer solar cell research focused on homo-polymers

such as MEH-PPV (poly(2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene)),

and P3HT (poly(3-hexylthiophene-2,5-diyl)). The solar cell devices using

these polymers usually delivered limited PCEs,[11] though P3HT is a marked

exception, which will be described in section 1.3.1. The low PCEs were

usually attributed to the homo-polymers narrow absorption spectra and the

non-ideal HOMO/LUMO energy level placements that limited the organic

solar cell’s short circuit current (JSC) and open voltage current (VOC) re-

spectively.[12] Thus, alternating copolymers (named donor-acceptor (D-A) or

push-pull copolymers) were developed where the alternating units consist of

electron-donating and electron-accepting moieties. With the rational selection

of D-A units, it is possible to control the photophysics of the polymers and

consequently the charge photogeneration efficiency of the organic solar cell.[13]

The principle of HOMO/LUMO energy level manipulation is based on

molecular orbital theory. The HOMO of the donor unit will interact with the

3



HOMO of the acceptor unit and will generate two new occupied molecular

orbitals. Likewise, the LUMOs of the donor and acceptor unit will generate

two new unoccupied molecular orbitals. The energy gap between the newly

formed HOMO and LUMO will thus be smaller than if the polymer was com-

posed only of the repeating donor or acceptor unit. Additionally, this mixing

of units allows for the HOMO and LUMO energies to be engineered indepen-

dently of each other. It was also originally hoped that intramolecular charge

transfer would be possible by judicious selection of donor and acceptor units.

Research however has not seen a clean CT state develop on D-A copolymers.

Instead, the exciton formed on a D-A copolymer consists of a delocalized hole

and an electron density localized on the acceptor units of the polymer.[14–16]

In section 4, further research on the interaction of D-A copolymers will be

presented.

1.2 Charge Separation at the Donor-Acceptor Interface

The process of charge separation - though central to the successful func-

tioning of organic solar cells - interestingly has not yet been fully understood.

It is most often described by a simple model where the offset HOMO/LUMO

levels of the donor and acceptor molecules act as the main driving force of

charge separation, as shown in Figure 1.1. When the system is irradiated, the

electron jumps to the LUMO of the donor, leaving a hole behind in the HOMO

(Figure 1.1a).
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Figure 1.1: (a) Energy level diagram of a donor/acceptor interface showing a
simplified viewpoint of photoexcitation of an electron into the donor LUMO
followed by electron transfer into the acceptor LUMO and migration of the
separated charges away from the interface. (b) Illustration of the formation of
interfacial electron-hole pairs or CT states. The energy of this state depends
upon the Coulomb attraction of the electron and hole and therefore their
spatial separation, as illustrated by the dotted curve.

5



Following this, exciton dissociation is often described as a two to three

step process, illustrated in Figures 1.1b and 1.2.[17, 18] First, if the exciton

formed away from the interface it may migrate to the polymer-fullerene in-

terface where it may be subsequently quenched by electron transfer to the

fullerene molecule. This new excited state, called a charge transfer (CT)

state is not normally accessed from the ground state due to the low oscillator

strength of CT excited states. Despite the electron and hole being located on

two separate molecules at this stage, there is still a significant Coulombic at-

traction between the charges greater than the thermal energy kbT which must

be broken. This step in the photogeneration process is an important one, and

an intermediary on the way to the final charge separation where the electron

and hole are completely unbound.

The theory developed by Onsager[19] and Braun[20] was one of the

first that broached the subject of electron-hole separation and recombination.

It utilizes the idea that photoexcitation initially generates a hot electron and

hole. Onsager defined the Coulomb capture radius,

rc =
e2

4πεrε0kbT
(1.1)

where e is the charge of an electron, εr is the dielectric constant of the

surrounding medium, ε0 is the permittivity of vacuum, kb is the Boltzmann

constant, and T is the temperature. The Coulomb capture radius is thus the

distance the charges need to be apart from each other such that the Coulomb
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Figure 1.2: Schematic of charge dissociation at a polymer:C60 interface. The
polymer singlet exciton diffuses to the interface, where electron transfer to the
C60 occurs to generate the CT state. The CT state (laterally offset from the
site of exciton dissociation for clarity) has an initial electron-hole separation
distance of a (the thermalization length). Onsager theory would predict that
the probability of full dissociation into the free charge carriers depends upon
the ratio between a and the Coulomb capture radius, rc.

attraction energy equals the thermal energy kbT . The model further proposed

that the electron, due to its excess thermal energy, thermalizes at a certain

distance (the thermalization length, a) from the hole. If the thermalization

length is greater than the Coulomb capture radius, the charge carriers are

considered to be fully dissociated.

An electric field, depending on its strength and direction, would thus

influence the recombination or further separation of the electron and hole in

7



a CT state. Being a theory based on classical mechanics however, it did

not look at the behaviour of the electron and hole in an exciton state before

CT. Based on classical mechanics, an exciton where the electron and hole are

separated solely by their molecular orbital energies would annihilate each other

and not exist. In Chapter 3, the effect an electric field has on the non-spatially

separated exciton and its dissociation into a CT state will be addressed.

The process of CT described above is complicated by the method by

which organic solar cells arrive at CT states. First, depending on the irradi-

ation wavelength the exciton can potentially form anywhere in the solar cell

active layer. It can not only be delocalized over the repeat units of the donor

polymer, but also form on the acceptor molecule, or even spread over multiple

molecules. Additionally, the pathway to CT can be far more convoluted. For

example, instead of a simple electron transfer from the donor to the acceptor,

the exciton could form on the acceptor instead, and CT occurs by hole trans-

fer from the acceptor to the donor molecule. This process has been seen in

oligophenylene-fullerene dyads.[21]

1.3 The Problem of Recombination

The exciton will undergo radiative and non-radiative decay where a

typical exciton lifetime is in the range of 100 ps to 1 ns.[22] Additionally,

organic materials usually exhibit optical absorption depths of approximately

100 nm and exciton diffusion lengths ranging between 4 and 20 nm.[23, 24]

The efficiency of BHJ solar cells therefore is limited by the requirement of the
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exciton to reach the donor/acceptor interface within its diffusion length and

lifetime limitations. If these conditions are not met, the exciton will decay to

the ground state and no photogeneration will occur.

If the exciton reaches the interface before decaying and undergoes CT,

the electron and hole must reach the opposite electrodes without recombining.

Geminate recombination occurs when the electron and hole that came from the

same original exciton recombine (such as from a bound CT state). Bimolecular

recombination on the other hand involves the recombination of fully dissociated

carriers which did not originally belong to the same bound exciton. Due to

the disordered active layers of BHJ solar cells, carrier mobility is usually low,

leading to diffusion-limited - known as Langevin-type - recombination.[25] In

this case the recombination rate is described by the Langevin recombination

coefficient[26],

βL =
e(µp + µn)

εrε0
(1.2)

where µp and µn are the hole and electron mobilities respectively.

1.3.1 Non-Langevin Recombination

Most reported polymer:PCBM bulk heterojunction solar cells exhibit

close to Langevin recombination characteristics. In order to maximize charge

collection, the optimal active layer thickness in these Langevin polymer:PCBM

blends is therefore often limited to relatively thin active layers generally less
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than 100 nm. This requirement for thin active layers to produce efficient de-

vices limits the light harvesting efficiency and the use of optical enhancements

such as optical spacer layers (MoOx or TiOx for example)[26, 27] or silver

nanoparticles[28] that are often used to increase photon harvesting.

Attempts have been made to design devices with suppressed recombi-

nation rates which would allow for thicker active layers to be employed. The

carrier mobility can change orders of magnitude depending on the film prepa-

ration techniques, solvents used for film deposition, time, and temperature of

the thermal treatment.[29] As such, the first photovoltaic device to display re-

duced (non-Langevin) bimolecular recombination behaviour utilized annealed

P3HT.[25, 30]

Then recently a new donor-acceptor copolymer, KP115 (poly [(4,4-

bis(2-ethylhexyl) dithieno[3,2-b:2,3-d]silole)-2,6-diyl-alt-(2,5-bis 3-tetradecyl-

thiophen-2-yl thiazolo 5,4-d thiazole)-2,5diyl]) was synthesized which also caused

non-Langevin recombination dynamics.[31] This raised the question of whether,

along with processing techniques, the recombination rate in polymer:PCBM

devices could be controlled through their atomic structure as well. We begin

the study on this topic by first studying PCDTBT (poly[N-9-heptadecanyl-2,7-

carbazole-alt-5,5-(4,7-di-2-thienyl-2,1,3-benzothiadiazole)]), a donor-acceptor

copolymer that exhibits Langevin recombination, before studying KP115 and

its repeating, d-orbital containing, silole rings. We then begin studying KP115

with a look into its silicon atom using a p-orbital approximation, the details

of which are described in Chapter 5.
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1.4 Theoretical Models Simulating Organic Solar Cells

Theoretical models have contributed greatly to the understanding of

electronic properties of the conjugated molecules used in solar cells. However,

the coupling between numerous π molecular orbitals is a great computational

challenge in dealing with π-conjugated systems. To adequately model these

systems, intermolecular interactions that include Coulombic, excited-state and

charge-transfer interactions, need to be properly considered. For the polymer

solar cell research in this work, the size of the molecules and their flexibility

leads to an even greater complexity. Molecular packing and thermal motion

of the polymer chain have a large effect on electron/hole movement and be-

haviour, leading to a need for molecular dynamics (MD) calculations that

allow full mobility of the polymer backbone. A realistic theoretical inves-

tigation of the electronic behaviour of organic solar cells therefore needs to

combine a description of the excited states of the conjugated molecules as well

as the evolution of these potential energy surfaces over time as the molecules

thermally distort.

The most accurate ways of calculating excited state energies are using

quantum mechanical ab initio methods such as Hartree-Fock (HF), post-HF,

or Density Functional Theory (DFT) calculations. However, these methods are

extremely computationally intensive. Even if short oligomer chains are used as

proxies for the full polymer systems, the size of the molecules makes ab initio

calculations intractable if the energy is calculated for the whole series of con-

figurations generated by MD simulations. Semi-empirical calculations, such
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as methods based on the Intermediate Neglect of Differential Overlap (INDO)

method[32, 33] and the Pariser-Parr-Pople (PPP) method[34–36], scale far bet-

ter with system size as they employ many more approximations than ab initio

methods. They therefore require extensive parametrization, but if done cor-

rectly are quite accurate and can be used for very large systems. Of these

semi-empirical methods, the PPP method is used especially for π-conjugated

systems as its Hamiltonian approximation considers only the electrons in the

pz atomic orbitals.

Combining these methods together into a mixed quantum/classical

molecular dynamics (MQCMD) approach allows for the quantum simulations

of conjugated systems that can evolve with time. We employ the QCFF/PI

method which uses the PPP Hamiltonian for the electronic stucture calcula-

tion using the π-electrons, while the nuclei and the rest of the electrons not

involved in the conjugation are combined in a parametrized force field describ-

ing the molecular back-bone. MD calculations are employed for new molecular

structure generation. Additionally, Single Configuration Interaction (CIS) is

used for excited state energy calculations. The parametrization is based on

HF, post-HF (CIS and Møller-Plesset perturbation theory of the second or-

der (MP2)) and experimental data and will be explained in detail in the next

sections.

This dissertation is organized as follows: Chapter 2 details the QCFF/PI

method and the parameters used in the approximations. Chapters 3 and 4 de-

scribe applications of the QCFF/PI method to study organic polymer solar
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cell interfaces. In particular, in Chapter 3 we investigate the effect of the

electric field at the interface, and in Chapter 4 we investigate the electronic

behaviour of D/A copolymers. Chapter 5 then presents preliminary work in

the study of recombination[37]. Finally, Chapter 6 presents the conclusions of

the dissertation work.
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Chapter 2

QCFF/PI Method

The model detailed in this dissertation is based on the QCFF/PI method

developed by Karplus and Warshel[38] and further developed and parametrized

by Rossky and co-workers[39–41]. It is an MQCMD approach that combines

the semi-empirical PPP method[34–36] with MD simulations, allowing for the

modeling of the potential energy surfaces guiding the dynamics of flexible or-

ganic conjugated polymer chains.

Like most semi-empirical methods, the PPP Hamiltonian employs a

zero-differential orbital approximation that removes the necessity of calculat-

ing costly two-electron repulsion integrals. The PPP method approximates

the two-electron repulsion integral by using a one-center repulsion parameter

which will be detailed later in this chapter. The PPP Hamiltonian describes

the electronic potential by only considering the electrons involved in the π-

system. The σ, lone-pair, and inner shell electrons as well as the nuclear

interactions are combined in a parametrized mechanical force field. Excited

states are calculated using CIS, and the system hopping between excited states

is allowed using Tully’s state switching algorithm[42].

