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Abstract

Organic solar cells are cheaper alternatives to traditional Si-based solar cells. We

discuss the advantages and disadvantages of organic solar cells. Then we discuss

what limits the efficiency of organic solar cells and current approaches to optimiz-

ing the efficiency. Then, we review two time-dependent density functional theory

approaches to modeling the active materials in organic solar cells. Finally, one of

the key objectives to optimize the efficiency of these devices is determining the ef-

fects of molecular geometry on charge transfer within the device. We know that

charge transfer in bulk heterojunction organic solar cells is driven by an energy off-

set between the donor and acceptor molecules. We manipulate this energy offset by

changing the donor energy. We achieve this by introducing torsions that disrupt the

π-conjugation along the polymer chains thereby creating different sized chromophores

with larger π-π∗ energy gaps. We then characterize the lowest-lying excited states of

the donor:acceptor heterodimer as an excitonic state or a charge transfer state. We

found that the lowest-lying state of the heterodimer with the largest energy offset

between the donor and acceptor is a charge transfer state, and from this, we predict

the minimum energy offset necessary for a charge transfer state to occur.
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Chapter 1

Introduction

1.1 Organic Solar Cells

In recent years, conjugated organic polymers have become viable candidates for pho-

tovoltaic devices because of their high absorption coefficients, cheaper processing,

and easier mass production compared to other solar technology such as Si-based so-

lar cells. [1, 2] A typical organic solar cell consists of an active layer (≈ 100 − 200

nm thick) consisting of an electron donor material with a low ionization potential

and a high absorption coefficient, typically a conjugated polymer, and an electron

acceptor material which is very electronegative, typically a fullerene derivative or

another conjugated polymer. [3, 4, 5, 6] Figure 1.1 shows examples of electron donor

and acceptor molecules used in organic solar cells.

The active layer is between two electrodes (each ≈ 50− 100 nm thick), typically
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(a) (b)

Figure 1.1: Several examples of the π-conjugated backbones of a) electron donor and
b) electron acceptor molecules used in the active layer of organic solar cells. Note
that these are just the conjugated, carbon-based backbones.
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Figure 1.2: The layout of a bulk heterojunction solar cell with a) traditional polarity
and b) inverted polarity. c) a schematic showing an organic solar cell deposited on
a flexible substrate.

indium tin oxide (ITO) and another metal such as Mg or Al, for instance. The elec-

trodes are designed so that one collects electrons and the other collects holes. This

is reinforced by using a doped conducting polymer such as polyethylenedioxythio-

phene:polystyrene sulphonate (PEDOT:PSS) to lower the work function of electrode

accepting holes and a cathode interlayer to increase the work function of the elec-

trode accepting electrons. This difference in work function between the electrodes

provides a direction for photocurrent and allows an inverted structure (Figure 1.2b)

which is even easier to mass produce than the traditional structure (Figure 1.2a).

The device is deposited on a transparent substrate such as glass or flexible substrates

such as polyethylene terephthalate (see Figure 1.2).

There are two different types of architecture for the active layer. [7] In the bilayer
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architecture, the donor and acceptor are separated into two layers with the donor

layer on the anode and the acceptor layer on the cathode. In the bulk-heterojunction

architecture, the donor and acceptor molecules are mixed into one layer consisting

of donor regimes and acceptor regimes. There is less chance of positive and negative

charges combining in the bilayer architecture, but the charges must travel longer

distances to reach their electrode. In addition, when light hits the active layer, the

newly-generated exciton needs to travel all the way to the donor:acceptor interface.

In the bulk-heterojunction architecture, there is more chance of positive and negative

charges combining, but the charges do not need to travel nearly as far to reach their

electrode and most of the excitons are generated near the donor:acceptor interface,

which is why the bulk-heterojunction is the more successful architecture. [7]

The specifics of the mechanism of charge-carrier generation in organic solar cells

is a highly debated topic, but the general process can be summarized as follows (see

Figure 1.3 and 1.4): (1) Photoexcitation of the donor material, (2) exciton migration

to the donor:acceptor interface, (3) exciton dissociation, and (4) charge migration

away from the donor:acceptor interface. [2] First, light excites an electron from the

highest occupied molecular orbital (HOMO) of the donor (or acceptor molecule) to

the lowest occupied molecular orbital (LUMO) of the same molecule, creating an

exciton. The excited electron will hop from LUMO to LUMO until it reaches the

donor:acceptor interface. This is exciton migration to the donor:acceptor interface.

At this point, the electron will hop from the donor LUMO to the LUMO of an

acceptor molecule. This is called exciton dissociation into a charge-transfer (CT)

state (see Figure 1.4). This process is driven by the energy difference between the
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donor and acceptor LUMOs. Ideally, the electron then hops from one acceptor LUMO

to another until it reaches the cathode where ions are collected and converted to

electrical power, i.e. it reaches a charge-separated (CS) state (Figure 1.4) and diffuses

all the way to its electrode. In the following sections, we will discuss what limits the

efficiency of this process and current approaches to optimizing the efficiency.

1.2 Efficiency Limits for Organic Solar Cells

At every step of power conversion in an organic solar cell, there is a possibility for

some kind of loss of efficiency. In particular, much of the loss of efficiency comes

from charge recombination in the active layer. This is especially problematic in

organic solar cells due to their low charge mobilities and low dielectric constants,

usually around 3 for most conjugated polymers compared to about 35 for silicon.