Below, the method is described in more detail.
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2.1 Ground State

The ground state potential energy VTOT is calculated in two parts,

VTOT = Vσ + Vπ (2.1)

where Vσ is the classical potential, and Vπ is the electronic part of the

potential.

2.1.1 Mechanical Force Field

An empirical force field describes the mechanical interactions between

all atoms in the simulated system. The classical potential Vσ is composed of

bonded and nonbonded interactions,

Vσ = V B
σ,conj + V B

σ,conj−sat + V NB
σ (2.2)

where the subscript conj refers to the atoms involved in the π conju-

gated system and the subscript sat refers to the rest of the atoms. The bonded

potential between conjugated atoms is described as,

V B
σ,conj =

∑
i

(e2α(bi−b0)) − 2e2α(bi−b0))) +
1

2

∑
i

(Kθ(θi − θ0)2 + F (qi − q0)2)

+
1

2

∑
i

(K
(1)
φ cosφi +K

(2)
φ cos2φi) +

∑
i

Kθθ′(θi − θ0)(θi′ − θ0)cosφi

(2.3)
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where the first summation represents the bond stretching between two

adjacent π atoms and has the form of a Morse potential where bi is the bond

distance between the atoms. The second term represents the angular bending

with θi being the angle between three consecutively bonded atoms and qi is the

distance between the first and third atoms. The torsional potential in the third

term is described by the one-fold K
(1)
φ and two-fold K

(2)
φ force constants and

the torsional angle φi around three consecutive bonds. The last summation

describes the two angles whose motions are coupled to the torsional angle

centered around the same bond.

Similarly, the bonded potential between a mix of conjugated and satu-

rated atoms is described as,

V B
σ,sat−conj =

1

2

∑
i

(Kb(bi − b0)2 + 2Db) +
1

2

∑
i

(Kθ(θi − θ0)2 + F (qi − q0)2)

+
1

2

∑
i

(K
(2)
φ cos2φi)

(2.4)

where the first term is the bond stretching potential again but in this

case is described by the harmonic potential where Kb and Db are the force

constants.

The non-bonding potential is then described by,

V NB
σ =

∑
ij

(Ae−µrij −Br−6ij ) (2.5)
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where rij is the distance between atoms i and j respectively.

2.1.2 PPP Hamiltonian

The electronic part of the potential can be described as,

Vπ =
∑
µν

Pµν(Hµν + Fµν) (2.6)

where Pµν , Hµν , and Fµν are, respectively, the bond-order, one-electron

core, and Fock matrix elements between π atoms µ and ν. The bond-order

matrix elements are given by,

Pµν = 2
n∑
i

ciµc
i
ν (2.7)

where the summation runs over all n occupied molecular orbitals and

ciµ and ciν are the ith molecular orbital coefficients at atom sites µ and ν. The

Fock matrix elements are described by,

Fµν = Hµν −
1

2
Pµνγµν

Fµµ = Hµµ +
1

2
Pµµγµµ +

∑
ρ 6=µ

Pρργµρ
(2.8)

where the elements of the γµν matrix describe the electron-electron

repulsion represented by the Mataga-Nishimoto relation[43].

γµν =
e2

Rµν + aµν
(2.9)
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aµν =
e2

γµµ + γνν
(2.10)

where e is the electron charge, Rµν is the distance between atoms µ

and ν, and γ describes the one-center repulsion at atom sites µ and ν.

The off-diagonal elements of the one-electron core matrix are treated

at the same level of approximation as Hückel theory where only bonded sites

contribute to the H matrix,

Hµν =

{
β0
µνcosθ, if µ, ν covalently bonded

0, otherwise
(2.11)

where β0
µν is the resonance parameter evaluated by the Linderberg ap-

proximation[44] for a fixed distance between atoms µ and ν. To account for

the effect of the torsional rotation around a π bond, β0
µν is modulated by cosθ

that varies with the angular rotation.

β0
µν =

~2

meRµν

dSµν
dRµν

(2.12)

where ~ is Planck’s constant over 2π, me is the electron mass, and Sµν

is the overlap integral between two pz atomic orbitals at sites µ and ν. A

numerical fit is used to evaluate the gradients in this equation,

β0
µν = exp(−µµν(Rµν −Req

µν))(β
µν
1 + βµν2 (Rµν −Req

µν)) (2.13)
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where µµν , β
µν
1 , and βµν2 are the fitting parameters. The diagonal ele-

ments of H are defined by,

Hµµ = αµ −
∑
ρ 6=µ

Zργµρ (2.14)

where αµ is the valence ionization parameter at atomic orbital µ, and

the summation represents the electron core repulsion. Zp is the core charge at

the ρ site which is equal to the number of electrons the atom donates to the

π system. γµµ is calculated as the difference between the valence ionization

potential and electron affinity (I − A).

The MO coefficients and energies are then calculated by diagonalizing

the Fock matrix,

M−1FM = E. (2.15)

A new P matrix is then calculated using the eigenvectors recurseively

until a variational ground state energy is found.

2.2 Excited State

The excited-state energies are calculated using single excitation config-

uration interaction (SCI). In the SCI formulation, an excitation involves the

promotion from and occupied atomic orbital i to an unoccupied atomic orbital

a. The SCI wave function matrix A has elements,
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〈ψi→a|(Hel − Vπ)|ψj→b〉 = δijδab(εa − εi) +
∑
µν

cjµc
a
ν(2c

b
µc
i
ν − ciµcbν)γµν

= Amn

(2.16)

where 〈ψi→a is the determinant of the molecular orbital |ψ〉 where the

vector i is replaced by the unoccupied vector a, Hel is the total electronic

Hamiltonian, εi and ci are the molecular orbital (MO) energy and coefficients

of the ith pz orbital. For the indeces m and n standing in for the i → a and

j → b transitions respectively. The A matrix is then diagonalized to find the

CI eigenvalues and eigenvectors,

C−1AC = ECI . (2.17)

The Ith CI wavefunction is thus described as,

|ΨI〉 =
∑
n

CI
n|ψn〉. (2.18)

Thus, the total energy of a system when it is excited into the Ith CI

state is given by,

EI
TOT = K + VTOT + EI

CI (2.19)

where K is the total kinetic energy of the classical degrees of freedom

and VTOT and EI
CI are the total ground state potential and I th CI excited state

energy that were defined above.
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2.2.1 Non-Adiabatic State Switches

If new CI coefficients, BI(t), are defined such that the quantum me-

chanical states of the system are expanded into adiabatic CI states then,

|Φ(R, r, t)〉 =
∑
I

BI(t)|ΨI〉 (2.20)

where the equations of motion for the expansion coefficients BI(t) can

be derived using the time-dependent Schrödinger equation,

i~ḂI = BI(E
I
CI − Vπ)− i~

∑
J

BJṘ · dij (2.21)

The NA coupling vector dIJ is given by,

dij = 〈ΨI |∇R|ΨJ〉

=
∑
n

CI
n∇RC

J
m +

∑
nm

CI
nC

J
m〈ψn|∇R|ψm〉

=

∑
nm

CI
nC

J
m∇RAnm

EI
CI − EJ

CI

+
∑
nm

CI
nC

J
m〈ψn|∇R|ψm〉

(2.22)

where the gradient terms are expanded and shown to be dependent on

the energy difference between CI excited states.

With the details of the equations of motion for the expansion coefficients

given above, the transitions between excited states can now be described.

Tully’s fewest switching algorithm calculates the probability of a transition

occurring between t and t+ dt from state K to I as,
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PK→I =

∫ t+dt
t

dtbIK(t)

B̃∗K(t)B̃K(t)
(2.23)

where,

bIK(t) = −2Re[B̃∗K(t)B̃I(t)Ṙ · dIK ]+

2~−1Im[B̃∗K(t)B̃I(t)V
qm
IK (t)]

(2.24)

The integration of bIK(t) is done numerically using linear interpolation

for Ṙ · dIK and V qm
IK (t). Transitions between states are determined at every

time step based on the probability calculated above.

2.3 Appendix A

The calculation of the electron and hole probability density for each

excited state is described in the following section. Within the zero-differential

orbital approximation the charge density for a closed-shell molecule described

by a single determinant wave function is simply the sum of charge densities in

each of the occupied MOs. Since the single-excitation configurations interac-

tion (SCI) procedure is used for the calculation of excited state energies and

forces, it is known exactly which MOs are occupied in the excited state.

For each excited state I, the contribution of each transition from MO i

to MO v can be calculated using the CI coefficients. When an electron leaves

one of the filled MOs (spanning from MO i to MO v − 1) and occupies one of

the virtual MOs (spanning from MO v to MO n) the electron density exists in
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one of the MOs from v to n and the hole density exists in one of the emptied

MOs from i to v− 1. For the I th excitation, all CI transitions are summed up

in eIv to get the total contribution from each newly filled virtual orbital v,

eIv =
v−1∑
i

(CI
i→v)

2. (2.25)

Similarly, all CI transitions are summed up in hIi to get the total con-

tribution from each newly empty orbital i,

hIi =
n∑
v

(CI
i→v)

2. (2.26)

The electron density on each atom can then be calculated by summing

over the MO coefficients,

ρIe(µ) =
n∑
v

eIi (c
v
µ)2. (2.27)

The hole density on each atom is calculated similarly,

ρIh(µ) =
v−1∑
i

hIi (c
i
µ)2. (2.28)

In further chapters, the “type”–EX or CT–of each excited state is de-

termined by summing the charge densities on each atom over the π atoms in

each molecule. If both the electron and hole densities are on one molecule, the

system is in an EX state. If the electron and hole densities are on separate

molecules, the system is in a CT state.
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2.4 Appendix B

The following details an interesting insight that was gained over the

course of the parametrization of the model. A number of parametrization

procedures were attempted and discarded, one of which was the matching

of the charge distribution on the polymer backbone with that of ab initio

calculations. In order to accomplish this, the electric dipole moment of the

monomers making up the polymer chain were calculated at the HF level. The

dipole moment of each monomer ~µ was calculated as,

~µ =
∑
i

qi~ri (2.29)

where qi is the charge and ~ri is the position of every π-atom i. The

charge on each atom was varied to match the dipole moment resulting from the

QCFF/PI simulations to that of the HF calculations. As an example, Figure

2.1 shows the charge of sulfur in the ground and first excited states according

to the variation of the PPP parameters.
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Figure 2.1: Electron charge on sulfur in the (a) ground and (b) excited state
as PPP parameters are varied.
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As the PPP parameters are varied, the electron charge on the sulfur

atom reaches a maximum of 0 (ie. no electron density is present) and a mini-

mum of -2 (ie. 2 electrons are present). To explain this limited electron charge

range, one can simply state that the PPP Hamiltonian only considers a single

atomic orbital per atom, and an atomic orbital can only be occupied by a

maximum of two electrons. However, there is an interesting explanation that

comes from the mathematical properties of molecular orbitals (MOs).

From eq. 2.15, the MO matrix, M, is the result of the eigendecom-

position of the Fock matrix, F. To ensure that the eigenvalues of F are real

(MO energies must be real), F must be symmetric (a square matrix with the

property that Fij = Fji for all i and j). A second property of symmetric

matrices is that their eigenvectors will always be mutually orthogonal. The

columns of the MO matrix represent the individual MOs. If these eigenvectors

are normalized, the result is an MO matrix with orthonormal columns. A set

of orthonormal MO vectors that are scaled by 2 would represent the realis-

tic physical system where every MO is occupied by only two electrons. The

atomic orbitals should also only be doubly occupied (or more simply speaking,

normal vectors). This property interestingly comes about automatically due

to the properties of the MO matrix.