[2] To understand how these limitations come about, we can investigate the detailed

balance limit to the efficiency, i.e. the limit to the efficiency when all elementary

processes including excitation and charge transport are equilibrated by their reverse

processes, known as the Shockley-Queisser limit. [8] Additionally, we can gain more

insight on the effect of charge mobility and applied field on organic solar cell efficiency

by looking at the Onsager theory. [9]

In general, the power conversion efficiency (PCE) is defined as the maximum

extractable power from a solar cell divided by the total solar power, Psun, that hits

5
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E

3

4

4

1

Figure 1.3: Processes in a bulk-heterojunction organic solar cell: (1) Photoexcitation
of donor material; (2) exciton diffusion to the donor:acceptor interface; (3) exciton
dissociation at the interface; (4)charge separation.
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(a)

(b)

Figure 1.4: a) An energy level diagram showing photoexcitation of the donor molecule
from the HOMO to the LUMO with ∆E = Eg. The excited electron hops to the
donor:acceptor interface then to the LUMO of an acceptor molecule (CT state). This
is driven by the energy offset between the donor LUMO and acceptor LUMO, ∆Ee.
Then the electron ideally continues to hop from one acceptor LUMO to another,
reaching a CS state, until it reaches the cathode. b) The energetics of each state in-
volved in charge pair generation from highest energy to lowest energy: donor excited
states, acceptor excited states, interfacial exciton, and charge-separated state. This
also shows different stages where the excited electron can recombine with a hole.
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the device. [1]

η =
JscVocFF

Psun
(1.1)

Jsc is the short circuit current, or the current passing through the solar cell with no

applied voltage. Voc is the open circuit voltage, or the maximum voltage of the solar

cell when there is no current. The fill factor (FF) is defined as

FF =
VmaxJmax
VocJsc

(1.2)

where VmaxJmax is the maximum power generated by the solar cell.

The power conversion efficiency (PCE) of these devices, particularly bulk hetero-

junction organic solar cells, has reached efficiencies over 11% (see figure 1.5). Figure

1.5 shows the PCEs of various solar technologies over time.

To consider the efficiency of a completely ideal solar cell, the Shockley-Queisser

limit makes several assumptions. First, all photons of energy Eg or greater are ab-

sorbed. Non-radiative recombination does not happen, and the solar cell acts as a

blackbody radiator at temperature T , the temperature at thermal equilibrium, with

chemical potential greater than zero. We also assume that the internal quantum

efficiency (IQE), or the fraction of excitons that become collected charges, is unity.

Finally, each collected charge has a chemical potential equal to qV where q is el-

ementary charge and V is voltage. Given these assumptions, we get the following

extracted current density

−1

q
J = β

∫ ∞
0

bsun(E)dE + (1− β)

∫ ∞
0

bambient(E, T )dE − e qVkT
∫ ∞
0

bambient(E, T )dE

(1.3)
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β is the intensity of radiation from the sun; bsun(E) is the spectral photon flux density

of photons from the sun onto a flat surface; bambient(E, T ) is the spectral photon flux

density emitted from a blackbody radiator at temperature T. We define a quantity,

J0, the saturation dark current, or the current density of the solar cell in the absence

of light as

J0 = q

∫ ∞
Eg

bambient(E, T )dE (1.4)

We can also define the short circuit current as

Jsc = qβ

∫ ∞
Eg

(bsun(E)− bambient(E, T ))dE (1.5)

Placing these definitions into the expression for the current, we get

J = −Jsc + J0(e
qV
kT − 1) (1.6)

Note that this is the current for an ideal diode.[10]

For a device at thermal equilibrium, Eg is the only parameter in the expression

for the current that varies. This means that in a perfect solar cells where the above

assumptions hold, Eg can still affect the current of the solar cell. Furthermore, Voc

can be expressed in terms of J0 and Jsc

Voc =
nkT

q
ln(

Jsc
J0

+ 1) (1.7)

where n=1 for an ideal solar cell. Looking back at our expression for PCE, we can

infer that under these conditions, Eg is the only parameter that affects the efficiency,

η. According to Nelson et al., the efficiency peaks at about 33% with an Eg of about

1.3 to 1.4 eV.[10]

9



Rau showed that the detail balance relationship between absorption and emission

can be extended to solar cells using the relationship between the external quantum

efficiency, EQE(E), and the efficiency of electroluminescence, φEL(E). [11]

φEL(E) = EQE(E)bambient(E, T )(e
qV
kT − 1) (1.8)

In organic solar cells, current is generated by separated charges migrating through

different materials. The states that these charges occupy are different materials.

The states that these charges occupy are different than the LUMO that the electron

initially occupies upon excitation. Nelson et al. addressed this issue by considering

the initial excited state and the charge-separated state as an initial and final state,

respectively, in a Marcus-type charge transfer with rate

Kfi =
|Vfi|2
h̄

√
π

λkT
e

−(∆Efi−λ)2

4λkT (1.9)

where Vfi is the electronic transfer integral and λ is the energy of reorganization of

nuclei resulting from charge transfer. [12, 13, 14, 15] Since absorption and emission of

photons occur in our initial state, we can say that the state has a local electrochemical

potential associated with it. An electron can transfer from the initial state to the

final state via the rate above. It can also transfer from the final state to either the

HOMO or LUMO of the initial molecule via a similar rate due to the fact that similar

parts of the molecules are responsible for all of these transitions. [10] The current in

this case is the photogenerated electron flux minus the electron flux for all charge loss

processes. For a given system, the rates of electron transfer can only be manipulated

by changing λ or Vfi. Since current is directly related to efficiency, η, changing the

rates can change the efficiency.
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The Onsager-Braun method models the probability and rate of two coulombically

bound ions, i.e. an exciton, to separate into free charges in the presence of an external

field. [9] Braun re-calculated this taking the lifetime of the bound state into account

and applying it to donor:acceptor systems. [16] Together, their expression for the

probability of charge separation as a function of an external field, F is

P (F ) =
kd(F )

kd(F ) + kf
(1.10)

where kf is the lifetime of exciton and kd is the dissociation rate

kd(F ) =
3γ

4πr3
e−

Eb
kT
J1(2
√
−2b)√
−2b

(1.11)

where r is the sum of the radii of the charges plus the distance between the charges;

Eb is the coulombic binding energy between the charges; γ = qµ/εε0 where µ is the

sum of the mobilities of each charge and εε0 is the effective dielectric constant of the

active layer; and J1 is a Bessel function of order 1 with b = q3F/8πεε0(kr)
2.

However, Wojcik et al. have disputed the validity of the Onsager-Braun model

based on the model’s incorrect assumption that the kinetics of exciton dissociation

and recombination are exponential. [17] They begin by considering the Eigen model

which calculates the rate of separation of a neutral complex into an anion and cation.

[18] The concentration of anions obeys the following differential equation:

D∇(∇cA +
cA
kT
∇v) = 0 (1.12)

where D is the sum of the diffusion coefficients of each charge and v is the potential

of the negative charge. The initial conditions are cA(∞) = 0 and cA(R) = cN where

11



cN is the concentration of charge pairs. Solving equation 1.12 yields

cA = cN
e
rc
r − 1

e
rc
R − 1

(1.13)

with rc = q2/4πεε0kT and reaction radius, R, which is the sum of the radii of each

ion. The rate of separation is written as the flux of anions through a sphere of radius

R

separation rate = −D[
dcA
dr

+
cA
kT

dv

dr
)]r=R4πR2 (1.14)

From there, the dissociation rate is defined as the separation rate divided by cN∆V ,

the number of charge pairs. This is where there is a discrepancy in the Onsager-

Braun theory. They took ∆V to be the volume of a sphere of radius R, when in fact

recombination is still likely at the surface of this sphere. By correcting this, there is

no longer a discrepancy in the dissociation rate in the absence of an external field.

Braun’s description of ion dissociation uses Onsager’s separation rate constant

in the presence of an external field which depends on the separation rate constant

without an external field calculated by Eigen. By incorporating their correction to

Eigen’s rate constant, Wojcik et al. were able to improve Braun’s description for

small external fields, but for an overall better description, we need to know more

about the kinetics of charge separation with an external field.

Essentially, what we get from this is that in addition to Eg, the coulombic binding

energy, dielectric constant, charge mobility, and nuclear changes associated with

ion dissociation and separation have significant effects on how fast and ultimately

whether or not charge separation can occur.
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1.3 Current Ideas on Charge Transfer in Organic

Solar Cells

As we mentioned in the previous section, one disadvantage of using conjugated poly-

mers is that they have low dielectric constants. This translates to a high coulombic

barrier for charges to overcome in order to separate. Much current work on organic

solar cells is aimed toward figuring out how charges overcome the coulombic barrier

despite the fact that the thermal energy, kT , is insufficient and charge-separated

states have a similar binding energy. [19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30]

Nevertheless, these devices produce power. It has been shown that the inter-

nal quantum efficiency approaches unity, and recent work has shown that unbound

charges are produced on ultrafast timescales (specifically within the first 100 fs).

[31, 29, 30] In a transient absorption spectroscopy experiment, it was determined

that charges were separated by ≈ 4 nm after 40 fs. [29]

Recent theoretical and experimental work by our group attributes this to coherent

vibronic coupling between nuclear and electronic degrees of freedom, i.e. coherent

vibrations in the material. [22, 29, 32, 33] Additionally, recent work by our group

suggests that a noisy environment plays a role in inducing transitions from localized

excitons to delocalized charge-separated states. [32] A recently submitted paper

has introduced two-dimensional coherent photocurrent excitation spectroscopy (2D-

PCS) to organic solar cell systems. On a femtosecond timescale, this technique

measures the non-linear response of a sample of the active layer to a series of laser

pulses. It can infer correlation between distinct states, e.g. excitons, CT states, and

13



CS states. Thus, it can determine not only how long it takes to get from one state

to another, but it can also determine what kind of states the electrons occupy going

from the initial excitation to charge collection.

Other work suggests that CT states are involved in the early stages of this pro-

cess. [33] This approach is generally separated into two schools of thought. [34]

One proposed charge generation mechanism involves “hot” excitons, or high energy

excited states. [24] Higher excited states have a larger distance between the electron

and the hole, implying a smaller coulombic binding energy. [35] Additionally, these

states are strongly coupled to charge-separated states. Experimental work shows that

these “hot” CT states form on the scale of 100 fs, and suggests that the relaxation

of these CT states (on the ps timescale) sets the time limit for competitive charge

transfer processes to occur. [24] Some have even suggested that free charge genera-

tion cannot happen without high energy excitons. [35, 36, 37] However, studies by

Lee et al. suggest that “hot” CT states make no more contribution to organic solar

cell performance than lower energy CT states. [20] Another approach suggests that

the initial CT states fully relax before splitting into free charges. The “splitting”

is driven by local electric fields at the donor:acceptor interface which come from a

sudden change in the charge density at the interface due to differences in both the

electronic and nuclear structure of the donor and acceptor materials. [38] These

differences can have a varying effect on the charge separation process depending on

the relative position and orientation and, consequently, the electronic polarization

effects of the donor and acceptor molecules to one another. [38] Also, recent work

has suggested that disorder at the donor:acceptor interface is necessary for charge

14



transfer to occur. [39, 32] Disorder at the interface adds to the energy gradient be-

tween the donor and acceptor which, once above a certain threshold, drives localized

excitons to dissociate. Additionally, Zimmerman et al. determined that disorder at

the donor:acceptor interface inhibits orbital overlap between the donor and acceptor

in a charge transfer exciton. [39]