The rows of the MO matrix represent the atomic orbitals (AOs) - one

on each atom - and there are as many MOs as AOs. M is thus a square matrix

with orthonormal columns with the property,
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MTM = I (2.30)

and,

MT = M−1 (2.31)

Invertible matrices have the property that,

M−1M = MM−1 = I (2.32)

Therefore,

MTM = MMT = I (2.33)

It follows then that if M has orthonormal columns, MT does also. The

rows of M are thus orthonormal, because the columns of MT are the rows

of M. It is proven then that if every MO is occupied by a maximum of 2

electrons, there can only be a maximum of 2 electrons at the location of each

atom.
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Chapter 3

Investigation on the Role of Electric Fields in

Driving Charge Dissociation

3.1 Introduction

The donor/acceptor interface of organic semiconducting molecules is

the location of critical events in the photocurrent generation process. A key

aspect to understanding this process is the presence of interfacial electric

fields. Ultraviolet photoelectron spectroscopy (UPS) and vibrational Stark

effect spectroscopy (VSES) measurements have reported values of vacuum

level shifts for organic solar cells from 0.1-1 eV [45, 46] as evidence of an elec-

tric dipole at the interface. They are reported to arise from sources such

as charge collection at the electrodes and in the photoactive layer.[47] These

fields have been shown to affect the overall organic photovoltaic (OPV) device

performance by modifying the open circuit voltage[46] and electronic energy

level alignment.[48] To date, a complete molecular-level understanding of the

electric-field-dependent behaviour of charges in OPVs remains obscure.

The process of charge separation in OPV devices has been studied

since their inception.[49] Following an initial photoexcitation, an exciton state

is populated wherein a bound electron-hole pair is delocalized on the donor
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molecule. Next, a charge transfer (CT) state, where the charges are still

Coulombically bound but the electron has migrated to the acceptor molecule

a so called geminate pair has been argued to be a necessary next step in charge

transfer before arriving at a fully charge separated (CS) state.[50–52] CT states

are unlikely to be populated directly from the ground state by photoexcitation

due to their low oscillator strengths. It is thought that an energy gap of a few

tenths of an eV between the lowest unoccupied molecular orbitals (LUMOs)

of the donor and acceptor is enough to dissociate the excitons.[53] However,

considering the donor and acceptor materials separately neglects the significant

influence of electrostatic dipoles at the heterojunction interface.

The Onsager-Braun model was one of the first models describing electron-

hole separation influenced by electric fields, and focused on geminate pair dis-

sociation and recombination.[19, 20] Being a classical description, an exciton

would not be affected by the electric field because a non-spatially separated

electron and hole would annihilate each other. The majority of research fol-

lowing this has also focused on the effect of electric fields on charge separation

after charge transfer has already occurred. It is generally accepted that an

electric field will aid in lowering the binding energy of the bound electron-hole

pair, increasing the rate of geminate pair dissociation.[54–56] However, since

an electric field alters the interfacial energy level alignment, there is a possible

effect on the initial exciton dissociation as well. There have been few studies

on this process, some reporting that the electric field causes the quenching

of the singlet exciton emission[57–59], while others have seen no effect[60, 61].
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Elucidating the process by which an electric field affects the initial interfacial

charge transfer would therefore be a crucial step towards completely clarifying

the multi-step process of charge separation.

Geminate pairs created by interfacial charge transfer are not easily ob-

served unambiguously. They have short lifetimes, are difficult to track[46] and

to distinguish from charge separated species[57, 62]. Additionally, molecular

order plays a fundamental role in the excited state properties of conjugated sys-

tems. Attempting to understand the relevant electron dynamics would benefit

greatly from a study of the potential energy surfaces involved in the electron

transfer processes. These issues can be addressed by employing a mixed quan-

tum/classical molecular dynamics (MQCMD) model that treats the important

quantum mechanical degrees of freedom explicitly and allows for non-adiabatic

transitions between excited states. This model provides specific physical ex-

planations for the electronic behaviour at the interface and allows for the study

of complex systems that would otherwise be too computationally expensive to

investigate fully quantum mechanically.

In this study, we look at a model oligothiophene/fullerene (C60) in-

terface using single and π-stacked sexithiophene (6T) oligomers to study the

influence of electric fields in the -0.6 to +0.6 V/nm range. We discuss the ef-

fect of the magnitude and direction of electric fields on CT state energy levels

and CT rates.
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3.2 Methods

In order to study the potential energy surfaces guiding the dynamics

of electron transfer at organic interfaces, the nuclear and electron dynamics

of very large molecules need to be simulated. To make these calculations

computationally feasible, an MQCMD approach was taken. This technique

was developed by Lobaugh and Rossky for the simulation of betaine-30.[39, 63]

The method is based on the QCFF/PI formalism first described by Warshel

and Karplus.[38] It has been previously used to show charge transfer dynamics

between oligophenylenevinylene (PPV) chains[40, 64] as well as polaron (bound

electron-hole pair) formation on the backbone of these oligomer chains under

an applied electric field of 1.04 V/nm[41].

This approach divides the conjugated system into a classical and a

quantum subsystem. If the linear combination of atomic orbitals (LCAO)

method is considered, most of the transitions between excited states are be-

tween the low-lying states of mainly π character. The quantum treatment

can thus be reserved for the π electronic system described by the Pariser-

Parr-Pople (PPP) Hamiltonian[34–36], while the σ-core charge interactions

– inner shell electrons and nuclei – are treated implicitly and classically as a

non-polarizable core potential. The classical potential describes a fully flexible

molecular backbone and is modelled using an empirical molecular mechanics

force field, the details of which can be found in former publications.[40, 63]

Using an instantaneous molecular morphology the ground state energy,

the molecular orbitals and the forces that the π-system exerts on the nuclei are
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calculated with the PPP Hamiltonian. Combining these forces with those aris-

ing from the classical potential, the nuclear positions are propagated through

time using a constant-energy velocity Verlet scheme with a 1 fs time step.

The excited state energies and forces are calculated using single excitation

configuration interaction (CIS), with the details found in a previous work.[39]

Non-adiabatic transitions between excited states are calculated using Tully’s

Fewest Switches Surface Hopping (FSSH) algorithm[42], and nuclear propaga-

tion is followed similarly as in the ground state.

The calculations were conducted on two different systems: a single 6T

molecule and a single C60 molecule, as well as two π-stacked 6T and a single

C60 molecule. There is evidence showing that interfaces of donor-acceptor

materials are characterized by high miscibility between organic molecules.[65–

67] While regions far from the interface have been shown to have a primarily

edge-on configuration[65, 68], the intermixed areas at the interface displayed

both edge-on and face-on configurations for H2Pc/PCBM blends[67] and a

mainly face-on configuration for P3HT/PCBM blends[65]. For this reason,

the face-on configuration was chosen for this study of 6T/C60 interfaces.

A total of 100 trajectories were harvested by giving the atoms initial

random velocities chosen from a Boltzmann distribution. The molecular sys-

tems were then equilibrated for 50 ps at 298 K. The relative dielectric constant,

ε= ε
ε0

=2.7, was chosen to agree with the commonly recognized range of 2.5-3.0

for P3HT.[69, 70] For the carbon atoms belonging to fullerene molecules, a

constant shift in the carbon ionization potential was applied. It was chosen so
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that the relative energies of the LUMO for thiophene and the LUMO for C60

were consistent with the results of our DFT calculations. All other param-

eters pertaining to the molecular dynamics and quantum mechanical model

were chosen based on previous works[38, 71, 72], and are reported in Tables

3.1 and 3.2 in the Supporting Information. After equilibration in the ground

state, the systems were placed in an excited state to simulate photoexcitation.

The excited state was chosen from the first 25 states based on a probability

distribution weighted by oscillator strength; the higher the oscillator strength,

the greater the likelihood that state was chosen. From there, the 100 sys-

tems were allowed to relax non-adiabatically for 300 fs and the excited state

dynamics were tracked.

The vast majority of excited states found for the systems can be divided

into three types: exciton, CT, and donor-donor CT states. The exciton state

has both the electron and hole densities located on the same molecule (6T

or C60). The CT state was defined as more than 90% of the electron and

hole charge densities being on the C60 and the 6T molecule respectively. The

donor-donor CT state is only applicable to the π-stacked 2-6T/C60 system

where the electron density is on one of the 6T molecules and the hole density

is on the other 6T. A fully charge separated state is not seen in the systems

we study because of spatial constraints. The migrating electron can not get

farther than the first and only C60 molecule.

We applied a uniform external x-polarized electric field as was done

previously by Bedard-Hearn et al[41] that acts as a surrogate for the observed
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electric field. A positive field is defined as pointing from the donor to the

acceptor, by convention pushing a positive charge downfield. Thus, a positive

field would be destabilizing for a CT state where the hole resides on the donor

molecule in the orientation described. The initial equilibration of the systems

was not performed in a field, while the excited state dynamics were performed

in fields ranging from -0.6 V/nm to +0.6 V/nm.

3.3 Results and Discussion

3.3.1 Single Point Excited State Energy Calculations

The initial excited state energy gaps averaged over all 100 systems are

shown in Figure 3.1. The energy difference between the excited states and

ground state is plotted against the applied external electric field. As is seen in

the figure, below an energy gap of 2.5 eV, there is one group of lower energy

(cold) CT states and a second group of higher energy (hot) CT states. The

CT state energy levels were calculated by averaging the energies at each state

over all 100 harvested samples.

The energy gap between states is of great importance in charge transfer

dynamics. All initial excitations occupy exciton states due to the oscillator

strengths of these states being orders of magnitude higher than that of the CT

states. The 6T and C60 exciton states were thus each averaged into a single

band rather than reporting each individual state in order to get an ensemble

understanding for this figure. Additionally, the great majority of the initial

excitations occupy a 6T exciton state. For this reason, only the occupied states
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were used in the calculation of the 6T exciton band as the occupied 6T exciton

energy level has the most practical importance. Both the C60 and 6T exciton

state bands were calculated by taking the average over all the exciton states

of that particular type over the ensemble.

Figure 3.1: Energy gaps between excited states and ground state for all 100
systems of the single 6T/C60 interface at all studied applied electric fields.
The EX states are averaged over all states and all systems and reported with
their corresponding range within one standard deviation. The CT states are
reported as an average over all systems per state. The black line shows the
energy of a dipole separated by 0.65 Å in the electric field range shown. It is
translated vertically to align with the cold CT state energy gaps, so that only
the slope is relevant.
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From Figure 3.1, the CT states are seen to be highly electric field

dependent, whereas the exciton states are not. In the simple case of two point

charges, one with charge +q and the other with a charge of −q, the energy of

this dipole is linearly proportional to the electric field,

E = qdFcos(θ) (3.1)

where d is the vector between the charges, F is the electric field vector and θ

is the angle between the distance and field vectors. Both vectors are pointing

from the positive to the negative charges using our convention. If the separated

electron and hole are approximated by point charges (with a magnitude of 1)

centred at their average charge density position in the molecule, the energy of

the simple dipole rises with increasing electric field. Interestingly, this slope

replicates the one formed by rise of the CT state energies very well as seen

in Figure 3.1. The exciton state meanwhile, on average having no separation

between the electron and hole centres of density, has no dependence on the

field.

The system containing 2 π-stacked 6T chains has a greater excited state

density. First, a second exciton state appears as there are two donor molecules

that can now be photo-excited. Second, both the number of original hot and

lower energy CT states double because charge transfer can now occur from

either donor 6T to the C60. Depending on which 6T molecule the hole re-

mains on, the energy of the states will scale differently with electric-field due

to the electron-hole distance from the first or second 6T to the C60 molecule.
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Lastly, there is a new donor-donor CT state where the electron and hole re-

side on either of the two 6T molecules. Thus, the density of states increases

significantly with the addition of just one more donor.

3.3.2 First Electronic Transition

Following initial excitation, the molecules are allowed to relax non-

adiabatically in an electric field. The black line in Figure 3.2a shows the

fraction of trajectories which involve any kind of change of state type from the

initial excited state within the first 300 fs. These include the migration of the

exciton to the adjacent molecule, occupying a C60 exciton state. The types of

transitions making up this fraction, and the percent of their contributions are

shown below the line.

An applied field of -0.4 V/nm causes the highest number of trajectories

to change state, with the greatest contribution coming from the hot CT path-

way (shown in red). Approximately 15% of trajectories involve a transition

from a higher energy 6T exciton state to a C60 exciton. As the applied electric

field increases, the fraction of trajectories that leave the exciton state falls

significantly, and with that, so does the contribution from the hot CT states.

As the field increases, the percentage of trajectories leaving the exciton state

also increases slightly. This increase starts when the field exceeds 0 V/nm and

with it, there is an increased contribution from the C60 exciton and cold CT

pathways, though it is small. The contribution from the hot CT states con-

tinues to decrease while the field is increased, until at 0.6 V/nm, no trajectory
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passes through these states.