Here, we consider the last approach. We begin by considering several theoret-

ical methods to modeling organic solar cell systems. We investigate the inherent

advantages and disadvantages of each method, recent approaches to addressing the

disadvantages, and present some data comparing each method. Using this, we go

on to investigate how torsional disorder along the donor molecule affects the type of

states that are accessed. Specifically, we determine whether the lowest-lying singlet

excited state, S1, is a charge-transfer state as we vary disorder at the interface, and

we consider whether or not they could result in free charge generation.
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Chapter 2

Methods

To better understand how organic solar cells generate power and optimize this pro-

cess, we must accurately and efficiently model the molecular systems which comprise

the device. To investigate charge transfer in organic solar cells, we model the organic

active layer of the solar cell. These consist of polycrystalline donor and acceptor

regimes,[40] but since the active later consists of hundreds of molecules which each

consist of hundreds of molecules which each consist of hundreds of atoms, modeling

the entire active layer is not feasible. Since we are concerned mostly with exciton dis-

sociation, we model the donor:acceptor heterojunction as a single donor and acceptor

pair.

In addition to molecular geometry, we also need a method that is both compu-

tationally cheap and accurate. Since we intend to study charge transfer, we need a

model that can accurately compute excited states. We consider a couple of methods.

17



First, we discuss the method we used to generate our structures which used TIN-

KER, an open-source molecular mechanics and molecular dynamics package. Next,

we consider several time-dependent density functional theory (TDDFT) methods to

calculate excited states.

2.1 Molecular Mechanics

Molecular mechanics is a classical approach to modeling molecular systems using a

force field. The force field includes a set of semi-empirically determined parameters

such as van der Waals radius and polarizability to describe each atom. It also includes

a functional form which describes the potential energy of the molecular system. It

has the following form:

Etotal = Ebonded + Enon−bonded (2.1)

where

Ebonded = Ebond + Eangle + Etorsion (2.2)

Enon−bonded = Eelectrostatic + Evdw (2.3)

We use the MM3 force field developed by Allinger et al. [41] One advantage of

using the MM family of force fields is that equilibrium data is available for many

different atom types. For example, there are a different set of parameters for each

hybridization of carbon. There are even differences between, for instance, carbonyl

carbons and other sp2 carbons.
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The bending and stretching parameters are determined from electron diffraction.

Equilibrium values for bond length, angle, and torsion are determined from these,

and then these parameters are fit to vibrational spectra. The functional form models

bond stretching by Hooke’s law expanded to a quartic term. It models bond angles

similarly up to a sixth-order term. It models torsions with a Fourier series expansion

of the torsional angle, ω. It also takes into account stretching-bending interactions

and bending-bending interactions.

The non-bonded part of the functional form models the van der Waals interaction

as follows:

Evdw = ε[−2.25(
rvdw
r

)6 + 1.84(105)e
−12( r

rvdw
)
] (2.4)

for a potential well depth, ε. The electrostatic interactions are essentially the sum

of interacting bond dipoles.

To find the minimum energy structure of our system, we need to calculate the

energy as outlined above for various nuclear structures. To generate these new struc-

tures, we use the Velocity Verlet algorithm which approximately solves Newton’s

equations of motion. We begin by writing a Taylor expansion of the position vector,

r(t), moving forward in time by a time step δt:

r(t+ δt) = r(t) +
dr(t)

dt
δt+

d2r(t)

dt2
δt2

2
+
d3r(t)

dt3
δt3

3
+O(δt4) (2.5)

Now consider the position vector moving backward in time by the same time step,

δt

r(t− δt) = r(t)− dr(t)

dt
δt+

d2r(t)

dt2
δt2

2
− d3r(t)

dt3
δt3

3
+O(δt4) (2.6)
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When we add these together, substituting the velocity, v(t) = dr(t)/dt, and the

acceleration in terms of force, a(t) = d2r(t)/dt2 = F (t)/m, we get the following

r(t+ δt) = 2r(t)− r(t− δt) +
F (t)

m
δt2 +O(δt4) (2.7)

which relates the new structure with coordinates r(t + δt) to past structures with

coordinates r(t − δt). The force, F (t), is determined by taking the time-derivative

of the potential set by the force field discussed above.

2.2 The Pariser-Parr-Pople (PPP) Method

The PPP model is based upon the Hückel theory which assumes that since the σ-

and π-bonding orbitals are orthogonal, there is no overlap between the two, and the

electronic wavefunction can be separated into σ, core, and π portions

Ψ = ΨσΨcoreΨπ (2.8)

The PPP model treats the core and σ-electrons as a field acting on the π-electrons. It

also takes into account that the electrons in conjugated π-bonds are delocalized over

the molecule. Therefore, it assumes that the σ-electron and π-electron wavefunc-

tions are separable, there is zero differential overlap, and only π-electrons should be

included in the quantum mechanical calculations. In the Hückel Hamiltonian, there

is an energy, α, associated with having a π-electron in the carbon 2Pz orbital, which

participates in π-bonding, and an energy, β, associated with moving the π-electron

from the 2Pz orbital of one carbon to the next, resulting in a tridiagonal Hamiltonian

matrix. This model treats the electron densities as non-overlapping, meaning that
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the two-electron overlap integrals

〈ik|jl〉 =

∫
dr31

∫
dr32ui(1)uj(1)

e2

r12
ul(2)uk(2) (2.9)

are zero when a π-electron occupies different basis functions, i.e.

ui(1)uj(1) = δiju
2
i (1) (2.10)

This is extended to the following:

ui(1)ui(1)uj(2)uj(2) = δij(ui(1)uj(2))2 (2.11)

which further assumes that two electron densities are non-overlapping unless they

occupy the same orbital (basis function). To summarize, the PPP model assumes

that the σ-electron and π-electron wavefunctions are separable, there is zero differ-

ential overlap, and only π-electrons should be included in the quantum mechanical

calculations.

The PPP Hamiltonian is the following

ĤPPP =
∑
σ,i

hiiniσ +
∑
σ

(π e−)∑
ij

tija
†
iσajσ +

∑
i

〈ii|ii〉(ni,↓ −
1

2
)(ni,↑ −

1

2
) (2.12)

where hii is the energy of a core electron, niσ is the number of electrons with spin σ in

a basis orbital, the second term is the kinetic energy of the π-electrons involved in the

π-conjugation, and the last term determines the potential energy of the π-electrons

involved in the π-conjugation. [42]

The PPP method significantly reduces computational expense by cutting down

on the number of electrons, yet it still models the core electrons and inherently

calculates the correlation between the core electrons and π-electrons. It can also be

applied to more rigorous electronic structure methods. [43, 44, 45]
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2.3 Configuration Interaction Singles

Configuration interaction (CI) is a post-Hartree-Fock method, i.e. the Hamiltonian

is the Fock operator which is the following for a singlet state:

F̂ = Ĥcore +

Ne/2∑
j=1

[2Ĵj − K̂j] (2.13)

where Ĵ is the Coulombic operator and K̂ is the exchange operator and

Ĥcore(i) = −1

2
∇2
i −

∑
α

Zα
riα

(2.14)

The Hartree-Fock Hamiltonian is a one-electron operator, so this level of theory

neglects the correlation energy. To address this, we modify the wave function. In

CI theory, the wave function is a linear combination of configuration state functions

(CSFs), which are spin-adapted Slater determinants:

Ψ = c0φ0 +
∑
i,a

c1φ
a
i + ... (2.15)

The first term is the Hartree-Fock determinant. The other terms correspond to states

for which one or more spin state is switched with an unoccupied state. This is called

an excitation.

To limit computational expense, we need to limit the number of excitations in the

wave function, so rather than including states with multiple excitations, we restrict

the wave function to single excitations, using configuration interaction singles (CIS).

In addition to being computationally cheaper, CIS is also size-consistent, unlike other

truncated CI methods, i.e. the energy of two infinitely separated particles is the sum

of the two individual particles.
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Unfortunately, CIS does not offer an adequate description of charge transfer (CT)

states. According to Subotnik et al, CIS predicts excitation energies that are more

than 1 eV too high. [46] This is because CIS does not take into account the drastic

changes in electronic structure that results from long-range charge transfer. To

correct this and better describe CT and non-CT states, we need to explicitly model

electron-electron correlation in excited states by using a linear-response method such

as TDHF, which we discuss in the conclusion.

2.4 The Modified TINKER Program

Our group’s modified version of the TINKER program incorporates all of the methods

mentioned above. We use molecular mechanics to optimize the molecular geometry

and model classical intra- and intermolecular forces such as van der Waals forces,

electrostatic forces, and bonding within the molecule. We use the PPP Hamiltonian

to simplify quantum mechanical calculations, and we use the CIS wavefunction.

2.5 Basic Density Functional Theory

Density functional theory (DFT) is preferable to HF-based methods because it

is computationally less expensive and potentially gives an exact solution to the

Schrödinger equation. [47] The electronic Hamiltonian for DFT has the following
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general form:

Ĥel =
1

2

∑
i

∇2
i +

∑
i<j

1

r12
+ v(r) (2.16)

According to the Hohenberg-Kohn theorem, the electronic potential, v(r), is ρ(r),

the electron density function, for a non-degenerate ground state with [47]

ρ(r) =
∑
i

|φi(r)|2 (2.17)

We can write the total energy as

E[ρ(r)] =
∑
i

〈φi| −
1

2
∇2
i + vN(r)|φi〉+

∫
ρ(r1)ρ(r2)

r12
dr1dr2 + Exc[ρ(r)] (2.18)

where the first term is the kinetic energy and the electron-nuclei interaction; the sec-

ond term is the Coulombic repulsion between electrons, and Exc[ρ(r)] is the exchange-

correlation functional. The “perfect” Exc results in an exact solution of the ground

state to the Schrödinger equation. Unfortunately, such an Exc is unknown, so we

must settle for approximations.

In the simplest approximation, we consider a homogeneous electron gas. In this

limit, known as the local density approximation (LDA), the electron density is uni-

form and the exchange-correlation functional is [47]

ELDA
xc [ρ(r)] =

∫
ρ(r)εxc(ρ)dr (2.19)

where εxc(ρ) is the exchange-correlation energy of a single electron. This approxima-

tion can be extended to take spin into account:

ELDA
xc [ρ↓(r), ρ↑(r)] =

∫
εxc(ρ↓, ρ↑)ρ(r)d3r (2.20)
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The problem with LDA is that molecules do not have uniform density. An im-

provement to this is the generalized gradient approximation (GGA) in which a den-

sity gradient is applied [47]

EGGA
xc =

∫
(ρ(r) + δρ(r))εxc(ρ)dr (2.21)

Generally, this approximation works well, but it makes fairly significant errors es-

timating barrier heights and bond dissociation energies due to the self-interaction

error, [48, 49] i.e.