The reason for this fall in hot CT state contribution to the CT dynamics

pathway can be seen in Figure 3.1, where from -0.6 V/nm to -0.2 V/nm, the

exciton state is at a higher energy level than the hot CT states. The probability

of an electronic transition from one state to another will increase with the

coupling between states. This coupling is dependent on the energy gap and

non-adiabatic coupling matrix elements. A smaller energy gap will increase the

coupling between states and upward transitions are very unlikely. Accordingly,

the highest percentage of trajectories that have a change of state is when the

field is -0.4 and -0.2 V/nm, leading to the smallest positive gap between hot

CT and exciton states. As the CT state energies are linearly dependent on

the external electric field, an increasing field will destabilize the hot CT states,

raising them above the exciton state band. Thus, the trajectories switch into

the hot CT states from the initial exciton state with lesser probability.

At fields of 0.4 and 0.6 V/nm, the energy gap between exciton and cold

CT states are comparable to the ideal gap found at negative fields, where the

largest number of trajectories contained a transition. The trajectories at these

positive fields have nearly four times less chance of changing state however.

This leads to the conclusion that the matrix elements between the exciton and

cold CT states are not favourable, leading to a bottleneck if that is the only

pathway available for the charge transfer. If the initial excitation however is

in a high energy exciton (C60 or 6T), more pathways open up. More than 20%

of the trajectories at 0.6 V/nm have an initial transition from high energy

38



Figure 3.2: Fraction of trajectories exhibiting at least one charge transfer (in-
cluding the migration of an exciton to another molecule) during the excited
dynamics simulation, broken down by type of transition at every applied elec-
tric field studied. (a) Trajectories of the single 6T/C60 system. (b) Trajectories
of the π-stacked 6T/C60 system.
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6T exciton into a C60 exciton and an additional 5% have a transition directly

into a cold CT state. These results may seem surprising seeing as on the

first timestep the average C60 exciton state is 0.5 eV higher than the average

6T exciton state. At fields of 0.6 and 0.4 V/nm however, the excited state

energies fluctuate more significantly over time. As such, the C60 exciton state

is sometimes below the 6T exciton state energy level, thereby leading to the

described transitions.

Depending on the strength and direction of the electric field, those

states located between the exciton and lower energy CT states can act as

intermediaries in the excited state relaxation dynamics just as in the single

6T case. As was the case for the single 6T system, Figure 3.2b shows that

the first step of the dominant pathway remains the decay from a 6T exciton

to a hot CT state. Additionally there is still no contribution from cold CT

states at negative fields. However, unlike in the previous system, there is also

no contribution from the C60 exciton pathway. Instead, a small number of

trajectories first hop into a donor-donor CT state. With increasing electric-

field, the probability of charge transfer from an exciton to a donor-donor CT

or a cold CT state rises until at 0.4 V/nm the contribution of the cold CT state

rises above that of the donor-donor CT state. This observation was analysed

and the crossing does not appear to be caused by statistical error.
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3.3.3 Rate of CT

The faster an electron transfers from the donor to the acceptor and

reaches a CT state that is lower in energy than an exciton state, the lower the

probability of transfer back into an exciton state. This lowers the probability

of recombination over time consequently contributing to the improvement of

OPV device performance. As most state changes involve a transition from

an exciton state to a CT state, the overall rate of charge transfer naturally

follows from the measure of initial state changes. The charge transfer was

calculated by measuring the total excess charge on all C60 molecules at each

time step including both hot and cold CT state occupation. This gives a

measure of the extent of interfacial charge transfer over time, shown in Figure

3.3a. Following the previously described results, the fields which facilitate the

most likely occupation of hot CT states after excitation are also those with the

highest rate of charge transfer after 300 fs. This mirrors previous experimental

and theoretical work reporting the importance of the hot CT states pathway for

successful charge separation dynamics.[51, 73] Negative fields aid the transfer

of charge the most, with a field of -0.4 V/nm being the most advantageous as

in Figure 3.2a, followed by -0.2 V/nm and -0.6 V/nm. When a positive or no

field is applied, the system exhibits almost no charge transfer over the course of

the simulation, though under no applied field the system fares slightly better.
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Figure 3.3: Fraction of C60 molecules with a charge of -1 over 300 fs of excited
state dynamics simulation. (a) Shows the evolution of charge transfer for the
single 6T/C60 system and (b) for the π-stacked 6T/C60 system.
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The charge transfer rates are non-linear, with a more precipitous for-

mation of CT pairs in the first 100 fs. These rates depending on different

applied fields can be further investigated by fitting the curves from Figure 3.3

to an exponential decay (Figure 3.4). Looking again only at the single 6T case,

the CT rate trend follows the general trend shown in Figure 3.2, especially at

negative fields. This indicates that the more likely a system is to change state,

the higher the eventual charge transfer rate will be. Following this trend, the

highest CT rate occurs at -0.4 V/nm ( 5 electrons ps-1), followed by a pre-

cipitous drop after either the increase or decrease of the field strength as the

chance of hopping out of the exciton state decreases. The uptick occurring at

increasing positive fields in Figure 3.2a is not as apparent in Figure 3.4 due to

the fact that most changes of state at those fields are into a bound C60 exciton

state that is still high in energy, and only some of those trajectories find their

way to a CT state.

Conversely, when the initial state change is into a hot CT state, as it

is at negative fields, the new charge separated state is stabilized in the field,

lowering its energy further and aiding the trajectories thus to remain in a CT

state. One slight discrepancy occurs at a field of -0.2 V/nm where despite 60%

of trajectories having a state change, the overall rate of CT is low with only

40% of trajectories in a CT state at the end of 300 fs. This phenomenon is

caused by the close proximity of the 6T exciton to the hot CT states, leading

to many trajectories switching from the hot CT state back into a 6T exciton

by the end of the simulation. It should be noted that at negative fields and at
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the end of 300 fs of excited state dynamics, there is a 2:1 ratio of final hot CT

states versus cold CT states. The final occupied hot CT state is very close in

energy to the cold CT states, though it was not to begin with. Once a higher

energy hot CT state is first occupied, it follows an adiabatic transition to a

lower energy and exhibits a bottleneck hopping into the cold CT states.

Figure 3.4: Comparison between the rates of charge transfer of the single
6T/C60 and π-stacked 6T/C60 systems and at the different external electric
fields.

The larger density of states increases the fraction of pathways that
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exhibit a state change, resulting in the majority of the applied fields producing

a system conducive to charge transfer. The overall rate of CT increases as well

as there are more chances for the system to hop into a hot or cold CT state.

Additionally, there is a smaller variation in charge transfer rates depending on

field as is seen in Figures 3.3b and 3.4. As was the case in the single 6T system,

the long term CT rate scales with the number of trajectories that switch state

type once, especially for those trajectories that first switch into a hot CT state.

In general, the hot CT pathway is the most important to remaining in a CT

state. However, at certain fields, many trajectories switch out of the hot CT

state at higher rates. This happens more in this system than for the single 6T

system. It can be easily explained by the increased state density as was the

case in the single 6T case at -0.2 V/nm. The energetic proximity of the 6T

exciton to the hot CT caused a lower CT rate than would have been predicted

by the number of initial hops into the hot CT states at the beginning of the

trajectories.

Despite the increase of CT at all fields, a field of -0.4 V/nm still remains

the most beneficial for the transfer of charge, as it was in the single 6T/C60

case. Meanwhile, when no external electric field is applied, charge transfer

becomes less likely when compared to the system under the other studied

fields. In this larger system, the increased charge transfer rate at negative

electric fields trend is not as apparent. Electric fields of -0.4 and -0.6 V/nm

still allow for the highest rate of charge transfer, however at a field of -0.2

V/nm, the CT rate decreases and becomes similar to the rate at positive and
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no applied fields.

The increase in available pathways appears to minimize the effect of

the electric field. If one considers a physical device interface with multiple

donor and acceptor molecules, the number of CT states should rise even more,

though only molecules in proximity to the interface will result in CT states

that contribute to the charge transfer trajectories. The others will not be

energetically accessible by the exciton states. This increase in intermediary

states will lead to an overall increase in charge transfer at all electric fields, with

potentially even less variation. The direction of the electric field at real device

interfaces will also vary as the molecules will be randomly oriented in the film.

Overall, an increasing field will alter the CT state energies predictably. This

way, they will be raised closer in energy to or farther away from the exciton

state - where the energy proximity of two states will partly determine the short

and long-term rate of CT.

3.4 Conclusions

In this study, we looked at two model 6T/C60 systems using single

and π-stacked 6T oligomers and investigated the influence of electric fields on

the CT rates at OPV interfaces. By employing a mixed quantum/classical

simulation, we were able to see how the electron dynamics are influenced by

thermal relaxation of the oligomer and C60 backbones. Overall, we found that

an increasing field did not necessarily help or hinder charge transfer; instead it

either stabilized or destabilized the CT states depending on its magnitude and
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direction. This may help clarify the differing experimental observations. The

electric field effect appears to be dependent on its strength and direction, is

more pronounced at the start of exciton dissociation in a system, and possibly

varies over the surface of a solar cell film.

We saw that charge transfer rates were highly dependent on the cou-

pling between excited states–especially between exciton and CT states. The

energy gap between the initially excited state and the CT states were the great-

est predictor of short and long term CT rates. Hot CT states were the best

intermediaries for the transfer of charge, being the most frequently occupied

state after initial excitation. Cold CT states on the other hand did not appear

to be good intermediaries even when situated at a favourable energy difference

to the transferring state. The C60 exciton state was a surprising addition as a

possible pathway for the CT dynamics, though its influence disappeared with

increased density of states. Finally, charge transfer rates increase with the

density of states resulting from a more populated donor-acceptor system.

3.5 Supporting Information

The force field parameters that were used for this study are shown

in Table 3.1. The non-bonded potential parameters between atoms i, j were

calculated for Eq. 2.5 and based on the Lennard-Jones potential,

Vij(r) = 4ε

[(
σ

rij

)12

−
(
σ

rij

)6
]

(3.2)
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The values for ε and σ were calculated as,

ε =
√
εiεj (3.3)

and

σ =
σi + σj

2
(3.4)

where εi and σi are OPLS (Optimized Potentials for Liquid Simulations)

values. The parameters A, µ, and B were then calculated as,

A = 4εe12, (3.5)

µ =
12

21/6σ
, (3.6)

and,

B = 4εσ6 (3.7)

The values for εi and σi were sometimes modified from OPLS values[74]

such that the bond lengths calculated by QCFF/PI better matched that of ab

initio calculations.
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Table 3.1: Molecular Mechanics Force Field Parameters — Polythiophene

Bond Db α b0 Kb/2
C—C 87.94 1.700 1.46
C—S 65.00 1.786 1.78
C—H 103.10 1.08 339.0

Bond Angle Kθ/2 θ0 F/2 q0
C—C—C 52.8 2.094 32.05 2.56
C—C—H 24.0 2.094 29.54 2.18
C—S—C 50.0 2.094 30.40 2.50
S—C—C 50.0 2.094 30.40 2.90
S—C—H 15.0 2.094 26.50 2.18

Torsion K
(1)
φ /2 K

(2)
φ /2 Kθθ

X—C—H—X 0.8
X—C—C—X 2.3 0.6 -6.0
X—C—S—X 2.3 4.5 -10.0

Ring Torsion* g1 g2
Ring—Ring 7.195 0.061

Non-Bonded A µ B
C · · ·C 11392.935 3.012 560.439
C · · · S 18769.798 3.012 923.328
C · · ·H 7458.361 3.581 129.669
S · · · S 30923.410 3.012 1521.191
S · · ·H 12287.717 3.558 222.364
H · · ·H 4882.644 4.346 26.595

*The torsional potential is applied only to the atoms involved in the bonding
between thiophene rings and is of the form: UT = g1cos(2φ) + g2cos(4φ).
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The PPP parameters chosen for this study are shown in Table 3.2.

The one-center repulsion (γµµ) and valence state ionization (α) parameters

are based on those of Hinze and Jaffé[72]. The electronic interaction (reso-

nance parameter) between covalently bonded π-atoms is calculated using the

Linderberg approximation and based on the overlap integral between the pz

orbitals of covalently bonded atoms.

Table 3.2: PPP Hamiltonian Parameters — Polythiophene/C60

Site(µ) γµµ(eV ) αµ(eV )
Cpolymer 10.60 -11.45
Cfullerene 11.76 -11.78
S 9.79 -20.00

Bond(µ—ν) βµν1 βµν2 µµν Req
µν

C—C -0.089586 -0.019198 0.73868 2.640
C—S -0.078013 0.025506 0.81325 2.669

The electron and hole probability densities were calculated for select

geometries and excited states. They are shown in Figure 3.5. On the left is

a typical electron and hole distribution for an EX state, and on the right is a

typical distribution of charges when the system occupies a CT state.
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Figure 3.5: Electron and hole probability density visualizations. The semi-
transparent red and blue spheres represent the electron and hole densities
respectively. Their overlap in the EX state is represented as purple spheres.
A representative EX state is shown on the left, and a representative CT state
is shown on the right.
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Chapter 4

Investigation of the Charge Processes in

Donor-Acceptor Copolymer Systems

4.1 Introduction

Conjugated polymers with alternating electron-donating and electron-

accepting (D-A) groups along their backbone have recently emerged as an im-

portant class of materials used in bulk heterojunction (BHJ) solar cells. The

D-A alternating structure leads to molecular orbital hybridization between the

individual units and a desirable lower bandgap.[13, 14] It is also believed to

stabilize the quinoidal resonance form of the polymer.[75–77] The subsequent

decrease in bond length alternation, planarity, and increase in effective conju-

gation length also lowers the bandgap, enabling better harvesting of the solar

spectrum and higher photoconversion efficiencies (PCE).[78] Additionally, it

is possible to independently control the highest occupied molecular orbital

(HOMO) and lowest unoccupied molecular orbital (LUMO) energies by judi-

cious selection of donor and acceptor moieties respectively.[79, 80] Thus, the

control of the bandgap and HOMO energy level can be decoupled, keeping the

bandgap small while also lowering the HOMO energy. A low HOMO maxi-

mizes the open circuit voltage (Voc) and increases the stability of the pristine

material.[78]
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Through synthetic modifications of the push-pull polymers[79, 81–83]

and improvements in processing techniques,[84–86] BHJ solar cells composed

of D-A copolymers blended with PCBM have reached PCEs of 8%. How-

ever, they are still performing well below the Shockley-Queisser limit of 31%

for p-n junction solar cells.[87, 88] The generation of free charges after pho-

toexcitation of the material is one of the factors influencing solar cell effi-

ciency. This process, consisting of exciton formation and dissociation of the

charges has not been fully understood in the context of D-A copolymers. It is

generally believed that delocalized CT states are required for efficient charge

separation.[89–92]

In particular, the unique interplay between the electron-rich (D) and

the electron-poor (A) moieties and their interaction with acceptor molecules at

the interface is still unclear. Numerical methods allow for flexibility in this area

as they provide more control over geometries and results can be measured in a

much more detailed way. Using such methods, it has been found that excitons

formed on the backbone can have intrachain charge transfer (CT) character,

thus opening additional potential pathways for charge separation.[15, 16, 93,

94] However, the extent of the electron donating power of the electron-rich

unit is still debated. The theory that the electron-rich moiety does not act as

a localized donor is beginning to gain the most traction. It instead extends the

HOMO delocalization over the entire backbone, while the LUMO is localized

on the acceptor moiety.[14–16]

The goal of this study is to gain insight into the electron transfer be-
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haviour of D-A alternating copolymers at solar cell interfaces. In particular,

we investigate the electronic behaviour of the system in terms of the distance

between the acceptor molecule and the alternating units of the copolymer.

A dynamical approach that allows for time dependent studies which involve

molecular disorder and the dynamical behaviour of the excitons before CT

is ideal. A model is needed that provides specific physical explanations for

the electronic behaviour at the interface and allows for the study of com-

plex systems that would otherwise be too computationally expensive. We

address these issues by employing a mixed quantum/classical molecular dy-

namics (MQCMD) model based on the QCFF/PI model of Warshel.[38] It

treats the important quantum mechanical degrees of freedom explicitly using

the Pariser-Parr-Pople (PPP) method and allows for non-adiabatic transitions

between excited states. The PPP model has proven to be accurate in pre-

dicting spectra for single and fused ring aromatic molecules.[71, 95, 96] More

recently, the method has predicted wavelength, intensity, and bandwidth of

the lower energy transition of betaine-30 in acetonitrile.[39, 63] These parame-

ter sets were then applied to the modelling of oligophenylene vinelenes[40] and

oligothiophene/C60 interfacial systems due to the homogenous nature of the

polymers.

Here we study the prototypical PCDTBT push-pull polymer, first re-

ported by Leclerc and coworkers.[80, 97] It is formed from alternating electron-

rich dTBT (4,7-di(2-thienyl)-2,1,3-benzothiodiazole) and electron deficient CB

(9-(heptadecan-9-yl)-9H-carbazole) units. PCDTBTs alternating ring struc-
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ture composed of complex heterocycles of varying electronegativity make it

the most intricate oligomer studied to date using the QCFF/PI method. It

is important to note that dynamics can only be as accurate as the underlying

potential energy surfaces and electronic couplings. Attempts have been made

in the past to parametrize semiempirical methods by linking the parameters

to torsion angle, altering the nuclear charge[96] and replicating experimental

spectra and dipoles.[71, 95]

Our parametrization seeks to capture the necessary information that

allows for an accurate prediction of the CT behaviour of a dimer of PCDTBT

(2CDTBT) and C60 system. An oligomer of this size allows for both repeat

units to be flanked by the other unit, giving us insight into the behaviour of an

exciton in the center of a chain. An understanding of the evolution of photo-

induced excitons and their subsequent dissociation into bound electron-hole

pairs is relevant for a better understanding of all D-A copolymers as well as

to potentially guide the strategic development of future materials.

4.2 Methods

There is a large computational expense to calculating the excited state

energies of even a single geometry of a two molecule system quantum mechan-

ically. A dynamical calculation of the potential energy surfaces of such a sys-

tem is entirely prohibitive. To this end we the QCFF/PI method, which with

minimal parametrization, allows for such a calculation with affordable com-

puter resources and time. This method divides the system such that only the
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π-electrons are treated quantum mechanically using the semiempirical PPP

self-consistent field (SCF) method.[34–36] Excited state energies are calcu-

lated using single excitation configuration interaction (CIS). The atoms and

associated force field of the backbone are treated classically. The molecular

dynamics are calculated using Velocity Verlet while the electronic dynamics

are derived using the surface hopping algorithm of Tully (molecular dynamics

with quantum transitions, MDQT).[42] With this set of algorithms, the atomic

positions are calculated at each timestep (set to 1 fs), and the system evolves

on one non-adiabatic electronic surface at a time, hopping stochastically be-

tween states.

The probability of a transition from state K to I occurring between t

and dt can be shown to be,

PK→I =

∫ t+dt
t

dtbIK(t)

B̃∗K(t)B̃K(t)
(4.1)

where,

bIK(t) = −2Re[B̃∗K(t)B̃I(t)Ṙ · dIK ]+

2~−1Im[B̃∗K(t)B̃I(t)V
qm
IK (t)]

(4.2)

All elements of these equations are detailed in ref [39] and in Chapter 2

of this dissertation. dIK is the non-adiabatic coupling vector which is depen-

dent on the difference in energy between states I and K. The matrix elements
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of the quantum mechanical energy operator, VIK , are also dependent on the

energy gap between states I and K.

A faithful analysis of the CT dynamics is thus heavily dependent on a

correct set of energy differences between excited states. This connection be-

tween CT and excited energy gap was seen in our study of oligothiophene/C60

systems.

4.2.1 Parametrization

We use ab initio results to reparameterize the QCFF/PI method to

reproduce the gaps between excited states in PCDTBT. To this end, the

ground state morphology of a PCDTBT trimer (3CDTBT) was calculated

at the Hartree-Fock (HF) level using the 6-31G* basis set as implemented in

the GAMESS[98] package. For this calculation, as well as for all subsequent

ones, the alkyl side chains were replaced by hydrogen atoms. The first 20

singlet excited state energies of this geometry were then calculated using the

6-31G* basis set. The energy gaps between consecutive excited states was

calculated as seen in Figure 4.1. The same energy gaps were calculated with

QCFF/PI using a range of PPP parameters. The set of PPP parameters was

chosen such that the difference between the ab initio and QCFF/PI excited

state gaps was minimized in the L1 norm. They are reported in Table 4.3

of the Supporting Information. Figure 4.1 compares the excited state gaps

of a 3CDTBT oligomer calculated by ab initio and QCFF/PI methods. The

calculation of the PPP Hamiltonian is described in detail in ref [40].
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Figure 4.1: Energy differences between consecutive excited states (Ej+1−Ej).
CIS and QCFF/PI calculations are denoted by black crosses and red circles
respectively.

4.2.2 Validation of the Model

4.2.2.1 Molecular Orbital Energies

Using these parameters, other key observations are also reproduced.

The ground state geometries of the individual units making up a PCDTBT

monomerthiophene, benzothiodiazole (BT) and carbazole (CB)as well as C60

were optimized using HF at the 6-311+G** level of theory. The highest oc-
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cupied molecular orbital (HOMO) and lower unoccupied molecular orbital

(LUMO) were then calculated using QCFF/PI and compared to the ab initio

calculation. The relative HOMO/LUMO energies of each unit are shown in

Figure 4.2 and see good agreement between methods.

Figure 4.2: Comparison between HOMO and LUMO energies of C60 and
monomer units. Abbreviations listed stand for: T – Thiophene, CB –
Carbazole, BT – Benzothiodiazole, T-BT-T – Thiophene-Benzothiodiazole-
Thiophene. Ab initio and QCFF/PI calculations are denoted by black and
red lines respectively.
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4.2.2.2 Spectra

The absorption spectrum of PCDTBT was also reproduced as shown in

Figure 4.3. Starting from the lowest energy geometry of 3CDTBT calculated

above, 200 systems were given random initial velocities and allowed to relax at

298 K in vacuum and in the ground state for 30 ps, by which time they were

structurally decoupled. The first 200 excited state energies and their respective

oscillator strengths were calculated for the ensemble of final morphologies.

The final absorption spectrum was produced by performing a simple moving

average over the whole set of excited states. The energy gap (100 nm) and

relative oscillator strength between peaks very well reproduce those recorded

by steady state absorption spectra (102 nm).[14]

Figure 4.3: Simulated absorption spectrum of 3CDTBT using QCFF/PI model
at ε = 1
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4.2.3 Interfacial Systems

4.2.3.1 Geometry

Figure 4.4: Representation of the C60-BT and C60-CB systems studied in this
work.
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Two different 2CDTBT/C60 systems were considered for the subsequent

interfacial CT analysis. In the first system, the C60 is positioned directly

across from the center CB unit, while in the second system, the C60 is across

from the center BT unit. They are shown in Figure 4.4 with their respective

nomenclature.

The systems were generated by starting 1 ensemble in the ground state

in both geometries and equilibrating for 20 ps at 298 K in a dielectric medium,

ε, of 2.7 (agrees with the commonly recognized range of 2.5-3.0 for organic

polymer environments)[99]. The geometries at every 200 fs along the two

trajectories were selected for a total of 100 starting geometries for each sys-

tem. These morphologies were then re-categorized based on the nomenclature

described above. Any systems in which the C60 was positioned across from

the thiophene unit were discarded. This results in a final tally of 84 and 94

molecule pairs forming the first and second system ensembles respectively.

4.2.3.2 Charge Transfer Dynamics

Using these final morphologies, excited state dynamics were run for

600 fs for both systems under the same conditions as the equilibration runs

described above. The systems were all initially placed in an excited state

to simulate photoexcitation, and were then allowed to relax non-adiabatically

using the Tully surface hopping algorithm. The initial excited state was chosen

from the first 45 excited states based on a probability distribution weighted

by energy level and oscillator strength; the higher the oscillator strength and
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lower the energy, the greater the likelihood that state was chosen. This results

in an approximately 3:1 likelihood that an excited state from the low-energy

absorption peak is chosen over one in the high-energy absorption peak.

Excited states are categorized according to electron and hole density

distributions. Exciton states are those where both electron and hole densities

are located on the same molecule. To differentiate between the two types of

exciton states, those which occur on the C60 molecule are labelled EXC60, while

those located on the 2CDTBT oligomer will be called EX states. There are

a few instances where a cross molecule exciton occurs where the electron and

hole are spread across both molecules, these states are labelled cross-EX in our

nomenclature. Finally, those states where the electron density is located on the

C60 molecule, while the hole density remains on the oligomer are categorized

as CT states.