∑
ij

〈ij|ij〉 − 〈ij|ji〉 6= 0 (2.22)

Since the self-interaction error is not a problem in HF at long distances, we can change

Exc[ρ(r)] such that the exchange functional, Ex is split into a DFT contribution in

the short range and a HF contribution in the long range:

Exc[ρ(r)] = EHF−LR
x + EDFT−SR

x + EDFT
c (2.23)

To determine what “short range” and “long range” are, we split the electrostatic

decay

1

r12
=
erf(ωr12)

r12
+

1− erf(ωr12)

r12
(2.24)

where erf is the standard error function and the parameter ω determines the range

of the short- and long-range contributions.
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2.6 The CAM-B3LYP and ωb97x-D Functionals

and Time-dependent Density Functional The-

ory

The CAM-B3LYP functional applies a long-range correction using the Coulomb at-

tenuating method (CAM) to the B3LYP hybrid functional. [50] Similar to the cor-

rections above, we split the electrostatic decay:

1

r12
=

1− [α + βerf(ωr12)]

r12
+

[α + βerf(ωr12)]

r12
(2.25)

The parameters α and β determine the mixing of Slater and HF exchanges which

contribute the CAM-B3LYP exchange functional,

ECAM−B3LY P
x = (1− α)ESLATER

x + αEHF
x + cB88∆EB88

x (2.26)

where the last term is a gradient correction to the exchange energy calculated by

Becke. [51] Note that for this functional, β is zero. The CAM-B3LYP functional

uses the correlation functional developed by Lee, Yang, and Parr, ELY P
c .[52]

Going back to the splitting of the electrostatic decay in equation 4.10, we see

that a smaller ω results in a longer range for the short-range contribution. This is

problematic since GGA predicts incorrect electrostatic decay at too long r12. To fix

this, we add a short-range HF contribution.

Exc[ρ(r)] = EHF−LR
x + EHF−SR

x + ESR−DFT
x + EDFT

c (2.27)
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The ωB97x functional takes this into account using

EDFT−SR
x =

∑
σ=↓,↑

∫
eSR−LSDAxσ (ρσ)gxσ(s2σ)dr (2.28)

where eSR−LSDAxσ is the exchange energy density for the SR-DFT contribution and

gxσ is an inhomogeneity correction. The LR-DFT contribution is of a similar form.

The correlation functional is

EDFT
c = EB97

c =
∑
σ

(EB97
cσσ + EB97

cαβ ) (2.29)

where

EB97
cσσ =

∫
eLSDAcσσ (ρσ)gcσσ(s2σ)dr (2.30)

EB97
cαβ =

∫
eLSDAcαβ (ρα, ρβ)gcαβ(s2av)dr (2.31)

where eLSDAcxx are the correlation energy densities split into same-spin (σσ) and op-

posite spin (αβ) components and gcxx are inhomogeneity corrections.

The system we model involves weak interactions between separated molecules, so

to get a more accurate description of the system, we need a functional that models

dispersion effects. The ωB97x-D functional is the ωB97x functional described above

with a dispersion correction of the form [53]

Edisp = −
Na−1∑
i=1

Na∑
j=i+1

Cij
6

Rij

fdamp(Rij) (2.32)

where Cij
6 is the dispersion coefficient for an atom pair ij with interatomic radius

Rij, and the damping function fdamp(Rij) ensures that the dispersion correction is
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applied only at sufficient interatomic distances. It is

fdamp(Rij) =
1

1 + a(Rij/Rr)−12
(2.33)

where Rr is the sum of the van der Waals radii of atoms i and j, and a controls the

strength of the dispersion forces.

DFT as we have explained it is a ground-state method. To extend this to calculate

excited states, we use the random phase approximation (RPA) which applies a linear

perturbation to the potential such that we have

Ĥ(t) = T̂ + V̂ext(t) + V̂0 (2.34)

where T̂ is the kinetic energy operator and V̂0 is the time-dependent perturbation,

presumably the electromagnetic field which excites the molecule. Additionally, the

Runge-Gross theorem states that there is a unique mapping between this external

potential, V̂ext(t) and the time-dependent density, ρ(r, t), allowing us to use the DFT

functionals discussed above to calculate excited states of our system.

2.7 Methodology

Before stating our methodology, we will review some of the tools we use to determine

the nature of our excited states. Natural transition orbitals (NTOs) are a tool to

visualize excitations using an orbital representation of the orbital from which an

electron is excited and the orbital to which it is excited. Essentially, natural transition

orbitals are calculated from the transition density matrix. The transition density

matrix relates the ground state to excited states which are calculated from methods
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such as TDDFT. For a system with No occupied spin orbitals and Nv unoccupied, or

virtual, spin orbitals, the transition density matrix is an No×Nv matrix with matrix

elements

Tij =
∑
σ=↑,↓

〈Ψex|c∗iσcjσ|Ψ0〉 (2.35)

for the occupied state i, the unoccupied state j, the ground state Ψ0, and the excited

state Ψex. Next, we perform a unitary transformation on the occupied spin orbitals,

ψi, and the unoccupied spin orbitals, ψ′j

(φ1, φ2, ..., φNo) = (ψ1, ψ2, ..., ψNv)U (2.36)

(φ′1, φ
′
2, ..., φ

′
No) = (ψ′1, ψ

′
2, ..., ψ

′
Nv)V (2.37)

where U = (u1, u2, ...) and V = (v1, v2, ...), and the following hold

TT †ui = λiui (2.38)

T †Tvj = λ′jvj (2.39)

with i = 1, 2, ..., No and j = 1, 2, ..., Nv. Here, ui is an occupied natural transition

orbital, vi is an unoccupied natural transition orbital, λi is the particle (occupied

orbital) amplitude, and λ′i is the hole (unoccupied orbital) amplitude. Each excited

state, Ψex, is a linear combination of transitions from ui → vj, i.e. each occupied

natural transition orbital and each unoccupied natural transition orbital contribute

a certain amplitude to each excited state.

Natural transition orbitals can be used to characterize an excited state as ex-

citonic or charge transfer. [54] An excitonic state is an excited state in which the
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particle NTO and hole NTO are localized on the same part of the system. A charge-

transfer state is an excited state in which the particle NTO and hole NTO are local-

ized on different parts of the system. Consider the oscillator strength for a transition

from state i to state j

fij =
2me(Ej − Ei)

3h̄2
µij (2.40)

where me is the mass of an electron, (Ej − Ei) is the excitation energy from state i

to state j, and µij is the transition dipole moment for the transition from state i to

state j. The transition dipole moment measures the displacement of charge

µij = −e〈i|x̂|j〉 (2.41)

where e is the charge of an electron, and x̂ is the displacement operator. We can use

the oscillator strength and excitation energy to characterize our calculated excited

states as excitonic or charge transfer. An excitonic state will have a higher excitation

energy and oscillator strength due to greater overlap between the particle and hole

states. A charge-transfer state will have a lower excitation energy and oscillator

strength due to little overlap between the particle and hole states.