4.3 Results and Discussion

In this paper, we study two related systems. Both systems consist of a

2CDTBT oligomer chain in a face-on configuration with a C60 molecule, but

they differ in the location of the C60 molecule with respect to the oligomer

chain. From this point on, we refer to the first system as C60-CB and to the

second system as C60-BT. For reference, all nomenclatures are shown in Figure

4.4. This naming scheme is used to emphasize the location of the C60 molecule

with respect to the chain, and highlight the electronic differences that originate

from this change.
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According to the main objectives of this paper, the remainder of this

section is divided in two parts. The first part is concerned with the CT rate.

The second part is concerned with the behaviour of the electron and hole

densities of the EX states before CT.

4.3.1 Charge Transfer Rate

We investigate the effect of morphology and excitation energy on the

CT rate. Figure 4.5 shows the fraction of systems in a CT state at any given

time. We see that transitions into a CT state occur faster from a high-energy

EX state than from a low-energy EX state. Furthermore, nearly 100% of the

trajectories excited into an EX state via the high-energy absorption band end

in a CT state by the end of the 600 fs simulation time. Considering that CT

states have been found to be precursors to fully separated CS states,[100, 101]

this is in accordance with previous research which has shown that high-energy

excitations result in an overall increase in charge generation yield.[50, 92, 102]

They posit that this is due to high-energy CT states being more delocalized

than their low-energy counterparts, thereby enhancing the probability of com-

plete charge dissociation. However, our model does not allow for delocalization

of the CT state over multiple acceptor molecules. Our increased CT rate is

most likely due to a higher density of states (Figure 4.6) in the high-energy

absorption band, which increases the likelihood of a change of state occur-

ring. This result would not be consistent with Heeger’s inference [103] that

PCDTBT/PCBM efficiency is independent of excitation energy.
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Figure 4.5: Fraction of CT state occupation over time. The data is categorized
by initial excitations via the high or low energy bands, as well as the distance
between the C60 molecule and the acceptor (BT) or donor (CB) units on the
oligomer. The data is calculated by dividing the number of trajectories in a
CT state at each timestep by the total number of trajectories in each of the
mentioned categories

Further, Figure 4.5 shows that the C60-CB system reaches a CT state

more quickly in the first 200 fs via the high-energy pathway. However the

CT rate slows past 100 fs. By the end of the 600 fs simulation time, both

systems reach approximately the same level of CT (approximately 60% via

both high-energy and low-energy pathways combined). This is in contrast
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to previous expectations that the orientation a push-pull polymer has with

respect to the acceptor molecule at an interface may have an effect on the

CT efficiency.[49] Further investigations of our results revealed that in the EX

states, the electron probability density is centered on the BT units (Figure

4.16 in the Supporting Information). The proximity of the C60 to the BT

unit would therefore theoretically increase CT. However, the BT unit is an

electron acceptor, and therefore its proximity to the C60 molecule might not

significantly affect the CT rate. On the other hand, the CB unit has stronger

donating properties, but the electron density has already been transferred

to the BT unit upon initial excitation. These competing attributes of the

individual units may be the cause of the rate equivalency.

Of interest is exactly how the systems reach CT states. This is espe-

cially the case for systems first excited into high-energy excited states as there

are many possible pathways available that lead to CT. A representation of the

pathways for both systems is shown in Figures 4.7 (C60-CB) and 4.8 (C60-BT).

Each line represents an individual trajectory of occupied excited states, and

are all overlapped to show the general trend of excited state changes. The tra-

jectories are separated into the group which was first excited into high-energy

EX states (top figures) and those which were first excited into low-energy EX

states (bottom figures). The lines join together adjacent time steps in the

simulations. The colors of the lines represent the charge distribution of the

first occupied excited state between the two adjacent steps. For example if a

trajectory involves a hop from an EX state to a CT, EX, or EXC60 state in
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Figure 4.6: Density of states for C60-CB and C60-BT systems.

the next time step, the line connecting the two excited states will be black, if

the hop is between a CT state and any type of state, the line will be purple,

etc.

Looking first at the trajectories following a low-energy excitation, it is

seen that the pathways all start in an EX state, after which some have an

excited state change into a CT state in the same energy band that the EX

state is found. Following this state-change, the systems drop significantly in

energy to a lower-energy CT state. Since these are adiabatic states, it is not
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clear if the original higher-energy CT states, once-occupied, drop suddenly in

energy, or if there is a subsequent hop from a higher-energy CT state to a

lower-energy one. However, what is clear is that all systems which undergo

CT occupy a higher-energy CT state at the same level as the initial EX states

before arriving to the lower-energy CT states.

The pathways following excitation into high-energy excited states are

more complicated but also follow a similar trend. They begin in the high-

energy EX or EXC60 states where they mix with other EX, EXC60, and CT

states. During this mixing, state changes occur rapidly and often. Again, any

decrease in energy of the system is almost always by way of a transfer from

a high-energy CT state to a mid-energy CT state. Once the systems are in

a mid-energy CT state (low-energy band), they mix with the low-energy EX

states where again states changes occur, though less frequently than at the

higher energy levels. From there, the systems behave similarly to those initially

excited into the low-energy band. Most trajectories follow a CT state to the

very lowest CT excited states. Unlike the low-energy trajectories however,

there are some instances of a final state switch from a low-energy EX state

to the lowest CT states. Overall, it appears that very few trajectories move

immediately from the high-energy band to the very low CT states. Most

trajectories pass through the low-energy band before getting to the final lowest-

energy CT states.
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Figure 4.7: C60-CB trajectories that were (a) initially excited into high-energy
excited states, and (b) initially excited into low-energy excited states. Line
color denotes direction of charge transfer. Orange: EXC60 → any state, black:
EX→ any state, purple: CT→ any state.
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Figure 4.8: C60-BT trajectories that were (a) initially excited into high-energy
excited states, and (b) initially excited into low-energy excited states. Line
color denotes direction of charge transfer. Orange: EXC60 → any state, black:
EX→ any state, purple: CT→ any state.
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Figure 4.9: The first passage time distribution for CT in C60-CB and C60-BT
systems. Only the time of first CT is considered for the data.

For a clearer look at the CT behaviour, the first passage time distribu-

tion in Figure 4.9 shows the fractional distribution of trajectories which have

occupied a CT state for the first time in 50 fs intervals. We see that most tra-

jectories switch into a CT state within the first 200 fs. EX lifetimes reported

in the literature are generally much longer [90, 104] but the EX here forms

right at the interface and has no need to travel before separating. [[page 6 of

Clarke’s review references!!!]] There are still some trajectories which remain
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in an EX state for more than 550 fs and only switch into a CT state in the

last 50 fs of the simulation. Similar to Figure 4.5, more trajectories of the

C60-CB system switch into a CT state for the first time in the initial 100 fs.

By the last 200 fs however, both systems have an approximately equal number

of trajectories which switch into a CT state for the first time.

Figure 4.5 suggests that the fraction of trajectories reaching a CT state

is converging to a constant value. This can be explained in two ways: the

equilibrium between EX and CT states is being reached, or the trajectories

which are in an EX state at the end of the simulation are unable to transfer

out. Figures 4.7 and 4.8 would suggest that the systems remain in EX states,

but it is difficult to tell due to the superposition of excited state trajectories

in the images. The behaviour is seen more clearly in Figure 4.10. It shows

a normalized cumulative count of the number of switches between EX and

CT states at each timestep. A flat line therefore signifies that no new switches

occur during that time period. During the first 350 fs, switches between excited

states are occurring in both directions–from an EX to a CT state and from

a CT to an EX state–with a preference for the EX→CT state switch. After

350 fs, the CT→EX state switches slow down and completely stop after 500

fs. On the other hand, the EX→CT state switches continue to occur until the

end of the simulation, but do significantly slow down after 500 fs. This result

indicates that the systems reach EX states that are not conducive to CT.
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Figure 4.10: Accumulated fraction of EX→CT and CT→EX switches over
time. The total count at each time step is divided by the number of trajectories
so as to normalize the results and allow for comparison between the C60-CB
and C60-BT systems.
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4.3.2 Electron and hole behaviour before CT

In this section we investigate if CT is preceded by a localization, de-

localization and/or migration of the EX on the oligomer backbone. We also

study the effect of the D-A structure on this EX movement.

We simplify the data collection such that the next statistics are only

from trajectories which were excited into a low-energy EX state and subse-

quently underwent CT. We do this because the state-switching pathway is

more complicated for systems excited into high energy EX states than for sys-

tems excited into low energy EX states. The states located in the high-energy

absorption peak consist of CT, cross-EX, oligomer-only EX, and EXC60 states,

providing many options for state switches and a variety of pathway combi-

nations. The states located in the low-energy peak only consist of CT and

oligomer-only EX states. These low-energy trajectories are therefore ideal for

tracking charge density behaviour immediately prior to CT as the only avail-

able pathway is EX→CT. This leaves an ensemble of 24 and 19 trajectories

for the C60-CB and C60-BT systems respectively.

In order to measure the delocalization of the EX, we measure the change

in electron and hole probability density spread before CT. First we tally the

number of atoms, N , with an electron or hole density greater than 0.01 for

each trajectory at two time instances: the first time step at the beginning of

the simulation (tA = 0) and the timestep immediately preceding the time of

the first occupied CT state (tB = tCT−δt). It is clear that a large N represents

a very delocalized electron or hole density, while a small N represents a very
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Figure 4.11: Histogram of the percent change in electron and hole densities
between tA = 0 and tB = tCT − δt for the (a) C60-CB and (b) C60-BT systems.
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localized electron or hole density. Therefore, the change in delocalization can

be measured by the percentage of increase of N between the two timesteps.

Figure 4.11 shows a histogram of these percentages for the C60-CB (Figure

4.11a) and the C60-BT systems (Figure 4.11b). It can be seen that the change

in hole density delocalization covers a range between -80% and 60%. The

change in electron delocalization has a much smaller spread, between -50% and

20%. The average and median degree of delocalization for both the electron

and hole densities is approximately -10% for the C60-CB system and -20%

for the C60-BT system. Therefore we can conclude that on average, the EX

density contracts slightly as the system prepares for CT.

In Figure 4.12, we investigate the movement of the charge density on

the backbone of the donor before CT. We consider the charge densities along

the backbone of the molecule as a one-dimensional function. This requires the

calculation of distances along the backbone of the oligomer. To this end, for

each trajectory and at each timestep, the atoms in the original morphology

are mapped to corresponding atoms on a planar 2CDTBT that is aligned

along the x-axis of a coordinate system in three-dimensional space. Distances

along the backbone of the original oligomer can then be well approximated by

computing the distance along the x-axis of the planar 2CDTBT. We compute

these distances with respect to reference points on the backbone of the planar

oligomer. The reference points are the center of mass of the middle CB and

BT units for the C60-CB and C60-BT systems respectively. Note that this

results in distances independent of the morphology of the molecules at any
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given timestep. For each trajectory, we then compute the electron and hole

densities (ρ) on each atom as a function of these distances at the same time

steps we used in Figure 4.11, tA = 0 (ρA) and tB = tCT − δt (ρB). The average

of the density functions is then taken over all trajectories. The gray areas

in Figure 4.12 show the difference (ρB - ρA) of these averaged electron and

hole densities. As the results are very jagged, a smooth fit of the data points,

calculated using a Bezier curve, is added to the plot.

Figure 4.12: Average change in electron (left column) and hole (right column)
densities between t = 0 and t = tCT − δt over the backbone of the oligomer
calculated for the C60-CB system (top row), and the C60-BT system (bottom
row). The red and blue lines are a smooth fit for the data points, calculated
using a Bezier curve.
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For both systems, the hole and electron density magnitude and distri-

bution is virtually unchanged before CT, except for a slight localization of the

density as was shown in Figure 4.11. To reach the C60, the electron hops from

its initial position directly to the acceptor no matter the location of the C60

with respect to the polymer chain. For the C60-CB system, this is a distance

of approximately 14 Å.

4.4 Conclusions

In this paper we have studied the influence of morphology and exci-

tation energy on EX and CT behaviour at D-A alternating copolymer/C60

interfaces. The proximity of the C60 molecule to the different units of the

copolymer does not affect the EX behaviour before CT or the CT rate. The

electron density is localized on the acceptor units, and jumps the distance to

the C60 molecule whether the C60 is closest to an acceptor or donor unit. We

also saw that excitation into the high-energy absorption band significantly in-

creases the chances of CT. An excitation into the low-energy absorption band

leads to a tendency for the systems to remain in the original EX state.