To conduct accurate energy calculations on donor:acceptor systems like CPDTBT-

PCBM, we must consider several properties of the system. Electron donors can have

conjugation lengths hundreds of atoms long. In the past, DFT methods often overes-

timated charge delocalization in conjugated systems due to the self-interaction error

encountered in DFT. [48] In addition to inaccurate charge delocalization within one

molecule, self-interaction error also results in inaccurate intermolecular charge trans-

fer. For this reason, hybrid functionals previously discussed will be used. We begin
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the next chapter with a comparison of the CAM-B3LYP and ωB97x-D functionals.

We investigate the effects of changes in the geometry of the donor molecule.

The donor molecule is an oligomer of PCPDTBT (shown in Figure 2.1). We begin

by optimizing oligo-CPDTBT:PCBM using the CAM-B3LYP functional and the

6-31G(d) basis set. [50] We flip individual benzothiadiazole rings to obtain each

modified structure, creating a chromophore of a distinct length. Each modified

structure is then optimized using molecular mechanics. Figure 2.1 gives a schematic

for this. Next, we perform energy calculations on each geometry using the CAM-

B3LYP functional and the 6-31G(d) basis set. [50] From this, we obtain the excitation

energies, oscillator strength, and energy offset between the polymer:fullerene dimer

and the individual polymer and fullerene. This preliminary data will hint toward

whether or not we can expect a charge-transfer state. We then perform density

calculations on the lowest-lying singlet excited states and generate plots of the natural

transition orbitals (NTOs) to determine whether we achieved a charge-transfer state.
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Figure 2.1: Structure of a repeat unit of PCPDTBT and PCBM. The right side shows
the different geometries of the dimer that we consider. Each pentagon represents a
repeat unit of PCPDTBT, and each circle represents PCBM. The orientation of the
pentagon denotes the orientation of the benzothiadiazole group for that repeat unit.
The lines show the lowest energy chromophore on the polymer, and L is the length
in Å of the lowest energy chromophore.
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Chapter 3

The Effects of Polymer

Conformation on Charge Transfer

3.1 Results

For a CT state to be present, the system must meet several criteria. First, the

interfacial state should be a mixed state of the polymer and fullerene states. Second,

the donor and acceptor should have a sufficient energy offset. This energy offset

drives the destabilization of an exciton and its subsequent dissociation. Note that, as

previously discussed, when the exciton destabilizes, the state with the most oscillator

strength is no longer the lowest-lying state, and the oscillator strength of suspected

CT state is very small. We use NTOs to verify the CT state. The CT state should

show the highest occupied natural transition orbital (HONTO) on the polymer and

the lowest unoccupied transition orbital (LUNTO) on the fullerene.
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We begin by justifying our choice of DFT functional. Figure 3.1 shows the energy

and oscillator strengths of our oligo-CPDTBT:PCBM heterodimer. We see that the

energy estimated by CAM-B3LYP is about 0.1 eV lower than that of ωB97x-D, but

they show the same trend with regard to how the excitation energy for each geometry

compares to the others. However, our group’s MM/PPP/CIS method significantly

overestimates the excitation energy, underestimates the oscillator strength, and does

not exhibit a similar trend to the DFT methods. Since we have discussed the prob-

lems encountered using CIS particularly for charge-transfer states, we will not use it

to study the effects of interfacial disorder. For each density functional, the oscillator

strengths are very similar, both in magnitude and pattern. Since each functional

exhibits the same trend in excitation energy and oscillator strengths among the dif-

ferent geometries, we decide to use the CAM-B3LYP functional from here since it is

less computationally expensive.

Figure 3.2 shows the excitation energies of the lowest-lying singlet excited state for

each heterodimer geometry compared to the individual donor and acceptor energies.

Based on dimer excitation energies, we see that in each case except geometry 2, the

first excited state energy is within 0.01 eV of the first excited state of the polymer,

meaning that they are nearly unperturbed polymer states. The first excited state

energy of geometry 2 is more than 0.1 eV lower in energy than that of the polymer,

indicating mixing between polymer LUMO and fullerene HOMO in geometry 2. It

is also important to note that geometry 2 is the only case in which the first excited

state does not carry the highest oscillator strength. As we mentioned earlier, this

is a sign that S1 for geometry 2 is a charge-transfer state. Next, we will plot the
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Figure 3.1: The a) excitation energy and b) oscillator strength of each geometry using
our group’s MM/PPP/CIS approach, the CAM-B3LYP and ωB97x-D functionals.
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Figure 3.2: This shows the first singlet excited states of oligo-CPDTBT, oligo-
CPDTBT:PCBM, and PCBM calculated using the CAM-B3LYP functional and the
6-31G(d) basis set.

natural transition orbitals to determine if there is charge transfer between the donor

and acceptor in S1.

To confirm that S1 of geometry two is a charge-transfer state, we will look at

the natural transition orbitals for that excited state. Figure 3.3 shows the natural

transition orbitals for each geometry.