When the 2CDTBT/C60 system is excited into its high energy band,

80% of the trajectories have undergone CT after 300 fs. When comparing the

simulations of the 6T/C60 system studied in Chapter 3, all but the systems

under a -0.4 V/nm electric field exhibit a lower degree of CT. However, the

CT evolution in the low-energy absorbing 2CDTBT/C60 trajectories is only

slightly better than the CT for 6T/C60 trajectories when no electric field is
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applied (approximately 40% and 35% undergo CT respectively). Therefore,

under normal wavelength illumination (excitation into the low-energy band)

and without taking into account intrinsic electric fields, there does not appear

to be a great CT rate difference at PCDTBT and polythiophene interfaces

with C60. Differences in solar cell performance between blends can most likely

be attributed to changes in processing and material morphology.

We also developed a methodology for the parametrization of polymers

with complex D-A chemical structures which can be used in future work for

simulations of other high-performing D-A polymers like PCPDTBT and Si-

PCPDTBT, and especially non-Langevin polymers like KP115.

4.5 Supporting Information

The force field parameters that were used for the study of the PCDTBT/C60

system are shown in Tables 4.1 and 4.2. The bonding parameters were chosen

so that the calculated bond lengths between each atom were consistent with

the results of HF/CIS ground and first excited state calculations as seen in

Figure 4.11. The non-bonded potential parameters between atoms were cal-

culated as described in Chapter 3.5 of this dissertation. For the two types of

dimers present in PCDTBT (T—BT and T—CB), the energy upon rotation

around the connecting bond was calculated and compared to HF calculations.

The ring-torsion parameters were chosen such that the rotational energy profile

matched that calculated with MP2. This is seen in Figure 4.12.
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Figure 4.13: Bond lengths in the (a) ground state and (b) first excited state
of 1-CDTBT.
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Figure 4.14: Rotational energy spectra for (a) a T—BT dimer and (b) a T—
CB dimer.
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Table 4.1: Bonded and Torsional Molecular Mechanics Force Field Parameters
— PCDTBT

Bond Db α b0 Kb/2
C—C 87.94 2.00 1.44
C—NCB 68.00 1.56 1.57
C—NBT 90.00 1.89 1.48
C—S 75.00 1.90 1.78
NBT—S 95.00 1.30 1.52
C—H 103.10 1.08 339.0
NCB—H 93.00 0.99 412.0

Bond Angle Kθ/2 θ0 F/2 q0
C—C—C 52.8 2.094 32.05 2.56
C—C—H 24.0 2.094 29.54 2.18
C—S—C 50.0 2.094 30.40 2.50
S—C—C 50.0 2.094 30.40 2.90
S—C—H 15.0 2.094 26.50 2.18
C—C—N 58.3 2.094 32.05 2.56
C—N—C 58.3 2.094 32.05 2.56
N—S—N 45.0 1.800 55.00 2.56
C—N—S 35.0 2.108 32.05 2.56
C—N—H 24.0 2.094 29.54 2.18

Torsion K
(1)
φ /2 K

(2)
φ /2 Kθθ

X—C—H—X 0.0 0.8 0.0
X—C—C—X 2.3 2.54 -6.0
X—C—S—X 2.3 4.50 -10.0
X—C—N—X 0.0 7.80 0.0
X—N—S—X -0.054 -0.133 -1.954

Ring Torsion* g1 g2 g3 g4
RingT—RingBT 5.60 -7.70 3.00 -1.5
RingT—RingCB -1.66 5.57 0.16 2.47

*The torsional potential is applied only to the atoms involved in the bonding
between rings and is of the form:

UT = g1cos(φ) + g2cos(2φ) + g3cos(3φ) + g4cos(4φ).
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Table 4.2: Non-bonded Molecular Mechanics Force Field Parameters —
PCDTBT

Non-Bonded A µ B
C · · ·C 11392.935 3.012 560.439
S · · · S 30923.410 3.012 1521.191
N · · ·N 276683.145 3.289 8013.25
H · · ·H 4882.644 4.346 26.595
C · · · S 18769.798 3.012 923.328
C · · ·N 56144.506 3.144 2131.60
S · · ·N 50000.000 3.150 3000.00
C · · ·H 7458.361 3.581 129.669
S · · ·H 12287.717 3.558 222.364
N · · ·H 36755.206 3.771 468.990

The PPP parameters chosen for this study are shown in Table 4.3.

The one-center repulsion (γµµ) and valence state ionization (α) parameters

are based on those of Hinze and Jaffé[72], and altered in order to best match

the excited state energy gaps calculated with CIS as explained in Section 4.2.1.

The electronic interaction (resonance parameter) between covalently

bonded π-atoms is calculated using the Linderberg approximation, the details

of which can be found in Section 2.1.2, specifically eqs. 2.11 - 2.13. The overlap

integrals between the pz orbitals of each atom are calculated using the numer-

ical tables found in the work of Mulliken et al. [105]. The gradients of the

overlap integrals are calculated, then a numerical fit is found for the resonance

parameter according to equation 2.13. As an example, Figure 4.13 shows the

orbital overlap between sulfur and nitrogen atoms, and the subsequent calcu-
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Figure 4.15: (a) Overlap integral between sulfur and nitrogen, and (b) numer-
ical fit to the Linderberg approximation of the resonance parameter.
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Table 4.3: PPP Hamiltonian Parameters — PCDTBT/C60

Site(µ) γµµ(eV ) αµ(eV )
Cpolymer 10.60 -11.45
Cfullerene 11.76 -11.78
ST 9.79 -20.00
SBT 14.42 -22.56
NBT 13.33 -10.61
NCB 14.80 -19.72

Bond(µ—ν) βµν1 βµν2 µµν Req
µν

C—C -0.089586 -0.019198 0.73868 2.640
C—N -0.074106 0.029008 0.80659 2.640
C—S -0.078013 0.025506 0.81325 2.669
S—N -0.017169 -0.051309 1.40280 3.057

lation of the Linderberg approximation to the resonance parameter and the

numerical fit. The parameters for all atom pairs are also listed in Table 4.3.

The electron and hole probability densities were calculated for select

geometries and excited states. They are shown in Figure 4.16. On the left is

a typical electron and hole distribution for an EX state, and on the right is a

typical distribution of charges when the system occupies a CT state.
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Figure 4.16: Electron and hole probability density visualizations. The semi-
transparent red and blue spheres represent the electron and hole densities
respectively. A representative EX state is shown on the left, and a representa-
tive CT state is shown on the right. The purple spheres in the EX state image
are due to the overlap of the electron and hole densities.
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Chapter 5

Investigation of the Role of Chemical

Structure in Recombination Kinetics

5.1 Introduction

It has been been suggested that changing the carbon bridging in the

donor-acceptor copolymer PCPDTBT to silicon (Si-PCPDTBT, poly[(4,4’-

bis(2-ethylhexyl)dithieno[3,2-b:2’,3’-d]silole)-2,6-diyl-alt-(2,1,3-benzothiadiazole)-

4,7-diyl]) can significantly affect the recombination kinetics. For example, the

Si-PCPDTBT/C60 system has been reported to have a bimolecular recom-

bination coefficient of β = 5 × 10−12 cm3s−1 [106] which is three orders of

magnitude lower than the calculated Langevin recombination coefficient[107]

and also significantly less than that calculated for the C-PCPDTBT/PCBM

system (β = 2× 10−10 cm3s−1). However, Peet et al. have shown that the fill

factor of Si-PCPDTBT:PCBM blend devices drops rapidly with increasing ac-

tive layer thickness.[81] This result is inconsistent with Si-PCPDTBT being a

non-Langevin polymer. Conversely, devices made with the KP115 copolymer

which has the same donor unit as Si-PCPDTBT but a different acceptor unit,

maintain a high fill factor over the entire active layer thickness range to above

300 nm.[31]
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In order for polymer solar cells to become truly viable contenders in

the energy industry, efficient devices need to be fabricated with active lay-

ers exceeding 300 nm. Understanding the connection between the chemi-

cal/electronic structure of polymers and the process of charge recombination is

therefore essential. In this chapter, we begin the study of the charge recombi-

nation behaviour at D-A copolymer/C60 interfaces using polymers exhibiting

both Langevin and non-Langevin recombination kinetics. The next sections

are separated into two parts. Section 5.2 describes preliminary work in the ex-

tension of the QCFF/PI semi-empirical method to study the nuclear-electronic

dynamics coupling in KP115/C60 systems. A novel parametrization process is

shown where the Si atom is incorporated into the electronic π system. Section

5.3 begins a comparitive study of the reorganization energies in the electron

transfer reactions at D-A copolymer/C60 interfaces using Marcus’ theory of

semiclassical non-adiabatic electron transfer[108]. The reorganization energies

will be compared to the efficiency of solar cells made with these materials.

5.2 Parametrization of KP115

Before simulations of KP115/C60 systems can be undertaken, KP115

must be parametrized for the QCFF/PI calculations. The initial methadol-

ogy is similar to the one used for the previously described parametrization of

PCDTBT in Chapter 4. We first calculate the energy of the first 20 excited

states of a trimer of KP115 (3-KP115) using CIS/6-31G*, and find the energy

gap between adjacent excited states. We then calculate the excited states en-
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ergies (and the gaps between them )of 3-KP115 in the same geometry using

the QCFF/PI method. For these calculations we use the same PPP param-

eters as used in previous work for all the carbon atoms and the sulfur atoms

found in the thiophene and the dithienosilole rings. The PPP parameters for

the nitrogen and sulfur atoms in the thiazolothiazole units were selected such

that the difference between the excited state gaps calculated by ab initio and

QCFF/PI methods is minimized in the L1 norm.

The results of the sulfur and nitrogen PPP parameter search are shown

in Figure 5.1. Figure 5.1a shows the gaps calculated with CIS/6-31G* and

a series of example results of the QCFF/PI calculation as the PPP parame-

ters are varied. Figure 5.1b shows the gaps calculated using the set of PPP

parameters (γ and α) which produced the smallest L1 norm. The large gaps

between excited states 5/6, and 6/7 are not captured even with the best set of

PPP parameters. The energetics of KP115 are somehow not being captured

with the model presently developed.

During this parametrization process, the silicon atom was isolated from

the π system as it does not have an available pz orbital to be part of the π

system. However, the theory has been put forth that the empty σ∗ orbital in

silole could contribute to the π system, as it is low enough in energy that it

can mix with the pz orbitals beside it.[109] To test this idea, empty pz orbitals

were added to the 3-KP115 model at the location of the silicon atoms and the

parametrization process was undertaken again. Some representative results are

shown in Figure 5.2. The gaps calculated by ab initio and QCFF/PI methods
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Figure 5.1: Energy differences between consecutive excited states (Ej+1 −
Ej). The CIS calculation is denoted by the thick red line and in (a) some
representative QCFF/PI calculations are shown as multicoloured thin lines,
while in (b) the excited state gaps calculated by QCFF/PI using the final set
of PPP parameters is shown as a thin blue dotted line.
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Figure 5.2: Energy differences between consecutive excited states (Ej+1−Ej).
The CIS calculation is denoted by the thick red line, the QCFF/PI calculation
when silicon is not part of the π system is denoted by the thick black line, and
the thin multicolour lines are representative examples of the gaps calculated
when silicon was added to the π system and the PPP parameters were varied
in the range shown.

are compared when silicon is not part of the π system, as well as the result of

adding the silicon to the π system. The gap between the 1st and 2nd excited

states is very high because the 1st excited state energy is actually calculated

to be below the ground state energy. This is clearly an unphysical result and

it most likely stems from a bad choice of PPP parameters which are straining

the energetics of the system.

Since the negative 1st excited state only occurred when the empty pz
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orbitals on the silicon atoms were added to the π system, we raised the pz

orbitals above vacuum. The results of this manipulation are shown in Fig-

ures 5.3a and 5.3b. In Figure 5.3a, the αSi parameter (the valence ionization

parameter) is varied in 0.1 Hartree increments from 0.1 to 0.9 and γSi (the

difference between the ionization energy and electron affinity) is kept constant

at 0.5 Hartree. The first excited state is no longer at unphysical energy lev-

els, however, still the large gap between excited states 5/6 and 6/7 are not

ameliorated. Figure 5.3b shows the results of the calculations when αSi is

kept constant at 0.55 Hartree and γSi is varied in increments of 0.1 Hartree

between 0.1 and 0.9. There is very little change to the energy gaps during this

calculation. This is due to the fact that γSi appears in the diagonal elements

of the Hamiltonian matrix as seen in Eq. 2.14 and the Fock matrix as seen in

Eq. 2.8. However, the core charge on silicon is 0 because the σ∗ orbital we are

trying to simulate with a pz orbital is empty. Changes in γSi therefore only

appear in the calculation of the Fock matrix, limiting its impact.