As expected, given this information, we see in figure 3.3 that charge transfer

occurs between the polymer and fullerene in geometry 2. We propose several reasons

for the presence of a CT state for this geometry. First, geometry 2 is the lowest energy

geometry of the polymer independent of the fullerene. The electron and hole favor

low-energy chromophores, and they favor the center of the polymer in the absence

of torsion-induced chromophores as seen in figure 3.3, geometry 0. [55] In addition,

we see that varying the length of the chromophore changes the LUMO energy of the

polymer and consequentially affects the energy offset, ∆E, between the polymer and

fullerene. This is not surprising considering the quantum mechanical relationship

between energy and “box length”. From our data, we see a ≈ 1
L

dependence of the
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Figure 3.3: NTO plots. This figure graphically shows the position of the electron
and hole on the system calculated using CAM-B3LYP/6-31G(d). In each geometry
except geometry 2, the NTO plots show that the lowest-lying excited state is an
exciton delocalized over the lowest energy chromopohore. However, when the lowest
energy chromophore is smallest, i.e. geometry 2, the NTOs show an excitation from
the polymer to the fullerene.

37



energy offset on the chromophore length. Considering each of these points, we can

predict that creating a low-energy chromophore in the center of the polymer near a

fullerene molecule will force the electron and hole into the region where the coupling

between the polymer and fullerene is the strongest, and the energy offset will be

higher for a chromophore of smaller length.

Recall that previous work suggests that exciton dissociation is driven by the

energy offset between the donor and acceptor. Here we increase the energy offset by

introducing torsions in the donor molecule near the acceptor molecule. By doing this,

we divide the donor molecules into chromophores. The lowest energy chromophore

is the one closest to where the acceptor is along the donor polymer chain, so the

lowest-lying excited state is localized on that chromophore. By manipulating the

length of the chromophore, we can change the energy offset until it is great enough

to result in a charge-transfer state rather than an excitonic state. Figure 3.4 shows

the energy offset for each geometry.

As expected, we see in figure 3.4 that ∆E changes with the geometry. More

importantly, we see the highest ∆E occurs for geometry two, which exhibits mixing

between polymer and fullerene states. Here we note that this sets a threshold for

∆E beyond which an exciton will destabilize and dissociate. In this case, we see that

this threshold is achieved between ∆E = 0.423 eV and ∆E = 0.519 eV, c.f. ∆E =

0.35 eV from Bittner and Silva. [32]
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Figure 3.4: We show the LUMO energies of the donor in each configuration (denoted
on the right from highest energy offset to lowest energy offset) relative to the acceptor
LUMO energy, i.e. the energy offset between the donor and acceptor LUMOs.
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Chapter 4

Conclusion and Future Work

4.1 Conclusion

To summarize, we performed DFT calculations on different dimer geometries of

oligo-CPDTBT:PCBM to gain insight on the requirements of the donor geometry to

achieve a CT state. We see that when the fullerene is near the center of the polymer,

there is charge transfer between the polymer and fullerene. In addition, we showed

that as we created smaller chromophores on the polymer, the energy offset between

the polymer and fullerene was greater. Since we saw charge transfer, we can conclude

that using this method, the minimum energy offset needed for exciton destabilization

is between 0.423 eV and 0.519 eV corresponding to a chromophore length between

16.5 Å and 31.4 Å.

Note that in reality, the material samples all of these geometries and more, and
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while we see that this particular manipulation to the geometry results in a charge

transfer state, it is only one of many geometries that the system will assume and

thus will, depending on the Boltzmann weight of the particular state, only account

for a small amount of charge transfer in an organic solar cell.

4.2 Future Work

To gain more insight into exactly how likely the above results are to happen, we need

more information on which normal modes are responsible for the exciton dissocia-

tion, how exciton dissociation rates compare for the different chromophore lengths,

and ultimately if there is a relationship between chromophore length and exciton

dissociation length. It would also be helpful to know more about how to get from

the optimal structure to any of our conformations.

In addition, we need to be able to extend this to larger systems. With current ab−

initio methods, going beyond a single donor and acceptor gets very computationally

expensive. One way to remedy this is to improve the MM/PPP/CIS method our

group is developing. We can improve the calculation of excited states by adding a

linear-response method such as time-dependent Hartree-Fock.

Adding electron-electron correlation in the excited state will result in more accu-

rate calculation of both charge transfer and non-CT excited states. One method that

improves upon CIS that includes electron-electron correlation for excited states is the

time-dependent Hartree-Fock (TDHF).[56] In TDHF, the wavefunction is restricted
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to a single Slater determinant composed of time-dependent one-electron orbitals.

Ψ(t) = Â[φ1(t)φ2(t)...φi(t)] (4.1)

The one-electron orbitals are linear combinations of the basis functions. In TDHF,

the basis functions are time-independent, but the coefficients are time-dependent and

change in response to a linear force like we described for TDDFT.

φi(t) =
∑
µ

cµ,i(t)χµ (4.2)

This results in a time-dependent density matrix

ρµ,ν(t) =
∑
i

c∗µ,i(t)cν,i(t) (4.3)

Since the density matrix is time-dependent, changes in the electronic structure for

various states is taken into account, giving a more accurate representation of both

CT and non-CT excited states.

TDHF would be a significant improvement over our current MM/PPP/CIS method

for calculating excited states. The linear response approach to calculating excited

states will help our method to produce qualitative and, perhaps, quantitatively cor-

rect excited states. Additionally, this method would maintain much lower computa-

tional costs compared to the TDDFT methods we discussed, and, consequentially,

it can be extended to larger systems, giving us a better picture of the organic solar

cell active layer.
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[29] Simon Gélinas, Akshay Rao, Abhishek Kumar, Samuel L Smith, Alex W Chin,
Jenny Clark, Tom S van der Poll, Guillermo C Bazan, and Richard H Friend.
Ultrafast long-range charge separation in organic semiconductor photovoltaic
diodes. Science, 343(6170):512–516, 2014.

45



[30] Françoise Provencher, Nicolas Bérubé, Anthony W Parker, Gregory M
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