There were also attempts made to increase the orbital overlap between

silicon and its adjacent carbon atoms, however no major changes were found

in the results.
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Figure 5.3: Energy differences between consecutive excited states (Ej+1−Ej).
The CIS calculation is denoted by the thick red line, the QCFF/PI calculation
when silicon is not part of the π system is denoted by the thick black line, and
the thin multicolour lines are representative examples of the gaps calculated
when silicon was added to the π system and the PPP parameters were varied
in the range shown.
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5.3 Study of Recombination Kinetics

Figure 5.4: Potential energy surfaces for a molecule that can switch between a
neutral (M) and charged (M±) species. ∆Go is the energy difference between
the two surfaces’ minima, ∆G† is the energy difference between the reactants
minimum and the point of intersection between the two surfaces (labelled here
for the M → M± reaction), and λ is the reorganization energy (labelled for
both the M± → M and the reverse reaction).

Electron transfer causes a change in the chemical structure of a system.

These structural changes then create a potential barrier for recombination.

This phenomenon can be studied using Marcus theory and is illustrated in

Figure 5.4. Marcus theory treats the reactant and product potential energy
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surfaces as two intersecting harmonic oscillators where the horizontal axis is

the reaction coordinate representing the motion of all the nuclei in the system.

For an electron on the acceptor molecule to recombine with a hole on the donor

molecule, electron transfer must occur at the intersection point in order to

satisfy the Frank-Condon principle and the conservation of energy. In Marcus

theory, the energy activation barrier, ∆G†, for electron transfer is defined as,

∆G† =
(λ+ ∆Go)2

4λ
, (5.1)

where λ is the reorganization energy and ∆Go is the Gibbs free energy.

The reorganization energy is a measure of the energy required for the rear-

rangement of the reactant chemical structure to bring it to the equilibrium

geometry of the product state and can be defined mathematically as,

λ =
f(q0(R)− q0(P ))2

2
, (5.2)

where f is a force constant, and qR and qP designate the nuclear arrange-

ment of the reactant and product minimum energy states respectively. The

reorganization energy therefore increases with larger difference between the

reactant and product states. Marcus theory has previously been successfully

applied to a number of chemical systems [110, 111] and has also been extended

to photoinduced charge transfer in conjugated polymer blends.[112, 113] Here

we study the interface of a series of D/A copolymers and C60 systems. The
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reorganization energy of a hole transfer between donors (D + D+ → D+ + D)

is calculated as,

λHT = λ0 + λ+ = (E∗(D)− E0(D)) + (E∗(D+)− E0(D
+)), (5.3)

where E0(D) and E0(D
+) are the energies of the neutral and cation

donor in their respective lowest energy geometries, and E∗(D) and E∗(D+)

are the energies of the neutral and cation donors with the geometries of the

cation and neutral species respectively. It then follows that the reorganization

energy for CT to occur (D + A → D+ + A−) is calculated as,

λCT = (E∗(A−)− E0(A
−)) + (E∗(D+)− E0(D

+)), (5.4)

where E0(A
−) and E∗(A−) are the energies of the anion acceptor in the

optimal anion and neutral geometries respectively, while E0(D
+) and E∗(D+)

are the energies of the cation donor in the optimal cation and neutral geome-

tries respectively. Finally, the reorganization energy for electron-hole recom-

bination (D+ + A− → D + A) is calculated as,

λrecomb = (E∗(A)− E0(A)) + (E∗(D)− E0(D)), (5.5)

where E0(A) and E∗(A) are the energies of the neutral acceptor in the

optimal neutral and anion geometries respectively, while E0(D) and E∗(D)
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are the energies of the neutral donor in the neutral and cation geometries

respectively.

The following data is from a previous study in the Rossky group[37]

that is not yet fully completed. Tables 5.1 and 5.2 show λHT , λCT , and λrecomb,

for a series of dimer/C60 and trimer/C60 systems respectively. The polymers

studied are presented in Figure 5.5. The energies and geometries of the neutral,

anion, and cation species were calculated at the Hartree-Fock (HF) level using

the 6-31G* basis set as implemented in the GAMESS package.

Table 5.1: Reorganization Energies for Dimer/C60 Systems

Polymer λHT (eV) λCT (eV) λrecomb (eV)
KP115 1.66 3.01 2.03
Si-PCPDTBT 1.33 2.89 1.82
PCPDTBT 0.77 2.61 1.54
Si-PCDTBT 1.49 2.95 1.91
PCDTBT 1.58 3.00 1.95
PbnDT-HTAZ 1.47 2.97 1.88
PbnDT-FTAZ 1.38 2.91 1.85
P1 1.66 3.00 2.04
P2 1.61 3.00 1.99
P3 1.44 2.97 1.85
P4 4.08 5.43 2.03
P5 1.45 2.96 1.87
P6 1.93 3.20 2.10
P7 1.02 2.75 1.64
P8 0.79 2.65 1.52
P9 1.12 2.79 1.71
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Table 5.2: Reorganization Energies for Trimer/C60 Systems

Polymer λHT (eV) λCT (eV) λrecomb (eV)
KP115 5.02 4.39 4.00
Si-PCPDTBT 3.55 3.94 2.99
PCPDTBT 2.72 3.53 2.56
Si-PCDTBT — — —
PCDTBT 4.62 4.64 3.35
PbnDT-HTAZ — — —
PbnDT-FTAZ — — —
P1 — — —
P2 3.48 3.59 3.27
P3 — — —
P4 — — —
P5 — — —
P6 — — —
P7 2.44 3.37 2.45
P8 1.89 3.12 2.14
P9 — — —

The dashed entries in Table 5.2 designate systems where convergence

of the energy calculation was not reached with the presently used techniques.

Once all reorganization energies are calculated, trends between dimer/C60 and

trimer/C60 systems will be studied. The reorganization energies will also be

compared to the efficiencies and recombination rates of solar cells manufac-

tured using these polymers to determine if a reorganization of the chemical

structure is a main contributor to Langevin and non-Langevin recombination

dynamics.
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Figure 5.5: Chemical stuctures of the donor polymers for which the reorgani-
zation energy was calculated.
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Chapter 6

Conclusion

A molecule’s electronic structure is intimately tied to its molecular

structure. Any change to the nuclear framework leads to a corresponding

change in the electronic structure. The ability to create and transport free

charges is thus highly dependent both on a molecular system’s chemical struc-

ture and its non-equilibrium molecular and electronic dynamics. For or-

ganic conjugated molecules to become viable materials used in photovoltaic

technology, the processes that limit performance–charge creation, transport,

recombination–must be understood in detail. This dissertation focuses on the

interface between molecules used in OPVs where most of these crucial elec-

tronic processes occur.

The semi-empirical QCFF/PI method used in this work has the unique

capability of calculating these electronic processes by describing both the elec-

tronic and nuclear behaviour of molecules simultaneously. Unlike conventional

approaches where the electronic structure is calculated only for certain key ge-

ometries, the QCFF/PI method can describe the excited states at every step

along a molecular system’s dynamical evolution due to its speed. The coupled

electronic and nuclear dynamics simulations provide a much more detailed
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and complex understanding on the precise mechanism of charge generation

and transport. The parametrizable nature of the model allows for these fast

calculations–even for large molecules–but great care must also be taken when

choosing the parameters as the calculations are highly sensitive to them.

As part of this dissertation work, a parametrization scheme was devel-

oped which aims to faithfully capture the coupling between excited electronic

states. This scheme can be applied generally to all π-conjugated molecules,

extending the capabilities of the QCFF/PI method to more complex systems.

In this work, the QCFF/PI method is applied to a 6T/C60 system that is

under the influence of an electric field (Chapter 3), as well as a 2CDTBT/C60

system (Chapter 4) and KP115 (Chapter 5).

An electric field on an interfacial system was found to stabilize CT

states if the electron transfer is in the direction of the electric field. This has

a large effect on the ability of a system to efficiently separate an EX, due to

the coupling between EX and CT states. As previously seen, hot and cold CT

states exist in such systems. Additionally, it was found that hot CT states are

much better coupled to EX states than cold CT states. The pathway towards

CT therefore most often requires a change of state from an EX to a hot CT

state.

PCDTBT is a D-A copolymer with a complex chemical structure that

was not previously accessible before the development of the parametrization

scheme. As in the 6T/C60 system, high energy excitations were found to be

far more conducive to CT than low energy excitations. The complex structure
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of D-A polymers was studied and it was found that the position of the C60

molecule with respect to the D-A moieties in the polymer chain do not have an

effect on the overall CT rate. Additionally, it was found that CT is preceded

by a slight contraction of the EX wavefunction. However it is not preceded

by a migration of the EX wavefunction. Instead, the electron hops from its

original location on the acceptor moiety to the C60 molecule even at a distance

of 14 Å.

Generally it was found that non-adiabatic transitions are intricately

tied to the density and compostion of excited states in the system. Any further

work must link these together, and the parametrization heavily influenced by

this coupling consideration if the QCFF/PI method is to be applied with

confidence. Finally, we also began work on the parametrization of KP115 and

the calculation of reorganization energies which will lead to the understanding

of non-Langevin recombination in polymer solar cells.
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charge transport and recombination in polymer/fullerene organic solar

cells. Progress in Photovoltaics: Research and Applications, 15(8):677–

696, 2007.

[26] M. Pope and C.E. Swenberg. Electronic Processes in Organic Crystals

and Polymers. Monographs on the physics and chemistry of materials.

Oxford University Press, 1999.

[27] Chen Tao, Shengping Ruan, Xindong Zhang, Guohua Xie, Liang Shen,

Xiangzi Kong, Wei Dong, Caixia Liu, and Weiyou Chen. Performance

improvement of inverted polymer solar cells with different top elec-

trodes by introducing a moo 3 buffer layer. Applied Physics Letters,

93(19):193307–193307, 2008.

[28] Seok-Soon Kim, Seok-In Na, Jang Jo, Dong-Yu Kim, and Yoon-Chae

Nah. Plasmon enhanced performance of organic solar cells using elec-

trodeposited ag nanoparticles. Applied Physics Letters, 93(7):073307,

2008.

[29] Ingo Riedel, Jürgen Parisi, Vladimir Dyakonov, Laurence Lutsen, Dirk

107



Vanderzande, and Jan C Hummelen. Effect of temperature and il-

lumination on the electrical characteristics of polymer–fullerene bulk-

heterojunction solar cells. Advanced Functional Materials, 14(1):38–44,

2004.
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[58] Vladimir Arkhipov, Heinz Bässler, Evgenia Emelyanova, Dirk Hertel,

Vidmantas Gulbinas, and Lewis Rothberg. Exciton dissociation in con-

jugated polymers. In Macromolecular Symposia, volume 212, pages

13–24. Wiley Online Library, 2004.

[59] M Esteghamatian, ZD Popovic, and G Xu. Carrier generation process

in poly (p-phenylene vinylene) by fluorescent quenching and delayed-

collection-field techniques. The Journal of Physical Chemistry, 100(32):13716–

13719, 1996.

[60] D Moses, H Okumoto, CH Lee, AJ Heeger, T Ohnishi, and T Noguchi.

Mechanism of carrier generation in poly (phenylene vinylene): Transient

photoconductivity and photoluminescence at high electric fields. Phys-

ical Review B, 54(7):4748, 1996.

[61] Dirk Veldman, Ozlem Ipek, Stefan CJ Meskers, Jorgen Sweelssen, Marc M

Koetse, Sjoerd C Veenstra, Jan M Kroon, Svetlana S van Bavel, Joachim

112
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[88] René AJ Janssen and Jenny Nelson. Factors limiting device efficiency

in organic photovoltaics. Advanced Materials, 25(13):1847–1858, 2013.

[89] Koen Vandewal, Steve Albrecht, Eric T Hoke, Kenneth R Graham, Jo-

hannes Widmer, Jessica D Douglas, Marcel Schubert, William R Mateker,

Jason T Bloking, George F Burkhard, et al. Efficient charge generation

by relaxed charge-transfer states at organic interfaces. Nature materials,

13(1):63–68, 2014.

[90] Fabian Etzold, Ian A Howard, Ralf Mauer, Michael Meister, Tae-Dong

Kim, Kwang-Sup Lee, Nam Seob Baek, and Frédéric Laquai. Ultrafast

exciton dissociation followed by nongeminate charge recombination in

pcdtbt: Pcbm photovoltaic blends. Journal of the American Chemical

Society, 133(24):9469–9479, 2011.
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